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       ABSTRACT
Based on research findings, Bangladesh’s river water, crucial for domestic, agricultural, and 
industrial use, has long been in a terrible situation. There have been numerous instances of 
significant contamination in the waterways surrounding Dhaka city, including the Buriganga 
River, and in Chattogram city, including the Karnaphuli River, over the past 40 years. The 
existing data demonstrate that other urban rivers, particularly Karatoa, Teesta, Rupsa, 
Pasur, and Padma, are also in severe condition due to the disposition of huge pollutants. 
Contaminants flowing with the water have severely polluted the downstream areas of the 
rivers. High metal concentrations are frequently observed in river water during the dry 
season. In the Buriganga River and at certain locations in the Turag, Balu, Sitalakhya, and 
Karnaphuli Rivers, the presence of dissolvable oxygen (DO) is nearly zero. NO3, NO2, and 
PO4

-3 pollution has also occurred in many rivers. Most rivers have Cr, Zn, Fe, Pb, Cu, Cd, 
Mn, As, and Ni concentrations beyond the legal limit for drinking water. In contrast, some 
rivers have metal concentrations above the legal irrigation water limit. The majority of the 
rivers, particularly the peri-urban rivers in Dhaka city, Teesta, Korotoa, Rupsha, Karnaphuli, 
and Meghna Rivers, have significantly higher metal concentrations, according to sediment 
data. Metal concentrations in sediment are generally higher than USEPA standards in most 
rivers. Metal concentrations in fish and crops demonstrate metal bioaccumulation. The trend 
in metal concentration follows the order of water, fish, and sediment. It has been shown that 
crops irrigated with tainted water contain dangerous metals. The analysis of daily intake data 
on carcinogenic and noncarcinogenic substances reveals that consuming contaminated food 
can seriously impact human health.

INTRODUCTION

Without water, a precious natural resource, life on Earth 
would not be imagined. Other planets don’t have water like 
Earth, making them uninhabitable for living species. The 
oceans and seas comprise 97% of the planet’s water, often 
salty and worthless (Ranjan 2020). Only 3% of water is 
considered freshwater, and 2% is frozen in ice and glaciers, 
both unusable water sources (Ahaduzzaman 2017). The only 
water supply for human consumption is the final 1%, kept 
in lakes, canals, and underground reservoirs (Sakamoto & 
Ahmed 2019). Therefore, appropriate water management and 
sustainable planning are crucial to maintaining life on Earth. 

Before the industrial revolution in the eighteenth century, 
the concepts of water scarcity and water pollution were 
unthinkable (Uddin & Jeong 2020). But now, it has become 
one of the major concerns as millions of people suffer from 
various health hazards caused by water pollution. Developed 
nations like the USA, Japan, and South Korea have created 

numerous effective technologies and national strategies over 
time to ensure that their citizens have access to safe water 
(Akindele & Akinpelu 2020). On the other hand, developing 
and underdeveloped countries are struggling with severe 
water resource crises as they cannot develop a proper water 
resource management system. Bangladesh is a developing 
country with a serious water resource crisis (Islam 2019). 

The riverine nation has at least 238 important rivers, the 
minor tributaries of the Ganges, Brahmaputra, and Meghna, 
and large transboundary rivers (Gray 2010). Karnafuli, 
Jomuna, Surma, Kushiyara, Padma, Tista, Atrai, Dudhkumar, 
Mohananda, Sitalakhya, Rupsa, Pasur, and Dharla are a few 
of the significant and prominent rivers. Earlier, irrigation 
completely depended on river water in Bangladesh (Doza et 
al. 2020). Farmers depend on groundwater for irrigation as 
the river water is highly contaminated (Sarkar et al. 2020). 
Moreover, the groundwater level is declining gradually due 
to intensive continuous exploitation, posing a serious threat 
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to living species as toxic materials. Arsenic contamination 
currently affects millions in Bangladesh (Reza & Yousuf 
2016). Most industries are set up on the rivers’ banks and 
dump thousands of tonnes of waste into the rivers daily. 
Although laws and norms govern this, they virtually never 
adhere to them. 

Also, because of high-profit objectives, several 
industries do not operate effluent treatment plants (ETPs). 
Consequently, the river water has become hazardous for 
living species, while the agricultural areas are also badly 
affected (Sultana et al. 2019). Farmers are irrigating their 
fields with tainted river water, which allows hazardous 
substances to enter the food chain and, eventually, the 
human body. It is extremely dangerous for people from low-
income families to use this tainted water for cooking and 
washing. Rivers surrounding the city areas are getting more 
contaminated due to increasing industrialization. Sitalakhya, 
Balu, Turag, and Buriganga are the adjoining rivers of Dhaka, 
the capital city of Bangladesh, and they are nearly dead due 
to continuous pollution (Whitehead et al. 2019). 

In summer, the water of Buriganga River looks dark 
black, like burned mobil, and smells bad. On the other hand, 
the Karnaphuli River in Chittagong, the country’s port city, is 
being severely polluted by waste materials such as hundreds 
of ship-breaking industries on its bank. Several areas of the 
lower basin’s irrigation system use river water, polluted by 
toxic chemicals, oils, Mobil, and tonnes of iron elements. 
Bangladesh has a population of approximately 162.7 million, 
according to the latest figure from the Bangladesh Bureau 
of Statistics. 

To feed this vast population, only 59.8% of the total 
agricultural land (14.3 million ha) is accessible (Islam et al. 
2018). Farmers use a large amount of inorganic fertilizer, 
insecticides, herbicides, and pesticides every year, hoping for 
more yield. Most of these are dissolved in water and move 
to the lower basins, eventually ending up in the rivers. In 
most rivers, the concentration of Pb, Cr, Cu, Ni, As, Mn, 
Zn, Fe, and Cd is over the standard limit for drinking water, 
while several metals are even beyond the recommended level 
for irrigation water. Most rivers have much greater metal 
concentrations, especially the peri-urban rivers in Dhaka, 
Rupsha, Korotoa, Karnaphuli, Meghna, and Teesta Rivers 
(Bashar & Fung 2020). Metal concentrations in sediment are 
generally higher than USEPA (United States Environmental 
Protection Agency) standards in most rivers. 

The metal concentrations in fish and crops indicate 
metal bioaccumulation. The trend in metal concentration 
is like the water-fish-sediment sequence. Crops irrigated 
with contaminated water are found to contain harmful 
metals. The analysis of daily intake data on carcinogenic 

and noncarcinogenic substances reveals that consuming 
contaminated food can seriously impact human health. 
Sometimes, farmers apply pesticides, which are banned by 
the government, to their crops for more profit (Alam et al. 
2020). Every year, agricultural chemicals worth millions 
of tonnes enter the country illegally to meet the farmers’ 
demand. 

However, the farmers are unaware of the negative effect 
of these toxic chemicals. Several years back, plenty of fish 
of many species was available in the neighboring field of 
agriculture water bodies. There is hardly any fish in fields 
and water bodies as the water quality has become extremely 
poisonous due to agricultural fertilizers and pesticides. This 
study’s primary objective is to gather and evaluate existing 
studies on Bangladesh’s rivers’ water quality during the 
previous 40 years. 

The source and trend of the pollution will be highlighted 
here using relevant figures and tables. The risks to human 
health and the environment posed by river water pollution 
have been displayed using the metal consumption, toxicity, 
and ecological risk indexes. Moreover, future challenges 
have also been discussed based on the current pollution 
scenario. On top of that, important strategies for sustainable 
water resource management have also been suggested in 
this paper.

MATERIALS AND METHODS

Throughout the study, both primary and secondary data 
were used. The previous paper’s data and material were all 
gathered and utilized from primary and secondary sources. 
Books, periodicals, national and international legal reports, 
acts, and other secondary data sources are included. The 
data was assembled chronologically from various books, 
journals, booklets, sessions, bulletins, souvenirs, and reports 
by different institutions and organizations. Elsevier, the 
Internet, and Bangladesh Today, a news outlet, were used 
to gather the essential evidence and data. The chosen data 
shows that there has been serious contamination in the rivers 
surrounding Dhaka city over the past 40 years (taken from 
the chosen stations between 2021 and 2022). 

It also demonstrates that other urban rivers, particularly 
Karatoa, Teesta, Rupsa, Pasur, and Padma, are also in 
severe condition due to the disposition of huge pollutants. 
Contaminants flowing with the water have severely polluted 
the downstream areas of the rivers. High metal concentrations 
are found in the river water during the dry season. In the 
Buriganga River and at certain locations in the Turag, Balu, 
Sitalakhya, and Karnaphuli Rivers, the dissolvable oxygen 
(DO) level is nearly zero. NO3, NO2, and PO4

-3 pollution 
have also occurred in many rivers. Research papers, thesis 
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papers, books, articles, conference papers, and reports from 
various Govt. organizations, including the DoE (Department 
of Environment), have all been used to try and compile 
information about river contamination. 

All of that data’s conclusions have been included in 
this report as tables and figures. However, it is difficult 
to get a clear state of pollution trend due to differences in 
several factors such as the source points, time and data, 
process, and parameter selection for data analysis and 
sample collections. This is why the data in the statistics 
are not consistent. However, the key figures point out that 
river contamination is, at present, in a very serious state. 
The existing data collected from the studies conducted in 
recent times show an exceptionally low state of pollution 
in the river water, which could be attributed to these factors 
or certain effective initiatives taken by the government and 
public on water management. Therefore, considering these 
circumstances, an in-depth study is necessary to analyze river 
pollution thoroughly.

RESULTS AND DISCUSSION

Bangladesh was recently elevated from a low-income 
country to a lower-middle-income country (LMIC) in the 
World Bank’s classification system (LIC). By 2021, laws 
are expected to have been upgraded from LDC to LMIC 
status according to the United Nations categorization. The 
country’s gross domestic product (GDP) increased at its 
highest-ever rate of 7.86 percent in the 2017–18 fiscal year 
as per capita income rose to $1,751 from $1,610 in the prior 
fiscal year (UNCTAD 2021). Agriculture contributed 13.82 
percent of GDP in the previous fiscal year, while industry 
and services contributed 31.18 percent and 57 percent, 
respectively. Mining and quarrying are included in the broad 
industry sector, as are manufacturing, power, gas, water 
delivery, and building activities.

Large and medium-sized businesses manufacture 
newspapers, cement, paper, chemicals, chemical products, 
textiles, food, leather, tobacco, pharmaceuticals, medical 
devices, machinery, and equipment. In the 1950s, Bangladesh 
started to industrialize, focusing mostly on agro-based 
industries like sugar, cotton, and jute. After the nation 
gained independence (in 1971), interest increased, but 
industrialization didn’t get off until the late 1970s, largely due 
to the ready-made clothing industry (BRMG 2022). Several 
government initiatives, such as developing industrial estates 
and EPZ (Export Processing Zones), were also undertaken to 
stimulate industrial expansion. There were 4,560 registered 
textile industries in 2016-20, and about 220 tanneries, 2,500 
footwear manufacturing units, and 90 big corporations are 
now running with leather (BRMG 2022).

There are about 257 licensed pharmaceutical companies 
in Bangladesh, of which about 150 are active, according to the 
Bangladesh Association of Pharmaceutical Industries (BAPI 
2023) and the Directorate General of Drug Administration 
(DGDA). The Bangladesh Chemical Industries Company 
(BCIC) owns and operates two DAP (Diammonium 
Phosphate) factories, one ammonium sulfate plant, and six 
urea fertilizer facilities. Moreover, the Karnaphuli Fertilizer 
Company Limited, a joint venture between the government of 
Bangladesh and foreign businesses, produces urea fertilizer 
and additional ammonia products for export.

Additionally, Bangladesh is home to a sizable number of 
other industries. The current industrial growth rate negatively 
impacts the country’s national economy and development. 
Bangladesh is a riverine country with over 700 rivers, 
including tributaries (Rakib & Fukunaga 2019). Most of 
them are transboundary rivers of Asia that enter Bangladesh 
through India and fall in the Bay of Bengal in the southern 
part of the country. 

Fish and agriculture are mostly sourced from rivers, and 
canal transportation is important in many country regions. 
These rivers discharge a significant amount of rich silt every 
year. In the southern part of the country, rivers dumped over 
2.4 billion tonnes of sediment, enhancing the available land 
for habitation. However, riverbank erosion has become one 
of the major concerns over the years. Since the river bed is 
silt, flush floods occur during the monsoon, affecting the 
lives, infrastructures, and crops badly. 

The length of rivers, which includes various streams, 
canals, lakes, khals, beels, and haors, is around 24140 
km (BWDB 2023). The varying temperatures and rainfall 
throughout the year give them and their tributaries a beautiful 
appearance. Some of the rivers in Bangladesh are Buriganga, 
Atrai, Arial Khan, Bhairab, Bangshi, Dhaleshwari, Chitra, 
Karatoya, Kobadak, Karnaphuli, Rupsha, Purnarbhaba, 
Tista, and Pasur (Fig. 1). However, the Ganges-Padma, 
Brahmaputra-Jomuna, Chittagong, and Surma-Meghna 
river systems, as well as their tributaries and distributaries, 
are the four principal river systems that encompass most of 
the country. The amount of environmental pollution created 
by each industrial sector, which substantially influences 
both the environment and public health, is one of the  
fundamental problems with the spread of industrialization. 
For instance, the tannery industry generates 232 tonnes of 
solid waste and around 20,000 cubic meters of liquid waste 
daily. 

The DoE (Department of Environment) report reveals 
that the textile industry was responsible for generating 217 
million cubic meters of wastewater in 2016, while the amount 
of wastewater may rise to 349 m3 in 2021 (DoE 2022). Some 
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main sources of water pollutants are dying, paper industries, 
pulp, sugar, and leather. Mineral resource-based enterprises, 
i.e., hard rock, glass, limestone, various forms of clays, and 
sands, are examples of non-renewable local resource-based 
industries, and cement and fertilizer factories are the prime 
polluters in this category. Metalworking, pharmaceuticals, 
textiles, petroleum, and plastics are among the industries that 

primarily rely on imported raw materials, and many of them 
are proven to be extremely polluting. The prime sources of 
water contamination in Bangladesh are depicted in Fig. 2.

In Bangladesh, open-field dumping is the main technique 
for removing solid and liquid trash. The liquid wastes 
combine with water, travel down drains to the canals, 
and end up in the river water. Wastes from households, 

 
Fig. 1: Major rivers in Bangladesh. 

 
The length of rivers, which includes various streams, canals, lakes, khals, beels, and haors, is 
around 24140 km (BWDB 2023). The varying temperatures and rainfall throughout the year give 
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The DoE (Department of Environment) report reveals that the textile industry was responsible for 
generating 217 million cubic meters of wastewater in 2016, while the amount of wastewater may 
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primarily rely on imported raw materials, and many of them are proven to be extremely polluting. 
The prime sources of water contamination in Bangladesh are depicted in Fig. 2. 

 
Fig. 2: Bangladesh’s primary sources of water pollution (Source: ResearchGate). 

 
In Bangladesh, open-field dumping is the main technique for removing solid and liquid trash. The 
liquid wastes combine with water, travel down drains to the canals, and end up in the river water. 
Wastes from households, hospitals, markets, and industries are dumped into the open field. The 
aerobic and anaerobic decomposition of wastes is a continuous process. Both insoluble and soluble 
waste materials get mixed with water during the rainy season and eventually reach the nearby 
canals and rivers. Most of the farmers in the country lack education, and they often apply a huge 
amount of agrochemicals to boost productivity.  
 
Most of these substances pollute water, pose health risks, and are swept into surface waters. 
Detergents, soaps, pharmaceuticals, personal care items, and oils are among the many items 
dispersed in water and dumped as domestic garbage into rivers. Many hazardous solid and liquid 
waste is also discharged into rivers, as the country has about 600 hospitals. Hundreds of launches 
and steamers occur daily from Dhaka city to different destinations while the passengers throw 
waste materials straight into the river water. These hazardous wastes contaminate the river water 
and settle in the southern part of Bangladesh after drifting downstream with the river currents. 
However, adequate data on water pollution by water vehicles is not available yet. Most of the 
Bazars (rural marketplace) and markets are set up on the bank and rivers, and they produce several 
tonnes of organic waste straightly discharged into the river.  
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hospitals, markets, and industries are dumped into the open 
field. The aerobic and anaerobic decomposition of wastes 
is a continuous process. Both insoluble and soluble waste 
materials get mixed with water during the rainy season and 
eventually reach the nearby canals and rivers. Most of the 
farmers in the country lack education, and they often apply 
a huge amount of agrochemicals to boost productivity. 

Most of these substances pollute water, pose health 
risks, and are swept into surface waters. Detergents, soaps, 
pharmaceuticals, personal care items, and oils are among 
the many items dispersed in water and dumped as domestic 
garbage into rivers. Many hazardous solid and liquid waste 
is also discharged into rivers, as the country has about 
600 hospitals. Hundreds of launches and steamers occur 
daily from Dhaka city to different destinations while the 
passengers throw waste materials straight into the river 
water. These hazardous wastes contaminate the river water 
and settle in the southern part of Bangladesh after drifting 
downstream with the river currents. However, adequate data 
on water pollution by water vehicles is not available yet. 
Most of the Bazars (rural marketplace) and markets are set 
up on the bank and rivers, and they produce several tonnes 
of organic waste straightly discharged into the river. 

Due to a lack of supervision and maintenance, water 
vehicles go bad, and accidents occur, releasing hazardous 
liquids into the river that pose a serious hazard to the river 
basin’s environment and fauna—the high concentration of Fe 
and As have also left Bangladesh’s surface and groundwater 
extremely polluted. The decline of groundwater level 
caused by the excessive extraction for various purposes 
also facilitates the harmful metals, particularly Fe and As, to 
accumulate in the groundwater. The air quality of Bangladesh 
is the worst in the world due to continuous pollution, while 
its capital, Dhaka, ranks as the second most polluted city 

globally. The atmospheric deposition of hazardous metals 
significantly impacts surface water and agricultural fields. 

Due to atmospheric deposition, many metals are added to 
the urban rivers every year. Newaz et al. (2020) also found 
a high heavy metal concentration in roadside sediments. 
Moreover, large quantities of hazardous metals are 
accumulated in crops planted in the neighborhoods of urban 
highways. Furthermore, the number of recognized brick 
fields in Bangladesh is nearly 6000, while many unregistered 
brick fields are also operating their activities. Since most 
of the brick fields are set up on the banks of the river, they 
are significantly contributing to the river pollution in the 
country. The sand, soil, and silt of the Potenga Sea beach 
in Chattogram City were also contaminated by geologically 
formed radioactive elements. Many hazardous substances 
are also found in the water and sediments deposited in lower 
basins in Bangladesh’s southern coastal areas. The pollution 
of river water by these contaminants, as well as by local 
pollutants, has currently become a hot topic.

Chemical materials are now used in more industries due 
to rapid industrialization. As a result, many organic and 
inorganic hazardous metals are released from these industries 
into the soil, water, and air. Though the problems arise in 
particular places and areas, their escalating incidence, size, 
and possible consequences make their global issues. These 
industrial pollutants adversely affect people’s lives, either 
directly through toxic action or indirectly through water 
quality changes. Industrial, urban, and agricultural waste 
pollution has reached dangerous levels in several rivers and 
aquatic bodies in Bangladesh. 

Dhaka, the capital of Bangladesh, is among the world’s 
most populous cities, with a population of more than 16 
million. On December 31, Dhaka city topped the list of worst 
cities worldwide regarding air quality as the capital’s air 

          
 Fig. 3: & Fig. 4: River pollution in Bangladesh. 
 
Most of the city’s factories and industries are near or along these rivers’ banks (Fig. 3 and Fig. 4). 
On the banks of the rivers in three important sections of Dhaka city—Hazaribagh, Tejgaon, and 
Dhaka-Narayanganj-Demra dam—are more than 7,000 industries. A significant amount of 
hazardous waste from industrial regions and sewage lines and petroleum discharge from ships, 
launches, cargoes, boats, etc., often poison the rivers surrounding the capital city. About 60,000 
cubic meters of hazardous wastes are dumped into the Buriganga and its connected rivers, i.e., the 
Dhaleshwari, Turag, Sitalakhya, TongiKhal, and Balu Rivers each day, mostly from nine major 
industrial clusters—Hazaribagh, Tejgaon, Tongi, Tarabo, Savar, Narayangonj, DEPZ, Gharashal, 
and Gazipur (Rai et al. 2019).  
 
A report of Bangladesh Poribesh Andolon (BAPA 2023) reveals that the Buriganga River absorbs 
6,000 tonnes of liquid waste daily, while Hazaribagh tanneries discharge 3,000 tonnes of liquid 
waste alone. According to the findings of another study, The Hazaribagh tanneries alone produce 
88 million tonnes of solid trash and 7.7 million liters of liquid waste daily, compared to about 7000 
tonnes of solid waste produced daily in and outside the Dhaka City Corporation region. This huge 
waste gets to the river water since domestic pipelines are linked to drains directly connected to 
various khals and canals. Household wastes, such as oils and chemical products used for personal 
care, thus, enter the river water. Moreover, hundreds of water vehicles ply the river to transport 
passengers from Dhaka to other destinations and contribute to river water pollution at an alarming 
rate. 
  
The Buriganga River’s water turns dark black and resembles burned engine gasoline during the 
dry season. The majority of the physicochemical characteristics of the water surpass the water 
standard fixed by the World Health Organisation (WHO). The dissolved oxygen in the water was 
2 milligrams per liter in 2000 but turned zero in 2019, while abrupt changes in TDS, BOD, and 
COD are also seen. The changes might be due to the differences in various aspects such as 
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quality index (AQI) was recorded at 221. The city is situated 
on the Buriganga River’s northern bank, while some other 
rivers surround it, namely Dhaleshwari, Turag, Sitalakhya, 
TongiKhal, and Balu. 

Most of the city’s factories and industries are near or 
along these rivers’ banks (Fig. 3 and Fig. 4). On the banks 
of the rivers in three important sections of Dhaka city—
Hazaribagh, Tejgaon, and Dhaka-Narayanganj-Demra 
dam—are more than 7,000 industries. A significant amount 
of hazardous waste from industrial regions and sewage lines 
and petroleum discharge from ships, launches, cargoes, 
boats, etc., often poison the rivers surrounding the capital 
city. About 60,000 cubic meters of hazardous wastes are 
dumped into the Buriganga and its connected rivers, i.e., 
the Dhaleshwari, Turag, Sitalakhya, TongiKhal, and Balu 
Rivers each day, mostly from nine major industrial clusters—
Hazaribagh, Tejgaon, Tongi, Tarabo, Savar, Narayangonj, 
DEPZ, Gharashal, and Gazipur (Rai et al. 2019). 

A report of Bangladesh Poribesh Andolon (BAPA 2023) 
reveals that the Buriganga River absorbs 6,000 tonnes of 
liquid waste daily, while Hazaribagh tanneries discharge 
3,000 tonnes of liquid waste alone. According to the findings 
of another study, The Hazaribagh tanneries alone produce 88 
million tonnes of solid trash and 7.7 million liters of liquid 
waste daily, compared to about 7000 tonnes of solid waste 
produced daily in and outside the Dhaka City Corporation 
region. This huge waste gets to the river water since 
domestic pipelines are linked to drains directly connected 
to various khals and canals. Household wastes, such as oils 
and chemical products used for personal care, thus, enter the 
river water. Moreover, hundreds of water vehicles ply the 
river to transport passengers from Dhaka to other destinations 
and contribute to river water pollution at an alarming rate.

The Buriganga River’s water turns dark black and 
resembles burned engine gasoline during the dry season. 
The majority of the physicochemical characteristics of the 
water surpass the water standard fixed by the World Health 
Organisation (WHO). The dissolved oxygen in the water was 
2 milligrams per liter in 2000 but turned zero in 2019, while 
abrupt changes in TDS, BOD, and COD are also seen. The 
changes might be due to the differences in various aspects 
such as procedure, time, and where the sample collections 
are kept. However, the findings of most research work 
clearly state that the basin area of the Buriganga River 
is experiencing severe pollution. The presence of heavy 
metals, particularly Cr, Cd, and Pb, has made the river water 
toxic. The research data of the last 40 years depicts that the 
river water turns out to be extremely poisonous in some 
particular periods when it becomes hazardous for drinking 
and irrigation. A high concentration of toxic metals is also 

noticed in the sediment samples as a huge amount of organic 
materials might be settled down in the river water with toxic 
metals.

Furthermore, a high concentration of toxic metals is also 
found in the specimens of fish taken from the Buriganga 
River, according to findings of certain research works. 
Although most of the data were below the recommended 
and safe limits of the DoE, they can cause serious health 
risks if consumed continuously. The current study data lacks 
essential physical and chemical examinations of the river 
water, sediment, and fish. 

Hence, it is vitally necessary to conduct a complete 
investigation of organic pollutants, personal care items, 
pharmaceuticals, etc., to study the natural characteristics 
of river water, which are crucial for a successful water 
management system. The Buriganga River is clearly in 
danger, and if this pollution trend persists, The flora and 
fauna and people will suffer greatly, according to the research 
findings. The Buriganga River’s water and sediment contain 
thirteen elements: the accumulation index (Igeo), CF, PERI, 
PLI, HEI, heavy metal pollution index, and NI. Akbor et 
al. (2020) analyzed these elements and discovered that the 
Buriganga River is extremely polluted with heavy metals.

Northwest of the city of Dhaka is where the Turag River 
is located. As the majority of the clothing industries are 
located on the river bank, and farmers who use they reside 
close to the river and use inorganic fertilizers, insecticides, 
and herbicides in their agricultural areas, untreated industrial 
wastes, agricultural runoff, and urban garbage from the slum 
area all have a negative impact on the water quality of this 
river. All these waste materials are swept with water during 
the rainy season and eventually end up in the river. 

The extensive pollution made the Department of 
Environment announce the Turag River as an ecologically 
critical one in 2009. The water quality of the upstream river 
was very poor due to the extensive industrial activities in 
the area. Farmers irrigate their lands using the river water to 
cultivate crops sold in the markets. So, people who regularly 
eat vegetables, fish, and rice produced in this area are likely 
to suffer serious health hazards as toxic metals are found 
in them, according to the research findings. The flora and 
fauna’s bioaccumulation of toxic metals may negatively 
impact human health. During the dry season, the river water 
looks black and stinks. According to the source and types of 
the discharged effluents, the pH level also varies from one 
point to another in the river. In addition, the dissolved oxygen 
(DO) in the Turag River’s water is also found to be far below 
the recommended standards set by DoE. Besides, along with 
the toxic metals, high amounts of BOD, COD, and TDS are 
also found in the river water. The fish and sediment samples 
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collected from the river are also found to have concentrations 
of toxic metals. The toxicity analysis data based on the metal 
concentration shows that the river water has become toxic 
and highly poisonous to human health and living animals.

Balu River, mainly a tributary of the Shitalakshya River, 
goes by through the wetlands of Beel Belai and Dhaka before 
it merges with the Shitalakshya at the Demerara area of 
Dhaka city. The river is linked to the Turag River via Tongi 
Khal in the northern part of the city. The river is also linked 
to several khals and canals, i.e., Rampura Khal, Norai Khal, 
and Tongi Khal. The hazardous wastes from industries are 
dumped into the khals and canals, where they finally find 
their way into the Balu River. Wastes from the TIZ, textile, 
pharmaceutical, food, dishwashing soap, metal, and dying 
industries, among others, harm the river’s water. 

Besides, the river absorbs wastes from municipal and 
agricultural fields as well. As a result of continuous extensive 
pollution, the DoE declared the Balu River as one of the 
ecologically critical rivers in 2009. The level of dissolved 
oxygen in the river water is nearly zero, drastically affecting 
the flora and fauna. The findings of some research also show 
the presence of excess TDS, BOD COD, and metals in the 
river water. The existing research data clearly state that the 
water of the Balu River is being polluted continuously. The 
research data depict many pollutants flowing to the Balu 
River via Tongi Khal, Norai Khal, and Tejgoan-Rampura 
Khal. The concentrations of pollutants in sediments are 
also several times higher than the recommended standard of 
USEPA. Farmers in the region largely depend on the water of 
these canals and the Balu River for irrigation. Consequently, 
crops are affected by various toxic substances. 

Shitalakshya River is a distributary of the Brahmaputra, 
the source of origin of most rivers in Bangladesh. The river 
runs east of Dhaka city and merges with the Meghna River 
at Kolagachi of Munsiganj district. The water of the Balu 
and Dhaleshwari rivers flows to the Shitalakshya River 
(the Buriganga River ends in this river). Many industries 
are established on the bank of this river, especially in the 
Narayanganj district, where industrial concentration is high. 
Various watercraft also use the river to travel to Chandpur 
and Chittagong districts. Narsingdhi district also affects the 
river in many ways. 

The Sitalakhya River is the principal water source for 
various daily and commercial activities, including washing, 
bathing, drinking, industrial use, and irrigation. However, 
the enterprises situated along the riverside, such as those 
producing textiles, pulp, paper, fertilizer, cement, jute, 
sugar, etc., significantly negatively impact the river water 
quality. The water of the Shitalakshya River also becomes 
more contaminated as pollutants enter the river with water 

from Balu and Dhaleshwari Rivers. The Sitalakhya River 
near Demraghat is also the raw water source for Saidabad’s 
water treatment plant. The findings of the research state that 
the extensive river pollution poses serious challenges to the 
drinking water plant and suggest that the existing intake point 
is unsafe because of the presence of poisonous substances and 
microbial loads. In the dry season, the dissolved oxygen level 
is nearly zero at several points of the Sitalakhya River. The 
concentrations of BOD, COD, and TDS, on the other hand, 
have not exceeded the standard set by DoE for surface water. 

However, the data analysis affirms that the designated 
river’s basin area has also been polluted. A huge amount of 
pollutants is also accumulated yearly as it is linked with other 
extensively polluted rivers. The river water also contains 
a high presence of Cu, Ni, Cr, As, and Fe, exceeding the 
standard DoE set for surface water. The concentration of 
heavy metals in sediment is also found to be higher than the 
safe limit determined by USEPA. Direct consumption of river 
water is very risky as it can invite severe health problems. 
Moreover, transmitting poisonous substances into fish and 
crops (through irrigation) can also pose serious health risks 
to humans.

Kaliganga and Dhaleswari are the two branches of the 
Jamuna River, one of the three major rivers in Bangladesh. 
The northern branch, Dhaleswari, flows to the Shialakhya 
River in the lower region. The pollutants from the Buriganga 
River flow to the Dhaleshwari River with water. The latter 
river carries them down to the lower Sitalakhya River 
before merging with the Meghna River. In the water of 
the Sitalakhya River, the presence of Cr exceeds the FAO 
standard value of irrigation water. The values of Cd, Ni, Pb, 
Cr, Cu, and sediment samples collected from the Dhaleswari 
River are higher than those of USEPA standards.

One of the three rivers that make up the Ganges Delta, 
the world’s biggest and most populated delta system, 
is Meghna, the broadest river in Bangladesh. The river, 
which originates in the Kishoreganj district and is part of 
the Surma-Meghna River System, empties into the Bay of 
Bengal. It absorbs silt and pollutants from Surma, Kushiyara, 
Padma, and Sitalakhya Rivers at its confluence with these  
rivers. 

The river’s water is the primary source for agriculture 
and fish, while it is also used by many industries set up 
along the riverbank. However, agricultural and industrial 
activities largely affect the river water. While Ni, Mn, and 
Cd concentrations are greater than the acceptable limit for 
irrigation water, Cd, Mn, Ni, Cr, and fe concentrations are 
well over the standard threshold set by the WHO for drinking 
water. The amounts of Ni, Cr, Pb, Zn, and Cd in the silt 
exceed the USEPA regulatory limit at various locations along 
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the river. Significant metal concentrations are also present 
in various riverbank locations.

The study’s findings demonstrate how urbanization 
and industrialization have significantly influenced the 
Balu, Turag, Sitalakhya, and Buriganga Rivers. Due to 
continuous extensive contamination, these rivers were 
declared ecologically critical by DoE in 2009. The trend of 
concentrations is found in several studies to be surface<sub-
surface<sediment after examining the concentrations of 
several physicochemical variables and metals in soil, surface 
water, and subsurface water. The accumulation of poisonous 
substances in fish samples is also a serious concern for human 
consumption. In Dhaka, groundwater is used for domestic 
purposes by at least 78% of residents, while surface water 
meets the remaining 22% of demand. The findings of several 
studies reveal that the groundwater is also severely impacted 
by the intense pollution in the adjacent rivers. At the same 
time, heavy metal concentrations have also been noticed in 
the water samples of several areas. 

Dhaleshwari and Meghna rivers are being polluted as 
pollutants from upper boundary rivers enter these rivers 
with water. The water and silt of the duo river are also 
being affected by anthropogenic activity. The most alarming 
element is that all the studies done so far only consider a few 
common parameters, such as TDS, pH, BOD, DO, COD, 
and some metals. No consideration is given to analyses of 
microbiological, organic, personal care, pharmaceutical, and 
other harmful contaminants.

Karnaphuli is the largest and most important river in the 
Chittagong region. The river, located in the southeastern part 
of Bangladesh, flows through the port city of Chittagong 
and the Chittagong Hill Tracts. Exporting and importing 
products nationally and internationally is a very important 
getaway. People use the water of this river, which has been 
severely contaminated recently, for domestic, irrigation, and 
industrial purposes. Industries that greatly impact river water 
include tanning, textile, oil refineries, spinning mills, dyeing, 

fertilizer, paper, steel, cement, cotton, soap, bitumen, rayon 
mills, and detergent factories. 

Other industries include insect killer production plants, 
paint manufacturing, merchant ships, naval, and ship 
recycling. The air in Chittagong ship breaking is also polluted 
due to the high concentrations of organic pollutants. The 
values of oil and grease in the sediment collected from the 
river are high. Geo-accumulation index (Igeo) for Zn, Fe, Ti, 
Y, Zn, and Rb in silts of the ship-breaking area illustrates that 
the presence of these elements moderately pollutes the silts. 
The research data demonstrate that the quality of Karnaphuli 
River water is very poor as most of the physicochemical 
properties in the river waterfall are below the standard level 
recommended by DoE for drinking and surface water. The 
river’s water is becoming dangerous for humans, flora, and 
fauna due to a gradual decrease in DO concentration and 
increased BOD and COD values. Severe pollution occurs 
at specific key points during the selected period. 

It is evident from the EC and Cl values that the water of 
Karnaphuli River is comparatively salty. Therefore, the low 
presence of metals is found in the Karnaphuli River water (Fig. 
5). However, at the locations where khals and canals merge 
with the rivers, high metal concentration is found, according to 
some studies, and it is evident that the river is being polluted 
uninterruptedly. For instance, according to a study by Kibria 
et al. (2016), the Karnaphuli River and the Bay of Bengal 
coastal region exhibit significant levels of Cd, Ni, Pb, U, Hg, 
Cr, and Cu contamination. The study recognizes the ‘hotspots’ 
of pollution and the origin of pollutants. 

The level of dissolved oxygen is below 4 percent in the 
water of the Halda River, while the concentrations of Fe 
and Mn are higher than the stipulated standard set by FAO 
for irrigation water. Similarly, the concentrations of Cu and 
Pb exceed the ESEPA standard limit in the sediments of the 
Bakkhali River. At the same time, a high amount of Ni, Cr, 
Cu, Zn, and Pb is also traced in the Sangu River’s water, 
originating from neighboring Myanmar.

 
The level of dissolved oxygen is below 4 percent in the water of the Halda River, while the 
concentrations of Fe and Mn are higher than the stipulated standard set by FAO for irrigation 
water. Similarly, the concentrations of Cu and Pb exceed the ESEPA standard limit in the 
sediments of the Bakkhali River. At the same time, a high amount of Ni, Cr, Cu, Zn, and Pb is also 
traced in the Sangu River’s water, originating from neighboring Myanmar. 
 

 
Fig. 5: Karnaphuli River pollution. 

 
Various metropolis and agricultural activities also affect the Korotoa, Teesta, Atrai, and Padma 
rivers in northern Bangladesh. The concentrations of Fe, Cr, Pb, As, Ni, and Mn in the Korotoa 
River water exceed the WHO stipulated standard limit for irrigation water. At the same time, those 
of Cr and Cd are higher than the FAO-recommended values. The highest concentrations of Pb, Cu, 
As, Ni, Cr, Pb, and Cd in the sediment of Korotoa River are determined to be 183, 163, 118, 51, 
2.9, and 84 mg/kg, correspondingly. According to the analysis of Pollution Load Index (PLI) 
values of the existing research data, the silts of the river are severely polluted (PLI>1), particularly 
for the high presence of Cr, Cd, and Pb.  
 
The Contamination Fact (CF) calculation also demonstrates a high amount of As and Cd CF>1). 
At the same time, the Enrichment factor (EF) analysis confirms that human activities have also 
affected the river. The possible causes of the pollution are the wastes released by various industries, 
such as textile, steel, gasoline, and tanning industries, municipal, agrochemicals, and atmospheric 
deposition. The presence of Zn, Cu, Pb, Cd, As, Cr, and Ni in sediments samples obtained from 
the Korotoa River is higher than the USEPA recommended standard, which clearly states that the 
river is polluted. 
 
Islam et al. (2018) have also found heavy metal concentrations in the water and sediment of the 
Teesta River, which originated in the Pauhunri Mountain of the eastern Himalayas and confluences 
with the Jamuna River in Bangladesh, flowing through the Indian states of Sikkim and West 
Bengal. Teesta flows across the country’s northern area, including the Ranpur and Bogura districts. 
Cd in the river’s water is higher than the recommended value set by the WHO for drinking water. 
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Various metropolis and agricultural activities also affect 
the Korotoa, Teesta, Atrai, and Padma rivers in northern 
Bangladesh. The concentrations of Fe, Cr, Pb, As, Ni, and 
Mn in the Korotoa River water exceed the WHO stipulated 
standard limit for irrigation water. At the same time, those 
of Cr and Cd are higher than the FAO-recommended values. 
The highest concentrations of Pb, Cu, As, Ni, Cr, Pb, and 
Cd in the sediment of Korotoa River are determined to be 
183, 163, 118, 51, 2.9, and 84 mg/kg, correspondingly. 
According to the analysis of Pollution Load Index (PLI) 
values of the existing research data, the silts of the river are 
severely polluted (PLI>1), particularly for the high presence 
of Cr, Cd, and Pb. 

The Contamination Fact (CF) calculation also 
demonstrates a high amount of As and Cd CF>1). At the 
same time, the Enrichment factor (EF) analysis confirms 
that human activities have also affected the river. The 
possible causes of the pollution are the wastes released by 
various industries, such as textile, steel, gasoline, and tanning 
industries, municipal, agrochemicals, and atmospheric 
deposition. The presence of Zn, Cu, Pb, Cd, As, Cr, and 
Ni in sediments samples obtained from the Korotoa River 
is higher than the USEPA recommended standard, which 
clearly states that the river is polluted.

Islam et al. (2018) have also found heavy metal 
concentrations in the water and sediment of the Teesta 
River, which originated in the Pauhunri Mountain of the 
eastern Himalayas and confluences with the Jamuna River 
in Bangladesh, flowing through the Indian states of Sikkim 
and West Bengal. Teesta flows across the country’s northern 
area, including the Ranpur and Bogura districts. Cd in the 
river’s water is higher than the recommended value set by 
the WHO for drinking water. Besides, the concentrations of 
Fe and Mn are also found to exceed the FAO recommended 
standard for irrigation water. 

For the first time in Bangladesh, the Positive Matrix 
Factorization (PMF) receptor model is used by Islam et al. 
(2018) for the identification of the source of pollutants and 
the pollution in sediment in Pasur, Teesta, Meghna, Korotoa, 
Sitalakhya, and Rupsa Rivers. Data obtained from Risk Index 
and Geo-accumulation Index demonstrates the sediment of 
the rivers to be severely contaminated by Cd. The findings 
of the studies reveal that Ni, Fe, and Mn have a significant 
co-occurrence network with Cr. 

The data collected by the PMF receptor model recognized 
four sources of sediment pollution, and they are – the mixed 
source (for Cd), industrial (for Ni and Mn), anthropogenic 
(for Cd), and agricultural (for Cu and As) (for Fe and Cr). 
The water and sediment quality data analysis demonstrates 
that severe pollutant consumption has drastically affected the 

Teesta River. The findings of several research data also point 
out the presence of radioactive and toxic metals in Teesta 
River water that can pose serious health hazards like cancer.

On the banks of the Padma River stands Rajshahi City, 
the divisional city of the northern districts. This river enters 
Bangladesh through the Chapainawabganj district from 
neighboring India and flows through many districts before 
its confluence with the Meghna River in Chandpur. The 
Padma River gets many pollutants from the city through 
various drains, khals, and canals. The Rajshahi region has 
been facing severe deforestation for a long. The water of 
the Padma River is being contaminated continuously due to 
the depositing of garbage on the open field, industrial and 
household wastes, and direct sewer lines. 

Since the region is an agricultural-based area, farmers 
apply many fertilizers, pesticides, and insecticides, most of 
which are inorganic, in their fields, and all of these materials 
eventually enter the river with water. In summer, an excess 
amount of coliform and Vibrio cholera counts are found in the 
river’s water, according to Haque et al., 2018. The analysis 
of fish samples collected from the Padma River also reveals 
high concentrations of Cr, Cu, Cd, Zn, Pb, and Mn, which 
can pose serious health problems if consumed continuously.

Rapid and unplanned urbanization and industrialization 
in the southern part of the country largely affect the lower 
basin of Meghna, Kirthankhola, and Rupsa Rivers, various 
tributaries, and Distributary Rivers, canals, and khals as 
almost all of the cities are established on the river banks. 
Being adjacent to the Bay of Bengal, nearly every southern 
river contains salty water in most parts. The intrusion of 
salty water during the rainy season is common in this region. 
People nowadays complain of more frequent intrusion of 
salty water. The reason for this frequent intrusion may be 
the result of climate change. Each year, the coastal areas 
face natural calamities such as Aila, Sidr, and Fani that 
cause serious damage to crops, plantations, and households. 
The most important problem this region faces following any 
natural catastrophe is that a large area is submerged under 
salty water. Both the natural hazards and human activities 
have a severe impact on the ecology of this area.

Barisal City, one of the nation’s oldest cities and river 
ports, is built on the bank of the Kirtankhola River and flows 
through south-central Bangladesh. Many wastes, including 
domestic and industrial effluents, used water, sewerage, 
and organic loads, straightly enter the Kirtankhola River 
from the city through various canals and khals. Moreover, 
the city has numerous hospitals and clinics that generate 
sensory waste daily. 

Besides, a significant amount of garbage is also produced 
daily by the municipal corporation, and these are left in an 
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open field, namely “Moilakhola,” as the city does not have 
any waste management system to tackle sensorial wastes. 
Consequently, most of these wastes are washed away into 
the Kirtankhola River with water during the rainy season. 
The river water is constantly contaminated by cement, 
pharmaceutical, food, textile industries, brick kilns, and 
watercraft. Similar pollution also occurs in Khulna’s Rupsha 
River and Rajshahi’s Padma River. Generally, water from 
upper rivers flows to the lower point and meets large bodies 
such as the ocean.

Similarly, pollutants enter the rivers and eventually the 
Bay of Bengal. The research findings on the surface water 
quality in the Barishal region include high concentrations of 
suspended solids, turbidity, Nitrate, phosphate, and electrical 
conductivity in the water of the Kirtankhola River, which 
are above the permissible levels. Generally, the water of 
surface water also affects groundwater. The findings of 
several studies demonstrate that the quality of the upper 
aquifer is mostly affected by salty water and arsenic. Arsenic 
in groundwater is one of the long-standing problems that 
people of the Barisal region have been facing. 

However, there is a lack of enough research data on 
metals and other organic and inorganic pollutants, and it 
cannot be determined how bad or good the water of the 
Kirtankhola River is. Pashur, a distributary of the Ganges 
River, flows in the southwestern region of Bangladesh, 
while the Rupsha River is the continuation of the first one. 
The concentrations of Nitrate in the Rupsha River water are 
also higher than the safe limit recommended by FAO for 
irrigation. The metal concentrations are also noticed above 
the permissible limit at several river points.

The research findings reveal a high amount of Fe, Pb, 
Cr, Mn, and Ni in the river water at several points, and it 
exceeds the standard values recommended by WHO and 
FAO for drinking and irrigation water, respectively. The 
wastes from Khulna City and anthropogenic activities are 
the primary sources of pollution in that area. In addition, the 
groundwater of that region contains a high concentration of 
natural arsenic which forces people to use the surface water 
for drinking, household activity, and irrigation purposes. 
Therefore, pollution in surface water adds to the woe of the 
people in that region. The water of Rupsha River contains 
higher concentrations of Cd, Ni, As, Pb, and Cr, while eighty-
five percent of the samples pose a mild ecological concern. 
Khulna region is very popular for shrimp farming which may 
contribute to further pollution there. The sediments collected 
from the Rupsha River also contain a high amount of Zn, 
Cu, Pb, Cd, As, Cr, and Ni, higher than the standard level 
recommended by USEPA, hinting that the river is highly 
polluted. 

Research papers, thesis papers, books, articles, conference 
papers, and reports from various government organizations, 
including the Department of Environment, have all been used 
to try and compile information about river contamination. 
Tables and figures presenting the results of all those data have 
been included in this publication. However, it is difficult to 
get a clear state of pollution trend due to differences in factors 
such as the source points, time, data, process, and parameter 
selection for data analysis and sample collections. This is 
why the data in the statistics are not consistent. 

However, the key figures point out that river contamination 
is, at present, in a very serious state. The existing data 
collected from the studies conducted in recent times show 
an exceptionally low state of pollution in the river water, 
which could be attributed to these factors or certain effective 
initiatives taken by the government and public on water 
management. Therefore, considering these circumstances, 
an in-depth study is necessary to analyze river pollution.

Since Bangladesh is a riverine country, most soils fall 
within the ‘Inception’ category, demonstrating that they are 
formed continuously. During rainy reason, a huge amount of 
sediment is accumulated in the soils of riparian areas. As silty 
soil is usually more fertile, farmers prefer this type of soil 
for cultivating various crops and vegetables. Furthermore, 
the growers can easily use the river water for irrigation as 
it is cheap and easily available. Currently, most rivers are 
polluted with a high concentration of heavy metals, a large 
portion of which ultimately accumulate in soils and enter the 
food chain through irrigation. 

According to Uddin et al. (2014), the soil samples taken 
from the Shitalakshya River had values of 86, 36.24, 17.75, 
and 0.12 mg/kg of Zn, Cu, Pb, and Cd, respectively. For 
experiment purposes, Kalmi (Ipomoea aquatic), one type 
of vegetable, was cultivated on a piece of land close to the 
Sitalakhya River, and the river water was used for irrigation. 
The concentration of Zn, Cu, Pb, and Cd in the harvested 
vegetable (growing time: 35 days) was 113.16, 36.69, 
14.07, and 0.08 mg/kg, respectively. Some researchers have 
found high concentrations of toxic metals by analyzing and 
comparing the soil samples collected from the river basin 
area with uncontaminated soil samples. A huge amount 
of heavy metals is also found in the crop cultivated and 
irrigated in the polluted soil and by river water respectively 
than the crop is grown in pure soil and with safe water. 
Most of the researchers found that the soil, water, and 
crops they took from the farmland next to the contaminated 
river had a significant level of toxicity. Aside from these 
few investigations, very little is known about the metal 
concentrations in the upper soil layer. Significant research 
is needed to examine the concentration of heavy metals in 
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the upper soil layer to better understand how heavy metals 
travel from rivers to agricultural soil and from soil to crops.

The pattern of metal concentration trend in the Buriganga, 
Turag, Sitalakhya, and Meghna rivers is nearly alike –water 
from fish and fish from sediment. However, the metal 
concentrations in the Buriganga River are comparatively 
higher than the remaining three rivers. While the trend for 
Cd is similar for the rivers Turag, Buriganga, Sitalakhya, 
and Meghna, the level of Pb and Cr in fish samples from 
the Buriganga and Sitalakhya rivers is also found to be high. 

When a chemical enters an organism through any 
exposure channel (water, sediment, soil, air, or diet), the 
process is known as bioaccumulation and is quantified by 
a bioaccumulation factor (BAF). According to the existing 
research data analysis, the BAF trend of all metals is like 
Turag<Buriganga<Sitalakhya<Meghna. However, the 
Buriganga River has a significantly greater BAF of Cr. 
The following are the bioaccumulation sequences in Turag, 
Buriganga, Sitalakhya, and Meghna: CrPbCd, CdCrPb, 
CdPbCr, etc.

Sarah et al. (2019) showed that the bio-concentration 
of metals in fish liver and kidney occurs in the following 
order: Fe-As-Cd-Zn-Pb and Zn-Fe- As-Cd-Pb, respectively. 
The existing data have been chosen for this paper through a 
random selection process (though our target was to collect 
data on water, silt, and fish from a particular year’s research 
works, it was sometimes troublesome because of the lack of 
enough available research data). Though metal concentrations 
in the river water were low, they were higher in fish. The 
reason for this difference might be the bioaccumulation of 
metals into fish. In addition, large quantities of toxic metals 
may be dumped by various pollutant outlets with water, 
and most of them are stored in sediments. At the same time, 
the uninterrupted deposition increases their concentrations 
above the toxic limit. About 90 types of vegetables and 60 
types of fruits are grown in Bangladesh, most of which are 
cultivated during winter. 

The existing research data shows that the river water’s 
pollution level is comparatively high this season. In 
Bangladesh, riverbanks are ideal for growing vegetables 
since water is simply available for irrigation. Crops cultivated 
around the riverbank with river water are more prone to 
high concentrations of toxic metals. Some researchers 
have also identified the presence of a heavy load of metals 
in crops cultivated in the polluted area and with the water 
from the polluted river. The findings of Khan et al. (2014) 
demonstrated the high presence of specific metals in the 
crops cultivated in the surrounding areas of the Buriganga 
River. The vegetables gathered from various markets and 
bazaars in Dhaka city also have high levels of heavy metals. 

According to the research data findings, vegetables cultivated 
in urban areas accumulate more heavy metals than those 
in rural areas. A high presence of metals, particularly Pb, 
is noticed in the vegetables grown in roadside areas. The 
analysis of geo-accumulation index values reveals that the 
soils of the Dhaka city area are extensively contaminated. A 
high amount of Cd, Ni, Pb, Zn, As, and Cr is also identified 
in the agricultural soils of the city areas in the country. 

In this case, the primary source of metal contamination 
is the massive use of agrochemicals and polluted river 
water. Ecologically, Bangladesh has been facing arsenic 
problems in its water, soil, and even crops. Generally, a 
high accumulation of arsenic is found in crops irrigated 
with water with a high arsenic level. And crops, including 
rice and vegetables contaminated by arsenic, are consumed 
in many areas of the country. Thus, we take the metals 
in our bodies by consuming the accumulated crops. As a 
result, routinely consuming contaminated foods will result 
in a high concentration gradient of hazardous metals in the 
body, which may lead to both non-cancerous and cancerous 
health issues. 

Along with surface water, groundwater, the most 
important safe water source, is also affected due to the 
continuous accumulation of heavy metals. In Bangladesh, 
about 96% of people rely on groundwater, which meets 
nearly 86% of Dhaka city’s drinking water demand. The 
Dupi Tilla sand aquifer, which lies under the Modhupur clay 
layer and has a 10m thickness, is Dhaka’s key groundwater 
reservoir. Generally, the thickness of the aquifer ranges from 
100 m to 200 m. The surrounding rivers to which this aquifer 
is exposed facilitate groundwater recharge to the aquifer. 

Due to extensive exploitation and contamination, 
groundwater is unsafe and cannot be used without proper 
treatment. The groundwater level dropped by nearly 20 m 
in the last decade while 70 m since 1990. The deep tube 
wells installed by the DWASA for extracting groundwater 
must be repositioned due to river pollution. Groundwater 
is more likely to be polluted by contaminants moving into 
groundwater downward from nearby contaminated rivers. 
The findings of Khan et al. (2014) revealed that harmful 
metals in river water and soil leach with infiltrating water 
and mix with groundwater, posing a serious health risk. 
Metal concentrations in groundwater may rise as a result of 
excessive groundwater exploitation. These concentrations in 
the aquifer may also rise if a high amount of metals deposited 
in riverbed silt get mixed with groundwater flow. 

In Dhaka city, approximately 1% of tube well water has a 
high concentration of Pb than the standard level recommended 
by WHO for drinking water. As DDT, ammonia, Fe, Ni, Co, 
Nitrate, Mn, arsenic, and B have been found in groundwater 
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in significant amounts across the nation, the extensive use 
of inorganic fertilizers, herbicides, and insecticides has an 
effect on groundwater. Both surface and groundwater are 
continuously contaminated due to various natural processes 
and anthropogenic activities. Pollutants move into the 
aquifers, the main source of drinking water in Bangladesh, 
during the recharge process of groundwater between the 
river water and aquifers.

Water contamination is causing major health problems 
for people living in developing countries, and surprisingly, 
most people have little knowledge about the cause of their 
suffering. Asia has the largest concentrations of dissolved 
heavy metals among the five continents (these continents are: 
North America, South America, Europe, Asia, and Africa)- 
while Europe has the lowest concentrations. Asia saw the 
greatest decline in cancer risk owing to Cr contamination 
from 1970 to 2017, followed by Africa and North America. 
However, the existing research data analysis reveals that 
Bangladesh is experiencing severe Cr pollution. 

People in various parts of the country have long been 
facing serious health hazards caused by arsenic in both 
surface and groundwater. Moreover, the researcher has 
found bioaccumulation of toxic metals in the fish samples 
collected from rivers. The excessive presence of different 
harmful metals is also found in the foods cultivated in the 
surrounding areas of polluted rivers or with the water of  
contaminated river water. When people consume these 
foods, these metals enter the human body, causing various 
toxic effects. 

Also, human health is very vulnerable to various diseases 
due to hazardous microorganisms in surface water. Common 
diseases caused by consuming contaminated water include 
cholera, typhoid, diarrhea, fever, dengue, viral hepatitis, 
and gastroenteritis. Because of the severe surface and 
groundwater contamination, many people in Bangladesh 
suffer from waterborne hazards yearly. The hazardous level 
in heavy metals is often calculated using several variables, 
including target TR, HI, and THQs, and compared to a 
predetermined set of values. Human health is very vulnerable 
to potential diseases when the value of THQ is >1. On the 
other hand, if TR is > 106, there is a chance of adverse 
health effects. 

Islam et al. (2018) demonstrated the excessive presence 
of THQ (THQ˃1) for Pb in vegetables and As in grains, 
which can be fatal for human health. In Karatoa River, 
adjacent to Bogura City, the value of TR is found to be>106 
for intake of Pb and As from food, suggesting the risk of 
serious cancer. Besides, water samples from Teesta, Pashur, 
Meghna, Sitalakhya, Karatoya, and Rupsa Rivers have also 
been examined to determine the status of As, Pb, and Cr 
and their possible threat to public health. According to the 
analysis of HI value, people, especially children, and adults, 
are exposed to serious health risks if they consume water 
from these rivers. Furthermore, the presence of Cr was higher 
than USEPA’s recommended value for drinking water, which 
can also pose a serious threat to public health. 

Ali et al. (2020) assembled six fish samples from the 
vicinity of Karnaphuli River and examined the concentration (2020) also examined the concentrations of ten heavy metals in the fish samples taken from the 

Dhaleshwari River and found the excessive presence of Ni and Cr.  

 
Fig. 6: Heavy Metals and Human Health. 

Humans consuming these contaminated fish are subject to experiencing various carcinogenic 
(TR˃104) health hazards. The presence of Pb, Cd, As, Ni, and Cr in estimated daily intakes (EDIs) 
is also above the maximum tolerable daily intake (MTDI), indicating food consumption as the 
possible source of these metals. The value of PHQ (combined hazard quotient) is found to be ˃1 
in fish, vegetables, fruits, and rice samples, which may pose a serious health threat to the city 
residents (Fig. 6). The findings of Palash et al. (2020), who examined the values of Cr, As, Cu, 
Cd, Zn, Pb, and As in nine fish samples obtained from the Meghna River, reveal that fish may not, 
in accordance with the EDI value, pose any toxicity to public health.  
 
Moreover, all metals, with the exception of those that remain in fish bodies in their biological 
form, have a THQ value of 1. They have concluded that Cd can pose a cancer risk among children 
and elderly people. Macrobrachium rosenbergii, an economically significant gigantic freshwater 
shrimp, gathered from various farms, Meghna and Karnaphuli rivers are also analyzed to determine 
the concentrations of heavy metals. The analysis findings reveal elevated Pb, Cr, Cu, Pb, and Mn 
concentrations in the collected water and fish. The calculated value is also higher than the 
acceptable level for Pb and Cr. 
 
Furthermore, the THQ values of Zn, Cu, Cd, and Pb are also found to be less than one, while the 
TR values for Ni and Pb exceed the standard limit. Researchers have observed that prawn species 
have greater quantities of hazardous metals that can pose serious health hazards. Two searchers, 
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Fig. 6: Heavy metals and human health.
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of heavy metals in them. According to the THQs and TR 
values of the analysis, people consuming these fish are 
vulnerable to noncarcinogenic and carcinogenic health 
consequences. People living in the southwestern (Turag-
Buriganga- Dhaleshwari) region in Dhaka city are also 
exposed to severe health risks due to the analyzed HQ 
and HI values in the groundwater of that area. Besides, 
people consuming vegetables cultivated in the basin area 
of the Buriganga River are also vulnerable to deadly cancer 
problems since the TCR value for Cr, Ni, and Pb in these 
grains is found to be higher than the USEPA-recommended 
value. Hasan et al. (2020) also examined the concentrations 
of ten heavy metals in the fish samples taken from the 
Dhaleshwari River and found the excessive presence of Ni 
and Cr. 

Humans consuming these contaminated fish are subject to 
experiencing various carcinogenic (TR˃104) health hazards. 
The presence of Pb, Cd, As, Ni, and Cr in estimated daily 
intakes (EDIs) is also above the maximum tolerable daily 
intake (MTDI), indicating food consumption as the possible 
source of these metals. The value of PHQ (combined hazard 
quotient) is found to be ˃ 1 in fish, vegetables, fruits, and rice 
samples, which may pose a serious health threat to the city 
residents (Fig. 6). The findings of Palash et al. (2020), who 
examined the values of Cr, As, Cu, Cd, Zn, Pb, and As in 
nine fish samples obtained from the Meghna River, reveal 
that fish may not, in accordance with the EDI value, pose 
any toxicity to public health. 

Moreover, all metals, with the exception of those that 
remain in fish bodies in their biological form, have a THQ 
value of 1. They have concluded that Cd can pose a cancer 
risk among children and elderly people. Macrobrachium 
rosenbergii, an economically significant gigantic freshwater 
shrimp, gathered from various farms, Meghna and Karnaphuli 
rivers are also analyzed to determine the concentrations of 
heavy metals. The analysis findings reveal elevated Pb, Cr, 
Cu, Pb, and Mn concentrations in the collected water and 
fish. The calculated value is also higher than the acceptable 
level for Pb and Cr.

Furthermore, the THQ values of Zn, Cu, Cd, and Pb are 
also found to be less than one, while the TR values for Ni 
and Pb exceed the standard limit. Researchers have observed 
that prawn species have greater quantities of hazardous 
metals that can pose serious health hazards. Two searchers, 
Saha and Zaman, employed THQ and HI factors to examine 
vegetable, fruit, and seafood samples obtained from Rajshahi 
City’s major market in 2012. According to the findings 
of their calculation, vegetable, fruit, and fish samples can 
seriously harm one’s health if consumed regularly. Poisonous 
metals and detrimental microorganisms can pose serious 

health complications to aquatic life, including damaging 
tissue, DNA, and cellular, and severely cause restlessness, 
hyperactivity, neurotoxicity, genotoxicity, etc. 

It is also found that people consuming fish from the 
Buriganga River are exposed to severe toxic consequences, 
including genotoxicity since the Cr concentration in them 
exceeds the standard value. Besides, fish species are 
also exposed to severe toxicity due to the presence of an 
elevated amount of Cr in polluted rivers. Hilsa fish is known 
worldwide for its unique deliciousness, and over half of the 
total production of this popular fish occurs in various rivers 
and the Bay of Bengal in Bangladesh. 

However, the interrupted river water contamination 
and climate changes have badly affected the Hilsa fish 
production and genotypic alterations of the kind. The largest 
natural spawning habitat for carp fishes like Cirrhinus 
cirrhosis, Gibelioncatla, and Labeorohita is the Halda 
River in Bangladesh’s southeast. Analysis of heavy metal 
concentrations in seven economically significant shellfish 
and fish species’ edible tissue reveals that certain species’ 
amounts of Zn, Ni, and Pb are higher than the dietary limit 
values. 

According to the bioaccumulation factor BAF, dangerous 
metals have inevitably bioaccumulated in the studied 
species. According to figures from Fulton’s condition 
factor, some fish species are unhealthy. Even when the CR, 
THQ, and EWI values appear under the acceptable limit, 
Monte Carlo simulation data reveals that Pb concentration 
causes significant carcinogenic and noncarcinogenic health 
concerns to children. 

Islam et al.’s (2018) analysis of the sediment pollution 
data in 2020 suggested that flora and fauna in Bangladesh’s 
headwater, midstream, and downstream rivers are 
experiencing frightening conditions. In addition, EF, 
Igeo, and contamination factor data analysis on metal 
concentrations in river sediment revealed moderate to high 
contamination concentrations for Ag, Co, and Hg. According 
to calculations for probable impact concentration (PEC) and 
threshold effect concentration, only Cr and Ni concentrations 
occasionally showed harmful effects on ecosystems (TEC). 
According to research, Ag, Ni, and Hg originate from several 
anthropogenic causes.

Bangladesh has passed numerous ordinances, laws, rules, 
acts, and policies to control environmental pollution. The 
Bangladesh Environment Policy of 1992, the Environmental 
Conservation Act of 1995 (as amended in 2000, 2002, and 
2010), the Environment Pollution Control Ordinance of 1977, 
the Environmental Conservation Rules of 1997 (as amended 
in 2002, 2005, and 2010), the National Water Policy of 1999, 
the National Policy for Safe Water Supply and Sanitation of 
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1998, the Bangladesh Environment Court Act of 2000, the 
National Policy for As Mitigation of 2004, the Environment 
Court Act of 2010, and the Bangladesh Environment Policy 
of 1992 are among the laws and regulations currently exist. 

To carry out the Environmental Conservation Act of 1995, 
the government of Bangladesh also formed the Department 
of Environment (2023), whose top administrative officer is 
a director, a general-level officer. This division is in charge 
of monitoring all national environmental pollution activities. 
Additionally, the Centre for Environmental and Geographic 
Information Services, often known as CEGIS for short, was 
founded to support inclusive growth, a healthy environment, 
and clean water for the nation’s benefit. Environmental 
pollution in Bangladesh must be protected, and appropriate 
actions must be taken by the Ministry of Water Resources, 
Ministry of Environment, Forest, and Climate Change. 

The Water Supply and Sewerage Authority, a signatory 
authority, regulates surface water contamination in cities. 
They have offices in important cities where they supervise 
the supply and management of water. A joint venture titled 
“To the Prime Minister: Save Rivers, Save Dhaka” was 
taken by Channel-I, a popular television channel, and a 
reputed English daily newspaper, in 2009. They highlighted 
the critical state of water contamination in the four rivers 
that encircle Dhaka. Based on it, the concerned officials 
immediately took certain actions to control pollution. 
However, sudden news accompanied by sparse data proved 
inadequate to significantly influence the current pollution 
rate. In recognition of this and light of the necessity, the 
High Court announced the rivers as“legal entities” with 
rights comparable to those of living things on February 3, 
2019. It formed a river protection commission to oversee 
and prevent contamination. 

After its measures, the High Court noted that DWASA 
was in charge of 68 subterranean drainage and sewerage 
lines that were interruptedly contaminating river water. On 
December 9 of the same year, the High Court also ordered 
DWASA to suspend all sewage lines and directed the 
Department of Environment to take indispensable measures 
against contamination. The Department of Environment is 
now working to monitor and regulate river contamination. 

The findings of several types of research demonstrate 
that the current water quality in significant city rivers is 
not favorable for human health and the environment. High 
reliance on groundwater and irresponsible surface water 
treatment is ineffective in saving the Earth from being 
dearth. As per the United Nations Report 2012 estimation, 
the demand for water by 2030 will be 40% higher than the 
amount available. Specific (S), measurable (M), assignable 
(A), realistic), and time-based (T) are all part of the acronym 

SMART. Bangladesh needs SMART water management 
immediately, considering the extent of river contamination. 

According to available research data, the Balu, Turag, 
Buriganga, Karnaphuli, and Sitalakhya Rivers are the most 
contaminated. Besides, Rupsha, Teesta, Korotoa, Karnaphuli, 
and Meghna rivers are also facing contamination, according 
to the data analysis on water quality. In many areas of 
the country, groundwater level has already decreased and 
is affected badly due to ongoing contamination. Both 
anthropogenic and geological pollutants contribute to the 
contamination of river water. Bangladesh’s population 
increased to 149.77 million in 2011 from 76.2 million in 
1974. The estimated populations for 2030 and 2050 are 186 
and 202 million, respectively (Uddin et al. 2014). People now 
largely depend on groundwater for drinking, irrigation, and 
industrial purposes, causing gradual depletion in groundwater 
levels. 

River water is, therefore, the most crucial resource for 
supplying the enormous demand for water. However, the 
research data analysis reveals that the current quality of 
river water is unsafe for agriculture and drinking. According 
to toxicology analysis data, consuming foods and fish 
cultivated and collected with and from contaminated river 
water may cause people to develop both cancerous and 
non-cancerous diseases. Some common health problems 
people in Bangladesh face include fever, obesity, pain, 
hypertension, coughing, heart failure, mental disorder, brain 
stroke, diabetes, tumor, cancer, etc. According to study data 
on the current ground and surface water status, Bangladesh is 
already experiencing a safe water crisis, which will become 
a serious situation shortly. 

Natural hazards are common and frequently occur in 
Bangladesh. The chemistry of the chemical constituents of 
water is negatively altered by salinity intrusion in rivers and 
groundwater. According to the analysis of available research 
data, nearly two crore people living in southern Bangladesh 
are experiencing safe water deficiency. The research data 
analysis on climate change demonstrates that the safe water 
crisis will affect the country’s coastal areas adversely in 
the future. Being Bangladesh, a riverine country, its land is 
filled with fertility. The lone way to meet the country’s huge 
demand for water in the future is to implement the SMART 
river water management system. Most parts of Bangladesh 
are covered by several rivers, which act as natural reservoirs 
to retain rainfall and rehydrate the groundwater. The 
environmentally friendly strategy to control water demand 
and protect human health and the environment is switching 
from groundwater to river water. 

Hence, importance should be given to strengthening 
laws and monitoring urgently with a proper concentration 
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on the current situation. Contamination-specific research is 
required to assess the accumulation and destiny of elements 
and compounds in human health and the ecosystem. The 
government ought to make an effort to create awareness 
among people about the use of surface water and gain public 
confidence in safe water. Unattended automated water 
quality measurement stations can be installed along a river’s 
course. A central monitoring system for many rivers can keep 
the river clean of pollutants. It is possible to use a variety of 
software and programming models (SCADA-Supervisory 
control and data acquisition) to monitor and measure river 
water quality. Data from both public and commercial studies 
may be shared to get a more accurate and realistic picture of 
pure water quality management.

CONCLUSION

This paper has collected and compiled the research data of 
the past 40 years on river pollution in Bangladesh and has 
attempted to convey river pollution patterns and current 
conditions using a tabular and graphical representation. 
According to trends of physicochemical and hazardous 
metals data, intense contaminations have occurred but are 
not frequent. Most of the metrics in the Buriganga and Turag 
River water exhibit a similar surge from 2008 to 2012, and 
the Sitalakhya River also shows a similar surge from 2011 
to 2015. 

This may result from severe Turag and Buriganga 
Rivers contamination, which eventually flows into the 
Sitalakhya River. Karnaphuli River experienced a high 
level of contamination between the periods 2012-2015. The 
analysis of the existing research data reveals that the water 
and sediment of the Turag, Buriganga, Balu, Sitalakhya, 
and Dhaleshwari Rivers are polluted with harmful metals, 
and at certain samplings locations, are higher than the 
standard values for surface water, irrigation, and drinking. 
Lower Basin Rivers constantly get these massive amounts 
of pollution while anthropogenic contamination also goes 
along the river banks.

In the Karnaphuli River, heavy metals are higher than the 
standard value for safe drinking water. The concentrations 
of Cd, Ni, Mn, and Cr also exceed the standard limit for 
irrigation water. Fe and Mn concentrations in the Teesta 
River are above irrigation standards, as are the concentrations 
of Cd and Cr in the Korotoa and Fe, Mn, Zn, and Cr in 
the water of the Rupsha River. The sediment samples of 
the rivers also have high concentrations of metals. Metal 
concentrations in the Old Brahmaputra River are below 
the USEPA recommended standard limit.  Most river silt is 
contaminated with Cr, Cd, Zn, Fe, Cu, Pb, and Ni at levels 
above standard values. Accumulation of these metals in 

groundwater has the potential to contaminate groundwater. 
The groundwater in some areas of Dhaka City requires 
treatment before consumption due to the concentrations 
of toxic metals. The contaminated river causes heavy 
metals to bioaccumulate in fish bodies, posing hazardous 
consequences. Consuming this tainted fish can have serious 
toxic effects on the human body.

Additionally, grains grown close to the contaminated 
river contain high metal concentrations. Numerous studies 
have examined data on TCR, THQ, EDI, TR, and HI and 
found that long-term consumption of food contaminated with 
metals may have serious carcinogenic and noncarcinogenic 
health effects in people. According to research findings, it is 
evident that all the key urban rivers are receiving pollutants 
while some of them are experiencing severe contamination.

Furthermore, all the research data that is currently 
accessible is based on only physicochemical and metals 
evaluation. It is not common practice to undertake studies on 
organics, antibiotics, microplastics, personal care products, 
and other hazardous pollutants in river water. Therefore, it 
is urgently necessary to stop Bangla’esh’s river pollution, 
and in-depth research, ongoing observation, and strict laws 
and regulations are needed.
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       ABSTRACT
In the present study, we studied the concentrations and proportions. We identified the potential 
sources and health risks of 12 probably carcinogenic polycyclic aromatic hydrocarbons 
(PAHs) in rice grain from 31 sites in Thailand and Myanmar. The findings showed that PAH 
concentrations in rice grain samples from Thailand and Myanmar were in the range of 0.09 
to 37.15 ng.g-1 with an average value of 18.22 ± 11.76 ng.g-1 and 0.07 to 150.73 ng.g-1 with 
an average value of 34.70 ± 40.57 ng.g-1, respectively. The majority group of PAHs in the rice 
grain samples from Thailand were the five-ring PAHs (78%), followed by four-rings (12%) 
and three-ring PAHs (9.5%), respectively, while for Myanmar was the five-ring PAHs were the 
majority (64.02%), followed by six-rings (15.22%) and four-ring PAHs (13.58%), respectively. 
The diagnostic ratio analysis suggested that pyrogenic origin is a major source of PAHs, and 
principal component analysis (PCA) identifies the incomplete combustion of fuel as likely the 
primary source of emissions source of PAHs contamination in rice grain samples. The total 
values of incremental lifetime cancer risk (ILCR) of PAH content of rice grain for children 
and adults were 1.95 × 10-8 and 1.44 × 10-8, respectively, for Thailand and 1.83×10-7 and 
1.35×10-7 for Myanmar, which showed that the incremental lifetime cancer risk from rice 
grain was lower than the baseline set is considered to be safe levels.

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) contain two or 
more benzene rings and are classified as persistent organic 
pollutants (Deelaman et al.2020a, 2021). It is generally 
recognized that both natural and anthropogenic combustion 
plays a major role in the formation of PAHs (Bamforth & 
Singleton 2005, Ravindra et al. 2008, Zhang & Tao 2009, 
Abdel-Shafy & Mansour 2016). Since many PAHs have been 
released into the environment due to swift industrial and 
economic development, various governments are currently 
concentrating on controlling PAHs. Some PAHs originate 
from the incomplete combustion of fuels, such as oil, gas, 
coal, and wood, for energy supplies, including vehicles 
and machinery (Maliszewska-Kordybach 1999, Qin et al. 
2018, Zhu et al. 2019). Moreover, PAHs are released while 
manufacturing dyes, plastics, agrochemicals, resins, and 
pesticides (Abdel-Shafy & Mansour 2016). According to the 
World Health Organization, around 50% of people in Africa 

and 75% in Southeast Asia, India, and China use wood-based 
fuels for daily cooking. More than 90% of the concentration 
of PAHs in the environment is estimated to be attributable 
to combustion sources (Neilson 1998).

PAHs can be found in several components of the 
environment, such as the atmosphere, soil, water, sediment, 
vegetables, food, and adipose tissue of living organisms 
(Bamforth & Singleton 2005, Pongpiachan et al. 2017, 
ChooChuay et al. 2020, Deelaman et al. 2020b). The 
International Agency for Research on Cancer under the 
World Health Organization has designated that 17 types of 
PAHs are of the greatest concern with adverse health effects 
on humans, and the US Environmental Protection Agency 
(USEPA) has identified seven PAHs as probable human 
carcinogens (IARC 2010, Kim et al. 2013, Abdel-Shafy 
& Mansour 2016). The main issue with PAHs is that they 
can reactively metabolize; some can attach to DNA and 
proteins in cells, resulting in cell damage, tumor formation, 
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and mutations. High PAH concentrations in the ecosystem 
can affect living organisms, such as fish, shellfish, and birds 
(Tudoran & Putz 2012, Inomata et al. 2012). Additionally, 
PAHs can enter the human body by eating, touching, and 
inhaling contaminated plants. Plants can absorb PAHs from 
polluted soil through their roots and transfer them to other 
parts (bio-accumulate) (Dong et al. 2012, Veltman et al. 
2012, Abdel-Shafy & Mansour 2016).

Approximately half of the world’s population consumes 
rice (Oryza sativa L.) as a staple food, particularly in Asia. 
By 2050, the world population is estimated to reach 9.8 
billion (United Nations 2017, Liu et al. 2019, Fried et al. 
2021). In the following decades, global population expansion 
is anticipated to increase demand for agricultural products 
(Foley et al. 2011, Alexandratos & Bruinsma 2012, Martin 
& Sauerborn 2013, Fried et al. 2021). Southeast Asia has 
a large agricultural area, accounting for 32% of the total 
land surface in 2018, with 50 million ha of rice plantation 
(Fried et al. 2021). In 2019, Thailand was the world’s sixth 
producer of rice after China, India, Indonesia, Bangladesh, 
and Vietnam, with an estimated harvest of 28 million tons, 
which accounted for approximately 3.8% of the world’s 
rice output (FAO 2020. Myanmar, which borders Thailand, 
is the seventh largest rice producer worldwide, harvesting 
approximately 26 million tons of rice. The consumption 
behaviors of people in both countries are similar in that 
they primarily rely on rice for their daily food intake. Over 
the past decade, numerous studies have examined the PAH 
contents that contaminate the environment. Several studies 
have assessed the levels of PAH contamination in food and 
the effects of pollution sources. Studies on PAH contents in 
ten major foods (cereals, nuts, fruit, meat, fish and shellfish, 
beverages, seasoning, pulse crops, vegetables, and eggs) in 
Korea detected PAHs in seven major food groups: cereals, 
nuts, fruit, meat, fish, beverages, and seasoning (Lee et al. 
2018).

Similarly, phenanthrene, fluoranthene, and pyrene are 
the PAHs detected in raw fruits and vegetables. Numerous 
studies have revealed that the PAH concentrations in fruits 
and vegetables may vary considerably, depending on the 
area surrounding the plant, aromatic hydrocarbons, or the 
product itself (Paris et al. 2018). However, studies on PAH 
contamination in rice, a staple food in many Asian countries, 
are limited. Therefore, to provide more information on the 
safety of rice consumption, focusing on and supporting the 
studies on this major food group are necessary. This study 
randomly collected rice grain samples from different areas of 
the two countries (Thailand and Myanmar). Qualitative and 
quantitative analyses of 12 PAHs in the rice grain samples 
were carefully conducted to (i) assess the concentrations and 
proportions of PAHs in the areas of Thailand and Myanmar; 

(ii) identify possible sources of PAHs in rice grains using 
diagnostic binary ratios; (iii) assess the risk of exposure 
to PAHs using toxicity equivalent concentration (TEQ) 
equations; moreover, this is the first assessment of health 
risks associated with farmers and consumers in the areas of 
12 dominant PAHs that have been found in rice grain samples 
in each age range. We also compared the impact of the age 
range of affected rice grain samples on the risk. 

MATERIALS AND METHODS

Sampling Sites

Rice grain samples were randomly collected from 11 sites 
in Thailand: northern (Phayao, Lamphun, Phichit, and 
Tak provinces), eastern (Ubon Ratchathani, Yasothon, 
and Loei provinces), central (Nakhon Sawan and Suphan 
Buri provinces), and southern (Phatthalung and Nakhon Si 
Thammarat provinces). Samples were collected from 20 
sites in Myanmar, including Nwar Kyoe Aing, Taung Ywar 
Naung, Patheingyi, Yae Htwet, Amarapura, Pan Chi, Hpa 
Ye Kyun, and Myauk Kaing. Fig. 1 shows a sampling point 
with a global positioning system used to accurately locate 
each point. The sampling duration was from December 2017 
to February 2018 (n = 31). 

Sample Collection and Preparation

All sampling sites were situated in the city of agricultural 
areas. Rice grain samples were collected from fields grown 
for four months. All precautions for rice sampling followed 
the “Crop Sampling Protocols for Micronutrient Analysis” 
to avoid contamination (Stangoulis & Sison 2008). First, 
the rice grains were manually threshed and wrapped in pre-
cleaned aluminum foil. The samples were stored in labeled 
plastic bags to avoid the degradation of PAH caused by 
heat, gas, and ultraviolet radiation when transported to the 
laboratory. Samples were ground to homogenize, wrapped 
in pre-cleaned aluminum foil, packed in a plastic bag, and 
stored at -20 °C in a refrigerator before chemical extraction.

Chemicals and Standards

A concoction of twelve PAHs was formed according to the 
Norwegian Standard (NS 9815: S-4008-100-T) (phenanthrene 
[Phe], anthracene [An], fluoranthene [Fluo], pyrene [Pyr], 
Benz [a]anthracene [B[a]A], chrysene [Chry], benzo[b]
fluoranthene [B[b]F], benzo[k]fluoranthene [B[k]F], benzo[a]
pyrene [B[a]P], indeno[1,2,3-cd]pyrene [Ind], dibenz[a,h]
anthracene [D[a,h]A], and benzo[g, h, i] perylene [B[g, h, i]
P]) with each 100 µg.mL-1 in toluene (1×1 mL). Additionally, 
deuterated-perylene [d

12
-Per] and deuterated-fluorene [d

10
-

Fl] were synthesized as a mixture of recovery standard 
(IS) PAHs at a concentration of 100 µg.mL-1 in xylene. All 
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substances utilized in this work were purchased from Chiron 
AS (Stiklestadveine 1, N-7041 Trondheim, Norway).

Sample Extraction, Cleanup and Analysis

This investigation used dichloromethane (DCM; Fisher 
Scientific) of high-performance liquid chromatography grade 
to chemically extract all rice grain samples, similarly to other 
organic solvents (e.g., hexane). A Soxhlet extraction thimble 
(cellulose fiber; size: 30 × 100 mm) was pre-cleaned and 
filled with around 50 g of the freeze-dried, homogenized rice 
grain sample. Subsequently, 50 µL was spiked with a known 
amount of internal reference standard before adding 250 mL 
of DCM to the sample along with 1 g of copper powder, and 
extraction was completed using a Soxhlet extractor for 8 
h. Fractionation, cleanup, and blow-down were performed 
following the method described by Gogou et al. (1998). The 
pre-cleaned silica gel was then oven-dried at 150°C for 3 
h, and the extract was transferred to the column. The PAH 
compound groups were classified by eluting with 15 mL of 
n-hexane and 5.6:9.4 (v/v) toluene: hexane. Subsequently, 
the solution was rotary evaporated and purged with a gentle 
nitrogen stream to almost dryness. The solvent was then 
changed to cyclohexane, and the volume was reduced 
with nitrogen again until the final volume was 100 µL; the 
solution was then quantified using a gas chromatograph/
mass spectrometer (GC/MS; Shimadzu GCMS-QP, 2010 
Ultra, Japan). Additional details about the GC/MS method 

can be found in previous studies (Pongpiachan et al. 2012, 
Deelaman et al. 2020a, b). 

Source Identification of PAHs

Some PAHs are regarded as markers for specific 
environmental PAH-releasing processes. They are tracers, 
signatures, or origin markers (Ravindra et al. 2008). The 
relative thermodynamic stability of the various parent PAHs 
must be understood to use the PAH ratio for sediment 
attribution, according to Yunker et al. (2002). The relative 
stability of different PAH isomers and PAHs from different 
sources and the nature of different PAH sources can be 
used to determine their origin. The characteristics of the 
PAH patterns detected in the rice grains were consistent 
with the emission sources in the surrounding agricultural 
fields, where the PAH source can be distinguished based 
on the concentration and type of PAH found in the rice 
grain. PAHs with molecular weights of 178 and 202 were 
used to differentiate their sources between combustion and 
petroleum (Budzinski et al. 1997, Soclo et al. 2000, Yunker 
et al. 2002, Katsoyiannis & Breivik 2014). Diagnostic 
binary ratios of PAHs were employed to determine the 
sources of PAHs found in rice grains, which included 
six ratios of PAH isomer pairings. The details and PAHs 
emission rates for the various sources are shown in  
Table 1.

Table 1: Comparing the values obtained from this investigation with the characteristics of selected diagnostic ratios for petroleum, single-source combusa-
tion, and traffic emissions. (Modified from Yunker et al. 2002, Katsoyiannis & Breivik 2014)

Source An/
(An+Phe)

Flou/
(Flou+Pyr)

B[a]A/
(B[a]A+ Chry)

Ind/
(Ind+ B[g,h,i]P)

B[a]P/
B[g,h,i]P

B[b]F/ B[k]F

Non-traffic emissions - - - - < 0.6

Traffic emissions - - - - > 0.6

Petroleum < 0.10 < 0.40 < 0.20

Crude oil (n=9) a,b,c 0.07 0.22 - - -

Diesel oil (n=8) d,e,f,g 0.09 0.26 - - -

Lubricating oil 0.29 0.10 0.12 -

Asphaltl,m - - 0.50 0.52-0.54 -

Combustion > 0.10 > 0.35

Bituminous coal (n=3)h 0.33 0.53 - - -

Gasoline (n=2) i,j 0.11 0.44 0.33-0.38 0.09-0.22 - 0.73

Road dust 0.18 0.42 0.13 0.51 -

Used engine oil, gasoline passenger car 0.22 0.30 0.50 0.18 -

Used engine oil, diesel car, truck, and bus - 0.37 - 0.29 - > 0.50

Aluminum smelter emissions 2.50-2.90

a Grimmer et al. 1983. b Wise et al. 1988. c Benner et al. 1990.dWesterholm & Li 1994. e Wang et al. 1999. f Schauer et al. 1999. gWesterholm et al. 
2001. h Oros & Simoneit 2000. i Li & Kamens 1993. j Rogge et al. 1993.
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Toxicity Potential of PAHs Contamination of  
Rice Grains

Through dietary consumption, skin contact, and the 
respiratory system, PAHs may be bio-transferable and 
absorbed into human bodies, where they may lead to cancer. 
To estimate the risk of exposure to PAHs and the cumulative 
effects brought on by all potentially human carcinogenic 
PAHs, “B[a]P equivalents” were calculated using the toxic 
equivalency factors (TEFs) defined by the USEPA. The 
toxicity value estimated by B[a]P equivalent concentrations 
for Phe, Fluo, and Pyr was 0.001; for An, Chry, and B[g,h,i]
P was 0.01; for B[a]A, B[b]F, B[k]F and Ind were 0.1, and 
for B[a]P and D[a,h]A were 1 (Nisbet & Lagoy 1992). The 
total TEQ can be calculated as follows:

 TEFs
s

CsTEQs =  ...(1)

TEQs are the total toxicity equivalency concentrations, 
CS are the concentrations of individual PAHs, and TEFs are 
toxic equivalency factors.

Health Risk Assessment of PAH Contamination  
Rice Grains

PAHs are generally found in the environment, exhibiting 
different types and chemical compositions. Each PAHs 
type has a specific toxicity level. Depending on the unique 
characteristics of PAHs, the bioaccumulation of PAHs in the 
adipose tissue of species varies significantly. Vegetables may 
be contaminated with PAHs by uptake from the soil through 
the roots and transportation to other parts. Additionally, 
plants can adsorb PAHs from gas-phase PAH deposition (Lu 
et al. 2014). The three main ways most people are exposed 
to PAHs in the environment are cutaneous absorption, 
inhalation, and ingestion (Ravindra et al. 2008, Deelaman 
et al. 2021). We calculated the risk of people exposed to 
PAHs in rice grains using the USEPA evaluation manual 
(USEPA  1991) by dividing the population into two groups: 
childhood and adulthood. Incremental lifetime cancer risk 
(ILCR) was used to evaluate the risks and potential health 
concerns associated with three different routes: inhalation 
(ILCRInhalation), dermal contact (ILCRDermal), and direct 
ingestion (ILCRIngestion). In this study, the rice grain ILCR 
can be calculated using the following equations 2, 3, 4, and 
5, by the full details and variable description used according 
to Deelaman et al. (2021)

   

PEFATBW

EDEFinhalationIR3
70

BW
InhalationCSFCS

InhalationILCR












=  

  ...(2)
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EDEFABSAFSA3
70

BW
DermalCSFCS

DermalILCR












=

 
  ... (3)

 610ATBW

EDEFingestionIR3
70

BW
ingestionCSFCS

IngestionILCR












=

  ...(4) 

IngestionILCRDermalILCRInhalationILCRILCRs ++=
     

  ... (5)

The total ILCR results were used to determine potential 
health hazards to Thailand and Myanmar residents exposed 
to rice grain PAH contamination. Designated ILCR over 
10-4 is considered a serious concern for potential health 
problems, such as cancer; and value between 10-6 and 10-4 
ILCR is considered to have a low-risk level, and an ILCR 
below 10-6 is considered safe. 

RESULTS AND DISCUSSION 

Concentration and Profile of PAHs from Rice Grain

In this study, 31 rice grain samples were collected from 
the agricultural areas of Thailand and Myanmar. The total 
concentrations of 12 PAHs (∑12PAHs: sum of Phe, An, 
Fluo, Pyr, B[a]A, Chry, B[b]F, B[k]F, B[a]P, Ind, D[a,h]
A, and B[g,h,i]P) in these samples were qualitatively and 
quantitatively assessed. The total PAH concentrations of 
Thailand (n = 11) ranged from 0.09 to 37.15 ng.g-1, with 
an average value of 18.22 ± 11.76 ng.g-1. In this study, 
the ∑12PAHs had the highest value at TH2, followed by 
TH5, TH10, and TH, with values of 37.15, 37.00, 25.81, 
and 22.30 ng.g-1, respectively (Table 2, Fig. 2a). The 
TH2 station is located in the Lamphun Province, northern 
Thailand. Very few studies have examined PAH content 
in Lamphun Province in recent years. However, the area 
of Lamphun Province is adjacent to Chiang Mai Province, 
where considerable research has been conducted on PAHs. 
The sample study of ChooChuay et al. (2020) reported that 
the major sources of PM2.5-bound PAHs could be attributed 
to the incomplete combustion of biomass, petroleum fuels, 
and coal, particularly vehicular exhaust. Rice grains from 
Myanmar (n = 20) had a total PAH concentration between 
0.07 to 150.73 ng.g-1, with an average of 34.70 ± 40.57 
ng.g-1. The ∑12PAHs exhibited the decreasing trend of 
MM3, MM1, MM2, and MM20, with values of 150.73, 
106.74, 80.54, and 61.60 ng.g-1, respectively. The first three 
highest concentrations were detected in a similar area in the 
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Nyaung-U District in the Mandalay Division of Myanmar. 
Overall, the results showed that Thailand and Myanmar 
had similar PAH concentrations (Table 2, Fig. 2a, and Fig. 
2c). However, when comparing these values with the total 
concentrations of PAH detected in other plants, the values 
were generally lower than those found in lettuce grown near 
the smelter (300-920 ng.g-1; Larsson &  Sahlberg 1982), kale 
grown near the highway (500 ng.g-1; Brorstrom-Lunden 
&  Skarby 1984), sugar maple grown in urban areas of the 
USA (500–1,100 ng.g-1; Simonich &  Hites 1995), and grass 
grown in urban areas in the UK (153 ± 8 ng g-1; Meharg 
et al. 1998); however, the values are similar to that of rice 
grown in Nanjing, Jiangsu Province, China (80.56-195.97 
ng.g-1, Lu et al. 2021).

Four groups of PAH molecular structures were identified 
in this investigation. Three-ring PAHs (i.e., Phe and An) are 
acutely toxic with low molecular weights (LMW-PAHs). 
High-molecular-weight PAHs (HMW-PAHs) comprise four-
ring PAHs (i.e., Fluo, Pyr, B[a]A, and Chry), five-ring PAHs 
(i.e., B[b]F, B[k]F, B[a]P, and D[a,h]A), and six-ring PAHs 
(i.e., Ind and B[g,h, i]P), which are generally considered 
as genetic toxins (Abdel-Shafy & Mansour 2016, Lu et al. 
2021). Additionally, HMW-PAHs are partially stable and 
difficult to degrade (Duan et al. 2015, Lu et al. 2021). Fig. 2b 
shows that the five-ring PAHs were the most abundant group 
in the rice grain samples of Thailand, ranging from 32% to 
97% with an average of 78%, followed by four-ring (12%), 
three-ring (9.5%), and six-ring (0.5%) PAHs. Meanwhile, 
PAHs detected in the rice grains of Myanmar showed the 
highest content of the five-ring group, with abundance 
ranging from 4% to 98%, with an average of 64.02%. The 
second most abundant PAH group was the six-ring group 
(15.22%), followed by four-ring (13.58%) and three-ring 
groups (7.18%) (Fig. 2d). Miguel et al. (1998) suggested 
that HMW-PAHs are derived from gasoline and light-duty 
gasoline vehicles, including gasoline and oil burning at high 
temperatures. These previous studies are consistent with 
the results of Marr et al. (1999), who found that four-and 
five-ring PAHs dominate light-duty vehicles. In addition, 
incineration can release reasonably high levels of pyrene 
and fluoranthene (Smith &  Harrison 1998).

The TEQs of PAHs in rice grains collected from Thailand 
and Myanmar were computed using the TEQs of 12 PAHs 
as TEFs (Table 2). TEQs (12 PAHs) in Thailand samples 
varied from 0.01 ± 0.00 to 3.60 ± 1.00 ng.g-1 with an average 
of 1.67 ± 1.20 ng.g-1, whereas that in Myanmar samples 
ranged from N.D. to 121.89 ± 33.70 ng.g-1 with an average 
of 16.75 ± 36.83 ng.g-1. Furthermore, the TEQs of 7 PAHs 
(B[a]A, Chry, B[b]F, B[k]F, B[a]P, Ind, and D[a,h]A) which 
are important carcinogens, were discovered. The TEQs of 

7 PAHs were similar to those of 12 PAHs; however, the 
results in Thailand revealed that B[k]F had the greatest TEQs, 
followed by D[a,h]A and B[a]P with values of 1.51 ± 1.19, 
0.07 ± 0.07, and 0.05 ± 0.08, respectively. For Myanmar 
samples, the highest TEQs were detected for D[a,h]A, 
followed by B[b]F and B[a]P with values 295.85 ± 36.33, 
23.63 ± 1.29, and 8.672 ± 0.58, respectively. Very few studies 
have been conducted on rice-grain-based TEQ. The Canadian 
soil quality recommendations created by the Council of 
Canadian Environment Ministers (CCME) for the protection 
of the environment and human health are most likely the 
closest standard setting, which specifies an acceptable TEQ 
threshold of 7 PAHs of 600 ng.g-1 (CCME 2007, Zhong et 
al. 2012, Chen et al. 2018). In this investigation, the TEQ 
readings of rice grain samples from Thailand and Myanmar 
were below the recommended levels.

Source Apportionment via Diagnostic PAH Isomer 
Ratios

The major sources of PAHs in rice grains sampled from 
Thailand and Myanmar can be classified into petrogenic 
and pyrolytic processes. Petrogenic processes involve PAHs 
formed at low temperatures, for example, the slow maturation 
of organic materials and the environmental effects of crude 
oil spills (Abdel-Shafy & Mansour 2016). The incomplete 
combustion of biomass and fossil fuels occurs during 
pyrolytic reactions. It also naturally occurs during volcanic 
eruptions, wildfires, and brush fires under conditions of high 
temperature and limited oxygen. Six diagnostic binary ratios 
of PAH isomer pairings were employed in this work. They 
were displayed in Fig. 3, showing the Flou/(Flou+Pyr) ratio 
versus B[a]A/(B[a]A+ Chry) ratio and An/(An+Phe) ratio 
versus Ind/(Ind+ B[g,h, i]P. Cross-plots showing the ratios 
of Flou/(Flou+Pyr) and B[a]A/(B[a]A+ Chry) can be used 
to determine the possible source of PAH contamination in 
rice grains. The results showed that most of the PAHs in 
the grain samples came from incomplete combustion of 
various sources.

Furthermore, the individual Flou/(Flou+Pyr) ratios 
reveal that samples collected from stations TH2, TH3, TH5, 
TH8, TH10, and TH11 in Thailand may be contaminated 
by incomplete combustion of biomass, fossil fuel, coal, and 
possibly diesel emissions. The samples TH1, TH7, and TH9 
were formed from petrogenic processes. However, TH4 and 
TH6 from Thailand could not use the diagnostic binary ratios 
to determine the source due to the absence of some PAHs in 
the grain samples of these stations.  The results in Myanmar 
showed that the PAHs of almost all the rice grain samples 
originated from incomplete combustion, similar to those from 
Thailand, except for the MM1 station, which originated from 
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a petrogenic source. The same is true for the B[a]A/(B[a]
A+ Chry) ratio, which separates the origin of PAHs into two 
major contributors: vehicular combustion and mixed sources. 
The values > 0.35 indicate combustion sources, which 
consisted of stations TH1, TH4, TH8, TH9, TH10, and TH11 
(samples collected from Thailand) and MM1, MM2, MM4, 
MM5, MM7, MM15, MM16, MM17, MM18, MM19, and 
MM20 (samples collected from Myanmar). TH2, TH5, TH7, 
MM3, MM9, MM10, MM11, MM13, and MM14 stations 
had values ranging from 0.2 to 0.35, indicating the possibility 
of a mixed origin from incomplete combustion of multiple 
sources or petroleum. The ratios of An/(An+Phe) versus Ind/
(Ind+ B[g,h, i]P) revealed the origins of the petrogenic and 
pyrogenic PAHs in the rice grain samples (Fig. 3b). The Ind/
(Ind+ B[g,h, i]P) ratio, in particular, showed that the majority 
of the PAHs were produced during the burning of petroleum. 
Additionally, the values of B[a]P/B[g,h, i]P > 0.6 indicate 
that traffic emissions form PAHs. The results confirmed that 
the source of approximately 81% of the stations capable of 
measuring PAHs was traffic-originated.

Source Identification Based On Principal Component 
Analysis (PCA)

In this study, we employed PCA to determine the sources of 

12 PAHs in 31 samples from Thailand and Myanmar. PCA 
is the most extensively used statistical technique in research. 
PCA makes complex systems easier to understand. The major 
goal of this study was to save maximum original data as 
feasible while reducing the number of variables. The varimax 
rotation technique and Kaiser standardization were employed 
in PCA to determine the origins of PAHs in Thailand (Table 
3). Principal components of four eigenvector elements 
explain the scaled data, accounting for 85.98% of the total 
variance. 32.88% of the variance was explained by the first 
principal component (PC1). This factor was primarily loaded 
on the four-ring elements Pyr, B[a]A, and Chry, with the 
exception of B[g,h, i]P. Many sources are associated with 
pyrolysis and incomplete combustion of fuels, particularly 
gasoline-powered cars (Duval & Friedlander 1981, Khalili 
et al. 1995, Ravindra et al. 2008, Deelaman et al.2020). The 
PCA result was associated with the ratio of B[a]P/B[g,h, i]P, 
indicating > 80% of the contaminated samples were caused 
by traffic emissions. The second principal component (PC2), 
which was primarily loaded on Phe, An, and B[a]P, the three- 
and five-ring PAHs produced from various sources linked to 
emissions from heavy-duty vehicles, accounted for 27.51% 
of the total variation. This is consistent with the studies of 
Caricchia et al. (1999), Fang et al. (2004), and Ravindra et al. 

Table 2: The total 12 PAH concentrations and toxic equivalent concentrations.

Sampling sites ∑12PAHs
[ng.g-1]

∑12TEQ
[ng.g-1]

∑7TEQ
[ng.g-1]

Sampling sites ∑12PAHs
[ng.g-1]

∑12TEQ
[ng.g-1]

∑7TEQ
[ng.g-1]

MM1 106.74 ± 29.32 103.43 ± 29.40 103.43 ± 38.45 TH1 22.30 ± 5.89 2.41 ± 0.59 2.41 ± 0.76

MM2 80.54 ± 20.94 75.36 ± 21.03 75.36 ± 27.47 TH2 37.15 ± 9.99 3.60 ± 1.00 3.60 ± 1.31

MM3 150.73 ± 33.68 121.89 ± 33.70 121.89 ± 43.98 TH3 0.09 ± 0.02 0.01 ± 0.00 0.01 ± 0.00

MM4 18.32 ± 3.28 2.22 ± 0.33 2.22 ± 0.38 TH4 9.04 ± 1.96 0.77 ± 0.20 0.77 ± 0.26

MM5 0.36 ± 0.03 0.08 ± 0.01 0.08 ± 0.02 TH5 37.00 ± 9.95 3.58 ± 1.00 3.58 ± 1.30

MM6 1.25 ± 0.24 0.35 ± 0.07 0.35 ± 0.09 TH6 22.13 ± 6.04 2.16 ± 0.61 2.16 ± 0.79

MM7 0.15 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 TH7 11.31 ± 2.00 0.92 ± 0.20 0.92 ± 0.26

MM8 0.80 ± 0.16 0.18 ± 0.04 0.18 ± 0.04 TH8 11.44 ± 2.42 0.95 ± 0.25 0.9 5± 0.32

MM9 31.82 ± 8.37 3.03 ± 0.84 3.03 ± 1.10 TH9 12.09 ± 2.78 0.98 ± 0.28 0.97 ± 0.37

MM10 2.42 ± 0.57 0.22 ± 0.06 0.22 ± 0.08 TH10 25.81 ± 5.66 2.21 ± 0.57 2.20 ± 0.74

MM11 13.93 ± 3.50 1.35 ± 0.35 1.35 ± 0.46 TH11 12.02 ± 1.50 0.75 ± 0.12 0.73 ± 0.15

MM12 0.07 ± 0.01 N.D N.D

MM13 37.66 ± 9.30 3.45 ± 0.94 3.45 ± 1.22

MM14 15.36 ± 2.78 1.17 ± 0.28 1.16 ± 0.37

MM15 4.32 ± 0.94 0.42 ± 0.09 0.42 ± 0.12

MM16 23.62 ± 4.33 2.08 ± 0.44 2.06 ± 0.56

MM17 56.76 ± 7.61 4.76 ± 0.80 4.70 ± 0.97

MM18 51.81 ± 7.32 4.00 ± 0.75 3.98 ± 0.94

MM19 35.81 ± 5.92 3.14 ± 0.61 3.11 ± 0.77

MM20 61.60 ± 11.62 7.75 ± 1.26 7.72 ± 1.52

Myanmar (n = 20) 34.70 ± 40.57 16.75 ± 36.83 16.74 ± 36.83 Thailand (n = 11) 18.22 ± 11.76 1.67 ± 1.20 1.66 ± 1.20
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emissions form PAHs.  The results confirmed that the source of approximately 8 1 %  of the 

stations capable of measuring PAHs was traffic-originated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 3: Cross-plot for the ratios:  ( a)  Flou/ ( Flou+Pyr)  versus B[a]A/ (B[a]A+  Chry)  and                   
(b)An/(An+Phe) versus Ind/(Ind+ B[g,h, i]P)in the sample from Thailand and Myanmar. 

(b) 

(a) 

Fig. 3: Cross-plot for the ratios: (a) Flou/(Flou+Pyr) versus B[a]A/(B[a]A+ Chry) and (b)An/(An+Phe) versus Ind/(Ind+ B[g,h, i]P)in the sample from 
Thailand and Myanmar.

(2008), who reported that phenanthrene and anthracene are 
high load factors owing to diesel emissions. However, B [a] 
P originates from fossil fuel-based power plants (Ravindra 

et al. 2008). The significant loading of B[k]F and D[a,h]A, 
which are five-ring PAHs, explained 13.37% of the total 
variance in the third main component (PC3). Therefore, 
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PC3 is associated with incomplete biomass combustion 
and is considered a pyrogenic source. Freeman and Cattel 
(1990) reported that the indicator of biomass combustion 
(e.g., wood and grass) is D[a,h]A. Burning biomass is a 
common technique in tropical Asia for clearing land and 
converting it for other uses (Hyer & Chew 2010, Tsay et 
al.2016, Punsompong et al.2021). In Thailand, a country with 
a large agricultural sector in Southeast Asia, most farmers 
burn agricultural waste to make way for new crop cycles 
(Pani et al. 2018, Vadrevu et al. 2019, Punsompong et al. 
2021). However, Thailand has different land-use patterns, 
and agricultural burning behavior depends on the region. In 
the northern and central regions, most biomass is combusted 
with rice straw and sugar cane leaves. In the south, there is 
very little burning of agricultural waste (Punsompong et al. 
2021). Therefore, PC3 can be considered to indicate biomass 
combustion. Finally, the fourth principal component (PC4) 
was strongly connected to B[b]F and accounted for only 
12.23% of the total variance. A high factor loading of B[b]F 
has been suggested for stationary emission sources (Kulkarni 
& Venkataraman 2000, Ravindra et al.2006). B[b]F has 
also been associated with moderate oil burns (Harrison et 
al. 1996, Ravindra et al. 2008). Thus, it could be interpreted 
that PC4 represents an industrial plant or incinerator. This 
result matches the current scenario. Thailand is a middle-
income country developing into a high-income country using 
new technology and innovation-based economic engines 
(Ministry of Industry 2021). Many industries have benefited 

from government support resulting in increased consumption 
of fossil fuels.

Two eigenvector-principal components could account for 
the source of PAHs found by PCA in Myanmar, controlling 
76.38% of the total variance (Table 4). The first principal 
component (PC1) describes 60.58% of the total variance, 
which is due to the strong loading of three- to six-ring 
PAHs, such as Phe, An, Fluo, Pyr, B[a]A, Chry, B[b]F, Ind, 
and B[g, h, i]P. As the low- to moderate-molecular-weight 
PAHs (3-4 rings) originated from the use of diesel fuel in 
vehicles, such as trucks, trains, and ships, we interpret that 
PC1 may represent incomplete combustion from energy-
dense secondary fuel for light-duty vehicles (gasoline) and 
heavy-duty vehicles (diesel fuel). Diesel emissions have 
also been reported to have a high load factor for Fluo, Phe, 
An, and Pyr (Caricchia et al. 1999, Ho et al. 2002, Fang et 
al.2004, Ravindra et al.2006). In addition, the combustion of 
gasoline is reportedly associated with high-molecular-weight 
compounds (5–6 rings), such as B[b]F and Ind (Harrison 
et al.1996, Ravindra et al. 2006, Deelaman et al. 2020b). 
Therefore, PC1 may suggest that incomplete fuel combustion 
is the source of PAH formation. In comparison, 15.80% of 
the total variation was explained by the second principal 
component (PC2). Only two compounds, B[a]P and D[a,h]A, 
two high-molecular-weight PAHs with five rings, comprised 
most of the factor’s weight. The indicator compound in PC2 
was D[a,h]A, similar to PC3 in Thailand. PC2 was likely a 
reasonable representative of biomass burning in Myanmar 

Table 3: Principal component analysis results for PAHs in the rice grains sampled from Thailand. 

PAH composition Principle component (PC)

1 2 3 4

Phe -0.050 0.967 0.036 -0.031

An -0.056 0.974 -0.114 -0.025

Fluo 0.375 0.457 0.327 0.345

Pyr 0.923 0.262 0.049 -0.106

B[a]A 0.896 0.059 -0.022 0.332

Chry 0.968 0.079 0.061 0.076

B[b]F 0.022 -0.105 0.071 0.836

B[k]F -0.158 -0.294 0.859 -0.081

B[a]P 0.148 0.914 -0.053 0.032

Ind 0.669 -0.293 0.176 -0.567

D[a,h]A 0.149 0.145 0.824 0.129

B[g,h,i]P 0.830 -0.304 -0.147 -0.418

Total variance [%] 32.883 27.507 13.367 12.225

Cumulative [%] 32.883 60.390 73.757 85.982

Estimated source Gasoline-powered vehicles Heavy-duty vehicles Biomass burning Stationary point sources

Extraction method: Principal component analysis. 
Rotation method: Varimax with Kaiser normalization.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1107POLYCYCLIC AROMATIC HYDROCARBONS IN THAI AND MYANMAR RICE

Nature Environment and Pollution Technology • Vol. 22, No. 3, 2023This publication is licensed under a Creative 
Commons Attribution 4.0 International License

This publication is licensed under a Creative 
Commons Attribution 4.0 International License

land area, and most have an agriculture-based economy. In 
both urban and rural settings, wood is a significant energy 
source for households and some industries (Khaing 2012, 
Tun et al. 2019). Over half of Myanmar’s entire energy 
supply in 2012–2013 came from biomass, comparable to 
10 million tons of oil (Tun & Juchelková 2019). There have 
also been reports of biomass burning being associated with 
the threat of forest clearing for agriculture and infrastructure 
development. Based on the above reasons, we conclude that 
PC2 in Myanmar may originate from biomass combustion. 

Identifying the sources of PAHs in rice grains revealed 
that incomplete combustion of petroleum from various 
activities was the key source of PAHs in Thailand and 
Myanmar, followed by biomass combustion. The results 
would aid future agricultural food product control and 
environmental management planning.

Health Risk Assessment of PAHs in Rice Grains 

According to the health risk assessment of PAHs in rice 
grain samples from Thailand, the mean values for inhalation 
of ILCRinhalation for children and adults in all grain samples 
were 33.61×10-14 and 4.02×10-13, respectively. The ILCR 
results were less than the baseline value, indicating that 
PAHs obtained from rice grain exposure by inhalation are at 
safe levels. The mean values of ILCRDermal were 1.08×10-8 
and 9.21×10-9, respectively, and ILCRIngestion values were 

Table 4: Principal component analysis results for PAHs in the rice grains 
sampled from Myanmar.

PAH composition Principle component (PC)

1 2

Phe 0.866 -0.086

An 0.833 -0.037

Fluo 0.958 -0.136

Pyr 0.962 -0.112

B[a]A 0.951 -0.058

Chry 0.942 -0.102

B[b]F 0.800 0.301

B[k]F -0.183 -0.014

B[a]P 0.247 0.946

Ind 0.839 0.201

D[a,h]A -0.242 0.884

B[g,h,i]P 0.834 0.187

Total variance (%) 60.576 15.801

Cumulative (%) 60.576 76.377

Estimated source Incomplete combustion Biomass 
burning

Extraction Method: Principal component analysis. 
Rotation Method: Varimax with Kaiser normalization.

All PAHs contributed to the health risk of rice grains in Myanmar, with mean 

ILCRinhalation values of 3. 39×10- 13 and 3. 78×10- 12 for children and adults, respectively. 

ILCRDermal mean values for children and adults were 1. 02×10-7 and 8.65×10-8 respectively, 

whereas ILCRIngestion mean values were 8.16×10-8 and 4.87×10-8, respectively. In addition, the 

ILCRinhalation was higher in adults than children; however, the ILCR of ingestion and exposure 

was higher in children than in adults. The total health risks (ILCRs) from three main pathways 

( inhalation, dermal contact, and ingestion)  showed a mean value of 1. 83×10-7 and 1. 35×10-7 

for children and adults, respectively.  According to these findings, the cumulative lifetime 

cancer risk from rice grains obtained from Myanmar was lower than the baseline set for safe 

values. 

 

 

Fig. 4: Logarithmic comparisons of different exposure pathways to the ILCRs between 

Thailand and Myanmar. 

 

 

 

 

Fig. 4: Logarithmic comparisons of different exposure pathways to the ILCRs between Thailand and Myanmar.

(Nepstad et al. 1999, Lambin et al. 2003). In Myanmar, 
forests reportedly account for approximately 48% of the total 
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8.68×10-9 and 5.18×10-9 for children and adults, respectively. 
However, these results showed that PAH exposure pathways 
for rice grain samples collected from the Thailand area 
through dermal contact were at the highest risk, followed 
by ingestion and inhalation, with the ILCR value higher in 
children than in adults (Fig. 4). All these results showed that 
ILCRs values in Thailand were 1.95×10-8 for children and 
1.44×10-8 for adults, which were lower than the standards 
set and are considered to be safe levels. 

All PAHs contributed to the health risk of rice grains in 
Myanmar, with mean ILCRinhalation values of 3.39×10-13 and 
3.78×10-12 for children and adults, respectively. ILCRDermal 
mean values for children and adults were 1.02×10-7 and 
8.65×10-8 respectively, whereas ILCRIngestion mean values 
were 8.16×10-8 and 4.87×10-8, respectively. In addition, the 
ILCRinhalation was higher in adults than children; however, 
the ILCR of ingestion and exposure was higher in children 
than in adults. The total health risks (ILCRs) from three main 
pathways (inhalation, dermal contact, and ingestion) showed a 
mean value of 1.83×10-7 and 1.35×10-7 for children and adults, 
respectively. According to these findings, the cumulative 
lifetime cancer risk from rice grains obtained from Myanmar 
was lower than the baseline set for safe values.

CONCLUSIONS 

This study used multivariate descriptive statistical methods 
to examine the PAH composition in rice grains. We 
determined the origin of PAH in rice grains from Thailand 
and Myanmar using diagnostic ratios and PCA together 
with its toxicity and health risk assessment. The findings 
can be summarized as follows: (i) The level of PAHs 
(∑12PAHs) in Thailand varied from 0.09 to 37.15 ng.g-1 
with an arithmetic mean of 18.22 ± 11.76 ng.g-1, whereas 
that in Myanmar varied from 0.07 to 150.73 ng.g-1 with an 
arithmetic mean of 34.70 ± 40.57 ng.g-1, which are relatively 
low compared to previous studies. (ii) The attribution of 
PAHs in Thailand and Myanmar rice grains was based on 
diagnostic ratios and PCA. The results of the diagnostic ratio 
show that pyrogenic sources were the main sources of PAHs 
in the rice grain samples from Thailand and Myanmar. In 
addition, the results indicated that the majority of PAHs in 
the samples at all sampling sites were formed by incomplete 
combustion of petroleum products and biomass combustion, 
consistent with the PCA results of PAHs in both Thailand 
and Myanmar, indicating that they primarily originated from 
pyrogenic sources (gasoline-powered vehicles, heavy-duty 
vehicles, and biomass). (iii) The rice grains of Thailand 
and Myanmar contaminated with PAH congeners exhibited 
relatively low toxicity. However, the increased lifetime 
cancer risk assessment results showed that both adults and 

children had low cancer risks that fell under the USEPA 
allowed range. Although PAHs in rice have a low impact on 
crops and human health in Thailand and Myanmar, as rice is 
predominantly consumed in these areas, preventive practices 
are required to check the PAH content.
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       ABSTRACT
Plastic needs have expanded along with population growth, industrialization, and urbanization. 
Plastic is unrivaled due to its useful properties and is used to prepare numerous important 
goods daily. This paper encloses the different kinds and applications of petroleum-based 
plastic and the drawbacks related to their use, i.e., its nonbiodegradability which leads to 
their stay in the environment for a very long time. Additionally, there are not enough effective 
disposal techniques for the large volume of plastic waste produced; thus, plastic garbage 
builds up in the environment and endangers it. Limiting the usage of plastic is necessary to 
protect the environment. This can be done with the help of bioplastic, which is an excellent 
substitute for plastic. The different kinds of bioplastic and their biodegradability in different 
mediums, viz., soil compost and aquatic systems, are addressed in this paper. Along this, 
the different areas of application of bioplastic have been explored.  The present study also 
addresses the underlying mechanism of plastic polymerization and biodegradation and the 
current status of bioplastics in the global market.

INTRODUCTION

Synthetic plastic finds vast applications due to its excellent 
characteristic properties (Luckachan & Pillai 2011). Plastic 
is widely used from the domestic to the industrial level to 
produce carry bags, storage containers, water bottles, jugs, 
glass, water pipes, chairs, tables, and agricultural products. 
Having excellent properties and being present at a low cost, 
the importance of plastic cannot be ignored (Sangale et al.  
2012). However, the overuse of plastic has given birth to 
many environmental problems. Over a million tons of plastic 
waste is generated annually from different sources (Pathak 
& Navneet 2017). Most plastic debris is non-biodegradable, 
and its management has become a global challenge. Sea 
beaches are the depository sites for plastic, as plastic waste 
is carried to aquatic sources through rivers, canals, etc. 
(Singh et al. 2016). The accumulation of plastic waste in 
the ocean affects marine fauna and flora adversely (Laist 
2006). Plastic debris also affects terrestrial ecosystems and 
human health. So there is a need for proper management of 
plastic waste. The environmental problems caused by plastic 
waste have triggered the need to develop environmentally 
friendly materials.

Bio-based plastic is a perfect alternative to synthetic 
plastic as they are made of renewable and natural sources 
like corn starch, potato starch, inedible food waste, and 
lingo-cellulosic crop residue (Saharan & Ankita 2012). The 

raw material used for bioplastic production greatly impacts 
bioplastic properties and production expenses. Bioplastics 
are generally biodegradable or compostable based on their 
composition. The production and use of such plastic material 
may help resolve many environmental problems, and their 
production and consumption are expected to grow soon. 
Thus, there is a need to evaluate these bioplastics carefully. 
There are many reviews available on the investigation of 
bioplastics. 

Palaniswamy & Venkatachalam (2020) critically 
reviewed the different kinds of bioplastic, their advantage, 
and their disadvantage. The global statistics related to 
bioplastics were also discussed. Hong et al. (2021) reviewed 
bioplastic as a material for food packaging. The various 
characteristic properties of bioplastic for food packaging 
are discussed. Different kinds of bioplastic used for packing 
fruits, vegetables, eggs, fish, meats, etc., were also included 
in the study.

Similarly, most review studies covered only one aspect 
of either bioplastic or synthetic plastic, and their detailed 
comparative study was unavailable. Therefore, the current 
review encloses synthetic plastic and bioplastic aspects. 
This review focuses on polymerization, the various kinds of 
plastic materials used in daily life, and the harmful effects 
of plastic waste.  Further, the various kinds of bioplastic and 
different feedstock used for their production were discussed. 
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The mechanism of biodegradation, the biodegradability 
of bioplastic in different mediums, viz., soil, compost, 
and aquatic system, and the role of microorganisms in 
biodegradation are included in the present study. The review 
also highlights the application, global market status, global 
producers of bioplastic, and limitations of bioplastics. 

PETROLEUM-BASED PLASTICS

Plastic, a synthetic polymer, is a petroleum product. Natural 
gas, coal, and crude oil are the precursors for preparing 
synthetic plastic. In 1907 Baekeland obtained the first 
synthetic polymer named Bakelite, which was formed by 
polycondensation of phenol with formaldehyde. Plastics 
are lightweight, strong, and cheap to produce polymers 
with high molecular weight and consist of hundreds to 
thousands of repeating units of monomers (Kuhn et al. 2007). 
Production of synthetic plastic begins from distilling crude 
oil in an oil refinery. This distillation step separates heavy 
crude oil into its lighter constituents; these more lightweight 
components are called segments. Each segment consists of a 
hydrocarbon chain of varying sizes and structures. Naphtha 
is one such segment required to produce monomers, say 
ethylene, propylene, and styrene, which act as a precursor 
for the production of plastic. The conversion of monomers 
into a polymer through polymerization releases greenhouse 
gases and other toxic pollutants into the environment. The 
characteristic properties of plastic play an essential role in 
deciding its applications. The molecular weight of plastic 
determines many physical properties and affects the plastic’s 
toughness, tensile strength, adherence, and resistance. The 

increase in molecular weight increases the tensile and impact 
strength. Crystallization controls the structural formation 
process of plastic.

A few important mechanical properties of plastic are 
tensile strength, flexural and compressive strength, hardness, 
fatigue resistance, and impact resistance. The tensile strength 
of plastic material tells about the load or stress the material 
can bear before permanent deformation (Goswami et al. 
2015). The transport properties describe how rapidly any 
molecule can pass through the plastic material. There are 
several kinds of plastics, and they are used for various 
purposes. 

Type of Plastics Based on Thermal Properties 

Based on the thermal properties, there are only two kinds, 
namely thermoplastic and thermoset plastic, which are 
discussed further. Fig. 1 shows the kind of plastic based on 
thermal properties and their subtypes.

Thermoplastics
This kind of plastic is brittle and glossy in appearance and 
can be softened and remolded into different kinds of shapes 
by applying heat and then cooling at room temperature. 
There is a minimum or no change in the properties after 
remolding. A few examples of thermoplastic are polyolefin, 
polyethylene, nylons, Poly-ethers, and Polyvinyl chloride 
(PVC). This plastic can be a linear or branched chain with 
an intermolecular force between the elastomers and fiber 
(O’Neil 2010).  

Thermosetting Plastics

(LDPE: Low-density Polyethylene; HDPE: High-density Polyethylene; MDPE: Medium-density Polyethylene)

Fig. 1: Classification of synthetic plastics based on thermal properties.
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This plastic cannot be remolded or reshaped to form a new 
product. On application of heat, these plastics undergo 
some chemical reactions, resulting in changes in their 
properties, and thus cannot be reused. These polymers are 
generally robust, durable, and resistant to high temperatures. 
Thermosets are mostly cross-linked polymers. A few 
examples of thermoset plastic are phenolic, Bakelite, resins, 
urea, and epoxy resin (O’Neil 2010). 

Commonly Used Synthetic Plastics 

Polystyrene
Styrene monomer is a predecessor of polystyrene. It is a 
very hard, lightweight, and mouldable plastic. Styrofoam is 
formed by heating polystyrene and then blowing air through 
this mixture. Polystyrene makes furniture, glasses, and 
utensils (Casado et al. 2013). 

Polyvinyl Chloride (PVC)
PVC is obtained by polymerization of vinyl chloride. A 
plasticizer is added to it to enhance the properties of PVC 
and make it soft and mouldable. They are cheaper and more 
durable. PVC is used to prepare pipes and plumbing materials 
(Chung et al. 2011). 

Polytetrafluoroethylene
It was first produced in 1938 by Dupont. When the monomers 
of tetrafluoroethylene are polymerized, it results in the 
formation of polytetrafluoroethylene. It is also called teflon 
and is stable, strong, and resistant to high temperatures. It 
makes cookware and waterproof coating (Cole et al. 2013).

Polyethylene
It is the most common and widely used plastic material. 
The polymerization of ethylene monomer obtains it. The 
first polyethylene was produced in 1934 (Della et al. 2014). 
Polyethylene is tough, chemically inert, possesses low 
moisture adsorption, and are bad conductor of electricity. 
The properties vary according to the type of branching 
and crystal structure (Huang et al. 2007). They are used in 
making electric wires and cables, pipes, medical devices, 
and automotive and space applications (Fang et al. 2005, 
Zhang et al. 2006, Dey & Tripathi 2010, Manu et al. 2013).

There are three kinds of PE-1) HDPE (High-density 
polyethylene), 2) LDPE (Low-density polyethylene, and 3) 
MDPE (Medium-density polyethylene).

LDPE is ductile, flexible, tough, transparent, and 
has weak intermolecular interactions due to high chain 
branching. Its long chain irregular packing contributes to 
low crystallinity. LDPE possesses tensile strength lower 
than HDPE and finds uses in preparing containers, plastic 
films, and plastic bags.

HDPE is the most versatile plastic material with the 
highest crystallinity degree. It is highly stable due to the 
presence of many short branches. HDPE makes milk jugs, 
water pipes, and detergent bottles (Pasch & Eselem 2018). 
HDPE has a higher melting point than LDPE (Della et al. 
2014).

MDPE is a combination of LDPE and HDPE. It has drop 
resistance and better-cracking resistance than HDPE but is 
softer than HDPE and harder than LDPE. It is used in making 
carry bags, packaging, gas pipe, and fittings 

Polypropylene (PP)
Karl Ziegler and Givlionatta first produced it in 1953. PP is 
obtained from the combination of propylene monomers. It 
is the second most used plastic, possesses good mechanical 
properties, and is highly available at a moderate cost. PP 
is used in packaging, electronics, household appliance,  
battery cases, bottle tubes, filaments, and bags (Castro et 
al. 2009)

There are three kinds of PP.

 1) Atactic PP has a low melting point and consists of 
methyl groups on the main chain in random order.

 2) Syntactic PP is semi-crystalline and is more homogenous 
than atactic PP.

 3) Isotactic PP possesses a high degree of crystallinity and 
is homogenous and highly stable (Maddah 2016).

Process of Making Plastics: Polymerization

The polymerization process involves linking a large number 
of monomers to form a polymer molecule. Monomers are 
low molecular units that join with the help of chemical 
reactions forming large molecules having high molecular 
weight called polymers. 

Different methods of polymerization can be used to 
produce various kinds of plastic materials, which are as- 

A. Condensation Polymerization
It is also called step-growth polymerization. It is a chemical 
reaction in which a low molecular weight by-product called 
condensate (NH3, H2O, HCL) is released, and the polymer 
is formed.

B. Addition Polymerization/Chain Polymerization
In this process, two or more monomer molecules combine 
to form a polymer, and no by-product is formed. This  
involves a chain reaction linking the monomer molecule 
(Karana 2012).

C. Ionizing Radiation Polymerization
Ionizing radiations generate free radicals, which initiate the 
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polymerization process. Both solid and liquid mediums can 
be used for achieving ionizing radiation polymerization. 
There is not much influence of temperature in this process. 
Sometimes the process continues even after moving away 
from the radiation source, and the phenomenon is called 
post-polymerization.

D. Non-ionizing Radiation Polymerization
It is a kind of chain-growth polymerization. The absorption
of visible or UV light influences the process. In this process, 
the reactant monomer can absorb light directly and by a
photosensitizer, which absorbs light and transfers the energy 
to the monomer.

Disadvantages of Petroleum-Based Plastics

Plastic is produced from non-renewable energy sources 
and is non-biodegradable (Anderson, 2006). The Chemical 
structure of plastic cannot be modified by the microorganism, 
which leads to their nonbiodegradability (Tokiwa et al. 
2009, Babu et al. 2013). High molecular weight, high 
degree of crystallinity, and high hydrophobicity reduce the 
degradability of plastic (David et al. 2019). The production 
and disposal of plastic are increasing every year. As plastic is 
non-biodegradable, there is no method for its proper disposal 
(Yadav et al. 2020). Plastic waste has dramatically influenced 
the environment by causing land, water, and air pollution and 
contributes to global warming (Khyalia et al. 2022). It also 
affects human and animal health by causing infectious and 
chronic diseases. Groundwater movement can be obstructed 
by a massive amount of plastic waste (Silva 2014). Plastic 
waste may contain heavy metals, impeding the soil and 
reaching water sources.  Soil fertility is also influenced 
by plastic. Incineration and open burning of plastic waste 
produce dioxins and toxic gases. The lack of suitable landfill 
sites is another issue in waste disposal. 

Plastic debris accumulated in marine ecosystem leads 
to aesthetic concerns and affect tourism. Large amounts 
of plastic debris also affect fishing activities, as debris is 
trapped in the fishing net along with fish (Gregory 2009). 
Ingestion of plastic waste by aquatic animals affects their 
health adversely. Further, this may affect other animals and 
human beings because the ingestion of plastic by marine 
animals leads to their introduction into the food chain, and 
toxic substances are transferred from one organism to another 
(Thomson et al. 2009). 

Another matter of concern is very small fragments of 
plastic, commonly called microplastics. They are thread-
like in appearance, and their size varies from 0.1 mm to  
≤ 5 mm (Yadav et al. 2023).  A number of studies evidence 
the presence of microplastics in plankton, fishes, and human 

beings. Phthalates and Bisphenol A (BPA) are added as an 
additive during the manufacturing of plastic and are very 
toxic and can bioaccumulate in organisms. Recycling is 
a good method to reduce plastic waste, but it is not cost-
effective because sometimes the expense of the production 
of new plastic is much lower than that of recycling (Faris et 
al. 2014, Faure et al. 2015).

BIOPLASTICS

Bioplastics are polymers obtained from natural resources 
and are entirely or partially biodegradable depending upon 
the renewable sources and additives used in bioplastic 
production. Under natural conditions, bioplastic degrades 
into CO2, H2O, and other inorganic compounds, by the 
action of enzymes of different organisms. No toxic residue 
is left after the degradation process is completed. In 
addition, the production and use of bioplastic conserve the 
petrochemicals used to make conventional plastic, and it 
lessens environmental damage brought on by improperly 
discarding plastic garbage. Bioplastic poses a lower carbon 
footprint than synthetic plastic, helps in the reduction of CO2 
emission, saving fossil fuels, and removes non-biodegradable 
plastic waste. The selection of raw materials and other 
additives affects the cost of bioplastic production (Mostafa 
et al. 2018). These days’ bioplastic is used for making plastic 
films. With technological advancement and research, other 
high-value products for automobiles and electronics can be 
produced shortly (Chen 2014).

Types of Bioplastics

Bioplastic can be produced from renewable, edible, and 
in-edible raw materials like starch, cellulose, proteins, and 
bacteria like PHA, PHB, PLA, etc. They are mainly divided 
into starch-based, cellulose-based, and microbes-based. 
The different kinds of bioplastic and the sources for their 
production are illustrated in Fig. 2.

Cellulose-based Bioplastics
Cellulose is a natural polymer having molecular formula 
(C6H10O5)n and consists of a linear chain of 100-1000 of 
β(1→4) linked D-glucose units. It is the most abundant 
biopolymer made from thousands of monosaccharide units. 
Cellulose is mainly found in the primary cell wall of green 
plants and can be obtained from plant biomass with the help 
of synthetic and natural methods. Cellulose is produced from 
fibers, and these fibers are not soluble in water and thus are 
treated at high temperatures with acids and sodium chloride 
to obtain cellulose.

Cellulose is highly crystalline and hydrophilic, producing 
brittle packaging material that cannot be used for packaging 
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Further, the fibrogenic solution is dried onto Teflon 
sheets or petri plates to get thin plastic films. The tape casting 
method is different from the solvent casting method in that 
the drying of the fibrogenic solution is controlled by heat 
convection. To produce high-quality plastic products, the 
modified thermoplastic starch can be subjected to advanced 
methods like thermoforming, compression molding, injection 
molding, and extrusion (Emin 2017). Starch-based bioplastic 
is used as a food packaging material and for disposable 
utensils. About 80% of the total bioplastic production is 
contributed by starch-based bioplastic.

Microorganisms-based Bioplastics
Polylactic acid (PLA): The monomer precursor for 
PLA is lactic acid, produced by the chemical synthesis 
of carbohydrates. The process involved in the production 
of PLA includes bacterial fermentation and enzymatic 
hydrolysis of lactide (Lim et al. 2008). Ring-opening 
polymerization and direct condensation of acid-free in 
the solution are also used for producing PLA (Mehta et 
al. 2005, Rasal et al. 2010). PLA is a thermoplastic with 
high transparency, gloss, stiffness, printability, brittleness, 
processability, low melting strength, and aroma barrier (Lim 
et al. 2008). After modification, PLA is used with additives 
such as plasticizers, starch, and fillers.

Further, the stiffness and tensile strength can be improved 
by blending PLA with biodegradable polymers. Recently, 
PLA has been used in food packaging. PLA can be used for 

purposes due to poor flexibility and tensile strength. 
However, cellulose derivatives like hydroxypropyl cellulose, 
hydroxypropyl methylcellulose, carboxymethylcellulose, 
and methylcellulose are suitable for packaging applications 
(Morillon et al. 2002).

Starch-based Bioplastics
Starch comprises monomeric glucose units joined by α-1,4-
linkage and has the molecular formula (C6H10O5)n. It is 
a polysaccharide having amylose and amylopectin as its 
major constituents.  It is a granular, tasteless, soft organic 
chemical, white in appearance. Starch is a biodegradable, 
inexpensive, abundant, and renewable polymer from green 
plants. It possesses good polymeric properties and is used 
to produce bioplastic. Further starch can be blended with 
non-degradable polymer to enhance the biodegradability 
process. The mechanical properties of starch can be improved 
by modifying it into thermoplastic starch by heating it with 
a plasticizer and other additives (Sun et al. 2014).

The production of bioplastic film from starch involves 
a wet process and a dry process. The wet process is a 
laboratory-scale method that includes casting. In contrast, 
the dry process involves advanced methods like extrusion 
and molding and can be applied to an industrial scale (Zhong 
et al. 2018, Liu et al. 2020). Generally, the casting method 
has two types- solvent casting and tape casting. The solvent 
casting method includes gelatinizing starch and heating it 
with some additives to get a filmogenic solution.

 

Fig. 2: Different kinds of bioplastics and their sources. 

Cellulose-based Bioplastics 

Cellulose is a natural polymer having molecular formula (C6H10O5)n and consists of a linear 

chain of 100-1000 of β(1→4) linked D-glucose units. It is the most abundant biopolymer made 

from thousands of monosaccharide units. Cellulose is mainly found in the primary cell wall of 

green plants and can be obtained from plant biomass with the help of synthetic and natural 

methods. Cellulose is produced from fibers, and these fibers are not soluble in water and thus 

are treated at high temperatures with acids and sodium chloride to obtain cellulose. 

Cellulose is highly crystalline and hydrophilic, producing brittle packaging material that cannot 

be used for packaging purposes due to poor flexibility and tensile strength. However, cellulose 

derivatives like hydroxypropyl cellulose, hydroxypropyl methylcellulose, 

carboxymethylcellulose, and methylcellulose are suitable for packaging applications (Morillon 

et al. 2002). 

Starch-based Bioplastics 

Starch comprises monomeric glucose units joined by α-1,4-linkage and has the molecular 

formula (C6H10O5)n. It is a polysaccharide having amylose and amylopectin as its major 

Fig. 2: Different kinds of bioplastics and their sources.
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various applications after modification (Mehta et al. 2005, 
Rasal et al. 2010).

Polyhydroxyalkanoates (PHA): PHA is obtained as a 
result of bacterial fermentation of lipids and sugars. The 
fermentation of PHA involves two stages, viz., producing a 
high-density culture followed by increasing the concentration 
of PHA. Balanced pH, low stirrer speed, and temperature 
ranging between 30°C -37°C are conditions for optimal 
production. Whenever a bacterial cell experience nutrient 
imbalance, it accumulates PHA as a nutrient reserve 
(Kawaguchi et al. 2016). It is required to break the bacterial 
cell to obtain PHA, followed by solubilizing this cellular 
material (Snell & Peoples 2009). Various prokaryotes, 
including bacteria and archaes, Pseudomonas aeruginosa, 

P. putida, and E. coli are suitable for PHA production. In 
addition, several kinds of bacterial cultures are capable of 
PHA production. 

Gram-negative, as well as gram-positive bacteria produce 
PHA. Different kinds of bioplastic are obtained by selecting 
high PHA-producing bacterial species, altering and managing 
the process conditions, and using additives (Keenan et al. 
2006, Suriyamongakol et al. 2007). A big constraint in PHA 
production is cost, which could be resolved by selecting 
appropriate media capable of producing large quantities of 
PHA. Further, starchy wastewater, corn, whey, rice bran, and 
industrial waste effluents can be utilized as a cheap source 

of fermentation. PHA is usually combined with monomers 
to enhance their properties. They possess characteristic 
properties similar to synthetic polymers like Polypropylene 
(PP) and Polyethylene (PE) (Mannina et al. 2019). PHA is 
brittle, ductile, thermosensitive, and has a high production 
cost, which limits its applications (Keskin et al. 2017, Vandi 
et al. 2018, Valentini et al. 2019, Kim et al. 2005). PHA are 
eco-friendly and biodegradable and are used as packaging 
material. 

Polyhydroxybutyrate (PHB): PHB is transparent, 
biodegradable, and resembles polypropylene in many 
characteristic properties. PHB is obtained as a result of 
the action of the bacteria. The synthesis of PHB includes 
a complex enzymatic process. Firstly, the condensation 
of two molecules of acetyl CoA leads to the production of 
acetocetyl-CoA; β-ketothiolase act as a catalyzer in this 
process. Further, acetoacetyl CoA reduces itself, producing 
β-hydroxybutyryl-CoA. Finally, the polymerization of 
β-hydroxybutyryl-CoA results in the synthesis of PHB. PHB 
exists as cysts in the cytoplasm of the bacterial cell, and these 
cells are destroyed to obtain PHB. PHB is produced and 
accumulated by a wide range of bacteria. About 300 species 
of bacteria are found to produce PHB, but the amount of PHB 
capable of producing bioplastic is present in very few species. 
Although PHB can be utilized for a number of applications, 
the high production cost is a matter of concern (Singh et al. 

in the production of PHB to reduce the cost constraints. A few bacterial species capable of 

producing PHB are Pseudomonas, Ralstonia eutropha, Staphylococcus, and Bacillus. 

 

Fig. 3: Comparison of synthetic plastic with bioplastic. 

Biodegradation of Bioplastics 

Biodegradation of plastic involves specific changes in plastic material's chemical and physical 

properties by the action of microorganisms like fungi, bacteria, actinomycetes, etc. (Ishigaki et 

al. 2004). Plastics are degraded both aerobically and anaerobically. Aerobic biodegradation 

involves the degradation of plastic in the availability of oxygen. The microbes use oxygen as 

an electron acceptor to break down plastic material into more minor organic compounds, 

leaning behind CO2 and water as the by-product. Anaerobic biodegradation is the breakdown 

of plastic waste in the unavailability of oxygen. Microbes use nitrate, sulfate, and CO2 as 

electron acceptors, breaking the organic chemicals into smaller components. In this process, 

methane is produced as a by-product (Mohe et al. 2008, Priyanka & Archna 2011, Haider et al. 

2019). 

Mechanism of Biodegradation  

The primary mechanism behind plastic biodegradation is microorganisms sticking on the 

polymer surface's hydrophilic end. After being attached to the polymer surface, the microbes 

Fig. 3: Comparison of synthetic plastic with bioplastic.
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2009). After suitable pre-treatment, agricultural waste and 
industrial waste effluents may be utilized in the production 
of PHB to reduce the cost constraints. A few bacterial species 
capable of producing PHB are Pseudomonas, Ralstonia 

eutropha, Staphylococcus, and Bacillus. Fig. 3 shows the
general points of comparison between synthetic plastic and 
bioplastic.

Biodegradation of Bioplastics

Biodegradation of plastic involves specific changes in plastic 
material’s chemical and physical properties by the action 
of microorganisms like fungi, bacteria, actinomycetes, etc. 
(Ishigaki et al. 2004). Plastics are degraded both aerobically 
and anaerobically. Aerobic biodegradation involves the 
degradation of plastic in the availability of oxygen. The 
microbes use oxygen as an electron acceptor to break 
down plastic material into more minor organic compounds, 
leaning behind CO2 and water as the by-product. Anaerobic 
biodegradation is the breakdown of plastic waste in the 
unavailability of oxygen. Microbes use nitrate, sulfate, and 
CO2 as electron acceptors, breaking the organic chemicals 
into smaller components. In this process, methane is 
produced as a by-product (Mohe et al. 2008, Priyanka & 
Archna 2011, Haider et al. 2019).

Mechanism of Biodegradation 

The primary mechanism behind plastic biodegradation 
is microorganisms sticking on the polymer surface’s 
hydrophilic end. After being attached to the polymer 
surface, the microbes use the latter as a carbon source and 

obtain nutrition for growth. These microorganisms reduce 
extracellular enzymes, which act on specific sites in the 
plastic material (Shah, 2014).

These enzymes work directly on the plastic, transforming 
the polymer into a shorter chain and low molecular weight 
fragments like dimers, monomers, and oligomers. The 
monomer of small size enters the cell to be hydrolyzed by 
an internal enzyme (Shah et al. 2008, Sivan 2011). The final 
stage of biodegradation is the assimilation of monomers into 
a microbe to generate cellular biomass, CO2, and methane, 
depending upon oxygen availability. The mechanism behind 
biodegradation of bioplasic is shown in Fig. 4. Several factors 
affect the process of degradation. The type of organism, 
molecular weight and density of the polymer, molecular 
composition, hardness, physical form of polymer, pH, and 
moisture content. Fig. 5 shows the various factors that affect 
the process of biodegradation.

Biodegradability in Compost

Composting involves the microbes-assisted conversion of 
organic matter into CO2 and humus. Compostable plastic is 
considered biodegradable (Kale et al. 2007). Several studies 
have been conducted on the biodegradability of plastic in 
compost. Various environmental conditions like temperature, 
pH, and humidity affect the process of biodegradation of 
bioplastic in compost (Rudnick et al. 2011). Bioplastic 
degradation in compost took about 90-110 days, and the 
degradability rate was 79.9- 85% (Sarasa et al. 2009, Gomez 
& Michel 2013, Weng et al. 2011). Biodegradability of 
PLA ranged from 13-84% under different temperatures and 

use the latter as a carbon source and obtain nutrition for growth. These microorganisms reduce

extracellular enzymes, which act on specific sites in the plastic material (Shah, 2014).

Fig. 4: Mechanism of biodegradation of bioplastics. 

These enzymes work directly on the plastic, transforming the polymer into a shorter chain and

low molecular weight fragments like dimers, monomers, and oligomers. The monomer of small

size enters the cell to be hydrolyzed by an internal enzyme (Shah et al. 2008, Sivan 2011). The

final stage of biodegradation is the assimilation of monomers into a microbe to generate cellular

biomass, CO2, and methane, depending upon oxygen availability. Several factors affect the

process of degradation. The type of organism, molecular weight and density of the polymer,

molecular composition, hardness, physical form of polymer, pH, and moisture content.

Fig. 4: Mechanism of biodegradation of bioplastics.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1118 Shikha Kumari et al.

Vol. 22, No. 3, 2023 • Nature Environment and Pollution Technology This publication is licensed under a Creative 
Commons Attribution 4.0 International License

This publication is licensed under a Creative 
Commons Attribution 4.0 International License

humidity conditions in compost (Kale et al. 2007, Ahn et al. 
2011, Mihai et al. 2014, Tabasi & Ajji 2015).

Biodegradability in Soil 

A huge number of microorganisms are found in the soil 
environment. The action of this microorganism on the 
bioplastic accelerates the process of biodegradation. The 
rate of biodegradation depends on the soil environment and 
the microorganisms present. The rate of biodegradation 
ranged from 10-53%, 31.5-98%, 40-48.5%, and 60% for 
PLA, PHB, PHA, and starch-based bioplastic, respectively 
(Adhikari et al. 2016, Jain & Tiwari 2015, Jain & Verma 
2015, Harmaen et al. 2015, Wu 2014, 2012, Gomez & Michel 
2013, Boyandin et al. 2013).

Biodegradability in Aquatic Systems

The degradation rate varied in different kinds of seawater 
(Sekiguchi et al. 2011). Biodegradation is affected by the 
shape and type of bioplastic and water temperature (Volova 
et al. 2007). In their study, Volova et al. 2010 found that 
the degradation rate of PHA films is faster/higher than 
PHA pellets. The addition of sediments positively affects 
biodegradation (Thellen et al. 2008).

Role of Microorganisms in Biodegradability

Different microorganisms, including eukaryotic, aerobic, 
and anaerobic bacteria, catalyzed and accelerated bioplastic 

biodegradation (Lee et al. 2005, Kumaravel et al. 2010). 
Table 1 shows the different kinds of bioplastics and the 
microorganism responsible for their biodegradation. Both 
intracellular and extracellular enzymes aid in the enzymatic 
degradation of bioplastic. Enzymes like depolymerase, 
lipase, and esterase obtained from different microorganisms 
are very effective in bioplastic degradation (Tokiwa & 
Calabia 2004, Chua et al. 2013, Trivedi et al. 2016).

Application of Bioplastics

Bioplastics are used mainly in food packaging and agriculture 
(Briassoulis et al. 2010). With the advancement in technology 
and increased interest of researchers in bioplastics, the quality 
of bioplastics is improved. Thus, it can be used for preparing 
automobile parts like dashboards. Bioplastic is used in the 
manufacturing of sanitary products and medical implants. 
Table 2 shows the different kinds of bioplastic and their 
applications.

Market Status and Future

Different kinds of bioplastics have been introduced in the 
global market. The annual global production is about 2.4 
million tons, which accounts for 2% of the total plastic 
production. The production of bioplastic is expected to 
increase in the future. Bioplastic is widely used for packaging 
(about 48%) and can be used as single-use plastic. The most 
commonly used and produced bioplastic is starch-based 

 

Fig. 5: Factors affecting the process of biodegradation. 
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Composting involves the microbes-assisted conversion of organic matter into CO2 and humus. 

Compostable plastic is considered biodegradable (Kale et al. 2007). Several studies have been 
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A huge number of microorganisms are found in the soil environment. The action of this 

microorganism on the bioplastic accelerates the process of biodegradation. The rate of 

biodegradation depends on the soil environment and the microorganisms present. The rate of 
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(European Bioplastics 2020). There is estimated to be a 25% 
growth in the global bioplastic market by 2023 (European 
Bioplastics 2018).

According to the latest report of European Bioplastic in 
cooperation with nova institute, global bioplastic production 
is expected to be approx. 7.59 million tons by the year 2026 
(Fig. 6). PLA, PHA, and starch-based bioplastic account for 
more than 64% of bioplastic production capacities. Bioplastic 
has found many applications in packaging, electronics, 
automobiles, etc. (European Bioplastic 2021).

There are many global producers and suppliers of 
bioplastics based on starch, PLA, PHA, and cellulose. 
Various global producers and suppliers of various kinds 
of bioplastic are listed in Table 3. Asia has the largest 
manufacturing capacities of about 50-55% of the bioplastic. 
The bioplastic market is not much developed in India; the 
significant bioplastic producers in India are m/s NatureTec, 
m/s Biotec Bags, m/s Envigreen, Ecolife, Truegreen, and 

Plastobag. According to a report of the Central Pollution 
Control Board (CPCB), India, 120 sellers have been granted 
licenses for selling compostable and biodegradable products 
in India. The bioplastic market shall grow considerably in 
the next few years. Many big companies have also started 
using biobased products. McDonalds uses bowls made with 
PLA for serving fresh salad, Mosburger uses cups made with 
PLA for beverages (Sudesha & Iwata 2008), Walmart uses 
biobased trays wrapped with cellulose films for packing 
kiwi, and Boulder Canyon uses metalized cellulose films 
for packing potato chips.

The commercialization of bioplastic has also become 
a global challenge because bioplastic production is not 
sustainable and economic. The cost of production of 
bioplastic is 2-4 times higher compared to synthetic plastic. 
The high production cost is a major issue and is mainly 
contributed to a lack of adequate technologies, slow growth 
of microbes, and high energy requirements (European 

Table 1: Different kinds of bioplastics and their degrading microorganisms.

Bioplastic Degrading Microorganism Reference

Polyhydroxybutyrate (PHB) • Streptomyces sp.

• Bacillus sp.
• Mycobacterium sp.

• Nocardiopsis sp.
• Streptomyces bangladeshensis

• Pseudomonas lemoignei

• Entrobacter sp.

• Bacillus sp.
• Gracibacillus sp.

(Hoang et al. 2007)

(Kumaravel et al. 2010)
(Volova et al. 2010

Polyhydroxyalkanoates (PHA) • Pseudomonas putida
• Leptothrix sp.
• Variovorax sp.
• Psedomonas aerugusina

• Bacillus subtilis

• Psedomonas fluorescens

• Psedomonas putida

• Psedomonas sp.

(Volova et al. 2007)

(Bhatt et al. 2008)

Starch-based Bioplastic • Clostridium acetobutylicum
• Laceyella sacchari (Yoshida et al. 2016)

Table 2: Applications of different kinds of Bioplastics.

Bioplastics Polyhydroxyalkanoates (PHA) Starch-based Bioplastics Cellulose-based 
bioplastics

Polylactic Acid (PLA)

Application Tissue Engineering,
Pharmaceutical applications,
Packaging,
Bottles,
Pens, 
Cosmetic containers,
Composting bags,
Fishing net.

Mulch films,
Fruits and vegetable 
packing tray,
Food packaging.

Gardening products,
Polymer blend,
Agriculture net and 
films,
Disposable gloves,
Food packaging.

Agricultural mulches,
Food packing films,
Medical applications (Implants, 
nails),
Cosmetic packaging,
Automobile applications
(Dashboard and door treadplates).

(Source: Muniyandi et al. 2020, Zhang et al. 2019, Luchese et al. 2017, Nunes et al. 2020, Mozaffari et al. 2019, Rahman et al. 2019).
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Fig. 6: Global production capacities of bioplastic by the year 2026. 

(Source: European Bioplastics, nova-institute 2021.) 

There are many global producers and suppliers of bioplastics based on starch, PLA, PHA, and 

cellulose. Asia has the largest manufacturing capacities of about 50-55% of the bioplastic. The

bioplastic market is not much developed in India; the significant bioplastic producers in India 

are m/s NatureTec, m/s Biotec Bags, m/s Envigreen, Ecolife, Truegreen, and Plastobag. 

According to a report of the Central Pollution Control Board (CPCB), India, 120 sellers have

been granted licenses for selling compostable and biodegradable products in India. The 

bioplastic market shall grow considerably in the next few years. Many big companies have also

started using biobased products. McDonalds uses bowls made with PLA for serving fresh salad, 

Mosburger uses cups made with PLA for beverages (Sudesha & Iwata 2008), Walmart uses 

biobased trays wrapped with cellulose films for packing kiwi, and Boulder Canyon uses 

metalized cellulose films for packing potato chips.

The commercialization of bioplastic has also become a global challenge because bioplastic 

production is not sustainable and economic. The cost of production of bioplastic is 2-4 times

higher compared to synthetic plastic. The high production cost is a major issue and is mainly

contributed to a lack of adequate technologies, slow growth of microbes, and high energy

requirements (European Bioplastic 2020, Hatti-Kaul et al., 2020, Bhatia et al. 2021). 

(Source: European Bioplastics, nova-institute 2021.)

Fig. 6: Global production capacities of bioplastic by the year 2026.

Table 3: Global producers and suppliers of various kinds of bioplastics.

Kind of bioplastic Brand Name Country

Cellulose-based Natural flex
Tenite
Biograde
Sateri

UK
USA
Germany
China

Starch-based Mater-Bi
Livan
Ever corn
Plaststa rch
Rodenburg biopolymers
Cardia Bioplastics
GreenDot Bioplastics
GXT Green Products Pvt Ltd
EnviGreen

Italy
Canada
Japan
USA
Netherlands
Australia
USA
India
India

Polylactic Acid (PLA) Biofoam
Ingeo
Hisun
Biofront
Greengran
Good Natured Products Inc.
Total Corbion PLA
NatureWorks LLC

Netherland
USA
China
Japan
Netherlands
Canada
Netherlands
US

Polyhydroxyalkanoates (PHA) Minerv
Biogreen
Biocycle
Green Bio
Metabolix

Italy
Japan
Brazil
China
USA

Polyamide Arkema
Evonik

France
Germany

Polyhydroxybutyrate (PHB) Kaneka Corp Japan

(Source: Palaniswamy & Venkatachalam 2020, Goel et al. 2021)
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Bioplastic 2020, Hatti-Kaul et al., 2020, Bhatia et al.  
2021).

Another issue is using first-generation feedstock like 
sugarcane, corn, wheat, and cassava for bioplastic production 
(Okolie et al. 2019). Using renewable and inedible feedstock 
(crop residue, woody biomass) and multiple fission to increase 
microbes’ growth rate and optimize culture conditions may 
prove useful (Bhatia et al. 2021, Prasanth et al. 2021).

The technologies used for bioplastic production are 
relatively new and are used at a small scale. The large-
scale production of bioplastic may help in substituting 
traditional plastic and also in resolving problems related to 
environmental problems.

Limitations of Bioplastics

The major drawback of bioplastic is its cost of manufacturing, 
which is much higher than synthetic plastic. Bioplastics get 
mixed with synthetic plastics and affect the recycling process 
of synthetic plastic. Thus, segregating them is needed (Arikan 
& Ozsoy 2015). Bioplastics are made from starch, cellulose, 
and other feedstocks and have many limitations. They 
possess poor mechanical strength and thermal instability. 
Their biodegradability and long-term stability are another 
matter of concern. These bioplastics give brittleness and poor 
processability because they are hydrophilic (Palaniswamy & 
Venkatachalam 2020).  Bioplastics are generally regarded as 
compostable and biodegradable. But not all the bioplastics 
are compostable. Their biodegradability and compostability 
vary with their composition. Composting of bioplastic 
requires treatment at the industrial level. Certain kinds of 
bioplastics are degradable only under certain temperature 
ranges and humidity. There is no appropriate legislation 
regarding the production and applications of bioplastic, and 
there is a lack of standards for waste management (Arikan 
& Ozsoy 2015). Many edible food substances, such as corn 
and potato, extract starch from them for the production of 
bioplastic, which may affect food safety. And the over-
utilization of these raw materials may reduce their reserves 
for future use. Many unedible food by-products and agro-
residues can be used for preparing bioplastic (Lagaron & 
Lopez-Rubio 2011).  

CONCLUSIONS

This review has disclosed the types of plastic material 
being used, the different methods of polymerization and 
problems caused by their overuse, and the alternative 
solution, “bioplastic,” their sources, applications, and 
biodegradability. Bioplastics are biodegradable, made from 
natural and renewable sources, compostable, and able to be 
recycled and burned without producing toxins. This is high 

time to go for further growth of bioplastics. There is a need 
to develop standards for bioplastic production and waste 
management. Based on various studies, it can be concluded 
that it takes about 3-4 months for the biodegradation of 
bioplastic. The biodegradability of bioplastic must be 
popularized, and society must be made aware of the benefits 
of using bioplastic. The government must deal with the 
retailer and food industry to enhance the use of bioplastic. 
Starchy food waste, lignocellulosic agro-residue, starchy 
wastewater, and industrial waste effluent have been used by 
many researchers for preparing bioplastic. The production 
of bioplastic from different kinds of feedstock should be 
explored. There is a need for environmental awareness and 
improved methods for manufacturing biomass into plastic. 
This article studied the global market status of bioplastics. 
There are many producers and sellers of bioplastic globally, 
yet the bioplastic market is not much developed. Leading 
brands and Companies must invest in the production of 
bioplastic. Currently, these bioplastics find application in 
filmmaking and food packaging. But with the help of further 
research and improved technologies, the properties of the 
bioplastic may be improved.
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       ABSTRACT
The reduction of oily sludge and scum with high water content by hot washing and analysis of 
the main factors that affect the reduction and oil recovery rate of oily sludge and scum in hot 
washing were investigated. Best process conditions for the reduction of tank bottom sludge, 
refining sludge, and oily scum were carried out, which can make the oil recovery rate and 
reduction rate of tank bottom sludge after reduction reach 96.30% and 93.00%, respectively, 
the oil recovery rate and reduction rate of refining sludge after reduction reach 95.36% and 
92.60% respectively, and the oil recovery rate and reduction rate of oily scum after reduction 
reach 95.92% and 93.60% respectively. After treatment, the oil content of the residue is 
reduced to below 5.1%, and the water content is reduced to below 59.0%. Oil content in 
the separated water is lower than 200 mg.L-1, and the water content in the separated oil is 
lower than 0.2%, far below the requirement of 0.5% in the oilfield’s crude oil gathering and 
transportation standard.

INTRODUCTION

Oily sludge occurs in oilfield exploitation, gathering, 
transportation, storage, refining, etc. (Tahhan & Abu-Ateih 
2009). According to the specific location, it is mainly 
composed of four parts. First, oil sludge falls from drilling, 
operation, and pipeline perforation (Johnson & Affam 2018, 
Rocha et al. 2010). Second, the bottom mud of oil tanks, 
settling tanks, sewage tanks, and oil separators in transfer 
and combined stations (Egazaryants et al. 2015, Inguanzo et 
al. 2012). When the oil is stored in the tank, the oil sludge at 
the bottom is formed due to the oil’s heavy, oily components 
deposited at the bottom (Murungi & Sulaimon 2022). Third, 
oil sludge is removed from oil-bearing water treatment 
facilities, light hydrocarbon processing plants, and natural gas 
purification devices in refineries (Chen et al. 2019, Hochberg 
et al. 2022). Oily sludge is generally a stable suspension 
emulsion system composed of oil in water (o/w), water in 
oil (w/o), and suspended solids, with poor dewatering effect 
(Long et al. 2013). The composition and physical properties of 
sludge are affected by factors such as sewage quality, treatment 

process, and dosing agent, which have large differences, high 
treatment difficulty, and large differences in oil content. Some 
of them have recycling value, and oily sludge contains PAHs, 
heavy metals, and other harmful substances, which also cause 
radioactive pollution to the environment (Puasa et al. 2019). 
The volume of oily sludge is huge. If it is directly discharged 
without treatment, it will not only occupy a large amount of 
cultivated land but also pollute the surrounding soil, water, 
and air, accompanied by the generation of malodorous gas 
(Hayhurst 2013, Anna et al. 2015, Ramirez & Collins 2018). 
Sludge contains a large number of pathogenic bacteria, 
parasites (eggs), copper, zinc, chromium, mercury, and other 
heavy metals, salts, polychlorinated biphenyls, dioxins, 
radionuclides, and other toxic and harmful substances that are 
difficult to degrade, such as shown in Fig.1 (Crelier & Dweck 
2009). The arbitrary landfill will lead to serious pollution of 
groundwater and the destruction of the original ecology of 
food crops (Wu et al. 2019).

A large amount of oily sewage is usually produced in 
oil exploitation and refining. For the treatment of such oily 
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sewage, the old three processes of “oil separation air flotation 
biochemical treatment” are generally adopted (Suganthi et 
al. 2018, Muneeswari et al. 2022). A large amount of oily 
scum will be produced by removing emulsified oil in the 
air flotation unit (Motlagh et al. 2019). The composition 
of oily scum is extremely complex, containing a large 
amount of aged crude oil, wax, asphaltene, colloid, solid 
suspension, etc., as well as various chemical agents such as 
coagulant and corrosion inhibitors added in the production 
process (Hu et al. 2013, Amudha et al. 2016). Oily sludge 
and scum have been included in the National Catalogue of 
Hazardous Wastes in China, and they are hazardous wastes 
(Wang et al. 2019). The amount of oily sludge and scum is 
large, and the moisture content is high, so direct refining or 
incineration will inevitably consume a lot of heat, leading 
to high energy consumption for enterprises (Skinner et al. 
2015). Therefore, oily sludge and scum must be dewatered 
and reduced before harmless or resourceful disposal (Duan 
et al. 2018). Many domestic enterprises have adopted the 
mechanical conditioning three-phase separation process for 
dehydration treatment (Cheng et al. 2017, Shperber et al. 
2011). Although certain results have been achieved, there 
are still some defects, mainly as follows: it is difficult to 
separate oil and water from oily sludge and scum, the oil 
recovery rate is low, the overall reduction rate of sludge 
is low, and the equipment cannot operate stably for a long 
period (Liu et al. 2022). Therefore, it is necessary to screen 

and analyze all the influencing factors in the process of 
sludge reduction, determine which are the main influencing 
factors, and determine the best process parameters to provide 
technical support for the reduction, recycling, and harmless 
treatment of oily sludge in the future (Mowla et al. 2013, 
Barneto et al. 2014, Gourdet et al. 2017).

TREATMENT PROCESS AND APPLICATION 
STATUS

There are many industrial application processes for the 
thermal washing reduction treatment of oily sludge and scum 
at home and abroad, but the principles are basically the same 
(Mahmoud et al. 2018). They all use pH adjustment, heating, 
stirring, demulsifier, flocculant, mechanical dehydration, and 
other means and methods to finally achieve the reduction 
treatment of oily sludge and scum (Bao et al. 2022). Through 
a large number of field investigations and actual operations, 
the author of this paper summarizes the treatment of oily 
sludge and scum at some oily sludge stations in China, as 
shown in Table 1. The reduction process of some sludge 
stations is shown in Fig. 2.

It can be seen from Table 1, and the technical status of 
development that the sludge reduction rate and oil recovery 
rate of most technologies and stations are lower than 85%, 
and the oil content of sludge after final treatment is higher 
than 6%. Most technologies and processes only reduce the 

Fig. 1: Hazards of oily sludge.
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sludge and do not achieve the best treatment effect. In this 
paper, the problems of unsatisfactory oily sludge and its 
reduction treatment effect and high oil content of sludge 
after treatment are studied in depth, the optimal operating 
conditions for oily sludge treatment and scum treatment are 
selected, and the importance of the influencing factors in 
the oily sludge and scum treatment process is ranked. The 
key factors affecting the oily sludge treatment are finally 
obtained.

MATERIALS AND METHODS

Materials

Analytical grade Sodium hydroxide (NaOH), hydrochloric 

acid (HCl), and demulsifier were used in the experiment. 
Industrial grade Poly Aluminum Chloride (PAC), poly 
aluminum sulfate (PAS), Polymerization Ferric Chloride 
(PFC), Polymeric Ferric Sulfate (PFS), and polyacrylamide 
(PAM) were used in this experiment. 

Oil sludge samples were obtained from Yanchang 
Oilfield Shimian United Station, Yongping Refinery of 
Yanchang Oilfield, and Yan’an Petrochemical Plant of 
Yanchang Oilfield in Shaanxi Province, China. These 
samples were stored in a refrigerator at 4℃ to minimize 
biological and chemical reactions as much as possible. The 
general characteristics of the oil sludge samples from the 
workplace are shown in Table 2.
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Fig. 2: Sludge reduction treatment process of (a) Oil Sludge Station in Tuha Oilfield; (b) Wuqi 

Fig. 2: Sludge reduction treatment process of (a) Oil Sludge Station in Tuha Oilfield; (b) Wuqi Oil Sludge Station in Changqing Oilfield;  
(c) Yumen Refineryfield.
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Table 1: Current situation of sludge reduction treatment in China.

Site name Major equipment Process parameters Treatment effect

Tuha Oilfield 
Sludge Station

Drum screening device
Mixing tank
Slurry tank
Sludge separation tank
Sludge tank
Centrifuge

Alternate operation of two pulping tanks
Processing capacity: 100 m3.d-1

Add demulsifier and flocculant
Heating method: steam-heat transfer oil
Heating temperature: 70℃
Vertical mixing shaft mixing mode
Mixing time: 40 min
Standing time: 30 min
Rotating speed of centrifuge: 2600 r.min-1

Centrifuge time: 30 min

The reduction rate can reach 85%
The oil recovery rate can reach 80%
The minimum oil content of the reduced 
sludge can be reduced to 7%

Dongrengou Oil 
Sludge Station of 
Yanchang Oilfield

Slag remover
Conditioning tank
Centrifuge
Oil-water separator
Heat exchanger
Centrifuge

The three conditioning tanks operate 
alternately
Processing capacity: 200 m3.d-1

Add demulsifier and flocculant
Heating mode: steam.
Vertical mixing shaft mixing mode
Heating temperature: 60℃
The mixing time: 30 min
The standing time: 20 min
Rotating speed of centrifuge: 2400 r.min-1

Centrifuge time: 20 min

The reduction rate can reach 80%.
The oil recovery rate can reach 83%.
The minimum oil content of the reduced 
sludge can be reduced to 10%.
The oil content in the treated water is less 
than 1%.

Yanchang Oilfield 
Fengchuan Youni 
Station

Sand setting device
Reaction tank
Screw stacking machine

Two reaction tanks operate alternately
Processing capacity: 120 m3.d-1

Add regulator, demulsifier, and flocculant
Heating mode: steam
Vertical mixing shaft mixing mode
Heating temperature 55℃
The mixing time: 20 min
The standing time: 40 min
Sludge treatment time: 10 min

The reduction rate can reach 75%.
The oil recovery rate can reach 81%.
The minimum oil content of the reduced 
sludge can be reduced to 7%.

Changqing 
Oilfield Wuqi Oil 
Mud Station

Reaction tank
Centrifuge
Oil-water separation tank

Two reaction tanks operate alternately
Processing capacity: 150 m3.d-1

Add regulator, demulsifier, cleaning agent, 
and flocculant
Heating mode: steam
Vertical mixing shaft mixing mode
Heating temperature: 60℃
The mixing time: 40 min
The standing time: 30 min
Rotating speed of centrifuge: 2400 r.min-1

Centrifuge time: 15 min

The reduction rate can reach 70%.
The oil recovery rate can reach 75%.
The minimum oil content of the reduced 
sludge can be reduced to 10%.

Oil-bearing 
scum treatment 
workshop of 
Changqing 
Petrochemical

Homogenizing tank
Reaction tank
Centrifuge

Four reaction tanks operate alternately.
Processing capacity: 300 m3.d-1.
Add demulsifier and flocculant
Heating mode: steam
Inclined 45 ° mixing mode
Heating temperature 50℃
The mixing time: 20 min
The standing time: 30 min
Rotating speed of centrifuge: 2800 r.min-1

Centrifuge time: 40 min

The reduction rate can reach 85%.
The oil recovery rate can reach 78%.
The minimum oil content of the reduced 
sludge can be reduced to 6%.

Table Cont....

Experimental Procedure

Heat the sludge system temperature to the set temperature 
at the set heating rate. Adjust the pH of the system to the 
best experimental conditions. Adding a certain amount of 

demulsifier and adopting the best mixing method to stir 
for a certain time at a certain rate. After mixing, stand for 
a certain period of time. After standing, take out the upper 
clean water and oil to the oil-water separation device, and 
record the volume of oil and water, respectively. Adding 
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 The oil recovery rate was calculated by using the 
following equation:

100%
n
mμ :raterecovery  Oil =

where μ is the oil recovery rate (%), m is the volume of 
reduced separated oil (mL), and n is the volume of oil in 
crude mud (mL).

The reduction rate was calculated by using the following 
equation:

100%
y
xρ :rateReduction =

where ρ is the reduction rate (%), x is the final residual 
solid sludge volume after centrifugation (mL), and y is the 
volume of crude oil sludge (mL).

RESULTS AND DISCUSSION 

Many factors affect the reduction process and the effect 
of oily sludge and scum. For example, the pH value of 
the system, the type, and dosage of agents can affect the 
aggregation degree of sludge particles, the temperature can 
affect the oil recovery rate in the reduction process of oily 
sludge and scum, and the mixing time, speed and method can 
affect the size, existing state and particle grading of sludge 
particles (Zhang et al. 2021, Liang et al. 2017). Therefore, 

PAM of a certain concentration to the bottom sludge after 
standing before entering the centrifuge and stirring it evenly. 
Centrifuge it for a certain time at a certain speed in the 
centrifuge. Take out the centrifuged sludge, then take out the 
upper clean water and oil to the oil-water separation device, 
and record the volumes of oil and water, respectively. Take 
out the centrifuged bottom sludge to measure the water and 
oil content.

The single-factor experimental method was used to screen 
the best process. The final experimental effect was based on the 
overall sludge reduction rate, oil recovery rate, and the bottom 
sludge’s water content and oil content after centrifugation.

Analytical Methods

The initial pH was measured using a pH meter (PHS-3C, 
Shanghai INESA & Scientific Instrument Co., Ltd.). 

The determination method of water content in oil 
shall be in accordance with the method specified in the 
Determination of Water Content in Crude Oil Distillation 
Method (GB/T 8929-2006). Oil content in water shall be 
determined according to the method specified in Water 
Quality Determination of Petroleum, Animal, and Vegetable 
Oils Infrared Spectrophotometry (HJ 637-2012). The oil 
content of the bottom sludge shall be tested according to 
the method specified in the Control Limits for Disposal and 
Utilization of Oily Sludge (DB61/T 1025-2016). 

Site name Major equipment Process parameters Treatment effect

Oil sludge 
workshop of 
Yumen Refinery

Settling tank
Reaction tank
Centrifuge

The three reaction tanks operate alternately
Processing capacity: 200 m3.d-1

Add demulsifier and flocculant
Heating mode: steam - heat transfer oil
Vertical mixing shaft mixing mode
Heating temperature: 50℃
The mixing time: 40 min
The standing time: 30 min
Rotating speed of centrifuge: 2600 r.min-1

Centrifuge time: 25 min

The reduction rate can reach 80%.
The oil recovery rate can reach 78%.
The minimum oil content of the reduced 
sludge can be reduced to 6%.

Nanyang Oilfield 
Sludge Station

Prefabrication tank
Reaction tank
Centrifuge
Oil-water separation tank

The three reaction tanks operate alternately
Processing capacity 150 m3.d-1

Add demulsifier and flocculant
Heating mode: steam
Vertical mixing shaft mixing mode
Heating temperature 70℃
The mixing time: 30 min
The standing time: 50 min
Rotating speed of centrifuge: 2400 r.min-1

Centrifuge time: 40 min

The reduction rate can reach 84%.
The oil recovery rate can reach 83%.
The minimum oil content of the reduced 
sludge can be reduced to 9%.

Table 2: Characteristics of the oil sludge samples.

Sludge type Oil content [%] Water content [%] Solid content [%]

Bottom mud of combined station tank 17.86 80.53 1.61

Refining sludge 24.33 75.32 0.35

Oily scum 9.80 86.75 3.45
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the effect of operating conditions on the reduction process 
and oily sludge and scum was investigated.

Effects of Operating Parameters on the Reduction 
Process and Oily Sludge and Scum

Initial pH
It can be seen from Fig. 3 that when the pH is acidic, the oil 
recovery rate of the three samples is lower than 70%, and 
the reduction rate is lower than 80%. When pH becomes 
alkaline, oil recovery and decrement increase gradually, and 
when pH=8.5, oil recovery and decrement reach the highest. 
When the pH exceeds 8.5, the oil recovery and decrement 
rates decline slightly. The reason for this phenomenon is 
that when the system’s pH is weakly alkaline, it is helpful 
for the demulsification of oily sludge and scum. It can also 
react with the colloid and asphaltene in the sludge to generate 
salts, increase its water solubility, saponify with naphthenic 
acids, and improve the separation performance of chemical 
agents on oily sludge and scum. The oil recovery rate and 
the reduction effect worsen with the continuous pH increase. 
That is because some chemicals added have higher require-
ments for pH, and their effects will be weakened when they 
exceed a certain value.

Through the screening of this group of experiments, 
the optimal pH value of the three samples in the 
reduction process is 8.5. At this time, the oil recovery and 
reduction rates of the tank bottom mud of the combined 
station are 69.43%, and 71.40%, respectively. The oil 
recovery and reduction rates of refinery sludge were 
75.63% and 73.60%, respectively. The oil recovery 
and reduction rate of oily scum is 71.43% and 81.20%,  
respectively.

System Temperature
It can be seen from Fig. 4 that when the temperature rises 
from 40oC to 80oC, the oil recovery and decrement rate of 
the three samples show a trend of gradual increase. That 
is because the viscosity of the oil film is closely related to 
the temperature. The increase in temperature reduces the 
viscosity and surface tension, and the thermal expansion 
weakens the adhesion of the oil film, making it easier to 
separate the oil during the mixing process. However, when 
the temperature exceeds a certain value, the increasing trend 
of oil recovery and decrement rate is no longer obvious. 
This may be because the performance of the system in the 
system will gradually decline when the temperature exceeds 
a certain value.

Through the screening of this group of experiments, 
the optimal temperature for treating tank bottom sludge 
and refining sludge is 70℃, and the oil recovery rate and 
sludge reduction rate of tank bottom sludge are 77.27% and 
76.60%, respectively. The oil recovery and reduction rates 
of refinery sludge were 82.20% and 79.40%, respectively. 
The optimum temperature for the treatment of oily scum is 
60℃, and the oil recovery and reduction rates are 77.55% 
and 84.00%, respectively.

Heating Rate
It can be seen from Fig. 5 that the optimal heating rate in the 
process of the three samples’ reduction is different, but the 
changing trend of the treatment effect of the three samples 
is the same. With the acceleration of the heating rate, the 
effect becomes better first and then worse. The reason may 
be that the time for the sludge to reach the experimental 
temperature is too short due to a too-fast heating rate, 

100%
y
xρ :rateReduction   
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which leads to uneven heating of the sludge, especially for 
the sludge in contact with the wall of the reaction vessel. 
The temperature rise of some sludge in the middle of the 
reactor that increases the temperature by heat transfer will 
be relatively slow, resulting in a relatively large temperature 
difference in the sludge system, which cannot completely 
separate the emulsion to the maximum extent, resulting in a 
trend of increasing first and then decreasing.

Through this group of experiments, the optimal heating 
rate of tank bottom sludge and refining sludge during 
treatment is 3℃. min-1. The oil recovery rate of tank 
bottom sludge and refining sludge is 79.51% and 84.67%, 
respectively, and the reduction rate is 79.40% and 80.80%, 
respectively. The optimum heating rate of oily scum is 4℃. 
min-1, and the oil recovery and reduction rates are 83.67% 
and 84.40%, respectively.

Type and an Additional Amount of Demulsifier
It can be seen from Fig. 6 (a) that the best demulsifiers in 
the reduction process of the three samples are different 
because different types of sludge have certain differences 
in properties, and different demulsifiers have different 
demulsifying capacities for the organic phase, with a certain 
degree of specificity. The demulsifying performance directly 
affects the effect of oil-water separation; therefore, it is 
a key factor in selecting appropriate emulsifiers for this 
high-emulsified oil cement system. It can be seen from Fig. 
6 (b) that the optimum dosage of the three samples in the 
process of decrement is different. With the dosage increase, 
the oil recovery and the decrement rates increase first and 
then decrease. This may be because the demulsifier acts as 
an emulsion after exceeding a certain amount in the system, 
decreasing dehydration efficiency.

Through the screening of this group of experiments, the 
best demulsifier for treating tank bottom mud in the multi-
purpose station is 1 # demulsifier. When the dosage is 220 
mg.L-1, the oil recovery and reduction rates reach 85.11% 
and 81.00%, respectively. The best demulsifier for refining 
sludge treatment is a 2 # demulsifier. When the dosage 
is 200 mg.L-1, the oil recovery and reduction rates reach 
84.67% and 80.80%, respectively. The best demulsifier for 
oily scum treatment is a 4 # demulsifier. When the dosage is 
200 mg.L-1, the oil recovery and reduction rate reach 85.71% 
and 86.00%, respectively.

Mixing Speed and Mixing Time 
It can be seen from Fig. 7 (a) that the reduction treatment 
effects of the three kinds of sludge show a trend of increasing 
and then decreasing with the increase of mixing speed. That is 
because proper mixing intensity can improve the combination 
of agent and oil sludge, enhance the flocculation of sludge 

increase in temperature reduces the viscosity and surface tension, and the thermal 
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Fig. 5: The black line and blue line represent the sludge reduction rate and oil recovery rate at 
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particles, and accelerate the falling off of surface sand, which 
is conducive to separating oil sludge water. However, when 
the mixing speed exceeds a certain value, the emulsification 
of oily sludge and scum will become more serious, so the 
oil recovery and reduction rates will decline. It can be seen 
from Fig. 7 (b) that the reduction treatment effects of the 
three kinds of sludge show a trend of first increasing and 
then stabilizing with the extension of mixing time. Because 
with the extension of the mixing time, the oil sludge and the 
agent will be mixed more fully, and the temperature of the 
oil sludge will be more uniform. However, when the mixing 
time exceeds a certain value, the oil sludge and the agent will 
be fully mixed, and the oil sludge will be heated uniformly, 
so the overall treatment effect will not change too much.

Through this group of experiments, when the mixing 
speed is 200 r.min-1 and the mixing time is 30 min, the oil 
recovery and reduction rate can reach 89.58% and 82.00%, 
respectively. When the stirring speed is 180 r.min-1 and the 
stirring time is 30min, the oil recovery and reduction rates can 

reach 87.96% and 81.20%, respectively. When the stirring 
speed is 160 r.min-1 and the stirring time is 30min, the oil 
recovery and reduction rate can reach 89.79% and 86.60%, 
respectively.

Type of Flocculant
It can be seen from Fig. 8 that PAM has the best effect on 
reducing three kinds of sludge. The oil recovery and tank 
bottom sludge reduction rates are 90.71% and 82.60%, 
respectively. The oil recovery and reduction rates of 
refinery sludge were 90.42% and 81.00%, respectively. 
The oil recovery and reduction rate of oily scum is 91.84% 
and 86.80%, respectively. For five agents, the trend of 
treatment effect is the same when treating three types 
of sludge, and the order of effect from good to bad is 
PAM>PAS>PFS>PAC>PFC.

Molecular Weight and Dosage of PAM 
It can be seen from Fig. 9 (a) that the influence of PAM 
molecular weight on the three kinds of sludge during the 

treating tank bottom mud in the multi-purpose station is 1 # demulsifier. When the

dosage is 220 mg.L-1, the oil recovery and reduction rates reach 85.11% and 81.00%,

respectively. The best demulsifier for refining sludge treatment is a 2 # demulsifier. 

When the dosage is 200 mg.L-1, the oil recovery and reduction rates reach 84.67% and

80.80%, respectively. The best demulsifier for oily scum treatment is a 4 # demulsifier. 

When the dosage is 200 mg.L-1, the oil recovery and reduction rate reach 85.71% and 

86.00%, respectively.

Mixing Speed and Mixing Time

 
Fig. 7: (a) Sludge reduction and oil recovery rates at different mixing speeds. (b) Sludge reduction
rate and oil recovery rate at different mixing times.

It can be seen from Fig. 7 (a) that the reduction treatment effects of the three kinds

of sludge show a trend of increasing and then decreasing with the increase of mixing 

speed. That is because proper mixing intensity can improve the combination of agent 

and oil sludge, enhance the flocculation of sludge particles, and accelerate the falling

off of surface sand, which is conducive to separating oil sludge water. However, when

the mixing speed exceeds a certain value, the emulsification of oily sludge and scum 

will become more serious, so the oil recovery and reduction rates will decline. It can be

seen from Fig. 7 (b) that the reduction treatment effects of the three kinds of sludge

show a trend of first increasing and then stabilizing with the extension of mixing time.

Because with the extension of the mixing time, the oil sludge and the agent will be

mixed more fully, and the temperature of the oil sludge will be more uniform. However, 

when the mixing time exceeds a certain value, the oil sludge and the agent will be fully

mixed, and the oil sludge will be heated uniformly, so the overall treatment effect will

not change too much.

Fig. 7: (a) Sludge reduction and oil recovery rates at different mixing speeds. (b) Sludge reduction rate and oil recovery rate at different mixing times.

Through this group of experiments, when the mixing speed is 200 r.min-1 and the 

mixing time is 30 min, the oil recovery and reduction rate can reach 89.58% and 82.00%,

respectively. When the stirring speed is 180 r.min-1 and the stirring time is 30min, the

oil recovery and reduction rates can reach 87.96% and 81.20%, respectively. When the

stirring speed is 160 r.min-1 and the stirring time is 30min, the oil recovery and reduction

rate can reach 89.79% and 86.60%, respectively. 

Type of Flocculant 

 
Fig. 8: The black line and blue line represent the sludge reduction rate and oil recovery rate at
different types of flocculants, respectively.

It can be seen from Fig. 8 that PAM has the best effect on reducing three kinds of

sludge. The oil recovery and tank bottom sludge reduction rates are 90.71% and 82.60%, 

respectively. The oil recovery and reduction rates of refinery sludge were 90.42% and 

81.00%, respectively. The oil recovery and reduction rate of oily scum is 91.84% and 

86.80%, respectively. For five agents, the trend of treatment effect is the same when

treating three types of sludge, and the order of effect from good to bad is

PAM>PAS>PFS>PAC>PFC.

Fig. 8: The black line and blue line represent the sludge reduction rate and oil recovery rate at different types of flocculants, respectively.
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reduction treatment process is the same. With the gradual 
increase of molecular weight, the oil recovery rate and the 
reduction rate show a gradual increase trend because, with 
the increase of molecular weight, the chain of PAM is longer, 
the more impurities or suspended solids can be attached, and 
the larger the flocs are formed, the better the dehydration 
effect will be. However, when the molecular weight reaches 
a certain level, the treatment effect will no longer be 
significantly improved, or even partially decreased, because 
in the same experimental time, the higher the molecular 
weight of PAM is, the worse its solubility will be, and the 
treatment effect will become worse. It can be seen from Fig. 
9 (b) that with the gradual increase of flocculant dosage, the 
oil recovery rate and reduction rate show an upward trend 
because flocculant is a strong electrolyte with charge, which 
is added to the sludge to break the imbalance of an original 
colloid or emulsion, to achieve sludge destabilization. 
The treatment effect becomes better with the increase of 
flocculant dosage. It shows that the added flocculation dose 
is insufficient to make the system’s positive and negative 
charges reach equilibrium. However, when the amount of 
flocculant continues to increase, and the positive and negative 
charges in the system reach the equivalent state, the sludge 
treatment effect is the best at this time. If the amount of 
flocculant continues to increase, the excess negative charges 
will repel each other in the sludge, leading to a decline in 
the treatment effect.

Through this group of experiments, the PAM with a 
molecular weight of 16 million is better when treating tank 
bottom sludge and refining sludge. When the dosage is 50 
mg.L-1, the oil recovery rate can reach 91.83% and 91.25%, 
respectively, and the sludge reduction rate can reach 84.00% 
and 82.00%, respectively. When treating oily scum, the 
PAM with 14 million molecular weight is better. When the 
dosage is 30 mg.L-1, the oil recovery and sludge reduction 
rates reach 91.84% and 86.80%, respectively.

Centrifuge Speed and Centrifuge Time 
It can be seen from Fig. 10 (a) that the influence trend of 
different centrifuge speeds on the three kinds of sludge in 
the process of reduction treatment is the same. With the 
increase in centrifuge speed, the oil recovery and reduction 
rates are also increasing. That is because the higher the 
speed is, the greater the centrifugal force is, and the easier 
the solid and liquid phases are separated. However, when the 
rotating speed of the centrifuge exceeds a certain value, the 
centrifugal effect will no longer change significantly because 
the best separation state of the centrifuge has been reached. 
This experiment’s rotating speed has not increased because 
the best separation state has been reached. However, if the 
rotating speed increases, the centrifugal force and the me-
chanical force on the gauze in the centrifuge increase. When 
the rotating speed exceeds a certain value, the gauze will be 
damaged, the density of the gauze will become smaller, so 
some small particles of sludge will flow out with the water 
phase, resulting in a decline in the effect. It can be seen from 
Fig.10 (b) that with the increase of centrifuge speed, the oil 
recovery rate and decrement rate also increase because the 
longer the centrifugation time is, the longer the solid-liquid 
phase has enough time to separate, making the separation 
more thorough. However, when the centrifuge time reaches 
a certain value, the centrifuge effect will no longer change 
significantly because the best separation state of the centri-
fuge has been reached. It can be seen from the comparison 
between the oil recovery rate and the decrement rate that, 
with the increase of centrifugation time, the decrement rate 
is still rising when the oil recovery rate is no longer changing 
within the same time. Therefore, the optimal centrifugation 
time under this phenomenon should be the time correspond-
ing to the maximum decrement rate.

Through this group of experiments, when the rotating 
speed of the centrifuge for treating tank bottom sludge 
is 2800 r.min-1 and the centrifuge time is 15 min, the oil 
recovery rate and sludge reduction rate can reach 96.30% and 

Molecular Weight and Dosage of PAM  

  
Fig. 9: (a) Sludge reduction and oil recovery rates at different PAM molecular weights. (b) Sludge 
reduction rate and oil recovery rate at different flocculant dosage. 

It can be seen from Fig. 9 (a) that the influence of PAM molecular weight on the 

three kinds of sludge during the reduction treatment process is the same. With the 

gradual increase of molecular weight, the oil recovery rate and the reduction rate show 

a gradual increase trend because, with the increase of molecular weight, the chain of 

PAM is longer, the more impurities or suspended solids can be attached, and the larger 

the flocs are formed, the better the dehydration effect will be. However, when the 

molecular weight reaches a certain level, the treatment effect will no longer be 

significantly improved, or even partially decreased, because in the same experimental 

time, the higher the molecular weight of PAM is, the worse its solubility will be, and 

the treatment effect will become worse. It can be seen from Fig. 9 (b) that with the 

gradual increase of flocculant dosage, the oil recovery rate and reduction rate show an 

upward trend because flocculant is a strong electrolyte with charge, which is added to 

the sludge to break the imbalance of an original colloid or emulsion, to achieve sludge 

destabilization. The treatment effect becomes better with the increase of flocculant 

dosage. It shows that the added flocculation dose is insufficient to make the system's 

positive and negative charges reach equilibrium. However, when the amount of 

flocculant continues to increase, and the positive and negative charges in the system 

reach the equivalent state, the sludge treatment effect is the best at this time. If the 

amount of flocculant continues to increase, the excess negative charges will repel each 

other in the sludge, leading to a decline in the treatment effect. 

Through this group of experiments, the PAM with a molecular weight of 16 million 

Fig. 9: (a) Sludge reduction and oil recovery rates at different PAM molecular weights. (b) Sludge reduction rate and oil recovery rate at different 
flocculant dosage.
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93.00%, respectively. When treating refinery sludge, when 
the rotating speed of the centrifuge is 2800 r.min-1 and the 
centrifuge time is 20 min, the oil recovery rate and sludge 
reduction rate can reach 95.36% and 92.60%, respectively. 
When dealing with oily scum, the oil recovery rate and sludge 
reduction rate can reach 95.92% and 93.60%, respectively, 
when the rotating speed of the centrifuge is 2600 r.min-1 and 
the centrifugation time is 15 min.

Process Optimization 

All the above experimental conditions are summarized, 

and the best process for each of the three kinds of sludge is 
shown in Table 3.

Determine the oil content, water content, and solid 
content of the residues of the three kinds of sludge after 
treatment according to the best process, the oil content of 
the separated water, and the water content of the separated 
oil. The test results are shown in Table 4.

It can be seen from Table 4 that the determination results 
of the three kinds of sludge after being treated by the best 
process show that the oil content of the residue can be 
reduced to below 5.1%. The water content can be reduced 

is better when treating tank bottom sludge and refining sludge. When the dosage is 50 

mg.L-1, the oil recovery rate can reach 91.83% and 91.25%, respectively, and the sludge 

reduction rate can reach 84.00% and 82.00%, respectively. When treating oily scum, 

the PAM with 14 million molecular weight is better. When the dosage is 30 mg.L-1, the 

oil recovery and sludge reduction rates reach 91.84% and 86.80%, respectively. 

Centrifuge Speed and Centrifuge Time  

  
Fig.10: (a) Sludge reduction and oil recovery rates at different centrifuge speeds. (b) Sludge 
reduction rate and oil recovery rate at different centrifuge time. 

It can be seen from Fig.10 (a) that the influence trend of different centrifuge speeds 

on the three kinds of sludge in the process of reduction treatment is the same. With the 

increase in centrifuge speed, the oil recovery and reduction rates are also increasing. 

That is because the higher the speed is, the greater the centrifugal force is, and the easier 

the solid and liquid phases are separated. However, when the rotating speed of the 

centrifuge exceeds a certain value, the centrifugal effect will no longer change 

significantly because the best separation state of the centrifuge has been reached. This 

experiment's rotating speed has not increased because the best separation state has been 

reached. However, if the rotating speed increases, the centrifugal force and the 

mechanical force on the gauze in the centrifuge increase. When the rotating speed 

exceeds a certain value, the gauze will be damaged, the density of the gauze will 

become smaller, so some small particles of sludge will flow out with the water phase, 

resulting in a decline in the effect. It can be seen from Fig.10 (b) that with the increase 

of centrifuge speed, the oil recovery rate and decrement rate also increase because the 

longer the centrifugation time is, the longer the solid-liquid phase has enough time to 

separate, making the separation more thorough. However, when the centrifuge time 

Fig.10: (a) Sludge reduction and oil recovery rates at different centrifuge speeds. (b) Sludge reduction rate and oil recovery rate at different  
centrifuge time.

Table 3: The best process for reducing different types of sludge.

Sludge type Optimum process conditions

Tank bottom 
sludge

The pH value of the system is 8.5. Temperature 70℃. The heating rate is 3℃.min-1. Add 220 mg.L-1 1 # demulsifier. Mixing 
speed 200 r.min-1. The mixing time is 30 min. Before centrifugation, add 50 mg.L-1 PAM with a molecular weight of 16 million 
into the sludge and stir it evenly. Centrifuge at 2800 r.min-1 for 15 min in a centrifuge. Under the above experimental conditions, 
the oil recovery rate and reduction rate of tank bottom sludge in the process of reduction treatment can reach 96.30% and 93.00%, 
respectively.

Refining 
sludge

The pH value of the system is 8.5. Temperature 70℃. The heating rate is 3℃.min-1. Add 200 mg.L-1 of 2 # demulsifier. Mixing 
speed 180 r.min-1. The mixing time is 30 min. Before centrifugation, add 50 mg.L-1 PAM with a molecular weight of 16 million 
into the sludge and stir it evenly. Centrifuge in a centrifuge at 2800 r.min-1 for 20 min. Under the above experimental conditions, 
the oil recovery rate and reduction rate of refinery sludge in the process of reduction treatment can reach 95.36% and 92.60%, 
respectively.

Oily sludge The pH value of the system is 8.5. Temperature 60℃. The heating rate is 4℃.min-1. Add 200 mg.L-1 of 4 # demulsifier. Mixing 
speed 160 r.min-1. The mixing time is 30 min. Before centrifugation, add 30 mg.L-1 PAM with a molecular weight of 14 million 
into the sludge and stir it evenly. Centrifuge at 2600 r.min-1 for 15 min in a centrifuge. Under the above experimental conditions, 
the oil recovery and reduction rate of oily scum in the process of reduction treatment can reach 95.92% and 93.60%, respectively.

Table 4: Analysis of residue, water, and oil after sludge reduction.

After sludge reduction treatment Processing results

Tank bottom sludge Refinery sludge Oil scum

Residue after sludge 
reduction

Oil content [%] 4.5~5.0 4.3~5.1 3.5~4.5

Water content [%] 53.2~55.7 52.4~56.5 55.5~59.0

Solid content [%] 39.3~42.3 38.4~43.3 36.5~41.0

Oil content in water after sludge centrifugation [mg.L-1] 175~190 180~200 150~180

Water content in oil after sludge centrifugation [%] ≤0.2 ≤0.2 ≤0.15
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to below 59.0%, and the treatment effect has exceeded 
the technical level at home and abroad. The oil content of 
the separated water is less than 200 mg.L-1, which can be 
directly sent to the sewage treatment system of the oilfield 
combined station for advanced treatment. The water content 
of the separated oil is lower than 0.2%, which is lower than 
the requirement of 0.5% in the oilfield’s crude oil gathering 
and transportation standard.

Morphological Changes of Oily Sludge and Scum 
Before and After Treatment

To more intuitively explain the effect of oily sludge 

reduction, the morphology of oily sludge and scum before 
and after treatment was analyzed and studied by scanning 
electron microscope, as shown in Fig. 11. 

It can be seen from Fig. 11 that the oily sludge and scum 
present a certain spatial network structure before treatment, 
with a certain cross-linking structure. The volume of the oily 
sludge and scum is swollen and wrapped with oil droplets, 
which leads to the enhanced stability of the oily sludge and 
scum, and the oil is wrapped and difficult to remove. After the 
reduction treatment, the oily sludge and scum have obvious 
differences in structure, which split into small pieces of 
blocky material. The spatial network structure is broken, and 

Fig. 11: Morphological comparison of (a,b) tank bottom mud (c,d) refinery sludge (e,f) oily scum 
before and after treatment.

It can be seen from Fig. 11 that the oily sludge and scum present a certain spatial

network structure before treatment, with a certain cross-linking structure. The volume

of the oily sludge and scum is swollen and wrapped with oil droplets, which leads to 

the enhanced stability of the oily sludge and scum, and the oil is wrapped and difficult 

to remove. After the reduction treatment, the oily sludge and scum have obvious

differences in structure, which split into small pieces of blocky material. The spatial

(a) (b) 

(c) (d) 

(e) (f) 

Fig. 11: Morphological comparison of (a,b) tank bottom mud (c,d) refinery sludge (e,f) oily scum before and after treatment. 
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the oil droplets wrapped in them can be released to remove 
the oil in the oily sludge and scum.

CONCLUSION

 (1) Under the conditions of the best experimental
parameters, the oil recovery rate and reduction rate of
the tank bottom sludge after the reduction could reach
96.30% and 93.00%, respectively, and the oil recovery
rate and reduction rate of the refining sludge after the
reduction treatment could reach 95.36% and 92.60%
respectively, the oil recovery rate and reduction rate of
oily scum after reduction treatment reached 95.92% and 
93.60% respectively.

 (2) Oil content of the residue can be as low as 5.1% and the 
water content as low as 59% after three types of sludge
are treated under the best process conditions.

 (3) Oil content in the water separated from the three types of 
sludge is less than 200 mg.L-1, which can be directly sent 
to the sewage treatment system of the oilfield combined 
station for advanced treatment. The water content in
the separated oil is lower than 0.2%, far lower than the
requirement of 0.5% in the oilfield’s crude oil gathering 
and transportation standard.

 (4) Based on the morphology of sludge, oily sludge, and
scum had obvious differences in structure. They split
into small pieces of blocky material, the spatial network
structure was broken, and the oil droplets wrapped in
them could be released so that the oil in the oily sludge
and scum could be removed.
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      ABSTRACT
The present study aimed to evaluate the possible impact of noise pollution. This study was 
conducted in Raipur, the capital of Chhattisgarh state, India, to analyze the relationship 
between noise pollution and health complaints. A total of 18 locations were selected for 
monitoring noise pollution levels in the morning (9:00-10:30 AM) and evening (7:00-8:30 
PM). Noise maps were prepared for both the time interval, and it was found that the highest 
equivalent noise level (Leq)of 81.31 dBA was observed at location L3 whereas the lowest 
Leq of 63.25 dBA was observed at L16 in the morning and in the evening 77.33 dBA at 
L3 and 60.14 dBA at L16 were observed. A questionnaire survey was performed on the 
population (n = 400) exposed to noise and analyzed through a variance-based partial least 
square (PLS) structural equation model (SEM). From the survey, it was found that most of 
the respondents are exposed to higher noise levels and are facing health issues of “pain 
in the ear,” “rise in blood pressure,” “loss of sleep,” “whistling and buzzing” in their ear, 
“headache,” “heaviness” and “efficiency problem.” A total of 109 hypotheses were proposed 
and analyzed through bootstrapping with a subsample size of 5000 in SmartPLS software. 
18 hypotheses were found to be significant in the proposed model. SEM analysis revealed 
an interrelation between noise pollution and health effects. It is recommended that strict 
regulation in nearby sensitive areas must be imposed and an awareness drive on a large 
scale shall be conducted to enlighten the city’s population regarding noise effects as well as 
various measures for controlling.

INTRODUCTION

One of the invisible pollutants present in our environment 
is noise.  Any disturbing or unwanted sound that affects 
the wellbeing and health of a human or any other organism 
is defined as noise pollution. Air and noise pollution are 
mainly generated by road traffic, which both affect human 
health (Stansfeld & Clark 2015). For the community noise, 
the main source is road traffic. It is well known to everyone 
that, mainly in larger cities, noise pollution is continuously 
affecting the exposed population (Wu et al. 2019). Major 
factors contributing to the higher environmental noise levels 
are increased rail, road, and air traffic, economic growth, and 
urbanization (de Souza et al. 2019, Ramanathan & Renuka 
2008).  The increase in noise levels on roads is mainly due 
to an increase in the number of vehicles, vehicles type and 
conditions, road quality, the density of vehicles, and weather 
conditions (Farooqi et al. 2019, Tabraiz et al. 2015, Gilani & 
Mir 2021, Hunashal & Patil 2011) Apart from this, festivals 
also contribute to higher noise levels in India. The Diwali 
festival is one of the major factors contributing to air and 
noise pollution throughout the country (Garg et al. 2017). 

A large number of railway helps improve public transport 
but cause different harmful effects on the nearby population 
(Sarikavak & Boxall 2019). Noise from locomotives during 
idling or operation, bunching, and stretching wagons during 
braking or acceleration, and noise from the flanging of 
wheels on the curve is typical noise generated from the 
railways (Jiang et al. 2015). Electrified rail line causes less air 
pollution, but at the other end reduction in noise pollution is 
not observed. Noise from the tire can dominate other sources 
at 70km.h-1 speed of vehicles. Hence noise on the road can be 
mitigated by limiting the speed in streets in densely populated 
areas. If the road gradient is reduced by 5%, then 1.5dB of 
noise can also be reduced by plantations of trees can help in 
mitigating higher levels of noise. Similarly, reducing 10dB of 
noise construction of barriers along the road is recommended 
(Farooqi et al. 2019).

People with higher noise levels in surroundings 
significantly have higher noise annoyance and stress levels.  
Continuous exposure to higher noise levels causes permanent 
or temporary hearing loss. It can induce physiological effects 
(anxiety, depression), which can be permanent or temporary 
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(de Souza et al. 2019, Al-Mutairi et al. 2011, Juang et al. 
2010, Chakraborty & Banerjee 2007). It can also cause high 
blood pressure, irregular heartbeat, sleep disturbance, and 
lack of concentration and efficiency (Farooqi et al. 2020, 
Terry et al. 2021, Hahad et al. 2021). In the middle-aged 
group, self-reported hypertension and higher noise levels 
from road traffic are interconnected (Bodin et al. 2009). Noise 
also affects adversely to children by causing premature birth 
and low birth weight (Stansfeld &Clark 2015). According 
to the World Bank Population Report of 2019, India is the 
second largest country in terms of population worldwide 
(World Bank 2019). As per the Department of Economic 
Division (2019) United Nations, India will overtake China 
by 2027 in terms of population (UN 2019). As of 31st March 
2019, India also has 296 million registered vehicles, and an 
annual growth rate of 9.9 percent during the last ten years 
(2009 to 2019) was recorded (MORTH 2019). In Raipur, 
the total number of registered vehicles is 1.5 million, among 
which 1.4 million are non-transport vehicles and 0.13 million 

are transport vehicles as of 31st March 2019. The number 
of registered vehicles in the city has increased by a very 
large number. The total number of vehicles registered in 
Raipur City from 2010 to 2019 is shown in Fig. 1, and the 
percentage of different classes of vehicles as of 31st March 
2019 is shown in Fig. 2.

People living near noisy streets and residential areas near 
highways and railways are most vulnerable to noise pollution. 
The exposed people mostly face difficulty in sleeping and 
get awakened at night, as a result of which they feel tired 
and have work efficiency problems mostly. Also, these 
populations have short and long-term effects due to higher 
noise levels (Ristovska & Lekaviciute 2013, Gholami et al. 
2012). This study was designed to determine the impacts of 
noise pollution on the selected target population. Raipur City, 
the capital of Chhattisgarh state of India, is selected as the 
study site in the current investigation. To find the relationship 
between the demographic, physiological, and psychological 
factors of the exposed population in the study variance-
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psychological factors of the exposed population in the study variance-based structural equation model

(SEM) method is used. This work using SEM is conducted for the first time in the selected study area,

which makes it new and different. The previous study by Fhyri and Aasvang (2010) incorporated SEM

to find the relationship between traffic noise and heart problems. Also, SEM was used by Fyhri and

Klaeboe (2009) to explore the relation between noise from traffic, self-reported health issues,

annoyance, and sensitivity. Their study suggested a strong relationship exists between sensitivity to

noise and health complaints.  Variance-based Partial Least Square (PLS) SEM is mostly preferred over

covariance-based (CB-SEM) by most researchers because of its different advantages (Ooi et al. 2018).

PLS-SEM performance on a different scale is good, and like other multivariate analysis techniques, it

thoroughly evaluates the results, makings it reliable in studying hypothetical theory (Hair et al. 2011.

2012).

MATERIALS AND METHODS

Description of the Study Area

The acoustic study was conducted in Raipur City of Chhattisgarh, India (1st August to 15th September

2022). The City is situated in the East Central part of the state at the latitude of 21o 16’N, longitude 81o

36’E with an altitude of 289.5m above mean sea level. Raipur is the capital of Chhattisgarh, with the

highest population density among other state cities. As per the census 2011 of India, the total population 

in Raipur is 1,010,433, of which 518,611 are male, and 491,822 are female, respectively. The density
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based structural equation model (SEM) method is used. 
This work using SEM is conducted for the first time in the 
selected study area, which makes it new and different. The 
previous study by Fhyri and Aasvang (2010) incorporated 
SEM to find the relationship between traffic noise and 
heart problems. Also, SEM was used by Fyhri and Klaeboe 
(2009) to explore the relation between noise from traffic, 
self-reported health issues, annoyance, and sensitivity. 
Their study suggested a strong relationship exists between 
sensitivity to noise and health complaints.  Variance-based 
Partial Least Square (PLS) SEM is mostly preferred over 
covariance-based (CB-SEM) by most researchers because 
of its different advantages (Ooi et al. 2018). PLS-SEM 
performance on a different scale is good, and like other 
multivariate analysis techniques, it thoroughly evaluates 
the results, makings it reliable in studying hypothetical 
theory (Hair et al. 2011. 2012).

MATERIALS AND METHODS

Description of the Study Area

The acoustic study was conducted in Raipur City of 
Chhattisgarh, India (1st August to 15th September 2022). 
The City is situated in the East Central part of the state at 
the latitude of 21o 16’N, longitude 81o 36’E with an altitude 
of 289.5m above mean sea level. Raipur is the capital of 

Chhattisgarh, with the highest population density among 
other state cities. As per the census 2011 of India, the total 
population in Raipur is 1,010,433, of which 518,611 are 
male, and 491,822 are female, respectively. The density of 
the city is 328 people per km2. The city’s climate is sub-
humid, with an annual average rainfall of 1489mm, of which 
1348mm is received during the monsoon season.  Historically 
it has been found that wind speed in September was 6.8mph. 
Raipur is well connected to other cities of the state, and it has 
a wide road network. The city’s road network and sampling 
locations are shown in Fig. 3.

Study Design

This study measured equivalent noise levels (Leq) at major 
city squares and a questionnaire survey. Random sam-
pling was used for the survey work. The sample size was 
determined using the formula 4pq.L-2(Sahu et al. 2020). 
“p” was taken as 50% with a permissible error of 5%. A 
95% confidence limit sample size was determined as 396, 
rounded to 400. Measurement of Leq was done both in the 
morning and evening. Noise maps were prepared using the 
inverse distance weighting (IDW) interpolation method 
in ArcGIS software. A survey was carried out on the de-
termined sample size, and data were analyzed using PLS-
SEM. The detailed methodology of the study is shown in  
Fig. 4.
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Noise Measurement and Mapping

Noise levels were observed at 18 locations in the study area 
using Extech (Model: SL-400) sound level meter (SLM) 
during the morning (9:00-10:30 AM) and evening (7:00-8:30 
PM). The instrument was mounted on a tripod and elevated 
to 1.5 m above the ground level. ISO 1996-1:2016 standard 
method was used for measuring noise at different locations 

(ISO 1996-1 2016). SLM was placed on the side of the road 
2m from reflecting objects. Leq was recorded at each location, 
and an average value was obtained using statistical analysis. 
The latitude and longitude of each location were recorded and 
inserted in ArcGIS software to prepare the map. The average 
Leq of each location was used to perform IDW interpolation 
in GIS, and noise maps were prepared for each morning and 
evening, respectively. 

5 

`

Fig. 4: Methodology of the study. 
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population of the study area. The questions that the respondents were asked are shown in Table 1. 
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Table 1: Framed question for the survey

Noise Exposure Questionnaire
You are: __Male      __ Female               Your Age: ___             Occupation:_________

Q1 Do you feel that there is noise in your area of work and home that is disturbing you?

Q2 Do you feel that this noise is affecting you?

Q3 Can you say that the high level of noise affects your health?

Q4 How often are you exposed to high noise in your daily routine?

Q5 Due to noise, do you feel pain in your ears after/while listening to music?

Q6 Is there whistling and buzzing in your ears when exposed to higher noise levels?

Q7 Due to noise, do you feel Interference with speech?

Q8 Due to noise, do you feel Annoyance?

Q9 Due to noise, do you feel that you have Efficiency Problems?

Q10 Due to noise, do you feel Loss of sleep/insomnia?

Q11 Due to noise, do you feel Visual Disturbances?

Q12 Due to the noise, do you feel Giddiness?

Q13 Due to noise, do you feel Raise in Blood Pressure?

Q14 Due to noise, do you feel Headache and heaviness?

Q15 Due to noise, do you feel an Increased heart rate and breathing?

Q16 Due to noise, do you feel an Increase in sweating?

Q17 Do your friends say that you are a habitual debater?

6 Point Scale used:       1 - Rarely  2 - Sometimes 3 - Often  4 - Usually 5 - Never  6 - Always
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Table 2: Proposed hypothesis for the study

Hypothesis There is relation between Hypothesis There is relation between
HP1 Age and gender HP55 Q1 and Q3
HP2 Age and occupation HP56 Q1 and Q4
HP3 Age and Q1 HP57 Q1 and Q5
HP4 Age and Q2 HP58 Q1 and Q6
HP5 Age and Q3 HP59 Q1 and Q7
HP6 Age and Q4 HP60 Q1 and Q8
HP7 Age and Q5 HP61 Q1 and Q9
HP8 Age and Q6 HP62 Q1 and Q10
HP9 Age and Q7 HP63 Q1 and Q11
HP10 Age and Q8 HP64 Q1 and Q12
HP11 Age and Q9 HP65 Q1 and Q13
HP12 Age and Q10 HP66 Q1 and Q14
HP13 Age and Q11 HP67 Q1 and Q15
HP14 Age and Q12 HP68 Q1 and Q16
HP15 Age and Q13 HP69 Q1 and Q17
HP16 Age and Q14 HP70 Q2 and Q5
HP17 Age and Q15 HP71 Q2 and Q6
HP18 Age and Q16 HP72 Q2 and Q7
HP19 Age and Q17 HP73 Q2 and Q8
HP20 Gender and occupation HP74 Q2 and Q9
HP21 Gender and Q1 HP75 Q2 and Q10
HP22 Gender and Q2 HP76 Q2 and Q11
HP23 Gender and Q3 HP77 Q2 and Q12
HP24 Gender and Q4 HP78 Q2 and Q13
HP25 Gender and Q5 HP79 Q2 and Q14
HP26 Gender and Q6 HP80 Q2 and Q15
HP27 Gender and Q7 HP81 Q2 and Q16
HP28 Gender and Q8 HP82 Q2 and Q17
HP29 Gender and Q9 HP83 Q3 and Q5
HP30 Gender and Q10 HP84 Q3 and Q6
HP31 Gender and Q11 HP85 Q3 and Q7
HP32 Gender and Q12 HP86 Q3 and Q8
HP33 Gender and Q13 HP87 Q3 and Q9
HP34 Gender and Q14 HP88 Q3 and Q10
HP35 Gender and Q15 HP89 Q3 and Q11
HP36 Gender and Q16 HP90 Q3 and Q12
HP37 Gender and Q17 HP91 Q3 and Q13
HP38 Occupation and Q1 HP92 Q3 and Q14
HP39 Occupation and Q2 HP93 Q3 and Q15
HP40 Occupation and Q3 HP94 Q3 and Q16
HP41 Occupation and Q4 HP95 Q3 and Q17
HP42 Occupation and Q5 HP96 Q4 and Q3
HP43 Occupation and Q6 HP97 Q4 and Q5
HP44 Occupation and Q7 HP98 Q4 and Q6
HP45 Occupation and Q8 HP99 Q4 and Q7
HP46 Occupation and Q9 HP100 Q4 and Q8
HP47 Occupation and Q10 HP101 Q4 and Q9
HP48 Occupation and Q11 HP102 Q4 and Q10
HP49 Occupation and Q12 HP103 Q4 and Q11
HP50 Occupation and Q13 HP104 Q4 and Q12
HP51 Occupation and Q14 HP105 Q4 and Q13
HP52 Occupation and Q15 HP106 Q4 and Q14
HP53 Occupation and Q16 HP107 Q4 and Q15
HP54 Occupation and Q17 HP108 Q4 and Q16

HP109 Q4 and Q17
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Questionnaire Survey

Questionnaire surveys were conducted on the population 
(n = 400) exposed to high noise levels. The questionnaire 
was divided into different sections containing demographic 
information of the respondents, such as their age, gender, 
occupation, and duration of the exposed high noise levels. 
6 point scale was used to get the response from the exposed 
population. “Rarely = 1”, “Sometimes = 2”, “Often = 
3”,“Usually = 4”,“Never = 5,” and “Always = 6” were the 
anchors to the questionnaire. Respondents were asked to 
fill out the survey form based on their thinking over the last 
12 months regarding noise pollution. Questions (Q1- Q17) 
to assess problems like sleeping, headache, pain in the ear, 
blood pressure, visualization, sweating, etc., were asked from 
the respondents. Based on the response received, statistical 
analysis was carried out to find the impact of noise on the 
exposed population of the study area. The questions that the 
respondents were asked are shown in Table 1.

PLS-SEM Hypothesis Development

To investigate the relationship between noise pollution 
and its effect on the following human hypothesis (HP) was 
proposed which is shown in Table 2.

Analysis of Data Through PLS-SEM

SEM path analysis is used in this study using Smart-PLS 3.0 
software. SEM is expressed as a path model that estimates 
direct and indirect effects. SEM and path models are more 
advantageous and powerful than multiple regression models 
(Davvetas et al. 2020). A total of 109 hypotheses have been 
developed and examined. The hypothesis has been made by 
connecting demographical, physiological, and psychological 
factors. Bootstrap of the developed model was done, and 
results were obtained by taking 5000 subsamples. The 
developed model is shown in Fig. 5.

RESULTS AND DISCUSSION

Noise Pollution Monitoring and Mapping

This study included 18 locations for monitoring noise 
pollution in the morning and evening. Fig. 6 & 7 depict the 
noise map of the study area, respectively. Table 3 depicts 
the locations’ detail and the observed average Leq for both 
intervals. A better understanding can be developed by noise 
map compared to tabular form. The above-mentioned figure 
reveals that all the locations have a higher level of noise in 
the environment. A road network with high traffic volume 
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Fig. 5: Developed SEM model in Smart-PLS 3.0 
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Consequently,77.33 dBA at L3 and 60.14 dBA at L16 were observed in the evening. All the locations 
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New Delhi. While studying, it was found that in the morning, 0% of the locations had noise levels less 

than 50 dBA, 44.46% fell between 60 to 70 dBA, 33.34% between 70 to 75 dBA, and 22.23% above 
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dBA, and 33.34% above 75 dBA, respectively. The noise levels' results are close to those obtained in 
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surrounds all the locations. The Highest Leq of 81.31 dBA 
was observed at location L3, whereas the lowest Leq of 63.25 
dBA was observed at L16 in the morning.

Consequently,77.33 dBA at L3 and 60.14 dBA at L16 
were observed in the evening. All the locations breached 
the ambient standard noise level prescribed by the Central 
Pollution Control Board (CPCB), New Delhi. While 
studying, it was found that in the morning, 0% of the 
locations had noise levels less than 50 dBA, 44.46% fell 
between 60 to 70 dBA, 33.34% between 70 to 75 dBA, and 
22.23% above 75 dBA.

Similarly, in the evening, 0 % below 50dBA, 27.78% 
between 60 to 70 dBA, 38.8% between 70 to 75 dBA, and 
33.34% above 75 dBA, respectively. The noise levels’ results 
are close to those obtained in Delhi City by Mishra et al. 
(2021). In his study, the morning noise levels varied between 
68.5 to 80.4 dBA, whereas evening varied between 71.9 to 
83.7 dBA. Pathak et al. (2008) studied Varanasi city of India 
and found a maximum noise level of 75.3 dBA in their study 
location. Similar to other studies in India, our results reveal 
that Raipur is also facing the problem of noise pollution, and 
exposed people are affected by it.

Questionnaire Analysis

This study included 400 respondents in the questionnaire 
survey. 73.84% of the respondents were male, whereas  

26.16% were female. The average age of the respondents 
is 30.7 ± 10.69 years. The response analysis was carried 
out in two phases, one for overall response and the other 
for a response based on age group. Fig.8 depicts the overall 
response, whereas Fig. 9 depicts the response in the age 
group. The questionnaire revealed that respondents suffer 
from disturbing noise in their workplace or residence. 31.28% 
of respondents considered “sometimes” they are exposed 
to a high level of noise, followed by 24.10% “usually,” 
20.14% “often,” 13.34% “always,” 9.74% “rarely,” and 
1.53% “never.” Respondents also considered high noise 
affected their health and caused different physiological and 
psychological effects. 32.30% of considered pain in the ear 
“sometimes,” followed by 21.53% “never” and 18.97% 
“often.” Consequently, 22.05% reported whistling and 
buzzing, and 28.71% had interference with the speech in 
the ear “often.” As per the survey report, 34.35%, 28.71%, 
and 33.34% of the respondents “sometimes” suffer from 
annoyance, efficiency problems, and sleep loss, respectively. 
However, 60.51%, 51.79%, and 40.10% “never” suffered 
from visual disturbance, giddiness, and a rise in blood 
pressure due to higher noise levels but 12.30%, 19.48%, and 
28.20% “sometimes” suffered. 21.5% “often” felt headaches 
and heaviness due to noise, while 25.12% agreed that their 
friends say they are habitual debaters. A similar study by 
Swain & Goswami (2013) in Baripada, India found that due 
to noise, 41 % of respondents were annoyed, 11% had a loss 

9 

India and found a maximum noise level of 75.3 dBA in their study location. Similar to other studies in

India, our results reveal that Raipur is also facing the problem of noise pollution, and exposed people

are affected by it. 

Fig.6: Noise map of morning noise levels 

Fig.7: Noise map of evening noise levels.

Fig. 6: Noise map of morning noise levels.
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India and found a maximum noise level of 75.3 dBA in their study location. Similar to other studies in

India, our results reveal that Raipur is also facing the problem of noise pollution, and exposed people

are affected by it. 

Fig.6: Noise map of morning noise levels 

Fig.7: Noise map of evening noise levels.
Fig. 7: Noise map of evening noise levels.

Table 3: Observed noise levels during the study

Location Symbol Latitude Longitude Leq Morning Leq Evening

City Kotwali L1 21.23781 81.63712 78.31 76.25

Mekahara L2 21.25363 81.63961 73.75 70.54

Gudhyari L3 21.26107 81.6199 81.31 77.33

Pandri L4 21.25434 81.65025 77.18 75.86

Sankar Nagar L5 21.26125 81.6727 74.19 71.15

Avanti Vihar L6 21.23934 81.66855 74.93 70.37

Tagor Nagar L7 21.23458 81.65112 70.11 68.42

Lalpur L8 21.21461 81.65923 69.96 66.28

Santoshi Nagar L9 21.21347 81.64244 75.68 72.53

Raipura L10 21.22057 81.59239 78.73 75.39

Goal Chowk L11 21.23674 81.60099 71.95 68.61

AIIMS Raipur L12 21.25916 81.57929 66.45 62.25

NIT Gate L13 21.24794 81.60383 70.99 72.24

Kabir Nagar L14 21.26965 81.59269 67.38 62.83

Kota L15 21.2584 81.6034 65.95 61.38

Samta Colony L16 21.24637 81.61728 63.25 60.14

Kushalpur Chowk L17 21.22737 81.61174 72.25 68.29

Purani Basti L18 21.23513 81.62466 79.35 74.57

of sleep, and 34 % identified headache as a major problem. 
A similar response was found in a study by Pathak et al. 
(2008) and Murthy et al. (2007). 

The survey result is analyzed based on age group. It 
is found that 53.84 % of the respondents below 20 years 
accept that “sometimes” noise pollution is present in their 

environment, and 76.92 % feel that noise is affecting their 
health. Problem-related sleep loss ranges from 30-37 % in 
the age groups<20, 21-30, and 31-40. This might be because 
this age group mostly moves around for work, study, and 
other activities and gets exposed to a higher level of noise. 
Visual disturbance and sweating have been reported very less 
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by this age group. The rise in blood pressure due to noise in 
the age group 41-50 is 47.36% “sometimes.” All the other 

effects of noise in the age group are shown graphically. The 
response of the respondents is shown in Table 4.

Fig. 8: Self-reported health complaints by the overall exposed population (in Percentage).

Fig. 9: Self-reported health complaint by age group population (in Percentage).

Table 4: Response of the participated population (in Percentage)

Symbol Rarely Sometimes Often Usually Never Always

Disturbing Noise DN 9.74 31.28 20.14 24.10 1.53 13.34

Affecting Noise AN 10.25 33.34 25.58 13.34 4.10 15.38

Affecting Health AH 10.76 22.56 27.17 24.61 5.12 9.74

Pain in Ear PE 17.94 32.30 18.97 7.17 21.53 2.65

Whistling and buzzing WB 17.43 34.87 22.05 5.64 15.89 4.10

Interference with speech IS 6.15 21.53 28.71 20.51 8.20 14.87

Annoyance AY 9.23 34.35 21.02 12.82 11.28 11.28

Efficiency Problems EP 9.74 28.71 23.07 17.43 11.28 9.74

Loss of sleep LS 13.34 33.34 15.89 15.38 14.35 7.69

Visual Disturbances VD 21.02 12.30 3.07 2.05 60.51 1.02

Giddiness GD 22.56 19.48 3.07 2.56 51.79 0.51

Rise in Blood Pressure BP 21.53 28.20 3.5 6.15 40.10 0.51

Headache and heaviness HH 12.82 28.20 21.5 16.41 8.20 12.82

Increase in heart rate and breathing HB 22.05 26.66 3.07 4.10 41.53 2.56

Sweating SW 17.94 10.76 1.5 5.12 63.07 1.53

Habitual debater HD 14.35 25.12 7.69 8.71 37.43 6.67
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Furthermore, Pearson correlation was measured between 
the responses received to study their strength of association. 
Table 5 depicts the correlation result among the survey 
responses. 12 coefficients were found in a range of 0.30 to 
0.49, which states that moderate relation is found between 
them. Consequently,6 coefficient values were found nearly 
to 0.5, revealing a strong correlation.

Response Analysis Through PLS-SEM

Based on the result of the questionnaire SEM model was 
prepared to find the path coefficient and study the relation 
between the different effects of the noise on the exposed 
population. The prepared model using Smart PLS software 
is shown in Fig. 5. After bootstrapping, the result shows that 

18 hypotheses are supported. The t statistics value greater 
than 1.96 is taken as supporting, whereas less than that value 
is rejected. The result of the SEM analysis is shown in Table 
6. The HP1, HP2, HP20, HP38, HP39, HP40, HP41, HP55,
HP56, HP57, HP65, HP75, HP83, HP84, HP87, HP88, HP92 
and HP96 are found to be significant. From the significant
hypothesis, respondents who agreed that noise pollution in
their area are facing health issues like pain in the ear, rise in
blood pressure, loss of sleep, whistling and buzzing in their
ear, headache, heaviness, and efficiency problem. Also, an
association between exposure time and noise affecting health 
is found to be significant in this study. Seidler et al. (2017)
found that exposure to traffic noise results in depression. A
similar study on the health effect of noise was carried out by 

Table 6: Result of path analysis

Hypothesis T statistics P values Confidence interval Supported

2.50% 97.50%

HP1 Age > Gender 2.871 0.004 -0.118 -0.022 Yes

HP2 Age > Occupation 8.199 0 0.361 0.584 Yes

HP3 Age > Q1 1.484 0.138 -0.037 0.237 No

HP4 Age > Q2 0.889 0.374 -0.215 0.087 No

HP5 Age > Q3 1.118 0.263 -0.063 0.243 No

HP6 Age > Q4 1.431 0.153 -0.039 0.229 No

HP7 Age > Q5 0.461 0.645 -0.101 0.175 No

HP8 Age > Q6 0.36 0.719 -0.149 0.111 No

HP9 Age > Q7 0.343 0.731 -0.19 0.14 No

HP10 Age > Q8 0.408 0.684 -0.198 0.126 No

HP11 Age > Q9 0.301 0.764 -0.126 0.175 No

HP12 Age > Q10 0.946 0.344 -0.076 0.232 No

HP13 Age > Q11 0.737 0.461 -0.094 0.234 No

HP14 Age > Q12 0.142 0.887 -0.169 0.144 No

HP15 Age > Q13 0.857 0.392 -0.217 0.088 No

HP16 Age > Q14 0.45 0.653 -0.153 0.224 No

HP17 Age > Q15 0.387 0.699 -0.205 0.129 No

HP18 Age > Q16 1.42 0.156 -0.051 0.277 No

HP19 Age > Q17 0.071 0.944 -0.171 0.163 No

HP20 Gender > Occupation 2.314 0.021 -0.615 -0.053 Yes

HP21 Gender > Q1 0.16 0.873 -0.321 0.297 No

HP22 Gender > Q2 0.796 0.426 -0.445 0.197 No

HP23 Gender > Q3 0.824 0.41 -0.202 0.5 No

HP24 Gender > Q4 0.137 0.891 -0.324 0.282 No

HP25 Gender > Q5 1.475 0.14 -0.08 0.612 No

HP26 Gender > Q6 1.523 0.128 -0.067 0.606 No

HP27 Gender > Q7 0.791 0.429 -0.203 0.46 No

Table Cont....
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Hypothesis T statistics P values Confidence interval Supported

2.50% 97.50%

HP28 Gender > Q8 0.031 0.975 -0.343 0.348 No

HP29 Gender > Q9 0.596 0.551 -0.232 0.443 No

HP30 Gender > Q10 0.516 0.606 -0.226 0.4 No

HP31 Gender > Q11 1.079 0.281 -0.16 0.524 No

HP32 Gender > Q12 0.656 0.512 -0.245 0.462 No

HP33 Gender > Q13 0.31 0.756 -0.399 0.279 No

HP34 Gender > Q14 1.037 0.3 -0.166 0.538 No

HP35 Gender > Q15 1.369 0.171 -0.579 0.106 No

HP36 Gender > Q16 1.315 0.188 -0.584 0.106 No

HP37 Gender > Q17 0.81 0.418 -0.205 0.513 No

HP38 Occupation > Q1 2.509 0.012 0.047 0.376 Yes

HP39 Occupation > Q2 2.165 0.03 0.02 0.36 Yes

HP40 Occupation > Q3 3.169 0.002 -0.407 -0.091 Yes

HP41 Occupation > Q4 5.082 0 0.212 0.478 Yes

HP42 Occupation > Q5 0.077 0.939 -0.191 0.174 No

HP43 Occupation > Q6 0.527 0.598 -0.139 0.229 No

HP44 Occupation > Q7 1.486 0.137 -0.043 0.314 No

HP45 Occupation > Q8 0.017 0.986 -0.188 0.183 No

HP46 Occupation > Q9 1.703 0.089 -0.03 0.312 No

HP47 Occupation > Q10 1.022 0.307 -0.268 0.089 No

HP48 Occupation > Q11 0.63 0.529 -0.119 0.233 No

HP49 Occupation > Q12 1.278 0.201 -0.309 0.066 No

HP50 Occupation > Q13 0.544 0.587 -0.133 0.227 No

HP51 Occupation > Q14 0.335 0.738 -0.152 0.214 No

HP52 Occupation > Q15 0.016 0.987 -0.184 0.187 No

HP53 Occupation > Q16 0.618 0.537 -0.234 0.123 No

HP54 Occupation > Q17 0.814 0.416 -0.105 0.269 No

HP55 Q1 > Q3 2.999 0.003 0.078 0.38 Yes

HP56 Q1 > Q4 3.656 0 0.108 0.35 Yes

HP57 Q1 > Q5 2.218 0.027 -0.328 -0.017 Yes

HP58 Q1 > Q6 0.982 0.326 -0.267 0.091 No

HP59 Q1 > Q7 0.116 0.908 -0.169 0.183 No

HP60 Q1 > Q8 0.534 0.593 -0.143 0.239 No

HP61 Q1 > Q9 1.091 0.276 -0.079 0.281 No

HP62 Q1 > Q10 0.139 0.89 -0.179 0.155 No

HP63 Q1 > Q11 0.357 0.721 -0.198 0.124 No

HP64 Q1 > Q12 0.175 0.861 -0.144 0.166 No

HP65 Q1 > Q13 2.663 0.008 -0.377 -0.055 Yes

HP66 Q1 > Q14 0.108 0.914 -0.158 0.182 No

HP67 Q1 > Q15 0.335 0.738 -0.198 0.136 No

HP68 Q1 > Q16 0.85 0.395 -0.238 0.095 No

HP69 Q1 > Q17 0.238 0.812 -0.186 0.146 No

Table Cont....
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Hypothesis T statistics P values Confidence interval Supported

2.50% 97.50%

HP70 Q2 > Q5 0.616 0.538 -0.112 0.221 No

HP71 Q2 > Q6 1.262 0.207 -0.069 0.292 No

HP72 Q2 > Q7 1.917 0.055 -0.011 0.354 No

HP73 Q2 > Q8 0.032 0.974 -0.181 0.176 No

HP74 Q2 > Q9 0.25 0.802 -0.144 0.195 No

HP75 Q2 > Q10 2.177 0.029 0.014 0.338 Yes

HP76 Q2 > Q11 0.723 0.47 -0.218 0.101 No

HP77 Q2 > Q12 0.241 0.81 -0.181 0.145 No

HP78 Q2 > Q13 0.144 0.886 -0.154 0.172 No

HP79 Q2 > Q14 1.252 0.211 -0.061 0.261 No

HP80 Q2 > Q15 1.3 0.194 -0.055 0.262 No

HP81 Q2 > Q16 0.093 0.926 -0.186 0.161 No

HP82 Q2 > Q17 0.272 0.785 -0.147 0.192 No

HP83 Q3 > Q5 2.164 0.031 0.016 0.323 Yes

HP84 Q3 > Q6 2.358 0.018 0.029 0.359 Yes

HP85 Q3 > Q7 0.741 0.459 -0.103 0.238 No

HP86 Q3 > Q8 0.795 0.427 -0.1 0.233 No

HP87 Q3 > Q9 2.456 0.014 0.035 0.364 Yes

HP88 Q3 > Q10 3.33 0.001 0.097 0.364 Yes

HP89 Q3 > Q11 1.502 0.133 -0.279 0.034 No

HP90 Q3 > Q12 0.602 0.547 -0.108 0.2 No

HP91 Q3 > Q13 1.823 0.068 -0.011 0.282 No

HP92 Q3 > Q14 2.043 0.041 0.008 0.312 Yes

HP93 Q3 > Q15 0.489 0.625 -0.106 0.179 No

HP94 Q3 > Q16 1.361 0.174 -0.043 0.234 No

HP95 Q3 > Q17 0.696 0.487 -0.21 0.099 No

HP96 Q4 > Q3 2.095 0.036 0.007 0.323 Yes

HP97 Q4 > Q5 0.334 0.739 -0.197 0.139 No

HP98 Q4 > Q6 0.84 0.401 -0.24 0.095 No

HP99 Q4 > Q7 0.172 0.863 -0.188 0.154 No

HP100 Q4 > Q8 0.757 0.449 -0.242 0.106 No

HP101 Q4 > Q9 1.511 0.131 -0.299 0.04 No

HP102 Q4 > Q10 1.517 0.129 -0.257 0.039 No

HP103 Q4 > Q11 1.631 0.103 -0.302 0.029 No

HP104 Q4 > Q12 0.077 0.939 -0.155 0.167 No

HP105 Q4 > Q13 1.139 0.255 -0.07 0.264 No

HP106 Q4 > Q14 1.127 0.26 -0.069 0.258 No

HP107 Q4 > Q15 1.425 0.154 -0.289 0.047 No

HP108 Q4 > Q16 1.179 0.238 -0.249 0.06 No

HP109 Q4 > Q17 1.263 0.206 -0.28 0.067 No

Martin et al. (2006), and Kjellberg et al. (1998) found that 
headache and fatigue are the two most commonly reported 
health issues by the respondents. According to Ismaila 

& Odusote (2014), multiple articles have reported health 
issues related to traffic noise exposure and blood pressure. 
Higher-paid people are less exposed to noise pollution 
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than the lower-paid (Kjellberg et al. 1996); hence strong 
significance is found in our study between “occupation and 4 
other questions”. Thus this study reveals that the population 
of Raipur City faces the above-mentioned health issues 
due to high noise levels. The population exposed to traffic 
noise is mostly affected by noise and faces the health issues 
mentioned above.

CONCLUSIONS

Noise pollution monitoring and mapping in the current study 
revealed that all 18 locations recorded higher noise levels and 
breached the ambient noise standard of CPCB. Hence the 
governing bodies must implement mitigating approaches for 
controlling it as higher levels cause different health problems 
among the exposed population of the city. From the survey 
study, it is found that most of the respondents are exposed 
to higher noise levels and are facing health issues of “pain in 
the ear,” “rise in blood pressure,” “loss of sleep,” “whistling 
and buzzing” in their ear, “headache,” “heaviness” and 
“efficiency problem.” It can be concluded that the exposed 
population of the city is highly affected by noise pollution. 
SEM analysis reveals an interrelation between noise pollution 
and health effects. The association between exposure time 
and noise affecting health is significant in this study. The 
study gives ample evidence that higher noise levels in the 
study area are present and the population is highly affected; 
hence study supports the importance of making guidelines 
in context to mitigating approaches. The study recommends 
making strict regulations near the most sensitive areas like 
hospitals, schools, and residential areas to ensure a good and 
healthy environment in the city. Environment and health 
agencies must conduct awareness drives on a large scale 
and keep enlightening the city’s population regarding noise 
effects and various measures for controlling the higher noise 
levels in the ambient environment.
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      ABSTRACT
Plastics are the most rapidly growing materials in terms of production and consumption. 
The durability, inertness, light weight, flexibility, and low cost are the key characteristics 
that make plastic suitable for application in various fields, including the construction, 
automotive, electronics, and packaging industries. Due to widespread usage in daily 
life and many industrial processes and operations, more than 300 million tons of plastic 
waste are produced globally annually. Indiscriminate use of plastics such as polyethylene 
causes environmental pollution and impacts human health due to irreversible changes in 
the ecological cycle. Due to its low biodegradability, polyethylene accumulation has recently 
emerged as a momentous environmental concern. The conventional methods, such as 
recycling or disposing of polyethylene, are exorbitant, and incineration results in the emission 
of toxic chemical compounds. Therefore, the most recent research progressively focused 
on the biodegradation of polyethylene with the application of bacteria as novel approaches 
to counteract plastic waste. This review summarizes the type of polyethylene and the 
environmental issues. It also briefly discussed the genes and enzymes of bacteria involved 
in the degradation of polyethylene. In addition, it attempts to address factors influencing 
degradation and techniques used for monitoring degradation.

INTRODUCTION

The etymology of plastic is derived from the Greek word 
“plastikós,” which defines materials as being able to be 
molded into different desired shapes and sizes due to their 
chemical composition of carbon, chlorine, hydrogen, nitrogen, 
oxygen, and silicon. Plastics are polymer macromolecules 
with long chains, and other compounds are added to alter 
properties such as stability and processability (Bardají et al. 
2020). The introduction of plastics into archaeological and 
geologic history may serve as the defining characteristic of 
anthropogenic pollution, and the twentieth century is referred 
to as the “Plastic Age” (Mytum & Meek 2021). Plastics have 
generally substituted paper and packaging materials due 
to superior tensile properties, lightweight nature, and low 
susceptibility to microbial degradation (Muhonja et al. 2018).

Around 80% of all plastics used globally are petrochemical 
plastics, including polyethylene (PE), polypropylene (PP), 

polyvinyl chloride (PVC), polystyrene (PS), and polyethylene 
terephthalate esters (PET) (Urbanek et al. 2018). Although 
plastic materials are indispensable to the world economy, 
serious complications associated with their widespread use 
must not be omitted (Chu et al. 2023). The everyday use of 
plastic has increased global plastic production exponentially, 
reaching 367 metric tons in 2020 (Plastics Europe 2021), 
and the amount is significantly increasing annually due 
to extremely efficient applications. It is estimated that 
approximately 710 million metric tons of plastic will be 
accumulated in the environment or landfills by 2040 if 
the current management practices, use, and production 
endure (Lau et al. 2020). Hefty amounts of plastic waste 
are produced primarily due to the short product lifecycle. In 
40% of cases, the lifespan of thermoplastic plastic products 
is anticipated to be less than one month (Hahladakis et al. 
2018). Furthermore, plastic waste management has lagged 
significant manufacturing output, resulting in environmental 
pollution (Geyer et al. 2017).

Polyethylene is the most significant consumer plastic, 
primarily used to manufacture plastic bags, bottles, and 
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containers (Mercy et al. 2023). With 86.08 metric tons, 
PE accounts for 22% of all plastic produced globally. In 
comparison to low-density polyethylene (LDPE) and linear 
low-density polyethylene (LLDPE), which make up 12%, 
high-density polyethylene (HDPE) comprises 10% of global 
plastic (Šišková et al. 2021). However, PE’s resistance to 
degradation due to high molecular weight, antioxidants, and 
stabilizers, promotes environmental pollution after a short 
period of use. The resistance to biodegradation of PE through 
enzymatic cleavage via oxidative reaction is also due to the 
carbon-carbon (C–C) backbone and semi-crystal structure 
(Andler et al. 2022). 

The plastic waste entering freshwater and terrestrial 
environments results in the formation of mesoplastics (0.5–5 
cm), microplastics (MP; 1 µm–5 mm), and nanoplastics 
(NP; < 1µm) due to mechanical abrasion and degradation 
of larger plastic debris (Bianco & Passananti 2020). Plastic 
debris such as MPs has ecotoxicological effects on chemical 
and physical properties, nutrient cycling, and flora and fauna 
of terrestrial soil (Ya et al. 2021). The presence of LDPE–
MPs can affect terrestrial ecosystems. Several alterations 
were demonstrated in the kidney, liver, pancreas, muscles, 
gills, spinal cord, notochord, and intestine of Oreochromis 

niloticus (tilapia), affecting survival due to MPs (Hamed et
al. 2021). The NPs have a considerable impact compared to 
other plastic particles due to their capacity to enter cells and 
tissues and cause molecular impairment besides the toxicity 
of the polymers. Thus, decreasing the surface of PE increases 
damage to fish tissue (Hamed et al. 2022). The toxic effects 
of PE are an emerging concern for aquatic environments. 
People are exposed to various polymers, including PE, 
through dermal contact, ingestion, and inhalation due to 
their occurrence in foods, water, air, and consumer products 
(Rahman et al. 2021).

Furthermore, toxic chemical compounds such as 
Bisphenol A (BPA), phthalates, antiminitroxide, flame 
retardants, and polyfluorinated compounds are also found 
in plastics. These substances pose environmental and public 
health risks (Proshad et al. 2018). Hence, it is necessary to 
reduce plastic pollution through environmentally friendly 
methods. Conventional methods such as recycling, dumping, 
and incineration are not feasible and generates toxic 
substances as a by-product (Venkatesan et al. 2022).

Actinomycetes, bacteria, and fungi are among the 
microorganisms capable of degrading PE (Dang et 
al. 2018, Saritha et al. 2021). Bacteria degrading PE 
include Phormidium lucidum, Oscillatoria subbrevis 

(Sarmah & Rout 2018), Bacillus wudalianchiensis, and
Pseudomonas aeruginosa (Bakht et al. 2020). Those
potential microorganisms are isolated from different soil 

types, including landfill soil (Montazer et al. 2018), to water 
bodies (Dhanraj et al. 2022). This indicates that the bacteria 
exist in most places and in sufficient numbers to cause PE 
biodegradation.

Biodegradation is defined as the capability of microbes 
to degrade plastic materials into simpler molecules with 
the help of enzymes by altering the chemical structures 
of the plastics into an easily degradable property (Gaur 
et al. 2022). Temperature, crystallinity, hydrophobicity, 
structure, and enzymes influence the mechanism of PE’s 
biodegradation. Therefore, this review focuses on the 
toxicity, bacterial degradation, and factors affecting the 
degradation mechanism of PE. Moreover, it summarizes the 
technique used to investigate the biodegradation and bacterial 
enzymes responsible for the degradation of PE and suggests 
future research scopes.

GLOBAL PLASTIC AND POLYETHYLENE 
PRODUCTION 

Every year, the world witnesses an unprecedented production 
of plastics. 335 million tons of plastic were produced 
worldwide in 2016 and 367 million tons in 2020. Europe 
produced 55 million tons of plastics in 2020 (Plastics 
Europe 2021). It was estimated that Asia produced 49% of 
the global plastics, with China as the leading manufacturer 
(28%). Furthermore, Europe and North America contributed 
approximately 19% of global plastics production in 
2015, while the rest of the country contributed negligible 
production, but not necessarily of plastic usage (Worm et 
al. 2017). According to Hahladakis et al. (2018), European 
nations primarily used plastic for wrapping (38%), 
infrastructure tools (21%), motorized (7%), electrical 
applications (6%), as well as other segments (28%). In India, 
PE had the highest demand (33%) in 2020, followed by PP 
(32%), and worldwide consumption of PE was growing at 
a rate of 12% per year (Venkatesan et al. 2022). Bhutan 
generates over 170 metric tons of waste daily, encompassing 
various types. Plastics, including HDPE, soft plastics, and 
PET bottles, contribute to approximately 17% of this overall 
waste production (Namgay 2020).

CLASSIFICATION OF POLYETHYLENE 

The polymerization of ethylene monomers yields 
polyethylene, also known as polyethylene, a thermoplastic 
polymer. The chemical formula for ethylene is C2H4, 
while PE has the formula (C2H4)n. The Ziegler-Natta and 
metallocene catalysts are used for the polymerization 
of polyethylene. Polyethylene is a polyolefin resin family 
that is the most commonly used plastic worldwide for various 
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purposes, such as wrapping, films, packaging, and nursery 
bags. There are mainly three types of PE: LDPE, LLDPE, 
and HDPE (Fig. 1). The fundamental distinction between 
HDPE, LDPE, and LLDPE is the branching degree at the 
microstructural level. High-density polyethylene has the 
lowest or no branching, LLDPE incorporates a high degree 
of short chain, and LDPE contains an irregular distribution of 
short and long branches (Rani et al. 2020, Varyan et al. 2022).

THE EFFECT OF PE POLLUTION 

The effect of polyethylene on aquatic, terrestrial, and human 
health are illustrated in Fig. 2. 

THE EFFECT OF PE ON AQUATIC LIFE

The main source of plastics in the water is anticipated to be 
from the terrestrial environment. Microplastics are diluted 
as transport from the deposition hotspot downstream. 
Therefore, ineffective waste management practices lead 
to environmental contamination. Several plastic materials, 
encompassing PP, PVC, PE, PET, and nylon, as well as 
particle shapes such as fragments, sheets, and threads, have 
been found in the Megaptera novaeangliae (humpback 
whales) intestinal tract (Guzzetti et al. 2018). Microplastic 
accumulation in the hindguts of Lysianassoidea amphipod 
populations is found at depths ranging from 7,000 m to 
10,890 m in the Pacific Ocean (Cózar et al. 2017). This 
suggests that MP contamination can occur in the ocean 
beds as well.

Histological fluctuations were detected in the intestine 
and liver of Dicentrarchus labrax (European sea bass) 
exposed to PE-MPs. Polyethylene microplastics suppress 
immunity and antioxidant enzyme activity, signifying the 
oxidative response/stress, and longer exposure resulted in 

irreversible damage to fish health (Espinosa et al. 2019). 
Antioxidants, biochemistry, cholinesterase activity, erythron 
profile, hematological, histological, and immune parameters 
were altered in young Cyprinus carpio (common carps),
divulging to PE particles (Hamed et al. 2022). 

Polyethylene microplastic ingestion alters morphology, 
erythrocyte mutagenicity, and cytotoxicity in Physalaemus 

cuvieri tadpoles, affecting their development and health (da
Costa Araújo et al. 2020). The gut examination of Phalaropus 

fulicarius carcasses in Canada found that most commonly 
ingested plastics such as PE and PP likely contributed to 
mortality (Teboul et al. 2021). Polyethylene microplastics 
induce oxidative damage and alter the functioning of 
antioxidant enzymes in Mytilus galloprovincialis (mussels)
at environmentally relevant concentrations (Abidli et al. 
2021). Apart from disruption of metabolic activity in an 
organism, plastic waste in the rivers also contributes to the 
spatial distribution of invasive species leading to competition 
with native species (Hasnat & Rahman 2018). Thus, through 
ingestion, PE-MPs and NPs can enter organisms’ bodies and 
continue to be transferred along food chains.

POLYETHYLENE IMPACT ON THE 
TERRESTRIAL ENVIRONMENT

Plastic mulching and shading materials protect crops from 
pests, and harsh weather suppresses weeds (Maraveas 
2020). However, plastic mulch significantly impacts soil 
properties such as pH, electrical conductivity, infiltration, 
nutrient exchange, and microbial community (Sintim et al. 
2019). Polyethylene microplastics escalate the movement 
of pollutants while decreasing the retention capacities of 
the soil. For instance, the holding capacity of cadmium 
was reduced in MP-contained soil, thereby increasing the 
possibilities of lethal heavy metal accumulation in agriculture 
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populations is found at depths ranging from 7,000 m to 10,890 m in the Pacific Ocean (Cózar et al. 2017). This

suggests that MP contamination can occur in the ocean beds as well.

Histological fluctuations were detected in the intestine and liver of Dicentrarchus labrax (European sea bass)

exposed to PE-MPs. Polyethylene microplastics suppress immunity and antioxidant enzyme activity, signifying the 

oxidative response/stress, and longer exposure resulted in irreversible damage to fish health (Espinosa et al. 2019).

Antioxidants, biochemistry, cholinesterase activity, erythron profile, hematological, histological, and immune 

parameters were altered in young Cyprinus carpio (common carps), divulging to PE particles (Hamed et al. 2022). 

Polyethylene microplastic ingestion alters morphology, erythrocyte mutagenicity, and cytotoxicity in

Physalaemus cuvieri tadpoles, affecting their development and health (da Costa Araújo et al. 2020). The gut 

examination of Phalaropus fulicarius carcasses in Canada found that most commonly ingested plastics such as PE 

and PP likely contributed to mortality (Teboul et al. 2021). Polyethylene microplastics induce oxidative damage and

alter the functioning of antioxidant enzymes in Mytilus galloprovincialis (mussels) at environmentally relevant

concentrations (Abidli et al. 2021). Apart from disruption of metabolic activity in an organism, plastic waste in the

rivers also contributes to the spatial distribution of invasive species leading to competition with native species (Hasnat

& Rahman 2018). Thus, through ingestion, PE-MPs and NPs can enter organisms' bodies and continue to be 

transferred along food chains.

Fig. 1: Polyethylene structures.Fig. 1: Polyethylene structures.
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products and groundwater and bestowing additional risks on 
the environment (Zhang et al. 2020). Plants exposed to PE 
particles had lower biomass, slow photosynthetic rates, and 
abnormal mineral nutrient metabolism. This indicates that 
various PE particles with different molecular weights could 
adversely affect the soil-plant physiology (Fu et al. 2022).

Low-density polyethylene fragments affect the 
microarthropod and nematode but slightly influence the 
biomass and soil microorganism (Lamichhane et al. 2022). 
Polymers such as LDPE and HDPE have been found 
in terrestrial species Armadillo, Porcellio, Lumbricus 

terrestris, Scolopendra, Eobania vermiculata, and Rumina 

decollata causing adverse effects on metabolic function and 
survival (Al Malki et al. 2021). Low-density polyethylene 
microplastics affect manure worms’ nervous system, 
morphology, and oxidative response. The result illustrates 
that the MPs may have adverse biochemical effects on 
earthworms (Chen et al. 2020). The intestinal tract of 
terrestrial birds also contains cellulose, PE, and PET-MPs 
(Carlin et al. 2020). This indicates the abundance and variety 
of plastics on terrestrial land. 

EFFECT OF PE ON HUMAN HEALTH 

Microplastics and NPs enter humans through ingestion, 
inhalation, and dermal contact with water, air, food, and 
consumer products containing plastics (Karami et al. 2018). 
Moreover, humans consume plastic directly through table 

salts (Renzi & Blašković 2018), seafood (De-la-Torre 2020), 
and canned sardines and sprats (Karami et al. 2018). The 
most common plastic materials in foodstuffs are PP, PE, 
PET, polyether (PES), PVC, PS, PA, and nylon (Karbalaei 
et al. 2018). The various MPs of polycarbonate (PC), 
polyoxymethylene (POM), polyurethane (PUR), PA, PE, 
PET, PS, PP, and PVC were found in human stool. Among 
the nine plastic types, PP (62.8%), PET (17.0%), PS (11.2%), 
and PE (4.8%) were the most abundant (Schwabl et al. 
2019). The inhalation and ingestion of high concentrations 
of PE-MPs with their rough structures increases the risk of 
cytotoxicity in epithelial cells and triggers the release of 
pro-inflammatory cytokines. Polyethylene microplastics 
also cause the production of reactive oxygen species and 
nitric oxide in cells (Choi et al. 2021, Gautam et al. 2022). 
Depending on the hydrophilic nature, dimensions, and surface 
energy, inhaled airborne MPs can enter the bloodstream 
with increased epithelial or endothelial diffusion. Most MP 
particles (PE) measured in abdominal lymph nodes were 
1–50 µm (Zarus et al. 2021).

The presence of MPs and NPs causes disruption of 
molecular and cellular function in humans. Ingestion of 
such plastic causes various types of cancer, particularly 
in industrial workers, because of exposure to high 
intensities of air pollutants (Wang et al. 2020). Human 
dopaminergic neurons and neurospheres in culture can 
absorb PE-NPs, which modifies gene expression and 
elevates malondialdehyde levels, signaling the initiation of 
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proposed NPs can significantly increase levels of DNA damage that causes mutagenic processes (Rubio et al. 2020). 

All that evidence suggests that PE, especially micro and nano, may be prevalent in human foodstuffs, ultimately 

creating health problems. 

MICROBIAL POLYMER DEGRADATION MECHANISM

The mechanism of PE degradation occurs in four stages, as shown in Fig. 3. 

Biodeterioration: This process encompasses biotic and abiotic factors that cause erosion of the polymer surface, altering 

the chemical, mechanical, and physical characteristics. The LDPE exposure to different physicochemical treatments

and biotic conditions increases biodeterioration as treatment changes hydrophobicity and surface roughness. Chemical

alteration, such as generating polar groups and crosslink formation, also occurs (Gómez-Méndez et al. 2018). The 

biofilm that develops on the plastic enlarges the aperture dimension and accentuates cracks, compromising the

polymer's physical properties (physical deterioration) or releasing chemicals that alter the pH inside the hole to cause

structural changes known as chemical deterioration (Jacquin et al. 2019). 

Biofragmentation: The lytic phenomenon crucial for reducing large molecules into subunits. The microorganisms

cleave polymers using a variety of mechanisms, comprising secretion of particular extracellular enzymes such as 

oxidoreductases (monooxygenases and dioxygenases), hydrolases (cellulases, amylases, and cutinases), and free 

radicals (Ali et al. 2021). Enzymes cleave polymer carbon chains or bonds, producing low molecular weight, such as

monomers, oligomers, and dimers (Kalidas et al. 2021). Due to low molecular weight, the cell can assimilate. 

Therefore, biofragmentation of the process involves enzymatic activities to reduce low molecular weight and oxidize

the polymer. Depolymerization is another name for this process.

Fig.. 2: Effect of plastic particles in aquatic, terrestrial, and human.Fig. 2: Effect of plastic particles in aquatic, terrestrial, and human.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1159ENVIRONMENTAL TOXICITY, HUMAN HAZARD AND DEGRADATION OF POLYETHYLENE

Nature Environment and Pollution Technology • Vol. 22, No. 3, 2023This publication is licensed under a Creative 
Commons Attribution 4.0 International License

This publication is licensed under a Creative 
Commons Attribution 4.0 International License

radicals (Ali et al. 2021). Enzymes cleave polymer carbon 
chains or bonds, producing low molecular weight, such as 
monomers, oligomers, and dimers (Kalidas et al. 2021). Due 
to low molecular weight, the cell can assimilate. Therefore, 
biofragmentation of the process involves enzymatic activities 
to reduce low molecular weight and oxidize the polymer. 
Depolymerization is another name for this process.

Bioassimilation: The low molecular weight polymer formed 
through the biofragmentation is absorbed into the cytoplasm 
of the microbes. The fragmented products are assimilated into 
cells through the cell membrane using specific membrane 
carriers. While unassimilated oligomers, dimers, and 
monomers have to undergo biotransformation reactions to 
be absorbed by microbial cells with the help of intracellular 
enzymes (Danso et al. 2019).

Mineralization: It is the final phase in the biodegradation 
of polymers.  The term “mineralization” denotes the 
complete degradation of molecules with the production of 
oxidized metabolites. Microorganisms can either aerobically 
or anaerobically mineralize monomers, dimmers, and 
oligomers. Water, carbon dioxide, and biomass are produced 
as end products during aerobic degradation. Under anaerobic 
biodegradation conditions, by-products are water, carbon 
dioxide, and methane (Tamoor et al. 2021).

FACTORS INFLUENCING THE BACTERIAL 
DEGRADATION OF PE

The several factors that affect the bacterial degradation of 
PE depend on polymer properties and exposure conditions 
(Fig. 4). Polymer properties include additives, crystallinity, 
functional groups, hydrophobicity, molecular weight, shape, 
and size. The exposure conditions include biosurfactants, 

oxidative metabolism (Windheim et al. 2022). In addition 
to potentially endangering the pulmonary and digestive 
systems, researchers have proposed NPs can significantly 
increase levels of DNA damage that causes mutagenic 
processes (Rubio et al. 2020). All that evidence suggests that 
PE, especially micro and nano, may be prevalent in human 
foodstuffs, ultimately creating health problems.

MICROBIAL POLYMER DEGRADATION 
MECHANISM

The mechanism of PE degradation occurs in four stages, as 
shown in Fig. 3. 

Biodeterioration: This process encompasses biotic and 
abiotic factors that cause erosion of the polymer surface, 
altering the chemical, mechanical, and physical characteristics. 
The LDPE exposure to different physicochemical treatments 
and biotic conditions increases biodeterioration as treatment 
changes hydrophobicity and surface roughness. Chemical 
alteration, such as generating polar groups and crosslink 
formation, also occurs (Gómez-Méndez et al. 2018). The 
biofilm that develops on the plastic enlarges the aperture 
dimension and accentuates cracks, compromising the 
polymer’s physical properties (physical deterioration) or 
releasing chemicals that alter the pH inside the hole to cause 
structural changes known as chemical deterioration (Jacquin 
et al. 2019). 

Biofragmentation: The lytic phenomenon crucial for 
reducing large molecules into subunits. The microorganisms 
cleave polymers using a variety of mechanisms, comprising 
secretion of particular extracellular enzymes such as 
oxidoreductases (monooxygenases and dioxygenases), 
hydrolases (cellulases, amylases, and cutinases), and free 
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Bioassimilation: The low molecular weight polymer formed through the biofragmentation is absorbed into the

cytoplasm of the microbes. The fragmented products are assimilated into cells through the cell membrane using 

specific membrane carriers. While unassimilated oligomers, dimers, and monomers have to undergo biotransformation 

reactions to be absorbed by microbial cells with the help of intracellular enzymes (Danso et al. 2019).

Mineralization: It is the final phase in the biodegradation of polymers.  The term "mineralization" denotes the

complete degradation of molecules with the production of oxidized metabolites. Microorganisms can either 

aerobically or anaerobically mineralize monomers, dimmers, and oligomers. Water, carbon dioxide, and biomass are 

produced as end products during aerobic degradation. Under anaerobic biodegradation conditions, by-products are 

water, carbon dioxide, and methane (Tamoor et al. 2021).

FACTORS INFLUENCING THE BACTERIAL DEGRADATION OF PE

The several factors that affect the bacterial degradation of PE depend on polymer properties and exposure conditions

(Fig. 4). Polymer properties include additives, crystallinity, functional groups, hydrophobicity, molecular weight,

shape, and size. The exposure conditions include biosurfactants, enzymes, and microorganisms as biotic factors and

moisture, pH, and temperature as abiotic factors.

Exposure Conditions 

The moisture provides favorable conditions for respiration, increasing the population of microbes. Furthermore, the 

chain scission of the polymers takes place in the presence of moisture (Mistretta et al. 2020). In the modification of

the PE chemical bond, Streptomyces sp. performed better at pH 8, and Arthrobacter sp. was more effective at pH 6

with incubation in Czapek–Dox medium and liquid carbon-free basal medium containing PE (Han et al. 2020).

Thermophile microorganisms can grow at high temperatures ranging from 45 to 122°C, while psychrophilic

microorganisms need temperatures between −20 and 20°C, and temperatures lower than 15°C are considered optimal

growth and produce numerous enzymes (Atanasova et al. 2021). However, denaturation of enzymes may occur in 

psychrophilic bacteria due to high temperature, decreasing the enzymatic degradation of PE (Chamas et al. 2020). The

Fig. 3: Mechanism of PE degradation.Fig. 3: Mechanism of PE degradation.
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enzymes, and microorganisms as biotic factors and moisture, 
pH, and temperature as abiotic factors.

Exposure Conditions 

The moisture provides favorable conditions for respiration, 
increasing the population of microbes. Furthermore, the 
chain scission of the polymers takes place in the presence 
of moisture (Mistretta et al. 2020). In the modification of 
the PE chemical bond, Streptomyces sp. performed better at
pH 8, and Arthrobacter sp. was more effective at pH 6 with 
incubation in Czapek–Dox medium and liquid carbon-free 
basal medium containing PE (Han et al. 2020). Thermophile 
microorganisms can grow at high temperatures ranging 
from 45 to 122°C, while psychrophilic microorganisms 
need temperatures between −20 and 20°C, and temperatures 
lower than 15°C are considered optimal growth and produce 
numerous enzymes (Atanasova et al. 2021). However, 
denaturation of enzymes may occur in psychrophilic 
bacteria due to high temperature, decreasing the enzymatic 
degradation of PE (Chamas et al. 2020). The biosurfactant 
in biofilm growth significantly decreased hydrophobicity 
and increased hydrophilic functional groups, devising PE 
sensitive to microbial attack (Tu et al. 2020).  

Polymer Properties

The prooxidant additives present in polymer weaken 
the microstructure, leading to dissociation and allowing 
microorganism consumption that produces humus, carbon 

dioxide, and water (Al-Salem et al. 2019). Furthermore, 
weight loss and structural change with the formation of the 
new functional group of polymer can occur due to additives 
(Zhang et al. 2022). Thus, additives and impurities are required 
to remove before the investigation of biodegradation. High 
molecular weight polymers are stable and less susceptible to 
degradation than low molecular weight (Priya et al. 2022). 
Semi-crystalline polymers (PP, PE, and PET) display greater 
toughness, strength, and resistance compared to amorphous 
(Issac & Kandasubramanian 2021), making them less 
susceptible to enzymatic degradation. The PE backbone 
consists of linear alkyl chains, and the absence of polar 
characteristics or hydrolyzable functional groups renders 
it inactive to degradation. The biotic and abiotic treatments 
increase PE’s hydrophilicity, microbial colonization, and 
degradation rapidity (Taghavi et al. 2021). The increase in 
surface area, water, and microorganism availability promotes 
biodegradation as the high surface area provides space for 
the growth of organisms.

Role of Bacterial Gene and Emzyme in Biodegradation 
of PE

The specialized bacteria and their genes and enzymes are 
imperative to PE biodegradation. It was found that the 
alkane hydroxylase (alkB) genes in the Pseudomonas sp.
The E4 strain degraded 28.6% of organic carbon in 80 days. 
The ability of the alkB gene was verified by selecting the 
Escherichia coli BL21 strain as a host for gene expression
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biosurfactant in biofilm growth significantly decreased hydrophobicity and increased hydrophilic functional groups,

devising PE sensitive to microbial attack (Tu et al. 2020). 

Polymer Properties 

The prooxidant additives present in polymer weaken the microstructure, leading to dissociation and allowing

microorganism consumption that produces humus, carbon dioxide, and water (Al-Salem et al. 2019). Furthermore,

weight loss and structural change with the formation of the new functional group of polymer can occur due to additives

(Zhang et al. 2022). Thus, additives and impurities are required to remove before the investigation of biodegradation. 

High molecular weight polymers are stable and less susceptible to degradation than low molecular weight (Priya et al. 

2022). Semi-crystalline polymers (PP, PE, and PET) display greater toughness, strength, and resistance compared to 

amorphous (Issac & Kandasubramanian 2021), making them less susceptible to enzymatic degradation. The PE

backbone consists of linear alkyl chains, and the absence of polar characteristics or hydrolyzable functional groups 

renders it inactive to degradation. The biotic and abiotic treatments increase PE's hydrophilicity, microbial

colonization, and degradation rapidity (Taghavi et al. 2021). The increase in surface area, water, and microorganism

availability promotes biodegradation as the high surface area provides space for the growth of organisms. 

Role of Bacterial Gene and Emzyme in Biodegradation of Pe

The specialized bacteria and their genes and enzymes are imperative to PE biodegradation. It was found that the alkane

hydroxylase (alkB) genes in the Pseudomonas sp. The E4 strain degraded 28.6% of organic carbon in 80 days. The 

ability of the alkB gene was verified by selecting the Escherichia coli BL21 strain as a host for gene expression and 

achieving a degradation potential of 19.3% for the PE's organic carbon (Priya et al. 2022). Similarly, three putative

PE degrading enzymes (esterase, hydrolase, and hydrolase) were expressed in an E. coli cell, and their effects on PE

films showed significant degradation (Gao & Sun 2021). It was also found that P. aeruginosa E7 isolated from an oil-

Fig. 4: Factors affecting PE biodegradation. Fig. 4: Factors affecting PE biodegradation.
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and achieving a degradation potential of 19.3% for the PE’s 
organic carbon (Priya et al. 2022). Similarly, three putative 
PE degrading enzymes (esterase, hydrolase, and hydrolase) 
were expressed in an E. coli cell, and their effects on PE
films showed significant degradation (Gao & Sun 2021). 
It was also found that P. aeruginosa E7 isolated from an
oil-contaminated area possesses alkane hydroxylase. The 
rubredoxin and rubredoxin reductase transport electrons, 
and the alkB gene participate in the mineralization of low 
molecular weight PE (Chen et al. 2020).

Moreover, Pseudomonas knackmussii N1-2 and P. 

aeruginosa RD1-3 have 26 and 20 genes, respectively, in
their genomes that encode monooxygenases, dioxygenases, 
and hydroxylases (Hou et al. 2022). Similarly, the genome 
of Streptomyces albogriseolus LBX-2 also embraces
53 oxygenase genes, including monooxygenases and 
dioxygenases. Thus, S. albogriseolus LBX-2 utilized
unprocessed PE films as an exclusive carbon source, 
causing surface deterioration and indicating enzyme-
assisted degradation (Shao et al. 2019). The genome 
of Alcanivorax sp. revealed enzymes such as esterases,
peroxidases, and laccase that could play an imperative role 
in biodegradation (Zadjelovic et al. 2020). There are potential 
genes in Brevibacillus borstelensis AK1 responsible for 
the breakdown of PE and hydrocarbons. The genes encode 
enzymes involved in plastic degradation, including cutinase, 
laccases, hydroxylases, lipases, proteases, and polyphenol 
oxidase (Khalil et al. 2018). The ligninolytic and hydrolyzing 
enzymes degrade different plastics, including PE, at 37°C 
after two days of incubation. Furthermore, the activities of 
laccase increase by 13 times with 20 µm of copper treatment 
(Jaiswal et al. 2020).

MATERIALS AND METHODS

Analytical Tools for Determination of Polythene 
Degradation

Various analytical techniques are applied to determine the 
biodegradation of PE (Table 1). Fourier transform infrared 
spectroscopy (FTIR) is used to identify the occurrence of 
new functional groups. The changes in peak values and 
functional groups, which typically vary in the double bond 
and carbonyl group formation, supported the conformational 
change of the polymer surface (Montazer et al. 2018). 
Scanning electron microscopy (SEM) assessed the alteration 
of physical structure on the surface of polyethylene films 
due to the microorganism’s degradative activities through 
biofilm development (Soleimani et al. 2021). Higher 
resolution analysis of surface modification can be obtained 
using Atomic Force Microscopy (AFM), although SEM 

provides evidence of the polymers’ biodeterioration. 
Atomic Force Microscopy makes it possible to map the 
topography of a polymer surface (Sullivan et al. 2018). Gel 
permeation chromatography (GPC) analysis determines the 
number average molecular weight (Mn), and weight average 
molecular weight (Mw), and molecular weight distribution 
(MWD). These parameters are the primary indicator of 
modification, depolymerization, and polymer degradation 
(Peng et al. 2020).  The major method for assessing polymer 
degradation is weight loss as microorganism growth and their 
activities cause the polymer to reduce weight (Waqas et al. 
2021). Additional techniques for assessing PE biodegradation 
include Raman spectroscopy, Nuclear Magnetic Resonance 
spectroscopy (NMR), Thermogravimetric Analysis (TGA), 
Electrospray Ionization Mass Spectrometry Analysis (ESI-
MS), Different Scanning Calorimetry Analysis (DSC), 
Carbon, Hydrogen, and Nitrogen (CHN) Analyzer, and 
Universal Testing Machine (UTM), Sturm test, and Bacterial 
Adherence to Hydrocarbons (BATH) assay.

RESULTS AND DISCUSSION

Bacterial Biodegradation

The degradation rate of polythene was observed in various 
microorganisms (Table 1). The six Bacillus sp. isolated
from landfills and dumping sites were identified as LDPE-
degrading bacteria. The degradation potential rates in mineral 
agar and mineral broth were found that B. carboniphilus 

(34.55% and 25%), B. sporothermodurans (36.54% and
21%), B. coagulans (18.37% and 16%), B. neidei (36.07%
and 14%), B. smithii (16.40% and 8%), and B. megaterium 

(34.48% and 21%), respectively. Those bacteria were 
incubated for two months at 30°C (Shrestha et al. 2019). 
Pretreated LLDPE particles were incubated with the marine 
bacteria Microbulbifer hydrolyticus IRE-3 for up to 30 days. 
SEM images revealed the creation of cracks at various 
locations on the polymer surface, which was also confirmed 
using FTIR analysis with the formation of hydroxyl and 
carbonyl functional groups (Li et al. 2020). A consortium 
of Enterobacter and Pseudomonas reduced 64.25% of PE
(Skariyachan et al. 2021), indicating the mixture has a 
higher degradation rate. The weight of LDPE and HDPE 
with consortia of Lysinibacillus sp. and Salinibacterium sp.
decreased to higher than 20% after 60 days and11.1% at 6 
months, respectively (Syranidou et al. 2017). The bacterial 
consortia of Enterobacter sp. (IS2), Enterobacter sp.
(IS3), and Pantoea sp. (IS5) degrade 38% and 81% of LDPE 
pellets and strips, respectively, after 120 days. Further, 
consortia of P. putida (MTCC1), P. stutzeri (MTCC2),
and B. subtilis (MTCC3) 20% LDPE pellets and 49% for
LDPE strips after 120 days of incubation respectively 
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Table 1: Bacteria species reported for biodegradation of PE.  

Sl. 
No.

Bacteria strains Sources Substrates Incubation 
period 
(days)

Techniques 
used to assess 
degradation 

Main experimental 
outcomes

References

1. Bacillus weihenstephanensis Garbage soil LDPE and 
HDPE 

180 Weight loss 
and FTIR

7.02%, 7.08%, and 
formation of new 
functional carbonyl.

(Ingavale & 
Raut 2018)

2. Brevibacillus borstelensis Coastal 
region

HDPE 20 FTIR and 
SEM

Formation of acids, 
ester groups, aldehydes, 
ketones, and surface 
erosion.

(Mohanrasu et 
al. 2018)

3. Bacillus amyloliquefaciens Composting 
plant

Treated 
LLDE

60 Weight loss, 
FTIR, GPC, 
DSC, TGA, 
and ESI-MS

3.20%, decrease of 
the carbonyl band 
and flattening, 
decrease in Mn and 
Mw, decrease of 
crystallinity, improved 
thermal stability, 
and disappearance of 
LLDPE oligomers.

(Novotný et 
al. 2018)

4. Alcanivorax borkumensis Sea water LDPE 80 Weight loss, 
SEM, and 
ATR-FTIR

3.50%, chemical 
modifications, and 
appearance of holes, 
and cracks.

(Delacuvellerie 
et al. 2019)

5. Pseudomonas aeruginosa

strain SKN1
Waste 
disposal

LDPE 60 Weight loss, 
FTIR, and 
SEM

10.32%, changes in 
the C–C and C–H 
bands, and surface 
degradation.

(Nourollahi et 
al. 2019)

6. Nostoc carneum Domestic 
sewage water

LDPE 42 SEM, 
FTIR, CHN 
analysis, 
TGA-DSC, 
UTM, and 
NMR

Surface damage, 
occurrence of a new 
C–H stretching band, 
utilization of about 
3% carbon, reduction 
in melting point, and 
appearance of new 
organic substances.

(Sarmah & 
Rout 2019)

7. Bacillus paramycoides Biomedical 
plastic 
disposal site

Treated 
LDPE and 
HDPE

70 Weight loss 36.30% and 31.11%. (Fibriarti et al. 
2021)

8. Lysinibacillus sp. JJY0216 Soil grove LDPE 26 SEM and 
GC-MS

9%, increase in rough 
surface, and detected 
various carboxylic acids 
of the hydrocarbon 
family.

(Jeon et al. 
2021)

9. Serratia sp.,Stenotrophomonas

sp. and Pseudomonas sp.
Solid waste-
dumping sites

LDPE 150 Loss in 
weight and 
FTIR

40%, 32%, 21%, and 
change in functional 
group.

(Nadeem et al. 
2021)

10. Alcaligens faecalis Sea water LDPE 70 FTIR, SEM, 
XRD, and 
AFM 

Reduction of the 
carbonyl index, 
formation of bacterial 
biofilm, and reduction 
in crystallinity.

(Nag et al. 
2021)

11. Micrococcus luteus CGK112 Cow dung HDPE 90 Weight loss, 
BATH test, 
FE-SEM, 
EDX, and 
FTIR

3.85%, increase 
hydrophobicity, biofilm 
formation, surface 
modification, reduction 
of carbon content, 
alternation of functional 
groups, and an increase 
in the carbonyl index.

(Gupta et al. 
2022)

Table Cont....
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(Skariyachan et al. 2016). However, pure or consortia of 
bacteria degradation also depends on the polymer and 
incubation period. 

CONCLUSIONS 

The massive accretion of plastic has emerged as a main 
concern across the world. PE’s toxicity to the environment 
and human health is obvious, but research is still in its 
infancy. It is significant to have sustainable and robust 
technologies to combat plastic pollution and its impacts. 
Microbial degradation of PE is an environmentally friendly 
technique to reduce plastic waste. The biodeterioration and 
biofragmentation mechanisms are explicitly illustrated, 
but few reports on the bioassimilation or mineralization of 
PE exist. Thus, most investigation in the field of microbial 
degradation of PE is superficial rather than intrinsic. The 
biotic and abiotic factors, as well as the PE properties, 
substantially influence biodegradation. Therefore, it is 
critical to thoroughly consider the role of various factors 
when evaluating PE biodegradation.

The study found that most potential polyethylene-
degrading bacteria are conducted in pure culture. This clearly 
illustrates that the high diversity of bacteria in various habitats 
has not been fully utilized. Moreover, bacteria consortiums 
have superior proficiency in plastic degradation due to 
synergism between the bacteria and enzymes involved. The 
enzymes responsible for PE degradation have been identified 
in bacteria; however, enzyme properties have not been 
thoroughly investigated for enzyme engineering. Therefore, 

a deep understanding of the mechanism of enzyme action 
is valuable for improving degradation efficiency. Further 
research into the mechanism of enzymatic degradation will 
lead to the discovery of efficient, biodegradable plastic.

Since the bacteria constantly adapt to their surroundings, 
viable PE-degrading bacteria are also expected to be acquired 
and developed commercially. In many studies, a variety of 
techniques are used to evaluate biodegradation. However, the 
lack of a standard protocol creates discrepancies in assessing 
biodegradation. Therefore, it is fundamental to establish 
a standardized protocol to acquire reliable and consistent 
outcomes. It is also indispensable to eliminate the additives 
and impurities and examine the pretreatment for a better 
result in the biodegradation of PE.
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      ABSTRACT
In this fast-moving world, we use many electronic items daily to fulfill our daily work. Also, 
in the fast-growing economy, electronic items play key roles. India’s e-waste is projected to 
be around 18 lakh metric tons. According to industry sources, electronic trash will climb to 
almost 50 lakh metric tons in the next three years. According to government sources, only 
ten percent of electronic waste is gathered. These electronic items and batteries contain 
many heavy metals that are hazardous to humanity’s and the environment’s health. These 
heavy metals should be retrieved from the disposed of e-waste, so the resource can be 
reused or recycled, rather than continuously extracting heavy metals from the earth’s crust. 
In 2015, The “Initiative on Environmental Threats of Electronic Waste” was introduced by 
the Ministry of Electronics and Information Technology (MeitY). This project is part of the 
Indian government’s ‘Digital India’ strategy. There is an immediate need to implement green 
supply chain management and resource recovery from electronics waste so that circular 
material management (SDG 12) & sustainability can be achieved. This article demonstrates 
the problems and presents E-Waste recycling procedures, Life cycle assessment of E-waste, 
and EPR practices, along with potential areas for improvement. The bibliometric analysis 
was performed using R-studio biblioshiny tools for the last 53 years and 1243 published 
articles to understand the research trends.
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INTRODUCTION

Large volumes of e-waste have caused worldwide issues, 
including degradation of the environment and food chains, 
mineral shortages, and a significant risk to human health. 
Metal and metalloid buildup in people can cause bodily harm: 
copper can harm the liver, and lead can affect a person’s 
behavior and ability to learn. Lung cancer and kidney damage 
risk are increased by cadmium exposure (Gao et al. 2019). 
Because Guiyu is China’s e-waste recycling town, statistical 
analysis revealed that children living there had considerably 
increased blood mercury levels compared to Chendian 
residents (p < 0.01) (Huo et al. 2007). The early findings 
show that in soil from a Guiyu printing rolling waste dump, 
the overall amount of polycyclic aromatic hydrocarbons 
(PAHs) was 595 g.kg-1 dry weight (dry wt.) and 514 g.kg-1 
in silt from a crane lake (dry wt.) of Guiyu. The number of 
polychlorinated biphenyls (743 g.kg-1) in drainage from the 
Lianjiang River was discovered to be close to three times 

the 277 g.kg-1 Canadian Environmental Quality Guidelines 
likely impact guideline (Leung et al. 2006).

Electronic waste makes the biggest universal waste 
problem. According to United Nations worldwide, 
approximately 53.6 metric tons of electronic waste are 
produced (Forti et al. 2020). Approx. 25% of e-waste 
is recycled formally in centers located in Asia & Africa 
(Perkins et al. 2014). Most of the waste disposal is either 
unknown or done at home. This leads to adverse health 
effects for residents in developing countries like India, China, 
Bangladesh, Pakistan, Ghana, and Kenya. There are 13 types 
of e-waste, cell phones being the largest. The others include 
washing machines, refrigerators, computers, televisions, and 
air conditioners. The market would increase due to emerging 
products like Fitbits, Bluetooth gadgets, and technological 
advancements. 

Valuable metals recuperation is mindboggling to 
companies due to their endless mechanical applications in 
different industries, huge market costs, and the constrained 
resource of these metals. E-waste and used converters have 
various hazardous elements in addition to precious metals (e.g., 
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toxic metals, smokeless materials, and organic compounds). 
These hazardous substances might contaminate the earth and 
groundwater and affect people’s health; with the increment 
in environmental awareness, the disposal of unsafe waste has 
become a significant concern for industries and governments. 
Recouping and reusing a few industrial wastes containing 
metals (Au, Ag, Pt, Pd, Rh, etc.) is assessed as a financial and 
environmental security opportunity (Castro & Bassin 2022).

The amazing physical and chemical characteristics of 
precious metals (PMs), such as their capacity for catalysis, 
exceptional electrical conductivity, and corrosion resistance, 
have led to a wide range of applications. Electronics (e-waste) 
and the catalyst business, which utilize more than 90% of 
precious metals, are the two key sectors needed. Electronic 
garbage, or “e-waste,” has been produced in enormous 
quantities in recent years due to device obsolescence. In the 
electronics industry, contacts, bonding wires, and switches 
are made of gold, silver, and palladium, while hard disc 
drives are made of this metal. 2015 experienced 254 tons, 
12,816 tons, and 40.18 tons, respectively, increased demand 
for gold, silver, and palladium in electronics worldwide. 
By 2016, there has been an approximate global e-waste 
production of 44.7 million tons (Mt) (Ilankoon et al. 2018). 
In sum, only around 20% of the e-waste was adequately 
processed; 71 tons of gold, 3275 tons of silver, and 15 tons 
of palladium were recycled in 2016. (Onete et al. 2018). 

Fig. 1 shows generated electronic garbage globally 
from 2010 to 2019 (in a million metric tons). It is rapidly 
increasing; in 2019, the e-waste was 53.6 million metric 
tons (Statista 2020).

Valuable metals are often used as dynamic components 
in the catalyst industry. Most catalysts are employed in 
refining oil, fine chemicals, medicines, and automotive 
exhaust. Additionally, the net PGM (elements gather in 
platinum) utilizations are even now quite expensive because 
of the booming car and other catalytic industries. Catalytic 
converters used over 66% of palladium (182.64 tons), 44% of 
platinum (98 tons), and 84% of rhodium (25.7 tons) (Onete et 
al. 2018). Many analysts have been investigating replacement 
materials to reduce the need for expensive metals in products. 
Different catalysts were used, and the number of valuable 
metals changed from 200 ppm to 100%. Catalysts also have 
a variety of carrier materials, which complicate attempts to 
reuse them.

However, valuable metal concentrations in Troposphere 
are negligible, with the majority below 0.01 ppm. Over 30% 
PGMs were recovered for used catalysts, specifically 35 
tons of Pt, 60 tons of Pd, and 7 tons of Rh (USGS 2017). 
It was shown that potentials processed the majority of 
e-waste before being placed in landfills or basic recycling
systems. A scarcity of professional recyclers, problems with 
the dependability of remanufactured devices, and harmful
impacts on the climate and people’s life are also associated
with illegal e-waste management (Chi et al. 2011). E-waste
can be harmful, is not recyclable, and builds up in the land,
air, water, and other living things in the environment. In
recovering precious items from electronic components,
open-air burning and acid baths are two methods that emit
harmful substances into the atmosphere and adversely affect 
people’s health. These effects include cancer, miscarriages,
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Fig. 1: Produced electronic garbage globally from 2010 to 2019 (in a million metric tons) (Statista 2020).
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neurological damage, and lowered IQs. It is important to 
take into account how technological products affect climate 
change. Every piece of machinery created has a carbon 
output, leading to human-caused global climate change. 
Most CO2 emitted over a device’s lifetime happens during 
manufacturing before a client buys a product. Reducing 
carbon production techniques and inputs—such as using 
recycled raw materials and product lifespans—are key factors 
in determining the total environmental effect. According 
to Brianna (2022), between 2014 and 2020, the release of 
greenhouse gases from electronic gadgets and the trash they 
produce rose by 53%. According to the experts, this involves 
580 metric tons of carbon dioxide in 2020. They predict 
that by 2030, e-waste sources will be responsible for the 
yearly emission of around 852 million metric tons of CO2 
compounds if there is no legislation or legal framework to 
extend the usable life of information and communication 
technology (ICT) equipment (Brianna 2022).

This article discusses the current practices of recycling 
E-Waste and challenges along with the improvement scopes. 
A bibliometric analysis was conducted in the current study 
to reveal the underlying trends in research publications 
concerning e-waste. An analysis of the top nations, journals, 
authors, academic institutions, and keyword co-occurrences 
is presented using the Scopus database.

MATERIALS AND METHODS

A bibliometric analysis was conducted for the current study 
to reveal the underlying trends in research publications on 
e-waste. An analysis of the top nations, journals, authors, 
academic institutions, and co-occurrences of keywords is 
presented using data from the famous research database 
Scopus.’ With the keywords “Electronic waste” in the article 
title, a total of 1853 documents were found in the Scopus 
database. Further, filtering criteria were used, like only 
articles and the year 2023 was excluded from the search. 
The search was performed on 29th November 2022. The 
bibliometric analysis was performed using the R-studio 
software Biblioshiny module. A total of 1243 articles were 
found with these filtering criteria from 1969 to 2022 (last 
53 years), 518 publication sources, and 3709 authors with 
an annual growth rate of 9.55% (Fig. 2). Fig. 3 shows the 
publication rate annually in the ‘Electronic waste’ domain. 
Fig. 4 shows the most relevant journal sources in the 
‘Electronic waste domain. Waste Management (81 articles) 
has been shown as a prominent journal in this domain 
focusing on E-waste management.

Fig. 5 shows the most relevant authors in the ‘Electronic 
waste’ domain. Wang, J, Xu, X, Zhang, and Y are the most 
influential authors in the field. Each of them has published 20 

research articles.  Fig. 6 shows the most relevant affiliations 
in the ‘Electronic waste’ domain. Guangzhou Institute of 
Geochemistry (90 published articles) is the most prominent 
affiliation in the research area of e-waste. 

Table 1 shows the most influential published articles 
in this domain, along with the influential authors’ names, 
their countries, citations per year, and journal names.  In 
the Electronic waste research domain, most citations were 
received from the article Strategies to managing electronic 
waste: An summary written by Kiddee et al. (2013) from the 
University of South Australia, Australia.

Fig. 7 shows the most cited countries in the ‘Electronic 
waste’ domain. China is more focused in this area than other 
countries. Hence other countries need to come forward for 
more collaborative research work to enhance the handling 
of e-waste. Fig. 8 shows the most occurred words in the 
‘Electronic trash’ domain. E-waste, Recycling, waste 
management, electronic machinery, China, and waste 
disposal are mostly co-occurring words in this research 
domain.

RESULTS AND DISCUSSION

E-waste has become increasingly significant as precious 
metals supplier. The most significant use of precious metals 
in the economy is in the electronics and catalysts sectors, 
which account for almost 90% of total consumption. 
Recycling valuable metals from alternative resources is 
crucial because of disputes over finite natural resources, 
rising demand, and the importance of valuable metals to 
the economy. In recent years, electronic devices that have 
outlived their usefulness have generated enormous amounts 
of electronic trash (also known as e-waste). The total volume 
of electronic garbage produced worldwide in 2016 was 44.8 
million tons (Mt) (Baldé et al. 2017). An estimated 30% of 
the world’s mining output during the past ten years was from 
recycled precious metals. Research into creating efficient 
recycling methods for valuable metals, notably from e-waste 
and used catalytic systems, has increased during the past 
ten years. Environment-friendly precious metal recycling 
technologies have steadily emerged. Several methodologies 
have been developed to manage e-waste, particularly in 
industrialized nations. These include Life Cycle Assessment 
(LCA), Material Flow Analysis (MFA), Multi-Criteria 
Analysis (MCA), and Extended Producer Responsibility 
(EPR) (Kiddee et al. 2013).

Based on current technology, numerous methods for 
recycling precious metals have been considerably enhanced. 
Precious metal losses should be kept to a minimum because 
they have the highest value in the recycling of e-waste. 
However, in e-waste industrial processing, valuable metals 
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are disseminated throughout each resulting process. With no 
mechanical processing, almost all precious metals and other 
significant metals can be recovered through direct smelting. 
Fume treatment needs to receive a lot of attention because 
this process may produce dangerous gases (such as dioxins 

and bromide). When working with used catalysts, metallic 
stage concentrations of valuable metals might minimize the 
reagents required for the subsequent dissolving and purifying 
processes. Hydrometallurgical, economic, and creative 
approaches have been devised to significantly lessen the 

Table 1:  The most influential published articles in the electronic waste domain.

Title First Author Affiliation Country Total 
Citations

TC per 
Year

Journal name Year

Challenges, facilitators, and 
governmental considerations in 
the use of circular economy ideas 
in the electrical and electronic 
equipment (EEE) area

Vasileios Rizos
Rizos and Bryhn 
(2022)

Centre for 
European 
Policy Studies 
(CEPS)

Belgium 17 17 Journal of Cleaner 
Production

2022

Study on medical waste tracking: 
Historical development, 
contemporary issues, and ideas 
on the transformation to a circular 
economy

Meisam Ranjbari 
Ranjbari et al. 
(2022)

Henan 
Agricultural 
University

China 41 41 Journal of 
Hazardous 
Materials

2022

To use the grey-theory and 
DEMATEL paradigm to evaluate 
the e-waste reduction solutions

Chandra Prakash 
Garg
Garg (2021)

Indian 
Institute of 
Management 
Rohtak

India 57 28.5 Journal of Cleaner 
Production

2021

An assessment focusing on the 
treatment of electronic trash 
in the EU regarding behavior 
interventions for the circular 
economy

Keshav Parajuly
Parajuly et al. 
(2020)

United 
Nations 
University

Germany 75 25 Resources, 
Conservation & 
Recycling

2020

Strategies to managing disposal: 
A summary

Peeranart Kiddee
Kidee et al. (2013)

University 
of South 
Australia

Australia 466 46.6 Waste 
management

2013

Kids in Guiyu, a Chinese town 
that recycles disposal, had higher 
serum levels

Xia Huo
Huo et al. (2007)

Shantou 
University 
Medical 
College

China 423 26.44 Environmental 
Health 
Perspectives

2007

Analysis of U.S. Facilities and 
technological solutions for reusing 
electronic trash

Hai-Yong Kang
Kang and 
Schoenung (2005)

University of 
California

USA 397 22.06 Resources, 
Conservation, and 
Recycling

2005

10 

electronic 

trash 

Fig. 7 shows the most cited countries in the ‘Electronic waste’ domain. China is more focused in

this area than other countries. Hence other countries need to come forward for more collaborative

research work to enhance the handling of e-waste. Fig. 8 shows the most occurred words in the

‘Electronic trash’ domain. E-waste, Recycling, waste management, electronic machinery, China, 

and waste disposal are mostly co-occurring words in this research domain.

Fig. 2: Main information of the Scopus (.csv) file used for bibliometric analysis.

Fig. 2: Main information of the Scopus (.csv) file used for bibliometric analysis.
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influence on the environment. Some cyanide-free lixiviants 
that have shown the ability to leach precious metals include 

S2O3, CH4N2S, chlorination, iodine-iodide, and HCl in the 
influence of an oxidizing agent (Ding et al. 2019).
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E-waste importation and recycling have increased 
manifold in a decade in China, so their government has 
passed regulations to ensure imported e-waste is reduced 
and disappears by 2023. Per head, the estimated yearly 
generated e-waste is 5 kg per Chinese whereas 29.5 kg per 
US citizen (Li & Achal 2020). Guiyu, a town in China, is 
famous for the informal disassembling and recycling of 
e-waste, which supports the livelihood of locals. It gives 
rise to other problems like increasing social gaps. The 
e-waste contributes to a large Chinese GNP, leading to 
the involvement of Chinese children in informal e-waste 
disposal at home by dumping and burning in the backyard. 
Due to this, the Chinese government has wisely stepped in to 
streamline and regulate the e-waste disposal sector by bringing 
in more awareness, regulations, and funds from governments 
and NGOs. China launched plants in 29 provinces over 
a decade for formal e-waste disposal. Workers directly 
involved with e-waste disposal without proper protection 
have serious health risks. However, informal recycling leads 
to regaining valuable materials, which can be greedy for 
workers. This informal disposal also leads to the release of 
more air pollutants which enter the water and soil, too, thus 
indirectly entering the human body and affecting aquatic 
life. The plastics used in gadgets are complicated to process, 
and studies indicate that heavy metals enter the food chain 
through vegetables and aquatic life and can increase in the  
body.

Additionally, burning and disposal leads to releasing 
POPS, PCBs, PAHs, and dioxins in the surroundings and 
migrating through the food chain by living inside them. China 
abandoned areas where the PCB concentration was more than 
twice the tolerable threshold. Capacitors also release PCB 
when dismantled by hand (Li & Achal 2020). 

One study showed 2510 e-waste studies were done 
between 2009 and 2018, making up 89.65% of all research 
taken into account (Gao et al. 2019). With 40.93% of the 
papers covered, China authored the most research, followed 
by the United States (345 publications, 12.32 percent), India 
(190 publications,6.79 percent), the United Kingdom (147 
publications, 5.25 percent), and Japan (135 publications, 
4.82 percent). There were 9282 keywords, but only 18 had 
a frequency greater than 120. A co-occurrence frequency 
analysis found that the most prevalent keywords were 
e-waste, polybrominated, diphenyl ethers, China, brominated 
flame retardants, management, recycling, recovery, printed-
circuit boards, and heavy metals. The top 10 scientists are 
all Chinese, showing that Chinese researchers are engaged 
in this subject and have produced a large number of research 
findings (Gao et al. 2019). The Chinese government should 
deploy proper and sustainable methods for metal recycling 
from e-waste (Li & Achal 2020). 

Treatment Methods

Table 2 summarizes different studies on electronic waste 
treatment methods. Micro-factories are a new type of 
technology that can turn polymers from e-waste into high-
value goods (BBC 2016). Micro-factory technologies stand out 
because they convert and repurpose electronic waste polymers 
into new and more expensive items instead of making them 
into plastic again. In traditional manufacturing industries like 
steel production, power storage, rising metals, copolymers, 
and many others, the systems in this class are designed to 
benefit from various characteristics of plastic trash, including 
its carbon content, binding properties, chain organization, 
engineering, thermodynamic properties, etc. Micro-factories 
might represent the fifth type of polymer recycling, absorbing 
the growing volume of plastic waste while working with 
current technologies. Although micro-factories may handle 
waste from ceramics, glass, and metals, this evaluation 
focuses mostly on the plastics sector (Sahajwalla & Gaikwad 
2018). Decentralized manufacturing, which allows lean, agile, 
and customizable technology, lies at the micro-factories’  
heart.

Table 3 shows the electronic waste usage in value-
added product making. The “Waste to wealth” strategies 
are important to reduce e-waste. To stop the degradation of 
gold materials, guarantee a steady supply of precious metal 
sources, and lessen the environmental effect of harmful 
metals, a method to precisely extract and purify gold from 
additional resources is necessary. 95% of gold is recycled 
using the TCLP test from e-waste (Panda et al. 2020). For 
application in the recycling of gold in total e-waste, Magnetic 
core spinning poles with excellent selectivity and redox 
activity (MCSR-ATU) were created. The MCSR-ATU 
demonstrates improved adsorption capability and kinetics 
attributable to the rotating magnetic field, achieving the 
maximum adsorption capacity for Au(III) after 30 minutes 
at pH 3.0 and 313 K (Li et al. 2022). 

Machine learning can be applied in e-waste management. 
Firstly, the MEPH (Magnetic separation, Eddy current, 
Pyrometallurgical, and Hydrometallurgical) method handles 
metal removal, filtration, and segregation. In the second 
section, the cleaned metal is photographed using a camera. 
The acquired picture is then processed to remove noise before 
being sent to a CNN classifier. There are two techniques to 
classify information; the first involves accepting input and 
classifying output. Secondly, determining the degree of 
resemblance to the specific class (Senthilselvi et al. 2020). 
Fig. 9 shows recycling different techniques of e-waste.

Life Cycle Assessment (LCA) Analysis of E-Waste 

A useful method for evaluating the environmental effects 
of e-waste from “cradle to grave” is life cycle assessment 
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(LCA). Regarding all phases of the system boundaries, 
LCA may concurrently, methodically, and successfully 
analyze and identify environmental survey, effect, critical 
variables, choices, and development prospects. Numerous 
studies have used life cycle assessments (LCAs) to examine 
the environmental effects of treating e-waste (Song et al. 
2012, Niu et al. 2012). Since the system boundaries include 
steps for collecting, pre-processing, and processing tiny 

WEEE (electronic toys). Solé et al. (2012) utilized LCA to 
enhance the process of gathering and recycling. Disposable 
cell phones are the most frequently used and are thought to 
have the poorest lifespan of all WEEE (waste electrical and 
electronic equipment).

Consequently, smartphones will be a key study 
topic for LCA studies as a specialized tiny electronic 
and electrical item. The LCA findings suggest a 70% 

Table 2: Different treatment techniques for electronic waste.

AIM Composition of Waste Methods of Treatment Findings References

To know the existing and 
emerging technologies of 
e-trash plastic recycling

Plastics Micro-factory; Waste to 
energy process

The annual growth rate 
of e-waste is 3-4%; 15% 
of e-waste recycled

Sahajwalla & Gaikwad 
(2018)

To evaluate the toxicity of
E-trash plastics

Plastics; huge metals; 
brominated flame 
retardants (BFRs)

Electronic trash is utilized as 
raw materials in closed-loop 
regeneration.

44.7 MT E-waste 
produced in the US in 
2016

Singh et al. (2020)

To investigate the 
production of E-waste 
and various management 
practices

Heavy metals, i.e., Fe, 
Al, Cu, Cd, Ag, Au, Pd

Sustainable E-waste 
recycling management

4100 t E-waste produced 
in Chandigarh annually

Ravindra and Mor 
(2019)

To describe behavioral 
reasoning theory 
perspectives on E-waste 
recycling and management

Electrical and electronic 
waste materials

41.8 MMt e-waste 
generated in 2018 and 
50 MMt generated in 
2018 worldwide

Dhir et al. (2020)

To recycling of WEEE 
(Waste from Electronic and 
Electric Equipment)

LCD notebooks, LED 
notebooks, TVs, CRT 
monitors, Cell phones, 
Smartphones, PV panels, 
tablets

Collection of materials; 
pre-treatment; recovery 
of valuable materials and 
disposed of nonrecyclable 
ones

30-50 million tons of
WEEE disposed of per
year

Cucchiella et al. (2015)

To study the determinants 
of an individual’s E-waste 
recycling decision

Waste from electronic 
and electric equipment

Economic E-waste recycling In the European Union, 
10960799 tons of 
E-waste generated in
2020

Delcea et al. (2020)

To recycle copper and gold 
from E-waste 

Circuit boards of mobile 
phones containing gold 
and copper

Two stages leaching process 
and solvent extraction 
process

30% of E-waste is 
recycled using these 
processes

Rao et al. (2021)

To enhance the accuracy 
of the mobile phone 
reprocessing method

Mobile phones waste Using Machine learning 
method; MEPH (Magnetic 
separation, Eddy current, 
Pyrometallurgical, and 
Hydrometallurgical)

140 million cell phones 
landfilled per year

Senthilsevi et al. (2020)

To know policies on 
E-waste in the emerging
economics

Waste from electronic 
and electrical equipment

Recycling of E-waste supply 
chain

1975 kt of E-waste 
produced in India in 
2016; South Africa 
produced 321 kt in 2016

Borthakur (2019)

To recycling of gold from 
electronic devices waste

Electronic devices TCLP test 95% of gold recycled 
using this process

Panda et al. (2020)

Table 3: Micro-factory waste inputs and value-added products (Sahajwalla & Gaikwad 2018).

Waste input Waste resources Value added items

Plasma LCD TVs.
Smart Phone screen.

Waste electrical and electronic equipment Metals manufacturing 

Computer, Laptop, and smartphone circuit board.
E-waste plastics.

Construction and built environment and 
automotive industry.
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possibility that recycling used smartphones would have 
no emissions or negative emissions. Throughout the entire 
life cycle of treatment, the metal electronic secondary 
treatment will have the largest environmental implications  
(He et al. 2021).

Extraction of PMs from Electronic Waste

Electronic applications’ average lifespan is shortened, and 
their revamp is accelerated by technological innovation 
and market need. As a consequence, e-waste has emerged 
as one of the fastest-production trash sources. Numerous 
literary works have described the repurposing of precious 
metals from e-waste. Over the past 20 years, various 
reusable innovations have been developed, many of which 
have already been applied commercially. Smelting in the 
furnace, Alkali smelting, Traditional Leaching, Non-Cyanide 
Leaching, Chlorination Leaching, and Iodination Leaching 
are a few techniques for recovering PMs from e-waste (Cui 
& Zhang 2008). PMs are recovered from used catalysts.

In contrast to mine generation, recovering valuable 
metals from wasted catalysts has advantages such as minimal 
preparatory requirements, quick production cycles, low 
levels of speculation, and minimal environmental impact. 
Furthermore, other catalyst transporters are also applied 
in various applications, and between 100 ppm to 100% of 
utilized converters contain PMs. Many analysts have worked 
to reuse valuable metals from used catalysts.

Some ways to recuperate PMs from spent catalysts are 
the pyrometallurgical process, Cyanide (weight) leaching, 

HCl+Cl2/NaClO3/NaClO HCl+H2O2, Supercritical liquids 
extraction, Microwave-assisted leaching. The most useful 
recycling processes are those that concentrate valuable metals 
by pyrometallurgy or through selective leaching. Recently, 
efforts have been undertaken to advance the recovery rate and 
reduce the natural contamination of important metals from 
e-waste and used converters. Through purifying and refining, 
pyrometallurgy may reuse expensive and base metals (such 
as Cu, Pb, Sn, etc.) with high virtue for e-waste (Islam et al. 
2020). A few projects in industrialized countries have been 
linked to cutting-edge refining advances. The majority of 
purifying plants in poor nations still are unable to meet the 
emission requirements, although these pyrometallurgical 
plants have completed the criterion of tight contamination 
outflow. However, more than 80% of electronic garbage is 
dumped in developing nations. Despite the advancements 
and improvements in smelting technologies in developing 
countries, contamination problems are still unavoidable. 
The transmission of gaseous fuel and sludges needs to 
be carefully considered. Considering the production and 
emission of particulate matter (PM) 2.5 and carcinogens 
is important. Devices for treating smoke are necessary for 
moving dangerous gases and burning residue. Due to the high 
operating temperature, the release of dangerous gases, and 
PM 2.5, word-related security is essential. It is not reasonable 
for small and medium-sized projects because they are large 
and the supplies are expensive. Perspective and conclusion 
The business world relies heavily on valuable metals in many 
sectors. Reusing important metals from secondary assets is 
crucial due to the conflicts between constrained characteristic 
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Fig. 9: Some recycling techniques of e-waste.
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assets and growing needs and their financial value. Over the 
last ten years, it has been estimated that the total amount 
of recycled important metals accounts for 30% of global 
mining production. In the past ten years, interest has risen 
in projects that aim to develop effective reuse techniques 
for valuable metals, particularly e-waste and used catalysts. 
Environmentally friendly developments for refining priceless 
metals have evolved throughout time. Different strategies 
have been developed due to the usual advancements for 
refining valuable metals, which at the time commanded the 
highest regard for reusing e-waste.

In underdeveloped countries and regions, pyrometal-
lurgical innovations are less commonly used than 
hydrometallurgical forms. Although technologies for 
recovering important metals have undergone self-evident 
alterations, certain obstacles remain to future promotion. 
Several considerations have been made to accomplish the 
economically viable and environmentally responsible refining 
of valuable metals with a large recovery speed. First, it is 
important to develop sophisticated advancements from a 
commercialization perspective in terms of cost and speculation. 
Second, reusing passageways should be modified and planned 
in accordance with the physical and chemical characteristics 
of various materials. Third, a few assisted techniques or pre-
treatments are crucial due to increased leaching effectiveness 
and less contamination. Future advancements for recycling 
valuable metals can be more effective and have a less natural 
influence, lower fetched, and greater recuperation rate with 
over-inquiry direction.

Advantages of Recycling E-waste with Respect to the 
Circular Economy 

Self-reliance, or Atmanirbhar Bharat, becomes increasingly 
important as India recovers from the effects of COVID-19, 
particularly on society and the economy, to solve these issues 
and rebuild through stable economic models. The policies 
for India’s economic recovery must foster sustainable 
circumstances for people, the environment, and the economy 
to reconstruct. Achieving long-term affluence for humanity 
and a sustainable planet might require increasing investment 
in knowledge, industries, products, business models, 
procedures, digitalization, and technology.

Because of the increasing usage and quick dumping 
of electronic devices as well as a lack of infrastructure 
for proper disposal, electronic trash is an issue that exists 
everywhere. India is no exception. A staggering 53.6 Mt 
of electronic garbage, or 7.3 kg per person on average, was 
produced worldwide in 2019, the Worldwide E-Waste Report 
2020 claims. E-waste is on the rise due to the increased 
use of electrical and electronic equipment (EEE), shorter 

product life spans, rapid technological advancement, and 
fewer options for repair. India now generates more than 
3.23 million tons of e-waste yearly, ranking third behind 
China and the United States, as reported in the Worldwide 
E-Waste Report 2020 (Sengupta et al. 2022). Only 10% of 
the expected amount of electronic garbage created in India 
in 2018–19 was recovered (CPCB report). To make resource 
efficiency successful in India, the gap between e-waste 
creation and collection for recycling needs to be evaluated. 
According to the FICCI Circular Economy Report (2017), 
there is a $0.7 to $1 billion market capacity to extract gold 
from e-waste.

Moreover, a ton of ore has an extractable gold resource 
of roughly 1.4 g, but a ton of mobile phone PCBs may yield 
about 1.5 kg. The Worldwide E-Waste Report 2020 claims 
just 17.4% of electronic trash was collected and recycled in 
2019, resulting in the loss of almost $47 billion in recyclable 
materials, including gold, silver, copper, platinum, and other 
high-value materials. The importance of natural sources in 
the e-waste must be used to construct the remanufacturing 
supply chain, and developed economic devices must be used 
to make it economically feasible. A circular economy (CE) 
strategy for managing e-waste will be crucial for resource 
utilization, reducing waste, increased product life, restoration 
of rare and valuable materials, reduction of occupational 
and health risks, and the development of the recycling 
sector, which will result in formalization and employment 
opportunities. At every stage of the material’s life span, the 
CE process in the EEE sector has the potential to generate 
employment. The CE strategy can promote domestic resource 
security, leading to increased production and the creation of 
skilled employment in the industry (MeitY 2021). 

Indian Policies, EPR and Regulations Related to the 
Handling of E-waste 

Extended producer responsibility (EPR) stresses companies 
that come after the consumption phase of products regarding 
waste treatment (Chung & Murakami-Suzuki 2008). India’s 
importance in the world is anticipated to increase in the 
next years as a member of the BRICS group, especially 
from an economic standpoint (Shen et al. 2017). India 
has significant environmental difficulties as it advances 
in economic development and prosperity. In contrast, 
India faces a substantial E-waste challenge due to high 
production and insufficient management techniques. India 
has developed and implemented regulations during the past 
ten years to address the e-waste produced in the nation. 
The “Guidelines for Environmentally Sound Handling of 
E-waste” are guidelines for managing e-waste in India that 
was announced by the Ministry of Environment and Forest 
(MoEF) in 2008 (Borthakur 2020). Under the March 22, 
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2018, G.S.R. 261(E) notice, the E-Waste Management 
Regulations 2016 have been revised (Vikaspedia 2016). The 
laws have been changed to formalize the e-waste recycling 
industry by directing the electronic garbage produced in the 
nation toward approved recyclers and reconstructors. The 
updated e-waste recovery objectives under EPR will take 
effect on October 1, 2017. The sequence collection goals 
for e-waste in weight during 2017–18 must be 10% of the 
waste-generating amount as mentioned in the EPR Plan, with 
a 10% rise each year until 2023. The objective has been set at 
70% of the waste generated, as stated in the EPR Plan after 
2023 (PIB 2018). The guidelines for managing e-waste were 
issued by the environment ministry in draught form in 2022 
for public comment. In accordance with it, manufacturers 
of consumer goods and electronics must make sure that by 
2023, a minimum of 60 percent of their electronic trash will 
be gathered and reused, with goals to raise those percentages 
to 70% and 80% in 2024 and 2025, respectively (MeitY 
2021). The regulations establish a system of certificate 
trading that will let businesses temporarily fill gaps. This 
system is like the trade of carbon credits. According to a 
draught notification, companies must pay environmental 
compensation for failed objectives. The CPCB monitors the 
entire procedure.

Issues and Recommendations 

Rigid regulatory frameworks are necessary without 
conflicting waste management goals, such as collecting 
home e-waste, to help advance waste disposal in poor 
countries. These regulations and adjusted EPR plans that 
consider the local economy might offer readily deployable 
waste management solutions that would benefit all 
parties as much as possible. It would significantly reduce 
negative environmental effects, promoting the Sustainable 
Development Goals (SDGs), including life below the ocean, 
balanced urban and rural areas, clean water and sanitation, 
and ethical ingestion and manufacturing. All manufacturers 
of EEE specified by the 2016 E-Waste (Governance) 
Regulations, including manufacturers, e-retailers, online 
sellers, eBay, etc., must receive an EPR authorization. A 
manufacturer can execute its EPR by establishing hubs, a 
take-back program, or both to direct e-waste and end-of-life 
items to licensed junkyards and recycling plants.

A fundamental change is required to focus on 
transformation as a reform program for the electronics 
and electrical industry to enable a circular economy in 
e-waste. Although precious metals recovery technologies 
have progressed noticeably, there are still some obstacles 
to overcome in terms of future promotion. Several 
considerations for environmentally friendly and sustainable 

precious metals recycling with a high recovery rate have 
been offered. New technologies should be developed with 
the goal of commercialization in mind, both in terms of 
investment and cost. Recycling technologies should be 
changed and combined depending on the physicochemical 
properties of various materials. Various aided procedures or 
pretreatments should be used to improve leaching efficiency 
and deduct pollution. 

The livelihood and the local economy of provinces like 
Guiyu depends on e-waste recycling. Thus, formal banning is 
not an option. Several provinces’ environment – soil, water, 
air – has been completely contaminated and carcinogenic, 
thus making it irreversible for human life to sustain on 
the hazardous lands. High technological advancements, 
high demand for recycled electronics, and a considerable 
GNP of China depending on the informal e-waste disposal 
sector make it extremely hard to ban it completely. 
Recommendations: Since informal recycling contaminates 
the environment and neonatal and human health, there should 
be government intervention to reduce the difference in 
e-waste recycling between regular and irregular, not simply 
trying to ban it since the livelihood of many depends on the 
income from it. Pyrometallurgy is still the most conventional 
and widely-used treatment, and hydrometallurgy is the 
primary metal separation and recovery method. With 
the rapid development of numerous hydrometallurgical 
procedures, such as bioleaching, hydrometallurgy has 
recently advanced and gained popularity. Pyrometallurgy 
comprises burning, smelting in plasma arc or coke ovens, 
roasting, melting, and gas-phase processes at extreme heat. 
It is the most conventional and widely used metal separation 
and recovery method. Hydrometallurgy is easier to regulate 
than pyrometallurgy, more precise, reliable, and ecologically 
beneficial. To separate and gather the metals from the 
extractable mixtures and condense them., electroplating 
techniques typically include a series of acid or corrosive 
dissolves of e-waste. These leaches are then followed by 
purification methods like adhesion, solvent evaporation, 
electro-dialysis, and adsorption using activated carbon. 
Polymers and flame-retardant plastics comprise most non-
metallic fractions (NMF) in Printed circuit boards (PCBs). 
Polymers and plastics may be transformed into premium 
fuel; therefore, many physical and chemical methods have 
been studied in the NMF that are separated and recovered 
from used PCBs.

 a) Management system should supervise to prevent risk 
from the origin of e-waste. 

 b) Government – state & central - and NGOs involved in 
environmental protection should provide ample funds 
to deploy the best recycling and disposal technologies. 
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Policymakers in advanced and emerging economies 
have concentrated a large portion of their legislative and 
policy efforts since the Worldwide E-waste Report 2017 on 
establishing funding and advertising programs to encourage 
greater engagement from business entities and private 
citizens. Here, the goal is to ensure improved recycling 
and recovery rates as well as to provide the money needed 
to cover treatment expenses. Most legislative measures 
encourage resource recovery through recycling and 
protection against the negative effects of human health and 
environmental contamination at the end of a product’s life. 
E-waste volume reduction and significant repair and reuse 
of EEE have thus far been confined. This is consistent with 
worldwide legislative initiatives to advance the recycling 
industry.

CONCLUSION

The recycling trend is significant from the standpoint of 
maximizing precious metals recovery and minimizing 
environmental damage. Noble metal separation can 
potentially be an economic engine for sustainable growth. 
Historically, pyro-metallurgy has been applied to retrieve 
valuable metals from e-waste. This research on e-waste 
has improved our knowledge of the amount of e-trash 
produced by the fast-improving world. The huge amount 
of e-trash has caused degradation of the environment and 
food chains, shortage of minerals and nutrients, and impact 
on human health. The process emits harmful dioxin fumes 
that negatively affect the ecosystem. The general rise of 
electronic gadget users and the global economy has increased 
the amount of electronic garbage worldwide during the 
previous few decades.

However, e-waste and its continued use in the present 
and future can not be ignored. But all e-waste cannot be 
ignored. This study also reveals some recycling techniques 
for e-waste. But all e-waste cannot be composted or recycled, 
and some waste will be landfilled. That landfilled e-waste 
can be used in energy generation.

If the growing amount and flow of electronic garbage 
are not handled soon, it will undoubtedly negatively 
affect the environment and people. The supply of easily 
extractable materials, notably metals, declines as more PCBs 
are disposed of in landfills, disrupting the entire material 
cycle. Reprocessing of e-trash is still motivated by the high 
economic worth and presence of a base and precious metals 
in PCB. There is an immediate need for new, ecologically 
acceptable methods to recycle and recover energy elements 
from waste PCBs since PCBs’ current manufacturing and 
handling are not sustainable. As shown by the thorough 
assessments of the alternative treatments, the processing 

and recycling of PCB is a complex problem. Engineers, 
politicians, and other sectors must collaborate to close the 
loopholes and create a more cost-effective and ecologically 
pleasant recycling process.

Waste control progressively shifts from a “reduction of 
waste” focus to a “sustainable materials policy” objective 
that views certain wastes as resources. The literature review 
highlights environmental circumstances, governance 
structures, and policy perspectives, advancing waste 
management toward the ecological agenda’s emphasis 
on resource and material systems theory. Each time, the 
trash unit was combined with an environmental agency, 
demonstrating the advantages of incorporating trash 
management into a larger viability initiative. The value may 
be obtained from considering the instances as synergistic 
garbage and materials administration improvements, feasible 
at various levels of governance instead of examining them 
in opposition to one another. San Francisco’s Zero Waste 
project illustrates building a superior recycling approach 
through landfill reduction (Silva et al. 2017). The e-waste 
dump should be considered a significant source of additional 
raw resources related to the circular economy. The need to 
enhance secondary asset mining and lessen the demand for 
virgin materials has arisen due to problems with primary 
mining, market rate changes, material shortage, affordability, 
and accessibility. Countries might reduce their material 
consumption safely and sustainably by recycling their 
electronic trash.

There has been a great deal of e-waste research 
recently due to nations and academics’ rising concern for 
environmental protection. Due to a strong positive correlation 
between the series of studies and the year of publication, we 
may expect e-waste research to expand in the next few years.
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      ABSTRACT
The 7.4 Mw of tectonic earthquake caused liquefaction in Pasigala on September 28, 2018, 
happened due to the fault movement of Palu-Koro. It affected the water availability every 
spring. The research aim is to determine the spatial model of water production every spring 
after the natural tectonic disaster, especially in Palu and Poboya watersheds-a model built 
based on the integration between the spatial data overlaying and the statistical regression 
correlation. The sites are purposively selected at six springs spots and divided into four 
clusters (Poboya, Uemanje, Ranjuri Beka, Mantikole). The model assessment was generated 
based on the springs’ performance from x variables (catchment area, land cover, aquifer, 
free-ground water depth, fault, number of springs users) and the y variable (water discharge). 
The result shows that Poboya’s performance is bad-disturbed, while Uemanje, Ranjuri, Beka, 
and the performance of Mantikole are disturbed. The bad performance of springs requires 
conserving watershed areas through forest and land conservation, tree enrichment planting, 
wise land management, and good water use.

INTRODUCTION

Issues related to natural disasters have become a central issue 
in every country in the world (Albris et al. 2020, Galata et 
al. 2020). It has an impact on the economy, humans, and the 
environment (Botzen et al. 2019, Ali et al. 2020), especially 
in Asian countries that are prone to earthquakes, tsunamis, 
and liquefaction (De Goyet 2007, Wekke et al. 2019).

A natural disaster of the tectonic earthquake on 
September 28, 2018, followed by tsunamis and liquefaction, 
hit Palu, Sigi, and Donggala (Pasigala) in Central Sulawesi. 
It negatively impacted the infrastructures, causing severe 
land surface destruction and property loss. It cost billions 
of rupiahs or even human life lost. According to Nugroho 
(2018), the disaster on October 25, 2018, hitched 2,065 
deaths in Pasigala, 15 deaths in Parigi Moutong, and 1 
person death in Pasangkayu (West Sulawesi). Further, 4,438 
were severely injured, 8,130 were injured, 1,309 were lost, 
214,925 were refuged, and 21,321 had evacuated. 

The earthquake caused by the Palu-Koro fault movement 
hit Pasigala with 7.4 Mw. Palu-Koro fault is an active 

segment of the Tumbu-Talise-Bora and Gumbasa-Kulawali 
segments). These cross to the western coastal area of 
Donggala Regency, Palu’s Bay, and the South Kulawi district 
of Sigi Regency. The earthquake ground spot is in Tompe 
village, a part of the Sirenja district of Donggala Regency. 
This earth movement then predicted impacts the water 
resource availability of each spring, whether in a water basin 
(WB) or a non-water basin. Several water basins are spread 
across the Palu, Sigi and Donggala, such as the WB of Palu, 
Bobo, Tawaeli, Oti, Tompe, Labea, and Palado. 

The earthquakes can cause hydrological responses, 
such as groundwater availability in and above the ground 
(Wang et al. 2004, Liao et al. 2015). Stockpiling a reservoir 
risks an earthquake (Xuan-Nam et al. 2020) and can cause 
landslides and soil erosion (Tunas et al. 2020, Naharuddin et 
al. 2021). Each of Palu’s watershed and Poboya’s watershed 
are equipped with springs. Both were affected by the Palu-
Koro movement when the earthquake event occurred. The 
ground movement then predicts the impact of the Poboya 
Springs, Ranjuri Springs in Beka village, Mantiloke Springs 
in Mantiloke village, and Uemanje Springs in Uemanje 
village. Those springs are generally located in the tectonic 
fault pathway. The tectonic fault structure controls the 
emergence of water sources and water channels under the 
surface. The tectonic fault structure affects the emerging 
water sources (Santosa 2006). 
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Research on the impact of the earthquake, tsunamis, and 
liquefaction in Palu and Donggala concerning water sources’ 
performance has not been conducted. The research was 
carried out only on the focus on assessing the level of erosion 
hazard in some land uses after earthquakes and liquefaction 
(Naharuddin et al. 2020), mapping of post-disaster damage 
and liquefaction (Syifa et al. 2019), landslide study in the 
East Palu Valley after the earthquake (Mason et al. 2021). 
Earthquakes can cause hydrological responses, such as 
groundwater availability in and above the ground. This 
statement is in line with King et al. (2006) statement that 
there is a temporal change in underground water hydrology 
due to the earthquake. This knowledge is very important 
for watershed management planning and modeling of 
springs (Wilkerson 2008, Reghunath et al. 2009, Jakubis 
& Jakubisová 2019). The research on the water production 
in Palu’s watershed and Poboya’s watershed is interested 
in assessing water’s present condition and availability at 
the ground and surface pathway. The research aims to 
determine the spatial model of springs’ performance on 
water production post-impact of the earthquake at these sites. 
The research would provide spatial data and information 
on springs’ performance. At the same time, the guideline 
of water resource recovery and the science and spatial 
technology of watershed management is also arranged as the 
basis for post-earthquake management planning.

MATERIALS AND METHODS

Study Area

This study was collaborative research involving the Palu 
Poso Watershed Management Center and the Forestry 
Faculty of Tadulako University. It will be conducted for 
two years, from May to October 2019, for data collecting 
and June to December 2020, for spatial model arrangement. 

Technically, sites were divided into four clusters. The 
watershed in Palu consisted of 3 clusters: Ranjuri-springs, 
Mantiloke-springs, and Uemanje-springs. Furthermore, the 
last cluster chose Poboya-springs as a part of the Poboya 

watershed. Geographically the location is at the coordinate 
point, according to Table 1.The study sites are shown in 
Fig. 1.

Tool and Study Material 

Data were divided into primary data collected by the 
collaborative team, including primary data on the field 
condition of each spring taken from May to October 2019, 
and secondary data types consisting of the map. These 
maps were collected from a particular center or agency. 
National Mapping Centre (NMC) provides spatial data with 
a scale of 1:50,000 – 1:100,000 consisting of digital maps 
such as Indonesian land cover, route map, river flow, and 
settlement area. Other data were prepared by the Palu Poso 
watersheds management center, such as the catchment area, 
land and geological map, rain intensity zonation map, and 
topographical and water resources. 

While fault maps, water basin maps, and spatial planning 
maps are collected from the provincial planning agency with 
a scale of 1:100,000 – 1,250,000. Palu’s regional forestry 
mapping agency provides land cover data and forest area. 
This kind of map is available for scale 1:100,000 – 1,250,000. 
Furthermore, those particular satellite images have been 
collected from the national space agency for SPOT6/7.  

Research Methodology

A spatial analytical method has been implemented for this 
research, combined with overlaying spatial data and made 
a score through statistical analysis (regression-correlation). 
The spatial analysis, through overlying a basic map, thematic 
map, and SPOT image, tries to build parameter attributes and 
count the indicator values (Wahyuningrum & Putra 2018). 

The spatial elements studied include the distribution of 
the fault path on September 28, 2018, geomorphological 
(river flow, tectonic surface pattern) and the river basin, 
aquifer, free land water depth, land texture, climate (the 
intensity of rain), topographic, land cover (vegetated or 
non-vegetated), water quality (discharge), catchment area 

Table 1: Research locations.

Cluster Geographical coordinate Site/Area

Number Code East longitude (E) South latitude (S)

1 SP1 119°51’20.82” 0°59’28.20” Ranjuri

SP2 119°51’40.18” 0°59’48.25” Ranjuri

2 SP 119°51’52.08” 0°04’51.60” Mantiloke

3 SP 119°49’07.50” 0°58’45.42” Uemanje

4 SP1 119°55’00.48” 0°53’00.72” Poboya

SP2 119°55’15.48” 0°52’50.76” Poboya
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Fig. 1: Research location of Palu and Poboya watersheds. 
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and the various utilization of water by the local community. 
Besides, supplement data support the research, i.e., springs 
typology, geological, land texture, elevation, kind of land 
cover, land uses, land status, watershed area, accessibility, 
infrastructure, and community profile (number of residents). 

The selection of springs locations that were examined for 
their spatial performance was done purposively as presented 
in Fig. 1 with the following considerations: (a) Poboya 
springs are located close to the tectonic fault lines, tectonic 
plains, non-forest areas, non-water basin area, typology of 
springs ‘contact’, type of land use in settlement area/ mining 
areas, owned land status; (b) the Uemanje springs is located a 
distance from the cesarean line, tectonic mountains, protected 
forest, non-water basin area, springs ‘contact’ typology, 
land use types in forest areas, state-owned land status; (c) 
Ranjuri springs is located near the cesarean line, river flow 
path, outside the forest state area, at the water basin area, 
‘depressive’ springs type, residential areas land use type, land 
owned by the community/village property; (d) Mantikole 
springs is located near cesarean lines, hot springs, river flow 
paths, located in outside of state forest areas, in a water basin, 
‘depressed’ springs type, agricultural land use type/ tourist 
areas, owned by the community/local government property. 
The springs’ location selection is a catchment area   typical 
of land cover, soil texture, water quantity (discharge), water 
quality, annual rainfall, and potential groundwater in aquifers. 

The process of the research describes as follows:

 1. The analysis process is based on inventory and 
identification data of springs.

  Overlaying and delineated boundary research areas 
(spatial and tabular): The boundaries of the Palu and 
Poboya watersheds, regencies/cities, districts, villages, 
and forest area boundaries (status/function of the area). 
Spatial tabulation and analysis based on the inventory 
and field identification of six springs locations into the 
four clusters) in the Palu and Poboya watersheds.

 2. Spatial modeling of springs performance.

Springs performance modeling with a spatial data 
overlaying approach and regression-correlation analysis 
was made to determine the relationships and trends among 
variables. The water quantity/water discharge (L.s-1) variable 
was analyzed with the cesarean moving path (kilometers), 
soil texture (related to infiltration/permeability), catchment 
area (ha), geomorphology (watershed /non-watershed in 
river flow paths, tectonic mountains, rainfall (mm.y-1), 
aquifer productivity, free groundwater depth, slope (% 
slope), vegetated land cover (% of the coverage area), 
number of springs users (households, worship, offices, 
education, health, tourism, agriculture, etc.). The results of 

the regression-correlation analysis become a reference for the 
scoring and variable scores selection. Range correlation value 
(R) ≥ 0.50 were selected as modelers in the spatial analysis 
system of springs performance. The size of each chosen 
variable’s scoring is determined based on the coefficient 
determination (the level of accuracy of the regeneration 
model) with a value of R2 ≥ 0.25.

The springs spatial performance criteria are as follows: 

	 •	 Poor performance springs category: The springs’ 
condition regarding water production has connected to 
a bio-geophysical and socioeconomic variable with a 
total weighting value of 20-46. Springs area recovery 
is recommended. 

	 •	 Disturbed performance springs category: The springs’ 
condition regarding water production has connected to 
a bio-geophysical and socioeconomic variable with a 
total weighting value of 47-73. Countermeasures action 
is recommended.

	 •	 Good performance springs category: The springs’ 
condition regarded water production has connected to a 
bio-geophysical and socioeconomic variable with a total 
weighting value of 74-100. Prevention is recommended 
(The Ministry of Environment and Forestry 2017), 
(modified according to the research needs).

RESULTS AND DISCUSSION

The Springs Condition

Characteristics observation of groundwater has been 
conducted on the spot that naturally springs. The springs 
indicated groundwater comes out as surface runoff. The 
springs condition in Palu and Poboya watersheds in four 
clusters are shown in Table 2. 

Spatial Model of Springs Performance

The spatial model of springs performance begins with 
regression analysis and correlation among the determining 
variables of the performance of springs concerning each 
spring’s ability to produce water (discharge) in liters/second. 
There are ten variables: (a) The proximity of springs from the 
movable tectonic fault; (b) Soil texture related to the level of 
infiltration; (c) water catchment areas; (d) geomorphology of 
river flow paths, plains/hills/tectonic mountains in the water 
basin/ non-water basin areas; (e) rain intensity; (f) Aquifer 
productivity; (g) vegetated land cover; (h) topography class; 
(i) Number of springs users; (j) Depth of free groundwater. 
The results of regression and correlation are as in Table 3.

The regression correlation analysis in Table 3 used the 
transformed data from Table 2.  The transformation for data 
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Table 2: Water discharge conditions, biogeophysical, and socioeconomic location of the springs.

Variable Name of Springs

Cluster 4 Poboya Cluster 3 Uemanje
(SP)

Cluster 1 Ranjuri Beka Cluster 2 Mantikole
(SP)Springs1 

(SP1)
Springs2
(SP2) 

Springs1 
(SP1)

Springs2 (SP2)

Watershed area Poboya Poboya Palu Palu Palu Palu

Regency/city Palu Palu Sigi Sigi Sigi Sigi

Forest area  non-forest area Protected forest non-forest area non-forest area

Land status Community Government Community Local government

Springs typology Contact Contact Depressive Depressive

Water catchment area [ha] 8.05 20.30 51.61 64.04 68.77 22.82

Water discharge [L.s-1] 1.18 5.09 0.51 0.70 0.18 1.04

Tectonic fault distance from 
the springs [km]

0.02 0.03 17.04 12.75 12.17 11.19

Geomorphology Non-water basin - tectonic 
land surface

Non-water basin - 
tectonic mountains

Ground water basin-river flow 
path

Ground water basin-
river flow path

Aquifer productivity Moderate High High High

Ground-free water depth [m] 0.85 0.85 0.50 0.48 0.48 0.48

Elevation
(meters above sea level)

175-200 150-200 550-650 75-125 25-125 75-200

Slope class [%] 25.06 23.05 43.20 12.75 11.05 50.28

Geology type and formations QTms (molasa celebes 
sarasin and sarasin)/
Sediment)

Kls (latimojong); gr 
(intrusive rocks)/
Metamorphic)

Qa (AluviumCoastal sediment/
Alluvium)

QTms (molasa 
celebes sarasin and 
sarasin)/Alluvium)

Soil type Red-yellow podzolic, litosol Alluvial, Glei humus Brown forest soil, 
alluvial

Soil texture Clay Clay Sandy clay Clay Dusty clay Dusty clay

Climate/Rain intensity  
[mm.y-1]

D/
800-1.000

D/
1.200-1.400

D/
800-1.000

D/
1.200-1.400

Land use Forests, mixed gardens, 
settlements, shrubs, grass, 
fields, open land

Forests, shrubs, 
open land

Shrubs, 
open land

Forests, Coconut 
groves, scrub, 
settlement

Coconut stand, 
shrubs, open land, 
tourist areas.

Vegetated land cover [ha] 7.46 17.01 42.98 60.25 61.03 20.23

Type of plant Timber, coconut, banana, 
corn

Candlenut, 
tamarind, sugar 
palm, bamboo

Acacia, 
Jatropha

Manggo, coconuc, 
banana, timbers. 

Timber, Lamtoro, 
Coconut, Banana, 
Guava, Mango

The Accessibility/ 
Infrastructure

Village Road Village Road Village Road Village Road

Number of the population) 
(soul/head of household)

1.716/
643

1.234/
305

2.649/
609

1.208/
281

Population density [souls.km-2] 27 74 1.172 96

Livelihood Gold miners, farmers, gov. 
employee

Farmers Farmers Farmers

Community needs for springs 
(l/day / person/head of 
household)

50 50 50 50

Springs utilization (head of 
household)

643 305 609 281

Springs user Household, 
agriculture)

Household, 
house of 
worship

House
holds, baths, houses 
of worship, schools

Household, 
Agriculture

Household, 
houses of 
worship, and 
schools.

Household, 
Tourism, 
Agriculture

Source: Results of the 2019 springs inventory/identification; a result of the SPOT image analysis and maps; a result of socioeconomic data analysis 
(Central Statistical Agency Sigi Regency 2018 and Central Statistical Agency Palu City 2018). 
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consists of null with SQRT=√xi+0,5, and other than null, 
has transformed with SQRT=√xi. The qualitative data such 
as geomorphology, aquifer productivity, and soil texture 
are quantified by scores 1,2,3 according to the level. The 
high aquifer productivity received a score of 3, while the 
medium and low productivity levels received scores of 2 
and 1, respectively. The same treatment is also done for the 
soil texture, scoring 3 for fine texture, 2 for fine soil texture, 
and 1 for rough texture. The geomorphological water basin 
path and tectonic land received a score of 3. The non-water 
basin received 2 and 1 for tectonic hills. 

Table 3 shows the results of the regression analysis and 
the correlation between the response variable (Y) water 
discharge with explanatory variables (X1-X10), which are 
generally weak-moderate negative correlations due to the 
fewer water discharges (1.45 L.s-1). SP2 Poboya became 
the only site supported by an adequate water discharge from 
those six springs locations, which is 5,09 L.s-1. In contrast, 
the SP1 Poboya and SP Mantikole (hot springs) are supported 
by lower discharge, 1.18 L.s-1 and 04 L.s-1, respectively. 
Each SP1 Ranjuri, SP2 Ranjuri, and SP Uemanje supported 
the water flow of 0.70 L.s-1, 0.18 L.s-1, and 0.51 L.s-1. The 
potential quantitative level of free groundwater (small-
medium) and small potential (<1.0 L.s-1) occupied the eastern 
part of the river basin in East Palu District, South Palu, Dolo. 
Medium potential (1.0-5.0 L.s-1) covers the entire western 
part of the water basin and only 40% in Sigi Biromaru and 
Gumbasa Districts.

The fault movement may cause less water discharge in 
SP Ranjuri Beka and SP Mantikole. Somehow, cesarean has 

led to landslides upstream of the Beka Village, disrupting 
the existing water flow as springs. Generally, the pattern of 
springs is caused by groundwater level cross topography, so 
the springs seem depressed and associated with the presence 
of fault (Santosa 2006). The topography in Mantikole 
was impacted by water discharge. Steep topography with 
alluvium rocky type (Molas Celebes Sarasin and Sarasin) 
and the existence of fault movement affect the rock structure 
disruption (Fig. 2). Santosa (2006) suggested that hot springs 
appear due to non-gravitational power are located in the 
fracture of the long earth’s crust, and very deep. The water 
source mostly comes from rainwater that falls around it, and 
only a small portion comes from inside the earth (magmatic). 
The falling rain infiltrates the ground and is heated by magma 
underneath, forming a large convection current that pushes 
to the ground’s surface.

Poboya springs cluster outside the water basin area 
in tectonic plains and contain two springs with different 
discharges, namely springs (SP) Poboya with small water 
discharge and SP2 Poboya with moderate water flow. Both 
of these SP locations are very close to the tectonic fault 
movement, steep topography, rock type sediment (molasa 
Celebes Sarasin and Sarasin) (Fig. 3). Further, SP Ranjuri 
Beka and Uemanje have a small water discharge located 
outside of the water basin area and far from the fault movement 
(Fig. 4). The movement disrupted the rock structure so 
which affects water flow. Rock cracks could decrease slope 
stability. The landslide may occur the rainwater seeps into 
the crack or when the slope is shaken. The appearance of 
springs is mostly influenced by the tectonic fault structure, 
other than the rock’s constituent condition. The tectonic fault 

Table 3: The correlation regression analysis of water discharge with biogeophysical variables and springs users at six locations in four springs clusters.

The simple regression analysis variables Regression model
Ȳ = a + bX

Determi-nant 
coeffi-cient (R2)

Correlation 
(R) 

(Test) F

Fcount Ftab.(α0,05,1,4)

Explanatory variable X Response variable Y

Water discharge

X1 Catchment area Ȳ = 0.17 – 2.06X 0.35 -0.59 6.15 nr 7.71

X2 Geomorphology Ȳ = 0.33 – 1.55X 0.02 -0.15 4.09 nr 7.71

X3 Distance Fault moves from 
the springs  (The distance of 
tectonic fault from springs

Ȳ = 0.26 – 1.70X 0.56 -0.75 9.14r 7.71

X4 Aquifer Productivity Ȳ = 2.75 – 5.80X 0.47 -0.69 7.59 nr 7.71

X5 Depth of Free Groundwater Ȳ = 4.07+2.09-X 0.56 0.75 9.14 r 7.71

X6 Slope class Ȳ = 0.04 +0.83X 0.01 0.11 4.05 nr 7.71

X7 Soils texture Ȳ =-0.28 + 0.99X 0.07 0.26 4.30 nr 7.71

X8 Rain intensity Ȳ = 0.05 – 2.73X 0.05 -0.23 4.23 nr 7.71

X9 Vegetation Cover Ȳ = 0.18 – 2.07X 0.36 -0.60 6.29 nr 7.71

X10 Springs users Ȳ = 1.39 – 3.31X 0.29 -0.54 5.61 nr 7.71

Remarks: nr: not different; r: real
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structure controls the appearance of springs and subsurface 
waterways (Rahayu et al. 2009, Santosa 2006). 

The analysis of free groundwater depth (X5) shows 
a strong positive correlation (0.75) with water discharge 
and significantly affects spring supply. The level of free 
groundwater depth at the site was 0.61 m (<1.0 m). Therefore, 
the regression model explained that the shallower free 
groundwater from SP would better the supply of water 
sources. This is in line with research conducted by Zeffitni 
(2012), phreatic face level fluctuations in Palu’s water basin 
are generally low (<1.0 m), lowest in the western basin in 
Dolo Barat District (0.48 m), highest in the eastern basin in 
Sigi Biromaru District (0.85 m).

The proximity analysis of the cesarean movement on 
September 28, 2018, shows a strong negative correlation 
(-0.75) with water discharge and significantly affects the 
water supply to the springs. The distance of the cesarean 
movement at the study site is an average of 8.87 km 
(somewhat close), so according to the obtained regression 
model explains that the closer the cesarean movement 
distance from the SP will, the greater disturbance to the 
water availability at the SP. According to the Meteorological, 
Climatological, and Geophysical Agency, the earthquake on 

28 September 2018 was located at 119.85° E: 0.18° S about 
80 km north of Palu City at 10 km depth. The earthquake 
occurred along the Palu-Koro on the eastern side along ± 
160 km in three segments, two active fault segments on the 
tram-Talise-Bora ± 130 km long, and one segment of the 
active Gumbasa-Kulawi fault ± 30 km long (Soehaimi et al. 
2018, Supartoyo et al. 2018). 

The occurrence of a negative-moderate ’correlation 
between water discharge and Water Catchment Area (WCA), 
vegetated land, aquifer productivity, and springs users 
caused by less water discharge. Ideally, WCA and extensive 
vegetated area, high aquifer productivity, and many springs 
users, water discharge must also be larger to have a ‘positive, 
strong correlation. The discrepancy between the response 
variable (Y) and the explanatory variable (X) in the four SP 
clusters in the Palu and Poboya watersheds can occur due to 
the fault earthquake on 28 September 2018. Each landform 
has characteristics of rock structure as a container aquifer 
groundwater (Sumartoyo 2010). 

The determinant coefficient value (R2) in Table 3 shows 
the level of accuracy of the regression model, ranging from 
good (0.56) to very bad (0.01). The regression suggested that 
only those R2 with moderate to good category (0.29 – 0.56) 

Table 4: Criteria and spatial modeling techniques for springs performance. 

Criteria Parameter Indicator Weight Value Total Value

Water quantity Water discharge Great): >10 l/s 50 5 250

Moderate: 5-10 l/s 3 150

Few: <5 l/s 1 50

Water catchment area Large area >50 ha 7 5 35

10-50 ha 3 31

<10 ha 1 7

Vegetation cover Area of vegetation cover > 50% 8 5 40

25 -50% 3 24

< 25% 1 8

Aquifer Potential groundwater capacity High productivity 9 5 45

Medium productivity 3 27

Low Productivity 1 9

Groundwater Depth of free groundwater level <1 m 10 5 50

1-5 m 3 30

>5 m 1 10

Faulting The proximity of the fault moves 
with the location of the springs

>10 km 10 5 50

5-10 km 3 30

<5 km 1 10

Use of springs Number of springs users <2 users 6 5 30

2-3 users 3 18

>3 users 1 6
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are suitable to build a performance model. Thus, the variable 
of free groundwater depth (X5), fault movement distance 
from springs (X3), aquifer productivity (X4), vegetated 
land (X9), catchment area (X1), and springs users (X10) 
as modelers’ performance conditions in evaluation. Spatial 
modeling of SP performance conditions is approached by 
the weighting of variables X and Y. This was confirmed by 
Gunawan et al. (2016); weighting each parameter (factor) 
should be based on a correlation matrix between parameters.

Table 4 shows the X and Y variables formulated as a 
spatial model in evaluating SP performance conditions. 
The model explains the water catchment area (WCA) as 
a reservoir for rain, as a place for vegetation to grow, and 
various types of land use, soil type, and groundwater potential 
are also included. This aligns with Gunawan et al. (2016), 
who stated that catchment area condition depends on several 
factors, including land use, slope (topography), rainfall, soil 
type, and groundwater potential.

Formula: 𝐓𝐓𝐓𝐓𝐓𝐓 = ∑ (𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰 𝐱𝐱 𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐰𝐰/ 𝐦𝐦𝐯𝐯𝐱𝐱 𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐰𝐰)∞
𝐧𝐧=𝟏𝟏  … (1) 

 
 

  … (1)

Where:

TVS = Total Value of Springs; 

Value = springs value of each criterion (springs value 
of each criterion); 

The maximum value = each criterion 5 (criterion each 
of 5); maximum total value of 100 (maximum total value of 
100.). (Ministry of Environment and Forestry 2017).

The results of spatial model performance for six springs 
locations in the four clusters are given in Table 5.

Table 5 shows ‘bad’ performance in one site, and the 
other five are disturbed. The correlation regression analysis 
between variables Y and X with negative regression 
coefficient values and moderate-strong negative correlations 
were analyzed as the factor of springs ‘bad-disturbed’ water 
production performance.  The only variable X with a great 
positive regression-correlation coefficient value is the level 
of free groundwater that averages <1 meter so that the 
springs can still produce water throughout the year, even with 
small discharge. The catchment areas have a high ability to 
absorb rain to fill up the aquifers as a source of water. The 
catchment area depends on land use, slope, rainfall, soil 
type, and groundwater potential (Ministry of Environment 
and Forestry 2017, Gunawan et al. 2016).

A spatial model shows the exceed of water utilization. 
Several factors are identified, such as fault movement, 
shrinking water catchment coverage area (8.05-68.77 ha), 
shrubs and grasses dominated land cover or loss of trees. 

The texture and depth of plant roots determine 
groundwater storage capacity. The deeper the roots are, the 
more water is stored in the soil (Sari & Prijono 2019). The 
soil’s adequate depth determines the groundwater storage 
capacity in a land-use system, the distribution of soil micro-
pore spaces, and the balanced soil particle size between clay 
and sand particles. Groundwater content values and soil 
physical properties influence groundwater reserves. Solum 
thickness affects water storage capacity (Rahayu et al. 2009, 
Sari & Prijono 2019).

Based on the bad-disturbed performance value of 
modeling, thus, could be analyzed that performance 

Table 5: The performance of the spatial model of springs.

Variables Total value

Cluster 4 
Poboya 

Cluster 3 
Uemanje

Cluster 1
Ranjuri Beka 

Cluster 2 
Mantikole

 Springs1 SP1)  Springs2 (SP2)  Springs (SP)  Springs1 (SP1)  Springs2 (SP2)  Springs (SP)

Water discharge 50 150 50 50 50 50

Water catchment area 7 21 35 35 35 21

Vegetation cover 40 40 40 40 40 40

Aquifer 27 27 45 45 45 45

Free groundwater 50 50 50 50 50 50

A fault movement distance 
from the springs)

10 10 50 50 50 50

Use of springs 18 18 6 18 18 18

Total score 202 316 276 288 288 274

Springs performance value 40 63 55 58 58 55

Springs performance bad Disturbed disturbed disturbed disturbed Disturbed

Remarks: SP = springs
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Fig. 2: Map of the spatial model of the post-earthquake springs performance conditions 28 
September 2018 in the Mantikole Cluster 2 (Scale 1:50,000).

Fig. 2: Map of the spatial model of the post-earthquake springs performance conditions 28 September 2018 in the Mantikole Cluster 2 (Scale 1:50,000).

improvement and mitigation are needed through forest 
and land conservation, enrichment planting of trees, wise 
land management, and proper water utilization. Soil 
permeability in the secondary forest is faster than in mixed 
upland, monocultures, and paddy fields. Soil permeability in 
monocultures is higher than in mixed upland. The ability of 
forest areas to absorb water is faster than the rice field or even 

a mixed upland area. This finding is supported by Lopes et al. 
(2019), that the forest is a groundwater reservoir and provides 
a wide range of ecosystem services. It fasts in permeability 
and relatively fast on mixed land, has medium permeability 
on dry land and yard, and is slower on degraded land. Forest 
area consists of numerous trees and diverse upland areas 
provided by the better ability on water permeability. It makes 
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Fig. 3: Map of the spatial model of the post-earthquake springs performance conditions 28 
September 2018 in the Poboya Cluster 4 (Scale 1:50,000).
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Fig. 4: Map of the spatial model of the post-earthquake springs performance conditions 28 
September 2018 in the Ranjuri Beka Cluster 1 and Uwemanje Cluster 3 (Scale 1:50,000).

CONCLUSION 

From the results of spatial-statistical modeling, it is known that the condition of the springs in 

producing water after the tectonic earthquake in the Palu and Poboya watersheds has a "poor-

disturbed" performance. This performance was caused by the use of water sources at each location of 
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runoff occur less (Lisnawati & Wibowo 2010, Naharuddin 
et al. 2018, 2019).

CONCLUSION

From the results of spatial-statistical modeling, it is known 
that the condition of the springs in producing water after 
the tectonic earthquake in the Palu and Poboya watersheds 
has a “poor-disturbed” performance. This performance was 
caused by the use of water sources at each location of the 
springs that had exceeded its water production capacity, the 
movement of faults/faults, the water catchment area was 
not wide (8.05 - 68.77 ha), vegetation cover dominated by 
shrubs and grasses and a few forest trees. Considering these 
conditions, it is necessary to increase the recharge area and 
improve evapotranspiration through the enrichment of forest 
and annual plants, as well as protection around springs within 
a radius of 200 m from various land clearing activities. To 
maintain the performance of springs in areas prone to tectonic 
earthquakes with low-moderate aquifer productivity and the 
presence of deep-free groundwater, it is important to conduct 
scientific research related to the hydrogeological aspects of 
the area, which is integrated with trials of developing plant 
species that have high water storage capacity.
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      ABSTRACT
In this study, a comprehensive comparison of two different chemical pretreatments of wheat 
straw (WS) and rice straw (RS) was made. The pretreatment was performed using piranha 
solution and p-toluenesulfonic acid (PTSA) to dissolve the biomass’s complex lignin and 
hemicellulose matrix to enhance its methane production. Energy dispersive spectroscopy 
(EDS), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopes 
(SEM), and X-ray diffraction (XRD) analysis, were used to analyze the characteristics of 
untreated and pretreated feedstock. WS and RS treated with piranha solution showed 
maximum methane yield (1234 mL and 1196 mL, respectively). The piranha pretreatment 
increased the methane yield of wheat straw by 2.37 folds and rice straws by 2.31 folds. The 
maximum VFA concentration was observed in WS on the 14th day in the piranha-treated 
sample, 1553.33 ± 2.8 mg.L-1, while in RS on the 21st day in the untreated sample, 676 ± 5.77 
mg.L-1. SEM analysis of piranha-treated WS indicated a reduction in recalcitrant structure. 
Deformation of C-O, C=C, C-C-O, and C-H bonds in cellulose, hemicellulosic, and lignin as 
a result of chemical pretreatment in WS and RS was also indicated by FTIR analysis. The 
modified Gompertz model (MGM) and logistic function model (LFM) appropriately defined 
the degradation process and explained cumulative biogas’ kinetic. Pretreatment with piranha 
solution reduces the complexity of WS and RS, thus increasing methane production by 
reducing the retention time.

INTRODUCTION

In a time of rapid fossil fuel depletion, air pollution, and 
increased waste generation, it is vital to encourage the 
production of a sustainable, reliable, and affordable energy 
source. Production of clean energy has now become 
necessary since the power demand is ever-increasing (Owusu 
et al. 2016, Karuppiah & Azariah 2019, Korys et al. 2019). 
The fuel shortage could adversely affect economic activity; 
therefore, the dependency on fossil fuels must be reduced by 
opting for renewable energy. The utilization of agricultural 
residue in the energy sector is growing continuously as it 
is generated in huge quantities and is inexhaustible. The 
biomass is being replenished continuously with an increase 
in agricultural activities. Unscientific burning of agricultural 
waste produces a significant amount of hazardous gases, most 
notably nitrogen dioxide, sulfur dioxide, nitrous oxide, carbon 
monoxide, methane, polycyclic aromatic hydrocarbons, 

particulate matter, and volatile organic compounds (Dar et 
al. 2016, Singh et al. 2020). Sustainable agricultural waste 
management through anaerobic digestion can efficiently 
resolve some energy crises. According to a report from the 
Food and Agriculture Organization (FAO RMM 2018), rice 
comes in the third position after maize and wheat among the 
most cultivated crops, producing a significant amount of 
lignocellulosic trash (Singh & Kumar 2019, Kainthola et al. 
2019a). The three primary components of any lignocellulosic 
biomass are lignin, hemicellulose, and cellulose, along with 
some portion of soluble and insoluble materials like pectin, 
protein, and minerals (Maldonado-Bustamante et al. 2022). 
Different biomass has different ratios of these constituents 
according to crop variety, environmental condition, and soil 
quality (Kumar et al. 2021). Both amorphous and crystalline 
forms of cellulose are present in rice straw and wheat straw. 
Amorphous cellulose degrades effortlessly, while crystalline 
cellulose is hard to degrade due to microfibril binding. 
Hemicellulose is linear and highly branched heteropolymer 
with C-5 and C-6 sugars as its main components. It is 
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susceptible to hydrolysis during anaerobic digestion owing 
to low molecular weight and low degree of polymerization 
(Ahmad et al. 2018). Lignin is a hard, hydrophobic, and 
complicated biopolymer that provides structural strength 
by producing a barrier that prevents the digestion of WS 
and RS (Kumar et al. 2021). Cellulose is a linear polymer 
of D-glucose units linked together by -1,4 bonds and closely 
maintained by inter and intra-chain hydrogen bonding to form 
microfiber, which protects the plant cell wall and provides 
mechanical strength to them (Ma et al. 2019). According to 
Halac & Ragauskas (2011), RS has more polymerization 
degree than WS. Hemicellulose is interconnected to lignin by 
covalent bonds, while hemicellulose and cellulose are linked 
by hydrogen bonding. Lignin comprises propyl phenol units, 
namely coniferyl alcohol, sinapyl alcohol, and some amount 
of p-coumaryl alcohol. These are connected by various ether 
and carbon-carbon linkages, such as β-O-4, 4-O-5, β-β, β-1, 
and β-5, to produce phenylpropanoid units like guaiacyl 
(G), ayringyl (S), and p-hydroxyphenyls (H). The β-O4- 
linkage is the leading ether bond (60%-40) in the lignin of 
RS (Sheng et al. 2021). Lignin is difficult to remove because 
of its attachment with carbohydrates through benzyl esters, 
benzyl ethers, and phenyl glycosides which provide a robust 
structure to RS (Satlewal et al. 2018). Pretreatment of WS 
and RS is necessary as various interlinked bonds mentioned 
above are hard to digest (Zoghlami & Paes 2019).  High silica 
content in RS and WS also inhibits enzymatic hydrolysis; 
hence the removal of silica content is required to improve 
enzymatic accessibility (Athira et al. 2019). Anaerobic 
digestion of lignocellulosic biomass without pretreatment 
is un-remunerative. There are numerous pretreatment 
methods to reduce the recalcitrant nature, such as physical, 
chemical, and biological among them, chemical pretreatment 
has become the most approachable and promising method. 
Chemical pretreatment effectively increases cellulose 
biodegradability by reducing the complexity of lignin and 
hemicelluloses (Mancini et al., 2018). Chemical pretreatment 
techniques include oxidative, ozonolysis, organosolv, acidic, 
alkaline, and ionic liquid pretreatment. According to the 
current studies reported in the literature, acidic pretreatment 
is perhaps the best among these chemical pretreatments if 
lignocellulose is pretreated with a diluted acid at a high 
temperature (Mahmood et al. 2019). Oxidative pretreatment 
of lignocellulose by oxidant is referred to as an effective 
process. However, it has been studied rarely (Chen et al. 
2017). Chemicals varying from oxidizing agents, alkali, 
acids, and salts are capable of degrading lignin, cellulose, 
and hemicellulose from lignocellulosic biomass; moreover, 
organic (formic, acetic, and propionic) inorganic (Sulfuric, 
nitric, hydrochloric and phosphoric) acids are also used 
to break the internal bond of lignin and hemicellulose 

(Behera et al. 2014). Chiranjeevi et al. (2018) reported that 
a novel assisted dilute acid pretreatment with boric acid 
(1% w/v) + H2SO4 (0.75%v/v) + glycerol (0.5% v/v) at 
150 C for 20 min significantly enhanced the delignification 
of RS and consequently glucan-to-glucose conversion. An 
extensive study was performed by Pellera et al. (2018) in 
which they assessed how chemical pretreatment affected 
the solubilization of agro-industrial waste. The study 
selected different wastes such as wineries, cotton gins, 
olive pomace, and the juice industry. For the pretreatment, 
eight reagents were used: NaOH, NaHCO3, NaCl, H3Cit, 
AcOH, H2O2, Me2CO, and EtOH. Among all the reagents, 
H3Cit, H2O2, and EtOH were effective as they altered the 
substrate’s structure and broke the bond between cellulose 
hemicellulose and lignin. Wet oxidation comprises oxidizing 
agents such as oxygen, ozone, and hydrogen peroxide. 
The wet oxidation process affects all three components of 
lignocellulosic biomass. Hemicellulose is enormously broken 
into monomeric sugars and reduced into organic acids, the 
crystallinity of cellulose reduces, and the lignin breaks and 
oxidizes (Den et al. 2018). Wet oxidation is quite effective on 
maize straw (Chen et al. 2017). It is analyzed that p-toluene 
sulfonic acid has tremendous potential for the delignification 
of biomass (Wang et al. 2020). Therefore, the current study 
compares the piranha solution with p-toluene sulfonic acid 
pretreatment on WS and RS. As piranha solutions are strong 
oxidizing agents, p-toluene sulfonic acid is strong. At the 
same time, no study has been conducted on the pretreatment 
of WS and RS with piranha solution. In this study, a 
comprehensive comparison of novel chemical pretreatment 
on RS and WS was performed also tries to understand the 
significance of silica reduction as much literature is present 
on the reduction of lignin from agricultural residue. However, 
the reduction of silica was neglected. 

MATERIALS AND METHODS 

Chemicals and Reagents

All experiments were conducted with analytical-grade 
chemicals bought from Fisher Scientific India. To prepare 
concentrated piranha solution, 3 parts of concentrated 
sulfuric acids and 1 part of 30 % hydrogen peroxide solution 
were mixed, as Shrivash et al. (2017) reported. In addition, 
Para toluene sulfonic acid (CH3C6H4SO3), phosphate 
buffer, iron chloride (FeCl3.7H2O), magnesium sulfate 
(MgSO4.7H2O), calcium chloride (CaCl2.2H2O), cobalt 
nitrate (Co(NO3)2.6H2O, nickel chloride (NiCl2.2H2O), 
sodium hydroxide (NaOH), ferrous ammonium sulfate 
(Fe(NH4)2(SO4)2.6H2O), potassium dichromate (K2Cr2O7), 
silver sulfate (Ag2SO4) and ferroin indicator were also used 
in this study. All the reagents used in this study were prepared 
using double distilled water.
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Collection and Analysis of WS, RS and Inoculum

WS and RS were collected from Mohanlalganj (Lucknow, 
Uttar Pradesh, India).  Both the biomasses were kept in an 
oven for one week separately at 45°C to dry them, afterward 
crushed using a grinder and kept in air-tight plastic bags at 
room temperature, cow dung (CD) was collected from a 
nearby dairy in Rajnikhand (Lucknow, Uttar Pradesh, India). 
The physicochemical characteristics of WS, RS, and CD 
were analyzed and individually shown in Table 1. Moisture 
content (MC), volatile solids (VS), and soluble chemical 
oxygen demand (sCOD) were determined with the help of 
methods mentioned in the American public health association 
(APHA). The direct titration method measured volatile fatty 
acids (VFA) (DiLallo & Albertson, 1961), and pH values 
were measured by water analyzer 371 (Systronics, India)

Pretreatment of WS and RS 

For pretreatment, 50 g of WS was taken in two 250 mL 
conical flasks (a and b), then in the flask (a), 150 mL of 
10% piranha solution, and in flask (b), 150 mL of PTSA 
solution was added separately. Then these flasks were 
kept for shaking for 24 h at a magnetic stirrer. A similar 
procedure was also done for RS for pretreatment. Afterward, 
the pretreated biomass was filtered and dried for further use. 

Each experiment was performed in triplicates in this work. 
The untreated WS and RS were denoted as WSU and RSU, 
respectively, and WS and RS treated with piranha solution 
were denoted as WSP and RSP. And WS and RS treated 
with PTSA were denoted as WSPT and RSPT, respectively.

Batch Study for Anaerobic Digestion of WS and RS

The influence of chemical pretreatment of WS and RS on 
methane production was analyzed through the daily water 
displacement technique for 35 days. Borosil glass bottles of 
1000 mL capacity were used as reactors in the batch study. 
For the anaerobic digestion of WS, 20.9 g of WSU, WSP, 
and WSPT were added to the reactor bottles separately. 
A 50 g of CD was mixed in each reactor, and the volume 
of the reaction mixture was maintained at 700 mL using 
double distilled water. Macronutrients (phosphate buffer 
of 7 pH) and micronutrients MgSO4 (400 mg.L-1), CaCl2 
(50 mg.L-1), FeCl3 (40 mg.L-1), CoCl2 (10 mg.L-1), ZnCl2 
(0.5 mg.L-1) and NiCl2 (0.5 mg.L-1) were added in reactor 
along with feedstock and inoculum. A similar setup was also 
maintained for the anaerobic digestion of RS using 23.6 g 
of RSU, RSP, and RSPT. Anaerobic digestion of WSU and 
RSU were set as control experiments. The amount of WS and 
RS (20.9 and 23.6 g, respectively) was selected per food-to-
microbe ratio (F/M) 2. The selection of this F/M ratio was 

 
Fig. 1: Set up for anaerobic digestion study.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1200 Nikita Kanaujia et al.

Vol. 22, No. 3, 2023 • Nature Environment and Pollution Technology This publication is licensed under a Creative 
Commons Attribution 4.0 International License

This publication is licensed under a Creative 
Commons Attribution 4.0 International License

made based on previous literature, which reported it best for 
anaerobic digestion (Kainthola et al. 2019b, Saha et al. 2018, 
Veluchamy et al. 2017). The reactor bottles were connected 
with 1000 mL aspirator bottles through a pipe filled with 
distilled water. The water of the aspirator bottle displaced on 
the methane generation was collected in a collector placed 
at the end. A rubber cork was fitted on the reactor to sustain 
the anaerobic condition inside the glass bottles (Fig. 1). All 
the experiments were performed in triplicate.

Instrumental Analysis

SEM and EDS analysis for the morphological and elemental 
analysis of WSP, WSPT, WSM, WSU and RSP, RSPT, RSM, 
and RSU were done by JSM 4490 (JEOL, Japan). Surface 
functional group analysis was done using an FTIR model 
NICOLET6700 (Thermo Fisher Scientific, U.S.A). XRD 
was used to determine the degree of crystallinity in untreated 
and pretreated feedstock using D8 Advance Eco (Bruker, 
Germany); moreover, the crystallinity index (CI) was 
determined as the following equation (Kumar et al. 2016).

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖(%) = Area of all the crystalline peaks
Area of all the crystalline and amorphous peaks × 100                      
 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖(%) = Area of all the crystalline peaks
Area of all the crystalline and amorphous peaks × 100                      
  …(1)

Analysis of Data through Kinetic Models

MGM and LFM were used to model the kinetics of methane 
generation. To calculate the methane production and the kinetic 
parameters for the current investigation, IBM SPSS statistics 
were employed. The following equations and nonlinear 
regression analysis used the experimental cumulative methane 
yield data to determine the bio-kinetic parameters.

 
𝑦𝑦(𝑡𝑡) = 𝑃𝑃 ∗ 𝐸𝐸𝐸𝐸𝐸𝐸 (−𝐸𝐸𝐸𝐸𝐸𝐸 (  𝑅𝑅∗𝐸𝐸𝐸𝐸𝐸𝐸

𝑃𝑃 ) (𝐿𝐿 − 1) + 1)      
 

  …(2)

 y(t) = P
1+exp{4R(L−1)

P +2}
                     …(3)

Where y (t) is cumulative methane potential (mL), P 
represents the maximum yield of biogas (mL), R denotes the 
highest production rate of biogas (mL), L is the lag phase 
constant (day), and the value of the constant e is 2.7183. 
The parameters P, R, and L were calculated by curve fitting 
IBM SPSS 20. Regression analysis was done to estimate the 
coefficient of correlation R2.

RESULTS AND DISCUSSION

Effect of Pretreatment on the Degree of Solubilization

Piranha solution and PTSA can break down the interunit of 
lignocellulosic biomass. The high oxidative properties and 
generation of singlet oxygen radicals are responsible for 
the degradation of feedstock. The chemical pretreatment 
effect on the solubilization of WS and RS was measured 
by the change in VFA, sCOD, VS, and pH alterations 
of the digestate as shown in Fig. 2 and Fig. 3. The large 
molecule partially degraded while pretreatment and 
consecutively converted into VFA during the digestion  
process. 

At the initial stage of anaerobic digestion, the 
concentration of VFA varied from 233.33 ± 28.86  
mg.L-1 to 986.66 ± 2.88 mg.L-1. Minimum VFA was observed 
in RSU, while maximum VFA was detected in WSP. The 
VFA concentration rapidly increased with digestion time 
in all the reactors (Fig. 2c and 2d). As the VFA increased, 
the pH decreased (Fig. 2a and 2b), indicating the formation 
of acidic conditions in the reactors. VFA is produced in the 
acidogenesis phase and contains acetic acid, propionic acid, 
butyric acid, and valeric acid, which causes a drop in pH. At 
last, they get converted into methane. VFA is utilized as a 
substrate in anaerobic digestion for methane production as it 
preserves all chemical energy of the substrate (Valentino et 

Table 1: Initial physicochemical characteristics of WS, RS and CD.

Parameters WS RS CD

pH 7.48 ± 0.5 7.79 ± 0.5 7.31

Moisture content [%] 8.1 ± 0.33 5.94 ± 1.5 81.235 ± 0.6

Volatile solids [% Total solid] 92.53 ± 0.613 80 ± 0.7 82.39 ± 0.09

Ash content [% Total solid] 14.47 ± 0.99 20 ± 0.56 17.61 ± 1.25

TS [%] 90 ± 0.25 94.09 ± 0.76 18.27 ± 0.07

Lignin [%] 18.52 ± 0.55 14.76 ± 0.87 NA

Hemicellulose [%] 25 ± 1.99 29.09 ± 0.45 NA

Cellulose [%] 39 ± 1.25 37.98 ± 0.56 NA

*NA - Not Analyzed
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2014). As WS and RS are anaerobically digested, the change 
in an sCOD is depicted in Fig. 3a and 3d, respectively. 
The initial sCOD for WS ranged from 6612 ± 97 mg.L-1 to 
6166.6 ± 57 mg.L-1, and that of RS ranged from 5157.3 ± 
136 mg.L-1 to 7844 ± 135 mg.L-1. In all the reactors, sCOD 
increased with digestion time and achieved the maximum 
value on the 14th day in all chemically pretreated substrates, 
while the maximum sCOD in WSU and RSU was found on 
the 21st day. Afterward, sCOD gradually decreased in all 
the reactors. Cellulose is hydrolyzed to produce fermentable 
reducing sugars, which help to raise sCOD levels (Panigrahi 
et al. 2020). Among all the pretreated substrates highest 
sCOD was found in WSP, i.e., 16333.33 ± 144.33 mg.L-1. 
The sCOD of piranha-treated WS and RS was 1.05 times 
and 1.04 times higher than PTSA treatment, respectively. 
The lowest sCOD was found in WSU and RSU due to 
their recalcitrant nature, which made them difficult to  
solubilize.

The initial VS of WSP, WSPT, and WSU was 87.3 ± 2%, 
89.3 ± 0.57%, and 91.6 ± 2%, respectively, and the initial 

al. 2021). The maximum concentration of VFA was achieved 
on the 14th day, and WSP showed a maximum concentration 
of VFA (1553.33 ± 2.8 mg.L-1) followed by WSPT (1414.66 
± 25 mg/L), RSP (1333.33 ± 28.86 mg.L-1), RSPT (1269.33 
± 19 mg.L-1) while in WSU and RSU maximum VFA found 
on 21st day that is 752.33 ± 4.04 mg.L-1 and 676 ± 5.77 
mg.L-1 respectively. Subsequently, an abrupt decrease was 
observed in all the reactors due to the commencing of the 
methanogenic phase. WSP has 1.09 fold higher VFA than 
WSPT, and RSP has 1.05 fold higher VFA than RSPT. A 
higher concentration of VFA in piranha-treated biomasses 
may be due to fast hydrolysis caused by piranha solution, 
which potentially breaks the lignocellulosic matrix because 
of its strong oxidative nature. Compared to the inhibitory 
concentration, i.e., 8000 mg.L-1, the VFA concentration 
was lower during the digesting time in all eight reactors, 
demonstrating favorable conditions for the growth of acid-
producing bacteria.

sCOD indicates the degree of substrate solubilization 
attained by microbes to generate methane (Kavitha et al. 
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Fig. 2: Effect of Pretreatment on (a) and (b) pH change and (c) and (d) VFA of WS and RS.

sCOD indicates the degree of substrate solubilization attained by microbes to generate methane 

(Kavitha et al. 2014). As WS and RS are anaerobically digested, the change in an sCOD is depicted

in Fig. 3a and 3d, respectively. The initial sCOD for WS ranged from 6612 ± 97 mg.L-1 to 6166.6

± 57 mg.L-1, and that of RS ranged from 5157.3 ± 136 mg.L-1 to 7844 ± 135 mg.L-1. In all the

reactors, sCOD increased with digestion time and achieved the maximum value on the 14th day in

all chemically pretreated substrates, while the maximum sCOD in WSU and RSU was found on

the 21st day. Afterward, sCOD gradually decreased in all the reactors. Cellulose is hydrolyzed to

produce fermentable reducing sugars, which help to raise sCOD levels (Panigrahi et al. 2020).

Among all the pretreated substrates highest sCOD was found in WSP, i.e., 16333.33 ± 144.33

mg.L-1. The sCOD of piranha-treated WS and RS was 1.05 times and 1.04 times higher than PTSA 

treatment, respectively. The lowest sCOD was found in WSU and RSU due to their recalcitrant 

nature, which made them difficult to solubilize.

Fig. 2: Effect of Pretreatment on (a) and (b) pH change and (c) and (d) VFA of WS and RS.
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VS of RSP, RSPT and RSU were 82.66 ± 1.5%, 85.33 ± 1%, 
and 89 ± 1%, respectively. VS content of piranha-treated 
biomasses was lower initially may be due to the removal 
of non-structural components present in WS and RS during 
pretreatment. The VS content in anaerobic digestion of WS 
decreased up to 43.6 ± 1% (WSP), 55.33 ± 0.57% (WSPT), 
and 61.3 ± 1.5% (WSU), and in RS, the VS was decreased 
up to 55.66% (RSP), 56.33% (RSPT) 65.66% (RSU). The 
VS content decreased by increasing digestion time (Fig. 3c 
and 3d). The reduction in VS is directly proportional to the 
conversion of organic matter and methane production (Miah 
et al. 2016). During the delignification process, the β-O-4 
linkage is cleaved and converted into a stable C-C bond 
which makes the enzyme more accessible to the cellulose 
and consequently degrades it to produce methane (Li et al. 
2020, Esposito et al. 2012). 

In WSPT VS, the reduction was less (56 ± 2%), probably 
due to PTSA being inconsiderable to degrade lignin in WS; 
hence microbes were unable to degrade WSPT, while in 
WSP VS, the reduction is (43.6 ± 1%) because piranha 
solution efficiently reduces the rigid structure of WS and 
RS subsequently it digests effortlessly.

Effect of Pretreatment on Methane Yield

The chemical pretreatment had a consequential impact 
on methane yield from the initial days. In the pretreated 
samples, the lag phase ranges from 2 to 4 days; in untreated 
samples, the lag phase was between 5 to 6 days. Pretreatment 
improved the lag phase as organic content was solubilized 
during pretreatment and was easily converted into methane 
by microbes. The value of the highest daily methane 
yield in WSP (95 mL.d-1) and WSPT (90 mL.d-1) was 
observed on the 17th and 18th day, respectively, and in RSP  
(81 mL.d-1) and RSPT (74 mL.d-1) was observed on the 16th 
day and 13th day, respectively (Fig. 4a and 4b). Whereas, 
in untreated samples, the highest value of daily methane 
production was 23 mL.d-1 (WSU) and 27 mL.d-1 (RSU) 
obtained on the 35th day. Compared to the treated samples, 
the untreated samples produced a very low amount of 
methane over a comparatively longer time. The cumulative 
methane yield acquired in this study was 1234 mL, 1208 mL, 
1120 mL, 992 mL, 520 mL, and 483 mL for WSP, WSPT, 
RSP, RSPT, WSU, and RSU, respectively. As shown in Fig. 
4c and 4d, the maximum cumulative methane yield for WS 
was obtained in WSP. Compared with WSU, the cumulative 
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The initial VS of WSP, WSPT, and WSU was 87.3 ± 2%, 89.3 ± 0.57%, and 91.6 ± 2%,

respectively, and the initial VS of RSP, RSPT and RSU were 82.66 ± 1.5%, 85.33± 1%, and 89±

1%, respectively. VS content of piranha-treated biomasses was lower initially may be due to the 

removal of non-structural components present in WS and RS during pretreatment. The VS content 

in anaerobic digestion of WS decreased up to 43.6 ± 1% (WSP), 55.33 ± 0.57% (WSPT), and 61.3 

± 1.5% (WSU), and in RS, the VS was decreased up to 55.66% (RSP), 56.33% (RSPT) 65.66% 

(RSU). The VS content decreased by increasing digestion time (Fig. 3c and 3d). The reduction in

VS is directly proportional to the conversion of organic matter and methane production (Miah et 

al. 2016). During the delignification process, the β-O-4 linkage is cleaved and converted into a 

stable C-C bond which makes the enzyme more accessible to the cellulose and consequently

degrades it to produce methane (Li et al. 2020, Esposito et al. 2012).  

In WSPT VS, the reduction was less (56 ± 2%), probably due to PTSA being inconsiderable to

degrade lignin in WS; hence microbes were unable to degrade WSPT, while in WSP VS, the

reduction is (43.6 ± 1%) because piranha solution efficiently reduces the rigid structure of WS and

RS subsequently it digests effortlessly.

Fig. 3: Effect of pretreatment on (a) and (b) sCOD and (c) and (d) VS degradation of WS and 

RS. 

Fig. 3: Effect of pretreatment on (a) and (b) sCOD and (c) and (d) VS degradation of WS and RS.
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methane yield was 2.37 folds higher in WSP and 2.32-fold 
higher in WSPT.

Similarly, the maximum cumulative methane was 
observed in RSP at 2.31 times higher for RS, followed by 
RSPT with 2.05 times higher methane production than RSU. 
As compared to WSPT, WSP showed 1.02-fold increased 
cumulative methane. Piranha-treated biomasses showed 
the best yield, probably because the piranha solution 
effectively breaks the ether linkage. WSP showed the best 
result compared to RSP may be due to cellular degradation, 
and microfibrils are disrupted during pretreatment. 
Moreover, it successfully reduced the recalcitrant nature 
of RS. Cellulose is the significant structural constituent 
of cell walls in plants, comprised of a linear polymer of 
D-glucose subunits connected by β- 1,4 linkage the long
chain of cellulose is connected by hydrogen bond and van
der Waals bond makes cellulose packed into microfibrils
(Perez et al. 2002). After the pretreatment of biomasses,

the fermentable D-glucose is produced from cellulose by 
breaking a β-1,4 glycosidic bond.

Analysis of Untreated and Pretreated WS and RS 

SEM and EDS Analysis
Morphological alterations of biomasses were observed 
through SEM analysis. As the SEM analysis (Fig. 5a to 
5c and 6a to 6c) shows, WSU had a smooth and closed-
packed surface with fiber arranged in the bundle due to the 
occurrence of a strong bond between lignin, hemicellulose 
and cellulose which is a hard-to-digest. The surface of 
pretreated WS and RS was very loose, scattered, and rough 
due to chemical pretreatment, possibly due to the dissolution 
or removal of complex lignin structure from the surface. 
Piranha solution effectively damaged WS and RS’s surface 
since it is a strong oxidizing agent. PTSA in RS caused minimal 
alteration on the surface structure, as shown in Fig. 6c. Untreated 
RS had a very ordered structure that got disordered after 
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Fig. 4: (a) and (b) Daily methane yield and (c) and (d) cumulative methane yield of WS and RS. 

Analysis of Untreated and Pretreated WS and RS

SEM and EDS Analysis

Morphological alterations of biomasses were observed through SEM analysis. As the SEM 

analysis (Fig. 5a to 5c and 6a to 6c) shows, WSU had a smooth and closed-packed surface with 

fiber arranged in the bundle due to the occurrence of a strong bond between lignin, hemicellulose

and cellulose which is a hard-to-digest. The surface of pretreated WS and RS was very loose,

scattered, and rough due to chemical pretreatment, possibly due to the dissolution or removal of

complex lignin structure from the surface. Piranha solution effectively damaged WS and RS's 

surface since it is a strong oxidizing agent. PTSA in RS caused minimal alteration on the surface

structure, as shown in Fig. 6c. Untreated RS had a very ordered structure that got disordered after 

pretreatment with piranha solution, PTSA. It is clearly shown in Fig. 6b RSP had a high degree of

roughness. As shown in the EDS analysis (Fig. 5d to 5f), the peak of silica is reduced significantly

Fig. 4: (a) and (b) Daily methane yield and (c) and (d) cumulative methane yield of WS and RS.
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in WSP by 95.07%. However, in WSPT, it was reduced to 30.47% silica. RS pretreatment also

showed a reduced silica content of 72.1% in RSP and 37.25% in RSPT (Fig. 6d to 6f). The reduced 

peaks of silica in EDS analysis show its possible solubilization after pretreatment. Reduction in

silica also enhances methane production as a high silica concentration restricts the fermentation 

process; therefore, it needs to reduce the concentration for effortless digestion (Satlewal et al. 

2018). 

Fig. 5: Morphological and elemental analysis of untreated and pretreated WS.Fig. 5: Morphological and elemental analysis of untreated and pretreated WS. 

Fig. 6: Morphological and elemental analysis of untreated and pretreated RS.
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pretreatment with piranha solution, PTSA. It is clearly shown in  
Fig. 6b RSP had a high degree of roughness. As shown in 
the EDS analysis (Fig. 5d to 5f), the peak of silica is reduced 
significantly in WSP by 95.07%. However, in WSPT, it was 
reduced to 30.47% silica.  RS pretreatment also showed a 
reduced silica content of 72.1% in RSP and 37.25% in RSPT 
(Fig. 6d to 6f). The reduced peaks of silica in EDS analysis show 
its possible solubilization after pretreatment. Reduction in silica 
also enhances methane production as a high silica concentration 
restricts the fermentation process; therefore, it needs to reduce 
the concentration for effortless digestion (Satlewal et al. 2018).

Change in the Chemical bond of Untreated and 
Pretreated WS and RS
FTIR was used to examine the functional group alterations 
between untreated and pretreated WS and RS. The peaks 
of WSU, WSP, WSPT, RSU, RSP, and RSPT are shown 
in Fig. 7a. The peaks emerged at 3377 cm-1, 2920 cm-1,  
1645 cm-1, 1242 cm-1, and 1067 cm-1 in FTIR spectra indicate 

the cellulose and hemicellulose content. The spectra of 
WSP, WSPT, RSP, and RSPT were different from WSU 
and RSU, indicating their different surface structure due to 
pretreatment. The absorption band at 3413 cm-1 was assigned 
to -OH stretching and 2926 cm-1 to C-H stretching in CH3
and CH2 groups showing the presence of polysaccharides in 
biomass (Kumar et al. 2011). Comparing the pretreated and 
untreated WS, in pretreated, it is observed that the intensity of 
the -OH group decreased, indicating the dehydration reaction 
takes place (Rajput et al. 2018). A decrease in peak intensity 
at 1242 cm-1 in all the pretreated WS and RS suggested 
breaking the -C=O hemicellulose-linked lignin stretch. The 
band range of 1770 -500 cm−1 in WS and RS is considered 
the lignin region. The absorbance peak at 1645cm-1 assigned 
to aromatic C=C stretching from lignin and aliphatic C-H 
stretching in methyl and phenol, -OH, and syringyl units of 
lignin (Tian et al. 2020, Rambo et al. 2015) the decrease in 
peak at 1645 cm-1 pretreated WS and RS were due to the 
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and RS were due to the removal of lignin which is attributed to the polymerization of

polysaccharide after chemical pretreatment. A notable drop of band intensity detected at 1067 cm-

1 and 1321 cm-1 indicates the C-O, C=C, C-C-O, and C-H deformation in cellulose, hemicellulose, 

and lignin due to chemical pretreatment (Barua & Kalamdhad 2017). 

Fig. 7: (a) FTIR analysis (b) and (c) XRD analysis of WS and RS. 

X-ray Diffraction of Untreated and Pretreated WS and RS 

The crystallinity of lignocellulosic biomass was assessed by XRD analysis. WS and RS mainly 

consist of cellulose, lignin, and hemicellulose, although cellulose exhibits crystalline nature,

whereas lignin and hemicellulose are amorphous. The crystallinity of lignocellulosic biomass 

significantly affects the hydrolysis process of anaerobic digestion; therefore, it is vital to determine 

the degree of crystallinity. XRD analysis of untreated and pretreated WS and RS is shown in Fig.

7b and 7c, respectively. The pretreated samples show a notable change in peak intensities and 

Fig. 7: (a) FTIR analysis (b) and (c) XRD analysis of WS and RS.
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removal of lignin which is attributed to the polymerization 
of polysaccharide after chemical pretreatment. A notable 
drop of band intensity detected at 1067 cm-1 and 1321 cm-1 
indicates the C-O, C=C, C-C-O, and C-H deformation 
in cellulose, hemicellulose, and lignin due to chemical 
pretreatment (Barua & Kalamdhad 2017).

X-ray Diffraction of Untreated and Pretreated WS
and RS
The crystallinity of lignocellulosic biomass was assessed by 
XRD analysis. WS and RS mainly consist of cellulose, lignin, 
and hemicellulose, although cellulose exhibits crystalline
nature, whereas lignin and hemicellulose are amorphous. The 
crystallinity of lignocellulosic biomass significantly affects
the hydrolysis process of anaerobic digestion; therefore, it is 
vital to determine the degree of crystallinity. XRD analysis
of untreated and pretreated WS and RS is shown in Fig. 7b
and 7c, respectively. The pretreated samples show a notable 
change in peak intensities and broadening of the peaks.
The characteristics of crystalline peaks for cellulose were
identified at 2Ɵ =26.2°-26.5°, 13.5°, and 18.6° in untreated 
and pretreated samples (Sharma et al. 2020). It is evident
from XRD analysis that the crystallinity of WS and RS
increases after pretreatment. The crystallinity value of WS
was decreasing in the order of WSP>WSPT>WSU. The CI 
of WSU was calculated to be 30.3%, while the CI of WSP
was 40.79%, and WSPT was 39.34%. In the RS sample
also, the CI of RSP (47.70%) was higher compared to RSPT 
(37.60%) and was lowest in RSU (35.3%). Hemicellulose,
lignin, and the amorphous component of cellulose all
degraded, which led to an increase in crystallinity in
pretreated samples.

Kinetic Study 

In the current work, MGM and LFM were applied to estimate 
the methane production of rice and WS that had undergone 

chemical pretreatment. The experimental cumulative 
methane yield was used to estimate the kinetic parameters 
using nonlinear regression. Table 2 outlines the obtained 
bio-kinetic parameters (P, R, and L) and statistical measure 
(R2) values for the studied kinetic model. The maximum 
predicted value of P (mL) was obtained in WSP (1234 mL) 
for MGM, which is 7.64% higher than the experimental 
value, while in LFM value of P is -0.12 % lower than the 
experimental value. The maximum percentage difference 
between the experimental and the predicted value was found 
in RSU (64.52%) for MGM, followed by WSU (28.44%) 
for LMF. The lag phase constant, L, describes how long 
bacteria can adapt to their new environment.  In this study, 
the value of L ranges from 5.94 to 1.65 days. Lower L 
suggested a shorter degradation rate. It is observed from 
the table that pretreated WS requires the lowest time for 
acclimatization. Among the pretreated WS and RS, the 
shortest lag phase was seen in WSP, followed by RSP, 
WSPT, RSPT, WSU, and RSU. Maximum reduction in lag 
phase in piranha-treated biomasses was probably due to 
its higher potential for the removal and destruction of the 
recalcitrant structure of biomass and prior solubilization of 
large particles. The kinetic analysis using MGM and LFM 
in this investigation was able to fit the expected outcomes. 
The simulated kinetic values are presented in Table 2. It is 
evident from Fig. 8 that experimental cumulative methane 
yield fits with the predicted methane yield in both models. 
The projected values were plotted against the experimental 
data to assess the model’s viability, and it was found that 
the value of R2 varies between 0.987-0.998 of the model. 
For RSPT, RSU MGM fits best for WSP, WSPT, WSU, 
and RSP LFM fit best.

CONCLUSION 

The effects of two different types of chemical pretreatments 

Table 2: Generated kinetic parameters from the evaluated model.

Sample Model used P[mL] R[mL] L[d] Exp. data [mL] Δ [%] R2 MSE

WSP MGM
LFM

1328.38
1232.44

55.72
59.30

2.22
3.30

1234 7.64
-0.12

0.991
0.994 

31.29
26.47

WSPT MGM
LFM

1284.39
1195.21

56.39
60.23

2.78
3.87

1208 5.94
-1.05

0.992
0.995

28.99
23.23

WSU MGM
LFM

714.84
573.32

19.08
21.13

4.39
5.9

520 37.46
10.25

0.997
0.997

8.36
6.69

RSP MGM
LFM

1226.28
1119.12

48.88
52.57

3.06
4.22

1120 8.66
-0.07

0.995
0.997

17.27
17.27

RSPT MGM
LFM

1095.68
1011.43

44.81
47.19

2.80
3.76

992 10.45
1.95

0.998
0.997

12.65
12.65

RSU MGM
LFM

807.52
581.24

17.35
18.93

5.33
6.72

483 67.08
20.33

0.997
0.996

6.59
7.83
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(piranha and PTSA treatment) to reduce the recalcitrant 
nature of WS and RS for the production of enhanced methane 
were compared in this study. The chemical pretreatments 
were found successful in the enhancement of methane 
production of both biomasses. The present study suggests 
that pretreatment boosts enzymatic activity by reducing the 
recalcitrant structure of WS and RS. Methane production 
was maximum after piranha treatment 1234 mL, and 1120 
mL in WSP and RSP, respectively, followed by PTSA 
treatment 1208 mL (WSPT) and 992 mL (RSPT), and 
minimum methane was produced in untreated samples  
520 mL (WSU) and 483 mL (RSU). In comparison with RS, 
the methane production in WS was higher. Enhancement 
in methane production resulted from the solubilization of 
organic matter. Pretreatment with piranha solution was the 
best technique, as it effectively reduced the recalcitrant nature 

of RS and WS and increased methane production. SEM, EDS, 
FTIR, and XRD analysis also supported the positive effect 
of chemical pretreatment. MGM and LFM accomplished the 
kinetic model of methane production. The outcome of the 
experiments was compared with the predicted value obtained 
from these two models. The statistical analysis shows that 
LFM fitted best with the experimental results than MGM. 
This was verified by analyzing the root means square error 
and regression.
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Fig. 8: MGM and LFM fitting for methane yield data of WS and RS.

CONCLUSION  

The effects of two different types of chemical pretreatments (piranha and PTSA treatment) to

reduce the recalcitrant nature of WS and RS for the production of enhanced methane were 

compared in this study. The chemical pretreatments were found successful in the enhancement of

methane production of both biomasses. The present study suggests that pretreatment boosts

enzymatic activity by reducing the recalcitrant structure of WS and RS. Methane production was

maximum after piranha treatment 1234 mL, and 1120 mL in WSP and RSP, respectively, followed 

by PTSA treatment 1208 mL (WSPT) and 992 mL (RSPT), and minimum methane was produced 

in untreated samples 520 mL (WSU) and 483 mL (RSU). In comparison with RS, the methane

production in WS was higher. Enhancement in methane production resulted from the solubilization

Fig. 8: MGM and LFM fitting for methane yield data of WS and RS.
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      ABSTRACT
Spatial data technology using unmanned aerial vehicle (UAV) is one of the aerial imaging 
technologies used to produce detailed data. However, its utilization for mapping, especially 
disaster mapping needs an in-depth study. The research site is located within 00-”00’29°
51’31°00” N and 12327’5°-123”00’3°” E that covers an area of 2,531 Ha, which consists of 
1,745 Ha land and 786 Ha water areas. Administratively, the research site is in South Leato 
Village of Dumbo Raya sub-district of Gorontalo city with a total area of 41,9 Ha. This study 
is aimed at assessing the landslide by creating a landslide zonation map and finding out 
the landslide potential area by using the UAV. This research employs field surveys by using 
drones and Geographic Information System (GIS) analysis. It is found that the parameters 
that influence landslides are lithology, rainfall, slope inclination, lineament density, and land 
use. The landslide vulnerability analysis reveals three levels of vulnerability in this site; low, 
medium, and high vulnerability, in which, 19 Ha is classified as low vulnerability area, 9.5 
Ha is classified as medium vulnerable, and 13.5 Ha is classified as highly vulnerable area.

INTRODUCTION

Gorontalo province is prone to landslides through various 
types and mechanisms. Several studies were carried out to 
identify landslides using various methods. These research 
results serve as a reference to determine landslides’ disaster 
mitigation steps (Asiki et al. 2019, Eraku & Permana 
2020, Naryanto et al. 2019, Usman et al. 2022). Specific to 
Gorontalo province, there are a few studies on landslides. The 
latest research on landslides showed that within landslides 
there are rotation slides, planar slides, flow slides, and stone 
block slides. Landslide is usually influenced by the slope 
and shape of the slope surface (Patuti et al. 2017, Lihawa 
et al. 2021). 

Since Gorontalo City has been established as the capital 
of the province, various issues, including rapid population 
growth, have become more evident. The population growth 
for the last five years has been showing an uptrend. This 
creates a high demand for land and an increase in the 
fulfillment of services and city facilities, which may have 
an impact on the decrease in environmental quality, such 
as environmental degradation and natural disasters. One of 

the most common problems in this city is natural disasters, 
especially floods, and landslides (Doda 2013, Wunarlan 
2019).

A landslide is a natural disaster that can be predicted 
due to the high level of rainfall in a region. Other factors 
like lithology, geological structure, types of soil, slope 
inclination, and land use also add to the severity of the 
landslide. Landslides often cause large casualties, both 
materials and humans. Landslide-prone areas needed to be 
minimized to minimize their destruction. Efficient and time-
effective mapping of landslide-vulnerable areas can employ 
GIS (Kumoro & Yunarto 2010, Yunianto 2011, Naryanto et 
al. 2019, Silalahi et al. 2019).

Remote sensing is one of the methods used in various 
industries. It offers many benefits and can analyze different 
information. Remote sensing technology for land use rapidly 
develops with unmanned aerial vehicles (UAV).

THEORETICAL REVIEW

Landslides and mass soil movement are similarly defined as 
slides, and both need distinction. Soil movement is defined as 
the process of vertical, horizontal, or oblique displacement of 
soil or stone masses. Based on this definition, the landslide 
is part of soil movement. When following the vertical soil 
metabolism, bending happens due to the collapse of the 
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soil foundation during the vertical movement, and then it is 
classified as a type of soil (Shanmugam 2013, Shanmugam 
& Wang 2015, Naryanto et al. 2019, Yanrong & Mo 2019). 
Gorontalo geological structure is influenced by three plates, 
micro-plates of Banggai-Sula from the south, Sangihe plates 
from the east, and Sulawesi Sea plates from the north (Hall 
2002, 2012, Hall & Spakman 2015, Watkinson et al. 2011, 
Purmana et al. 2020).

Soil or rock debris materials were first moved to the 
bottom part, for the slope to be able to penetrate the rock 
pores through water penetration. Such conditions can 
increase the load of the material on the surface of the slope 
and put pressure on the materials like rocks. When this 
pressure is unstable due to natural phenomena or due to 
human intervention, it could cause disaster, which further 
causes casualty of both materials and injuries, destruction 
of public facilities, and disturbance of people’s lives and 
livelihoods (Bogaard & Greco 2016, Asikin et al. 2019, 
Naryanto et al. 2019, Lucas et al. 2020).

The Regional Disaster Management Agency (BPBD) of 
Bone Bolango Regency recorded a soil movement disaster 
in April 2019 in Suwawa Selatan sub-district. This incident 
destroyed one house in Bondawuna village. In 2016, the 
Social Protection Agency of Gorontalo province established 
the Suwawa Selatan sub-district as a Disaster Prepared 
Village due to its assessment that revealed this sub-district 
is prone to land movement disasters due to its geographical 
condition (Djakun et al. 2020).

On the other hand, drone technology, also called 
unmanned aerial vehicle (UAV) has become more and more 
popular among society. It is one of the alternative means for 
aerial imaging. Researchers and foreign practitioners have 
been using this technology in various mapping applications. 
UAV is an affordable remote sensing technology (Rokhmana 
2015). Further, the scoring method is a method to determine 
the score of each parameter. The scoring is adjusted to the 
assessment criteria. The higher the influence of a parameter 
on landslides, the higher the score (Rokhmana 2015). 

 
Fig. 1: Research site in South Leato Village of Gorontalo City. 

 

The research started with planning the aerial imaging using the DJI Mavic 2 Pro UAV, remote sensing 

for mapping. Once the flying track map was planned, aerial photos were taken at the research site. The 

photos were then processed into orthophotos data and Digital Elevation Model as the basis for mapping. 

Following this, a field survey and GIS analysis were performed. The field survey was implemented to 

collect field data such as geological data, geomorphology, structure, region’s stratigraphy and field 

validation on the level of landslide vulnerability of the research site. Landslide vulnerability analysis 

utilized scoring and valuation on the factors that influenced landslide namely: lithology, rainfall, slope 

inclination, soil type, land use and the lineament density. Further, these parameters are overlayed to obtain 

the level of landslide vulnerability. This process produced a zonation map of the landslide vulnerability 

level of the research site. The level of vulnerability analysis is performed using the landslide predictability 

model (BBSDLP 2009, Dewi et al. 2017, Asikin et al. 2019). 
 

Total score = (20% * slope inclination) + (20% * lineament density) + (10% * rainfall) + (25% * Lithology) 

+ (25% * land use)        ….(1) 

Fig. 1: Research site in South Leato Village of Gorontalo City.
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MATERIALS AND METHODS

The research site is located between 0051’31°-00”00’29°” 
N and 12327’5°-123”00’3°” E, which covers an area of 
2,531 ha that comprises 1,745 ha of land and 786 ha of water 
area. Administratively, the research site is located in South 
Leato village of Dumbo Raya sub-district, Gorontalo city. 
The research focus in this village covers an area of 41.9 ha. 
The research site can be reached in about ± 17 minutes by 
motored vehicle from the capital city, and the total distance 
from the capital city is ± 8.9 km (Fig. 1).

The research started with planning the aerial imaging 
using the DJI Mavic 2 Pro UAV, remote sensing for mapping. 
Once the flying track map was planned, aerial photos were 
taken at the research site. The photos were then processed 
into orthophotos data and Digital Elevation Model as the 
basis for mapping. Following this, a field survey and GIS 
analysis were performed. The field survey was implemented 
to collect field data such as geological data, geomorphology, 
structure, region’s stratigraphy and field validation on the 
level of landslide vulnerability of the research site. Landslide 
vulnerability analysis utilized scoring and valuation on the 
factors that influenced landslide namely: lithology, rainfall, 
slope inclination, soil type, land use and the lineament 
density. Further, these parameters are overlayed to obtain 
the level of landslide vulnerability. This process produced 
a zonation map of the landslide vulnerability level of the 

research site. The level of vulnerability analysis is performed 
using the landslide predictability model (BBSDLP 2009, 
Dewi et al. 2017, Asikin et al. 2019).

Total score = (20% * slope inclination) + (20% * lineament 
density) + (10% * rainfall) + (25% * Lithology) + (25% * 
land use)  ….(1)

Further, a calculation is made to obtain class intervals for 
each level of landslide vulnerability by using the equation 
(BBSDLP 2009, Dewi et al. 2017, Asikin et al. 2019).

 I=I= 𝑅𝑅𝐾𝐾 ….(2)

In which:

I = class interval; 

R = range (largest data – smallest data) from the total 
score; and 

K = number of landslide classes. 

Table 1: Landslide vulnerability classification.

Vulnerability class Score

low Minimum value – (class interval + minimum 
value)

medium >low vulnerability score – (low vulnerability 
score + class interval)

high > medium vulnerability score – maximum 
value

Table 2: Characteristics of parameters of landslide-prone determination.

No. Variable Criteria Weights Score

1. Lithology Alluvial and Coastal Deposits 25% 1

Limestone 3

Pyroclastic Breccia 5

2. Rainfall < 1000 10% 1

1000-1200 2

1200-1500 3

> 1500 4

3. Slope < 13 20% 1

14-20 2

21-55 3

>55 4

4. Land Use Sea water 25% 1

Plantation/Garden 3

Settlements and Places of Activity 3

Shrubs/Reeds 5

5. Lineament Density Low 20% 1

Currently 3

Tall 5
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Next, vulnerability levels are created based on the 
obtained interval. Thus, the landslide vulnerability 
classification is obtained as shown in Table 1 (Yunianto 
2011).

The determination of landslide-prone areas used GIS 
tools with the Storie Index method to obtain a total score. 
This scoring range was converted at several levels according 
to requirement, landslide-prone levels were classified into 
five classes or levels, which were: High, Medium and Low, 
using the natural break method in Table 2 (Thoha et al. 2020).

RESULTS AND DISCUSSION

Aerial Photo Imaging

Small-format aerial photos are the initial data used as spatial 
basic data for mapping. Before aerial photo imaging using the 
UAV with DJI Mavic 2 Pro drone, aerial photo acquisition 
planning is needed. A photo shooting plan is made to 
describe the flight pathway in as much detail as possible 
using Pix4Dcapture software with two missions.

The photos were taken between 08.00-10.00 am, where 
each flight took 12-19 minutes in ideal conditions. The 
cruising height was 300 meters above the ground level 
expected to produce ± 11.9 cm pixel photos. This pixel 
photo is theoretically expected to produce maps with the 
scale of 1:5.000 and 1:10.000. End lap and side lap setting 
of the drone is planned using the small drone which can 
safely move, as such a small UAV can easily deviate and be 
disturbed by the wind. An aerial photo shoot using UAV was 
carried out on the 18th of February 2023. The shooting site 
was a coastal area with a high tendency for high-speed wind 
that influences the durability of the UAV battery. This was 
due to the faster moving rotation of the UAV motor to be able 
to penetrate wind obstacles. The observation of the battery 
condition and vehicle is carried out through Pix4Dcapture 
software on Ground Sampling Distance (GSD).

Aerial Photo Processing into DSM data, Orthophoto 
Mosaic and DTM 

Aerial photo processing is the selection of photos obtained 
from the first phase through the unification of contras of each 

similarly be difficult. The total photos obtained from 15 flight photo shooting missions that could be used 

for processing were 2001/2005 aligned photos.  

The processing using Agisoft software was started with photo aligning. Photo aligning consisted of the 

process to detect similar objects between photos as a point cloud using workflow for all photos. The result 

is that these pinto clouds, which formerly had pixel coordinates (model) were turned into actual coordinates 

at the field. Reconstruction of a photo sequence and camera position during the shooting was also performed 

in this stage. The collection of point clouds and camera position detected during the photo aligning is 

presented in Fig. 2.  

 

 

Fig. 2: Photo aligning process at agisoft photo scan, a) Collection of point clouds, b) camera position during 

exposure. 

Digital Surface Model (DSM) and Digital Terrain Model (DTM) Development 

The initial function of DSM was to create a DSM orthophoto mosaic to eliminate relief errors from the 

produced aerial photos, thus, they had orthogonal projections and had similar scales in all areas of photos. 

DSM was created using the Agisoft photo scan software during the densification of point clouds. This point 

cloud densification was followed by an interpolation process to convert DSM into raster data.  

Fig. 2: Photo aligning process at agisoft photo scan, a) Collection of point clouds, b) camera position during exposure.
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photo. This unification of contras (enhancement) is needed 
to detect point clouds on the software. This point cloud is 
used in recognizing the sequence and photo angle. Photos 
with high contrast and high levels of brightness that are 
different from other photos would not be able to be identified 
and would make it difficult to be converted into orthophoto 
mosaic and further processing into DSM would similarly 
be difficult. The total photos obtained from 15 flight photo 
shooting missions that could be used for processing were 
2001/2005 aligned photos. 

The processing using Agisoft software was started with 
photo aligning. Photo aligning consisted of the process to 
detect similar objects between photos as a point cloud using 
workflow for all photos. The result is that these pinto clouds, 
which formerly had pixel coordinates (model) were turned 
into actual coordinates at the field. Reconstruction of a 
photo sequence and camera position during the shooting was 
also performed in this stage. The collection of point clouds 
and camera position detected during the photo aligning is 
presented in Fig. 2. 

Digital Surface Model (DSM) and Digital Terrain 
Model (DTM) Development

The initial function of DSM was to create a DSM orthophoto 
mosaic to eliminate relief errors from the produced aerial 
photos, thus, they had orthogonal projections and had similar 
scales in all areas of photos. DSM was created using the 
Agisoft photo scan software during the densification of 
point clouds. This point cloud densification was followed 
by an interpolation process to convert DSM into raster data. 

Digital Terrain Model (DTM) is a DSM derivative data, 
where DTM is the earth surface level without any vegetation 
object or manmade features like buildings. Converting DSM 
data to DTM data was initiated by determining the earth level 
height points, selecting them, and removing other height 
objects that were not earth-level height. The removed area 
is then interpolated with earth’s surface height data around 
it (Meiarti et al. 2019). When there was a point above the 
earth’s surface that is hard to recognize, DTM data extraction 
will be difficult. 

On the other hand, this research site is composed of 
pyroclastic hills geomorphology. Pyroclastic hills with 
dense vegetation will not produce optimum DTM data. 
This supports (Meiarti et al. 2019) who noted that mountain 
objects with dense forest canopy would be hard to be 
extracted into DTM data. To overcome this, a semi-automatic 

Digital Terrain Model (DTM) is a DSM derivative data, where DTM is the earth surface level without 

any vegetation object or manmade features like buildings. Converting DSM data to DTM data was initiated 

by determining the earth level height points, selecting them, and removing other height objects that were 

not earth-level height. The removed area is then interpolated with earth’s surface height data around it 

(Meiarti et al. 2019). When there was a point above the earth’s surface that is hard to recognize, DTM data 

extraction will be difficult.  

On the other hand, this research site is composed of pyroclastic hills geomorphology. Pyroclastic hills 

with dense vegetation will not produce optimum DTM data. This supports (Meiarti et al. 2019) who noted 

that mountain objects with dense forest canopy would be hard to be extracted into DTM data. To overcome 

this, a semi-automatic method using PCI Geomatica 2016 is employed. Manmade feature objects or 

vegetation trees are manually eliminated. This resulted in the elimination of most non-earth surface objects. 

DTM from PCI Geomatica software was manually edited to produce the best result (Fig. 3). 

 

 

Fig. 3: (a) DTM from DSM processing using PCI Geomatica and after manual editing, (b) example of snippet 

comparison between DSM and DTM. 
Fig. 3: (a) DTM from DSM processing using PCI Geomatica and after manual editing, (b) example of snippet comparison between DSM and DTM.
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method using PCI Geomatica 2016 is employed. Manmade 
feature objects or vegetation trees are manually eliminated. 
This resulted in the elimination of most non-earth surface 
objects. DTM from PCI Geomatica software was manually 
edited to produce the best result (Fig. 3).

Development of Orthophoto Mosaic

The final stage in this aerial photo processing is combining 
each orthophoto into an orthophoto mosaic. This process 
uses DSM input (in TIN form) and aerial photos. TIN is 
used in correcting object displacement relief of the aerial 
photo. Thus, the photo has an orthogonal projection and a 
more accurate coordinate position. When all photos within 
the blocks have been orthorectified, the next process is the 

blending process among photos. Thus, photos are connected 
seamlessly. Photos’ brightness and contrast are even in all 
areas. The produced orthophoto mosaic size is ± 11.6 cm 
(GSD). This backs up (Rohmana 2015), who noted that 
GSD produced from UAV technology would be within the 
range of 5-30 cm/pixel on photos taken from 300 meters 
above the earth’s surface. This GSD size is considered more 
detailed compared to other remote sensing such as satellite 
images available to date. Orthophoto mosaic is used as the 
spatial primary data for disaster mapping. The result of the 
orthophoto mosaic is presented in Fig. 4 below. 

Geometric Correction of Drone Image

Geometric correction is performed by transforming the 

Development of Orthophoto Mosaic 

The final stage in this aerial photo processing is combining each orthophoto into an orthophoto mosaic. 

This process uses DSM input (in TIN form) and aerial photos. TIN is used in correcting object displacement 

relief of the aerial photo. Thus, the photo has an orthogonal projection and a more accurate coordinate 

position. When all photos within the blocks have been orthorectified, the next process is the blending 

process among photos. Thus, photos are connected seamlessly. Photos' brightness and contrast are even in 

all areas. The produced orthophoto mosaic size is ± 11.6 cm (GSD). This backs up (Rohmana 2015), who 

noted that GSD produced from UAV technology would be within the range of 5-30 cm/pixel on photos 

taken from 300 meters above the earth’s surface. This GSD size is considered more detailed compared to 

other remote sensing such as satellite images available to date. Orthophoto mosaic is used as the spatial 

primary data for disaster mapping. The result of the orthophoto mosaic is presented in Fig. 4 below.  

 

 

Fig. 4: Orthophoto mosaic of the research site produced from the DJI Mavic 2 Pro drone. Fig. 4: Orthophoto mosaic of the research site produced from the DJI Mavic 2 Pro drone.
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position of each pixel within the image toward each similar 
object position within the earth’s surface using the ground 
control point (GCP). The common location for CGP is an 
area that usually has the most striking color, road intersection, 
road corner, railway intersection with road and buildings 
that can be easily identified or recognized. During the 
rectification stage, the total RMS error was 0.173795 with 
five binding points distributed on the drone image points that 
would be corrected. This value of RMS error on the corrected 
geometric drone image has met the tolerance level, in which, 
the RMSE value is below one. Townshend et al. (1992) wrote 
that the accuracy in binding the coordinate system is usually 
stated by RMSE with several control points. The range value 
of 0.5 to 1.0 pixels is sufficient to achieve 10% or less error 
in the position when the two overlayed images (map) are 
within the tolerance level. 

Lithology

Based on the geological map of the Southern Leato the 

study area is composed of three lithologies namely breccia, 
limestone, and alluvial (Table 3). Each rock type is given 
a score according to its level of sensitivity to landslides. 
The higher the score given, the higher the influence 
on the occurrence of landslides. An overview of the 
distribution of rock types in the study area can be seen in  
Fig. 5.

Rainfall

The rainfall data used in the study were taken from only 
one rainfall observation, namely the BPP Kabila Bone Post 
Office. Rainfall data is in areas that have an average rainfall 
of <1000 to >1500 mm.year-1. The described rainfall data 
can be seen in Table 4.

From the rainfall data above, rainfall modeling is then 
made using interpolation. So that the rainfall data for the 
South Leato Village area is obtained as shown in Fig. 6.

Table 3: Type of lithology (Dewi et al. 2017).

No. Lithology Area (ha) Score

1. Alluvial and Coastal Deposits 20.24 1

2. Limestone 7.01 3

3. Pyroclastic Breccia 14.62 5

 
 

Fig 5. Geological map of study area. 

 
Rainfall 
The rainfall data used in the study were taken from only one rainfall observation, namely the BPP Kabila 
Bone Post Office. Rainfall data is in areas that have an average rainfall of <1000 to >1500 mm.year-1. The 
described rainfall data can be seen in Table 4. 
 

Table 4: South Leato Village rainfall rate. 

No. Rainfall Score 

1 < 1000 1 
2 1000-1200 2 
3 1200-1500 3 

4 > 1500 4 

 

From the rainfall data above, rainfall modeling is then made using interpolation. So that the rainfall data 
for the South Leato Village area is obtained as shown in Fig. 6. 
 

Fig. 5: Geological map of study area.

Table 4: South Leato Village rainfall rate.

No. Rainfall Score

1. < 1000 1

2. 1000-1200 2

3. 1200-1500 3

4. > 1500 4
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Slope

The slope of the slope is the most influential factor in the 
occurrence of landslides. South Leato Village is an area 
that has different slopes. The slope of <13% with an area 
of   12.7 ha is used as a residential area. While on a slope of 
14-20% with an area of   7.8 ha used as plantation land, the 
area surrounded by hills has a slope of 21-55% with a total 

 
Fig. 6: South Leato Village rainfall map. 

 
Slope 
The slope of the slope is the most influential factor in the occurrence of landslides. South Leato Village is 
an area that has different slopes. The slope of <13% with an area of 12.7 ha is used as a residential area. 
While on a slope of 14-20% with an area of 7.8 ha used as plantation land, the area surrounded by hills has 
a slope of 21-55% with a total area of 59.31 ha which is used as a naval base. Complete data can be seen in 
Table 5 and Fig. 6. In general, areas with higher slopes will have a higher potential for landslides to occur. 
Sumiyatinah & Yohanes (2020) said that landslides can occur in areas with slopes. The higher the slope of 
an area, the higher the potential for landslides in that area. 
 

Table 5: Slope inclination (Van Zuidam 1983). 

No. Slope Area (ha) Score 
1 <13 12.7 1 
2 14-20 7.8 2 
3 21-55 13.5 3 
4 >55 7.9 4 

 
 

Fig. 6: South Leato Village rainfall map.

Table 5: Slope inclination (Van Zuidam 1983).

No. Slope Area (ha) Score

1. <13 12.7 1

2. 14-20 7.8 2

3. 21-55 13.5 3

4. >55 7.9 4

 
Fig. 6: South Leato Village slope map. 

 
 
Land Use 
Land use is one of the factors causing landslides. Land use affects land stability, control of water saturation, 
and the strength of soil particle bonds. Land covered by forests or plantations will be more able to maintain 
land stability because of the deep root system that will maintain the cohesiveness between soil particles and 
between soil particles and bedrock. In addition, land covered by forests or plantations can regulate runoff 
and water absorption when it rains so that soil erosion can be avoided. Meanwhile, dry fields, paddy fields, 
and shrubs have a shallow and inundated root system that is unable to maintain soil stability and 
compactness of soil particles. Wahyunto (Anwar 2012) said land use such as rice fields, as well as dry fields 
and shrubs, especially in areas with steep slopes, landslides are common. Based on the results of the DJI 
Mavic 2 Pro drone orthophoto mosaic analysis, land use in the study area is shown in Table 6 and Fig. 7. 
 

Table 6: Land use. 
No. Land use Area (ha) Score 
1 Seawater 1.1 1 
2 Plantation/Garden 1.1 3 
3 Settlements and Places of Activity 18.2 3 
4 Shrubs/Reeds 21.5 5 

 

Fig. 7: South Leato Village slope map.
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area of   59.31 ha which is used as a naval base. Complete 
data can be seen in Table 5 and Fig. 6. In general, areas with 
higher slopes will have a higher potential for landslides to 
occur. Sumiyatinah & Yohanes (2020) said that landslides 
can occur in areas with slopes. The higher the slope of an 
area, the higher the potential for landslides in that area.

Land Use

Land use is one of the factors causing landslides. Land 
use affects land stability, control of water saturation, 
and the strength of soil particle bonds. Land covered by 
forests or plantations will be more able to maintain land 
stability because of the deep root system that will maintain 

the cohesiveness between soil particles and between soil 
particles and bedrock. In addition, land covered by forests 
or plantations can regulate runoff and water absorption when 
it rains so that soil erosion can be avoided. Meanwhile, dry 
fields, paddy fields, and shrubs have a shallow and inundated 
root system that is unable to maintain soil stability and 
compactness of soil particles. Wahyunto (Anwar 2012) 
said land use such as rice fields, as well as dry fields and 
shrubs, especially in areas with steep slopes, landslides are 
common. Based on the results of the DJI Mavic 2 Pro drone 
orthophoto mosaic analysis, land use in the study area is 
shown in Table 6 and Fig. 7.

Lineament Density

Alignment is a straight stream and valley, a straight surface, 
changes in soil tones, alignment of vegetation areas, changes 
from differences in vegetation types and heights, or striking 
topographical differences. All of these phenomena may be 
the result of structural phenomena that occur such as faults 
(faults), joints, folds, and fractures (Adama & Sukartono 
2017). In lineament density analysis, the lineament identified 

Table 6: Land use.

No. Land use Area (ha) Score

1. Seawater 1.1 1

2. Plantation/Garden 1.1 3

3. Settlements and Places of Activity 18.2 3

4. Shrubs/Reeds 21.5 5

 
Fig. 7: South Leato village land use map. 

 
Lineament Density 
Alignment is a straight stream and valley, a straight surface, changes in soil tones, alignment of vegetation 
areas, changes from differences in vegetation types and heights, or striking topographical differences. All 
of these phenomena may be the result of structural phenomena that occur such as faults (faults), joints, 
folds, and fractures (Adama & Sukartono 2017). In lineament density analysis, the lineament identified is 
a straight line pattern of a river or escarpment produced by fault activity (Chemong & Chenrai 2013, Saputra 
2016). 

Linearity studies can help uncover generalizations that can assist in understanding the causes of 
landslides (Ramli et al. 2010, Bera et al. 2019). The landslides were widely observed to have severe impacts, 
the lineament density of the study area was analyzed using the line density analyzer extension from 
ArcView GIS and classified into three density classes (Fig. 8). The alignment pattern of South Leato village 
shows relatively the same trend as the slope pattern in the area (Table 7). 
 

Table 7: Lineament density (Adama & Sukartono 2017). 
 

No. Lineament Density Density Value m/m2 Score 
1 Low 1-3.7 1 
2 Currently 3.7-7.4 3 
3 Tall 7.4-11.14 5 

Fig. 8: South Leato village land use map.
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is a straight line pattern of a river or escarpment produced 
by fault activity (Chemong & Chenrai 2013, Saputra 2016).

Linearity studies can help uncover generalizations that 
can assist in understanding the causes of landslides (Ramli 
et al. 2010, Bera et al. 2019). The landslides were widely 
observed to have severe impacts, the lineament density of 
the study area was analyzed using the line density analyzer 
extension from ArcView GIS and classified into three density 
classes (Fig. 8). The alignment pattern of South Leato village 
shows relatively the same trend as the slope pattern in the 
area (Table 7).

The results of the analysis are: This study shows that 
most of the landslides are located in high lineament density 
classes (1.33–1.67 m.m-2).

Landslide Vulnerability Level and Landslide  
Potential Analysis

The landslide vulnerability prediction model in this study is 
modeled after (Dewi et al. 2017, Asikin et al. 2019) based 
on the model developed by Balai Besar Sumberdaya Lahan 
Pertanian (BBSDLP)/Agricultural Land Resources Agency. 
This model used lithology, slope inclination, rainfall, 
lineament density, and land use as its parameters. All these 
parameters are classified based on their scores and given 
values based on each of its contribution toward the landslide 
incidence. Following this, all parameters are overlayed 
to create a zonation map of the landslide vulnerability 
level. The landslide vulnerability level is presented in  
Table 8. 

Table 7: Lineament density (Adama & Sukartono 2017).

No. Lineament Density Density Value m/m2 Score

1. Low 1-3.7 1

2. Currently 3.7-7.4 3

3. Tall 7.4-11.14 5

The results of the analysis are: This study shows that most of the landslides are located in high lineament 
density classes (1.33–1.67 m.m-2). 
 

 
Fig. 8: South Leato village lineament density map. 

 

Landslide Vulnerability Level and Landslide Potential Analysis 

The landslide vulnerability prediction model in this study is modeled after (Dewi et al. 2017, Asikin et al. 

2019) based on the model developed by Balai Besar Sumberdaya Lahan Pertanian (BBSDLP)/Agricultural 

Land Resources Agency. This model used lithology, slope inclination, rainfall, lineament density, and land 

use as its parameters. All these parameters are classified based on their scores and given values based on 

each of its contribution toward the landslide incidence. Following this, all parameters are overlayed to create 

a zonation map of the landslide vulnerability level. The landslide vulnerability level is presented in Table 

8.  

Table 8: Classification of landslide vulnerability level. 

Vulnerability level Class interval 

Low 1.1-2.3 

Fig. 9: South Leato village lineament density map.

Table 8: Classification of landslide vulnerability level.

Vulnerability level Class interval

Low 1.1-2.3

Medium >2.3-3.5

High >3.5-4.7
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The analysis revealed that South Leato village has all 
three levels of vulnerability. Those three levels are described 
as follows: 

 a. Low vulnerability level: This area is an area that is 
not prone to landslides. There are 19 ha of land that is 
considered as area with a low vulnerability level for 
landslides. This class dominated the residence area in 
the Leato Selatan village. 

 b. Medium vulnerability level: A medium vulnerability 
level is an area where a landslide either large or small 
might happen on this area, especially in areas such as 
road-cutting cliffs, ridges, and disturbed slopes. This 
medium-level vulnerability stretches in an area of 19.5 
ha. It includes the Marine headquarters that is located 
within the Tran Sulawesi Road. The landslide has hap-
pened once in this area of medium susceptibility level 
on the part of Trans Sulawesi Road, which has breccia 
and reef limestone lithology. Thus, the sensitivity of 
landslides to these lithologies will increase at any time. 

 c. High vulnerability level: A high landslide suscepti-
bility level is an area that is highly prone to landslides. 
This area often experiences landslides of different 
magnitudes. There is 13.5 ha of land in this area that is 
classified as highly susceptible to landslides. It is dis-

 

Fig. 9: Landslide potential map for South Leato Village of Gorontalo City. 

 

CONCLUSION  
The landslide analysis scoring produced three classes of landslide vulnerability. There was 19 ha of areas 

within the site classified as low-level vulnerability, 9.5 ha was classified as medium-level vulnerability, and 

13.5 ha of land classified to have a high vulnerability level. This highly vulnerable area is on a highly 

inclined slope. 

This method could calculate the extent of landslide volume. However, landslide incidents may further 

escalate. Considering the strategic location of the current research site, which was located along the Trans 

Sulawesi Road, the impact of landslide would be unimaginable for not only the population near the site but 

also these road users and the economic activities that depend on the existence of this road. Thus, mitigating 

landslide potentials in this area is required.  
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Fig. 10: Landslide potential map for South Leato Village of Gorontalo City.

tributed in the mountainous area of South Leato village 
and is characterized by breccia lithology that is highly 
vulnerable to landslides. 

In the past, a landslide happened in KM 6 of the Naval 
base. In an area characterized by breccia and limestone 
lithology. The landslide destroyed local residences. The 
landslide happened suddenly due to continuous rain. The 
locals had to be evacuated and local people together with 
the Navy troops had to work together to clean the debris 
of the landslide from the road. This research has revealed 
some landslide-prone spots; hence, the South Leato village 
is classified as a disaster prone zone (Fig. 9). 

CONCLUSION 

The landslide analysis scoring produced three classes of 
landslide vulnerability. There was 19 ha of areas within the 
site classified as low-level vulnerability, 9.5 ha was classified 
as medium-level vulnerability, and 13.5 ha of land classified 
to have a high vulnerability level. This highly vulnerable area 
is on a highly inclined slope.

This method could calculate the extent of landslide 
volume. However, landslide incidents may further escalate. 
Considering the strategic location of the current research 
site, which was located along the Trans Sulawesi Road, the 
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impact of landslide would be unimaginable for not only the 
population near the site but also these road users and the 
economic activities that depend on the existence of this road. 
Thus, mitigating landslide potentials in this area is required. 
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      ABSTRACT
Ozone is a hazardous gas for the environment and negatively affects plant and human 
health. These days, phytoextracts are commonly used as a source of bioactive compounds 
for reducing the detrimental environmental effects on plants. In the presented study, soybean 
cultivar JS-335 was used to assess the protective role of synthetic ascorbic acid (SAA) and 
orange juice (25% orange juice, enriched ascorbic acid) under ozone stress conditions. 
The results showed that under ozone stress, soybean cultivar JS-335 reduced growth 
and biomass and negatively affected the biochemical properties of plants due to these 
changes, finally causing yield losses. Foliar-applied OJ >and SAA improved plant growth 
and development and increased crop yield. It was discovered that a 25% OJ coupled with 
ascorbic acid and other essential nutrients and biomolecules was almost as effective as a 
100 ppm SAA in reducing the harmful effects of ozone stress on soybean plants. As a result, 
it was determined that OJ, a less expensive source of ascorbic acid, can improve ozone 
resistance in plants in ozone-prone areas.

INTRODUCTION

Anthropogenic activity causes environmental pollution, 
including air, water, and soil environment. Environmental 
pollutants, including gaseous and suspended particulate 
matter, cause injurious effects on plant growth and biomass 
(Chaudhary & Rathore 2018a, b, 2019). Ozone is a secondary 
pollutant that negatively affects plant and human health 
(Rathore & Chaudhary 2019, 2021c, Soni et al. 2021). The 
tropospheric ozone (O3) is presently raised in widespread 
areas of the Northern Hemisphere (Feng et al. 2015, Sicard 
et al. 2017) and is possibly phytotoxic to ozone-sensitive 
vegetation (Saitanis et al. 2015). When plants uptake higher 
doses of ozone, they experience a chain of physiological 
and biological alterations alternating from a single cell to a 
whole plant (Jolivet et al. 2016). When exposed to higher 
oxygen levels, vegetation threatens food sources and affects 
ecosystem stability and biosphere survival (Lu et al. 2015, 
Wang et al. 2016).

The vegetation protection against destructive ozone 
effects is thus a significant problem. Several potential 

agrochemicals available in the market are tested as a 
protector of plants against ozone phytotoxicity (Saitanis 
et al. 2015, Chaudhary & Rathore 2022). A recent study 
by Chaudhary & Rathore 2020 states that the exogenous 
application of EDU, PU, and ascorbic acid protects against 
ozone stress. Exogenous application of ascorbic acid is 
considered to mitigate the extreme stress circumstances on 
the whole plants (Khalil et al. 2010). Exogenous ascorbic 
acid has been used to investigate the influence of exogenous 
ascorbic acid on many morphological, physiological, and 
biochemical processes in plants under stress, including 
wheat (Singh & Bhardwaj 2016), soybean (Amira & 
Qados 2014) and groundnut (Chaudhary & Rathore  
2020).

Many plants are identified that naturally contain huge 
quantities of ascorbic acid in their fruit or other parts. The 
sweet orange (Citrus sinensis L.) is a common fruit (Etebu & 
Nwauzoma 2014) that is high in ascorbic acid (Galaverna & 
Dall’Asta 2014). It also contains trace amounts of minerals 
such as calcium, magnesium, potassium, polyphenols, niacin, 
thiamin, and folate (Yahia 2017, Chanson-Rolle et al. 2016). 
The Exogenous application of orange juice on soybean plants 
under ozone stress was not yet conducted. Therefore, these 
applications maybe develop a better tool for plants to survive 
against ozone stress and shield against agricultural loss.
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Soybean can grow as a substitute crop in areas where 
abiotic stresses, such as ozone stress, are a major constraint 
to agricultural production (Fita et al. 2015, Bazile et al. 
2016). Thus, the exogenous application of organic substances 
containing ascorbic acid, which effectively improves the 
hostile effects of abiotic and biotic stress on plant species, 
can boost soybean plant tolerance under such conditions. 
Numerous studies have stated in the literature that ascorbic 
acid is a powerful mitigating feature against ozone and other 
abiotic stresses. However, evidence on the impact of foliar 
ascorbic acid treatment on the harmful effects of ozone stress 
in soybean plants is currently unavailable. As a result, this 
study aimed to compare the effects of pure synthetic ascorbic 
acid and OJ rich in ascorbic acid on soybean plants under 
ozone stress.

MATERIALS AND METHODS

Experimental Design and Protectants Application 

Pots experiment was conducted with three replicates of 
soybean (Glycine max L) cultivar at the Central University 
of Gujarat Campus in 2018. Under OTC (Open top chamber) 
75 ppb ozone was applied for 4 hours every day till harvesting 
and foliar spray of synthetic ascorbic acid and sweet orange 
phytoextract was applied. Four treatments were applied, such 
as Treatment T1 (Control), T2 (ozone fumigation 75 ppb), 
T3 (ozone fumigation + SAA), and T4 (ozone fumigation 
+ OJ). Seeds of a soybean (variety JS-335) were obtained
from the groundnut research station Junagadh. The pots
were filled with 30.0 kg of sandy loam soil with a pH of
8.1 and a composition of 65% sand, 27.5% silt, and 7.5%
clay. Twenty seeds were sown in equal size of each pot,
and after two weeks of seed germination, thinning was
performed. In addition to the control distilled water (DW)
foliar spray, 100 ppm synthetic ascorbic acid (SAA) and
25% OJ rich in ascorbic acid (25 percent OJ) were applied
10 days interval after plant germination till maturity. Fresh
sweet oranges (Citrus sinensis L.) were purchased from
a nearby fruit market, and after extracting the peel, the
pulp was used to remove juice using an electric juicer. The
juice was then processed at 4 degrees Celsius for one day
before use.

Before use, the content of ascorbic acid in 25 % OJ was 
estimated to be 20.7 mg/L using Keller & Schwager’s (1977). 
In addition to ascorbic acid, the OJ produces a mixture 
of inorganic and organic nutrients (Chanson-Rolle et al. 
2016). In distilled water, various solutions were prepared, 
including 25% OJ and 100 ppm synthetic ascorbic acid. 
The sample was collected for growth & physiology analysis 
after 25 DAS and 50 DAS, and final harvesting was done at  
120 DAS.

Growth and Biomass

The growth and biomass of the plant part were estimated 
separately. A triplicate of each plant per pot was taken and 
washed with purified water before being used to assess 
growth and biomass. Although other plants were refrigerated, 
the following biochemical parameters were determined: 
Graphical methods were used for leaf area measurement, 
and a regular meter scale measured root and shoot length. 
The mass of plants, such as the fresh and dry weight of plant 
parts, was determined by electric balance. Plants’ parts were 
dried in a hot air electric oven at 80 degrees centigrade till 
a constant weight was achieved.

Photosynthetic and Non-Photosynthetic Pigments 

Method Arnon (1949) was used to check for photosynthetic 
pigments (chlorophyll a, b, carotenoid, and total chlorophyll). 
A 0.25 g leaf sample was mixed with 5 mL of an 80 percent 
acetone solution for chlorophyll analysis. The sample was 
crushed with the help of pestle mortar and kept overnight 
at 4°C, and their optical density was taken at 663 nm and  
645 nm with the help of a spectrophotometer. 

The amount of anthocyanin in soybean leaves was 
calculated using Beggs and Wellmann’s process (1985). 
A 100 mg leaf sample was blended with 100 mL propanol, 
hydrochloric acid, and water (18:1:81 v/v) in a mixture of 100 
mL propanol, hydrochloric acid, and water. The following 
formula was used to measure the total sum of anthocyanin:

Anthocyanin (mg.g-1 fresh leaf) = A535 - 2.2 A650/W ×V

Where V = mL volume of extract, W = g fresh weight 
of leaf 

Estimation of Oxidative Stress

Hydrogen peroxide activity was analyzed by Velikova et 
al. (2000). The extraction solution makes with the help of 5 
mL of 0.1% TCA (ice cold). In a pestle mortar takes, 0.25 g 
of fresh leaf and 5 mL of TCA were added, and the sample 
was crushed. After centrifuging the homogenate, 500 liters of 
supernatant is combined with 500 liters of 10 mM potassium 
phosphate buffer (7.0 pH). After mixing the solution with 
1 mL of 1 M potassium iodide (KI) and leaving it at room 
temperature for 20 minutes, the OD was measured at 390 nm.

MDA content was measured using Heath & Packer’s 
(1968) method. MDA was determined using 5% TCA and 
0.5 percent TBA. In a pestle mortar, 0.25 g fresh leaf was 
mixed with 5 mL of 5% TCA solution, and the homogenate 
was centrifuged after crushing. After centrifugation, mix 500 
mL of the supernatant with 2 mL of 0.5 percent thiobarbituric 
acid (TBA). The solution mixtures were then kept in a 
water bath at 95°C for 50 minutes before being cooled in 
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an ice bath. The solution’s OD was estimated at 600nm  
and 532nm.

Membrane permeability was determined by the described 
method by Blum and Ebercon (1981). An electrical 
conductivity meter was used to calculate ion leakage from 
fresh leaves in deionized water (Eutech Instruments). 
A punching machine carved the leaf samples into 1 cm 
diskettes. After cutting 20 diskettes from each sample,  
10 mL of deionized water was applied to a glass beaker. The 
conductivity of the solution was calculated after the beakers 
had been held at room temperature for 3 hours.

Estimation of Antioxidants

Non-enzymatic Antioxidants
Flavonoids: Cameron et al. (1943) proposed a method for 
estimating flavonoid material. A 0.1 g fresh leaf sample was 
put in 100 mL ethanol and acetic acid mixture (99:1, v/v) and 
boiled for 2 minutes. After cooling to room temperature, the 
solution was centrifuged for 10 to 15 minutes at 8000xg. The 
solution’s absorbance was estimated at different wavelengths 
from 250 to 350 nm and represented as flavonoid absorbance 
(A mg-1 fresh wt).

Ascorbic acid: For the determination of ascorbic acid in a 
leaf sample of soybean, used method of Keller & Schwager 
(1977). Ascorbic acid contents were estimated with the help 
of extracting solution (extracting solution: Dissolved 5 g 
oxalic acid and 0.75 g EDTA in one liter of distilled water). 
In an ice bath, a 500 mg fresh leaf sample was homogenized 
with 20 mL of extracting solution, and the homogenate 
was centrifuged at 6000xg for 15 min. After centrifuging 
the sample, 1 mL of the supernatant was taken, and added 
5 mL of 2, 6-dichlorophenol-indophenol solution in pink 
color developed. After constant shaking, the O.D. of the 
solution was taken (Es) at 520 nm wavelength. Then one 
drop of ascorbic acid 1% solution was added to bleach the 
pink color and obtain the OD of turbid solution (Et) at the 
same wavelength. 

For blank (Eo), 1 mL of extracting solution and 5 mL 
of DCPIP solution were mixed, and O.D. was measured as 
mentioned above.

A 1% aqueous ascorbic acid solution was used for the 
calibration curve, which was diluted to obtain varying 
concentrations. The total amount of ascorbic acid was 
calculated by using the following formula.

Ascorbic acid (mg g-1 fresh leaf) = [{Eo – (Es – Et)} × 
V] / (v × W × 1000)

Where W = weight of leaf taken (g); V = total volume
of the mixture (mL); v = supernatant taken for analysis  
(mL). The standard curve estimates the value of {Eo-(Es – Et)].

Total phenols: The amount of total phenols was estimated 
by Mallick and Singh (1980) using 70% acetone. For phenol 
determination, a 100 mg fresh leaf sample was crushed with 
10 mL of 70% acetone, and the suspension was centrifuged at 
6000xg for 10 minutes. Then, 1 mL of supernatant was taken 
in a test tube, 1 mL of folin-ciocalteu reagent was added, 
2 mL of Na2CO3 (20% w/v) solution, and the final volume 
was made up of 10 mL with distilled water. This mixture 
was heated in a water bath for one minute and then cooled at 
room temperature. The blue color developed in a solution and 
the solution’s OD was measured at 650 nm wavelength. A 
standard curve was prepared with known amounts of quinine 
for the phenol contents.

Enzymatic Antioxidants
For estimating antioxidative enzyme activity, fresh leaves 
sample (250 mg) was crushed in 5 mL (50 nM) of cool 
potassium phosphate buffer (7.8 pH). The homogenate was 
centrifuged for 20 min at 4°C at 12,000 xg. The supernatant 
was kept at -200°C to estimate the following antioxidative 
enzymes.

Catalase activity: Catalase activity was estimated by 
Chance & Maehly 1955, using 100 μL supernatant in  
1.9 mL potassium phosphate buffer (50 mM, pH 7.8). 1 mL of 
5.9mM H2O2 was also added to the mixture, and the OD was 
measured at 240 nm after every 20 seconds for two minutes.

SOD activity: For estimating SOD activity, 50μL supernatant 
was added with 400 μL distilled water, 250 μL (50 mM) 
potassium phosphate buffer (pH 7.8), 100μL L-methionine, 
100 μLtritron-X, 50 μL nitro blue tetrazolium (NBT) and 
50 μL riboflavin. The solution’s optical density (OD) was 
recorded at 560 nm (Van Rossum et al. 1997).

POD activity: For estimating peroxidase activity, 100μL 
supernatant was added with 1.8 mL potassium phosphate 
buffer (50 mM, 7.8 pH), 100 μL guaiacol (20 mM), and  
100 μL H2O2 (40 mM), and the OD of the solution was 
calculated at 470 nm after every 20 seconds for 3 min as 
defined in Chance & Maehly (1955).

APX activity: For the APX activity, 100 μL supernatant was 
mixed with a 3 mL solution containing 100 mM phosphate 
(pH 7), 0.1 mM EDTA-Na2, 0.3 mM ascorbic acid, and 
0.06 mM H2O2. The OD was read at 290 nm for 30-second 
intervals until the ascorbic acid oxidized. One unit of APX 
forms 1 μ M of ascorbate oxidized per minute in assay 
conditions (Nakano & Asada 1981).

Primary Metabolites

Total soluble sugars, reducing sugars: Foliar sugar 
contents were estimated using the method described by 
Somogyi (1952). The leaf sample (50 mg) was crushed in  
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5 mL of 80% ethanol and centrifuged for 15 min at 3500xg. 
Pellets obtained were washed four-time using 80% ethanol 
and distilled water. The mixture was centrifuged at every 
washing. 1 mL of aliquot was mixed with 1 mL of copper 
reagent and boiled in the hot water bath for 10 minutes. After 
boiling, the solution was kept cooled to room temperature 
straightway, and 1 mL of arsenomolybdate was added. The 
solution was left for 30 minutes to complete the reaction 
before taking OD at 500 nm to estimate soluble sugars. For 
reducing sugar, 0.5 mL of diluted aliquot was mixed with  
1 mL of 5% phenol reagent and left for 10 minutes to uphold 
room temperature. This solution was mixed in 5 mL of 
H2SO4. The solution was shacked well and left in a water 
bath for 10 minutes before measuring the OD at 480 nm. A 
standard curve obtained using purified glucose estimated 
total soluble sugar and total reducing sugar. The remaining 
pellet samples were washed twice with 52% perchloric acid 
and distilled water and then centrifuged to estimate starch 
content. The volume of supernatant was made to 50 mL with 
distilled water. 1 mL aliquot of pooled supernatant was taken 
to estimate the starch content.

Amino acids and proteins: The amino acid was determined 
using Hamilton et al. (1943) method. 1 mL of the sample 
(used for antioxidants) was added with an equal amount of 
10% pyridine and acidic ninhydrin in test tubes. The mixture 
was heated for 30 min at 100°C, cooled at room temperature, 
and upraised volume to 7.5 mL using distilled water. The 
OD was recorded at 570 nm. Protein was estimated by using 
the method of Lowry et al. (1951).

Yield Characteristics

Yield characteristics were calculated using the number of 
capsules plant-1, number of seed plant-1, and weight of seed 
and pod plant-1.

Statistical Analysis 

The study involved a fully randomized two-factor ozone 
stress and exogenous ascorbic acid treatment. Using the 
HPSS software, the data collected for each parameter were 
subjected to Duncan’s Multiple Range Test analysis. The 
least significant difference was estimated at the 0.05 percent 
likelihood stage to estimate the significant differences among 
the mean values. Using Origin Pro software, PCA was used 
to describe the homogeneous characteristics of a soybean 
cultivar and the association between each vector tested under 
different treatments at two sampling dates (2019).

RESULTS 

Growth and Biomass

Leaf area and plant height: The leaf area and plant height 

of ozone-treated plants was highly affected compared to a 
control plant. At the same time, the application of natural 
ascorbic acid played a protective role against ozone stress 
than synthetic ascorbic acid as compared to control plants. 
The maximum increase in leaf area was found in treatment T4 
(14.86%) at 25 DAS and plant height in the same treatment 
(28.17%) at 50 DAS (Fig. 1). The treatment-wise difference 
in leaf area and plant height was noted as maximum in 
treatments T4 > T3 > T1 > T2 (Fig. 1).

Total biomass and root shoot ratio: Plant biomass and root 
shoot ratio show variable treatment and age factors results. 
Total plant biomass was reduced by the ozone stress of the 
experimental crop (Fig. 1). However, exogenous application 
of SAA and OJ-treated plants neutralized the ozone effect. It 
enhanced the weight of dry leaf mass and total plant biomass 
of the experimental cultivar.  A maximum increase in dry leaf 
weight was found at 70.13% under treatment T4 at 25 DAS, 
and a higher increment of total plant biomass (117.57%) was 
noted under the same treatment on the same day after the 
sowing of plants. The root-shoot ratio of the plant showed a 
negative percentage reduction in an enhanced ozone-treated 
plant at 25 DAS compared to control plants. In comparison, 
exogenous applied AA showed a positive value of percentage 
increments at 25 DAS and a negative value at 50 DAS.

Oxidative Stress

Hydrogen peroxide and MDA contents: Enhance ozone 
increases the production of hydrogen peroxide and MDA 
contents in plants. Higher production was found at 16.56% at 
50 DAS in treatment T2. Application of natural and synthetic 
ascorbic acid reduced the production of Hydrogen peroxide 
in soybean cultivar (Fig. 2). Treatment-wise, hydrogen 
peroxide production was noted as T2 > T1 > T3 > and T4.  
Accumulation of MDA in ozone-stressed seedlings was 
higher than in control, whereas, in the presence of exogenous 
application of SAA and OJ, MDA contents were reduced 
significantly (Fig. 1). The maximum increase of MDA was 
observed in treatment T2 (25.35%) at 25 DAS (Fig. 2).

Membrane permeability: Membrane permeability showed 
a significant increase in ozone stress. The higher membrane 
injury was recorded under ozone stress. The maximum 
increase of membrane permeability was found under 
treatment T2 (12.53%) at 50 DAS (Fig. 2), and the lowest 
percentage of membrane permeability was found in treatment 
T4 (-20.22%) at 20 DAS as compared to control plants. 
Membrane stability shows reverse trends as membrane 
permeability.

Photosynthetic and Non-Photosynthetic Pigments

Total chlorophyll and carotenoids: Ozone-treated plants 
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Fig. 1. Role of natural and synthetic ascorbic acid on leaf area (cm2), plant height (cm), total plant biomass (g), root shoot ratio (R/S) of soybean 
cultivar (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed by the same letter are not 

significantly different (p< 0.05) using Duncan’s Multiple Range Test).
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caused a significant decrease in chlorophyll a, b and total 
chlorophyll content compared to the control (Fig. 3). While 
application of SAA and OJ precipitated significant increases 
in chlorophyll a, b and total chlorophyll content in stressed 
plants. The maximum increase of total chlorophyll was noted 
under treatment T4 (35.84%) at 50 DAS and a minimum 
in treatment T2 (-33.38%) at 25 DAS compared to control 
plants. Increasing chlorophyll trends in treatments were 
T4>T3>T1>and T2. Carotenoid and anthocyanin contents 
were also reduced under ozone stress. The maximum 
carotenoid increase was found in treatment T4 (29.81%) at 50 
DAS and a minimum in treatment T2 (-18.83%) at 25 DAS. 

Anthocyanin: Ozone stress also negatively affects 
the anthocyanin of plants. While the application of OJ 
and SAA increased the anthocyanin concentration in  

plants. Anthocyanin of plant leaf also follows the same 
trends as carotenoids content and maximum values were 
noted in treatment T4 (19.12%) at 25 DAS as compared 
to control plants (Fig. 3). Treatment-wise, increasing  
trends of anthocyanin in plants were noted T4>T3>T1> 
and T2.

Antioxidants Activity 

Flavonoids, Phenol and Ascorbic Acid
According to the data, the production of flavonoids decreases 
remarkably under ozone stress (Fig. 3). The flavonoid content 
maximum increased (97.96%) at 50 DAS under treatment 
T4. Ozone increased total phenolic compounds significantly 
(Fig. 2). The maximum increase of phenolic contents was 
101.40% at 50 DAS under the T3 treatment. Ozone caused 
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Fig. 2. Role of natural and synthetic ascorbic acid on hydrogen peroxide (mmol.g-1 fresh leaf), MDA contents (mmol.g-1 fresh leaf), membrane perme-
ability (mS.cm-1), and membrane stability (%) of soybean cultivar (Mean ± standard deviation of three replicates presented by thin vertical bars, Value 

within each column followed by the same letter are not significantly different (p< 0.05) using Duncan’s Multiple Range Test).
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Fig. 3. Role of natural and synthetic ascorbic acid on total chlorophyll (mg.g-1 fresh wt.), carotenoids (mg.g-1 fresh wt.), anthocyanin (mg.g-1 fresh wt.), 
flavonoids (mg.g-1 fresh wt.), ascorbic acid (mg.g-1 fresh wt.) and phenol (mg.g-1 fresh wt.) of soybean cultivar (Mean ± standard deviation of three 

replicates presented by thin vertical bars, Value within each column followed by the same letter are not significantly different (p< 0.05) using Duncan’s 
Multiple Range Test).

a negative effect on ascorbic acid content in selected crops. 
A maximum increase in ascorbic acid (228.20%) was found 
under T4 treatment at 50 DAS and a minimum in treatment 
T2 (-15.55%) at 25 DAS (Fig. 3).

Enzymatic Antioxidants

CAT, POD, SOD, and APX: The antioxidant enzymes 
CAT showed deviation in their activities under ozone stress. 
A maximum increment of CAT (0.74%) was found under 
T2 treatment at 50 DAS and a minimum in treatment T4 at 
25 DAS. POD (430.38%) under T2 treatment at 50 DAS. 
The maximum increase of SOD (143.77%) was noted at 50 
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DAS under T2 treatment, and APX (72.90%) was noted at 
25 DAS under T2 treatment (Fig. 4). Activity of POD was 
also increased due to the application of elevated ozone. At 
the same time, protectants applied to plants reduced POD 
activity at both sampling periods. Higher activity of POD 
was noted at 25 DAS of plants than at 50 DAS of plants. 
Maximum values of POD activity were found in treatment 
T2 at 50 DAS of plants compared to control plants. Ozone 
pollution increased the SOD activity in soybean plants, 
and higher values was observed at 50 DAS of plants. 
Treatment-wise trends of SOD activity were noted higher 
in T2 > T1 > T3 > and T4. Higher values of APX were 
also found in ozone-treated plants than in control and 
SAA > and OJ. The age-wise higher value of APX was 
estimated 50 days after the plant sowing in all selected  
treatments.

Primary Metabolites  

Total soluble and reducing sugar: The quantitative profile 
of total soluble sugar and reducing sugar varied significantly 
within the plants under ozone stresses (Fig. 5). Maximum 
increase of total soluble sugar and reducing sugar content 
(24.91% and 46.90%, respectively) was noted at 50 DAS 
under T4 treatment. The maximum increase of reducing sugar 
(18.05%) was found at 25 DAS under the T4 treatment. The 
trends of increasing concentration of TSS and TRS were 
found in treatment T4 than T3> T1 > and T2.

Total soluble proteins and free amino acids: Total soluble 
proteins and free amino acids decreased significantly under 
ozone stress conditions. A major difference was found in 
protein and amino acids under ozone stress conditions. At 
the same time, exogenous applied SAA and OJ  increased 
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Fig. 4. Role of natural and synthetic ascorbic acid on CAT (min-1 .g-1 fresh leaf.), POD (min-1 .g-1 fresh leaf), SOD (min -1 g -1 fresh leaf), and APX 
(min-1 .g-1 fresh leaf) of soybean cultivar (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column 

followed by the same letter are not significantly different (p< 0.05) using Duncan’s Multiple Range Test).
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these content in plants (Fig. 5). Maximum increase of total 
soluble protein was found in T4 treatment (301.71%) at 25 
DAS and while a maximum increment of amino acid was 
also noted in same treatment (119.14%), at same DAS.

Yield Characteristics

Yield characteristics of soybean cultivars, such as the 

number of pods, number of seeds, seed weight, and total 
yield, are also affected by the application of elevated 
ozone. While the application of the protectant increased the 
yield of plants. Total yield reduction was observed under 
the T2 treatment (-19.16%). The maximum yield increase 
(19.46%) was noted under T4 treatment as compared 
to control plants (Fig. 6). While the application of SAA 
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Fig. 5. Role of natural and synthetic ascorbic acid on TSS (mg/g fresh wt.), TRS (mg/g fresh wt.), amino acid (min-1 .g-1fresh wt.) and protein (min-1 

.g-1 fresh wt.) of soybean cultivar (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed by 
the same letter are not significantly different (p< 0.05) using Duncan’s Multiple Range Test).
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Fig. 7. Principle component analysis (PCA) correlation bi-plot of growth, biomass, and biochemical responses to ozone stress. Symbols represent the 
standardized scores on PC1 (x-axis) and PC2 (y-axis) for the ozone stress and ascorbic acid protectants on soybean cultivars (cv. JS-335). Vector coor-

dinates represent the correlations between standardized variables and principal components (PCs).

shows a moderate increment in the yield of soybean  
plants.

Principle Component Analysis

PCAs analysis shows that the protectant application positive-
ly correlated with each parameter (Fig.7). The total percent-

age variance of cultivar JS-335 was found to be 63.04% and 
26.43% at PC1 and PC2 with Eigenvalue 14.49 and 6.04. 
Percentage variation at PC3 was noted at 5.43% and eigen-
value 1.24. Leaf area, plant height, and protein content were 
highly correlated, while plant biomass, total chlorophyll, and 
TRS also showed strong relationships among the parameters. 
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All selected treatments showed a negative value 25 days 
after the sowing of the plant, while 50 days after the sowing 
of the plant represented a positive value at PC1. Treatment, 
wise highest positive score value of the cultivar was noted 
in T4 (5.52) than in T3 (4.47) >T1 (2.21) > and T2 (1.47). 
Antioxidant defense, such as non-enzymatic and enzymatic 
antioxidants, showed positive values at both PCs. Therefore, 
PCA analysis data confirmed that OJ is more effective than 
SAA compared to control plants, and elevated ozone caused 
a negative effect on soybean cultivar JS-335.

DISCUSSION 

For plant growth and development, ozone is a toxic pollutant. 
A higher concentration of ozone caused agricultural losses 
and created food crises worldwide. Therefore a current study 
was carried out to improve plants’ growth and yield using 
phytoextract enriched with ascorbic acid. The presented 
study showed that 100 ppm SAA and 25% OJ (enriched 
with ascorbic acid) could improve the ozone resistance of 
soybean plants. A study also reported that the ambient level 
(13.89 to 22.42 ppb day−1) of ozone caused a negative effect 
on groundnut cultivars while applying synthetic ascorbic 
acid improved plant growth and yield (Chaudhary & Rathore 
2020). In the present work, leaf area, plant height, and total 
plant biomass of soybean were reduced under ozone stress. 
While the application of exogenous OJ >and SAA increases 
the plant’s leaf area and the plant’s height and total biomass 
of the plant, its means that natural ascorbic acid is a more 
effective protectant against ozone stress. Various studies also 
reported that the elevated ozone caused a negative impact 
on leaf area and plant height and reduced plant biomass 
(Agathokleous et al. 2018, Rathore & Chaudhary 2019, 2021). 
However, exogenous application of ascorbic acid is attributed 
to ozone resistance by oxidative resistance organization, 
photosynthesis, and Osmo protection metabolism. The 
photosynthetic rate of chlorophyll a,b, and carotenoids was 
reduced under ozone stress, either due to reduced synthesis 
of key chlorophyll complexes (Agathokleous et al. 2018) 
or due to the destruction of pigment and protein molecules 
(Amira & Qados 2014). Ozone stress significantly reduced 
the contents of photosynthetic pigments such as chlorophyll 
a, b, and carotenoids in the current study. Foliar-applied 100 
ppm OJ >and SAA improved soybean plants’ chlorophyll 
and carotenoid contents. 

Ozone enters through stomata and generates ROS in 
plants. It is a natural process, but due to elevated ozone, 
the production of H2O2 was higher and also increased lipid 
peroxidation and finally caused leaf membrane damage 
(Chaudhary & Rathore 2019, Rathore & Chaudhary 2019, 
2021). In this study, H2O2 production, MDA, and membrane 

damage were higher in elevated ozone. The application of 
OJ >and SSA controlled the production rate of H2O2 and 
membrane damage in soybean plants.  Malondialdehyde 
(MDA) is a signaling molecule that reflects oxidative stress-
induced membrane damage (Shafiq et al. 2015). Moreover, 
exogenous application of protectants such as ethylene diurea, 
ascorbic acid, and phenyl urea controlled the leaf membrane 
injury (Chaudhary & Rathore 2020, Rathore & Chaudhary 
2021). 

Antioxidant defense systems, including enzymatic (SOD, 
POD, APX, and CAT) and non-enzymatic (phenolics, 
carotenoids, ascorbic acid, and flavonoids) antioxidant 
defense systems, protect cells from oxidative stress (Akram 
et al. 2017, Chaudhary & Rathore 2018a, 2019, Rathore 
& Chaudhary 2021). When exposed to ozone, CAT, SOD, 
APX, and POD behaviors were enhanced in soybean plants. 
Although the foliar application of natural ascorbic acid > and 
synthetic ascorbic acid has reduced the activities of CAT, 
SOD, POD, and APX in plants, the increasing incidence 
was higher in elevated ozone as compared to control plants. 
Rathore & Chaudhary (2021c) reported that ozone pollution 
increased the activity of these enzymes. Darvishan et al. 
(2013) also reported one more study under a water shortage 
regime of corn plants.

Non-enzymic antioxidants also played a vital role in 
defense, contrary to stress. Non-enzymatic antioxidant 
ascorbic acid (AA) plays a key function in stress safety by 
enzymatically detoxifying hydrogen peroxide and directly 
scavenging reactive oxygen species (ROS) (Hemavathi et 
al. 2011, Ye et al. 2012). Under ozone stress, the content 
of endogenous ascorbic acid in Soybean plants decreased 
in the current research. However, when applied 100 ppm 
SAA or NAA was under ozone conditions, internal ascorbic 
acid content improved in soybean plants. Previous reports 
show that oxidative stress reduced ascorbic acid contents in 
plants (Chaudhary & Rathore 2018d, 2019, 2020), and foliar 
application of ascorbic acid effectively improved the inherent 
ascorbic acid content under drought and ozone stress (Singh 
& Bharadwaj 2016, Chaudhary & Rathore 2020).

The synthesis of flavonoids is more under ozone stress 
conditions. The elevated ozone gradually reduced flavonoid 
contents while plants’ phenolic content increased. Phenolic 
groups consume plants’ flavonoids and protein formation 
(Rathore & Chaudhary 2021). According to some research, 
flavonoid synthesis is thought to increase in most plants 
when water-stressed (Ma et al. 2014, Nichols et al. 2015). 
Compared to our observations, total flavonoids decreased in 
soybean plants under ozone stress, while foliar application 
of 100 ppm synthetic ascorbic acid and 25% OJ enhanced 
with ascorbic acid increased flavonoid content in soybean 
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plants under ozone stress. Phenol contents of soybean plants 
were increased due to elevated ozone, and applied natural 
and synthetic ascorbic acid reduced the production of phenol 
in plant leaves.

Primary metabolites such as sugars, carbohydrates, and 
proteins were also affected due to ozone pollution. Sugars 
are important in increasing plant tolerance to abiotic stresses 
like ozone because higher sugar levels can reduce water loss, 
sustain turgor, and reduce membrane destruction, improving 
plant growth (Rodziewicz et al. 2014). Total soluble sugars 
and declining sugars in soybean plants exposed to ozone 
stress decreased dramatically in this research. Earlier reports 
also revealed that the ozone reduced the sugar content in 
cotton and groundnut cultivars (Chaudhary & Rathore 2021b, 
Rathore & Chaudhary 2021). The content of total soluble 
sugars and reducing sugars in soybean plants was increased 
by foliar application of ascorbic acid. Amira & Qados (2014) 
reported that ascorbic acid increased the sugar content in okra 
and soybean plants under water stress conditions, which is 
close to our findings. The reduction of total carbohydrates in 
plants was also higher in elevated ozone-treated plants than 
in control plants. Applying OJ> and SAA increased the total 
carbohydrate in plants. 

Amino acid and protein contents were also decreased 
under the elevated ozone of the plant. Applied exogenous 
protectants increased the amino acid and protein contents in 
plant leaves. Enzymes that catalyze the hydrolysis of protein 
increasing the concentration of the phenolic compound in 
plants due to ozone stress may increase the synthesis of amino 
acids and proteins, resulting in reduced protein content in 
plants (Ambasht & Agrawal 2003, Chaudhary & Rathore 
2020). Water stress affects amino acid metabolism, and their 
content usually rises, potentially causing protein synthesis 
(Zonouri et al. 2014). Ozone stress decreased the content 
of free amino acids and total proteins in soybean plants 
in this study. Furthermore, when foliar OJ and SAA were 
implemented under ozone stress, both sources of ascorbic 
acid increased the content of amino acids and total proteins in 
soybean plants. Similar findings have recently been reported 
in a variety of plants, including corn (Dolatabadian et al. 
2010), wheat (Malik et al. 2015), and grapes (Zonouri et al. 
2014), with the authors claiming that an increase in amino 
acid and protein content is positively associated with stress 
tolerance mechanisms in plants.

Overall, under ozone stress conditions, plants increased 
the production of H2O2 and MDA contents, damaging the 
leaves membrane (Chaudhary & Rathore, 2021a,b,c). The 
over-production of H2O2 in plant cells negatively affects 
plant growth, photosynthetic pigments, protein content, 
and, finally caused, yield loss. While increasing activities 

of antioxidants such as enzymatic (CAT, SOD, APX, and 
POD) and non-enzymatic (carotenoids, flavonoids, phenol, 
ascorbic acid) properties play a defensive role against 
ozone stress. In soybean plants, 25 percent OJ was more 
effective than 100 ppm SAA. OJ’s effectiveness can be 
expected because it contains a variety of biomolecules 
and nutrients other than AA that could help plants grow 
and perform key metabolic functions. As a response, 
growth promotion by OJ may have been possible due to all 
nutrients in OJ rather than only AA. The foliar application 
of OJ (25 percent OJ) could increase soybean plant ozone  
resistance.

Agricultural productivity is a major part of the economy 
of the world’s developed and developing countries. In the 
present investigation, ozone pollution caused a negative 
impact on the yield of soybean plants. A recent study also 
reported that ozone pollution reduced the growth and yield 
of castor beans and groundnut (Rathore & Chaudhary 
2019, Chaudhary & Rathore 2021a). While the application 
of exogenous protectants such as OJ >and SAA improves 
the plant growth and yield of soybean cultivars. Higher 
effectiveness was found in natural ascorbic acid than in 
synthetic ascorbic acid. This means that 25% of orange juice 
enriched with AA will have a useful tool for agricultural 
sustainability against ozone stress. PCAs analyzed data, and 
the application of OJ and SAA showed strong relation with 
yield and plant physiological characteristics. This means OJ 
applications are a potent tool for agricultural productivity in 
ozone-prone areas.

CONCLUSION 

Ozone is a burning problem for the agriculture of developed 
and developing countries. Overall, ozone enters through 
stomata in plant cells and causes negative effects in 
membrane damage, loss of relative water contents, and 
reduced plant growth and yield. However, to protect 
plants from oxidative stress, the exogenous application of 
protectants will be an enormous tool for agricultural loss. 
In the present study, foliar-applied synthetic or natural 
ascorbic acid improved plant growth, physiology, and 
yield of soybean cultivars. It was observed that 25% of OJ-
enriched ascorbic acid was more effective than 100 ppm 
SAA in soybean plants subjected to ozone stress. Since OJ 
comprises several biomolecules and nutrients other than AA 
that could help promote plant growth and main metabolic 
activities, growth promotion by OJ may have been possible 
due to all nutrients found in OJ rather than by AA working 
slowly. Thus, foliar application of 100 ppm SAA and OJ 
(25 percent orange juice enriched) could increase soybean 
plant ozone resistance.
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      ABSTRACT
Hospital waste is a burning issue that severely impacts public health. This study in three 
big hospitals in Lahan and Rajbiraj, Nepal, for one year (2019 March-2020 February) aims 
to analyze some parameters that directly help waste management properly. Field study, 
questionnaire, and interview methods were followed. The average moisture content of 
wastes of all three hospitals was 55.79%. There was no variance in the three hospitals’ 
moisture content values of wastes (F = 1.89 P-value = 0.165 F crit = 3.284917651). The 
average temperature of dumped waste was 23.23°C, and the temperature of all three 
hospitals was closely associated (F = 0.998, P-value 0.379, Fcrit = 3.28). The average pH 
value of wastes from the three hospitals was 4.44, and it from all three sites was strongly 
associated (F = 0.0668, P-value 0.935, Fcrit = 3.284). There was no relation between income 
and types of waste production (ꭕ2 = 0.8, df = 4, significance level = 0.05), but there was 
a high association between the level of income and amount of waste production. There 
was a high association between the nature of hospitals and types and the amount of waste  
(ꭕ2 = 77.09, df = 4, Significance level = 0.05).  In Sagarmatha Choudhary eye hospital Lahan, 
there was no significant correlation between the number of patients and the amount of waste 
(Correlation = -0.187889 at 0.05% significance level). Unique Hospital Rajbiraj showed a 
correlation between the number of patients and the amount of waste (correlation = 0.1183 
at 0.05% significance level). In Gajendra Narayan Singh Hospital, there was a correlation 
between the number of patients and the amount of waste (Correlation = 0.3453, at 0.05% 
significance level). There was no association between the qualification of respondents 
and their responsibilities regarding the services provided by hospitals (ꭕ2 = 1.43, df = 6, 
Significance level = 0.05). It is recommended for better management and installment of 
modern technologies for waste management.

INTRODUCTION

Solid waste is the undesired or pointless waste produced by 
a region’s combined commercial, industrial, and residential 
activity (Sharma et al. 2014). The process of gathering, 
handling, and getting rid of solid waste abandoned because 
it has fulfilled its function or is no longer usable is known 
as solid waste management (Jerry 2020).

In many areas of Nepal, environmental deterioration, 
including contaminated water, declining groundwater levels, 
unhealthy soils, and dirty air, have been affected by waste 
materials. The resources required to lessen the negative 
effects of a damaged environmental situation are limited, 
but their destruction continues (Pathak 2016).

Different types of healthcare wastes, such as sharp, 
pathological, or other potentially infectious, pharmaceutical, 
biological, and hazardous wastes, need specific consideration 

and are typically referred to together as hazardous or 
special Health care waste (Johannessen et al. 2000). The 
Health Care Wastes (HCW) cover all wastes produced by 
medical institutions, research centers and labs (WHO 1999). 
According to (WHO 2004a), the waste from Health Care 
Facilities (HCF) falls into the following categories; non-
risk and special care required wastes like infectious and 
high infectious waste and other hazardous and radioactive 
waste. Approximately 20% of HCF wastes are hazardous, 
and 80% are general. Managing healthcare waste (HCWM) 
was regarded as one of the key elements of effective infection 
prevention methods (WHO 1999).

According to one research, Nepal’s healthcare waste 
equals 0.533 kg.bed-1.day-1. There was 0.256 kg.bed-1.
day-1 of general, hazardous, and non-biodegradable waste,  
0.147 kg.bed-1.day-1 of biodegradable waste, and 0.120 
kg.bed-1.day-1 of infectious waste, including sharps, and 0.009 
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kg.bed-1.day-1 of hazardous chemical and pharmaceutical 
waste (UNEP 2012).

Numerous institutions discard or dump rubbish near 
ponds, open fields, ditches, rivers, and in the backyards 
of hospitals and other buildings. Utilizing a container for 
municipal waste is the third possibility. In various sections 
of the nation, large hospitals use municipal waste in around 

60% of cases (Bhatta 2013).

Nepal’s government prioritizes offering all citizens 
high-quality healthcare services as per the concept ‘Health
for all’ of the World Health Assembly. Government and 
non-government groups are using various initiatives to 
address the many diseases and problems the nation is now 
experiencing. So, the appropriate management of HCW is 

Gajendra Narayan Singh Hospital Rajbiraj: The Gajendra Narayan Singh (GNS)/ Sagarmatha 

Zonal Hospital in the Saptari district of southern Nepal was established in 1996. It has more than

100 beds and can handle more than 500 patients. The study area Rajbiraj lies in 26.5420°N, 

86.7567°E (Fig. 1). 

Fig. 1: Map of SCEH, Unique and GNS Hospital Rajbiraj.
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one of the biggest issues the nation is now facing. The high 
risk of infection and the environmental population is caused 
by poor HCW management. Medical care waste affects the 
waste handlers, the general environment, and the waste 
creators. On the other hand, people have the right to survive 
in a neat and clean environment. Every person in Nepal has 
a right to a clean environment and basic medical treatment, 
according to the constitution of 2072.

 Some surveys and works have been carried out in 
hospitals related to solid waste management in Nepal. But 
we did a different. We selected three big hospitals having 
over 100 beds in the Saptari and Sirha districts of Madhes 
province, Nepal. The complete work regarding sources, 
types, amounts, temperatures, pH, moisture content, and legal 
measures for healthcare waste has not been carried out in 
these hospitals. We aimed to analyze the types, parameters, 
and management practices of solid waste generated from 
Sagarmatha Choudhary Eye Hospital of Lahan, Unique 
Hospital, and Gajendra Narayan Singh Hospital of Rajbiraj 
municipality. We hope this study supports reducing hospital 
waste and properly managing it.

MATERIALS AND METHODS

Description of the Study Area 

Sagarmatha Choudhary Eye Hospital Lahan: Sagarmatha 
Choudhary Eye Hospital (SCEH) Lahan is non- profitable 
eye hospital for residents of Eastern Nepal and neighboring 
districts of India. That was established in 1983 with more 
than 100 beds. The present services are general OPD, paying 
OPD, and fast-track OPD. The hospital can handle more 
than 250 patients in a day. The study   area (Lahan) lies in 
26.4230 °N, 86.2930°E (Fig. 1).

Unique Hospital: Unique Medical College and Teaching 
Hospital Pvt. Ltd is a private hospital that was established 
in January 2001. It is situated in Rajbiraj municipality, with 
its wing at Raipur. It has more than 100 beds and can handle 
more than 300 patients. The study area lies in 26.599195°N 
and 86.722810°E (Fig. 1).

Gajendra Narayan Singh Hospital Rajbiraj: The Gajendra 
Narayan Singh (GNS)/ Sagarmatha Zonal Hospital in the 
Saptari district of southern Nepal was established in 
1996. It has more than 100 beds and can handle more than 

500 patients. The study area Rajbiraj lies in 26.5420°N, 
86.7567°E (Fig. 1). 

METHODS

Site selection: Three hospitals were selected, one from Sirha 
and two from Saptari district. The selected hospitals of sites 
are given in Table 1.

Sample collection: Three color-coded buckets were 
managed in each hospital ward. The blue bucket was for 
general waste, the red color bucket was for hazardous 
waste, and the green color bucket was for sharp waste. The 
collected waste was bought on-site and transported from 
the point of generation to assembly storage by wheeled 
trolleys, containers, or carts with the bits of help of hospital 
waste management staff from each ward of the hospitals in 
the evening, daily. In the morning, such collected samples 
were poured into plastic bags to take their exact weight. It 
was accordingly (WHO 2004b).

Types of wastes: According to (WHO 1999), the waste 
from hospitals was divided into three types which were 
general, hazardous, and sharp. A brief description of them 
is described below.

• General waste: Those disposed of at landfill sites
are called general waste. Examples are paper, plastic,
polythene, metal, carton, food, vegetable waste, dust
matter, glass, cardboard, and others.

• Hazardous wastes: Those wastes with the potential
to cause hazards to the health and life of humans are
hazardous wastes. Examples of hazardous wastes are
cotton, gloves, pus, blood container, gauze-soiled
bandage, the cotton used for dressing, blood bags, etc.

• Sharp wastes: Those wastes used to puncture or lacerate 
the skin are known as sharp waste. Sharp wastes are
infected needles, syringes, scalpels, blades, glass,
infusion sets, saws, knives, broken glass, etc.

Total production of wastes: To calculate the weight of 
general, hazardous, and sharp wastes, the weight from 
each ward was taken individually. These products (general, 
hazardous, and sharp) from each ward were summed to find 
the total weight of sharp, hazardous, and general wastes. The 
average total waste production per day and every ten days 
of each month were estimated. Then the average percentage 

Table 1: Sampling sites in hospitals.

S.N Hospitals Site A Site B Site C Site D Site E

1. SCEH Lahan Refraction ward Vision ward Minor OT Cornea and glaucoma Retina ward

2. Unique Hospital Gynae ward Pediatric ward General ward Emergency ward Surgery ward

3. Gajendra N.S Hospital Gynae ward Pediatric Ward General ward Emergency ward Surgery ward
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practice by direct observation, a questionnaire, focal group 
discussion, and interview methods were used.

RESULTS

Moisture Content

The moisture content of solid waste of Sagarmatha 
Choudhary Eye Hospital Lahan varied from 50% to 65.5% 
from month to month. The moisture content was highest in 
November. The average moisture content of Sagarmatha 
Choudhary Eye Hospital Lahan collection was 55.65%  
(mean value 58.27, standard deviation 4.72, and standard 
error 1.36)

The moisture content of hospital solid waste of Unique 
Hospital varied from 52% to 65.5%. The average moisture 
content of the Unique Hospital was recorded at 50.98%. The 
moisture content was highest in January (mean value 59.58, 
standard deviation 5.28, and standard error 1.52).

The moisture content of hospital solid waste of Gajendra 
Narayan Hospital varied from 50% to 73%. The moisture 
content was highest in June, and the average was 60.74% 
(mean value 62.42, standard deviation 5.53, and standard 
error 1.71).  There was a high association between the 
moisture content of solid wastes in three different hospitals. 
Hence null hypothesis was accepted, stating there was no 
difference in the variance of the moisture content value of 
the wastes of the three hospitals. (F = 1.898 P-value = 0.165 
F crit = 3.284917651)

Temperature 

In Sagarmatha Choudhary Eye Hospital, the temperature of
the waste varied from a minimum of 9.5°C to a maximum of 
37.5°C from February to July (The mean value was 55.59, with 
a standard deviation of 8.85 and a standard error of 2.55). In 
Unique Hospital, the temperature of the waste varied from a 
minimum of 9.5°C to a maximum of 36.50c from January to 
August (The mean value was 30.08, the standard deviation 
was 6.99, and the standard error 3.02). In Gajendra Narayan 
Hospital, the temperature of the waste varied from a minimum 
of 9.5°C to 37°C in January and September, respectively. 
The mean value was 29.27, the standard deviation was 8.87, 
and the standard error was 2.27. The temperature of dumped 
wastes in all three hospitals was closely associated. Hence null 
hypothesis was accepted, stating there was no difference in the 
variance of the temperature of wastes of the three hospitals. (F 
= 0.998, P-value 0.379, Fcrit = 3.28). The average temperature 
of the waste was recorded as 23.23°C.

pH

It was found that the wastes from the Sagarmatha Chaoudhary 

of sharp waste was calculated. Finally, the weight from 
each ward is summed to find out the total weight.  This 
way, the total solid waste produced per day and month was  
calculated.

Measurement of moisture content: A sample of 100 g 
was taken in a Petridis. The Petridis was placed into a hot 
air oven for 48 h at 105oC in the Department of Zoology, 
Degree Campus Biratnagar laboratory. The calculation was 
done based on the formula given by (Nancy Trautmann 
1996), which was calculated below.

 Percentage of moisture content = (X1-X2) × 100/X1

Where X1 = wt. of the wet sample

X2 = wt. of dry sample

Measurement of temperature: To measure the temperature 
of the solid waste, (Daniel 1987) was followed. According 
to this, the temperature of the collected sample from the 
selected sites was measured by dipping a thermometer into 
the sample up to 10-15 cm depth. At the same time, its 
average was also calculated.

Measurement of pH: The pH was tested by using an electric 
pH meter. It was also checked with pH paper at the site. One 
gram sample was mixed into 20 mL of waste in the grinder 
of the mixture, and it was ground well. The pH meter was 
washed with distilled water, and the pH was adjusted to 7 
by dipping into a buffer solution, and the pH meter was 
dipped into the sample solution hence giving the pH value 
of the sample. The above calculation was done based on the 
formula by Pathak (2016).

pH = -log[H+]

Statistical analysis: From the software Microsoft (MS) 
Excel 2007, The Pearson correlation of the number of patients 
and the amount of waste in SCEH, Unique Hospital, and 
GNS Hospital was calculated by the formula

Statistical analysis: From the software Microsoft (MS) Excel 2007, The Pearson correlation of 

the number of patients and the amount of waste in SCEH, Unique Hospital, and GNS Hospital was

calculated by the formula

             …(1)

 Chi-Square was calculated. It was calculated for Economic value versus waste production. The 

chi-square of three hospitals with three different types of waste was calculated. Similarly, the 

Chi-square of the education level of respondents and their response to waste management was

also calculated by formula.

                              ꭕ2 = Ʃ(O – E)2/E  …(2)

Where, ꭕ2 = Chi square, O = Observed value, E = Expected value. Analysis of Variance (ANOVA) 

was also calculated using Statistical Package for Social Science (SPSS).

Management practices: To study the management practice by direct observation, a questionnaire,

focal group discussion, and interview methods were used.

RESULTS

Moisture Content

The moisture content of solid waste of Sagarmatha Choudhary Eye Hospital Lahan varied from

50% to 65.5% from month to month. The moisture content was highest in November. The average

moisture content of Sagarmatha Choudhary Eye Hospital Lahan collection was 55.65% (mean

value 58.27, standard deviation 4.72, and standard error 1.36)

The moisture content of hospital solid waste of Unique Hospital varied from 52% to 65.5%. The 

average moisture content of the Unique Hospital was recorded at 50.98%. The moisture content

was highest in January (mean value 59.58, standard deviation 5.28, and standard error 1.52). 

The moisture content of hospital solid waste of Gajendra Narayan Hospital varied from 50% to 

73%. The moisture content was highest in June, and the average was 60.74% (mean value 62.42,

…(1)

Chi-Square was calculated. It was calculated for 
Economic value versus waste production. The chi-square 
of three hospitals with three different types of waste was 
calculated. Similarly, the Chi-square of the education level 
of respondents and their response to waste management was 
also calculated by formula.

ꭕ2 = Ʃ(O – E)2/E …(2)

Where, ꭕ2 = Chi square, O = Observed value, E = Expected 
value. Analysis of Variance (ANOVA) was also calculated 
using Statistical Package for Social Science (SPSS).

Management practices: To study the management 
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Eye Hospital Lahan had the highest pH value, which was 
6.9 in July, and the lowest was 3.7 in April. The mean value 
was 4.96, the Standard deviation was 1.29, and the standard 
error was 0.37.

 On the wastes of the unique hospital, the pH value was 
6.7, which was highest in July, and the lowest pH value is 3.6 
in March. The mean value was 4.98, the Standard deviation 
was 1.22, and the standard error was 0.35.

The pH value of Gajendra Narayan Hospital was highest 
(pH 7) in August, whereas the lowest pH value was 3.6 in 
March. The mean value was 4.82, the Standard deviation 
was 1.10, and the standard error was 0.32. 

The pH value of all three sites was strongly associated (F= 
0.0668, P-value 0.935, Fcrit = 3.284). Hence null hypothesis 
was accepted, stating there was no difference in the variance 
of pH value of wastes of the three hospitals.

The average pH value of the three hospitals’ entire 
sampling site was 4.44. 

Economic Level and Waste Production

From Table 2, as a whole, we can say that as the economic 
level increases, the production of waste increases and vice 
versa. Hence there was no relation between income and types 
of waste production (ꭕ2 = 0.8, df = 4 at a significance level of 

0.05). But from Table 2, it can be stated that there is a high 
association between the level of income and the amount of 
waste production.

Hospitals and Amount of Waste 

Hence it showed high association production of the waste 
from different hospitals (ꭕ2 = 77.09, df = 4, Significance 
level = 0.05) (Table 3).

Number of Patients and Amount of Waste Production

In Sagarmatha Choudhary eye hospital Lahan, there was no 
significantly correlated between the number of patients and 
the amount of waste. The calculated correlation (at 0.05% 
significance level) was 0.187889. 

In Unique Hospital Rajbiraj, it showed a correlation 
between the number of patients and the amount of waste—
the calculated correlation (at 0.05% significance level), i.e., 
0.118375. 

In Gajendra Narayan Singh Hospital, there was a 
correlation between no. of patients and the amount of waste. 
The correlation (at 0.05% significance level) was calculated, 
i.e., 0.3453.

Public Response in Solid Waste Management

The Chi-square value was 1.463, at 6 degrees of freedom, a 
5% level of significance which was less than the tabulated 
value (12.592) (Table 4). It can be described that there was 
no association between the qualification of respondents  
and their responsibilities regarding the services from hospitals. 

Existing Management Practices

a. Collection of wastes: Three color-coded buckets were
managed for different types of wastes.

Table 2: Economic level versus waste production (weight in kg).

Annual 
income
(NRS)

General 
waste

Hazardous 
waste

Sharp 
waste

Total Waste 
Production 
in Hospital

0-5 lakhs 5 3.0 1.5 9.5

5-10 lakhs 10 3.5 2.0 15.5

10-above 15 4.0 2.5 21.5

Total 30 10.5 6 46.5

Table 3: Hospitals and type and amount of waste production. 

S.N Hospitals General waste Hazardous waste Sharp waste Total waste

1. SCEH Lahan 12.05 5.39 4.71 22.15

2. Unique Hospital 16.59 6.28 7.05 29.92

3. G.N.Singh Hospital 18.6 8.41 9.82 36.83

Total 47.24 20.08 21.58 88.9

Table 4: Public Response to existing solid waste management. 

Education Good Worse Bad Total

Under SLC 7 4 5 16

+2 Level 8 6 4 18

Bachelor 6 5 7 18

Above 7 6 5 18

Total 28 21 21 70
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 b. Segregation of waste:  Collection and segregation of 
wastes were done, but we found the mixing of all wastes 
in most cases.

 c. Proper sharps management system: Sagarmatha 
Choudhary Eye Hospital Lahan uses puncture-resistant 
and sharp leakproof containers, whereas the other two 
hospitals usually use a needle destroyer to collect sharp 
waste. 

 d. Transportation: Different methods transported waste to 
dumping sites from all hospitals.

 e. Safety measures: Only the use of masks, gloves, and 
shoes for the workers were managed, but no other 
modern and guaranteed safety measures were applied. 

 f. Treatment and Disposal: Treatment and disposal of 
the collected wastes were seen to be defective in these 
hospitals. They do not have any on-site treatment 
facilities. Sagarmatha Choudhary Hospital Lahan has 
an incinerator, but it remains unused. 

 g. Education training: All three hospitals had a monitoring 
and evaluation of the waste management works and 
a reviewing process for the regulation. Unique and 
Sagarmatha Chaoudhary Eye Hospital Lahan had a 
sufficient budget allocated for waste management, but 
Gajendra Narayan Singh Hospital often faces a scarcity 
of budget.

 h. Policy and planning practices: They organized frequent 
refresher training programs, usually once a year. 

DISCUSSION

The problem of healthcare waste (HCW) management 
problem was growing rapidly with increasing urbanization, 
modernization, a revolution in medical science, and 
hospitalization. The waste greatly affects the environment 
as well as human health.

The quantities and waste generation amount per day/
per week/per month vary widely. Health care wastes 
generated from different hospitals constitute a variety of 
wastes categorized mainly as general, hazardous, and sharp  
waste.

During the study period, the waste types were recorded 
as bottles, glass, metal, paper, plastic, carton, cotton gauze, 
gloves, bandages, broken glass needles, syringes, etc. They 
were produced from different sites such as the refraction 
ward, vision ward, minor OT, Retina ward, gynecology ward, 
pediatric ward, general ward, emergency ward, and surgery 
ward of hospitals.

UNCHS (1990) Studied wastes from hospitals and 
listed medical wastes, radioactive wastes, industries waste 

as hazardous wastes, organic wastes, and animal wastes as 
common sources of waste in the hospital.

The next study showed that medical centers and regional 
hospitals were major sources of healthcare waste. That study 
suggested that large hospitals were the major source of 
medical waste in Taiwan (Cheng et al. 2009).

Shrestha et al. (2014) studied wastes from the market and 
listed them as the major sources of solid waste production, 
with 66% of solid waste in Kathmandu. Starovoytova 
(2018) Studied wastes from industries, hospitals, institutes, 
municipalities, construction, residence, etc., and concluded 
that debris and agriculture were the main types of sources 
of waste.

Medical waste was a source of generation of hazardous 
biomedical waste. Medical centers, mainly hospitals, clinics, 
and diagnostic places, were the major places where large 
amounts of healthcare waste could be produced and might 
put people at risk of infectious diseases (Padmanabhan & 
Barik 2019).

This research collected data from different hospitals 
in Lahan and Rajbiraj over twelve months. The waste was 
categorized into general, sharp, and hazardous. It was found 
that out of the total waste generated, 52.21% of waste was 
general, 25.51% of waste was hazardous, and 22.27% of 
waste was sharp.

According to the Ministry of Health (MoH), 26% of 
the waste produced by HCF was hazardous, while 74% 
was general. According to (WHO 2004), of the entire 
quantity of HCW produced, 80% was general HCW, 15% 
was hazardous, 1% was chemical or pharmaceutical waste, 
and less than 1% was specific waste such as radioactive or 
cytotoxic waste.

The HCWs produced at several hospitals in Pokhara city 
demonstrate that ed, 22% of the HCWs were hazard out of the 
total trash produced, and the remaining 78% of the garbage 
was an un-harmful general waste (Enayetullah et al. 2011).

According to CSH 2011, only 25% of the garbage 
produced by the Civil service hospital in Minbhaban, 
Kathmandu, was hazardous, with the remaining 75% being 
general waste.

The above bove scenario showed that the hazardous waste 
produced from the different hospitals of Lahan and Rajbiraj 
was improper and non-scientific management of HCWs in 
the HCFs due to a lack of effective training courses about 
hospital waste management and their associated hazards  
then.

WHO (1999) reported that unsafe injection practices 
(reusing syringes and needles without sterilization) and HCW 
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transmission result in about 20 million cases of hepatitis B, C, 
and HIV yearly. These viruses are typically spread by wounds 
caused by syringes, needles, or other objects contaminated 
with human blood.

The moisture content was higher in November at 
65.5%, whereas the lowest was in April in the Sagarmatha 
Choudhary Eye Hospital Lahan. Among the sampling, 
Unique Hospital showed that the highest moisture content 
was 66.6% in January, and the lowest was 52% in September. 
The moisture content of Gajendra Narayan Hospital Rajbiraj 
was higher by 73% in June, and the lower moisture content 
was 50% in September. The average moisture content was 
55.65% in Sagarmatha Choudhary Eye Hospital Lahan, 50.98 
in the Unique Hospital collection, and 60.74 in Gajendra 
Narayan Singh Hospital Rajbiraj.

The type and nature of waste determine the amount 
of moisture content Garbage comprising of meat, fruits, 
vegetable, etc., have a moisture content of about 70%. In 
contrast, the moisture content of rubbish (paper, wood, 
leather, metals, glass) is about 25% (Rajbhandari 1997). 
The higher the moisture, the greater the chances of 
microorganisms’ growth. The average moisture content of 
the wastes of Biratnagar was found to be 64.47%.

Some researchers reported that the higher moisture 
content results in stronger leachate production. This would 
help particularly at the onset of the biodegradation process. 
Hence they boldly described the effects of moisture 
contents on the leachate treatment facilities (El-Fadel et al. 
2002). Gawande et al. (2003) found that present moisture 
content measurement techniques suffer several drawbacks 
in Orlando. A moisture sensor recorded 72% of garbage 
materials. Adhikari (2005) suggested any waste containing 
greater than 80% moisture content will create problems 
unless the addition of a suitable absorbent takes special 
care. Nyoung & Vrisheid (2008) reviewed landfill solid 
waste’s physiochemical and biological characteristics. He 
also described the moisture content of wastes in Japan and 
suggested higher moisture content higher will be the rate of 
decomposition. Some authors in Pakistan launched the next 
work relating to the moisture content with a special research 
design, and they found the moisture percentage decreased 
from 50% with the increase in an interval of time. Their 
results highlighted that the compost was mature in a good 
way to be used as organic manure or biofertilizer (Ameen 
et al. 2016).

Sagarmatha Choudhary Eye Hospital, the temperature of 
the waste varied from a minimum of 9.5°C to a maximum 
of 37.5°C from February to July. In Unique Hospital, the 
temperature of the waste varied from a minimum of 9.5°C 
to a maximum36.5°C from January to August. In Gajendra 

Narayan Hospital, the temperature of the waste increased 
from a minimum of 9.5°C to 37°C in January and September.  
During January and February, the temperature of the solid 
waste was recorded as the minimum due to the low production, 
whose land coverage area at the landfill site was less, due to 
which the recorded temperature was less compared to July 
when the production of the waste was higher than the average 
resulting in the accumulation of the waste in the landfill site 
as bulky so temperature noted down was maximum.

The average denoted soil temperature of the waste was 
recorded as 23.23°C. Gawande et al. (2003) recorded the 
maximum average temperature of 28°C and the minimum 
average temperature of 10.5°C in Orlando. The temperature 
of waste varied from a minimum of 10.5°C to a maximum 
of 37°C. The average denoted temperature of the waste 
was recorded at 23.5°C. Yesiller & Hanson (2003) found 
the annual average high temperature was 15.1°C, and the 
annual average low temperature was 5.5°C in the USA. 
Since the beginning of the study, the warmest month on 
record, July, was 23.5°C. The coldest month on record was 
December or January, and the temperature was 3.3°C. Liu et 
al. (2016) found that the temperature of solid waste in China 
ranged from 22°C to 45°C. During the study, three kinds of 
controlled temperatures were performed: the variation of 
weight, leachate, and biogas production.

It was found that the wastes from Sagarmatha Choudhary 
Eye hospitals have the highest pH value, 7, and the lowest, 
3.7, in August and April, respectively. Among the sampling 
sites, Unique hospitals showed the highest pH value of 6.9 in 
the month of 3.6 and the lowest value of August in March. 
The pH value of the wastes from Gajendra Narayan Hospital 
showed the highest pH value on July 7, whereas the lowest 
value was 3.6 in December. The average pH value of all 
of the sampling sites of the hospitals was recorded as 4.66.

Ying et al. (2002) found the pH from the trace metals and 
4-8 from heavy metals in China. Some researchers reported
that the pH affects the decaying rate of solid wastes. Acidity 
or alkalinity changes the basic environment of solid wastes
accelerating and retarding microbial activity (El-Fadel et al.
2002). Ahmad & Hazi (2016) found alkaline nature (pH 7
-8) of municipal waste in Lahore, Pakistan. The alkalinity
was due to the few short-chain organic acids, mainly lactic
and acetic acids.

The output of Hospitals and the amount of waste 
(between the nature of the hospital and the types and amount 
of waste) were high association between hospitals and types 
and amount of waste because the calculated value was higher 
than the tabulated value. Hence it shows that there was high 
association production of the waste from different hospitals 
(ꭕ2 = 77.09, df = 4 and significant level = 0.05).
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The output of solid trash and people’s income levels 
are closely related. According to the study, the amount of 
garbage produced by households was positively correlated 
with household size, monthly household income, and other 
factors. Alternatively, there is a negative link between home 
trash production and the household head’s education level. 
Poor economic conditions may cause developing nations 
to create less solid trash, yet poorly managed garbage has 
been causing several environmental and health issues. Due 
to urbanization, economic activity, and quality of life, around 
145 emerging nations experience comparable issues with 
solid waste. Issues have worsened as garbage production 
and population increase have increased (Kumar et al. 2019).

In the next regard, the author reviewed the literature 
and found that waste production varies according to income 
level. It was recorded from 0.25 kg to 1.38 kg per capita 
per day in developing countries. In South South America, it 
was reported that 1.07 kg per capita per day, and in Asian 
countries, 0.4 to 1.62 kg per capita per day. And in the 
African region, it was estimated as 0.49 kg per capita per 
day of waste production. It was concluded the amount of 
waste production is directly proportional to the amount of 
income (Adhikari 2022).

The correlation between the number of patients and the 
amount of waste produced in Sagarmatha Choudhary Eye 
Hospital Lahan is no connection between income and the 
many forms of waste output. (ꭕ2 = -0.8, df = 4, 0.05 level of 
significance). In particular hospitals, it was discovered that 
families with higher income levels produced significantly 
more solid waste than those with lower income levels. Unique 
Hospital Rajbiraj demonstrates a strong correlation between 
waste generation from various situations (df = 4, significance 
level = 0.05, ꭕ2 = 179.98. However, there was a link between 
the quantity of trash produced and the number of patients at 
Unique Hospital (correlation = - 0.118375). Similarly, from 
the Gajendra Narayan Singh Hospital (correlation = 0.34). 
It could be described that there was no association between 
the qualification of respondents and their responsibilities 
regarding the services from hospitals (ꭕ2 = 1.463, df = 6, at 
significant level = 00.05).

A non-significant negative association was found between 
polyethylene waste and total monthly income (r = -0.064, 
p> 0.05). It implies that the production of polyethylene trash 
declines as household wealth rises (Duminda & Prasansa
2005). The recycling of polyethylene waste was the major
cause of the negative connection. In the research region,
about 40% of residents recycle polyethylene waste. By doing 
this, they produce less polyethylene waste at home. The
creation of metal was shown to have a significant positive
connection (r = 0.308, p 0.05), increased wealth results

in more consumption of commodities, which may have 
contributed to an increase in the production of metal waste.

Present research work clearly showed that in the hospitals 
of Lahan and Rajbiraj, there were no waste minimization 
policies to reduce the waste. Only some materials, including 
glass, plastic, aluminum cans, paper, cardboard, and iron, 
are recycled without sterilization. But plastic, syringe, and 
waste are contaminated with radioactive substances and not 
recycled or reused.

The HCWs are segregated at the site of generation into 
color-coded containers, but information for proper handling 
is not displayed properly. The wastes are collected by trolley 
and wheel card to store at the storage area before being 
transported to the off-site treatment facility. The collected 
wastes are stored for 24 hours. This area is not marked 
with warning signs but is located away from patient rooms, 
laboratories hospital functions. The municipal vehicles 
collected HCW and disposed at the landfill site without 
pre-treatment.

All individuals who create, collect, receive, store, 
transport, treat, dispose of, or otherwise handle bio-medical 
waste in any way should be subjected to the bio-medical waste 
(management and handling) laws of 1998. Additionally, it 
provides rules for different bio-medical waste types, color-
coding of containers, transportation, and processing using 
autoclaves, microwaves, and incinerators.

Segregation, mutilation, disinfection, storage, 
transportation, and final disposal are essential to safely 
and effectively manage bio-medical waste at any facility 
(Acharya & Singh 2000).

According to research (CEPHED 2012), just 6.45% of 
hospitals have any source separation procedures, and 90.32% 
do not use any environmentally sound waste treatment 
system. The criteria for establishing the supplied facts are 
not entirely clear. Still, among them, 67.42% of hospitals 
have extremely inadequate transportation, and 80.65% do 
not implement suitable and separate garbage collection.

According to the MoHP research (MoHP 2012), 
supported by WHO and done at hospitals throughout Nepal, 
the waste management system was subpar, and only 38.7% 
of institutions have implemented proper HCW segregation. 
The rubbish, including medical waste, was by municipal 
vehicles in Kathmandu and dumped in the Okharpauwa 
dumping site without pre-treatment. In and near hospitals and 
disposal sites, most rag pickers may frequently be observed 
gathering plastic bags, plastic bottles, syringes, needles, 
and iron materials. These widespread practices increase 
the danger of illness and harm to rag pickers and the local  
people.
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Research done in western Nepal (DoHS 2013) found 
that 63% of non-clinical employees and 70% of clinical staff 
reported a needle stick injury (NSI) or other sharp injuries 
at some time.

A study by (Bhatt 2013) revealed that almost all of 
the studies that covered HCFs focused only on solid waste 
management, mostly by incineration. 70% of the incinerators 
were not working as planned due to the lack of skilled 
manpower, spare parts, high fuel consumption, cultural and 
public objection, and lack of management commitment. 
Many institutions dumped or throw waste in the back yard, 
ditches, rivers, open fields, corners of the hospital building, 
nearby ponds, or anywhere around the premises. About 60% 
of the big hospitals in different parts of the country followed 
municipal waste disposal systems for the final disposal of 
the HCW.

A cross-sectional study conducted at the Gandaki 
Medical College Teaching Hospital revealed that 70.79% 
of healthcare professionals had experienced Needle Stick 
Injuries (NSI); of these, 52.5% had occurred while using 
unused needles, and 47.5% had used needles. Of those who 
had experienced NSI from used needles, 68.42%had reported 
the incident (Gurung et al. 2010).

In the context of Nepal, it can be actively encouraged 
for the commercial sector, CBOs, and NGOs to get involved 
in collection and transport. Many hospitals in Nepal were 
found to be in accordance with the Local Self Governance 
Act -1999. Lahan and Rajbiraj Municipality were deemed 
to be adhering to the Solid Waste Management Acts to 
handle solid waste- 2011. Nepal government has formulated 
dozens of acts, rules, and regulations for the protection of the 
environment and biodiversity, including waste management 
acts (Adhikari 2020, 2022).

One research showed that the hospital in Nepal had no 
healthcare waste management committee.  They did not 
formulate a policy or standard operating procedure for the 
waste. Especially in the medical waste management system, 
there was no color coding system for waste segregation and 
collection of wastes. That investigation also did not find an 
implementation of particular acts and rules for transportation 
and storage. No specific well-trained waste handlers were 
working in the field (Sapkota et al. 2014).

CONCLUSION

This study analyzed the waste physically and categorized 
wastes into general waste, Hazardous waste, and sharp waste. 
The research showed that the general waste was higher than 
the sharp and hazardous waste. Maximum general waste 
occupied 52.21%, minimum sharp waste occupied 22.7%, 

whereas the hazardous waste was occupied between the 
two, i.e., 25.5%.

The moisture content of the solid waste of Gajendra 
Narayan ranged from 50.08% to 73.0% from month to month. 
The moisture content was highest in June. Unique Hospital’s 
solid waste’s moisture content ranges from 50.98% to 70.0%. 
Similarly, the Gajendra Narayan Hospital’s moisture content 
of Solid waste ranged from 50.65% to 65.5%. The average 
moisture of the collection was 50.98% and 55.65%, and the 
average moisture content was 60.74%. It could be concluded 
that since the waste had higher moisture content, it could be 
easily disposable. There was a high association between the 
moisture content of solid wastes in three different hospitals; 
hence null hypothesis was accepted, stating there was no 
difference in the variance of moisture content value of wastes 
of the three hospitals.

The temperature of the waste varied from a minimum 
of 10.5°C to a maximum of 37°C. During January, the 
temperature of solid waste was recorded as minimum due to 
low production of solid waste whose land coverage area at the 
landfill site was less due to which the recorded temperature 
was less as compared to June when the production of the waste 
was higher than the average resulting in the accumulation of 
the waste in landfill site as bulky. Hence, the temperature 
noted down was maximum. The temperature record showed 
the decaying rate might be slow. The temperature of dumped 
wastes in all three hospitals was closely associated. Hence 
null hypothesis was accepted, stating there was no difference 
in the variance of the temperature of wastes of the three 
hospitals.

It was found that the wastes from the eye hospital of 
Lahan had the highest pH value of 7 and the lowest of 3.7 
in August and April, respectively. Among the sampling sites 
considered, the unique hospital showed the highest pH value 
of 6.6% in August and the lowest value of 3.6 in March. The 
pH value of the wastes from Gajendra Narayan Hospital was 
7 highest pH value in July, whereas the lowest value of 3.6 
in March. It could be concluded that the waste was more 
acidic and harmful to the environment. The pH value of all 
three sites was strongly associated; hence null hypothesis 
was accepted, stating there was no difference in the variance 
of pH value of wastes of the three hospitals.

There was no relation between income and types of 
waste production. (ꭕ2 = 0.8, df = 4 at the significance level 
of 0.05). It was found that families with higher economic 
levels comparatively produced higher amounts of solid 
waste in unique hospitals than that in lower ones. Hence it 
shows that there is high association production of the waste 
from different hospitals ꭕ2= 179.98. df = 4, Significance 
level= 0.05). The finding showed no positive relationship 
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between the number of patients and the amount of waste 
production (correlation = - 0.1878) in SCEH. But there was 
a positive relation (correlation = 0.118375) between the 
number of patients and the amount of waste produced in 
Unique Hospital; the same finding was in Gajendra Narayan 
Hospital (correlation = 0.34). It could be described that there 
was no association between the qualification of respondents 
and their responses regarding the services from hospitals  
(ꭕ2 = 1.463, df = 6 at significance level= 0.05).

Partly the legal measure was implemented, but it could 
strongly recommend formulating and implementing more 
legal provisions. Since wastes contain a high quantity 
of hazardous (infectious) waste, it is recommended that 
at hospitals of Lahan and Rajbiraj, judicious reduction, 
segregation, storage, processing, and disposal of HCWs is 
essential to reduce the risk to public health. And it is also 
recommended to install advanced technology for hospital 
waste management.
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      ABSTRACT
The present study analyzed the spatio-temporal variations in the Land Use Land Cover types 
within Ranipet Municipal town in Ranipet District, Tamil Nadu State, India, using two different 
platforms (QGIS and IDRISI Selva v.17.0). The possible parameters driven the net changes 
in the Land Use Land Cover (LULC) types were also incorporated for the analysis. Results 
revealed the positive net changes in the built-up area are about 26.8%, and combined other 
classes like vegetation, barren land, and water bodies have net negative changes during 
1997-2019. Particularly barren land was found to have a reduction of 17.4% due to the 
massive industrialization in the study area. Further, the LULC maps were used for future 
prediction (2029) using the dynamic models of CA-ANN (Cellular Automata and Artificial 
Neural Network) and CA-Markov. Predicted maps yielded a kappa index of 81.6% and 82.6% 
for CA-ANN and CA-Markov, representing their respective accuracy levels. The CA-Markov 
model is extended for determining the probable long-term changes for 2080 in LULC with 
a kappa index of 76.2%. Compared to the CA-ANN model using the QGIS platform, CA-
Markov provided better analysis, particularly from one cell to the other. According to the 
survey and the ground truth in the locality, industrialization and occupational shift were the 
most influential drivers of LULC dynamics. Moreover, the results of this study assist the 
stakeholders in the decision-making process for future sustainable land use management.

INTRODUCTION

Land Use Land Cover (LULC) provides substantial ecosystem 
services and greatly impacts landscape patterns and long-
term ecological sustainability (Muyibul et al. 2018). The 
LULC dynamics delineates the transformations from one 
land use class to another for two different periods due to the 
human activities on the earth’s surface (Lambin et al. 2001). 
Alteration of LULC results in landscape homogenization 
and fragmentation of natural habitats (Muyibul et al. 2018) 
and destabilize the pattern of ecosystem services (Sutton et 
al. 2016). Encroachment on natural habits is a very common 
issue in rapid urbanization due to industrialization or other 
developmental motives, which leads to land degradation 
through deforestation, soil compaction, water and soil salinity, 
disposal of untreated waste on land, etc., on the local and 
global scale (Geist & Lambin et al. 2004, Reynolds & Smith 
2002, Romm 2011, Bucx et al. 2010). Hence LULC dynamics 
become an essential component of monitoring and quantifying 
climate change, biodiversity, hydrology, and air pollution 
(Sellers et al. 1995, Bonan 2008, Butchart et al. 2010, Schröter 
et al. 2010) to minimize the effects of human activities on the 
environment (Tripathy & Kumar 2019, Norman et al. 2009). 

Recent advancements in remote sensing (RS) and 
Geographical Information Systems (GIS) have proven to be 
effective tools for studying LULC dynamics by acquiring, 
analyzing, and quantifying data rapidly and regularly at 
lower cost and time than traditional ground survey methods 
(Mishra & Rai 2016). The suitability of RS and GIS in LULC 
dynamics has led to the evolution of several geospatial models 
to simulate and predict future spatial-temporal patterns and 
act as decision-support tools (Wang & Maduako 2018). 
Most of these models work based on a probability approach 
simulating and predicting the land use changes for any 
location (Verburg et al. 2004), and their outcomes have been 
proven to be effective tools for future planning and land use 
management and also in evaluating the land use policies 
(Turner et al. 2007). Based on the recent literature, some of 
the most popular models are CA (Berberoğlu et al. 2016, Jat 
et al. 2017, Mustafa et al. 2017), ANN model (Mozumder & 
Tripathi 2014, Maithani 2015), regression models (Nong & 
Du 2011), Markov chain (Arsanjani et al. 2011, Al-Sharif & 
Pradhan 2014), CA-logistic regression models (Arsanjani 
2012, Mustafa et al. 2018), CA-Markov models (Arsanjani et 
al. 2013, Mondal et al. 2016) and CA-ANN Model (Rahman et 
al. 2017, Gantumur et al. 2020), etc. Many kinds of literature 
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have also discussed individual models’ limitations (Araya & 
Cabral 2010, Balzter 2000, Triantakonstantis & Mountrakis 
2012). Among the existing models, CA is the simplest and 
most popular open structure model capable of intercepting the 
spatio-temporal dynamics of LULC. This model is flexible, 
can be integrated with multiple techniques, and is best suited 
at the micro level (Aburas et al. 2017, Tripathy & Kumar 
2019)). Markov Chain is a stochastic modeling approach that 
also can be used conveniently to study and simulate LULC 
trends in short-term projections. One limitation of this model 
is that it does not intercept and simulate spatial trends in LULC 
(Rahman et al. 2017, Mishra & Rai 2016). Combining CA with 
Markov techniques can efficiently be applied for a large area 
with spatial-temporal interpretation, thus overcoming their 
limitations (Gantumur et al. 2020, Keshtkar et al. 2015, Rimal 
et al. 2017). The artificial neural networks (ANN) system 
model is vaguely inspired by biological neural networks, 
which effectively simulate multiple land-used changes in 
complex non-linear environments (Saputra & Lee 2019, 
Mishra & Rai 2016, Pijanowski et al. 2002). The details of 
methodologies adopted in these models are mentioned in the 
Material and Methods section. 

The present study aims to understand and simulate 
the changes in LULC of a Ranipet Municipal town in 
the Raipet district of Tamil Nadu state. The municipality 
includes the Ranipet industrial area, one of India’s biggest 
exporting centers of tanned leather. The total number of 
tannery industrial units in and around this town is 240, 
besides industrial hubs like Bharat Heavy Electrical Limited 
(BHEL) and State Industries Promotion Corporation of 
Tamil Nadu Limited (SIPCOT) of other industries like 
ceramic, refractory, boiler auxiliary plant, and chromium 
chemicals. This is also the place of TCCL (Tamil Nadu 
Chromate and Chemicals Limited), which operated from 
1975 to 1995, mainly producing chromium bichromate, 
and basic chromium sulfate, reagents required for the 
chemical processing of leather. After its closure in 1995, it 
was reported to have 2.27 Lakh tons of chromium-bearing 
solid waste got accumulated and dumped at the premise 
(TNPCB 2010). Ranipet industrial town was considered 
one of the world’s worst polluted places by the New 
York-based Blacksmith Institute (BI) in 2007 (http://www.
blacksmithinstitute.org/). The history of pollution in Ranipet 
is more than two decades older, raising Public Interest 
Litigation (PIL) by Vellore Citizens’ Welfare Forum vs. 
Union of India (1996). The petition was filed against the 
discharge of untreated effluent sewages, which consist of 170 
types of chemicals, by more than 900 tanneries in Vellore. 
The large-scale land and water degradation had been reported 
to have affected 35,000 hectares of land (Vellore Citizens’ 
Welfare Forum 1996). There is a limited number of reports 

concerned about the extreme heavy metal like Cr, Pb, Ni, 
Zn, and Cd contamination in groundwater and lake water 
(Srinivasa Gowd & Govil 2008, Rao et al. 2013), problems 
associated with the partially treated solid and liquid waste 
(Rao et al. 2011, Mandal et al. 2011) and bioaccumulation of 
heavy metals in indigenous plant species (Vidya et al. 2010) 
from the study area. But there is no available study on the 
spatio-temporal dynamics of LULC due to unplanned human 
interventions in this vulnerable town. Rapid industrialization 
has triggered the change in LULC, eventually leading to land 
and water degradation in the study area. Hence, the study of 
LULC dynamics will bridge the gap of available scientific 
data required to accurately assess the pollution trend and 
plan for a holistic mitigation approach. Based on the above 
discussion, the present study’s scope is (i) to analyze the 
spatial-temporal variations in the Land Use Land Cover of 
Ranipet Municipality, Ranipet district, Tamil Nadu state for 
two decades. (ii) to simulate and predict the future changes 
in LULC for the year 2029 using the CA-ANN model (iii) 
to predict the LULC changes for 2029 & 2080 using IDRISI 
Selva v.17.0 and comparing the results with the CA-ANN 
model (iii) to explain the impacts of LULC in Ranipet and 
the drivers influenced for the change with due consideration 
to socio-economic factors. 

MATERIALS AND METHODS

Study Area

Ranipet is a Municipality in Ranipet district (formed by 
trifurcating erstwhile Vellore district in 2019) which lies 
in the North Latitude of 12°55’0” to 12°58’0” and East 
Longitude of 79°17’30” to 79°17’30” and falls in the 
survey of India Toposheet No. 57-P/5 (Fig. 1). This bustling 
industrial hub is situated 116 km from Chennai, the capital 
city of Tamil Nadu state, and 43 km before the Chittor 
district of Andhra Pradesh. It is sited in Plot 25 of SIPCOT 
Industrial Estate along the NH- 4 Ranipet, TN. The study 
area is surrounded by hillocks on the northern and western 
sides. The southern side of the location is a Pedi plain. The 
major source of drinking water is the Palar River, which runs 
from west to east and is located 4.5 km downstream of the 
side. The area falls under the moderate to high rainfall zone, 
receiving 1000mm rainfall annually from South-West and 
North-East monsoons. The rapidly growing large and small-
scale industries like leather and leather-based industries, 
pharmaceuticals, and other chemical factories and their 
pollution levels, groundwater, and soil contamination are 
the primary reasons for choosing Ranipet as the study area.  

Data and Pre-Processing

The required images for the study of land use land cover 
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changes of the location were obtained and downloaded from 
the official USGS website (https://earthexplorer.usgs.gov/). 
Landsat Thematic Mapper (TM) remote sensing images 
were used as the basic data, and relatively the images are 
free from the cloud cover (Vasconcelos et al. 2015). The 
satellite image details used in the study are shown in Table 
1. The Landsat images were geometrically corrected to 
UTM (Universal Transverse Mercator), Zone 44 North, 
and WGS 84 (World Geodetic system 84) datum, with a 
spatial resolution of 30m. Images were classified by visual  
interpretation. 

The initial land use land cover (LULC) types were 
classified into four basic and primary types: settlements, 
vegetation, barren land, and water bodies. The details are 
shown in Table 2. Data regarding the population and GDP 

were taken from the census 2001-2011 handbooks. These 
parameters were used to determine the driving forces of the 
land use land cover in the study area (Pan et al. 2012).   Fig. 
2 shows the methodology adopted for carrying out the entire 
study. It clearly explains the two methods, CA-ANN and 
CA-Markov are the models used to predict the LULC for 
2029 and 2080. QGIS open source Platform is used to study 
the land use and land cover of the study area since it has less 
processing time and better rendering capabilities. Here in the 
current study, the QGIS platform has been used to follow the 
CA-ANN model. To adopt CA-Markov for future prediction, 
IDRISI Selva v.17.0 interface has been effectively utilized 
for ease. The Land Change Modeller (LCM) in the IDRISI 
interface uses machine learning procedures to analyze 
historical land cover data to model the future. LCM uses 
Markov Chain analysis to project the expected quantity of 

Ranipet is a Municipality in Ranipet district (formed by trifurcating erstwhile Vellore district in 2019) 
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Fig. 1: Ranipet – Study area of the given study. 
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Fig. 1: Ranipet – Study area of the given study.

Table 1: Satellite data specifications.

Sensor Path Row Spatial resolution (m) Acquisition Year

Landsat 4/5  Thematic Mapper (TM) 143 51 30 1997

Landsat 4/5  Thematic Mapper (TM) 143 51 30 2009

Sentinel 2 - - 2019

Table 2: Classification of Land Use Land cover.

LULC class Description

Settlements/Built up area Residential, commercial, and industrial services, transportation networks, socio-economic infrastructure, and 
urban and rural settlements. 

Vegetation/Cultivated land Agricultural area, crop fields, cultivated area, and vegetable lands. 

Barren land/Uncultivated land Exposed soils, open fields, landfills, and sand fill areas. 

Water-bodies Rivers, lakes, ponds, perennial water bodies, and reservoirs 
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change and a competitive land allocation model to determine 
scenarios for a specified future date. 

Cellular Automata – Artificial Neural Network (CA-
ANN) Model 

Some of the earliest approaches of CA models to simulate 
and predict LULC dynamics are developed by Couclelis 
(1985), Batty & Xie (1994) and White & Engelen (1994). 
Later, many utilized it for modeling and predicting present 
and future spatial and geographical changes (Mishra & Rai 
2016, Halmy et al. 2015, Arsanjani et al. 2013).

The principle behind the model is that the change in 
the land use of any cell could be defined by the present 
state and the changes in the adjacent neighboring cells 
(Koomen & Borsboom-van Beurden 2011). With this 
cellular Automata (CA) model, when ANN was integrated, 
there would be sound improvement in the simulation and 
future predictions (Li et al. 2001, Pijanowski et al. 2002). In 
this work, the extensively used CA-ANN model is used to 
predict the future (2029) land use land cover changes using 
multiple satellite images of 1997, 2009, and 2019 as input  
parameters. 

project the expected quantity of change and a competitive land allocation model to determine scenarios 

for a specified future date.  

Cellular Automata – Artificial Neural Network (CA-ANN) model  

Some of the earliest approaches of CA models to simulate and predict LULC dynamics are developed by 

Couclelis (1985), Batty & Xie (1994) and White & Engelen (1994). Later, many utilized it for modeling 

and predicting present and future spatial and geographical changes (Mishra & Rai 2016, Halmy et al. 

2015, Arsanjani et al. 2013). 
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Fig. 2: Flow chart for the current study.
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neighboring cell values. The expression of the CA model is 
as follows (Subedi et al. 2013, Sang et al. 2011).

  𝐿𝐿(𝑡𝑡, 𝑡𝑡 + 1) = 𝑓𝑓(𝐿𝐿(𝑡𝑡), 𝑃𝑃) … (3)...(3)

Here L(t, t+1) represents the class status at time (t, t+1), 

 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑓𝑓𝐶𝐶𝑓𝑓𝐶𝐶𝑓𝑓𝑓𝑓  5𝑥𝑥5 =  

⌊

0 0 1 0 0
0 1 1 1 0
1 1 1 1 1
0 1 1 1 0
0 0 1 0 0⌋

… (4) ...(4)

To state the neighborhood of each cell on a suitability 
image, a contiguity filter of size 5 × 5 pixels is used. This 
standard filter has a cellular space which helps gain a class 
to occur near where the class already existed. Furthermore, 
it helps to eliminate the unknown changes that might occur 
in land use land cover (Ahmed & Ahmed 2012).

RESULTS AND DISCUSSION 

Landscape Dynamics

A supervised classification was performed using raw satellite 
images to know the study area’s land use and land cover 
dynamics. Two different platforms, say QGIS platform 
and IDRISI Selva v.17.0, were used to identify the spatio-
temporal dynamics to obtain accurate changes. Likewise, a 
detailed analysis was carried out to identify the key variations 
and drivers influencing the LULC changes. The Land Use 
Land Cover (LULC) classified images for 1999, 2009 and 
2019 are shown in Fig. 3, representing four major settlement 
classes: barren land, water bodies, and vegetation cover. The 
corresponding percentage area changes for 1997, 2009 & 
2019 are represented in Fig. 4. A detailed discussion of the 
change in the four major classes is in the subsequent sections. 

Change in the Barren Land

Barren land refers to exposed soils, unoccupied land, 
uncultivated area, open fields, landfills & sand fill areas. 
In this study area, overall barren land covered up to 37.8% 
in 1997. This may be due to the initial evolution period 
of industries like leather and leather-based, chemical, 
pharmaceutical, and ceramic factories. Noticeably, in the 
next ten years (1997-2009), there was a steep decline in 
the percentage of open fields from 37.8% to 21.7%. This 
date gives a clear picture of the sudden growth of large and 
medium-scale industries in Ranipet municipality, which 
reduced the percentage of open fields and made the other 
LULC type (settlement) grow. It is also important to know that 
the Small industries promotion corporation of Tamil Nadu 
(SIPCOT) and Small Industries Development Corporation of 
Tamil Nadu (SIDCO) Industrial complexes were established 

The Markov Model

To model and predict the changes in land use and to 
understand the future land development in any area, Markov 
models are widely used (Parsa et al. 2016, Subedi et al. 
2013). Also, it is used in ecological modeling and other land-
based simulations. The mathematical equation (eq. 1) helps 
calculate the required future land use changes. 

𝐿𝐿 (𝑡𝑡, 𝑡𝑡 + 1) = 𝑃𝑃𝑖𝑖𝑖𝑖 ∗ 𝐿𝐿 (𝑡𝑡) … (1) ...(1)

Where L(t) and L(t+1) represents the corresponding 
land use status at  t ime t  and t+1 respectively,  
Pij represents the transition probability matrix in a given  
state. 

𝑃𝑃𝑖𝑖𝑖𝑖 =  [
𝑃𝑃11 𝑃𝑃12 … 𝑃𝑃1𝑛𝑛
𝑃𝑃21 𝑃𝑃22 … 𝑃𝑃2𝑛𝑛
… … … …

𝑃𝑃𝑚𝑚1 𝑃𝑃𝑚𝑚2 … 𝑃𝑃𝑚𝑚𝑛𝑛

]  … (2)

(0 ≤ 𝑃𝑃𝑖𝑖𝑖𝑖 ≤ 1) 

 ...(2)

Where ‘i’ is the current state and ‘j’ represents the next 
state (one period to the other). The cells in the transition 
matrix range from zero to one. A higher value close to one 
indicates a high transition probability, and a lower value close 
to zero predicts a lower transition probability. Two LULC 
images are processed to determine transition probability 
and area matrices through the Markovian chain (Mishra 
& Rai 2016). These models are effectively used when the 
socioeconomic factors influencing the change are difficult 
to represent (Turner et al. 1989). 

Cellular Automata – Markov Chain model

To simulate and predict the changes in the LULC, the CA-
Markov model was more advantageous since it integrated 
both the cellular automata and Markov chain (Singh et al. 
2015, Parsa et al. 2016). The transition probability matrix 
can be found by cross-tabulating two satellite images for two 
periods (Singh et al. 2015). CA-Markov model is a strong 
and powerful method in LULC dynamic modeling where 
any spatial characters also could be incorporated into the 
model (Singh et al. 2011, Wang & Maduako 2001). This 
model helps simulate the two-way transitions between classes 
for several periods (Poutius et al. 2005, Ye et al. 2008). 
Remember, Cellular Automata (CA) is a common dynamic 
model which is been used for several years to determine the 
spatio-temporal changes for any location. Every cell value 
in the matrix will represent the land area and its growth 
actions since they are dynamic (Brown et al. 2004). The 
prime advantage of the model (CA) is that it clearly explains 
the dynamics of the classes despite the dependency on the 
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(d) 

(e) 

Fig. 3: Land use/Land cover classification of the study area for 1997, 2009 and 2019 using CA-ANN and CA-Markov models.
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in Ranipet in the 18th century by the government of Tamil 
Nadu for the massive economic development of the state. 

This may be one of the reasons behind the drastic 
reduction in the year 1997-2009. Further reductions say 
1.22% of the total area in the barren land, were observed for 
the next consequential decade, 2009-2019. But there is no 
significant reduction as it happened in the earlier decade. We 
must consider the growing number of small-scale industries 
during the 19th century. The minor change in the barren land 
in the 19th century did not affect the economic development 
of the municipal town. Instead, it increased. The immense 
difference in the 18th century made drastic industrialization 
and settlements in the study area. Ministry of Micro, Small 
and Medium Enterprises (MSME: 2015-16) reports that the 
shift from barren lands to settlements made Ranipet town 
the top 10 contributors to the state’s GDP. 

Change in Settlements/Built Area 

Built-up areas or settlements refer to residential, commercial, 
and industrial services, transportation networks, socio-
economic infrastructure, and urban and rural settlements. 
The LULC analysis on the QGIS platform revealed a 
sharp increase in the settlement class from 1997-2009. The 
settlement covers about 23.28% in 1997 and 48.74% in 2009. 
The percentage change in this decade is 25.456% which 
is very drastic within 10 years. This helps us understand 
the growth of the second-grade municipality to a first-
grade municipal town, Ranipet. The increasing trend in 
the settlement is due to the local employment opportunity 
available in the area because of the massive industrialization 
in the 19th century. Also, the road and railway network was 
fully established (NH-4: Chennai-Bangalore Highway in the 
early 19th century) for transporting men, goods, and other 
easy movements of essential commodities to the industries. 
Settlement cover in 2009 and 2019 is about 48.74% and 
50.1%. There is no profound change in the settlement cover 
in the latter decade, but only a smaller gradient of change, 

i.e. 1.257 %, is observed. It also can be seen in the LULC
change map in 2019 that the area between the road and
railway network has increased in the past 20 years.

Change in the Vegetation Cover

Vegetation cover refers to agricultural, crop fields, and 
cultivated areas. The land use land cover analysis revealed 
a reduction in the agricultural area from 33.05% to 27.59% 
during 1997-2009. Trivial alterations could be tallied with 
respect to the pre and post-monsoon conditions since the 
satellite images were collected between January 1997 and 
August 2009. The decreasing trend during this decade 
may also be due to the establishment of Phase I and 
Phase II industrial complexes of SIPCOT, Ranipet, by the 
Government of Tamil Nadu. Further, the trend is declining 
up to 2.7% in the next decade (2009-2019), which gives a 
real picture of the industrial clustering in the study area. 
Visible agricultural cover can be seen on the southern and 
eastern sides of the location in the land use land cover  
maps. 

Change in the Water Bodies 

Water bodies refer to perennial rivers, lakes, ponds, and 
reservoirs. It can be seen from the land use land cover map 
of Ranipet in 1997 that there are so many visible water 
bodies that contributed 4.84% of the total area, but in 
2009, it was observed that there is a steep declining trend 
in the water bodies, about 1%. Almost a decrease of 2.7% 
is observed from the LULC data. This may be due to (i) 
over-exploitation of the surface water bodies by the nearby 
large and medium scale industries for leather processing and 
finishing, (ii) Satellite maps of 1997 and 2009 are collected 
from two dissimilar periods, say January and August. It 
should also be understood that rainfall plays an important 
role in the change in the percentage area of the water bodies. 
Likewise, increased settlement area in the earlier decade 
(1997-2009) may contribute to the change of water bodies. 

Table 3: Transitional probability matrix of LULC change.

Transition period LULC types

To Barren land Settlements Vegetation Water bodies

1997-2009 Barren land 0.2533 0.5647 0.1791 0.0028

Settlements 0.1932 0.7397 0.0659 0.0011

Vegetation 0.2106 0.2570 0.5252 0.0072

Water bodies 0.1257 0.3443 0.3989 0.1311

2009-2019 Barren land 0.2901 0.4848 0.1678 0.0572

Settlements 0.2059 0.6869 0.0716 0.0355

Vegetation 0.1386 0.1967 0.6262 0.0384

Water bodies 0.1370 0.3136 0.1963 0.3531
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The latter decade (2009-2019) does not show a decreasing 
trend, instead, there is an increasing gradient from 1% to 
4.77%. Fluctuations in the surface bodies may also have 
other environmental reasons. 

LULC Change Pattern in 22 Years (1997-2019)

The spatial maps were developed and studied thoroughly 
to understand the overall land use and land cover change 
from 1997-2019 (22 years). The analysis revealed the major 
shift in the 19th century concerning the classification types 
like barren land and settlement cover. The primary reason 
behind the major changes from barren lands to settlements 
may be the growing industrialization and the economic 
development of the Ranipet municipality. Within ten years, 
from 1997-2009, the change in the settlement cover is 
observed as 26.8% of the total area. The major reason behind 
the massive industrialization in Ranipet municipality is its 
proximity to the Palar River, a major perennial river in Tamil 
Nadu state. No predominant change was noticed in the water 
bodies from 1997 to 2019. But there is a noticeable decline 
in the vegetation cover from 1997-2019. The shift might be 
either from vegetation cover to settlement/Barren land. The 
area’s economic development and industrialization lifted the 
employment opportunities, which attracted the local people 
to work for the industries.

The transition matrix in Table 3 properly explains the 
trend in the LULC change. The values in the matrix reveal the 
chances or likelihood of getting transformed from one LULC 
change to the other. The transition probability values are for 
1997-2009 and 2009-2019. The LULC classifies images for 
1997, 2009 & 2019 used in the QGIS platform (MOLUSCE 
plugin). The value in the cell reveals that the probability 
is very high in the case of settlements compared with any 
other classes. In both consecutive decades, the probability 
of getting transformed into settlements is high. About 26.8% 
of the total area has transformed into settlements from 1997-
2019. No other classification type has witnessed this drastic 
transformation except settlement.   Changes in the LULC 
from 1997-2019 in Ranipet Municipal Town are critically 
influenced by many drivers such as population, number 
of industries, local workers’ occupational dependency, 
agriculture & livelihood, and economy. The detailed 
discussions on the major drivers for the LULC change are 
in the following sections. 

Perceived Drivers of LULC Change

Industrialization 
As per reports, Ranipet town is a protracted polluted area, 
one of the biggest exporting centers of tanned leather (NGRI 
studies). The state government selected this town to establish 

SIPCOT and SIDCO industrial complexes in 1973 since it is 
3.5 km from the River Palar and NH-4 (Chennai-Bangalore 
Highway). The numbers of tannery industrial units in and 
around the town are almost 300, besides other industries 
like Chromium chemicals, petrochemicals, pharmaceuticals, 
drugs, foundry, boilers, refractories, auxiliary plants, and 
Heavy engineering. As per Tamil Nadu Pollution Control 
Board (TNPCB) reports in 2010, 123 leather-based industries, 
including chemical, galvanizing, paint, and rubber, fall under 
the category (Highly Polluting and hazardous). Besides this, 
167 industries, like dry tannery processing, light engineering, 
plastic products, leather boards, pulverizing, etc., fall under 
the orange and green category in Ranipet town. Industries like 
Tamil Nadu Chromate Chemicals Ltd (TCCL), Thirumalai 
Chemicals Ltd (25B), Malladi Drugs & Pharmaceuticals 
Ltd. (I & III, 7C), and SVIS Labs were categorized as 
highly polluting industries by TNPCB in 2010. The SIPCOT 
industrial complexes (phase I & II) are surrounded by four 
villages such as Agraharam (North), Vanapadi (East), Karai 
(South) & Puliyankannu (West). The respective population 
in these villages as per Census: 2001 are 10628, 3971, 5344, 
and 4777, respectively. The population increase since 2001 is 
7.45%, and the number of large and medium-scale industries 
in Ranipet town has increased from 143 to 240. Apart from 
this, 158 footwear-based industries and 27 leather goods-
based industries were also identified. The local people found 
employment in the above-mentioned industries, and the total 
number of workers in each category was 2700, 1986, & 
18249, respectively (Statistical Handbook, Vellore district, 
2016-17). Small-scale industries based on leather-related 
products were 392 (registered) and 372 nos’ in chemicals 
and chemical products. People dependent on these industries 
are 14018 & 2050, respectively, in 2016-17. Due to the 
greater economic lift and massive industrialization from 
1980 to 2019 in Ranipet, the district became one of the ten 
top contributors to the GDP of the state (MMSME, 2015-16 
survey). There is an occupational shift from the agricultural 
sector to the industrial sector solely because of the increased 
income. The massive shift from barren land to settlement also 
confirms the industrialization in the past 20 years. 

Agriculture and Livelihood
In the 1960s, the main occupation in Ranipet was agriculture. 
Later in the 1970s, the establishment of the industrial 
complexes of SIPCOT and SIDCO took place by the state 
government. Still, few are involved in agricultural -work 
in the town. Major crops like paddy, sugarcane, maize, 
groundnuts, and other pulses are cultivated in the area. 
Palar River is the major water source running from West to 
East, and Pulianthangal, Karai, Vanapadi, Thandalam, and 
Puliyankannu are the major surface water bodies within the 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1259LAND USE LAND COVER DYNAMICS BY CA-ANN AND CA-MARKOV MODEL APPROACHES

Nature Environment and Pollution Technology • Vol. 22, No. 3, 2023This publication is licensed under a Creative 
Commons Attribution 4.0 International License

This publication is licensed under a Creative 
Commons Attribution 4.0 International License

location. The local people in surrounding villages depend 
on these water bodies for agriculture and other domestic 
purposes. Industries in the town are liquidating their effluents 
on the open land and in the major water bodies (Srinivasan 
Gowd & Govil 2008). Since Ranipet is located on the River 
Palar, the effluents/leachate, as a runoff, move downstream 
and worsen the soil and water quality. LULC maps reveal 
a reduction in the agricultural area from 1997-2019. The 
drivers behind the reduction of 8.33% of the total area may 
be due to (i) the adverse industrial pollution in the town, (ii) 
increased income, and the occupational shift from agriculture 
to industrial employment. The cultivators and the agricultural 
laborers are 9.10% and 15.20%, whereas the main industrial 
workers are found to be 56.17% (Statistical Handbook, 
Vellore district, 2016-17). 

Prediction and Comparison of LULC Change Using 
CA-ANN and CA-Markov for 2029

One of the major objectives of the work is to predict and 
understand the future LULC (2029) changes in the Ranipet 
town using CA-ANN in the QGIS Platform and CA-Markov 
model in IDRISI Selva v.17.0, respectively. The Cellular 
Automata – Artificial Neural Network (CA-ANN) and 
Cellular Automata – Markov models are different models 
implemented to simulate and predict the Land Use Land 
Cover Change (LULCC) pattern. Also, the above-mentioned 
models could be used to produce the probable transition of a 
cell from one period to the other (1997-2029). The models 
use the projected recent classified images (1997/2009/2019) 
to predict the future of 2029. Furthermore, the models 
analyzed and predicted the spatial changes from 1997-2029, 
and the corresponding percent area transformations can be 
observed in Table 4.

Distances from the nearby main roads (NH-4) are the 
primary variable in predicting the LULC for 2029. The 
observed value from the transition matrix specifies the 
probable increase or decrease in the land use classes for 2029. 

From Table 4, the CA-Markov and CA-ANN values could 
be compared for further analysis, and the effectiveness of the 
models could be understood. The transition values from class 
BL – BL in CA-Markov and CA-ANN are observed to be 
0.0420 & 0.9804. The probable transition chances for a class 
BL in the near future (say 2029) would reduce, particularly 
for an industrialized town like Ranipet. In this transition, 
CA-ANN shows a higher value than the other model.

Moreover, the transition value from the class BL – SET 
are 0.2752 & 0.0196, respectively, for the two models. It is 
implicit that the settlement should increase substantially with 
respect to the increase in time. But here, in this prediction, the 
CA-ANN model gives an underestimated value of 0.0196. 
The model’s effectiveness could finally be agreed upon 
from the other two classes’ transition values of the foresaid 
models. The transition values from the class BL-VEG, 
BL-WB, SET-SET, VEG – sets are 0.2468, 0.4360, 0.3749 
and 0.2392 for CA-Markov and 0, 0, 0.9956 & 0.0081 for 
CA-ANN respectively. The predicted values using CA-
ANN showed no significant changes in land use classes. 
Average changes in settlement, vegetation, and barren land 
are recorded to be 0.01 sq. km only. There is no change in 
the class water bodies in 2029 using CA-ANN. However, 
the analysis and prediction performed using CA-Markov 
showed significant changes compared to the former model. 
The overall kappa accuracy of the model was found to be 
81.58%. The predicted spatial map and the comparison of 
the predicted land use changes are shown in Fig. 5. The 
prediction might be more accurate if more spatial variables 
are incorporated, like rainfall, mean surface temperature, and 
socio-economic factors in both models. 

Prediction and Comparison of LULC Change using 
CA-Markov for 2080

The CA-Markov model predicts the future LULC change 
easily and more accurately than the CA-ANN model. But as 
mentioned earlier, considering and giving equal weightage 

Table. 4: Transition probability matrix of LULC from 1997-2029 using CA-ANN and CA-Markov.

Transition period LULC types

To Barren land Settlements Vegetation Water bodies

1997-2029
(CA-Markov)

Barren land 0.0420 0.2752 0.2468 0.4360

Settlements 0.0003 0.3749 0.2181 0.4067

Vegetation 0.0002 0.2392 0.3584 0.4022

Water bodies 0.0002 0.3046 0.2421 0.4531

1997-2029
(CA-ANN)

Barren land 0.9804 0.01958 0.0000 0.0000

Settlements 0.0011 0.9956 0.003117 0.0000

Vegetation 0.0000 0.0081 0.9871 0.00487

Water bodies 0.0000 0.0000 0.0000 1.0000
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Moreover, the transition value from the class BL – SET are 0.2752 & 0.0196, respectively, for the two 

models. It is implicit that the settlement should increase substantially with respect to the increase in time.

But here, in this prediction, the CA-ANN model gives an underestimated value of 0.0196. The model’s

effectiveness could finally be agreed upon from the other two classes' transition values of the foresaid 

models. The transition values from the class BL-VEG, BL-WB, SET-SET, VEG – sets are 0.2468, 0.4360, 

0.3749 and 0.2392 for CA-Markov and 0, 0, 0.9956 & 0.0081 for CA-ANN respectively. The predicted 

values using CA-ANN showed no significant changes in land use classes. Average changes in settlement,

vegetation, and barren land are recorded to be 0.01 sq. km only. There is no change in the class water 

bodies in 2029 using CA-ANN. However, the analysis and prediction performed using CA-Markov 

showed significant changes compared to the former model. The overall kappa accuracy of the model was

found to be 81.58%. The predicted spatial map and the comparison of the predicted land use changes are

shown in Fig. 5. The prediction might be more accurate if more spatial variables are incorporated, like

rainfall, mean surface temperature, and socio-economic factors in both models.

(a) (b)
Fig. 4: Percentage contribution of LULC types for 1997, 2009 and 2019 - (a) Using CA ANN

(b) CA-Markov model.
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Fig. 4: Percentage contribution of LULC types for 1997, 2009 and 2019 - (a) Using CA ANN (b) CA-Markov model.
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Fig. 5: Predicted LULC map of Ranipet area for the year 2029 using (a) CA-ANN    

(b) CA-MARKOV (c) Comparison of the two models for 2029. 

Prediction and Comparison of LULC Change using CA-Markov for 2080 

The CA-Markov model predicts the future LULC change easily and more accurately than the CA-ANN

model. But as mentioned earlier, considering and giving equal weightage to the factors influencing the 

dynamics would produce more accurate results. In this study, the future LULC for the year 2029 is

predicted and extended to 2080 by the CA-Markov model. The overall kappa indices of the CA-Markov 

model are found to be 76.2%. The extension of the work is based on the area changes and transitional 

probability matrices of the earlier classified images.

Table. 5: Percentage change in the area from the year 1997-2080 using CA-Markov.

Land Use Type 

Change in percentage 

Present state Predicted future 

1997-2009 2009-2019 1997-2019 20019-2029 2019-2080 

Barren land -22.28 -1.98 -24.26 -12.40 -8.04
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Fig. 5: Predicted LULC map of Ranipet area for the year 2029 using (a) CA-ANN (b) CA-MARKOV (c) Comparison of the two models for 2029.
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to the factors influencing the dynamics would produce more 
accurate results. In this study, the future LULC for the year 
2029 is predicted and extended to 2080 by the CA-Markov 
model. The overall kappa indices of the CA-Markov model 
are found to be 76.2%. The extension of the work is based 
on the area changes and transitional probability matrices of 
the earlier classified images. 

Table 5 shows the percentage change in the area from 
1997-2080 using the CA-Markov model. It could be observed 
from the table that there will be an 8% reduction in the class 

BL and an almost 4% increase in the class SET in the locality 
from 2019-2080.  Only a minor reduction could be seen in 
the class VEG and almost negligible changes are observed 
in class WB for the same period. This could be clearly 
understood from the transition probability matrix shown in 
Table 6. The predicted images and the percent land changes 
can be seen in Fig. 6. 

The cubic spatial trend in the transformation of land use 
class to the other using IDRISI Selva.17.0 could be observed 
in Fig. 7. The values close to one represent the growth, and 

Table. 5: Percentage change in the area from the year 1997-2080 using CA-Markov.

Land Use Type Change in percentage

Present state Predicted future

1997-2009 2009-2019 1997-2019 20019-2029 2019-2080

Barren land -22.28 -1.98 -24.26 -12.40 -8.04

Settlements 17.65 3.19 20.84 12.58 13.65

Vegetation cover 8.42 -4.30 4.11 0.42 -5.35

Water bodies -3.78 3.10 -0.69 -0.60 -0.26

Table 6: Transition probability matrix of LULC from 1997-2080.

Transition period LULC types

To Barren land Settlements Vegetation Water bodies

1997-2080
(CA-Markov)

Barren land 0.2171 0.3021 0.4712 0.0096

Settlements 0.1718 0.4037 0.4190 0.0055

Vegetation 0.2005 0.3391 0.4522 0.0081

Water bodies 0.1889 0.3647 0.4394 0.0069

Vegetation cover 8.42 -4.30 4.11 0.42 -5.35

Water bodies -3.78 3.10 -0.69 -0.60 -0.26

Table 6: Transition probability matrix of LULC from 1997-2080.

Transition 

period

LULC types

To Barren land Settlements Vegetation Water bodies

1997-2080

(CA-Markov)

Barren land 0.2171 0.3021 0.4712 0.0096

Settlements 0.1718 0.4037 0.4190 0.0055

Vegetation  0.2005 0.3391 0.4522 0.0081

Water bodies 0.1889 0.3647 0.4394 0.0069

Table 5 shows the percentage change in the area from 1997-2080 using the CA-Markov model. It could

be observed from the table that there will be an 8% reduction in the class BL and an almost 4% increase 

in the class SET in the locality from 2019-2080. Only a minor reduction could be seen in the class VEG

and almost negligible changes are observed in class WB for the same period. This could be clearly

understood from the transition probability matrix shown in Table 6. The predicted images and the percent

land changes can be seen in Fig. 6.  

(a) (b) 

Fig. 6: (a) Predicted LULC map of Ranipet area for the year 2080 using CA-Markov (b) Percentage 

area changes with respect to the LULC types.

34%

47%

14%

5%
2080

Barren land
Settlements
Vegetation
Waterbodies

Fig. 6: (a) Predicted LULC map of Ranipet area for the year 2080 using CA-Markov (b) Percentage area changes with respect to the LULC types.
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(a) (b) 

  
(c) (d) 

Fig. 7: Cubical trend in transformation of one LULC type to the other using IDRISI     
(a) Vegetation to Settlement            (b) Barren land to Settlement 

(c) Water bodies to settlement          (d) All the classes to settlement. 
 

The cubic spatial trend in the transformation of land use class to the other using IDRISI Selva.17.0 could 

be observed in Fig. 7. The values close to one represent the growth, and the one close to zero represents 

the reduction of one class to the other. Fig. 8 describes the spatial distribution of the gains and losses 

between the years 1997 to 2080 for each land use class. In this study area, the persistence of the existing 

land use is included for a better understanding of the gains and losses. It is evident from Fig. 8 (a) that 

the area in and around the existing settlement increases in the predicted spatial map of 2080. Since 

temperature and annual rainfall are not been considered in this analysis, which influences the area changes 

in water bodies, there could not be any significant changes observed in Fig. 8 (c). 

Fig. 7: Cubical trend in transformation of one LULC type to the other using IDRISI
(a) Vegetation to Settlement            (b) Barren land to Settlement

(c) Water bodies to settlement          (d) All the classes to settlement.

the one close to zero represents the reduction of one class to 
the other. Fig. 8 describes the spatial distribution of the gains 
and losses between the years 1997 to 2080 for each land use 
class. In this study area, the persistence of the existing land 
use is included for a better understanding of the gains and 
losses. It is evident from Fig. 8 (a) that the area in and around 
the existing settlement increases in the predicted spatial map 
of 2080. Since temperature and annual rainfall are not been 
considered in this analysis, which influences the area changes 
in water bodies, there could not be any significant changes 
observed in Fig. 8 (c).

CONCLUSION

Using land use maps for the years 1997, 2009, and 2019, the 
future LULC maps were predicted by the CA-Markov model 

and the CA-ANN technique using two different platforms 
efficaciously. Although these models are commonly used 
in predicting the future LULC transformations for a bigger 
area, this study successfully employed the models in a smaller 
area and attained satisfactory kappa indices. The rapid shift 
in industrialization indicated the economic development of 
the Ranipet district, and the prediction of future 2029 maps 
revealed that the growth would continue in the future as well. 
Changes in water bodies are almost near zero, possibly due 
to the monsoonal variations, mean rainfall, temperature, and 
groundwater fluctuations in the locality. The study gives 
an understanding and effectiveness of the CA-Markov and 
CA-ANN models.  But from, the results show that the CA-
Markov model predicts the future LULC change easily and 
more accurately than the CA-ANN model.
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(a) (b) 

(c) (I 

(e) 

Fig. 8: Spatial distribution of gains and losses in each LULC classification type using IDRISI   (a) 
settlement (b) barren land (c) water bodies (d) vegetation (e) percent change.

CONCLUSION

Using land use maps for the years 1997, 2009, and 2019, the future LULC maps were predicted by the 

CA-Markov model and the CA-ANN technique using two different platforms efficaciously. Although 

these models are commonly used in predicting the future LULC transformations for a bigger area, this

study successfully employed the models in a smaller area and attained satisfactory kappa indices. The 

rapid shift in industrialization indicated the economic development of the Ranipet district, and the

Fig. 8: Spatial distribution of gains and losses in each LULC classification type using IDRISI (a) settlement (b) barren land (c) water bodies  
(d) vegetation (e) percent change.

Furthermore, Land Change Modeler (LCM) in the 
IDRISI interface shows a widespread application in 
addressing the spatial and temporal dynamics and imparts 
knowledge about the parameters and drivers influencing 
land dynamics. Though the results derived have promoted 
the ’district’s economy, the most important human demands 
in such areas should also be prioritized for agricultural 
development and the protection of the ecosystems and 
environment. Raising the standard of living and safeguarding 
the existing ecosystems are a mandate, according to ’India’s 
statutory domestic Environmental laws. A strong, striking 

balance and harmony should be maintained between the 
imperatives of development and ecology.  The Vellore case 
illustrates the Supreme Court’s activist approach towards the 
implementation of ‘Precaution’ and ‘Polluter pays,’ which 
does little to end the prevailing problems of environmental 
degradation (Gupta 2018). Likewise, due consideration 
should be given to the land’s sensitivity toward the 
topography and economic variables. The study also points out 
that land degradation cannot be addressed only by Land Use 
Land Cover Change maps, but it is one of the effective tools 
for managing and regulating land use policies in the future. 
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A long-term evaluation and analysis should be conducted for 
detailed and accurate future planning. Furthermore, it would 
be beneficial to the stakeholders in the decision-making 
process. Moreover, CA-ANN and CA-Markov models 
were extremely advantageous in predicting future land use 
changes, which would assist in a comprehensive study of 
land use management and planning. 
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      ABSTRACT
Nickel laterite mining is one of the sources of nickel-iron material used for producing steel 
and various materials. This mining activity leaves waste in the mine, including rocks, 
overburden, silt, and dust. Characterization is an important primary step in understanding 
waste for proper management, utilization, and disposal. The pH, organic matter, and 
elemental composition are analyzed in this study. The pH of nickel laterite mine waste is 
neutral to moderately alkaline, which makes it unlikely to cause acid mine drainage, which is 
one of the most prevailing environmental problems of mines. The organic matter content also 
showed favorable results for plant growth. However, the macronutrients necessary for the 
plant are too high, making it less favorable for agricultural utilization. Elemental composition 
shows the presence of nickel and other elements lower than the economically acceptable 
level. However, processing the lower grade can be the best option when all higher-grade 
resources are exhausted. The nickel laterite mine waste can be reused to further extract the 
metals when sources of higher grades are depleted, repurposed such as in the production of 
bricks and ceramics, or mined-out mines can be repurposed for renewable energy sources 
such as solar and wind farms.

INTRODUCTION

In the next several years, humanity will face extreme 
challenges as sources of fresh raw mineral materials 
become depleted and scarce (Lottermoser 2010, Sahajwalla 
2018). While this may cause global concern, this can also 
be an opportunity for scientists and engineers to develop 
technology and apply concepts and results of numerous 
research to cope with the demand of the times. Economists, 
scientists, and researchers have presented different concepts 
like circular economy, industrial symbiosis, life cycle 
assessment, and sustainable development, which have one 
common goal: to optimize the use of the limited resources 
today and provide for the future. Therefore, researching cost-
effective processes that can turn waste materials into valuable 
resources is necessary (Lottermoser 2011, Sahajwalla 2018).

Mining is extracting materials from the earth to recover 
one or more valuable minerals. Along with this process is 
producing solid, liquid, or gaseous unwanted by-products of 
no current economic value called mine wastes. Additionally, 
any mineral-containing unexploited material on-site may be 
considered waste (Lebre et al. 2017). Mine wastes can be 

classified into mining, processing, and metallurgical wastes 
(Lottermoser 2010). Mining wastes, which is the focus of 
this study, are everything left in the mine after extracting 
the valuable material. Mine waste may include waste rocks, 
overburden, spoils, mining water, atmospheric emissions, 
acid mine water, dust, and silt. 

Nickel laterite is one of the sources of nickel, along with 
the less complex ore of nickel sulfide. Laterite constitutes 
about 70% of the worldwide nickel resource, but sulfide 
contributes to about 60% of the world’s nickel production 
(Elias 2013). This is due to the complexity of laterite ore, 
making it more difficult and costly to process than sulfide 
ore. With the increasing demand for nickel and improved 
processing economics for nickel laterite, nickel production 
has increased. But due to its complexity, nickel laterite 
mining is known to produce more waste than nickel sulfide.

The Philippines is the 2nd largest nickel ore producer, 
next to Indonesia in 2020 (Garside 2021). The country has 
24 nickel laterite mines, of which 16 are found in the Caraga 
Region, the southern part of the Philippines (MGB13 2021). 
The extraction of nickel in the country is using an open cast 
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or strip mining method, which involves the removal of 1 to 
2 meters of topsoil or the overburden to remove the limonite 
and saprolite deposits that occupy the soil from 3 to 25 meters 
below the ground (Tabios III 2020). Most nickel and iron 
ores in the Philippines are exported to countries like China 
to extract and refine nickel, iron, chromium, cobalt, and even 
some highly valued metals such as platinum, vanadium, and 
titanium (Tabios III 2020).

In general, mining has substantially improved the 
Philippines’ economic status, specifically in the Caraga 
Region, creating more than 23,000 jobs in a 2020 report 
from Mines and Geosciences Bureau (MGB). However, 
despite the economic contribution of mining, the industry 
is still controversial because of environmental issues, 
inherent to the destructive nature of mining activity. About 
2-12 tons of overburden material is removed as waste 
for every ton of metal produced (Mohanty et al. 2010). 
Active and abandoned mines significantly contribute to 
metal contamination worldwide (Schaider et al. 2007). 
Uncontrolled disposal of nickel mine wastes, for example, 
increases turbidity in receiving waters. Turbidity is visually 
evident in the red-orange bay area along causeways, 
stockpiles, and siltation ponds (Tabios III 2020). The 
Total Suspended Solid (TSS) reaches as high as 1000mg/L 
during heavy runoff (Apodaca et al. 2018). Moreover, 
mining generates enormous amounts of waste (Lebre et al. 
2017) and is among the world’s most significant prevailing 
waste concerns (Bian et al. 2012, Ceniceros-Gómez et al.  
2018).

This study determines the characteristic of the nickel 
laterite mine waste in a nickel laterite mine project in Caraga, 
Philippines. Mineralogical characterization in mine waste 
helps improve risk assessment, guide proper mine planning, 
and optimize pollution control design (Jamieson et al. 2015). 
The chemical composition and geotechnical properties 
determine the most appropriate uses and whether reuse is 
economically feasible (Bian et al. 2012). Understanding the 
waste’s physical, chemical, and mineralogical content is vital 
in developing appropriate and effective waste management 
protocols. Information on the characteristics of mine wastes 
is also required to select the most reliable and cost-effective 
treatments that will lead to successful site reclamation and 
restoration (Amacher & Brown 1999). Understanding the 
waste’s physicochemical and mineralogical characteristics 
can predict the potential for acidic drainage, metal leaching, 
and reactivity (Anderson et al. 1999, Van der Ent et al. 2013). 
Characterization, therefore, is an integral part of properly 
managing waste (Chileshe et al. 2020). In particular, the 
pH, organic matter, and elemental composition of a nickel 
laterite mine waste are analyzed. 

Further, some published research and reports are 
reviewed to provide information on the potential utilization 
of the waste and the mined-out area after all valuable minerals 
are exhausted. The industry can reference these studies to 
give them options other than the usual mine rehabilitation 
by revegetation. 

MATERIALS AND METHODS

Samples and Study Area

A nickel laterite mine in the Caraga region, Philippines, 
was chosen for this particular study. The laterite profile 
of this mine consists of ferruginous laterite, limonite, and 
saprolite (Gifford 2013). This mining project ended in 
2022, and the area is under rehabilitation. Soil samples 
were taken randomly from each of the eight mine settling 
ponds and stockpiles of waste rocks and analyzed for pH, 
organic matter, and elemental composition. Settling ponds 
are usually located at a lower elevation in the mine and 
contain silt, eroded soil from the upper stockpile of waste 
rocks, overburden, and other waste, such as degraded plants. 

pH

The pH is measured using a 1:1 mine waste/ deionized water 
suspension method using a pH meter (Amacher & Brown 
2000, Thomas 1996). 20g of mine waste sample is added 
with 20 mL of deionized water, and stirred for 5 minutes at 
240 rpm. The sample was allowed to rest for 30 minutes, and 
the pH was measured using an APERA PH800 pH meter. 
The probe is swirled around the sample without touching 
the bottom part. 

Organic Matter  

The loss-on-ignition method estimates the soil organic matter 
based on gravimetric weight change associated with high-
temperature oxidation of organic matter (Amacher & Brown 
2000). Mine waste samples were placed in previously dried 
and weighed crucibles. Samples in the crucible were then 
dried in an oven at 105°C for 16 h, cooled in a desiccator, 
and weighed. The samples were ignited in a muffle furnace 
at 450°C for 16 h, cooled in a desiccator, and weighed again. 
The loss-on-ignition (LOI) organic matter is then calculated 
using the equation:

 LOI Organic Matter (%) = 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑 𝑤𝑤𝑜𝑜𝑑𝑑𝑤𝑤𝑤𝑤ℎ−𝑑𝑑𝑤𝑤𝑜𝑜𝑑𝑑𝑤𝑤𝑜𝑜𝑑𝑑 𝑤𝑤𝑜𝑜𝑑𝑑𝑤𝑤ℎ𝑤𝑤
𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑜𝑜𝑑𝑑 𝑤𝑤𝑜𝑜𝑑𝑑𝑤𝑤ℎ𝑤𝑤 𝑥𝑥 100   …(1)

Elemental Composition

The elemental composition was analyzed using X-Ray 
Fluorescence (XRF), the most widely used method to analyze 
nickel laterite elemental content in Philippine mines. The 
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samples were analyzed at the mine laboratory, where the 
samples were taken.

RESULTS AND DISCUSSION 

Besides giving information on the acidity or basicity of the 
sample, pH can be used to estimate the available nutrients 
and toxicity of the elements present in the sample using its 
relationship with pH (Thomas 1996). The pH analysis results 
in Table 1 showed that the pH in mine 5 is neutral, mines 2, 3, 
4, and 9 are slightly alkaline, mine 7 is moderately alkaline, 
and mine 1 is strongly alkaline. The pH range also indicates 
that this type of waste will likely not cause acid mine drainage 
problems to the surrounding water bodies. Normally soil 
at 7.6-8.3 pH is calcareous and most likely controlled by 
calcium carbonate, which usually does not need further 
treatment (Thomas 1996). The pH of 8.57 at mine 1 could 
mean the presence of sodium carbonate controlling the soil 
system rather than calcium carbonate, which could indicate 
future soil degradation (Thomas 1996). A little amendment 
to lower the pH may be necessary.

The loss-on-ignition analysis revealed 1.77%-7.95% 
organic matter, which can be considered a good percentage 
for OM for plant growth. The highest OM percentage is at 
mine 5 (7.95%) and the lowest at mine 1 (1.77%). Organic 
matter is an important characteristic of soil to be considered 
when considering the rehabilitation of mine waste by 
revegetation or growing plants. The OM contains all essential 
plant nutrients and serves as a storehouse for the nutrients 
necessary for plant growth. It can be easily reinforced with 
organic fertilizers. OM also influences the soil to form a 
stable structure. In mines, the higher organic matter content 
of the soil is more favorable since it lowers soil erodibility 
and the risk of soil erosion (Kadlec et al. 2012).

The elemental composition in Table 2 show that the 
average nickel content of the sample ranges from 0.50 
to 1.10% by weight, confirming that it is low-grade and 
currently of no economic value. The lowest economic grade 
for a nickel at this particular mine is 1.2%. Iron (Fe) content 
ranges from 9-46%, a typical characteristic of lateritic soil. 
A lateritic soil profile is divided into two, which are limonite 
with 25% or higher iron content and saprolite with less than 
25% iron. Other elements like cobalt, aluminum, magnesium, 
potassium, chromium, and tin were also found. Though the 

elemental composition of the mine waste is already below 
the minimum economic grade, the metal concentration is still 
too high for plant growth. Discharge of these elements caused 
by soil erosion or water runoff during heavy rainfall can 
contaminate neighboring agricultural land and water bodies. 
Most micro and macronutrients like iron, nickel, potassium, 
zinc, and others are found in too high concentrations for 
farming applications. Vegetables can absorb elements at high 
concentrations, which can harm humans in the long term.

Utilization of Nickel Laterite Mine Waste

Given that the nickel concentration of the mine waste is 
below 1.2%, the researchers reviewed some of the studies 
using low-grade nickel laterite. The industry can further 
explore these studies to utilize the mining waste. The low-
grade nickel laterite mine waste can be reused or repurposed 
based on the information gathered. Reuse means using 
the waste to extract the remaining metals using new or 
old technology, which allows profitable extraction in the 
future. Reuse can be further categorized into metallurgical 
processing, biomining, or using bacteria or fungi to 
concentrate the metal, and phytomining, which uses plants 
to harvest the metals. On the other hand, repurposing can 
be divided into two; repurposing the mine waste and the 
mined-out area. To repurpose the mine waste is to use it for 
other purposes such as in brick making, ceramic, and as an 
additive to construction materials. Repurposing the mined-
out area means converting the mined-out area into tourism 
sites (Aysan et al. 2019), solar farms (Pouran 2018, Murphy 
2022), or other renewable energy-generating industries.

Reuse by Metallurgical Process

In Table 3 are some studies proposed to improve the current 
widely used high-pressure acid leaching (HPAL), caron 
process, and smelting to recover the nickel-iron and by-
products like cobalt. Guo et al. (2021a) studied the effects of 
the different dosages of red mud (RM) from China and low-
grade laterite ore in co-reduction with laterite. The recorded 
iron and nickel recoveries are 94.71 wt%, and 95.98 wt%, 
respectively. Guo et al. (2021b) did a related study on using 
straw charcoal as a reductant on the co-reduction of RM and 
laterite. Recovery of nickel is 97.21 wt%, and iron is 98.87% 
using 15wt.% of straw charcoal and roasted for 80 min. at 
1250°C. Xiao et al. (2020) tried selective roasting garnierite 

Table 1: pH and Organic Matter content of nickel laterite mine waste in Caraga, Philippines. 

Characteristic Mine 1 Mine 2 Mine 3 Mine 4 Mine 5 Mine 7 Mine 9 Final Discharge

Average of 4 samples (Standard Deviation)

pH 8.57(0.14) 7.82(0.12) 7.69(0.07) 7.47(0.11) 7.17(0.16) 7.91(0.15) 7.72(0.08) 8.24(0.06)

Organic matter (%) 1.77(0.91) 4.87(1.04) 3.93(0.62) 6.52(2.86) 7.95(1.28) 3.24(1.58) 2.84(1.46) 3.84(0.78)
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laterite (0.72% Ni) ore to form ferronickel. The ferronickel 
produced is at 16.16% Ni and 73.67% Fe or 90.33% Ni 
recovery. Xue et al. (2020) modified the traditional sintering 
process in nickel extraction by introducing pressurized 
densification sintering. An external mechanical pressure 
field is added by weight adjustment at the top of the sinter 
bed after ignition. As a result, productivity and tumble index 
increased by 18.6% and 19.2%, respectively. The solid fuel 
rate is decreased by 10.3%, making it more economical than 
the traditional process. A related study on CO2 reduction 
with this new sintering method was also made by Zhu et 
al. (2020). In the study of Komnitsas et al. (2019), low-
grade Ni (0.97%) and the effect of adding sodium sulfite 
(Na2SO3) in the leaching medium (sulfuric acid, H2SO4) 
were investigated. After 25 days at 147 g/L of H2SO4 and 
20 g.L-1 of Na2SO3, the extraction was 72.5% and 47.4% 

for Ni and Co, respectively. The group also investigated 
the possibility of using the leaching residue as an inorganic 
polymer (IP). The residue was mixed with alkali activators 
NaOH and Na2SiO3 and added with metakaolin. The IP 
exhibited high compressive strength at 40 MPa, which is 
suitable for various applications in construction. Zhu et al. 
(2019) proposed improving nickel laterite processing by a 
selective reduction-wet magnetic separation process. The 
proposal was to use silica and calcium sulfate. The nickel 
content of the laterite used is 0.97% by wt. from Indonesia. 
The laterite, the reductant (graphite), and additives (silica 
and calcium sulfate) were mixed and roasted at 900-1300°C 
for a pre-determined time for the reduction process. After 
reduction, the roasted samples were crushed and grounded 
to 90 wt% passing 0.043 mm for magnetic separation using 
magnetic field strength of 1800 G. The highest Ni recovery 

Table 2: Elemental Analysis results using XRF of nickel laterite mine waste in Caraga, Philippines.

Ave. Element % (n = 4) Mine 1 Mine 2 Mine 3 Mine 4 Mine 5 Mine 7 Mine 9 Final Discharge

Ni 0.84 0.96 1.10 1.04 0.91 0.94 0.83 0.50

Fe 9.53 24.53 17.71 28.04 46.38 19.63 19.08 15.38

Co 0.04 0.06 0.06 0.06 0.11 0.06 0.05 0.05

Al 0.47 2.55 0.98 1.75 2.55 1.07 1.01 3.00

Mg 16.80 9.57 12.11 11.54 4.11 13.55 13.72 9.43

P LDL 0.01 LDL 0.01 0.01 LDL LDL 0.01

Si 18.18 12.59 17.03 12.60 5.48 15.10 15.26 16.39

Ca 0.82 0.18 0.17 0.14 0.05 0.13 0.15 1.47

Cr 0.41 1.31 0.79 1.02 1.64 0.81 0.83 0.62

K 0.03 0.01 0.01 0.01 0.01 LDL LDL 0.27

Mn 0.20 0.44 0.32 0.51 0.85 0.37 0.36 0.33

Na 0.02 0.02 0.02 0.03 0.05 0.02 0.02 0.03

Ti 0.03 0.08 0.04 0.06 0.07 0.04 0.04 0.10

NiO 1.06 1.22 1.40 1.33 1.17 1.20 1.06 0.64

Fe2O3 13.62 35.07 25.34 40.09 66.31 28.07 27.28 21.98

CoO 0.05 0.07 0.07 0.08 0.14 0.07 0.06 0.06

Al2O3 0.89 4.81 1.85 3.31 4.81 2.02 1.90 5.66

MgO 27.86 15.88 20.08 19.13 6.80 22.46 22.76 15.64

P2O5 LDL 0.03 0.01 0.01 0.03 0.01 0.01 0.03

SiO2 38.90 26.94 36.42 26.96 11.73 32.30 32.63 35.07

CaO 1.15 0.24 0.24 0.19 0.07 0.18 0.21 2.05

Cr2O3 0.59 1.91 1.16 1.49 2.40 1.18 1.22 0.90

K2O 0.04 0.01 0.01 0.01 0.01 LDL LDL 0.32

MnO 0.26 0.57 0.41 0.66 1.10 0.48 0.46 0.43

Na2O 0.03 0.03 0.03 0.04 0.07 0.03 0.03 0.04

TiO2 0.04 0.13 0.06 0.09 0.12 0.07 0.07 0.16

LDL – lower than detectable limit
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the results, the best condition was at 3M phosphoric acid, at 
90°C and 180 min leaching temperature and time, respectively. 
Ni’s leaching efficiency is 98.7 %, and Co’s is 89.8%. The 
result was higher than previous studies, indicating about 40-
60% of Ni recovery by atmospheric leaching using sulfuric 
acid (Coto et al. 2008, Luo et al. 2015). Luo et al. (2015) 
used an alternative processing method for HPAL by using 
sulfuric acid in the presence of sodium sulfite at atmospheric 
pressure. The influence of temperature and agitation rate on 
atmospheric acid leaching (AL) was studied by MacCarthy 
et al. (2016). They believe that nickel laterite processing will 
be greatly improved through greater knowledge of the factors 
that influence atmospheric AL. Results showed that leaching 
greatly improved at a higher temperature of 95°C than at 70°C 
(from %9 to %67 for Ni). Agitation, on the other hand, had no 
noticeable impact on AL. The sintering behavior of low-grade 
nickel laterite (1.2% Ni) was studied by Guo et al. (2014) 
to provide technical information on ferronickel production. 

is 95.6%, and Fe is 42.8% at a reduction temperature of 
1250°C for 60 min, 3% calcium sulfate and 8% silica. Li et 
al. (2018a) studied the solid-state deoxidation of low-grade 
nickel laterite (0.82% Ni) with methane at various reduction 
temperatures, times, and concentrations. The nickel laterite, of 
particles size <0.25mm, was made into pellets for reduction. 
CH4 and N2 gases were used in the reduction process using 
a fixed bed apparatus. The volumetric gas rate used was 30 
mL.min-1 at a reduction time of 30-90 minutes. The best 
condition identified was at a temperature of 700°C, 60 min., 
and 20vol% % methane reduction time. The metallization 
at this condition was 91.17% and 23.67% for Ni and Fe, 
respectively. Li et al. (2018b) proposed a new method to 
improve atmospheric acid leaching. Atmospheric phosphoric 
acid leaching was used to select Ni and Co.  The laterite ore 
(Ni at 1.043%) was first calcined and treated with different 
concentrations of acid (1M, 2M, 3M, and 4M) at different 
temperatures (20°C, 40°C, 60°C, 80°C, and 90°C). Based on 

Table 3: Research using nickel laterite mine waste with < 1.2% Ni by the metallurgical process.

No Process Ni (*wt%) Fe (*wt%) Method/ Description Reference
Metallurgical Processing

1. Co-reduction – 
Roasting

0.98 37.57 Recovery of nickel and iron from low-grade laterite using the 
co-reduction roasting technique

(Guo et al. 2021a) 

2. Roasting-
Leaching

1.2 41.9 Selective recovery of scandium from nickel laterite ore by acid 
roasting–water leaching

(Anawati et al. 2020)

3. Roasting- 
Separation

0.72 8.65 Extraction of nickel from garnierite with iron concentrate 
using roasting and magnetic separation 

(Xiao et al. 2020)

4. Sintering 0.15-0.34 31.59-
40.36

Improved limonitic laterite sintering using a pressurized 
densification process

(Xue et al. 2020, Zhu 
et al. 2020)

5. Leaching 0.97 21.79 
Fe2O3

Column leaching using sulfuric acid and sodium sulfite. 
Valorization of leaching residues as inorganic polymer

(Komnitsas et al. 
2019)

6. reduction- 
separation

0.97 40.09 selective reduction-wet magnetic separation process using 
silica and calcium sulfate

(Zhu et al. 2019)

7. Reduction-
Deoxidization

0.82 9.67 Reduction of nickel and Iron from low-grade nickel laterite via 
a solid-state deoxidization method using methane

(Li et al. 2018a)

8. Leaching 1.03 43.95 Leaching of calcined laterite using phosphoric acid (Li et al. 2018b)

9. Atmospheric 
Acid Leaching

0.93 22.01 Effect of temperature and agitation rate on atmospheric acid 
leaching

(MacCarthy et al. 
2016)

10. Sintering 1.2 46.26 Ferronickel production via sintering blast furnace route (Guo et al. 2014)

11. Direct 
extraction

0.62-1.1  35.70-
44.30

Direct extraction of nickel from laterite ore by carbonyl 
method

(Terekhov & 
Emmanuel 2013)

12. Reduction-
Deoxidization

1.09 9.12 Reduction of nickel from low-grade nickel laterite via a solid-
state deoxidization method using  CO2-CO gas mixture

(Li et al. 2011a)

13. Leaching 1.03 43.95 Selective leaching of cobalt by acidic thiosulfate solution (Li et al. 2011b)

14. Leaching 0.98 NiO 15.80 
Fe2O3

Green process technology for recovering nickel (Zhai et al. 2010, Liu 
et al. 2012)

15. Reduction 0.38 NiO 50.88 Reduction of laterite by CO- CO2 (Purwanto et al. 2001) 

16. Digestion – 
Neutralization-
Calcination

0.93 NiO 34.41 
Fe2O3

Chromite overburden as a source of nickel. Low-grade nickel 
is enriched through the digestion – neutralization-calcination 
process.

(Bhattacharjee et al. 
2000) 
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The study showed that the yield increased with basicity from 
1.1 to 1.7 and decreased with a further increase in basicity. 
Terekhov & Emmanuel 2013 evaluated the use of carbonyl 
in the direct extraction of Ni and iron from nickel laterite 
(0.62%). The reduction process was carried out using carbon 
monoxide in a high-pressure thermogravimetric analyzer. 
The carbonyl + metal in gaseous form (at 60 bar, 180°C) 
was then passed through a heat exchanger and condensed 
in storage tanks. Fractional distillation separated Ni and Fe, 
which is the process in a pilot unit. But in this study, the Ni 
recovery is calculated by mass balance using the weight loss 
of the sample. The limonite sample with the lowest Ni grade 
(0.62wt%) yielded a 0.02 percent Ni residue, equivalent to 
an estimated Ni yield of 98.9% and 86.5 percent Fe. Li et al. 
(2011) also studied the solid-state deoxidation of low-grade 
nickel laterite (1.09% Ni) with CO2-CO gas mixture as the 
gaseous reductant and anthracite as the solid reductant. Based 
on the study, the conversion of total nickel to metallic nickel 
generally increases with the increase in reaction temperature 
until not more than 850°C. Overall results showed that 90% 
of metallic nickel could be obtained using CO2-CO gas and 
80% anthracite. Bhattacharjee et al. 2000 proposed a process 
to enrich nickel concentration in chromite overburden, a 
low-grade laterite. The process includes digestion with acid 
or a combination of HCl, HNO3, and H2SO4, neutralization 
with alkali (Na2CO3, NaOH), and calcination at 900°C. The 
final product was found to have 2.54% NiO from an initial 
concentration of 0.93% or increased by 173%. Iron and 
nickel extraction from chromite overburden is also studied 
by Boi et al. (2011). Their study used reduction roasting,  
magnetic separation, and smelting processes to recover iron 
and nickel.

Most of the studies on low-grade nickel laterite are 
alternative processing routes. The recovery of metals like 
cobalt (Li et al. 2011) and scandium (Anawati et al. 2020) 
was also studied. Anawati et al. (2020) tried to extract 
scandium, an expensive rare earth metal, from low-grade 
nickel laterite. They used a two-stage process of acid roasting 
and water leaching. The ore was mixed with sulfuric acid 
and roasted at 600°C. Water-leaching at ambient temperature 
followed. The highest extraction of scandium is at 80%, with 
less than 15% co-extraction of the iron. In the study of Li et 
al. (2011), sodium thiosulfate and sulfuric acid were used as 
leaching agents. The thiosulfate selectively recovered 91% 
of the cobalt in the sample.

Reuse by Biomining

Biomining describes systems that utilize microorganisms 
to extract and recover metals from ores and other materials 
(Johnson 2014, Johnson et al. 2013). This process finds its 
earlier application with copper in the 1960s (Barrie 2018) 
and nickel as early as the 1980s. A summary of the studies on 
the biomining of nickel laterite is in Table 4. Oliveira et al. 
(2021) applied a new method in processing low-grade nickel 
by reduction with hydrogen gas followed by bioleaching with 
Acidithiobacillus ferooxidants. After the reduction process 
at 900°C and H2 gas (99.9990%), the Ni content increased 
from 1.2% to 1.46%. 

Bioleaching at 32°C with 35g of sulfuric acid/ kg of 
ore resulted in the overall extraction of nickel and cobalt 
at 92% and 35%, respectively. Newsome et al. (2020) also 
proposed a new bioprocessing strategy for cobalt extraction 
from lateritic soil. Organic substrates (acetate or glucose) 

Table 4: Research on biomining to extract nickel and other metals from nickel laterite.

No Process Ni (*wt%) Fe (*wt%) Method/ Description Reference

1. Reduction of roasting/ 
bioleaching

1.2 44.9 Reduction with hydrogen gas followed by bioleaching using 
Acidithiobacillus ferooxidants

(Oliveira et al. 
2021)

2. Bioprocess < 0.30 13.4-44.6 Manganese and cobalt enrichment through biogeochemically 
enhanced process

(Newsome et 
al. 2020)

3. Bioprocessing 
(leaching)

0.91 44.51 Enhanced bioleaching with the use of Acidithiobacillus (At.) 

thiooxidans

(Marrero et al. 
2017)

4. Bioprocessing 
(leaching)

1.2 49.8
Fe2O3

biological leaching of nickel by indigenous fungi (Indonesia) 
isolated from Indonesian limonite

(Handayani & 
Suratman 2017)

5. Bioprocess 0.99 48.88 Anoxic microbial reduction of nickel from lateritic soil 
(chromite overburden) 

(Behera et al. 
2012)

6. Bioprocessing 0.4 7.0 Four species of iron-reducing acidophilic bacteria were 
evaluated in their ability to make nickel soluble.

(Hallberg et al. 
2011)

7. Bioprocess (leaching) 8.5 ppm 2014 ppm Bio-extraction of different metals by Penicillium 

chrysogenum

(Ahmad et al. 
2011)

8. Bioleaching and 
bioprecipitation

0.92 NiO 19.36 
Fe2O3

Leaching of nickel laterite with heterotrophic organisms (Alibhai et al. 
1993)
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generated metal-reducing conditions and separated cobalt 
by washing it with acetic acid. Their study mobilized 
minimal iron oxide, which may generate less waste. The 
Marrero group tried to compare the reductive capability 
of Acidithiobacillus (At.) thioxidants in aerobic conditions 
and using At. Ferrooxidants in anaerobic conditions. Nickel 
laterite overburden from Cuba was used in the study. Based 
on the results using At. thioxidants in aerobic condition was 
more efficient than the ferrooxidants. The sample treated 
with the oxidants achieved the highest solubilization (Co 
85%, Mn 74%, Ni 16%) after seven days at pH 0.8, while 
the ferrrooxidants sample achieved the same values after 28 
days increased pH of 1.8. Handayani and Suratman (2017) 
studied the feasibility of using fungi as a new technique 
in nickel metal recovery. Two types of fungi were used, 
the Aspergillus sp and Penicillium sp. The experiment 
used low-grade nickel laterite (1.66% NiO) from Pomalaa, 
Southeast Sulawesi. Aspergillus sp. showed better nickel 
recovery of 57% at 5% pulp density after 20 days than 48% 
using Penicillium sp. Using fungi is a potential technique in 
nickel recovery; however, the primary concern is the long 
fermentation period of about 8-14 days of the fungi. Behera 
et al. (2012) investigated the microbial extraction of nickel 
from lateritic soil of chromite overburden. A. ferroxidans 
was used, and the experiment showed a promising result 
for anoxic microbial processing without energy-intensive 
pre-processing activities. The maximum nickel extraction 
was at 41% from 0.99% Ni. Hallberg et al. (2011) proposed 
bio-processing as an alternative for the energy and reagent 
extensive processing (i.e., smelting, HPAL, etc.) of nickel 
laterite. Low-grade nickel (0.4%) from a mine in Western 
Australia was used in the study. Four acidophilic bacteria 
were used, namely; (i) ferrooxidans a mesophilic iron- 
and sulfur-oxidizing chemolithotroph; (ii) Sulfobacillus 

benefaciens, a thermotolerant iron- and sulfur-oxidizing 
mixotroph; (iii) Acidicaldus organivorans, a moderately 
thermophilic, sulfur-oxidizing heterotroph; (iv) Acidiphilium 

SJH, a mesophilic heterotroph. Based on the findings, an 
acidophilic sulfur-oxidizing bacterium could be utilized for 
nickel separation from laterite. Ahmad et al. (2011) studied 
the use of Penicillium chrysogenum in extracting various 

metal ions from laterite ore. The incubation period was 
24 days, and they extracted 57.31% of the nickel, which 
employed some flask shaking compared to 46.53% recovery 
without shaking. Iron extraction was at 97.78%, aluminum 
(86.78%), manganese (77.61%), and chromium (34.32%). 

Reuse by Phytomining

In phytomining, hyperaccumulator plants are used to grow 
and concentrate metals by burning, which can be a potential 
source of heat for energy generation. In the 1990s, Anderson 
et al. (1999) used Alyssum bertolonii from Italy and Berkheya 

coddii from South Africa to recover nickel, thallium, and 
gold. In Indonesia, the world’s largest producer of nickel 
laterite, a phytomining viability study was conducted from 
2004 to 2007. Identification of hyperaccumulator plants was 
also conducted in Malaysia for its potential in phytomining. 
There are over 400 identified hyperaccumulator plants for 
nickel (Laubie et al. 2021), and numerous studies have been 
conducted in different mining countries. As part of a long-
term rehabilitation plan, phytomining allows for revegetation 
and ensures good erosion control while generating revenue 
from the extracted nickel (Van der Ent et al. 2013). 

Both, biomining and phytomining have the advantage of 
being environmentally friendly and less energy intensive. 
Still, the drawback of these processes is the longer processing 
time to extract the valuable mineral in the ore, which can 
take months or years (Johnson 2014).  

Repurpose for Other Products

There are also some studies on the use of nickel laterite for 
other purposes (Table 5), such as the use of waste for indirect 
carbon sequestration (Eusebio et al. 2020), as geopolymer 
precursor (Longos et al. 2020), ceramic tiles (Bernardo-
Arugay et al. 2022) and bricks (Shanmukha et al. 2017). 
Eusebio et al. (2020) evaluated waste rock from a nickel 
laterite mine in Southeastern Philippines for its potential 
utilization in indirect carbon sequestration. Hydrochloric acid 
was used in the acid-leaching process.  The group concluded 
that nickel laterite waste rock could be a feedstock. However, 
further study is necessary on cost and energy requirements 

Table 5: Repurpose nickel laterite mine waste for other products.

No. Type of Waste Description Reference

1. Waste Rock Use of nickel laterite waste rock as feedstock for carbonation in indirect 
carbon sequestration

(Eusebio et al. 2020, Razote et al. 
2021)

2. Silt The potential of nickel laterite mine waste as geopolymer precursor by 
mechanical and thermal activation

(Longos et al. 2020, Tiguea et al. 
2021) 

3. Silt Production of ceramic tiles from nickel laterite mine waste through the 
ceramic casting method

(Bernardo-Arugay et al. 2022)

4. Laterite soil Production of stabilized and compressed lateritic soil bricks (Shanmukha et al. 2017)
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and the effect of reducing agents to yield to prove applicability. 
Longos et al. (2020) investigated the possibility of producing 
geopolymer cement using nickel laterite silt or nickel mine 
waste (NMW). The silt was mixed with coal fly ash (CFA) and 
sodium hydroxide with sodium silicate (SH-SS) as activators. 
Different NMW, CFA, and SH-SS ratios were prepared 
and tested for compressive strength. The results show that 
the 50%NMW-50%CFA- 0.5 SH-SS attained the highest 
unconfined compressive strength of 22.10 + 5.40MP after 28 
days of curing. Bernardo-Arugay et al. (2022) used slip casting 
to make ceramic tiles from nickel laterite mine waste. They 
found NMW a suitable raw material for producing ceramic 
wall and floor tiles. Lastly, Shanmukha et al. (2017) prepared 
different proportions of laterite, cement, and sand to produce 
stabilized blocks or bricks. The mix was compacted with a 
hydraulic press instead of burning to save energy, which is 
an energy-intensive process. The group found out that the 
required compressive strength was achievable after 28 days 
of curing time, and compressive strength is higher than red 
clay bricks produced by firing.

Processing the NMW for bricks, ceramic, and other 
products shows great potential to reduce waste in the 
mined-out areas. However, once the laterite is formed into 
these products, the metals contained in the material, which 
is a potential resource in the future, will be contained in 
the products. The use of the lowest-grade waste rocks and 
silt should be considered. It is also important to consider 
the cost of producing such products, especially the energy 
requirement, to confirm viability. 

Repurpose of Mined-Out Area

In a report by the Intergovernmental Forum (IGF) for Mining, 
Minerals, Metals and Sustainable Development, two case 
studies were presented on the successful use of mined-out 
areas in the production of renewable energy resources, the 
solar energy field in Sullivan Mine, British Columbia and 
the wind energy park in Ruhr coal mine in Germany (IGF 
Case Study 2022). In addition, there is the floating solar farm 
conversion from a collapsed coal mine in China (Pouran 2018). 
Conversion of the mined-out area to energy farms and tourism 
sites is a very good option as the final utilization of the area. 
But much consideration should be taken on the soil stability 
since mined-out areas are usually filled with loose soil from 
the overburden and waste rocks previously removed to access 
the valuable materials. Also, the same as repurposing for other 
products, it must be considered that there is a potential that the 
mine waste will become a resource in the future. This must be 
considered before putting any structure for solar or wind farms. 
The industry may consider one or a combination of alternative 
utilization. The mine may allocate a portion of the mined-
out area to store the low-grade material and repurpose some 

areas for solar or wind energy farms. Using hyperaccumulator 
plants with high heating value to revegetate the temporary 
storage areas is also a good alternative for phytomining and 
biomass-to-energy conversion. Studies to recover nickel 
and other metals in the low-grade nickel laterite are already 
available. However, applying these studies on an industrial 
scale has a long way to go. Usually, processing low mineral 
concentrations increases the amount of the material that 
must be processed and requires capital-intensive processing 
technologies (Turcheniuk et al. 2021). Processing waste is 
often expensive and requires a lot of energy (Mauthoor 2017, 
Neves et al. 2019). Hence, economics is vital in conducting 
and presenting research on the reuse of waste. It is not enough 
to consider only the environmental benefit since it is always 
the profit that drives the industrial-scale application of these 
processes.

CONCLUSIONS

The pH of nickel laterite mine waste in this area is neutral to 
moderately alkaline; hence, the threat of acid mine drainage is 
unlikely to be a problem. The organic matter is acceptable for 
plant growth whenever revegetation is considered for mine 
rehabilitation. Moreover, the laterite mine waste still contains 
metals that are too low to process for profit but too high for 
plants and animals if discharged into water and agricultural 
soil. The plants can absorb high metal content, making them 
unfit for agricultural products for human consumption. 

Considering that nickel laterite is a limited resource, the 
fate of lower-grade nickel laterite regarded as waste today may 
change when the higher grade is fully exhausted. Therefore, 
the best option is to consider further extraction of metals by 
metallurgical processing when technology and economics 
allow or use environmentally friendly processes like biomining 
or phytomining. With this, mines should consider strategic 
mine rehabilitation, which may include planned positioning 
and mapping of the waste based on its grade to provide easier 
access to the waste, which can be a potential resource in the 
future. Using the lowest grade material for other purposes, such 
as in brick or ceramic production and additive to construction 
materials, is also a good option. The, conversion of the mined-
out area to renewable energy farms and tourism sites is best 
for final land use when all extractable materials are exhausted. 
Finally, it is advisable to take into account the combined 
application of the various utilization possibilities
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       ABSTRACT
In most of the research works, similar metal electrodes were used, resulting in high operating 
costs, and the reuse of the treated water was not explored. The major goal of this research 
is to lower the cost of the electrocoagulation (EC) process by employing electrodes made 
of different metals and to investigate whether it is possible to reuse the water that has 
been treated by doing so. It was done to optimize the operational parameters such as pH, 
voltage, time, electrolyte, and dye concentrations. The energy and electrode consumption 
was calculated as 0.29 kWh.m-3 and 3.5×10-2 kg.m-3, respectively. The HPLC and LC-MS 
studies shows the degradation of dye and the formation of intermediary compounds, which 
were less toxic. The sludge obtained from the EC process was subjected to EDX and XPS 
analysis to know the composition of metals and the formation of metal hydroxide coagulants. 
The phytotoxicity of the treated water after EC was examined using Trigonella foenum-
graecum seeds. The results showed an utmost color removal efficiency (CRE%) and COD 
removal of 99.78% and 92.86% with an operating cost of US$ 0.028, which is comparatively 
98.12% lower than the other conventional electrodes. The treated toxicity test of water was 
comparable to the toxicity test of tap water.

INTRODUCTION

All living things primarily depend on water. Nowadays, as 
the water bodies which are the sources for drinking water and 
agricultural purposes are getting polluted at a high rate due 
to the release of contaminants from industries, the scarcity 
of water has emerged as one of the biggest issues in the 
world. The wastewater can come from textiles (Kim et al. 
2002), food (Sengil & Ozacar 2006), poultry slaughterhouses 
(Bayramoglu et al. 2006), cosmetic and pharmaceutical 
(Boroski et al. 2009), paper (Katal & Pahlavanzadeh 2011), 
paint (Akyol 2012) and various other industries too. But the 
textile dyeing industry greatly contributes to water pollution 
(Sharma & Uma 2011). This is because these industries ingest 
high volumes of water in their fabricating process, such as 
dyeing and finishing. In the dyeing stage, innumerable dyes 
are used, eventually giving out a wide range of colors so that 
the effluent’s attributes vary greatly (Gurses et al. 2002). 

The most widely used dye in the dyeing units, azo dyes, 
makes up more than 50% of the commercially available 
dyes. The next widely used group is the anthraquinone 

dyes (Holkar et al. 2016). Around 10,000 commercially 
available dyes are produced annually, and 7×105 tonnes of 
dye-related materials (Rai et al. 2005). Coraline Rubine GFL, 
an azo dye, has an annual fabrication rate of about 70%. And 
370 thousand metric tons of dyes and pigments are being 
produced globally (Tony et al. 2009). A mixture of acids, 
pesticides, salts, pigments, and heavy metals constitutes 
textile wastewater (Pensupa et al. 2017). Most synthetic 
dyes and their intermediary compounds may be poisonous, 
mutagenic, carcinogenic, or teratogenic to the environmental 
species (Wang et al. 2019, Maron & Ames 1983).

Due to their disorganization, an extensive quantity of 
dyestuff has been sent out from the industries during the 
dyeing process. These dyes may easily be distinguished 
because of their capacity to absorb light in the visible 
region, even at very low concentrations of around 1 ppm 
(Holkar et al. 2016). These dye particles avert the sunlight’s 
permeation into the water, constricting the photosynthetic 
activity of the aquatic plants and decreasing the dissolved 
oxygen in the water bodies, possibly affecting the marine 
animals. This is because the dyes easily absorb and reflect 
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the light (Solis et al. 2012, Mansour et al. 2011). As these 
dyestuffs undergo biodegradation, many aromatic amines are 
formed, responsible for the momentous lethal effect on living 
organisms. Most aromatic amines are found to be suspect 
cancer factors (Chung 2016). Even before cleaving into 
aromatic amines, certain azo dyes seem carcinogenic. But 
this carcinogenicity is due to the other cleaved product known 
as benzidine, which is a causative agent for plenty of tumors. 
P-phenylenediamine (p-PDA), another dye constituent, is a 
contact allergen (Graca et al. 2001). Reports on the negative 
impact of anthraquinone and triphenylmethane dyes are also 
seen in the literature (Cui et al. 2016, Sharma et al. 2004, 
Cheriaa et al. 2012). 

Therefore, an urgent need arises to treat these wastewaters 
by conventional technique. The common methods adopted 
for the treatment are biological (Wu et al. 2019), chemical 
oxidation (Azbar et al. 2004), electrocoagulation (EC), 
electroflotation (Rajeshwar et al. 1994), activated charcoal 
adsorption, chemical coagulation (Slokar & Le Marechal 
1998), photocatalytic degradation (Behera et al. 2008), 
membrane separation (Van der Bruggen et al. 2001, Joshi 
et al. 2001), Fenton process (Pan et al. 2020), electrodialysis 
(Shahi et al. 2001), ultrafiltration and ozonation (Lin & Chen 
1997) and aerobic or anaerobic digestion (An et al. 1996). 
Even though all these methods have been known, each has 
its drawbacks when treating real-time effluent. When the 
biological treatment method is used, the microorganisms 
employed in the treatment process get deceased due to a high 
amount of dye particles (Vlyssides et al. 1999). Secondary 
water pollution will occur as other chemicals are added to 
chemical coagulation and oxidation (Azbar et al. 2004). 
Adsorption with activated carbon (AC) often removes the 
dye from an aqueous solution. Still, AC regeneration and 
efficiency are confined to its equilibrium (Low & Lee 1997, 
McKay 1984). In the photocatalytic process, a pre-treatment 
is required to prevent the deterioration of the active sites and 
the detrimental interference of the catalyst used (Ochiai & 
Fujishima 2012). In the Fenton process, the pH range has to 
be controlled greatly (Giroto et al. 2006). Other processes 
like reverse osmosis, ultrafiltration, and other membrane 
separation techniques have their limitations of high cost 
and low output (Marcucci et al. 2001, Sridhar et al. 2002, 
Voigt et al. 2001). 

Even though the electrocoagulation process has merits 
and demerits, it almost suits the processing of textile dyeing 
effluents compared to other techniques. The equipment 
used in the EC process is easy to handle, and there is less 
need for adding chemicals throughout the process (Kobya 
et al. 2017). Some of their demerits include high electrical 
energy consumption, restoration of the sacrificial anodes 
at regular intervals, and passivation could occur due to the 

development of oxide film on the negative electrode. Sludge 
is generated when dye contaminants are removed, but less 
sludge is created in the EC than during flocculation or 
chemical coagulation procedures (Barrera-Diaz et al. 2011, 
Moussa et al. 2017). 

The primary goal of this work is to remove the dye 
particles from the simulated Coralene Rubine GFL 200% 
dye solution using different metal electrodes to lower the 
overall process’ operational costs. Studies have been done on 
operating parameter optimization, COD removal, operating 
cost, and color removal efficiency (CRE%). Through the 
phytotoxicity investigations, attention has also been paid 
to the treatment dye solution’s toxicity assessment and 
potential for reuse.

MATERIALS AND METHODS

Experiment

The experimentations were done using the simulated 
dye solutions of Coralene Rubine GFL 200% dye. The 
characteristics and structure of the dye are specified in  
Table 1 and Fig. 1.
Table 1: Characteristics of the dye.

C. I name Disperse Red 73, Allilon Rubine FL, 
Chemilene Rubine SE-GFL

Empirical formula C18H16N6O2

Molecular weight 348.36

IUPAC name 2-[[4-[(2-cyanoethyl)ethylamino]phenyl]
azo]-5-nitro benzonitrile

Melting point 149-150°C

Boiling point 614.2 ± 55°C

Density 1.22 ± 0.1 g.cm-3

Absorption maximum 618 nm 

Fig. 1: Structure of the dye. 

The aqueous solution of the dye was made with a 110 mg.L-1 dye, which required dissolving 

0.022 g of dye in 200 mL of double-distilled water.1 g.L-1 (0.2 g) of sodium chloride was added 

to the simulated dye solution, which acts as an electrolyte and facilitates the movement of ions 

and formation of flocs. 0.1 N hydrochloric acid was used to make the solution acidic, and to 

make it alkaline, 0.1 N sodium hydroxide was used. For electrocoagulation, aluminum and 

copper plates with a length of 9 cm, width of 3.5 cm, and thickness of 0.5 mm were used as an 

anode and cathode, respectively. The interelectrode distance was kept at about 4 cm. Every 

experiment was conducted at room temperature using a magnetic stirrer to speed up the 

movement of ions, and an external DC power supply was used. The area submerged in the 

solution is about 5.1 cm. Fig. 2 shows the EC setup and simulated dye solution before and after 

the EC process. The experiments involved changing the pH. (4, 5, 6, 7, 8, 9, 10), voltage (4, 6, 

8, 10, 12, 15), reaction time (5, 10, 15, 20, 25, 30 min), initial dye concentration (70 mg.L-1 to 

130 mg.L-1), and the concentration of electrolyte (0.1, 0.15, 0.2, 0.25, 0.3, 0.35 g) and the color 

removal efficiency (CRE%) was calculated. After each reaction, the treated dye solution was 

filtered, and the sludge was air-dried and given for further analysis. The COD digester (HACH 

DRB 200 Digital Reactor) was used to calculate the COD. The other apparatus required were 

the COD vials, burette, and 250 mL conical flask. 2.5 mL of the treated dye solution was taken 

in the COD vial. 0.25 N of standard potassium dichromate (K2Cr2O7) solution was added to 

the sample. Then, the vials added a pinch of mercuric sulfate (HgSO4) and 3.5 mL of 

concentrated sulphuric acid (conc. H2SO4). It was then tightly closed and kept at the COD 

Fig. 1: Structure of the dye.
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The aqueous solution of the dye was made with a  
110 mg.L-1 dye, which required dissolving 0.022 g of dye in 
200 mL of double-distilled water.1 g.L-1 (0.2 g) of sodium 
chloride was added to the simulated dye solution, which acts 
as an electrolyte and facilitates the movement of ions and 
formation of flocs. 0.1 N hydrochloric acid was used to make 
the solution acidic, and to make it alkaline, 0.1 N sodium 
hydroxide was used. For electrocoagulation, aluminum and 
copper plates with a length of 9 cm, width of 3.5 cm, and 
thickness of 0.5 mm were used as an anode and cathode, 
respectively. The interelectrode distance was kept at about 
4 cm. Every experiment was conducted at room temperature 
using a magnetic stirrer to speed up the movement of ions, 
and an external DC power supply was used. The area 
submerged in the solution is about 5.1 cm. Fig. 2 shows the 
EC setup and simulated dye solution before and after the 
EC process. The experiments involved changing the pH. 
(4, 5, 6, 7, 8, 9, 10), voltage (4, 6, 8, 10, 12, 15), reaction 
time (5, 10, 15, 20, 25, 30 min), initial dye concentration  
(70 mg.L-1 to 130 mg.L-1), and the concentration of electrolyte  
(0.1, 0.15, 0.2, 0.25, 0.3, 0.35 g) and the color removal 
efficiency (CRE%) was calculated. After each reaction, 
the treated dye solution was filtered, and the sludge was 
air-dried and given for further analysis. The COD digester 
(HACH DRB 200 Digital Reactor) was used to calculate 
the COD. The other apparatus required were the COD vials, 
burette, and 250 mL conical flask. 2.5 mL of the treated 
dye solution was taken in the COD vial. 0.25 N of standard 
potassium dichromate (K2Cr2O7) solution was added to the 
sample. Then, the vials added a pinch of mercuric sulfate 
(HgSO4) and 3.5 mL of concentrated sulphuric acid (conc. 
H2SO4). It was then tightly closed and kept at the COD 
digester at 150°C for 2 h. It was then allowed to cool down 
to room temperature and transferred into the conical flask. 
The burette was then filled with 0.1 N standard ferrous 

ammonium sulfate (FAS) [Fe(SO4)(NH4)2], and 2 drops of 
ferroin indicator were added to the sample. It was titrated 
against the FAS solution. The final point was marked by a 
color change from green to reddish brown, and the COD was  
determined.

Analytical Methods

UV-Visible Spectrophotometer
The absorption maximum of the dye was measured using 
a UV-Visible spectrophotometer [JASCO V-650]. From 
the absorbance values, the color removal efficiency was 
calculated by the formula,

𝐶𝐶𝐶𝐶𝐶𝐶% =  𝐶𝐶0−𝐶𝐶
𝐶𝐶0

 × 100       …(1)

where,

C0 is the initial absorbance of the dye 

C is the final absorbance of the treated dye solution 

Chemical Oxygen Demand (COD)
The COD was calculated for the simulated dye solution and 
the treated sample with maximum CRE% obtained. It is then 
compared with the blank, i.e., the double distilled water, and 
calculated using the formula,

𝐶𝐶𝐶𝐶𝐶𝐶 =  (𝑎𝑎−𝑏𝑏) × 𝑁𝑁 × 8 ×1000
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑉𝑉𝑜𝑜 𝑠𝑠𝑎𝑎𝑉𝑉𝑠𝑠𝑉𝑉𝑉𝑉                                       …(2)

where, 

a is the volume of FAS consumed for the titration of 
blank (mL)

b is the volume of FAS consumed for the titration of the 
sample (mL)

N is the normality of titrant (FAS)

8 × 1000 is the milli equivalent weight of oxygen (mL.L-1)

digester at 150°C for 2 h. It was then allowed to cool down to room temperature and transferred 

into the conical flask. The burette was then filled with 0.1 N standard ferrous ammonium sulfate

(FAS) [Fe(SO4)(NH4)2], and 2 drops of ferroin indicator were added to the sample. It was

titrated against the FAS solution. The final point was marked by a color change from green to 

reddish brown, and the COD was determined.

Fig. 2: (a) EC set up, simulated dye solution (b) before EC (c) after EC.

Analytical Methods

UV-Visible Spectrophotometer 

The absorption maximum of the dye was measured using a UV-Visible spectrophotometer

[JASCO V-650]. From the absorbance values, the color removal efficiency was calculated by

the formula,

𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶 ����
��

𝐶× 100            …(1)

where,

C0 is the initial absorbance of the dye

C is the final absorbance of the treated dye solution, subsequently  

Chemical Oxygen Demand (COD)

The COD was calculated for the simulated dye solution and the treated sample with

maximum CRE% obtained. It is then compared with the blank, i.e., the double distilled water,

and calculated using the formula, 

𝐶𝐶𝐶𝐶𝐶𝐶 𝐶 𝐶 (���)𝐶×𝐶�𝐶×𝐶�𝐶×����
������𝐶��𝐶������

                           …(2)

(a) (b) (c) 

Fig. 2: (a) EC set up, simulated dye solution (b) before EC (c) after EC.
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X-Ray Photoelectron Spectroscopy (XPS)
The sludge of the treated dye solution with the highest CRE% 
of 99.78 (at pH 7, contact time of 15 min, at 4 V, initial 
dye concentration of 110 mg.L-1 and 1 g.L-1 of electrolyte 
concentration) was secluded, air-dried, and investigated for 
the hydroxides formed during the EC process using X-ray 
Photoelectron Spectroscopy (XPS). The spectrum was 
obtained using Al monochromatic light as the source and 
energy of 1486.6 eV in the Scienta Omicron Nanotechnology 
by Oxford Instrument. 

High-Performance Liquid Chromatography (HPLC)
The HPLC analysis was carried out to determine the number 
of dye components present in the dye solution before the EC 
process and the treated sample following the EC process. The 
Shimadzu SPD-M20A generated the HPLC chromatogram 
with acetonitrile as the filtrate’s solvent.

Liquid Chromatography-Mass Spectrometry (LC-MS)
The plausible degradation of the dye can be studied through 
the intermediate product peaks formed when the samples are 
subjected to LC-MS. The simulated and treated dye solutions 
were analyzed through LC-MS, and the mass spectrum was 
captured from Shimadzu Japan 2020.

Energy Dispersive X-Ray Analysis (EDX)
During electrocoagulation, the metals used as electrodes may 
undergo dissolution, and the metal ions may combine with 
the sludge particles. Therefore, to know the percentage of the 
elemental composition of the metals in the sludge, the sludge 
obtained from the EC process was subjected to EDX analysis.

Phytotoxicity Studies

Even a meager concentration of the dyestuffs in the treated 
water can exhibit a major effect on plant growth and 
drastically affect the photosynthesis process (Kalivel et al. 
2021). In the electrocoagulation process, the dyes are not 
completely removed. Instead, they form many transitional 
compounds. These compounds should be less toxic for 
the plant to attain its normal growth (Kalivel et al. 2020). 
Therefore, to check the feasibility of reusing the treated 
dye solution, phytotoxicity studies were carried out with 
Trigonella foenum-graecum seeds. 50 seeds were taken in 
three different pots. 

Fenugreek is an annual plant cultivated worldwide, 
and India is its largest producer. It can flourish in almost 
every climatic environment and booms well in places with 
moderate showers and temperatures. Even though fertile 
soil is the epitome for its growth, it can also sustain in acidic 
to neutral soil. Therefore, these seeds were chosen for the 
studies. An equal volume of tap water (control), simulated 

dye solution, and treated dye solution with Al/Cu electrodes 
were taken and watered for about 10 days. The shoot and root 
length and the germination percentage were calculated for 
the dye and treated dye solution and was compared with the 
control. The formula calculated the germination percentage.

   𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑝𝑝𝐺𝐺𝐺𝐺𝑝𝑝𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝𝐺𝐺 =  𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑠𝑠𝑛𝑛𝑛𝑛𝑠𝑠𝑠𝑠 𝑔𝑔𝑛𝑛𝑛𝑛𝑛𝑛𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔𝑛𝑛𝑠𝑠
𝑔𝑔𝑜𝑜𝑔𝑔𝑔𝑔𝑡𝑡 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑠𝑠𝑛𝑛𝑛𝑛𝑠𝑠𝑠𝑠 𝑠𝑠𝑜𝑜𝑠𝑠𝑛𝑛  × 100      

 
  𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑝𝑝𝐺𝐺𝐺𝐺𝑝𝑝𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝𝐺𝐺 =  𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑠𝑠𝑛𝑛𝑛𝑛𝑠𝑠𝑠𝑠 𝑔𝑔𝑛𝑛𝑛𝑛𝑛𝑛𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔𝑛𝑛𝑠𝑠

𝑔𝑔𝑜𝑜𝑔𝑔𝑔𝑔𝑡𝑡 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑠𝑠𝑛𝑛𝑛𝑛𝑠𝑠𝑠𝑠 𝑠𝑠𝑜𝑜𝑠𝑠𝑛𝑛  × 100      
 …(3)

RESULTS AND DISCUSSION

Influence of Operational Parameters on CRE %

The color removal efficiency is largely altered by many 
operational parameters such as pH, voltage, contact 
time, electrolyte concentration, initial dye concentration, 
interelectrode distance, and electrode surface area dipped 
in the solution. The simulated dye solution was taken, and a 
few parameters were varied. The maximum CRE% from the 
optimized results was determined; the findings are in Fig. 2.

Influence of pH

In the electrocoagulation process, one of the key criteria is 
the preliminary pH of the dye solution (Hutcherson 2015). 
The pH of the solution affects the electrical conductivity. 
Therefore, pH, either lower or higher than the optimal range, 
alters the color removal efficiency of the solution (Canizares 
et al. 2009).  The pH was optimized by varying from acidic 
to alkaline medium, i.e., 4 to 10. The dye concentration, 
electrolyte concentration, and voltage were kept constant at 
110 mg.L-1, 1 g.L-1, and 15 V, respectively.  Fig. 3(a) shows 
the graph for each pH (4, 5, 6, 7, 8, 9, 10) varying the time 
(5, 10, 15, 20, 25, 30 min). For pH 4, the CRE% was 97.24 
at 5 min; as the time escalated, the CRE% also escalated to 
98.95% at 30 min. The same increment in the CRE% was 
observed for the pH 5, 6, 7, 8, 9, and 10. At pH 5 and 6, the 
CRE% was 98.72 and 98.25, respectively, at 5 min, and it 
raised to 99.44% and 99.36% at 30 min. At a neutral pH, 
the CRE% was 99.62 at 5 min, constantly increasing as 
the time increased to 30 min. At pH 8, 9, and 10, the same 
elevation in CRE% was seen. By comparing the CRE% of 
all the pH at different times, the CRE% was high in acidic 
and alkaline mediums. But, when the optimal pH is taken 
as acidic or alkaline, the usage of chemicals to alter the pH 
will be required. Therefore, the EC process becomes more 
effective when a neutral medium is taken as an optimal 
range. For pH 7, the CRE% obtained for time 5, 10, 15, 20, 
25, and 30 min are 99.62, 99.68, 99.87, 99.87, 99.87, and 
99.89, respectively. The CRE% remains constant for 15 min 
to 25 min, so the minimal time of 15 min with a CRE% of 
99.87 is taken as the best optimum time for the abstraction 
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99.78, 99.85, 99.86, and 99.87 for 4, 6, 8, 10, 12, and 15 V, 
respectively. When the voltage was increased at 15 min, there 
was no significant difference in the CRE%, so the optimal 
value was 4 V with the CRE% of 99.78. This shows that, even 
at a very low voltage, the color removal efficiency was high, 
yielding a low energy consumption and electrode dissolution.

Influence of Initial Dye Concentration

Given that the coloring chemicals’ concentration in the textile 
industry varies widely, the initial dye concentration also 
significantly affects the electrocoagulation process (Golder 
et al. 2006). The experimentations were done by varying the 
dye concentration from 70 mg.L-1 to 130 mg.L-1 at constant 
pH of 7, time 15 min, and 4 V, and the graph is shown in 
Fig. 3(c). The CRE% decreased as the dye concentration 
increased. At 70 mg.L-1, the CRE% was 99.84 and decreased 
to 99.42% at 130 mg.L-1. The CRE% at 110 mg.L-1 is 
99.78, which showed a slight elevation to the other lower 
concentrations. So, the optimum initial dye concentration 
was taken as 110 mg.L-1. This decreasing pattern may be 
due to the development of intermediary compounds, which 
may reduce the performance of the electrodes by blocking 
their active sites (Modirshahla et al. 2007). 

of dye from the aqueous solution of the dye.

Influence of Voltage

The time was varied for different voltages to ascertain the 
optimal voltage for the abstraction of the dye particles from 
the aqueous dye solution. The experiments were carried out 
at optimized pH 7 at a time of 15 min and constant initial dye 
concentration of 110 mg.L-1, and electrolyte concentration 
at 1 g.L-1. The amount of current given through the DC 
power supply greatly influences the CRE%. Therefore, 
the voltage is changed and taken as the varying parameter 
to achieve a specific electric current. As the voltage was 
tuned, the corresponding current was also noted. When the 
electric current increases, the dissolution of the anode also 
increases, thereby producing a high operational cost. If the 
electric current is lowered or raised from the optimal value, 
the CRE% also fluctuates (Yadav et al. 2012, Shankar et al. 
2014). The experiments were performed by varying voltage 
from 4 V to 15 V (4, 6, 8, 10, 12, and 15 V), shown in  
Fig. 3(b). At 4 V for 5 min, the CRE% was 99.33 and 
gradually increased to 99.79% at 30 min. The same pattern 
of change was observed for 6, 8, 10, 12, and 15 V. At the 
optimized time of 15 min. The CRE% was 99.78, 99.78,  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Effect of CRE% on (a) pH vs. time, (b) voltage vs. time, (c) initial dye concentration, 

(d) electrolyte concentration. 

Economical Parameters 

Consumption of Energy and Electrode  

The energy and electrode consumption is plotted against different voltages, and the graph 

is given in Fig. 4(a) and (b), respectively. The plots indicate that the amount of energy and 

electrode consumed for the EC process increases when the voltage increases. At 4 V for 15 

min, the energy consumption and electrode were 0.29 kWh.m-3 and 0.035 kg.m-3. When the 

voltage was tuned constantly (6, 8, 10, 12, 14, 16, 18, and 20 V), an elevation was observed, 

giving 9.28 kWh.m-3 and 0.253 kg.m-3 of consumption of energy and electrode, respectively, 

at 20 V. Therefore, with a very low voltage, a maximum CRE% (99.78) was obtained.   
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Fig. 3: Effect of CRE% on (a) pH vs. time, (b) voltage vs. time, (c) initial dye concentration, (d) electrolyte concentration.
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Influence of Concentration of the Electrolyte 

The electrolyte is added to the EC process to facilitate the 
conductivity and the movement of ions in the solution. 
The higher the electrolyte concentration, the greater its 
conductivity and current density. When the strength of the 
electrolyte is high, the conductivity may increase with the 
same cell voltage applied (Sengil & Ozacar 2006, Mollah 
et al. 2001). The experiments were performed using NaCl 
as an electrolyte by varying its concentration at 0.5, 0.75, 1, 
1.25, 1.5, and 1.75 g.L-1 (i.e., 0.1, 0.15, 0.2, 0.25, 0.3, 0.35 
g) under the optimized conditions of pH 7, 15 min, 4 V and 
110 mg.L-1 and the graph is shown in Fig. 3(d). The CRE% 
increased as the concentration of the electrolyte increased. 
At 0.5 g.L-1, CRE% was 87.33, increasing to 99.83% at 1.75 
g.L-1. There were minute differences in the CRE% from 1 
g.L-1 to 1.75 g.L-1, so the minimum concentration of 1 g.L-1 
was optimal for the dye removal process.

Economical Parameters

Consumption of Energy and Electrode 
The energy and electrode consumption is plotted against 
different voltages, and the graph is given in Fig. 4(a) and (b), 
respectively. The plots indicate that the amount of energy and 
electrode consumed for the EC process increases when the 
voltage increases. At 4 V for 15 min, the energy consumption 
and electrode were 0.29 kWh.m-3 and 0.035 kg.m-3. When 
the voltage was tuned constantly (6, 8, 10, 12, 14, 16, 18, 
and 20 V), an elevation was observed, giving 9.28 kWh.m-3 

and 0.253 kg.m-3 of consumption of energy and electrode, 
respectively, at 20 V. Therefore, with a very low voltage, a 
maximum CRE% (99.78) was obtained.  

Operating Cost
The operational cost analysis is one of the major economical 
parameters in electrocoagulation. The cost analysis includes 
the cost of electrodes, the cost of energy used during the EC 
process, the cost of the equipment, and other fixed costs. As 
the equipment used in the EC process is very cost-effective 
and easy to maintain, the operating cost mainly depends 
on the other two categories (Daneshvar et al. 2006). The 
operating cost was calculated using the formula,

 Operational cost, Cop = a Cenergy + b Celectrode  …(4)

where,

Cenergy and Celectrode are energy and electrode consumption

a is the cost of current per unit (US$ 0.077)

b is the cost of a single plate of the electrode (US$ 0.13)

The operating cost analysis was done after the optimization 
of the operational parameters. The cost calculated was around 
0.028 US$/m3. As in the literature, when aluminum and iron 
electrodes were used, the operating cost was 1.5 US$/m 
(Bener et al. 2019). Similarly, when aluminum was used as an 
anode and cathode, the operating cost analysis was reported 
as 0.7 US$/m3 (Villalobos-Lara et al. 2021). While using 
copper sheets as electrodes, the cost reported was 0.803-3.03 
US$/m3 (Shaker et al. 2021). The above data proves that, 
while using dissimilar electrodes of Al/Cu, the cost is much 
lower than other conventional electrodes.

EDX Studies 

From the EDX analysis of the sludge, it is clear that the metal 
ion from the anode has been released, which is the main 
source for the formation of the metal hydroxide coagulants  

 

 

 

 

 

 

 

Fig. 4: Voltage vs. (a), (b) Energy, Electrode consumption.  

Operating Cost 

The operational cost analysis is one of the major economical parameters in 

electrocoagulation. The cost analysis includes the cost of electrodes, the cost of energy used 

during the EC process, the cost of the equipment, and other fixed costs. As the equipment used 

in the EC process is very cost-effective and easy to maintain, the operating cost mainly depends 

on the other two categories (Daneshvar et al. 2006). The operating cost was calculated using 

the formula, 

Operational cost, Cop = a Cenergy + b Celectrode                           …(4) 

where, 

Cenergy and Celectrode are energy and electrode consumption 

a is the cost of current per unit (US$ 0.077) 

b is the cost of a single plate of the electrode (US$ 0.13) 

The operating cost analysis was done after the optimization of the operational parameters. The 

cost calculated was around 0.028 US$/m3. As in the literature, when aluminum and iron 

electrodes were used, the operating cost was 1.5 US$/m (Bener et al. 2019). Similarly, when 

aluminum was used as an anode and cathode, the operating cost analysis was reported as 0.7 

US$/m3 (Villalobos-Lara et al. 2021). While using copper sheets as electrodes, the cost 
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Fig. 4: Voltage vs. (a), (b) Energy, Electrode consumption. 
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having high adsorbing capacity, which then acts as the floc 
and binds with the dye components from the simulated dye 
solution thus producing a clear solution (Chen 2004). From 

the Fig. 5 EDX graph, 31.38 atomic percentages of aluminum 
and 68.62 atomic percentages of oxygen are present in the 
sludge obtained after filtration of the treated dye solution.

reported was 0.803-3.03 US$/m3 (Shaker et al. 2021). The above data proves that, while using 

dissimilar electrodes of Al/Cu, the cost is much lower than other conventional electrodes. 

EDX Studies  

From the EDX analysis of the sludge, it is clear that the metal ion from the anode has been 

released, which is the main source for the formation of the metal hydroxide coagulants having 

high adsorbing capacity, which then acts as the floc and binds with the dye components from 

the simulated dye solution thus producing a clear solution (Chen 2004). From the Fig. 5 EDX 

graph, 31.38 atomic percentages of aluminum and 68.62 atomic percentages of oxygen are 

present in the sludge obtained after filtration of the treated dye solution. 

 

Fig. 5: EDX spectrum of the sludge obtained.  

XPS Analysis of Sludge 

In electrocoagulation, the metal hydroxide flocs are responsible for the dye removal. More 

metal hydroxides, if formed, will facilitate high color removal efficiency. The formation of the 

metal hydroxides can be confirmed from the XPS data of the sludge obtained from the 

treatment of dye solution using Al/Cu electrodes. Fig. 6 shows the XPS core line spectra. From 

Fig. 6(b), the formation of Bayerite Al(OH)3 at a binding energy of 74.31 eV, Gibbsite at 74.63 

eV, and Boehmite at 74.47 eV were confirmed (Sherwood 1998). From Fig. 6(c), the O1s 

transitions for the Gibbsite were observed at 531.8 eV, Bayerite at 531.9 eV, and Boehmite at 

532.1 eV (Kloprogge et al. 2006). This showed the O-H binding energy, thus substantiating the 

formation of aluminum hydroxides, enhancing the electrocoagulation process.  

Fig. 5: EDX spectrum of the sludge obtained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: XPS spectra of sludge (a) core line spectra of Al (b) Al 2p (c) O 1s. 

HPLC Analysis 

The untreated and treated dye solution was subjected to HPLC analysis at the wavelength 

of about 254 nm from the UV detector. The HPLC chromatograms are shown in Fig. 7. In the 

chromatogram of the dye solution, three major compounds were formed at a retention time of 

1.849, 3.002, and 7.476 min with the percentage area of about 31.685, 37.42, and 25.884 

respectively, as shown in Fig. 7(a). After the process of electrocoagulation, the HPLC 

chromatogram, as in Fig. 7(b), compared with that of the dye, and it was found that the eluted 

peaks of the dye with a large percentage area decreased drastically from 31.685 to 27.89 at RT 

1.849, 37.42 to 5.482 at RT 3.002 and 25.884 to 2.284 at RT 7.476. The other peaks that were 

eluted at the wavelength of 254 nm in the HPLC chromatogram of the treated dye solution with 
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Fig. 6: XPS spectra of sludge (a) core line spectra of Al (b) Al 2p (c) O 1s.
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XPS Analysis of Sludge

In electrocoagulation, the metal hydroxide flocs are 
responsible for the dye removal. More metal hydroxides, if 
formed, will facilitate high color removal efficiency. The 
formation of the metal hydroxides can be confirmed from 
the XPS data of the sludge obtained from the treatment of 
dye solution using Al/Cu electrodes. Fig. 6 shows the XPS 
core line spectra. From Fig. 6(b), the formation of Bayerite 
Al(OH)3 at a binding energy of 74.31 eV, Gibbsite at 74.63 
eV, and Boehmite at 74.47 eV were confirmed (Sherwood 
1998). From Fig. 6(c), the O1s transitions for the Gibbsite 
were observed at 531.8 eV, Bayerite at 531.9 eV, and 
Boehmite at 532.1 eV (Kloprogge et al. 2006). This showed 
the O-H binding energy, thus substantiating the formation of 
aluminum hydroxides, enhancing the electrocoagulation process. 

HPLC Analysis

The untreated and treated dye solution was subjected to 
HPLC analysis at the wavelength of about 254 nm from 

the UV detector. The HPLC chromatograms are shown in 
Fig. 7. In the chromatogram of the dye solution, three major 
compounds were formed at a retention time of 1.849, 3.002, 
and 7.476 min with the percentage area of about 31.685, 
37.42, and 25.884 respectively, as shown in Fig. 7(a). After 
the process of electrocoagulation, the HPLC chromatogram, 
as in Fig. 7(b), compared with that of the dye, and it was 
found that the eluted peaks of the dye with a large percentage 
area decreased drastically from 31.685 to 27.89 at RT 1.849, 
37.42 to 5.482 at RT 3.002 and 25.884 to 2.284 at RT 7.476. 
The other peaks that were eluted at the wavelength of 254 nm 
in the HPLC chromatogram of the treated dye solution with 
Al/Cu electrodes were at the retention time of 2.073, 2.24, 
2.429, 2.755, 3.374, 4.659, and 5.8 min with percentage area 
of 24.026, 8.579, 9.502, 1.639, 1.856 and 3.471 respectively. 
These peaks indicate the bonds were cleaved, and the 
chromophoric groups present in the dye responsible for its 
color had been removed and converted into smaller colorless 
molecules, thus giving a high CRE% of 99.78.

Al/Cu electrodes were at the retention time of 2.073, 2.24, 2.429, 2.755, 3.374, 4.659, and 5.8 

min with percentage area of 24.026, 8.579, 9.502, 1.639, 1.856 and 3.471 respectively. These 

peaks indicate the bonds were cleaved, and the chromophoric groups present in the dye 

responsible for its color had been removed and converted into smaller colorless molecules, thus 

giving a high CRE% of 99.78.      

 

 

 

 

 

 

 

 

 

 

   

   

 

 

Fig. 7: HPLC chromatogram (a) Dye solution (b) Treated dye solution.  

Mass Studies 

The mass spectrum of the treated Coralene Rubine GFL was 200% compared to the mass 

spectrum of the raw dye. Fig. 8(a) shows the mass spectra of the dye, in which it is obvious 

that the peak that appeared at 347.2 is associated with the actual molecular weight of the dye. 

The base peak here is the peak that appeared at 726.05, which may be due to the dimer 

formation of the dye components. The other molecular ion peaks formed at 446.55, 537, 695.3, 

and 752.25 are due to various organic components responsible for the dye's color. When this is 
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Fig. 7: HPLC chromatogram (a) Dye solution (b) Treated dye solution. 
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Mass Studies

The mass spectrum of the treated Coralene Rubine GFL 
was 200% compared to the mass spectrum of the raw dye.  
Fig. 8(a) shows the mass spectra of the dye, in which it is 
obvious that the peak that appeared at 347.2 is associated with 

the actual molecular weight of the dye. The base peak here 
is the peak that appeared at 726.05, which may be due to the 
dimer formation of the dye components. The other molecular 
ion peaks formed at 446.55, 537, 695.3, and 752.25 are due 
to various organic components responsible for the dye’s 
color. When this is compared with the mass spectrum of the 
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Fig. 8: Mass spectrum (a) Dye solution (b) Treated dye solution. 
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treated dye solution with Al/Cu electrodes that are shown in 
Fig. 8(b), it is evident that the peak at 347.2 has disappeared, 
indicating the cleavage of the bonds in the dye, thus giving 
other molecular ion peaks. Further, the peaks at 323.55 and 
298.6 show the elimination of the cyanide group in the dye, 
eventually leading to the harmless nature of the treated water. 
The HPLC analysis also coincides with the fact that the major 
peaks present before the EC process were decomposed into 
colorless small molecular weight compounds. 

Phytotoxicity Studies

The simulated dye solution was treated by electrocoagulation 
to remove the dye components. During this process, many 
intermediary compounds may be formed, which may or 
may not be toxic. Therefore, to evaluate the toxic levels 
in the dye solution treated using Al/Cu electrodes and the  
untreated Coralene Rubine GFL solution, Trigonella 

foenum-graecum was taken for the studies. These were 
compared with the control, i.e., tap water. Fig. 9 shows the  
phytotoxicity images. The length of the root and shoot in the 
control and treated dye solution was almost similar, as shown 
in Fig. 9(a) and (b). The length of the root for the control and  
treated dye solution was found to be 10.5 cm and 9 cm, 
respectively.

Similarly, the shoot length for the control and treated 
dye solution was 16.2 cm and 15.8 cm. Fig. 9(c) shows the 
image of the plant in the dye solution, with the root and shoot 

length of 4 cm and 9.4 cm, respectively. The germination 
percentage was calculated for control, untreated, and treated 
dye solutions, which were found to be 99%, 50%, and 
96%, respectively. Table 2 shows the parameters such as 
germination percentage, root length, and Trigonella foenum-

graecum shoot. From these studies, it is conspicuous that 
the length of the root and shoot of the control and treated 
dye solution with Al/Cu electrodes is very similar compared 
to the dye solution, thus indicating that the intermediary 
compounds are non-toxic to the environment.

CONCLUSION

The present work analyzes the efficacy of the EC process 
for eliminating dye components from the simulated dye 
solution using Al/Cu electrodes. Under the optimized pH 7, 
15 min, and 4 V, the maximum CRE% of 99.78 and COD 
removal of 92.86% were obtained. The EDX analysis proved 
the anodization of the electrode, which paved the way for 
forming metal hydroxide flocs. The HPLC analysis indicates 
the degradation of the dye, thus forming intermediary 
products which are not lethal. The mass analysis shows the 
cyanide removal, which approves the removal of toxic nature 
in the treated water. XPS studies using the sludge established 
the formation of aluminum hydroxide coagulants making 
the EC process effective. The phytotoxicity and ecotoxicity 
studies affirm that the treated water is not noxious and 
thus can be reused. Compared with the literature, the cost 

Table 2: Parameters of Trigonella foenum-graecum.

Parameters Control Untreated Coralene Rubine GFL solution Treated Coralene Rubine GFL solution with Al/Cu

Germination percentage [%] 99 50 96

Length of the shoot [cm] 16.2 9.4 15.8

Length of the root [cm] 10.5 4 9

 

 

 

 

 

 

 

 

 

Fig. 9: Growth of Trigonella foenum-graecum in (a) Tap water, (b) treated dye solution, (c) 

untreated dye solution. 

CONCLUSION 

The present work analyzes the efficacy of the EC process for eliminating dye components 

from the simulated dye solution using Al/Cu electrodes. Under the optimized pH 7, 15 min, 

and 4 V, the maximum CRE% of 99.78 and COD removal of 92.86% were obtained. The EDX 

analysis proved the anodization of the electrode, which paved the way for forming metal 

hydroxide flocs. The HPLC analysis indicates the degradation of the dye, thus forming 

intermediary products which are not lethal. The mass analysis shows the cyanide removal, 

which approves the removal of toxic nature in the treated water. XPS studies using the sludge 

established the formation of aluminum hydroxide coagulants making the EC process effective. 

The phytotoxicity and ecotoxicity studies affirm that the treated water is not noxious and thus 

can be reused. Compared with the literature, the cost of electrocoagulation using Al/Cu 

electrodes was 98.12% lower, indicating this process's cost-effectiveness. Therefore, this 

method may remediate dye effluents in small dying textile operations. 
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Fig. 9: Growth of Trigonella foenum-graecum in (a) Tap water, (b) treated dye solution, (c) untreated dye solution.
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of electrocoagulation using Al/Cu electrodes was 98.12% 
lower, indicating this process’s cost-effectiveness. Therefore, 
this method may remediate dye effluents in small dying 
textile operations.
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       ABSTRACT
The occurrence of heavy metals in soil and selected edible plants (Manihot esculenta, 
Dioscorea rotundata, Ipomoea batatas, Telfairia occidentalis, and Chromolaena  odorata) 
in the vicinity of major Lead-Zinc mining sites in Ebonyi State, Nigeria was investigated. 
The concentrations of the detected heavy metals in soil from the study sites ranged from 
0.38-77830.99 (mg.kg-1). The limit values for all detected metals in soil from the mining sites 
were exceeded in most instances. The results showed that the plant species accumulated 
heavy metals near the mining sites to varying levels in their shoots and roots. The limit 
values for all detected heavy metals in the edible plants were not exceeded except in a 
few instances. The plant species demonstrated varying effectiveness for phytoextraction, 
indicating their appropriateness in the phytoremediation of heavy metal-contaminated soil. 
Therefore, examining the environmental consequences of uncontrolled mining activity in the 
vicinity of the mining sites with a scientific approach has helped to increase our knowledge 
of the pollution problem in the mining sites, reveal the ferocity of the situation, and contribute 
to the techniques presently in use for monitoring chemical pollution in a mining-impacted 
ecosystem.

INTRODUCTION

Mining is an important economic activity that plays an 
indispensable role in the evolution and growth of a nation 
(Mohsin et al. 2021). Uncontrolled mining methods are 
often employed in most developing nations, such as Nigeria 
(Elom et al. 2018). When not adequately controlled, mining 
activities could lead to environmental pollution and social 
problems (Rajasekaran 2007, Štofejová et al. 2021). 
Environmental pollution by heavy metals from mining 
activities could negatively affect the health of the local 
residents and biota (Rajasekaran 2007, Roba et al. 2016, 
Nawab et al. 2016, Wang et al. 2017, Nuapia et al. 2018). The 
occurrence of toxic metals such as lead (Pb), cadmium (Cd), 
arsenic (As), and chromium (VI) (Cr+6), among others, in the 
vicinity of mining sites could constitute serious health risks 
to the ecosystem (Sharma & Dubey, 2005, Lamare & Singh 
2017). Heavy metals are toxic chemicals that could create 

scores of upset in a plant due to their bioaccumulation in plant 
tissues and concomitant interference with several metabolic 
processes (Mahdavian & Somashekar 2009, Gomes et al. 
2014). As most heavy metals are not essential elements, most 
plants lack mechanisms for their uptake. Therefore, these 
metals bind to specific functional groups (carboxylic groups) 
of plant secretion (mucilage uronic acids) on root surfaces 
(Sharma & Dubey 2005). However, it is still unknown how 
these metals, especially Pb, are absorbed into the root tissue. 

Although some plants tolerate toxic metals through 
specific chemical interactions, other species could experience 
toxicity, as toxic metals could hamper several plant metabolic 
pathways (Wierzbicka 1999). In a few plant species, higher 
levels of toxic metals such as Pb inhibit the germination of 
seeds, growth of plants, and synthesis of chlorophyll, among 
other effects (Peralta-Videa et al. 2009). Generally, heavy 
metals reduce the uptake and transport of vital nutrients in 
plants by obstructing the attachment of ions to ion carriers, 
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making them inaccessible from plant roots (Xiong 1997). 
Heavy metals could form strong bonds in interaction with 
active chemical groups and adversely affect metabolism 
in plants (Taub 2004). Under normal circumstances, these 
bonds should produce vital linkages that maintain molecules 
in their true configuration.

Mining and industrial processing of natural resources 
remain a primary source of the increased toxic metals in the 
environment (Davis 1995, Rajasekaran 2007, Sherene 2009). 
Lead-Zinc (Pb-Zn) mining in Ebonyi State dates back to 1925 
(Chrysanthus 1995) and has progressed enormously in an 
unregulated manner (Elom et al. 2018). In Nigeria, Lead-zinc 
mining is not strictly monitored (Elom et al. 2018) and hence 
could serve as a great source of metal contamination in the 
vicinity of the mining sites (Abrahams 2002). Toxic metals 
are usually released into the surrounding environment during 
mining activities (Roba et al. 2016, Nawab et al. 2016, Wang 
et al. 2017, Nuapia et al. 2018, Štofejová et al. 2021), and 
this could pose a serious threat to various life forms in the 
mining zones (Soucek et al. 2000). The occurrence of toxic 
metals in the environment portends significant health risks 
to the ecosystem and public health (Elom et al. 2018, Eze 
et al. 2019, 2020). In developing nations, little attention is 
often paid to the environmental consequences of unregulated 
mining (Mohsin et al. 2021). Reports of heavy metal levels in 
soil from the vicinity of major Pb-Zn mining sites in Ebonyi 
State exceed soil guideline values (SGVs) (Elom et al. 2018, 
Okeke & Ifemeje 2021). Since farming is a major source 
of income in the area, the quality of farm produce, such as 
edible plants near the mining sites, is likely to be affected. 
Therefore, the occurrence of heavy metals in soil and selected 
edible plant species (Manihot esculenta (Cassava), Dioscorea 

rotundata (White yam), Ipomoea batatas (Sweet potatoes), 
Telfairia occidentalis (Fluted pumpkin) and Chromolaena  

odorata (Siam weed)) in the vicinity of major lead-zinc 
mining sites in Ebonyi State, Nigeria was investigated. 
Determining the exposure pathway to toxic chemicals is 
vital in health risk assessment to properly establish adequate 
monitoring plans and risk management strategies (Bierkens 
et al. 2009).

MATERIALS AND METHODS

Study Area 

Ebonyi State is located on latitude 6° 15’ N and 6° 20’N and 
longitude 8° 05’ E and 8° 10’E, in the eastern part of Nigeria 
and shares a border with Benue State in the North, Cross 
River State by East, Enugu State by the West, and Abia, 
and Imo states by South (Odoh et al. 2012). The state has 13 
Local Government Areas and occupies a surface area of about 
(5,923 sq.km) representing 2% of Nigeria’s total surface Area 

(Odoh et al. 2012). It has a population of about 2,176,947 
million (NPC 2010). The lead-zinc mine communities in 
Ebonyi State are situated in three local government areas 
generally referred to as the Abakaliki lead-zinc mine area 
(Fig. 1). The Abakaliki lead-zinc area is primarily made up 
of three lodes: Enyigba, Ameri, and Ameka in the lower 
Benue trough located in Ebonyi State (Agumanu 1989). The 
Enyigba, Ameri, and Ameka communities are situated in the 
south of Abakaliki (Okeke & Ifemeje 2021) and are notable 
lead-zinc mining zones in Nigeria (Eze et al. 2021) that have 
experienced significant mining activities (Okeke & Ifemeje 
2021). The area experiences a warm, humid tropical climate. 
The relative humidity is high, usually over 90% in the early 
morning but falls between 6 and 80 % in the afternoon; it 
is highest between May and October and ranges between 
57.6 % in the dry season to 82.1% in the wet season. The 
temperature range is between 23°C and 26 °C for the dry 
season and 26°C and 28°C for the wet season. Rainfall in 
the area is heaviest during July and September and relatively 
low between November and March. About 80% of the total 
rainfall occurs between June and September, while only 
about 12% of the annual total fall between November and 
February (Odoh et al. 2012). The cultivated crops in the area 
include rice, cassava, leafy vegetables, and yam of different 
species (Okeke & Ifemeje 2021). The most prevalent tree 
species found in the study area are the agricultural tree crops, 
particularly oil palm, and kolanut. Many timber species of 
economic importance still exist in the area. The soil parent 
material is primarily shale and fine-grained sandstones of 
the Asu River formation (Agumanu 1989). The texture 
varied from loamy clay on the surface (0-15 cm) to clay at 
the subsurface layers (below 15 cm). The soil has a good 
potential to support tree crops and arable crops. However, 
there have been reports of heavy metal pollution resulting 
from uncontrolled mining activity (Eze et al. 2021). 

Sample Collection

Top (0-30cm) and sub (30-45 cm) soil samples were 
collected randomly from the vicinity of Enyigba, Ameri, 
and Ameka Pb-Zn mining sites. Control soil (top and sub) 
was also collected from a remote location with no lead-zinc 
mining activity (about 25km from the Abakaliki area) to 
serve as reference soil. The soil samples were collected 
during September 2021 using a soil auger, geo-referenced, 
homogenized accordingly to form representative soil from 
each site, and transported to the laboratory in a black 
polythene bag. Each representative soil was air dried, ground 
using mortar and pestle into powder, sieved using a 2mm 
mesh, and stored in polythene bags before analysis. A total 
of hundred (100) plant samples were used for this study. 
Five (5) of each of the plant samples (Manihot esculenta 
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(Cassava), Dioscorea rotundata (White yam), Ipomoea 

batatas (Sweet potatoes), Telfairia occidentalis (Fluted 
pumpkin), and Chromolaena odorata (Siam weed)) were 
randomly collected from the vicinity of the mining sites.

Furthermore, five (5) of each plant species were also 
collected from the control site to serve as reference plant 
species. The underground and aerial parts of the plant species 
were collected in September 2021, placed accordingly in a 
labeled polyethylene bag, and transported to the laboratory. 
The plant samples were cleaned of residual materials, dried, 
homogenized accordingly, and divided into parts (root and 
shoot) for metal analysis. All samples were collected, putting 
into consideration the pollution dynamics of the mining sites.

Heavy Metal and Physicochemical Analysis 

The representative soil, as well as root and shoot of the 
selected plant species, were analyzed for the presence and 
varying concentrations of lead (Pb), copper (Cu), zinc (Zn), 
cadmium (Cd), manganese (Mn), chromium (VI), iron (II) 
(Fe) and nickel (Ni) using the spectrometric method as 
described by Štofejová et al. (2021). The physicochemical 
analysis of soil was done using standard methods described 
by American Public Health Association (APHA) (2005). The 
obtained values were compared with data from a reference 
site and limit values for toxic metals as set by USEPA (1986). 
The quality control and assessment measures adopted in this 

investigation included field blanks, field duplicates, reference 
sites, lab replicates, and calibration blanks and standards.

Determination of Phytoextraction Quotient

The translocation factor (T/F), defined as the ratio of 
heavy metals in a plant’s shoot to that of the root ([metals]

Shoot/[metals]Root), was used in the determination of the 
phytoextraction quotient as described by Cui et al. (2007). 

Statistical Analysis

The data generated were presented as mean ± Standard 
deviation (SD) of three replicates. One-way Analysis of 
variance (One-way ANOVA) performed with SPSS version 
9.2 (Inc. Chicago, USA) was used to analyze data while 
significant differences were determined at P ≤ 0.05. 

RESULTS AND DISCUSSION 

The result of the soil physicochemical and heavy metal 
analyses is shown in Table 1 and 2 respectively, while the 
result of the occurrence of heavy metals in the shoot and root 
of the plant species (Manihot esculenta (Cassava), Dioscorea 

rotundata (White yam), Ipomoea batatas (Sweet potatoes), 
Telfairia occidentalis (Fluted pumpkin) and Chromolaena 

odorata (Siam weed)) from the vicinity of Ameka, Ameri, 
Enyigba and control sites are presented in Tables 3 to 6 
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 Fig.1: Map of Abakaliki lead-zinc mining zone showing sample locations. 
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respectively. The limit values for all detected metals in soil 
from the mining sites were exceeded in most instances. The 
obtained soil pH value ranged from 6.36 ± 0.07 - 6.81 ± 
0.05, EC ranged from 1.12 ± 1.05 - 4.87 ± 1.61 (mS.m-1), 
CEC ranged from 19.37 ± 0.74 - 59.12 ± 1.31 (Cmol.kg-

1), TOC ranged from 0.90 ± 0.50 - 2.35 ± 0.21 (%), TOM 
ranged from 1.55 ± 0.85 - 4.05 ± 0.72 (%), Clay ranged 
from 0.92 ± 0.31 - 8.44 ± 0.35 (%), Silt ranged from 0.28 ± 
0.40 - 4.20 ± 0.50 (%) and Sand (%) 87.36 ± 0.28 - 98.80 ± 
0.53 (%) (Table 1). The topsoil from the Ameka mining site 
showed the highest pH value, while sub soil from the Ameri 
mining site showed the lowest (Table 1). The highest level 
of EC, CEC, TOC, TOM, Clay, Silt, and Sand was detected 
in topsoil from Enyigba, subsoil from Ameri, topsoil from 
Ameri, topsoil from Ameri, subsoil from Ameka, subsoil 
from Ameka and subsoil from the control site respectively 
(Table 1). The concentrations of the detected heavy metals in 
soil from the study sites ranged from 0.38 ± 0.33 - 77830.99 ± 
5.12  (mg.kg-1), with Fe showing the highest concentration in 
topsoil from Ameri and Cd showing the lowest concentration 

in subsoil from the control site (Table 2). The determined 
physicochemical parameters and heavy metals in soil from the 
mining sites differ significantly (P ≤ 0.05) from the control 
site. The obtained soil pH values suggest that soil from the 
study sites is slightly acidic and might have influenced the 
distribution of heavy metals in soil in the vicinity of the 
study sites (Sherene 2009, Štofejová et al. 2021, Kashyap 
et al. 2016). 

The limit values for all detected metals in the shoots and 
roots of plants from the Ameka mining site were not exceeded 
except for Cd and Fe in the shoot of Telfairia occidentalis

(Table 3). The highest average concentration of Pb (2.56 
mg.kg-1) in plants from Ameka mining site was detected 
in the root of Telfairia occidentalis, Zn (2.76 mg.kg-1) in
the shoot of Chromolaena odorata, Fe (990.5 mg.kg-1) in
the shoot of Telfairia occidentalis, Cu (1.05 mg.kg-1) and
Cd (1.48 mg.kg-1) in the root of Telfairia occidentalis, Mn
(0.31mg.kg-1) in the shoot of Chromolaena odorata, Ni
(0.90 mg.kg-1) in the shoot of Dioscorea rotundata and Cr
(0.99 mg.kg-1) in roots of Ipomoea batatas and Telfairia 

Table 1: Physicochemical parameters of soil from the study sites. 

Parameters AMEKA AMEKA AMERI AMERI ENYIGBA ENYIGBA CONTROL CONTROL

Topsoil Subsoil Topsoil Subsoil Topsoil Subsoil Topsoil Subsoil

pH 6.81 ± 0.05 6.47 ± 0.18 6.57 ± 0.03 6.36 ± 0.07 6.55 ± 0.15 6.41 ± 0.05 6.57 ± 0.05 6.74 ± 0.13

EC [mS.m-1] 1.17 ± 0.62 1.74 ± 0.65 3.95 ± 1.13 4.46 ± 0.33 4.87 ± 1.61 4.04 ± 1.19 1.12 ± 1.05 1.79 ± 0.73

CEC [Cmol.
kg-1]

40.55 ± 1.12 56.31 ± 0.63 53.58 ± 0.56 59.12 ± 1.31 53.92 ± 1.04 58.49 ± 0.27 20.42 ± 0.42 19.37 ± 0.74

TOC [%] 1.45 ± 0.37 1.02 ± 0.93 2.35 ± 0.21 1.54 ± 0.28 1.93 ± 0.34 0.90 ± 0.50 1.55 ± 0.25 1.47 ± 0.41

TOM [%] 2.50 ± 0.19 1.76 ± 0.11 4.05 ± 0.72 2.65 ± 0.36 3.33 ± 0.27 1.55 ± 0.85 2.67 ± 0.54 2.53 ± 0.15

Clay [%] 6.21 ± 0.27 8.44 ± 0.35 8.00 ± 0.40 7.96 ± 0.15 8.02 ± 0.26 7.57 ± 0.22 1.40 ± 0.14 0.92 ± 0.31

Silt [%] 2.26 ± 0.16 4.20 ± 0.50 2.49 ± 0.53 2.15 ± 0.15 2.67 ± 0.32 2.96 ± 0.23 0.35 ± 0.25 0.28 ± 0.40

Sand [%] 91.53 ± 0.87 87.36 ± 0.28 89.51 ± 0.45 89.89 ± 0.93 89.31 ± 0.29 89.47 ± 0.71 98.25 ± 0.47 98.80 ± 0.53

EC = Electrical conductivity, CEC = Cation exchange capacity, TOC = Total organic carbon, TOM = Total organic matter. 

Table 2: Heavy metal contents [mg.kg-1] of soil from the study sites.

Metals 
[mg.
kg-1]

USEPA 
[mg.kg-1]

AMEKA AMEKA AMERI AMERI ENYIGBA ENYIGBA CONTROL CONTROL

Topsoil Subsoil Topsoil Subsoil Topsoil Subsoil Topsoil Subsoil

Pb 300 1953.59 ± 1.78 1946.24 ± 0.83 154.88 ± 0.96 1154.05 ± 0.26 214.67 ± 1.12 212.33 ± 0.41 30.03 ± 0.34 29.95 ± 0.15

Zn 200 141.06 ± 2.38 1140.75 ± 0.52 1197.23 ± 0.74 1193.13 ± 1.11 1182.82 ± 1.05 1179.04 ± 0.63 8.88 ± 0.68 8.77 ± 0.45

Fe 1000 44595.70 ± 3.17 44619.28 ± 2.11 77830.99 ± 5.12 77545.80 ± 1.58 7903.73 ± 2.74 77525.58 ± 0.93 70.17 ± 0.17 70.12 ± 0.31

Cu 250 141.69 ± 0.32 139.53 ± 0.41 35.54 ± 0.18 33.99 ± 0.33 34.40 ± 0.56 29.83 ± 0.12 18.02 ± 0.35 12.65 ± 0.64

Cd 3.0 4.53 ± 0.44 3.46 ± 0.72 5.37 ± 0.55 5.04 ± 0.23 5.65 ± 22 4.67 ± 0.34 0.39 ± 0.31 0.38 ± 0.33

Mn 80 2211.0 9 ± 2.11 2283.70 ± 1.78 1238.11 ± 1.37 1238.28 ± 2.13 1219.21 ± 0.96 1224.15 ± 1.64 5.96 ± 0.52 6.91 ± 0.75

Ni 150 38.96 ± 0.33 38.75 ± 0.12 72.28 ± 0.24 72.17 ± 0.93 64.61 ± 0.19 61.76 ± 0.35 2.60 ± 0.51 2.50 ± 0.20

Co NA 55.81 ± 0.42 47.52 ± 0.30 33.07 ± 0.38 32.44 ± 0.45 56.22 ± 0.51 56.06 ± 0.36 0.8.03 ± 0.29 1.02 ± 0.81

Cr 750 1176.05 ± 0.40 1194.63 ± 0.73 1127.57 ± 0.47 1121.80 ± 0.85 196.70 ± 0.50 144.37 ± 0.23 1.40 ± 0.26 1.58 ± 0.33
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occidentalis (Table 3). The limit values for all detected 
metals in the shoots and roots of plants from the Ameri 
mining site were not exceeded except for Cd in the shoot 
of Manihot esculenta, the root of Dioscorea rotundata, and 

shoots and roots of Ipomoea batatas, Telfairia occidentalis, 

and Chromolaena odorata (Table 4). The highest average 
concentration of Pb (1.21 mg.kg-1) in plants from the Ameri 
mining site was detected in the shoot of Ipomoea batatas, 

Zn (2.05 mg.kg-1) in the root of Chromolaena odorata, Fe 
(118.75 mg.kg-1) in the root of Telfairia occidentalis, Cu 
(1.31 mg.kg-1) in the shoot of Ipomoea batatas, Cd (0.99 
mg.kg-1) and Mn (0.66 mg.kg-1) in the root and shoot of 
Telfairia occidentalis respectively and Ni (0.11 mg.kg-1) as 
well as Cr (0.82 mg.kg-1) in the shoot of Ipomoea batatas 
(Table 4). The limit values for all detected metals in the shoots 
and roots of plants from the Enyigba mining site were not 
exceeded except for Fe in the shoot of Telfairia occidentalis 

and Cd in the root of Dioscorea rotundata, shoots, and roots 
of Ipomoea batatas and Telfairia occidentalis as well as 
the shoot of Chromolaena odorata (Table 5). The highest 
average concentration of Pb (0.79 mg.kg-1) and Zn (1.09 
mg.kg-1) in plants from Enyigba mining site was detected 
in the shoot of Ipomoea batatas, Fe (78.1 mg.kg-1) in the 
root of Dioscorea rotundata, Cu (0.95 mg.kg-1) in the root 
of Chromolaena odorata, Cd (0.45 mg.kg-1) in the shoot 
of Telfairia occidentalis, Mn (0.7 mg.kg-1) and Ni (0.09 
mg.kg-1) in the roots of Manihot esculenta and Dioscorea 
rotundata and Cr (0.48 mg.kg-1) in the shoot of Ipomoea 
batatas (Table 5). The limit values for all detected metals 
in the shoots and roots of plants from the reference site were 
not exceeded except for Cd (Table 6). The highest average 
concentration of Pb (0.1 mg.kg-1) in plants from the reference 
site was detected in the shoot of Telfairia occidentalis, 
Zn (0.92 mg.kg-1) in the root of Dioscorea rotundata,  Fe 
(13.17 mg.kg-1) in the root of Telfairia occidentalis, Cu (0.26 
mg.kg-1) in the shoot of Ipomoea batatas, Cd (0.99 mg.kg-1) 
and Mn (0.47 mg.kg-1) in the shoot of Chromolaena odorata, 
Ni (0.09 mg.kg-1) in the shoot of Manihot esculenta and Cr 
(0.11 mg.kg-1) in the shoot and root of Manihot esculenta 

and Telfairia occidentalis respectively (Table 6). The plant 
species accumulated heavy metals to varying levels in their 
shoots and roots. However, higher average concentrations 
of the detected metals occurred in the shoot compared to 
the root (Tables 3 - 6). Although the limit values for all 
detected metals in shoots and roots of the plants from the 
mining sites were not exceeded except in a few instances, 
accumulation of these metals over time could result in 
accumulation and have deleterious consequences on biota 
in the impacted area. In general, the average concentration 
of Fe was highest in both soil and plants compared to other 
detected metals detected in this study (Tables 3 - 6). This 

aligns with the study report by Okeke and Ifemeje (2021). 
The highest average concentration of Pb (2.56 mg.kg-1), Zn 
(2.76 mg.kg-1), Fe (990.5 mg.kg-1), Cd (1.48 mg.kg-1), Ni 
(0.90 mg.kg-1) and Cr (0.99 mg.kg-1) recorded in this study 
occurred in plants from Ameka mining site. In comparison, 
the highest average concentration of Cu (1.31 mg.kg-1) and 
Mn (0.7 mg.kg-1) occurred in plants from Ameri and Enyigba 
mining sites, respectively (Tables 3 - 6). Significantly 
(P ≤ 0.05), higher concentrations of the detected metals 
were determined in the mining sites than in plants from the 
reference site. The obtained results suggest that the degree 
of heavy metal pollution of the mining sites could range in 
the following order: Ameka > Ameri > Enyigba. 

Plants’ accumulation of toxic metals and uptake of 
essential elements varies greatly among plant species due 
to variations in plant metabolic activities (Nasim & Dhir 
2010, Cai et al. 2020). According to Obasi et al. (2012), 
accumulation of Pb could inhibit the activity of enzymes, give 
rise to water imbalance, trigger hormonal changes and alter 
membrane structure in plants. These series of changes disrupt 
metabolic activities in a plant and, at high concentrations, 
may lead to the death of plant cells (Seregin et al. 2004, 
Soucek et al. 2000). The phytotoxic characteristics of Pb 
may include blackening of the roots, chlorosis, and stunted 
growth (Sharma & Dubey 2005). The plant species used 
for this study exhibited observable characteristics such as 
stunted growth and chlorosis, which may have resulted from 
the accumulation of toxic metals near the mining sites. In 
non-tolerant plants, higher levels of Zn could cause chlorosis 
and inhibit root elongation (Sharma & Dubey 2005). The 
elevated levels of the detected Fe call for serious concern 
since the plants are edible. Accumulation of Fe over time 
could result in severe health conditions for consumers (Khan 
et al. 2009). Cu is a vital element necessary for plant growth; 
however, it could be potentially toxic at higher levels (Yruela 
2005, Prasad & Strzalka 1999). At concentrations above  
40mg.kg-1, Cu could be phytotoxic (Prasad & Strzalka 1999). 
In some plants, accumulated Ni protects against fungi and 
bacteria pathogens (Prasad et al. 2005) and, as such, may 
confer such an advantage to plants in the study sites. Cr 
could disrupt metabolic activities and inhibit plant growth 
(Shanker et al. 2005). 

The results of the translocation factor (Phytoextraction 
quotient) of heavy metals in the selected plants are shown in 
Fig. 2 (a-e). The results showed that the translocation factor 
of Manihot esculenta was greater than one (TF > 1) for Zn 
at Ameka site, greater than one (TF > 1) for all the detected 
metals with the exception of Cu, Mn, Zn and Cd at Ameri 
site and less than one (TF < 1) for all the detected metals at 
Enyigba (Fig. 2a). The Dioscorea rotundata had translocation 
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Fig. 2:  Translocation Factor (TF) of (a) Manihot esculenta, (b) Dioscorea rotundata, (c) Ipomoea batatas, 
(d) Telfairia occidentalis and (e) Chromolaena  odorata for all the detected Metals. 
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Fig. 2:  Translocation Factor (TF) of (a) Manihot esculenta, (b) Dioscorea rotundata, (c) Ipomoea batatas, (d) Telfairia occidentalis and  

(e) Chromolaena  odorata for all the detected Metals.

factor less than one (TF < 1) for all the detected metals at the 
study sites with the exception of Ni which had translocation 

factor greater than one (TF > 1) at Ameka and Ameri sites and 
Zn which had translocation factor greater than one (TF > 1) 
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at Ameri site (Fig. 2b). The translocation factor for Ipomoea 

batatas was greater than one (TF > 1) for all tested heavy 
metals at the study sites (Fig. 2c). The same observation was 
noted for Telfairia occidentalis, except for Ni and Cr that has 
TF < 1 in all the sites (Fig. 2d). The Chromolaena  odorata 
exhibited TF greater than one (TF > 1) for all tested heavy 
metals in all the sites, except for Cd and Cr. 

CONCLUSION

The study revealed the occurrence of heavy metals in 
some selected plant species (Manihot esculenta (Cassava), 
Dioscorea rotundata (White yam), Ipomoea batatas (Sweet 
potatoes), Telfairia occidentalis (Fluted pumpkin) and 

Chromolaena  odorata (Siam weed)) from the vicinity of 
major Lead-Zinc mining sites in Ebonyi State, Nigeria. 
The results showed that plant species in the mining sites 
accumulated varying metals in their shoots and roots. The 
plant species have demonstrated varying effectiveness 
for phytoextraction, indicating their appositeness in the 
phytoremediation of heavy metal-contaminated soil. 
However, the limit values for all detected metals in the shoots 
and roots of the plant species were not exceeded except in 
a few instances. The results obtained in our study suggest 
that the Ameka mining site could be more polluted than 
Ameri and Enyigba mining sites. Therefore, examining the 
environmental consequences of uncontrolled Pb-Zn mining 
activity in the vicinity of the mining sites with a scientific 
approach has helped to increase our knowledge of the 
pollution problem in the mining sites, reveal the ferocity 
of the situation, and contributed to the techniques presently 
in use for monitoring of chemical pollution in a mining-
impacted ecosystem.

REFERENCES
Abrahams, P.W. 2002. Soils: Their implications to human health. Sci. Tot. 

Environ., 291: 1-32.
Agumanu, A.E. 1989. The Abakaliki and the Ebonyi Formations: Sub-

divisions of the Albian Asu River Group in the southern Benue trough, 
Nigeria. J. Afr. Earth Sci., 207-195 :(1)9.

APHA 2005. Standard Methods for the Examination of Water and 
Wastewater, Washington DC: American Public Health Association.

Bierkens, J., Holderbeke, M.V and Cornelis C. 2009. Parameterisation 
of Exposure Pathways for Children. Full-Chain and Uncertainty 
Approaches for Assessing Health Risks in Future Environmental 
Scenarios. FP6 Project-2005-Global-4, Integrated Project.

Cai, X., Yu, X., Lei, L., Xuan, B., Wang J., Zhang, L. and Zhao, S. 2020. 
Comparison of lead tolerance and accumulation characteristics of 
fourteen. Nat. Environ. Pollut. Technol., 19(4): 1547-1555. https://
doi.org/10.46488/NEPT.2020.v19i04.021.

Chrysanthus, C.S. 1995. Evaluating baseline data for copper, manganese, 
nickel and zinc in rice, yam, cassava, and guinea grass from cultivated 
soils in Nigeria. Agric. Ecosyst. Environ., 53: 47-61.

Davis, B.E. 1995. Lead and Other Heavy Metals in Urban Areas and 
Consequences for the Health of Their Inhabitants. In Majumdar, S.K., 

Miller, E.W. and Brenner, F.S. (eds) Environmental Contaminants, 
Ecosystem, and Human Health, The Pennsylvania Academy of Science, 
Easton PA, USA, pp. 287-307. 

Elom, N.I., Udeh, D.G., Anyigor, C.M. and Okpani, N. A. 2018. Lead (Pb) 
mining in Ebonyi State, Nigeria: Implications for environmental and 
human health risk. International Journal of Environment and Pollution 
Research, 6(1): 24-32

Eze, C.T, Michelangeli, F and Otitoloju, A.A. 2019. In vitro cytotoxic 
assessment of heavy metals and their binary mixtures on mast cell-like, 
rat basophilic leukemia (RBL-2H3) Cells. Chemosphere, 223: 686 -693.
https://doi.org/10.1016/j.chemosphere.2019.02.0350045-6535/© 2019.

Eze, C.T, Michelangeli, F., Otitoloju, A.A., Eze, O.O, Omodele, I., Ogbuene, 
E.B and Ogunwole, G.A. 2020. Occurrence of chemical pollutants in 
major e-waste sites in West Africa and usefulness of cytotoxicity and 
induction of ethoxy resorufin-O-demethylase (EROD) in determining 
the effects of some detected brominated flame retardants and e-waste 
soil-derived extracts. Environ. Sci. Pollut. Res., 28(9): 10832-10846. 
DOI:10.1007/s11356-020-11155-7.

Eze, V.C., Ndife, C.T. and Muogbo, M.O. 2021. Carcinogenic and non-
carcinogenic health risk assessment of heavy metals in Njaba River, Imo 
State, Nigeria. Brazil. J. Anal. Chem., 17: 521. https://doi.org/10.30744/
brjac.2179-3425.AR-05-2021.

Gomes, M.P., Smedbol, E., Chalifour, A., Hénault-Ethier, L., Labrecque, 
M., Lepage, L. Lucotte, M. and Juneau, P. 2014. Alteration of plant 
physiology by glyphosate and its by-product aminomethylphosphonic 
acid: an overview. J. Exp. Bot., 65(17): 4691-4703.

Kashyap, R., Verma, K.S., Thakur, M., Verma, Y. and Handa, S. 2016. 
Phytoextraction and bioconcentration of heavy metals by Spinacia 
oleracea grown in paper mill effluent irrigated soil. Nat. Environ. Pollut. 
Technol., 15(3): 817-824. 

Khan, S., Ahmad, I., Shah, M.T., Rehman, S. and Khaliq, A. 2009. Use of 
constructed wetlands for the removal of heavy metals from industrial 
wastewater. J. Environ. Manag., 90(11): 3451-3457.

Lamare, E.R. and Singh, O.P. 2017. Changes in soil quality in the limestone 
mining area of Meghalaya, India. Nat. Environ. Pollut. Technol., 
16(2): 545-550.

Mahdavian, S.E. and Somashekar, R.K. 2009. Heavy metal contamination 
of vegetables and fruits from Bangalore City. Nature Environ. Pollut. 
Technpl, 8(4): 829-834.

Mohsin, M., Zhu, Q., Naseem, S., Sarfraz, M. and Ivascu, L. 2021. Mining 
industry impact on environmental sustainability, economic growth, 
social interaction, and public health: An application of the semi-
quantitative mathematical approach. Processes, 9(6): 972.

Nasim, S.A. and Dhir, B. 2010. Heavy metals alter the potency of medicinal 
plants. Rev. Environ. Contamin. Toxicol., 17: 139-149.

National Population Commission (NPC) 2010. Population and housing 
census of the Federal Republic of Nigeria, 2006.

Nawab, J., Li, G., Khan, S., Sher, H., Aamir, M., Shamshad, I. and Khan, 
M.A. 2016. Health risk assessment from contaminated foodstuffs: a field 
study in chromite mining-affected areas northern Pakistan. Environ. Sci. 
Pollut. Res., 23(12): 12227-12236.

Nuapia, Y., Chimuka, L. and Cukrowska, E. 2018. Assessment of heavy 
metals in raw food samples from open markets in two African cities. 
Chemosphere, 196: 339-346.

Obasi, N.A., Akubugwo, E.I., Ugbogu, O.C. and Otuchristian, G. 2012. 
Assessment of physico-chemical properties and heavy metals 
bioavailability in dumpsites along Enugu-port Harcourt Expressways, 
South-east, Nigeria. Asian J. Appl. Sci., 5(6): 342-356.

Odoh, B.I., Utom, A.U., Ezeh, H.N. and Egboka, B.C. 2012. 
Hydrogeochemical properties of groundwater in parts of Abakaliki 
City, southeastern Nigeria. Environ. Geosci., 19(2): 53-61.

Okeke, D.O and Ifemeje, J.C. 2021. Levels of heavy metals in soils and food 
crops cultivated within selected mining sites in Ebonyi State, Nigeria. 
Health Environ., 2(1): 84-95. https://doi.org/10.25082/HE.2021.01.003

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.46488/NEPT.2020.v19i04.021
https://doi.org/10.46488/NEPT.2020.v19i04.021
https://link.springer.com/article/10.1007/s11356-020-11155-7
https://doi.org/10.30744/brjac.2179-3425.AR-05-2021
https://doi.org/10.30744/brjac.2179-3425.AR-05-2021
https://doi.org/10.25082/HE.2021.01.003


1298 E.B. Ogbuene et al.

Vol. 22, No. 3, 2023 • Nature Environment and Pollution Technology This publication is licensed under a Creative 
Commons Attribution 4.0 International License

This publication is licensed under a Creative 
Commons Attribution 4.0 International License

Peralta-Videa, J.R., Lopez, M.L., Narayan, M., Saupe, G. and Gardea-
Torresdey, J. 2009. The biochemistry of environmental heavy metal 
uptake by plants: Implications for the food chain. Int. J. Biochem. Cell 
Biol., 4(9): 1665-1677.

Prasad, M.N.V and Strzałka, K. 1999. Impact of Heavy Metals on 
Photosynthesis. Springer, Berlin, Heidelberg.

Prasad, S.M., Dwivedi, R. and Zeeshan, M. 2005. Growth, photosynthetic 
electron transport, and antioxidant responses of young soybean 
seedlings to simultaneous exposure of nickel and UV-B 
stress. Photosynthetica, 43(2): 177-185.

Rajasekaran, D. 2007. Environmental pollution by gold mining: A case 
study of Robertsonpet (K.G.F.) urban agglomeration, Karnataka. Nature 
Environ. Pollut. Technol., 6(4): 589-594.

Roba, C., Roşu, C., Piştea, I., Ozunu, A. and Baciu, C. 2016. Heavy metal 
content in vegetables and fruits cultivated in Baia Mare mining area 
(Romania) and health risk assessment. Environ. Sci. Pollut. Res., 
23(7): 6062-6073.

Seregin, I.V., Shpigun, L.K and Ivanov, V.B. 2004. Distribution and 
toxic effects of cadmium and lead on maize roots. Russ. J. Plant 
Physiol., 4)51): 525-533.

Shanker, A.K., Cervantes, C., Loza-Tavera, H. and Avudainayagam, S. 
2005. Chromium toxicity in plants. Environ. Int., 31(5): 739-753.

Sharma, P. and Dubey, R.S. 2005. Lead toxicity in plants. Brazil. J. Plant 
Physiol., 17: 35-52.

Sherene T. 2009. Heavy metal status of soils in industrial belts of Coimbatore 
District, Tamil Nadu. Nature Environ. Pollut. Technol., 8(3): 613-618.

Soucek, D.J., Cherry, D.S., Currie, R.J., Latimer, H.A and Trent, G.C. 2000. 
Laboratory to field validation in an integrative assessment of an acid 
mine drainage–impacted watershed. Environ. Toxicol. Chem. Int. J., 
19(4): 1036-1043.

Štofejová, L., Fazekaš, J. and Fazekašová, D. 2021. Analysis of heavy metal 
content in soil and plants in the dumping ground of magnesite mining 
factory Jelšava-Lubeník (Slovakia). Sustainability, 13: 4508. https://
doi.org/ 10.3390/su13084508.

Taub, F.B. 2004. Biological Impacts of Pollutants on Aquatics Organisms. 
University of Washington College of Ocean and Fishery Sciences, Seattle. 

USEPA, S. 1986. Test methods for evaluating solid waste: physical/chemical 
methods. http://www. epa. gov/epaoswer/hazwaste/test/7_series. 

Wang, Y., Wang, R., Fan, L., Chen, T., Bai, Y., Yu, Q. and Liu, Y. 2017. 
Assessment of multiple exposures to chemical elements and health risks 
among residents near Huodehong lead-zinc mining area in Yunnan, 
Southwest China. Chemosphere, 174: 613-627.

Wierzbicka, M. 1999. Comparison of lead tolerance in Allium cepa with 
other plant species. Environ. Pollut., 104(1): 41-52.

Xiong, Z.T. 1997. Bioaccumulation and physiological effects of excess 
lead in a roadside pioneer species Sonchus oleraceus L. Environ. 
Pollut., 279-275 :(3)97.

Yruela, I. 2005. Copper in plants. Brazil. J. Plant Physiol., 17: 145-156.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/
https://doi.org/


2023pp.1299-1310  Vol. 22
p-ISSN: 0972-6268
(Print copies up to 2016) No. 3  Nature Environment and Pollution Technology

An International Quarterly Scientific Journal

Original Research Paper

e-ISSN: 2395-3454

Open Access JournalOriginal Research Paperhttps://doi.org/10.46488/NEPT.2023.v22i03.017

Role of Eco-Enzymes in Sustainable Development
B. Varshini and V. Gayathri†
Department of Microbiology, Ethiraj College for Women, Chennai, India
†Corresponding author: V. Gayathri; gayathri16@ethirajcollege.edu.in

      ABSTRACT
Globally organic wastes are generated from fruits, vegetables, and their peels. It is mostly 
decomposed in landfills or by composting methods. Food processing industries, vegetable 
markets, and restaurants produce a huge amount of organic waste daily, generally disposed 
of in the environment or composted. Producing an eco-enzyme from organic kitchen waste 
was an innovative solution for domestic waste pollution. It is an enzyme solution obtained 
from an organic waste substance that contains organic acids, enzymes, and mineral salts.  
It is produced by performing a simple batch fermentation that involves a mixture of brown 
sugar, fruit or vegetable waste, and water in the ratio of 1:3:10. Two types of the eco-enzyme 
were produced by a fermentation process using vegetable and fruit peels for about 90 days 
involving Saccharomyces cerevisiae. The ultimate liquid or enzyme obtained was brown. 
Eco-enzyme 1 from (Cucurbita maxima) contained hydrolytic enzymes like amylase and 
lipase. The microbial diversity was observed, and bacteria like Yersinia sp., Bacillus sp., 
and fungi like Trichoderma sp. and Penicillium sp. No enzymes and microorganisms were 
observed in Eco-enzyme 2 (Citron). Eco-enzyme 1 with 50% dilution effectively reduced 
various parameters like BOD, COD, TDS, Nitrate, Nitrite, and Ammonium in the effluent. 
Also, it promoted plant growth within 10 days compared to the control. Therefore, the present 
study outlines how the eco-enzyme could be used to treat industrial effluent cost-effectively 
and environmentally friendly.

INTRODUCTION

Fruits and vegetables, as well as their peels, are organic 
wastes that are generated worldwide. The majority of it 
decomposes in landfills or through composting methods. 
Food processing industries, vegetable markets, and 
restaurants generate massive amounts of organic waste daily, 
typically disposed of in the environment or composted.

Pollution is caused by waste fruit and vegetable peels 
being disposed into the environment. To avoid such issues, 
they must be properly disposed of. Even though organic 
waste is decomposed, greenhouse gas emissions are possible 
during decomposition (Geetha et al. 2017). This method of 
producing an enzyme from organic kitchen waste was more 
novel than the usual method of involving them in composting 
(Sarabhai et al. 2019).   

The result was an enzyme, after fermentation of waste 
fruits and vegetable peels which was named “Garbage 
enzyme” or “Eco-enzyme.” This innovative development 
of producing eco-enzyme was the best alternative method 
for productively processing household organic waste; 
additionally, it leads to a zero-waste framework by reducing, 
reusing, and recycling organic household waste materials. 

Industrial Effluent

Different industries’ industrial effluents contain chemicals 
that should not be released into the environment. Many 
methods exist for treating industrial effluent. Many industries 
struggle with reducing organic content in wastewater and 
only succeed after many processing stages. The use of eco-
enzymes to treat industrial effluent was a cost-effective 
alternative.

The leather industry is a centuries-old manufacturing 
sector that produces a wide range of goods, such as leather 
footwear, bags, and garments. The leather industry’s raw 
material is from food waste, specifically meat processing. 
Humans use leather products every day. Any leather 
processing industry’s primary raw material comes from 
slaughterhouses and meat industry waste. This raw material 
is processed and converted into usable leather in tanneries. 
As a result, the tanning industry is regarded as one of the 
industry’s most important leather processing units. Fig. 
1 shows various chemicals employed in the processes 
of tanning. The leather industrial effluent contains many 
chemicals and acids, as the tanning process involves many 
chemicals. Chemicals in leather industry effluent include 
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ammonium salts, calcium salts, phenol, chromium, nitrogen, 
sulfides, solvents, surfactants, acids, and metallo-organic 
dyes; natural or synthetic tanning agents; sulfonated oils, and 
salts. Pre-tanning and tanning operations account for roughly 
90% of total leather industry pollution (Sivaram & Barik 
2019). The pre-tanning operation causes pH differences, 
which raises the chemical oxygen demand (COD), total 
dissolved solids (TDS), chlorides, and sulfates in tannery 
wastewater. Heavy chromium is widely used in the leather, 
electroplating, and metallurgical industries (Nur-E-Alam et 
al. 2020). Leather industries struggle to treat their effluent, 
which contains many harmful chemicals. They use many 
technologies to reduce the net harmful contents as much as 
possible. Leather industries also recycle some of their waste 
into value-added products for waste management. However, 
solid waste from leather industries isn’t recycled for any 
purpose (CPCB 2019).  

The industrial sludge also contains a large number of 
hazardous chemicals that pose a risk, out of which Chromium 
in the effluent of the leather industry poses a serious threat to 
soil and plant, so it cannot be reused for any purpose without 
proper treatment (Liknaw et al. 2017). Industries use various 

techniques to treat effluent, including biological, chemical, 
and oxidation. Waste management in tannery effluent is even 
more difficult due to numerous chemicals such as chromium, 
aluminum salts, and chloride (CBCP 2019). Bioremediation 
is one of the most recent technological advances for treating 
heavy metals-containing industrial wastes. (CPCB 2019). It 
primarily employs microorganisms such as bacteria, algae, 
and fungi to biodegrade toxic components (Biswas et al. 
2015). Bioremediation process using microbes like bacteria 
(Bacillus spp., Staphylococcus spp.), yeast (Candida spp., 

Saccharomyces spp.,) fungi (Paecilomyces spp., Aspergillus 
spp., Penicillium spp., Rhizopus spp.,) and algae were 
carried out. (Nur-E-Alam et al. 2020, Santhosh et al. 2020). 
Waste treatment with bacteria entails stabilizing waste by 
decomposing it into harmless inorganic solids via an aerobic 
or anaerobic process. The aerobic process decomposes faster 
than the anaerobic process and produces no unpleasant odors, 
whereas the anaerobic process requires a longer retention 
period and produces unpleasant odors. In effluent treatment, 
microbes were used to facilitate the process to avoid these 
laborious methods. The eco-enzyme was an innovative 
method in the industrial effluent treatment process. Eco-
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industrial effluent treatment could be a useful, nonhazardous, and time-saving method. 

 

 

Fig. 1:  Processes in the leather industry.  
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up to 60 - 90 days. As a result of fermentation, the final liquid or enzyme obtained was brown and 
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in which microorganisms (non-pathogenic bacteria and yeast) break down large complex 

molecules into smaller ones, resulting in carbon dioxide, ethanol, and various acidic end products. 
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enzyme use in industrial effluent treatment could be a useful, 
nonhazardous, and time-saving method.

Eco-enzyme

An Eco-enzyme is an enzyme solution obtained from organic 
waste that contains organic acids, enzymes, and mineral 
salts. It is a simple Batch Fermentation that uses a 1:3:10 
ratio of sugar, fruit or vegetable waste, and water (Neupane 
& Khadka 2019). The fermentation process takes place up 
to 60-90 days. As a result of fermentation, the final liquid or 
enzyme obtained was brown and contained various Organic 
acids, Carbon dioxide, and Ethanol. Fermentation is a 
chemical process in which microorganisms (non-pathogenic 
bacteria and yeast) break down large complex molecules 
into smaller ones, resulting in carbon dioxide, ethanol, and 
various acidic end products. The bacteria found naturally in 
vegetables, fruits, and their peels help convert carbohydrates 
into simple ones that yeast can use (Chakraborty 2020). 
Saccharomyces cerevisiae is the most commonly used yeast, 
producing ethanol and other acidic end products. Depending 
on our needs and alcoholic content, the ethanol produced in 
this manner can be used as a biofuel and a disinfectant. The 
eco-enzyme has many applications like treating domestic 
wastewater, contaminated ponds, lakes, and many more 
(Teo et al. 2021, Application of Eco-Enzyme for Domestic 
Waste Water Treatment 2020, Effect of Bio-Enzyme in the 
Treatment of Fresh Water Bodies 2019). 

The eco-enzyme was mostly made using citrus and 
papaya peels or fruit as it showed greater antimicrobial 
activity (Saleem & Saeed 2020). Various fruits and 
vegetables produce the garbage enzyme depending on 
availability, flavor, etc. (Arora Amar et al. n.d., Narender 
et al. 2018). Composting organic household waste was 
the most efficient and cost-effective method of disposing 
of and biologically managing household waste materials 
(Nengah Muliarta & Darmawan 2021). The traditional 
Eco-enzyme manufacturing process varies depending on the 
alcoholic content and pH.  The eco-enzyme has a variety of 
applications, and their use varies depending on their content. 
This research focuses on producing eco-enzymes using 
various fruits and vegetable peels as a substrate and their 
application in treating industrial effluent.

MATERIALS AND METHODS

Sample Collection

The research was carried out between 2021 and 2022. In 
the study, tannery effluent was collected simultaneously in 
two stages in the tannery industry. The following effluents 
were collected: i) post-tanning process and ii) final effluent.

Preparation of Samples

Because there were no larger particles in the effluent, 
the collected samples were used directly for analyzing 
physicochemical parameters.

Tanning Effluent Characteristics

BOD, COD, TDS, nitrate, nitrite, and ammonium levels were 
measured before and after treatment.

Biochemical Oxygen Consumption

The biological oxygen demand is the amount of oxygen 
organisms require over a given period to break down organic 
materials. The standard BOD level in industrial effluent is 
30 mg.L-1 (CETP 1986)

The biological oxygen demand was calculated by 
preparing all of the necessary reagents. The initial dissolved 
oxygen content of the effluent sample was determined first. 
The sample is filled to half the neck of the BOD bottle. 
After adding the reagents, the bottle was checked for any 
air bubbles. The bottles are then sealed and incubated at 
20°C for 5 days.

The dissolved oxygen content of a bottle incubated at 
20°C for 5 days was measured. The formula was used to 
calculate the BOD.

 Chemical Oxygen Demand 

Chemical oxygen demand measures the oxygen equivalent 
of organic matter content in a sample oxidizable by a strong 
chemical oxidant.

Potassium dichromate can almost completely oxidize 
a wide range of organic substances to Water and Carbon 
dioxide. To oxidize organic matter completely. The solution 
must be strongly acidic and at an elevated temperature. 
Standard potassium dichromate, sulphuric acid, ferrous 
ammonium, and mercuric sulfate were prepared as  
reagents.

Total Dissolved Solid Content (TDS)

The mass of residue left after a measured volume of filtered 
water is evaporated is used to calculate the total dissolved 
solid content. TDS levels were also measured before and 
after treatment.

Nitrate Content

Titration and UV-spectrometry methods can estimate the 
nitrate content present in the sample. This study employs the 
spectrometry method for determining nitrate in the sample. 
The nitrite and ammonia content were also analyzed.
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Eco-enzyme Production

Two types of eco-enzyme were created using vegetable and 
fruit peels. Cucurbita maxima and Citron (Citrus medica) 
peels were collected to make eco-enzymes. It was important 
to avoid spoiled peel waste. The samples are air-dried 
before being processed to create Eco-enzyme. An airtight 
container was filled with 200 g of brown sugar, 600 g of 
peels, and 2 L of water. Optionally, yeast (Saccharomyces 
cerevisiae) was added to speed up the fermentation process. 
The container’s lid was tightly closed to prevent any air 
exchange. Fermentation was allowed to take place for a 
minimum of three months. The container’s lid was opened 
intermittently during the first and second weeks to release 
the gases that formed inside, preventing the contents from 
explosion. After three months of fermentation, the fruits and 
vegetable peels settle to the bottom, leaving a clear liquid 
on top that appeared to be a brown liquid containing organic 
acids, ethanol, and carbon dioxide. The eco-enzyme was 
then collected after being filtered to remove residues. Fig. 2 
shows the fermentation process of eco-enzyme. 

Characteristics of Eco-enzymes

After 3 months of fermentation, the characteristics of the 
purified eco-enzymes were examined. The pH, enzyme 
activity, and physicochemical properties of the enzyme 
extract, such as color, and odor, were measured.

pH

The pH meter was used to determine the PH of the eco-
enzyme. The meter was first calibrated using a buffer solution 
to pH 4, 7, and 9. The electrode was then gently dipped in 
the eco-enzyme sample. The pH of the eco-enzyme was 
displayed and recorded in the digital reader.

Enzyme Assay 

The enzyme assay was carried out using qualitative analysis 
- A method of Agar diffusion

Activity of amylase: The activity of amylase in the medium 
was tested using starch as the substrate. The starch agar was 
prepared and sterilized by autoclaving it for 15 minutes at 
121ºC. After cooling to 55ºC, the agar was poured onto sterile 
petri plates. After that, the plates were left alone to solidify.

10 µL of the eco-enzyme sample was inoculated in the 
plates. The plates were then incubated for 24 h at 37℃. The 
plates were flooded with iodine, and a clearance zone was 
determined. The presence of amylase was indicated by the 
clearance zone, which was compared to control plates.

Lipase activity: The eco-enzyme’s lipase activity was 
discovered using tributyrin as a substrate in the agar medium. 
After incubation, the zone of clearance is observed.

Protease activity: The presence of protease activity in the 
agar medium is determined by using casein 1 percent as a 
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foil. The same setup was used for both eco-enzyme samples. 
For a month, the flask was left alone. After 30 days of 
treatment, the color change and parameter reduction were 
tested.

50 percent dilution: 250 mL of effluent was mixed with 
250 mL of eco-enzyme sample. The flask was sealed with 
aluminum foil. Fig. 3 shows the treatment of effluent using 
Eco-enzyme in 2 dilutions.

Sludge Treatment

The dry leather industrial sludge was collected. The sludge 
was mixed in a 1:1 ratio with eco-enzyme and left for 2-3 
days. Before treating with sludge, the eco-enzyme was 
diluted to about 1:500. After about 2-3 days, the sludge was 
mixed in a 1:1 ratio with the sand. It was then used to control 
plant growth. (Nabila et al. 2021)

Four pots were selected as controls: soil alone, raw sludge 
without enzyme treatment, sludge treated with eco-enzyme 1, 
and sludge treated with eco-enzyme 2. Each pot was labeled 
and filled with Indian mustard, Brassica juncea. The pots 
were watered regularly, and the plant growth was monitored. 
The heights of the plant shoots were measured.

RESULTS AND DISCUSSION

Production of Eco-enzyme

The batch fermentation process produced two eco-enzymes. 
After fermentation, the enzyme extract was obtained by 
filtration method. Centrifugation was done at 5000 rpm 
for 5 mins to obtain the same enzyme extract. Fig. 4 

substrate (1.5 percent). After inoculating the plates with the 
sample, they were incubated at 37°C for 24 h. The clearance 
zone is observed and recorded

Gas Chromatography-Mass Spectrometry

Gas chromatography-mass spectrometry was used to 
detect enzymes both qualitatively and quantitatively. Gas 
chromatography-mass spectrometry (GC-MS) is a technique 
for identifying various substances in a test sample that 
combines the advantages of gas chromatography and mass 
spectrometry.

Microbial Diversity

The spread plate method was used to examine the microbial 
diversity present in the eco-enzyme. Gram staining and 
LPCB staining were used to identify bacteria and fungi. 
0.1mL of the eco-enzyme sample was spread on the Nutrient 
agar and SDA mediums using a glass L- rod. The plates 
had been incubated. SDA plates were incubated at room 
temperature for 48-72 h, while nutrient agar plates were 
incubated at 37°C for 24 h (Sarabhai et al. 2019).

Treatment of Effluent Using Eco-enzyme 

The treatment was carried out for approximately 30 days 
in two dilutions of the eco-enzyme (25 percent and 50%). 
The parameters were analyzed before the treatment process 
to compare the results after treatment with the eco-enzyme.

Dilution by 25%: The industrial effluent was placed in a 
conical flask (375 mL), to which the eco-enzyme sample (125 
mL) was added. The flask was then sealed with aluminum  

Fig. 3: Treatment of effluent using Eco-enzyme in 2 dilutions.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1304 B. Varshini and V. Gayathri

Vol. 22, No. 3, 2023 • Nature Environment and Pollution Technology  This publication is licensed under a Creative 
Commons Attribution 4.0 International License

This publication is licensed under a Creative 
Commons Attribution 4.0 International License

shows the enzyme obtained after the batch fermentation  
process. 

Examination of Microbial Diversity in Eco-enzyme

Microscopic examination revealed Gram-negative bacilli and 
Gram-positive bacilli observed, and other biochemical tests 
were performed. It was found that there was the presence of 

Bacillus sp., Yersinia sp. Figs. 5 and 6 show the preliminary 
tests (Gram staining and biochemical tests performed).  
Fig. 7 shows the LPCB staining and growth on the SDA plate. 

The eco-enzyme was inoculated in SDA plates and 
incubated for 48-72 h. Upon further staining using 
LPCB, fungi like Trichoderma viride, Saccharomyces 
cerevisiae, and Penicillium sp. were present in both the 

 

 

 

 

 

 

 

 

 

(a)                                 (b) 
Fig. 4:  Eco-enzyme 1. Eco-enzyme 2. 

 

Fig. 5: Gram staining (a) Gram negative bacilli
(b) Gram positive bacilli.

 

Fig. 6: Biochemical test.

 

 

 

 

  

 

(a)                                       (b)                                         (c) 

  

 

 

 

 

 

Fig. 7:  LPCB staining (a)- Penicillium sp. (b)- Trichoderma sp., (c) – SDA plate with growth.
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eco-enzyme samples. Table 1 shows the characteristics of  
eco-enzyme. 

Table 2 shows the biochemical tests performed for Eco-
enzyme 1 as there was growth in the Nutrient agar and SDA 
plates. Eco-enzyme 1 was found to contain Gram positive 
and negative bacilli.ss  There was no growth observed in the 
eco-enzyme 2 solution.

Enzyme Assay

There was a zone of clearance after adding iodine in starch 
ag, indicating the presence of amylase activity in both the 
eco-enzymes produced. Figs. 8, 9 and 10 show the amylase, 
protease, and lipase activities respectively. There was no 
protease activity seen in the eco-enzymes. There was a 
small zone of clearance in case of lipase activity in both the 
eco-enzymes.

Gas Chromatography-Mass Spectrophotometry

Gas Chromatography-Mass Spectrophotometry was 
performed for both the eco-enzyme samples after batch 
fermentation. It was found that Eco-enzyme 1 consists of 
active ingredients like alcohol, and acids. Fig. 11 a and b 
show the graphical peaks of various compounds present in 
the eco-enzyme sample.

Table 1: Characteristics of the Eco-enzyme.

Physical 
characteristics 

 Eco-enzyme -1 Eco-enzyme -2

Color Brown colored liquid Pale yellow colored 
liquid

pH 4.10 3.83

Turbidity Clear liquid, non-vis-
cous 

Clear liquid, non-viscous  

Odor Pungent Sweet sour 

Table 2: Biochemical test done for Eco-enzyme 1.

PRELIMINARY TEST RESULT

Gram staining Gram positive bacilli and Gram-
negative bacilli 

BIOCHEMICAL TEST RESULT

Indole Negative 

Methyl red Negative 

Voges Proskauer Positive 

Citrate Negative 

Triple sugar ion Yellow slant and yellow butt, no gas 
production 

Urease Negative 

Nitrate Positive 

 

Fig. 8: Amylase activity of eco enzyme 1 and eco enzyme 2. 

Fig. 9: Protease activity -Nil in both eco enzyme 1 and eco enzyme 2.
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Characterization of Industrial Effluent

The characteristics of industrial effluent were studied before 
treatment. Both the effluent was found to be acidic and black 
in color. Table 3 shows the characteristics of industrial 
effluent used in this study. 

Effluent Treatment

Table 4 shows the results of parameters tested before and 
after treatment of the effluent. It was found that Eco-enzyme 

diluted to 50% which was found to be effective in the 
treatment of leather industrial effluent. 

Fig. 12 shows the process of effluent treatment after 
30 days. There was a considerable amount of reduction in 
parameters and color as well. Eco-enzyme 1 was found to 
be effective when used in the dilution of 50%.  

Sludge Treatment

The sludge without eco-enzyme treatment showed no plant 
growth, indicating that it cannot be used to grow plants 
directly. Plant growth was aided when the sludge was treated 
with the eco-enzyme. The conversion of ammonium in the 
sludge into nitrogen, which the plant readily utilizes for 
growth, could cause plant growth. The seeds were planted 
in each pot, and the pots were watered daily. Plant growth 
was monitored, and shoot heights were measured. When 
compared to the control, sludge treated with eco-enzyme 

 

Fig. 10: Lipase activity - positive for Eco enzyme 1 and nil for Eco enzyme 2.

(a) GC- MS of  Eco-enzyme 1 (b) GC- MS of  Eco-enzyme 2Fig. 11: (a) GC- MS of  Eco-enzyme 1  (b) GC- MS of  Eco-enzyme 2.

Table 3: Characteristics of industrial effluent.

Parameters Raw effluent Tannery effluent 

PH 3.42 2.76

Color Black Black

Odor Unpleasant foul odor Repulsive, offensive chem-
ical smell
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showed greater plant growth. Fig. 13 a and b shows the sludge 
taken from the industry and (c) shows the growth of plants 
when sludge was treated with eco-enzyme.

Table 5 shows the plant shoot height measured after 10 
days. These results show that Eco-enzyme 1 was found to be 

effective in the treatment of industrial sludge when compared 
with the control (sludge alone). Further, the active component 
present in eco-enzyme which makes it a better solution 
for treating the effluent and sludge should be studied in  
detail.  

Table 4: Treatment of Industrial effluent using Eco-enzyme.

Parameters Before Treatment After Treatment

 Raw Effluent Tannery Effluent

 25% 50% 25% 50%

BOD  1080 344 mg.L-1 297 mg.L-1 372 mg.L-1 324 mg.L-1 

COD  4250 678 mg.L-1 606 mg.L-1 730 mg.L-1 576 mg.L-1 

TDS  5096 1560 mg.L-1 1420 mg.L-1 2510 mg.L-1 1680 mg.L-1 

Nitrate  0.90 0.30 mg.L-1 0.17 mg.L-1 0.32 mg.L-1 0.11 mg.L-1 

Nitrite  0.73 0.21 mg.L-1 0.18 mg.L-1 0.26 mg.L-1 0.12 mg.L-1 

Ammonia  0.36 0.11 mg.L-1 0.09 mg.L-1 0.13 mg.L-1 0.06 mg.L-1
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Raw effluent (25% and 50% dilution)                

 

 Fig. 12 shows the process of effluent treatment after 30 days. There was a considerable amount 

of reduction in parameters and color as well. Eco-enzyme 2 was found to be effective when used 

in the dilution of 50%.   

Sludge Treatment 

Fig. 12: Effluent treatment process. 

Tannery effluent (25%and 50%) 

Tannery effluent 

Fig. 12: Effluent treatment process.
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DISCUSSION 

The production of the eco-enzyme from organic waste 
is a novel method that replaces the traditional method of 
composting waste. Numerous studies have been conducted 
to test various applications of the eco-enzyme. These eco-
enzymes effectively treated water bodies such as ponds 
and lakes. Similar to the study conducted, the antimicrobial 
activity of the eco-enzyme was found to be effective against 
a wide range of microorganisms (Arun & Sivashanmugam 
2015). According to (Made Rai Rahayu et al. 2021), the 
eco-enzyme contains hydrolytic enzymes such as amylase 
and lipase.

Leather industrial effluent contains several chemicals 
introduced at various stages of the leather manufacturing 
process. Both humans and the environment are endangered by 
the chemicals used. Proper treatment and waste management 
methods must be implemented in industries to ensure the 
safety of humans and the environment. Waste management 
in industries has traditionally been a time-consuming 
process. Many industries use enzyme technologies and 
microorganisms to treat effluent (Choudhary et al. 2004, 
Pandey et al. 2017). Microbial isolates like Saccharomyces 

cerevisiae and Torulaspora delbrueckii from watermelon 
were used to treat raw tannery effluent. They were found 
to degrade the physicochemical parameters and could be 
used to treat tannery effluent biologically (Okoduwa et al. 
2017). The concept of using eco-enzymes to treat industrial 
effluent is novel. The hydrolytic enzymes were discovered 
in eco-enzyme 1, made from vegetable peel waste.

These enzymes are involved in the breakdown of 
compounds found in effluent. In about 50% dilution of 
the eco-enzyme, there was a significant reduction in major 

 
 (a)  (b)  

 
                                                                      (c)  

 
Fig. 13:  Sludge treatment (a) (b) Sludge mixed with eco-enzyme and sand (c) Plant growth after 10 days. 

Table 5:  Plant shoot height measurement after 10 days. 

Treatment Plant Height (in cm)

Control – Soil +Sludge 1.0

Control- Soil 3.5 

Soil + Sludge treated with the Eco-enzyme 1 5.7

Soil + Sludge treated with the Eco-enzyme 2 4.2
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parameters such as BOD, COD, and TDS. Similarly, Rasit 
and Chee Kuan (2018) used eco-enzymes to treat Palm oil 
mill effluent. There was a decrease in oil and grease content 
observed. The eco-enzyme was also used to treat metal-
based effluents, which were observed by Hemalatha and 
Visantini (2020) 

Similarly, Teo et al. (2021) discovered decreased nitrate 
content in wastewater samples. In contrast to the previous 
study, there was a significant reduction in nitrate content in 
the effluent sample in the current study.

Similarly, a study found that the yeast Saccharomyces 
cerevisiae reduced various parameters in tanneries. Galintin 
et al. (2021) conducted a study similar to the current one. 
To treat aquaculture sludge, they used eco-enzymes. It was 
discovered that 10% dilution was effective in lowering 
various parameters. The study used tannery sludge that had 
been collected in dry form. Compared to the control, sludge 
treated with eco-enzymes 1 and 2 promoted plant growth. 
This was similar to the research by Hemalatha and Visantini 
(2020). The beneficial effect of the eco-enzyme on plants 
was investigated by Nabila et al. (2021) 

The plant growth of Turi (Sesbania grandiflora) increased
in the study. In a study conducted by discharging leather 
industrial effluent into the soil, there was an increase in soil 
microbiota and enzyme activity (Reddi  & Narasimha 2012). 
Plant growth could be attributed to the organic acids found 
in the eco-enzyme. Production and usage of the eco-enzyme 
effectively treated leather industry effluent and paved the 
way to sustainable development. The current study used 
eco-enzyme production as an innovative approach. Using 
eco-enzymes to treat effluent would be a promising method 
and the best alternative to the chemicals commonly used in 
industry. It protects both humans and the environment. It 
is also less expensive and saves time. Enzyme stabilization 
would be a better way to increase their efficacy. 

CONCLUSION

Organic and agricultural waste is being used in a variety 
of fields. They are becoming more popular as value-added 
products, and many industrial firms use them as raw 
materials. Fruit and vegetable peels contain a variety of 
bioactive components. When organic waste is disposed of 
in trash or landfills, its components and nutrients are lost. 
Eco-enzyme production is a new and innovative method of 
reducing and reusing waste as a value-added product.

Eco-enzymes are being developed, and it has been 
discovered that they can be used in various fields. It also 
replaces the traditional composting method of disposing of 
organic waste. The Eco-enzyme is a collection of enzymes 

that reduce organic compounds in industrial effluent. Agar 
diffusion and GC-MS methods revealed that Eco-enzyme 
1 contained enzymes such as amylase and lipase. The eco-
enzyme 2, made from citrus peels, contained no hydrolytic 
enzymes.

Hydrolytic enzymes were discovered to cause a decrease 
in parameters such as BOD, COD, TDS, nitrate, nitrite, 
and ammonium. Eco-enzyme diluted to 50% was effective 
in treating leather industrial effluent. The eco-enzyme 
contained a diverse group of microbes. Bacteria such as 
Yersinia sp. and Bacillus sp. were present, as well as fungi
such as Trichoderma sp. and Penicillium sp., More research
is needed to test the microorganism species found in the eco-
enzyme. Dry sludge collected from the industry was also 
used in the sludge treatment. Within 10 days, plant growth 
was observed. The increased shoot heights suggest that the 
eco-enzyme aids plant growth. The challenging approach in 
producing Eco-enzyme is that there is no standard protocol 
for production. Because it takes longer to produce an Eco-
enzyme, it is still not used in industries. There has been no 
research on the mechanism of action of eco-enzymes in 
component reduction, which should be looked into further.
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       ABSTRACT
Using granular form application in the pisciponic system, this study investigates the effects 
of supplementation in the pisciponic system on plant growth performance. This study was 
conducted at the Aquaculture Experimental Station in Puchong, Selangor. The experiment 
was set up in a greenhouse with a plastic liner at the bottom. The coated fertilizers were 
immersed in 500 mL of distilled water in the beakers. The immersion times were analyzed 
for each 3, 6, 12, 18, 24, 30, 36, 42, 48, 54, 60, 66, and 72 hours. Insoluble solids and water 
were then filtered using filter paper and dried in the oven, followed by the drying process to 
obtain a constant weight before being put in the desiccators. During the release test, the 
distilled water was taken at every 48-hour interval, and the concentration of nutrients was 
determined from the atomic absorption spectrometer. The findings indicate that the weights 
of release fertilizers, specifically Zn and Fe, significantly decreased over time. At the lowest 
concentration, the coated zinc and iron weights decreased as time increased. Referring 
to the curve results, the Zn fertilizer started drastically decreasing its weight at hour 24, 
which decreased approximately to 0.002 for every subsequent hour. Meanwhile, Fe fertilizer 
decreased drastically at hour 66, where the weight dropped from 0.10467 to 0.039. However, 
the final weights for both fertilizers at hour 72 were about the same.

INTRODUCTION

Over the past few years, Malaysian aquaculture production 
has grown, and its value has also increased (Mustafa et al. 
2018). Aquaponics and hydroponics together are called 
pisciponics, where enriched nutrients are recirculated from 
fish tanks to grow plants (Goddek et al. 2015). Nonetheless, 
the world must be concerned about how future generations 
will be able to produce more food sustainably in the future. 

The pisciponics system relies on nutrients to support 
plant growth and efficiently recycle nutrients (Okomoda 
et al. 2022). The system provides essential nutrients to the 
plants. The Pisciponics system is an environment-friendly 
and sustainable food production (Okomoda et al. 2022). 
Malaysia has adopted the pisciponics system to feed the 
ever-increasing human population and for food security 
(Rafiee & Saad 2008). The world is facing global population 
growth, and it is exceeding 7.2 billion. It is projected to be 
9.7 billion by 2050, with over 85 percent living in urban 
areas compared with 1990, with 5 billion people only 
(Alexandratos & Bruinsma 2012). The world population 
is projected to grow exponentially (Maucieri et al. 2018). 

The growing number of people moving to urban areas will 
likely increase malnutrition, urban poverty, and hunger 
(United Nations Department of Economic and Social Affairs 
Population Division 2017). 

Fertilizers are chemical substances added to soil to 
increase crop yield, which is crucial for plant healthy 
growth (Alam et al. 2013). The production and demand for 
food have become more dependent on various agricultural 
techniques (Tilman et al. 2011). The characteristics needed 
include increasing the productivity of fertilizers and 
minimizing the cost (Qureshi et al. 2018). Research is needed 
to develop fertilizers that maximize crop yields, enhance 
nutrient efficiency and reduce pollution. However, efficient 
production is crucial since the essential elements of nutrition 
or fertilization can affect the physiological processes of 
plants (Ahl & Mahmoud 2010). Plants need macronutrients 
and micronutrients, which are vital for their growth. In many 
cases, deficiency diseases are caused by insufficient plant 
micronutrient supply (Shete et al. 2015). 

However, organic farming methods are not the only 
example of sustainable nutrient management. The leaching 
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of nutrients can be managed by an appropriate amount 
of fertilizers and slow-release fertilizers in the pisciponic 
system to avoid leaching into the environment and causing 
water eutrophication (Rahman 2015). A good amount of 
fish combined with insufficient nutrients will result in low 
nutrient absorption and affect crop production in pisciponics 
systems. Other than that, it is also reported that pisciponic 
systems that rely exclusively on fish waste to provide 
plant nutrients have low levels of micronutrients (Ru et al. 
2017). However, there is a paucity of information and a 
limited number of research investigations on the effects of 
supplementation of zinc chelate and iron chelate in granular 
form to absorb in water and effectively alleviate nutrient 
insufficient in crop plants (Roosta & Hamidpour 2013). 

The present work attempt to develop new slow-release 
zinc and iron fertilizer by palm stearin.  The effects of 
selected micronutrient mineral composition on crop plants in 
the pisciponic system using granular form were investigated. 
Then a slow-release process using stearin as a coat for Zinc 
and Iron was evaluated.

MATERIALS AND METHODS

Location of Experiment

Slow-release fertilizers were processed in the Nutrition 
Laboratory in Block A, UPM, and the pisciponic recirculating 
system was conducted in a greenhouse at UPM’s Aquaculture 
Experimental Station in Puchong, Selangor.

Synthesis of Coated Slow-Release Fertilizer

The temperature was set at 60°C in a water bath to melt seven 
grams of palm stearin in a beaker. After the whole palm 
stearin was fluxed, it was left to cool until the temperature 
extended to 30°C. Subsequently, 100 g of zinc chelate and 
iron fertilizer were added to the beaker of palm stearin and 
mixed using a spatula. Lastly, the zinc- and iron-coated 
fertilizers were kept in a desiccator for 48 hours before 
being dried in an air-tight container for further analysis and 
investigations.

Total Coating Analysis

Therefore, 10 g of coated zinc and iron micronutrients were 
flattened and mixed with water to increase the selected 
micronutrients’ dissolution rate. Consequently, the solution 
was filtered, and the remaining insolvable solid material was 
dried in the oven until fully preserved. Subsequently, the 
zinc- and iron-coated fertilizers were dissolved in deionized 
water. The other steps were conducted similarly in this study. 
The following formula was used to calculate the coating 
percentage (Rahman 2016):

 (%) coating = wt. of residual (g)/10 × 100 …(1)

Crushing Strength Analysis

The crushing strength test is essential to ensure the product 
can resist physical control over the supply chain. 30 granules 
were randomly selected from the major part population based 
on the sieve with a capacity of 200 lb (100kg, 1000N). At 
the same time, 12.7-317.5 mm.min-1 speed was used for 
computation by applying a compressive force on a single 
granule by using a hardness tester (capacity: 100kg, 1000 
N; speed: 12.7–317.5 mm.min-1).

Scanning Electron Microscopy Analysis

To investigate the surface morphology and thickness of the 
coating material, the samples of coated and uncoated zinc 
and iron fertilizers were cut in half using a blade. The sample 
cross-section was placed on the slide and coated using gold. 
The samples were then viewed using SEM, Model Hitachi 
TM3030 (Rahman 2016).

Dissolution Rate of Slow-Release Fertilizer

An Erlenmeyer flask was filled with 500 mL of distilled 
water and sealed before 100 g of coated fertilizers were 
added. Next, the Erlenmeyer flask was placed in an incubator 
shaker for 5 h (Zheng et al. 2010). This analysis studies 
the coated granules’ rate of coated fertilizer release when 
submerged in water. The 16 samples were subjected to a 
dissolution test, and their dissolution rates were evaluated 
based on the efficiency equation (Irfan et al. 2018). A 
relatively long-term process (72 h) was developed to access 
nutrient release generated by natural-release mechanisms in a 
laboratory setting. The method was slightly changed in terms 
of fertilizer usage in the pisciponic system by sponge-soaking 
at a constant temperature of 27.01 through the system and a 
flow rate of 10 L.min-1. Uncoated and coated fertilizers using 
dissolution rates. We sealed 9 samples in a beaker with 500 
mL distilled water. The released coated fertilizer solution 
was measured using a refractometer to the known refractive 
index of water, and the reading was taken for 0, 3, 6, 12, 
18, 24, 30, 36, 42, 48, 54, 60, 66, and 72 h (Rahman 2016).

RESULTS AND DISCUSSION

Morphology Characteristic of Coated Slow-Release 
Fertilizer

Based on Table 1, mass strength in g/granular was regulated 
before and after coating. The crushing strength will differ 
depending on the particle size, which is the force vital to 
press the particle (Ibrahim et al. 2014). In collating the 
crushing strength data, a comparison is essential to have 
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abundant mechanical strengths in coated zinc and iron to 
compare standardized granules because the crushing strength 
rises significantly with the rise in coated fertilizers to have 
the mechanical strength to resist the normal handling and 
storage without rupture. Besides, mechanical strength could 
influence the granule’s porosity, shape, surface crystal, and 
moisture content. This is in line with the findings of Affendi 
et al. (2020), in which the coated urea with palm stearin 
enhances the stability of urea.

Scanning Electron Microscopy Analysis

Fig. 1: SEM of nano-sub nanocomposites: a) present the iron 
surface coated with stearin; b) without stearin; c) present the zinc 
surface coated with stearin, and d) without coated with stearin

Dissolution Rate of Slow-Release Fertilizer

Fig. 1 shows the Scanning Electron Microscopy Analysis 
(SEM) on the fertilizers for coated and non-coated using 

In collating the crushing strength data, a comparison is essential to have abundant mechanical strengths in 

coated zinc and iron to compare standardized granules because the crushing strength rises significantly with 

the rise in coated fertilizers to have the mechanical strength to resist the normal handling and storage 

without rupture. Besides, mechanical strength could influence the granule's porosity, shape, surface crystal, 

and moisture content. This is in line with the findings of Affendi et al. (2020), in which the coated urea with 

palm stearin enhances the stability of urea. 

Scanning Electron Microscopy Analysis 

 

Fig. 1: SEM of nano-sub nanocomposites: a) present the iron surface coated with stearin; b) without stearin; 

c) present the zinc surface coated with stearin, and d) without coated with stearin 

Dissolution Rate of Slow-Release Fertilizer 
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Fig. 1: SEM of nano-sub nanocomposites: a) present the iron surface coated with stearin; b) without stearin; c) present the zinc surface coated with 
stearin, and d) without coated with stearin.

Table 1: The morphology characteristics of coated slow-release fertilizer. 

Treatment Coating [%] Thickness [mm] Diameter [mm] Crushing strength [N]

Zinc-coated 7.67 2.77a±0.1 3.72a±0.1 56.81a±0.2

Iron-coated 7.67 2.95a±0.1 4.20a±0.1 60.13a±0.2

Uncoated Zinc 0.0 2.92a±0.2 3.45a±0.1 20.12b±0.1

Uncoated Iron 0.0 2.83b±0.1 3.40a±0.1 25.73b±0.1

Table 2: The weights of coated zinc and iron using stearin of micronutrients with substrate dissolution rates. 

Weight
of fertil-
izer (g)

Time (h)

3 6 12 18 24 30 36 42 48 54 60 66 72

Zinc 0.3±0.2 0.28±0.1 0.27±0.1 0.25±0.1 0.22±0.1 0.17±0.1 0.13±0.1 0.11±0.2 0.09±0.2 0.08±0.1 0.07±0.2 0.06±0.1 0.03±0.1

Iron 0.3±0.1 0.28±0.2 0.28±0.1 0.26±0.1 0.24±0.1 0.24±0.1 0.21±0.2 0.18±0.1 0.17±0.2 0.16±0.1 0.13±0.2 0.10±0.1 0.03±0.2

Uncoated 
Zinc

0.3±0.1 0.2±0.1 0.1±0.2 0 0 0 0 0 0 0 0 0 0

Uncoated 
Iron

0.3±0.1 0 0 0 0 0 0 0 0 0 0 0 0
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(p<0.05) correlated with Fe concentration (Fig. 2 a,b). This 
result is in line with a past study by Kaya et al. (2001) on Fe 
application and tomato leaf chlorophyll contents in which Fe 
deficiencies can be corrected with Fe fertilizers, chelating 
agents or decreased pH in growth media. Adding Fe in 
Treatment 1 for plant growth significantly increased the leaf 
chlorophyll contents, lengths, diameters, and heights in the 
plants (Fig. 2b). As for the production pak choi, the averaged 
crop cycle, the Soil Plant Analysis Development (SPAD), 
and plant height showed average values between 15 and 40 
(Fig. 3a). However, Treatment 1 showed higher values than 
other treatments due to the additional iron-coated application. 
Besides, based on Fig. 3a, the plant height in Treatment 1 
for both crops was also increased. Fe deficiency is a major 
nutritional disorder that causes a decrease in vegetative 
growth, marked yield, and quality losses. The results showed 
that Fe deficiency (0 mg Fe-1) and Fe excess could also stunt 
plant growth and reduce radicle development.

Furthermore, excess Fe can cause plants to lose weight 
and defoliate earlier (Hembrom & Singh 2015; Sultana et al. 
2018). The highest growth and yield observed in Treatment 1 
might be due to the addition of iron fertilizers to the system. 
The results of this study are similar to those found by Rakshit 
et al. (2016) for pisciponic plants in terms of growth, yield, 
quality, and nutrition.

the stearin. There are significant differences between coated 
fertilizers and uncoated fertilizers. The concentrations of 
coated and uncoated fertilizers were measured using the 
dissolution rates in water. According to Meng et al. (2019), 
palm stearin is a moisture barrier containing saturated fatty 
acids. The palm stearin material also led to high hydropho-
bicity (Aliyu 2017). 

Coated zinc, iron, and uncoated fertilizers released 
nutrients at hour 3. However, Table 2 and 3 shows that iron 
releases a higher concentration of nutrients than coated zinc. 
Meanwhile, the uncoated fertilizers were uniformly dissolved 
in the water until 24 h. In addition, there was a significant 
difference between coated fertilizers and those not coated. 
However, these results align with the finding reported by 
Bley et al. (2017) in nutrient release and potassium leaching 
from polymer-coated fertilizers. Other results were also 
in line with studies on the release characteristics of a new 
controlled-release fertilizer showing the same patterns 
(Zheng et al. 2010).

In this study, significant differences in the diameters 
and lengths of pak choi showed the lowest in the graph 
regarding the highest treatment. The leaf chlorophyll contents 
in pak choi were higher in Treatment 1 compared to other 
treatments, and the leaf chlorophyll contents significantly 

Table 3: The nutrient concentrations of coated zinc and iron using stearin of micronutrients with time.

Concentr-
ation (g)

Time (h)

3 6 12 18 24 30 36 42 48 54 60 66 72

Zinc 0.3±0.1 0.28±0.2 0.27±0.2 0.25±0.1 0.22±0.1 0.17±0.2 0.13±0.1 0.11±0.1 0.09±0.2 0.08±0.1 0.07±0.1 0.06±0.2 0.03±0.1

Iron 0.3±0.1 0.28±0.1 0.28±0.2 0.26±0.1 0.24±0.1 0.24±0.1 0.21±0.2 0.18±0.1 0.17±0.2 0.16±0.1 0.13±0.1 0.10±0.2 0.03±0.1
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Fig. 2: Chlorophyll and diameter of pak choi in the rearing tank trough outlet in which lemon fin barb 

hybrids were cultured in the pisciponic system (a) Chlorophyll content of leaves of pak choi; (b) diameter 

of leaves of pak choi. 
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Fig. 2: Chlorophyll and diameter of pak choi in the rearing tank trough outlet in which lemon fin barb hybrids were cultured in the pisciponic system 
(a) Chlorophyll content of leaves of pak choi; (b) diameter of leaves of pak choi.
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In this study, higher chlorophyll contents were recorded in 
Treatment 2 for pak choi; however, they recorded the lowest 
mean value in the control treatment. Based on the literature, 
a few species’ depletion of leaf area leads to increased zinc 
contents that can affect photosynthesis activity. Treatments 
with a higher amount of zinc and without zinc could record 
the lowest mean values in length and height. As previously 
described, Kasozi et al. (2019) found that higher zinc 
concentrations reduced barley stems and leaves. 

Fig. 5 shows the number and height of leaves of pak choi 
in the rearing tank trough outlet in which lemon fin barb 
hybrids were cultured in the pisciponic system. In terms of 

the heights of pak choi in this study, significant differences 
were observed in the treatments. The highest mean value was 
recorded in T0 and followed by T1. However, Treatment 3 
recorded the lowest height for pak choi. This indicates that 
a high zinc concentration does not promote plant growth. 
This finding aligns with Saeid et al. (2013), who found 
that gladiolus height was significantly positively correlated 
with growth. Hembrom & Singh (2015) also made a similar 
observation when they carried out an experiment on gladiolus 
pertaining to the foliar application of Zn at a 0.4% dose 
with the improved length and width of the longest leaf. The 
number of leaves in Fig. 4 shows the effects of zinc-coated 

 

                                     (a)                                                                         (b) 

Fig. 3: Height and number of leaves of pak choi in the rearing tank trough outlet in which lemon fin barb 

hybrids were cultured in the pisciponic system (a) height of pak choi (cm); (b) the number of leaves of pak 

choi. 

 In this study, significant differences in the diameters and lengths of pak choi showed the lowest in the 

graph regarding the highest treatment. The leaf chlorophyll contents in pak choi were higher in Treatment 

1 compared to other treatments, and the leaf chlorophyll contents significantly (p<0.05) correlated with Fe 

concentration (Fig. 2 a,b). This result is in line with a past study by Kaya et al. (2001) on Fe application 

and tomato leaf chlorophyll contents in which Fe deficiencies can be corrected with Fe fertilizers, chelating 

agents or decreased pH in growth media. Adding Fe in Treatment 1 for plant growth significantly increased 

the leaf chlorophyll contents, lengths, diameters, and heights in the plants (Fig. 2b). As for the production 

pak choi, the averaged crop cycle, the Soil Plant Analysis Development (SPAD), and plant height showed 

average values between 15 and 40 (Fig. 3a). However, Treatment 1 showed higher values than other 

treatments due to the additional iron-coated application. Besides, based on Fig. 3a, the plant height in 

Treatment 1 for both crops was also increased. Fe deficiency is a major nutritional disorder that causes a 

decrease in vegetative growth, marked yield, and quality losses. The results showed that Fe deficiency (0 

mg Fe-1) and Fe excess could also stunt plant growth and reduce radicle development. 

Furthermore, excess Fe can cause plants to lose weight and defoliate earlier (Hembrom & Singh 2015; 

Sultana et al. 2018). The highest growth and yield observed in Treatment 1 might be due to the addition of 

iron fertilizers to the system. The results of this study are similar to those found by Rakshit et al. (2016) for 

pisciponic plants in terms of growth, yield, quality, and nutrition. 
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Fig. 4: Chlorophyll and diameter of pak choi in the rearing tank trough outlet in which lemon fin barb 

hybrids were cultured in the pisciponic system (a) chlorophyll content of pak choi leaves; (b) diameter of 

pak choi (cm). 

 

 

(a)                                                                                                            (b) 
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fertilizers with significant differences in the number of 
leaves. The highest mean value was recorded in Treatment 
1. According to Monnet et al. (2001), a higher concentration 
of Zn at 3 ppm can reduce the photosynthesis activity, 
while 1.5 ppm or less shows a good result in increasing the 
photosynthesis rate.

Higher chlorophyll contents of pak choi were observed in 
Treatment 2, with the highest value (Fig. 6a). These results 
align with the findings of  Roosta and Hamidpour (2013), 
which stated that the application of fertilizers had positively 
affected the leaf concentrations. Besides, the results also 

showed a significant gain in terms of plants’ length, weight, 
and chlorophyll contents. These results agree with the findings 
reported by Yang & Kim (2019) that the combination of zinc 
yielded a  better result than the application of zinc alone. In 
addition, in Treatment 1, the combination of zinc and iron 
showed the highest yield. According to Mousavi et al. (2012), 
the lack of zinc can lead to iron (Fe) deficiency and cause Fe 
failure from the shoot to root due to zinc shortage. Besides, zinc 
utilization has a negative effect on Fe concentration in plant 
tissues if the amount is too much or too little, which may be 
due to the physiological factors of plants. Overall, on average, 
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Fig. 5: Number and height of leaves of pak choi in the rearing tank trough outlet in which lemon fin barb hybrids were cultured in the  
pisciponic system.

leads to increased zinc contents that can affect photosynthesis activity. Treatments with a higher amount of 

zinc and without zinc could record the lowest mean values in length and height. As previously described, 

Kasozi et al. (2019) found that higher zinc concentrations reduced barley stems and leaves.  

Fig. 5 shows the number and height of leaves of pak choi in the rearing tank trough outlet in which lemon 

fin barb hybrids were cultured in the pisciponic system. In terms of the heights of pak choi in this study, 

significant differences were observed in the treatments. The highest mean value was recorded in T0 and 

followed by T1. However, Treatment 3 recorded the lowest height for pak choi. This indicates that a high 

zinc concentration does not promote plant growth. This finding aligns with Saeid et al. (2013), who found 

that gladiolus height was significantly positively correlated with growth. Hembrom & Singh (2015) also 

made a similar observation when they carried out an experiment on gladiolus pertaining to the foliar 

application of Zn at a 0.4% dose with the improved length and width of the longest leaf. The number of 

leaves in Fig. 4 shows the effects of zinc-coated fertilizers with significant differences in the number of 

leaves. The highest mean value was recorded in Treatment 1. According to Monnet et al. (2001), a higher 

concentration of Zn at 3 ppm can reduce the photosynthesis activity, while 1.5 ppm or less shows a good 

result in increasing the photosynthesis rate. 
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the highest height in pak choi was recorded in Treatment 1 at 
16 cm (Fig. 6b). Additionally, the plants treated with a mixture 
of zinc and iron fertilizers in Treatment 1 showed good results. 

The number and diameter of leaves of pak choi were 
observed for the growth performance (Fig 7). Coated zinc 
and iron and its combination showed significant zinc and 
iron accumulation in pak choi leaves. The diameters of pak 
choi showed the highest mean value recorded in T1 (5.07 
cm), followed by T0 and T2.  The coated zinc and iron did 
not affect the diameter of the leaves, as the control treatment 
recorded the highest mean value. In contrast, Treatment 1 
affected the diameters of pak choi with a highly significant 
difference in all treatments, despite the possibility that 
this was due to the slow release of coated zinc and iron 
fertilizers over a long exposure. This finding is in line with 
Sheykhbaglou et al. (2010) study in which nano iron oxide 
at the concentration of 0.75g-1 increased the leaf and pod dry 
weight, as well as Rono et al. (2018) study using 30 Fe kg-1 
treatment where the iron amino acid chelate supplementation 
reported better growth in terms of height, the number of 
leaves, diameter, and dry weight compared to the use of 
too much and too little fertilizers. In the current study, both 
treatments recorded the highest number of leaves, while 
Treatment 3 recorded the lowest number.

The analysis of variance (ANOVA) results showed 
that the application of coated iron and zinc fertilizers had 
a significant (P≤0.05) effect on these parameters. The 
effects of different iron- and zinc-coated treatments on leaf 
chlorophyll were significant in pak choi for all treatments. 
The highest mean value was recorded in Treatment 2 (33.65), 
and the lowest was in the control treatment (11.22). As for the 
diameters of pak choi, a significant difference was observed 
in all treatments. The highest mean value was recorded 

in Treatment 3 (28.40), whereas the lowest was recorded
in Treatment 2 (7.73). Regarding the heights of pak choi, 
significant differences were observed in the treatments. The 
highest mean value was recorded in the control treatment 
(10.90), and the lowest was in Treatment 3 (5.90). As for the 
number of pak choi leaves, there were significant differences 
in the control treatment, Treatment 2, and Treatment 3. 
Treatment 1 (10.25) recorded the highest mean value, and 
Treatment 3 (8.25) recorded the lowest. 

CONCLUSION

The application of Zn and Fe fertilizers is essential for 
plant growth performance. It has been observed that coated 
and uncoated fertilizers behave differently in terms of the 
release of nutrients at different time intervals. The analysis 
of variance for plant height revealed highly significant 
results for treatment 1, combining zinc and iron. Applying 
micronutrient coated increases the diameters of pak choi 
showed the highest mean value recorded in T1, followed 
by T0 and T2, respectively. It is indicated that all treatment 
levels were significantly different from each other.  Besides 
that, it increases the number of leaves per plant compared to 
control. Statistical analysis for length per plant has reflected 
highly significant results. Therefore, plants that received no 
fertilization of micronutrients show less length of branches 
per plant.  There is a need for further research on the impact 
of palm stearin-coated fertilizers and their impact on plant 
growth performance and the rate of nutrient release.
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Fig. 7: Number and diameter of leaves of pak choi in the rearing tank trough outlet in which lemon fin barb 

hybrids were cultured in the pisciponic system (a) number of leaves in pak choi; (b) diameter of pak choi.

Higher chlorophyll contents of pak choi were observed in Treatment 2, with the highest value (Fig. 6a).

These results align with the findings of Roosta and Hamidpour (2013), which stated that the application of

fertilizers had positively affected the leaf concentrations. Besides, the results also showed a significant gain

in terms of plants' length, weight, and chlorophyll contents. These results agree with the findings reported

by Yang & Kim (2019) that the combination of zinc yielded a  better result than the application of zinc 

alone. In addition, in Treatment 1, the combination of zinc and iron showed the highest yield. According to

Mousavi et al. (2012), the lack of zinc can lead to iron (Fe) deficiency and cause Fe failure from the shoot

to root due to zinc shortage. Besides, zinc utilization has a negative effect on Fe concentration in plant

tissues if the amount is too much or too little, which may be due to the physiological factors of plants.

Overall, on average, the highest height in pak choi was recorded in Treatment 1 at 16 cm (Fig. 6b).

Additionally, the plants treated with a mixture of zinc and iron fertilizers in Treatment 1 showed good

results.  

The number and diameter of leaves of pak choi were observed for the growth performance (Fig 7). Coated

zinc and iron and its combination showed significant zinc and iron accumulation in pak choi leaves. The

diameters of pak choi showed the highest mean value recorded in T1 (5.07 cm), followed by T0 and T2.

The coated zinc and iron did not affect the diameter of the leaves, as the control treatment recorded the

highest mean value. In contrast, Treatment 1 affected the diameters of pak choi with a highly significant

difference in all treatments, despite the possibility that this was due to the slow release of coated zinc and

iron fertilizers over a long exposure. This finding is in line with Sheykhbaglou et al. (2010) study in which

nano iron oxide at the concentration of 0.75g-1 increased the leaf and pod dry weight, as well as Rono et al.

(2018) study using 30 Fe kg-1 treatment where the iron amino acid chelate supplementation reported better
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       ABSTRACT
Lipases are utilized in biodiesel production utilizing various types of substrates. The use of 
lipase in bioenergy production aims to reduce energy crises and environmental pollution. 
Lipase-producing indigenous bacteria Bacillus licheniformis (Accession no. OP56979) and 
Bacillus rugosus (Accession no. OP56980) were isolated from various oil-contaminated 
sites. The isolated potential lipolytic bacteria were screened for maximum lipase production. 
Then, the bacteria showing the highest lipolytic activity were subjected to identification using 
the 16s rRNA technique while other isolated were identified biochemically. Lipase [LipBL-
WII(c)] from Bacillus licheniformis having the highest lipolytic activity expressed various 
characteristics. Characterization of crude LipBL-WII(c) expressed that it showed stability in a 
wide range of pH (4 to 10) with optimum lipolytic activity observed at pH 8. It was then found 
to be active at a temperature range from 20°C to 80°C with optimal at 50°C. Lipase activity 
was also stimulated in metal ions such as Ca+1, Mg2+, and Zn2+ the most. Furthermore, 
LipBL-WII(c) retained lipolytic activity in the presence of various organic solvents and 
surfactants. The kinetic parameters (Km and Vmax) for LipBL-WII(c) were ascertained using 
Lineweaver- Burk plot. LipBL-WII(c) showed a potential for biodiesel production using olive 
oil as a source. Lipase gave 84% yield of biodiesel production from olive oil. Thus, it could be 
employed as a potential candidate for green biodiesel production using oil sources.

INTRODUCTION

Lipases exist widely in nature while being available greatly. 
Having low production cost lipases from microbial sources 
are more favorable. The most common sources of lipases 
are bacteria and fungi, and the lipases produced by them are 
generally extracellular (Sarmah et al. 2018). Based on the 
total sales volume, lipases are considered the third biggest 
group of enzymes, followed by proteases and amylases. 
Lipase production is a business of billions of dollars due to 
its extensive range of applications (Zhao et al. 2021). Over 
the decade, various bacterial lipase has been stated from 
different species, including Pseudomonas spp., Burkholderia 
sp., Bacillus spp., Streptococcus sp., and Staphylococcus sp. 
(Bharathi & Rajalakshmi 2019, Priyanka et al. 2019, Rmili 
et al. 2019).

Industries showcase significant commercial applications 
performed by Lipases (E.C. 3.1.1.3). Hydrolysis of triacyl-
glycerols into free fatty acid, and glycerol was stimulated by 
Lipases (Javed et al. 2018). Various applications of lipase 
include fat and oil hydrolysis, flavor enhancement in food 
processing, analysis of chemicals, racemic mixture resolution, 

fat modification, and synthesis of organic materials (Bento 
et al. 2017, Rios et al. 2018). Various habitats, like wastes 
from industries, dairies, oil-contaminated soil, etc., were 
found to be inhabited by lipase-producing microorganisms. 
Innovative technologies have been utilized on the microbial 
lipase for degrading and detoxifying the oil effluents (Gururaj 
et al. 2016). 

Recently the interest of researchers has increased in 
enzymatic transesterification using lipase for biodiesel 
production. The capability of the lipase (EC 3.1.1.3, 
triacylglycerol hydrolases) to maintain notable catalytic 
activity in non-aqueous media made its usage possible in 
biodiesel production (Sarmah et al. 2018). In biodiesel 
production, compared to chemical catalysis, lipase uses 
various advantages like; easy separation of product, easy 
recovery of glycerol, minimal wastewater treatment 
requirements, and the absence of side reactions. Due to 
maintaining a high-temperature environment for alkaline 
catalysis, hydrolysis of triglycerides produces many free 
fatty acids (FFAs) in waste cooking oil, leading to various 
problems in alkaline catalytic biodiesel production (Tripathi 
et al. 2014). On the contrary, lipase can produce biodiesel 
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using high FFA feedstocks as it can convert triglycerides 
and FFAs into FAAEs.

The present work aimed at Isolating, and screening lipase-
producing bacteria from various samples, identification of the 
isolates utilizing both biochemical and molecular methods 
(16s rRNA sequencing), characterization of the biochemical 
properties of the crude lipase along with the determination 
of kinetic parameters for crude lipase and the biodiesel 
producing potential of the crude lipase.

MATERIALS AND METHODS

Isolation of Bacterial Strains

Samples of wastewater, soil, and sludge rich in lipid sources 
were collected from different sites near Hisar district, 
Haryana, India were used after removing debris as listed in 
Table 1. 1mL or 1g of the samples were dissolved in 10 mL 
sterilized saline solution and were shacked evenly. Then, they 
were serially diluted from 10-1 to 10-6 in the saline solution. 
1.0% suspension from all the dilutions was then used as an 
inoculum to be grown on the NA plates using the spread 
plate method for obtaining the bacterial colonies after the 
plates were subjected to 24 h of incubation at 37°C. The 
bacterial colonies appearing after 24 h of incubation were 
restreaked several times on the nutrient agar plates to obtain 
pure bacterial cultures.

Primary Screening for Lipase Production

The primary screening for lipolytic bacteria was done by 
streaking the pure bacterial cultures on TBA (Tributyrin 
Agar) plates. The TBA media comprised: 0.5% Peptone, 
0.3% Beef extract, and 2.0% Agar supplemented with 1.0% 

Tributyrin as a carbon source at 7.5 pH. The media plates 
were kept at 37°C for 48 h of incubation. The bacterial 
cultures depicting visible hydrolysis zone around the colonies 
on the media were then further analyzed for the quantitative 
determination of lipase activity using agar well diffusion 
assay (cup well method). Solid media comprising different 
carbon sources like olive oil, Tween- 20, and Tween- 80 were 
assessed for lipolytic activity. The detection of enzymatic 
activity was done by observing visually and measuring the 
clear zones on the surface of the agar.

Secondary Screening of Lipolytic Bacterial Strains 
Using Various Media

Phenol red agar: Phenol red agar media comprising: 1.0% 
Peptone, 0.5% NaCl, 0.01% CaCl2, 0.01% Phenol red, 2.0% 
Agar and 1.0% Olive oil was prepared, and pH was set at 
7.0. The bacterial cultures showing clear zones on TBA 
were fed into the sterile NB (nutrient broth) media and 
then incubated at 37°C for 24 h. 50 µL of the obtained new 
cultures supernatant was poured into the bored wells on plates 
prepared from phenol red agar media. Then incubation was 
done at a temperature of 37°C for 48 h. The sterile nutrient 
broth was employed as a control. The color change from red 
to yellow around the wells indicated lipase activity. All the 
experiments were performed in triplicates.

Tween- 20 agar: Tween-20 agar media comprising: 1.0% 
Peptone, 0.5% NaCl, 0.01% CaCl2, 2.0% Agar and 1.0% 
Tween-20 was synthesized. 50 µL supernatant of the new 
bacterial cultures was added in the wells bored on plates 
prepared from agar media containing Tween- 20 and 
then subjected to incubation at a temperature of 37°C for 
incubation of 48 h. The control was used in the form of sterile 
nutrient broth. Noticeable precipitation around the wells 
indicated the existence of the activity of lipase. Experiments 
were performed in triplicates.

Identifying the Lipolytic Bacterial Strains

Physical and Biochemical Characterization
Physical characterization: Morphological and colony 
characteristics were studied from cultures grown on nutrient 
agar plates. The shape of the bacterial cells was seen by using 
Gram’s staining method. 

16srRNA sequencing: The Chromosomal DNA of the 
bacterial strain was hauled out by employing a spin column 
kit (HiMedia) (Clarridge 2004) and was amplified using 
PCR using a thermal cycler and Exo-SAP (Exonuclease I 
-Shrimp Alkaline Phosphatase) was utilized for the process
of purification (Darby et al. 2005). The purified amplicons
were sequenced using the Automated Sanger Sequencing
method (ABI 3500xL genetic analyzer, USA). BLAST

Table 1: Sample collection for bacterial strain isolation.

S.No. Sample code Source

1. W(I) Wastewater from Stainless Steel 
Industry, Hisar

2. W(II) Waste Water from Paper Mill, Panipat

3. W(III) Sweet Shop Drainage, Hisar

4. W(IV) Restaurant Drainage, Hisar

5. W(V) Restaurant  Drainage, Hansi

6. W(VI) Wastewater from STP, Gangua

7. W(VII) Sewage discharge from random house, 
Hisar

8. W(VIII) Sewage water from GJU, Hisar

9. S(A) Sludge from local sewer hole, 
Sector-15, Hisar

10. S(B) Soil from a Local auto workshop, Hisar

11. S(C) Soil from Automarket, Hisar
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was employed for scrutinizing the resulting sequences 
with flanking culture sequences recovered from the NCBI 
database that discovers the similarity regions locally 
amongst the sequences (Altschul et al. 1990). The program 
then relates the retrieved nucleotide sequences to sequence 
databases to calculate the match’s statistical significance 
(Gertz 2005). The BLAST algorithms were employed to 
infer the relationships related to evolutionary and functional 
parameters amongst the sequences to find members of the 
gene families. BLASTN program was then primarily used 
to discover the potentially closely related strains (Altschul et 
al. 1990). The multiple sequence alignment tool, CLUSTAL 
W, was employed to align the sequences. MEGA (Molecular 
Evolutionary Genetics Analysis Version 6.0) was employed 
for the phylogenetic tree construction (Karlin & Altschul 
1990).

Growth Kinetics and Lipase Production

The isolates showing significant zones on the above-
mentioned media were inoculated in 15 ml of inoculums 
media comprising: 2.0% Glucose, 1.0% Yeast extract, 1.0% 
Peptone, 1.0% CH3COONa.3H2O, 0.009% MgSO4, 0.003% 
MnSO4, 0.15% CuSO4.5H2O, 0.05% KCl, 0.5% olive oil 
with 7.5 pH. The flasks of inoculums were then subjected 
to incubation at a temperature of 37°C overnight at 120 rpm. 
Then the submerged cultures were mixed with 100 ml of 
lipase production media: 0.2% Peptone, 0.25% NaCl, 0.04% 
CaCl2.2H2O, 0.1% NH4H2PO4, 0.04% MgSO4.7H2O, and 
2.0% Olive oil. The flasks were then further incubated at 
37°C at 120 rpm for 120 h. 1.0M NaCl and 1.0M HCl were 
used to maintain the medium pH and adjusted to 7.2. The 
samples were drawn at 12-hour intervals from the production 
media to determine bacterial growth and lipase activity. 
The optical density at 600 nm was measured using a UV-
Vis spectrophotometer to determine the cultures’ bacterial 
growth. To determine the lipase activity of the samples, a 
refrigerated high-speed centrifuge was used at 10,000 rpm 
for 10 min at 4°C. The lipolytic activity of the crude enzyme 
was then assayed. The lipase activity was analyzed using 
a Colorimetric assay as distinct by Winkler & Stuckmann 
(1979).

Lipase Assay

The hydrolysis activity of lipase towards p-nitrophenyl 
palmitate (NPP) was recorded according to the colorimetric 
method with minor modifications (Gricajeva et al. 2019). 
The stock solution of the substrate pNPP (p-nitrophenyl 
palmitate, 20 mM) was prepared using isopropanol. The 
final reaction mixture was prepared by mixing 75 µL of 
pNPP of stock solution in 3 mL of Tris buffer (0.05 M, pH-
8.0) and then subjected to incubation at 70°C inside a water 

bath for 10 minutes. After that, 25 µL of the crude enzyme 
was supplemented into the reaction mixture, followed by 
incubation at 35°C in a water bath for 30 minutes. After 
30 min, adding 1 mL of stopping reagent (chilled acetone- 
ethanol (1:1)) halted the enzymatic reaction. In the control 
(blank) set, the addition of the crude enzyme step was 
skipped. The liberation of the yellow-colored compound 
(p-nitrophenol) in the reaction mixture was measured at the 
wavelength of 410nm alongside a reagent blank about the 
p- nitrophenol standard curve (2 to 20 µg.mL-1 in 0.05M
Tris HCl buffer (pH-8.0). The same assay was carried out
in triplicates leading to the presentation of the mean values.
One unit (U) of enzyme activity is defined as a micromole
(µM) of the liberated p-nitrophenol by the p- nitrophenyl ester 
breakdown by 1.0 ml of the soluble enzyme every minute at
a temperature of 35°C beneath the standard assay conditions. 

The enzyme activity (U mL-1 min-1) was calculated using 
equation 1.  

Lipase activity (Units mL−1min−1) =
μ moles of p−nitrophenol liberated

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑉𝑉𝑜𝑜 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑉𝑉𝑉𝑉 (0.025𝑉𝑉𝑚𝑚)∗𝐼𝐼𝑒𝑒𝐼𝐼𝑉𝑉𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑉𝑉𝑒𝑒 𝐼𝐼𝐼𝐼𝑉𝑉𝑉𝑉 (30) 
 …(1)

Specific activity is the enzyme activity per mg of the total 
protein (expressed in µ mol min-1 mg-1) using equation 2. 

Specific enzyme activity (Umg−1) = 
Enzyme activity (U/mL)

Total protein content (mg/mL) …(2)

Determination of Protein content: protein content

The protein concentration was estimated using Bradford’s 
method, in which BSA (Bovine Serum Albumin) is a 
standard protein (Bradford 1976). 

Characterization of Crude Lipase

Effect of Temperature: The optima of temperature for 
crude lipase has been estimated by incubating crude enzyme 
aliquots at various temperatures ranging from 20-80°C for 
24 h at 200 rpm, maintaining pH at 8 using Tris-HCl buffer. 
The maximum activity was considered 100% at the beginning 
of incubation.

Effect of pH: The optima of pH for crude lipase was 
estimated after the incubation of LipBL-WII(c) in various 
buffers (50mM): pH- 2 (glycine- HCl), pH 3-5 (acetate- 
acetic acid), pH 6-7 (phosphate), pH 8- 9 (Tris-HCl), pH 
10.0 (glycine- NaOH), pH 11.0 (phosphate- NaOH) and pH 
12 (KCl- NaOH). The maximum LipBL-WII(c) activity was 
established as 100% relative lipolytic activity.

Effect of organic solvents: For determining the impact of 
organic solvents (ethanol, isopropanol, hexane, chloroform, 
and methanol) on the enzyme activity, LipBL-WII(c) was 
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incubated with different organic solvents at a concentration 
of 50% (v/v) for 6 h at 37°C at 150rpm. The lipolytic activity 
of control (in the absence of organic solvent) was considered 
100.0%. 

Effect of metal ions: Crude lipase, LipBL-WII(c) was 
incubated with metal ions (Mg2+, Mn2+, Ca2+, Fe2+, and Zn2+) 
of 1mM concentration at 37°C temperature with 150 rpm for 
6 h to assess the impact of metal ions on enzyme activity. 
Control was devoid of the metal ion solution. The change 
in the lipase activity compared to the control’s activity was 
referred to as the relative activity. 

Effect of surfactants: Lipase was incubated in the 
occurrence of various surfactants (Tween- 20, 80, SDS, 
and Triton X-100) at a concentration of 1.0% for 6 h at 
37°C temperature with 150 rpm to assess their effect on 
the enzyme activity of lipase. No surfactant was used in the 
sample solution used as a control. The change in the lipase 
activity compared to the control’s activity was referred to 
as the relative activity.

Kinetic Parameters of Crude Lipase

The velocity of reaction for crude lipase was studied utilizing 
p- NPP (p-nitrophenyl palmitate) as a substrate at a variable 
concentration of (0.1-10mM) in buffer Tris- HCl (50 mM, pH 
8.0). The Michaelis constant (Km) and maximum velocity 
(Vmax) were estimated utilizing the Lineweaver-Burk plot.

Biodiesel Producing Potential of Crude Lipase

Biodiesel production was planned to refer to (Yang et al. 
2009) with fewer modifications. A 7.89 ml of Olive oil was 
mixed with 0.99 mL of methanol and kept in glass tubes 
with screw caps, then added 2.6 mL of crude lipase and 
incubated at 40°C temperature along with shaking at 220 
rpm for 48 h. After the incubation period, 200 μL of the 
sample was withdrawn from the reaction’s mixture and then 
diluted using 1.0 mL of n-hexane for 2min. Afterward, the 
centrifugation of samples was done at 10000 rpm for 15 min, 
and 10 μL of the upper layer was subjected to a Thin Layer 
Chromatography (TLC) plate. Methyl oleate was utilized as 
a reference for biodiesel in TLC. After the development of 
the plate in 90:10:1 (n-hexane/ ethyl acetate/ acetic acid), 
then iodine vapor was used for visualizing the spots for a 
short period of time. The yield of the biodiesel production 
was calculated using Equation 3.

 Yield =  𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑉𝑉𝑜𝑜 𝐵𝐵𝐵𝐵𝑉𝑉𝐵𝐵𝐵𝐵𝑉𝑉𝐵𝐵𝑉𝑉𝑉𝑉 𝑝𝑝𝑝𝑝𝑉𝑉𝐵𝐵𝑉𝑉𝑝𝑝𝑉𝑉𝐵𝐵
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑉𝑉𝑜𝑜 𝑉𝑉𝐵𝐵𝑉𝑉 × 100     …(3)

RESULTS AND DISCUSSION

Isolation, Screening and Identification

Lipid-rich wastewater, soil, and sludge samples were 
collected from sites near Hisar district, Haryana, India. The 
sites were chosen rationally to offer a good atmosphere 
for the lipolytic bacteria to thrive. 36 isolates of bacteria 
were isolated on NA (nutrient agar) medium. The purified 
isolated bacterial strain is shown in Fig. 1. All 36 strains 
were screened for lipase activity by streaking them onto a 
Tributyrin agar medium (TBA). Out of 36 bacterial isolates, 
only 17 exhibited clear zones around the colonies on the 
Tributyrin agar (TBA) medium. The clear zones around  

Fig. 1: Purified isolated WII(c).

Table 2: Zone production by lipase-producing bacterial isolates.

S.No. Isolate No. Zone Diameter (in mm)

Phenol Red Agar Tween-20 Agar

1. SA(b) 20 26

2. SA(c) 18 26

3. SA(d) 20 24

4. SB(a) 14 26

5. SB(d) 18 32

6. SB(e) 12 14

7. SC(d) 14 16

8. WI(a) 20 22

9. WII(a) 14 30

10. WII(c) 30 66

11. WIII(a) 18 24

12. WIV(a) 14 32

13. WIV(c) 18 34

14. WV(a) 14 24

15. WVI(a) 14 16

16. WVII(a) 24 20

17. WVIII(a) 24 16
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of sugar fermentation were also carried out using standard 
reference biochemical tests for identification of bacteria 
genus as per Bergey’s manual of systematic bacteriology as 
described in Table 3. Two strains, WII(c) and SA(c) were 
selected for further identification using 16SrRNA sequencing 
due to their exhibition of top-most lipolytic activity amongst 
all the other strains. BLAST search analysis of the strain 
WII(c) revealed that it exhibited close homology (99%) with 
Bacillus licheniformis, and SA (c) exhibited closed homology
(99.92%) with Bacillus rugosus and multiple species. The
study impacted the strain WII(c) as B. licheniformis and 
SA(c) as Bacillus rugosus. The 16S rRNA gene sequence
was deposited in Gene Bank and obtained accession no. 
for Bacillus licheniformis (Accession no. OP56979) and
Bacillus rugosus (Accession no. OP56980). Fig. 3 illustrates 
the constructed tree of phylogeny showing the evolutionary 
relationships of the strain WII(c) and SA(c) to other lipolytic 
Bacillus sp. The strains WII(c) and SA(c) came from the
same genus. Hence, the strain with the maximum lipolytic 
activity, i.e., WII(c), was used for further study.

Growth Kinetics and Lipase Production

B. licheniformis WII(c) was grown using the basal medium
for 120 h to determine the true growth phase, depicting the
highest extracellular lipase production. Lipase production
and bacterial growth were assayed on samples taken at
every 12 h interval. A parallel relationship between lipolytic 
activity and cell growth was recorded, depicting lipase
production as growth linked. The early log phase recorded
the initiation of lipase production, and the optimum was
reached throughout the late exponential growth phase.
Maximum production of lipase (50 U-1.mL-1.min-1) was
detailed at 72 h of the incubation period (Fig. 4). This was

the bacterial colonies depicted the degradation of tributyrin 
into butyric acid by the lipolytic activity of the bacteria. 
As shown in Table 2, all 17 strains of bacteria were then 
monitored for the quantitative analysis of enzyme production 
employing solid media like phenol red and Tween- 20 agar 
media. In phenol, red, and tween-20 agar media, strain WII(c) 
exhibited the highest lipase production. At first, the strains 
were screened using a chromogenic approach by using the 
dye phenol red as an indicator and olive oil as an inducer 
substrate. The pH indicator was Phenol red, with a pH of 
7.3-7.4 as the endpoint. The lipolytic reaction of olive oil 
ends in releasing fatty acids. In turn, the dye pH decreases, 
exhibiting yellow color zones around the wells indicating 
the lipase activity of the tested strain of bacteria (Patel & 
Desai 2018).

Further, Tween- 20 agar media consisted of tween- 20 
being an inducer substrate. The lipolytic activity of the strains 
was depicted by the development of a big visible zone of 
precipitates of calcium salt surrounding the well, resulting 
from the reduction of tween-20 into fatty acids. Promoting 
ideal interaction between the enzyme or cells and substrates 
makes tween- 20 the commonly used substrate for detecting 
the lipolytic activity of bacteria. Fig. 2 shows the hydrolysis 
zone depicted by various isolated strains on different media.

Identification

The bacterial strain was initially identified by morphological 
characterization like Gram staining, which showed maximum 
lipolytic activity. Studies on the physiological characteristics 
of all the isolates were performed. The biochemical 
characteristics (Catalase, Oxidase, Indole, Methyl red, 
Voges- Proskauer, Nitrate reduction, Citrate utilization, 
Hydrogen sulfide production, gelatin hydrolysis) and tests 

Fig. 2: Zone of hydrolysis around the wells by various isolated strains.
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Table 3: Biochemical characterization of isolated lipolytic strains.
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SA(b) Rod-shaped - - - - + - - + + + + + + Pseudomonas sp.

SA(c) Bacillus + - -/+ -/+ - - + + - - + + + - Bacillus sp.

SA(d) Coccus + - + + - - + + - + + + + - Staphylococcus sp.

SB(a) Coccus + - - + - + + + - + + + + - Staphylococcus sp.

SB(d) Bacillus + - -/+ -/+ - - + + - - + + + - Bacillus sp.

SB(e) Coccus + - - - + - - + - - - + + - Staphylococcus sp.

SC(d) Coccus + - - + - - + + - + + + + - Enterococcus sp.

WI(a) Coccus + - - - + - - + - - + + + - Micrococcus sp.

WII(a) Coccus + - - - + - - + - + - + + + Staphylococcus sp.

WII(c) Bacillus + - -/+ + + - + + - + + - + - Bacillus sp.

WIII(a) Coccus + - - - - - - + - - + + + + Micrococcus sp.

WIV(a) Coccus + - - + - - + + - - - + + - Staphylococcus sp.

WIV(c) Coccus + - - - + - - + - - + + + - Staphylococcus sp.

WV(a) Coccus + - - + + - - - - - + + + - Enterococcus sp.

WVI(a) Coccus + - - + - - + + - + - + + - Staphylococcus sp.

WVII(a) Bacillus + - - -/+ + - + + - - + - + - Bacillus sp.

WVIII(a) Bacillus + - - + - - -/+ + - - + + + - Bacillus sp.

Fig. 3: Phylogenetic tree based on 16S rRNA gene sequences of WII(c) and SA(c) showing their similarity to other lipolytic Bacillus sp. strains.
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comparable to the conclusions of Tripathi et al. (2014) and 
Zhao et al. (2021) showing the optimum production of lipase 
by a micro bacterium and Staphylococcus caprae through the 
late exponential phase of growth. The lipolytic activity was 
reduced after 72 h of incubation, possibly due to proteases 
in the fermentation media.  

Characteristics of LipBL-WII(c)

Effect of temperature: The optimal temperature for LipBL-
WII(c), a crude lipase from Bacillus licheniformis, was 55°C 
(Fig. 5 (a)). On increasing the temperature beyond 50°C, 
lipase activity decreased, indicating thermal destruction 
of the tertiary enzyme structure. The optimal activity of 
the lipase from Anoxybacillus flavithermus was at the
temperature of 50°C and was detected to be firm from 25°C 
to 50°C for incubation of 24 h (Bakir & Metin 2016). The 
optimal temperature for the enzyme activity was 40˚C with 
decent stability at 10-30˚C for the lipase produced by the 
bacteria identified as Acinetobacter haemolyticus (Sarac &
Ugur 2015). Saraswat et al. 2017 reported the alkaline and 
thermotolerant lipase (BSK-L) production from the strain 
Bacillus subtilis. Lipase has optimum activity at 37°C and
exhibits active activity of lipase at the temperature range of 
30°C to 60°C.

Effect of pH: The optimal pH of LipBL-WII(c) was 
estimated to be 8 and exhibited stability in pH from 4 to 10 
(Fig. 5 (b)). Lipase from Cohnella sp. A01 showed optimum 
activity at pH 8.5 and was ideally stable at pH 8.5–10 for 
the incubation of 180 minutes (Golaki et al. 2015). The pH 
optima for the purified lipase produced by Bacillus subtilis 

was pH 8 (Mazhar et al. 2016). Rmili et al. (2019) reported 
that lipase SCL produced by Staphylococcus capitis retained
greater than 60% of its initial activity over extensive pH 
values ranging from 5 to 11 at room temperature. Sarac 
and Ugur (2015) reported that the lipase produced by 
Acinetobacter haemolyticus showed the pH optima at 9 with 
good stability at pH ranging between 5.0- 11.0.

Effect of organic solvents: LipBL-WII(c) from B. 

licheniformis WII(c) was incubated in the presence of
50% (v/v) organic solvents for 6 h and observed notable 
retaining of relative activity with hexane, ethanol, methanol, 
and isopropanol while moderately tolerant to chloroform 
as shown in (Fig. 5 (c)) stating that this lipase unveiled 
decent stability with the utmost of the organic solvents. 
Similarly, Bacillus sp. was tolerant to methanol, ethanol,
and acetonitrile, making the strain produce a solvent-
tolerant lipase enzyme, rendering it a likely nominee of the 
solvent-tolerant lipase for a variety of industrial applications 
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Fig. 4: Growth curve (■) and Lipase production curve (●) by Bacillus licheniformis WII(c).
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Fig. 5: Effect of various characteristics on the lipolytic activity of LipBL-WII(c). (a) Temperature 

(b) pH (c) organic solvents (d) metal ions (e) surfactants. 

Kinetic Parameters of Lipase

Lineweaver-Burk plot was used to determine the kinetic parameters (Km and Vmax) of the enzyme

lipase. The values of Km and Vmax for lipase by utilizing pNPP (p-nitrophenyl palmitate) as a 

substrate were determined to be 2.05 mM and 6.02 mmoles-1min-1mg-1, respectively (Fig. 6). A 

low value of Km implies a greater affinity of the enzyme towards its substrate. In comparison, a

high Km implies less affinity. Tripathi et al. (2014) stated the values of Km and Vmax being 

3.2 mM and 0.005 mmoles-1min-1mg-1 for lipase from Microbacterium sp. while which depicted

the interaction of enzymes toward its substrates. Sarac and Ugur (2015) described the lipase
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Fig. 5: Effect of various characteristics on the lipolytic activity of LipBL-WII(c). (a) Temperature (b) pH (c) organic solvents (d) metal ions  
(e) surfactants.
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(Jaiganesh & Janganathan 2016). Lipases tolerant to organic 
solvents are crucial for the production of biopolymeric, fine 
chemicals, and biodiesel material production (Javed et al. 
2018). The lipase produced by Aureobasidium pullulans 

exhibited outstanding stability in some 30% (v/v) organic 
solutions, including hexane, DMSO (dimethyl sulfoxide), 
n-propanol, and isopropanol (Li et al. 2019).

Effect of metal ions: LipBL-WII(c) was incubated with 
1mM molarity of metal ions for six h and perceived a decent 
tolerance in the occurrence of Ca+1, Mg2+, and Zn2+ (Fig. 
5(d)). Likewise, augmentation of the lipolytic activity in 
the presence of K+ and Ca2+ ions was conveyed by (Wang 
et al. 2012). A decrease in the lipase activity on treatment 
with EDTA (a metal ion chelator) along with Ca2+ (71.5%) 
and Mn2+ (62.8%), as metal ions assist in the structural and 
functional maintenance of the enzyme was described by 
Golaki et al. (2015). While lipase activity of the extracellular 
lipase from Azospirillum sp. was decreased by adding Mg2+,
Zn2+, Co2+, and Cu2+ metal ions (Lestari et al. 2016). Li et 
al. (2019) showed that Ca2+ heightened the lipase catalytic 
activity produced from Aureobasidium pullulans and was 
marginally inhibited by Zn2+ and Mn2+ at a concentration 
of 10 mmol.L-1.

Effect of surfactants: The effect of different surfactants on 
the LipBL-WII(c) was examined by incubating the lipase 

with various surfactants for six h. The relative activity was 
upgraded by adding Triton X-100 while it was retained by 
Tween 20, Tween 80, and SDS (Fig. 5(e)). On the other 
hand, Golaki et al. (2015) stated that the bio-catalytic activity 
of the enzyme was considerably reduced to 16.2% by the 
surfactant SDS. Non-ionic detergents cause disintegration 
by decreasing the hydrophobic interactions amongst the 
lipase enzyme, stabilizing the enzyme activity. At the same 
time, SDS affects the enzyme’s denaturation by destroying 
the disulfide linkages (Sajna et al. 2013). Kaur et al. (2016) 
reported that the enzyme produced by Bacillus licheniformis 

could preserve its activity in the occurrence of different 
detergents (Tween- 20, 40, SDS and Triton X-100). Li et 
al. (2019) described that the lipase from Aureobasidium 

pullulans was stimulated by the non-ionic surfactants
(Tween- 80, Triton X- 100, and Tween 20) and the anionic 
surfactant SDS. Still, it was severely repressed by the cationic 
surfactant CTAB.

Kinetic Parameters of Lipase

Lineweaver-Burk plot was used to determine the kinetic 
parameters (Km and Vmax) of the enzyme lipase. The values 
of Km and Vmax for lipase by utilizing pNPP (p-nitrophenyl 
palmitate) as a substrate were determined to be 2.05 mM 
and 6.02 mmoles-1min-1mg-1, respectively (Fig. 6). A 
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Fig. 6: Line weaver-Burk plot of LipBL-WII(c) from Bacillus licheniformis.
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low value of Km implies a greater affinity of the enzyme 
towards its substrate. In comparison, a high Km implies 
less affinity. Tripathi et al. (2014) stated the values of Km 
and Vmax being 3.2 mM and 0.005 mmoles-1min-1mg-1 for 
lipase from Microbacterium sp. while which depicted the
interaction of enzymes toward its substrates. Sarac and Ugur 
(2015) described the lipase production from Acinetobacter 

haemolyticus depicting lipase’s Km and Vmax as 0.8 mM
and 3.833 mmoles-1min-1mg-1, respectively. Km and Vmax 
values of the lipase production by the native B. subtilis strain 
Kakrayal_1 (BSK-L) were perceived to be 2.2 mM and 
6.67 mmoles-1min-1mg-1, respectively (Saraswat et al. 2018). 
Sharma and Kanwar (2015) verified the Vmax and Km of 
the purified lipase of Bacillus licheniformis SCD11501 were
to be 2.27 and 0.43 mM-1mmol-1ml-1min-1, respectively, for 
the breakdown of p-NPP. The values of Vmax and Km of 
purified lipase for isolates G14, B10, and OI were 17.6, 24.4, 
and 135 mmoles-1min-1mg-1 and 1.3, 1.6, and 0.681 mM, 
respectively (Shart & Elkhalil 2020).

Biodiesel Production Potential of Crude Lipase 

LipBL-WII(c) catalyzed biodiesel production in the 
occurrence of olive oil and methanol. The production of 
biodiesel was confirmed by the TLC plate assay (Fig. 7). The 
separation of compounds in TLC is based on the competition 
of solute and mobile phase for the binding place on the 

stationary phase. As the biodiesel sample being separated 
was colorless, iodine vapors were used as a general non-
specific color reagent. The biodiesel sample separated at the 
same retention factor (Rf of 0.8) as the standard used (methyl 
oleate). The yield of the biodiesel produced using olive oil 
was 84%. LipBL-WII(c)’s characteristics, properties, and 
stability amongst organic solvents make them useful for the 
trans-esterification process for biodiesel production as a 
bio-catalyst. Lipase-mediated biodiesel production depicts 
various merits like; the requirement of low energy and water 
for isolation of product, moderate reaction conditions, and 
less alcohol required during the reaction. The essential 
reaction time for different lipases is 5–72 h (Ugur et al. 2014).

CONCLUSION

In the stated investigation, 17 indigenous lipase-producing 
strains were isolated and biochemically identified, out of 
which 2 were identified using the 16srRNA sequencing 
method. The two strains were: Bacillus licheniformis and
Bacillus rugosus. Lipase produced from WII(c) had the
highest lipolytic activity; hence, it was characterized and 
evaluated for biodiesel production efficiency. Microbes 
growing indigenously are found to be economical, 
better adapted to biotic and abiotic stress, and stable. 
Characterization of crude LipBL-WII(c) divulged that it 
showed stability in a wide pH range of (4 to 10) with optimum 

Fig. 7: LipBL-WII(c) catalyzed biodiesel production, TLC plate. S: standard (methyl oleate), A: sample. BD: biodiesel, DG: diglyceride,  
FFA: free fatty acid, MG: monoglyceride.
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lipolytic activity observed at pH 8. LipBL-WII(c) was then 
found to be lipolytic at a temperature range from 20°C 
to 80°C, having 50°C as optima. Lipase activity was also 
stimulated in metal ions like Ca+1, Mg2+, and Zn2+ the most.

Furthermore, LipBL-WII(c) retained its lipolytic 
activity in various organic solvents and surfactants. The 
kinetic parameters (Km and Vmax) for LipBL-WII(c) were 
ascertained using Lineweaver- Burk plot. LipBL-WII(c) 
showed a potential for biodiesel production using olive oil 
as a source. Thus, it can be employed as a potential candidate 
for green biodiesel production using oil sources. However, 
further work is required to optimize lipase production, its 
purification, and the characterization of purified LipBL-
WII(c) for more efficient biodiesel production using oil 
sources.
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      ABSTRACT
Air pollution has become a major issue in cities due to urbanization, population growth, 
industrial development, and increasing number of vehicles. The study used Gmelina arborea 
tree leaves as a bioindicator to determine the Air Pollution Tolerance Index (APTI) as a 
simple and effective compositional index of environmental health in three cities in the Caraga 
Region, Philippines. To calculate the APTI, four biochemical parameters of tree leaves were 
calculated: relative water content, total chlorophyll content, leaf-extract pH, and ascorbic acid 
content. In terms of the APTI category, results showed that all G. arborea species collected 
in all sample sites are classified as sensitive to air pollution, with the sample collected in 
Bayugan City being the most sensitive, with an APTI value of 7.66, and the samples collected 
in Butuan and Cabadbaran City being the least sensitive, with APTI values of 9.54 and 9.11, 
respectively. A Kruskal-Wallis test revealed a significant difference between the APTI values 
of G. arborea trees in the three sampling areas in the Caraga region. Based on the APTI 
computed values of the tree leaves determined in all sites, it is concluded that G. arborea 
species can be used as a bioindicator of air pollution, classified as sensitive.

INTRODUCTION

Urbanization, industrialization, population development, 
and an increase in the number of cars are all contributing to 
an ever-increasing problem of air pollution in cities. Plants 
have the potential to significantly reduce air pollution in 
metropolitan settings (Irshad et al. 2020, Leghari et al. 2019). 
Air pollution is one of the most serious issues affecting 
people’s health. The problem is especially significant in the 
Philippines’ urban areas. Air pollution represents a major 
concern that has far-reaching implications for the health 
and environment of a region (Alpy & Sanjay 2016). Various 
physical and chemical technologies have been developed 
and deployed in the past to help improve air quality. Still, 
the high costs of establishing and maintaining these systems 
remain a worry (Xie et al. 2017). Biological solutions such 
as cultivating green plants in and around Metro Manila’s 
urban areas are a viable alternative to employing physical 
and chemical ways to mitigate air pollution (Su et al. 2018).

Plants have been a tried-and-true solution to various 
air-related issues (Swami & Chouhan 2015, Achakzai et al. 

2017). The content, concentration, and interaction of primary 
and secondary pollutants in the atmosphere change as the 
population, urbanization, motorization, and industrialization 
increase (Sahu et al. 2020). The leaves of plants are the 
major receptors of air pollution. Because the leaves have 
a vast surface area for absorption and accumulation, they 
serve as a sink for pollutants (Liu et al. 2008, Kim et al. 
2015). Pollution’s impacts are most visible on leaves, which 
have a direct negative impact on them (Lohe et al. 2015). 
Because roadside plants’ leaves come into close contact with 
pollutants, they may act as pollutants’ stressors (Ogboru et al. 
2021). Conveniently, plant leaves have been recommended 
for testing to determine their ability to absorb and/or adsorb 
pollutants (Escobedo et al. 2008). Tolerant plants are so 
effective at absorbing toxins that they can create pockets of 
clean air (Brilli et al. 2018). Thus, such tolerant trees can help 
to improve air quality by exchanging gasses and acting as a 
sink for air pollutants, decreasing pollutant concentrations 
in the air and contributing to air pollution mitigation. 
Monitoring for injurious levels of air pollutants by plants 
is a standard technique to diagnose air pollution injury in 
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plants (Ram et al. 2015). Recently, there has been a greater 
emphasis on using plants to detect air quality.

Biomonitoring is increasingly used as a cost-effective 
alternative to instrumental methods for studying local air 
pollution in the terrestrial environment (Yousaf et al., 2020, 
Nakazato et al. 2018). Lichens and mosses have already been 
used as biomonitors. However, dissimilar bioaccumulation 
dynamics were observed due to differences in morphology, 
ecophysiology, and habitat (Drava et al. 2019, Al-Khashman 
et al. 2011, Simon et al. 2014, Gonze & Sy 2016, Margitai 
et al. 2017). Due to their continual exposure and low-
cost sampling, trees provide an alternative means of 
monitoring urban air quality (Lei et al. 2018, Selmi et al.  
2016).

The Air Pollution Tolerance Index can be used to 
determine how plants react to pollution. APTI is the bio-
indicator species’ biological monitoring and assessment 
index. It’s a method for determining how plants respond 
biochemically and physically (Gulliermo & Mallapre 
2016.). Plants that are sensitive to pollution help to detect 
it, whereas those that are tolerant help to reduce pollution 
by acting as sinks in polluted areas (Lakshmi et al. 2009). 
The air pollution tolerance index (APTI) is a plant’s innate 
ability to withstand air pollution stress, a major concern in 
industrial and non-industrial locations (Rai et al. 2013). The 
suitability of tree species as bioindicators/biomonitors are 
decided by their tolerance and sensitivity to air pollution, 
which is frequently tested using the air pollution tolerance 
index (Ogunkunle et al. 2014). Plants in urban locations 
are continually exposed to pollutants, resulting in pollutant 
buildup and integration into their systems, affecting the 
leaf’s character, tolerance, and sensitivity. This sensitivity is 
assessed using a variety of biochemical measures, followed 
by an APTI (Tak & Kakde 2017). Among all the trees 
investigated along Metro Manila’s key roadside corridors, 
Gmelina arborea Roxb. had the highest APTI value (Glenn 
et al. 2018). The study was conducted to determine the 
Air Pollution Tolerance Indicator (APTI) as a simple and 
effective compositional index of environmental health by 
using G. arborea tree leaves as a bioindicator in three cities 
in Caraga Region in the Philippines.

The study aimed to assess the efficacy of biomonitoring 
methods using G. arborea tree species as a bioindicator 
in investigating the level of tolerance to air pollutants, 
especially in high-traffic areas of the three cities in Caraga 
Region on the susceptibility level of G. arborea tree to air 
pollutants in terms of the following biochemical parameters 
for air pollution tolerance index, namely: relative leaf water 
content, total chlorophyll content, leaf-extract pH, and 
ascorbic acid content.

MATERIALS AND METHODS

This chapter discussed the methods and measures undertaken 
to conduct the study, such as choosing the research design, 
selecting the locale of the study, sampling technique, data 
gathering procedure, instrumentation, and the statistical 
treatment used in data analysis.

Research Design

This study used a quantitative experimental research 
design with a test configuration performed in a laboratory. 
Before, during, and after the test experiments, comparative 
assessments, study guides, and related articles were 
considered to ensure that there is clear and cut evidence to 
provide adequate results that could be based on by future 
researchers who would follow suit in the same or related 
research. The collected data were analyzed using correlation 
measures to determine trees’ air pollution tolerance index in 
various sampling areas.

Research Locale

The study sites were conducted in three cities in the Caraga 
region, particularly on the roadsides of Butuan City, 
Cabadbaran City, and Bayugan City. G. arborea tree species 
were found and selected on purpose by the researchers in 
each city, respectively, at Capitol Drive, Butuan City, Ilban 
Street, Cabadbaran City, and Narra Avenue, Bayugan City. 
These sampling areas were considered polluted due to the 
large volume of vehicles on each city’s roadsides. Fig. 1 
below presents the map of the Caraga Region, Philippines, 
where three sampling areas were located.

Sampling Technique Used

During the dry season in the morning, fresh leaves of G. 

arborea trees were accumulated from the conveyance 
congested areas of the three sampling sites, along the road 
of Capitol Drive, Butuan City, Ilba Street, Cabadbaran City, 
and Narra Avenue, Bayugan City. Plenarily grown leaves of 
G. arborea were taken from above 3 m height in each of the 
three sampling areas and were brought to the laboratory. The 
loose dust particles amassed on the leaf surface were removed 
with a fine brush before the fresh weight of the leaves was 
recorded. For the turgid weight, the leaves were marinated 
for 24 h in distilled water before acquiring the weight. The 
leaves’ dry weight was taken in an oven at 105°C for 2 h. The 
pH of the leaf extract was measured with an EZDO PH-5011 
pH meter. To determine the remaining city samples’ total 
chlorophyll and ascorbic acid content, 1-gram G. arborea 
leaf samples were brought to the Mindanao State University-
IIT Chemistry Department Laboratory.
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Data Gathering Procedure

The researchers requested permission to conduct an Air 
Pollution Tolerance Index of G. arborea tree species in
each city via email to the City Environment and Natural 
Resources office. Experiments for relative leaf water content 
and leaf-extract pH were carried out in the laboratory of 
Ampayon National High School. Due to a lack of equipment 
in Ampayon National High School and Caraga State 
University laboratories, the sample leaves’ total chlorophyll 
and ascorbic acid content in three sampling areas were 
determined at Mindanao State University-IIT. The results 
of the four biochemical parameters were then used to obtain 
the Air Pollution Tolerance Index of G. arborea leaves in
each sampling area. Comparison between the APTI values 
between each sampling site in Caraga, Philippines, were 
obtained using the Kruskal-Wallis statistical test.

Samples were handled as follows to obtain four 
parameters in the APTI (Air Pollution Tolerance Index 
formula:

Relative Leaf Water Content (RWC): Turner’s (1981) 
formula for calculating RWC was used. Fresh leaves were 
collected, weighed using a triple beam balance, and recorded. 
After that, the leaves were soaked in distilled water overnight 

and weighed to determine the turgid weight (Dash & Dash 
2017). The leaves were then dried for 2 h at 105°C in an 
oven before being reweighed to get the dry weight. The 
relative water content of leaves was calculated using the  
formula:

 Relative water content (%) = {(F-D)/(T-D)} × 100

F = Fresh weight of leaves (g)

D = Dry weight of leaves (g)

T = Turgid weight of leaves (g)

Total Chlorophyll Content (TCC): The sample leaves of 
each sampling area were brought to the laboratory of the 
Chemistry Department at Mindanao State University-IIT 
to determine the total chlorophyll content of G. arborea

leaves. The chemist used the DMSO method (Ter et al. 
2020). The extraction process was carried out using the 
amphiphilic DMSO solvent. Pepper tissue was sliced into 
smaller pieces and placed in test tubes with 10 mL of solvent. 
For an hour, test tubes were incubated in a water bath at 
60-65°C. Based on preliminary research (Caabay 2020,
Banerjee et al. 2018), this period was deemed adequate for
complete tissue decolorization. Cooling at room temperature 
for 30 minutes was followed by filtration and absorbance
measurements at 665 and 648 nm. DMSO was used for the

The study aimed to assess the efficacy of biomonitoring methods using G. arborea tree species as a 
bioindicator in investigating the level of tolerance to air pollutants, especially in high-traffic areas of
the three cities in Caraga Region on the susceptibility level of G. arborea tree to air pollutants in terms
of the following biochemical parameters for air pollution tolerance index, namely: relative leaf water
content, total chlorophyll content, leaf-extract pH, and ascorbic acid content. 

MATERIALS AND METHODS

This chapter discussed the methods and measures undertaken to conduct the study, such as choosing
the research design, selecting the locale of the study, sampling technique, data gathering procedure,
instrumentation, and the statistical treatment used in data analysis.

Research Design 

This study used a quantitative experimental research design with a test configuration performed in a
laboratory. Before, during, and after the test experiments, comparative assessments, study guides, and
related articles were considered to ensure that there is clear and cut evidence to provide adequate 
results that could be based on by future researchers who would follow suit in the same or related
research. The collected data were analyzed using correlation measures to determine trees' air pollution 
tolerance index in various sampling areas.

Research Locale

The study sites were conducted in three cities in the Caraga region, particularly on the roadsides of
Butuan City, Cabadbaran City, and Bayugan City. G. arborea tree species were found and selected on 
purpose by the researchers in each city, respectively, at Capitol Drive, Butuan City, Ilban Street, 
Cabadbaran City, and Narra Avenue, Bayugan City. These sampling areas were considered polluted
due to the large volume of vehicles on each city's roadsides. Fig. 1 below presents the map of the 
Caraga Region, Philippines, where three sampling areas were located.

Fig. 1: Map of the study area in Caraga Region, Philippines.
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blank determination. The absorption was measured using a 
HITACHI Spectrophotometer U-2000.

Chlorophyll concentrations were estimated using the 
methods below and represented as mg/g fresh weight (Barnes 
et al. 1992).

Chlorophyll a (mg.g-1 F.W) = (14.85 A665 -5.14 A648) 

Chlorophyll b (mg.g-1 F.W) = (25.48 A665 – 7.36 A648)  

Total chlorophyll (mg.g-1 F.W) = (7.49 A665 + 20.34 A648) 

where: A665 = absorption value at 665 nm, A648= 
absorption value at 648 nm.

Leaf Extract pH: The pH of the leaf extract was calculated 
using the Datta and Sinha (2018) method. A 5 g of fresh 
leaves were rinsed in distilled water before being crushed and 
homogenized in a mortar and pestle with 25 mL of distilled 
water. A pH meter was used to determine the pH of the leaf 
extract filtrate (Pandey et al. 2016).

Ascorbic Acid Content (AAC): The concentration of ascorbic 
acid or Vitamin C content (mg.100 g-1) in the leaf of each 
sample leaf was determined through a laboratory test at the 
Chemistry Department at Mindanao State University-IIT. 
The chemist Singh & Chauhan (2014) spectrophotometric 
approach to determine ascorbic acid concentration. Fresh 
leaf samples (1g) were placed in a test tube, followed by 4 
mL oxalic acid-EDTA, 1 mL orthophosphoric acid, 1 mL 
sulfuric acid, 2 mL ammonium molybdate solution, and 2 mL 
distilled water. After allowing the solution to rest for about 15 
minutes, the clear solution from the tube was tested using a 
Spectrophotometer for absorbance at 760 nm (Model No. 31). 
The concentration of ascorbic acid in the leaf was determined 
using a standard graph that included absorbance and ascorbic 
acid concentrations and was created using the same method.

Air Pollution Tolerance Index (APTI)

Plant APTI values were obtained using the Datta and Sinha 
(1995) equation.

 APTI = A (T + P) + R/10

Where A =Ascorbic Acid Content of the leaf (mg.g-1)

P = pH of leaf extract

R = Relative Water Content of leaf (%)

T = Total Chlorophyll level of leaf extract (mg/g)

The APTI category described by Lakshmi et al. (2009) 
is shown in Table 1. The APTI values were calculated using 
each sampling area’s four biochemical parameters. The 
plant species’ Air Pollution Tolerance Index (APTI) was 
then compared to the standard values in the table below to 
determine how the G. arborea tree species responded to air 
pollution.

Statistical Treatment of Data

With a significance level of p = 0.05, the Kruskal-Wallis 
test was used to determine whether there are significant 
differences in the APTI values of G. arborea trees collected 
within all three study locations in the Caraga Region, 
Philippines.

RESULTS AND DISCUSSION

This section discusses the susceptibility level of G. arborea 
tree to air pollutants in terms of the following biochemical 
parameters for the air pollution tolerance index

Relative Water Content

The study of Gonzalez et al. (2001) defined relative water 
content as the amount of water in a leaf at the time of 
sampling in relation to the maximum amount of water a leaf 
can hold. They also stated that it is an important parameter 
in air pollution tolerance index relation studies (Jitin 2014) 
that have evaluated the osmotic potential at full turgor 
within the leaf to determine the plant’s current health. When 
pollution and transpiration rates stress plants are high, this 
characteristic also refers to the water present in the plant, 
which helps it maintain its physiological equilibrium, and 
plants with higher water content are more drought resistant 
(Rai et al. 2013). Gholami et al. (2016) noted that in the 
occurrence of contaminated air in the area, the transpiration 
rates of plants are typically high, which can contribute to 
desiccation. Pigment analysis in G. arborea can be used 
as a physiological indicator of plant responses to water 
scarcity because they provide information about the stress 
event and because there is an inverse relationship between 
chlorophyll and carotenoid levels as water stress increases 
(Rojas et al. 2012).

Table 2 shows the relative water content (RWC) in each 
sampling area, which includes the fresh, dry, and turgid 
weights of the leaf samples based on related studies that 
also conduct tolerance indices with plants (Kaur & Nagpal 
2017, Roy et al. 2020, Wolf et al. 2022). As cited by Roy 
et al. (2020), the location of a tree species’ growth could 
significantly affect the relative weight of its leaves, with 
a nearby canopy covering inhibiting a greater loss of water 

Table 1: APTI category described by Lakshmi et al. (2009).

Species APTI computed values

Tolerant species 30-100

Intermediate tolerant species 17-20

Sensitive species 1-16

Very sensitive species < 1
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conductance, and therefore, according to Amulya (2015), 
CO2 assimilation Net CO2 exchange, CO2 assimilation, and 
photosynthetic potential all reach zero at very low RWC 
(around 40%), indicating that the plant species are sensitive 
to a sudden change in air quality within its area. Plant 
transpiration rates may increase under stressful conditions, 
such as exposure to air pollution. Plants with a higher RWC 
are more resistant to air pollution.

Total Chlorophyll Content

Giri et al. (2013) explained that the amount of chlorophyll 
in the leaf determines the spectral variation in visible 
bands during the photosynthetic process. Chauhan (2010) 
extrapolated its significance because a decrease in the leaf 
chlorophyll content reduces the amount of solar radiation 
that can be absorbed, limiting the efficiency of corresponding 
photosynthetic processes and thus lowering primary 
photosynthetic production. As a result, an accurate estimation 
of the plant leaf chlorophyll content is a critical foundation 
in assessing the plant’s tolerance to air pollution.

In accordance with Rai (2019), Roy et al. (2020), and 
Kousar (2014), stated that high amounts of air pollutants in 
the urban environment could degrade chlorophyll molecules 
into pheophytin by replacing Mg++ ions with two hydrogen 
atoms and increasing the activity of the chlorophyllase 
enzyme. These findings provide the reason why Table 
3 shows that the Cabadbaran City sample has the highest 
chlorophyll a and b content. Still, the Butuan City sample 
got the highest total chlorophyll content. Similarly, Notman 
et al. 2006 explained that a tendency of low chlorophyll 
content in urban roadside plant leaves could result from 
constant exposure to the waste, which can be observed in 
the Bayugan City sample, which has the lowest levels of 
chlorophyll a, b, and total chlorophyll. These findings reveal 
a significantly low level of chlorophyll content in the leaf 
sample collected from Bayugan City compared to those 

content within the leaves. This corresponds with the fact 
that the Butuan City sample has the highest fresh weight 
of the three sampling sites, at 8.63g, dwarfing the samples 
collected from Cabadbaran City (7.30 g) and Bayugan City 
(5.05 g), because it is located near a building that has the 
potential to shade it from sunlight at certain times of the 
day, rather than being within the sidewalk of the main road 
with little to no cover from the sun. Navarrete et al. 2017 
found that the relative water content and subsequent water 
absorption rate rise as pollution levels rise. They explained 
why the samples gathered in Bayugan City gained the most 
weight (1.5 g) after 24 h of soaking in distilled water, then the 
samples gathered from Cabadbaran (0.6 g) and Butuan (0.37 
g), due to its location that is found near a garbage bin. After 
drying in an oven for 2 h at 105°C, Butuan lost approximately  
8.5 g with a dry weight of 1g, whereas Bayugan lost only 
5.3g with a dry weight of 1g, and Cabadbaran lost 6.5 g with 
a dry weight of 1.4 g. For the RWC, the Gmelina arborea 

leaf sample in Butuan had the highest average relative water 
content (95.07%), Cabadbaran (90.77%), while the area 
around Bayugan had the lowest (76.42%). RWC in the G. 

arborea tree leaf sample is lower in the Bayugan area. This
could be due to some factors, such as the condition of the 
sample species, which is located near burning garbage, and 
the tree’s age (Shafiq & Iqbal 2012).

The findings of this test complement the study done 
by Mahecha et al. (2013), where they stated that a plant’s 
high-water content could help it maintain its physiological 
balance under stress conditions such as air pollution, where 
transpiration rates are often high. According to Dash and 
Dash (2017), transpiration rates are relatively high, and a 
greater volume of water is required to maintain physiological 
equilibrium in a plant body against contaminants. They also 
stated that meteorological conditions, humidity, and the 
availability of moisture content in soil influence relative 
water content. A decrease in RWC reduces stomatal 

Table 2: Relative water content in G. arborea leaf samples.

Sampling areas Fresh Weight [g] Dry Weight [g] Turgid Weight [g] FW-DW TW-DW RWC [%]

Butuan 8.63 1.5 9 7.13 7.50 95.07

Cabadbaran 7.30 1.4 7.9 5.90 6.50 90.77

Bayugan 5.05 1 6.3 4.05 5.30 76.42

Table 3: Total chlorophyll content of G. arborea leaf samples.

Sampling areas Chlorophyll content (mg.g-1 of fresh leaves)

Chlorophyll a Chlorophyll b Total Chlorophyll

Butuan City 0.637 ± 0.003 1.15 ± 0.01 1.29 ± 0.01

Cabadbaran City 0.643 ± 0.003 1.29 ± 0.01 1.16 ± 0.01

Bayugan City 0.408 ± 0.001 0.740 ± 0.002 0.863 ± 0.001
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collected within Butuan City and Cabadbaran City. The result 
could be due to the exposure of the Bayugan G. arborea tree 
to the pollutants within its vicinity. This is supported by 
related studies, which stated that higher chlorophyll content 
plants are more pollution-resistant (Salimi & Aghdash 2019). 
Moreover, the decline in chlorophyll concentration appears to 
be linked to rising pollution levels (Gharge & Menon 2012). 

However, all tree samples in all sites are not within 
the range with standard controlled G. arborea tree species
found in other research (Dash & Dash 2017) but are higher 
than those found within heavily polluted sites (Glenn et al. 
2018). According to one study, drought stressors significantly 
negatively influenced physiological parameters and total 
chlorophyll content, significantly reducing selected growth 
features. In contrast, proline content was elevated (Sachan 
et al. 2019, Nikolaeva et al. 2010). 

Leaf-Extract pH

As illustrated in Fig. 3 below, there is a substantial difference 
in pH levels of G. arborea leaf samples across the three sites,
with the leaf sample from Butuan City having the lowest pH 
level of 5.95, indicating acidity, and the leaf sample from 
Bayugan having the highest pH level of 6.51, indicating 
close to neutral. The acidic leaf extract pH of 6.80 indicates 
that the leaf extract is more susceptible to air contaminants 
(Kuddus et al. 2011). High pH has been shown to increase 
plant tolerance to pollution (Akande et al. 2021).

Stomatal sensitivity is affected by pH, and leaves with 
a low pH are more susceptible to pollution, while those 
with a neutral pH are more tolerant (Krishnaveni 2013). 

According to Uka and Chukwuka (2014), the pH of the 
leaf filtrates in the sites indicates the presence of gaseous 
air pollutants, specifically SO2 and NO2. However, Ter et 
al. (2020) found that in all plant species, the pH value of 
leaf extract in contaminated sites was lower than in control 
sites. Additionally, the researchers observed that the high 
pH of leaf extract at the control site and the low pH at the 
polluted site could be due to the high pollution levels at the 
polluted sites. 

The graph also illustrates that even if the leaf sample 
from the Butuan site is more acidic than the Cabadbaran 
and Bayugan sites, the test showed that the Butuan site has 
the highest total chlorophyll content ascorbic acid content 
out of the 3. Thus, it is expected that compared to the other 
species studied (Glenn 2018), the total chlorophyll content 
and ascorbic acid content should be relatively lower.

Ascorbic Acid Content

Ascorbic acid is a significant redox buffer that also serves as 
a cofactor for enzymes that regulate photosynthesis, hormone 
production, and the regeneration of other antioxidants (Gallie 
2012). In this study, Fig. 4 displayed a significant difference 
between the ascorbic acid levels of G. arborea leaf samples
in Butuan and Cabadbaran from the sample collected in 
Bayugan. It shows a 0.0179mg/g difference between the 
ascorbic acid content from Butuan and Bayugan. Cabadbaran 
has a closer ascorbic acid to Butuan, which has only a 
0.0007mg/g difference. The study found that ascorbic acid 
levels in plant leaves fell considerably in polluted areas with 
visible rubbish near the Bayugan sample site compared to 

 

 

Fig. 2: The relative pH level graph of G. arborea leaf samples.

Stomatal sensitivity is affected by pH, and leaves with a low pH are more susceptible to pollution,
while those with a neutral pH are more tolerant (Krishnaveni 2013). According to Uka and Chukwuka
(2014), the pH of the leaf filtrates in the sites indicates the presence of gaseous air pollutants, 
specifically SO2 and NO2. However, Ter et al. (2020) found that in all plant species, the pH value of
leaf extract in contaminated sites was lower than in control sites. Additionally, the researchers 
observed that the high pH of leaf extract at the control site and the low pH at the polluted site could 
be due to the high pollution levels at the polluted sites.  

The graph also illustrates that even if the leaf sample from the Butuan site is more acidic than the 
Cabadbaran and Bayugan sites, the test showed that the Butuan site has the highest total chlorophyll
content ascorbic acid content out of the 3. Thus, it is expected that compared to the other species
studied (Glenn 2018), the total chlorophyll content and ascorbic acid content should be relatively
lower. 

Ascorbic Acid Content

Ascorbic acid is a significant redox buffer that also serves as a cofactor for enzymes that regulate
photosynthesis, hormone production, and the regeneration of other antioxidants (Gallie 2012). In this
study, Fig. 4 displayed a significant difference between the ascorbic acid levels of G. arborea leaf
samples in Butuan and Cabadbaran from the sample collected in Bayugan. It shows a 0.0179mg/g
difference between the ascorbic acid content from Butuan and Bayugan. Cabadbaran has a closer
ascorbic acid to Butuan, which has only a 0.0007mg/g difference. The study found that ascorbic acid 
levels in plant leaves fell considerably in polluted areas with visible rubbish near the Bayugan sample
site compared to Cabadbaran and Butuan sample sites. Consistently, the study of Falusi et al. (2015) 
reported that pollution of dumpsite habitats is linked to the release of various air pollutants, including 
acidic gases like SO2, NOX, and H2S. As a result, the drop in ascorbic acid concentration found in C. 
odorata and M. lucida gathered from the four dumpsites compared to the control site could be related
to acidic gas deposition on the surface of their leaves.  
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Cabadbaran and Butuan sample sites. Consistently, the study 
of Falusi et al. (2015) reported that pollution of dumpsite 
habitats is linked to the release of various air pollutants, 
including acidic gases like SO2, NOx, and H2S. As a result, 
the drop in ascorbic acid concentration found in C. odorata 
and M. lucida gathered from the four dumpsites compared 
to the control site could be related to acidic gas deposition 
on the surface of their leaves. 

The researchers also discovered that the overall tree 
health in Cabadbaran and Butuan was better than in Bayugan, 
although the sample in Butuan is more exposed to vehicular 
emissions. This discovery is consistent with Conklin’s 
(2001) and Aguiar-Silva et al. (2016) findings that increased 
ascorbic acid concentration in plants implies resilience to air 
pollution. G. arborea species in the experimental site had the 
highest ascorbic acid levels (Ogboru et al. 2021). Because 
its reducing power is related to its concentration, plants 
that retain a high ascorbic acid content even under polluted 
environments are thought to be tolerant of air pollutants 
(Ogunrotimi et al. 2017). Various biochemical parameters 
acted differently in the tested plant species, but the ascorbic 
acid level was discovered to be the most important element 
in providing plants with air pollution resistance (Bharti et 
al. 2017).

According to Rahul & Jain (2014), the air pollution 
tolerance index (APTI) describes plants’ inherent ability to 
tolerate air pollution. It is among the most important factors 
when choosing traffic barrier plant species. Plant APTI has 
been described using four biochemical parameters: total 
chlorophyll, relative water content (RWC), ascorbic acid, and 
leaf extract pH (Nadgórska–Socha  et al. 2017). Pollution-
induced changes in a single parameter may not provide a 
complete picture. As a result, four biochemical parameters 
are considered to obtain an empirical value representing 
plant APTI.

Table 4 shows the results of the Air Pollution Tolerance 
Index (APTI) of G. arborea trees identified in three cities, 
as well as biochemical characteristics such as relative 
water content (RWC), total chlorophyll content (TCC), 
leaf-extract pH, and ascorbic acid concentration (AA), all 
of which are required for multiple studies to successfully 
determine APTI values of any plant species. One sample 
revealed a significant difference when comparing the APTI 
values of the three Caraga Region sites. It was discovered 
that Bayugan samples have a lower APTI value than Butuan 
and Cabadbaran samples. The reason for the Bayugan City 
sample G. arborea’s low APTI value in the Bayugan City
sample may have a low pH value because a higher pH value 
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The researchers also discovered that the overall tree health in Cabadbaran and Butuan was better than
in Bayugan, although the sample in Butuan is more exposed to vehicular emissions. This discovery is
consistent with Conklin's (2001) and Aguiar-Silva et al. (2016) findings that increased ascorbic acid
concentration in plants implies resilience to air pollution. G. arborea species in the experimental site
had the highest ascorbic acid levels (Ogboru et al. 2021). Because its reducing power is related to its
concentration, plants that retain a high ascorbic acid content even under polluted environments are
thought to be tolerant of air pollutants (Ogunrotimi et al. 2017). Various biochemical parameters acted
differently in the tested plant species, but the ascorbic acid level was discovered to be the most
important element in providing plants with air pollution resistance (Bharti et al. 2017).

According to Rahul & Jain (2014), the air pollution tolerance index (APTI) describes plants' inherent
ability to tolerate air pollution. It is among the most important factors when choosing traffic barrier
plant species. Plant APTI has been described using four biochemical parameters: total chlorophyll,
relative water content (RWC), ascorbic acid, and leaf extract pH (Nadgórska–Socha  et al. 2017). 
Pollution-induced changes in a single parameter may not provide a complete picture. As a result, four 
biochemical parameters are considered to obtain an empirical value representing plant APTI.

Table 4: APTI values of G. arborea tree leaves in the 3 cities.
Sampling areas RWC (%) TCC (mg/g) pH AA (mg/100g) APTI

Butuan 95.07 1.29 ± 0.01 5.95 4.63 ± 0.07 9.54 
Cabadbaran 90.77 1.16 ± 0.01 6.13 4.56 ± 0.07 9.11 

Bayugan 76.42 0.86 ± 0.001 6.51 2.84 ± 0.00 7.66 

Table 4 shows the results of the Air Pollution Tolerance Index (APTI) of G. arborea trees identified
in three cities, as well as biochemical characteristics such as relative water content (RWC), total
chlorophyll content (TCC), leaf-extract pH, and ascorbic acid concentration (AA), all of which are
required for multiple studies to successfully determine APTI values of any plant species. One sample
revealed a significant difference when comparing the APTI values of the three Caraga Region sites. It
was discovered that Bayugan samples have a lower APTI value than Butuan and Cabadbaran samples.
The reason for the Bayugan City sample G. arborea's low APTI value in the Bayugan City sample 
may have a low pH value because a higher pH value increases plant tolerance to air pollution (Ninave 
et al. 2001). Despite the wide range of APTI values, the final assessment of labeling all of the trees is
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increases plant tolerance to air pollution (Ninave et al. 2001).  
Despite the wide range of APTI values, the final assessment 
of labeling all of the trees is sensitive (Nadgórska–Socha et 
al. 2017, Gulia et al. 2015, Li et al. 2018). Guillermo and 
Mallarpe (2016) found that the mean APTI value of the 
G. arborea individuals studied was 11.45, putting them in
the sensitive category. Furthermore, Viradia et al. (2020)
reported that G. arborea is a sensitive species, with APTI
values of 3.079 and 7.192, respectively, on their sites 1  
and 2.

The findings of this study are highly consistent with 
those of Molnar et al. (2020) and Pandey et al. (2015), who 
discovered that plant species with lower APTI values are 
particularly valuable as bioindicators of air pollution and 
proxies for urban health. Furthermore, APTI determination is 
a reliable method for screening many plants for their response 
to air contaminants (Deepalakshmi et al. 2013). However, 
G. arborea species were classified as tolerant in the study of 
Carillo and Ocampo (2016). Ogunrotimi & Adereti (2017)
conducted an earlier study in which G. arborea had APTI
values, indicating it was an intermediately tolerant species 
within their respective areas for sample collection. This 
may lead to the initial assumption that G. arborea species 
found within the sites are tolerant as the samples tested in 
previous research (Wang et al. 2011, Ugulu et al. 2015, Liu 
et al. 2012). As a result, APTI values can be used to select 
pollution-tolerant plants for urban greening or green belt 
development (Mondal et al. 2011).

Table 5 shows the Kruskal-Wallis Test in JASP v.0.16.2.0 
which is used to answer the hypotheses if significant 
differences exist between the Air Pollution Tolerance Indices 
(APTI) of each study site within the Caraga region, which 
is tested on 0.05 significant difference. The results indicate 
a significant difference between the APTI values of trees 
within the 3 cities in the Caraga Region (p=0.039).  This
indicates at least 1 significant difference within all study sites 
in Caraga Region. It is supported in the study by Dash and 
Dash and Dash (2017) that low APTI levels were susceptible 
to air contaminants in general and vice versa. Sensitive plants 
can serve as indicators, while tolerant plants can serve as a 
barrier for pollutants in the air (Gholami et al. 2018). Tolerant 
species are bio accumulators, can be efficient roadside 
vegetation, and can help with the absorption and screening 
of air pollution (Kunwar et al. 2016).  According to Berame 
et al. (2021), significant progress has been made due to 

biomonitoring efforts relating to industrial, agricultural, and 
domestic pollution affecting ecosystems in the Philippines. 
Therefore, plants with high APTI values have the potential to 
grow under air pollution conditions, while low APTI valued 
(sensitive) plants can be utilized to detect the current state of 
pollution indices are recommended to satisfy the concept of 
the green-belt development program (Dash & Dash 2017).

CONCLUSION

Based on the APTI computed values of the tree leaves 
determined in all sites, it is concluded that G. arborea species
can be used as a bioindicator of air pollution classified as 
sensitive. This could be attributed to the high concentrations 
of air contaminants at each study site. The large disparity in 
APTI values obtained across all three sites is attributable to 
the significant difference in APTI values measured between 
Bayugan City and Butuan City. Even though the study 
indicates that all samples are sensitive to air pollution, there 
is still a disparity between the samples.  Thus, rejecting the 
null hypothesis means that there is a significant difference in 
the APTI values of the G. arborea tree leaves within the three 
cities in the Caraga Region. Further studies about G. arborea

as a bioindicator in other areas in the Philippines should be 
done since it is a sensitive species suitable for identifying the 
air pollution tolerance of trees. Multiple tree species found in 
polluted-ridden areas, not specifically about air pollution but 
also land and water pollution, must be gathered throughout all 
study sites to ensure a more robust outcome. It is suggested 
to use various tree species that are tolerant to air pollution 
as they serve as bioaccumulators of air pollution. Thus, 
they could be planted along national highways as part of 
the greening development in the Philippines. Time intervals 
between collecting samples should be done in comparison 
to the pollution levels throughout the day.
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      ABSTRACT
Enhanced crop health, which is crucial for sustainable agriculture, is facilitated by a unique 
endophyte or endophytic community that is frequently linked to a variety of crops. Plant 
growth-promoting (PGP) characteristics of endophytes can directly or indirectly boost crop 
growth. Endophytic fungi have been proven to create a high percentage of new compounds, 
making them a particularly potential source of physiologically active chemicals. In this study, 
we have isolated two endophytic isolates, i.e., Paecilomyces sp. (Isolate AT1) and Aspergillus 
flavus (Isolate AT3), from different host plants, namely Melaleuca citrine and Carica papaya. 
These endophytes have shown significant plant growth-promoting potential toward different 
assays such as IAA production, phosphate solubilization, amylase production, cellulose-
degrading assay, and ammonia production. These endophytic fungi also exhibit visible 
antimicrobial action towards selected crop pathogenic fungi (Aspergillus sp. and Penicillium 
sp.). Additionally, these fungal strains are reported for the first time from these plants, as we 
have found no reports in the literature. The research aims to explore the growth-promoting 
efficacy of endophytic fungi to boost plant growth.

INTRODUCTION

Endophytes that promote plant growth are symbiotic 
organisms (fungi and bacteria) that the host plant uses to 
protect itself from herbivores in a secretive manner. These are 
common microsporic ascomycetes that live inside the healthy 
tissues of living plants for the duration of their lives and are 
found below the layer of epidermal cells in those tissues 
(Mengistu 2020). It offers the plant several advantages, 
including the ability to absorb vital nutrients and defense 
against predatory insects, birds, and animals. Endophytes 
are ubiquitous and distinct from all categories of plant 
species in an environment, from huge trees to seagrasses. 
An estimated 300,000 host plant species were naturally 
distributed among the endophytic fungi in the temperate 
region and tropical rainforest (Strobel & Daisy 2003). The 
endophytic fungus can create a large range of novel bioactive 
secondary metabolites, which are employed in industries to 
manufacture a variety of natural goods (Sharma et al. 2016). 

Endophytes are a good source of bioactive substances that 
improve the nutritional value of the host plant and increase 
resistance to pests, diseases, and physical stress (Gouda et al. 
2016). These substances (alkaloids, flavonoids, terpenoids, 
steroids, phenols, phenolic acids, tannins, and peptides), 
which act as enzymes and exhibit antimicrobial and anti-
malarial activities, can be used in the food, agricultural, and 
pharmaceutical industries (Tungmunnithum et al. 2018). 
Taxomyces andrenae, an endophytic fungus that belongs to
the family of hyphomycetes, produces the anticancer drug 
taxol (Stierle et al. 1993). Plant tissues get inhabited by 
PGPE (plant growth-promoting endophytes) and exhibit an 
intimate connection within plant tissues, which improves 
the activities of enzymes and the flow of nutrients, but this 
much-appropriate hormone distribution encourages plant 
development (Hassan 2017). Endophytes have the dynamic 
ability to activate insoluble phosphate and also feed their  
host plant with the right amount of nitrogen (Mehta et 
al. 2019). 

In this work, we have selected nine terrestrial plants 
of the north Indian regions for the isolation of endophytic 
fungi. We have isolated several different fungal strains from 
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these plants. These strains were restricted to the host plants’ 
healthy tissues and did not produce any disease symptoms. 
When checked for their plant growth-promoting potential, two 
out of the nine strains exhibited positive results in different 
assays. The fungal morphology and molecular identification 
were determined. For molecular characterization, the DNA of 
these strains was isolated using the CTAB method and then 
subjected to 18S rRNA sequencing by the Sanger dideoxy 
method. The obtained sequence was analyzed, and a consensus 
sequence was prepared, which was then subjected to BLAST 
analysis and phylogenetic studies (Kumar et al. 2014, Kumar 
et al. 2017). The consensus sequence was submitted to the 
National Center for Biotechnology Information (NCBI). The 
selected isolates were tested against plant pathogens. In this 
assay, some of them showed a positive antimicrobial response. 
Also, these two isolates were further checked for their potential 
to promote plant growth in two different beans, i.e., Vigna 

radiata and Vigna mungo. Various growth parameters were
checked for these selected beans using the seed germination 
assay. It is evident from the results that fungal isolates have 
promoted plant growth in both selected beans.

MATERIALS AND METHODS

To evaluate the plant growth promotion potential of the 
endophytic fungal isolates, various assays were performed 
to select the potent isolates. The selected fungal isolates were 
further identified by microscopic characterization as well as 
molecular techniques.

Collection of plant parts and isolation technique of 
endophytic fungi: The fresh, healthy, or disease-free plant 
parts were collected from Melaleuca citrina, Phyllanthus 

emblica, Terminalia arjuna, Eucalyptus globulus, Psidium 

guajava, Azadirachta indica, Acacia nilotica, Tagetes 

erecta, and Carica papaya. These plant parts were carefully
excised with a sterile scalpel, kept inside sterile poly bags, 
and brought to the laboratory for storage at 4°C. All plant 
parts were cut into small pieces (0.5–1.0 cm) and thoroughly 
washed before processing under running tap water. 
After surface sterilization, potato dextrose agar medium 
supplemented with streptomycin was used to culture the 
fungal isolate and incubated properly at 28±2°C to complete 
their growth cycle (Kumar et al. 2016).

In-vitro testing for plant growth promotion by endophytic 
isolates: The isolated endophytes were subjected to different 
plant growth promoting parameters. 
Phosphate solubilizing assay: To check the phosphate 
solubilizing capacity, each isolated fungal culture was 
inoculated on the Pikovskayas agar medium plates separately 
and incubated at 25-28°C for 48-72 hours (Talukdar 
&Tayung 2019).

Indole-3-acetic acid (IAA) synthesis test: Fungal cultures 
were dipped into LB broth conical flasks and incubated 
at 25°C in a BOD shaker for 48 hours. Add 1-2 mL of 
Salkowski’s reagent to the supernatant of the fungal culture 
and keep it in the dark at room temperature for 30 minutes 
(Bric et al. 1991). A change in the color of the media indicates 
positive results.

Amylase activity: Fungal cultures were cut into small 
discs utilizing a sterilized cork borer and placed over 
the medium plates (Glucose- 0.5g, Yeast extract- 0.05g, 
peptone- 0.25g, agar- 8g, and pH-6) supplemented with 1% 
soluble starch, and incubated at 25–28°C for 5 days. After 
incubation, cultured plates were flooded with 1% iodine 
and 2% potassium iodide (Hankin & Anagnostakis 1975). 
A change in the color of the medium from yellow to pink 
indicates positive results.

Cellulose degrading assay: To select a fungus for 
cellulolytic activity, fungal isolates were grown in a 
carboxymethylcellulose (CMC) agar medium. A disc of 8 
mm fungal culture was used to inoculate the plates. The test 
plates were incubated at 25°C for 5–7 days. To visualize the 
hydrolysis zones, the plates were flooded with an aqueous 
solution of 0.1% Congo-red (1 mg/mL) for 15 min and 
washed with 1 M NaCl. Cellulolytic organisms produced a 
clear zone around the colonies because of the digestion of 
carboxymethylcellulose (CMC) (Dar et al. 2013).

Ammonia production activity: Peptone medium (broth) 
was inoculated with different fungal culture discs separately 
and incubated at 27°C for 48–72 hours. After incubation, 
0.5 mL of Nessler’s reagent was added individually over 
the fungal growth in each conical flask (Szilagyi-Zecchinet 
al. 2014). The change from brown to yellow colour was a 
positive test for ammonia production.

Identification of Endophytic Fungi

Morphological Identification of Fungi: Morphological 
identification of all isolated fungal cultures was done by 
culturing each culture on PDA medium plates (without 
streptomycin) for seven days and continuously observing 
the growth appearance on both sides of the culture plates 
(top and bottom). Based on the standard taxonomic key, we 
were able to identify each culture according to its color, the 
diameter of the fungal colony, texture, morphology, and 
dimensions of conidia and hypha (Barnett & Hunter 1998).

Microscopic identification: By using the tease-mount 
method, microscopic slides of each isolated fungal culture 
were prepared using lactophenol cotton blue reagent for 
tentative recognition, and each slide was observed under 
a compound microscope. According to the characteristics 
of culture, the formation of mycelium and spores helps us 
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identify all unknown isolated endophytic fungi (Aggarwal 
& Hasija 1986).

Molecular Identification: Using the 18S rRNA gene 
sequencing method, endophytic fungi were molecularly 
identified. The DNA extraction was carried out by employing 
the cetyl trimethyl ammonium bromide (CTAB) method 
(O’Donnell et al. 1997). The pure DNA extracted was 
amplified by PCR using universal and degenerate primers. 
The PCR product was then subjected to gel electrophoresis 
to check the purity of the DNA, followed by analysis 
using Sanger’s dideoxy method to obtain a DNA sequence 
(Cubero 1999). The forward and reverse DNA sequences 
of every sample were subjected to the National Centre for 
Biotechnology Information Basic Local Alignment Search 
Tool (NCBI BLAST) algorithm for identification, and the 
phylogenetic tree was also constructed using NCBI BLAST 
online (https://blast.ncbi.nlm.nih.gov/Blast.cgi). All the 
identified 18S rRNA sequences were submitted to GenBank 
in fast-all format, and accession numbers for the same were 
obtained. The identification was confirmed by observing the 
morphological characteristics through microscopic studies 
of the spores, hyphae, and colony.

Evaluation for Antagonistic Activity of Isolated 
Endophytic Strains Against Crop Diseases Causing 
Fungi

To check the antimicrobial activity of each fungal isolate, test 
organisms (Penicillium sp. and Aspergillus sp.) were taken
from the fresh plate and strewn around the fungal culture 
discs in PDA plates and incubated at 25°C for 24-48 hours 
(Huang et al. 2000). Antagonism between both the isolated 
endophytic fungi and the fungal pathogen was assessed on an 
individual basis. The testing was carried out in Petri dishes 
using PDA medium. To remove excess water from the agar 
surface, 20 mL of melted medium (40–45°C) was placed into 
sterile Petri plates, cooled, and the plates were left inverted 
for 24 hours. A mycelial disc of 8 mm in diameter from the 
actively growing edges of a 4-5 day old culture of a plant 
pathogen was brought adjacent to the media of the Petri plate 
to test resistance. An identical 8 mm-diameter mycelial disc 
from an actively developing culture of isolated strains (to 
be evaluated for antibacterial activity) was placed next to 
the pathogenic fungus after a 24-hour interval. At 25°C, the 
cultures were incubated. Every 24 hours, observations were 
taken to investigate the antimicrobial activity.

Preparation of the Formulation from Potent Strains 
and Evaluation of Plant Growth Promoting Efficacy

To confirm the efficacy of seed coating with endophytic 
fungi to boost the emergence and plant growth of two pulse 

crops, Vigna radiata and Vigna mungo, the experiment was
first carried out in a growth chamber. Healthy, disease-free
seeds were selected and sterilized (Khatun et al. 2008). By 
covering the culture with sterile saline containing 0.01% (v/v) 
Tween (BDH) and spreading the spores with a sterile glass 
spreader, it is possible to collect spores from lawn cultures 
of the organism on potato dextrose agar media. The spore 
solution was then filtered through sterile absorbent cotton 
wool plugs in a row to get rid of any hyphal fragments that 
might have been present (Jaber & Enkerli 2016). The spore 
suspension was then transferred into spray bottles. The sterile 
filter paper was transferred to autoclaved Petri plates, and 
seeds of two different samples of crop plants were put in the 
plates in triplicate. The seeds were sprayed with the fungus 
suspension, and growth conditions of a 12-hour light cycle 
with corresponding 22°C light/ 18°C darkness and 65% 
moisture content were provided. The seeds were watered 
daily, and root and shoot growth were routinely analyzed.

RESULTS

Isolation and Identification of Endophytic Fungi

Various parts were used to isolate fungus strains (stem, 
root, leaf, bud) of various terrestrial plants (Melaleuca 

citrina, Phyllanthus emblica, Terminalia arjuna, Eucalyptus 

globulus, Psidium guajava, Azadirachta indica, Acacia 

nilotica, Tagetes erecta, Carica Papaya) (Fig. 1). Nine
endophytic strains were isolated from all the selected plants.

Identification of Endophytic Fungi

Morphological and microscopic identification: According 
to the standard protocol of (Barnett & Hunter 1998), fungal 
strains were characterized based on their microscopical and 
cultural properties (Fig. 2). The fungal strains which were 
tested positive for different plant growth-promoting activities 
were subjected to molecular identification.

Paecilomyces sp. Isolate AT1 was characterized as
endophyte Paecilomyces sp. isolated from the host plant
Melaleuca citrina. The cultural characteristics include fast
growth, powdery, gold, green-gold, yellow-brown, tan 
colored growth. Phialides are bulbous at their bottoms and 
have penicillate crowns. They eventually taper into a long, 
slender neck. In basipetal continuation from the phialides, 
long, dry chains of single-celled, hyaline to black, smooth 
or rough, round to fusid conidia are formed.

Aspergillus flavus Isolate AT3 was characterized as
endophyte Aspergillus flavus isolated from the host plant
Carica papaya. The macroscopic characteristics include
the white colony changing to greenish, and the central 
region showing dark greenish growth. The microscopic 
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characteristics include a short and columnar conidial head, 
smooth and brown-colored stripes, biseriatephialides, and 
globose, smooth conidia.

Molecular Identification

Using the 18S rRNA gene sequencing approach, endophytic 
fungi were molecularly identified. Paecilomyces sp. (Isolate 
AT1) and Aspergillus flavus (Isolate AT3), two endophytic 
fungi, were amplified and sequenced using universal primers 
for the 18S rRNA gene. Using BLAST to analyze the 
sequence similarity of the resulting sequencing products, 

it was determined that the isolates were Paecilomyces sp.
(513 bp) and Aspergillus flavus (549 bp). The following
accession numbers represent the fungal pathogens’ gene 
sequences that have been submitted to NCBI (Table 1). 
The phylogenetic trees were constructed to represent the 
evolutionary relationship of isolated organisms with different 
biological organisms (Fig. 3).

Screening of Endophytic Fungi for Plant Growth 
Promoting Activities (PGPA)

Isolated endophytic fungal cultures were screened to 

Fig. 1: Endophytic strains isolated from different terrestrial plants. 
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(Barnett & Hunter 1998), fungal strains were characterized based on their microscopical and

cultural properties (Fig. 2). The fungal strains which were tested positive for different plant

growth-promoting activities were subjected to molecular identification. 

Fig. 2: Morphology (B, E) (colony appearance) and Microcopy (C, F) (conidia, hypha) view 

of isolated endophytic strains from different host plants (A- Melaleuca citrina, D- Carica 

papaya).

Paecilomyces sp. Isolate AT1 was characterized as endophyte Paecilomyces sp. isolated from

the host plant Melaleuca citrina. The cultural characteristics include fast growth, powdery, 

gold, green-gold, yellow-brown, tan colored growth. Phialides are bulbous at their bottoms and

have penicillate crowns. They eventually taper into a long, slender neck. In basipetal 

Fig. 2: Morphology (B, E) (colony appearance) and Microcopy (C, F) (conidia, hypha) view of isolated endophytic strains from different host plants 
(A- Melaleuca citrina, D- Carica papaya).
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exhibited positive antagonistic response against Aspergillus

sp. and regarding the other test organism, i.e. Penicillium 

sp, isolate AT3 was somewhere seen inhibiting its growth 
(Fig. 6).

Preparation of the Formulation from Potent Strains and 
Evaluation of Plant Growth Promoting Efficacy

The selected endophytes were screened for their ability to 
colonize two preferred host plant species, namely Mung bean 
(Vigna radiata) and Urad bean (Vigna Mungo) through seed
inoculation. The fungal elicitors namely Isolate AT1 and AT3 
showed a positive growth induction in plants in terms of the 
radicle length and plumule length elongation along with an 
increased biomass rate in both cases when compared to the 
control culture. The growth rates were compared with the 

determine the various plant growth-promoting activities 
(Phosphate solubilizing activity, IAA synthesis test, amylase 
production activity, cellulolytic activity, HCN production 
activity, ammonia production activity) and the results are
depicted in Table 2. Melaleuca citrine (Isolate AT1) and
Carica papaya (AT3) showed highly positive results in 
different plant growth-promoting assays (Fig. 4).

Screening of Isolated Fungal Cultures for Antagonistic 
Activity

Two fungal endophytes (Isolates AT1 and AT3) were 
selected which showed highly positive plant growth-
promoting activities and were then subjected to antimicrobial 
assessment against various test organisms (fungal plant 
pathogens) (Fig. 5). As a result, isolates AT1 and AT3 

Table 1: Detail about the fungal isolates with their accession number and GenBank submission name. 

S. No. Fungal Fugus Host plant Plant Part Accession number GenBank submission name

1. Paecilomyces sp. (Isolate UP1) Melaleuca citrina Stem OP453360 Paecilomyces sp. Isolate AT1

2. Aspergillus flavus (Isolate UP3) Carica papaya Leaf OP435719 Aspergillus flavus Isolate AT3

Fig. 3: Phylogenetic analysis of endophytic isolates (A) Melaleuca citrine (B) Carica papaya 

with related genera.

Screening of Endophytic Fungi for Plant Growth Promoting Activities (PGPA)

Isolated endophytic fungal cultures were screened to determine the various plant growth-

promoting activities (Phosphate solubilizing activity, IAA synthesis test, amylase production 

activity, cellulolytic activity, HCN production activity, ammonia production activity) and the

results are depicted in Table 2. Melaleuca citrine (Isolate AT1) and Carica papaya (AT3)

showed highly positive results in different plant growth-promoting assays (Fig. 4). 

Table 2: Comparison of PGP assay of different endophytic strains. 

  Isolate Phosphate
solubilizing
activity

IAA 
production

Amylase
production 
activity

Cellulolytic 
activity  

Ammonia 
production

AT1 positive positive positive positive negative 

AT2 negative positive negative negative negative

AT3 positive positive positive positive positive

AT4 negative positive negative negative positive 

AT5 negative positive negative positive positive 

AT6 negative negative negative positive negative 

AT7 positive positive negative negative negative 

AT8 positive negative negative negative positive 

AT9 positive negative negative negative positive 

Fig. 3: Phylogenetic analysis of endophytic isolates (A) Melaleuca citrine (B) Carica papaya with related genera.

Table 2: Comparison of PGP assay of different endophytic strains.

Isolate Phosphate solubilizing activity IAA production Amylase production activity Cellulolytic activity Ammonia production

AT1 positive positive positive positive negative

AT2 negative positive negative negative negative

AT3 positive positive positive positive positive

AT4 negative positive negative negative positive

AT5 negative positive negative positive positive

AT6 negative negative negative positive negative

AT7 positive positive negative negative negative

AT8 positive negative negative negative positive

AT9 positive negative negative negative positive
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Fig. 4: Positive Plant Growth promoting activities by Endophytes isolated from (A) Melaleuca 

citrine; (B) Carica papaya.

Screening of Isolated Fungal Cultures for Antagonistic Activity

Two fungal endophytes (Isolates AT1 and AT3) were selected which showed highly positive

plant growth-promoting activities and were then subjected to antimicrobial assessment against 

various test organisms (fungal plant pathogens) (Fig. 5). As a result, isolates AT1 and AT3

exhibited positive antagonistic response against Aspergillus sp. and regarding the other test

organism, i.e. Penicillium sp, isolate AT3 was somewhere seen inhibiting its growth (Fig. 6).

Fig. 5: Plant pathogens (A- Aspergillus sp., B-Penicillium sp.). 
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Fig. 6: Endophytes showing antimicrobial activity against test organisms.

Preparation of the Formulation from Potent Strains and Evaluation of Plant Growth 

Promoting Efficacy 

The selected endophytes were screened for their ability to colonize two preferred host plant 

species, namely Mung bean (Vigna radiata) and Urad bean (Vigna Mungo) through seed 

inoculation. The fungal elicitors namely Isolate AT1 and AT3 showed a positive growth 

induction in plants in terms of the radicle length and plumule length elongation along with an

increased biomass rate in both cases when compared to the control culture. The growth rates

were compared with the help of different graphs. Another component to determine the seed

quality was testified by calculating the seed vigor index. 

Effect of Culture Supernatant on Mung Bean and Urad Bean Germination

A seed germination essay was carried out and seeds germinated each day were recorded for up

to 5 days. The experiment was performed in triplicates. The seeds of Vigna Radiata and Vigna

mungo exhibited a high germination rate when treated with endophytic isolates AT1 and AT3 

as compared to the control sample which was treated with water (Fig. 7). 

Fig. 6: Endophytes showing antimicrobial activity against test organisms.

help of different graphs. Another component to determine  
the seed quality was testified by calculating the seed vigor 
index.

Effect of Culture Supernatant on Mung Bean and Urad 
Bean Germination

A seed germination essay was carried out and seeds germinated 
each day were recorded for up to 5 days. The experiment was 

performed in triplicates. The seeds of Vigna Radiata and Vigna 

mungo exhibited a high germination rate when treated with
endophytic isolates AT1 and AT3 as compared to the control 
sample which was treated with water (Fig. 7).

Effect of Culture Supernatant on Growth of Mung Bean 
(Vigna radiata) Plants

Growth promotion was studied using a 15-day plant growth 
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assay. The average fresh weight of the seedlings was 
calculated as 3.612 g for Control C, 5.213 g for Isolate 
AT1, and 4.055 g for Isolate AT3. The average dry weight 
of the seedlings was calculated as 0.198 g for Control C, 
0.213 g for Isolate AT1, and 0.215 g for Isolate AT3. The 
seed vigor index was calculated to be 1582.05 for Control 
C, 1840 for isolate AT1, and 2811.54 for isolate AT3. Root 
and shoot lengths, along with the average seedling length of 
treated plants, were recorded and are depicted in Fig. 8. The 
inoculation of Vigna radiate seeds with endophytes showed

a variable change in the lengths of the plumule and radicle 
as compared to the control sample C.

Effect of Culture Supernatant on Growth of Urad 
Bean (Vigna mungo) Plants

Growth promotion was studied using a 15-day plant growth 
assay. The average fresh weight of the seedlings was
calculated as 3.883 g for Control C, 7.210 g for Isolate 
AT1, and 6.148 g for Isolate AT3. The average dry weight
of the seedlings was calculated as 0.197 g for Control C, 

Fig. 7: Seed Germination percentage essay of Vigna radiata and Vigna mungo.Fig. 7: Seed Germination percentage essay of Vigna radiata and Vigna mungo.
Effect of Culture Supernatant on Growth of Mung Bean (Vigna radiata) Plants 

Growth promotion was studied using a 15-day plant growth assay. The average fresh weight of the

seedlings was calculated as 3.612 g for Control C, 5.213 g for Isolate AT1, and 4.055 g for Isolate AT3. 

The average dry weight of the seedlings was calculated as 0.198 g for Control C, 0.213 g for Isolate

AT1, and 0.215 g for Isolate AT3. The seed vigor index was calculated to be 1582.05 for Control C, 1840

for isolate AT1, and 2811.54 for isolate AT3. Root and shoot lengths, along with the average seedling

length of treated plants, were recorded and are depicted in Fig. 8. The inoculation of Vigna radiate

seeds with endophytes showed a variable change in the lengths of the plumule and radicle as

compared to the control sample C.

Fig. 8: Effect of Supernatent on Root and shoot lengths of Vigna Radiata.

Effect of Culture Supernatant on Growth of Urad Bean (Vigna mungo) Plants 

Growth promotion was studied using a 15-day plant growth assay. The average fresh weight of the

seedlings was calculated as 3.883 g for Control C, 7.210 g for Isolate AT1, and 6.148 g for Isolate AT3. 

The average dry weight of the seedlings was calculated as 0.197 g for Control C, 0.208 g for Isolate

AT1, and 0.291 g for Isolate AT3. The seed vigor index was calculated to be 1732.5 for Control C, 2340

for isolate AT1, and 2392.13 for Isolate AT3. Root and shoot lengths, along with the average seedling 

length of treated plants, were recorded and are depicted in Fig. 9. The inoculation of Vigna mungo

seeds with endophytes showed a variable change in the lengths of the plumule and radicle as

compared to control sample C.

Fig. 8: Effect of Supernatent on Root and shoot lengths of Vigna Radiata.
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0.208 g for Isolate AT1, and 0.291 g for Isolate AT3. The 
seed vigor index was calculated to be 1732.5 for Control C, 
2340 for isolate AT1, and 2392.13 for Isolate AT3. Root 
and shoot lengths, along with the average seedling length of 
treated plants, were recorded and are depicted in Fig. 9. The 
inoculation of Vigna mungo seeds with endophytes showed
a variable change in the lengths of the plumule and radicle 
as compared to control sample C.

Upon seed inoculation with fungal elicitors, in comparison 
to control it was found that isolates AT1 and AT3 boosted 

plant growth by initiating root and shoot length and can be 
noticed visibly (Fig. 10).

DISCUSSION 

In this study, according to our research, the isolated fungal 
isolates Paecilomyces sp. and Aspergillus flavus have not
previously been reported in the host plants Melaleuca citrina

and Carica papaya. The plant growth-promoting assays
of fungal endophytes isolated from host plants Melaleuca 

citrina and Carica papaya were analyzed to compare

Fig. 9: Effect of the supernatant on root and shoot lengths of Vigna mungo.

Upon seed inoculation with fungal elicitors, in comparison to control it was found that isolates

AT1 and AT3 boosted plant growth by initiating root and shoot length and can be noticed

visibly (Fig. 10). 

Fig. 10: Comparison of growth shown by crop beans A (Vigna radiata), B (Vigna mungo) when 

inoculated with Control (C) and endophytic fungi (isolates AT1 and AT3).

Fig. 9: Effect of the supernatant on root and shoot lengths of Vigna mungo.

Fig. 9: Effect of the supernatant on root and shoot lengths of Vigna mungo.

Upon seed inoculation with fungal elicitors, in comparison to control it was found that isolates

AT1 and AT3 boosted plant growth by initiating root and shoot length and can be noticed

visibly (Fig. 10). 

Fig. 10: Comparison of growth shown by crop beans A (Vigna radiata), B (Vigna mungo) when 

inoculated with Control (C) and endophytic fungi (isolates AT1 and AT3).

Fig. 10: Comparison of growth shown by crop beans A (Vigna radiata), B (Vigna mungo) when inoculated with Control (C) and endophytic fungi
(isolates AT1 and AT3).
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and evaluate their effects on root and shoot growth. The 
isolates’ indirect plant-promoting actions, such as phosphate 
mobilization, were also investigated. Out of the nine strains, 
it is important to emphasize that two strains were found to 
show positive results in other plant growth-promoting assays, 
i.e., the Indole-3-Acetic Acid production assay, the cellulose 
degradation essay, and the ammonia and amylase production 
essays. The strains were found in various plant parts, such
as stems (Isolate AT1) and leaves (Isolate AT3). To further
confirm the efficiency of these isolates, they were subjected
to an antimicrobial essay against various test organisms
(Aspergillus sp. and Penicillium sp.) and surprisingly showed 
positive results by suppressing the growth. Also, in preparing 
the formulation of these endophytes, seeds of Vigna radiata 

and Vigna mungo were inoculated with the preparation, and
it was confirmed by the results that these endophytes have 
an important role in visibly enhancing the growth of plants. 
Isolates AT1 and AT3 boosted plant growth remarkably as 
compared to controlled culture conditions.

Our research added new knowledge to the area and helped 
researchers better grasp how fungal endophytes influence 
plant growth. However, because of how complicated these 
parameters’ effects are, it is necessary to further examine 
them using a variety of methods, particularly if field 
applications are to be taken into account.

CONCLUSION

According to the current study, various putative fungal 
endophytes can find an ecological niche in bottle brush 
and papaya plants. These microorganisms’ activities that 
encourage plant growth help the host plant adapt to stressful 
situations. The results of this study encourage us to carry out 
more research on the chosen fungal endophytes.
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      ABSTRACT
Nanoparticles are an important tool for new updations and advancements in diverse sectors. 
The inorganic metal and metal oxide nanoparticles have enormous research interest because 
of their great relevance in medicine, wastewater treatment, catalysis, biotechnology, and in 
the formation of energy storage devices. The NiO NPs can be synthesized using different 
physical and chemical methods and exploring all their possible applications. Green synthesis 
is the easy, safe, and effective nanoparticle synthesis route. Green metal and metal oxide 
nanoparticle syntheses provide the most affordable, convenient, and biocompatible 
approach for fabricating NiO NPs. This way is a good alternative to the conventional methods 
of synthesis. Green synthesis, being more constructive, is widely used in research and gives 
promising outcomes. This review highlighted the unique feature of the NiO nanoparticles. 
This paper brings forth the usage of green synthesis for synthesizing NiO nanoparticles. 
It also provides readers with a collective review of the recent development in the green 
synthesis of NiO NPs and their potential application in different fields.

INTRODUCTION

Nanoparticles are one of the important explorations that 
are remarkably contributing to bringing advancements in 
the field of science and technology. This area is drawing 
recognition because of several advantages of nanoparticles 
over their macro counterparts. Due to their benefits and wide 
applications, it has become a renowned area of research in 
recent times.

The term ‘Nanoparticles’ consists of two words, ‘nano’+ 
‘particle,’ which means extremely small fragments usually in 
the 1-100 nm range. Depending on the shape of nanoparticles, 
they can be categorized into 0D, 1D, 2D, or 3D (Ayyub et 
al. 2001). This field drew attention when researchers found 
that size can influence the physiochemical properties of a 
substance. A substance in nanoform behaves differently 
than its bulk part owing to its changed optical, thermal, 
and electrical properties and larger surface-to-volume ratio, 
making them more chemically reactive (Khan et al. 2019). 
These properties of the nanoparticles are responsible for their 
use in different fields like electronics, textiles, cosmetics, 
medicines, and many more.

Some of the important contributions of nanoparticles in 
different industries are:

• In cosmetic industries, TiO2 nanoparticles are used in
sunscreens to block the dangerous UVB and UVA light.

• In PET (Polyethylene Terephthalate) bottles, SiO2
nanosheets act as an oxygen barrier, thus preventing
the beverage in the bottle from deteriorating.

• In the textile industry, Nanosilver with antimicrobial
properties, TiO2 with water-repellent, and SiO2 with
dirt-repellent attributes are used in textiles.

• The nanoscale additives in polymer composite materials
are used in tennis rackets and motorcycle helmets,
making them lightweight and durable.

• Nano TiO2 is also used in coatings to form self-cleaning 
surfaces. A sealed film of water dissolves the dirt
making the surface clean.

SYNTHESIS OF NANOPARTICLES

The importance of nanoparticles was well known, so 
different methods to synthesize these were searched. The 
top-down and bottom-up approaches were traditionally 
used to synthesize nanoparticles. The top-down approach 
includes reducing the size of the bulk material into nanosized 
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particles. Some methods involved in this approach are 
grinding, cutting, ball milling, Sputtering, and laser ablation 
(Tiwari et al. 2012). Though these methods are simpler, they 
have major drawbacks and are unsuitable for nanoparticle 
synthesis. They require large installations, so they are quite 
expensive. Besides this, these methods are unsuitable for 
the soft samples because the mechanical devices used for 
grinding are stiff and hard (Fig. 1).

The bottom-up approach includes small units like atoms 
or molecules that combine to form a nanoscopic dimension 
particle. This approach is based on the principle of molecular 
recognition. The problem with this method is that various 
undesired atoms and molecules may be present in the 
deposited material, and the cost of the chemicals is high. 
Moreover, these chemicals are toxic, and various poisonous 
by-products are obtained.

The physical and chemical methods for nanoparticle 
synthesis, along with their advantages and disadvantages, 
have been discussed by Namra Abid and the team (Abid et 
al. 2022). Though these methods possess some advantages, 
we utilize a different route for nanoparticle synthesis due to 
their major drawbacks.

GREEN SYNTHESIS

The difficulties faced with the classical approach emphasized 
the need for an alternative pathway for nanoparticle synthesis. 
This drove our attention towards herbs due to the availability 
of effective phytochemicals in various plant extracts, which 
can potentially reduce metal salts into metal nanoparticles. 
In today’s era of rapid industrialization, urbanization, and 
population explosion, methods are absolutely necessary to 
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minimize toxic chemicals: green synthesis is an effective tool 
to serve this purpose. Green synthesis paves the way for using 
plants and their extracts to synthesize nanoparticles. Thus, 
green synthesis uses environment-friendly procedures and 
focuses on minimizing the usage of hazardous chemicals. It 
comprises parts of plants such as leaves and fruit peels for 
nanoparticle synthesis because these contain phytochemicals 
that act as good reducing, capping, and stabilizing agents 
for metal nanoparticle synthesis. The advantages of green 
synthesis are that it is an easier, cost-effective, biologically 
safe, environment-friendly, and reliable method (Fig. 2).

This bioinspired route gives productive outcomes: 
therefore, it is being adopted by many for nanoparticle 
synthesis. Among various nanoparticles, metal oxide 
nanoparticles are especially drawing recognition due to 
their vast applications in different fields. Green synthesis 
is adopted for their synthesis because of their usage as 
antifungal agents, antibacterial agents, semiconductors, 
catalysts, nano-medicines (Hussain et al. 2023), and more 
(Fig. 3).

This biological way provides another important benefit 
of contributing to keeping the environment clean (Singh et 
al. 2018) describe that the bio-inspired green synthesis of 
metal and their oxide nanoparticles are a remedial approach 
to keeping the environment clean. Many nanoparticles have 
been synthesized through this eco-friendly route like Ag 
(using Tectona grandis) (Rautela et al. 2019), ZnO (using 
Coriandrum sativum, Varada V (Ukidave & Ingale 2022), 
NiO (using Aegle marmelos) (Angel Ezhilarasi et al. 2018) 
and more.

The plant-mediated green synthesis plant acts as chemical 
factories that act as reducing agents. Different phytochemicals 
are present in the plant extract, which probably act as 
reducing stabilizing agents and prevent the accumulation of 
developed nanoparticles. The plant-mediated nanoparticles 
also show low toxicity as the extract is an adsorbent to 
absorb the toxicity associated with the plant. Further, the 
other one of the most important advantages of the plant-
mediated green synthesis of the nanoparticles is the rate at 
which the synthesis occurs (Angel Ezhilarasi et al. 2020). The 
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Fig. 2: Diagrammatic overview of the procedure involved in green synthesis.
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plant-mediated synthesis of the nanoparticles occurs much 
faster than the physical and chemical methods. In the plant-
mediated green synthesis of nanoparticles, the leaf, fruit, bark 
root, and steam play prominent roles in the green synthesis of  
nanoparticles. 

METAL-OXIDE NANOPARTICLES

Scientists are paying more heed to metal oxide nanoparticles 
because of their easy mode of formation and multidisciplinary 
implementations. Metal oxide nanoparticles can tackle some 
major issues owing to their unique properties. They possess 
antibacterial activity and are useful in wastewater treatment 
(Naseem & Durrani 2021). They serve as therapeutic agents 
and are used in paints, cosmetics, and ion batteries. The 
different useful applications of metal oxide nanoparticles in 
nanotechnology have been discussed by Murthy & Chavali 
(2019). 

The transition elements have properties like high 
charge density, catalytic behavior, and the ability to form 
coordination compounds, so their metal oxides are important. 
Iron oxide nanoparticles possess unique features such 
as nontoxicity and biocompatibility and are successfully 
used in drug delivery systems, electrochemical sensing, 
hyperthermia, photothermal therapy, nanozymes, and MRI 
(Vallabani et al. 2018). Zinc oxide nanoparticles are used in 
drug-delivery systems, cosmetics, biomedical, agriculture, 

biosensors, and gas sensors (Bedi & Kaur 2015). Tin oxide 
nanoparticles are electrochemical/chemo-resistive sensors 
(Sharma et al. 2021). Ahmad et al. (2021) states various 
methods for synthesizing tin oxide nanoparticle and their 
properties and highlights their various biological and 
physio-chemical applications. Copper oxide nanoparticles 
have catalytic, anti-cancer, and anti-bacterial applications 
(Akintelu et al. 2020). TiO2 nanoparticles have promising 
uses in drug-delivery systems. Their property to act as 
photo-sensitizing agents against malignant tumors and their 
effectiveness in photo-dynamic inactivation of antibiotic-
resistant bacteria have been discussed by Ziental et al.
(2020).  The recent achievement in the field of metal oxide 
nanoparticles includes the development of nanostructured 
oxides with two or more metallic components. Different 
uses of these metal oxide nanoparticles have made these 
fascinating for researchers, and explorations in this field 
are continuing for the betterment of existing technologies. 
NiO nanoparticles are one of many useful metal oxide 
nanoparticles synthesized via green synthesis. These 
possess distinctive features like low porosity, high 
photo absorption, and a larger surface-to-volume ratio, 
making them convenient to use in different fields. NiO 
nanoparticles possess superior ferromagnetic properties, 
chemical stability, and high coercive forces (Ahmad et 
al. 2022a), contributing to their role in various day-day  
technologies.
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polymer matrix of LDPE can enhance its photodegradation 
(Olajire & Mohammed 2020). Wang et al. (2005) reported 
that the catalytic activity of NiO nanoparticles lowers the 
decomposition temperature for the thermal decomposition 
of ammonium perchlorate by 93°C compared to that of the 
bulk NiO particle. It also increases the heat of decomposition 
for the same. NiO nanoparticles are important in degrading 
pharmaceutical products like paracetamol (Ahmad et al. 
2022b). The catalytic role of the NiO nanoparticles is 
also important as they have applications in synthesizing 
substituted Imidazole (Mahadevaiah et al. 2018).

Medical Applications

(i) Anti-Cancer Activity
NiO nanoparticles are useful in the medical field. (AlSalhi et 
al. 20202) Worked on the cytotoxicity of NiO nanoparticles 
towards HeLa cancer cells and reported these to exhibit 
good response at a concentration of 180 µg.mL-1. NiO 
nanoparticles also have an inhibitory role against Hep-G2, 
MCF-7, and HT-29 cancer cell lines responsible for liver, 
breast, and colon cancer, respectively (Kouhbanani et al. 
2021). Angel Ezhilarasi et al. (2016) synthesized NiO 
nanoparticles and explored their cytotoxicity effect against 
HT-29 cancer cells. They found that green synthesized 
nanoparticles showed better cytotoxicity. In Zhang et al. 
(2021), NiO nanoparticles were examined against the 
carcinoma cell lines of FLO-1, ESO26, 0E33, and KYSE-
207, and it was reported that the nanoparticles showed 
significant cytotoxicity against all these cell lines. Sabouri 
et al. (2021) conducted a bio-synthesis of NiO nanoparticles 
using Arabic gum and reported their cytotoxic effects on 
normal CNs cell lines and cancer U87MG cell lines Sabouri 
et al. (2021). Betageri et al. (2021) analyzed the cytotoxic 
effects of green synthesized NiO nanoparticles against A549 
cancer cell lines and demonstrated that the synthesized 
nanoparticles exhibited significant anticancer activity.

Anti-Bacterial Activity

NiO nanoparticles also possess antibacterial properties. 
Therefore, these serve as remarkable antibacterial agents. 
These nanoparticles resist the growth of gram-positive and 
gram-negative bacteria. Ilbeigi and the team worked on 
the antibiotic activity of NiO nanoparticles against some 
bacterial strains. They reported the effectiveness of these 
nanoparticles even for those bacteria which had developed 
resistance to antibiotics like rifampicin, cefazolin, penicillin, 
ampicillin, erythromycin, and streptomycin (Ilbeigi et al. 
2019). Khashan et al. (2016), in their study, indicated that 
NiO nanoparticles could potentially cause growth inhibitions 
of bacterial strains because, on their application, the bacterial 

APPLICATIONS OF NIO NANOPARTICLES

Photocatalytic Applications

(i) Wastewater Treatment by Degradation of Toxic Dyes
In the world of rapid development and industrialization, 
one of the major issues we face is the effective treatment 
of thousands of liters of wastewater daily for sustainability. 
Wastewater contains many impurities like sulfates, nitrates, 
and phosphates and may even contain synthetic dyes and 
other toxic pollutants. Synthetic dyes are non-biodegradable, 
toxic, and potentially even carcinogenic, so their removal is 
paramount. Adsorption is a productive and cost-efficient way 
to remove these impurities, thereby reducing contaminants 
in wastewater.  Due to their high surface area, photocatalytic 
activity, and other chemical properties, NiO nanoparticles are 
used as adsorbents in purifying water. Hamidian and team 
carried out the bio-inspired synthesis of NiO nanoparticles 
using Biebersteiniamultifida extract to examine their 
photocatalytic activity against acid orange 7 (AO7) dye and 
found these particles to exhibit excellent adsorption as well 
as photocatalytic behavior (90.2%) (Hamidian et al. 2021). 
NiO nanoparticles synthesized using Allium cepa peels 
aqueous extract were used against the Congo red direct dye 
by Rafique et al. (2021) reported that decolorization of the 
dye was up to 90% at optimized conditions (Rafique et al. 
2021). Nateghi et al. (2021) investigated the decolorization 
of synthetic wastewater containing mono azo orange II dye 
at the laboratory scale. They reported that 0.6 g.L-1 was the 
optimum amount of the adsorbent required for the complete 
decolorization of synthetic wastewater under the condition 
of 50 mg.L-1 initial dye, PH 3, and agitator speed 100 rpm 
for 30 minutes (Nateghiet al. 2021). Adinaveen et al. (2019) 
studied the photocatalytic properties of NiO nanoparticles 
and found these to exhibit high degradation activity against 
Rhodamine b (92.3%) under UV light illumination (Fig. 4).

Motahari and their team members synthesized NiO 
nanoparticles through the hydrothermal process in the 
presence of H2acacen ligand and found them productively 
work to remove Rhodamine B (Motahari et al. 2015). NiO 
nanopowder is also useful for removing heavy metals 
in wastewater treatment. Its application as a productive 
adsorbent for the heavy metals Zn and Pb in an aqueous 
solution is discussed in Abdl El Fatah & Ossman (2014).

(ii) Photodegradation
NiO nanoparticles also exhibit photocatalytic activity 
in the degradation of polyethylene films. Olajire & 
Mohammed (2020) carried out the biological synthesis of 
NiO nanoparticles using Ananas comosus extract. They 
suggested that using synthesized nanoparticles in the 
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cell wall showed increased permeability, so amoxicillin 
accumulations occur in them. Khan et al. (2021) conducted 
a comparative study of green synthesized NiO nanoparticles 
and chemically synthesized nanoparticles for antibacterial, 
anticancer, and antioxidant activities. They reported the 
effectiveness of biologically synthesized nanoparticles 
against the bacteria E. coli, B. bronchiseptica, B. subtilis 
and S. aureus.

Anti-diabetic, Anti-pseudomonal, and Anti-oxidant 
activity

NiO nanoparticles also have significant antidiabetic effects 
because they exert a hypoglycemic effect, as discussed in 
Betageri et al. (2021). These also exhibit antimicrobial and 
antioxidant properties (Haq et al. 2021). Khan et al. (2021) 
reported that phytomolecules-coated NiO nanoparticles 
showed excellent antioxidant activity. Irum et al. (2021) 
carried out the chemical synthesis of NiO nanoparticles. 
They worked on the antipseudomonal activity of Al-doped 
NiO nanoparticles and reported the resistance of these 
nanoparticles against pathogens, especially Pseudomonas 
aeruginosa (Irum et al. 2021). Zhang et al. (2021) worked on
the anti-oxidant properties of NiO nanoparticles and reported 
in their result the effectiveness of these nanoparticles as an 
anti-oxidant through DPPH assay. Srihasam et al. (2020) 
evaluated NiO nanoparticles’ anti-oxidant and anti-microbial 

activity. They reported that the nanoparticles were found 
efficient against fungi A. niger and A. fumigatus, and they 
also exhibited strong anti-oxidant properties shown through 
DPPH reduction assay. Uddin et al. (2021), synthesized 
NiO nanoparticles from Berberis balochistanica stem 
and reported the nanoparticles to exhibit total antioxidant 
capacity (64.77%) and for 2,2- diphenyl-1-picrylhydrazyl 
(71.48%). 

Agricultural Applications

Uddin et al. (2021) also reported that the nanoparticles 
could have stimulatory efficacy in enhancing the rates of 
seed germination and seedling growth rates. Singh et al. 
(2022) carried out the biosynthesis of NiO nanoparticles 
using Spirogyra sp. cell-free extract. They reported that the 
nanoparticles showed stimulatory and inhibitory effects 
on Mung bean seed germination and seedlings at varying 
concentrations.

Electronic Devices

NiO nanoparticles also exhibit a vital part in enhancing 
the structural properties of other nanoparticles: TiO2 
has limitations because of the rapid recombination rates 
of electron/hole pair and the wide band gap, so NiO 
nanoparticles were used productively in enhancing the 
structural properties of TiO2 (Mannaa et al. 2021). NiO 
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nanoparticles are also used in carbon-based perovskite solar 
cells to increase the device performance by reducing charge 
recombination (Cai et al. 2019).

Niu et al. (2019) synthesized NiO-decorated tetragonal 
rutile SnO2 nanosheet-based sensors and found these to 
have improved sensitivity and excellent selectivity for 
ethanol gas (Niu et al. 2019). NiO nanoparticles also exhibit 
electrochromic properties (Obaida et al. 2022). Arif et al. 
2018: prepared a chlorine gas sensor based on the NiO 
nanoparticles (Hamidian et al. 2021).

CHARACTERIZATION OF NANOPARTICLES

Nanoparticles can be synthesized differently, leading 
to their different sizes and shapes, ultimately affecting 
their properties. It is, therefore, necessary to know the 
size, shape, crystal structure, and other properties of the 
synthesized nanoparticle for its efficient usage. Nanoparticle 
characterization hence plays a major role. Characterization 
of nanoparticles is done to know the size, distribution, 
crystal structure, surface charge, and other properties of 
the nanoparticles. Various techniques are used for the 
characterization, such as UV-Visible spectroscopy, Fourier 

Transform Infrared Spectroscopy (FT-IR), Zeta Potential 
(ZP), transmission electron microscopy (TEM), Scanning 
Electron Spectroscopy (SEM), Atomic Force Microscopy 
(AMF), Dynamic Light Scattering (DLS), Brunauer-
Emmett-Teller (BET), X-ray Diffraction (XRD), Nuclear 
Magnetic Resonance (NMR), Thermogravimetric Analysis 
(TGA), Diffuse Optical Spectroscopy (DCS) and many more 
(Fig.5). Different techniques derive different information 
for a particular sample to be analyzed. For example, XRD 
gives information about the crystal structure, BET tells us 
about the surface area and the pore size of nanoparticles, 
FTIR gives an idea about the surface composition of ligand 
bindings and the analysis of the functional groups present on 
the surface of the green synthesized nanoparticles. For this 
analysis, the developed nanoparticles were generally scanned 
in the 400-4000 cm-1. With the help of FTIR analysis, the 
binding capping and stabilizing agents were identified.  AFM 
gives knowledge about nanoparticle size and shapes in 3D 
mode (Table 1). The scanning electron microscope uses a 
beam of electrons to capture the image of the fabricated  
nanoparticles. With the help of SEM images, the particle 
size, surface morphology, and distribution of the particles 
were estimated.

Electronic Devices

NiO nanoparticles also exhibit a vital part in enhancing the structural properties of other
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and the wide band gap, so NiO nanoparticles were used productively in enhancing the structural

properties of TiO2 (Mannaa et al. 2021). NiO nanoparticles are also used in carbon-based

perovskite solar cells to increase the device performance by reducing charge recombination (Cai

et al. 2019). 

Niu et al. (2019) synthesized NiO-decorated tetragonal rutile SnO2 nanosheet-based sensors and 

found these to have improved sensitivity and excellent selectivity for ethanol gas (Niu et al. 2019). 

NiO nanoparticles also exhibit electrochromic properties (Obaida et al. 2022). Arif et al. 2018: 

prepared a chlorine gas sensor based on the NiO nanoparticles (Hamidian et al. 2021).

Fig. 5: Different characterization techniques of NiO NPs. 

Characterization of Nanoparticles

Nanoparticles can be synthesized differently, leading to their different sizes and shapes, ultimately 

affecting their properties. It is, therefore, necessary to know the size, shape, crystal structure, and

FTIR

BET

TEMSEM

XRD

EDS AMF 

UV-Vis 
ZP

Characterization 
of Nanoparticles 

DLS 

Fig. 5: Different characterization techniques of NiO NPs.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1360 Waseem Ahmad and Ankita Rawat

Vol. 22, No. 3, 2023 • Nature Environment and Pollution Technology This publication is licensed under a Creative 
Commons Attribution 4.0 International License

This publication is licensed under a Creative 
Commons Attribution 4.0 International License

Table 1: Summary of the synthesis, characterization and applications of NiO NPs.

S. 
No

Name of the plant Size Morphology Characterization 
Techniques

Applications Reference

1 Biebersteinia 
multifida

54-58 nm Cubic structure SEM, EDX, PXRD, 
UV-Vis, Raman 
analysis

Photocatalytic degradation 
of acid orange 7 dye under 
visible light

Hamidian et al. 
(2021)

2 Aegle marmelos 8-10 nm Single crystalline with 
fcc phase

XRD, HR-TEM, HR-
SEM, FT-IR

Antibacterial activity
Cytotoxicity towards A549 
cell culture
Photocatalytic degradation of 
4- chlorophenol(4-CP)

Angel 
Ezhilarasi et al. 
(2018)

3 Andrographis

paniculata

24 nm Cubic structure XRD, FTIR, SEM, 
HRTEM, UV-Vis

Photocatalytic and anti-cancer 
activity

Karthik et al. 
(2019)

4 Berberis 
balochistanica

31.44 nm Rhombohedral 
agglomerated shape

FTIR, XRD, UV-Vis, 
SEM

Antioxidant activity, 
stimulatory effect to fasten 
the rates of seed germination 
and seedling growth

Uddin et al. 
(2021)

5 Ananas comosus 0.63-5.75 
nm

fcc crystalline 
structure

UV-Vis, XRD, 
HRTEM, FTIR, EDX

Photocatalytic activity Olajire et al. 
(2020)

6 Salvia hispanica L. 30 nm Spherical TGA, FTIR, UV-Vis, 
XRD, EDAX

Cytotoxicity and 
photocatalytic activity

Sabouri et al. 
(2021)

7 Stevia 20-50 nm   Spherical, and a few 
are agglomerated

XRD,FTIR, FE-SEM, 
TEM, UV-Vis 

in -vitro oxidant and 
antimicrobial activity against 
multi-drug resistant microbes

Srihasam et al. 
(2020).

8 Ageratum 
conyzoides L.

11.5 nm Cubic structure XRD, FTIR, TEM Catalytic activity Wardani et al. 
(2019)

9 Rhamnus virgata 34 nm - FTIR, XRD, 
SEM,TEM,
DLS

Antibacterial activity, anti-
fungal activity, alpha-amylase 
inhibition, antioxidant activity, 
antileishmanial activity

Iqbal et al. 
(2019)

11 Stevia 2-16 nm Spherical - Antibacterial activity against 
S. mutans

Moghadam et 
al. (2022)

12 Abutilon indicum - - XRD, SEM, EDX, 
DLS, FTIR, UV- 
Vis.

Antioxidant, Antibacterial, and 
Anticancer activities

Khan et 
al.:2021

13 Allium cepa - - SEM, FTIR, UV-Vis Photocatalytic Activity-
Degradation of Congo red 
direct dye

Rafique et al. 
(2021)

14 Calendula 
officinalis

60.39 nm Spherical TEM, SEM, EDS, 
FTIR, XRD, UV- Vis.

Antioxidant activity, 
Cytotoxicity, Anti-esophageal 
Carcinoma activity

Zhang et al. 
(2021)

15 Areca catechu 5.46 nm Hexagonal shaped XRD, SEM, TEM, 
UV- Vis.

Anti-diabetic and 
Cytotoxicity Effects.

Shwetha et al. 
(2021)

CONCLUSION

A vital and budding research field that has the potential to 
bring advancements in the world and provide solutions to 
many existing problems is nanoparticles. The nano-sized 
particles do not limit their usage to one field. Rather, they 
have multidisciplinary implementations. The major targeted 
areas are cancer treatment, gene therapy, and drug delivery 
system. Owing to their importance, synthesizing them also 
draws our attention. 

The synthesized NiO nanoparticles have their role in 
various areas such as water treatment, pharmaceutical 
and medical sector, electronic devices, photodegradation 
and catalysis, and many other fields. The principle is that 
various phytochemicals in the plant extracts can remarkably 
reduce the metal salts into corresponding nanoparticles, thus 
synthesizing desired nanoparticles. This route helps keep the 
environment clean and less toxic by minimizing the usage of 
hazardous chemicals. The overview of the diverse benefits 
of NiO nanoparticles reflects that we should focus more on 
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them and other nano-dimensional particles and explore more 
of this area to bring forth new innovative solutions for the 
welfare of mankind.
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       ABSTRACT
The expanding nuclear industry has led to increasing radioactive waste in the environment. 
Exposure to these wastes causes considerable irreversible damage to the organisms, some 
of them being even lethal. Conventional methods like incineration, wet oxidation, and acid 
digestion have been used for radwaste treatment to control this. Apart from them, other 
organic methods like bioremediation are being widely applied by scientists. Many bacteria, 
fungi, algae, and plants are observed to possess remediating properties. Hence, these are 
now used on a large scale to treat the radioactive matter as quickly and effectively as possible. 
Techniques like bioaccumulation, enzymatic reduction, bioprecipitation, or phytoremediation 
methods such as phytoextraction and phytostabilization involving such organisms with 
remedial abilities have successfully removed the radioactive matter to an extent from the 
contaminated site. Further research is needed to increase the efficiency of the techniques 
and help remove radionuclides in an environment-friendly manner.

INTRODUCTION

Nuclear energy was used in the 1940s by many military troops 
and organizations as a new energy source. Seeing the success, 
it was used widely for military and research purposes such 
as testing nuclear weaponry, installing weapons for military 
use, producing nuclear energy, setting up nuclear energy 
facilities, and mining other radioactive elements. These 
activities generated huge amounts of waste, almost 90 million 
gallons (Uzair et al. 2019), including accidental radiation 
leakages and improper disposal of radioactive wastes. This 
caused radioactive pollution, exposure to radiation, and 
other radioactive matter, which had degenerating and lethal 
effects. To prevent and minimize it, physical methods like 
barrier construction, solidification, and tilling of fields 
for radio waste transfer (Ostoich et al. 2022); chemical 
methods like chemical removal; physical-chemical methods 
like electrokinetic application, and soil washing have been 
employed (Yan et al. 2021). Although the above-mentioned 
techniques have been successful in remediation and are used 
from time to time, they had limitations such as the high cost 

of specialized machinery, complex procedures, inefficient 
for low concentration radio waste removal, risk of perfusion 
of chemicals used for remediation into the groundwater, 
permanent biological and physiochemical changes to the soil, 
causing secondary pollution (Singh et al. 2022). To tackle these 
limitations, a technique called bioremediation was introduced.

Bioremediation is the method that uses living entities 
to remove hazardous substances under specified conditions 
(Dubchak & Bondar 2019) through the organisms’ metabolic 
processes.

In layman’s terms, bioremediation is a process to help 
clean the environment by involving living organisms like 
plants (called phytoremediation), fungi (mycoremediation), 
algae (phycoremediation), or enzymes to transform and 
detoxify the pollutants into less toxic forms (Kumar et al. 
2018). 

The remediation can be done with different methods, 
like mycoremediation (Bosco & Mollea 2019), microbe-
aided phytoremediation (Dotaniya et al. 2018), nano 
bioremediation (Cecchin et al. 2017) through omics 
(Chandran et al. 2020), system biology (Malla et al. 2018) 
or a combination of inorganic and organic method like 
electrokinetic bioremediation (Gill et al. 2014).
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Bioremediation is advantageous and is preferred over 
other conventional methods owing to its low cost, low 
maintenance (Roh et al. 2015), feasibility, and usage of 
living entities which reduce the involvement and impact 
of artificially produced substances on the soil, hence 
cleaner method (Natarajan et al. 2020). The technique has 
a lot of potential to be used to remove different types of 
contaminants, including radwaste, much more efficiently. 
Intensive research on this technique can help to tap into its 
potential and develop it further. 

EFFECT OF RADIOACTIVE WASTES ON 
ENVIRONMENT AND LIFE FORMS 

Exposure to radionuclides can severely affect the life 
forms' surroundings and bring detrimental changes to them. 
Alterations in DNA and lesions formation may occur, 
eventually leading to DNA degradation by direct and indirect 
mechanisms (Shukla et al. 2017).

Radwaste bioaccumulating in the plants can enter 
the food chain and can damage the food chain seriously 
(Dubchak et al. 2019). Longer-living, larger plant species 
of an area gradually switch to short-living, smaller plants. 
All this ultimately leads to losing plant species diversity 
(Geras’kin 2016).

In the ocean, radioactive wastes stored at great depths 
can still spread in the water due to high radiation exposure 
of radwaste or leakage by defective sealing (Natarajan et al. 
2020).  Exposure to nearby organisms or consumption of 
such water by the organism can cause grave damage to the 
health of those organisms. Both terrestrial and aquatic biotas 
are unsuitable for dumping radioactive wastes. 

In humans, low-intensity exposures cause mild skin 
irritation, but if the exposure continues for a longer time, it 
can cause hair loss, nausea, dizziness, vomiting, diarrhea, 
etc. Continuous exposure can lead the person to experience 
weakness, fatigue, fever, disorientation, low blood pressure, 
blood in stool, and eventually death (Kaushik et al. 2021). 

High-intensity radiation exposure for long durations can 
cause leucopenia, leukemia, and kidney damage. Skin, lung, 
and thyroid cancers are some of the diseases also caused by 
radiation (Kautsky et al. 2013). It also causes irreversible 
damage like DNA mutations which can pass to future 
generations. Fetuses are especially susceptible to radiation 
since contact with radionuclides can cause organ malfunction 
like poorly formed eyes, smaller brain size or head, mental 
retardation and abnormal growth, solid childhood cancer, 
and other congenital disorders (Tang et al. 2018).

The most significant examples are the cases of atomic 
bomb survivors of Hiroshima and Nagasaki, where nearly 

70,000 pregnancies were affected. Some lead to stillborn 
infants dying within the first 2 weeks or are born deformed 
with chromosomal aberrations (Brent 2015). The effect can 
be seen even after 65 years. 

RADIONUCLIDES WHEN PRESENT IN SOIL

Radioactive wastes are usually present in minute 
concentrations in the soil. Depending upon the amount 
of radwastes, the method and organism are chosen for 
treatment. For soil with concentrations ranging from 
10 µCi of 137Csg -1 to 20 µCi of 137Csg -1, microbes like 
Rhodococcus, Nocardia, or Deinococcus radiodurans 
are used, whereas concentrations greater than 20 µCi of  
137Csg -1, Pseudomonas putida, Shewanella putrefaciencs or 
Deinococcus radiodurans are preferred (Shukla et al. 2017). 
Naturally, radionuclides occur in various forms at different 
locations around the world. For example,  232Th occurs as 
monazite rock deposits in Guarapari, Brazil, and Kerela, 
India, whereas 222Rn is present in the hot springs of Ramsar, 
Iran (Ostoich et al. 2022).

In India, few regions are exposed to different radionuclides. 
For example, in South Konkan village, the occurrence of 
238U, 232Th, and  4K has caused the soil’s radiation level 
to be 68.08 * 10-9 Svh-1. In Gujarat, the presence of U and 
Th in the groundwater of Thar Desert and Th and Ca from 
Naredi Cliff has been observed (Sahay et al. 2015). In the 
soils of Jodhpur and Nagaur regions of Rajasthan, natural 
radionuclides such as 226Ra, 232 Th, and 40K are present 
(Rani et al. 2015).  

In Jharkhand, mining and milling from the Jaduguda 
uranium mine into the Bay of Bengal has accounted for 
emitting alpha particles affecting indigenous microbial 
populations (Patnaik et al. 2018). 

TECHNIQUES OF BIOREMEDIATION

In the case of microbial remediation, the metabolic activity of 
a microorganism determines the degree to which toxic waste 
is degraded (Natarajan et al. 2020). Effective bioremediation 
depends on physical, chemical, and biological interaction 
(Roh et al. 2015, Sengupta et al. 2021). Environmental 
factors favorable to microbial and plant growth also 
influence the process, and proper conditions can lead to the 
remediation process much faster (Dubchak & Bondar 2019).  
Different methods are performed considering all the above 
criteria and the organisms engaged. Some of them are 
discussed below.

Direct and indirect enzymatic reduction: Selecting either 
method depends on the site’s radionuclide presence and soil 
conditions (Francis & Nancharaiah 2015). 
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In the direct method, bacteria reduce the organic 
compounds (substrate) to release electrons which are 
used to transform oxidized, soluble, and mobile forms of 
radionuclides (for example, U, Cr, or Tc) into reduced, 
insoluble, and their respective immobile forms (Shukla et 
al. 2017). In vitro, Uranium precipitation is exhibited in 
Shewanella putrefaciens on its surface and with hydrogenase 
combination (as electron donor) in the case of Desulfovibrio 

vulgaris (Jabbar & Wallner 2015). This technique is also 
applied for reduction of Pu(VI) and Pu(V) to Pu(IV) by S. 

putrefaciens, G. metallireducens and B. subtilis (Natarajan 
et al. 2020).

In the Indirect Method, mostly lithotrophic-type 
bacteria reduce the substance, leading to the reduction of 
radionuclides. Indirect reduction of soluble contaminants 
is triggered in belowground and sedimentary environments 
by sulfate-reducing or metal-reducing microorganisms. An 
example of a microbe is Microbacterium flavescens, used 
for remediating U-, Th-, and Pu-contaminated soils (Jabbar 
& Wallner 2015). 

Bioaccumulation: Bioaccumulation is the deposition of the 
radionuclides within the organism (Francis & Nancharaiah 
2015) and comprises the phenomenon of bioconcentration and 
biomagnification (Shukla et al. 2017). It relies on the property 
of adsorption of radioactive matter on the cell surface of the 
microbe owing to prevailing electrostatic forces of attraction 
between the metal cations of radionuclides and the negatively 
charged cell surface, leading to their binding (Ayansina et al. 
2017). This makes removing radionuclides easier and thus 
prevents leakage (Natarajan et al. 2020). The process can 
be either active or passive. Active bioaccumulation needs 
more energy and takes much time. Passive bioaccumulation 
consumes lesser energy and is relatively faster (Ding et 
al. 2019). It is best for areas with nutrient limitations. The 
process was reported for radionuclides like plutonium, 
cesium-137, americium, strontium-85, radium, Thorium, 
and cobalt-60. Some of the Gram-positive bacteria, like 

Bacillus sp. (Zhao 2016) And Cyanobacteria like Arthrospira 

(Spirulina) platensis (Zinicovscaia et al. 2020) indicated 
the potential for bioremediation by this method. Uranium 
bioaccumulation in Pseudomonas has also been observed 
(Mahadevan et al. 2017).

Biosorption: The phenomenon of biosorption is described 
as “The sequestration of positively charged metal ions to 
the negatively charged cell membranes and polysaccharides 
secreted on the outer surfaces of bacteria” (Shukla et al. 
2017). It immobilizes the radionuclide present and can occur 
either directly, by nuclide cation interaction with functional 
groups which have anionic cell walls, or indirectly with EPS, 
S-layer, or capsule (Chauhan et al. 2021). It is a passive 

uptake process (Dey et al. 2021). Pu, Np, U, and Th are some 
radionuclides that can bind onto the cell surface with the help 
of ligands like amine, carboxyl, phosphate, hydroxyl, and 
sulfhydryl (Mahadevan et al. 2017). The process is species-
specific, i.e., depends on the ligands attached, and is affected 
by factors such as temperature, aeration, pH, the growth 
phase of cells, presence of organic or inorganic content and 
metabolites, secretion or production of exopolymers (Ding 
et al. 2019). Other factors include the chemical interaction 
of extracellular biopolymers, functional groups, metal 
ions, and electrostatic attraction (Dobrowolski et al. 2017). 
Pseudomonas strain is one example that can biosorp U and 
Th ions through intracellular sequestration (Natarajan et al. 
2020). Few bacteria and algal cultures were reported to retain 
strontium through biosorption (Francis & Nancharaiah 2015). 
These are shown in Table 1. 

Biotransformation/Bioreduction: Biotransformation 
occurs through various mechanisms: metal oxidation-
reduction, changes in pH, solubilization and leaching, 
volatilization, immobilization, remobilization, or alteration 
of metal-radionuclide complexes (Francis & Nancharaiah 
2015). Bacterial transformations occur through basic 
chemical processes which direct the formation of co-
precipitates, oxides, and organic, inorganic, and ionic 
complexes of radionuclides (Ding et al. 2019). Different 
types of bacteria, aerobic or anaerobic (that are actively 
growing), retain the ability to transform through redox 
reactions. In most cases, nuclides that are non-sorptive are 
transformed non-enzymatically or enzymatically (Shukla 
et al. 2017). It was observed that triheme periplasmic 
cytochrome type-c has a key role in biotransformation 
(Jabbar et al. 2015). For U (VI) bioremediation, bacterial 
groups like acid-tolerant, fermentative, and sulfate-reducing 
bacteria can act as alternative electron acceptors (Mahadevan 
et al. 2017). Ecological conditions, electron donors and 
acceptors, and supplements can affect microbial activity 
during biotransformation (Uzair et al. 2019). 

Some known examples are Geobacter sulfurreducens 
(Vogel et al. 2018) strain PCA, Shewanella putrefaciencs 
strain CN-32, and Anaeromyxobacter dehalogenans strain K.

Bioleaching: Also called biomining or bio solubilization 
involves leaching out of radionuclides from their compact 
matrices (Qiu et al. 2019). It is not a direct solubilization 
method, and the energy here is obtained in autotrophic bacteria 
from reduced Fe or S compounds while simultaneously 
solubilizing the metals and nuclides. It needs components 
like moisture, acidic pH, and oxygen to oxidize Fe or S 
and filter out metals in sulfide form (Shukla et al. 2017). 
These bacterial types are acidophilic and mesophilic in 
nature (Srichandan et al. 2019). Scientists have reported 
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Table 1: Radionuclide-microorganism interaction of certain radioactive elements. 

Radionuclide Microorganism Type of Interaction Reference 

Hydrogen Uranyl 
Phosphate (HUP)

Serratia sp. Precipitation via the activity of a high radio-stable 
phosphatase enzyme.

Lopez-Fernandez 
et al. (2021)

Strontium
90Sr

Bacillus sp Accumulation into biogenic carbonate minerals.

Cyanobacteria Accumulation into calcium carbonates.

Technetium
99Tc

Geobacter sulfurreducens and 
Shewanella oneidensis

Bacterial accumulation.

Thorium
232Th

Streptomyces sporoverrucosus pH and ionic strength-dependent biosorption in living 
and dead cells of the organism.

Neptunium
237Np

Shewanella sp. Biosorption by whole cells, the cell wall, and 
extracellular polymeric substances of algae.

Uranium
238U
235U

Pseudomonas aeruginosa, 
Staphylococcus aureus, Gallionella, 
Bacillus and Sphingomonas

Biomineralization by passive sorption on cell wall 
extracellular polymers and secretion of phosphate 
groups.

Stenotrophomonas sp. Immobilization using phosphatase enzymes under 
changing environmental conditions.

Plutonium
239Pu

Pseudomonas sp. Influencing the redox cycling and mobility of Pu in 
the environment as a reductant and sorbent.

Saccharomyces cerevisiae Sorption from aqueous radionuclide solutions at pH 
1-2 by immobilized algae.Americium

241Am

Saccharomyces cerevisiae

Cerium
140Ce

Saccharomyces cerevisiae

Curium 
242Cm

Rhodotorula mucilaginosa Reversible and pH-dependent biosorption.

Acidithiobacillus ferrooxidans (Mao et al. 2015), Sulfolobus 

(Reitz et al. 2015), and Acetobacter sp. (Qu et al. 2019) as 
microbes that can solubilize metals. The process is affected 
by microbial activity, physical factors like pH surrounding 
the bacteria, moisture, oxidation state of the nuclide, and 
inorganic content as substrate needed for the bacteria 
(Kaksonen et al. 2017). A vital bacterial metabolite, the 
presence of citrate also enhances the solubility of nuclides.

Bioprecipitation: This occurs after converting a nuclide from 
soluble to insoluble (Sahinkaya et al. 2017). It is achieved 
by carrying out oxidative and reductive reactions leading 
to precipitation. Precipitation of radionuclides and metals 
happens largely in carbonates or hydroxides form (Shukla et 
al. 2017). The site where precipitation occurs in a microbial 
cell is the ‘nucleation site,’ and the precipitation process in 
it depends on the ligand concentration produced by the cell 
(Shukla et al. 2017). Microbial ligand production, biogenic 
mineral formation (Jabbar & Wallner 2015), valence, and 
oxidation state of the radionuclide are important factors of 
bio precipitation. Secretions from bacteria and metabolism 
can cause changes in pH in its immediate surroundings, 
hence, changing the pH of the area adjoining the metal in 
the process. Co-precipitation is a phenomenon related to 

it where elements amalgamate in minerals of metal oxide 
during precipitation. The method has been investigated for 
removing Strontium (Francis & Nancharaiah 2015), Uranium 
(Xu 2018). Shewanella putrefaciens is known for successful 
U(VI) bioprecipitation (Huang et al. 2017).

Biomineralization: The method uses living organisms 
like fungi, microalgae, bacteria, protozoa, or cyanobacteria 
to form minerals (Ding et al. 2019).  It can be of two 
types: biologically controlled biomineralization (BCM) 
or biologically induced biomineralization (BIM) (Singh et 
al. 2021). This depends on temperature, pH, ions, enzyme 
activity, and humic substances (Jiang et al. 2020). It 
often leads to stiffening and hardening of the mineralized 
contaminants, which are later removed separately, so it 
lessens soil contamination. In the case of fungi, many 
microbial biomineralization formations are supplemented 
by sorptive interactions and fungal mycelium branching 
for a strong metal removal system (Gadd & Pan 2016).  
The method is attempted to remove toxic radioisotopes 
like Tc by flow through biostimulated sediment column 
bioreactors at even minute concentrations (Thorpe et al. 
2016). Biomineralization for U(VI) is possible with the 
help of Kocuria sp. (Wang et al. 2019) and Saccharomyces 
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With improving technology, more progress can be 
made in this direction. Next-generation sequencing allows 
enhanced expression of desirable genes and proteins (Fonti 
et al. 2015). Genome-wide transcriptome methods lead to 
better analysis of metabolic pathways and physiology of 
the microbes (Lourenço et al. 2019). Integrating all the 
information gathered related to the properties and functions 
of microbes helps in their improved selection during the 
bioremediation process. 

PROCESSES SIMILAR TO BIOREMEDIATION

Biostimulation: Here environmental conditions are 
optimized to encourage the growth of existing bioremediating 
microbial populations. It is done by adding rate-limiting 
nutrients or electron acceptors like oxygen, nitrogen, carbon, 
or phosphorous (Tribedi et al. 2018), modifying physical 
factors like pH, temperature, aeration, etc. (Mallavarapu 
et al. 2020) to stimulate the growth of present microscopic 
assemblage for degradation of radionuclides. These micro-
organisms then help in bioremediation of toxicants. A 
biostimulation experiment by UMTRA, Colorado, confirmed 
the precipitation of U(IV) by adding acetate as an electron 
donor (Roh et al. 2015). Since the method accelerates the 
development of indigenous or non-indigenous microbes 
for bioremediation purposes, it comes under ‘enhanced 
bioremediation’ (Kumar et al. 2018). The method is 
advantageous for low-cost and native microbial population 
exploitation without adding allochthonous species (Bosco 
& Mollea 2019). Care must be taken when adding nutrients 
since they should be evenly distributed and readily available 
to the subsurface microbes. Also, the surface should be 
permeable with no cracks or fractures (Jayaprakash et 
al. 2019).   Arthrobacter ilicis and Geobacter have been
identified to remove radionuclides like U(VI), Pu(IV), 
Tc(VII), and Np(V) through biostimulation (Shukla et al. 
2017). 

Bioaugmentation: The method is executed when the native 
microbial population present at the contamination site is 
unable to degrade the pollutants (Mallavarapu et al. 2020). 
In this method, microorganisms are added to enhance and 
speed up the degradation process of pollutants (Xu 2018). 
Microbes with high catabolic potential are generally added 
(Agnello et al. 2016). This is done by (i) adding pre-
modified bacteria, (ii) adding pre-modified consortium, 
(iii) adding relevant genes in microbes for biodegradation
(iv) introducing genetically modified bacteria (Upadhyay
et al. 2019). The microbes introduced should retain genetic
stability and viability during storage, withstand harsh
conditions, and adapt to a foreign environment. Nutrient
content, moisture, aeration, pH, and soil type can affect the

cerevisiae (Zheng et al. 2017). Serratia sp. relies on the
synthesis of crystalline hydroxyapatite to be used later to 
recover Eu and Sr (Gangappa et al. 2016). 

Genetically modified organisms: Recombinant DNA 
technology and genetic engineering are employed to generate 
tailor-made organisms, which increase their biodegradation 
potential and therefore help in the successful remediation 
of radwaste (Kumar et al. 2018).  This method generates 
different protein constructs with genes with desired traits 
and properties for remediation. These genes of interest 
are then combined in a single bacterial cell with improved 
metal binding properties and high adsorption capacity 
(Omran 2021). Finally, they accumulate metal ions by 
sorption. One example is Deinococcus radiodurans, a
microorganism observed to tolerate ionizing radiations up 
to 10*103 Sv (Shukla et al. 2017) and is currently known as 
the most radiation-tolerant organism. It is an extremophilic 
bacterium that can thrive under high temperatures, low 
nutrients, and high radiation exposure (Manobala et al. 2019) 
by producing several copies of its genome and performing 
DNA repair mechanisms when required (Natarajan et al. 
2020). This microbe is genetically engineered and then used 
for remediation purposes. It converts volatile and highly toxic 
metals into less mobile and toxic forms. It remediates the 
radionuclides through biofilm formation (Shukla et al. 2017). 
Genetically engineered Pseudomonas aeruginosa (Tapadar
et al. 2021) and E. coli strain with genes from Serratia 

marcescens and Helicobacter pylori (Uzair et al. 2019) have
also been experimented with to successfully remove uranium 
through precipitation and sorption, respectively.   

Omics-Implemented bioremediation: It takes into account 
the genomic structure of the remediating organisms. Data 
regarding catabolic genes, enzymes, or proteins with 
bioremediating capabilities are taken from proteomics, 
metabolomics, transcriptomics, metagenomics, and functional 
genomics (Upadhyay et al. 2019). These are then identified and 
isolated for further bioremediation processes. Metagenomics 
is the study of genetic matter taken from the environment, 
which has the potential for bioremediation (Sengupta et al. 
2021). Proteomics is the study of proteins through biochemical 
means (Dey et al. 2021). The combination of the above studies 
helps to obtain efficient strains of microbes and increase the 
metabolism of the contaminants (Malla et al. 2018). Many 
microorganisms’ genome sequencing and profiling have 
been conducted. For example, transcriptional profiling of 
Shewanella oneidensis (known to contain co-metabolic
pathways) was performed during U(VI) reduction (Wang et al. 
2017a, 2017b). A biomarker of G. sulfurreducens activity was
also developed through proteogenomic analysis for Uranium 
bioremediation (Marques 2018).
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efficiency of bioaugmentation (Jayaprakash et al. 2019). It 
is applied with biostimulation and comes under ‘enhanced 
bioremediation’ (Kumar et al. 2018). 

Through the above processes of crystallization and 
precipitation of immobile and insoluble compounds by micro 
(or macro) organisms, metal biorecovery is possible. 

Phytoremediation: Bioremediation done by plants is 
phytoremediation. It is a subcategory that includes plants, 
accompanied by rhizospheric and endophytic microbes, 
to remove the contamination in soil, sediments, sludge, 
and ground or surface water and clean the environment 
(Kumar et al. 2018). It considers plants’ natural ability to 
uptake or absorb radioactive contaminants through roots 
and translocation to the upper part of the plant (Sharma 
et al. 2015). It thus uses this as an advantage to reduce its 
toxicity. These plants range from hyperaccumulators (e.g., 
Helianthus) to bio-accumulators (Dubchak & Bondar 2019).

It is a cost-effective practice since the expenditure is less 
than that of conventional methods, and it is environmentally 
friendly, as it preserves the environment in its natural state. 
The recovery and reusability rate of valuable metals is higher. 
Also, the plants can be easily monitored, and the progress can 
be tracked down (Eskander & Saleh 2017). Its extensive use 
was started in the 1990s by researchers and US Environment 
Protection Agency (Shmaefsky 2020). Since then, it has 
been employed in the sites contaminated by U, Th, and Ra 
(Natarajan et al. 2020).   

Phytoextraction: Also called Phytosequestration, 
Phytoaccumulation, or Phyto absorption, this technique 
utilizes the plant’s ability to pick up contaminants from 
the soil and transfer them to the harvestable parts of the 
plant (Natarajan et al. 2020), which can be obtained later 
by harvesting the incinerating or composting the particular 
plant (Kumar et al. 2018). It removes the toxins from the soil 
by not disturbing the soil structure and impacting little on 
soil fertility. For this method, fast growing plants are used 
that (i) can produce large quantities of plant biomass (ii) 
have capacity to tolerate and extract radionuclides at high 
concentrations (iii) are able to translocate the radionuclides 
to the plant biomass (Sheoran & Sheoran 2017). These plants 
are called hyperaccumulators and are known to accumulate 
toxicants at a concentration 100 times greater than what a 
normal plant would accumulate (Sheoran et al. 2016). The 
contaminants extracted are much smaller than the initial 
quantity in the soil or sediment. Hence, it is best suitable 
for areas of low-level contamination (Dubchak & Bondar 
2019). The efficiency of the process also depends upon the 
bioavailability of the radioactive pollutants present (Khan et 
al. 2020). It is popularly employed for 137Cs, 90Sr, and 235,238U 
(Dijoo et al. 2020). Research has been done on Catharanthus 

(for 137Cs), Cannabis (for 90Sr), Festuca, and Zea (for 222Rn 
and 226Ra) (Filippis 2015).

Rhizofiltration: It is specified for wastewater where the roots 
of plants are used to concentrate and precipitate radionuclides 
from that wastewater (Kumar et al. 2018). This can be done 
ex-situ or in situ, where plants (preferably hydrophytes) are 
grown hydroponically and, after their growth, relocated to a 
polluted water stream (Sharma et al. 2015) or grown straight 
into the water body polluted by radioactive effluent. For 
this technique, plants with rapidly growing root systems are 
chosen (Natarajan et al. 2020). Scientists thought of using 
several ponds in the sequence where the water flow rate is 
set to be slow to clean water contaminated by radionuclides 
(Dubchak & Bondar 2019). This permits relatively cheaper 
procedures with low capital costs. Water, sludge, and plant 
samples were taken regularly from all the parts of that 
system created to calculate the complete mass balance of 
radioactivity. It was later calculated that such a system 
removed 99.3% of the radioactivity. This approach was used 
for 90Sr and 137Cs and U removal from water (Filippis 2015) 
and is most effective in U removal. Nowadays, seedlings 
(blastofiltration) or excised plant shoots (caulofiltration) 
are used to remove contaminants from streams (Rezania et 
al. 2020). Helianthus annuus L. is a suitable plant that can 
remove 80% of the U within 24 hours from the contaminated 
water (Tonelli et al. 2020). Phragmites australis (Wang & 
Dudel and Phleum pratense (Mikheev et al. 2017) are also 
known for U and Cs remediation, respectively. One limitation 
of this process is that it can’t extract the contaminant below 
the rooting depth. Also, proper care and maintenance are 
required since the plants can become a potential radiation 
source while extracting the contaminants from the soil.

Phytovolatilization: The method uses the plants to convert 
the toxicants into volatile forms to be discharged into the 
atmosphere (Kumar et al. 2018). It can be direct (through 
stems and leaves) or indirect (through roots) (Limmer & 
Burken 2016). It is used for 3H, i.e., Tritium remediation, 
which is a radioactive isotope of Hydrogen with a half-life of 
12 years approx., decaying into stable helium. Experiments 
conducted showed that reduction in radioactive Tritium (up 
to 40%) could be accomplished by releasing the titrated 
water into the atmosphere in water vapor form since it gets 
easily isolated by air and emits almost no exposure externally 
instead of flowing it in surface water streams near the sites 
(Dubchak & Bondar 2019). Commonly phreatophytes that 
are deep-rooted and have high transpiration capacity are 
deployed for this type of remediation (Khan et al. 2020), 
providing a system with enhanced evapo – transpiration and 
hydraulic control. Typha latifolia is one of the few plants 
apt for Selenium decontamination (Tonelli et al. 2020). The 
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plant enzymes convert the inorganic Se to different volatile 
forms, like dimethyl selenide and dimethyl selenone (Sharma 
et al. 2015).

Phytostabilization: It focuses on the stabilization and 
storage of radionuclides for longer durations. It is based on 
radionuclides sequestration in the soil near the area of roots 
(Tonelli et al. 2020) but not in the tissues of the plants. Since 
the contaminants are stored in the root area, they become less 
available to livestock, wildlife, and humans, and the exposure 
is greatly reduced (Natarajan et al. 2020). Additionally, 
the phytostabilizing plants can reduce soil water and wind 
erosion and thus prevent radwaste’s dispersal into dust 
particles, runoff, or leachate (Filippis 2015). The technique 
requires a dense root system to stabilize the soil and minimize 
water percolation, preventing soil erosion and radionuclide 
leaching (Dubchak & Bondar 2019). Green plants which are 
deep-rooted and fast-growing (e.g., Cyprus) are preferred 
since they reduce the stabilization process to large amounts 
(Sharma et al. 2015). This method has been used to stabilize 
U mine tailings (Wetle et al. 2020). Cannabis sativa L. and 
Vetiveria (Chrysopogon) zizanioides are a few plants used at 
mine tailings for phytostabilization of U and Cs, respectively 
(Khan 2020). Some of the plants known for phytoremediation 
of certain radionuclides are listed in Table 2.

Mycoremediation: Remediation by fungi is known as 
mycoremediation. It was first observed in Chernobyl Nuclear 
Power Station, where few fungi could generate spores.  
It was degrading and feeding on the soil contaminated by 
high Co, Pu, and C concentrations. Many species of fungi 
are observed to be able to remediate radionuclides from  
soil. These were later called radiotrophic fungi (Júnior et 
al. 2020). 

The fungi remediate in the form of arbuscular 
mycorrhizae by forming associations like ectomycorrhizae 
or in any other way to immobilize the radionuclides, 
which are then taken up by plants (Sharma et al. 2015). 
The physicochemical properties of fungal cell walls play a 
key factor in radionuclide immobilization (Dighton 2019). 
Other factors include temperature, moisture, assembly, 
and activity of the microbial population, soil conditions 
like type, organic matter amount, and water availability 
(Kapahi & Sachdeva 2017). The cost-effectiveness, low 
maintenance, and ubiquitous nature of most fungi species 
allow their widespread use for bioremediation (Jain et 
al. 2017). Aspergillus niger and Rhizopus arrhizus can 
remove Thorium through mycoremediation (Francis & 
Nancharaiah 2015). Oyster mushrooms are also known to be 
bioremediated Plutonium-239 and Americium-241 (Dubchak 

Table 2: Higher plant species and algal species-appropriate in phyto/phycoremediation of radionuclide contaminated sites.

Algae/Higher plants Species Name Radionuclide References

Algae Oedogonium sp. 90Sr Iwamoto and Minoda (2018)
Ophiocytium sp. 125I Iwamoto and Minoda (2018)

Vacuoliviride crystalliferum, Galdieria sulphuraria
137Cs Iwamoto and Minoda (2018)

Cladophora, Oedogonium, Rhizoclonium 238U Kumar and Kundu (2020)

Higher plants Egeria densa, Euphorbia macroclada, Astragalus gummifer, Verbascum 

cheiranthifolium, Phaseolus acutifolius

90Sr Iwamoto and Minoda (2018)

Pinus radiata, Pinus ponderosa 90Sr Dighton et al. 2019
Amaranthus retroflexus, Beta vulgaris, Brassica napus, Chenopodium 

quinoa

137Cs Iwamoto and Minoda (2018)

Table 3: List of certain fungal species known to remediate radionuclides from contaminated sites.

Fungi species Radionuclides References

Penicillium sp. 90Sr, 238U, 232Th Lopez-Fernandez et al. 2021
Pleurotus eringii 34Cs, 137Cs, 85Sr 
Hebeloma cylindrocarpon 90Sr

Cortinaraiacea sp. 137Cs

Serratia sp. 137Cs, 90Sr, 60Co
Boletus, Paxillus, Tylopilus, Lactarius rufus, Leccinum, 

Amanita, Cortinarius, Suillus variagatus

137Cs

Aspergillus niger and Paecilomyces javanicus
238U

Rhizopus sp. 241Am, 144Ce, 147Pm, 152+154Eu, 233U, 230Pu
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& Bondar 2019). A few of the fungal species known for 
mycoremediation are given in Table 3.

LIMITATIONS OF BIOREMEDIATION AND 
PHYTOREMEDIATION

Although the above-discussed methods show many prospects 
for their uses, they still face some challenges. Bioremediation 
has high specificity, i.e., we can’t use every plant for any 
given remediation method (Dubchak & Bondar 2019). 
These are based on the properties and compatibility of both 
organisms and toxicants. Since naturally occurring life 
forms are involved, the procedure will take comparatively 
longer (Butnariu & Butu 2020). Also, no method can 100% 
remediate the soil; some minute amount of radwaste can still 
be left in the soil (Kumar et al. 2018).

In the case of phytoremediation, the area and depth 
covered by the roots of the plant pose a limitation to the 
remediation process (Khan et al. 2020). Again, due to less 
biomass and slower growth of plants, more time will be 
taken (Sheoran & Sheoran 2017). The remediation can 
continue as long as the plant survives in the soil, i.e., proper 
maintenance and cultivation of plants are essential (Filippis 
2015). Successful lab phytoremediation experiments do 
not guarantee the same success rate at the practical field 
level (Yadav et al. 2018). Extreme caution is required to 
 handle and dispose of contaminated plants (Farraji et al. 2016). 

FUTURE PROSPECTS

Many aspects of bioremediation are explored by the continuous 
efforts of researchers and scientists, such as electrokinetic 
remediation (Cameselle 2015), algal remediation (Iwamoto 
& Minoda 2018), etc. These methods will be used for 
bioremediation purposes in the future. Numerous organisms 
with potential bioremediating properties are now discovered, 
which will be applied to the process in the coming days. 
These would be either used naturally or may be genetically 
transformed (called transgenic plants) into better radio-tolerant 
forms which can perform the procedure effectively. Various 
branches of science are participating to improve the chances 
of bioremediation. Geophysics is one of them, which uses 
geophysical monitoring to supervise the contaminated soils 
and analyze the changes occurring so. This is started for in 
situ bioremediation projects for consistent data collection 
which helps in real-time monitoring (Nivorlis 2019). Within 
the next few years, it can become essential for bioremediation 
monitoring. 

CONCLUSION

Bioremediation and Phytoremediation methods are fast-

growing and popularly used for radioactive waste removal or 
treatment. Being organic methods, which does not produce 
any side effect while performing the process and are cost-
effective simultaneously, gives them an advantage. Hence 
their popularity is increasing. With advancing time, scientists 
are searching for more organisms (microbes, fungi, or plants) 
that can be used naturally or by genetic modifications. They 
can successfully remediate radioactive wastes by any means. 
The existing biotechnological methods are also enhanced 
with improving technology for better remediation results. 
In phytoremediation, plants native to the contaminated area 
are looked for as they will have the least external input. 
After remediation, they should be removed, or they might 
decompose into the contaminated soil. The most used way is 
to incinerate the ground and use ashes for disposal. Microbial 
remediation has enormous potential to control the activity 
and solubility of radioactive matter. New tolerant microbes 
are discovered that can withstand the wastes of extreme 
radioactive toxicity. These microbes can be employed in 
the future, boosting the remediation process and radioactive 
waste removal rate. Research on this field should be more 
to find out more ways of effective remediation. New and 
improvised techniques will be developed only when different 
science disciplines collaborate and work together.
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      ABSTRACT
To overcome the challenges of the increasing global energy and to solve the global energy & 
environment problems, process intensification is one way to develop new efficient production 
pathways for the chemical industry. Process intensification plays an important role in the 
gas-liquid mass transfer processes. This review provides an overview of the developments 
in gas-liquid mass transfer enhancement. A major enhancement method, namely introducing 
additives (including nanoparticles, oil, electrolyte, and surfactant) summarized and discussed 
here, includes the most recent accomplishments in gas-liquid mass transfer engineering. This 
review is expected to inspire new research for future developments and potential applications 
in scientific research and industry regarding gas-liquid mass transfer engineering. Finally, it 
presents conclusions and perspectives on enhancing gas-liquid mass transfer.

INTRODUCTION

The rapid development of the chemical and energy industries 
leads to an increase in the emissions of greenhouse gas, 
then resulting in global warming. It is well-known that 
global warming is a critical challenge for the international 
community. Greenhouse gases, including carbon dioxide 
(CO2), methane (CH4), and nitrogen oxides (NOx), are 
believed to be the source of global warming (Abeydeera 
et al. 2019). H2-liquid mass transfer limits the rate of bio-
methanation reactions due to the low distribution of H2 in 
solution, limiting its solubility and thus its availability to 
methanogens. Besides, methane is the main component 
of natural and shale gas, accounting for 90% of the total 
abundance (Radler 2011, Kuuskraa et al. 2013). Thus, 
methane is considered the next generation of carbon 
feedstock as one of the earth’s most widely used high-energy 
resources.

Nevertheless, methane is a non-polar gas, and its low 
solubility in solution hinders efficient mass transfer. Oxygen 
is widely used in microbial growth and product synthesis as a 
low-cost green oxidant (Garcia-Ochoa et al. 2010). However, 

oxygen is less soluble in aqueous solution. Ozonation is 
one of the most widely used AOP technologies, which has 
been applied to treat various types of organic wastewater. 
However, ozone’s equilibrium concentration and mass 
transfer efficiency in water are limited, leading to poor 
ozone utilization (Gome & Upadhyay 2012). As deduced 
in the above finding, new approaches are needed to address 
these limitations.

Process reinforcement is important in various chemical 
science and engineering aspects (Ramshaw 1983). It allows 
for resource maximization and does more with less (Luo 
2013). As shown in Table 1, the more and the less are 
summarized (Li et al. 2019). The mass transfer between 
gas and liquid is widely used in chemical engineering. 
The rate and efficiency of mass transfer determine the cost 
and potential profit of gas-liquid mass transfer equipment. 
Therefore, process reinforcement in the gas-liquid mass 
transfer has been advocated worldwide (Garcia et al. 2017). 
Fundamentally, process reinforcement of gas-liquid mass 
transfer is always related to the total driving force, mass 
transfer coefficient, and gas-liquid interface area (Fig. 1) 
(Jensen et al. 2021)
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This paper summarizes effective reinforcement 
approaches in the gas-liquid mass transfer process. 
This technology includes introducing additives such as 
nanoparticles, oil, electrolyte, and surfactant. It is investigated 
the recent progress of this technology for enhancing 
gas-liquid mass transfer performance. More importantly, 
the mechanisms of different additives are summarized. 
Finally, the potentials and challenges of this technology 
of improving gas-liquid mass transfer performance are  
prospected.

INTRODUCTION OF ADDITIVES

Nanoparticles

When small particles are added to a system, a number of 
possible reactions, such as predation effects, hydrodynamic 
effects, or inhibition of bubble coalescence, can occur (Fig. 
2) (Beenackers & Swaaij 1993, Zhang et al. 2022). This 
method increases the gas-liquid interface area a and affects 
the gas-liquid mass transfer coefficient kL, which is greatly 
affected by the particle size, hydrophobicity, hydrophilicity, 
and other surface characteristics. Additives are not consumed 
in the reactors and can be reused by appropriate methods, 
such as filtering or centrifuge.

Mehdipour et al. (2021) studied CO2 absorption 
enhancement by SiO2 and ZnO nanoparticles in the 
rotating liquid sheet contactor. The effect of the tube 
rotation rate, nanoparticles concentration, gas flow rate, 
and CO2 concentration on the absorption performance 
was investigated. Also, the adsorption flux increased with 
an increase in gas flow rate, and increased first and then 
decreased with an increase in CO2 inlet concentration. CO2 
absorption measurements confirmed that nanoparticles 
significantly enhanced the separation effect. In this work, 
ZnO nanofluids were more efficient than SiO2 nanofluids. 
Lee et al. (2021) used SiO2 to increase CO2 absorption 
performance. In this study, to analyze the enhancement 
of CO2 absorption performance by a nanofluid, the  
visualization experiment of CO2 diffusion was carried 
out using the shadowgraph method. They observed that 
the absorption performance of the nanofluid enhanced 
up to 23.05% by adding 0.05 vol% nanoparticles. The  
visualization results showed that the hydrodynamic effect 
was the main factor in improving the mass transfer of 
nanofluids.

Lakhdissi et al. (2020) examined the influence of inert 
nonporous hydrophilic glass beads on the volumetric gas-
liquid mass transfer coefficient klal. Under constant particle 

Table 1: The interpretation of process reinforcement. Adapted from ref. (Li et al. 2019).

Types of process reinforcement “More” “Less” Examples

Structural intensification Production or quality Size of plants Microreactor

Energetic intensification Energy efficiency Energy consumption Rotating packed bed

Temporal intensification Productive rate Time Microwave heating

Functional intensification Functionality Number of unit operations Reactive distillation
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size, the increase of solid concentration from 1% (v/v) to 
5% (v/v) did not affect klal. In addition, increasing particle 
size in the micron range had little effect on klal at a constant 
concentration. In this work, with the increase of solid 
concentration, the bubble coalescence enhanced, resulting 
in the increase of bubble size and the decrease of oxygen-
liquid interface area al. Secondly, the other particles moved 
towards the bubble surface due to the collision phenomenon, 
resulting in local turbulence and increased the liquid side 
mass transfer coefficient kl. And finally, it was concluded that 
the two-phase approach does not predict the low variability of 
the experimental three phases klal very well. Esmaeili-Faraj 
et al. (2016) studied H2S and CO2 absorption enhancement 
by exfoliated graphene oxide (EGO) water and synthesized 
silica (SS). Based on the adsorption of H2S by these functions 
in EGO and SS nanoparticles, the mass transfer coefficients 
were 5- and 2-fold for the base fluid, respectively. They 
concluded that the grazing effect increased mass transfer 
coefficients in nanofluids (adsorption of gas molecules on 
the surface of nanoparticles).

Oil

This part introduces the effect of the addition of the second 
dispersive liquid phase on the enhancement of gas-liquid 
mass transfer. Physical properties of the liquid mixture, 
such as density, viscosity, gas solubility, and gas diffusivity, 
and the gas-liquid properties, such as droplet distribution 

in the boundary layer, possible mass transfer pathways, 
mass transfer coefficient, and gas-liquid interface area, 
were changed depending on the interface properties of the 
dispersed liquid (Dumont & Delmas 2003). In the process 
of mass transfer, there were two possible path ways in the 
boundary layer (Dumont & Delmas 2003):

Mass transfer in series: there was a gas→liquid 
mass transfer, and direct gas→oil contact is impossible  
(Fig. 3(a-b)).

Mass transfer in parallel: gas→oil contact was possible, 
and the gas→water mass transfer and the gas→oil mass 
transfer took place (Fig. 3c).

To examine the effect of the non-aqueous phase on the 
mass transfer of styrene vapor, Parnian et al. (2016) used 
silicone oil and experimentally analyzed the parameters 
that could affect the mass transfer process. Mass transfer 
of styrene was very sensitive to φ when φ < 10%; however, 
at φ > 10%, the introduction of silicone oil was insensitive 
to the process. It was concluded that the mass transfer 
mechanism is changed to the gas→water→oil pathway 
by increasing ϕ value from 2% to 20%. Thus, the KLa 
increased obviously. Ultimately, the KLa stayed unchanged 
regardless of the volume fraction of silicone oil because 
of the dominance of the gas-water distribution coefficient. 
This was in agreement with the results of other researchers 
(Dumont et al. 2014), who showed that the decrease in KLa 
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value might be related to the change in the distribution 
coefficient ratio. In addition, Dumont et al. (2014) pointed 
out that adding silicone oil slightly retarded the mass 
transfer rate of styrene compared to the air/water system, 
and KLa decreased. Li et al. (2010) explained the CO2 
mass transfer enhancement mechanism by choosing CO2-
benzene or octane/water as a gas/liquid absorption system. 
The experimental results indicated that increased energy 
input increased the mass transfer enhancement factor. Small 
droplets from the dispersed phase enhanced the gas-liquid 
mass transfer. Small droplets of oil acted like catalysts in 
chemical reactions. They analyzed the shuttle mechanism 
and summarized the essence of enhancement of gas-liquid 
mass transfer was that the dispersed liquid phase increased 
the components concentration gradient of solute near the gas-
liquid interface by absorption. Rols et al. (1990) proposed 
that the main mechanism of oxygen transfer enhancement 
was forming a thin film at the gas-liquid interface. This 
mechanism required gas bubble-oil droplet coalescence 
followed by oil droplet-oil film coalescence. When bubbles 
are submerged in the emulsion, the organic liquid covers 
the surface of the bubbles, and the film formed is loaded 
with oxygen as long as the bubbles do not explode. Sauid et 
al. (2013) found that adding palm oil as the organic phase 
increased the volumetric mass transfer coefficient (kLa). 
The effect of palm oil on the viscosity and rheology, kLa, 
and gas holdup in the xanthan solution was investigated. 

The results showed that introducing palm oil up to 10% vol 
increased kLa by 1.5 to 3 folds, and the maximum kLa value 
was 84.44 h-1 (Fig. 4). High oxygen transfer was obtained 
without providing additional energy. The increase was 
due to increased liquid turbulence caused by rigid organic 
phase droplets (Rols et al. 1990). The spreading coefficient 
played a significant role in changing the oxygen transfer 
capability in the system (Yoshida et al. 1970). When the 
diffusion coefficient was positive, the organic encounter on 
the water surface propagated like a surfactant to reduce the 
surface tension, thereby increasing the interface area and 
eventually increasing (Yoshida et al. 1970). This favorable 
effect promoted the formation of small bubbles due to the 
properties of palm oil.

However, other researchers have drawn different 
conclusions. Boltes et al. (2008) have examined the effect 
of airflow rate and organic fractions of dodecane on the gas-
liquid mass transfer in oil-water emulsions. For the same 
organic fraction, the airflow rate enhancement has witnessed 
an increase in the KLa. In agreement with the previous 
result, it was confirmed that the KLa values obtained for the 
organic liquids were higher than the corresponding values 
for water (Mehrnia et al. 2005, Shariati et al. 2007). For the 
same airflow, the KLa value decreased with an increase in 
the organic fraction, and then with a further increase in the 
organic fraction, the KLa value was increased. Shariati et 
al. (2007) also concluded that the mass transfer decreases 
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reduced mass transfer. However, these results cannot be 
explained by the modest change in the properties of the gas-
oil saturated water interface due to oil addiction.

Electrolyte

Kim et al. (2016) employed various electrolytes such as 
MgSO4, Na2SO4, K2SO4, MgCl2, NaCl, KCl, MgBr2, NaBr, 
KBr, Mg(NO3)2, NaNO3, and KNO3 to investigate the effect 
of the electrolytes on methane-water volumetric mass transfer 
coefficient (kLa). In this work, an increase in electrolyte 
concentration could enhance the kLa. Anions had a greater 
effect on kLa enhancement than that of cations (Fig. 5). For 
electrolytes with the same cations, the kLa value of sulfates, 
chlorides, bromides, and nitrates were 613-711, 381-488, 
141-290, and 233-266 h-1, respectively. For electrolytes 
with the same anions, magnesium-containing electrolytes 

with an increased water-to-oil phase volume ratio. Kundu 
et al. (2002) have investigated the gas-liquid mass transfer 
enhancement by adding different second immiscible organic 
phases (toluene, 2-ethyl-1-hexanol, decyl alcohol, anisole, 
dodecane, n-decane, and n-heptane). The results showed 
that adding 1% of n-decane, dodecane, and n-heptane in 
liquid increased the mass transfer. However, adding toluene, 
anisole, and 2-ethyl-1-hexanol limited the mass transfer. 
Non-linear variations of the enhancement factor were to be 
noticed. This may be due to the formation of an oil-water 
complex (several small droplets trapped in a large oil droplet 
as multiple droplets by Sajjadi et al. (2002)) that occurs at 
a higher concentration of dispersed phase and lower gas 
velocity. In addition, the main effect of adding oil appears 
to be a change in bubble size. Larger bubble diameters 
and lower gas fractions mean lower surface area and, thus, 

 8 

 
Fig. 4: Influence of palm oil on kLa. (Sauid et al. 2013). 
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bubble coalescence in electrolyte solution favored the increase of the kLa value of 

methane water. The enhanced effect of electrolytes on methane water mass transfer 
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exhibited larger kLa values than those containing sodium and 
potassium. Magnesium sulfate had the greatest strengthening 
effect on kLa at the concentration of 5 wt%, up to 711 h-1. 
This was the highest kLa value of methane water reported 
in the published literature. Inhibition of bubble coalescence 
in electrolyte solution favored the increase of the kLa value 
of methane water. The enhanced effect of electrolytes on 
methane water mass transfer could be attributed to increased 
methane water interfacial area. Anions have a stronger effect 
on kLa enhancement than cations. For all electrolytes, ions 
with high charge density greatly enhanced methane water’s 
kLa value.

Góngora García et al. (2021) studied the combined 
effects of mixed electrolyte species (KH2PO4, K2HPO4, 
(NH4)2SO4, and MgSO4·7H2O) on the oxygen transfer in 
a bubble column. Electrolytes containing ions are prone to 
solute interactions or crystallization. Volume mass transfer 
coefficient (kLa) and specific interface area (a) are enhanced 
due to the inhibition of bubble coalescence as the electrolyte 
concentration increases to a critical value. In saline solution, 
the kLa tended to increase (between 58 and 72%) as the 
nominal ionic strength increased from 0 to 0.085. The 
electrolyte inhibits bubble coalescence (resulting in smaller 
bubbles forming), thus maintaining a higher interface area. In 
addition, the small bubble and the low slip velocity appeared 
due to the low oxygen diffusion rate in the salt solution. Thus, 
the local mass transfer decreased (Taweel et al. 2013, Baz-
Rodríguez et al. 2014). Overall, the influence on a seems to 
control the kLa value. Jang et al. (2018) employed various 
electrolytes such as CaCl2, K2HPO4, MgSO4, NaCl, and 
NH4Cl to investigate the effects of the electrolytes on the 
enhancement of CO mass transfer in hollow fiber membrane 
bioreactor. The lowest value of kLa for CO achieved in water 
was 137.2 h-1. However, kLa values of CO increased to  
568.8 h-1 (5% NH4Cl), 340.2 h-1 (5% MgSO4), 279.4 h-1 (3% 
NaCl), 410.0 h-1 (5% CaCl2), and 465.8 h-1 (5% K2HPO4). 
Electrolytes inhibited CO bubble coalescence, enhancing 

the maximum kLa by a factor of 4.14. Dense electrical 
layers that formed near the gas bubbles inhibited bubble 
coalescence (Fig. 6) (Craig et al. 1993),thus increasing the 
mass transfer area.

Various electrolytes, including NaNO3, NaCl, Na2CO3, 
Na2SO4, KCl, LiCl, CsCl, BaCl2, and MgCl2, were employed 
by Kazakov et al. ( 2014) to investigate the influence on 
the O2 mass transfer in the presence of quartz particles 
in a poly (vinyl chloride) shell (SiO2/PVC). Positive 
hydrating ions significantly reduced the O2 mass transfer 
enhancement factor and increased by negative hydrating 
ions. In electrolytes containing different cations with the 
same anion (KCl, LiCl, CsCl, BaCl2, and MgCl2), the 
dependences of the O2 mass transfer enhancement factor 
E on the salt concentration were various. For KCl, LiCl, 
CsCl, BaCl2, and E, it was increased with an increase in 
electrolyte concentration. The introduction of these salts 
into the aqueous phase strengthened O2 mass transfer. 
However, the addition of MgCl2 seemed to not affect 
E. For electrolytes containing different anions with the 
same cations (NaNO3, NaCl, Na2CO3, and Na2SO4), the 
dependences of the coefficient E on the salt concentration 
strongly vary between electrolytes. For salts containing 
singly charged anions (NaNO3 and NaCl), E increased with 
electrolyte concentrations reaching 2.5-2.6. Nevertheless, 
the concentrations of salts with doubly charged anions 
increased, and the E decreased to 0.6-0.7. It was concluded 
that introducing these electrolytes was detrimental to 
the O2 absorption rate. Baz-Rodríguez et al. (2014) have 
examined the effect of inorganic electrolytes (NaCl, 
MgCl2, CaCl2) on oxygen-liquid mass transfer in a bubble 
column. The volumetric mass transfer coefficient (kLa), 
mass transfer coefficients (kL), and specific interfacial area 
(a) were determined. Using a dimensionless concentration  
(cr=c/ctc) as the independent variable, the kLa value was 
the same regardless of the kind of electrolytes at constant 
superficial gas velocities (vsg); the same happened for kL. 
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The critical concentrations for bubble coalescence (ctc) 
were the key to characterizing the hydrodynamic behavior 
(Ribeiro & Mewes 2007, Syeda & Reza 2011). The presence 
of electrolytes strongly changed the hydrodynamics and gas-
liquid mass transfer, mainly due to the decrease of bubble size 
and the corresponding increase a. The bubble coalescence 
inhibition played an important role in changing the 
hydrodynamic behavior. As the slip velocity decreased with 
the increase of cr, kL decreased. The presence of electrolytes 
reduced the kL, their effect on a large enough to lead to a net 
increase in kLa. A 40-50% increase in kLa compared with 
air-pure water. Nevertheless, kL was reduced by about 60% 
compared to air-pure water. In agreement with the results 
reported previously, it was confirmed that kL decreased in 
the presence of electrolytes (Taweel et al. 2013).

Surfactant

Surfactants are compounds that reduce the surface tension (or 
interfacial tension) between multiphase. The different types 
of surfactants are displayed in Fig. 7. (Bakthavatchalam et 
al. 2020). Adding surfactants in the gas and liquid phases 
to adjust the surface tension can affect the gas-liquid mass 
transfer process. We know that surfactants are amphiphilic 
organic compounds containing hydrophobic and hydrophilic 
groups. This property makes them accumulate at the gas-
liquid interface, which may positively or negatively affect 
gas-liquid mass transfer. Hence, it’s worth studying the 
influence of surfactants on the mass transfer process.

Pichetwanit et al. (2021) investigated the influence of 
nonionic surfactants with a small hydrophilic (Tergitol 
TMN-6, Triton X-100, Tergitol 15-S-9 and Tween-80) 
and cationic surfactants with a short linear chain (dodecyl 
trimethyl ammonium bromide (DTAB) and cetyl trimethyl 

ammonium bromide (CTAB)) on the mass transfer of carbon 
dioxide (CO2) from the gas phase to monoethanolamine 
(MEA) solution. The addition of surfactant reduced the 
surface tension of the MEA and increased the contact area 
for the absorption of CO2. Generally, mass transfer interfacial 
area increased with the addition of surfactant (Chaumat et al. 
2007, Hebrard et al. 2009, García-Abuín et al. 2012, Mcclure 
et al. 2015). The results showed that the CO2 equilibrium 
loading with nonionic and cationic surfactants slightly 
increased with surfactant concentration. Excluding tween-80 
and Triton X-100, other surfactants improved the absorption 
rate of CO2 in MEA solution. These results indicated that the 
initial CO2 absorption rate of MEA was improved by using a 
small hydrophilic head non-ionic surfactant or a short linear 
chain cationic surfactant, such as Tergitol TMN-6 or DTAB. 
In addition, an increase in the longer hydrocarbon chain in 
nonionic or cationic surfactants did not significantly promote 
the absorption rate of CO2 in the MEA solution. It was worth 
noting that the surfactant had no significant effect on the 
MEA solution’s kinematic viscosity but slightly increased 
amine viscosity. Dang et al. (2022) conducted experiments 
with surfactants (Tween 80 with different surface tensions) 
to study possible enhancement in oxygen transfer. It had 
been observed that with increased surfactant concentration, 
the gas-liquid mass transfer performance first deteriorated 
and then improved. The addition of surfactant changed the 
surface tension. Surfactants work in two ways: (1) The 
addition of surfactant reduced the surface tension of bubbles, 
resulting in the decrease of bubbles coalescence, fine and 
uniform dispersion, and increased gas-liquid interface area. 
(2) Surfactant molecules attached themselves to the gas-
liquid interface and formed a single-molecule film with 
certain mechanical strength, which hindered gas-liquid mass 
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transfer. As could be seen from Fig. 8, with a decrease in 
the surface tension from 65.7 mN·m-1 to 48.4 mN·m-1, the 
single-molecule film formed by surfactant molecules at the 
gas-liquid interface had inhibitory oxygen mass transfer 
than promotion. An increase in surfactant concentration was 
expected to correspond with an increase in the inhibitory 
effect. It was observed that the enhancement in gas-liquid 
mass transfer gradually increased with a decrease in surface 
tension. At low speeds, however, the smaller mass transfer 
coefficient of 42.9 mN·m-1 than that of 65.7 mN·m-1.

Yang et al. (2020) studied the influence of surfactant 
(oleic acid) on the nitrogen-liquid mass transfer. When the 
oleic acid concentration was increased, the mass transfer 
coefficient decreased, or the interface resistance increased. 
It was observed that oleic acid decreased the gas-liquid 
mass transfer by a factor of 4. This indicated that the excess 
surface concentration of oleic acid at the gas-liquid interface 
increased with the aqueous phase concentration until the 
aqueous phase concentration reached the critical micelle 
concentration. Since the solubility of nitrogen in pure oleic 

acid was very small, the presence of oleic acid molecules at 
the interface increased the possibility that nitrogen transport 
across the interface would be impeded (Fig. 9). However, 
when oleic acid concentration was 2 mg L-1, the interface 
resistance was about four times that for pure water (Birgand 
et al. 2007). In addition, the low concentration of oleic acid 
had a litter effect on the diffusion coefficient of nitrogen 
in water

Lebrun et al. (2022) investigated the effect of the 
surfactants’ nature on oxygen mass transfer. The mass 
transfer coefficient of oxygen (kL) values were determined 
for each of the aqueous solutions with the presence of 
three cationic surfactants with different hydrophobic chain 
lengths (including hexade-cyltrimethyl ammonium chloride, 
dodecyltrimethyl ammonium chloride trimethyl octyl 
ammonium chloride), and four nonionic surfactants with 
different hydrophilic chain lengths (including Triton X-100, 
Triton X-102, Triton X-165, Triton X-305). It could be seen 
that with an increase in the bulk concentration of surfactant, 
the liquid-side mass transfer coefficient decreased, ranging 

 14

 
Fig. 8: Effect of surface tension on the gas-liquid mass transfer coefficient kLa (Dang 

et al. 2022). 

Yang et al. (2020) studied the influence of surfactant (oleic acid) on the nitrogen-

liquid mass transfer. When the oleic acid concentration was increased, the mass transfer 

coefficient decreased, or the interface resistance increased. It was observed that oleic 

acid decreased the gas-liquid mass transfer by a factor of 4. This indicated that the 

excess surface concentration of oleic acid at the gas-liquid interface increased with the 

aqueous phase concentration until the aqueous phase concentration reached the critical 

micelle concentration. Since the solubility of nitrogen in pure oleic acid was very small, 

the presence of oleic acid molecules at the interface increased the possibility that 

nitrogen transport across the interface would be impeded (Fig. 9). However, when oleic 

acid concentration was 2 mg L-1, the interface resistance was about four times that for 

pure water (Birgand et al. 2007). In addition, the low concentration of oleic acid had a 

litter effect on the diffusion coefficient of nitrogen in water 

  

Fig. 9: Schematic of nitrogen transferring into aqueous solution with resistance at the interface due to 

accumulation of oleic acid: (a) control (no oleic acid); (b) small surface concentration of oleic acid; and 

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
0.006

0.008

0.010

0.012

0.014

0.016

k L
a 

(s
-1

)

Pv (W/L)

 48.4 mN/m

 65.7 mN/m

 42.9 mN/m

 50.9 mN/m

Fig. 8: Effect of surface tension on the gas-liquid mass transfer coefficient kLa (Dang et al. 2022).

 14

 
Fig. 8: Effect of surface tension on the gas-liquid mass transfer coefficient kLa (Dang 

et al. 2022). 

Yang et al. (2020) studied the influence of surfactant (oleic acid) on the nitrogen-

liquid mass transfer. When the oleic acid concentration was increased, the mass transfer 

coefficient decreased, or the interface resistance increased. It was observed that oleic 

acid decreased the gas-liquid mass transfer by a factor of 4. This indicated that the 

excess surface concentration of oleic acid at the gas-liquid interface increased with the 

aqueous phase concentration until the aqueous phase concentration reached the critical 

micelle concentration. Since the solubility of nitrogen in pure oleic acid was very small, 

the presence of oleic acid molecules at the interface increased the possibility that 

nitrogen transport across the interface would be impeded (Fig. 9). However, when oleic 

acid concentration was 2 mg L-1, the interface resistance was about four times that for 

pure water (Birgand et al. 2007). In addition, the low concentration of oleic acid had a 

litter effect on the diffusion coefficient of nitrogen in water 

  

Fig. 9: Schematic of nitrogen transferring into aqueous solution with resistance at the interface due to 

accumulation of oleic acid: (a) control (no oleic acid); (b) small surface concentration of oleic acid; and 

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
0.006

0.008

0.010

0.012

0.014

0.016

k L
a 

(s
-1

)
Pv (W/L)

 48.4 mN/m

 65.7 mN/m

 42.9 mN/m

 50.9 mN/m

Fig. 9: Schematic of nitrogen transferring into aqueous solution with resistance at the interface due to accumulation of oleic acid: (a) control  
(no oleic acid); (b) small surface concentration of oleic acid; and (c) large surface concentration of oleic acid (Yang et al. 2020).

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1383PROCESS INTENSIFICATION IN GAS-LIQUID MASS TRANSFER WITH ADDITIVES

Nature Environment and Pollution Technology • Vol. 22, No. 3, 2023This publication is licensed under a Creative 
Commons Attribution 4.0 International License

This publication is licensed under a Creative 
Commons Attribution 4.0 International License

from 5.6×10-4 to 0.4×10-4 m.s-1. However, increasing the 
length of the hydrophilic chain of nonionic surfactants does 
not affect the oxygen mass transfer, even though it changes 
the interface density. Increasing the hydrophobic chain length 
of cationic surfactants led to a decrease in the mass transfer 
coefficient of oxygen. And finally, the Sherwood number 
was calculated in each medium and classical correlations 
for gas-liquid mass transfer prediction.

The effect of the hydrocarbonate chain length of 
surfactant on the gas-liquid mass transfer process was 
investigated by García-Abuín et al. (2010). The surfactants 
with the long hydrocarbonate chain (hexyl-(HTABr)), 
surfactants with the short hydrocarbonate chain (octyl-
(OTABr), decyltrimethylammonium bromide (DTABr)) 
and surfactants with an intermediate hydrocarbonate chain 
(tetradecyl-(TDABr), octadecyl-trimethyl ammonium 
bromide (ODTABr)) were used in this work. When the 
hydrocarbon chain length of the surface agent was increased, 
the carbon dioxide (CO2) absorption rate decreased. At 
low concentrations of surfactant (HTABr, OTABr, and 
DTABr), gas-liquid mass transfer enhancement was 
observed. However, for surfactants TDTABr and ODTABr, 
the enhancement was not observed due to the reduction in 
the driving force (Fig. 10). In addition, the effect of various 
surfactants on the interface area depends on the surfactant 
with different bicarbonate chain lengths. Generally, mass 
transfer interfacial area increased with the addition of 
surfactant (Chaumat et al. 2007, Hebrard et al. 2009, García-
Abuín et al. 2012, Mcclure et al. 2015). However, surfactants 
with a long chain length did not affect the interfacial area, 
obtaining values for the gas-liquid interfacial area similar 
to pure water.

CONCLUSION

In this paper, many studies on gas-liquid mass transfer 
enhancement are reviewed. Gas-liquid mass transfer can be 
enhanced by increasing one or more of the overall driving 
force, mass transfer coefficient, and interface area. Research 
on the intensification of gas-liquid mass transfer by introducing 
additives must be further strengthened. For further research 
directions, the following observations are provided.

 (1) Study the effect of additives on the overall system
performance and downstream processing, including 
separation and recovery/reuse of additives before 
the practical application of various mass transfer 
enhancement systems, which support their application’s 
economic feasibility before additives application 
becomes a reality.

 (2) Please select a suitable liquid solvent and/or gas carrier 
and study the effect of physical properties of the phase, 
such as viscosity, interfacial tension, etc., on process 
design, which help us achieve better process designs.

 (3) Mass transfer research should not be limited to
determining macroscopic properties; it encourages 
researchers to explore the underlying mechanisms.
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      ABSTRACT
Agriculture is a significant industry that plays a major role in a country’s sustainable 
environment and economic development. The global population demands increased food 
production with minimal losses. Nutrient deficiency is one of the major and crucial factors 
influencing crop production significantly. Common techniques for determining crop nutrition 
status are the diagnosis of plant morphology, Enzymology, chemical effects, fertilization, 
etc. However, the above techniques are invasive and time-consuming or infeasible while 
considering varied production practices in different locations, environments and climatic 
conditions. Computer Vision is an area of Computer Science that deals with creating Artificial 
Intelligence based vision systems that can use image data, process, and analyze as humans 
perform. Early Detection of Crop Nutrient deficiencies favors the farmers to monitor the 
affected crops and plan for the manure or fertilizer application, which supports to regain of 
the crop’s efficiency for attaining its maximum yield. Modern computer vision systems rely 
on Machine Learning (ML), Remote sensing, Satellite imagery, unmanned aerial vehicles 
(UAVs), Internet of things (IoT) based sensor devices, and Deep Learning (DL) models that 
use algorithms to extract required features from data. The objective of this work is to provide 
an overview of recent research and identify the scope of computer vision-based technologies 
used for identifying crop nutrient content and deficiency, find research challenges in 
predicting nutrient imbalance in comparison with plant diseases that show certain similar 
characteristics, thereby to improve crop health and production.

INTRODUCTION

The agriculture sector has witnessed numerous changes for 
improving crop production. Several standards have been 
set to promote agricultural businesses, helping farmers 
improve their operational efficiency, reduce cost, provide 
quality food, and ensure their food hygiene and safety. Soil 
productivity closely depends on the available nutrients that 
result in a good yield of crops. The availability of nutrients 
in the soil is monitored using a specific system to determine 
the fertility of that specific area. An analysis is done to 
decide on fertilizer recommendations to strengthen it. Due 
to the adoption of synthetic or chemical-based fertilizers 
by most farmers in the twentieth century, there had been a 
50% increase in the overall yield from the field. Still, it has 
led to the major issue of Soil infertility or unavailability 
of major natural elements (Kilic et al. 2020). The climatic 
effects and environmental conditions should not degrade 

the yield. Farmers require data-driven or service-based 
techniques to enhance crop yield with the available field 
and other resources to meet all these needs. In this regard, 
precision agriculture has evolved with several tools and 
techniques that are being formulated, including automated 
harvesters, robot-weeders, Smartphone-based monitoring, 
UAVs, computer vision, pervasive computing, wireless ad-
hoc sensor networks, Radio Frequency Identifier (RFID), 
cloud computing based data storage, ML models, IoT 
based devices combined with DL, satellite monitoring, 
remote sensing, context-aware computing, etc., which are 
becoming increasingly popular and beneficial to the farmers 
for monitoring the crop stress which limits the output. With 
regard to precision agriculture, many areas of scope or use 
case models shall be explored. They are as follows: 

• Crop health monitoring for deficiencies and diseases

• Soil Nutrient management

• Monitoring of climate conditions

• Farm land monitoring and mapping for predictive
analytics
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	 •	 Greenhouse automation

	 •	 Automated irrigation scheduling and optimization

	 •	 Production and yield management

	 •	 Livestock monitoring

	 •	 Farm Inventory management systems

	 •	 Crop security

Motivation

In the current scenario, there are four major challenges 
in agriculture. (I) The availability of groundwater, which 
cannot be produced artificially, is scarce. (II) Limited 
agricultural lands as the world population grows. (III) The 
soil became infertile to produce enough food. (IV) The 
agriculture production or the output is inefficient. Farmers 
apply manures and fertilizers to their crops to boost their 
production. However, over usage or under usage of these 
applications may harm the crop, soil, humans, and animals. 
It is important to consider the nutritional values and food 
quality by understanding the crop’s nature during growth, 
the reasons for low quality and yield, and identifying the 
crop inefficiencies. Common techniques for determining 
crop nutrition status are the diagnosis of plant morphology, 
Enzymology, chemical effects, fertilization, etc. Computer 
Vision Technologies play a major role in identifying and 
monitoring crop deficiencies that prevent the prescribed 
output. It is concerned with building artificial systems or 
models that make sense out of images through training 
and processing at a pixel level in the image for extracting 
application-specific information. These intelligent systems 
retrieve the visual data and interpret the results using designed 
software or applications. This domain is widely used in the 
medical field, industrial manufacturing process, military 
applications, agriculture or field robots, phenotyping, grading 

and sorting, livestock monitoring, identification of diseases, 
and nutrition deficiency in plants/crops.

Significance of Nutrients for Crops

Plant growth requires various minerals and nutrients to grow 
and complete their life cycles. The application of appropriate 
nutrients is required to attain maximum sustainable yield. 
Deficiency of these nutrients results in different symptoms 
like stunted growth, poor yield, and the poor quality of 
food output from crops. The Nutrient deficiency should 
be identified at the earlier growth stage, and necessary 
actions are to be taken to regain and improve yield. Primary 
nutrients or macronutrients are required in larger amounts, 
including nitrogen, phosphorus, and potassium (Espiritu 2017, 
Haifa Group 2020, CGIAR Platform 2020). The secondary 
nutrients or micronutrients such as Sulphur, Magnesium, and 
Calcium are needed in certain quantities depending upon the 
plant species for its germination, resistance to pathogenic 
disease, and reproduction that ensures the healthy growth 
of plants. Calcium provides vital structural support for the 
plant cell. Magnesium is required for photosynthesis as it 
activates the enzymes required for plant growth. Sulfur is 
also required in moderate quantities that help the plants 
develop chlorophyll and protein synthesis. Feeding the 
crops with optimum levels of nutrients under experimental 
conditions becomes very difficult. The absorption of 
nutrients by plants is not assured by the mere availability of 
nutrients in the soil due to various factors such as moisture  
content and temperature of the soil, water pH level, 
toxic elements, and low salts. Hence, adequate levels of  
diagnosis are an important process to detect abnormalities and 
find effective solutions to improve the productivity of crops.

Fig. 1 depicts the identification of crop health using 
various dimensions of leaf symptoms.

assured by the mere availability of nutrients in the soil due to various factors such as moisture 

content and temperature of the soil, water pH level, toxic elements, and low salts. Hence, adequate 
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Fig. 1: Examples of Various Dimensions of crop health 
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Paper Organization

This survey article enables the readers to get an overview of 
Computer vision-based advancements in the identification 
and classification of crop nutrient deficiency, understand 
the existing shortcomings, and improve the technology by 
means of further research. The article is framed by studying 
various articles related to computer vision technologies for 
predicting crop nutrient deficiencies from 2010. However, 
most of the papers range between 2018-2022. About 60 
articles related to agriculture and crop nutrients were studied, 
among which 30 papers were selected for this survey as a 
perspective on computer vision and nutrient deficiency. The 
study focused on the evolution of computer vision, such as 
from Image processing to ML or DL, and a combination of 
recent models or advancements. The subsequent content 
of this survey paper is structured as follows. The second 
section explores the factors related to crop stress causing 
nutrient deficiency and its associated specific works for 
detection. The third section constitutes various sources and 
data collection methodologies for stress prediction. The 
fourth section identifies the outcomes, potential challenges, 
and future scope. Finally, section five concludes this survey 
paper.

Factors of Crop Stress Causing Nutrient Deficiency

Nutrient deficiency is visible through different specific 
symptoms of crop health, which may be visual or internal 
characteristics. For example, the leaf shape is deformed 
due to calcium deficiency. Nitrogen deficiency causes the 
change of color in leaves to light green and yellow at the top 
and bottom of the plant, respectively. Manganese deficiency 
causes holes, whereas copper deficiency causes pale pink 
between the leaves’ veins (Karthika et al. 2018). In view of 
smart agriculture, different robotic machines are developed 
to improve crop yields, such as the popular FarmBot and 
Agribots, to determine various crop-dependent factors such 
as soil depth for effective seeding processes, soil salinity, soil 
organic carbon (SOC), etc. The major reasons for crop stress 
are (1) Soil Quality and Nutrient Supply Imbalance (Electric 
Conductivity and Mobility of Nutrients), (2) Fertilizers, (3) 
weather conditions, (4) pests, (5) irrigation and pH levels.

Soil Quality and Nutrient Supply Imbalance

In general, soil analysis is performed to measure the nutrient 
content in the soil. The influence of biological, chemical, 
and physical processes in the soil plays a major role in plant 
growth and development. A variety of tools and technologies 
have been implemented through research findings in terms 
of monitoring and predicting the soil nutrient distribution, 
including conditions of moisture, temperature, pH value, 

level of water holding, and humidity of the air, such as the 
Geographic Information Systems (GIS), Global Positioning 
Systems (GPS), Variable Rate Technology (VRT), thereby 
estimating the present level of nutrients and recommend 
the required quantity of fertilizers or manures across the 
field. (Raza et al. 2014) Proposed an automatic Gaussian 
process classifier with support vector machine algorithm 
for determining the soil-moisture stress using visible and 
thermal images of spinach canopies captured remotely, in 
which the efficiency of using combinational methods was 
explored. Lavanya et al. (2020) designed an IoT-based NPK 
sensor system that includes LDR and LED. The colorimetric 
principle was used for monitoring and analysis of the soil 
nutrients. The sensed data of NPK sensors from various fields 
are uploaded to the Google Cloud database to quickly retrieve 
information, and the fuzzy logic concept was applied to data. 
Yu et al. (2021) compared the usage of UAV multi-spectral 
imagery and Planet Scope satellite imagery to predict the 
nitrogen weight of wheat fields using plant height, leaf area 
index, soil moisture, and field topographic metrics. Here, 
Random Forest and support vector machine-based regression 
models were applied to predict nitrogen weight.

Fertilizers

Fertilization in crops is location-specific and depends 
upon soil nutrient concentration level, including soil 
absorption, fertility rate, crop size, and other associated 
factors. Overusing fertilizers causes unpredictable negative 
impacts on soil, crops, the atmosphere, and human health. 
Leaf nitrogen content is an indicator of nitrogen status 
based on which the required nutrient for crops at regular 
intervals or during unexpected environmental effects are 
identified. Appropriate fertilization measures are taken 
through strategies in smart agriculture. But, parameters such 
as leaf area index, chlorophyll, amount of protein content, 
and biomass value are not proportionate to the amount of 
nitrogen content. The normalized vegetation index (NDVI) 
is computed to predict the vegetative health status of the 
soil. Chen et al. (2010) used the NDVI index to determine 
the nitrogen content of rice crops at the jointing stage. They 
constructed a nitrogen top dressing regulation model that 
estimated the accurate level of required fertilizer (Agarwal et 
al. 2018). The leaf chlorophyll content of spinach seedlings 
was assessed to distinguish between the healthy and stressed 
using multivariate data analysis tools. Haider et al. (2021) 
Devised a computer vision algorithm that extracts the 
similarity feature and pattern from the leaf image while 
comparing it with the given reference. The green color value 
(GCV) index was computed to identify nitrogen content. It 
could be further used for distinguishing other deficiencies 
with the diseases.
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Weather Conditions

Smart sensors placed across the farm acquire data from 
the surrounding environment regarding parameters such 
as humidity, temperature, moisture, precipitation, and dew 
detection and send them for analyzing or processing through 
various application-specific tools. Jangam et al. (2018) 
stated that the sensor data could be used to map the climatic 
conditions or patterns for selecting appropriate precise 
methods to improve specific crop productivity. Moreover, 
the results of accurate measurement and analysis of agro-
meteorological factors provide a tool for farmers to predict or 
enhance crop yield. It also assists in the selection of pesticides 
and fertilizers. Diedrichs et al. (2018) designed an IoT-based 
frost prediction system using ML algorithms evaluated by 
training classification and regression models. The Random 
Forest algorithms outperform other models in terms of 
sensitivity, precision, and F1 score. Many smart decision-
support User Interface systems have been developed through 
research to inform farmers about crop management activities. 
Nabi et al. (2022) quoted that these smart farming techniques 
also helped the farmers by lowering the investment cost 
and getting higher yields from their farms. The Global 
Positioning System coordinates acquired using IoT play a 
vital role in the event of spatial object topographic analysis 
by providing low-cost solutions to various areas like field 
traversal, including ground truth values, recording of weather 
parameters, and observations. Also, besides providing better 
accuracy and high consistency using rapid communication 
protocols, smartphones can provide diverse adaptability to 
run high-end applications.

Pest Control in Crops

Crop production is severely affected by the occurrence of 
pests and development of diseases. The pests hide behind 
the leaves to avoid the thermal heat during the day and start 
appearing in the evening or at night. Hence, it creates a major 
issue of observing the pests physically during the daytime, 
leaving the crops with bacterial infections resulting in large-
scale diseases. Wang et al. (2013) created an environmental 
monitoring system for recording the status of apple orchards 
using many sensors with YOLO v3 Dense models, which 
was effective for identifying anthrax and anthracnose on the 
surface of apples. Chandy (2019) developed a drone-based 
pest identification system embedded with NVIDIA Tegra 
System on Chip (SoC), which captures the images in coconut 
farms and processes using DL algorithms for determining 
pest-affected or unhealthy trees. The algorithm developed 
was also suited for unstructured images, and the information 
being transferred to the farmer’s smartphone helped for 
early pest identification or unhealthy trees. Gladence et al. 

(2020) highlighted the application of human-robot interac-
tion by combining sensed environmental data with DL tools 
or algorithms, which helped farmers to prevent pests and 
monitor crops, particularly at earlier growth stages. Chen 
et al. (2020) designed a smart pest identification system 
using a drone-based YOLO V3 DL model. The designed 
system provided better control over Tessaratoma papillosa 
(insect), improving crop yield and quality. Some drawbacks 
were discussed, such as leaf occlusions, drone stabilization 
between the trees, Illumination conditions, and improving 
pest recognition performance using various angles. It tends 
to be the future scope of research. Image pattern recognition 
technology is a non-invasive strategy for identifying pest 
damage and thus helps improve crop production. The recent 
advances of YOLO v4 DL models are used to monitor pests 
and crop environmental conditions.

Irrigation and pH

Irrigation in agriculture has evolved with various smart 
techniques to manage crop loss due to water scarcity. These 
irrigation systems help estimate water requirements for a 
specific crop, soil type, moisture, and climate. A precise 
soil moisture control system using wireless sensor networks 
and many other advanced tools developed, such as an IoT-
based framework measuring crop water stress index, could 
be used to optimize irrigation to improve crop health and 
productivity. The pH level below the soil plays a key role in 
optimizing various factors responsible for nutrient cycling 
and soil remediation, as it affects the entire crop’s interaction 
with the environmental system. But the pH requirement and 
sustainability differ from crop to crop. Certain crops, such 
as lime, can tolerate the soil’s acidity, but very few survive 
in moderately alkaline soils due to the limited mobility of 
nutrients. Soil with high organic matter has a pH level of 5.0 
to 5.5. Liu et al. (2020) created a comprehensive interactive 
model for dynamic tracking of alfalfa growth by regulating 
water and fertilizer. The model is added with a simulation 
platform that closely monitors crop growth by measuring 
the physical environments parameters such as leaf area 
and soil water level. Wu (2021) proposed an LSTM-based 
smart agricultural system using IoT sensors and devices 
that monitors environmental conditions like soil moisture, 
sunlight, temperature, and weather forecast information. 
Depending upon the data collected with respect to the factors 
considered, the irrigation is done to balance the soil’s pH level, 
hence enriching the yield. Boursianis et al. (2021) explore a 
smart irrigation system, AREThOU5A, which includes ML 
algorithms and an IoT platform with inbuilt sensors for sensing 
the relative surrounding physical environment. Depending on 
the parametric values, precise irrigation is performed. The 
system has 5G network capabilities.
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Computer Vision-Based Remote Sensing

Remote sensing is utilized for crop nutrient control and 
enhancing productivity by developing various advanced 
tools in decision-making systems. A set of IoT-based sensors 
placed along agricultural fields continuously monitors the 
environmental conditions. The collected data is transferred to 
an analytical tool, after which the farmers can track the field 
and crops through the user interface dashboard. Necessary 
actions for crops are taken based on the data insights. 
Remote sensing could be deployed in many agriculture-
related applications such as soil versus yield monitoring, 
stress management of soil to crops, schedule irrigation, crop 
disease detection, residue estimation, and crop maturity. 
Liu et al. (2017) proposed a multi-spectral remote sensing 
technology based on the UAV application of LNC. Diagnosis 
of other deficiencies other than nitrogen is rarely reported 
using Remote sensing. Zhang et al. (2018) used a UAV 
equipped with a digital camera to monitor the nutrition of 
the maize canopy during summer in terms of nitrogen. By 
analyzing the dynamic normalized color coefficient values, 
the diagnosis is performed efficiently and quickly compared 
to the conventional methods of obtaining those management 
parameters. With the development of Hyperspectral remote 
sensing, the spectral information of crops is obtained, and 

MATERIALS AND METHODS

Prediction of Stress

As technology advances, crop stress prediction is performed 
using various methods and combinations of tools to 
improve performance factors like accuracy and quality. 
Agricultural field data monitoring and collection involves 
the communication of different devices between each other, 
sensors that provide information about soil, crop health 
conditions, and other associated factors. This enables us to 
determine the specific crop variety concerning its location. 
Several algorithms and models are developed to determine 
crop efficiency by means of matching crop vegetative 
index parameters with a particular color: green means no 
stress, yellow for medium stress, orange with high stress, 
and red means it has very high stress. Table 1 summarizes 
the specific works using computer vision with ML, and 
Table 2 summarizes the specific works using DL to detect 
nutrient deficiency. This section summarizes some specific 
works related to data collection methodologies involved 
with Computer Vision based identification of Nutrient 
deficiencies using Remote Sensing, ML, DL, and IoT-based 
UAV Monitoring. The following figure (Fig. 2) depicts the 
workflow of a typical computer vision model.

Fig. 2: Workflow of a Typical Computer Vision Model.
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a digital camera to monitor the nutrition of the maize canopy during summer in terms of nitrogen.

By analyzing the dynamic normalized color coefficient values, the diagnosis is performed

efficiently and quickly compared to the conventional methods of obtaining those management 

parameters. With the development of Hyperspectral remote sensing, the spectral information of

crops is obtained, and the nutrition diagnosis is made using a computer (Feng et al. 2020).

Shendryk et al. (2020) compared the performance parameters of prediction models based on 

multi-spectral predictors or LiDAR. A benchmark evaluation for the Vegetative Index standard

on varied geographical areas is challenging. The Figure (Fig. 3) overviews computer vision-based 

remote sensing and UAV. Future research could focus on ensembling multi-spectral imaging with 

LiDAR predictors. 

Fig. 2: Workflow of a Typical Computer Vision Model.

Fig. 3: Remote Sensing and UAV in Agriculture.

Computer Vision-Based Drones and IOT-Based Crop Monitoring 

In recent years, drone technology has become very popular with its built-in camera and

autonomous flying capabilities enabling it to be used for various applications. Depending on the 

flight requirement and application, ground or aerial-based drones are used in agriculture. The

drones help assess crop health information using the overall aerial view of agricultural land and

geo-sensing data. Computer vision models, in combination with IoT-based devices and DL tools,

are trained using captured images by the camera and other sensors being mounted on UAV to

know the soil conditions, segment crops, classify crops, identify vegetation, detect disease and 

weeds, and monitor crop nutrient content. Drones can be remotely controlled or by using specially

designed software in synchronization with sensors and GPS, thus creating an Embedded system-

based flight. Therefore, UAVs are suitable for various activities ranging from counting and yield

prediction enabling smart farm monitoring. As agriculture is related to highly variable 

environmental conditions and factors, an automated real-time monitoring system is in need. IoT 

applications in agriculture aim to solve the above issues and equalize the population’s food 

demands with reduced loss (Jesus 2019). Torres-Sanchez et al. (2015) proposed a ground-

breaking method for measuring and mapping. The result provided a relation between the factors

related to field geometry, its resources, and tree growth. The following Table 1 lists some

important activities in agriculture that involves IoT technology.

Table 1: Major Activities in Agriculture Involving IoT Technology.

Fig. 3: Remote Sensing and UAV in Agriculture.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1392 M. Sudhakar and RM. Swarna Priya

Vol. 22, No. 3, 2023 • Nature Environment and Pollution Technology This publication is licensed under a Creative 
Commons Attribution 4.0 International License

This publication is licensed under a Creative 
Commons Attribution 4.0 International License

the nutrition diagnosis is made using a computer (Feng et 
al. 2020). Shendryk et al. (2020) compared the performance 
parameters of prediction models based on multi-spectral 
predictors or LiDAR. A benchmark evaluation for the 
Vegetative Index standard on varied geographical areas 
is challenging. The Figure (Fig. 3) overviews computer 
vision-based remote sensing and UAV. Future research 
could focus on ensembling multi-spectral imaging with 
LiDAR predictors.

Computer Vision-Based Drones and IOT-Based 
Crop Monitoring

In recent years, drone technology has become very popular 
with its built-in camera and autonomous flying capabilities 
enabling it to be used for various applications. Depending 
on the flight requirement and application, ground or aerial-
based drones are used in agriculture. The drones help assess 
crop health information using the overall aerial view of 
agricultural land and geo-sensing data. Computer vision 
models, in combination with IoT-based devices and DL 
tools, are trained using captured images by the camera 
and other sensors being mounted on UAV to know the 
soil conditions, segment crops, classify crops, identify 
vegetation, detect disease and weeds, and monitor crop 
nutrient content. Drones can be remotely controlled or by 
using specially designed software in synchronization with 
sensors and GPS, thus creating an Embedded system-based 
flight. Therefore, UAVs are suitable for various activities 
ranging from counting and yield prediction enabling smart 
farm monitoring. As agriculture is related to highly variable 
environmental conditions and factors, an automated real-time 
monitoring system is in need. IoT applications in agriculture 
aim to solve the above issues and equalize the population’s 
food demands with reduced loss (Jesus 2019). Torres-
Sanchez et al. (2015) proposed a ground-breaking method 
for measuring and mapping. The result provided a relation 
between the factors related to field geometry, its resources, 
and tree growth. The following Table 1 lists some important 
activities in agriculture that involves IoT technology.

Szewczyk et al. (2018) established a crop monitoring 
system using UAVs for assessing the impact of fertilizer 
elements on crop health with the help of captured spectral 
properties. Niu et al. (2019) found that the height of a 
UAV flight can affect the detection accuracy of different 
image spectral bands for irrigation systems of Onion crops 
using neural networks. The author showed that the RGB 
combined with the near-infrared (NIR) image band gave 
the best accuracy. The following are some features of 
UAVs mentioned in their article. The Agdrone could cover 
600 to 800 acres in one hour at an altitude of 400 ft. The 
DJI Matric100 has a double battery that facilitates an extra 
40 minutes of flight time and is an added feature of the 
GPS system. The advanced Agras MG-1-DJI had a unique 
feature to carry 10 KG of liquid and spray over an area of 
4000 to 6000 sq. meters in about 10 minutes, comparatively 
70 times faster than manual spray. The DJI T600 captures 
the environment with 4K video resolution. The EBEE SQ 
drone is used for monitoring crop growth at various stages. 
The Lancaster, 5 precision Hawk, was used to collect 
atmospheric temperature and the environment’s humidity 
level surrounding the agricultural area. The SOLO AGCO 
drone with advanced cameras mounted had high resolution 
and accurate image recording capabilities.

Computer Vision Related to Machine Learning and 
Deep Learning

Modern Computer vision development models focus on 
tools based on ML or DL, sensors, and devices that support 
real-time monitoring of agricultural fields, such as UAV, 
IoT sensing devices, satellite imagery, etc. (Stokes 2019, 
Eastern Peak Technology Consulting 2020, Scnsoft 2022, 
Crop In 2022). The Learning Models and algorithms are 
pattern recognition based that find the patterns and label 
the objects on those images. A typical ML architecture 
consists of feature extraction and classification modules. 
Watchareeruetai et al. (2018) proposed a Novel method for 
identifying and analyzing plant nutrient deficiencies using 
Image segmentation and CNN. The results are validated 
with a real-time nutrient-controlled environment. Shah 
et al. (2018) proposed an automated system for nutrient 
deficiency analysis. A digital camera dataset was created for 
color feature extraction, edge detection, texture detection, 
etc. The detection of exact nutrient-deficient and healthy 
plants was performed using supervised ML algorithms, and 
necessary care was taken to improve the yield. Ghosal et al. 
(2018) Implemented a deep convolutional neural network for 
identifying soybean stress from RGB leaf images. With regard 
to the plant stress identification model or phenotyping, four 
stages, namely identification, classification, quantification, 
and prediction, termed ICQP, were evaluated. This approach 

Table 1: Major activities in agriculture involving IoT technology.

Tasks Sub Activities

Crop 
Monitoring

Environmental sensing, Detect crop stress, Pests, 
weeds, Ripening

Crop Practices Smart farming, Automation, and precision 
mapping activities

Services Education, Crop Models, Financial Management, 
Information Systems, Accountability, Paying 
agency (PA), Resource usage

Market 
operations

Quality and certification, Traceability, Seeds, 
machinery, Labor
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provided a relatively quantitative measure for each modeling 
stage, such as identifying stress type, classification of stress 
levels, and severity of stress. The below figure (Fig. 4) gives 
an architecture of a classification model that differentiates 
the characteristics between specific crop nutrient deficiency 
and crop disease.

Learning models with more than 25,000 images classify 
several biotic and abiotic stress. This methodology allows 
for accurate stress management in real-world situations 
providing high reliability and adaptability to certain 
illumination levels. Wulandhari et al. (2019) developed 

a deep convolutional neural network to manage health 
conditions using crop images. Here, a hybrid network with 
a transfer learning approach, namely Inception-Resnet 
architecture, was trained using the ImageNet dataset. It was 
then experimented with fine tuning of hyperparameters 
such as learning rate and number of epochs. The authors 
achieved 96% and 86% accuracy during training and testing, 
respectively. A comparative graph depicting the number of 
authors who worked to identify a nutrient deficiency in crops 
using machine learning and deep learning is shown in Fig. 
5 & Fig. 6, respectively.

for identifying and analyzing plant nutrient deficiencies using Image segmentation and CNN. The 

results are validated with a real-time nutrient-controlled environment. Shah et al. (2018) proposed

an automated system for nutrient deficiency analysis. A digital camera dataset was created for

color feature extraction, edge detection, texture detection, etc. The detection of exact nutrient-

deficient and healthy plants was performed using supervised ML algorithms, and necessary care

was taken to improve the yield. Ghosal et al. (2018) Implemented a deep convolutional neural 

network for identifying soybean stress from RGB leaf images. With regard to the plant stress

identification model or phenotyping, four stages, namely identification, classification,

quantification, and prediction, termed ICQP, were evaluated. This approach provided a relatively

quantitative measure for each modeling stage, such as identifying stress type, classification of 

stress levels, and severity of stress. The below figure (Fig. 4) gives an architecture of a 

classification model that differentiates the characteristics between specific crop nutrient 

deficiency and crop disease. 
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Fig. 4: Architecture of a typical classification model that differentiates the characteristics between specific crop nutrient deficiency and crop disease.

Fig. 4: Architecture of a typical classification model that differentiates the characteristics

between specific crop nutrient deficiency and crop disease.

Learning models with more than 25,000 images classify several biotic and abiotic stress. This 

methodology allows for accurate stress management in real-world situations providing high

reliability and adaptability to certain illumination levels. Wulandhari et al. (2019) developed a 

deep convolutional neural network to manage health conditions using crop images. Here, a hybrid

network with a transfer learning approach, namely Inception-Resnet architecture, was trained 

using the ImageNet dataset. It was then experimented with fine tuning of hyperparameters such 

as learning rate and number of epochs. The authors achieved 96% and 86% accuracy during

training and testing, respectively. A comparative graph depicting the number of authors who

worked to identify a nutrient deficiency in crops using machine learning and deep learning is

shown in Fig. 5 & Fig. 6, respectively.

Fig. 5: Machine Learning-based Prediction of Nutrient Deficiencies.

Xu et al. (2020) used deep convolution networks (DCNN) to recognize the symptoms of nutrient

deficiencies in rice crops using their leaf color and shape. Among the different DCNNs, the

DenseNet121 outperformed with the best validation and test accuracy of 98.62 +- 0.57% and 

97.44 +-0.57%, respectively. Anami et al. (2020) designed a Deep CNN-based framework that 

classifies about 12 classes of Biotic and Abiotic stress of the Paddy field using VGG-16. The 

authors collected about 30,000 images of five different paddy varieties during their growth and

compared them with BPCNN (Backpropagation) models. The proposed framework had better 

classification performance. Sethy et al. (2020) compared Six DL models such as AlexNet, VGG-

16, GoogleNet, ResNet-18, ResNet-50, and VGG-19, combining SVM learning to predict 

nitrogen deficiency using leaf images. Among these architectures, ResNet-50 with SVM

Fig. 5: Machine learning-based prediction of nutrient deficiencies.
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Xu et al. (2020) used deep convolution networks (DCNN) 
to recognize the symptoms of nutrient deficiencies in rice 
crops using their leaf color and shape. Among the different 
DCNNs, the DenseNet121 outperformed with the best 
validation and test accuracy of 98.62 ± 0.57% and 97.44 
±0.57%, respectively. Anami et al. (2020) designed a Deep 
CNN-based framework that classifies about 12 classes of 
Biotic and Abiotic stress of the Paddy field using VGG-16. 
The authors collected about 30,000 images of five different 
paddy varieties during their growth and compared them 
with BPCNN (Backpropagation) models. The proposed 
framework had better classification performance. Sethy 
et al. (2020) compared Six DL models such as AlexNet, 
VGG-16, GoogleNet, ResNet-18, ResNet-50, and VGG-19, 
combining SVM learning to predict nitrogen deficiency using 
leaf images. Among these architectures, ResNet-50 with 
SVM outperformed. A Classification Model for handling 
increased datasets could be upgraded with an updated Leaf 
color chart (LCC). Sathyavani et al. (2021) designed a DL-
based classification model, DenseNet-BC, which utilizes 
IoT devices for data acquisition. The simulation results 
of the proposed model showed an improved classification 

accuracy and F-measure value compared to other models. 
Karthickmanoj et al. (2021) implemented a stress modeling 
system that detects the health status of the crop by using 
leaf images. The captured features in the crop images are 
sent from the field to an agricultural consultant through the 
cloud. The classification uses an SVM classifier to determine 
unhealthy and healthy leaves.

Joshi et al. (2022) proposed a DL-based handheld device, 
RiceBioS, for detecting the biotic stress in rice crops. The 
device acts like an Edge-as-a-Service (EaaS) for classifying 
images into healthy and stressed. The inferences from this 
work are that the quantification and classification could be 
improvised with respect to specific crops. Sharma. et al. 
(2022) designed an ensembled learning framework that uses 
a transfer learning approach to address rice plant nutrient 
deficiencies. The authors used two public datasets from 
Mendeley and Kaggle. The results from Inception ResNet 
V2 were 90% and Xception of 95.83%. The future scope of 
this work shall be to design a complete deficiency diagnosis 
support system for farmers by means of IoT-enabled systems. 
It may be concentrated on specific conditions affecting yield 
potential versus yield stress.

outperformed. A Classification Model for handling increased datasets could be upgraded with an 

updated Leaf color chart (LCC). Sathyavani et al. (2021) designed a DL-based classification 

model, DenseNet-BC, which utilizes IoT devices for data acquisition. The simulation results of

the proposed model showed an improved classification accuracy and F-measure value compared 

to other models. Karthickmanoj et al. (2021) implemented a stress modeling system that detects

the health status of the crop by using leaf images. The captured features in the crop images are

sent from the field to an agricultural consultant through the cloud. The classification uses an SVM

classifier to determine unhealthy and healthy leaves. 

Fig. 6: Deep Learning-based Prediction of Nutrient Deficiencies.

Joshi et al. (2022) proposed a DL-based handheld device, RiceBioS, for detecting the biotic stress

in rice crops. The device acts like an Edge-as-a-Service (EaaS) for classifying images into healthy

and stressed. The inferences from this work are that the quantification and classification could be 

improvised with respect to specific crops. Sharma. et al. (2022) designed an ensembled learning 

framework that uses a transfer learning approach to address rice plant nutrient deficiencies. The 

Fig. 6: Deep learning-based prediction of nutrient deficiencies.
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Moreover, the severity of crop stress should be identified 
by designing more efficient models with minimized errors. 
Also, the nutrient deficiency symptoms differ from crop 
to crop and within a particular variety of crops. Hence, 
appropriate models should be developed and integrated to 
identify diversified stress. The related works for identifying 
Crop Nutrient deficiencies using Machine Learning and 
Deep Learning are depicted in Tables 2 and 3, respectively.

RESULTS AND DISCUSSION 

This survey article shows that most research uses ML and 
DL for crop stress management. Such approaches have 
been modeled for analyzing plant stress from identification, 
classification, prediction, and quantification perspectives. 
The AI techniques for modeling plant stress responses, such 
as the Random Forest, Support Vector Machine, Artificial 
Neural Networks, and Convolutional Neural Networks, were 
predominantly used for classifying nutrient deficiencies and 
other stress symptoms from the image datasets.

Research Gaps Contributing to Future Research Scope

Current challenges include food demand satisfying the 
growing population using limited agricultural lands, 
identification of specific factors like limited manpower, 
changes in environmental conditions, identification of 
crop deficiencies in different illuminations and geographic 
locations, weed differentiation, leaf occlusions, etc., 
causing total yield loss. The future scope with regard to 
the development of computer vision classification models 
is related to the above-mentioned research challenges and 
other specific factors such as the following:
	 •	 Limited Datasets specific to secondary and micro nu-

trients
	 •	 Predictive analysis and smart monitoring for improving 

classification accuracy of deficiencies
	 •	 Nutrition imbalance quantification
	 •	 Stress due to residues of pesticide application and pest 

damage or other external factors
	 •	 Micro-nutrients identification

Table 2: Summary of Computer Vision works related to Machine learning.

Author& year Methodology/Equipment Used Crop Dataset Predicted Deficiency

Yu et al. (2021) Machine Learning - LAI2200C Plant Canopy 
Analyzer, Da-Jiang Innovations UAV, and 
DJI Phantom 4 RTK UAV

Wheat UAVand satellite-
Based imagery

nitrogen weight

Agarwal et al. 2018 Machine Vision - PCA and AHCA/SPAD-
502Plus chlorophyll meter

Spinach 
seedlings

Own dataset High and low chlorophyll 
content

Haider. et al. (2021) Machine Vision – GCV index Spinach Smartphone
camera images

Nitrogen content

Shendryk et. al. (2020) UAV Light Detection and Ranging (LiDAR) 
and multi-spectral imaging

Sugarcane Raw images from 
UAV and sensors

Nitrogen

Shah et al. (2018) Machin Vision-RGB color feature extraction Neem Own dataset Nitrogen, Phosphorous and
Potassium

Sharif et al. (2018) Machine Learning – Multi class-SVM – 
optimized weighted segmentation and feature 
selection methods.

Citrus plants Plant Village and own 
Citrus Images
Database

Classification of diseases

Leena & Saju (2019) Artificial Neural Networks (ANN) and 
Multiclass Support Vector Machines (SVM) - 
MATLAB 2015

Maize Own dataset of 100 
sample leaf images

Macronutrients-
Nitrogen, Phosphorous, 
and Potassium

Shidnal et al. (2019) Machine Learning Algorithms and Google 
Tensor Flow Library

Paddy Random Images 
simulating cropland

Nitrogen, Potassium,
Phosphorous

Marin et al. (2021) Machine Learning – Random Forest Coffee Raw images from 
Remote Piloted 
Aircraft (RPA)

Spatial variability of 
Nitrogen content

Zermas et al. (2021) Machine vision- UAV-assisted RGB sensor 
and Deep Learning for Training data

Maize, Corn Field data images Nitrogen deficiencies

Costa et al. (2021) Unmanned aerial vehicle (UAV) multi-
spectral imagery and AI

Citrus 
orchards

Raw images from 
UAV and sensors

Macronutrients (N, P, K, 
magnesium, calcium and 
sulfur

Shi et al. (2021) Hyperspectral Imaging and classification 
models

Cucumber Own dataset Phosphorus
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Table 3: Summary of Computer Vision works related to Deep learning.

Author & year Methodology/Equipment Used Crop Dataset Predicted Deficiency

Chandy (2019) Deep Learning - Drone interfaced 
with NVIDIA Tegra System

Coconut Own dataset unhealthy and pest-
affected trees

 Watcha- reeruetai et 
al. (2018)

Image Segmentation and CNN Black gram Own dataset Ca, Fe, K, Mg, and N 
deficiencies

Ghosal et al. (2018) Deep  CNN Model framework Soybean Own dataset Multiple stress, herbicide 
injury, and potassium 
deficiency

Wulandhari et al. 
(2019)

Deep CNN- Inception ResNet 
architecture with Transfer  
Learning

Okra Imagenet dataset Macronutrients (N, P, K, 
Ca, Fe, Mg)

Sethy et al. (2020) CNN,  pre-eminent  classifier 
-SVM

Rice Own dataset Nitrogen

Sathyavani    et al. 
(2021)

IoT-based Nutrient Sensor, CNN 
Model

Black gram, 
coriander, pepper, 
chili, Tomato

Own dataset Macronutrients 
(nitrogen, phosphorus, 
potassium, magnesium, 
calcium, and sulfur

Joshi et al. (2022) CNN and using Edge as a service Rice Own dataset Biotic stress

Sharma et al. (2022) Computer vision, Ensembling of 
various Transfer Learning (TL) 
architectures

Rice public datasets from 
Mendeley and Kaggle

Multiple deficiencies

Anami et al. 2020 Deep CNN with  pre-trained VGG 
16

Paddy Own dataset Various classes of Biotic 
and Abiotic stress

Manoharan et al. 
(2020)

CNN, RCNN Guava, Groundnut 
and citrus plant

Own dataset Nitrogen, phosphorous, 
and potassium,

Yi et al. (2020) CNN using RGB images Sugar beet (DND-SB) Dataset N,P,K, Calcium and 
fertilization status

Song et al. (2020 BP-ANN and K-nearest neighbors 
(KNN) - stepwise-based ridge 
regression (SBRR)

Wheat Own dataset Chlorophyll content

Azimi et al. (2021) Multilayered Deep Learning Sorghum Plant Public Dataset -Donald
Danforth Plant Science
Centre

Nitrogen

Kusanur and 
Chakravarthi (2021)

Pre-trained deep learning model Tomato Own dataset Calcium and Magnesium

Ahsan et al. (2021) Deep Learning   architectures Hydroponically 
Grown Lettuce 
Cultivars

Own dataset Nitrogen

Ponce et al. (2021) CNN   based   classifier + Artificial       
Hydrocarbon Network (AHN)

Tomato Github Repository
Dataset (ccevallo/
Monitoreo Jitomate)

nitrogen, phosphorus,
potassium

Chang et al. (2021) Deep Learning Models – CNN, 
BPNN, DCNN, LSTM

Muskmelon Own dataset of 
greenhouse-grown 
plants

Nitrogen

Sathyavani et al. 
( 2021)

CNN-  Densenet-BC, IoT for data  
acquisition

Rice Plant  village dataset Multiple deficiencies

• Optimizing the performance parameters in a neural
network model for best fit

• Identification of a computer vision model for automated
monitoring of crop nutrient cycle

• Most research is based on Static Image Models and
pattern recognition

The developed model using IoT devices like sensors for 
determining the unavailable nutrients and recommendation 
system is another area that could be focused to get better 
real-time monitoring datasets for validation. The agricultural 
industry would evolve as a highly progressive sector 
when these kinds of systems and tools or techniques are 
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used for various management strategies, such as sowing 
to yield forecasting. The other advanced management 
strategies and approaches needed to be concentrated are the 
implementations of greenhouses, hydroponics, aquaponics, 
and vertical farming.

CONCLUSION

This survey provides an overview of the crop stress, and 
related works performed using Remote sensing, ML, and DL 
to identify crop nutrient deficiency and the data collection 
methods. The use of different technological aspects in 
agriculture enlightens the role of connected farming, 
particularly computer vision combined with advanced 
DL models and IoT-based sensing devices, to meet future 
expectations. This survey would be useful for researchers in 
this area to discover the advances of computer vision of Crop 
Stress Identification and establish the research towards fine-
tuning the performance hyper-parameters. The integrated 
system architecture will constitute several agricultural 
equipment, robots, UAVs, computer vision-based DL 
models, and IoT enabling various real-time agricultural 
process management from soil preparation to harvesting. By 
adopting these smart and precise approaches, farmers will be 
able to understand the problems that limit production, thereby 
improving their agricultural resources in terms of yield and 
quality, leading to sustainable agriculture.
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      ABSTRACT
There is now a worldwide collective obligation, a reality, to acknowledge environmental 
challenges. The paper discusses and analyses the principles of international environmental 
laws and how those are applied in international conventions and treaties, and the effectiveness 
and weaknesses of those laws. This discussion mainly focuses on the principles’ backdrop, 
what they mean, and how they have been adopted in international environmental law. 
Furthermore, the paper focuses on the outcomes of formulating the principles and 
enforcement of the legal framework. It analyses their prospect to strengthen the legal 
framework to achieve the objective of these principles. Besides, some recommendations 
have been made to strengthen these legal frameworks.  It shows why it is essential to 
form efficient environmental platforms in present climate issues and how all nations can be 
brought under a common platform where they can take decisions regarding the safeguard 
amid the evolving environmental situations.

INTRODUCTION

Now environmental rights issues are getting more important 
and have appeared as a significant part of the laws related 
to human rights law and international environmental law. 
There are two types of environmental rights — substantive 
and procedural (Sands 1995). ‘Substantive’ rights ensure 
a healthier environment, and ‘procedural’ rights safeguard 
the environment and ensure access to justice. However, the 
principles followed internationally are different from the 
rules. Principles usually guide a certain course of action.

On the other hand, rules can impose responsibilities and 
are inherently binding (Bodansky et al. 2007). The principals 
refer to a broader set of moral norms than commitments. The 
principles never specify any particular actions, but all activities 
are done in light of the principles, even when formulating laws 
or rules. Though many local and international organizations 
deal with environmental issues, no unique institution will 
implement the policies as a responsible authority. The 
United Nations Environment Programme (UNEP) sets 
environment-related regulations and policies. Environmental 
laws have undergone various changes, and at present, those 
are very different from the traditional conception. It is also 
important in other areas, such as human rights, economic 

rights, environmental preservation, and state actions and 
political interests (Bodansky et al. 2007). The United Nations 
Environment Programme (UNEP) has been trying to improve 
international collaboration by implementing environmental 
regulations and formulating required recommendations. 
Besides, the organization takes steps to formulate a 
permanent mechanism for the necessary emergency action 
to protect the environment. At the same time, it provides the 
necessary directions in light of UN policy. It also instructed 
the member states to speed up the procedure to formulate 
related laws. It insisted they adopt the resolutions of other 
environmental institutions, including the United Nations 
Environment Programme and the Commission of Sustainable 
Development (CSD). Due to increasing industrialization, 
the ecology and environment are in a major global crisis. 
International Environmental Law (IEL) works to strengthen 
the efforts to reduce pollution and natural resources within 
the framework of sustainable development (Rolston 1988). 
The member states have created a set of laws to deal with 
the problems raised in the states or between states. The law 
addresses the issues regarding population, biodiversity, 
and climate change. It also deals with many other issues, 
including air, land, sea, transboundary water pollution, 
ozone depletion and pollution related to toxic and hazardous 
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substances, conservation of marine resources, desertification, 
and nuclear damages (Jardins 2001). Some principles guide 
this law. Those are the precautionary principle, prevention 
principle, sustainable development, polluter pay principle, 
integration principle, and public participation principle.

MATERIALS AND METHODS

During the study, both primary and secondary data were 
used in this paper. All the relevant data and information 
from the existing paper were collected and used from 
primary and secondary sources. The secondary data 
sources include books, articles, different national and 
international law reports, Acts, etc. The information 
from books, journals, booklets, proceedings, newsletters, 
souvenirs, and consultancy reports available in Daffodil 
International University, Bangladesh libraries were compiled 
chronologically to complete successfully. The necessary 
supports and figures were taken from the Daily Star, Forbes,
and the Law Column. The selected data (collected from the 
selected stations between 2020 and September 2021) reveals 
that there is now a worldwide collective obligation, a reality, 
to acknowledge environmental challenges. And that is why 
it is essential to form efficient environmental platforms in 
the present climates related issues.

Moreover, right now, all nations should be brought under 
a common platform where they can take decisions jointly 
regarding safeguarding amid the evolving environmental 
situations. The codes of international environmental laws 
and how those are applied in international conventions and 
treaties. This paper has also focused on the effectiveness and 
weaknesses of those laws.

RESULTS AND DISCUSSION

Precautionary Principle

The precautionary principles of international environmental 
laws aim to prevent environmental issues before the 
inception of any new crisis. It focuses on preventing 
harm rather than managing it after it happens. Here is 
a moral word that prevention is better than cure. The 
precautionary principles have been formulated from 
this perspective. So the precautionary principles always 
analyze the future necessities, possible harms, and threats 
that can lead to an environmental crisis and suggest taking 
preventive measures to stop the crisis. The precautionary 
principle supports initiating prior steps before complete 
scientific proof of a risk. The action should not be delayed 
simply because of lacking full scientific information. 
Environmentalists and policymakers have started to rethink 
their approach to addressing uncertainties following DDT 

(dichlorodiphenyltrichloroethane) in the 1960s (Alam 
et al. 2013). Thanks to the event, environmentalists and 
policymakers started formulating precautionary principles 
as a reaction to the limitations of policies based on a notion 
of “Assimilative Capacity” during the 1970s. i.e., humans
and the environment can tolerate a certain amount of 
contamination or disturbance, which can be calculated and 
controlled”.

In the 1970s, the United States also relegalized the 
emergence of the principle. However, the term has not been 
used. The essence of the precautionary principle can be 
found in several laws, such as the US Federal Food, Drug, 
and Cosmetic Act of 1958 (Section 409), which outlawed 
any food additive found to induce cancer regardless of the 
dose taken (David 1990). The concept of the precautionary 
principle has been considered for international law and 
policy following a proposal from environmentalists and 
the governments of European countries. The 1982 United 
Nations World Charter for Nature stated that when “potential 
adverse effects of an activity are not fully understood, it 
should not proceed” In the Convention for the Protection of 
the Ozone Layer (Vienna Convention on March 25, 1985) 
20 countries. The European Commission adopted a charter 
on protecting the ozone layer, the first multilateral treaty to 
explicitly reference precaution. The convention’s success 
was due largely to its precautionary nature, as there was still 
no scientific certainty on the causes and impacts of ozone 
depletion at the beginning. Later, the Vienna Convention 
protocol was adopted in Montreal in 1987. In 1992, the 
representatives of nations came up with Agenda 21 during the 
Earth Summit in Rio de Janeiro, Brazil. Chapter 17 thereof 
refers to the preventive concept, viz:

“A preventive and anticipatory rather than a 

reactive approach is necessary to prevent marine 

environment degradation. This requires, among other 

things, the adoption of precautionary measures, 

environmental impact assessments, clean production 

techniques, recycling, wastes audits and minimization, 

construction, and improvement of sewage treatment 

facilities, quality management criteria for handling 

hazardous substances, and a comprehensive approach 

to damaging impact from air, land, and water” 

(Agenda 21, Chap. 17).

Chapter 17 is not only a clear endorsement of the 
precautionary principle but also relates the concept of 
prevention to several specific measures concerning the 
environment of oceans, seas, and marine. Due to adopting 
the Rio Declaration at the United Nations Conference on 
Environment and Development (UNCED) in 1992, “the 
precautionary concept has become essential to international 
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environmental policy.” Principle, 15 of the Rio Declaration 
provides hence:

“To protect the environment, the precautionary 

approach shall be widely applied by States according 

to their capabilities. Where there are threats of serious 

or irreversible damage, lack of full scientific certainty 

shall not be used to postpone cost-effective measures to 

prevent environmental degradation.” (Rio Declaration
on Environment and Development 1992)

Besides, the Convention on Biological Diversity also 
provided for the precautionary concept. It was later adopted 
at the Earth Summit in 1992. The Earth Summit also opened 
the opportunity to form international law by converging 
the precautionary principle and the climate change issue 
(Gillespie 1997). The precautionary principle has been 
acknowledged at the international level law after it was 
adopted in the United Nations Framework Convention on 
Climate Change (UNFCCC) under Article 3 at the summit 
in Rio de Janeiro. In the Preamble of the Kyoto Protocol in 
1997, an article reference was quoted as “Being guided by 
Article 3 of the Convention”. The stakeholders also endorsed 
the precautionary principle in the UNFCCC.

Firstly, the decision to endorse the precautionary 
principle was fruitful and worked flawlessly for the ozone 
conventions and CBD; but it could not impact the climate 
change legal frameworks. A few factors in the results will be 
discussed later by comparing the ozone and climate change 
conventions (Nanda & Pring 2003). The major difference 
between the ozone conventions and Kyoto Protocol is that 
most nations have ratified the first. Still, top greenhouse 
emission nations, including the United States, did not rat the 
latter. And Canada also later withdraw from the protocol. 
This is evidence that all nations have agreed to tackle the 
ozone problem, but some do not agree with the climate change 
convention. The biggest greenhouse emission nations are 
not making any commitment or effort to resolve the issues 
causing climate change and its impact.

Secondly, stakeholders agree to respond quickly to new 
scientific information in the Montreal Protocol and expedite 
the necessary chemical reduction. After such coordination, 
this protocol automatically applies to all countries approved.

On the other hand, to reduce admission by a certain period, 
the Kyoto Protocol does not discourage non-compliance by 
its parties. Through the comparison, it is evident that the 
ozone conventions are more successful when the parties 
try to reduce ozone depletion as per the limit of their level. 
However, in the Kyoto Protocol, the initiative was taken 
against the non-compliance parties.

Thirdly, the Montreal Protocol settles any dispute through 
the Non-Compliance procedure, which creates a multilateral 

mechanism to build confidence through non-confrontation 
discussion instead of adjudication. It helps parties pursue an 
amicable solution to the problem. Meanwhile, there is a lack 
of enforcement or cooperation between parties to settle any 
dispute under the climate change conventions. Here we can 
mention a couple of examples of such incidents. The United 
Kingdom and Argentina have a long dispute over territories, 
and there was an application with the Kyoto Protocol.

Meanwhile, regarding the territorial dispute between 
Hong Kong and Macao, China said they do not want to 
involve in the protocol. The next issues are monetary 
advancement. As there are substitutions to CFC, the matter is 
evidence that ozone conventions are much more successful. 
Now industries are producing alternatives to CFCs. As a 
result, the economy is boosting. Mass production for CFC 
replacement increases the industry’s income, essential for a 
nation’s economic growth.

On the other hand, implementing the Kyoto Protocol 
is comparatively much more expensive. Implementing the 
Kyoto Protocol requires reducing the main energy sources, 
such as coal and petroleum, to reduce greenhouse gas 
emissions. Former US President Donald Trump did not even 
acknowledge the existence of the greenhouse gas effect and 
had greatly supported the energy industries. Finally, the 
application of precautionary measures to international legal 
instruments is now widely seen, and the Climate Change 
Convention is losing its usefulness due to the massive success 
of the Ozone Convention. The reasons for this have already 
been discussed. Still, recognizing the issue in international 
environmental law and applying this principle in resolving 
any new problem is crucial.

Polluter Pays Principle

Polluter Pays policy has dual liability. It includes provisions 
to compensate those affected by pollution and guidelines for 
restoring environmental damage. Liability and compensation 
for pollution are the main sources behind the formulation 
of this policy. As a result, this policy has been established 
as sustainable development and precautionary policy, as 
well as gaining the status of traditional international law. 
The “polluter pay” principles were first incorporated into 
policies 21 and 22 of the Stockholm Declaration 1973. 
Following that, various requirements for implementing the 
European Charter on Environment and Health (1989) and 
the Single European Act 1986 were made (Wolf & Neil 
2003). The principles of “polluter pay --Principle 16 -- have 
been envisaged in the United Nations Conference on the 
Environment and Development, 1992. 1992 Rio Declaration 
Principle 16 states: “National authorities should endeavor to 
promote the internalization of environmental costs and the use 
of economic instruments, taking into account the approach 
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that the polluter should, in principle, bear the cost of pollution, 
with due regard to the public interest and without distorting 
international trade and investment.”

Under the “Pollution Control Policy,” The polluter must 
be responsible for limiting, controlling, and cleaning up 
the pollution’s effects. And forces them to bear the cost of 
pollution. The main purpose of this policy is to allocate costs 
and internalize those costs. Due to the

Accountability liability under this policy, this policy 
has acquired prominence in national and international 
environmental policies, and it has been referred to as 
the legislation of several countries (Caldwell 1990). The 
Organization for Economic Cooperation and Development 
(OECD) established the “polluter pays” principle to avoid 
public authorities from subsidizing private enterprises’ 
pollution control expenditures (Reid 1997). Giving utmost 
importance to the “polluter pays principle,” This idea should 
be adopted to determine the cost of pollution as a measure to 
avoid and regulate pollution, according to the OECD Council 
(Bullard & Jonson 2000). As per the principle, the product 
producer who pollutes the environment will be responsible for 
preventing pollution. These costs are included directly in the 
property. The government and other agencies introduced the 
policy to introduce policies and procedures for environmental 
protection. Initially, the “Pollution Policy” was not part 
of the law in India. This policy was later adopted as an 
element of law in the light of the directive of the “Indian 
Council for Enviro-Legal Action v. Union of India.” In 
that instruction, the court said that the polluting industries 
were “fully responsible for the damage caused to them by 
the villagers, soil, and groundwater in the affected area and 
therefore they are obliged to take all necessary measures to 
remove silt and other pollutants lying in the affected area.” 
Another case, “Vellore Citizens Welfare Forum v. Union of 
India,” found that “Pollution Policy” plays an important role 
in sustainable and environmental development. In light of 
this policy, the court, in this case, stated that the polluter must 
not only compensate the victims of pollution but also bear 
full responsibility for the recovery of environmental damage 
(Sadleer 2002). At present, this policy is considered part of the 
traditional international law. It has become an important part 
of the law in India, which plays an important role in protecting 
the environment for sustainable development.

Prevention Principle

The prevention principle directs action at an early stage 
to protect the environment. The essence of this principle 
is that prevention is better than cure. If something is 
damaged, restoring it to its original form is impossible. 
This principle has been considered since that position. So, 

there is no question of repairing the damage after it has 
occurred. Not even to prevent such losses. The Prevention 
Policy recommends early action to protect the environment. 
Although this principle is similar to the precautionary 
principle, there are several differences between them. 
Its main difference with precautionary principles is that 
precautionary principle primarily identifies the causes of 
environmental damage through physical analysis and deals 
with causes for which evidence has not yet been found. Still, 
the prevention principle directly takes the action of being 
responsible for the destruction of the environment. In 1967, 
120,000 tons of oil spilled from a large oil tanker into the 
English Channel, which led to the environmental catastrophe 
known as the “Torre Canyon” catastrophe. The incident was 
highlighted in the context of the importance of this policy, 
which draws the international community’s attention to stress 
the need for legal instruments on the prevention principle. 
The principle of prevention in the context of the 

The environment was introduced in principle 21 of the 
Stockholm Declaration on the Human Environment in 1972, 
which stated:

States have . . . the sovereign right to exploit their 

resources . . . and the responsibility to ensure that 

activities within their jurisdiction or control do not 

cause damage to the environment of other States 

or areas beyond the limits of national jurisdiction 

(Faruque 2017).

The International Convention for the Prevention of 
Pollution from Ships in 1973 (MARPOL) was formed on 
10 1973 after 154 state parties signed the convention on 
February 17, 1973 (Mitsuo et al. 2006). It came into effect on 
October 2, 1983. Since its formation, MARPOL has appeared 
as the most comprehensive and operative international 
legal framework for preventing pollution caused by oil or 
other harmful substances from the vessel and minimizing 
the accidental discharge of such substances. MARPOL 
empowers the states to deal with jurisdiction, enforcement, 
and inspection to prevent pollution by ships. As per Article 
4 of MARPOL, any violation is punishable. The punishment 
might be either under the law of that Party or the existing law 
of the concerned state.

Article 5 refers to the inspection of ships and special 
rules regarding the inspection of ships to ensure that no 
contamination occurs through any vessel. At the same time, 
Article 5 empowers the relevant state and port authorities 
to inspect, detain and prosecute ships concerned with 
environmental pollution. It also empowered the authorities 
concerned to demand the certificates, and in case of failing 
to produce the certificates, they can withhold or suspend the 
permission of the respective vessel. Under the requirements 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1405PRINCIPLES OF INTERNATIONAL ENVIRONMENTAL PROTECTION AND GLOBAL OBLIGATIONS

Nature Environment and Pollution Technology • Vol. 22, No. 3, 2023This publication is licensed under a Creative 
Commons Attribution 4.0 International License

This publication is licensed under a Creative 
Commons Attribution 4.0 International License

dispose of hazardous and other wastes. We can explain the 
“prior informed consent” method in a much easier way:

i. The exporting state must notify about the transit and
information about importing state and waste.

ii. Information on the impact of the ship’s underlying waste on 
human health and the environment must be clearly stated.

 iii. Based on that information, the importer state may
consent, reject the application, or ask for more
information.

 iv. The importing state may take steps to ban shipping
without prior written permission.

v. Transboundary movement of hazardous waste without
consent is illegal and punishable under the convention.

 vi. In the event of any breach of the Convention, the
determination shall be made following the national law
of the Contracting State.

Meanwhile, to deal with liability caused by damages of
the transboundary movement of hazardous waste, the Basel 
Protocol on Liability and Compensation (the Basel Protocol) 
was adopted on December 10, 1999. Under Article 5 of the 
protocol, the responsible state or the authorities of the vessel 
would be fined for damages. Currently, there are only 13 
signatories and 11 parties to the protocol. The wastes that the 
Basel Convention generally works to control are- biomedical 
and healthcare waste, used oil, used lead-acid batteries, 
lithium batteries, nickel-cadmium batteries, persistent 
organic pollutant wastes, chemicals, and pesticides in the 
environment. Waste, etc. It is important to see the outcome of 
both conventions, including the policy of prevention, whether 
their existence and implementation reach the purpose, and 
the policy of prevention in general. Statistics show that the 
amount of oil entering the sea from other seas has decreased 
for MARPOL. The annual number of spills in the 1970s 
was 24.5, which reduced to 1.7 per year from 2010 to 2016 
(Faruque 2017). Even 20 years later, toxic waste colonialism 
is still problematic for the Basel Conference because of the 
growing hazardous waste and severe economic pressures. 
Although both Marpol and Basel Conventions apply a policy 
of resistance, Marpol is still considered more successful than 
the Basel Convention regarding effectiveness and usefulness. 
However, the Basel Convention cannot be called a complete 
failure, as technological advances and human demand have 
increased the amount of hazardous waste, especially in 
developing countries always looking for convenient and 
inexpensive ways to dispose of their waste. Several steps 
can be taken to make Marpole more effective and the Basel 
Convention more timely and robust.

First, persuading the United States to ratify the Basel 
Convention is crucial. Because the United States is one of 

of MARPOL, a valid certificate is mandatory for the ship. 
However, the flag States and port States could not delay 
their process unnecessarily. If they make any delay without 
logical reasons and if the goods of the vessels are damaged, 
then the state parties will have to compensate for the loss of 
the vessel authorities under articles 4, 5, or 6. The MARPOL 
always contains the movement of cargo oil and its residues, 
and any member state can inspect the vessel at any time. 
Apart from that, six Annexes under MARPOL lay out the 
technical regulation for operational pollution. 

Of them, Annexes I prevent pollution caused by oil spilled 
from the vessel and prescribe the operational measures to 
prevent accidental discharge by requiring ships whether they 
have the capacity and equipment and plans to check the oil 
spills. Annexes II empowers the regulator to control pollution 
by the liquid substance of the ships. Annex III prescribes to 
prevent pollution by harmful substances in package form. 
However, Annex IV prevents pollution by sewage from 
the shop as discharging substances is prohibited if any 
vessel has no permitted sewage treatment plan. Annexe V 
prescribes to prevent pollution by garbage produced by ships. 
And lastly, Annex IV empowers the regulatory authority to 
prevent air pollution from ships by curbing nitrogen and 
sulfur oxide emissions. The provisions of MARPOL have 
been formulated in line with the prevention principles. It 
introduces inspection and enforcement mechanisms that can 
also be applied to the ships of a non-member state.

Another relevant convention that applies the prevention 
principle is “The Basel Convention on the control of the 

transboundary movement of hazardous wastes” (Basel
Convention). At first, 116 countries adopted the Convention 
on 22 March 1989, which came into effect on 5 May 1992 
(Brine & Boyle 2002). Right now, 186 parties are a member 
of the convention. The US is the only developed country that 
has not ratified it yet. The main objectives of the Convention 
are:

(i) Containing transboundary movement of hazardous
waste to a minimum level for ensuring sound environ-
mental management

 (ii) Treating hazardous wastes and other wastes which
would be the possible nearest place from their source
in an environmentally sound manner

 (iii) Minimizing the generation of hazardous waste and other
waste

The Convention regulates the transboundary movement
of ships carrying hazardous and other wastes through the 
“Prior Informed Consent” procedure (shipments made 
without consent are illegal). Unless there is no special 
agreement, the shipment between non-parties is illegal. As 
per the Convention, the parties must properly manage and 
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the top producers of hazardous waste and the United States 
has the largest fleet in the world. Considering these aspects, 
U.S. involvement can encourage compliance with the 
Convention. And monitoring the transboundary movement 
of hazardous wastes in the open international sea could be 
further strengthened.

Second, there is a need for developing countries to 
develop technology, implement teams, and provide financial 
assistance in accordance with the principles of cooperation 
described in the implementation of both conventions. No 
developing country on the African continent, for example, 
is receiving the assistance it deserves to stop the dumping 
of hazardous waste in its territory by foreign ships, even 
though they are both members of the conference. In this case, 
developed countries must come forward to assist. In this 
case, active action by the United Nations is very important. 
Countries not abiding by these conventions should be 
barred from various UN benefits as punishment. We must 
lobby for heavier approvals, such as economic sanctions, 
against countries responsible for spreading toxic oil. If the 
United Nations can impose such sanctions on Iran for its 
nuclear program, the same action should be taken against 
environmentalist terrorists.

Finally, the “Prevention Policy” should be adopted and 
implemented in both conventions to prevent environmental 
disasters. Although both conventions have positive and 
negative consequences, the existence and application of both 
conventions and the special work under both conventions 
have served as the most important international legal 
instrument to prevent environmental catastrophes.

Principle of Preventive Action

The duty to protect the environment and the idea of pollution 
prevention are not the same thing (Thornton & Beckwith 2004). 
This law empowers the state to take steps against pollution 
within its jurisdiction. To avoid substantial or irreversible 
damage to the environment and even the ecosystem, all 
dangerous compounds must be disposed of in quantities 
that exceed the capacity for environmental deterioration. 
Steps need to be taken at an early stage to reduce the rate of 
contamination rather than waiting for the subsequent recovery 
of contaminated areas. Out of such necessity, the States have 
developed and approved this policy to acquire information to 
conduct ‘impact assessments’ on the environment.

The preventative principles allow the government to act 
effectively to reduce waste. The government can create the 
required plans and policies to educate the general public 
and promote pollution avoidance practices. This principle 
restricts the entry of pollutants, including treaties, into 
international environmental law (Joyner 1986). 

Resistance to the environment is considered a ‘golden 
rule’ for both environmental and economic reasons. Once an 
environmental injury occurs, it cannot be cured. Extinction 
of any animal or plant, erosion issues, dumping, or pollutant 
dumping in the river can all result in irreversible situations 
that cannot be reversed. Even in such a situation, measures 
should be taken to protect the environment as much as 
possible and to minimize the risk as much as possible. Steps 
must be taken to curb rising costs, increase fines, and civic 
liability to curb pollution.

Principle of Common but Differentiated Responsibility

The “Common Differentiated Responsibility” concept has 
given a new meaning to a long-standing practice. Certain 
countries must contribute more than others to provide 
global public goods. The policy calls for more aggressive 
actions to restore global environmental damage. It has also 
been pushed to be recognized as a traditional principle of 
international law. The notion of humankind’s shared legacy 
has been distinguished from the principle of broad concern 
(Opschoor & Hans 1989). 

The policy relates to the concept of the general 
responsibility of the state. However, this obligation is again 
distinct in light of historical variances, varied social and 
economic advancement dimensions, and similar concerns 
based on different sources. The concept of “Common 
Concern of Humankind,” on the other hand, is based on a 
treaty. “Change in the earth’s climate and its detrimental 
repercussions are a common concern of humankind,” 
the United Nations Framework Convention on Climate 
Change (UNFCCC) stated in 1992. Furthermore, the 1992 
Biodiversity Convention said that “biodiversity conservation 
is a common concern of humanity.”

“Principles of common but different responsibilities” 
have been formulated in international environmental 
materials. But all countries are more or less responsible for 
global environmental damage. Developed and developed 
countries must actively prevent and reduce global pollution 
and take responsibility. In addition, developing countries 
need to help protect the environment. The CBDR policy 
has been formulated to contain a “soft” international legal 
policy. It became an important element of international 
law in the Framework Convention on Climate Change of 
the Rio Declaration on Environment and Development  
(1992).

Principle of Cooperation

Principle 7 of the 1992 Rio Declaration, mentions that 
“States shall cooperate in a spirit of global partnership to 
conserve, protect and restore the health and integrity of the 
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Earth’s ecosystem. In view of the different contributions 
to global environmental degradation, States have common 
but differentiated responsibilities. The developed countries 
acknowledge their responsibility in the international pursuit 
of sustainable development because of the pressures 
their societies place on the global environment and the 
technologies and financial resources they command.” 

The “good neighbor policy” states that the responsibility 
for ensuring that a state does not harm the environment 
of a neighboring state is vested in the state. The policy of 
international cooperation is considered to be their duty to 
restrict the activities of other states within the territory of a 
particular state. This policy applies to most “sic utere tuo, 

et alienum non laedas” (use your property so that it does
not harm others).

The Sustainable Development Principle

Sustainable development refers to two main objectives. These 
are environmental protection and economic development. 
Regarding sustainable development, economic development 
can also be termed a means of alleviating poverty (Kiss & 
Shelton 2004). In the case of economic development, besides 
development, the needs of the people of a country should 
be given importance. Especially those who are in or below 
the poverty line. However, the present generation constantly 
struggles for economic development and poverty alleviation. 
As a result of that development for poverty alleviation, it will 
not harm the environment. Although economic development 
is recognized as a means of sustainable development in 
poverty alleviation, it limits such development based on 
environmental protection for present and future generations. 
This policy refers to the balance between environmental 
protection and economic development. According to this 
policy, first recognized in the Stockholm Declaration, 
the state must continue economic development with 
environmental protection to provide maximum benefits to 
the people. 

According to the policy, states have a sovereign right 
to use their natural resources. Still, they must ensure that 
those resources do not adversely affect the environment of 
neighboring states. The “World Charter for Nature” is an 
important document in environmental protection in economic 
development, which has been created to guide development. 
It emphasizes economic development as well as specific 
policies for environmental protection. Subsequently, the 
Rio Declaration emphasizes the principles of the Stockholm 
Declaration. It says states must exercise caution in balancing 
economic development and environmental protection. In 
1985, the policy of sustainable development of nature and 
conservation of natural resources was widely discussed 

and gained importance in the ASEAN Treaty. The main 
purpose of this policy is to preserve wild plants, animals, and 
renewable resources. At the same time, they were protecting 
ecosystems, habitats, and endangered species and ensuring 
sustainable harvesting use.

The preamble to the treaty provides guidelines for 
establishing interrelationships between conservation and 
socio-economic development. In this case, conservation is 
important to ensure the sustainability of development. And 
socio-economic development is needed for that conservation. 
The agreement contains 8 chapters, including 35 articles, 
which assure the parties to identify the interdependence 
of natural resources to achieve a balanced ecosystem. 
According to this policy, contractual parties must implement 
the sustainable development policy. Under this policy, the 
contracting parties will be responsible for any damage to 
the environment. They will also focus on environmental 
planning measures, establishing scientific research, and 
public participation and cooperation among members. But 
the unfortunate thing is that even though this agreement was 
considered ahead of its time, it has not been implemented so 
far. It has ratified only 3 of the 6 signatory countries. The 
main reason for the non-implementation of this agreement 
is that none of the signatory members has formulated 
this agreement. Another organization drafted the treaty, 
which made ASEAN member states reluctant to ratify the 
convention.

In the case of Malaysia, the Sustainable Development 
Policy and the Environmental Quality Control Act 1974 are 
followed. According to this policy, any scheduled activities 
such as a large development project, logging, excavation, 
mining, and other works must be approved by completing 
an “Environmental Impact Assessment (EIA)” before 
commencement. The report will contain detailed information 
on the proposed project’s environmental impact, such as 
identification, forecasting, evaluation, and communication, 
and details of mitigation measures before project approval 
and implementation. Although the EIA report is mandatory, 
the application and environmental impact of this policy in the 
Malaysian context are still questionable because, in violation 
of this policy, uncontrolled and destructive bauxite mining 
activities are taking place in Pahang, where there are rare 
earth plants. Yet these two events created discussions where 
the environmental impact was evident. Except for the two 
cases mentioned so far, there are no major/serious problems 
with other projects and development in Malaysia.

United Nations Conference on Sustainable Development 
(UNCSD), Rio 2012. This is the third international 
conference on sustainable development aimed at reconciling 
the economic and environmental goals of the global 
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community (Shelton 2000). The United Nations Department 
of Economic and Social Affairs organized the conference 
with the participation of 192 member states, including 57 
heads of state and 31 heads of government (Shelton 2000). 
Besides that, representatives from private sector companies, 
NGOs, and other groups also joined the conference. It was 
a high-level conference where heads of state, government, 
or other representatives came together to create a political 
document to formulate a global environmental policy. As a 
result of this conference, the heads of 192 countries stressed 
the need for sustainable development in a non-binding 
declaration.

In conclusion, the importance of sustainable development 
policy in environmental law is undeniable and immeasurable. 
This policy is the most important in the current era of 
technology development, resources, and limited resources. 
People’s desire for power never ends, but a clear understanding 
is needed that development without sustainability will lead 
to our destruction.

CONCLUSION

It is now universally acknowledged that the world’s 
challenges can be addressed through cooperation. Acid rain, 
ozone depletion, toxic waste poisoning, and biodiversity 
loss are among the world’s daily difficulties. It is important 
to address these challenges. Neighboring states can also be 
affected by the polluting activities of a state. And it is in such a 
situation that the need for various international policies arises, 
through which the current problems can be managed, and 
the incidence of such pollution can be reduced in the future. 

However, crafting human rules to protect human activities 
is critical while maintaining a healthy connection with 
nature’s universal laws. The international community has 
implemented several environmental policies under various 
international laws to address and prevent environmental 
concerns. These measures have considerably impacted the 
regulatory framework that governs the environment. These 
policies are made up of a variety of laws or sources at the 
international or national level. 

So it is often difficult to identify the parameters of this 
policy. So while these may apply to a specific area or region, 
they may not be suitable for another area. As a result, there 
isn’t a single policy that everyone agrees on. However, most 
of these policies have changed and evolved, and most are 
almost the same in the country’s legal system. The general 
principles of these agreements are similar. Decisions and 
conventions, declarations, or statements of multilateral 
environmental agreements often result in the creation of 
many international laws. For example, the precautionary 
and polluter pays principles were established due to the Rio 

Declaration of 1992. Different international law principles 
have been incorporated into the national laws of different 
countries in terms of necessity.

Nevertheless, regular checks are required to amend 
existing laws to ensure environmental justice. It is very 
important that the world now recognizes the biggest and 
most real danger of environmental catastrophe. This danger 
is imminent if the necessary steps are not already taken to 
protect the environment. Let’s look at the past world and 
consider the importance of material importance. We seem to 
go through a more difficult path to get universal recognition 
of these environmental protection policies. For example, 
we can mention that disasters like big floods are due to the 
greenhouse effect. Everything is already too late. World 
leaders, NGOs, and other concerned stakeholders must firmly 
work hard from now on. They need to analyze in detail that 
while some conventions effectively protect the environment, 
many others are not. They have to take steps to make the 
policies more effective.
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      ABSTRACT
Environmental issues have continued to spur discussions, debates, public outrages, and 
awareness campaigns, inciting interest in emerging technologies such as Artificial Intelligence. 
Its usage is spread across many environmental industries, including wildlife protection, 
natural resource conservation, clean energy, agriculture, energy management, pollution 
control, and waste management. In 2017, at the United Nations Artificial Intelligence Summit 
in Geneva, the UN acknowledged that AI could be an enabler in the sustainable development 
process towards peace, prosperity, and dignified life for humankind and proposed to refocus 
on the application of AI in assisting global efforts on sustainable development to eradicate 
poverty, hunger and to protect the environment as well as to conserve natural resources.
It is vital to address environmental sustainability concerns; however, with the advent of AI, most 
common environmental issues are now solvable by prioritizing human interests. Sustainability 
encompasses the interrelated areas of the environment, society, and economy. According to the 
United Nations’ “Our Common Future,” also known as the “Brundtland Report,” it is defined as 
“development that satisfies current needs without compromising the ability of future generations 
to meet their own needs.” Unfortunately, the Earth is currently facing serious consequences from 
global warming and climate change, and immediate action is required to encourage the use 
of environmentally friendly and sustainable products to address these issues. Environmental 
degradation and climate change are numerous environmental concerns requiring novel and 
intelligent artificial intelligence solutions. The literature on AI and environmental sustainability 
encompasses various domains. Notably, AI is being used to address the bulk of regional 
and global environmental concerns, including energy, water, biodiversity, and transportation, 
even though many of these sectors have permeated and evolved. However, there is a need 
to combine current literature on the application of AI, particularly in relation to environmental 
sustainability in areas such as energy, water, biodiversity, and transportation. There is a 
significant lack of research on how AI can promote environmental sustainability. This research 
aims to explore how AI can be applied to address environmental issues in various sectors to 
achieve the Sustainable Development Goals (SDGs).

INTRODUCTION

Environmental issues, debates, and programs have recently 
ignited awareness and public concern, sparking interest 
in new technologies like Artificial Intelligence (AI). As 
we grapple with the environmental challenges of the 21st 
century, AI has emerged as a crucial and distinct area of study 
for resolving a multitude of sustainability issues.

AI refers to the engineering and science behind the 
evolution of intelligent machines. It is the discipline of 
computer science, and its capabilities are based on the 
learning experience that helps increase the chances of 

success in solving environmental problems. According to 
Poole (1998), the intelligence of sophisticated machines, 
demonstrated by the innate intelligence of animals and 
humans, could be AI, scientific and technical information 
that allows devices to be as intelligent as humans (Wang 
& Srinivasan 2017). Researchers have also found that AI 
systems can learn from experience to create artificial services 
and adapt inputs to changing environmental issues (Nishant 
et al. 2020).

Artificial Intelligence has pushed the boundaries 
of human intellect in the modern era, creating a new 
reality in which intelligent machines with artificial brains 
communicate with human brains (Duan et al. 2019). As 
we face new environmental challenges, AI has become an 
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essential tool for developing sustainable solutions that will 
help us preserve our planet for future generations.

Managing environmental sustainability is a complex 
and challenging task. However, with the integration of AI, 
many of these problems can be efficiently solved by utilizing 
human resources. The economy, the environment, and 
society are interconnected when it comes to sustainability. 
Sustainability is defined as sustainable development in the 
United Nations paper Sharing Our Future, also known as 
the Brundtland report, as “a program that meets the needs of 
the current generation without compromising the ability of 
future generations to meet their own needs.” To ensure that 
human interests do not compromise the health of ecosystems, 
sustainability can also be defined as a strategy for supplying 
future generations with the goods and services they will 
require. (Morelli 2011).

AI is a powerful instrument that can assist us in our quest 
for environmental sustainability. It grants us the ability to 
delve into vast amounts of data, uncover patterns and make 
predictions. Artificial intelligence can help us learn more 
about how our actions affect the natural environment and 
come up with long-term fixes to protect Earth for future 
generations. Managing environmental sustainability and 
ensuring we fulfill the needs of now and tomorrow require 
AI, which has become increasingly important in the face of 
new and pressing environmental concerns.

With the Earth in peril from the effects of global warming 
and climate change, developing eco-friendly and long-
lasting products is crucial. Climate change is one of the most 
complex environmental issues, and recent advancements in 
AI are providing innovative solutions to address this problem. 
With the urgent need to address environmental degradation, 
AI is becoming crucial in finding sustainable solutions.

AI and environmental sustainability can be divided 
into four primary areas: sustainable agriculture, ecological 
resource protection, waste and pollution management, 
pollution control, and pollution removal. Consequently, the 
sustainable application of AI has been vital for advancing 
and implementing AI over the past fifty years.

AI research for environmental sustainability encompasses 
a diverse array of disciplines. Most regional and global 
environmental problems need to be addressed, and 
artificial intelligence is used in the energy, transportation, 
biodiversity, and water sectors. However, these areas are 
constantly evolving and permeating all aspects of society. 
In some developed countries, the practical application of 
AI in biodiversity and transportation has already begun, for 
example, e-waste collection with a sophisticated routing 
strategy, protecting the ocean from pollution through 

AI-driven automatic garbage trucks, and increasing 
biodiversity through species protection. Nevertheless, the 
existing research on the application of AI in the transport 
and biodiversity sectors needs to be consolidated. It is 
important to note that there is a lack of studies examining 
how artificial intelligence might be used to improve 
environmental sustainability in fields including water, 
energy, transportation, and biodiversity.

AI APPLICATION 

Many companies, including Tesla, Google, and Microsoft, 
driving innovation barriers, have made substantial advances 
in “Earth-friendly” AI systems. In Google, for example, 
DeepMind personal AI has helped the company reduce 
energy use in its data centers by 40%, making it more 
efficient and reducing overall GHG emissions. Data centers 
account for 3% of all global energy Advances in these AIs 
improve energy efficiency and help communities in remote 
areas provide access to energy by establishing microgrids 
and integrated green energy sources.

Unlike traditional power grids, which may be inefficient 
owing to a lack of power distribution planning, urban smart 
grids can employ AI technologies to control and regulate 
elements of the power grid in the neighborhood to provide 
exactly the amount of energy sought or necessary from its 
dependents.

As AI-driven autonomous vehicles wait to enter the 
automotive market, strategies such as eco-driving algorithms, 
route optimization, and ride-sharing service would reduce 
the carbon footprint and the number of cars on the road.

In an environment of accessible scale, intelligent 
buildings and innovative urban development can benefit 
from integrated sensors that use energy more efficiently and 
buildings and roads with materials that work more efficiently. 
Inspired by natural patterns, researchers, architects, and 
builders have created new materials from natural resources 
(Zafar 2021), including bricks made with bacteria and 
concrete, which capture carbon dioxide and build a solar 
system dependent on wind and sun. Solar energy (Zafar 2022) 
is increasingly used in cities and abroad to power large urban 
areas. These are the first steps to supporting an infrastructure 
that reduces costs while increasing our awareness of the 
environment (Miguel 2021).

Industrial emissions control and waste management 
is another problem that can be solved through advanced 
machine learning and captive grids that detect leaks, 
hazards, and deviations from industrial usage standards 
and regulations. For example, IoT technology (Giarratana 
2022) has been integrated into various industrial businesses, 
including thermostats, refrigerators, and retailers.
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Microsoft’s AI for Earth is a $50 million project 
launched in 2017 to address climate change, agriculture, 
water scarcity, and biodiversity loss (Smith 2017). Due to a 
shortage of algorithms that can translate the data they collect 
into needed solutions, scientists are currently in a mad dash 
to foresee climate change and other environmental hurdles 
or bottlenecks.

Similar AI Earth-based applications infused with AI 
include INaturalist and the eBirds, which collect information
from its large group of experts on species it encounters, which 
will aid in keeping an eye on their population, their favorable 
ecological systems, and patterns of migration. They also play 
an indispensable role in accurately identifying and protecting 
marine and freshwater ecosystems.

Many organizations, NGOs, and start-ups provide 
innovative agricultural solutions by applying artificial fuzzy 
neural networks. Apart from using bio-sensor-driven and 
artificial intelligence-based algorithms to monitor soil health 
and yield of crops and yield comprehensively, some methods 
can develop predictive analytic models that track and forecast 
different variables and elements that could impact yields in 
the near future.

The Berlin-based agricultural tech start-up PEAT

has created a deep-learning application named Plantix,

which apparently can detect prospective deficiencies and 
inadequacies in the soil. An analysis is performed using 
software algorithms that compare particular foliage patterns 
to problems with soil, pests, and diseases.

AWhere and FarmShots, both United States-based
companies, use satellite machine-learning algorithms to 
forecast the weather, evaluate farms’ sustainability, and 
analyze them without disease and pests. Farmers are paying 
close attention to the adaptive irrigation system because 
of its significant role in water management. This system 
automatically irrigates the land based on data collected 
from the soil by sensors powered by artificial intelligence 
technology.

AI APPLICATIONS IN BIODIVERSITY

To model the ecosystem’s services, rules-based models 
like ARIES are one of the most popular and well-known 
systems (Death 2015). The program incorporates other 
machine learning models that specifically assist researchers 
in understanding the different relationships through 
analysis software (Death 2015). In addition, numerous AI 
(artificial intelligence) examples show how AI is utilized to 
enhance the observation of biodiversity and conservation 
(Kwok,2019). Important to emphasize the significance of 
preventing excessive use of resources, which may cause 

environmental issues, and the understanding of the access 
to artificial intelligence-related information depends on 
the ecosystem and its diverse biodiversity has developed 
effective methods (Nishant et al. 2020) that offer estimates or 
estimates of the services provided by land. Similar to the use 
of machine training (ML) (also known as natural processing 
of language (NLP), most of the research on biodiversity that 
utilizes Artificial Intelligence can predict ecosystem services 
(Toivonen et al. 2019). Artificial Intelligence is a novel 
method to tackle biodiversity issues across space and time. 
Research into Artificial Intelligence to sustain sustainability 
through Genetic Algorithms focuses on particular Artificial 
Intelligence applications that use Genetic Algorithms, 
the well-liked machine-learning model for biodiversity 
and artificial neural networks, and one of the well-known 
modeling networks in ecosystems, known as Bayesian 
networks (Nishant et al. 2020).

AI APPLICATIONS IN ENERGY

Artificial Intelligence is thought (Wang & Srinivasan 2017) 
to have helped reduce the use of natural resource consumption 
and the energy requirements from human-related actions. 
The main research areas are pattern recognition, expert 
systems, neural networks, and fuzzy logic (Nishant et al. 
2020), which are relevant to energy research (Tyralis et 
al. 2019). This includes the distribution and production of 
energy and maintenance and operations, which are the major 
research areas in energy (González Ordiano et al. 2017). 
Computer-aided learning is employed to forecast (Olowu 
et al. 2018), and NC algorithms can also be used in solving 
complex problems (Li et al. 2018). Most of the algorithms 
used by scientists are implemented in fuzzy logic systems 
that aid in making decisions based on forecasts (Wang & 
Srinivasan 2017). Furthermore, using multiple models, such 
as the area neural network, produces better results and broad 
combinations.

AI APPLICATIONS IN TRANSPORTATION

Research into artificial intelligence (AI) applications is 
available for sustainable transportation. Most articles 
published can be about the machine learning process 
(Abduljabbar et al. 2019). Applications of artificial 
intelligence research are also important for sustainable 
transportation. Learning through the machine has been the 
main focus of most published papers (Liyanage et al. 2019). 
Additionally, the use of computer vision to assist in making 
decisions was observed in safety and traffic management, 
urban mobility, and public transportation (Liyanage et al. 
2019). The AI applications in transportation include machine 
learning and other time series and statistical models used to 
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manage and manage traffic (Nishant et al. 2020). Computer 
vision methods were primarily employed for road marking.

AI APPLICATIONS IN WATER MANAGEMENT

Since 2015, significant research emphasis has been focused 
on artificial intelligence (AI) applications to improve water 
management in water protection. Artificial neural networks, 
especially neuro-fuzzy adaptive sequence systems, support 
vector machines (SVMs) for machine learning (ML). In 
this area, models such as decision trees (mainly random 
forest) and multiple regression, autoregressive displacement 
models (ARMS), regression splines, and adaptive neuro-
fuzzy inference are used (Salcedo-Sanz et al. 2016), with 
the genetic algorithm being the best by far a known method. 
Additionally, popular machine learning models include the 
most popular regional networks (ANNs) (including ANFIS) 
and genetic algorithms (Rodríguez-Soto et al. 2017). For 
example, we could use machine training (ML) algorithms to 
determine river flow and evaluate water quality parameters 
(Demirci et al. 2019).

HOW CAN AI HELP COMBAT CLIMATE 
CHANGE?

The technology is used in Japan’s top natural disasters 
to monitor deforestation in the Amazon and design more 
sustainable and intelligent urban areas in China. Artificial 
intelligence applications can also create more efficient 
buildings, improve electricity storage, and improve and 
renovate wind and solar energy in the grid when needed. 
In a small way, this can help households reduce energy 
consumption when they turn on lights automatically, when 
not in use, or even control the network requirements of 
electric vehicles to meet expectations.

A recent research study conducted by the well-known 
accounting firm PricewaterhouseCoopers in partnership 
with Microsoft, a company that specializes in developing 
machine learning solutions for the climate change sector, 
has uncovered some intriguing findings. The study found 
that by 2030, implementing AI technology could potentially 
significantly reduce global greenhouse gas emissions, 
specifically by 4%. This is a noteworthy finding as it 
highlights the potential of AI in addressing one of the most 
pressing concerns of our time, climate change.

The proficiencies of AI, specifically its ability to process 
enormous amounts of unstructured data such as images, 
graphs, and maps, are pushing the boundaries of climate 
modeling and providing unparalleled opportunities to better 
understand the dynamics of sea-level rise and ice caps. This 
exemplifies the enormous potential of AI in facilitating a 

better comprehension of the effects of human activity on the 
Earth and informing the creation of sustainable solutions.

Artificial intelligence allows us to better grasp the 
consequences of our actions on the world and create long-
term alternatives to the current climate crisis. AI has the 
ability to significantly contribute to combating climate 
change and lowering GHG emissions. The partnership 
between Microsoft and PwC illustrates the significance 
of the private sector and researchers working together to 
find solutions. We must continue to invest in research and 
development of AI technology to address the pressing issue 
of environmental sustainability and ensure a sustainable 
future for our planet.

USERS OF TECHNOLOGY AND AI

The costly nature of AI computing power has led to a 
significant portion of research in this field being undertaken 
by the private sector. One shining example is Climavision, 
a state-of-the-art super-resolution radar network that 
harnesses the power of satellite data and high-altitude 
weather balloons to fill in the “hundreds of holes” in existing 
weather forecast networks (Nelsen 2021). This technology 
allows transportation and energy companies, businesses, and 
military personnel to real-time weather elements, updating 
every second. As the world moves towards low-carbon 
energy, the market for AI-powered applications that predict 
market behavior, balance transactions in real-time, and 
maximize energy efficiency from networks to intelligent 
devices is set to flourish. Investing in research to fully realize 
the potential of AI in addressing environmental issues and 
supporting the achievement of Sustainable Development 
Goals is of paramount importance. It is an investment in 
our planet’s future and the future of generations to come.

CHALLENGES OF USING AI TO ACHIEVE 
ENVIRONMENTAL SUSTAINABILITY

Artificial Intelligence has been shown to address 
environmental issues effectively, yet, in contrast, they face 
challenges because they rely on the historical data used 
for machine learning. This is because machine-learning 
models find it challenging to account for AI’s unpredictable 
nature and constantly changing characteristics of human 
behavior. Thus, before any significant human activity, 
data from the past can be used to reflect people’s ages and 
climate cycles, so it is challenging to predict the likelihood 
of climate change. Also, it isn’t easy to deal with variance 
when including historical data in models because most 
computer scientists pay close attention to it. The data added 
to the models can be generalized, which can be the basis for 
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most representative training tasks generate relatively small 
amounts of carbon. Just because the most commonly used 
AI techniques today are not massive carbon emissions do not 
mean they will not significantly contribute in the foreseeable 
future. Only a few studies are currently available that can 
help companies assess the carbon footprint of AI.

In the fight against climate change, AI can be both an 
enabler and a disabler. The need for rare earth materials to 
build the hardware could have a negative impact, and the 
AI is not magical and can make mistakes while computing 
or generating output. The possibility of logging individuals’ 
energy usage raises privacy concerns regarding the capability 
to track back data that belongs to people (Nelsen 2021). 
Climate change must “primarily affect the people who 
contribute most to emissions and significantly change our 
lives.” It is not enough to rely on technology in the near 
future to solve the problem and thus save one’s conscience 
in the short and medium term (Nelsen 2021).

AI FOR SUSTAINABILITY

Given the interconnectedness inherent in all SDGs and 
the spectrum of sustainable development and its actors, it 
makes no sense to separate the third section, which will 
then provide a more detailed overview of the current use of 
AI in the context of actors of sustainable development, by 
evaluating the views of AI experts in the field of application 
conducted for research purposes give perspectives on 
particular situations.

On that note, we are attempting to determine how AI is 
being used by various businesses to engage, identify, and 
ultimately lead to sustainable development. The potential 
unpredictability of potential causes as well as other 
characteristics, such as actors, industries, non-governmental 
organizations, the scientific and technological community, 
and local actors, producers are to be made clear to the 
proposed hypothesis, i.e., best classified political actors, 
will not only have a higher impact on progress toward the 
SDGs. However, they will also be the channels through 
which AI will have an ideal positive impact on sustainable 
development, and the SDGs will be able to reach that point. 
Of course, this should be the main effect of the pyramid, 
which is then created, in which actors can influence or endow 
other ranks in better positions and more appropriate acting 
modes than other actors descending into the dynamic. AI 
can promote social cooperation among actors, in this case 
sustaining an extensive level of sustainable development. 

Each of the SDGs has the potential to benefit from the use 
of AI. This is demonstrated by a McKinsey Global Institute 
study, which found up to 135 AI use cases supporting the 

erroneous predictions of future scenarios, and this is called 
variance bias shift (Nishant et al. 2020).

Additionally, increasing cybersecurity risk is a challenge 
when implementing AI for resilience. The management of 
cybersecurity risks is essential for incorporating data into AI 
applications. However, the growing number of cybersecurity 
threats due to hackers poses a significant challenge when 
addressing environmental sustainability issues. Third 
parties have access to vital data, and disparate methods 
are less effective in mitigating security risks. Another 
obstacle to using AI for environmental sustainability is the 
lack of adequate performance indicators and the unreliable 
human behavioral responses (Nishant et al. 2020) to 
various AI-based interventions. To increase environmental 
sustainability, tracking and evaluating the results of actions 
is essential. The measurement method is complicated and 
often unsuccessful, so combining analytical and technical 
aspects into one standard metric is crucial for AI to achieve 
environmental sustainability. AI software is as sophisticated 
as human decision-making; However, their approach differs 
from human reactions to decisions. However, being aware of 
behavioral responses is crucial to avoid the common problem 
associated with technological advances due to feedback 
traps (Nishant et al. 2020). The rebound effect is a common 
problem that arises from technology.

THE DOWNSIDE OF THE TECHNOLOGY: AI 
CAN HAVE A SUBSTANTIAL  
CARBON FOOTPRINT

The computational demands of AI-based systems are 
incredibly high and require large amounts of data to be 
processed and analyzed. This leads to an increase in the 
number of servers and energy needed to cool data centers and 
causes a significant spike in energy consumption. According 
to a study, the energy required to process and store data to 
develop a complex algorithm alone can produce as much 
carbon dioxide as driving a car for five times its lifetime or 
taking 300 round trips between New York and San Francisco 
(Hao 2020). Data centers that process and store information 
from online activities such as streaming videos and sending 
emails are accountable for a substantial portion of the 
world’s energy use estimated to be around 1% (IEA 2022). 
Predictions suggest that by 2030, computing could make up 
as much as 8% of the world’s overall energy demand (Bacchi 
2020), raising concerns about the increased use of fossil fuels.

This case of CO2 emissions generated by artificial 
intelligence is shocking and disturbing. This is a wake-up 
call for all of us. Nevertheless, we must see the bigger picture 
before focusing too much on these findings. This is the only 
study for a specific type of AI that is not common. The 
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SDGs by November 2018. These examples demonstrate 
definite, partial, or hypothetical opportunities for AI 
applications. 

Various use cases will have different domains, capabilities, 
restrictions, and risk profiles- AI is applied in various ways. 
We’ll look at a few scenarios that could serve as examples 
of how AI might be used for overall good and sustainable 
development. These are just a few examples, but they show 
a variety of potential applications, skills, and effects. Many 
textbook cases dealing with various examples of deep 
learning applications in medical imaging have flourished. 
An overview that would illustrate the aforementioned trend. 
In fact, since 2015, an intense and rich economic activity 
has arisen around this medical imaging and diagnosis field. 
Reportedly, as many as a third of healthcare AI start-ups that 
raised funds after January 2015 were working on imaging 
and diagnostics (Varadharajan & Lee 2020). Additionally, 
researchers at International Business Machines Corporation, 
one of the first multinational corporations in the computing 
industry, predict that by 2026, medical images will 
account for at least 90% of all medical data. Its enormous 
amount would make it the most significant source of  
healthcare data.

When we comprehend the relationship between AI and 
data, especially in large amounts, as we saw earlier with the 
rise of big data, deep learning has already been applied in 
this field for tumor development tracking, quantification, and 
visualization of blood flow, medical interpretation, and treating 
diabetic retinopathies. In each of the examples, the use of AI 
is discussed in relation to a business, including a start-up, but 
more specifically, three global leaders in technology: IBM, 
Google, and the Samsung group. An additional well-known 
name in the technology industry contacted was brought to 
mind by looking at these scenarios: Argus, a global SAP Labs 
China project. A team there developed the “Argus” solution, 
which uses machine learning to detect signs of lung cancer on 
CT scans. Argus then enables testing more patients in less time 
while enhancing detection precision. Again, we see the same 
components as before: artificial intelligence, the contribution 
to the Sustainable Development Goals for “Nutrition, Health, 
and Well-Being,” but most notably by actors in the “Trade 
and Industry” sector, as defined by the United Nations. The 
SAP company is a real-world illustration of how a business 
can employ AI sensibly for potential effects on sustainable 
development.

DOCUMENTED CONNECTIONS BETWEEN AI 
AND THE SDGS

Evidence shows that AI can help achieve 134 (79%) of 
all SDGs, often through technological improvements to 

overcome known limitations. However, 59 goals (35% 
of all SDGs included) can be negatively (UN 2019) 
impacted by AI development (Stockholm Resilience Centre  
2017).

AI AND ENVIRONMENTAL OUTCOMES

The final category of sustainability goals is concerned with 
the environment; when examined, three of the sustainability 
goals in this group are concerned with climate measurements, 
life underwater, and life on land (SDG 13, 14, and 15). 
For environmental organizations, 25 goals (93%) could be 
identified where AI can act as an enabler (PwC & Stanford 
Woods Institute for the Environment 2018). The benefits 
of artificial intelligence may lie in the ability to analyze 
massively interconnected databases for collaborative 
curatorial work. When we look at SDG 13 on climate change, 
we can see that advances in artificial intelligence are helping 
to understand climate change and model its potential effects. 
AI also has the potential to aid in developing low-carbon 
energy systems, which are essential in the fight against 
climate change as they use renewable resources and improve 
energy efficiency. Ecosystem health can also be improved 
with artificial intelligence. Using AI-based automated oil 
spill detection algorithms, we can achieve our goal 14.1 
of preventing and significantly reducing marine pollution 
(Keramitsoglou et al. 2006). 

15.3 is another example that asks for combatting 
desertification and rehabilitating degraded lands and soils. 
Artificial neural networks and particular methodologies can 
improve the classification of land cover types from satellite 
photos, potentially processing a considerable number of 
images quickly (Mohamadi et al. 2015). These artificial 
intelligence (AI) tools can help spot large-scale patterns of 
desertification and provide helpful information for decision-
making, planning, and environmental supervision, preventing 
more desertification or reversing trends by identifying 
root causes. However, as previously indicated, attempts to 
accomplish SDG 13 on climate change may be impeded by 
AI applications’ high energy requirements, mainly when 
using carbon-free energy sources.

Moreover, it is anticipated that with more access to 
information about Artificial Intelligence (AI) related to 
the environment, there will be an increased likelihood of 
resource overexploitation, despite the growing number 
of examples showing how AI is being utilized to aid in 
biodiversity conservation and monitoring (Kwok 2019). 
Although these abuses of AI have not yet been extensively 
documented, they will be examined in more detail later, 
where the current deficiencies in AI research will be  
considered.
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RESEARCH GAPS IN ARTIFICIAL 
INTELLIGENCE’S ROLE IN SUSTAINABLE 
DEVELOPMENT

As Artificial Intelligence (AI) applications are increasingly 
being utilized to advance Sustainable Development Goals, 
such as self-driving vehicles, AI-based smart grids (IEA 
2017), and healthcare (De Fauw et al. 2018), these systems 
must become more resilient and valuable to minimize 
any disruptions. With the increasing use of AI in various 
industries, investments in AI security research will become 
even more critical to prevent mishandling or damage.

An important area of research in AI security integration 
is understanding the potential disasters and system failures 
that can occur in AI technologies. For instance, a recent 
World Economic Forum (WEF 2018) study has raised similar 
concerns about using AI in the banking industry. In a world 
that is increasingly dependent on this technology, it is vital 
to raise awareness about the hazards of AI system failures 
and invest in research addressing these concerns. By doing 
so, we can ensure that AI is developed and implemented in 
a way that promotes safety, efficiency, and sustainability. 
As society continues to evolve and adapt to the impact of AI 
and non-AI technological advancements, the demands on AI 
also change, creating a dynamic interplay between society 
and technology. This ongoing interaction forms a chain of 
communication where society shapes the development and 
use of AI, and in turn, AI shapes society.

Furthermore, while we have been able to find some 
studies that show that AI has the potential to contribute to 
many SDG goals and calculations, most of this research 
has limited data. It cannot be performed in a controlled or 
laboratory setting by using prototypes (Gandhi et al. 2017). 
Therefore, it is often difficult to extrapolate this information 
to assess the impact in the real world. This is predominantly 
true when examining the effects of AI on larger temporal and 
geographical dimensions. We understand that by performing 
controlled experiments to assess the impact of AI in the real 
world, it is possible to describe how well AI tools adapt to 
a specific environment.

As society evolves and adapts to the impact of non-AI 
technological advancements, the demands on AI also change, 
creating a dynamic interplay between society and technology. 
This ongoing interaction forms a chain of communication 
where society shapes the development and use of AI, and in 
turn, AI shapes society.

However, an alarming aspect of current research is 
society’s resistance to change brought about by AI. To ensure 
that the effect of new technologies is evaluated in terms of 
efficiency, ethics, and sustainability, there is a need for new 

methodologies to be implemented before the widespread 
adoption of A.I., Given the significant risks associated 
with errors in AI systems. It is essential that research is 
conducted to understand the causes of these errors and to 
develop integrated human-machine analysis tools. This will 
pave the way for the responsible development and use of AI 
technology (Nushi et al. 2018).

Although we discovered more published evidence 
suggesting AI would aid rather than impede the fulfillment 
of the SDGs, there are at least two important considerations 
to remember. First, vested interests motivate the AI research 
community and industry to report favorable findings. 
Second, long-term research may be necessary to discover AI 
inadequacies, and as stated before, there are a limited number 
of accessible assessment methodologies. The tendency to 
report positive results was particularly strong for sustainable 
development goals corresponding to the environmental 
group. Coastal and marine protection objective 14.5 is an 
excellent example of this bias (Beyer et al. 2016). Machine 
learning algorithms provide the best solution because many 
parameters are involved in the optimal selection of safety 
nets. More research is needed to evaluate the long-term 
ramifications of such algorithms on fairness and justice, even 
if the output is theoretically optimum (within the provided 
parameter range).

The second point highlighted above brings to attention 
a crucial issue in AI – the tendency for funding to be 
directed toward projects with the highest potential for profit 
maximization. This can lead to a disproportionate focus on AI 
applications driven by economic and commercial interests, 
resulting in greater inequality. As pointed out by researchers 
in 2018 (Whittaker et al. 2018).

It is imperative to remember that the potential for 
economic gain should not be the sole determinant in 
prioritizing AI-based solutions for achieving Sustainable 
Development Goals (SDGs). Rather, we should also 
consider emerging AI technology’s social, ethical, legal, and 
environmental effects. It is crucial that funding is allocated 
to projects that evaluate and address these important factors, 
in addition to those that hold commercial promise. Doing so 
will help guarantee that AI advances are made in a way that 
benefits everyone and helps all communities thrive.

One way to utilize the capabilities of AI technologies in 
accomplishing the SDGs is through extensive research and 
application of machine learning algorithms and data mining 
techniques on the growing amount of data that has been 
collected over time, from analyzing past weather events to 
making predictions about future occurrences (Vinuesa et al. 
2020). The requirement for this research study is to permit 
the prep work and feedback for an extensive range of events 
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ahead if anything comes up unexpectedly without knowing 
when it will occur. The gap in real-world applications of AI 
systems is a significant concern for governments seeking 
ways to effectively incorporate these technologies into their 
decision-making processes (Chen et al. 2020). Institutions 
have several barriers that must first be overcome before they 
can successfully implement such an approach, including 
setting up cybersecurity measures and protecting citizen’s 
privacy across all aspects related to surveillance issues, as 
well as tracking what data might potentially leak or become 
compromised within the institution’s operation; this also 
includes automating specific processes without rigorous 
ethical standards put forth by law which would target any 
possible bias present- however small it may seem at times 
–with using artificial intelligent machines (Courtland 2018).

There is a narrow application for AI technologies at the 
moment, with many projects addressing problems that only 
developed countries face. For instance, automated harvesting 
or optimizing its timing can be done more effectively by 
systems that operate within these countries because they have 
access to tools like robust electricity networks and high-end 
computing power needed for such operations where less 
developed areas may not always contain everything needed 
at once – making their AI technology less useful there than 
if it was designed from scratch using components available 
locally without any need whatsoever for international trade 
agreements which often burden low-income economies most 
heavily as well. 

While promising, recent developments in Artificial 
Intelligence (AI) technology also raise concerns about 
exacerbating inequality within and between nations. This 
inequality could potentially hinder progress toward the 
achievement of Global Goals. Therefore, researchers and 
funders must focus on designing solutions tailored to the 
specific needs of less developed nations or regions where 
adopting AI may be more challenging (Bird et al. 2020).

These solutions must consider the unique cultural and 
societal dynamics of these regions rather than simply 
importing solutions from more technologically advanced 
economies. Every project must be custom fit to the traditions 
and needs of the region in which it is implemented. By taking 
a localized approach, we can ensure that AI technology is 
used to promote equality and contribute to the betterment 
of all communities.

CONCLUSION

The realm of artificial intelligence is a vast and ever-
expanding frontier with the potential to revolutionize 
industries and sectors across the board. The potential for 
this technology to be used to protect the world’s natural 

resources is particularly exciting. The environment, though 
not an industry, is the foundation upon which human life 
thrives. As such, it has become a top priority for governments 
worldwide to safeguard it for future generations. The notion 
that technology could be harnessed for the betterment of our 
planet was once considered a fanciful dream, yet with the 
advent of AI. It has become a tangible reality.

As we march towards a more sustainable future, the 
role of AI in environmental conservation is becoming 
increasingly apparent. AI technologies and algorithms are 
constantly evolving to monitor pollution levels, reduce 
energy use, and increase comprehension of climate change’s 
complex consequences.

Governments at all levels, from local to national 
governments, recognize AI’s potential to protect our planet 
and incorporate it into their program and policy roadmaps for 
environmental protection. With its ability to quickly collect 
and analyze large amounts of data, as well as its ability to 
learn and adapt to new situations, artificial intelligence can 
be a powerful tool in the battle against pollution and climate 
change.

Moreover, integrating AI with IoT (Internet of Things), 
technology can improve environmental sustainability in 
new and innovative ways. By connecting various devices, 
sensors, and machines to the internet, we can gather a wealth 
of data that can be analyzed and acted upon in real time. 
By combining AI’s power with IoT’s connectivity, we can 
significantly reduce carbon emissions, improve air and water 
quality, and preserve natural habitats.

This article delves into the many ways in which AI 
is helping to increase environmental sustainability. From 
understanding the AI carbon footprint and its impact on 
the environment to exploring the various applications of 
AI in environmental conservation, we will gain a deeper 
understanding of AI’s role in preserving our planet for future 
generations. As the world becomes increasingly dependent 
on technology, it is vital that we harness its power for the 
benefit of our planet and all its inhabitants.
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      ABSTRACT
Drought assessment using drought indices has been widely carried out for drought monitoring. 
Remote sensing-based indices use remotely sensed data to map drought conditions in a 
particular area or region. Therefore, the objective of the present study is to make a study on 
drought risk based on the calculation of an indicator from biophysical parameters extracted 
from NOAA/AVHRR satellite data, namely TCI and VCI, to obtain a better understanding of 
the differentiation between each index, and their application for drought monitoring in the 
High Atlas of Marrakech on the Chchaoua Morocco watershed during 1980-2020. Landsat 
oli7 and8 data were used to construct the indices. The result showed that each index proved 
to be a useful, fast, sufficient, and inexpensive tool for drought monitoring. However, each 
index has its differences. The TCI was found to be drought sensitive during the dry season 
or in months when high temperatures occurred. While VCI detected drought more sensitively 
in the rainy season as well (December-January-February to May) than TCI and VCI. 
Meanwhile, VCI, including the improved TCI, combined two indicators to better understand 
drought occurrence. These indices were calculated using GIS, QGis, ArcGis satellite imagery 
scenes, and Landsat. After a comparative study of these years, from 1984 to 2020, the 
evolution of the VCI and TCI was highlighted.

INTRODUCTION

Drought is a natural threat that tends to worsen in the context 
of climate change, with major socio-economic consequences 
(Keyantash & Dracup 2002, Wilhite 2007), particularly in 
vegetation, the sector most vulnerable to this climatic hazard. 
Several definitions of this severe form of water deficit 
(Heim 2002, Boken et al. 2005). They are either conceptual 
or operational (Ndmc 2006). The conceptual definitions, 
which are rather general, are frequently recycled to set up 
water management policies (e.g., temperature increase, 
precipitation deficit, and yield loss). Thus, climate change 
may have major consequences on the evolution of droughts 
in several regions of the world.

In Morocco, an agricultural country with an arid to 
semi-arid climate, surface water resources are becoming 
increasingly limited and difficult to exploit, as most 
agricultural areas are strongly linked to the climate, precisely 
the temperature during the summer period. Due to the lack 

of planning, these resources would be threatened in case 
of probable climate change or variability of the average 
temperature (Augier & Blanc 2009).

To develop an adaptation strategy to a possible scarcity 
of water resources, it is necessary to know the drought and 
its evolution. To do so, it is important to have tools and 
means adapted to provide data on drought intensity. Several 
means already exist to measure the drought episodes that 
characterize a given environment. These are indicators based 
on climatic data from meteorological stations, such as the 
TCI temperature index (Hayes et al. 1999).

Unfortunately, this type of approach has limitations in 
Morocco. Indeed, data remain difficult to access (Shaban 
& Houhou 2015). This shortage of climatological data 
and the non-centralized nature of water resources data 
management are major obstacles to drought monitoring. 
In this sense, finding a method that ensures the monitoring 
and communication of spatio-temporal drought information 
for the whole territory is important. Indicators from satellite 
images can offer this possibility. The main objective of this 
study is, in a first step, to monitor the evolution of drought 
intensity in the Chichaoua catchment area for the period 
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1982-2021, using satellite data from the NOAA-AVHRR 
sensor. The second objective is to understand the variations 
in drought intensity over the last few years using another 
drought indicator, the average TCI.

MATERIALS AND METHODS

The Study Area

The province of Chichaoua was created in 1991 and is part of 
the Wilaya of Marrakech. Its administrative boundaries are:

	 •	 In the North, the province of Safi

	 •	 In the South, the province of Taroudant

	 •	 In the West, the province of Essaouira

	 •	 To the east are the Marrakech Menara prefecture and 
Al Haouz province.

Its privileged geographical position constitutes an 
obligatory passage towards the South of the Kingdom and 
the West towards Essaouira and Safi. The perimeter of 
Chichaoua upstream is part of the physiographic unit of 
high-Atlasic Piedmont, with an altitude of about 339 m. It 
consists of the low terraces along the Chichaoua Wadi and 
its tributaries.

With a surface area of 2690 km², the Chichaoua basin is 
part of the Oued Tensift hydraulic system, comprising ten 
sub-basins of varying importance. Among these, the

Chichaoua basin is located the furthest west in the Haouz 
Mejjat basin (Fig.1). It is bounded to the east by the Assif 

Elmal watershed, to the south by the High Atlas Mountains, 
to the north by Tensift and to the west by the Oulad Bousbaa 
Plain.

Our watershed (Fig. 1), by its geographical position in 
relation to a framing mountain range, is characterized by 
an arid semi-arid climate that evolves towards a significant 
alteration of rainfall, plant cover, and soils. It is characterized 
by a rainy season that extends from October to March. In the 
summer, the influence of subtropical high pressure prevents 
any rising air and causes an absolute drought from June to 
September. The climatic conditions play a negative role on 
the water resources and, consequently, on the vegetation. In 
this context, it is important to monitor the drought intensity 
in this region of the Chichaoua watershed to provide local 
and national decision-makers with reliable information 
and results to facilitate the implementation of reasonable 
and efficient management of natural resources, focused on 
reducing drought-related risks.

Drought Indices

Over the past few decades, several drought indices have been 
established to monitor and assess drought and to provide 
early warning. Typically, a drought index is a key variable for 
assessing the effect of drought and defining various drought 
parameters, which include intensity, duration, severity, and 
spatial extent. It should be noted that a drought variable 
should be able to quantify drought for different time scales 
for which a long time series is essential. The most commonly 
used time scale for drought analysis is the year. It can also 
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Our watershed (Fig. 1), by its geographical position in relation to a framing mountain range, is 
characterized by an arid semi-arid climate that evolves towards a significant alteration of rainfall, plant 
cover, and soils. It is characterized by a rainy season that extends from October to March. In the summer, 
the influence of subtropical high 
pressure prevents any rising air 
and causes an absolute drought 
from June to September. The 
climatic conditions play a 
negative role on the water 
resources and, consequently, on 
the vegetation. In this context, it 
is important to monitor the 
drought intensity in this region of 
the Chichaoua watershed to 
provide local and national 
decision-makers with reliable 
information and results to 
facilitate the implementation of 
reasonable and efficient 
management of natural resources, 
focused on reducing drought-
related risks. 

Fig. 1: Geographical location of the Chichaoua watershed. 

Drought Indices 

Over the past few decades, several drought indices have been established to monitor and assess drought 
and to provide early warning. Typically, a drought index is a key variable for assessing the effect of 
drought and defining various drought parameters, which include intensity, duration, severity, and spatial 
extent. It should be noted that a drought variable should be able to quantify drought for different time 
scales for which a long time series is essential. The most commonly used time scale for drought analysis 
is the year. It can also be used to extract information on the regional behavior of droughts. The annual 
time scale seems more appropriate for monitoring the effects of a drought in situations related to 
agriculture, water supply, and groundwater withdrawals (Ramesh et al. 2003). 

A time series of drought indices provides a framework for assessing the drought parameters of interest. 
Several indices have been developed to quantify a drought, each with its strengths and weaknesses. 
However, in our study, the selection of indices will focus on the following criteria: 

 Data availability; 
 Their simplicity of calculation; 
 Their ability to represent specific rainfall conditions in the study area; 
 Their ability to differentiate, to a reasonable degree, between the different intensity levels of 

different types of drought. 

The following section will discuss the index we will use in our study and Fig. 2 shows the summary of 
the methodology used. 

Normalized Difference Vegetation Index (NDVI)  

The Normalized Difference Vegetation Index (NDVI), first proposed by Rouse et al. in 1973, is one of 
the well-known and widely used vegetation indices. 

Fig. 1: Geographical location of the Chichaoua watershed.
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be used to extract information on the regional behavior of 
droughts. The annual time scale seems more appropriate 
for monitoring the effects of a drought in situations related 
to agriculture, water supply, and groundwater withdrawals 
(Ramesh et al. 2003).

A time series of drought indices provides a framework 
for assessing the drought parameters of interest. Several 
indices have been developed to quantify a drought, each 
with its strengths and weaknesses. However, in our 
study, the selection of indices will focus on the following  
criteria:

• Data availability;

• Their simplicity of calculation;

• Their ability to represent specific rainfall conditions in
the study area;

• Their ability to differentiate, to a reasonable degree,
between the different intensity levels of different types
of drought.

The following section will discuss the index we will
use in our study and Fig. 2 shows the summary of the 
methodology used.

Normalized Difference Vegetation Index (NDVI) 

The Normalized Difference Vegetation Index (NDVI), first 
proposed by Rouse et al. in 1973, is one of the well-known 
and widely used vegetation indices.

Like other vegetation indices, NDVI is sensitive to the 
presence of green vegetation. It is an effective tool for crop 
monitoring (Vogt 1995) and monitoring rainfall and drought 
(Kogan 1990, Unganai & Kogan 1998, Viau 2000, McVicar 
& Bierwirth 2001, Boyd et al. 2002).

NDVI = PIR − Rouge
PIR + Rouge

Where:

• PIR: Reflectance of the near-infrared spectral region.

• Red: Reflectance of the red spectral region.

As this index is normalized, the effects of the illumination 
and viewing angles are reduced. Normalization also reduces 
the effect of sensor calibration degradation and minimizes 
the effect of topography. The NDVI calculated from Landsat 
satellite image data depends on the satellite’s characteristics.

This index remains sensitive to the viewing and 
illumination geometry, especially in areas with low 
vegetation density and soil presence.

NDVI also suffers from rapid saturation in dense 
vegetation, and the contribution of soil in areas of low 

vegetation density makes its interpretation questionable. Its 
interpretation may, therefore, be biased in arid or drought-
prone areas (Vogt 1992).

Nevertheless, NDVI remains an effective index for 
identifying areas of water stress, especially in homogeneous 
environments such as agriculture. Its interpretation becomes 
more difficult in heterogeneous regions where resources vary 
greatly over short distances (Kogan 1990).

The Vegetation Condition Index (VCI)

The Vegetation Condition Index (VCI) is another index 
that measures the degree of green vegetation. Using the 
minimum, maximum, and current NDVI values from several 
years as inputs, the VCI transforms the NDVI.

VCI(i) = NDVI(i) − NDVImin
NDVI max − NDVI min × 100 

Where:

• NDVI: NDVI of the period studied

• NDVImin: NDVI minimum of the period studied

• NDVImax: Maximum NDVI of the period studied

The VCI attempts to separate the short-term climate signal 
from the long-term ecological signal (Kogan & Sullivan 
1993). It, therefore, reflects the climatic distribution and not 
the differences in vegetation due to different ecosystems. In 
this sense, it is a better indicator of rainfall distribution than 
NDVI (Kogan 1990). It also allows a comparison of the 
effect of climate on different study areas.

The VCI thus improves the analysis of vegetation 
conditions for non-homogeneous areas (Kogan 1990). 
Initially created to monitor drought conditions, the VCI has 
been used on several continents to detect large-scale drought 
situations but also excessive moisture conditions (Kogan 
1997, Singh et al. 2003, Kogan et al. 2003). 

For example, several teams have used the VCI to monitor 
drought conditions in South Africa and India (Singh et al. 
2003). The VCI, like other satellite vegetation indices, has 
the same limitations associated with the data acquisition 
method. Moreover, the application of the VCI is strongly 
linked to the number of images available and the quality of 
these images. Since this indicator uses composite images, it 
is important to consider the days of acquisition associated 
with each pixel since the viewing angle and illumination 
angle can vary greatly from one pixel to another. In addition, 
the VCI assumes that the difference between the maximum 
NDVI and minimum NDVI represents the maximum possible 
variation for a given period of time and that all NDVI values 
within this difference have the same frequency.
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Temperature Condition Index (TCI) (Kogan & 
Sullivan 1993) 

This indicator is based on the brightness temperature. This 
indicator is calculated from NOAA AVHRR sensor images 
based on surface temperature. As with the vegetation 
indices, it is applicable on a regional or continental scale, 
instantaneously or for periods ranging from one day to one 
year.

It is applicable on a regional or continental scale, 
instantaneously, or for up to one year. The TCI also provides 
useful information on vegetation stress due to soil water 
saturation (Kogan 1997, Kogan et al. 2004).

The formula given by Kogan is:

 
𝑇𝑇𝑇𝑇𝑇𝑇 =  100(Tmax −  T)

 (Tmax −  Tmin) × 100 

	 •	 Tmax is the maximum temperature 

	 •	 Tmin at a minimum temperature

	 •	 T at the temperature of the period under study 

Vegetation Health System: Background and 
Explanation

The Global Satellite System is designed to monitor, diagnose 
and predict long and short-term terrestrial environmental 
conditions and climate-dependent socio-economic activities. 
The system is based on satellite observations of the Earth, the 
biophysical theory of vegetation response to the environment, 
and a set of algorithms for satellite data processing, 
interpretation, product development, validation, calibration, 
and applications.

Satellite observations are mainly represented by the 
Advanced Very High-Resolution Radiometer (AVHRR) 
operated by NOAA polar-orbiting satellites. The data are 
global, with a resolution of 4 km and a 7-day composite. 
The system contains vegetation health indices and Drought 
products.

Satellite Data Processing

Our methodology is based on the joint use of remote sensing 
and geographic information system to measure drought 
intensity. For this purpose, we used the VCI and the TCI 
obtained from satellite images.

Processed on the Arc GIS ESRI platform, it was 
possible to map them to follow the dynamics and the state 
of vegetation during the agricultural season in the face of 
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Thus, we imported these data in TIFF (GEOTIFF) format using ARCGIS software. The images were 
projected in the standard UTM projection using the 29N zone. They were then classified on the 
ARCGIS-ESRI platform into five VCI and TCI classes ranging from 0 to 100 (Kogan 1997, Kogan 
1995). Drought conditions are met when the indices are below 40. To perform this VCI and TCI 
classification and calculate the average drought-damaged area, we followed the following steps in GIS: 

The "Split Layer Feature" is particularly useful for creating a new feature class, also called a study area 
or area of interest, containing a geographic subset. The "Mask extraction" is used to visualize only the 
area concerned by our study. Indeed, this treatment allows the extraction of the cells of a raster which 
correspond to the areas defined by a mask. The "Raster Calculator" tool allows to create and execute a 
spatial algebra expression that generates a raster output. In our case, it allowed us to select areas 
according to the range of drought intensity according to the Kogan classification. Each feature represents 
a VCI and TCI value in pixels, allowing us to estimate the drought intensity. This allowed us to calculate 
the average drought. Several factors can influence and limit the scope of the results. Indeed, the TCI and 
VCI index depends largely on the values of other indices, such as temperatures. However, we processed 
all the raster images obtained by the NOAA-AVHRR remote sensing center. Thus, the possible problem 
of value, in absolute terms, does not call into question the significance of the results since it is a question 
of examining the relative variations from one year to another. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2:  Summary of the methodology used. 
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The “Split Layer Feature” is particularly useful for 
creating a new feature class, also called a study area or 
area of interest, containing a geographic subset. The “Mask 
extraction” is used to visualize only the area concerned by 
our study. Indeed, this treatment allows the extraction of the 
cells of a raster which correspond to the areas defined by 
a mask. The “Raster Calculator” tool allows to create and 
execute a spatial algebra expression that generates a raster 
output. In our case, it allowed us to select areas according 
to the range of drought intensity according to the Kogan 
classification. Each feature represents a VCI and TCI value 
in pixels, allowing us to estimate the drought intensity. This 
allowed us to calculate the average drought. Several factors 
can influence and limit the scope of the results. Indeed, the 
TCI and VCI index depends largely on the values of other 

drought. In the Chichaoua watershed, the agricultural season 
extends from March (budburst) to April-May (entry into 
the senescence phase). Therefore, satellite images covering 
this period were selected and downloaded from the VOAA-
AVHRR website.

Thus, we imported these data in TIFF (GEOTIFF) 
format using ARCGIS software. The images were 
projected in the standard UTM projection using the 29N 
zone. They were then classified on the ARCGIS-ESRI 
platform into five VCI and TCI classes ranging from 0 
to 100 (Kogan 1997, Kogan 1995). Drought conditions 
are met when the indices are below 40. To perform this 
VCI and TCI classification and calculate the average 
drought-damaged area, we followed the following steps in  
GIS:

7 

RESULTS AND DISCUSSION

Evolution of the VCI and the TCI from 1982 to 2021:

To carry out this work, the study area used in our region was delimited and selected on the 

ARCGIS software platform using the Chichaoua watershed polygon.

Fig.3: Distribution of drought intensity estimated by the VCI in the Chichaoua watershed for the
agricultural period 1982-2021.

Fig. 3: Distribution of drought intensity estimated by the VCI in the Chichaoua watershed for the agricultural period 1982-2021.
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indices, such as temperatures. However, we processed all 
the raster images obtained by the NOAA-AVHRR remote 
sensing center. Thus, the possible problem of value, in 
absolute terms, does not call into question the significance 
of the results since it is a question of examining the relative 
variations from one year to another.

RESULTS AND DISCUSSION

Evolution of the VCI and the TCI from 1982 to 2021:

To carry out this work, the study area used in our region was 
delimited and selected on the ARCGIS software platform 
using the Chichaoua watershed polygon.

Fig. 3 and Fig. 4 show the spatial distribution of the 
change in the VCI and TCI from 1982-2021. It shows 

significant variability in drought intensity in an area 
characterized by little change in vegetation during the study 
period between 1982-2021. The color gradient of each pixel 
represents the drought level. Green corresponds to the lowest 
value, and red to the most intense.

Table 1 shows the average value of the VCI and the TCI 
for each year from 1982-2021. The lower the value, the more 
the vegetation cover condition deteriorated, which could mean 
a higher drought intensity. The average of 28 reflects almost 
permanent drought conditions between 2001 and 2015. The 
VCI and TCI varied between 10 (2008) and 70 from 2001 to 
2015, with a maximum of 80 in 1994. Drought impacted Some 
years more than others, such as 2001, 2008, 2010, and 2015.

From these results, we sought to assess the spatial 
distribution of different drought levels relative to the mean. 
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Fig. 4: Distribution of drought intensity estimated by the TCI in the Chichaoua watershed for the
agricultural period 1982-2021.

Fig. 3 and Fig. 4 show the spatial distribution of the change in the VCI and TCI from 1982-2021. It
shows significant variability in drought intensity in an area characterized by little change in vegetation
during the study period between 1982-2021. The color gradient of each pixel represents the drought
level. Green corresponds to the lowest value, and red to the most intense.

Table 1: Average TCI and VCI value during the period 1982-2021: 

Year Average TCI Average VCI

1982 70,32 19,59 

1983 58,31 16,8

1984 55,86 26,97 

1985 40,26 4,5

1986 48,34 27,77 

Fig. 4: Distribution of drought intensity estimated by the TCI in the Chichaoua watershed for the agricultural period 1982-2021.
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71% to 90.5% of the study area is pretentious by low-
intensity drought (Fig. 5). High-intensity drought does not 
exceed 30% of the vegetation, with the exception of 2008, 
when there was a significant peak of 10%. This drought could 
be problematic for agricultural activity, where most crops are 
irrigated, as farmers’ practices are not adapted.

Fig. 5, which shows the spatial distribution of the 
average VCI and TCI for the period 1982-2021, shows that 
the mountainous part of the region is the most affected. It 
is characterized by a higher topography than the rest of the 
region and a predominance of crops.

87.4 percent of the vegetation cover is affected by 
drought, of which 51 percent is of the moderate type. On 
the other hand, the high-intensity drought affected 7.9% of 
the vegetation. It is noted that the extreme type of drought 
represents only 10% of the region’s total area (Table 1).

The relationship between temperature, vegetation, and 
climate is essential for studying drought in a vegetative 
context. Drought, as a climatic hazard, can become a risk by 
disrupting the balance between the needs of society and the 
potential resources provided by a given environment (Charre 
1977). Drought is a physical phenomenon determined by a 
rainfall deficit, temperature increase, and a water deficit in 
the soil. Thus, economic damage to crops can be expected 
after three successive months of rainfall deficit below 50% 
of the average (NDMC 2006).

The calculation of the VCI and the TCI made it possible 
to monitor the water stress of vegetation in the Chichaoua 
watershed, reflected in the increase in temperature that 
could affect the plant. The analysis and monitoring of this 
index thus allow us to identify the vegetation’s temperature 
dynamics and estimate the impacts on the crops in place. 
There is a risk of a more intense drought during the 
agricultural season.

Our results for the period studied show that the vegetation 
of our basin was affected by a weak to moderate drought. 
We can relate these results to the study of Charre (1977). 
He distinguished two types of drought: the usual drought 
and the occasional drought. The usual drought is considered 
“normal” or “not dangerous” in traditionally dry regions, 
such as the Chichaoua watershed because the agricultural 
practices in place are adapted to cope with this type of 
drought.

We can draw several elements of reflection from this 
study. From a geographical point of view, we note that our 
area, located in the High Atlas Mountains, with an arid and 
semi-arid climate, is more affected than others. Indeed, in 
the plain, the water tables, the main source of irrigated ion 
water, are fed mainly by winter rainfall. A succession of 

Table 1: Average TCI and VCI value during the period 1982-2021:

Year Average TCI Average VCI

1982 70,32 19,59

1983 58,31 16,8

1984 55,86 26,97

1985 40,26 4,5

1986 48,34 27,77

1987 32,96 29,5

1988 64,72 42,36

1989 59,09 49,53

1990 28,52 37,3

1991 75,03 23,12

1992 66,34 43,42

1993 56,42 24,19

1994 80,92 49,12

1995 58,46 68,12

1996 62,55 51,26

1997 71,89 60,02

1998 44,72 8,57

1999 54,81 11,28

2000 66,66 35,54

2002 70,15 43,45

2003 31,99 35,5

2004 59,26 33,98

2005 15,81 51,25

2006 23,84 52,16

2007 30,25 53,71

2008 10,69 42,5

2009 50,92 14,76

2010 15,28 24,49

2011 28,84 15,81

2012 34,03 16,06

2014 31,3 19,44

2015 24,14 13,43

2016 33,54 19,59

2017 14,07 16,8

2018 58,24 26,97

2019 39,97 4,5

2020 26,65 27,77

To better interpret the 1982-2021 TCI results, we clustered 
TCI intervals to quantify the degree of drought. It allows us 
to distinguish three types: areas affected by high-intensity 
drought (TCI< 20), areas affected by low-intensity drought 
(between 20 and 40), and areas not affected by drought 
(TCI > 40).
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months with insufficient rainfall can have a negative impact 
on the level of the groundwater and cause a groundwater 
drought. The consequences will quickly be felt: loss of yield 
in field crops. Other factors, such as a succession of periods 
of low rainfall, can influence the state of the vegetation. 
Strong periods of sunshine or wind influence the surface 
temperatures that constitute the TCI (Viau & Paquette 1997).

However, there are limitations to our study that must 
be taken into account when interpreting the results. Using 
satellite images over a longer time series (36 years) would 
be more appropriate for calculating the average TCI. Finally, 
drought is a complex phenomenon that combines climatic 
and human factors. Nevertheless, the TCI remains an indirect 
indicator of this major problem for vegetation.

CONCLUSION

The Chichaoua catchment area has experienced a permanent 
low to moderate-intensity drought over the last 36 years, with 
a peak of high-intensity drought considered “dangerous. “

Possible climate changes in the coming years predict 
an intensification of dry episodes, such as those observed 
in 2008. Climate change, combined with an increase in 
the number of refugees, is putting increased pressure on 
environmental resources, particularly water resources, 
which are becoming increasingly vulnerable. Today, 
drought monitoring has become a necessity in view of 
its consequences on the socio-economic activities of the 
territory. Despite the limits of the proposed indicators, 
they can constitute a relative and operational monitoring  
means.

However, in light of the results obtained, it appears that 
the climatic hazard is aggravated by anthropic pressure.

This drought index has been used in various applications 
since the advent of remote sensing from space. Its use for 
quantitative estimates raises several issues that can seriously 
limit its usefulness if improperly interpreted. They depend on 
many parameters (solar illumination, viewing angles, etc.) 
and are affected by several factors (sensitivity to atmospheric 
effects, soil types, and moisture content).
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does not exceed 30% of the vegetation, with the exception of 2008, when there was a significant peak
of 10%. This drought could be problematic for agricultural activity, where most crops are irrigated, as 
farmers' practices are not adapted.
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that the mountainous part of the region is the most affected. It is characterized by a higher topography
than the rest of the region and a predominance of crops.

87.4 percent of the vegetation cover is affected by drought, of which 51 percent is of the moderate type.
On the other hand, the high-intensity drought affected 7.9% of the vegetation. It is noted that the extreme
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      ABSTRACT
The informal sector has been at India’s core of recycling WEEE for the last few decades. 
They do not have the scientific knowledge of processing e-waste and use acid baths and heat 
treatment to extract precious metals. The existing processes used by informal actors lead to 
a serious impact on their health as well as the environment. The introduction of advanced 
recycling technology for mitigating the hazardous effects on the environment and human 
health is as important as the development of technology for new-age electronic products. The 
social, economic, and environmental benefits to the informal sector can ensure formalized 
livelihoods in e-waste recycling by ensuring access to technology. The paper highlights how 
setting up a recycling facility and capacity building of the informal sector solves the problem 
of informality and its associated social, economic, and environmental evils, which will benefit 
the sector as a whole.

INTRODUCTION

E-Waste Management

The e-waste management structure worldwide is a complex 
system with different stakeholders. However, even in the 
most advanced countries, there are leakages into the informal 
sector. Laws in most countries now make it mandatory for 
producers to manage e-waste environmentally soundly  
under Extended Producers Responsibility (EPR) (Baldé et 
al. 2015).

The United Nations (UN), in the World Economic Forum 
on January 24, 2019, stated that in India, approximately 95 
percent of e-waste is handled by the informal sector. The UN 
also mentioned that e-waste generated was 48.5 MT in 2018 
and is likely to increase at 30 percent CAGR annually. The 
UN report specifies that only 20 percent of global e-waste 
is recycled.  The report indicates that due to poor extraction 
techniques, the recovery rate of cobalt is just 30% (Lahiry 
2019).

E-waste is hazardous; it requires proper segregation,
collection, transportation and handling, treatment and 
recovery, and final disposal. The entire electronics 
cycle, from manufacturing to final disposal, requires the 
management of e-waste (UNEP 2007).

Recent data from 2017 states that national e-waste 
management laws cover 66% of the world’s population; it’s a 

rise from 44% that had framed a law in 2014. The large increase 
was mainly credited to India, where the legislation was revised 
in 2016. In Asia, most countries have e-waste rules, although, 
in Africa, very few have legislated e-waste-specific policies and 
regulations. Though, it is also noticed that even after national 
e-waste management laws, not all countries have been able to 
enforce the same. Many countries do not follow the collection 
and recycling mechanisms mentioned in their policies (Baldé 
et al. 2017).

Across the world, e-waste is mostly managed by 
the informal sector. The work of the informal sector is 
particularly hazardous for women and children as dioxins 
and furans are emitted on the burning of some components 
of e-waste. Formalizing the informal sector is the need 
of the hour, and systemic changes need to be brought in 
to ensure their integration. The formalization will have a 
positive impact on their health. It’ll also ensure that they have 
sustainable livelihoods as the e-waste regulation becomes 
stringent through implementation over a period of time. 
(Chaturvedi et al. 2010). 

Current Scenarios of E-Waste Management in India

• Extended Producer Responsibility (EPR) prolongs
the duty of producers across the life cycle of their
products, especially during the post-consumer period
when products reach the end of life and are ready to be
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disposed of, thereby categorizing them as e-waste.  EPR 
is presumed to enhance waste collection, recycling, and 
treatment. The most important part of EPR is developing 
a closed loop of responsibility which comprises the 
product’s entire life cycle, enabling waste materials to 
be used as raw materials in producing new products. By 
extending producer responsibility to the post-consumer 
stage, EPR creates a link between the end-of-life of 
products and product design, considering the Restriction 
of Hazardous Substances (RoHS) (Hemkhaus et al. 
2018).  

• EPR, introduced in the e-waste management and
handling rules in 2012, proposed that it would be the
producers’ responsibility to complete the life cycle of an 
electronic product in an environmentally sound manner. 
Though stakeholders made no significant achievements 
regarding the collection of e-waste via EPR, some
companies tried to set up collection mechanisms in the
Indian context. In 2016 the revised e-waste management 
rules introduced target-based extended producers’
responsibility (EPR) which keeps increasing over a
period of time to close the loop. Rules also suggested
financial mechanisms, including Deposit Refund
Scheme, Advance recycling fee, etc., to implement EPR 
(MoEF & CC 2016).

• If producers have to meet their EPR targets, they must
collect e-waste. The producers are completing their
targets by getting associated with not one but multiple
PROs. The PROs are very well aware that e-waste is
mainly accessible from the informal sector. Hence,
the PROs try to collect e-waste from the informal
sector by working directly with different collectives
of waste pickers or indirectly via collection agencies,
aggregators, and recyclers. PROs can motivate or
support the informal sector to increase its capacities
through formalization. PROs can provide incentives
like identity cards, social benefits, educational
services, advocacy of workers’ rights, etc. PROs
can provide awareness-raising activities focusing on
sound collection practices, inventorisation, following
health and environmental practices, and dismantling
and recycling e-waste using scientific means and
technologies. Through proper implementation of EPR,
recyclers can now access higher amounts of e-waste as
producers focus on completing their EPR targets. The
availability of more materials will motivate recyclers
to adopt advanced technologies to recycle all materials
of e-waste within the country, which will lead to social, 
economic, and environmental benefits. Research work
has been done, and information was collected from the

producers. A crosstab analysis has been done to find 
the connection between at least two variables which is 
given below in the observation. 

• The new rules of e-waste 2016 have now provided
guidelines on implementing EPR for producers. This
has been linked to a certain set of targets that need to
be fulfilled by producers, which would help them meet
their EPR compliance within the ambit of the rules.
Furthermore, these targets are mandatory and linked to
producers’ business goals.

Context of the Research Paper

India has a severe waste crisis on hand which is impacted 
further because of the lack of capacities of stakeholders. The 
huge population of the country and the rural-urban divide 
present waste management as the ideal livelihood opportunity 
with no investments and a sustainable income. This makes 
the informal sector a key player in waste, as the informal 
sector is where unregistered businesses work, avoiding 
paying taxes.  Different material wastes create different 
flows and value chains, creating a multitude of stakeholders 
in the informal sector. Informal actors accumulate aggregate, 
dismantle and recycle e-waste. Few of the activities involved 
in dismantling present little or no hazards to human health 
and the environment. Though informal sector recycling 
practice is dangerous due to the material composition of 
e-waste, which has lead, chromium, cadmium, and mercury, 
the utilization of which is presently covered under RoHS
guidelines of the e-waste management rules, 2016. Informal 
actors recycle e-waste either at home or in open spaces
without using appropriate recycling technology, leading to
pollution of the environment around them.

In India, the informal sector has a widespread network, 
making accessing materials easier. The material collection 
takes place through door-to-door collection, auctions, etc. 
Moreover, the low cost of the collection increases the value 
of waste, which is a deterrent for waste flow in the formal 
sector (Henzler et al. 2018). This paper is in the background 
of the resistance to formalization, as the informal sector 
operates on huge profits compared to the formal recyclers, 
as associated operational costs are minimal. Furthermore, no 
technology investments reduce capital costs, making them 
competitive in the face of expensive recycling technologies 
that formal players put up. Key steps which can lead to 
the formalization of the informal sector are the provision 
of advanced technology, Capacity building, and access to 
finance, which will lead to safe e-waste disposal. These steps 
will reduce system failures in this sector and allow different 
stakeholders to co-exist, ensure sustainability, and enhance 
resource efficiency, leading to a circular economy. 
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MATERIALS AND METHODS

In India, approximately 95% of total e-waste management is 
handled by informal/ unorganized sector. Different methods 
were used to collect primary and secondary information, 
including key informant interviews, questionnaires, e-mail 
communication, direct observation, and a site visit to 
collection centers, recycling plants, and Informal sectors.

Information was collected from 21 informal sector 
e-waste recyclers in Shastri Park, Mustafabad, Mandoli, 
Old Seelampur, Jamalu Ka Bag, Mayapuri Industrial Area, 
and Seelampur. This study has been carried out to assess the 
e-waste generated and the quantity handled in the informal 
sector.

20 producers were also questioned about all the necessary 
rules & regulations mentioned in the 2016 Notification. 
The interviews were held using a questionnaire prepared 
for Producers. A thorough discussion of the manufacturing 
and e-waste rules was done to understand the perception of 
producers regarding e-waste. Documentary proofs were also 
collected during the meetings. They were examined regarding 
the way of the take-back system, RoHS Certificate, collection 
of e-waste, Awareness program, information to customers 

regarding hazardous constituents, Recycling facility, Green 
Products, etc. Data was gathered from questionnaires, site 
visits, and interactions with people channeling e-waste.

OBSERVATIONS

Producers are institutions selling electrical and electronic 
equipment, their components or consumables, or parts or 
spares under their own brand. The regulatory framework is 
based on Extended Producer Responsibility (EPR), where the 
producer or manufacturer manages the products’ end-of-life. 
The information was sought from 20 producers, which are 
private enterprises located in different states which cover 
the length and breadth of India. The cross tab was carried 
out for analysis along with the relevant questions mentioned 
in the questionnaires prepared for stakeholders, which are 
given below.

Crosstab of Internal E-waste Disposal Versus EPR

 1. Are you aware of the e-waste (Management & Handling) 
Rules, 2011? (e-waste rules)?

 2. Do you have an internal e-waste disposal/management 
policy for the organization?
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CROSSTAB INTERNAL. E-WASTE DISPOSAL VS  EPR 
(EXTENDED PRODUCER RESPONSIBILITY)

 Internal e-waste disposal management Yes
 Internal e-waste disposal management No

Fig. 1: Internal E-waste disposal versus EPR (Extended Producer Responsibility).
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Producers mandated to seek authorization under EPR 
were asked if they also have an internal policy on e-waste. 
Fig. 1 shows 85 percent stated that they had an internal 
policy on e-waste, while the remaining 15 percent did not. 

The Crosstab of Authorized Collection Centre Versus 
EPR

1. Are you in compliance with ‘Extended Producer
Responsibility (EPR) of electrical or electronic
equipment to ensure that such e-waste is channelized
to a registered dismantler or recycler?

2. Do you have an authorized collection center?

Producers were asked if they had fulfilled the EPR
obligations and established collection centers. Fig. 2 shows 
90 percent of the producers who have fulfilled the EPR 
authorization have chosen the PRO model to establish 
collection centers. There is a significant push towards 
collective producers’ responsibility rather than individual 
producers’ responsibility. 

A Crosstab of the Service Center To Refurbish 
Products Versus EPR

1. Are you complying with the ‘Extended Producer
Responsibility (EPR) of electrical or electronic
equipment to ensure that such e-waste is channeled to
a registered dismantler or recycler?

2. Is your service center facilitating the refurbishment of
the used product?

Fig. 3 shows only 10 percent of the producers who have 
EPR (Extended Producer Responsibility) authorization have 
asked for permission to develop refurbishment facilities so 
that they can channel their products into the repair market, 
thereby enhancing the life of the product. Not only does this 
encourage resource efficiency, but it also allows for reduced 
e-waste generation and is good for the environment.

The Crosstab of Information Regarding Hazards of 
Improper Handling, Accidental Breakage, Damage, or 
Improper Recycling of E-Waste Products Versus EPR

1. Are you complying with the ‘Extended Producer
Responsibility (EPR) of electrical or electronic
equipment to ensure that such e-waste is channeled to
a registered dismantler or recycler?

2. Are you informed of the hazards of improper handling,
accidental breakage, Damage, or improper recycling of
e-waste?

The new e-waste management rules, of 2016 have also
helped to change the behavior of the producers in ensuring 
that proper precaution is taken while handling e-waste and 
transporting it across to registered recyclers and dismantlers. 
Fig. 4 shows 94 percent of producers now have the means 
to inform stakeholders on how to handle material that has 
hazardous content so that the same does not cause damage 
to human health or the environment. 

The Crosstab of Enlisting the Hazardous Constituents 
Present in the Equipment Versus EPR
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90% 90%

0%
10%
20%
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40%
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60%
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80%
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100%

No Yes
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Fig. 2: Authorized Collection Centre versus EPR.
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Fig. 5 shows 93 percent of the producers now publish 
such content on the packaging of their products sold, 
which complies with the e-waste management rules of  
2016. 

Key System Failures in Producers

• All producers need to be part of the EPR system by
seeking authorization. 

1. Do you comply with ‘Extended Producer Responsibility
(EPR) of electrical or electronic equipment to ensure
that such e-waste is channelized to a registered
dismantler or recycler?

2. Are you enlisting the hazardous constituents present in
the equipment?

The RoHS guidelines have allowed producers 
to publish hazardous content in the equipment sold. 

10%

100%
89%

0.00%
10.00%
20.00%
30.00%
40.00%
50.00%
60.00%
70.00%
80.00%
90.00%
100.00%

No Yes

No Yes

Fig. 3: Service center to refurbish products versus EPR.
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Fig. 4: Improper handling of e-waste products versus EPR.
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	 •	 All producers need to set up collection systems and stop 
paper trading.

	 •		 All producers need to help channel materials to 
authorized recyclers and dismantlers.

	 •	 The law has helped to address a lot of concerns in the 
management of e-waste. However, compliance must 
be enhanced to ensure producers follow the law in its 
application and practice.

Informal Sector

In India, approximately 95% of total e-waste management 
is handled by informal/ unorganized sector. Information 
was collected from the informal e-waste recyclers in Shastri 
Park, Mustafabad, Mandoli, Old Seelampur, Jamalu Ka 
Bag, Mayapuri Industrial Area, and Seelampur. This study 
has been carried out to assess the e-waste generated and 
the quantity handled in the informal sector. The collected 
information for the same is given below.

The activity involves dismantling and recycling e-waste. 
The dismantled parts are recycled to obtain precious and 
other valuable metals. During dismantling, informal recyclers 
are exposed to acid fumes and chemical solvents as they do 
not use personal protection equipments. High and prolonged 
exposure to such chemicals/ pollutants emitted during 
e-waste recycling may lead to health consequences causing 
irreversible damage.

Dismantling Activities by the Informal Sector

All the steps are necessary for dismantling activities. We 
can extract valuable resources while dismantling electronic 
waste. We can properly segregate the parts by using hand 
tools to recycle devices. After segregation, we can properly 
treat the recovered parts for reuse and recycling. Data given 
in Fig. 6 shows that 38% informal sector transfers electronic 
waste for further processing, and 19% dismantle their devices 
using hand tools to recycle devices or parts.

Ways of Recycling Operation by Informal Sector

The informal sector recycling involves a huge concern about 
human and environmental risks. It contributes to emissions 
of dioxins, heavy metals such as lead, cadmium, mercury, 
etc., in the environment, and the workers are exposed to 
these metals, potentially threatening human life. In addition, 
the laborers in the informal sector also face problems due to 
physical injuries, respiratory disorders, asthma, malnutrition, 
skin diseases, eye irritations, etc. Informal recyclers have 
expertise in extracting precious metals from PCB by an 
acid bath. The survey in Fig. 7 shows that 52% is operating 
manually, followed by 29% semi-manual.

Crosstab of Monthly Income Vs. Different Activities of 
the Informal Sector 

	 •	 The income of the informal sector depends upon the 
kind of activity which it pursues. 

	 •	 Dismantling and recycling in the informal sector require 
that a small infrastructure be set up so that they can 
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Fig. 5: Hazardous Constituents Present in the Equipment versus EPR.
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handle a sufficient quantity of material to justify the 
input cost. 

	 •	 Fig. 8 shows that overall, in Haryana, the income 
indicated is higher than the other areas because Gurgaon, 
Manesar, and other areas of Delhi NCR are one of the 
largest generators of e-waste in India and access to the 
same at a very low logistics cost leading to higher profits 
for them. 

	 •	 Traders in the informal sector have a high monthly 
income compared to the costs they incur. Traders are not 
liable for expenses such as rent and legitimate wages; 
do not invest in modern technology; follow unscientific 
processes for recycling and extraction; and are not 
bound by any laws and regulations.

Available Space of Informal Sector Vs. Collected Waste

The collected data in Fig. 9 shows that all the traders have 
less space to be permitted to continue their operations.

Dismantling and Recycling Process by Informal Sector

The survey shows in Fig. 10 that 38% of the informal sector 
transfers electronic waste for further processing, and 19% 
dismantle their devices using hand tools to recycle devices 
or parts.

Survey shown in Fig. 11 shows that (52 %) is operating 
manually, followed by 29% semi-manual.

System Failure for Informal Sector

The activity involves dismantling and recycling e-waste. The dismantled parts are recycled to 

obtain precious and other valuable metals. During dismantling, informal recyclers are exposed to 

acid fumes and chemical solvents as they do not use personal protection equipments. High and 

prolonged exposure to such chemicals/ pollutants emitted during e-waste recycling may lead to 

health consequences causing irreversible damage. 

 

Dismantling Activities by the Informal Sector 

All the steps are necessary for dismantling activities. We can extract valuable resources while 

dismantling electronic waste. We can properly segregate the parts by using hand tools to recycle 

devices. After segregation, we can properly treat the recovered parts for reuse and recycling. Data 

given in Fig. 6 shows that 38% informal sector transfers electronic waste for further processing, 

and 19% dismantle their devices using hand tools to recycle devices or parts. 

 
Fig. 6: Dismantling activities by informal sector. 

 

Ways of Recycling Operation by Informal Sector 

The informal sector recycling involves a huge concern about human and environmental risks. It 

contributes to emissions of dioxins, heavy metals such as lead, cadmium, mercury, etc., in the 

environment, and the workers are exposed to these metals, potentially threatening human life. In 

addition, the laborers in the informal sector also face problems due to physical injuries, respiratory 

disorders, asthma, malnutrition, skin diseases, eye irritations, etc. Informal recyclers have expertise in 

Fig. 6: Dismantling activities by informal sector.
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	 •	 Access to material without any authority under the 
e-waste management rules, 2016.

	 •	 Dismantling and recycling without authorization.

	 •	 No capacity for understanding the environmental and 
health hazards of managing e-waste improperly.

	 •	 No access to technology and other resources despite 
having access to finance.

Valuable Materials in E-Waste

The electrical and electronic products which have reached 
their end of life are considered electronic waste or e-waste. 
According to the site survey and reports, e-waste contains 
more than 1000 substances categorized as “hazardous” 
and “non-hazardous.” It comprises ferrous and non-ferrous 
metals, plastics, glass, wood and plywood, printed circuit 

boards, concrete, ceramics, rubber, and other items (Rajya 
Sabha Secretariat Research Unit 2011).  

It has been estimated that about 50% of the e-waste is 
made up of Iron and steel constituents, followed by plastics 
(21%), non-ferrous metals (13%), and others (16%). Non-
ferrous metals comprise copper, aluminum, and precious 
metals such as silver, gold, platinum, palladium, etc. The 
presence of elements like lead, mercury, arsenic, cadmium, 
selenium, hexavalent chromium, and flame retardants beyond 
threshold quantities in e-waste renders it hazardous waste 
(Rajya Sabha Secretariat Research Unit 2011).

As stated above, the data collected during the survey of 
the informal recyclers shared about the recycling of materials 
from the printers and CPU, which is mentioned below in 
Table 1. The objective behind collecting the data is to look 
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Fig. 9: Available Space of Informal Sector. 
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at the operation and systemic changes that can be brought 
about through government and private sector mediation, 
which will lead to environmentally sound management of 
e-waste. This will enhance resource security and also lead to 
the success of key Government of India missions like Make 
in India, Skill India, Digital India, and Clean India (Swacch 
Bharat) (Niti Aayog 2018).

The informal recyclers share that from 100 kg mother 
board efficiency of recovery of materials is a minimum 
of 30%. We asked to recover materials from the PC 
motherboard and scrap mobile phones. The data shared by 
the informal recyclers are described below: 

Gold recovery from PC motherboard: IC chips are the 
main source of gold in the motherboard of scrap computers. 
The informal recyclers use the hot air gun to separate the IC 

chips from the motherboard of scrap computers. Approx. 15-
20 IC chips remain available on the main board of computers. 
As per the informal recyclers, they use the chemicals like 
sulphuric acid 4 times the IC chips temperature of 80-
1000C to dissolve the components. Use of nitric acid and 
others. Finally, they extract Gold wire and chips, and at 
least one mainboard generates approximately-rox—0.0123 
g of gold. The recovered material details are given in  
Table 2.

Gold recovery from scrap cellphones: In mobile phones, 
gold remains embedded in many places like PCB, circuit 
boards, CCD cameras, and connectors. Gold wires 
remain attached to electrical circuit connections and other 
semiconductor devices. They separate all the gold-plated 
parts with the help of a hot air gun like a PCB board, CCD 

 

Fig. 10: Dismantling process by informal sector.

 

Fig. 11: Recycling process by informal sector.
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camera, IC chips, Gold plated pins. They shared the amount 
of gold-plated parts mentioned in Table 3.

They also shared the chemicals used while extracting the 
gold from scrap mobile phones, like sulphuric acid @ temp 
80-900C. Use nitric acid, cyanide, gold stripping chemical, 
Potassium hydroxide, zinc powder, hydrochloric acid, and 
nitric acid: Aqua regia, sodium meta bisulfate to make gold 
precipitate, and Borax.

Extracted from CRT monitor: The materials extracted 
from the CRT monitor, e.g., in 14 inches CRT monitor, the 
quantity of extracted materials are glass, plastic, copper, lead, 
PCB, etc. The name and quantity of materials extracted from 
LCD are also mentioned below in Tables 4 and 5.

Comparison Between Formal and Informal Recyclers

During the survey, queries were raised to formal and informal 
recyclers to understand the competitiveness in price available 
for the informal sector vis-à-vis the formal sectors. Based on 
responses from questionnaires, the information was gathered 

from formal and informal recyclers. The sample collected 
during the survey is a computer, laptop, and Mobile PCB. The 
data in Table 6 shows the serious drawbacks formal actors 
face regarding the high acquisition cost of e-waste in India. 

As per the information collected from the formal 
recyclers while doing the survey, they shared the Recovered 
metals per 1,000 kg of PCBs. The details of recovered metals 
from PCBs are also given in Table 7, and the recovered 
metals from the Informal Sector are also given in Table 8 

Data collected from the survey indicates that the informal 
sector can pay a higher price for e-waste from different 
sources than formal recyclers. Formal recycling allows for 
better extraction of precious metals embedded in PCB’s 
upto the extent of 90-95%, while informal recycling extracts 
only a few precious metals like Gold, Silver, Copper, and 
Platinum up to 20-30%. Methods adopted by informal 
recyclers adversely impact their health and reduce income 
potential because of the low efficiency of extracting valuable 
materials from e-waste.  

Key Issues in the Regulation of the Informal Sector

The main challenges with the Informal sector in India are 
mentioned below:

 1. The informal sector needs to improve the living 
conditions and proper disposal methods used for waste. 
Outreach and advocacy with waste disposers can be 
improved by building capacities and ensuring awareness 
programs representing hazards of improper disposal to 
human health and the environment.

 2. As per the survey conducted during research, it was 
found that informal sectors have developed abundant 
knowledge of handling and managing e-waste; 

Table 1: Quantity of Extracted Materials from Printers/CPU.

Name of Extracted Material Quantity

iron, 5 kg

Plastic in printer/CPU 1.5- 2.5 kg

motor 0.5-1kg

useless plastic 0.5 kg

motherboard 1kg

glass 8kg from a total of 14 kg CPU

plastic 2.5 kg in computer

copper 0.5kg

Source: Site Survey by Author

Table 2: Recovery of materials from PC mother board.

Name of Extracted Material Quantity

Gold 0.0123 gm from One Main Board 
from the CPU

Source: Site Survey by Author

Table 3: Recovery of materials from scrap cell phone.

Gold Plated Parts Amount of Precious 
Metal

Accelerated Graphics Port (AGP) slot 482 g

RAM slot 209 g 

IDE slot pins 689 g 

VGA/COM Ports 318 g 

Total gold extracted from the motherboard 3082 g 

700 gm of mobile phones circuit boards 1.1 g of gold

Source: Site Survey by Author

Table 4: Recovered materials and quantity from CRT monitor

Recovered Materials Quantity

Glass 4k g

Plastics 900 g 

Copper 50-60 g copper in (Degaussing wire & yoke 
only)

Rest PCB  -

Source: Site Survey by Author

Table 5: Recovered materials and quantity from LCD (Liquid Crystal 
Display)/TFT (Thin Film Transistor) (17 ″).

Recovered Materials Quantity

Plastic 700-800 g 

LCD/Picture tube 1-2 kg 

2Cart (SMPL, circuit) 10-20 g 

Source: Site Survey by Author
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however, they are adopting either obsolete or inefficient 
technology. It was found that they are considered 
small-scale units, including easily available labor from 
their family members, small space, and no rules and 
regulations (Tiwari et al. 2019).

 3. The survey says that Informal sector competencies 
can be improved by the availability of land, access 
to technology, and finances, which can change 
their lifestyle to be more resource efficient and 
environmentally sound. The work clusters can be made 

Table 6: Informal and formal recyclers activities. 

Activities Informal Recyclers Formal Recyclers

Computer/Laptop 
PCB Price

400 INR/kg Double chip (Original)
150-250 INR/kg single chip (pirated)

Computer and laptop PCB -200-250 INR/kg
Depending on the grade of the PCB;
For low-grade INR 30 /kg, medium-grade INR 80/kg, and high-grade 
INR 250/kg.

Mobile PCB Price 4000 INR/kg for brands like Sony, Samsung
Branded manual keyboard mobile = 1600 INR/kg
Non-branded Mobile = 400-800 INR/kg

Mobile PCB 1800 INR/kg

Amount of 
Extracted Precious 
Metals (PM)

High-grade PCB will have gold and silver as precious metal
Medium grade has more copper, zinc, and traces or plating of gold. 
Additionally, nickel, chromium, cadmium, and lead are also found.
Gold from high-grade PCB is in the range of 0.2 %
Mobile PCB tops in grade, followed by laptop and computer
RAM and processor have the highest gold quantity.
Overall, iron is 60 %, plastic 30-35 %, and the rest other PM
 It is from a whole product like PC or laptop etc.
About 90% of precious metals are extracted from what e-waste 
contains

What to do with 
extracted plastic 
from PCB

Sent to Plastic recycler. Plastic, upon segregation, can be recycled or sent to a plastic recycler 

Materials recovered 
from e-waste 

Mainly gold, silver, copper All precious metals

The efficiency 
of recovery of 
materials 

20-30 % 90-95%

Capital costs 
involved

5-8 Lakh for chemicals, other supporting 
machines

25-50 Crore

Operational costs - 20 INR/kg, including transportation and operational cost.

Source: Site Survey by Author

Table 7: Recovered metals per 1,000 kg of PCBs (from the formal sector)

 S. No. Recovered metal Weight Market Value The value of Metal recovered

1. Gold 279.93 g 36,000/10 g Rs. 10,07,748

2. Precious metals (Pt, Pd, In) 93.31 g 40,000/10 g Rs.3,73,240

3. Copper 190.512 kg 0.4/g Rs.76,205

4. Aluminium 145.152 kg 0.12/g Rs.17,418

5. Lead and tin (Pb/Sn) 30.844 kg 0.15/g Rs.4,627

6. Silver 450 g 400/10g Rs.18,000

Source: (Chatterjee & Kumar 2009)

Table 8: Recovered metals per 1 Ton/1000 kg PCBs (From the Informal Sector)

 S. No. Recovered metal Weight Market Value The value of Metal recovered

1. Gold (1 Ton PCB) 10-100 g (Depends on PCB Grade) 36,000/10 g Rs. 3,60,000

(Source: Site Survey by Author)
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away from residential areas so that people, especially 
children, are not exposed to environmental hazards 
(Hemkhaus et al. 2018).  

RESULTS AND DISCUSSION

Capacity building and advocacy with the informal sector 
are serious bottlenecks encountered in the path toward 
formalization. The benefits of formalization, which can be 
accessed through a combination of multiple strategies and 
policy mix to deliver desired results:

1. Using advanced technology in India will increase
opportunities in the recycling sector and its development. 
It will enhance the livelihood. Access to such technology 
for the informal sector will set the tone for formalization. 

2. The introduction of advanced technology can improve
living conditions and proper disposal methods for waste. 
This will ensure better health and the environment
in places where the informal sector is working
presently.

3. Capacity building of the informal sector will allow
for efficiencies in their livelihoods, leading to higher
income. It also allowed for compliance monitoring from 
the end of the SPCBs.

4. Formalization of the informal sector will result in the
successful implementation of key Government of India 
missions like Make in India, Skill India, and Clean
India. It also allowed multiple livelihood opportunities
for skilled labour in the country (Niti Aayog 2018).

5. Safe e-waste disposal in an environmentally friendly
manner will provide a fillip to the Swacch Bharat
Mission.

• It is also important to understand that in a large number 
of cases, the request for formalization is coming from
the informal sector. This is primarily because of 2
reasons:

1. The informal sector understands that the work that
they are doing is not conducive to their health as well
as the environment, which is why they want access to
technology and other inter-alia items

2. The informal sector has been able to continue because
of corruption since its margins were high. Higher levels 
of corruption have reduced their margins to levels where 
they now believe that it is better to formalize than stay
informal because, in both cases, income will not differ
much.

The informal sector may still stay in really small pockets, 
but a major chunk of materials will start to move into the 
formal domain.

 In India, material fractions for which technology is not 
available for recycling are exported. Many formal recyclers 
have not invested in such technologies, either due to a lack 
of resources or access to materials because of the presence of 
the informal sector. The new rules, which promote Extended 
Producers’ Responsibility, aim to ensure the producers are 
responsible for collecting e-waste such that the same can be 
channelized to formal recyclers.

To make the system effective, activity plans must 
be recognized alongside all the related players who will 
guarantee time-bound usage of techniques with distinguished 
stakeholders. As mentioned, the proposed pathways 
to formalize the informal sector are diagrammatically 
introduced in Fig. 12 (Tiwari et al. 2019).

For a positive implementation of the above-mentioned 
strategy, it’s essential to involve all the stakeholders together 
as well as to understand their actual requirements or need 
to motivate them to get formalized. The proposed flow is 
given above in Fig. 12. For the last few decades. Many 
players are engaged in managing e-waste where producers 
are answerable for confirming the collection of end-of-life 
material, and the informal players are the one who collects 
and handle the e-waste through their network. Proper 
registration of the informal units is required so that the 
disposers of e-waste, both individuals and bulk consumers, 
can also reach out to these informal players. To make 
the strategy successful, it’s required that action agendas 
be identified along with all the associated players who 
will ensure time-bound implementation of strategies with 
identified stakeholders.

The informal sector has been India’s overall core of 
recycling WEEE for the last two decades. This sector doesn’t 
have the chemistry knowledge in depth besides the simple 
knowledge about acid baths and heat treatment to extract 
precious metals. The existing technology used by the informal 
sector creates a serious impact on their health as well as the 
environment. Introducing advanced recycling technology 
for mitigating hazardous environmental and human health 
effects is as important as developing new electronic products. 
All these social and environmental benefits to the informal 
sector can ensure formalized livelihoods in e-waste recycling 
by using technology (Tiwari et al. 2019).

The informal sector players are responsible for reusing 
e-waste or are the backbone of waste collection and resource 
recovery. As referenced above, the absence of infrastructure 
and accessibility of advanced technology brings about low
creation of sources yet the production of progressively waste. 
As per our research, we tried to find out the cost estimation
details for setting up a material recycling facility, described
below.
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Cost Estimation for Setting up of Material 
Dismantling/Recycling Facility

Setting up a recycling facility close to areas that are bulk 
generators of e-waste has been considered an option to 
minimize the logistics cost of transportation of e-waste. 
This has been done based on the assumption that the PROs 
collecting on behalf of the producers would like to minimize 
costs so that they can churn out a profit for themselves 
from the activities they are pursuing. The same is given  
in Table 9.

In the case of an investment by the informal sector, the 
scale of operations becomes large, which could be difficult 
in case little finance is available.

In the case of a dismantling facility, the scale is smaller 
and more profitable, which allows for higher profits at low 
capital expenditure.

Centralized facilities for recycling and decentralized 
facilities for dismantling by formalizing the informal sector 
are the way forward to avoid system failures in the e-waste 
management system.

The financial mechanism, which is developed as an 
output of the business numbers which have been shared, 
goes on to depict that just formalizing and providing 
technology is not the solution. Capacity building, advocacy 
and outreach, and training are important, along with finance, 
land, and technology, so these actors and other stakeholders 

Fig. 12:   Process reengineering for formalizing informal sector.
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can be aligned as per the rules, which will benefit both the 
environment and human health.

Capacity building of the informal sector can allow them 
to uptake technology, leading to enhanced capacities in the 
country. It will also solve the problem of formalization of 
the informal sector, which will benefit human health and 
the environment.

CONCLUSION

The informal sector is a part of the system failure that the 
Indian e-waste sector has been experiencing for the past 
several years. The informal sector has access to materials 
because of the network created due to socio-economic issues 
faced by a section of the society in India. Large-scale urban 
migration leads to serious job crunch for unskilled workers. 
Waste collection is the easiest livelihood since there are 
no barriers to entry. This has led to networks channeling 
materials away from proper recycling. It has also created 
issues with recognizing these actors in the rules since it is 
difficult to identify them. They are neither part of the tax 
net nor are their businesses registered with the relevant 
authorities.

 Analysis across the informal sector helps to understand 
that the socio-economic divide that has pushed a generation 
into waste picking and informal recycling has given way to 
aspirations for educating their children. This thought propels 
them to organize and formalize so they can move to work 
within the ambit of the law.

Analysis across these stakeholders allows us to 
understand the key issues which lead to system failure in 
the e-waste sector. Certain key reasons for the same are:

1. Lack of outreach and advocacy on the e-waste rules has
not helped develop and understand the responsibilities
across different stakeholders.

2. Lack of forums for the informal sector to speak for
themselves and express their key issues has prohibited
them from formalization.

3. Lack of recycling infrastructure in the country in the
formal domain has not allowed all the material to flow
into the formal sector.

4. Lack of compliance with regulation enforcement by
authorities has led to slackness in implementing the
rules.

Interviews with informal actors and other key actors
helped shed light on these actors’ key asks. These include 
the following:

1. Access to land: This will allow them to formalize and
practice their livelihood, which they have pursued
for the past few years. Furthermore, it will help build
capacity within the formal domain so that more material 
can be recycled in an environmentally sound manner

2. Access to technology: This will allow them to ensure
that the work that they do involves scientific processes
so that it is environmentally sound and poses no hazards 
to human health

Table 9: Setting up of a dismantling/recycling facility. 

S. No. Description Cost

1. Land for setting up of dismantling/recycling
facility

30,00,000 for purchase/lease or INR 1,00,000 as rent for the facility.

2. Set-up costs 5, 00,000 for ensuring proper insulation is completed within the shed so 
that dust does not go out.

3. Dismantling tables 2, 50,000 for 5 dismantling tables with a capacity to process 1.5 tonnes a 
day.

4. Storage bins and other inventorization
infrastructure

1 00,000 for bins for different metals and materials and racks for 
inventorization.

5. Rolling stock 20,00,000 per month for 3 months to be able to buy and sell and maintain 
cash flow

6. Dust collection and other infrastructure 10,00,000

7. Authorization and other costs 2,00,000

Operations cost

1. Human resource 3,00,000 per month

2. Logistics cost 1,50,000 per month

3. Electricity cost 1,00,000 per month

4. Storage and other costs 50,000 per month

5. Miscellaneous 50,000 per month
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3. Access to finance: These actors who now formalize
must be able to access finance at lower interest rates.
This will allow them to invest in technology and land,
which is part of the key steps to formalization.

Any system which acts in silos is likely to create
unintended consequences. This happens because the cause 
and effect of the system are studied in tandem and not 
together. A study of the system, including all stakeholders, 
their actions, and their behavioral patterns, helps understand 
how one stakeholder will react to certain actions that could 
have unintended consequences. Guarding against unintended 
consequences helps build a stronger systemIt is important 
to note that certain key points from this study had nothing 
to do with the approaches taken by various stakeholders to 
solve the problems relating to effective e-waste management. 
Analysis of some of the programs which PROs have managed 
leads one to the following conclusions:

1. Awareness activities conducted by PROs have created
a demand for formalization in the informal sector.

2. Over the last 3 years, informal actors have formalized
to take the count of recyclers/dismantlers in India from
148 in 2016 to 312 in 2019.

3. Material flow to these formal actors has now helped
producers to meet the target of 30 percent as provided
for in the e-waste management rules, 2016 (revised
guidelines of 2018).

4. PROs assist in formalizing informal actors into
collection centers so that e-waste can be channelized
for environmentally sound management.

The high-handed approach of compliance and regulatory 
authorities will likely lead to increasing illegal processes 
or livelihoods being waned away from the e-waste sector. 
On the other hand, an approach that looked to not attack 
the problem directly but indirectly led to demand for 

formalization within the system with consequences that favor 
properly implementing the e-waste management rules, 2016.
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      ABSTRACT
This research aims to determine the types of thunderstorms formed in the thickness of the 
cloud (determine the Dry adiabatic lapse rate (DALR) and Environmental lapse rate (ELR)) 
in the case of precipitation during the day. Data were taken by Temperature, Dew point, 
Atmospheric Pressure, and Height from re-analysis by the (ECMWF) for the heights (0-18000) 
m, the levels of pressure (1000-100) mbar, low cloud cover data, and the characteristic days 
((18, 24, 27) February, 28 April, and 25 November) of the year 2018 for Baghdad station 
were chosen to obtain the largest possible number of clouds and their diversity to use them 
in calculating the cloud cover and weather stability in terms of calculating the daily change, 
temperature, dew point in addition to calculating the low cloud cover with altitude and 
atmospheric instability. The Sigma Plot program was used in this research to determine the 
base of clouds and thunderstorms. The change in temperature, Dew point, clouds base, and 
altitude was determined, then the cloud thickness, types, and classification were calculated. 
The clouds found are strong thunderstorm clouds characterized by thickness and height, 
such as the clouds of Nimbostratus (Ns) and Cumulonimbus (Cb).

INTRODUCTION

A thunderstorm is a turbulence in the atmosphere. It is 
a single or multiple electric discharge that reveals itself 
with a flash of light and a Sharpe or bruising sound like 
thunder. Thunderstorms accompany clouds of load and are 
often accompanied by precipitation from those that reach 
the Earth through showers of rain, snow, snowballs, or 
cold (Tompkins 2003). Strong winds usually accompany 
them and produce heavy rain and sometimes snow, sleet, 
or hail, but some thunderstorms produce little precipitation 
or no precipitation (Abbood & Al-Tai 2018a, 2018b, 
2020). As the warm, moist air moves upward, it cools, 
condenses, and forms a cumulonimbus cloud reaching 
over 20 kilometers (Al-Taai & Abbood 2020a). As the 
rising air reaches its dew point temperature, water vapor 
condenses into water droplets or ice, reducing pressure 
locally within the thunderstorm cell. Any precipitation 
falls a long distance through the clouds toward the Earth’s 
surface. As the droplets fall, they collide with other droplets 
and become larger (Al-Taai & Abbood 2020b, Sun et al.  
2000). 

Cloud Formation

The process of forming clouds, or condensation in the air, 
is very delicate and subject to several physical laws. This 
difference is responsible for the formation of different types 
of clouds, such as stratified and cumulative clouds, and it is 
also responsible for the difference in the height of the rules 
of the clouds and the difference in thickness (Tompkins 
2003, Al-Taai et al. 2021a). Accordingly, the decrease in 
air temperature decreases in three forms. The first form is 
called the normal laps rate, which varies according to the 
times of the day, seasons, and locations, but in general, it is 
6.3 percent per 1000 meters. The second, this decrease is at a 
percentage of 9.8 per 1,000 meters up, and the third is called 
the Moist Adiabatic Lapse Rate, which equals 6.4 percent 
per 1,000 meters upwards (Yamashita et al. 2004, Nassif 
et al. 2021a). The decrease in air temperature by elevation  
depends on Poisson’s law (Which states that a mass of 
air rising vertically upwards gradually loses part of its 
temperature). 

On this basis, the decrease in air temperature first is 
subject to Poisson’s law until it reaches a certain height 
and its temperature decreases below the dew point. At this 
temperature, condensation occurs as clouds form. (Eastman 
et al. 2011, Al-Taai et al. 2021b). 
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MATERIALS AND METHODS

The Atmospheric Stability

Clouds are formed when the air contains as much water 
vapor (gas) as possible. This is called the saturation 
point (Hartmann 2013, Tierney et al. 2001). The lifting 
condensation level (LCL) is formed when the temperature 
reaches the dew point. It is the level at which condensation 
can occur through uplift. At the lifting condensation level, 
the base of the cloud is formed. Then the air is saturated 
(the air retains the largest amount of water vapor at a certain 
temperature), and the relative humidity is 100% (Cooper 
et al. 2003, Bryan & Fritsch 2000). When determining the 
high base of the cloud at the intersection point between the 
temperature of the antenna ejection temperature curve and the 
temperature of the dew point temperature curve symbolized 
by the symbol zb and determining the temperature of the 
upper cloud at the point of divergence of the temperature 
curve of the dew point temperature curve symbolized by the 
symbol zt, a thickness of the cloud (∆zc) can be determined 
using the following equation (Hartmann et al. 2013 & Nassif 
et al. 2022):

 ∆zc = zt − zb                 ...(1)

The ∆zt can be calculated using the Hypsometric equation 
(Sun et al. 2000 & Nassif et al. 2021b):

 ∆zt = Rd Tv
g  ln P1

P2
                                                          ...(2)

Where:

∆zt: The thickness of the cloud in km.

Rd: specific gas constant for dry air (287.1 J.kg-1. k-1).

Tv: Virtual temperature of the cloud in ̊k.

g: ground acceleration (9.8 m.sec-2).

P1: The pressure at the base of the cloud in mbar.

P2: Pressure at the top of the cloud in mbar.

The air moves up or down within the atmosphere. It is 
affected by this process (Sun et al. 2000). The air parcels 
that do not contain clouds (are not saturated) cool at the 
dry adiabatic lapse rate (DALR) as they rise through the 
atmosphere (Sun et al. 2000). The DALR not only applies to 
absolutely dry air parcels but also parcels containing water 
vapor, so long as the relative humidity (RH) < 100%. 

The parcel of non-saturated air will rise at a rate of 
cooling given by the dry adiabatic lapse rate where Cp is 
1007 J.kg-1. K and Γd are 9.8 ℃.km-1 (Hartmann 2013, Al-
Taai & Wedyan 2020) as the following equation: 

 𝛤𝛤𝛤𝛤 = 𝑔𝑔
𝐶𝐶𝑝𝑝

        ...(3)

Where Γd is the dry adiabatic lapse rate, g is the Earth’s 
gravity = 9.8 m.sec-2, and the Cp is the specific heat capacity. 
The atmosphere is highly variable in air temperature 
distribution. For dry air, it ranges as shown in Fig. 1 and 
Table 1 (Abbood et al. 2021, Mahdi et al. 2021).

 

 

 
Fig. 1: The formation of clouds, in this case, is a) Stable, b) Unstable, and 
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Data Source 

The work was carried out using the average hourly values 
of temperature and dew point temperature for selected 
days of the year 2018. Dataset values were obtained 
from the European Center for Medium-Range Weather 
Forecasts (ECMWF), https://www.ecmwf.int/en/forecasts/
datasets (Berrisford 2009, Nassif et al. 2021d), for 
Baghdad city, located at ….33.375°N latitude, 44.375°E 
longitude, and 34.0m altitude in the center of Iraq. The 
determination of thunderstorms depends on weather 
factors such as temperatures, relative humidity, and 
dew point temperature over Baghdad City (Nassif et al.  
2021a).

RESULTS AND DISCUSSION

The Temperature Changed with the Height

The behavior and temperature change at each pressure 
altitude how it changes with the height over Baghdad city 
for the year () 2018. For the daily change in temperatures, it 
occurs in temperatures during the Day and night, and this is 
due to the rotation of the Earth around itself and this change 
in temperature due to latitude; the temperature decreases 
as we move from the equator towards the poles due to the 
decrease in solar radiation. Also, as the temperature changes 
with the height in the first layer of the troposphere, the layer 
in which different weather phenomena occur. The higher the 
temperature, the air expands and rises to the top, its density 
decreases, and its pressure decreases. If the temperature 
drops, the air shrinks, and the density increase, then the 
drop to the bottom increases the air pressure. The range of 
pressure that you adopted in your study ((100-1000) mbar) 
of the daily temperature changes over Baghdad city during 
2018 (Fig. 2).

Dew Point Temperature Change with the Height

The Dew point varies depending on the amount of water 
vapor in the air, with more humid air resulting in a higher 
dew point than dry air. Furthermore, the higher the relative 
humidity, the closer the dew point to the current air 
temperature, with 100% relative humidity meaning that the 
dew point is equivalent to the current temperature. When 
the air pressure increases, the dew point will increase. This 
means that if the pressure increases, the mass of water 
vapor in the air must be reduced to maintain the same dew 
point. The relationship between pressure and the dew point 
is direct; the higher the atmospheric pressure, the greater 
the dew point score, and vice versa. The range of pressure 
that you adopted in your study ((100-1000) mbar) of the 
daily temperature changes over Baghdad city during 2018  
(Fig. 3.) 

Calculations of the Daily Changes

The daily report of February 2018 for Baghdad station 
provides data on the thickness, height, type, and classification 
of the clouds and the weather stability of the cloud base and 
under the cloud base. Fig. 4 and Table 2 present the data of 
Baghdad station for 18th Feb. 2018. The state of instability 
of the daily cloud cover is determined at the Baghdad station, 
and it found that the clouds at low altitudes are unstable and 
clouds at high altitudes of 750 mbar were below or at ELR 
level, the cloud base being at 750 mbar pressure, either above 
or at the DALR level. The temperature at the base of the cloud 
in this form at the ELR level is 275 K, while the temperature 
at the highest level of DALR is 202 K. As for dew point 
temperature at the cloud base and the ELR level, it reached 
274 K, as for the DALR height, it is 208 K, and we notice 
that the clouds were of a kind (Cb) and its classification is 
due to the vertical development clouds.

Table 1: The characteristics of ten cloud types (Nassif et al. 2021c).

rising airspeed 
(m.sec-1)

Case of water in the 
clouds

Thickness
(km)

Temperature 
cloud base °C

High cloud base 
(km)

SymbolCloud Type

0.3-0.1Ice2-0.570-,30-10-5CiCirrus

0.3-0.1Ice2-140-,25-10-5CsCirrostratus

1-0.3Liquid or mixed0.3-0.140-,25-12-5CcCirrocumulus

0.3-0.1Ice or mixed3-130-,10-8-3AsAltostratus

1-0.3Liquid or mixed1-0.130-,10-8-2AcAltocumulus

1-0.3Ice or mixed10-220-,10-2-0.5NsNimbostratus

0.3-0Liquid0.5-0.120-,10-2-0StStratus

1-0.1Liquid or mixed2-0.120-,10-2-0ScStratocumulus

3-0.3Liquid4-0.55,25-4-1CuCumulus

30-3Mixed20-25,25-4-1CbCumulonimbus
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Fig. 2: The daily change of temperature at pressure from (100-1000) mbar for the year 2018 of Baghdad city.   
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Fig. 2: The daily change of temperature at pressure from (100-1000) mbar for the year 2018 of Baghdad city. 
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Fig. 3: The daily change of dew point temperature at pressure from (100-1000) mbar for the year 2018 of Baghdad city.
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Fig. 5 and Table 3 present the data of Baghdad station for 
(24 Feb. 2018). The state of instability of the daily cloud cover 
was determined at the Baghdad station, the environment laps 
rate gradual fall, and the decrease of an atmospheric variable 
with height where below or at ELR level is the cloud base 
being at 700 mbar pressure, either above or at the DALR level 
the cloud beings to fade at latitude 15800 m and with your 
thickness 6000. The temperature at the base of the cloud in 
this form at the ELR level is 270 K, while the temperature 
at the highest level of DALR is 219 K. As for the dew point 
temperature at the cloud base and the ELR level, it reaches 
269 K, as for the DALR height, it is 204 K, and we notice 
that the clouds were of a kind (Ns) and its classification is 
due to the low clouds.

Fig. 6 and Table 4 present the Baghdad station data 
(27 Feb. 2018). The instability of the daily cloud cover is 
determined at the Baghdad station, which shows the daily 
behavior of the low cloud cover in Baghdad station. In this 
case, the convective condensation level (CCL) occurs, which 
leads to a significant increase in the rate of thermal decrease 
in the lowest layer of air. 

Hence, this is the level at which the cumulus cloud rules 
exist. To confirm the atmospheric instability of the cloud 
where below or at ELR level is the cloud base being at 
940 mbar pressure, either above or at the DALR level, the 
cloud beings to fade at an altitude of 14000 m and with your 
thickness of 1800. The temperature at the base of the cloud 

Fig. 3: The daily change of dew point temperature at pressure from (100-1000) mbar for the year 2018 of Baghdad city. 
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The daily report of February 2018 for Baghdad station provides data on the thickness, height, type, and classification of 

the clouds and the weather stability of the cloud base and under the cloud base. Fig. 4 and Table 2 present the data of 
Baghdad station for 18th Feb. 2018. The state of instability of the daily cloud cover is determined at the Baghdad station, 
and it found that the clouds at low altitudes are unstable and clouds at high altitudes of 750 mbar were below or at ELR 
level, the cloud base being at 750 mbar pressure, either above or at the DALR level. The temperature at the base of the 
cloud in this form at the ELR level is 275 K, while the temperature at the highest level of DALR is 202 K. As for dew point 
temperature at the cloud base and the ELR level, it reached 274 K, as for the DALR height, it is 208 K, and we notice that 
the clouds were of a kind (Cb) and its classification is due to the vertical development clouds. 

 
Fig. 4: Determine thunderstorms from the DALR and ELR levels for the day (18 Feb. 2018) in Baghdad city. 

Table 2: Information on the weather (18 Feb. 2018).  
Baghdad station data 18 Feb. 2018 

Pressure base [mbar] 760 mbar 
High base [m] 4900 m 
The temperatures of the base [ºK] 275 K 
Dewpoint the base [ºK] 274 K 
Pressure top [mbar] 200 mbar 
High-top [m] 16000 m 
The temperatures of the top [ºK] 212 K 
Dew point the top [ºK] 208 K 
Thickness [m] 12000 m 
Cloud type Cb 
Cloud classification Low Clouds 
Stability state Instability 
Pressure under the base [mbar] 750 mbar 
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Fig. 5 and Table 3 present the data of Baghdad station for (24 Feb. 2018). The state of instability of the daily cloud 

cover was determined at the Baghdad station, the environment laps rate gradual fall, and the decrease of an atmospheric 
variable with height where below or at ELR level is the cloud base being at 700 mbar pressure, either above or at the DALR 
level the cloud beings to fade at latitude 15800 m and with your thickness 6000. The temperature at the base of the cloud 
in this form at the ELR level is 270 K, while the temperature at the highest level of DALR is 219 K. As for the dew point 
temperature at the cloud base and the ELR level, it reaches 269 K, as for the DALR height, it is 204 K, and we notice that 
the clouds were of a kind (Ns) and its classification is due to the low clouds. 

 
Fig. 5: Determine thunderstorms from the DALR and ELR levels for the day (24 Feb. 2018) in Baghdad city. 
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Fig. 6 and Table 4 present the Baghdad station data (27 Feb. 2018). The instability of the daily cloud cover is determined 
at the Baghdad station, which shows the daily behavior of the low cloud cover in Baghdad station. In this case, the 
convective condensation level (CCL) occurs, which leads to a significant increase in the rate of thermal decrease in the 
lowest layer of air.  
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Table 3: Information on the weather (24 Feb. 2018). 
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in this form at the ELR level is 286 k, while the temperature 
at the highest level of DALR is 227 K. As for dew point 
temperature at the cloud base and the ELR level, it reached 
284 K, whereas for the DALR height, it is 125 K, and we 
note that the clouds were of type (Cb), and its classification 
is due to the vertical development clouds.

Fig. 7 and Table 5 present the Baghdad station data (28 
April 2018). The state of instability of the daily cloud cover 
is determined at the Baghdad station. When drawing pressure 
levels in this Fig., the dew point temperature change with 
height, and for each pressure level and the pressure level at 
the base of the cloud is about 950 mbar at the height of 1000 
m, either above or at the DALR level the cloud at altitude 
14000 m and with your thickness 1000. 

The temperature at the base of the cloud in this form at the 
ELR level is 289 K, while the temperature at the highest level 
of DALR is 228 K. As for the dew point temperature at the 
cloud base and the ELR level, it reaches 288 k, whereas for 
the DALR height, the temperature was 223 K, and we notice 
that the clouds were of a kind (Cb) and its classification is 
due to the vertical development clouds.

Fig. 8 and Table 6 present the Baghdad station data (25 
Nov. 2018). The state of instability of the daily cloud cover 
is determined at the Baghdad station. Where we notice a 
severe thunderstorm, starting at the pressure level at the 
base of the cloud, about 860 mbar at the height of 2700 m, 
and with a thickness of 3000, then it began to decay at the 
DALR level at the height of 14000 m and a pressure of 300 
mbar. The temperature at the base of the cloud in this form at 

 
Fig. 6: Determine thunderstorms from the DALR and ELR levels for the day (27 Feb. 2018) in Baghdad city. 

 

Table 4: Information on the weather (27 Feb. 2018). 
Baghdad station data 27 Feb. 2018 

Pressure base [mbar] 950 mbar 
High base [m] 1000 m 
The temperatures of the base [ºK] 286 K 
Dewpoint the base [ºK] 284 K 
Pressure top [mbar] 300 mbar 
High-top [m] 14000 m 
The temperatures of the top [ºK] 227 K 
Dew point the top [ºK] 125 K 
Thickness [m] 14000 m 
Cloud type Cb 
Cloud classification Low Clouds 
Stability state Instability 
Pressure under the base [mbar] 940 mbar 

Hence, this is the level at which the cumulus cloud rules exist. To confirm the atmospheric instability of the cloud where 
below or at ELR level is the cloud base being at 940 mbar pressure, either above or at the DALR level, the cloud beings to 
fade at an altitude of 14000 m and with your thickness of 1800. The temperature at the base of the cloud in this form at the 
ELR level is 286 k, while the temperature at the highest level of DALR is 227 K. As for dew point temperature at the cloud 
base and the ELR level, it reached 284 K, whereas for the DALR height, it is 125 K, and we note that the clouds were of 
type (Cb), and its classification is due to the vertical development clouds. 

Fig. 7 and Table 5 present the Baghdad station data (28 April 2018). The state of instability of the daily cloud cover is 
determined at the Baghdad station. When drawing pressure levels in this Fig., the dew point temperature change with height, 
and for each pressure level and the pressure level at the base of the cloud is about 950 mbar at the height of 1000 m, either 
above or at the DALR level the cloud at altitude 14000 m and with your thickness 1000.  

The temperature at the base of the cloud in this form at the ELR level is 289 K, while the temperature at the highest 
level of DALR is 228 K. As for the dew point temperature at the cloud base and the ELR level, it reaches 288 k, whereas 
for the DALR height, the temperature was 223 K, and we notice that the clouds were of a kind (Cb) and its classification 
is due to the vertical development clouds. 
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Fig. 7: Determine thunderstorms from the DALR and ELR levels for the day (28 April 2018) in Baghdad city. 
 

Fig. 7: Determine thunderstorms from the DALR and ELR levels for the 
day (28 April 2018) in Baghdad city.

Table 5: Information on the weather (20 April 2018). 

Baghdad station data 20 April 2018

Pressure base [mbar] 960 mbar

High base [m] 900 m

The temperature of the base [ºK] 289 K

Dew point the base [ºK] 288 K

Pressure top (mbar) 300 mbar

High top [m] 14000 m

The temperature of the top [ºK] 228 K

Dew point the top [ºK] 223 K

Thickness [m] 14000 m

Cloud type Cb

Cloud classification Low Clouds

Stability state Instability

Pressure under the base [mbar] 950 mbar

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1454 Shiemaa A. Hashim et al.

Vol. 22, No. 3, 2023 • Nature Environment and Pollution Technology This publication is licensed under a Creative 
Commons Attribution 4.0 International License

This publication is licensed under a Creative 
Commons Attribution 4.0 International License

the ELR level is 283 K, while the temperature at the highest 
level of DALR is 226 K. As for the dew point temperature 
at the cloud base and the ELR level, it reached 282 K, as for 
the DALR height, it is 125 K, and we notice that the clouds 
were of a kind (Cb) and its classification is due to the vertical 
development clouds.

CONCLUSIONS

The change in the daily average temperature with an altitude 
in the troposphere at the pressure levels 1000 mbar and 950 
mbar. The average daily temperature changes with altitude, 
as the temperature increases with the increase in altitude 
above ground level until it reaches its lowest possible level 

at the pressure levels of 150 mbar and 100 mbar. The daily 
average dew point temperature is similar and consistent with 
the behavior of changing the daily average temperature. That 
is, the form of the relationship between dew point temperature 
and temperature is a positive correlation. The thickness of 
the low clouds was determined for the selected days with the 
highest daily rains. Depending on these determinations, it 
had found that there were clouds of Nimbostratus (Ns) and 
Cumulonimbus (Cb) types. 

Determine the clouds of Nimbostratus (Ns) and 
the Cumulonimbus (Cb) by setting the height of the 
Dry Adiabatic Lapse Rate (DALR) and the height of 
the Environmental Lapse Rate (ELR).  The amount of 
precipitation in the (Nimbostratus (Ns) and Cumulonimbus 
(Cb) clouds was so high. The clouds found were strong 
thunderstorm clouds characterized by thickness and height, 
such as those of Nimbostratus (Ns) and Cumulonimbus (Cb).
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Table 6. Information weather on the day (25 Nov. 2018). 
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      ABSTRACT
Due to the increase in population and urbanization, the availability of freshwater with 
standard quality to the human population is of great challenge. Recently there has been a 
demand for fresh water in surface and groundwater, so it is necessary to go for advanced 
isotopic techniques for identifying surface and groundwater resources. Isotopes are atoms 
of elements having the same atomic and different mass numbers. The isotopes found their 
wider application in water resources-related problems. The isotopes in water resources 
proved to be an effective tool in solving many critical hydrologic problems where conventional 
methods cannot be used due to their limitations. This research article discusses isotope 
application in water resources and focuses on different types of stable and unstable isotopes 
and their applications at Global and National levels. The methodology and research steps 
are proposed based on research gaps identified through various literature studies. The study 
will be conducted in the Kelambakkam zone, south of Chennai sub-urban. This research 
paper will discuss the sequential steps in identifying recharge and discharge mechanisms 
in study zones through stable isotopic techniques. The hydro-chemical analysis will also be 
done by measuring water quality in the Kelambakkam zone. The electrical resistivity survey 
for aquifer mapping will also be developed to identify the groundwater recharge zones. The 
proposed study will give complete information about recharge and discharge in the study 
area and recommend suitable groundwater harvesting structures.

INTRODUCTION

The isotopes in catchment hydrology were introduced around 
1960 as an alternative tool to conventional hydrologic meth-
ods for identifying the water sources, origin, distribution, and 
the travel time taken for water to reach from one place to 
another place (Dansgaard 1964, Klauss & McDonnell 2013). 
In recent decades, isotopes have been used extensively in 
research on hydrology and water resources.

The stable oxygen and hydrogen isotopes are conservative 
tracers in hydrological studies (Hu et al. 2009). The stable 
and unstable isotopes detect the origin, flow patterns, and 
mixing of surface and groundwaters in hydrological studies 
(Zhang et al. 2005). The stable isotopes can be used up to 
0.01 to 100 sq. km watersheds (Duarte Carlos 2017). The 
isotopes also renovate continental paleoclimatology and 
paleohydrology (Aaron et al. 2017). The travel time from 
surface to groundwater for present and future scenarios can 
be identified using isotopic techniques. Stable isotopes are 

commonly used in field investigations and research projects 
to better understand hydrological processes (Elliott Arnold 
et al. 2018). Isotopes of oxygen and hydrogen also extend 
their application to vapor sources, atmospheric circulation, 
and paleoclimatic investigations (Westerhold et al. 2018). 
Recently in hydrological investigations, isotopes were used 
in phase transitions in the transport paths of water.

The stable δ18 O and δ D in precipitation are controlled 
by atmospheric parameters such as temperature, relative 
humidity, evaporation, and moisture sources. The effects 
of geographic factors such as altitude and latitude are 
seen in meteoric water. The Tritium isotopes in hydrology 
differentiate groundwater’s age and residence time. Meteoric 
water in various places will have various stable hydrogen 
and oxygen compositions. When meteoric water infiltrates 
the ground to form groundwater, the differences in isotopic 
compositions can be seen and used as a base for identifying 
groundwater resources. The isotopic fractionation also 
occurs when there is evaporation from seawater to inland 
precipitation, as it causes changes in the composition of 
hydrogen and oxygen in meteoric water (Gibson et al. 2016). 
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The linear relationship of meteoric water was developed by 
(Craig 1961), which is used as a reference line and a standard 
tool in isotopic hydrology research. The temperature, 
quantity of precipitation, height, sampling distance, and 
location from the sea are the influence parameters in isotopic 
characteristics at a particular location. The depletion and 
enrichment of isotopic characteristics are observed in higher 
and lower altitudes, known as the altitude effect.

Merits of Isotopic Techniques Over Other Tracer 
Techniques

Isotopes are the advanced tracer methods used for detecting 
water resources in the field of hydrology.  Precipitation is 
input to surface and groundwater, so the isotopic composition 
of precipitation gives some knowledge on surface and 
groundwater interaction. The World Meteorological 
Organization (WMO), International Atomic Energy Agency 
(IAEA), and Global Network of Isotopes in Precipitation 
(GNIP) recognized isotopes as perfect tracers in hydrological 
studies. The limitations in isotopic studies are fractionation 
and evaporation, as it affects isotopic composition and 
characteristics, and their impact is seen in accurate water 
resources detection.

The aim of this paper is to discuss various isotopes used in 
hydrological studies. It also discusses isotope applications in 
precipitation, surface and groundwater interaction, recharge, 
and discharge in water sources. Based on the previous studies, 

suitable stable isotopic techniques in the Kelambakkam 
zone are adopted for identifying surface and groundwater 
interactions. The study also deals with developing Local 
Meteoric Water Lines (LMWL) and spatial isotopic maps for 
various seasons, which has not been attempted in this study 
area so far. The electrical resistivity survey will be conducted 
to determine the aquifer thickness for proper groundwater 
modeling and management. The study also elaborates on the 
present situations of isotopic hydrology across the National 
and Global level, and the objectives are framed accordingly.

Objectives of the Study

	 •	 To study the isotopic signatures in precipitation of the 
Kelambakkam zone.

	 •	 To identify the surface, groundwater interaction, and 
groundwater resources of the study area 

	 •	 To identify the origin and recharge of surface and 
groundwater in the Kelambakkam zone.

Need for the Study

The Kelambakkam zone comprises residential, IT, small-
scale industries, education sectors, and agricultural fields 
(Fig. 1 & Fig. 2). The residential and industrial areas near 
Kelambakkam and Kalavakkam mainly depend upon lakes 
and nearby wells to supply fresh water for drinking and 
commercial purposes. So, it necessitates identifying the 

 

 

 

 

 

 

List of Figures 

 

 

 

Fig. 1: Isotopic studies in India. 
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water sources, occurrences, origin, recharge, and discharge 
in the Kelambakkam zone. The stable isotopes of oxygen 
and hydrogen will be used in the study area for identifying 
the surface and groundwater interaction.

The following research gaps have been noted from 
a detailed literature review, and it is to be sought for the 
present study: 

	 •	 The study on isotopes in water sources is the first study 
conducted in the Kelamabakkam zone.

	 •	 To date, no studies in the Kelambakkam zone have been 
done using isotopic techniques to identify the surface 
and groundwater interaction.

	 •	 The spatial isotopic mapping and updated aquifer 
groundwater modeling will be done for the study area. 

LIST OF STABLE AND UNSTABLE ISOTOPES 
USED IN WATER RESOURCES 

Tritium

Tritium (T) or 3H is a radioactive isotope of hydrogen (two 
neutrons and one proton) with a half-life of 12.32 ± 0.02 
years. The Tritium concentration is measured by tritium 
units (TU). 1 TU is due to the presence of one tritium in 
1018 atoms of hydrogen. Secondary neutron cosmic rays 
generate the natural atmospheric tritium by bombarding 
nitrogen (Zhou et al. 2016). The Tritium atom combines 
with oxygen, forms water, and then falls as precipitation. 
The nuclear tests carried out by various countries during the 
early 1960s also contributed to Tritium in the atmosphere. 
During the 1960s, Tritium content in the atmosphere was 2- 8 
TU; in recent years, a drop in Tritium content has been seen 

in the atmosphere (Duvert et al. 2016). Most of the tritium 
in the atmosphere is observed in surface water, and later its 
infiltration is seen on the groundwater table (Beyer et al. 
2018). In isotopic hydrology, tritium is used to identify the 
groundwater recharge, movement, and mixing of water in 
the groundwater table. The Tritium concentration can also 
determine groundwater age (Jing et al. 2022). 

Chlorine-36

Cl-36 is a cosmogenic isotope produced in the atmosphere by 
the spallation of 36 argon during interaction with cosmic ray 
protons. In a system of water resources, it enters groundwater 
through a wet deposition along with much more abundant 
stable Cl isotopes of (35 Cl and 37 Cl) from marine aerosols. 
Nucleogenic reactions in the sub-surface produce 36 Cl. The 
36 Cl isotopes are used in measurements of dating very old 
groundwaters. The 36 Cl is also used to identify groundwater 
recharge and the distances of the recharge areas (Ram et al. 
2021).

Ra Isotopes

The Radium has an element number of 88 in the periodic 
table, which belongs to Group IIA. The four naturally 
occurring radium isotopes are (224Ra, 223Ra, 228Ra, and 
226Ra) continuously produced from the decay of their Th-
isotopes parents of the U and TH decay series 228Th, 227Th, 
232Th, and 230Th, respectively. The most abundant isotopes 
are 226Ra from the 238U with a half-life of 1600 y and 228 Ra 
from the 232Th with a half-life of 5.8 y (Marc et al. 2017). 
The natural form of radium isotopes (223Ra, 224Ra, 226Ra, 
and 228Ra) are mostly used as geochemical tracers in marine 
environments. Initially, Ra isotopes were applied to study 

 
Fig. 2: Handbook for stable isotope data interpretation in India 2020.
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open ocean processes, and their common application is in 
the marine environment. Ra isotopes are used to identify 
and quantify the Surface Ground Discharge. In addition, 
it also finds its application in groundwater and submarine 
studies. In marine environment studies, Ra isotopes act as a 
geochemical tracer. Traditionally, they used to trace land-
ocean interaction processes. It also finds its application in 
assessing transit times in coastal aquifers, sediment–water 
interface, and the age of coastal surface waters.

Oxygen and Hydrogen

Oxygen-18 and Hydrogen (2H) are stable isotopes present in 
water in abundance nature.  These stable isotopes are used to 
trace water sources’ origin, occurrence, and movement from 
the surface and groundwater (Bowen et al. 2012). The stable 
isotopic composition in water can also measure and modeled 
on a large scale. The change in the isotopic ratio of 2H/1H and 
oxygen 18O/16O in water gives an idea of the water source 
and its quality. The physical process like evaporation can 
change the δ values of isotopes from the original precipitation 
sources, which occurs over a surface. The change in δ values 
will be used for identifying the origin of rainwater, recharging 
from groundwater, and evaporation from the ponds. The 
change in δ values will be expressed as fractional deviation 
from a standard procedure called SMOW (Standard Mean 
Ocean Water). The change in δ value expression is given as 
[(Rs/Rr) – 1] x 1000 (‰), where Rs and Rr are the ratios of 
the abundances of the heavier isotope to the lighter isotope 
for the sample and reference standard, respectively. The 
common isotopes that can be used in water resources are 
listed in Table 1.

PROCEDURE INVOLVED IN CALIBRATION AND 
VALIDATION OF ISOTOPIC SIGNATURES 

The International Atomic Energy Agency (IAEA) of Vienna, 
Austria, in collaboration with the World Meteorological 
Organization (WMO), established the Global Network of 
Isotopes in Precipitation (GNIP).  The global precipitation 
samples were collected to monitor the isotopic composition of 
(δ2H, δ18O). The data produced by IAEA is an important asset 
to isotope hydrology (http://isohis.iaea.org). The δ2H and 
δ18O isotopic values are generally measured with standard 
references from Standard Mean Ocean Water (SMOW). 
The lower and high δ values represent the depletion and 
enrichment of isotopes. The other factors in the hydrological 
cycle, such as evaporation and condensation, also affect 
isotopic composition in water resources. The recharge and 
discharge processes also affect isotopic signatures due to 
different hydrogeological conditions.

The Global Meteoric Water Line (GMWL) shown in 
Equation (1) is developed from δ2H and δ18O. The deviation 
of the Local Meteoric Water Line (LMWL) from the GMWL 
gives information about recharge, discharge, evaporation, 
and geographical conditions. 

 𝛿𝛿2𝐻𝐻 = 8.17(±0.07)𝑋𝑋𝛿𝛿18𝑜𝑜 + 11.27(±0.65)   …(1)

For Indian conditions, the Indian MWL is developed for 
the Northern, Southern, Western, and Eastern Himalayas. 
These lines are different for each region in India. The 
differences between the South Indian meteoric water line and 
the Northern Indian meteoric water line are their slope and d 
excess values as shown from equations (2-4). The variations 
in slope and d excess are mainly due to temperature, 
evaporation, and geographical conditions. 

𝛿𝛿2𝐻𝐻 = 7.38(±0.21)𝛿𝛿18𝑜𝑜 + 8.03(±1.05)(𝑛𝑛 = 81, 𝑟𝑟2 = 0.94)          
𝛿𝛿2𝐻𝐻 = 7.38(±0.21)𝛿𝛿18𝑜𝑜 + 8.03(±1.05)(𝑛𝑛 = 81, 𝑟𝑟2 = 0.94)          …(2) 

𝛿𝛿2𝐻𝐻 = 7.98(±0.078)𝛿𝛿18𝑜𝑜 + 9.29(±0.679)(𝑛𝑛 = 134, 𝑟𝑟2 = 0.99)        
𝛿𝛿2𝐻𝐻 = 7.98(±0.078)𝛿𝛿18𝑜𝑜 + 9.29(±0.679)(𝑛𝑛 = 134, 𝑟𝑟2 = 0.99)         …(3)

𝛿𝛿2𝐻𝐻 = 7.81(±0.17)𝛿𝛿18𝑜𝑜 + 11.14(±1.18)(𝑛𝑛 = 63, 𝑟𝑟2 = 0.97)     
𝛿𝛿2𝐻𝐻 = 7.81(±0.17)𝛿𝛿18𝑜𝑜 + 11.14(±1.18)(𝑛𝑛 = 63, 𝑟𝑟2 = 0.97)       …(4)

In most cases in IMWL, there are not many differences 
in slope and intercepts since 70% of rainfall in India is 
during the monsoon season. The IMWL, when compared 
with GMWL, shows a difference in slope and intercept. 
These differences are mainly due to vapor sources during 
the Northeast and Southwest monsoons originating from 
the Bay of Bengal and the Arabian Sea. Altitude effects will 
also affect the isotopic signatures, mostly noted in western 
Himalayan regions. The lighter and heavier isotopes are 

Table 1: Other common isotopes adopted in water resources.

Isotopes Application
15N, 11B, 37Cl, 87Sr, 13C, 34S, Pollution and contaminant sources 

identification
2H, 18O  Estimation of paleo-waters
2H, 18O Estimating seepages and leakages 

from the dam
37Cl To identify the mechanism of 

salinization in water resources
87Sr, 88Sr, 34S Rock and water interactions
13C, 223Ra, 224Ra, 226Ra, 3H, 
87Sr

In the identification of Sub-marine 
Groundwater Discharge

13C, 3H Determining leachate from landfills

 13C, Ne, Ar, Kr, Xe Groundwater monitoring and study 
in the permafrost regions

 3H Hydrograph separation
85Kr, CFC, 81Kr, 35S, 7Be, Ne, 
He, 3H, 13C,39Ar

For dating groundwater age
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International Status

The methodology and inferences globally regarding the 
isotopic studies are discussed in detail in Table 2

observed in rainfall at high and low altitude areas. The δ18O 
and δ2H will show positive in lower air temperatures and 
negative values in colder regions. The continental effect also 
influences the isotopic compositions.

Table 2: International Status of Isotopic Hydrological Study.

In Globally Methodology & Isotopic tools Inference from the Study 

South Africa- Soutpansberg,
Limpopo Province (Olatunde et 
al. 2019) 

δ18O and δ2H Geochemical processes were studied from geothermal springs.

China- Heihe River Basin 
(HRB) (Zhao 2018)

(δ18O, D, 3 H and 14C) The current and former relationships between precipitation, surface runoff, 
recharge in groundwater, and climate change was studied with the help of 
stable isotopic tools.

Lower Changjiang, Yangtze 
River (Li 2020)

Stable hydrogen and oxygen 
isotopes

The δ18O shows much seasonal variation during the dry season and low 
during the flood season.
The seasonal variation of δ18O in the precipitation of the Changjiang basin 
is calculated based on long-term meteorological and hydrological data 
availability.

Rhone catchment area (France) 
(Jean-Baptiste et al. 2020)

Isotope geochemistry, water 
stable isotopes

The hydrological survey is conducted, and the isotopic signatures are 
identified in the flowing Rhone River.

Vosges Mountains North-
eastern France (Viville et al. 
2006)

18O and lumped-parameter 
model

The water transit times are calculated by applying exponential piston and 
dispersion models to flow the PC program to isotopic input and output 
datasets.

Berlin, Germany (Kuhlemann 
et al. 2020)

Hydro-geochemistry Sampling isotopes in precipitation, surface water, and groundwater are done 
for Berlin city on a spatial scale to detect the urban water cycle.

Vienna, Austria (Kern et al. 
2020)

tracers, environmental isotopes, 
radioactive isotopes, deuterium, 
oxygen-18, tritium, radiocarbon

The groundwater origin, age, recharge, and flow direction between aquifers 
and characteristics were studied.

Wimbachtal, Germany (Paul  et 
al. 2007)

Tritium and 18O Tritium and 18O concentrations in precipitation and runoff were studied to 
identify groundwater recharge in Wimbachtal Valley.

Central, USA (Chao et al. 2018) δ2H, δ18O and δ17O The stable isotopes of oxygen and hydrogen were used as a natural tracers 
to understand hydrological and meteorological processes in the USA.
The stable isotopic study shows that meteorological factors do not affect the 
17O excess in rainfall and snowfall. 
The study also concludes that 17O-excess also be used as tracers during 
evaporative conditions. 

Budapest, Hungary
(Polona & Zoltán 2020)

Stable (16O, 17O, 18O, 1H, 2H) 
and radioactive isotopes (3H).

The use of stable isotopes in the hydrological process is discussed on 
regional or local scales related to precipitation. 
The study also discusses surface and groundwater interactions, soil and 
xylem water, and geochemical process.

Northern Italy, Lake Frassino 
(Carlo et al. 2016)

Stable isotopes The stable isotopic composition was studied in Lake Frassino (Northern Italy).
The study analyzes palaeo-hydrological, lithological, malacological, and 
delineation of freshwater shells using stable isotopic signatures.

Central Italy 
(Tazioli 2017)

Tritium, stable isotopes In their study, they discussed monitoring groundwater resources and water 
flow properties by using isotopic techniques. The study also concludes by 
identifying recharge areas in the Central part of Italy.

Central Srilanka
(Edirisinghe 2014)

Stable isotopic compositions The stable isotopes were used as effective tracers in detecting surface and 
groundwater interaction in Central Sri Lanka.

Kilauea Volcano area, Hawaii
(Scholl et al. 1995)

Stable isotopes and Tritium This study discusses the tracer methods and their application in determining 
Hawaii’s Kilauea volcano’s flow paths, recharge areas, and groundwater 
age.

British Isles
(Darling & Talbot 2003)

Stable isotopes The study identifies that the stable isotopic compositions are poorly 
characterized in the British Isles.
 It is one of the first studies of a major British river with monthly isotopic records.

Table Cont....
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National Status 

The isotopic studies regarding surface and groundwater in 
India are discussed in Table 3. The isotopic application in 
hydrological studies in India is shown in Fig. 1 

MATERIALS AND METHODS

The methodology planned for the present study is shown in 
Fig. 3. The sequential steps in the study area selection, data 
collection, analysis, and calibration are discussed below. 

In Globally Methodology & Isotopic tools Inference from the Study 

Siksik Creek in the Western 
Canadian Arctic (Doerthe 2017)

Arctic headwaters, isotopes The data fusion modeling approach is adopted to determine the quantity and 
isotopic characteristics of the snowpack and its melted water.
The soil moisture dynamics and active soil profile layer were also adopted 
in their study.

Wetlands, North Florida 
(Glynnis et al. 2020)

oxygen and hydrogen tracers The stable water isotopes were used to identify the sensitivity and resolution 
in wetlands in North Florida. 
From the analysis, notable differences were observed in stable isotopic 
signatures of precipitation, surface, and groundwater in the forested 
wetlands of North Florida.

UAE (Ahmed 2009) Deuterium excess The stable isotopes and deuterium excess were used to identify groundwater 
recharge mechanisms in the Northwestern part of the Gulf of Oman and the 
Southeastern part of the Arabian Gulf.
The origin of moisture from the Mediterranean Sea is also studied.

Canada, Mildred Lake Mine 
(Baer et al. 2016) 

2H and 18O Stable isotopes 2H and 18O are applied in mining water.
The LMWL is developed to identify the precipitation characteristics at the 
mining site.
The developed LMWL from this study can be used as a reference line for 
similar mines waters.

Table 3: National level isotopic hydrological study.

National level Isotopic tools Inference from study

Western Ghats Mountain range, 
India (Kushank et al. 2019)

Deuterium excess, 2H,18O The hydrogeological nature of the western Ghats shows many influences in 
isotopic signatures.
The derived local evaporation line also indicates that water resources are 
cascaded and depleted isotopic compositions are seen in the precipitation of 
Western Ghats, as shown in Fig. 2
The water resources were traced in the Western Ghats from the derived 
evaporation line and depleted isotopes.

Himalaya, Uttarakhand, India 
(Rai et al. 2017)

Environmental isotopes, 
tracers, stable isotopes, 
radioisotope

The 57 water samples were collected from 19 sites, and isotopic analysis was 
done using δ18O, δ2H, and 3H isotopes.
The isotopic analysis identified the new water seepage downstream of Lake 
Nainital in the Himalayan region.
A Dual Inlet Isotope Ratio Mass Spectrometer (DIIRMS) and an Ultra-Low-
Level Liquid Scintillation Counter (ULLSC) were used in measurements of 
stable isotopes (δ 2H and δ 18O) and a radioisotope (3H) respectively.

Kolkata and New Delhi
(Deshpande & Gupta 2012)

Stable isotopes The isotopic signatures in the water resources of Kolkata and New Delhi 
were compared.
The depletion in isotopic signatures observed in Delhi is due to the altitude 
effect of the Himalayas.

Agra and Mathura Cities Uttar 
Pradesh
(Purushothaman et al. 2014)

Isotopes, Electrical 
conductivity

The surface water of river Yamuna and its influence on groundwater level 
were studied.
The study concludes that Yamuna River water has a strong influence on 
Agra and Mathura’s groundwater resources.

Western Himalayas (Kashmir) 
and Eastern Himalayas (Assam) 
(Ghulam & Deshpande 2017)

δ 18O and δ2H The precipitation samples were collected from the Western (Kashmir) and 
Eastern Himalayas (Assam) to study weather system disturbances and Indian 
summer monsoon characteristics in isotopic signatures.
The isotopic analysis indicates a variation in isotopic signatures in the 
western and eastern Himalayas.

Table Cont....
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National level Isotopic tools Inference from study

Greater Cochin, Ernakulam 
district, Kerala
(Aneesh et al. 2019)

δ D and δ18O The precipitation samples of Cochin were collected, and isotopic analyses 
were done to identify the isotopic variation in precipitation sources.

Vidarbha, Maharashtra (Noble 
& Ansari 2019)

Environmental isotopes The stable isotope and electrical resistivity tools were used to identify the 
water resources in drought-prone areas of the Vidarbha region.
The monsoon characteristics, groundwater recharge, and evaporation were 
also studied using environmental isotopes.

Western Himalayas, 
(Rai et al. 2016)

Stable isotopes The stable isotopic studies in snow melt water and glaciers were studied 
in the cryosphere waters of Ladakh and Kashmir regions in the Western 
Himalayas.

Southern Indian Ocean
(Rahul et al. 2017)

δ18O and δ D The stable isotopic composition in the seawater surface, water vapor, and 
rainwater were studied from the Indian Ocean to the South Ocean regions.

India to Antarctica
(Tiwari et al. 2013)

δ18O and δD The discrete water mass from the Indian and Southern oceans was studied using 
stable oxygen isotopes.
The study addresses the relationships between oxygen and hydrogen isotope 
and sea surface salinity.

Southwest (SW) Region of 
Punjab, India (Krishan et al. 
2022)

Stable isotopes, electrical 
conductivity

The groundwater samples were collected from 142 piezometers at 40 sites 
for stable isotopic analysis in three regions of Punjab to find the root cause of 
salinity in the groundwater resources.

 

Fig. 3: Methodology adopted for the proposed study.
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Fig. 5: Isotope ratio mass spectrometer (Isoprime, Micro mass, UK) (George & Gerogios 2020).

Fig. 6: Ultra-Low-Level Liquid Scintillation Counter (ULLSC) (Wolfango & Lauri 2004).

Study Area Geographic Details 

Kelambakkam region is a sub-urban of Chennai city, 
as shown in Fig. 4. It is in the South-Eastern portion of 
Chennai along Old Mahabalipuram Road (OMR). It extends 
from a latitude and longitude of 12.48º N to 80.13º E. The 

Kelambakkam region covers an area of 11.44 sq.km with 
a surrounding coastline of 57 km. The population in the 
Kelambakkam region is 4 lakhs as of the 2011 census, and 
it is expected to be doubled by 2030. The average annual 
rainfall of Kelambakkam is 1007 mm. The maximum and 
minimum temperatures during summer and winter range 
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from 36.6ºC to 28.7ºC. Since Kelambakkam is located 
near the coastal parts, it receives copious rains based on 
seasonal patterns. The Southwest and Northeast monsoons 
are the major contributors of rainfall in the range of 36 % 
to 54%. The study area is underlain by formation dykes 
predominantly observed in Thiruporur and the East of 
Chengalpattu district. The notable hard rock aquifer with 
alluvial formation is observed in the Kelambakkam region 
with a good yield of 45-220 pm. The average Transmissivity 
(T) is 2 m.day-1 with permeability (k) of 0.5- 2.5 m.day-1. 

The depth of the groundwater level in this region is from 5 
m to 12.5 m.

RESULTS AND DISCUSSION

Sequential Steps Involved in the Present  
Research Study

The steps involved in carrying out an isotopic hydrological 
study for the Kelambakkam zone are discussed in detail from 
step 1 to step 10. 

Step 1 Source

Data Collection 
Spatial & Temporal

Satellite  
1. Cartosat image of 2 m resolution to be procured from NRSC Hyderabad for generating spatial isotopic 
maps.
2. Meteorological data like temperature, humidity, and rainfall will be collected from the India Meteorological 
Department (IMD) portal.

Step 2 
Water Sampling

Rainwater samples will be collected from selected Kelambakkam, Thaiyur, and SSN Campus locations for 
pre-monsoon, monsoon, and post-monsoon seasons. 
The surface water samples will be collected for pre-monsoon, post-monsoon, and monsoon seasons from 
Thaiyur Lake and its region.
Groundwater samples were also collected from selected wells in the study area for pre-monsoon, monsoon, 
and post-monsoon seasons. 
The samples will be collected using 60 ml of high-density polyethylene bottles.

Step 3 
Sampling Analysis

The collected samples will be analyzed for isotopic δ18O and δ2H signatures at the Isotopic Hydrologic lab in 
the Centre for Water Resources Development and Management at Calicut.
The Dual Inlet Isotope Ratio Mass Spectrometer (DIIRMS), as shown in Fig. 5, will be used for δ2H 
measurements.  The Continuous Flow Isotope Ratio Mass Spectrometer (CFIRMS), as shown in Fig. 6, is used 
to measure δ 18O in water samples.
The accuracy and precision measurement for δ18O and δ2H 
should be maintained around ±0.2% to ±0.06% respectively.

Step 4
Calibration

The samples’ stable isotopic compositions of hydrogen and oxygen will be expressed using conventional delta 
notation relative to the Vienna Standard Mean Oceanic Water (VSMOW) in part per thousand.
The VSMOW equation (5) is expressed as 

                                     𝛿𝛿(%) = (𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

∗ 1000                                                  …(5)

R represents either 18O/16O or the D/H ratio

Step 5
Validation

The LMWL will be developed for the study area.
The developed LMWL will be compared with the VSMOW line.
The deviation of LMWL from the VSMOW line will identify the study area’s evaporation, recharge, and 
discharge process.

Step 6
Spatial Maps

The isotopic spatial pattern maps for stable hydrogen and oxygen in the study area will be generated.
The generated maps will identify the spatial patterns of isotopes in the Kelambakkam region.

Step 7
Identification of recharge 
sources

The study area’s surface and groundwater interaction, recharge, and discharge locations will be spotted. 

Step 8 
Quality Analysis

The groundwater quality with respect to pre-monsoon, monsoon, and post-monsoon was also to be analyzed.

Step 9
Electrical Resistivity Surveying 

The aquifer mapping and groundwater monitoring will be done through an electrical resistivity survey. 

Step 10
Water Harvesting Structures

Suitable groundwater harvesting structures will be recommended in the places of surface and groundwater 
interactions in the study area. 
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CONCLUSION 

Isotopes in hydrology emerged as a multidisciplinary field 
as they found their wider application in the hydrological 
cycle and water resources engineering. The advanced 
technologies in isotopic measurements have made it easy 
to measure isotopic signatures with improved accuracy. In 
present days’ geospatial techniques with modeling methods 
were also used in the spatial prediction of isotopic signatures 
in water resources.  The isotopes in hydrology are useful 
for identifying water sources, their origin, movement, 
distribution, and recharge mechanisms. Isotopes are not only 
used for quantitative measures but are also helpful in tracing 
groundwater contaminants in terms of quality measurements. 
The age and residence time of surface and groundwater can 
also be identified using isotopes.

This study proposes using environmental isotopes 
to identify precipitation characteristics, surface and 
groundwater resources, and their interactions. The study 
will discuss isotopic signatures in groundwater and identify 
the source of groundwater recharge in the study area. The 
hydro-chemical analysis will be done to check the seasonal 
patterns’ influence on the water quality parameters. The 
electrical resistivity survey will be conducted to delineate 
the potential groundwater zones in the Kelambakkam region.

The study’s outcomes will be the spatial pattern of 
isotopic signatures of surface and groundwater sources in 
the Kelambakkam region.  The study of stable isotopic 
signatures in the study area will help identify water 
movement, distribution, and recharge sources. The aquifer 
mapping of the study area will give a clear insight into 
recharge and discharge mechanisms in the study region. 
From a clear understanding of groundwater dynamics in the 
study area, a suitable water-harnessing hydraulic structure 
will be recommended.  The study will be useful to farmers 
and town planners for managing the groundwater resources in 
developing regions of the Kelambakkam zone. The proposed 
study can also be adopted in places of similar hydrological 
conditions.  
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       ABSTRACT
This work is a decision support contribution in Morocco’s household and similar waste 
management. This management based on total waste landfilling leads to several 
environmental impacts, such as the use of large land areas, also the gaseous pollutants 
released, such as methane. Our first action was to collect reference data on the composition 
of this waste through a physicochemical characterization in the landfill in the city of 
Mohammadia. We sorted the waste generated by four types of populations with different 
living standards. A quantity of 500 to 2315 kg was treated, which allowed us to classify the 
household waste studied into nine main components. The sorting results are (organic matter 
54.94%, plastic 15,18%, paper and cardboard 9,72%, textiles 7,46%, sanitary textiles 5,82%, 
metals 2,20%, glass 1, 89%, Wood 1,82% and Other 1,28%). Thus, these results revealed 
organic matter dominance and an increase in the plastic rate, which did not exceed 8% in 
the past. Added to this, the physicochemical parameters results are (volatile matter 60,26%, 
Humidity rate 59,05%, a total organic carbon (TOC) 33,47%, and a lower heating value (LHV) 
1840,3 kcal.kg-1). From these data, we can easily deduce that installing a sorting platform 
with a methanation and composting unit is the most suitable choice for recovering our waste. 
Therefore, we have chosen the methanation technology that meets the results obtained (dry 
batch and mesophilic) and sized this unit to assess its electricity production capacity that 
can be produced in our landfills. We carried out a scenario with a load factor of 0,9 and 
an electrical efficiency of 39%. The study results are 9 digesters to be built, 6.700 MW.y-1 
of electrical energy produced, 14.523 tons.y-1 of refined compost, and 2.128.680 m3.y-1 of 
biomethane produced. By offering our own integrated and sustainable management system 
for household and similar waste, we have connected the landfill bins and the digesters to the 
same motor to avoid biogas leaks from the bins to the atmosphere and increase electrical 
efficiency by controlling the gas flow.

INTRODUCTION

The demographic growth that we are experiencing today 
requires urban expansion and industrial and socio-economic 
development at extraordinary rates. This impacts our lifestyles 
and makes us always push towards more consumption. 
Therefore, more waste is generated, particularly household 
and similar waste (HSW). According to the World Bank, 
in 2012, we generated 1,2 kg of waste per person per day, 
reaching 1,42 kg per person in 2025 (Hoornweg & Bhada-
Tata 2012). Thereby, managing this waste represents a real 
challenge for all societies on Earth.

The planet is going through a critical stage with global 
warming conditions strongly linked to greenhouse gas 
(GHG) emissions. Despite the compromises adopted in 

2015 at the Paris Climate Conference to limit the rise in 
temperature below 2°C, scientific evidence indicates that 
average temperatures are already reaching more than a 
one-degree increase in pre-industrial level (CLIMAT.BE 
2018). The main cause of this phenomenon is the carbon 
dioxide emission. But there are also other gases, such as 
methane, which remain part of this major problem. With its 
warming power exceeding that of carbon dioxide by more 
than 20 times (EPA 2018), it is necessary to know that 
waste management is ranked among the four most important 
sources of its emission (Pierini & Ratto 2015).

HSW management requires many economic means and 
scientific and technological know-how, which developing 
countries (DCs) unfortunately do not have. Consequently, 
the environmental and economic impact of this lack of 
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management results in life quality and public health 
deterioration. This has prompted these countries to take 
this problem very seriously by copying solutions that seem 
most suited to the nature of their waste. Despite this, these 
efforts did not lead to satisfactory results. Nevertheless, 
they proved the importance of focusing on the local 
context to create and adapt management systems and  
models.

In Morocco, controlled landfills are the national 
household waste program (NHWP) axis. This Program 
consists of ensuring the collection and cleaning of household 
waste to achieve a collection rate of 100% in 2022, carrying 
out controlled landfills for all urban centers, rehabilitating 
all existing wild dumps, developing the “sorting-recycling-
recovery” sector to reach a recycling rate of 30% in 2030, 
generalize the master plans for all the provinces of Kingdom 
and train and sensitize all concerned actors. However, the 
targeted recycling and recovery rate will not reduce the 
severity of environmental impacts. The direct burial of our 
waste, which is very humid and organic, leads to methane 
emissions and too much leachate. Above all, we must change 
the landfill every 25 or 30 years. For this, Morocco must 
engage in a more innovative and daring approach to achieve 
the objectives of the NHWP.

This work falls within this perspective. The approach 
that motivates its development is realizing a system 
characterized by energy and financial autonomy in 
integrated and sustainable management (ISM).  The term 
sustainability implies three dimensions: social, economic, 

and environmental. Its objective is to respond effectively to 
the many questions raised by implementing an ISM of HSW 
adapted to the specificities of our country.

Based on the physicochemical characterization of HSW, 
sizing of a methanation and composting unit, and based 
on some enlightening international experiences, this work 
provides four main elements of framing:

	 •	 The need to comply with the principles governing a 
desired integrated and sustainable waste management. 
In this sense, landfilling, however, controlled, is 
relegated to the status of an ultimate solution. 

	 •	 The comparison between the different sectors and 
technologies must be multi-criteria and be based on all 
the aspects related to them. Without being limited to 
simple investment and operating costs, it must consider 
all the components: landfill lifetime, environmental 
risks, socio-economic impacts, etc.

	 •	 With more than 50% organic matter and 60% humidity in 
our household waste, we think directly of methanation, 
biogas, and composting as key elements for integrated 
and sustainable household waste management. In this 
sense, the sizing of a dry mesophilic anaerobic digestion 
and composting unit has been carried out.

	 •	 Dealing with the waste problem must rely on 
several treatment or disposal channels and ensure 
complementarity between these techniques (Yemadje 
2013). In this sense, a management master plan with a 
technical feasibility study is carried out. 

THE GENERAL CONTEXT ANALYSIS AND BASIC DATA 
The controlled landfill solution alone does not fit in efficiency or sustainability; it is considered an ISM 

system for HSW. We end up with large quantities of biogas seeking to spread into the atmosphere causing 

significant damage (Wellinger et al. 2013). 

To solve this problem, decision-makers in my country have chosen to install duct systems and pipe networks 

to recover this biogas (Fig. 1).  

 
Fig. 1: Biogas Extraction directly from burial bins in controlled landfills. 

The recovered biogas is sent to flares (wasteful), in the best of cases, as at the landfill of the city of Oujda, 

a combustion engine is installed to produce electricity.  

This last solution has shown real potential for efficiency and profitability. However, we are faced with two 

major problems: 

 Failure to control the amount of biogas produced.  

 The fluctuation during the day of the biomethane rate composing this biogas. 

As a result, we realized that we could never improve these two conditions by remaining dependent on 

landfill bins. Thereby, the addition of digesters becomes obvious to guarantee control over the necessary 

quantities of biogas and to eliminate the fluctuations of biomethane during the day if we want to maximize 

the performance of the cogeneration unit. 

Today the HSW are directly buried after a mechanical treatment limited to compaction during the burial. 

Subsequently, the biogas is sucked by a pump to power a cogeneration engine to consume the biomethane 

that accumulates in the landfill compartments (Fig. 2).  

Fig. 1: Biogas Extraction directly from burial bins in controlled landfills.
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THE GENERAL CONTEXT ANALYSIS AND 
BASIC DATA

The controlled landfill solution alone does not fit in 
efficiency or sustainability; it is considered an ISM system 
for HSW. We end up with large quantities of biogas seeking 
to spread into the atmosphere causing significant damage 
(Wellinger et al. 2013).

To solve this problem, decision-makers in my country 
have chosen to install duct systems and pipe networks to 
recover this biogas (Fig. 1). 

The recovered biogas is sent to flares (wasteful), in 
the best of cases, as at the landfill of the city of Oujda, a 
combustion engine is installed to produce electricity. 

This last solution has shown real potential for efficiency 
and profitability. However, we are faced with two major 
problems:

	 •	 Failure to control the amount of biogas produced. 

	 •	 The fluctuation during the day of the biomethane rate 
composing this biogas.

As a result, we realized that we could never improve 
these two conditions by remaining dependent on landfill 
bins. Thereby, the addition of digesters becomes obvious to 
guarantee control over the necessary quantities of biogas and 
to eliminate the fluctuations of biomethane during the day if 
we want to maximize the performance of the cogeneration 
unit.

Today the HSW are directly buried after a mechanical 
treatment limited to compaction during the burial. 

Subsequently, the biogas is sucked by a pump to power 
a cogeneration engine to consume the biomethane that 
accumulates in the landfill compartments (Fig. 2). 

As shown in Fig. 2, in a system of direct burial and biogas 
recovery from landfill bins, we are always:

	 •	 Limited quantity and quality of the CH4 used caps 
our electricity production and forces us to stabilize 
the engine on a moderately low output. Of course, 
this increases the production rate of other harmful  
gases.

	 •	 Depending on the seasons and the nature of the buried 
waste, which negatively impacts the triggering of the 
microbiological movement responsible for methanation.

	 •	 Limited if we want to optimize and improve the 
technical and financial performance of the unit. We 
cannot hope for an extension of the existing installation.

	 •	 Subjected to the production of excessive quantities of 
leachate for which we have neither the budget nor the 
technology to treat it.

To better understand the impact of these limitations and 
dependencies, an analysis was carried out on a cogeneration 
engine in a landfill that had 850 kWh of power and 39% 
efficiency. Table 1 shows the difference between what should 
be (simulation of normal operation) and what is produced in 
the landfill (actual production):

The difference between our calculations and reality is 
only the stability of our biogas source and the biomethane 
rate containing this gas. In the landfill, they are forced to 
lower the power and reduce the yield to not exhaust the 

 
Fig. 2: Direct burial and biogas extraction from the landfill bins at the TLC in Oujda city. 

As shown in Fig. 2, in a system of direct burial and biogas recovery from landfill bins, we are always: 
 Limited quantity and quality of the CH4 used caps our electricity production and forces us to 

stabilize the engine on a moderately low output. Of course, this increases the production rate of 

other harmful gases. 

 Depending on the seasons and the nature of the buried waste, which negatively impacts the 

triggering of the microbiological movement responsible for methanation. 

 Limited if we want to optimize and improve the technical and financial performance of the unit. We 

cannot hope for an extension of the existing installation. 

 Subjected to the production of excessive quantities of leachate for which we have neither the budget 

nor the technology to treat it. 

To better understand the impact of these limitations and dependencies, an analysis was carried out on a 

cogeneration engine in a landfill that had 850 kWh of power and 39% efficiency. Table 1 shows the 

difference between what should be (simulation of normal operation) and what is produced in the landfill 

(actual production): 

Table 1: Engine output (reality) and output capacity (simulation) differences. 
  Reality Simulation  
Electric power KWh 500 850 
Energy production per day MWh 7,5 13,6  
Yield achieved % 23 39 
Working hours Day 15 16 
Lower calorific value of Biomethane kWh.m-3 4,98 5,98 
The biomethane amount per day m3.day-1 6.548 5.802 

The difference between our calculations and reality is only the stability of our biogas source and the 

biomethane rate containing this gas. In the landfill, they are forced to lower the power and reduce the yield 

to not exhaust the landfill compartments and to produce all year round, even at 23% yield. 

Fig. 2: Direct burial and biogas extraction from the landfill bins at the TLC in Oujda city.
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landfill compartments and to produce all year round, even 
at 23% yield.

Based on the results of this analysis, we can easily deduce 
and frame the points for improvement and the objectives to 
be achieved by setting up our biogas recovery unit at the 
heart of landfills. This boils down to: 

	 •	 Improving the efficiency and operating time of the 
cogeneration engine by controlling the quantity and 
quality of biogas produced.

	 •	 Improving the recycling rate of non-organic matter 
to reduce the landfilling rate of waste in the TLC and 
extend the lifetime of our landfills.

	 •	 The choice of the methanation process that best adapts to 
the nature of our waste to improve the biogas production 
and reduce the landfilling rate.

	 •	 Using a composting process for digestate recovery after 
methanation and diversifying the income sources for our 
TLC.

Basic Data

To develop an integrated and sustainable management 
system for household waste, the first thing to know is 
the physicochemical composition of this waste. The 
sampling operation must be representative and the sorting  
very selective to know the paths to follow while developing 
the sorting and recycling unit for non-organic matter (Sidi 
2006).

The rate of organic matter, humidity, and pH will help us 
decide on the efficiency of methanation and the technology 
to use (Mata-Alvarez 2003). The lower calorific value will 
allow us to decide the incineration efficiency.

Tables 2 and 3 give us the rate of the physical components 
and the chemical parameters we need to carry out our plan.

From the results in Table 2, it is clear that organic matter 
is dominant. Thus, our plan should focus on recovering this 
organic part which exceeds 54% of all waste. But it should 
also be noted that plastic and cardboard represent more 

than 24% in a total of 38% of recyclable and non-organic  
matter.

Selecting a wet system is excluded from the analysis 
because this technology only accepts biomass with a 
maximum dry matter content of 15%. In comparison, the dry 
matter content of household organic waste is usually between 
20 and 31%. The dominant organic matter, the pH and 
humidity, respectively at 6,5 and 59%, give us the certainty 
of the effectiveness of a dry and mesophilic discontinuous 
anaerobic digestion plan (Mata-Alvarez 2003).

The lower calorific value is average and insufficient to 
discuss an incineration block in our ISM system (Harzevili 
& Hiligsmann 2017). This value far exceeds the average 
of developing countries and is positioned in the range of 
industrial countries (1500-2700 kcal.kg-1) (Yemadje 2013). 
This high LHV is due to a relatively high rate of plastic 
(15.18%).

MASTER PLAN FOR AN ISM SYSTEM FOR 
HSW AT LANDFILLS IN MOROCCO

After the physicochemical characterization and methanation 
process choice, we can present our ISM system, which 
has the following objectives: the extension of the landfills 
lifetime, the use of the stored biogas in the bins landfilling 
to avoid its spread in the atmosphere, making the landfill 
income-generating, as well as total energy autonomy. As 
shown in Fig. 3, our ISM system is based on inorganic matter 

Table 1: Engine output (reality) and output capacity (simulation) differences.

Reality Simulation 

Electric power KWh 500 850

Energy production per day MWh 7,5 13,6 

Yield achieved % 23 39

Working hours Day 15 16

Lower calorific value of 
Biomethane

kWh.m-3 4,98 5,98

The biomethane amount per 
day

m3.day-1 6.548 5.802

Table 2: Average Rates of each recyclable fraction (Farhat et al. 2021).

Physical component Average rates [%]

Fermentable waste 54,94

Plastics and rubber 15,18 

Paper and cardboard 9,72 

Textiles 7,46 

Glasses 1,89 

Metals 2,20 

Wood 1,82

Table 3: Results of the physicochemical characterization of HSW (Farhat 
et al. 2021).

Chemical parameters Value

pH 6,5

Density in the TLC [T.m-3] 0,82

Humidity level [%] 59,05

TOC [%] 33,47

Volatile matter %] 60,26

Ashes [%] 39,74

LHV [kcal.kg-1] 1840,3
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manual sorting of inorganic materials from HSW, allowing a 
recycling rate between 24 and 38%. Electricity production is 
ensured by transforming the biogas produced in our digesters 
and the landfilling bins (Fig. 4). Thus, OFHW is consumed 
in its entirety by our methanation and composting processes 
to further reduce the landfill rate.

recycling, the methanation of organic fraction of household 
waste (OFHW), and the digestate composting generated 
after methanation.

The above system is a set of an ISM’s most efficient 
municipal waste management processes. It focuses on 
reducing the rate of waste sent to landfill, starting with 

pH 6,5 
Density in the TLC [T.m-3] 0,82 
Humidity level [%] 59,05 
TOC [%] 33,47 
Volatile matter %] 60,26 
Ashes [%] 39,74 
LHV [kcal.kg-1] 1840,3 

Selecting a wet system is excluded from the analysis because this technology only accepts biomass with a 

maximum dry matter content of 15%. In comparison, the dry matter content of household organic waste is 

usually between 20 and 31%. The dominant organic matter, the pH and humidity, respectively at 6,5 and 

59%, give us the certainty of the effectiveness of a dry and mesophilic discontinuous anaerobic digestion 

plan (Mata-Alvarez 2003). 

The lower calorific value is average and insufficient to discuss an incineration block in our ISM system 

(Harzevili & Hiligsmann 2017). This value far exceeds the average of developing countries and is positioned 

in the range of industrial countries (1500-2700 kcal.kg-1) (Yemadje 2013). This high LHV is due to a 

relatively high rate of plastic (15.18%). 

MASTER PLAN FOR AN ISM SYSTEM FOR HSW AT LANDFILLS IN MOROCCO 
After the physicochemical characterization and methanation process choice, we can present our ISM system, 

which has the following objectives: the extension of the landfills lifetime, the use of the stored biogas in the 

bins landfilling to avoid its spread in the atmosphere, making the landfill income-generating, as well as total 

energy autonomy. As shown in Fig. 3, our ISM system is based on inorganic matter recycling, the 

methanation of organic fraction of household waste (OFHW), and the digestate composting generated after 

methanation. 

 
Fig. 3: ISM system with inorganic matter recycling, biogas recovery into electricity, and digestate transformation. Fig. 3: ISM system with inorganic matter recycling, biogas recovery into electricity, and digestate transformation.

The above system is a set of an ISM's most efficient municipal waste management processes. It focuses on 

reducing the rate of waste sent to landfill, starting with manual sorting of inorganic materials from HSW, 

allowing a recycling rate between 24 and 38%. Electricity production is ensured by transforming the biogas 

produced in our digesters and the landfilling bins (Fig. 4). Thus, OFHW is consumed in its entirety by our 

methanation and composting processes to further reduce the landfill rate. 

This system gives us the possibility of recovering the shortcomings present in the management of our 

landfills and allows us to: 

 Extending our landfill's lifetime by limiting the landfilling rate to 20% (maximum) of the waste 

quantities sent to burial. 

 Improving biogas quality produced and increasing CH4 quantity compared to harmful gases such as 

H2S. 

 Extracting and recovering the biogas accumulated in the landfill bins to prevent it from spreading 

into the atmosphere. 

 Maximizing energy efficiency, and therefore improving our electricity and thermal production. 

 Free our municipalities from the costs of processing and burying HSW through our ISM system's 

total energy and financial autonomy. 

 Limiting the leachate quantities sent to recovery ponds. 

 
Fig. 4: Block diagram of the HSW recovery and recycling unit to be installed in our TLC. 

 

 

Fig. 4: Block diagram of the HSW recovery and recycling unit to be installed in our TLC.
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This system gives us the possibility of recovering the 
shortcomings present in the management of our landfills 
and allows us to:

	 •	 Extending our landfill’s lifetime by limiting the 
landfilling rate to 20% (maximum) of the waste 
quantities sent to burial.

	 •	 Improving biogas quality produced and increasing CH4 
quantity compared to harmful gases such as H2S.

	 •	 Extracting and recovering the biogas accumulated in 
the landfill bins to prevent it from spreading into the 
atmosphere.

	 •	 Maximizing energy efficiency, and therefore improving 
our electricity and thermal production.

	 •	 Free our municipalities from the costs of processing and 
burying HSW through our ISM system’s total energy 
and financial autonomy.

	 •	 Limiting the leachate quantities sent to recovery ponds.

HSW Sorting and Conditioning Unit

After receiving the HSW at the TLC, the sorting operation 
begins with manual sorting to collect all that is visible, large, 
and reachable, with the help of a loader-turner which turns all 
of this waste a few times. To reveal what remains buried at the 

bottom of the heap. After this initial sorting, non-hazardous 
industrial waste goes directly to landfill. Household waste is 
sent to the work-bag machine, then to the rotating trommel 
to continue the sorting operation (Fig. 5).

After the plastic bag shredding operation, the sorting team 
removes the rest of the large materials to pass the household 
waste through the rotating trommel. A second manual sorting 
team is positioned around the conveyor to scoop up what 
escaped the first team before the waste arrives at the trommel. 
The rotating screen with different meshes separates the waste 
according to its size. Waste with a diameter greater than the 
mesh constitutes rejects or a large organic fraction which will 
need additional grinding to make it homogeneous.

Smaller diameter waste will continue to a second manual 
sorting platform provided by another sorting team to recover 
all of the recyclable material and let the OFHW pass. this 
FODM at the end of the sorting operation is sent to a mixer. 
A percentage of green waste is added to this fraction, then 
mixed and transported to the digesters.

Methanation Unit

This process implements dry anaerobic fermentation through a 
concrete garage system with a steel overhead door. The number 
of tunnels can be adjusted according to the deposit. To obtain 

HSW Sorting and Conditioning Unit 

After receiving the HSW at the TLC, the sorting operation begins with manual sorting to collect all that is 

visible, large, and reachable, with the help of a loader-turner which turns all of this waste a few times. To 

reveal what remains buried at the bottom of the heap. After this initial sorting, non-hazardous industrial 

waste goes directly to landfill. Household waste is sent to the work-bag machine, then to the rotating 

trommel to continue the sorting operation (Fig. 5). 

 

Fig. 5: Block diagram of the waste recycling unit received at the TLC. 

After the plastic bag shredding operation, the sorting team removes the rest of the large materials to pass 

the household waste through the rotating trommel. A second manual sorting team is positioned around the 

conveyor to scoop up what escaped the first team before the waste arrives at the trommel. The rotating 

screen with different meshes separates the waste according to its size. Waste with a diameter greater than 

the mesh constitutes rejects or a large organic fraction which will need additional grinding to make it 

homogeneous. 

Smaller diameter waste will continue to a second manual sorting platform provided by another sorting team 

to recover all of the recyclable material and let the OFHW pass. this FODM at the end of the sorting 

operation is sent to a mixer. A percentage of green waste is added to this fraction, then mixed and transported 

to the digesters. 

Methanation Unit 

Fig. 5: Block diagram of the waste recycling unit received at the TLC.

 
Fig. 6: Block diagram of the methanation unit of OFHW mixed with green waste. 

This process implements dry anaerobic fermentation through a concrete garage system with a steel overhead 

door. The number of tunnels can be adjusted according to the deposit. To obtain fresh matter, 15% of green 

waste is added to the total quantity of organic waste. To speed up the methanation process, 40% of the 

garage is filled with digestate, and the rest with fresh waste to be methanized (Fig. 6). The process is carried 

out under mesophilic conditions at 37°C for approximately four weeks. The percolate recirculation carries 

out a watering of the matter during the process recovered and heated to 37°C. 

Sizing of the Biogas Unit 

The dimensioning of our basic unit and the calculation of the number of digesters to be used are conditioned 

by the maximum power of our cogeneration engine. 

To ensure the engine's functioning with its maximum efficiency using the biogas from the landfill, the 

quantity required upstream of the engine must be calculated (Table 4). 
Table 4: Calculation of the gross energy upstream of the engine and its quantity of substrate required from landfilling 

bins and the methanation digesters. 
Energy balance  Landfill  Digesters 
Electricity produced KWh 850 850 
Electrical efficiency % 39 39 
Operational hours h 8  16  
Energy produced per day KW.day-1 6.800 13.600 
The engine's upstream energy KW.day-1 17.435 34.871 
Organic fraction required to produce this energy    
Average biomethane content in biogas % 50 60  
LCV of biomethane KWh.m-3 4,98  5,98  
The biomethane amount per day m3.day-1 3.501 5.831 
The biogas amount per day m3.day-1 7.002 9.718 
The biogas amount per ton of HSW m3.ton-1 100  90 
The substrate amount needed per day ton.day-1 70 108 
The substrate amount needed per year ton.y-1 25.550 39.420 

The results in Table 4 confirm the possibility of running the engine at full speed for 8 h.day-1 all year round 

with the biogas extracted from the landfill. Also, the table gives us the quantity of substrate necessary with 

which we can start our anaerobic digestion unit sizing and calculate the number of digesters to be built. 

Table 5 gives us the quantities needed to start our methanation process:  

Fig. 6: Block diagram of the methanation unit of OFHW mixed with green waste.
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fresh matter, 15% of green waste is added to the total quantity 
of organic waste. To speed up the methanation process, 40% 
of the garage is filled with digestate, and the rest with fresh 
waste to be methanized (Fig. 6). The process is carried out 
under mesophilic conditions at 37°C for approximately four 
weeks. The percolate recirculation carries out a watering of 
the matter during the process recovered and heated to 37°C.

Sizing of the Biogas Unit

The dimensioning of our basic unit and the calculation of 
the number of digesters to be used are conditioned by the 
maximum power of our cogeneration engine.

To ensure the engine’s functioning with its maximum 
efficiency using the biogas from the landfill, the quantity 
required upstream of the engine must be calculated (Table 4).

The results in Table 4 confirm the possibility of running 
the engine at full speed for 8 h.day-1 all year round with the 
biogas extracted from the landfill. Also, the table gives us the 
quantity of substrate necessary with which we can start our 
anaerobic digestion unit sizing and calculate the number of 
digesters to be built. Table 5 gives us the quantities needed 
to start our methanation process: 

To calculate the number of digesters needed, we must 

know the filling time and the number of cycles per year 
for each digester. The filling rate is 80%, and the substrate 
minimum density is 0,67 ton.m-3. Tables 6 and 7 show the 
calculations made:

To calculate the cycle number carried out by a single 
digester during a year, we must first know the duration of 
a single cycle. 

The number of digesters required is obtained by dividing 
the total volume of the substrate by the useful volume of 
a digester and the number of cycles at the same period  
(Table 8).

Composting Unit

The digestate obtained from the methanation of organic waste 

Table 4: Calculation of the gross energy upstream of the engine and its quantity of substrate required from landfilling bins and the methanation digesters.

Energy balance Landfill Digesters

Electricity produced KWh 850 850

Electrical efficiency % 39 39

Operational hours h 8 16 

Energy produced per day KW.day-1 6.800 13.600 

The engine’s upstream energy KW.day-1 17.435 34.871

Organic fraction required to produce this energy

Average biomethane content in biogas % 50 60 

LCV of biomethane KWh.m-3 4,98 5,98 

The biomethane amount per day m3.day-1 3.501 5.831

The biogas amount per day m3.day-1 7.002 9.718

The biogas amount per ton of HSW m3.ton-1 100 90

The substrate amount needed per day ton.day-1 70 108

The substrate amount needed per year ton.y-1 25.550 39.420 

Table 5: Matter quantity needed to start the methanation process.

Used matters Quantity 

Organic fraction ton.y-1 33.507

15% Additional green waste ton.y-1  5.913

Total fresh matter ton.y-1 39.420

40% Recirculated digestate ton.y-1 26.280

Substrate ton.y-1 65.700

Table 6: The volume of substrate for the methanation process.

Data

The digester volume m3 980

the substrate amount ton.an-1 65.700 

Density ton.m-3 0.67

Substrate volume per year m3.y-1 98.060

Substrate volume per day m3.day-1 269

filling time of digester per day day 4

Table 7: Number of cycles per year carried out for a single digester.

Data

Filling time (days) 4

Residence time (days) 28

Emptying time (days) 1

Digestion cycle time (days) 33

Cycles number of a single digester 11
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should undergo an aerobic process, such as composting, to 
improve its characteristics and efficiency during use. Green 
waste is added and mixed with the digestate before being 
introduced into composting tunnels (Fig. 7). The added 
green waste corresponds to 40% of the digestate volume 
(BEKON 2018b).

The process begins by mixing the digestate from the 
methanizers and the added green waste. Then the mixture 
is deposited in composting tunnels. We leave it in these 
tunnels for 10 days. Then, they are transported and deposited 
as windrows for 60 days for the maturation of the compost. 
During this period, the windrows are turned using a 
windrow turner to ensure oxygenation and inactivation of 
microorganisms still present in the compost before the last 
screening. The finished compost goes through a refining 
stage which consists of grinding the large particles to ensure 
the homogeneity of all the compost produced (Moletta 2009). 

To calculate the tunnel number, the same methodology 
is applied as that carried out previously for calculating the 
digesters’ number. Thus, the starting data is shown in Table 9.

The composting tunnel dimensions also depend on the 
BEKON (2017) process. We consider a filling rate of 40%, 
a residence time of 10 days, and an emptying time of 1 day 
(BEKON 2018b). The results presented in Table 10 relate 
to the operation of a BEKON composting tunnel:

In this way, the number of tunnels needed for the 
composting process is 8 tunnels, as shown in the Table 11.

Maturation

After the stay in the tunnels, the compost is deposited in 
windrows to follow the maturation stage. A windrow should 
not exceed 3 meters in height, and its usual dimensions for 
width and length are 8 and 18 meters, respectively, giving a 

Table 8: The digesters number calculation for 1 year of substrate.

Data

Volume of substrate m3.y-1 98.060

The digester volume m3 980

Cycles number per digester 11

Digesters Number 9

 
Fig. 7: The different stages of the composting process after anaerobic digestion. 

The process begins by mixing the digestate from the methanizers and the added green waste. Then the 

mixture is deposited in composting tunnels. We leave it in these tunnels for 10 days. Then, they are 

transported and deposited as windrows for 60 days for the maturation of the compost. During this period, 

the windrows are turned using a windrow turner to ensure oxygenation and inactivation of microorganisms 

still present in the compost before the last screening. The finished compost goes through a refining stage 

which consists of grinding the large particles to ensure the homogeneity of all the compost produced 

(Moletta 2009).  

To calculate the tunnel number, the same methodology is applied as that carried out previously for 

calculating the digesters' number. Thus, the starting data is shown in Table 9. 
 
 

Table 9: Input matter for the composting process. 
   Data  
Digestate after methanation ton.y-1  31.680 
Digestate density ton.m-3  0,8 
Digestate volume m3.y-1  39.600 
additional green waste rate %  40 
Additional green waste m3.y-1  15.840 
composting process mixture per year m3.y-1  55.440 
Composting process mixture per day m3.day-1  152 

The composting tunnel dimensions also depend on the BEKON (2017) process. We consider a filling rate 

of 40%, a residence time of 10 days, and an emptying time of 1 day (BEKON 2018b). The results presented 

in Table 10 relate to the operation of a BEKON composting tunnel: 

Table 10: Composting tunnel dimensions and their operation based on the BEKON process. 
The composting tunnel dimensions  Data 
Long m 20 
Length m 5,9 
Height m 5 
Volume m3 590 
Filling rate % 40 

Fig. 7: The different stages of the composting process after anaerobic digestion.

Table 9: Input matter for the composting process.

Data 

Digestate after methanation ton.y-1 31.680

Digestate density ton.m-3 0,8

Digestate volume m3.y-1  39.600

additional green waste rate % 40

Additional green waste m3.y-1 15.840

composting process mixture per year m3.y-1 55.440

Composting process mixture per day m3.day-1 152 

Table 10: Composting tunnel dimensions and their operation based on the 
BEKON process.

The composting tunnel dimensions Data

Long m 20

Length m 5,9

Height m 5

Volume m3 590

Filling rate % 40

Useful volume m3 236

The composting tunnel operation 

Filling time day 2 

Residence time day 10

Drain time day 1

Time for 1 composting cycle day 13

Cycles number Cycle.y-1 28

Volume of mix processed m3.y-1*tunnel 6.608 
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volume of 432 m3. The values used for the maturation process 
are shown in Table 12.

In this way, the calculated number of windrows necessary 
for the compost maturation coming out of the tunnels is 17 
windrows, as indicated in the Table 13.

The surface required calculation is based on the same 
principle as that carried out previously for the digesters and 
the composting tunnels. Thus, the calculated surface is 2.448 
m2, but taking 20% of the necessary space for circulation, 
we obtain a total surface of 2.938 m2.

Refining

Since the pretreatment in discontinuous systems is not 

demanding, the compost particles obtained will have 
heterogeneous sizes, which requires a refining process that 
separates the large particles with a sieve.

Based on experience in similar processes, it is estimated 
that after the refining stage, 50% of the compost is rejected, 
and 50% is considered valid for its use (Table 14).

The fresh organic matter used at the start of the 
methanation process may contain contaminants such as 
heavy metals or inorganic matter due to poor sorting at the 
source, which reduces the quality of the compost and may 
limit its use.

Energy Production

The average biogas yield value is 90 m3 per ton of 
substrate. To calculate the amount of biogas produced, 
we base ourselves on the amount of substrate used in the 
digesters (Table 15) (BEKON 2018a).

To remain realistic, we will not work 100% of the year. 
Our load factor is 0,9. This means that 10% of our products 
will be burned in a torch, as shown in Fig. 8:

Considering the lower calorific value of biomethane at 5,98 
KWhm-3 (Engineering ToolBox 2003). The amount of energy 
that can be obtained by cogeneration is shown in Table 16.

Table 11: Calculation of the number of composting tunnels.

Data

Volume of the mixture for 1 year m3.y-1 55.440

Volume of mixture treated for 1 year m3.y-1*tunnel 6.608

Tunnels number tunnels 8

Table 12: Dimensions of a maturation windrow and its residence time.

Windrow dimensions

Long m 18

Length m 8

High m 3

Volume m3 432

Operation of a windrow

Filling time day 4

Residence time day 60

Drain time day 1

Time for 1 maturation cycle day 65

No. of Cycles cycle.y-1 6

Volume that can be treated m3.y-1*windrow 2.592

Table 14: Refining the resulting compost.

Data 

Ripe compost ton.y-1 29.046

Refined compost ton.y-1 14.523 

Refused compost ton.y-1 14.523 

Table 15: Biogas and biomethane estimated production by anaerobic 
digestion.

Data

Fresh matter Ton.y-1 39.420

Biogas production yield m3.ton-1 90

Biogas produced m3.y-1 3.547.800

Biomethane content % 60

Biomethane produced m3.y-1 2.128.680

Table 13: Calculation of the necessary maturation windrows number.

Volume of young compost for 1 year m3y-1 44.824

The volume of young compost treated 
per windrow

m3.y-1*windrow 2.592

Windrows number Windrow 17

Refining 
Since the pretreatment in discontinuous systems is not demanding, the compost particles obtained will have 

heterogeneous sizes, which requires a refining process that separates the large particles with a sieve. 

Based on experience in similar processes, it is estimated that after the refining stage, 50% of the compost is 

rejected, and 50% is considered valid for its use (Table 14). 
Table 14: Refining the resulting compost. 

  Data  
Ripe compost ton.y-1 29.046 
Refined compost ton.y-1 14.523 
Refused compost  ton.y-1 14.523 

The fresh organic matter used at the start of the methanation process may contain contaminants such as 

heavy metals or inorganic matter due to poor sorting at the source, which reduces the quality of the compost 

and may limit its use. 

Energy Production 

The average biogas yield value is 90 m3 per ton of substrate. To calculate the amount of biogas produced, 

we base ourselves on the amount of substrate used in the digesters (Table 15) (BEKON 2018a). 
Table 15: Biogas and biomethane estimated production by anaerobic digestion. 

  Data 
Fresh matter Ton.y-1 39.420 
Biogas production yield m3.ton-1 90 
Biogas produced m3.y-1 3.547.800 
Biomethane content % 60 
Biomethane produced m3.y-1 2.128.680 

To remain realistic, we will not work 100% of the year. Our load factor is 0,9. This means that 10% of our 

products will be burned in a torch, as shown in Fig. 8: 

Fig. 8: The biogas recovery unit energy balance for one year of production. 

Considering the lower calorific value of biomethane at 5,98 KWhm-3 (Engineering ToolBox 2003). The 

amount of energy that can be obtained by cogeneration is shown in Table 16. 

Table 16: Energy contained in biogas available from digesters. 
Energy contained in biogas   
Biomethane available m3.y-1 2.128.680 
Biomethane LHV KWh.m-3 5,98 
Energy contained in biogas MWh.y-1 12.729 
Valorization by cogeneration   
CHP electrical yield % 39,2 

Fig. 8: The biogas recovery unit energy balance for one year of production.
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To calculate the cogeneration unit power, we use the 
biogas energy, the electrical engine efficiency, and the 
operational hours according to our load factor (Table 17).

The Electrical Fraction Energy Balance

It is expected that a fraction of the electrical energy obtained 
from the cogeneration unit will be used to meet the energy 
needs of the digesters. A balance sheet of the energy fraction 
tells us the net quantity of energy that can be obtained from 
this biogas plant (Table 21).

Electricity consumption is mainly included in these three 
stages: (1) pretreatment from the arrival and preparation of 
waste (Table 18), (2) methanation, and (3) post-treatment 
(Table 19), including the green waste digestate mixer.

For the pretreatment step, we use the operating capacity 
of the equipment in this step and their electrical power 
(bag opener, trommel screen, feed, and dosing hopper with 
decompactor (FDHD)).

For the methanation step with the BEKON process, 
the electricity consumption of the digesters is 10% of the 
electricity produced by the cogeneration unit.

The equipment used in the post-treatment stage is 
the green waste digestate mixer, the rotary screen after 
maturation, and the windrow turner during the compost 

maturation stage. This equipment is not all electric. We 
chose to use gas-powered mobile equipment during the 
composting stages to save on the movements of the loaders 
and to work where the windows are installed. Therefore, the 
only electrical equipment is the green waste digestate mixer.

Table 20 presents the electricity consumption of the 
entire installation:

The cogeneration unit operates with a load factor of 
0,9. Consequently, during the engine stoppages hours, 
it will be necessary to buy electricity from the network 
to ensure the operation of the rest of the equipment. 
The quantity of this auxiliary electricity is equal to 

Table 16: Energy contained in biogas available from digesters.

Energy contained in biogas

Biomethane available m3.y-1 2.128.680

Biomethane LHV KWh.m-3 5,98

Energy contained in biogas MWh.y-1 12.729

Valorization by cogeneration

CHP electrical yield % 39,2

Electric energy MWh.y-1 4.990

Table 17: Total electrical energy produced by the cogeneration engine.

Electrical energy from digesters

Electricity produced kWh 850

Electrical efficiency % 39,2

Operating hours number H 5.256 

Energy produced by the motor MW.y-1  4.467

Electrical energy from bins landfilling

Electricity produced KWh 850

Electrical efficiency % 39,2

Operating hours number H 2.628 

Energy produced by the motor MW.y-1  2.233

Operating hours total H 7.884

The total electrical energy produced by the 
motor

MW.y-1 6.700

Table 18: Power consumption of pretreatment equipment.

bag 
opener

trommel 
screen

FDHD

Pretreatment process

Powerful kW 52 30 33

Operating capacity Ton.h-1 40 25 7

organic waste quantity ton.y-1 33.507 33.507 39.420

Operating hours h.y-1 838 1.340 5.631

Electrical consumption MWh.y-1 43 40 186

Total electricity 
consumption

MWh.y-1 269

Table 19: Power consumption of post-processing equipment.

Mixer 

Post-processing process

Powerful kW 102

Operating capacity m3.h-1 108

organic waste quantity m3.y-1 55.440

Operating hours h.y-1 514

Electrical consumption MWh.y-1 52

Table 20: The biogas unit’s electricity consumption.

Data

Pretreatment process MWh.y-1 269

Methanation  process MWh.y-1 670

Post-processing process MWh.y-1 52

Total electricity consumption MWh.y-1 991

Table 21: Electrical balance of the biogas plant.

Data

Total electricity consumption MWh/year 991

Auxiliary electricity % 10

Auxiliary electricity MWh.y-1 99

CHP electricity MWh.y-1 6.700

Total electricity consumption MWh.y-1 - 991

Net electrical energy MWh.y-1 5.808
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10% of the total electricity consumption of the biogas  
plant.

The net electricity is injected into the national electricity 
grid, which will improve the number of renewable energies 
produced in Morocco, ensuring an annual and stable income 
to cover the expenses. 

CONCLUSION 

To achieve the NHWP (national household waste program) 
objectives set by 2030, Morocco must develop an HSW 
management model adapted to its deposits and problems. 
For this purpose, dry methanation appears to be an 
adequate technological solution. However, this approach is 
underdeveloped and only represents methanizers processing 
agricultural products. To obtain a Moroccan anaerobic 
digestion model, it is necessary to identify and study the 
scientific and technological obstacles relating to the dry 
process.

The work presented in this article has endeavored to 
provide a reference database with which the choice of 
the process becomes obvious. Batch and mesophilic dry 
methanation is the solution for Morocco to develop its 
own model of integrated and sustainable management of 
household and similar waste.

Based on the sorting results, the waste studied is 
characterized by the dominance of fermentable matter, which 
presents a significant fraction of the deposit’s overall mass. 
It varies between 42,75% and 64,20% (averaging 54,94%). 
This reflects the priority of establishing a recovery method 
for this type of waste.

Therefore, the choice of dry and mesophilic anaerobic 
digestion is the one that uses the simplest technology with 
the most stable parameters. Added to this is the investment 
amount. We should create a system for municipalities that 
do not have large budgets, so discontinuity seemed to be 
the exact answer. With a discontinuous and mesophilic dry 
methanation process, we can make our landfills capable 
of self-financing by producing energy and compost. The 
technological level of the solution is acceptable, and the 
digesters number can increase according to our investment 
budget.

This plan fills all the gaps in a strategy based essentially 
on total landfilling: Extend the landfills lifetime, eliminate 
methane leaks into the atmosphere, increase the operating 
time of the biogas processing unit, ensure acceptable sorting, 

and improve the working environment for scavengers, 
remove the ceiling on the quantity produced of biogas and 
electricity.

This master plan connects biogas extraction from the 
landfills to our network of digesters to operate 24 hours 
a day all year round. We avoid sending the digestate to a 
landfill by adding a composting process. So, we built a unit 
that can even be installed in our transfer centers and save the 
daily trips between these centers and our controlled landfills.
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      ABSTRACT
In this study, waste tires were used to develop activated carbon for the adsorption of Cr(VI) 
from aqueous solutions, and an artificial neural network (ANN) model was applied to predict 
the adsorption efficiency of waste-tire activated carbon (WTAC). SEM and FTIR were used 
to characterize the developed WTAC. A three-layer ANN with different training algorithms 
and hidden layers with different numbers of neurons was developed using 79 data sets 
gathered from batch adsorption experiments with different initial Cr(VI) ion concentrations, 
contact periods, temperatures, and doses. Conjugate gradient backpropagation of Powell-
Beale restarts (traincgb) was found to be the best training algorithm among all the training 
algorithms, with an RMSE of 5.894 and an R2 of 0.985. The ANN topology had 4, 8, and 4 
neurons in the input, hidden, and output layers. The correlation coefficient of the ANN models 
of Cr(VI) ion adsorption efficiency is 0.977.

INTRODUCTION

Heavy metal water contamination is a major issue everywhere 
in the world (Dodbiba et al. 2015, Veglio & Beolchini 1997). 
Chromium is also significant in water contamination because 
tons of chromite ore is generated annually worldwide. Ferro 
chromite is created through the direct decrease of the ore, 
whereas Cr metal is created through the aluminothermic 
process, chrome alum solutions, or electrolysis of CrO3. The 
production of chromate, electroplating, leather tanning, metal 
polishing, and chromate preparation are only a few industries 
that make substantial use of chromium and its derivatives 
(Kowalski 1994). Chromium predominantly appears in two 
oxidation states in aqueous solutions: trivalent chromium and 
hexavalent chromium. The hexavalent form of chromium is 
hazardous, can cause cancer, and can also mutate DNA. For 
instance, lung cancer has been associated with Cr2O7

2- (El-
Sikaily et al. 2007, Li 2008).

One of the main factors contributing to the importance 
of chromium (III) and chromium (VI) to the environment is 
their stability in their native habitats. Due to its high water 
solubility, mobility, and simplicity of reduction, Cr(VI) is 
100 times more dangerous than Cr (III) (Gómez & Callao 
2006). The fundamental causes of Cr(VI) toxicological 
effects are its oxidizing capabilities and the subsequent 
formation of free radicals during its intracellular reduction to 

Cr (III) (Das  2004). The World Health Organization (WHO 
2020) recommends a chromium (VI) wastewater toxicity 
limit of 0.05 mg.L-1 with a combined maximum permitted 
discharge of 2.0 mg.L-1 (WHO 2020).

Chromium may be removed from wastewater produced 
in various industrial settings using several methods. Here 
are a few instances that exist. Some examples of these 
processes are reduction followed by chemical precipitation 
(Zhou 1993), ion exchange (Tiravanti et al. 1997), reduction; 
electrochemical precipitation (Kongsricharoern & Polprasert 
1996); solvent extraction (Meegoda 2000); membrane 
separation (Chakravarti et al. 2000); evaporation (Aksu 
1996); and foam separation (Jiao & Ding 2009). At low 
quantities, conventional approaches to chromium removal, 
such as those outlined above, are either prohibitively 
expensive or ineffective due to the element’s solubility in 
water. In light of this, adsorption ought to be considered a 
workable alternative. As an adsorbent, commercial activated 
carbon, also known as CAC, is utilized to remove Cr 
(Selomulya et al. 1999), Cd (Kannan & Rengasamy 2005), 
Cu, Zn (Monser & Adhoum 2002) and Ni (Basso et al. 2002) 
from wastewater. However, commercial activated carbon 
intended exclusively for eliminating heavy metals can be 
fairly expensive. In the search for adsorbents that are both 
effective and economical, a great number of investigations 
have been carried out. In this research, a wide variety of 

Nat. Env. & Poll. Tech.
Website: www.neptjournal.com

Received: 28-01-2023
Revised:    29-03-2023
Accepted: 05-04-2023

Key Words:
Artificial neuron network 
RMSE
MAE
Waste tires  
Activated carbon

mailto:gaurav.jpid@gmail.com


1482 Gaurav Meena and Nekram Rawal

Vol. 22, No. 3, 2023 • Nature Environment and Pollution Technology  This publication is licensed under a Creative 
Commons Attribution 4.0 International License

This publication is licensed under a Creative 
Commons Attribution 4.0 International License

absorbents, such as starch xanthate (Religa et al. 2011), 
chitosan (Ngah et al. 2005),  sawdust from Pinus sylvestris

(Taty-Costodes et al. 2003), bagasse sugar (Gupta 2003), 
bentonite (Bereket et al. 1997), and old car tires (Rowley et 
al. 1984) were investigated. 

The adsorption mechanism is very complicated, which 
makes it hard to model and simulate with traditional 
mathematical models. This is because a wider range of 
sorption process factors interacts, leading to nonlinear 
relationships. To ensure that every control measure is 
managed in the most effective manner possible, it is required 
to build a suitable model to achieve effective operation 
and design. A high-quality representative model may be of 
considerable assistance in optimizing the input parameters. 
ANNs have been applied to the fields of wastewater treatment 
(Chen & Kim 2006, Gontarski et al. 2000, Pai 2007, Qiao 
et al. 2020, Sahoo & Ray 2006), membrane processes 

(Fagundes-Klen 2007, Guadix et al. 2010, Libotean 2009, 
Prakash et al. 2008), and biosorption (Sadrzadeh et al. 2009, 
Yetilmezsoy & Demirel 2008) for prediction and simulation 
because of their reliability, robustness, and prominent 
features in picking up the non-linearity relation of variables 
in intricate systems. Heavy metal adsorption efficiency from 
water can be predicted using ANNs. However, the available 
data is scant (Kashaninejad et al. 2009). Therefore, this 
research aimed to find the best ANN structure and associated 
parameters for predicting the removal efficiency of activated 
carbon from waste tires of Cr(VI) ions in an aqueous solution.

MATERIALS AND METHODS

Materials 

Analytical grade reagents were used in the study and 
purchased from Uma Scientific, Prayagraj. Stock Solutions 

(a) (b) 

(c) (d) 
Fig. 1: SEM micrograph (a, b) before adsorption; (c, d) after adsorption.

The sample's Fourier transform infrared (FTIR) was collected over a wide spectral range between
4000 and 400 cm-1 to collect high-resolution information. The critical features of FTIR spectra of
the sample are shown in Fig. 2. The 3415.02 cm -1 peaks denoted the presence of a hydroxyl group,
which might be carbon black surface groups or groups generated from the hydroxylation of oxides
(Manchón-Vizuete 2005).

Fig. 1: SEM micrograph (a, b) before adsorption; (c, d) after adsorption.
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and other solutions were prepared using a double-distillation 
unit. A stock solution of Cr(VI) was prepared using 144 
mg Potassium dichromate (K2Cr2O7) dissolved in 100 mL 
distilled water which gives 500 mg.L-1 Cr(VI). The artificial 
wastewater with the required Cr(VI) concentration used in 
the tests was made from a stock solution. Waste tires used 
during the study were sourced from a near tire repair shop. 
Fetched tires were cut into 10-12 mm pieces, and the dirt 
was cleaned by shocking in diluted HCl for 24 h, followed 
by two to three rinses with distilled water, and drying in a hot 
air oven at 100°C for 4 h. After cleaning and drying, waste 
tires were carbonized at 400°C for 4 h. Chemical and heat 
treatments of carbonized waste tires prepared the activated 
carbon. A weight ratio of 1:2 of carbonized tires to H2SO4 
was initially poured into a 250 mL crucible to perform the 
chemical treatments. The mixture was then left to react for 
4 h while being stirred intermittently throughout the reaction 
duration. After that, the items. After that, the mixture was 
heated at 400°C for one hour, and then, once the mixture had 
cooled, it was stored in a glass container.

Adsorbent Media Characterization

Scanning electron microscopy (SEM) was used to investigate 
the difference in surface morphology between the WTAC 
before and after the adsorption of the Cr(VI) ions. Fig. 1 
(a-b) show the results of SEM imaging before adsorption 
at a different level of magnification, and Fig. 2 (c-d) shows 
the results after adsorption at different magnification. The 
irregular surface and presence of pores before adsorption 
could be assumed to be active sites for chromium uptake.

The sample’s Fourier transform infrared (FTIR) was 
collected over a wide spectral range between 4000 and  

400 cm-1 to collect high-resolution information. The critical 
features of FTIR spectra of the sample are shown in Fig. 2. 
The 3415.02 cm -1 peaks denoted the presence of a hydroxyl 
group, which might be carbon black surface groups or groups 
generated from the hydroxylation of oxides (Manchón-
Vizuete 2005) chemical and combined (thermal and chemical 
or vice versa. 

Batch Adsorption Experiments

Adsorption batch tests were conducted in a conical flask on 
a temperature-controlled orbital shaker. Aliquots of treated 
samples were filtered using grade 1 Whatman filter paper 
(pore size 11 μ) after adsorption. Colorimetric analysis using 
a spectrophotometer (LABINDIA UV 30000+) was used 
to determine chromium levels in the samples. The batch 
adsorption was done at different contact periods and with 
different chromium concentrations, times, and temperatures, 
as indicated by the statistics for the factor mentioned in 
Table 2. The following equation was used to calculate the 
adsorption capacities.

 𝑞𝑞𝑒𝑒 =
(𝐶𝐶0−𝐶𝐶𝑡𝑡)𝑉𝑉

𝑚𝑚       …(1)

Where qe represents the adsorption capacity in mg.g-1, 
Co represents the initial Cr concentration, Ct represents the 
Cr concentration at time t, V represents the volume of the 
solution in L, and m represents the mass of the adsorbent (g).

Artificial Neural Networks

Artificial neural networks (ANNs) have significant 
computational modeling power. Because of their adaptive 
structure, they can recognize complicated nonlinear 
relationships. This is especially true when the evident 
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Fig. 1: SEM micrograph (a, b) before adsorption; (c, d) after adsorption. 
The sample's Fourier transform infrared (FTIR) was collected over a wide spectral range between 
4000 and 400 cm-1 to collect high-resolution information. The critical features of FTIR spectra of 
the sample are shown in Fig. 2. The 3415.02 cm -1 peaks denoted the presence of a hydroxyl group, 
which might be carbon black surface groups or groups generated from the hydroxylation of oxides 
(Manchón-Vizuete 2005).  

 

Fig. 2: FTIR spectra of activated carbon. 

Batch Adsorption Experiments 

Adsorption batch tests were conducted in a conical flask on a temperature-controlled orbital 
shaker. Aliquots of treated samples were filtered using grade 1 Whatman filter paper (pore size 11 
μ) after adsorption. Colorimetric analysis using a spectrophotometer (LABINDIA UV 30000+) 
was used to determine chromium levels in the samples. The batch adsorption was done at different 
contact periods and with different chromium concentrations, times, and temperatures, as indicated 

Fig. 2: FTIR spectra of activated carbon.
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structure of the variable-variable relationship is ambiguous. 
The basic purpose of an ANN model is to solve any problem 
that cannot be solved using more traditional mathematical 
or statistical methodologies. Fig. 3 depicts an ANN’s 
fundamental structure, consisting of three layers: an input 
layer with dependent variables, a hidden layer, and an output 
layer with dependent variables.

As shown in Fig. 3, each layer of a typical ANN consists 
of many strongly connected processing components called 
“neurons” or “nodes.” In addition, all neurons except the 
output layer are linked to the sub-layer neurons by the 
connection strength (w value). The neurons in each layer 
get information from various sources, including the input 

layer’s original data, the hidden layer’s output from other 
nodes in the previous layer, and the output layer’s original 
data. A line, which conveys information from one node to 
the following, represents the connectivity between neurons. 
Data is introduced into the network in the input layer, and 
the input is calculated in the hidden layer and output layer 
by weighing the total output obtained in the previous layer. 
This mechanism is driven by the “weights,” or the degree of 
connectivity between two neurons. However, the inputs are 
transferred to the hidden and output layers using activation 
functions, which then compute the outputs of those layers. 
An activation function is a mathematical term for a nonlinear 
transfer function. Transfer functions that are among the most 

by the statistics for the factor mentioned in Table 2. The following equation was used to calculate 
the adsorption capacities. 

𝑞𝑞� =
(�����)�

�
      …(1) 

Where qe represents the adsorption capacity in mg.g-1, Co represents the initial Cr concentration, 
Ct represents the Cr concentration at time t, V represents the volume of the solution in L, and m 
represents the mass of the adsorbent (g). 

Artificial Neural Networks 

Artificial neural networks (ANNs) have significant computational modeling power. Because of 
their adaptive structure, they can recognize complicated nonlinear relationships. This is especially 
true when the evident structure of the variable-variable relationship is ambiguous. The basic 
purpose of an ANN model is to solve any problem that cannot be solved using more traditional 
mathematical or statistical methodologies. Fig. 3 depicts an ANN's fundamental structure, 
consisting of three layers: an input layer with dependent variables, a hidden layer, and an output 
layer with dependent variables. 

 
Fig. 3: ANN fundamental structure. 

As shown in Fig. 3, each layer of a typical ANN consists of many strongly connected processing 
components called "neurons" or "nodes.” In addition, all neurons except the output layer are linked 
to the sub-layer neurons by the connection strength (w value). The neurons in each layer get 
information from various sources, including the input layer's original data, the hidden layer's 
output from other nodes in the previous layer, and the output layer's original data. A line, which 
conveys information from one node to the following, represents the connectivity between neurons. 
Data is introduced into the network in the input layer, and the input is calculated in the hidden 
layer and output layer by weighing the total output obtained in the previous layer. This mechanism 
is driven by the "weights," or the degree of connectivity between two neurons. However, the inputs 

Fig. 3: ANN fundamental structure.

are transferred to the hidden and output layers using activation functions, which then compute the 
outputs of those layers. An activation function is a mathematical term for a nonlinear transfer 
function. Transfer functions that are among the most common include the tangent sigmoid (tansig), 
logarithmic sigmoid (logsig), and linear (purelin). The mathematical descriptions of the logsig and 
tansig transfer functions are provided by equations (2) and (4), respectively, while equation (3) 
explains the purelin transfer function. The tansig transfer function provides the most accurate 
predictions compared to the other transfer functions. 

𝒇𝒇(𝒙𝒙) = 𝒆𝒆𝒙𝒙�𝒆𝒆�𝒙𝒙

𝒆𝒆𝒙𝒙�𝒆𝒆�𝒙𝒙
     …(2) 

𝒇𝒇(𝒙𝒙) = 𝟏𝟏
𝟏𝟏�𝒆𝒆�𝒙𝒙

      …(3) 

𝒇𝒇(𝒙𝒙) = 𝒙𝒙       …(4) 

Fig. 4 illustrates a flow that depicts the flow of information within a neuron. When the input is 
multiplied by its weight, the sum function applies to all inputs of the previous layer, as applied to 
the previous layer (w value). Then the neuron's output is determined by passing this unique value 
through the transfer function. 

 
Fig. 4: Illustration of operation within a neuron. 

Collecting, analyzing, and processing data is the first step in the development of the ANN model, 
followed by training the network, testing the training network, selecting the model (determining 
the optimal structure of the ANN, training functions, training algorithms, and network parameters), 
and simulating and predicting using the training network. All ANN models developed in this study 
followed these steps. 

In ANN, the training algorithm is a process for adjusting the parameters of a network until they 
are optimal for a given input-output transformation problem. No universally superior algorithm 
exists because performance varies greatly among problems of varying sizes, complexities, and data 
availability. Thus, 11 training algorithms from 6 different categories were compared and evaluated. 
Table 1 summarizes all the training algorithms and their functions. 

Fig. 4: Illustration of operation within a neuron.
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Performance Assessment Criteria of the ANN Model

The reliability of the created ANN models was evaluated 
in four different methods: mean absolute error (MAE), root 
mean square error (RMSE), coefficient of determination (R2)

The root-mean-squared error (RMSE) was used as 
a measure of the accuracy of the model, and it may be 
computed as follows:

 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = √∑ (𝒀𝒀𝒑𝒑𝒑𝒑𝒑𝒑,𝒊𝒊−𝒀𝒀𝒐𝒐𝒐𝒐𝒐𝒐,𝒊𝒊)𝒏𝒏
𝒊𝒊=𝟏𝟏

𝒏𝒏        …(5)

Ypre,i stands for the mode prediction, Yobs,i for the 
associated observed data set, and n for the number of non-
missing data points associated with the mode prediction.

The coefficient of determination (R2) indicates the 
proportion of variance that the model can explain. It can be 
determined as follows:

𝑅𝑅𝟐𝟐 = [ 𝐧𝐧∑ 𝐘𝐘𝐨𝐨𝐨𝐨𝐨𝐨,𝐢𝐢𝐘𝐘𝐩𝐩𝐩𝐩𝐩𝐩,𝐢𝐢𝐧𝐧
𝐢𝐢=𝟏𝟏 −(∑ 𝐘𝐘𝐨𝐨𝐨𝐨𝐨𝐨,𝐢𝐢𝐧𝐧

𝐢𝐢=𝟏𝟏 )(∑ 𝐘𝐘𝐩𝐩𝐩𝐩𝐩𝐩,𝐢𝐢𝐧𝐧
𝐢𝐢=𝟏𝟏 )

√[𝐧𝐧∑ 𝐘𝐘𝟐𝟐𝐨𝐨𝐨𝐨𝐨𝐨,𝐢𝐢𝐧𝐧
𝐢𝐢=𝟏𝟏 −(∑ 𝐘𝐘𝐨𝐨𝐨𝐨𝐨𝐨,𝐢𝐢𝐧𝐧

𝐢𝐢=𝟏𝟏 )𝟐𝟐]×[∑ 𝐘𝐘𝟐𝟐𝐩𝐩𝐩𝐩𝐩𝐩,𝐢𝐢𝐧𝐧
𝐢𝐢=𝟏𝟏 −(∑ 𝐘𝐘𝐩𝐩𝐩𝐩𝐩𝐩,𝐢𝐢𝐧𝐧

𝐢𝐢=𝟏𝟏 )𝟐𝟐]
]
𝟐𝟐

   

 
  …(6)

The statistical performance evaluation criteria, such 
as RMSE and R2, are global statistics that do not provide 
any insight into the error distribution. As a result, other 
performance evaluation criteria, such as mean absolute 
error (MAE), were applied to measure the accuracy of the 
ANN models constructed for this investigation. The MAE 
not only illustrates the distribution of the errors made in the 
forecast, but it also demonstrates the performance index in 
predicting removal efficiency. This is because the MAE 
gives both of these things. The following equation can be 
used to determine MAE:

 𝑀𝑀𝑀𝑀𝑀𝑀 = 𝟏𝟏
𝒏𝒏∑ |𝒀𝒀𝒐𝒐𝒐𝒐𝒐𝒐,𝒊𝒊 − 𝒀𝒀𝒑𝒑𝒑𝒑𝒑𝒑,𝒊𝒊|𝒏𝒏

𝒊𝒊=𝟏𝟏     …(7)

RESULTS AND DISCUSSION

Pre-Processing of Data

Seventy nine data sets in this investigation were gathered 
through batch experiments with varying adsorbent dosages, 
contact times, and initial Cr(VI) ion concentrations. 
Experimental data points were randomly split into training, 
validation, and testing subsets to create an ANN model 
for forecasting the percentage of Cr(VI) ions removed by 
WTAC from aqueous solutions. About 70% of the data went 
to the training set. The remaining 15% and 15% went to the 
validation and testing sets, which got 55, 12, and 12 data 
points, respectively. 

common include the tangent sigmoid (tansig), logarithmic 
sigmoid (logsig), and linear (purelin). The mathematical 
descriptions of the logsig and tansig transfer functions 
are provided by equations (2) and (4), respectively, while 
equation (3) explains the purelin transfer function. The tansig 
transfer function provides the most accurate predictions 
compared to the other transfer functions.

 𝒇𝒇(𝒙𝒙) = 𝒆𝒆𝒙𝒙−𝒆𝒆−𝒙𝒙
𝒆𝒆𝒙𝒙+𝒆𝒆−𝒙𝒙     …(2)  …(2)

 𝒇𝒇(𝒙𝒙) = 𝟏𝟏
𝟏𝟏+𝒆𝒆−𝒙𝒙      …(3) 

 

 …(3)

 𝒇𝒇(𝒙𝒙) = 𝒙𝒙      …(4)

Fig. 4 illustrates a flow that depicts the flow of 
information within a neuron. When the input is multiplied 
by its weight, the sum function applies to all inputs of the 
previous layer, as applied to the previous layer (w value). 
Then the neuron’s output is determined by passing this 
unique value through the transfer function.

Collecting, analyzing, and processing data is the first step 
in the development of the ANN model, followed by training 
the network, testing the training network, selecting the model 
(determining the optimal structure of the ANN, training 
functions, training algorithms, and network parameters), and 
simulating and predicting using the training network. All 
ANN models developed in this study followed these steps.

In ANN, the training algorithm is a process for adjusting 
the parameters of a network until they are optimal for a 
given input-output transformation problem. No universally 
superior algorithm exists because performance varies 
greatly among problems of varying sizes, complexities, 
and data availability. Thus, 11 training algorithms from 6 
different categories were compared and evaluated. Table 1 
summarizes all the training algorithms and their functions.

Table 1: ANN training algorithms.

Training algorithm function

Levenberg-Marquardt (LM) trainlm

Gradient descent(GD) with a variable learning rate traingdm

traingda

traingdx

Resilient backpropagation(RP) trainrp

Conjugated gradient descent(CG) traincgb

traincgp

trainscg

Quasi-Newton algorithm trainoss

trainbfg

Bayesian regularization trainbr
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The neural network can recognize patterns present in 
the data by using the training data, which is the largest set, 
to adjust the network weights. The testing data is employed 
to assess the network’s quality. The trained network’s 
performance and generalizability are checked one last time 
using validation data. Table 2 presents the essential statistical 
information regarding the variables used in the investigation.

Before training the network, input and output variables 
were normalized to fall between 0.1 and 0.9 to avoid 
numerical overflows caused by extreme weight values. Here 
is the equation for normalization:

 𝑋𝑋𝑖𝑖 =
(𝒙𝒙−𝒙𝒙𝒎𝒎𝒎𝒎𝒎𝒎)

(𝒙𝒙𝒎𝒎𝒎𝒎𝒙𝒙−𝒙𝒙𝒎𝒎𝒎𝒎𝒎𝒎)
+ 0.1   …(8)

Where xmax and xmin represent the maximum and 
minimum possible values in the database, respectively, and 
Xi represents the value of x after it has been normalized.

ANN Architecture Design

The architecture of the AAN considerably affects the overall 
performance of ANN models. To develop the most effective 
architecture for an ANN model, the network architecture 
design must consider two essential characteristics: layering 
and transfer function. With these parameters, the best training 
algorithm and number of neurons to use in the hidden layer 
can be chosen. 

The most effective training algorithm can be identified 
by analyzing and comparing several different training 
algorithms. The training algorithms used a three-layer ANN 
with a linear transfer function (purelin) in the output layer, a 
tangent sigmoid function (tansig) in the hidden layer, and 10 
neurons in each layer. Table 3 displays the results of ANN 
model evaluations using each available training algorithm. 
As shown in Table 3, the RMSE values obtained by the 
traincgb were the lowest, and the R2 values were the highest, 
coming in at 5.894 and 0.9885, respectively. Because of this, 
it was selected as the most effective algorithm for training. 
This algorithm was followed by the training and traincg 
functions, which had RMSE of 6.039 and 6.110, respectively. 
When utilized as a training algorithm, alternative algorithms 
like trainln, traincgf, and traingda produced more errors than 
the traincgb.

After figuring out the best training algorithm for the 
ANN model, the next step is optimal design, which involves 

Table 2: The basic statistics of the ANN model variable.

Input Parameter Unit Min. Max. Avg. Std.

Doges g 0.2 0.8 0.50 0.21

Concentration mg.L-1 10 100 58.86 31.21

Time Min 10 360 175.31 96.99

Temp. oC 30 50 36.83 7.43

Table 3: List of different training algorithms of ANN. 

ANN Algorithms EPOCH RMSE R2

TRINLN 128 8.597 0.967

TRAINBGF 10 6.039 0.984

TRAINCGB 56 5.894 0.985

TRAINCGF 132 6.566 0.981

TRAINCGP 1 6.364 0.982

TRAINGDA 12 6.757 0.980

TRAINGDX 104 8.341 0.969

TRAINLM 8 6.214 0.983

TRAINOSS 39 7.518 0.975

TRAINSCG 62 6.110 0.983

the lowest, and the R2 values were the highest, coming in at 5.894 and 0.9885, respectively. 
Because of this, it was selected as the most effective algorithm for training. This algorithm was 
followed by the training and traincg functions, which had RMSE of 6.039 and 6.110, respectively. 
When utilized as a training algorithm, alternative algorithms like trainln, traincgf, and traingda 
produced more errors than the traincgb. 

Table 3: List of different training algorithms of ANN.  

ANN Algorithms EPOCH RMSE R2 
TRINLN 128 8.597 0.967 

TRAINBGF 10 6.039 0.984 
TRAINCGB 56 5.894 0.985 
TRAINCGF 132 6.566 0.981 
TRAINCGP 1 6.364 0.982 
TRAINGDA 12 6.757 0.980 
TRAINGDX 104 8.341 0.969 
TRAINLM 8 6.214 0.983 
TRAINOSS 39 7.518 0.975 
TRAINSCG 62 6.110 0.983 

After figuring out the best training algorithm for the ANN model, the next step is optimal design, 
which involves choosing the right number of neurons to use in the hidden layer for further analysis. 
It can be done by varying the neurons in the hidden layer. Initially, the hidden layer only used two 
neurons for the guessing process. However, as shown in Fig. 5, the number of neurons in the hidden 
layer gradually increased from two to twenty. 

.  

Fig. 5: Variation of RMSE with neurons. 

Fig. 5 shows that the network output a wide range of RMSE and local minimum/maximum values 
as the number of neurons is enhanced. The lowest RMSE value for the eight hidden neurons was 
attained in every trial. The smallest RMSE value for a neural network architecture with 8 hidden 
neurons was 2.06. As a result, the optimal number of neurons was established to be 8 in hidden 
layers.  

Fig. 5: Variation of RMSE with neurons.
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choosing the right number of neurons to use in the hidden 
layer for further analysis. It can be done by varying the 
neurons in the hidden layer. Initially, the hidden layer only 
used two neurons for the guessing process. However, as 
shown in Fig. 5, the number of neurons in the hidden layer 
gradually increased from two to twenty.

Fig. 5 shows that the network output a wide range of 
RMSE and local minimum/maximum values as the number 
of neurons is enhanced. The lowest RMSE value for the 
eight hidden neurons was attained in every trial. The smallest 
RMSE value for a neural network architecture with 8 hidden 
neurons was 2.06. As a result, the optimal number of neurons 
was established to be 8 in hidden layers. 

Final Selected ANN Model Results

The optimal ANN topology for forecasting Cr(VI) ion 
adsorption efficiency by WTAC was determined to be 4-8-
1 during network architecture design. Table 4 shows the 
performance of the artificial neural network (ANN) model 
and the best ANN parameter combination for this structure. 

In summary, Fig. 6 illustrates the optimal three-layer 
ANN topology, comprising a four-neuron input layer, an 

eight-neuron hidden layer with a tangent sigmoid (tansig) 
transfer function, and a single-neuron output layer.

A linear relationship between the observed and predicted 
outputs of the final selected ANN model can be seen in 
training, validation, and testing over the full dataset. As 
shown in Fig. 7, the regression plot was obtained for the best 
ANN model 4-8-1. The good accuracy and fitting abilities 
of the ANN model are demonstrated by the large R-value of 
0.977 for the entire data set. The lower R-value of 0.91014 
shown in the testing data may be due to the limited sample 
size used in this investigation. Expected values based on the 
best ANN model 4-8-1 are displayed in Table 4.

An evaluation of the ANN model’s efficacy was 
conducted by contrasting the error function with respect to 
the validation data. The training procedure ends once the 
validation error has decreased to a certain level. The outcome 
is predicted, and ANN validates the experimental data. The 
MSE for the optimized ANN model is shown against the 
epoch number in Fig. 8. Overfitting was avoided, and the 
least-error weights and biases were recovered by stopping 
training after 61 epochs, as shown in Fig. 8. Specifically, the 
little circle at epoch 61 on the graph represents the highest 
validation performance.

Table 4: Artificial Neural network (ANN) model’s performance.

ANN Structure Algorithm Transfer function Assessment Criteria

Hidden Layer Output layer RMSE MAE R2

4-8-1 Treincbg tansing purelin 2.384 1.630 0.977

Final Selected ANN Model Results 

The optimal ANN topology for forecasting Cr(VI) ion adsorption efficiency by WTAC was 
determined to be 4-8-1 during network architecture design. Table 4 shows the performance of the 
artificial neural network (ANN) model and the best ANN parameter combination for this structure.  

Table 4:  Artificial Neural network (ANN) model's performance. 

ANN Structure Algorithm 
Transfer function Assessment Criteria 

Hidden Layer Output layer RMSE MAE R2 
4-8-1 Treincbg tansing purelin 2.384 1.630 0.977 

In summary, Fig. 6 illustrates the optimal three-layer ANN topology, comprising a four-neuron 
input layer, an eight-neuron hidden layer with a tangent sigmoid (tansig) transfer function, and a 
single-neuron output layer. 

Fig. 6:  ANN topology (4-8-1) for Cr(VI) adsorption efficiency. 

A linear relationship between the observed and predicted outputs of the final selected ANN model 
can be seen in training, validation, and testing over the full dataset. As shown in Fig. 7, the 
regression plot was obtained for the best ANN model 4-8-1. The good accuracy and fitting abilities 
of the ANN model are demonstrated by the large R-value of 0.977 for the entire data set. The lower 
R-value of 0.91014 shown in the testing data may be due to the limited sample size used in this 
investigation. Expected values based on the best ANN model 4-8-1 are displayed in Table 4. 

Fig. 6: ANN topology (4-8-1) for Cr(VI) adsorption efficiency.
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Fig. 7: Regression plots of ANN model for Cr(VI) adsorption efficiency.  

An evaluation of the ANN model's efficacy was conducted by contrasting the error function with 
respect to the validation data. The training procedure ends once the validation error has decreased 
to a certain level. The outcome is predicted, and ANN validates the experimental data. The MSE 
for the optimized ANN model is shown against the epoch number in Fig. 8. Overfitting was 
avoided, and the least-error weights and biases were recovered by stopping training after 61 
epochs, as shown in Fig. 8. Specifically, the little circle at epoch 61 on the graph represents the 
highest validation performance. 

Fig. 7: Regression plots of ANN model for Cr(VI) adsorption efficiency. 

 
Fig. 8: MSE plot of ANN performance for train, validation, and test data. 

The validation check, also known as Mu, and the gradient profile of the ANN model are depicted 
in Fig. 9. When the gradient value reached 1.0531. The training was terminated. As shown in Fig. 
9, the mu value for the seventh period was 0.001. Additionally, the varying validation checks show 
no need to evaluate the validity of the data set used in the current investigation. 

.  

Fig. 9:  ANN Training State (Gradient, mu, and validation check profiles). 

Fig. 8: MSE plot of ANN performance for train, validation, and test data.
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Fig. 8: MSE plot of ANN performance for train, validation, and test data. 

The validation check, also known as Mu, and the gradient profile of the ANN model are depicted 
in Fig. 9. When the gradient value reached 1.0531. The training was terminated. As shown in Fig. 
9, the mu value for the seventh period was 0.001. Additionally, the varying validation checks show 
no need to evaluate the validity of the data set used in the current investigation. 

.  

Fig. 9:  ANN Training State (Gradient, mu, and validation check profiles). 
Fig. 9: ANN Training State (Gradient, mu, and validation check profiles).

After projecting the errors for each data point, a 20-bin error histogram is generated and displayed 
in Fig. 10. Fig. 10 shows that the largest error possible was 10.31, and the smallest error possible 
was 0.003. The fact that 4 of the observations had zero or tiny errors and the deviations are 
concentrated closer to the zero error line demonstrates the correctness and reliability of the ANN 
model developed. However, the limited dataset used means that the amount of errors that 
significantly depart from the mean is still manageable. 

 
Fig. 10:  Histogram of error. 

CONCLUSION 

The primary aim of this research was to develop an ANN model for the Cr(VI) ion adsorption 
efficiency of WTAC in batch adsorption tests with four different process parameters (adsorbent 
dosage, initial concentration of Cr(VI) ions, contact time, and temperature). WTAC was developed 
using the carbonization of waste tires at 400 °C, which was subsequently activated using a thermal 
and chemical method. WTAC's FTIR peak at 3415.02 cm indicates the presence of a hydroxyl 
group. 

A three-layer ANN with different training algorithms and hidden layers with different numbers of 
neurons was developed to predict the adsorption efficiency of the Cr(VI) ion. All algorithms were 
evaluated at 10 neurons in a hidden layer. The best training algorithm was determined to be CGB 
of Powell-Beale restarts (traincgb), with RMSE of 5.894 and R2 of 0.985. It was determined that 
8 neurons in the hidden layer are the optimal number for traincgb, with RMSE 2.06. The ANN 
model's correlation coefficient is 0.977, indicating that it accurately predicted experimental data 
and could make a reliable prediction on the adsorption efficiency of the Cr(VI) ion.  

Fig. 10: Histogram of error.
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The validation check, also known as Mu, and the gradient 
profile of the ANN model are depicted in Fig. 9. When the 
gradient value reached 1.0531. The training was terminated. 
As shown in Fig. 9, the mu value for the seventh period was 
0.001. Additionally, the varying validation checks show 
no need to evaluate the validity of the data set used in the 
current investigation.

After projecting the errors for each data point, a 20-bin 
error histogram is generated and displayed in Fig. 10. Fig. 
10 shows that the largest error possible was 10.31, and the 
smallest error possible was 0.003. The fact that 4 of the 
observations had zero or tiny errors and the deviations are 
concentrated closer to the zero error line demonstrates the 
correctness and reliability of the ANN model developed. 
However, the limited dataset used means that the amount 
of errors that significantly depart from the mean is still 
manageable.

CONCLUSION

The primary aim of this research was to develop an ANN 
model for the Cr(VI) ion adsorption efficiency of WTAC in 
batch adsorption tests with four different process parameters 
(adsorbent dosage, initial concentration of Cr(VI) ions, 
contact time, and temperature). WTAC was developed 
using the carbonization of waste tires at 400 °C, which was 
subsequently activated using a thermal and chemical method. 
WTAC’s FTIR peak at 3415.02 cm indicates the presence 
of a hydroxyl group.

A three-layer ANN with different training algorithms 
and hidden layers with different numbers of neurons was 
developed to predict the adsorption efficiency of the Cr(VI) 
ion. All algorithms were evaluated at 10 neurons in a hidden 
layer. The best training algorithm was determined to be 
CGB of Powell-Beale restarts (traincgb), with RMSE of 
5.894 and R2 of 0.985. It was determined that 8 neurons in 
the hidden layer are the optimal number for traincgb, with 
RMSE 2.06. The ANN model’s correlation coefficient is 
0.977, indicating that it accurately predicted experimental 
data and could make a reliable prediction on the adsorption 
efficiency of the Cr(VI) ion. 
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      ABSTRACT
The River Chief System is an administrative model of water environment governance 
currently adopted in China. Under this system, the chief CPC and government leaders at 
various levels serve as “river chiefs” and are responsible for organizing and directing the 
management and protection of the rivers and lakes within their remit. This paper tries to reveal 
the actual effectiveness of the River Chief System based on the behaviors of grassroots river 
chiefs (GRCs). First-hand data about GRCs is obtained through a questionnaire survey. 
Whether the water environment governance target is achieved and the water quality change 
of the river sections in the charge of GRCs is quantitatively assessed It has been found that, 
except for implementing “one policy for one river” and making river patrols, the behaviors 
of GRCs have no positive effect on river pollution prevention and control, implying the 
ineffectiveness of the River Chief System. The framework design of the River Chief System 
should be optimized, and a system with professionals to support GRCs in performing their 
duties should be established. Moreover, the tendency to use environmental regulation 
as a mandatory policy tool should be weakened. These measures are of great practical 
significance to the implementation of the green development concept and the furthering of 
the River Chief System overall.

INTRODUCTION

As an innovative administrative model of water environment 
governance in the face of severe water pollution, the River 
Chief System in China requires chief CPC and government 
leaders at various levels to serve as “river chiefs” and be 
responsible for organizing and directing the management 
and protection of the rivers and lakes within their remit. 
Essentially, this system is implemented to enhance the overall 
coordination, authority and accountability of existing river 
management systems. Since the issuance of the Opinions on 

Full Implementation of the River Chief System by the General 
Office of the Communist Party of China (CPC) Central 
Committee and the General Office of the State Council of 
China in 2016, the River Chief System has shifted from a 
“bottom-up” self-exploration to a unified “top-down” will 
(Shen 2018). Taking into consideration both river/lake 
distribution and administrative divisions, this system puts the 
decentralized authority of river management into the hands 
of CPC and government leaders at various levels. Through 
a stressful interaction mechanism between leadership and 

responsibility where all authority is put into one hand and 
one chief leader is held accountable, it solves the problem of 
dysfunction caused by overlapping authority between water 
administration departments to a certain extent.

Grassroots river chiefs (GRCs) are undoubtedly the 
principal actors in implementing the River Chief System. For 
example, in Zhejiang Province, it is stipulated that the river 
chiefs at the county level and above should take the lead in 
the development of a water environment governance program 
with one policy for one river and that river chief at town and 
village levels should be responsible for the daily patrols of 
the river sections in their charge, with an aim to find and 
solve problems in a timely manner and assisting the higher-
level river chiefs in their work. The term “GRCs’ behaviors” 
refers to GRCs’ performance of their daily management 
responsibilities for the river sections in their charge and 
their execution of tasks related to overall river pollution 
prevention and control. As a special form of environmental 
control, whether the River Chief System is effective in river 
pollution prevention and control depends directly on GRCs’ 
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behaviors. Theoretically, GRC as a single individual is both 
a public interest realizer and a rational value selector. GRCs’ 
behaviors are a process where a system uses all available 
information and takes action. Variables such as gender, age, 
occupation, and personality indirectly influence behavioral 
intentions through behavioral attitudes and subjective norms 
(Ajzen & Madden 1986). From the organizational behavior 
perspective, concerning an individual’s psychological state, 
there are not only positive factors such as realizing public 
values and performing duties but also negative factors such as 
hesitation when facing multiple choices, hesitation to perform 
job responsibilities, and doubts as to mitigating risk pressure 
(Sheng & Chen 2019). It is the interaction among these positive 
and negative factors that provides a direct value judgment on 
GRCs’ behaviors. In general, GRCs’ behaviors tend to realize 
a range of outcomes, including social, organizational, and 
individual values. In objective reality, the realization of social 
and organizational values is subject to some uncontrollable 
factors. The realization of social value can be influenced 
by factors such as economic and social transformation and 
external organizational development, and the realization of 
organizational values can be impacted by heavy administrative 
duties at the grassroots level and the strong accountability 
required by higher-level governments. As a result, GRCs can 
directly devote themselves to the realization of individual 
values. Especially since the implementation of the River Chief 
System, GRCs, under stressful assessments and inefficient 
incentives, can easily develop fears of taking responsibility 
and dare not take action. Instead, they may be eager to achieve 
goals or accomplish tasks that are easy, with only controllable 
risk and a smaller level of accountability. The original property 
of responsibility is ignored consequently. In terms of the 
external environment, the River Chief System, which runs 
based on a principle of local management and a mechanism 
for river chiefs at all levels to be held accountable, actually 
transfers the main responsibility for river pollution prevention 
and control and related great pressure to the grassroots in a 
top-down way. The whole framework of the River Chief 
System, comprising various rules regarding meetings, 
patrol, information reporting, work supervision, assessment, 
accountability, and other aspects, is often overwhelming 
for GRCs and can easily bring out formalism, reducing the 
effectiveness of the system objectively. It has been shown 
that, although the River Chief System has achieved initial 
outcomes for water pollution control, it has not significantly 
reduced the pollutants deep in the water, which may reveal 
a whitewash of local governments addressing the symptoms 
but not the root cause (Shen & Jin 2018). In terms of internal 
requirements, river pollution prevention, and control is a 
complex, systematic project whose principal implementers 
must have solid professional knowledge, a positive attitude 

at work, excellent comprehensive abilities, and an open mind. 
These requirements are unachievable for most GRCs, thus 
subjectively limiting the effectiveness of the River Chief 
System.

These facts have been shown in existing studies. Scholars 
have argued that, although it is possible to improve the results 
of river pollution prevention and control by strengthening 
the vertical mechanism (Zhou & Xiong 2017, Xiong 2017), 
the “last mile” of water environment governance is not 
always smooth due to the capability and action dilemmas 
for individuals and agencies implementing policy caused 
by over-reliance on authority (Gao 2019) and role overload 
caused by information asymmetry in the principal-agent 
relationship and dual roles (Wang & Cai 2011, Yan & 
Wang 2019). As very few quantitative analyses have been 
conducted on the effectiveness of the River Chief system, 
there is a need to obtain first-hand data about GRCs through 
questionnaire surveys and quantitatively assess whether the 
water environment governance target is achieved and water 
quality changes in the river sections under the charge of 
GRCs, thus revealing the actual effectiveness of the River 
Chief System based on GRCs’ behaviors. This paper tries 
to provide some empirical support and a decision-making 
basis for structuring the positive incentive mechanism for 
GRCs’ behaviors in the reconstruction of the River Chief 
System and thereby has great practical significance to the 
implementation of the green development concept and the 
furthering of the River Chief System overall.

STUDY DESIGN

Sample Selection

Generally speaking, grassroots river chiefs (GRCs) refer to 
village- and town-level river chiefs. But as stipulated in many 
regions, it is county-level river chiefs who are responsible 
for developing and implementing a water environment 
governance program with one policy for one river, which is 
the fundamental basis for the assessment and accountability 
of river chiefs at the county level and below. Due to this fact, 
county-level river chiefs are also deemed GRCs in our study. 
In 2022, we conducted a questionnaire survey to assess the 
duty performance of GRCs in 2021. The survey participants 
were 683 GRCs attending the professional training on the 
River Chief System organized by the College of Zhejiang 
River Chief at Zhejiang University of Water Resources and 
Electric Power, which is the first college of river chiefs in 
China. A total of 683 questionnaires were handed out, and 
97.66% of them (667) were collected as valid questionnaires 
based on information screening and reliability assessment. 
Among the 667 GRCs, 628 river chiefs were from counties 
within prefecture-level cities Jinhua, Quzhou, and Wenzhou 
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of Zhejiang Province, and the remaining 39 river chiefs were 
from Kongdong District (County), Pingliang City, Gansu 
Province. In terms of administrative level, there were 445 
village-level river chiefs (66.72%), 136 town-level river 
chiefs (20.39%), and 86 county-level river chiefs (12.89%).

Variables

Explained Variables
To examine the effectiveness of the River Chief System, 
two explained variables were set, namely, whether the water 
environment governance target is met (OV1) and water 
quality change (OV2). OV1 is a binary variable with only 
two possible values: 0 (Yes) or 1 (No). Water quality has 
been divided into six grades: VI (poorest quality), V, IV, 
III, II and I (best quality). Grades VI, V, IV, III, II and I are 
assigned a value of 0, 1, 2, 3, 4 and 5, respectively. And OV2 
is the water quality difference over time.

Explanatory Variables
Our core explanatory variables are a set of variables describing 
GRCs’ behavioral characteristics. Nine behavioral variables 

were summarized and identified according to GRCs’ duties 
under the River Chief System: (1) whether one policy for one 
river is implemented; (2) the annual number of river patrols; 
(3) whether records of river patrols are kept; (4) the annual 
number of regular work meetings; (5) communication with 
the public; (6) whether work training is attended; (7) whether 
annual tasks are disclosed; (8) whether the annual work plan 
is accomplished on schedule; and (9) overtime work. These 
nine variables are generally considered to have an effect on 
river pollution prevention and control. In other words, if one 
policy for one river is implemented, records of river patrols 
are kept, annual tasks are disclosed, the annual work plan is 
accomplished on schedule and there are more river patrols, 
regular work meetings, communication with the public and 
overtime work during a period, the River Chief System is 
likely to be more effective.

Control Variables
Our control variables are a set of variables describing social 
characteristics. The control variables are included in the 
study due to the fact that whether the water environment 

Table 1: Definitions of variables.

Variables Definitions

Whether the water environment governance target is met No = 0, Yes = 1

Previous water quality Grade VI (poorest) = 0, Grade V = 1, Grade IV = 2, Grade III = 3, Grade II 
= 4, Grade I (best) = 5

Current water quality Grade VI (poorest) = 0, Grade V = 1, Grade IV = 2, Grade III = 3, Grade II 
= 4, Grade I (best) = 5

Change in water quality Current water quality - previous water quality

Behavioral
Characteristics

Whether one policy for one river is implemented No = 0, Yes = 1

Annual number of river patrols The annual number of river patrols

Whether records of river patrols are kept No = 0, Yes = 1

Annual number of regular work meetings 0 meeting = 1; 1 meeting = 2; 2 meetings = 3; 3 meetings = 4; 4 or more 
meetings = 5

Communication with the public Zero = 1; Little = 2; Frequent = 3; Much = 4; Very much = 5

Whether work training is attended No = 0, Yes = 1

Whether annual tasks are disclosed No = 0, Yes = 1

Whether the annual work plan is accomplished 
on schedule

No = 0, Yes = 1

Overtime work Never = 1; Little = 2; Occasional = 3; Frequent = 4; Always = 5

Social 
characteristics

Whether the public report the problems No = 0, Yes = 1

Support for work from the public None = 1; Little = 2; Some = 3; Much = 4; Very Much = 5

Number of sewage outfalls Number of sewage outfalls

Number of rainwater outfalls Number of rainwater outfalls

Number of industrial enterprises in catchment 
areas

Number of industrial enterprises in catchment areas

Number of livestock and poultry farms in 
catchment areas

Number of livestock and poultry farms in catchment areas
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governance target is met and water quality change is affected 
by some objective conditions such as the status of the public, 
infrastructure, industry, etc. Generally speaking, if the 
public can report problems or support water environment 
governance or if there are many rainwater outfalls, it will 
be easier to achieve water environment governance targets 
and improve water quality. On the contrary, if there are 
many sewage outfalls, industrial enterprises and livestock 
and poultry farms, the realization of the above-mentioned 
outcomes will be adversely affected to some extent. 
Definitions of the variables are shown in Table 1.

Model Setting

Most behaviors of GRCs have a significant positive effect on 
the achieving of water environment governance targets and 
water quality improvement, indicating the effectiveness of 
the River Chief System. Given the qualitative or quantitative 
characteristics of the explained variables, two regression 
models, a binary logistic model and an OLS model, were 
constructed to reveal the real effectiveness of the River 
Chief System.

The constructed binary logistic regression model is as 
follows:
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And the constructed OLS regression model is as follows:
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Where, T denotes the probability of having met the water 
environment governance target; ΔQ denotes the change in 
water quality; Q0 and Q1 denote the previous and current water 
quality respectively; B

i
 denotes the core explanatory variables, 

a set of variables describing behavioral characteristics; S
j
 

denotes the control variables, a set of social characteristics 
variables; α0, α1i

, α2j
, β0, β1i

 and β2j
 are the corresponding 

regression coefficients; θ is county’s fixed effect; ε and η 
represent random errors. A significantly positive α1i

 or β1i 

obtained by regression indicates that the corresponding 
behavior of GRCs can have a positive effect on river pollution 
prevention and control. Otherwise, the behavior would be a 
vain attempt at water environment governance.

EMPIRICAL ANALYSIS

Descriptive Statistics

The descriptive statistics for all variables are shown in 

Table 2. As indicated by the survey, a total of 585 GRCs 
(87.71%) achieved their water environment governance 
target. In addition, the mean previous and current water 
quality were 2.2969 and 3.2264, respectively, resulting in a 
mean water quality change of 0.9295, which suggests that the 
implementation of the River Chief System has led to a general 
improvement in water quality from Grade IV to Grade III.

For the behavioral characteristics of GRCs, 624 GRCs 
(93.55%) implemented one policy for one river; 602 GRCs 
(90.25%) made river patrol records; 511 GRCs (76.61%) 
attended work training; 589 GRCs (88.31%) disclosed their 
annual work tasks; and 488 GRCs (73.16%) accomplished 
their annual work plan on schedule. In addition, in the 
year 2021, GRCs made 3.7901 river patrols and attended 
4.1244 work meetings on average. At the same time, the 
mean value of their communication with the public and 
overtime work are 3.6387 and 2.8426, respectively. It can 
be seen that, although GRCs made relatively few river 
patrols in the year, they performed their duties actively in  
general.

For social characteristics faced by GRCs, 250 GRCs 
(37.48%) received problems reported by the public and 
had public support for their work (3.9415); on average, 
there were 1.7376 outfalls (SD: 8.1862), 3.8441 rainwater 
outfalls (SD: 25.5761), and 4.2804 industrial enterprises 
(SD: 51.6797) and 0.5067 livestock and poultry farms in 
catchment areas (SD: 5.1209). It can be seen that not many 
GRCs receive reports on problems from the public, and 
the public is supportive of their work. As indicated by the 
geographic origins of questionnaire survey respondents, 
geographic factors such as the number of sewage outfalls, 
rainwater outfalls, industrial enterprises and livestock and 
poultry farms in rain catchment areas vary greatly.

Analysis of the River Chief System’s Effectiveness

The regression results based on equations (1) and (2) are 
presented in Table 3 and Table 4, respectively. Column 
(1) are the results without including any control variables; 
column (2) are the results when only control variables related 
to the public (i.e., two social characteristics: whether there 
are problems reported by the public and public support for 
the work) are included; column (3) are the results when only 
control variables related to infrastructure (i.e., two social 
characteristics: the number of sewage outfalls and the number 
of rainwater outfalls) are included; column (4) are the results 
when only control variables related industries (i.e., two social 
characteristics: the number of industrial enterprises and the 
number of livestock and poultry farms in catchment areas) 
are included; and column (5) are the results when all control 
variables describing social characteristics are included. 
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Table 2: Descriptive statistics for variables.

Variables Sample size Max. Min. Mean Standard Variance

Whether the water environment governance target is met 667 1 0 0.8771 0.3286

Previous water quality 667 5 0 2.2969 1.2777

Current water quality 667 5 0 3.2264 1.2098

Change in water quality 667 5 -4 0.9295 0.9426

Behavioral
Characteristics

Whether one policy for one river is implemented 667 1 0 0.9355 0.2458

Annual number of river patrols 667 30 0 3.7901 4.3171

Whether records of river patrols are kept 667 1 0 0.9025 0.2968

Annual number of regular work meetings 667 5 1 4.1244 1.2319

Communication with the public 667 5 1 3.6387 1.1055

Whether work training is attended 667 1 0 0.7661 0.4236

Whether annual tasks are disclosed 667 1 0 0.8831 0.3216

Whether the annual work plan is accomplished on 
schedule

667 1 0 0.7316 0.4434

Overtime work 667 5 1 2.8426 0.9745

Social 
characteristics

Whether the public reports problems 667 1 0 0.3748 0.4844

Support for work from the public 667 5 1 3.9415 0.9027

Number of sewage outfalls 667 164 0 1.7376 8.1862

Number of rainwater outfalls 667 440 0 3.8441 25.5761

Number of industrial enterprises in catchment areas 667 1224 0 4.2804 51.6797

Number of livestock and poultry farms in catchment areas 667 125 0 0.5067 5.1209

For results shown in all columns of Table 3, the county is 
controlled as a fixed effect.

The results of the two regressions demonstrate that, 
among the behavioral characteristics, two factors, whether 
one policy for one river is implemented and the annual 
number of river patrols, have a significant positive effect on 
the achievement of water environment governance targets 
and water quality change, which is robust. In column (5) 
of Table 3, the average marginal effects of whether one 
policy for one river is implemented and the annual number 
of river patrols are estimated to be 0.1662 (SE: 0.0381) 
and 0.0224 (SE: 0.0060), respectively, both significant at 
1% level; their odds ratios are 11.7682 (SE: 6.2846) and 
1.3949 (SE: 0.1165), respectively, both significant at 1% 
level. This indicates that the probability of achieving the 
water environment governance target will increase by 0.1662 
units or 0.0224 units for each unit increase in the extent of 
implementing one policy for one river or the annual number 
of river patrols, and the odds ratio will increase by 10.7682 
units or 0.3949 units accordingly. Whether one policy for 
one river is implemented has a larger effect on the achieving 
of the water environment governance target than the annual 
number of river patrols. Similarly, the regression coefficients 
in column (5) of Table 4 shows that the effect of whether 
one policy for one river is implemented on water quality 

change is greater than that of the annual number of river 
patrols. It is worth noting that overtime work has a significant 
negative effect on water quality change, which is robust. 
This may be due to the fact that the work of river chiefs is 
usually backlogged and can only be finished during overtime 
hours and that environmental controls are not effectively 
implemented during normal working hours, resulting in 
some illegal pollution emissions not being stopped in time. 
Consequently, the higher the frequency of overtime work, 
the more serious the deterioration of water quality. Yan & 
Wang (2019) also illustrated that workload had a significant 
negative effect on the policy implementation of GRCs. On 
the contrary, overtime has no significant effect on whether 
the water environment governance target is met. In addition, 
although slightly less robust, the annual number of regular 
work meetings has a significant positive effect on water 
quality change. Among control variables describing social 
characteristics, whether the public reports problems have a 
significant negative effect on water quality change, probably 
due to the situation where problems reported by the public 
cannot be resolved in a timely manner.

To ensure the robustness of the regression results, more 
analyses were conducted under the following settings: first, 
the Probit model was used for equation (1) for re-estimation; 
second, as the river sections in the charge of river chiefs 
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Table 3: Binary logistical regression results for the effectiveness of the River Chief System.

Whether the water environment governance target is met (1) Logit (2) Logit (3) Logit (4) Logit (5) Logit

Whether one policy for one river is implemented 2.4661***
(0.5098)

2.4464***
(0.4581)

2.4864***
(0.5027)

2.4660***
(0.5087)

2.4654***
(0.4551)

Annual number of river patrols 0.3482***
(0.1181)

0.3339***
(0.1205)

0.3465***
(0.1159)

0.3485***
(0.1181)

0.3328***
(0.1190)

Whether records of river patrols are kept 0.5616
(0.5264)

0.5246
(0.5552)

0.5352
(0.5303)

0.5631
(0.5250)

0.5016
(0.5687)

Annual number of regular work meetings 0.3692
(0.2789)

0.3839
(0.2770)

0.3871
(0.2770)

0.3700
(0.2780)

0.4060
(0.2715)

Communication with the public 0.0226
(0.2134)

0.0047
(0.1514)

0.0229
(0.2170)

0.0214
(0.2133)

-0.0026
(0.1597)

Whether work training is attended -0.2994
(0.7952)

-0.3430
(0.8212)

-0.2978
(0.7122)

-0.3094
(0.7737)

-0.3434
(0.7339)

Whether annual tasks are disclosed 0.0232
(0.3091)

0.0383
(0.2789)

0.0016
(0.3273)

0.0258
(0.3051)

-0.0054
(0.2826)

Whether the annual work plan is accomplished on schedule -0.0077
(0.4121)

-0.0772
(0.3901)

0.0158
(0.4041)

-0.0062
(0.4118)

-0.0444
(0.3799)

Overtime work 0.3498
(0.2460)

0.3516
(0.2290)

0.3439
(0.2464)

0.3512
(0.2466)

0.3485
(0.2318)

Whether the public reports problems — -0.5331
(0.4074)

— — -0.5245
(0.4015)

Support for work from the public — 0.2108
(0.2411)

— — 0.2212
(0.2381)

Number of sewage outfalls — — -0.0407*
(0.0236)

— -0.0366
(0.0251)

Number of rainwater outfalls — — 0.0317
(0.0254)

— 0.0338
(0.0241)

Number of industrial enterprises in catchment areas — — — 0.0004
(0.0020)

-0.0012
(0.0009)

Number of livestock and poultry farms in catchment areas — — — -0.0060
(0.0108)

-0.0062
(0.0070)

Constant terms -3.8108***
(1.0961)

-4.2500***
(0.9180)

-3.8601***
(1.0932)

-3.8097***
(1.0965)

-4.3335***
(0.9291)

The county as a fixed effect Yes Yes Yes Yes Yes

Sample size 667 667 667 667 667

Pseudo R2 0.3330 0.3409 0.3376 0.3331 0.3456

Likelihood -165.8267 -163.8557 -164.6932 -165.7952 -162.6894

Correctly (%) 91.90 92.65 91.90 91.90 92.35

Note: *, ** and *** indicate significance at 10%, 5%, and 1% levels, respectively; standard errors are in parentheses; “-” is the default item.

at lower administrative levels in the same region may be 
part of the river sections in the charge of river chiefs at 
higher administrative levels, 136 town-level river chiefs 
and 86 county-level river chiefs were excluded from the 
overall sample, and only the 445 village-level river chiefs 
were analyzed using equations (1) and (2); and third, given 
provincial differences, 39 GRCs from Gansu Province were 
excluded from the overall sample, and only the 628 GRCs 
from Zhejiang Province were analyzed using equations (1) 
and (2).

The results of robustness tests are presented in Table 5. 
It is shown that, among the behavioral characteristics, two 
factors, whether one policy for one river is implemented and 
the annual number of river patrols, have a significant positive 
effect on the achievement of water environment governance 
targets and water quality change. When only 445 village-
level river chiefs or 628 GRCs from Zhejiang Province are 
included in the overall sample, the regression results show 
that: the annual number of work meetings has a significant 
positive effect on the achieving of the water environment 
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governance target in columns (2) and (3), and has a 
significant positive effect on water quality change in column 
(5); disclosure of annual work tasks has a significant positive 
effect on water quality change in column (4); and overtime 
work has a significant negative effect on water quality change 
in columns (4) and (5). There are two points worth noting. 
First, attendance in work training has a significant negative 
effect on the achieving of governance targets in columns (2) 
and (3), and has a significant negative effect on change in 
water quality in columns (4) and (5). A possible explanation 
is that the content of the training received by the river chief 
provides wrong guidance on work to some extent. As a 

result, the attendance of village-level river chiefs or GRCs 
from Zhejiang Province in work training leads to water 
quality deterioration and more difficulty in achieving water 
environment governance targets. Second, whether the annual 
work plan is accomplished on schedule has a significant 
negative effect on the achieving of the governance target in 
column (3), and has a significant negative effect on water 
quality change in column (4). A possible explanation is that 
the setting of annual tasks does not give full consideration to 
contingent factors. As a result, the accomplishment of annual 
tasks on schedule makes it harder for GRCs from Zhejiang 
Province to achieve the water environment governance target 

Table 4: OLS regression results for the effectiveness of the River Chief System.

Change in water quality (1) (2) (3) (4) (5)

Whether one policy for one river is implemented 0.6017***
(0.1658)

0.6194***
(0.1716)

0.5544***
(0.1527)

0.5991***
(0.1622)

0.6215***
(0.1686)

Annual number of river patrols 0.0100*
(0.0054)

0.0128***
(0.0038)

0.0123**
(0.0048)

0.0097*
(0.0053)

0.0121***
(0.0039)

Whether records of river patrols are kept 0.1113
(0.1285)

0.1160
(0.1223)

0.1573
(0.1324)

0.1154
(0.1282)

0.1065
(0.1214)

Annual number of regular work meetings 0.0920**
(0.0403)

0.0609
(0.0399)

0.0864**
(0.0399)

0.0781**
(0.0395)

0.0670*
(0.0403)

Communication with the public -0.0292
(0.0355)

-0.0440
(0.0358)

-0.0403
(0.0355)

-0.0403
(0.0353)

-0.0365
(0.0361)

Whether work training is attended 0.0922
(0.1065)

-0.0524
(0.1015)

0.0811
(0.1050)

0.1023
(0.1094)

-0.0445
(0.1062)

Whether annual tasks are disclosed -0.0081
(0.1245)

0.0276
(0.1142)

0.0131
(0.1295)

0.0349
(0.1229)

0.0308
(0.1153)

Whether the annual work plan is accomplished on schedule -0.0903
(0.0748)

-0.0470
(0.0766)

-0.0764
(0.0753)

-0.0579
(0.0740)

-0.0655
(0.0765)

Overtime work -0.0900**
(0.0369)

-0.1143***
(0.0362)

-0.0970***
(0.0367)

-0.0894**
(0.0369)

-0.1024***
(0.0364)

Whether the public reports problems — -0.1354**
(0.0668)

— — -0.1347**
(0.0676)

Support for work from the public — 0.0805*
(0.0455)

— — 0.0703
(0.0461)

Number of sewage outfalls — — -0.0079
(0.0091)

— -0.0100
(0.0073)

Number of rainwater outfalls — — 0.0011
(0.0019)

— 0.0012
(0.0017)

Number of industrial enterprises in catchment areas — — — 0.0015
(0.0013)

0.0018
(0.0013)

Number of livestock and poultry farms in catchment areas — — — 0.0001
(0.0041)

0.0006
(0.0056)

Constant terms 0.2050
(0.1999)

0.2313
(0.2153)

0.2696
(0.1869)

0.2334
(0.1913)

0.2003
(0.2175)

Sample size 667 667 667 667 667

Adj R2 0.5699 0.6239 0.5738 0.5692 0.6175

F statistic 89.37*** 93.20*** 75.83*** 74.43*** 68.31***

Note: *, ** and *** indicate significance at 10%, 5%, and 1% levels, respectively; standard errors are in parentheses; “-” is the default item
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and causes water quality deterioration at the village level. 
Overall, GRCs’ behaviors have no positive effect on river 
pollution prevention and control, and the River Chief System 
is not as effective as it should be.

CONCLUSIONS AND POLICY IMPLICATIONS

Except for implementing “one policy for one river” and the 
annual number of river patrols, the behaviors of grassroots 
river chiefs (GRCs) have no positive effect on river pollution 
prevention and control, implying the ineffectiveness 
of the River Chief System. Therefore, it is imperative 
to re-construct the River Chief System. Combining the 
questionnaire survey and interview results, we believe that 
the most pressing priority in re-construction is to structure 
a positive incentive mechanism for the behaviors of GRCs. 
The specific measures are as follows. First, the framework 
design of the River Chief System should be optimized. On 

the basis of continuing to strengthen the implementation of 
one policy for one river and formalize the patrol system, the 
government should simplify the rules regarding the meeting, 
information reporting, and work supervision, and establish 
a reasonable and effective reward and punishment system 
based on the achieving of water environment governance 
targets and water quality improvement for the river sections 
in the charge of river chiefs. In particular, there should be a 
focus on enhancing the guidance on and delivery of benefits 
to mobilize the enthusiasm of GRCs to perform their duties 
and induce the endogenous driving force for river pollution 
prevention and control. For example, the government can 
link the work performance of river chiefs with salary and 
promotion; elect “excellent river chiefs” according to the 
assessment results and set up special funds to reward them; 
and improve the financial system to reimburse or subsidize 
expenses related to the work of river chiefs. Second, a system 
with professionals to support GRCs in performing their 

Table 5: Robustness test results.

Whether the water 
environment governance 
target is met

(1)
Probit

(2)
Logit

(3)
Logit

Change in water quality (4)
OLS

(5)
OLS

Whether one policy for one 
river is implemented

1.4904***
(0.2736)

2.9539***
(0.5606)

3.0266***
(0.5021)

Whether one policy for one 
river is implemented

0.7570***
(0.2188)

0.7616***
(0.1709)

Annual number of river 
patrols

0.1565***
(0.0507)

0.3515***
(0.0845)

0.4003***
(0.0999)

Annual number of river 
patrols

0.0215***
(0.0037)

0.0141***
(0.0043)

Whether records of river 
patrols are kept

0.2796
(0.3035)

-0.4960
(0.6978)

-0.3287
(0.5167)

Whether records of river 
patrols are kept

-0.0598
(0.1632)

-0.1400
(0.1237)

Annual number of regular 
work meetings

0.2098
(0.1389)

0.6675**
(0.2737)

0.6833***
(0.2210)

Annual number of regular 
work meetings

0.0503
(0.0503)

0.1141***
(0.0405)

Communication with the 
public

0.0101
(0.0774)

0.1601
(0.1497)

0.1173
(0.1978)

Communication with the 
public

-0.0457
(0.0394)

-0.0418
(0.0371)

Whether work training is 
attended

-0.1538
(0.3816)

-1.3638**
(0.5878)

-1.3900***
(0.5198)

Whether work training is 
attended

-0.7592***
(0.1164)

-0.2032**
(0.0976)

Whether annual tasks are 
disclosed

-0.0206
(0.1608)

-0.4195
(0.3738)

-0.1668
(0.2411)

Whether annual tasks are 
disclosed

0.3842**
(0.1543)

0.1513
(0.1161)

Whether the annual work plan 
is accomplished on schedule

-0.0423
(0.1966)

-0.3472
(0.3855)

-0.5845*
(0.3281)

Whether the annual work 
plan is accomplished on 
schedule

-0.2479**
(0.1024)

-0.1055
(0.0745)

Overtime work 0.1662
(0.1137)

0.1811
(0.1965)

0.1288
(0.2537)

Overtime work -0.2300***
(0.0385)

-0.1294***
(0.0364)

Control variables Yes Yes Yes Control variables Yes Yes

Constant terms -2.3374***
(0.5317)

-3.8665**
(1.7633)

-4.0704***
(1.0339)

Constant terms 0.9519***
(0.2746)

0.2656
(0.1967)

County as a fixed effect Yes Yes Yes Sample size 445 628

Sample size 667 445 628 Adj R2 0.8801 0.6266

Pseudo R2 0.3408 0.3576 0.4394 F statistic 205.14*** 66.86***

Likelihood -163.8849 -95.0371 -113.4661

Correctly (%) 91.60 93.93 94.90

Note: *, ** and *** indicate significance at 10%, 5%, and 1% levels, respectively; standard errors are in parentheses; “-” is the default item
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duties should be established. Technicians can be recruited by 
long-term recruitment from the market or temporary transfer 
from functional departments to enrich the talent pool for 
GRCs, make up for GRCs’ lack of professional capabilities 
and effectively improve their efficiency in performing 
duties. Third, the tendency of environmental regulation as a 
mandatory policy tool should be weakened. Environmental 
taxes and subsidies and emissions trading can be introduced to 
optimize the structure of policy tools. And non-governmental 
forces such as enterprises, the public, NGOs and the media 
can be absorbed in river pollution prevention and control 
to effectively alleviate the risk and pressure brought by the 
“responsibility contracting system” to GRCs.
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      ABSTRACT
The study aims to understand employees’ knowledge, awareness, and overall perception 
of drinking water quality in the Iron and Steel Industry in Burnpur, India. Further, this study 
evaluated drinking water’s physicochemical and bacteriological properties collected from 
different company sites. This study uses a mixed-method approach with individual interviews 
of selected employees (n=342) and the laboratory test of eight selected drinking water 
sites. The results show that most employees considered drinking water acceptable to be 
excellent. However, only 30% of employees in Site 1 (Coke Oven By-Product department) 
have reported organoleptic properties of water under the excellent category. The result 
explained that other physicochemical and bacteriological properties are in good status in all 
sites except for a colony count, expressing their suitability for drinking purposes. In summary, 
employees’ perception of water quality aligns with their drinking water’s physicochemical and 
bacteriological properties.

INTRODUCTION

Water, the elixir of organisms, is a precious natural 
resource for human life. Clean and adequate quantities of 
drinking water are recognized as fundamental to human 
dignity (United Nations High Commissioner for Human 
Rights 2019). However, industrial pollution contributes to 
deteriorating drinking water quality within and outside the 
industry (Dogaru et al. 2009, Singh et al. 2018). Different 
forms of industrial pollutants affect drinking water quality, 
and it’s responsible for many morbidities and mortalities 
due to water-borne diseases (Rehman et al. 2018. Rakhecha 
2020). According to the World Health Organization (2019), 
nearly 2 billion people use the source of drinkable water 
contaminated with feces. However, India ranks 120th out 
of 122 countries on the water quality index, and about 
70% of India’s water supply is likely contaminated. (NITI 
Aayog 2018). Therefore, it is essential to monitor the 
drinking water quality, specifically in the industrial sector  
in India. 

In the Iron and Steel Industry, primarily polluted operations 
are the preparation of raw materials, manufacturing of coke 
in coke ovens, sintering, and drilling operations, steel-making 
furnaces, recovery of chemicals from benzol and tar products, 
and wind erosion from overburden (OB) dumps, etc. (Nurul et 
al. 2016, Tiwari et al. 2016). These all-industrial operations, 
directly and indirectly, damage the physicochemical 
and bacteriological properties of the quality of drinking 
water. In India, several studies examined drinking water’s 
physicochemical and bacteriological quality. Many found 
that water sources nearby the industry were contaminated 
with pollution indicators such as fecal and total coliforms and 
unfit for drinking purposes (Srinivas et al. 2013, Sukumaran 
et al. 2015, Dhawde et al. 2018, Singh et al. 2018). However, 
a laboratory test of the water is a scientific process to assess 
the drinking water quality. However, people’s perceptions 
and experience with water quality (i.e., taste, smell, color, 
appearance, and satisfaction level) are also crucial to 
identifying water quality (Doria et al. 2009, Eck et al. 2020, 
Grupper et al. 2021). Whereas chemical contamination in the 
drinking water may cause numerous health problems among 
people (Nikaeen et al. 2016). Furthermore, flavor is considered 
the most relevant variable and more adequately explains 
consumption than perceived water quality (Doria et al. 2009). 
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Also, changes in perception are related to individual decisions 
influenced by various socio-demographic, economic, and other 
factors (Abedin et al. 2014, Eck et al. 2020). In this context, 
Khalid et al. (2018) found in their study that young respondents  
(10-30 age group) were more concerned about their drinking 
water quality as compared with older (51-70 age group) 
people. 

However, the nature and virtue of drinking water 
standards may vary across countries and regions (WHO, 
2017). No single approach is universally applicable to 
measure the quality of drinking water. It is possible to assess 
drinking water quality using different physical, chemical, and 
bacteriological parameters (Nikaeen et al. 2016 & Dhawde et 
al. 2018). These parameters are; pH value, Total Solids (TS), 
Total Dissolved Solids (TDS), Total Suspended Solids (TSS), 
and chemical parameters like total alkalinity, dissolved 
oxygen (DO), total hardness, calcium (Ca), magnesium (Mg), 
chlorinate, salinity and bacterial parameters like standard 
plate count (SPC), total coliform count (TCC), fecal coliform 
count (FCC) and fecal streptococcal count (FSC) (Krishnan 
et al. 2007).  For this reason, it is important to find out ‘ 
‘employees’ perceptions and drinking water quality in the 
Iron and Steel Industry in Burnpur, West Bengal.

The present study briefly overviews drinking water 
quality in selected sites of the Indian Iron and Steel Industry, 
Burnpur, India. Previously, many studies have assessed water 
quality in the nearby industry; however, as per the author’s 
knowledge, no such studies examined the drinking water 
quality of different sites within the Iron and Steel Industry. 
Also, this is the first-ever study that matched the employee’s 
perception of drinking water quality with the actual quality 
by laboratory test. The objective of this research was twofold; 
first, we assess the employee’s knowledge, awareness, and 
overall perception regarding the water quality in the selected 
site in the Iron and Steel Industry. Secondly, we evaluated 
the physicochemical and bacteriological properties of water 
by laboratory test results of selected sites in the industry. 
Based on these two objectives, we formulated our research 
questions: i.e. are there any differences between people’s 
perception of drinking water quality and the actual tested 
value of the same water?  

MATERIALS AND METHODS 

Study Area 

A cross-section study was conducted from November 

4 
 

 
Fig. 1: Study area map. 
 

Research Design 

This study is based on a mixed-method approach with individual interviews of selected employees 

and the laboratory test (physicochemical and bacteriological parameters) of eight selected drinking 

water sites. 

 

Questionnaire-Based Individual Survey  

An individual survey and sampling campaigns were conducted from November 2019 to March 

2020. The survey was conducted on (n=342) Iron and Steel Industry employees. The individual 

survey was designed to elicit peoples' perceptions of drinking water quality at the selected industry 

sites. Study participants were selected from eight different departments in the industry. 

Subsequently, we selected water samples from the same departments. The selected participants 

were proportionally allocated to selected departments and employees using a systematic random 

sampling method.  

Scale Development Process  

Fig. 1: Study area map.
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2019 to March 2020 in the Indian Iron and Steel Industry, 
Burnpur (District, North Bardhaman, West Bengal), India 
(Fig. 1). This industry is one of the large-scale public-sector 
plants managed by the Steel Authority of India Limited 
(SAIL), under the Government of India. It is the oldest unit 
established in 1918 for manufacturing pig iron and iron 
casting in India.

Research Design

This study is based on a mixed-method approach with 
individual interviews of selected employees and the 
laboratory test (physicochemical and bacteriological 
parameters) of eight selected drinking water sites.

Questionnaire-Based Individual Survey 

An individual survey and sampling campaigns were 
conducted from November 2019 to March 2020. The 
survey was conducted on (n=342) Iron and Steel Industry 
employees. The individual survey was designed to elicit 
peoples’ perceptions of drinking water quality at the selected 
industry sites. Study participants were selected from eight 
different departments in the industry. Subsequently, we 
selected water samples from the same departments. The 
selected participants were proportionally allocated to selected 
departments and employees using a systematic random 
sampling method. 

Scale Development Process 

The overall perception of the drinking water quality scale 
was developed to determine the water quality awareness 
level among the employees who participated in the research. 
In the development of this scale, the following phases were 
included: (a) the formation of scale items, (b) the content 
validity study, (c) the construct validity study, (e) and the ‘ 
‘Cronbach’s alpha internal consistency reliability.

Reliability of Data

The scale’s reliability was 0.9313 ‘ ‘Cronbach’s alpha, 
which indicates the reliability of consistency of the 
questionnaire data in the study. Our questions were based on 
the organoleptic properties of water, such as clarity, color, 
smell, taste, and healthiness. Many previous studies also used 
a similar scale to identify the water quality (Abdi-Soojeede 
& Kullane 2019, Grupper et al. 2021).

Laboratory Analysis

Water sample collection: A total of eight water samples 
were collected from the selected sites (n=8) of the Iron and 
Steel Industry, Burnpur. Out of that, six samples are tap 
water (Site 1 to Site 6), and the other two samples are tank 

water (Site 7) and reverse osmosis (R.O.) water (Site 8). All 
these waters were used only for drinking purposes. Water 
samples from each sampling site were aseptically collected 
in sterile glass bottles (500 ml) and plastic containers (1 
liter). These bottles were rinsed with deionized water, 
followed by washing (thrice) before filling them. Further, 
water samples were labeled with the department name and 
number and transported to the laboratory in the icebox for 
the physicochemical and bacteriological tests. The water 
samples were tested with a holding time of 6-8 hours with 
the selected parameters using the Bureau of Indian Standards 
(Bureau of Indian Standards 2012). 

Selection of sampling points: The primary survey found 
that water sources are the same in the industry. However, 
the level of pollution changes by the different departments. 
Based on these observations, we identified eight major highly 
polluted departments and collected the water from the same 
sites. The details of the sample and water selection points 
are mentioned in (Fig. 2).

Physicochemical and bacteriological analysis: Standard 
procedures were followed to analyze the physicochemical 
and bacteriological parameters (APHA 1998, BIS 2012). The 
parameters such as turbidity, total dissolved solids (TDS), 
pH-value, total residual chlorine, ammoniacal nitrogen, 
chloride, total hardness, and total alkalinity were measured 
in the physicochemical. Whereas bacteriological parameters 
such as; total colony count, number of coli-aerogenes 
organisms, fecal bacilli, and odor parameters were analyzed 
for the study. 

Data Analysis

The study area map was prepared using ArcGIS 10.3.1 
and Google Earth Pro (Desktop version). The mean 
value and standard deviation (SD) were calculated for all 
physicochemical parameters to determine the significant 
difference between the water sample sites. All statistical 
analysis was carried out using STATA-Version 14 software.  

Ethical Clearance

Ethical authorization was obtained from the student 
research ethics committee of the International Institute for 
Population Sciences, Mumbai, India. Employees who agreed 
to participate and consented to the same were included in 
the study.

RESULTS

Socio-demographic and Behavioral Characteristics of 
the Respondents

All the selected participants agreed to respond to the survey; 
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Table 1: Socio-demographic and behavioral characteristics of respondents (n = 342).

Characteristics N Percentage (%)
Age
18-30 87 25.44
31-40 160 46.78
More than 40 95 27.78
Mean (S.D) 36.75 (8.72)
Educational Level   
No Schooling 17 4.97
Primary level (1-7) 79 23.10
Secondary and higher secondary (8-12) 116 33.92
Graduation/Technical 130 38.01
Marital Status   
Currently married 301 88.01
Unmarried 44 11.99

Religion   
Hindu 301 88.01
Non-Hindu 41 11.99
Caste   
SC/ST 101 29.53
OBC 66 19.30
Others 175 51.17
Job Category   
Permanent 131 38.30
Contractual 211 61.70
Exposure Category   
Intermittently exposed employee 133 38.89
Exposed employee 209 61.11
Work Experience
1-5 Years 91 26.61
6-10 years 142 41.52
More than 10 years 109 31.87
Monthly income (‘D’ in Indian rupees)   
5000-10000 175 51.17
10000-15000 32 9.36
15000 and above 135 39.47
Mean (S.D) 20202.92 (15104.65)
Department
Coke Oven By Product 88 25.73
Basic oxygen furnace (BOF) 59 17.25
Outdoor Pipeline (OPDL) 49 14.33
Raw Material Handling Plant (RMHP) 47 13.74
Rod Mill 45 13.16
Operation and Garage 26 7.60
Steel Melting Shop (SMS) 15 4.39
Demineralization Plant (DMP) 13 3.80
Designation
OCT/ACT 101 29.53
Laborer 85 24.85
Cutters/Solderer 57 16.67
Repair Employees 47 13.74
Foreman/Clerk 31 9.06
Manager/Supervisor 21 6.14

Note: SC/ST: Scheduled Caste/ Scheduled Tribe; OBC: Other Backward Class; OCT/ACT: Operator-cum-Technician/Attended-cum-Technical

therefore, the response rate was 100 percent. In total, 342 
employees from the Iron and Steel Industry, Burnpur, were 

included in this study. The mean age of the employees was 
36.75 years. Regarding educational background, 4.97% 
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of employees had no schooling, 23.10% had completed 
primary schooling, and 38% had graduation or technical 
education degrees. The mean monthly salary of employees 
was 19389.31(₹). Among the respondents, 27.13% of the 
study participants had <5 years of work experience, while 
31.87% of employees had more than >10 years. Moreover, 
the proportion of exposed group employees is about two-
thirds (63.17%) of the total employees, and the remaining is 
intermittently exposed. As per the designation of employees, 
29.53 % came under the operator cum technician or attended 
cum technician, and 24.85% of employees belong to the labor 
category (Table 1).

Respondent’s knowledge and awareness about drinking 
water quality at the workplace are explained in (Fig. 3). 
More than 90% of employees from each level believed that 
poor water quality affects health. Similarly, in questions 
about water safety, 88.7% of employees under the manager/
supervisor skills responded that workplace water is safer to 
drink. On the contrary, more than 40% of employees from 
laborers (45.7%) and repair employees (40.9%) responded 
that workplace water is unsafe to drink. Results regarding 
employees’ perception showed that 90.7% of the manager/
supervisor group perceived that industrial pollution affects 
the drinking water quality at the workplace. However, 
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Fig. 3: Knowledge and awareness regarding water quality based on employees’ designation.

Table 2: The overall perception of drinking water quality scale by selected departments. 

Department Poor Acceptable Excellent

N % N % N %

Coke Oven By Product 34 38.64 14 15.91 40 45.45

Basic oxygen furnace (BOF) 9 15.25 8 13.56 42 71.19

Outdoor Pipeline (OPDL) 6 12.24 8 16.33 35 71.43

Raw Material Handling Plant (RMHP) 6 12.77 8 17.02 33 70.21

Rod Mill 2 4.44 6 13.33 37 82.22

Operation and Garage 3 11.54 7 26.92 16 61.54

Steel Melting Shop (SMS) 2 13.33 1 6.67 12 80.00

Demineralization Plant (DMP) 1 7.69 1 7.69 11 84.62
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more than 51.5% of laborer employees and 55.3% of repair 
employees perceived that industrial pollution couldn’t affect 
water quality (Fig. 3).

Based on the five organoleptic properties of water, we 
made the overall quality of the drinking water scale. The 
‘ ‘Cronbach’s Alpha coefficient of 0.93 in the reliability 
analysis is perceived as proof of scale reliability. The overall 
perception of drinking water quality access on a 3-point scale; 
excellent, acceptable, and poor. More than 80% of employees 
from Rod mill (82.22), SMS (80.00), and DMP (84.62) 
considered water under the excellent category. In contrast, 
38.64% of Coke Oven by Product department employees 
believed that water is poor quality and not fit for a drink. 
Out of the total employees, only 18.42% are considered the 
water under the poor category (Table 2).

Further questions were asked about the level of 
satisfaction with drinking water. The result shows that 
about 35% of employees from coke ovens by the product 
department expressed dissatisfaction with drinking water 
quality. By contrast, 46.67% of employees from SMS 
are highly satisfied with water quality. More than 50% of 
employees from each department expressed high satisfaction/
satisfaction with the quality aspect (Fig. 4). 

Actual Value of Drinking Water Quality by Laboratory 
Test Analysis

Physicochemical Parameters  
The results show that the value of total dissolved solids 
(TDS) in all sampling sites did not exceed an acceptable 

level (500 mg.L-1) prescribed by the BIS (2012). The mean 
concentration of TDS was in the range of 264-312 mg.L-1, 
with the lowest record from site 1 and site 5 (264 mg.L-1, 
each), and the highest value was recorded from site 6 (312 
mg.L-1), respectively. In the industrial site, the level of pH 
value varies between 6.72 and 7.64, which is highest at 
site 7 (7.64 mg.L-1). In terms of total residual chlorine, we 
found Site 4 has the highest (0.7 mg/l) concentration, which 
is above BIS (2012) recommended (0.2 mg.L-1), whereas 
the lowest value was found at Site 6 (0.01 mg/l). Similarly, 
the mean value and SD of ammoniacal nitrogen, chloride, 
and total hardness in all sites were (0.05, 0.02 mg.L-1), 
(33.5, 3.0 mg.L-1), and (118.0, 8.8 mg/l), respectively. The 
total alkalinity values of all the drinking water samples are 
below the maximum limit (200 mg.L-1). Similarly, we found 
that turbidity (0.30) was very low at each site of selected 
drinking water. Overall physicochemical parameters result 
indicating water quality at all the selected sites was good 
and satisfactory (Table 3). 

Bacteriological Parameters 
The coliform group of bacteria is the key indicator of the 
fitness of water for drinking purposes. In an ideal situation, 
all the samples taken from the sample site should be free 
from coliform organisms. However, the colony count (CFU/
ml) ranged between 12 CFU/ml to 20 CFU/ml, showing 
the presence of bacteria unsuitable for drinking. However, 
coli-aerogenes organisms and fecal bacilli were present only 
at Site 6, indicating that other remaining sites are free from 
the coli-aerogenes organism and fecal bacilli. Furthermore, 
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 Fig. 4: Level of drinking water quality satisfaction by the selected departments.
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the smell of chlorine (odor) was found at sites 1, 2, 4, and 5, 
respectively. This indicates that it is not a good indicator of 
drinkable water in ideal condition; it should be agreeable or 
unobjectionable in the drinkable water (Table 4). 

DISCUSSION

The current study highlights the water quality of selected 
sites in the Indian Iron and Steel Industry, Burnpur, in West 
Bengal, India. In the first section of the study, we assess the 
employee’s knowledge, awareness, and overall perception of 
drinking water quality. In the second section, we evaluated 
the physicochemical and bacteriological quality of the 
drinking water.

Based on the analytical results, we found that most 
employees are more aware of drinking water quality, 
pollution, and their effects on health. Regarding the job 
category, most employees (88%) from manager/supervisor 

roles perceived that industrial pollution could affect water 
quality. However, almost 45% of employees under the 
laborer’s category reported that industrial pollution does not 
affect drinking water quality. The possible reason could be 
that managers/supervisors are educationally qualified and 
more aware of industrial pollution than other employees. We 
found that the work designation and location influenced the 
employees’ perception. We found a similar result in Mumbi 
and Watanabe’s (2020) study to validate this context. The 
current study also highlights the employee’s perception 
of water quality based on organoleptic properties such as 
clarity, color, smell, taste, and healthiness. Previous studies 
have revealed that organoleptic evaluations are important 
and primary determinants of an individual’s judgment of the 
quality of drinking water (Benneyworth et al. 2016, Abdi-
Soojeede & Kullane 2019). Our study also found that most 
of the employees considered all the organoleptic properties 
of the water under the acceptable to excellent category. 

Table 3: Physicochemical analysis of selected sites of drinking water.

Characteristics Max 
Acceptance 
Limit (BIS 
2012)

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Mean SD

pH Value 6.5-8.5 6.72 6.95 7.32 6.54 6.86 7.27 7.64 7.38 7.09 .37

Total Dissolved Solids (TDS) 
[mg.L-1]

500 264 280 276 268 264 312 296 284 280.50 16.76

Turbidity 5 0.3 0.4 0.1 0.1 0.4 0.1 1.0 0.0 0.30 0.32

Total Hardness (as CaCO3) 
[mg.L-1]

200 112 128 108 124 112 132 116 112 118.00 8.82

Total Alkalinities (CaCO3) 
[mg.L-1]

200 76 88 72 68 80 100 80 84 81.00 9.97

The total residual chlorine [mg.L-

1] Min.
0.2 0.6 0.1 0.09 0.7 0.3 0.01 0.07 0.05 0.24 0.27

Chloride (as Cu) [mg.L-1] 250 36 28 36 36 32 32 32 36 33.50 2.98

Ammoniacal Nitrogen (as N) 
[mg.L-1]

0.5 0.05 0.08 0.02 0.03 0.07 0.06 0.04 0.02 0.05 0.02

Table 4: Bacteriological analysis of selected sites of drinking water.

Sr. 
No.

Characteristics Max Acceptance
 Limit

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8

1. Colony count in agar at 
37 degrees after 48 hrs. 
per ML of original water 
(CFU.mL-1)

100CFU/ml 15 15 13 12 14 20 15 15

2. Probable number of coli-
aerogenes organisms 
per 100 ML of Original 
water 

Not Traceable (0) 0 0 0 0 0 23 0 0

3. Faecal Bacilli Absent Absent Absent Absent Absent Absent Present Absent Absent

4. Odor Agreeable 1 1 2 1 1 2 2 2

Note: 1: Smell of chlorine, 2: Unobjectionable
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However, only 30% of the employees of site 1 (Coke Oven 
By Product) have reported organoleptic properties of water 
under the excellent category. The possible explanation could 
be that the coke oven plants produce more pollutants than 
other departments, frequently contaminating drinking water 
quality. This reason was validated by Mishra et al. (2018) 
study, where they examined the physio-chemical test of 
the coke oven water and found that concentrations of BOD 
(73.13 mg.L-1), COD (540.25 mg.L-1), and cyanide (27.9 
mg.L-1) exceeded the tolerance limit of the sample water.

On the contrary, a maximum number of employees (84.62 
%) from site 8 (Demineralization Plant) perceived that the 
organoleptic properties of water are under the excellent 
category. The summary of the first section reveals that most 
of the employees from each department are satisfied with 
water quality, except Coke Oven By-Product department 
employees are not completely trusted with the drinking water 
quality. Therefore, our result reflects that employees are 
satisfied and trust the drinking water quality. However, it is 
important to note that perception, awareness, knowledge, and 
satisfaction are subjective and complex interactions that vary.

In the second section, we analyzed the eight 
physicochemical and four bacteriological parameters using 
BIS (2012) and WHO (1997, 2008) guidelines for drinking 
water quality. Our result indicates that most physicochemical 
properties were within the permissible limit of the quality 
of drinking water standards.  Regarding bacteriological 
properties, the colony count concentration was higher than 
the permissible levels for safe drinking water set by the WHO 
(1997) guidelines. Moreover, only Site 6 reported that most 
bacteriological properties are above the permissible limit. 
The possible reason can be irregularity in the cleaning of the 
water storage tank of Site 6, which was observed during the 
field visit, and the statement made by the employee during 
the interview. However, further investigation can bring the 
actual reason behind the containment of the water in site 
6. Overall, our study results are matched with a previous
study conducted in Bhilai Steel Plant (BSP) in India; in that
study, they found that physicochemical and bacteriological
parameters of the water were under the permissible limits
except for alkalinities (Vinod et al. 2013). Overall, this
study clearly stated a minor difference in tab water, tank
water, and RO water in all sites in the industry. In summary, 
employees’ perception of water quality aligns with water’s
actual physicochemical and bacteriological properties. The
overwhelming majority of the employees in each department 
believed that their water drinking water within the industry
was of acceptable to excellent quality, and almost similar
results we found after the analyzed laboratory result of the
water.

LIMITATIONS

This study may have some potential limitations. 1) The 
first section of the study was purely based on knowledge 
and perception, which may vary by various factors; 
therefore, we cannot generalize our results for other Iron 
and Steel Industries. 2) This study used a limited number 
of organoleptic terms. This study did not include other 
important properties like trust, risk perception, and contextual 
indicators. 3) Water quality index is the best tool to describe 
water quality. However, we could not conduct a water 
quality index due to the limited number of physicochemical 
properties.

CONCLUSION 

The study results indicate that perception and actual water 
quality are complex interactions, and diverse factors are 
associated with these two groups.  A large number of 
employees have trusted industrial drinking water. However, 
we found dissimilarities in perception based on the 
designation of employees. The result explained that other 
physicochemical and bacteriological properties are in good 
status in all sites except for a colony count, expressing their 
suitability for drinking purposes. However, it is important 
to note that the presence of colony count in each site’s 
drinking water provokes immediate investigation and 
corrective action by the Iron and Steel Industry, Burnpur. 
Also, the steel industry should promote an awareness 
program about drinking water quality and develop a holistic 
understanding of industrial pollution and water quality 
among employees. Additionally, the industry should test 
water’s physicochemical and bacteriological quality at 
regular intervals to identify those departments where water 
quality is poor and make the best possible solution for the 
particular department. 
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       ABSTRACT
Cassava peel is a waste product from cassava starch or modified cassava flour (mocaf) 
production. It is currently not utilized optimally. Cassava peel is a lignocellulosic material that 
can be used as a source of cellulose. Acetylation of cassava peel cellulose was successfully 
done using acetic anhydride with glacial acetic acid and sulfuric acid as catalysts. The content 
of acetyl is 49.54%, and the degree of substitution (DS) is 3.69. The percentage of acetyl of 
more than 43% and the DS of 3.69 show that the cellulose acetate obtained is categorized 
as cellulose triacetate. The CA–PEG membrane has a pore range of 1- 4 µm depending on 
the molecular weight of PEG. The coefficients of rejection of the CA-PEG membrane range 
from 95.99% to 98.88%. The CA-PEG membrane is effective as a microfiltration membrane.

INTRODUCTION

Cassava peel, a byproduct of cassava starch or modified 
cassava flour (mocaf) production, is currently underutilized. 
Cassava peel contains lignin, cellulose, and hemicellulose. 
The percentages of lignin, cellulose, and hemicellulose 
are 10.88%, 14.17%, and 23.40%, respectively (Pondja 
et al. 2018). The content of cellulose and hemicellulose 
in cassava peel has great potential as a raw material for 
making cellulose acetate (Rosa et al. 2020, Maryana et 
al. 2020). Furthermore, cellulose acetate can be used 
as a raw material for the synthesis of cellulose acetate  
membranes.

Membrane technology is a technology that has bright 
prospects. Membrane technology is currently widely used 
in various processes such as filtration, waste treatment, 
desalination, and chemical reactions (Roy & Ragunath 
2018). Cellulose acetate membranes can be used in various 
fields of application. Cellulose acetate membranes have the 
potential to be developed due to the abundant and renewable 
availability of raw materials. Perera et al. (2014) produced 
thin film composite (TFC) reverse osmosis membranes 
from cellulose acetate onto an ultrafiltration membrane 
support. Cellulose acetate used was commercial acetate (CA, 
30 kDa molecular weight, and 39.8 wt% acetyl content). 
Serbanescu et al. (2020) modified the commercial cellulose 
acetate membrane for Gd (III) separation. The modification 

of commercial CA membranes used aminopropyl triethoxy 
silane (APTES) immobilization and glutaraldehyde (GA) 
linkages to the amino groups of APTES, followed by 
the immobilization of calmagite. Djayanti et al. (2019) 
synthesized cellulose acetate membrane from cotton spinning 
waste. The acetylation of cotton spinning waste cellulose 
used acetic acid for activation and sulfuric acid as a catalyst.

The utilization of cellulose from cassava peel as the 
material of a cellulose acetate membrane is still rare. This 
research aims to produce and characterize the cellulose 
acetate membrane from cassava peel. The production 
of cellulose acetate membrane involves several stages: 
delignification of cassava peel, acetylation of cellulose, and 
cellulose acetate membrane production. The performance of 
the cellulose acetate membrane produced was evaluated for 
the microfiltration process.

MATERIALS AND METHODS

Materials

Cassava peel was obtained from PT. Rumah Mocaf 
Indonesia, Banjarnegara district, Indonesia. Hydrogen 
peroxide, sodium hydroxide, sulfuric acid, glacial acetic acid, 
acetic anhydride, polyvinyl alcohol (PVA), and polyethylene 
glycol (PEG) were obtained from Merck. Demineralized 
water was produced by Elva-Veolia Technology. Synthetic 
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limewater as wastewater was obtained from the Chemical 
Engineering Department Laboratory.

Preparation of Cassava Peel

The cassava peel was separated from the outer skin, then cut 
and washed using clean water. The cut cassava peel was dried 
in the sun for 1 day and then dried in an oven at 80°C for 
2 hours. The dry cassava skin was then mashed and sieved 
using a 60-80 mesh. The sifted cassava peel fiber was dried 
again using an oven until it reached a constant weight at 80°C.

Delignification

Delignification of cassava peel was conducted by alkaline 
hydrogen peroxide (Ma’ruf et al. 2017). The weight of 20 
grams of cassava peel fiber was delignified using a 1.5% 
alkaline hydrogen peroxide solution with a ratio of 1:9 b/v 
at 100°C for 3 hours. The delignification process was carried 
out at a pH of 11.5, and the reaction pH was adjusted using 
a sodium hydroxide solution.

Bleaching

The delignified cassava fiber was then added to 180 mL of 
a 3% hydrogen peroxide solution, heated using a hot plate, 
and stirred using a magnetic stirrer for 2 hours. The cassava 
fiber was then filtered, washed until it reached a neutral pH, 
and dried in an oven at 80°C.

Acetylation

The acetylation of cassava peel cellulose uses glacial acetic 
acid and sulfuric acid as catalysts. The volume of 97 mL of 
glacial acetic acid was mixed with 1.6 mL of 95% sulfuric 
acid in a beaker glass and stirred until homogeneous. Prepare 
as much as 5 g of cassava cellulose (after the bleaching 
process), then add a mixture of the acetic acid glacial and 
sulfuric acid solution, stir, and heat in a water bath at a 
temperature of 55°C for 1 hour. After that, add the mixture 
to the acetic anhydride solution in a weight-to-acetic-
anhydride ratio of 1:2 (w/v) and stir at 55°C for 2 hours. 
The mixture was then put into a certain amount of water to 
form a precipitate. The precipitate obtained was then washed 
until neutral and dried at 70°C in an incubator oven for 24 
hours. The cellulose acetate obtained was then analyzed to 
determine the acetyl content and degree of substitution (DS) 
to determine the type of cellulose acetate produced.

Cellulose Acetate Membrane Production

PVA solution preparation: Polyvinyl alcohol (PVA) was 
weighed at 10 g and then dissolved in 10 mL of 1 M nitric 
acid and 190 mL of distilled water using an Erlenmeyer glass. 
The mixture was stirred using a magnetic stirrer for 2 hours at 

80°C. PVA was used as an adhesive agent between cellulose 
acetate powders to form a dense cellulose acetate membrane.

CA-PEG solution preparation: The CA–PEG solution was 
made from cellulose acetate (CA) and polyethylene glycol 
(PEG) with acetone as solvent. The amounts of 1 g of CA and 
1 g of PEG (with various variations of PEG molecular weight: 
PEG 400, PEG 600, and PEG 4000) were weighed and then 
dissolved in 8.5 mL of acetone solution in the Erlenmeyer 
glass. The mixed solution was then stirred using a magnetic 
stirrer for 8 hours until all of the cellulose acetate dissolved 
in the acetone. After a homogeneous solution, the Erlenmeyer 
was opened for 3 hours so that the acetone evaporated. 

Membrane synthesis: The CA-PEG solution was then added 
to 15 mL of PVA solution and stirred for 24 hours using a 
magnetic stirrer. The homogeneous dope solution was then 
cast using a Petri dish glass. Then, the dope solution was 
dried for 8 hours at 80°C in the oven. 

Characterization of Cellulose Acetate Membrane

The characteristics of the cellulose acetate membrane were 
determined using the Fourier transform infrared (FTIR) 
spectrophotometer to analyze the functional groups and 
a scanning electron microscope (SEM) to analyze the 
morphology of the membrane. 

Performance Test of Cellulose Acetate Membrane

Permeability test: The permeability test of the membrane 
was conducted by passing pure water through it. The 
pure water was flowed using a pump to the surface of the 
membrane at constant pressure. the volume. The volume 
of water that passed through the membrane was weighed. 
The permeability of the membrane can be calculated using 
Equation (1).

 𝑳𝑳𝑷𝑷 =
𝑽𝑽

𝑨𝑨.𝒕𝒕.∆𝑷𝑷   …(1)

Where LP is permeability (L.m-2.h-1.bar-1), V is the 
volume (L), A is the surface area of the membrane (m2), and 
ΔP is transmembrane pressure (bar).

Ultrafiltration test: The microfiltration test can be explained 
in Fig. 1. The limewater, as synthetic wastewater, was 
inserted into the feed tank (1). The laundry wastewater was 
then pumped to the surface of the membrane (3) using a 
pump (2). The pressure was set by the valve (4). The pressure 
can be measured by the pressure gauge (5). The permeate 
was collected in the Erlenmeyer (6) and weighed using a 
balance (7). The flux of the membrane was calculated by 
Equation (2). 

 𝑱𝑱 = 𝑽𝑽
𝑨𝑨.𝒕𝒕.    …(2)
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RESULTS AND DISCUSSION

The Characteristics of Cellulose and Cellulose Acetate 
from Cassava Peel

Cassava peel is a lignocellulosic material. The three main 
components are cellulose, hemicellulose, and lignin. The 
proximate analysis of cassava peel was done using the 
Chesson-Data method (Ma’ruf et al. 2017). Table 1 shows 
the approximate analysis of cassava peel. To use the 
cellulose from cassava peel, delignification of the peel must 
be conducted. Delignification of cassava peel was done by 
alkaline hydrogen peroxide. Delignification of cassava peel 
using alkaline hydrogen peroxide effectively removes the 
lignin. The analysis shows that almost 89.5% of the lignin 
was removed. 

The FTIR spectra of cassava peel cellulose are shown 
in Fig. 2. The wave number range of 3660-2900 cm-1 is 
characteristic of the stretching vibration of O-H and C-H 
bonds in polysaccharides (Hospodarova et al. 2018). The 
special characteristics of lignin, the guaiacyl (G) unit (at 1269 
cm-1) are not found in this FTIR spectra, and the syringyl 
(S) unit (at 1326 cm-1) is found but has a low intensity. The 
peak of 1624 cm-1 corresponds to the vibration of water 

 
𝑱𝑱 = 𝑽𝑽

𝑨𝑨.𝒕𝒕.
      …(2) 

  

 
 Fig. 1: Equipment set for ultrafiltration. 
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molecules absorbed in cellulose. The peaks at 1369.46, 
1319.31, 1026.13, and 894.97 cm-1 belong to stretching and 
bending vibrations of -CH2 and -CH, -OH, and C-O bonds 
in cellulose, respectively.

Acetylation of cassava peel cellulose was done using 
acetic acid glacial activation and acetic anhydride acetylation 
with sulfuric acid as a catalyst. The acetylation process 
requires a cellulose/acetic anhydride ratio of 1:2 (w/v), a 
temperature of 40 °C, and a reaction time of 3 hours. The 
analysis of acetyl in cellulose acetate obtained shows that the 
content of acetyl is 49.54%. While the degree of substitution 
(DS) is 3.69. The percentage of acetyl of more than 43% 
and DS of 3.69 show that the cellulose acetate obtained is 
categorized as cellulose triacetate (Djuned et al. 2014). Fig. 
3 shows the reaction of cellulose with acetic anhydride. 

The Characteristics of Cellulose Acetate Membrane

The CA-PEG membrane was synthesized using acetone as 
a solvent. The method of membrane synthesis is phase in-
version. The ratio of CA to PEG is 1:1 (w/w). Fig. 4b shows 
the membrane obtained from cellulose acetate obtained from 
cassava peel. Fig. 5 shows the FTIR spectra of the cellulose 
acetate and CA-PEG membranes. There are two main peaks 
in the difference between cellulose acetate and CA-PEG 
membranes, indicating the existence of PEG. The peak of 

948.98 cm-1 shows stretching of C–O and 840.96 cm-1 shows 
rocking vibration of the -CH2- groups in the PEG (Chirea 
et al. 2011).

The Morphology of Cellulose Acetate Membrane

Fig. 6 shows the morphology of the CA-PEG membrane, (a) 
using PEG 600 as an additive and (b) using PEG 4000 as an 
additive. The pores of the membrane are not symmetric, with 
a range of pores between 2–4 µm and 1–2 µm for PEG 600 
and PEG 4000, respectively. It can be seen that the higher 
weight membrane obtained was more compact. The pores 
of the membrane are still larger compared with commercial 
polymeric membranes for microfiltration (polyvinylidene 
fluoride (PVDF) membrane, 0.22 µm) (Nourbakhsh et al. 2014).

Performance of CA-PEG Membrane

Permeability test: Table 2 shows the permeability of the 
CA–PEG membrane obtained. At a higher molecular weight 
of PEG, the permeability of the membrane will decrease, 
while the membrane resistance will increase. The perme-
ability of the CA–PEG membrane was found to be higher 
than the permeability of the polyether imide membrane (100 
kDa) (Pertile et al. 2018).

Microfiltration performance: The performance test of CA 

 
Fig. 3: The reaction of acetylation of cellulose.  

 

  
 

Fig. 4: (a) Cellulose acetate obtained from cassava peel cellulose; (b) CA-PEG membrane. 
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membranes was conducted for the microfiltration of synthetic 
wastewater of limewater. The initial turbidity of limewater 
is 672 NTU. Fig. 7 shows the flux of the membrane during 
the microfiltration process. Table 3 shows the rejection 
coefficient of the membrane. The range of rejection 
coefficient of 95.99% - 98.99% indicates that the membrane 
is effective as a microfiltration membrane.  

 
 
 

Fig. 5: FTIR spectra: (a) cellulose acetate; (b) CA-PEG membrane. 
 

The Morphology of Cellulose Acetate Membrane 

Fig. 6 shows the morphology of the CA-PEG membrane, (a) using PEG 600 as an additive and (b) 

using PEG 4000 as an additive. The pores of the membrane are not symmetric, with a range of pores 

between 2–4 µm and 1–2 µm for PEG 600 and PEG 4000, respectively. It can be seen that the higher 

weight membrane obtained was more compact. The pores of the membrane are still larger compared 

with commercial polymeric membranes for microfiltration (polyvinylidene fluoride (PVDF) 

membrane, 0.22 µm) (Nourbakhsh et al. 2014). 

Fig. 5: FTIR spectra: (a) cellulose acetate; (b) CA-PEG membrane.

   

 Fig. 6: Morphology of the CA-PEG membrane: (a) PEG 600; (B) PEG 4000. 

Performance of CA-PEG Membrane 

Permeability test: Table 2 shows the permeability of the CA–PEG membrane obtained. At a higher 

molecular weight of PEG, the permeability of the membrane will decrease, while the membrane 

resistance will increase. The permeability of the CA–PEG membrane was found to be higher than the 

permeability of the polyether imide membrane (100 kDa) (Pertile et al. 2018). 

  Table 2: Permeability and membrane resistance of CA-PEG membrane. 

Membrane Permeability  

(L.m-2.h.bar) 

Membrane Resistance 

(m.kg-1) 

CA-PEG 400 1.83 × 103            19.688 × 106 

CA-PEG 600 1.29 × 103            27.891 × 106 

CA-PEG 4000 1.06 × 103            34.066 × 106 

 

Microfiltration performance: The performance test of CA membranes was conducted for the 

microfiltration of synthetic wastewater of limewater. The initial turbidity of limewater is 672 NTU. 

Fig. 7 shows the flux of the membrane during the microfiltration process. Table 3 shows the rejection 

coefficient of the membrane. The range of rejection coefficient of 95.99% - 98.99% indicates that the 

membrane is effective as a microfiltration membrane.   

Fig. 6: Morphology of the CA-PEG membrane: (a) PEG 600; (B) PEG 4000.

Table 2: Permeability and membrane resistance of CA-PEG membrane.

Membrane Permeability  
(L.m-2.h-1.bar-1)

Membrane Resistance 
(m.kg-1)

CA-PEG 400 1.83 × 103 19.688 × 106

CA-PEG 600 1.29 × 103 27.891 × 106

CA-PEG 4000 1.06 × 103 34.066 × 106
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CONCLUSION

Cassava peel is a lignocellulosic material that can be used as 
a source of cellulose. Acetylation of cassava peel cellulose 
was successfully done using acetic anhydride with glacial 
acetic acid and sulfuric acid as catalysts. The content of 
acetyl is 49.54%, and the degree of substitution (DS) is 
3.69. The percentage of acetyl of more than 43% and DS of 
3.69 show that the cellulose acetate obtained is categorized 
as cellulose triacetate. The CA–PEG membrane has a pore 
range of 1-4 µm depending on the molecular weight of PEG. 
The coefficients of rejection of the CA-PEG membrane range 
from 95.99% to 98.88%. The CA-PEG membrane is effective 
as a microfiltration membrane.
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      ABSTRACT
India has experienced tremendous production, use, and discarding of plastic waste. The 
municipal and solid wastes proliferation of municipal waste, especially plastic waste, 
paved the way for the regulatory framework to implement the plastic ban in 18 states and 
Union Territories of India. In contrast, they have implemented a partial ban on plastic bags 
respectively. It addressed the phasing out of multi-layered plastics (MLP) and incorporated 
Extended Producer Responsibility (EPR) within the circular economy of plastic waste 
generation and recycling. It is generally believed that the plastic ban in India has feeble 
administrative support and effective implementation. Therefore, the government has passed 
the Draft Plastic Rules, 2009; Plastic Waste (Management and Handling) Rules, 2011; Plastic 
Waste Management Rules, 2016 and Draft Plastic Waste Management Rules, 2021. It made 
vital changes in recycled plastic manufacture and usage at national and state levels. Since 
the net outcome of the failure is environmental degradation beyond reparable limits, the 
most vociferous articulation of the banning of the single-use came through the Notification on 
Plastic and Thermocol Products, 2018, by the Government of Maharashtra. Although the 
new legal framework carried high deterrent value, the implementation has been heavily 
flawed. The paper deals with the plastic laws and performance in the context of EPR in Pune 
city of India. It suggests viable recommendations and strategies from a multi-stakeholder 
perspective.

INTRODUCTION

Plastic products have internalized into the daily domestic 
needs but resulted in their adverse impacts on the realization 
of the human right to environment and health cannot 
be overlooked (Nomani 2000). Plastic waste’s negative 
consequences and effects are now widely known and have 
been the subject of much recent media coverage (Gui et al. 
2013), both at national and global levels (Thompson & Moore 
2009). The use of polymers and plastic materials has had rapid 
growth since the 1970s. It is growing at a rate of 2.5 times that 
of the GDP growth in India. The raw plastic material doubled 
from 3.3 Million Metric tons to 6.8 Million Metric Tons in 
2010 (Rafey & Siddiqui 2021). Rapid urbanization can be a 
significant reason for the spread of consumer goods, retail 
outlets, and plastics-based wrapping, from nutritional items, 

cereal, pulses, meat, and vegetable products to cosmetics and 
drugs. However, the more substantial hurdle is the alarming 
proportion of polythene flawed with actual implementation 
on the ground level (Aryan et al. 2019). Thus, the topic of 
the performance of the banning notification of the single-
use plastic ban in Pune City of India, in the context of EPR 
and circular economy, assumes an interest to work on the 
multi-stakeholding of the implementation status of the plastic 
ban. The countries like Rwanda, Morocco, China, Malaysia, 
and Israel have already imposed fines for using plastic bags 
(Adeyanju et al. 2018). Indian government following the 
suit heralded a slew of legislative support in the shape of the 
Draft Plastic (Manufacture, Usage, and Waste Management) 
Rules, 2009, Plastic Waste (Management and Handling) 
Rules, 2011, Plastic Waste Management Rules, 2016 and 
Draft Plastic Waste Management Rules, 2021. It is followed 
by the Plastic and Thermocol Products Notification, 2018, 
by the government of Maharashtra. The proposed ban is not 
the first time the world has seen a ban on certain plastics. 

Nat. Env. & Poll. Tech.
Website: www.neptjournal.com

Received: 07-01-2023
Revised:    01-03-2023
Accepted: 02-03-2023

Key Words:
Extended producer liability 
Plastic manufacturing  
Recycling usage  
Multi stakeholder’s perspective

ORCID details of the authors:

M.Z.M. Nomani: https://orcid.org/0000-0003-3886-6590

https://orcid.org/0000-0003-3886-6590
mailto:zafarnomani@rediffmail.com


1520 M.Z.M. Nomani et al.

Vol. 22, No. 3, 2023 • Nature Environment and Pollution Technology This publication is licensed under a Creative 
Commons Attribution 4.0 International License

This publication is licensed under a Creative 
Commons Attribution 4.0 International License

Still, its real-world implementation is ganged by choosing 
Pune’s market are at an in-depth explanation of multi-layered 
plastics (MLP) phasing out of the rampant use for packaging 
by consumer goods companies.

MATERIALS AND METHODS

The material and method of the study center around the 
principles of extended producer responsibility and circular 
economy applied in numerous jurisdictions of the world for 
recycling plastic waste. It generally contains plastic pollution 
and combats its proliferation to foster environmental 
sustainability (Nomani & Praveen 2021). Applying the
principle in the European Union is considered a novel 
management and waste hierarchy. Such an impetus comes 
through the policy instruments implementation mechanism 
of the European waste hierarchy. Its implementation reduces 
plastic pressures and recycling of waste streams (Leal Filho 
et al. 2019). The EPR, as an enviro-legal policy, has excellent 
potential in plastic treatment methods and brand designing 
essentials under the circular economy of the waste product 
laws (Wagne 2017). The ‘circular economy approach is 
applied legally for recycling waste streams to achieve 
economic prosperity and environmental protection in a multi-
stakeholding approach and legal remedy (Steenmans 2019). 
India replicated notions of the EPR and circular economy of 
plastic waste as a promising alternative to traditional waste 
management policy without hindering employment avenues 
(Bhadra & Mishra 2021). The multi-stakeholder approach 
to the plastic ban is undertaken in the light of the national
and state laws and policies and their implementation to carve 
out the prognostic solution. It is empirically examined by 
the total sample of 798 people between September 2018 
to January 2019 in eight different markets across Pune city 
(Bhattacherjee 2012), out of which 66% Vendor was (n= 532) 
and 32% Consumer (n=260) on random stratified method 
along with the expert qualitative opinions (Brace 2018).

RESULTS AND DISCUSSION 

The Plastic Waste Management Rules, 2016, is a basic
framework of law dealing with the concept of EPR and 
circular economy for managing plastics waste in India 
(Nomani & Rauf 2019). Although it is in an evolutionary 
phase in terms of the accountability of the producers and 
enforcement mechanism, it is still a good step in the positive 
earnest (Liang et al. 2021). It is considered the extension 
of the polluter pays principles contained under Section 9 
of the Environment (Protection) Act, 1986. The draft EPR
policy for plastic waste management, 2021, formalized the 
EPR and circular economy with varying degrees of success in 
India (Pani & Pathak 2021). The reason behind bringing out 
the policy is to prevent the excessive amount of plastic that 
is littered from clogging the pore of the drains, maintenance 
holes, and sewer system and the threat of choking of fauna. 
Maharashtra estimated that around 2000 tons of waste was 
generated per day in Pune. It turned out to be around 350-
750 gm per capita daily. Of these, plastic waste generation 
was about 200-250 tons per day. Against this backdrop, 
Maharashtra issued the Maharashtra Plastic and Thermocol 
Products Notification, 2018.

Plastic Waste Generation in Pune

As a case study, the paper empirically studies Pune city and 
its urban sprawl and metropolitan development in Mahar-
ashtra state. Pune city is located between 18°19ʹ to 18°45ʹ 
north of the equator and 73°35ʹ to 74°12ʹ east of Greenwich, 
encompassing an area of 1643 square km (Fig. 1). It is the 
second-most populous state in Maharashtra after Mumbai. 
The study was conducted in the market zones of Pune city 
during the study. The interviewees were randomly selected. 
The interviewees were divided into vendors, consumers, 
and producers.

The interviewees from vendor groups represent groceries, 
vegetables, non-vegetables, medicines, textiles, and jewelry 
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implementation to carve out the prognostic solution. It is empirically examined by the total
sample of 798 people between September 2018 to January 2019 in eight different markets
across Pune city (Bhattacherjee 2012), out of which 66% Vendor was (n= 532) and32% 
Consumer (n=260) on random stratified method along with the expert qualitative opinions 
(Brace 2018).

RESULTS AND DISCUSSION  

The Plastic Waste Management Rules, 2016, is a basic framework of law dealing with the
concept of EPR and circular economy for managing plastics waste in India (Nomani & Rauf
2019). Although it is in an evolutionary phase in terms of the accountability of the producers
and enforcement mechanism, it is still a good step in the positive earnest (Liang et al. 2021).
It is considered the extension of the polluter pays principles contained under Section 9 of 
the Environment (Protection) Act, 1986. The draft EPR policy for plastic waste management,
2021, formalized the EPR and circular economy with varying degrees of success in India
(Pani & Pathak 2021). The reason behind bringing out the policy is to prevent the excessive 
amount of plastic that is littered from clogging the pore of the drains, maintenance holes, and 
sewer system and the threat of choking of fauna. Maharashtra estimated that around 2000 tons 
of waste was generated per day in Pune. It turned out to be around 350-750 gm per capita
daily. Of these, plastic waste generation was about 200-250 tons per day. Against this 
backdrop, Maharashtra issued the Maharashtra Plastic and Thermocol Products Notification,
2018.

Plastic Waste Generation in Pune 

As a case study, the paper empirically studies Pune city and its urban sprawl and metropolitan
development in Maharashtra state. Pune city is located between 18°19ʹ to 18°45ʹ north of the 
equator and 73°35ʹ to 74°12ʹ east of Greenwich, encompassing an area of 1643 square km
(Fig. 1). It is the second-most populous state in Maharashtra after Mumbai. The study was
conducted in the market zones of Pune city during the study. The interviewees were randomly
selected. The interviewees were divided into vendors, consumers, and producers.

Fig. 1: Study Area and Map. 

The interviewees from vendor groups represent groceries, vegetables, non-vegetables,
medicines, textiles, and jewelry in retail and wholesale markets. The number of people 

Fig. 1: Study Area and Map.
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in retail and wholesale markets. The number of people 
interviewed was based on the fact that the markets were 
located nearby and the markets were the whole seller and 
biggest markets of Pune city. The survey was conducted in 
areas like Laxmi Road, Ravivar Peth, Market Yard, FC Road, 
Tulsi Bag, Gaffar Beig Road, Mahatma Phule Mandai, and 
Deccan Gymkhana to represent the different spectrum of the 
population of Pune city (Fig. 2).

The vegetable and flower markets were in the Mahatma 
Phulemandai, while the hanging stalls were in the Tulsi 
Baug. The meat markets were found in the Gaffar Beig Road, 
while the grocery markets were in Market Yard. The markets 
in the Laxmi roads were mostly jewelry markets, textile 
manufacturing, and wholesale markets. The expert interview 
of sweet shops was conducted in Deccan Gymkhana. For the 
plastic manufacturer, it was conducted in Moti Chowk due 

to the conglomeration of middle and upper-class consumers 
and retailers, and wholesalers.

Features of Plastic Ban Regulations 

The slew of legislative support in the shape of the Draft 
PlasticRules, 2009, Plastic Waste Rules, 2011, Plastic 
Waste Management Rules, 2016, and Draft Plastic Waste 
Management Rules, 2021, the legal and institutional 
mechanism started phasing out of MLP, used for packaging 
by the consumer goods companies. The Plastic Waste 
Management Rules, 2016, inserted the notion of EPR to
manage plastic waste in India (Nomani et al. 2020). While 
the Indian EPR is at an experimental phase, its work in 
the last five years has not realized the policy goals in 
implementing machinery due to the producers’ liability 
deficit and enforcement from the authorities in the circular 
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interviewed was based on the fact that the markets were located nearby and the markets were 
the whole seller and biggest markets of Pune city. The survey was conducted in areas like 
Laxmi Road, Ravivar Peth, Market Yard, FC Road, Tulsi Bag, Gaffar Beig Road, Mahatma 
Phule Mandai, and Deccan Gymkhana to represent the different spectrum of the population
of Pune city (Fig. 2). 

Fig. 2: Field Study and Market Locations. 

The vegetable and flower markets were in the Mahatma Phulemandai, while the hanging stalls 
were in the Tulsi Baug. The meat markets were found in the Gaffar Beig Road, while the 
grocery markets were in Market Yard. The markets in the Laxmi roads were mostly jewelry
markets, textile manufacturing, and wholesale markets. The expert interview of sweet shops 
was conducted in Deccan Gymkhana. For the plastic manufacturer, it was conducted in Moti 
Chowk due to the conglomeration of middle and upper-class consumers and retailers, and 
wholesalers.

Fig. 2: Field Study and Market Locations.
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economy of plastic thrives by no leaps and bounds. The 
Indian Ministry of Environment Change released a uniform 
framework for EPR policy for managing plastic waste in 
collaboration with the Centre for Science and Environment 
(CSE), New Delhi (Fig. 3).

The government of Maharashtra has not banned the use of 
plastics entirely, but certain kinds of plastic, including plastic 
bags of less than 50 microns, remain in use. However, the 
use of plastic bags above 50 microns was promulgated by 
government notification. There have been clear instructions 
on the type of plastic that can still be used, including the 
weight and size of the government mentioned in the new 
notification. GOM announced the penalties as the first-time 
offender was fined 5000 Rupees, the second-time offender 
with 10000 rupees, and the third-time offender fined 25000 
rupees along with a jail sentence of up to 3 months.

Maharashtra Plastic Ban Notification, 2018 

The Maharashtra Plastic and Thermocol Products 
Notification, 2018, was passed to give effect to the national 
legislation on the Plastic Waste Rules, 2011, and Plastic 
Waste Management Rules, 2016. It banned plastic and 
sensitized people regarding the use and recycling along with 
the switching to alternative methods amongst the multi-
stakeholders in Maharashtra. It resulted in reducing and using 
alternatives for plastics (Nomani & Hussain 2020). It also 
generated awareness about the types of plastics exempted 

from the ban and the adoption of viable alternative usages 
(Fig. 4).

The plastic ban is effective for all the people of 
Maharashtra, including individuals and NGOs, commercials, 
marriage halls, cinema halls, hotels, pilgrims’ places, 
caterers, hawkers, traders, manufacturers, wholesalers, 
retailers, stockiest, people in business, public places, tourist 
places, beaches (Fig. 5). The banning of plastic went along 
with awareness programs by the government and the NGO 
on Single-use plastic.

It paved the way for the segregation of Plastic from waste 
and its ultimate disposal at designated points. The evidence 
is prominent in the ‘Plastic Free Pune’ and Changing to an 
environmentally friendly lifestyle. The fraction of usage 
suggests designing alternatives for plastic products by 
reducing the use of low-level plastics and encouraging 
the use of recycled products. It was structured based on 
the 4Rs, awareness generation among citizens, provision 
and exchange of information, and implementation of the 
law on the Maharashtra Plastic and Thermocol Products 

Notification, 2018. The task is to understand the effects on 
the stakeholders that are directly and indirectly affected by 
the ban. The idea and perspective discerned new usage and 
treatment (Fig. 6).

Since the ban was implemented to curb plastic pollution, 
it is vital to understand the stakeholding of the ERP and 
circular economy from a holistic perspective. It also augurs 

 

Fig. 3: Features of plastic ban regulations.
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that of the brand owners, followed by the packers and fillers. 
The onus for EPR primarily vested cast for the plastic carry 
bag above 50 microns to be exchanged for 15 rupees per kg 
of the clean and reusable plastic carry bag among the local 
stakeholders. The highest sense of responsibility is cast on 
the brand owners, followed by the packers and the fillers. 
The shrinking of the responsibility is structured on the tower 
of the two modules and methodological applications (Fig. 7). 

The survey in grocery market yards reveals that 76% of the 
vendors knew of the notion of EPR set into the Maharashtra 

for the alternatives and prognostic solutions in the urban 
sprawl of Pune city. The Maharashtra Plastic and Thermocol 
Products Notification, 2018, aimed to address 2000 tons 
of plastic waste generated in Pune. The household plastic 
generation was estimated to be 350-750 gm per capita daily.

Application of Extended Producers Responsibility 

The regulatory regime of plastic waste incorporated the 
concept of EPR under the Maharashtra Plastic and Thermocol 
Products Notification, 2018. The highest responsibility was 
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recycling along with the switching to alternative methods amongst the multi-stakeholders in 
Maharashtra. It resulted in reducing and using alternatives for plastics (Nomani & Hussain 
2020). It also generated awareness about the types of plastics exempted from the ban and the 
adoption of viable alternative usages (Fig. 4). 
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Plastic and Thermocol Products Notification, 2018. The 
legal literacy among general business owners figures out to 
be 32%. 68% of people need to learn about the concept of 
EPR and the penal consequences of the plastic ban. However, 
92% of the vendor in Sunday weekly and wholesale 
markets were aware of the nature and content of the law  
(Fig. 8). 

On the other hand, the survey also revealed that 66% of 
the vendors faced problems due to the plastic ban. It was 
noticed that 58% of the vendors were aware of the EPR (Fig. 
9). Most of the time, the plastics were either burnt on-site or 
given to the rag pickers. It was also seen that vendors needed 
help in giving articles in small packets. They preferred to 
avoid getting a hike in the product prices because they had to 

stay in the market competition. The leftover banned plastic is 
either unused or slowly scraped (Nomani & Parveen 2020). 
Most big shop owners knew of EPR but felt the regulatory 
mechanism needed to be more time-consuming and non-
cooperation of the consumers.

The cost of collecting and staffing to buy plastic would 
be chargeable to producers under EPR. The management 
collection, transportation, treatment, and disposal of plastic 
waste would be considered a project cost. It enhances 
the financial contribution toward the collection of plastic 
waste. It is based on incentives of the EPR credit system 
and generally scaled on the extent of the contribution by the 
producers. To this end, it is based on the five years contract 
with Producers towards meeting their EPR obligations.

7 
 

It paved the way for the segregation of Plastic from waste and its ultimate disposal at 
designated points. The evidence is prominent in the ‘Plastic Free Pune’ and Changing to an 
environmentally friendly lifestyle. The fraction of usage suggests designing alternatives for 
plastic products by reducing the use of low-level plastics and encouraging the use of recycled 
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and exchange of information, and implementation of the law on the Maharashtra Plastic and 
Thermocol Products Notification, 2018. The task is to understand the effects on the 
stakeholders that are directly and indirectly affected by the ban. The idea and perspective 
discerned new usage and treatment (Fig. 6). 
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Circular Economy of Plastic Ban

The circular economy of the plastic ban has played a pivotal 
role in the legal and institutional mechanism of the plastic ban 
in Pune City. It ordains the take-make-dispose (Steenmans 
et al. 2017) and strengthens eco-friendly design and waste 
management. The life-cycle assessment takes a holistic 
perspective of the resource, substance, product, and waste 
(Nomani & Salahuddin 2020). It establishes legally binding 
standards, resource recovery laws, and policies. On the other 
hand, the life-cycle perspective constitutes the waste hierarchy 
emphasizing quantity and recycling quality. The nature of 

environmental liability under EPR resembles the polluter pays 
principles in the spectrum of the EPR. The salient features of 
the EPR are the producer’s contribution to the cost of recycling.

The circular economy of the plastic ban revolves around 
the producers, vendors, and consumers in physical and 
informative responsibilities (Fig. 10). The survey showed 
that although 36% of consumers were aware of the plastic 
ban, only 56% supported it. It also noted that consumers 
faced problems carrying food in parcels because of the oil 
or liquid in the food, which might spill and stain. 80% of 
the consumers wanted a complete ban on plastic or some 

8 
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On the other hand, the survey also revealed that 66% of the vendors faced problems due to
the plastic ban. It was noticed that 58% of the vendors were aware of the EPR (Fig. 9). Most
of the time, the plastics were either burnt on-site or given to the rag pickers. It was also seen
that vendors needed help in giving articles in small packets. They preferred to avoid getting a 
hike in the product prices because they had to stay in the market competition. The leftover
banned plastic is either unused or slowly scraped (Nomani & Parveen 2020). Most big shop
owners knew of EPR but felt the regulatory mechanism needed to be more time-consuming 
and non-cooperation of the consumers.

Fig. 9: Features of EPR Policy.
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biodegradable alternative to plastic. They understood 
the alternatives and solutions different stakeholders have 
switched to were necessary. It finally leads to the annual 
certificate on waste collected by Producers towards meeting 
the EPR target by PMC. Other cities must also adopt this 
system to become effective.

CONCLUSION

Implementing the plastic ban under the Maharashtra Plastic 
and Thermocol Products Notification, 2018 witnessed 
changing perceptions towards the use of plastic consumption 
in daily life. However, it remained in the primitive stage 
of deviance and compliance. The multi-stakeholder 
interaction and interview amongst shopkeepers, consumers, 
environmentalists, and representatives of NGOs tallied a 
total of 798 people were interviewed to draw a realistic 
portrayal of the use of disposal and treatment system. The 
limitation of the study envisages its results and discussions 
during the span of five months during the year 2018-2019. 
The conclusions and recommendations reached during the 

initial two years of implementing the Maharashtra Plastic 
and Thermocol Products Notification, 2018, in implementing 
the plastic ban in Pune City. The trickle-down effect of the 
law carried out the environmental effect of the plastic ban 
regarding the Police cognizance, seizure, and fines under the 
overall supervision of the PMC officials. The salutary impact 
gauged from the maximum fine collected from police search 
and seizure amounts to 25,600 rupees in December 2018. 
The gradual ban on plastic resulted in stratified compliance, 
as evidenced by the fine collection in January 2019 came 
to only 8000. Thus, the police action and fine collection by 
Pune Municipal Corporation under the Maharashtra Plastic 
and Thermocol Products Notification, 2018, in tandem, 
discern the level of compliance to the higher side. The 
study demonstrated partial success in percolating EPR and 
circular economy, consequential ban implementation, and 
environmental compliances. The legal and institutional 
framework needs further impetus to thrash out the menace 
of the plastic ban effectively. Implementation officers 
needed to learn about the EPR and the Plastic rules found 

Fig. 10: Circular economy of the plastic ban.
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out while talking to the vendors in the survey. It resulted in 
even confiscating and imposing penalties on vendors who 
did not come under the plastic ban rules.
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      ABSTRACT
Levrier Bay, located in the western part of Mauritanian Cost, has a strategic position in 
Mauritania’s fish economy and reproduction environment. Recently, fishmeal factories have 
multiplied in the bay. This study was carried out in Levrier Bay. It is the first one in this area 
which is interested in assessing the environmental impact of fishmeal factory discharges by 
measuring several parameters such as suspended matter, chemical oxygen demand (COD), 
biological oxygen demand (BOD), conductivity, turbidity, and salinity. A total of 27 samples 
were collected at 9 sites distributed on the link between effluents from factories and the Atlantic 
Ocean (discharge site). Results show that some parameters are over permissible values, like 
suspended matter content (SS), which reached 2020 mg. L.-1 level. The turbidity measure 
shows excessively high values (50 to 961 mg.L.-1); impacted by effluents at the reject point, 
the seawater conductivity and salinity are particularly low (4.53 to 188.2 and 13 to 56.4, 
respectively). The total organic carbon (TOC) values ranged from 200 to 780 mg/L, whereas 
the highest measured level of chemical oxygen demand was 4010 mg.L.-1 Biochemical oxygen 
demand content ranged from 685 to 961 mg/L. The biodegradability index (COD/BOD) shows 
that these effluents are not easily biodegradable because the index > 3.

INTRODUCTION

The Mauritanian coastline, recognized as one of the most 
productive in the world, particularly illustrates the fragility of 
the coastal ecosystems. Their productivity and functionality 
are closely linked to the quality of the water that composes 
them. The Levrier Bay, located in the western part of 
Mauritanian Cost, has a strategic position in Mauritania’s fish 
economy and reproduction environment. Recently, fishmeal 

factories have multiplied in the bay. They have an important 
economic role, but they reject effluents directly into Ocean 
without treatment, so Levrier Bay suffers from the discharge 
of untreated wastewater from fishmeal factories (Cheick et 
al. 2020). Water volume discharged. However, Fishmeal 
wastewater contains 140 g COD.L-1, which consists of 60% 
oil and grease, 27% protein, and 13% mixture of soluble 
organic and suspended solids (Putra et al. 2020). The fish 
processing industry uses large amounts of water to wash the 
raw product and manufacture by-products. These factories 
are generally located in areas with high water content, and 
they consume more water than needed for seafood processing 
processes (Ben et al. 2017)

On the other hand, effluents from fishmeal factories 
may lead to serious pollution problems, especially if they 
are not treated enough. They contain an important amount 
of nitrogen and organic load, which conduce, in aquatic, 

Nat. Env. & Poll. Tech.
Website: www.neptjournal.com

Received: 02-01-2023
Revised:    06-02-2023
Accepted: 09-02-2023

Key Words:
Environmental impact 
Wastewater  
Fishmeal
Levrier bay 

ORCID details of the authors:

M. E. Moulay Ely: https://orcid.org/0000-0002-5094-6414
M. Sakho: https://orcid.org/0000-0003-0444-0970
S. Santana-Viera: https://orcid.org/0000-0002-2412-0037
J.J. Santana-Rodríguez: https://orcid.org/0000-0002-5635-7215
B. Elemine: https://orcid.org/0000-0002-5057-9829 
M. Zamel: https://orcid.org/0009-0000-1170-8037
M.V. Deida: https://orcid.org/0000-0002-4681-6262
D. Froelich: https://orcid.org/0000-0001-5931-0431 
I. Babah: https://orcid.org/0000-0001-8127-289X

https://orcid.org/0000-0002-5094-6414
https://orcid.org/0000-0003-0444-0970
https://orcid.org/0000-0002-2412-0037
https://orcid.org/0000-0002-5635-7215
https://orcid.org/0000-0002-5057-9829
https://orcid.org/0009-0000-1170-8037
https://orcid.org/0000-0002-4681-6262
https://orcid.org/0000-0001-5931-0431
https://orcid.org/0000-0001-8127-289X
mailto:moulayely2017@gmail.com


1530 Moulay El Mehdi Moulay Ely et al.

Vol. 22, No. 3, 2023 • Nature Environment and Pollution Technology This publication is licensed under a Creative 
Commons Attribution 4.0 International License

This publication is licensed under a Creative 
Commons Attribution 4.0 International License

to the eutrophication phenomenon. This phenomenon is a 
severe problem caused by industry discharge (Bhuyar et al. 
2021a, 2021b).

The most significant anthropogenic pollution is defined 
by the introduction through the activities of substances or 
energy in the marine environment that can cause harmful 
effects. The impact of wastewater discharges in the marine 
environment has long been minimized due to the significant 
dilution phenomena of these discharges when they contact 
the oceanic marine environment (Bezama et al. 2012, 
Ferraciolli et al. 2018, Vallejos et al. 2020).  

In addition, ship-unloading operations are often carried 
out using pumps that transport the fish from the hold to the 
land. Besides seawater, pump water contains considerable 
amounts of fish residue and can have a wide variety of oil and 
fat residue. Direct discharges of industrial wastewater affect 
the water quality and coastal marine ecosystems (Holmer et 
al. 2003, Moncada et al. 2019, Quimpo et al. 2020). Changes 
induce a variation in physicochemical characteristics such 
as the salinity of the water, but also the decrease in oxygen 
required by marine species, the modification of nutrient 
concentrations, etc. (Gebauer 2004, Anh et al. 2010, 
Venugopal & Sasidharan 2020).

The studies that have been carried out on the levels of 
trace metals in fish and sediment in Levrier Bay (Legraa 
et al. 2019, Cheikh et al. 2020) lack information about the 

impact of discharges from fish processing, especially when 
fishmeal manufacturing is involved.

This study aims to determine some wastewater indicators, 
such as turbidity, conductivity, salinity, suspended solids, 
Chemical oxygen demand (COD), and biological oxygen 
demand at the reject point, to evaluate the environmental 
impact of discharges from fishmeal factories. It is the first 
one in this area that is interested in this question; Its outcomes 
will contribute to the global Levrier Bay environmental 
investigation and give wide information about the resources 
of environmental pollution. 

MATERIALS AND METHODS

Description and Location of the Study Area

The study area is focused on the Bountiya sector located on 
Levrier Bay in the extreme northwest of Mauritania (Fig.1). 
It is characterized by strong industrial activity represented 
by all the factories manufacturing fishmeal and fish oil. Nine 
sites around fishmeal factories represent the link between the 
affluent and Ocean. 

The samples were collected in accordance with the 
guidelines of international organizations (WHO 2004) and 
the recommendations of some literature (Rodier 2010). 
Briefly, the samples were collected at low tide in aseptically 
sterile uncolored 500 mL plastic bottles and washed 

This study aims to determine some wastewater indicators, such as turbidity, conductivity, salinity,

suspended solids, Chemical oxygen demand (COD), and biological oxygen demand at the reject point,

to evaluate the environmental impact of discharges from fishmeal factories. It is the first one in this

area that is interested in this question; Its outcomes will contribute to the global Levrier Bay

environmental investigation and give wide information about the resources of environmental

pollution.

MATERIALS AND METHODS

Description and Location of the Study Area

The study area is focused on the Bountiya sector located on Levrier Bay in the extreme northwest of

Mauritania (Fig.1). It is characterized by strong industrial activity represented by all the factories

manufacturing fishmeal and fish oil. Nine sites around fishmeal factories represent the link between

the affluent and Ocean. 

Fig.1: Sampling sites.

The samples were collected in accordance with the guidelines of international organizations

(WHO 2004) and the recommendations of some literature (Rodier 2010). Briefly, the samples were

collected at low tide in aseptically sterile uncolored 500 mL plastic bottles and washed beforehand

with 10% acid baths (HCl). Then, the bottles were rinsed with distilled water and sent to the laboratory 

for further physico-chemical analysis. The samples were stored at a temperature below 4°C and in

uncolored bottles for the shortest possible time.

Fig. 1: Sampling sites.
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beforehand with 10% acid baths (HCl). Then, the bottles 
were rinsed with distilled water and sent to the laboratory for 
further physico-chemical analysis. The samples were stored 
at a temperature below 4°C and in uncolored bottles for the 
shortest possible time. 

Sampling deep was between 30 and 50 cm to characterize 
the various effluents discharged by the factories. Three 
samples per factory were taken. They were 30 meters from 
each other near the spill point (the first sample is located just at 
the discharge point, and others are distributed over a radius of 
approximately 100 m from the discharge point). The analysis 
was carried out by the ONISPA laboratory in Nouadhibou 
(Mauritania) according to the methods listed in Table 1.

RESULTS AND DISCUSSION

Effluents from fishmeal factories are discharged into the 
ocean without treatment. So they may pose a serious problem 
for the Levrier Bay environment, especially the biodiversity 

of aquatic ecosystems. This study assessed the concentration 
of certain parameters indicatives of the pollution of industrial 
effluents generated by the activity of fishmeal factories. 
The results obtained from the examination of 27 samples of 
seawater from 9 reject points are presented in the five figures 
below (from Fig. 2 to Fig. 6). 

Conductivity and Salinity

The conductivity values were low and ranged from 4.53 
to 188 μS.cm-1 at sites 2 and 3, respectively (Fig. 2). Most 
sites have a conductivity value of around 50 μS.cm-1. The 
low conductivity value in this study means that the effluents  
were sampled before enough time to be well mineralized 
or the fishmeal factories use urban water in the cleaning  
process.

Sea water at the ejected point has a salinity between 13 
and 56.4 mg.L-1. Only three sites have salinity very low 
(13, 23, and 23.4 at sites 9, 1, and 2, respectively; Fig. 3). 
In normal cases, sea water salinity is 36 mg.kg-1.

Table 1: Parameters studied.

Parameters Methods

Turbidity NF ISO 7027-1: Water quality - Determination of turbidity - Part 1: quantitative methods

Salinity NF 8502-9: In situ method for the determination of water-soluble salts by conductimetry

Suspended matter NF EN 872: Water quality - Dosage of suspended solids - Method by filtration on glass fiber 
filter

Conductivity at 25°C NF EN 27888: Water quality - Determination of electrical conductivity

Chemical Oxygen Demand (COD) NF T 90 101: Water quality - Determination of chemical oxygen demand (COD)

Biological Oxygen Demand (BOD) for 5 days NF T 5815-1: Water quality - Determination of the biochemical oxygen demand after n days 
(BODn) - Part 1: method by dilution and inoculation with the addition of allylthiourea

Total Organic Carbon (TOC) MA. 415 –COT 1.0: Determination of organic carbon in effluents: oxidation by persulfate and 
UV rays – dosage by infrared spectrophotometry

The conductivity values were low and ranged from 4.53 to 188 μS.cm-1 at sites 2 and 3, respectively 

(Fig. 2). Most sites have a conductivity value of around 50 μS.cm-1. The low conductivity value in this 

study means that the effluents were sampled before enough time to be well mineralized or the 

fishmeal factories use urban water in the cleaning process. 
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salinity very low (13, 23, and 23.4 at sites 9, 1, and 2, respectively; Fig. 3). In normal cases, sea water 

salinity is 36 mg.kg-1. 

 

Fig. 2: Conductivity and salinity values. 
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The mean values of turbidity show a disparity variation between different plants. This difference is 

variable from 20 to 961 mg.L-1 (Fig. 3). The highest value is found at site number 2, and the lowest is at 

site 9. The difference could be caused by activities period which is different from one to other. 

Suspended solids concentration in the effluents of the fish processing plants measured in this 

study varies between 73 mg.L-1 and 2200 mg.L-1 (Fig. 3). Like turbidity, the difference between factory 

effluent SS content is linked to work period.  
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Turbidity and Suspended Solids

The mean values of turbidity show a disparity variation 
between different plants. This difference is variable from 20 to 
961 mg.L-1 (Fig. 3). The highest value is found at site number 
2, and the lowest is at site 9. The difference could be caused 
by activities period which is different from one to other.

Suspended solids concentration in the effluents of the fish 
processing plants measured in this study varies between 73 
mg.L-1 and 2200 mg.L-1 (Fig. 3). Like turbidity, the difference 
between factory effluent SS content is linked to work period. 

There is a perfect proportionality between turbidity and 
SS (Fig. 3). This result was found by a previous study that 
demonstrated a relationship of proportionality between 
suspended matter and turbidity. Remili & Kerfouf (2013) 

studied how to use turbidity to continuously estimate the 
concentration of suspended matter. Thus, we observe a 
high content of turbidity and SS at the level of Site2, which 
is attributed to suspended solids (SS) constituting the main 
vector of pollutants transported in rainy weather in the 
sewers. The importance of pollution from urban discharges 
during rainy weather and the negative impact of this pollution 
on receiving environments is a phenomenon highlighted in 
the literature as early as 1970. However, low turbidity and 
SS content are recorded for the sampling points least exposed 
to rainwater, such as Site 4.

Total Organic Carbon

The lowest total organic carbon (TOC) content (200 mg.L-1) 
is found at site number 6, and the highest one (780 mg.L-1) 

 
Fig. 3: SS and turbidity values. 
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concentration of suspended matter. Thus, we observe a high content of turbidity and SS at the level of 

Site2, which is attributed to suspended solids (SS) constituting the main vector of pollutants 

transported in rainy weather in the sewers. The importance of pollution from urban discharges during 

rainy weather and the negative impact of this pollution on receiving environments is a phenomenon 

highlighted in the literature as early as 1970. However, low turbidity and SS content are recorded for 

the sampling points least exposed to rainwater, such as Site 4. 

Total Organic Carbon 

The lowest total organic carbon (TOC) content (200 mg.L-1) is found at site number 6, and the highest 

one (780 mg.L-1) is detected at site number 5 (Fig. 4). The majority of sites have COT content comprised 

between 317 and 609 mg.L-1. It reveals an additional clue showing the presence of organic matter. The 

wastewater from these fishmeal and oil factories contains high levels of protein and oils, so their 

recovery is a financially viable operation. This is partly explained by an excessive discharge of organic 

matter and, more particularly, in the case of site 5. 

 

Fig. 3: SS and turbidity values.

 

Fig. 4: TOC, BOD5, and COD values. 
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The DBO5 values show an inequality variation between different plants. This difference is variable from 
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activities period, which differs from one to another. 

Chemical Oxygen Demand (COD) 

COD values recorded during this study ranged from 655 to 4010 mg.L-1. The highest value was found 

at site number 5 and the lowest at site 4 (Fig. 4). Most sites have COT content comprising between 774 

and 1465 mg.L-1. The chemical oxygen demand (COD) indicates the organic load in the water. It is an 

important parameter for water quality characterization (Mathurin & Kisto 2021).  

Biodegradability Index COD/BOD 

All effluents from fish processing plants points have a COD/BOD5 biodegradability index low or equal 

to 3 except point 5, which has an index of 4.79 (Fig. 5). So, those effluent (that has an index low than 

3) are biodegradable. However, a high value of this ratio (higher than 3) indicates that a large part of 

the organic matter is not biodegradable. In this case, it is better to consider the water treatment by 

physicochemical methods (Johan & Mizier 2004).  
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COD values recorded during this study ranged from 655 to 
4010 mg.L-1. The highest value was found at site number 
5 and the lowest at site 4 (Fig. 4). Most sites have COT 
content comprising between 774 and 1465 mg.L-1. The 
chemical oxygen demand (COD) indicates the organic load 
in the water. It is an important parameter for water quality 
characterization (Mathurin & Kisto 2021). 

Biodegradability Index COD/BOD

All effluents from fish processing plants points have a COD/
BOD5 biodegradability index low or equal to 3 except point 
5, which has an index of 4.79 (Fig. 5). So, those effluent (that 
has an index low than 3) are biodegradable. However, a high 
value of this ratio (higher than 3) indicates that a large part 
of the organic matter is not biodegradable. In this case, it is 
better to consider the water treatment by physicochemical 
methods (Johan & Mizier 2004). 

is detected at site number 5 (Fig. 4). The majority of sites 
have COT content comprised between 317 and 609 mg.L-1. 
It reveals an additional clue showing the presence of organic 
matter. The wastewater from these fishmeal and oil factories 
contains high levels of protein and oils, so their recovery is 
a financially viable operation. This is partly explained by an 
excessive discharge of organic matter and, more particularly, 
in the case of site 5.

Biochemical Oxygen Demand (BOD5)

The DBO5 values show an inequality variation between 
different plants. This difference is variable from 396 to 961 
mg.L-1 at sites number 8 and 9, respectively (Fig. 4). The 
difference could be linked to the activities period, which 
differs from one to another.

Chemical Oxygen Demand (COD)

 

Fig. 5: COD/BOD ratio biodegradability index. 
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Determining this ratio for wastewater allows the assessment of nutriment doses in treatment plants. 

These ratios comprise between 3.28 and 5.14 mg.L-1 (Fig. 6), which is extended to the ratio frequently 

found for urban and industrial wastewater.  
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COD/TOC Ratio

Determining this ratio for wastewater allows the assessment 
of nutriment doses in treatment plants. These ratios comprise 
between 3.28 and 5.14 mg.L-1 (Fig. 6), which is extended 
to the ratio frequently found for urban and industrial 
wastewater. 

As this work is the first in Mauritania interested in 
fishmeal factories discharged into the environment, the 
results will be compared with similar ones conducted in other 
counties (near or far from Mauritania). Table 2 summarizes 
the study finding.  

Conductivity reflects the degree of global mineralization. 
It is one of the simplest and most important for wastewater 
quality control (Chikh et al. 2018). The low conductivity 
values of seawater at reject points are related to the use 
of pure water by Fishmeal factories. Pure water has a low 
conductivity, and a huge amount rejected by the factory 
dilutes the conductivity at the discharge place. 

Turbidity and suspended solids have particularly the same 
meaning because they reflect the water load of insoluble 
substances. They give important and direct information on 
water quality variation (Merbouh et al. 2020). Turbidity 
results in this study show that effluent rejected in the 
environment is non-treated. Bay et al. (2017) findings show 
that the content of suspended solids can reach 13,980 mg/L in 
wastewater from fish processing. Our results are twice lower 
as those found by John and Mizier (2004) along wastewater 
discharged from fish processing plants. 

Biochemical oxygen demand (BOD) indicates the amount 
required for oxidizing the organic matter and inorganic 
oxidizable contained in the sample (Chikh et al. 2018). 

The BOD5 results show a similarity in the biodegradable 
organic matter content of the loads for the different effluents 
analyzed. This could be explained by the fact that all these 
factories use the same procedure for processing fishery 
products. We note that these waters have very high inputs 
of biodegradable organic matter. The highest levels of 
BOD5 can be attributed to the concentrations of oils and fats 
measured in the wastewater from the butchering process. At 
the same time, the remaining proportion is generated during 
fish processing operations (Ben et al. 2007).

Other investigations on the effluents from a fish canning 
factory reveal levels five times higher than ours (Colic et al. 
2007). Effluents from Tunna processing contain 6600 g.L-1 of 
BOD5 (Venugopal et al. 2020), which is very high compared 
with effluents of fishmeal in this study. BOD values reported 
by Putra et al. from Japon fishmeal are very low than the 
literature. The difference between the value is related to the 
factory recycling system. Some factory reuse effluent to 
collect protein residues that reduce BOD.

Beannassi et al. (2004) reported that the COD content 
could reach 190000 mg.L-1 for industrial extractions of 
fish oils. Fishmeal effluent has 50000 g.L-1 as COD load 
(Colic et al. 2007). This load in processing plant effluents 
comprises total suspended solids, fats, oils, and grease. COD 
in effluent from Tunna processing is 11100 g.L-1 (Venugopal 
et al. 2020); however, effluents from the seafood processing 
plan contain 1717 g.L-1 (Jamieson et al. 2017). This value is 
comparable with ours. 

COD/BOD5 ratio results are comparable with the results 
of investigations by John and Mizier (2004) in an earlier 
study concerning the characterization of leachate from a 
landfill. John and Mizier (2004) showed that this ratio could 

Table 2: Comparative analysis with similar studies. 

Matrix SS (g.L-1) COD (g.L-1) BOD5 (g.L-1) COD/BOD Reference

Effluent from Fishmeal 173 to 2200 655 to 4000 467 to 990 0.96 to 4.79 This study

Fishmeal 30,000 50,000 30,000 0.60 Colic et al. (2007)

Effluent from tuna processing 1570 11100 6600 - Venugopal et al. (2020)

Fish processing - 13,180 3,250 0.25 Dhanke et al. (2019)

Effluents from seafood processing plant 27.2 to 1201 458 to 1717 179 to 276 - Jamieson et al. 2017

Fishmeal wastewater 35 to 37 131 to 140 21 to 23 - Putra et al. (2020)

Table 3: comparing regional and international standards (PNUE/PAM 2004).

Parameter This study Regional standard International standards

Morocco Algeria Tunisia France Turkey Italy Egypt Malta

COD mg.L-1 655 to 4000 500 120 90 125 180 160 100 600

BOD mg.L-1 467 to 990 100 40 30 25 50 40 60 350

TSS mg.L-1 173 to 2200 50 30 30 35 60 80 60 500
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be around 7 for leachate. Other high values were detected 
in wastewater of a fish canning plant (Ben et al. 2017); 
However, effluents from Fish and fishmeal processing had 
a ratio of less than 1 (Colic et al. 2007, Dhanke et al. 2019).

In general, all analyzed parameters have values more 
important than other types of non-treated effluent. This can 
be related to many factors, such as the type of production 
and the factory recycling system. In the case of fishmeal, it 
is normal that COD and BOD5 levels to be very important, 
but this level should be reduced by treatment before it is 
realized in the environment. Putre et al. (2020) reported that 
fishmeal wastewater treatment reduces more than 94% of 
COD and BOD amounts.

Assessment of the Impact 

The impact associated with the disposal of fish wastes 
into the ocean environment (seawaters) includes reduced 
oxygen levels in the seawaters at the ocean bottom, burial or 
smothering of living organisms, and introduction of disease 
or non-native and invasive species to the ecosystem of the sea 
floor. The high level of COD and BOD leads to an imbalance 
of phosphorus and nitrogen, which produces a proliferation 
of algae. Some cases were recorded in Levrier Bay at the 
beginning of the operation of the fishmeal factories.

We will compare the results found by regional and 
international standards to show the environmental situation of 
the discharge points of the effluents of the fishmeal factories.

Comparing Obtained Results with Regional or 
International Standards for Wastewater Quality

All critical parameters (COD, BOD, and SS) of effluent 
from fishmeal exude regional and international standards 
for wastewater (Table 3). These effluents will pose a serious 
problem for Levrier Bay if we do not act and pay for rigorous 
treatment of these discharges.

CONCLUSIONS

This work is the first in this area interested in the 
environmental impact of discharge from fishmeal factories 
in Levrier Bay. It concluded that the discharge had affected 
some seawater parameters like suspended matter content 
(SS) which reached a level of 2200 mg.L-1; moreover, the 
turbidity shows excessively high values (50 to 961 mg.L-1). 
The water conductivity and salinity are particularly low. 
Chemical oxygen demand (COD) and biological oxygen 
demand (BOD) values are very high that they are permissible, 
and the biodegradability index (COD / BOD) varies from 
0.96 to 4.79. These effluents are not easily biodegradable 
(index> 3). In general, all analyzed parameters have values 

that exceed the international standards for wastewater, 
especially COD, BOD, and SS. 

These results show that it is urgent to take some actions 
like treatment of the effluent before it is rejected into Ocean. 
The factories must apply serious environmental politics to 
protect us and our fish resources.

The outcomes of this study can be used as a reference 
for upcoming research and decision on fishmeal factoring, 
especially regarding the environmental control of this 
activity. 
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       ABSTRACT
Climate change is a widely debated topic in the 21st century, with various perspectives and 
opinions on its causes and potential remedies. Climate change risks have perplexed authorities 
and made protecting human life and health difficult. The elements that cause climate change, 
such as the combustion of fossil fuels, air pollutants, short-lived climatic pollutants, etc., 
have affected both the climate and human health. The Paris Agreement established several 
commitment periods that each nation was obligated to follow in accordance with their own 
individual capacities. This will assist in achieving greater human health and environmental 
benefits. To develop a robust climate change framework, WHO and other UN organizations 
have moved up to resolve these challenges. From the first international conference in 1988 
to the current Conference of Parties, it has been concluded that “humanity is conducting 
an unintended, uncontrolled, globally pervasive experiment, the ultimate consequences of 
which could be second only to a global nuclear war.” The recent Katowice Agreement and 
the climate change package that was put in place demonstrate the seriousness required 
to resolve the issues of finance, loss and damage, and differentiation mechanisms, which 
were thoroughly discussed. The paper will focus on the existing legal solutions for providing 
climate justice to nations. The study will also look at the effectiveness of COP24 in executing 
adaptation and mitigation plans and adhering to the Paris Agreement in both text and spirit.

INTRODUCTION

Climate change is one of the biggest dangers to human health 
and puts our entire species at risk. It is also one of the greatest 
threats to the environment. The severity of climate change’s 
effects on human health is becoming progressively obvious, 
and each alternative day that passes without action will 
make the risks even greater (McKeever 2021). Despite fifty 
years of concerted, targeted effort by policymakers and the 
health community, climate change threatens to undo those 
gains. This situation contradicts the government’s promises 
to advance the realization of the human right to health for 
all individuals (OCHR 2008).

In recent years, the public health community has rapidly 
increased its involvement with climate change and health, 
advancing knowledge of the connections between the two, 
bringing attention to the serious health risks, proposing 
solutions to mitigate the worst effects, and evaluating the 
health benefits of climate action, including the extent to 
which these will outweigh the costs of mitigation (Klenert et 
al. 2020). To fulfill the commitments made by governments 
during the UNFCCC climate change negotiations and 
international negotiations at the World Health Assembly, 
a large community of organizations, including United 

Nations agencies, academia, all levels of government, and 
nongovernmental organizations, are now working together 
(OHCHR 2019). The conclusions of high-level political 
gatherings and joint statements by health professional 
associations and broader civil society reflect how their work 
generally aligns with a common action agenda. Numerous 
agendas were discussed in the report, such as the climate 
change risks, Paris Agreement’s central role in promoting 
good health, and opportunities for improving health provided 
by addressing climate change (MoHFW 2018). It further 
discusses how the health sector and civil society are involved, 
how to measure national climate change progress, and how 
to ensure financial support for health and climate change 
action. In addition to these subjects, the report discusses 
engagement by the health community and civil society, the 
evaluation of national climate change action progress, and the 
means of ensuring economic support for health and climate 
change action (Kruk 2018).

KATOWICE AGREEMENT

Goal and Vision

The agreement took place in December in Katowice, Poland 
(Glasgow Climate Change Conference 1995). The conference 
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aims to facilitate the goals of the Paris Agreement in its entirety. 
The conference organized by the Intergovernmental Panel on 
Climate Change (IPCC) in Katowice, Poland, marked a small 
but meaningful progression in the global effort to combat 
climate change. Though it did not bring about a significant 
breakthrough, the conference made strides in addressing 
this important issue. Despite not being a breakthrough, the 
conference made some progress in the climate change battle. 
For the treaty to be implemented successfully, the participants 
were requested to create a set of guidelines that could be used 
to further the efforts made under the treaty. It is regarded as 
the greatest achievement in which all governments can take 
pride. It bolsters the Paris Agreement and paves the way for 
climate action to be taken on a global scale.

The “Paris Agreement Work Programme” was the focus 
of the two-week meeting, which was convened to implement 
a series of decisions to achieve this objective (COP24 2020). 
Parties voted to accept the Katowice Climate Package as the 
conference ended (COP24 2019a). This package addresses 
virtually all of the concerns raised in the PAWP. Even though 
parties emphasized the need for a comprehensive and balanced 
rulebook at the outset of the conference, there was still 
skepticism regarding delivery, given that a wide range of issues 
needed to be discussed and decided upon briefly (Low 2019).

The most significant achievement at COP24 was the 
countries’ ability to reach a consensus on the regulations that 
would oversee the execution of the Paris Agreement starting 
in 2015. The Katowice Climate Change Package, to give 
the rule book its official title, outlines the procedures that 
nations should follow to monitor and report their greenhouse 
gas emissions (Murray 2022), as well as the actions they are 
taking to reduce those emissions. To put the rule into action in 
a more orderly fashion, there are a lot of questions that need 
to be considered. A skeptical person will argue that there is 
no enforcement mechanism in relation to such goals, what 

happens if the countries breach their emissions target, and 
so on (Maizland 2022).

A cynic would argue that there is no enforcement 
mechanism. In contrast, in recent years, tremendous work 
has been achieved to increase energy efficiency and shift 
away from fossil fuels. Without any worldwide enforcement 
mechanisms, the energy required to create an additional 
percentage of the world’s gross domestic product (GDP) has 
fallen by an average of 32% since 1990. It has dropped even 
more in emerging economies than in advanced economies. 
This serves as a reminder that change is possible and that the 
real challenge is not related to developing the appropriate 
technology or mechanisms but ensuring that all countries 
are treated fairly.

Analysis

COP 24 in Katowice, Poland, marked a small but meaningful 
advancement in the worldwide campaign to combat climate 
change. Though it was not a breakthrough, the conference 
did make some progress in addressing this important issue. 
The meeting failed to agree on key issues, including raising 
national contributions, integrating human rights into the 
Paris Agreement, and providing equal support for developing 
nations while adopting a climate package of Paris Rulebook 
documents. While steps were taken to improve areas like 
the rights of indigenous people, gender equality, finance, 
etc., the provisions for carbon trading were left out of the 
package. Thus, COP 24 failed to adequately address the most 
crucial matters that are necessary for effectively tackling 
the difficulties caused by global warming and its effects on 
communities that are at risk.

The “Intergovernmental Panel on Climate Change (IPCC)” 
is a respected UN group that aims to access the scientific 
aspects of climate change regularly (IPCC 2022). On the 8th 
of October, IPCC issued a report specifically examining the 
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effects of global warming at 1.5 degrees Celsius. This report is 
a stark reminder of the imperative need for immediate action 
to preserve our planet (IPCC 2018). The report’s key findings 
are straightforward: to limit the increase in temperature to 
1.5 degrees Celsius by 2030 and reach a state of “net zero” 
by 2050 (Fig. 1). This is the sole means of achieving this 
objective. To achieve such a huge reduction in emissions, 
significant modifications will need to be made to the global 
energy and transportation networks, in addition to preserving 
and restoring natural ecosystems. The figure presented also 
depicts the significance of the “Global Stocktake” within the 
decentralized framework of the Paris Agreement. It functions 
as the principal hierarchical element of the accord. The Global 
Stocktake serves the objective of conducting a thorough 
worldwide evaluation of the climate policy commitments, 
referred to as Nationally Determined Contributions (NDCs), 
made by participating parties at five-year intervals.

What Occurred During Cop 24?

During the first week of the summit meeting, there was no 
indication of any progress being made on any aspect of the 
2015 agreement (Kizzier 2019). Industrialized and emerging 
nations maintained long-held attitudes and interpreted 
the Paris Agreement differently (Paris Agreement 2015). 
These positions have been a source of contention for several 
years and have centered around scope, differentiation, and 
financing issues (Tanwar 2013). A discussion about the 
document’s intended audience focused on whether the 
guidance for Nationally Determined Contributions (NDCs) 
(Pauw 2019) should only address mitigation or cover all 
potential NDC components, such as means of implementation 
and adaptation (Crumpler et al. 2020).

After that, the accord focused on discussing the guiding 
mechanism that will be followed by both developed and 
developing countries and how it may differ for each (UN 
2015). Also, developing countries asked developed countries 
for promises to be open and honest about providing complete 
and accurate information on public finances (Our Common 
Future, From One Earth to One World 1985) both before 
and after the information was given. This was done to make 
things more predictable and accountable. This request was 
made within the context of the topic of finance (Stéphane 
& Kevin 2003).

Micha Kurtyka, the president of COP 24, and António 
Guterres (World Meteorological Organization 2018), the 
secretary-general of the UN, led closed-door meetings with 
groups of ministers from developed and emerging nations 
to agree on each Rulebook issue (Sethi 2018). People were 
afraid that the negotiations would fail, just like they did at 
COP 15 in Copenhagen in 2009 because they didn’t have 

enough information and there were rumors of chaos.

As the Conference continued, the problematic situation 
became more imminent. The issue centered on “Article 6 of 
the Paris Agreement” (Kizzier 2019), which outlined how 
nations can voluntarily cooperate in implementing their 
“nationally determined contributions” to carbon markets. 
In a global carbon trading system (Burniaux 2009), a 
nation, a company that produces fossil fuels, or an airline 
can “offset” excessive emissions by transferring them to a 
nation with lower emissions. Article 6 refers to “international 
transfers of mitigation results” rather than “markets,” and a 
“Sustainable Development Mechanism” (United Nations 
2007) will substitute the Kyoto Protocol’s (UNCTD 2003) 
“Clean Development Mechanism,” which has been heavily 
condemned for neglecting to offer extra reduction (Benites-
Lazaro & Andrade 2019). There is also a plan for making 
non-market-based strategies for the future (Soutar 2021).

Brazil did not want to make any concessions on this 
issue, which is referred to as “double counting” (Schneider 
2019), so it resisted rules that would apply “corresponding 
adjustments” (Climate Focus 2022) to transfer credits. Brazil, 
in particular, had been pushing for looser accounting rules 
for carbon credits for most of the year. This may allow 
governments to count other countries’ carbon reductions 
toward their objectives, even if they had previously claimed 
them. Brazil refused compromises and resisted rules that 
would apply “corresponding adjustments.” Both parties 
and observers generally regard double counting as cheating.

As a result of the discussions during the first and second 
weeks, it became abundantly clear that a consensus would 
not be reached regarding Article 6, and Brazil would not 
make any concessions (COP25 2019). Nonetheless, a one-
page document was documented in which a request was 
made to the subsidiary body to continue debating the topic at 
the upcoming June meeting. At the end of the meeting, the 
President (Marcu & Duggal 2019) presented each participant 
with a compilation of the Paris Rulebook documents (Huang 
2019). However, these documents did not include any rules 
for carbon trading (COP24b 2018) because the major impasse 
and potential breakdown in the negotiations had been resolved. 
One of the noteworthy outcomes of COP 24 was the adoption 
of the Rulebook known as the Katowice Climate Package.

KATOWICE CLIMATE CHANGE PACKAGE: 
HOPE FOR ALL (LOW ET AL. 2019)

Guidance on Nationally Determined Contributions 
(NDC)

NDC, often known as climate commitments, are mandated 
by “Article 4 of the Paris Agreement” (Paris Agreement 
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2019), specifying standards for their substance to make it 
easier to compare and aggregate pledges at the global level.

The decision mandates that all nations follow the IPCC’s 
most recent emissions accounting guidance, which was last 
updated in 2006 and is scheduled to be amended again next 
year (IPCC 2008). According to Dr. Robbie Andrew, a senior 
researcher at the Norwegian research institute (CICERO), the 
primary change between the 2006 advice and prior versions 
is that methane’s “global warming potential” has increased 
(Peters 2012). According to his colleague Dr. Glen Peters 
(Peters 2012), it would be “brilliant” for researchers if all 
nations adopted the same accounting standards. A climate 
change lecturer at the Grantham Institute of Imperial College 
London (Rogelj 2016) named Dr. Joeri Rogelj asserts 
that certain aspects of NDCs create questions regarding 
the environmental integrity of the commitments made by 
countries (climate pledges). He emphasizes the flexibility 
in the choice of accounting standards by stating, “The Paris 
Agreement calls for regular comparisons, summations, and 
evaluations of emissions and projected emissions reductions 
to determine their adequacy in limiting the temperature 
increase to well below 2C and 1.5C (Paris Agreement 2022). 
This calls for standardized regulations on the reporting of 
emissions. However, the final text agreed upon in Katowice 
now permits countries to adhere to “nationally appropriate 
methodologies” rather than requiring them to adhere to 
scientifically sound methods (Sharma 2020). Likely, this 
guidance will primarily be utilized for strategic reporting, 
potentially leading to the presentation of certain countries’ 
emissions in a more favorable manner than they truly are. The 
land-use sector regularly faces this difficulty (Hill & Hill 2018).

In addition, the countries agreed that their commitments 
would be documented in a public registry modeled after the 
present interim website. Despite efforts to get it removed, this 
will still have a search bar. Pledges were also agreed upon to 
cover a “shared timeframe” beginning in 2031 (Mathiesen 
2018), with the precise duration to be determined later. 
Some of the present pledges cover five years, while others 
cover ten years.

Global Stocktake

The Global Stocktake is a procedure established by the 
Paris Agreement (UNFCCC 2021) to examine the collective 
progress that Parties have made to accomplish the aim of the 
agreement and its long-term goals. It is also known as the 
“Five-Year Review.” The next Stocktake, in 2023, will be 
held during COP 24, occurring every five years after that. The 
Global Stocktake will allow Parties to assess their advance 
toward the Paris Agreement’s long-term goal and inform 
their additional nationally decided commitments (Climate 
Analytics 2018).

The Global Stocktake, a process that will evaluate the 
Parties’ collective progress in achieving the goals of the 
Paris Agreement, will consider both the short-term and 
long-term objectives outlined in the agreement. In addition, 
it will adhere to the principles of transparency, equity, and 
fairness while considering the most up-to-date and accurate 
scientific information currently available. This will include 
the most recent findings of the IPCC (Rajamani et al. 2022).

The Global Stocktake is an evaluation process where the 
Parties will evaluate their success in reaching the ultimate 
objective of the Paris Agreement, which is to keep the global 
average temperature well below 2 degrees Celsius above 
pre-industrial levels and strive to decrease it to 1.5 degrees 
Celsius. The Parties will also deliberate on the multiple 
methods to minimize emissions and adapt to the impacts 
of climate change (Centre for Science and Environment  
2021).

Transparency Framework

The Katowice negotiations sought to standardize reporting 
timelines and formats for national climate policies (Dal 
Maso & Antonio Canu 2022). The most susceptible nations 
will not be required to make quantifiable climate pledges or 
provide ongoing transparency reports due to the new rules, 
which provide for some degree of latitude for these nations 
(COP24 2019b). The conference focused on submitting a 
climate action report every two years (COP24 2018a) starting 
in 2024 by every nation.

Climate Finance

Establishing a new climate finance goal was becoming 
an increasingly sensitive issue for developing countries 
(ECOSOC Development Cooperation 2016). This should 
be established by the year 2025 in accordance with the Paris 
Agreement, and it should be higher than the “floor” sum of 
one hundred billion dollars per year pledged to developing 
nations by 2020. (Pauw 2022) The parties agreed to discuss 
this new target at the COP26 session in November 2021. At 
COP26, scheduled for November 2021, the parties said they 
would discuss this new objective.

In the meantime, the contributions from rich countries 
have not yet reached the target of $100 billion for 2020 
(Sirur 2021). However, a number of announcements made 
during the COP showed that there would be at least some 
increase in funding.

Germany has announced it will contribute €70 million 
to the Adaptation Fund. Other countries and organizations, 
such as Italy, Sweden, the EU, and France, have also made 
smaller contributions, bringing the total to $129 million. This 
is the fund’s highest-ever annual fundraising total.
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Germany was the first nation to declare a specific amount 
it would donate to the Green Climate Fund’s renewal cycle 
(GCF). The country pledged €1.5 billion, double the amount 
it had previously contributed in 2014. The Global Climate 
Fund (GCF) was given a contribution of 516 million dollars 
by Norway, and Japan stated that it would consider making 
a larger donation once the renewal process began in 2019. In 
February, Japan proposed the name of Ambassador Kenichi 
Suganuma for consideration to head the Global Climate Fund 
(Skene 2022).

Due to the United States’ failure to fulfill a portion of its 
$3 billion commitment and fluctuations in the exchange rate 
between the currencies of donor countries and US dollars, the 
Global Climate Fund (GCF) has only received $7 billion of the 
$10 billion that was pledged to it in 2014 (Waslander 2019).

Human Rights

Human rights protection can be considered one of the most 
significant achievements of the Paris Agreement. This is 
the one victory highlighted in the agreement’s Preamble, 
barring no other articles discussing such a feature. Many civil 
society organizations and a few national champions argued 
at COP 24 that including the UDHR and the Preamble’s 
reference to human rights would aid in the agreement’s 
operationalization.

On the 70th anniversary of the UDHR, which coincided 
with UNFCCC (COP 24), civil society groups and a few 
countries pushed to integrate human rights references in the 
Paris Agreement’s Rulebook’s Preamble. These references, 
referred to as the “Great Eight,” include ecosystem integrity, 
intergenerational justice, decent work, just transition for 
workers, food security, women’s empowerment, gender 
equality, public participation, rights of Indigenous Peoples, 
and poverty alleviation. However, despite these efforts, the 
coalition ultimately failed to operationalize these references 
into the Paris Rulebook.

WHAT ELSE HAPPENED AT COP24?

Finance Pledges in Katowice

At COP 24, held in Katowice, Poland, in 2018, countries 
made no formal pledges for financial support specifically 
for harm and loss. However, industrialized nations did make 
some commitments to provide financial support for climate 
action more generally (Kachi & Day 2020). For example, The 
UNFCCC’s Green Climate Fund (GCF) recently declared 
that it had secured extra funds from developed countries 
(Levaï 2021) to aid developing nations in adjusting to and 
reducing the influence of climate change.

To further aid developing nations in their fight against 
climate change (Garschagen & Doshi 2022), rich nations 

renewed their pledge to raise $100 billion annually by 2020. 
However, it should be noted that this commitment was first 
made in 2009, and it is still not being met. Developing 
countries, particularly small island states, argued that this 
funding was insufficient to address the issue of loss and 
damage and that more ambitious financial commitments were 
needed (COP24 2019a, 2019b) It’s also important to mention 
that the Paris Agreement includes a “loss and damage” 
article. Still, it’s not legally binding, doesn’t provide a 
mechanism to compensate countries for loss and damage, and 
doesn’t establish any clear financing mechanism to support 
countries facing loss and damage (Kuh & Rivkin 2021).

Talanoa Dialogue

To successfully implement the goal of the Talanoa Dialogue 
and the Paris Agreement, the outcome of COP24 must 
include a clear statement emphasizing the need for increased 
ambition (Stockholm Environment Institute 2019). Holding 
a conversation in a welcoming and accepting environment is 
referred to as “talanoa” in the Fijian language. It is a tried-
and-true approach to conflict resolution in the Pacific region.

The goal of the Talanoa Dialogue (Lesniewska & Siegele 
2018) is to find a way to break the impasse regarding climate 
change by bringing participants together by sharing their 
personal experiences with the phenomenon. It has been 
requested that governments, civil society, non-governmental 
organizations (NGOs), businesses, cities, and other entities 
share their experiences in response to the following three 
questions: Where do we stand right now? How do we 
want to go? What is the best way to get there? Hundreds 
of countries, organizations, and people have contributed to  
this cause. 

To aid with and improve the enactment of the Paris 
Agreement, the UNFCCC established the Talanoa Dialogue 
as part of the UNFCCC. The process takes its name from 
the traditional Fijian idea of Talanoa, which refers to a 
method of discourse that is open to involvement from all 
members and is conducted transparently (Waskow 2018a, 
2018b). The Talanoa Dialogue aims to foster cooperation 
and mutual understanding among Parties to the UNFCCC 
and enhance ambition in mitigation, adaptation, and support. 
It is designed to be inclusive and participatory, providing 
opportunities for all Parties to the UNFCCC to share their 
experiences, challenges, and best practices and to explore 
opportunities for cooperation. The Dialogue also serves as 
a forum for participation by non-Party stakeholders, such as 
municipalities, NGOs, and businesses. An ongoing effort, the 
Talanoa Dialogue seeks to aid UNFCCC Parties in raising 
their ambition in support, adaptation, mitigation, and carrying 
out the Paris Agreement (Recio & Hestad 2022).

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1542 Aditi Nidhi

Vol. 22, No. 3, 2023 • Nature Environment and Pollution Technology This publication is licensed under a Creative 
Commons Attribution 4.0 International License

This publication is licensed under a Creative 
Commons Attribution 4.0 International License

Damage and Loss

The discussions on damage and loss during the COP 24 
were focused on the “Warsaw International Mechanism 
for Loss and Damage Associated with Climate Change 
Impacts” (WIM), which was formed in 2013.  Developing 
countries, particularly least developing nations, have urged 
strengthening the World Insurance Mechanism (WIM) 
and developed countries to give financial help for loss and 
damage. Since small islands are more susceptible to climate 
change’s negative effects, including rising sea levels, eroding 
coastlines, and bleaching coral reefs, they have made it clear 
that resolving the issue of loss and damage is crucial to their 
very survival. COP 24 served as a platform for the Parties 
to the Paris Agreement and the subordinate organization for 
implementation to convene and hold high-level sessions and 
discussions on loss and damage. Despite the efforts made by 
developing countries and small island nations, the COP 24 
did not result in any official promises to provide financial 
assistance for damage and loss

It is essential to note that loss and damage are complex 
issues encompassing various impacts and challenges, with 
different views on addressing them. Developed nations 
have argued that adaptation methods, not compensation or 
financial aid, are the best way to deal with loss and damage. 
Some poor nations have argued that loss and damage should 
be handled in a way distinct from adaptation under the 
UNFCCC framework. COP 24 failed to reach a consensus 
on how to address loss and damage, and the issue remains 
a contentious point of discussion in international climate 
negotiations.

Gender and Climate Change

An additional focal point of the conference was the 
intersection between gender and climate change. This 
emphasis recognized that climate change disproportionately 
affects women and other marginalized groups and that 
their participation and leadership are essential for effective 
climate action. The COP24 decisions included a call for 
climate policies and actions that take gender into account. In 
addition, they emphasized the need for a gender perspective 
to be incorporated into all facets of the enactment of the Paris 
Agreement. The resolutions also advocated advancing gender 
equality in the climate and energy sectors and including 
women in climate change decision-making processes (IMF 
2021).

In general, including a gender and climate change focus 
at COP24 underscores the importance of understanding the 
unique implications of climate change on women and other 
marginalized groups and the necessity of their participation 
and leadership in solving this global crisis (UN 2021).

The Katowice Ministerial Declaration on Forests for 
the Climate

During the United Nations Climate Change Conference in 
2018, this Declaration was adopted in Katowice to highlight 
forests’ importance in climate change. The Declaration 
includes several commitments and actions that countries 
can take to protect and manage forests sustainably. The 
Declaration highlights the importance of “Reducing Emissions 
from Deforestation and Forest Degradation” (REDD+) as 
a key tool for mitigating climate change and encourages 
countries to enhance the implementation of REDD+ activities 
(PIB 2018). Additionally, the declaration acknowledges the 
significance of promoting sustainable forest management, 
afforestation, and reforestation as effective ways to increase 
carbon sequestration. It also advocates for advancing forest 
governance and protecting the rights of communities and 
indigenous peoples that depend on forests. 

The Declaration also encourages countries to consider the 
application of market-based mechanisms and other incentives 
to support the protection and sustainable management of 
forests. The Declaration is a non-binding agreement, but 
it serves as a political statement and a call to action for 
countries to protect and manage forests sustainably and 
recognize the importance of forests in addressing climate 
change. 

Furthermore, the Declaration highlights the need for data 
and information on forests and calls for strengthening forest 
monitoring, assessment, and reporting. This is important to 
track progress and to identify areas where additional action is 
needed. It also encourages Parties to include forest protection 
in their respective Nationally Determined Contributions 
(NDCs).

Henceforth, this Declaration calls for various actions and 
commitments, including using market-based mechanisms, 
strengthening forest governance, enhancement of 
afforestation and reforestation, reduction of emissions from 
forest degradation, deforestation, and other incentives to aid 
in the protection and sustainable management of forests.

COP 24 AND INDIA PRIORITIES

The conference aimed to negotiate the Paris Agreement’s 
implementation plan, which was adopted at COP 21 in 2015 
and went into effect in 2016. (IPCC 2018b) India, as a party 
to the UNFCCC, participated in COP 24. India’s priorities 
at the conference included (Sinha 2018):

 a) Making arrangements in such a way that the industrialized 
nations provide technological and financial support 
to the emerging nations and help them adjust to the 
changing pattern of climate change. 
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 b) Maintaining the idea of “common but differentiated 
responsibilities” which recognizes that industrialized 
countries have a higher historical responsibility for 
climate change and should shoulder a bigger burden in 
addressing it. (Sengupta 2019)

 c) Protecting the rights and livelihoods of local communities 
and vulnerable populations

 d) Encouraging the adoption of energy-efficient practices 
and the use of renewable energy sources.

 e) India proposes that the concentration of greenhouse 
gases in the atmosphere be stabilized below two degrees 
Celsius.

 f) Lowering the susceptibility of agricultural systems, 
water infrastructure, and coastal communities to the 
effects that are being caused by climate change.

 g) Promoting land management methods less destructive to 
the environment, such as agroforestry and agroecological 
farming.

 h) Promoting the participation of local communities, 
women, and other marginalized groups in decision-
making and policy-making related to climate change.

 i) Encouraging cooperation among countries to share 
knowledge, technology, and best practices for addressing 
climate change.

 j) In addition, India emphasized the importance of 
developed nations living up to the financial promises 
they made about climate change in the Paris Agreement.

India’s aims at COP 24 were consistent with its broader 
approach to climate change, emphasizing the need for 
developed countries to assume greater responsibility for 
solving the problem while assisting developing countries’ 
attempts to adapt to and mitigate its consequences. (Nandi 
2018).

Additional Secretary AK Mehta spoke on behalf of 
Environment Minister Harsh Vardhan to explain India’s 
stance and efforts in the battle against climate change. 
(PTI 2018) It’s a chance for nations to discuss what they’re 
doing to combat climate change, from lowering their carbon 
footprint to preparing for its effects. (Gopalakrishnan 2014) 
The conference is also an opportunity for countries to engage 
in negotiations and obtain common answers to the challenges 
triggered by climate change.

CONCLUSION

The Katowice Agreement includes several important 
provisions that will help countries implement the Paris 
Agreement, such as guidelines for disclosing and monitoring 
greenhouse gas emissions and improvements in adapting to 

the effects of climate change. These guidelines are intended 
to increase transparency and accountability and to ensure that 
countries are on track to meet their emissions reduction goals. 
To help vulnerable nations deal with climate change impacts 
that cannot be prevented through mitigation and adaptation 
measures, the accord also includes a resolution on executing 
the “loss and damage” mechanism established in 2015.

Thus, the importance of this conference can be seen 
from varied angles, i.e., to establish a “facilitative dialogue” 
process, which will be held in 2023 to assess progress in 
implementing the Paris Agreement and inform countries’ 
emissions reduction efforts in the future. The agreement also 
includes a decision to establish the “Article 6” negotiations, 
which will establish a framework for cooperation on 
emissions reductions between countries. The negotiations 
will address carbon markets, carbon credits, and carbon 
offsetting.

Overall, the Katowice Agreement is an important step 
forward in implementing the Paris Agreement and addressing 
climate change. However, some criticized it for not going 
far enough in some areas, such as loss and damage, and for 
not funding climate change adaptation in developing nations.
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      ABSTRACT
This paper investigated the adsorption properties of boron nitride materials for La(III), and the 
possible action mechanism was put forward based on experiments. Then the boron nitride 
materials were characterized by SEM, TEM, XRD, and FT-IR before and after adsorption. 
In addition, the effects of pH, the amount of adsorbent, the concentration of La(III) solution, 
and adsorption time on the adsorption efficiency were also investigated. It is found that 
under a certain amount of adsorbent when the pH is 7.0 and the concentration of La(III) is 
40 mg.L-1, the adsorption ability of La(III) is the best. The maximum adsorption capacity is  
201.45 mg.g-1. The adsorption kinetic data are in good agreement with the pseudo-second-
order and intra-particle diffusion models. These results show that boron nitride has a good 
application prospect for removing and recovering La(III) in water and has a certain practical 
application value.

INTRODUCTION

Due to their excellent properties, rare earth elements are 
widely used in metallurgy, petrochemicals, glass, ceramics, 
aerospace, and other fields. Therefore, rare earth elements 
are also known as “industrial vitamins.” In recent years, with 
the continuous development of science and technology, the 
demand for rare earth elements keeps rising. Lanthanum, one 
of the most common rare earth elements (Wu et al. 2011), 
is usually used in synthesizing superalloys and preparing 
catalysts (Sert et al. 2008). As one of the most used rare 
earth elements, lanthanum also causes some pollution to 
the ecological environment. For example, manufacturing 
various industrial materials and using agricultural rare earth 
fertilizers will lead to soil pollution (Shen et al. 2014).

Moreover, studies have shown that rare earth minerals 
will produce various kinds of pollution during processing, 
such as harmful nitrogen and chloride produced by 
hydrometallurgy and harmful gases such as chloroform 
VOCs produced by high temperatures of pyrometallurgy. 
Rare earth elements will induce cardiovascular diseases 
in the human respiratory and nervous systems (Shin et al. 
2019). Lanthanum is also very harmful to the human body. 
Studies have shown that lanthanum may cause nervous 
system disorders and accumulate in bones, kidneys, spleen, 

and other organs (Zarros et al. 2013, Chen & Zhu 2008, Wu 
et al. 2005, Liu et al. 2010) and has potential effects on the 
immune system (Cheng et al. 2014).

To reduce the pollution caused by lanthanum and 
other heavy metal elements to the environment, scientific 
researchers have used various treatment methods. Common 
treatment methods include biological methods, physical-
chemical methods, and so on. For example, Du et al. (2020) 
concluded that planting water hyacinth can effectively 
enrich heavy metal elements through experiments. In this 
case, heavy metal ions are fixed in plant roots through 
the water absorption of plant roots, thus playing a role of 
enrichment. Physical chemistry mainly includes the chemical 
adsorption method. At present, the chemical method is the 
most commonly used chemical fixation method, such as 
the Zhen study group, through the use of inorganic amine 
hydrazine hydrate and sulfur dioxide synthesis of a new 
collector, produced a better removal effect on metal ions 
(Zhen et al. 2012). In recent years, more and more researchers 
have explored the recovery effect of different adsorbents on 
lanthanum due to the high recovery rate and low cost of the 
adsorption method. For example, Kusrini et al. (2018) used 
pectin in durian peel to study the adsorption of lanthanum, 
and the adsorption amount was 41.2 mg.g-1. In recent years, 
boron nitride has been widely used in hydrogen storage (Lale 
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et al. 2018), electrical breakdown (Zhi et al. 2010), and other 
fields because of its special properties. In addition to the 
above applications, some researchers have used boron nitride 
in adsorption. For example, Liu et al. (2018) carried out 
adsorption research on Cu2+, Pb2+, Zn2+, and Cr3+ and found 
that they all had good adsorption effects, and the adsorption 
kinetics were all in line with the pseudo-second-order model.

Based on the above facts and analysis, this paper 
will study the following three aspects: First, the two-step 
synthesis method is used to prepare boron nitride, and the 
prepared material is characterized by SEM-EDS, TEM, and 
XRD analysis; Secondly, the adsorbent of boron nitride was 
used to explore the adsorption performance of boron nitride 
on La(III), and the reaction conditions were optimized to 
explore the adsorption mechanism.

MATERIALS AND METHODS

Experimental Reagents and Materials

Lanthanum nitrate, hydrochloric acid, and sodium hydroxide 
were provided by Shanghai Lingfeng Chemical Reagent Co., 
Ltd. Sulfamic acid, hydroxylamine hydrochloride, arsine azo 
III, citric acid, disodium hydrogen phosphate, melamine, and 
boric acid were provided by Shanghai Aladdin Biochemical 
Science and Education Co., Ltd. The purity of the reagents 
was all analytical grade, and the deionized water was self-
made. The components of the prepared reducing agent 
are hydroxylamine hydrochloride and sulfamic acid, and 
the components of the buffer solution are citric acid and 
disodium hydrogen phosphate.

Experimental Equipment

The ultrasonic cleaning machine (KQ5200DA) was produced 
by Kunshan Ultrasonic Instrument Co., Ltd., the UV-Vis 
Spectrophotometer (SP-756P) was produced by Shanghai 
Spectrum Instrument Co., Ltd., and the vacuum drying 
oven (DZF-6020) was produced by Shanghai Jinghong 
Experimental Equipment Co., Ltd., pH meter (Five Easy 
plus) and electronic balance (AL204) are produced by 
METTLER TOLEDO (Shanghai) Co., Ltd., using the muffle 
furnace (KSL-1700) produced by Hefei Kejing Material 
Technology Co., Ltd. The pipette (7010101017) was 
produced by Dalong Xingchuang Experimental Instrument 
(Beijing) Co., Ltd., and the desktop low-temperature constant 
temperature shaking shaker was the IKA KS4000i control 
shaker produced in Germany.

Preparation of Boron Nitride Adsorbent

The research teams (Li et al. 2013, Li et al. 2020a) have 
detailedly explored the preparation method of boron nitride 
(BN). Based on this team, this experiment adopted a two-step 

synthesis method to prepare BN. The specific steps were: 
Melamine and boric acid were evenly mixed uniformly in a 
molar ratio of 1:2, then roasted in a tubular furnace and heated 
to 1100 at a certain speed, held for 1h, and then cooled to 
room temperature naturally to prepare BN material.

Static Adsorption Experiment

The analytical balance was used to measure 2.3392 g La 
(NO3)3 dissolved in deionized water and transferred to a 
1000 mL volumetric bottle. Water was added for constant 
volume to obtain 1000 ppm La(III) solution. Several 150 mL 
reaction bottles were selected, and La(III) was quantitatively 
removed by pipetting gun. The solution was put into the 
reaction bottle, and deionized water was added to adjust 
the total volume of the solution to 100 mL. Before the 
adsorption experiment, 0.1 mol·L-1 HCl and 0.1 mol.L-1 
NaOH were used, respectively, to adjust the initial pH value 
of the solution. In the static adsorption experiment, 100 mL 
of La(III) with different initial concentrations was adjusted 
to explore the influence of La(III) solution with different 
concentrations on the adsorption performance of BN. The 
initial pH of the solution was 6.0. After the quantitative BN 
was added, the reaction bottle was placed in the ultrasonic 
cleaning machine for 30min ultrasonic treatments. After the 
ultrasound, the reaction bottle was transferred to the bench 
low-temperature constant temperature oscillating shaking 
bed for 24h to ensure the adsorption balance. To explore the 
influence of different amounts of adsorbent on adsorption 
properties, the La(III) solution was set at 50 mg·L-1, and the 
BN adsorbent dosage was set at 10, 15, 20, 25, 30, and 35 
mg. Experimental studies were carried out for adsorption 
kinetics using 20 mg BN and La(III) solutions of 30 and 
40 mg·L-1 at an initial pH of 7.0. The equilibrium solution 
was filtered through a 0.22-μm polyether sulfone membrane 
filter, and the solid and aqueous solutions were separated 
for 1 mL. The clear liquid was placed in the colorimetric 
tube, and 1mL reducing agent, 5 mL buffer solution, and 
1 mL color developing agent were added. The absorbance 
was measured by SP-756P UV-visible spectrophotometer 
at constant volume.

Data Processing of Adsorption Experiments

The adsorption capacity of BN can be expressed by the 
adsorption capacity (qe). The adsorption capacity is the 
amount of La(III) adsorbed per unit weight of BN. The 
relevant parameters are calculated by the formula (1-2):

𝑞𝑞𝑡𝑡 =
𝐶𝐶0−𝐶𝐶𝑡𝑡
𝑚𝑚 𝑉𝑉  …(1)

𝑞𝑞𝑒𝑒 =
𝐶𝐶0−𝐶𝐶𝑒𝑒
𝑚𝑚 𝑉𝑉   …(2)
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The adsorption capacity at equilibrium and at any 
time t is expressed as q

e
 and q

t
 (mg·g-1). C

0
 is the initial 

concentration of La(III) solution before adsorption (mg·L-1); 
C

e
 is the concentration of La(III) solution after adsorption 

equilibrium, V is the volume of the solution, and m is the 
mass of the adsorbent.

In this study, the pseudo-first-order model, pseudo-
second-order model (Wang et al. 2021), Elovich model 
(Wu et al. 2009), and intra-particle diffusion model (Li et 
al. 2020b) were used to fit the kinetic data. The calculation 
formulas of the relevant parameters are as follows.

Pseudo-first-order model:

 𝑙𝑙𝑙𝑙(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) = 𝑙𝑙𝑙𝑙𝑞𝑞𝑒𝑒 − 𝑘𝑘1𝑡𝑡    …(3)

pseudo-second-order model:

 
𝑡𝑡
𝑞𝑞𝑡𝑡
= 1

𝑘𝑘2𝑞𝑞𝑒𝑒2
+ 𝑡𝑡

𝑞𝑞𝑒𝑒
                         …(4)

Elovich model:

 𝑞𝑞𝑡𝑡 =
1
𝛽𝛽 ∙ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + 1

𝛽𝛽 ∙ 𝑙𝑙𝑙𝑙𝑙𝑙                  …(5)

intra-particle diffusion model:

 𝑞𝑞𝑡𝑡 = 𝐾𝐾𝑑𝑑 × 𝑡𝑡1 2⁄ + 𝐼𝐼                     …(6)

k
1
(min-1) is the pseudo-first-order kinetic adsorption rate 

constant. The pseudo-second-order kinetic adsorption rate 
constant is k

2
 (g·mg-1 min-1), α(mg·g-1 min) and β(g·mg-1) 

represent the initial adsorption rate constant and desorption 
rate constant, respectively, K

d
 (g·mg-1min-1/2) is the rate 

constant of intraparticle diffusion, and I is a parameter related 
to the thickness of the boundary layer.

To further analyze the adsorption mechanism of BN, 
Freundlich and Langmuir fit the thermodynamic data. The 

linearization formulas of the two fits are as follows:

Freundlich model:

 𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒 = 𝑙𝑙𝑙𝑙𝐾𝐾𝐹𝐹 + 𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶𝑒𝑒               …(7) 

Langmuir model:

 
1
𝑞𝑞𝑒𝑒
= 1

𝑞𝑞𝑚𝑚
+ 1

𝐾𝐾𝐿𝐿×𝑞𝑞𝑚𝑚
∙ 1𝐶𝐶𝑒𝑒                …(8)

Characterization Methods

In this study, the JEM-1011 transmission electron 
microscope of Japan Electronics Company was used for 
TEM characterization to analyze the fine internal structure 
of materials, and the scanning electron microscope (SEM) 
of Japan Electronics (JEOL) and JSM-6360LV was used 
to analyze the surface topography of materials. This team 
used the Fourier infrared spectrometer (NICOLET6700) 
of the United States Thermoelectric Technology Company 
to determine BN samples’ molecular structure and 
chemical composition, ranging from 400 to 4000 cm-1. 
The resolution is better than 4 cm-1. At the same time, 
an X-ray energy spectrometer (XRD), manufactured in 
Panalytical, Netherlands, model Empyrean, uses a Cu target 
as the radiation source. XRD is mainly used in this paper to 
determine the crystal shape of BN material.

RESULTS AND DISCUSSION

Adsorption Results

pH has a significant effect on the adsorption of La(III) by 
BN, and it can be seen from Fig. 1(A) that the adsorption 
effect of BN on La(III) increases significantly with the 
increase of pH. However, it can be found from Fig. 1(B) that 
after the pH value exceeds 6.0, the residual concentration of 

 

Fig. 1: (A) Effect of Initial pH on La(Ⅲ) Adsorption by BN (qe), (B) Under different 

pH conditions, the residual concentration of La(III) solution after sufficient reaction 

(Ce). Experimental conditions, C=50 mg·L-1, m=20 mg, V=100 mL 

To explore the influence of the amount of adsorbent on the adsorption performance, 

different qualities of adsorbent were added into the lanthanum solution of 100 mL and 

50 mg·L-1, showing that the amount of adsorbent is closely related to the adsorption 

performance. Increasing the amount of adsorbent will lead to a gradual decrease in the 

adsorption amount of adsorbent, but the removal rate of La(III) will gradually increase. 

 

 

Fig. 1: (A) Effect of Initial pH on La(Ⅲ) Adsorption by BN (qe), (B) Under different pH conditions, the residual concentration of La(III) solution after 
sufficient reaction (Ce). Experimental conditions, C = 50 mg·L-1, m = 20 mg, V = 100 mL
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La(III) solution will gradually decrease even if no adsorbent 
is added. This is because La(III) will precipitate at a higher 
pH, thus affecting the experimental results. Therefore, 
considering both, pH 6.0 or 7.0 is selected for the subsequent 
experiments.

To explore the influence of the amount of adsorbent on 
the adsorption performance, different qualities of adsorbent 

were added into the lanthanum solution of 100 mL and  
50 mg·L-1, showing that the amount of adsorbent is closely related 
to the adsorption performance. Increasing the amount of adsorbent 
will lead to a gradual decrease in the adsorption amount of 
adsorbent, but the removal rate of La(III) will gradually increase.

As can be seen from Fig. 3 (A), the concentration also 
significantly impacts the performance of the adsorbent. With 

 

Fig. 1: (A) Effect of Initial pH on La(Ⅲ) Adsorption by BN (qe), (B) Under different 

pH conditions, the residual concentration of La(III) solution after sufficient reaction 

(Ce). Experimental conditions, C=50 mg·L-1, m=20 mg, V=100 mL 

To explore the influence of the amount of adsorbent on the adsorption performance, 

different qualities of adsorbent were added into the lanthanum solution of 100 mL and 

50 mg·L-1, showing that the amount of adsorbent is closely related to the adsorption 

performance. Increasing the amount of adsorbent will lead to a gradual decrease in the 

adsorption amount of adsorbent, but the removal rate of La(III) will gradually increase. 

 

 
Fig. 2: Effects of different adsorbent concentrations on BN adsorption capacity (qe) and removal rate.

Fig. 2: Effects of different adsorbent concentrations on BN adsorption capacity (qe) 

and removal rate. 

 

 

Fig. 3: (A) Isotherm of La(Ⅲ) Adsorption on BN, (B) Freundlich model, (C) 

Langmuir model. 

As can be seen from Fig. 3 (A), the concentration also significantly impacts the 

performance of the adsorbent. With the increase of the concentration, the adsorption 

capacity of the adsorbent also increases. To explore its adsorption mechanism, we 

performed Freundlich and Langmuir fitting on the curve. The results in Fig. 3 (B-C) 

show that the experimental data are not in line with the Langmuir fitting model and the 

Freundlich fitting model, indicating that the adsorption mechanism is relatively 

complex, with both single-layer adsorption and multi-layer adsorption. 

Fig. 3: (A) Isotherm of La(Ⅲ) Adsorption on BN, (B) Freundlich model, (C) Langmuir model.
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adsorption (Li et al. 2020a). Although the adsorption of 
BN can be obtained by fitting the pseudo-first-order and 
pseudo-second-order models, the adsorption mechanism 
cannot be further speculated. Therefore, using the particle 
internal diffusion model, as shown in Fig. 5 (D), the 
adsorption process is divided into two stages. The first stage 
La(III), diffuses to the surface of the material to complete 
the adsorption, and the second stage adsorption reaches the 
adsorption equilibrium (Shan et al. 2020).

Characterization Results

SEM and TEM characterize the BN material to analyze its 
surface morphology and internal structure. The results are 
shown in Fig. 6. According to SEM images (A), (B), and 
TEM images (C), BN material presents a circular or elliptical 
sheet structure with an average diameter ranging from one 
micron to several microns. The sheet structure can increase 
the contact area and increase adsorption efficiency.

The material’s microstructure will have a greater impact 
on the macro performance, and the functional group will 
significantly impact the adsorption process. Therefore, we 
conducted the infrared spectroscopic measurement and 
characterization of the prepared BN material. It can be seen 
from Fig. 7 (A) that there are two characteristic absorption 
peaks at ~1380cm-1 and ~810cm-1, which are caused by the 
bending vibration of B-N-B and B-N combined by the sp2 
bond. In contrast, a wide peak appeared at ~3420cm-1, which 
was attributed to the fact that BN material may contain more 
-OH groups and have a strong vibration peak here (Zhang 
et al. 2021, Hou et al. 2019). The absorption peak at ~1592 

the increase of the concentration, the adsorption capacity 
of the adsorbent also increases. To explore its adsorption 
mechanism, we performed Freundlich and Langmuir fitting 
on the curve. The results in Fig. 3 (B-C) show that the 
experimental data are not in line with the Langmuir fitting 
model and the Freundlich fitting model, indicating that the 
adsorption mechanism is relatively complex, with both 
single-layer adsorption and multi-layer adsorption.

Next, the kinetic curve of BN adsorption of La(III) 
solution is discussed. Fig. 4 shows that no matter La(III), 
the initial concentration of solution is 30.0 mg·L-1 or  
40.0 mg·L-1, the growth trend of BN adsorption capacity is 
roughly similar. With the increase of time, the adsorption 
capacity increases gradually. The adsorption capacity 
increased rapidly, the growth was relatively slow in 60~180 
min, and the adsorption equilibrium was reached around 180 
min. When the initial concentration of La(III) solution is 30.0 
mg·L-1, the maximum adsorption capacity of BN on La(III) 
is 150.05 mg·g-1. When the concentration is 40.0 mg·L-1, 
the maximum adsorption capacity reaches 201.46 mg·g-1. 
The results are consistent with the previous results of the 
effect of concentration on the adsorbent, indicating that the 
experimental results have good reproducibility.

Fig. 5 (A) is a pseudo-first-order model fitting of the 
kinetic curve of BN adsorption La(III) solution, Fig. 5 (B) 
is a pseudo-second-order fitting model, and Fig. 5 (C) is an 
Elovich model fitting combined. After fitting and analysis, 
it is found that the kinetic curve of BN to La(III) solution 
is more in line with the pseudo-second-order fitting model, 
indicating that the adsorption process is mainly chemical 

 

Fig. 4: The adsorption time curve of BN to 30 mg·L-1 and 40 mg·L-1 La(Ⅲ) 

Experimental solution conditions, V=100 mL, m=20 mg, pH=7.0 

Next, the kinetic curve of BN adsorption of La(III) solution is discussed. Fig. 4 shows 

that no matter La(III), the initial concentration of solution is 30.0 mg·L-1 or 40.0 mg·L-

1, the growth trend of BN adsorption capacity is roughly similar. With the increase of 

time, the adsorption capacity increases gradually. The adsorption capacity increased 

rapidly, the growth was relatively slow in 60~180 min, and the adsorption equilibrium 

was reached around 180 min. When the initial concentration of La(III) solution is 30.0 

mg·L-1, the maximum adsorption capacity of BN on La(III) is 150.05 mg·g-1. When the 

concentration is 40.0 mg·L-1, the maximum adsorption capacity reaches 201.46 mg·g-

1. The results are consistent with the previous results of the effect of concentration on 

the adsorbent, indicating that the experimental results have good reproducibility. 

Fig. 4: The adsorption time curve of BN to 30 mg·L-1 and 40 mg·L-1 La(Ⅲ) Experimental solution conditions, V = 100 mL, m = 20 mg, pH = 7.0
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cm-1 can be attributed to the uneven surface of BN material, 
which changes the position of the acromion of the B-N bond 
(Tang et al. 2008). 

To determine the crystal plane of the material, we 
conducted XRD characterization of the material. Fig. 7 

(B) is the XRD characterization image of BN. The front 
appearing at 26.7°, 41.5°, and 55° corresponds to the crystal 
planes (002), (100), and (004) of BN, respectively, which 
is similar to the results of Li et al. (2015) and Fu et al.  
(2023).

 

Fig. 5: (A) pseudo-first-order model;(B) pseudo-second-order model; (C) Elovich 

model;(D) intra-particle diffusion model. 

Fig. 5 (A) is a pseudo-first-order model fitting of the kinetic curve of BN adsorption 

La(III) solution, Fig. 5 (B) is a pseudo-second-order fitting model, and Fig. 5 (C) is an 

Elovich model fitting combined. After fitting and analysis, it is found that the kinetic 

curve of BN to La(III) solution is more in line with the pseudo-second-order fitting 

model, indicating that the adsorption process is mainly chemical adsorption (Li et al. 

2020a). Although the adsorption of BN can be obtained by fitting the pseudo-first-order 

and pseudo-second-order models, the adsorption mechanism cannot be further 

speculated. Therefore, using the particle internal diffusion model, as shown in Fig. 5 

(D), the adsorption process is divided into two stages. The first stage La(III), diffuses 

to the surface of the material to complete the adsorption, and the second stage 

Fig. 5: (A) pseudo-first-order model; (B) pseudo-second-order model; (C) Elovich model; (D) intra-particle diffusion model.

adsorption reaches the adsorption equilibrium (Shan et al. 2020). 

Characterization Results 

SEM and TEM characterize the BN material to analyze its surface morphology and 

internal structure. The results are shown in Fig. 6. According to SEM images (A), (B), 

and TEM images (C), BN material presents a circular or elliptical sheet structure with 

an average diameter ranging from one micron to several microns. The sheet structure 

can increase the contact area and increase adsorption efficiency. 

 

 

Fig. 6: (A, B) SEM image of the BN, (C) a TEM image of the BN. 

The material's microstructure will have a greater impact on the macro performance, and 

the functional group will significantly impact the adsorption process. Therefore, we 

conducted the infrared spectroscopic measurement and characterization of the prepared 

BN material. It can be seen from Fig. 7 (A) that there are two characteristic absorption 

peaks at ~1380cm-1 and ~810cm-1, which are caused by the bending vibration of B-N-

B and B-N combined by the sp2 bond. In contrast, a wide peak appeared at ~3420cm-1, 

which was attributed to the fact that BN material may contain more -OH groups and 

have a strong vibration peak here (Zhang et al. 2021, Hou et al. 2019). The absorption 

peak at ~1592 cm-1 can be attributed to the uneven surface of BN material, which 

Fig. 6: (A, B) SEM image of the BN, (C) a TEM image of the BN.
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CONCLUSION

Based on the above experiments and analysis, this paper 
describes a preparation method of BN material and explores 
the adsorption performance and mechanism of BN for La(III) 
solution. The results show that BN has a good adsorption 
effect on La(III) in water, and the adsorption property 
of the material is closely related to the concentration of 
a solution with the amount of adsorbent, pH value, and  
contact time.

Under 303K and pH = 7.0, the maximum adsorption 
capacity of BN can reach 201.45mg·g-1. The results show 
that the kinetic fitting of the adsorption experiment conforms 
to the pseudo-second-order model fitting, indicating that the 
adsorption experiment is chemical adsorption. The in-particle 
diffusion model shows that the adsorption process is mainly 
divided into two stages: La(III) diffusion to BN surface 
stage, and the adsorption reaches the adsorption equilibrium  
stage.

Through SEM, TEM, FT-IR, and XRD characterization, 
it is found that the BN prepared by this method is very similar 
to the common BN materials in the structure, which proves 
that the preparation of BN by this method is feasible. The 
preparation method has a low cost, simple process, and good 
adsorption effect on La(III), which has a good application 
prospect in water pollution control.
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       ABSTRACT
In view of the environmental problems generated by the large-scale production of fly 
ash, increasing attention is now being paid to the recycling of fly ash as a good source of 
nutrients. To reduce the cost of fly ash disposal and best utilization, it aimed to convert the 
fly ash into valuable vermicompost. Stated throughout the experiment, we opted for a soil 
sample and fly ash and pressed with different concentrations (control, 20%, 50%, 80% and 
100%). Subsequently, all the mixtures were vermicomposted for 60 days by adding 100 
Earthworms (Eisenia foetida) in each pile. The X-ray fluorescence spectroscopy measured 
the composition of the metal in fly ash as well as the nutritional content in the soil. This is 
followed by examining the morphological characteristics and cytogenetic study of Ricinus 
communis L. The present study indicated that E. foetida mitigates the toxicity of fly ash and 
is hence used as valuable vermicompost.

INTRODUCTION

To being with, due to this modernization came along with 
industrialization in metropolitan cities, electricity demand 
deliberately increased in day-to-day life (Mistry & Jadav 
2018) (Raval et al. 2018) whereas in developing countries, 
depending upon the major source of fuel as coal; despite 
coal near to soil surface makes it easily minable and thus 
is relatively less expensive than hydro or nuclear power-
based generations of electricity. In India, major power 
plants are using coal as fuel though alternatives have been 
searched for more than the last 10 years. Still, no feasible 
replacement for coal is available in India (Sharma & Akhai 
2019).  Lignite, bituminous, and anthracite are classified 
into organic maturity coal, which (proportion may differ) 
contains magnesium, calcium, and sulfate. Coal-based 
thermal plants contribute to major electricity production in 
India. From all these thermal power plants, dry fly ash has 
been collected through Electrostatic Precipitator (ESP) in 
dry conditions, and pond ash from ash ponds in semi-wet 

conditions (Ahmad 2015). Fly ash composes of fine glass, 
which has a spherical shape and ranges from approximately 
~0.5 to 100µm. There has been seen that mainly two types 
were found (Mupambwa et al. 2015). Fly ash is used in the 
industry for manufacturing cement. Around 2.45 million tons 
of fly ash were used in 1998-1999. Whereas the disposal of 
fly ash is either dry state or wet state, even though the process 
of leaching the heavy metals, Wet state disposal facilitates 
in biomagnification of toxic components. The coal ash by-
product has been classified as a Green List waste under the 
Organization for Economic Cooperation and Development 
(OECD) (Khan et al. 2013).

Fly Ash contains nutrients such as S, B, Ca, Mg, Fe, 
Cu, Zn, Mn, and P that benefit plants. It also contains toxic 
metals, including Cr, Pb, Hg, Ni, V, As, and Ba. Adding 
Fly Ash increases the availability of Na, K, Ca, Mg, B, 
and other nutrients except for N (Sharma & Kalra 2006). 
Thus, it was found that this material could be used as an 
additive/amendment material in agriculture applications. 
Some experience was gained in the country and abroad 
regarding the effect of fly ash utilization in agriculture 
& related applications (Swamy et al. 2010). In addition,  
Fly Ash significantly influences soil physical properties 
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such as water-holding capacity and aggregation (Daniels 
et al. 2002).

MATERIALS AND METHODS

Sample Collection of Fly Ash

Fly Ash was collected in a clean bag directly from the 
Electrostatic Precipitator (ESP) of the Thermal Power Plant, 
Ukai Dam, on the Tapi River in the Tapi district of Gujarat, 
India. 

Soil Sample Collection

The soil sample was collected from an agricultural field in the 
Bardoli region of Surat, Gujarat, India. Plants were grown in 
the same soil sample throughout the research period.

Pressmud Collection

Pressmud is a solid waste generated from Sugarcane in Sugar 
factories. Pressmud is a rich source of organic compounds. It 
was collected from Shree Khedut Sahakari Khand Udhyog 
Mandali Ltd., Sugar Factory, Madhi, Surat, Gujarat, India.

Seeds Collection

Seeds of Ricinus communis L. were purchased from 
Agriculture Produce Market Committee, Surat. Seeds were 
surface sterilized with H2O2.

Analysis of Fly Ash

X-Ray Fluorescence Spectroscopy detected metal in Fly Ash 
samples at SVNIT, Surat. Fe, Zn, Cu, Mn, and S were checked 
at Soil Testing Laboratory, Bardoli. Other physicochemical 
parameters such as pH, Electrical Conductivity, Organic 
Carbon (%), Available Potash (%), and Available Phosphate 
(%) were also checked at Soil Testing Laboratory, Bardoli.

Analysis of Soil

X-Ray Fluorescence Spectroscopy did Metal Detection in 
Soil samples at SVNIT, Surat. Virgin Soil (Control Soil) and 
different vermicomposted mixtures of Fly Ash, Pressmud, 
and Soil were tested for the same. Ca, Mg, and Na were 
checked in the control soil at Pollucon Laboratories, Surat. 
Other physicochemical parameters such as pH, Electrical 
Conductivity, Organic Carbon (%), Available Potash (%), 
and Available Phosphate (%) were also checked in Control 
Soil at Soil Testing Laboratory, Bardoli.

Vermicomposting of Mixtures

Different mixtures of Fly Ash, Pressmud, and Soil were 
prepared in different concentrations (Control, 20%, 50%, 

80%, and 100%). All the mixtures were vermicomposted 
for 60 days by adding 100 Earthworms (Eisenia foetida) in 
each pile. The effect of Fly Ash on Earthworms was also 
checked in each concentration for 60 days at 15 days, in 
which numbers of live adult earthworms and numbers of 
Juveniles were counted. Ca, Mg, and Na were checked in 
these vermicomposted mixtures at Pollucon laboratories in 
Surat. Nitrogen, phosphorus, and potassium content were 
also checked in the vermicomposted mixtures at Soil Testing 
Laboratories, Bardoli.

Pot Experiment

Initially, the experiment was carried out with three controls, 
i.e., Control Soil, Soil and Vermicompost, and Soil and 
Pressmud. For the test, the mixtures of Soil, Vermicompost, 
Pressmud, and different concentrations of Fly Ash were 
taken, and 10 seeds were planted in each pot. The result was 
improved in the soil, vermicompost, pressmud, and fly ash 
mixtures. And so these mixtures with different concentrations 
of Fly Ash were further taken for the next set of experiments. 
The final experiment was carried out in black polyethylene 
bags and plastic pots varying in size. 5 kg of the prepared 
vermicomposted mixture was taken, and 10 seeds were 
added to each pot. Vermicomposted mixtures taken for the 
experiment were (Control, 20%, 50%, 80%, and 100%.). Tap 
water was used for the irrigation. The study was carried out 
in two phases. Initially, the plants were grown for 30 days 
and studied for 10 days. Later, plants were grown and studied 
up to maturation.

The parameters included in the plant study are as follows:

Seed Germination

Ricinus communis L. seeds were procured from Agricultural 
Produce Market Committee (APMC), Surat. The germination 
was carried out in pots. Seeds were surface sterilized with 
H2O2 to prevent surface fungal/bacterial contamination. 
Different concentrations of vermicomposted Fly Ash, viz. 
20%, 50%, 80%, and 100%, were prepared, and tap water 
was used as a control for the study. Ten seeds were sown 
in the pots.

Cytogenetic Study

Slide preparation: Root tips were taken from seeds grown in 
different concentrations of Fly Ash, stained by the Darlington 
& La Cour (1976) method (Chakraborty et al. 2009). The root 
tips of different plants were collected at a particular time. 
The root tips were fixed in 3:1 Methanol: Acetic Acid for 12 
hours, followed by hydrolysis in 5 N HC1 for 30 minutes. 
The root tips were washed 3 times with distilled water and 
stained in 1:1 Acetoorcein: Acetocarmine for 30 minutes. 
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Slides were observed under Carl-Zeiss Axioscope after 
the mitotic squash preparations. Various stages of mitosis, 
such as Prophase, Metaphase, Anaphase, and Telophase, 
were observed. Mitotic Index and Percentage Chromosomal 
Aberrations were counted. Mitotic squash preparations were 
made, and scoring was done to determine the mitotic index 
and the percentage of chromosomal aberration.

Calculation of the percentage of the mitotic index and 
percentage of aberrant cells: Mitotic index and aberrant 
cells were scored per hundred cells from the slides prepared 
from treated and control plants. Various stages of mitosis 
viz. prophase, metaphase, anaphase, and telophase were 
counted. The percentage of the mitotic index and percentage 
of aberrant cells was calculated using the following formulas.

 Mitotic index = Mitotic index= 𝑁𝑁𝑁𝑁.𝑁𝑁𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑇𝑇𝑁𝑁𝑇𝑇𝑇𝑇𝑐𝑐 𝑁𝑁𝑁𝑁.𝑁𝑁𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑇𝑇𝑠𝑠𝑑𝑑𝑑𝑑𝑐𝑐𝑑𝑑 × 100 

 Aberrant cell = Aberrant cell = 𝑁𝑁𝑁𝑁.𝑁𝑁𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐
𝑁𝑁𝑁𝑁.𝑁𝑁𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑑𝑑 𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐 × 100 

RESULTS AND DISCUSSIONS

Analysis of Soil

X-ray fluorescence spectrometry of fly ash: In the present 
study, X-Ray Fluorescence Spectrometry was performed for 
metal detection in Fly Ash. XRF was done at SVNIT, Surat.
Table 1 illustrates the Fly Ash composition used throughout
the experiment. Firstly, Silica was found to be the main content 
with 52.07%. Other than it, Iron and Calcium were present
in higher amounts, 12.0853%, and 10.1632%, respectively.
Secondly, Magnesium was present in moderate amounts, which 
was 3.7293%, Potassium was 3.1954% present, and 3.0246% 
Phosphorus was present in Fly Ash, while 3.41%Aluminium
was also detected. Sulfur was 1.4832%, and Titanium was
1.7473% present in Fly Ash. Lastly,0.184% Nickel, 0.3215% 
Chlorine, 0.3178% Manganese, 0.4212% Rhodium, and
0.4778% Palladium were also detected in Fly Ash. At the
same time, a very less amount of Copper (0.0371%), Strontium 
(0.0569%), and Zirconium (0.0536%) was detected in Fly
Ash by X-Ray Fluorescence Spectrometry. The analysis of
soil shows that the soil contains all the necessary elements
required for healthy plant growth. The control soil sample was 
checked for the following parameters in Table 2, indicating
that physical-chemical parameters of soil such as pH (5.76),
EC millimhos/cm (0.40), Organic carbon (0.69), Available
potash % (5.53), and Available phosphate % (0.418) were
present in a requisite level of germination of seeds. Table
3 lucid that nutritional content was present in the soil, a
mixture of fly ash, Pressmud, and Farm Soil. In this method, 
elements presented in soil are detected, namely calcium,
magnesium, sodium, nitrogen, phosphorus, and potassium.
Moreover, we opted for different concertation such as 20%,

50%, 80%, and control. 20% concertation was optimistic 
among the all. Around 0.13 % calcium, 0.031% magnesium, 
3.71% nitrogen, and around 536 ppm sodium were present. In 
addition, the mixture contained 24 and 156 (kg.hectare-1) of 
phosphorus and potassium. Mineralogically, fly ash is similar 
to the soil but rich in macro and micronutrients. The major 
attribute which makes fly ash suitable for agriculture is its 
texture and the fact that it contains almost all the essential 
plant nutrients except organic carbon and nitrogen (Kumar 
et al. 2005).

Germination

After plantation, the seed germination in control and 20% Fly 
Ash concentration was observed within 2 to 3 days in Ricinus 

communis L., while it was observed within 3 to 4 days in
other concentrations. Overall, in the plant, seed germination 
was delayed with the increased Fly Ash concentration.

Table 1: XRF analysis of fly ash.

Elements Amount present %

MgO 3.7293

Al2O3 3.41

SiO2 52.0781

P2O5 3.0246

SO3 1.4832

Cl 0.3215

K2O 3.1954

CaO 10.1632

TiO2 1.7473

MnO 0.3178

Fe2O3 12.0853

CuO 0.0371

SrO 0.0569

ZrO2 0.0536

Rh2O3 0.4212

PdO 0.4778

NiO 0.184

CaO 10.1632

TiO2 1.7473

Table 2: Physicochemical properties of soil.

Parameters Results

pH 5.76

EC [milimohs.cm-1] 0.40

Organic Carbon % 0.69

Available Potash % 5.53

Available Phosphate % 0.418
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Morphological Characteristics

The Shoot Length, Root Length, Number of Leaves, Fresh 
Weight, and Dry weight were noted on the germination’s 10th 
(Fig. 1), 20th (Fig. 2), and 30th (Fig. 3) days. The parameters 
were noted as highest in control on the 10th day and highest 
at 20% on the 20th and 30th days. Shoot, Root Length, and 
Fresh Weight of Pods were also checked in mature plants 

(Fig. 4). All the parameters were noted the best in 20% of 
the Fly Ash concentrated mixture. A comparison was made 
between control soil and vermicomposted fly ash. Initially, 
the Morphology of the plant was observed. In 2005, Sharma 
and his co-worker (Jaroli & Sharma 2005) reported that since 
fly ash comprises useful nutrients, it enhances the availability 
of the micro and macro elements for plants. Observations 
noted after 10 days depicted that the root length initially 
increased when the concentration increased to 20% (Fig. 1). 
The length was 12.86 cm as opposed to 9.43cm for control. 
With the increase in concentration to 50 %, the length 
decreased to 10.36 cm (Fig. 3).

Further Increase in concentration ultimately resulted 
in a decrease in the root length. Thus, vermicomposted 
fly ash suitably favors root length growth at optimal 
concentration, but the effects are reversed with increased 
concentrations. Studies by (Emamverdian et al. 2015) have 

Table 3: Soil Nutritional Content.

Elements Control 20% 50% 80%

Ca (%) 0.04 0.13 0.13 0.22

Mg (%] 0.007 0.031 0.031 0.06

Na [ppm] 460 536 1115 1133

N [%] 3.62 3.71 3.89 2.85

P [kg.hectare-1] 21 24 29 24

K [kg.hectare-1] 130 156 134 132

 

Fig. 1: Growth of Ricinus communis L. on the 10th Day.

 
Fig. 2:   Growth of Ricinus communis L. on the 20th Day.
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Fig. 3:   Growth of Ricinus communis L. on the 30th Day.

A B

C D

E 

Fig. 4: Mature plants of Ricinus communis L. in different concentrations of Fly ash.
A. Plant is grown in Control. 

B. Plant is grown in 20% fly ash.
C. Plant is grown in 50% fly ash.
D. Plant is grown in 80% fly ash.
E. Plant is grown in 100% fly ash.
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highlighted that fly ash benefits plants up to some optimum  
concentration.

The given histogram (Fig. 5) illustrates the morphological 
changes that occurred in Ricinus communis L. during the 
addition of fly ash with different concentrations of 20%, 50%, 
80%, and 100%. The primary changes transpire in the shoot 
length, root length, number of leaves, measured fresh weight, 
and dry weight in different time intervals such as the 10th 
day, 20th day, 30th day, and after the plant’s maturation. A 
cursory glance shows that the leaves emerged after the plant’s 
maturation in a 20% fly ash concentration. Approximately 
60 leaves were observed.

To start with, among all the concentrations of fly ash, 
20% was optimized and gave a pleasant outcome. In the shoot 
length, the concentration of fly ash 20% and 50% give around 
42% and 48%growth, respectively (all these percentages 
are compared with control), which was maximum on the 
10th-day incubation. Speculating more, after the 20th and 
30th days of incubation, shoot lengths reach up to 8% and 
10%, respectively, greater than the control.  After the plant’s 
maturation, around 6% of the shoot length was greater than 
the control plant. In contrast, oddly, 50%, 80%, and 100% 
concentrations of fly ash give a negative outcome (except on 
10th-day incubation in 80%), showing the inhibitory effect 
on plant growth, indicating that it would be catastrophic.

Moreover, in root length among all the incubation with 
fly ash on the 10th day, 20% was decent for the growth 
around 37%, and if we talk about 50%, 80%, and 100% 
provide negative aftermath after the 20th-day incubation 
gives better growth in 20%, 50% and 80% around 49%,24%, 

and 18% respectively, somehow in 100% obtained negative 
stimulation. On the 30th day, 20% fly ash concentration 
gives 26%; after the plant’s maturation, it gets 10% higher 
than the control plant. It also indicated that fly ash was also 
responsible for the development of roots. 

With germination, plants gain some weight for their 
physical stability. Here we scaled two types of weights, first 
fresh weight, and second dry weight. It has been seen in the 
graph overall, only 20% could be the best. More precisely, 
on the 10th day of incubation, fresh weight increased by 
around 5.3%. On the 20th day, it reached up to 98%, and on 
the 30th day, around 10% increment was noted, whereas at 
the maturation, around 2.1% weight was increased in the 
control plant. However, 50%, 80%, and 100% had given 
negative stimulation for the plant weight. This elucidation 
indicated that the huge concertation of fly ash inhibited 
plant growth. Besides, the same outcome was obtained on 
the 10th day of incubation; somehow, dry weight in 20% 
fly ash concentration increased by 1.7%. On the 20th day, 
it increased to around 75%. On the 30th day, it was around 
8%, and finally, at the maturation, approximately a 9.3% 
increment from the control plant was noted. Also, 50%, 
80%, and 100% did not satisfy results, were observed. This 
indicated that higher fly ash concentration shows detrimental 
consequences for their stimulation. 

Cytogenetic Study 

The chromosome number in Ricinus communis L. is 2n=20.
Cytological effects of vermicomposted fly ash with different 
concentrations were checked in Ricinus communis L. root

E 

Fig. 4: Mature plants of Ricinus communis L. in different concentrations of Fly ash.

A. Plant is grown in Control

B. Plant is grown in 20% fly ash

C. Plant is grown in 50% fly ash

D. Plant is grown in 80% fly ash

E. Plant is grown in 100% fly ash

Fig. 5: Graphical representation of morphological changes occurred in Ricinus 

communis L. 

The given histogram (Fig. 5) illustrates the morphological changes that occurred in Ricinus

communis L. during the addition of fly ash with different concentrations of 20%, 50%, 80%,

and 100%. The primary changes transpire in the shoot length, root length, number of leaves,

Fig. 5: Graphical representation of morphological changes occurred in Ricinus communis L.
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Table 4: Effect of different concentrations of vermicomposted fly ash on root tip cells of Ricinus communis L.

Concentration (%) Control 20 50 80 100

Mitotic Index (%) 95.51±1.300 96.45±0.930 86.04±0.772 67.99±1.798 52.22±0.831

Aberrant Cells(%) 0.000±0.000 0.023±0.023 1.420±0.381 6.95±0.504 13.26±0.381

  
A B 

  
C D 

 
E 

 Fig. 6: Chromosomes of Ricinus communis L.A. Anaphase in control.
B. Metaphase in 20% fly ash.

C. Disturbed Metaphase in 50% fly ash.
D. Disturbed Metaphase in 80% fly ash.

E. Scattered chromosome in 100% fly ash.
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tip cells. The study revealed that mitotic division increased 
in the presence of fly ash and created some abnormalities at 
higher concentrations. The percentage of the mitotic index 
decreased, and the percentage of aberrant cells increased with 
the higher fly ash concentration. The percentage of aberrant 
cells in control was negligible (Table 4). This indicates the 
presence of a certain cytotoxic or genotoxic substance in fly 
ash. The reduction in the mitotic index could be due to the 
inhibition of DNA synthesis or blocking in the G2 phase 
of the cell cycle, preventing the cell from entering mitosis 
(Sudha et al. 2018). No abnormalities were noted in Control 
and 20% fly ash concentration. While some abnormalities, 
like Disturbed metaphase and Scattered Chromosomes, 
were observed in the rest of the concentrations (Fig. 6). 
Disturbed metaphase was observed in 50% and 80% fly 
ash concentrations. Whereas, scattered chromosome was 
observed in 100% fly ash concentration. Disturbance during 
metaphase arises because of the effect of the treatment on 
the spindle that, leads to failure of the spindle mechanism. 
Chromosome scattering results from a prolonged metaphase 
arrest and is characterized by an uncoordinated loss of 
chromatid cohesion (Ananthakrishnasamy et al. 2009).

CONCLUSION 

The present investigation indicates that the lower 
concentration of Fly Ash, i.e., 20% works as the enhancer 
for plant growth when mixed with pressmud, and the mixture 
is vermicomposted. The higher amount of Fly Ash can be 
toxic at the chromosome level, and hence it influences the 
overall growth of the plant.
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      ABSTRACT
The paper investigated the adsorption of Cr(VI) on biochar in simulated wastewater by static 
adsorption method, Fourier Transform Infrared spectra (FTIR), Raman, X-ray photoelectron 
spectroscopy (XPS), scanning electron microscope (SEM), and transmission electron 
microscope (TEM) characterization analysis. The results show that biochar can effectively 
remove Cr(VI) in wastewater, and the adsorption equilibrium can be quickly reached within 
100 min. The kinetic analysis shows that the quasi-second-order kinetic model can better fit 
the kinetic process of Cr(VI) adsorption by biochar, which shows that the main mechanism 
of the adsorption is the chemical bonding cooperation between Cr(VI) and the functional 
groups on the surface of biochar. Fit analysis of the isotherm at different temperatures shows 
that temperature increase promotes the adsorption of Cr(VI) on biochar, and thermodynamic 
analysis reveals that the adsorption of Cr(VI) on biochar is a spontaneous endothermic 
process. The Freundlich model effectively fits the adsorption isotherm of Cr(VI), indicating 
that the surface of biochar is uneven and Cr(VI) has undergone multilayer adsorption. The 
adsorption isotherm of Cr(VI) under the influence of HA and FA can be effectively fitted by 
the Freundlich model, and the adsorption efficiency is the highest when FA is added. The 
national analysis of Fourier Transform Infrared spectra (FTIR), Raman, X-ray photoelectron 
spectroscopy (XPS), scanning electron microscope (SEM), and transmission electron 
microscope (TEM) further reveals the bond cooperation between Cr(VI) and the surface 
functional groups of biochar. The results show that biochar has potential application value in 
treating chrome-containing wastewater.

INTRODUCTION

With the rapid development of industry and commerce, 
a large amount of chromium-containing wastewater is 
produced in industrial production processes such as metal 
smelting, electroplating, tanning, printing, and dyeing, which 
is discharged into natural water bodies, seriously polluting 
the soil and groundwater environment (Zou et al. 2021). 
In nature, the main valence states of chromium (Cr) are 
trivalent and hexavalent, among which the compounds of 
chrome (Cr(VI)) are usually highly water-soluble and usually 
present in the form of CrO4

2- and Cr2O7
2- in the wastewater.

With high toxicity, carcinogenicity, mutagenicity, and 
teratogenicity, Cr(VI) is hundreds of times more toxic than 
Cr(III), which may cause many serious health problems 
(Chen et al. 2018). Therefore, efficient and environmentally 
friendly methods are urgently needed to restore Cr(VI) in 
the environment.

Nowadays, the treatment of chrome-containing 
wastewater is mainly about physical and chemical methods, 
including chemical precipitation, ion exchange, flocculation, 

membrane treatment, adsorption, and so on. Adsorption is an 
efficient treatment method to remove heavy metal pollutants 
in water, usually using carbon adsorbents, clay mineral 
adsorbents, and adsorption resins (Wang et al. 2022). As a 
pore-rich carbon material formed under high temperatures 
and the conditions of hypoxia or no oxygen, biochar has the 
characteristics of high specific surface area, abundant surface 
active functional groups, and strong ion exchangeability, 
showing great development potential in the field of heavy 
metal pollution remediation (Mian & Liu 2018). Lyu et al. 
(2017, 2018) studied the removal of hexavalent chromium 
from aqueous solutions and in contaminated soils by a novel 
biochar-supported nanoscale iron sulfide composite. Herein, 
this paper selects biochar as the adsorbent of Cr(VI) in 
simulated wastewater and studies the effects of initial Cr(VI) 
concentration, reaction temperature, humic acid (HA), fulvic 
acid (FA), and other factors on the adsorption of Cr(VI) by 
biochar, conduct adsorption kinetics, adsorption isotherm, and 
material characterization analysis, and explore the mechanism 
of Cr(VI) adsorption by biochar and its potential application 
value in the treatment of chrome-containing wastewater.

Nat. Env. & Poll. Tech.
Website: www.neptjournal.com

Received: 13-02-2023
Revised:    24-03-2023
Accepted: 28-03-2023

Key Words:
Biochar
Cr(VI)
Kinetics
Thermodynamics,  
Adsorption mechanism

mailto:1691748468@qq.com


1564 Xinyu Zhang

Vol. 22, No. 3, 2023 • Nature Environment and Pollution Technology This publication is licensed under a Creative 
Commons Attribution 4.0 International License

This publication is licensed under a Creative 
Commons Attribution 4.0 International License

MATERIALS AND METHODS

Experimental Materials and Instruments 

The chemicals used in the experiment, such as potassium 
dichromate, diphenylcarbazide, sulfuric acid, hydrochloric 
acid, ethanol, sodium hydroxide, etc., are all commercially 
available analytical reagents. No purification treatment 
was done before use, and all solutions were prepared with 
deionized water. Some of the instruments used are as follows: 
pH meter (Five Easy plus, Mettler-Tollidor Instrument 
(Shanghai) Co., LTD.), Table type Low-temperature 
Constant Temperature Oscillating Shaker (PSE-T150A, 
Stoker Instrument Equipment (Shanghai) Co., LTD.), 
Electronic balance (AL204, Mettler-Tollidor Instrument 
(Shanghai) Co., LTD.), Uv-visible spectrophotometer (SP-
756-P(scanning type), Shanghai spectrometer Co., LTD.),
drum heating constant temperature drying oven (DHG-
9053A, Shanghai sanfa scientific instrument Co., LTD.),
automatic micro confocal Raman spectrometer (XploRA
PLUS, Horiba France SAS Co., LTD.) France), Fourier
Transform Infrared spectrometer (NICOLET6700, Thermo
Scientific).

Adsorption Experiments

Adsorption of Cr(VI) by biochar: Under different reaction 
conditions (reaction time, HA, FA, temperature), static 
adsorption experiments on Cr(VI) are carried out. In each 
group of experiments, a certain amount of chromium standard 
solution is taken into glass bottles, diluted to a suitable 

concentration with deionized water, adjust pH with HCl (1.0 
mol.L-1) and NaOH (1.0 mol.L-1). Finally, biochar is added, 
and the reaction temperature and time are controlled. After 
ultrasound for 30 min, the reaction is carried out in a constant 
temperature shaker. After the reaction, a pinhead filter filters 
part of the solution, and the concentration of Cr(VI) in the 
filtrate is determined by photometry.

Analysis of the Cr(VI) content in the liquid phase: 
Transfer the filtered solution shaken well into a glass bottle 
with a pipette, add 0.5 mL sulfuric acid solution and 0.5 mL 
1+1 phosphoric acid solution, and shake up. Add 2 mL color 
developing agent (I) and shake up. After a period of time, 
use a 10 mm colorimetric dish to measure the absorbance of 
the sample at the wavelength of 540 nm. After deducting the 
absorbance of the blank experiment, the content of Cr(VI) can 
be obtained from the calibration curve. Calculate the Cr(VI) 
content in the liquid phase according to the calibration curve.

RESULTS AND DISCUSSION

Sorption Kinetics 

Fig. 1 shows the adsorption kinetics of Cr(VI) by biochar 
under different initial Cr(VI) concentrations, and the overall 
trend is similar. According to Fig. 1(A), the adsorption of 
Cr(VI) by biochar increases with time. Due to the many 
adsorption sites on the biochar surface, the adsorption of 
Cr(VI) by biochar increases rapidly in the first 20 min. As the 
adsorption reaction proceeds, the point sites on the biochar 
surface tend to be saturated. The adsorption rate mainly 

Fig. 1: Results of the dynamic adsorption experiment under different concentration conditions:

Results of adsorption amount of biochar on Cr(Ⅵ) at different concentrations (A), Results of the

first-order dynamic fitting curve (B), Results of the second-order dynamic fitting curve (C).

Table 1: Results of experimental adsorption kinetics at different concentrations.

Conditions

Pseudo-first-order model Pseudo-second-order model

qe [mg.g-

1]
K1 [h-1] R2

qe [mg.g-

1]

K2 [mg·mg-

1.h-1]
R2

C0=15 mg.L-1 32.254 0.05322 0.90497 79.6178 4.750 0.99995

C0=25 mg.L-1 74.135 0.04963 0.97972 130.3781 1.474 0.99991

C0=35 mg.L-1 82.122 0.04225 0.9542 165.0165 1.247 0.99993

C0=45 mg.L-1 95.238 0.06175 0.9286 224.7191 1.866 0.99993

To obtain more information on the adsorption mechanism of Cr(VI), two models

(equations (1) and (2)), the quasi-first-order kinetic model and the quasi-second-order

kinetic equation, are used to study the kinetic adsorption process of Cr(VI):

ln (q� − q�) = ln q� − k�t    …(1)
�

��
= �

����� + �
��

   …(2)

qt (mg.g-1) represents the adsorption capacity of Cr(Ⅵ) by biochar at adsorption 

equilibrium, and qe (mg.g-1) represents the adsorption capacity of Cr(Ⅵ) by biochar at 

adsorption time t. k1 (h-1) and k2 (mg·mg-1.h-1) are the rate constants of the quasi-first-

order and quasi-second-order kinetic equations. The experimental data of different

initial concentrations of Cr(VI) are fitted and analyzed, and the results are shown in Fig. 

Fig. 1: Results of the dynamic adsorption experiment under different concentration conditions: Results of adsorption amount of biochar on Cr(VI) at
different concentrations (A), Results of the first-order dynamic fitting curve (B), Results of the second-order dynamic fitting curve (C).

Table 1: Results of experimental adsorption kinetics at different concentrations.

Conditions Pseudo-first-order model Pseudo-second-order model

qe [mg.g-1] K1 [h
-1] R2 qe [mg.g-1] K2 [mg·mg-1.h-1] R2

C0=15 mg.L-1 32.254 0.05322 0.90497 79.6178 4.750 0.99995

C0=25 mg.L-1 74.135 0.04963 0.97972 130.3781 1.474 0.99991

C0=35 mg.L-1 82.122 0.04225 0.9542 165.0165 1.247 0.99993

C0=45 mg.L-1 95.238 0.06175 0.9286 224.7191 1.866 0.99993
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depends on the speed of Cr(VI) entering the internal point 
sites, and the adsorption rate decreases gradually (Chen et al. 
2017). After 100 min, the adsorption amount is unchanged 
with time, and the reaction reaches adsorption equilibrium. 
The maximum adsorption amount of biochar on 15, 25, 35, 
and 45 mg.L-1 Cr(VI) are 77.726, 124.515, 158.783, and 
219.657 mg.g-1. Due to the short time required to reach 
equilibrium, the adsorption of Cr(VI) by biochar is mainly 
a chemical reaction (Chawla et al. 2016). In the follow-up 
experiment, the contact time is at least 100 min to achieve a 
complete adsorption balance.

To obtain more information on the adsorption mechanism 
of Cr(VI), two models (equations (1) and (2)), the quasi-
first-order kinetic model and the quasi-second-order kinetic 
equation, are used to study the kinetic adsorption process 
of Cr(VI):

ln (qm − qt) = ln qe − k1t    …(1)

t
qt
= 1

k2qe2
+ t

qe
…(2)

qt (mg.g-1) represents the adsorption capacity of Cr(VI)
by biochar at adsorption equilibrium, and qe (mg.g-1)
represents the adsorption capacity of Cr(VI) by biochar 
at adsorption time t. k1 (h

-1) and k2 (mg·mg-1.h-1) are the
rate constants of the quasi-first-order and quasi-second-
order kinetic equations. The experimental data of different 
initial concentrations of Cr(VI) are fitted and analyzed, and 
the results are shown in Fig. 1 B and C, respectively. The 
fitting parameters of adsorption kinetics are listed in Table 
1. According to Table 1, when fitting the experimental data
with the quasi-second-order kinetic model, the correlation
coefficient (R2) reached 0.99995, much higher than the
fitting data of the quasi-first-order kinetic model. Therefore, 
the adsorption characteristics of Cr(VI) by biochar are more
consistent with the quasi-second-order kinetic model, which 
indicates that the adsorption of Cr(VI) by biochar is mainly
based on the chemisorption of ion exchange and chelation
reaction between surface compounds and activated functional 
groups on biochar (Herath et al. 2021).

Adsorption Isotherms at Different Temperatures

Fig. 2 shows the thermodynamic curves of biochar adsorption 
of Cr(VI) at different temperatures. According to Fig. 2(A), 
the adsorption capacity of Cr(VI) on biochar gradually 
increases with the increase of system temperature, indicating 
that high temperature is conducive to the adsorption of 
Cr(VI) and biochar adsorption of Cr(VI) is a spontaneous 
endothermic process. To further obtain the influence of 
biochar surface on adsorption, Langmuir and Freundlich 
models (equations 3 and 4) are used for the fitting analysis 

of isotherms, respectively:
𝑐𝑐𝑒𝑒
𝑞𝑞𝑒𝑒
= 𝑐𝑐𝑒𝑒

𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚
+ 1

𝑘𝑘𝑙𝑙𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚
…(3)

lg qe = lg kf + 1
n lg ce  …(4)

Herein, qe (mg.g-1) is the adsorption amount of Cr(VI) by
biochar when the adsorption reaction reaches equilibrium, 
and ce (mg.L-1) is the concentration of Cr(VI) in the
solution after the adsorption reaches the equilibrium. 1/n 
is the Freundlich constant, kf is the equilibrium constant 
of the Freundlich adsorption isothermal model, and kl 
is the Langmuir adsorption isothermal model (Fan et al. 
2009). The results of isotherm fitting analysis at different 
temperatures are shown in Fig. 2, and the fitting parameters 
are listed in Table 2. According to Fig. 2 and Table 2, the 
Freundlich adsorption isotherm model can better describe the 
adsorption of Cr(VI) by biochar at different temperatures, 
indicating that the adsorption process of Cr(VI) by biochar 
is not only single-molecular layer adsorption but multi-
layer adsorption from outer layer to the inner layer (Ho 
& Mckay 2000). A comparison of adsorption amounts of 
Cr(VI) on biochar with other common adsorbents such as 
diatomite (108.56 mg.g-1), activated carbon (257.64 mg.g-1), 
zeolite (206.37 mg.g-1), activated alumina (164.59 mg.g-1), 
revealed that biochar exhibited much higher adsorption than 
other common adsorbents did. These results demonstrated 
that the biochar investigated herein could be a promising 
adsorbent to effectively decontaminate toxic Cr(VI) in  
wastewater.

Adsorption Isotherms under the Influence of HA 
and FA

Fig. 3 shows the isothermal adsorption of Cr(VI) of 
biochar under the influence of HA and FA. According to 
Fig. 3, the biochar with FA has the largest adsorption of 
Cr(VI), followed by biochar with HA, and the adsorption 
amount of Cr(VI) is the lowest without HA or FA addition. 
The adsorption amount of Cr(VI) of biochar with FA is 
significantly higher than that of HA, indicating that FA can 
improve biochar’s adsorption performance on Cr(VI). To 
further obtain the influence of biochar surface on adsorption, 
the paper fits the isotherms with Langmuir and Freundlich 
models (equations 3 and 4). The results of the isotherm fitting 
under the influence of HA and FA are shown in Fig. 3, and 
the fitting parameters are listed in Table 3. According to Fig. 
3 and Table 3, the Freundlich adsorption isotherm model 
can better describes the adsorption of biochar to Cr(VI) 
under the influence of different HA and FA, indicating that 
the adsorption process of Cr(VI) under the influence of HA 
and FA is not only single-molecular layer adsorption but 
multi-layer adsorption from outer layer to the inner layer. 
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Moreover, FA can improve biochar’s adsorption performance 
to Cr(VI) (Deng et al. 2021).

DISCUSSION

FTIR Analysis

Surface properties of the biochar before and after the 
adsorption of Cr(VI) are characterized and analyzed by 
FTIR and Raman spectra. The biochar’s infrared spectrum 
(FTIR) is shown in Fig. 4(A). According to Fig. 4(A), the 

biochar after Cr(VI) adsorption mainly has five characteristic 
absorption peaks. The peak at ~450 cm-1 can be attributed to 
the complexation between the metal and oxygen, indicating 
that Cr(VI) successfully adsorption onto the biochar surface. 
According to the Raman spectra of the biochar before and 
after the adsorption of Cr(VI), the peak located at ~1350 
cm is attributed to the D segment of the defective structural 
biochar, indicating the disorder and defect degree of the 
biochar. The peak located at ~1580 cm is attributed to the G 
segment of the biochar with the sp2 characteristic structure, 

Langmuir adsorption isothermal model (Fan et al. 2009). The results of isotherm fitting 

analysis at different temperatures are shown in Fig. 2, and the fitting parameters are

listed in Table 2. According to Fig. 2 and Table 2, the Freundlich adsorption isotherm 

model can better describe the adsorption of Cr(Ⅵ) by biochar at different temperatures,

indicating that the adsorption process of Cr(Ⅵ) by biochar is not only single-molecular

layer adsorption but multi-layer adsorption from outer layer to the inner layer (Ho &

Mckay 2000). A comparison of adsorption amounts of Cr(VI) on biochar with other

common adsorbents such as diatomite (108.56 mg.g-1), activated carbon (257.64 mg.g-

1), zeolite (206.37 mg.g-1), activated alumina (164.59 mg.g-1), revealed that biochar

exhibited much higher adsorption than other common adsorbents did. These results

demonstrated that the biochar investigated herein could be a promising adsorbent to

effectively decontaminate toxic Cr(VI) in wastewater.

 
Fig. 2: Adsorption isotherms at different temperatures (A), Langmuir Model fitting result (B),

Freundlich Model fitting result (C).

Table 2: Adsorption isotherm fitting results at different temperatures.

Experiment

Condition

Langmuir model Freundlich model

qm [mg.g-1] KL [h-1] R2 n
KL [g·mg-

1.h-1]
R2

T=20℃ 1014.3572 0.0107 0.59205 1.0898 11.453 0.99047

T=40℃ 884.9558 0.0193 0.80384 1.1772 19.417 0.98452

Fig. 2: Adsorption isotherms at different temperatures (A), Langmuir Model fitting result (B), Freundlich Model fitting result (C).

Table 2: Adsorption isotherm fitting results at different temperatures.

Experiment Condition Langmuir model Freundlich model

qm [mg.g-1] KL [h
-1] R2 n KL [g·mg-1.h-1] R2

T=20℃ 1014.3572 0.0107 0.59205 1.0898 11.453 0.99047

T=40℃ 884.9558 0.0193 0.80384 1.1772 19.417 0.98452

T=60℃ 442.4779 0.0959 0.98405 1.5712 45.756 0.99563

T=60℃ 442.4779 0.0959 0.98405 1.5712 45.756 0.99563

Adsorption Isotherms under the Influence of HA and FA

Fig. 3 shows the isothermal adsorption of Cr(Ⅵ) of biochar under the influence of HA

and FA. According to Fig. 3, the biochar with FA has the largest adsorption of Cr(Ⅵ), 

followed by biochar with HA, and the adsorption amount of Cr(Ⅵ) is the lowest

without HA or FA addition. The adsorption amount of Cr(Ⅵ) of biochar with FA is 

significantly higher than that of HA, indicating that FA can improve biochar's

adsorption performance on Cr(Ⅵ). To further obtain the influence of biochar surface

on adsorption, the paper fits the isotherms with Langmuir and Freundlich models 

(equations 3 and 4). The results of the isotherm fitting under the influence of HA and

FA are shown in Fig. 3, and the fitting parameters are listed in Table 3. According to

Fig. 3 and Table 3, the Freundlich adsorption isotherm model can better describes the

adsorption of biochar to Cr(VI) under the influence of different HA and FA, indicating 

that the adsorption process of Cr(Ⅵ) under the influence of HA and FA is not only

single-molecular layer adsorption but multi-layer adsorption from outer layer to the

inner layer. Moreover, FA can improve biochar's adsorption performance to Cr(Ⅵ) 

(Deng et al. 2021).

Fig. 3: Adsorption isotherms under the influence of HA and FA (A), Langmuir Model fitting

results (B), Freundlich Model fitting results (C).

Table 3: Results of the adsorption isotherms fitting under the influence of HA and FA.

Experiment 

Condition

Langmuir model Freundlich model

qm[mg.g-1] KL[h-1] R2 n
KL[g·mg.h-

1]
R2

Fig. 3: Adsorption isotherms under the influence of HA and FA (A), Langmuir Model fitting results (B), Freundlich Model fitting results (C).

Table 3: Results of the adsorption isotherms fitting under the influence of HA and FA.

Experiment 
Condition

Langmuir model Freundlich model

qm[mg.g-1] KL[h-1] R2 n KL[g·mg.h-1] R2

No HA, FA 79.6178 0.3782 0.59205 1.0898 11.453 0.98694

10 mg/L HA 130.3781 0.1922 0.82703 1.1828 17.022 0.99435

10 mg/L FA 165.0165 0.2057 0.91533 1.6348 39.319 0.99484
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Fig. 4: Infrared spectrogram of Cr(Ⅵ) under acid and alkaline conditions (A). Raman spectra 

before and after Cr(Ⅵ) adsorption under acid and alkaline conditions (B).

XPS Analysis

The XPS full spectrum of biochar after Cr(Ⅵ) adsorption is shown in Fig. 5(A). After

adsorption, a new Cr 2p characteristic peak appears, indicating that Cr ions are

successfully adsorbed on the surface of biochar (Hou et al. 2020). According to Cr 2p 

monoelement spectrum (Fig. 5(B)), after the adsorption of Cr(Ⅵ), the three peaks

produced are two Cr(Ⅲ) peaks and one Cr(Ⅵ) peak, indicating that biochar reduces

part of Cr(Ⅵ) to Cr(Ⅲ). According to the single element spectrum of C 1s (Fig. 5(C)), 

there are three types of C, and the peaks at 284.71 eV, 285.40 eV, and 286.65 eV

correspond to C=C, C-O, and C=O (Yang et al. 2016). According to the single element

spectrum of O 1s (Fig. 5(D)), there are three types of O, and the peaks at 531.67 eV,

532.86 eV, and 533.77 eV correspond to C-O, -OH, and C=O (Wilson & Langell 2014).

Fig. 4: Infrared spectrogram of Cr(VI) under acid and alkaline conditions (A). Raman spectra before and after Cr(VI) adsorption under acid and 
alkaline conditions (B).

Fig. 5: Full spectrum of biochar after Cr(Ⅵ) adsorption (A). Cr 2p XPS Spectrum map (B). C 1s

XPS spectra of biochar after Cr(Ⅵ) adsorption (C). O 1s XPS spectra of biochar after Cr(Ⅵ)

adsorption (D).

SEM and TEM Analysis

Employing scanning electron microscope (SEM) and transmission electron microscope 

(TEM) to gain the morphology and structure of biochar after the adsorption of Cr(Ⅵ), 

and the results are shown in Fig. 6. According to Fig. 6(A), biochar is composed of 

many irregular blocks, which are about 10-50 μm long. According to Fig. 6(B), after

Cr(Ⅵ) adsorption, there are a large number of network materials on the surface of

biochar, indicating that Cr(Ⅵ) is adsorbed on the biochar surface, and some new

Fig. 5: Full spectrum of biochar after Cr(VI) adsorption (A). Cr 2p XPS Spectrum map (B). C 1s XPS spectra of biochar after Cr(VI) adsorption  
(C). O 1s XPS spectra of biochar after Cr(VI) adsorption (D).
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indicating the symmetry and crystallinity of the biochar 
(Wang et al. 2015). According to Fig. 4(B), the intensity 
ratio of D and G peaks on Raman spectra differs before and 
after biochar adsorption. This indicates that the defects and 
C hybrid structures on the biochar surface have changed 
after absorbing Cr(VI).

XPS Analysis

The XPS full spectrum of biochar after Cr(VI) adsorption 
is shown in Fig. 5(A). After adsorption, a new Cr 2p 
characteristic peak appears, indicating that Cr ions are 
successfully adsorbed on the surface of biochar (Hou et 
al. 2020). According to Cr 2p monoelement spectrum 
(Fig. 5(B)), after the adsorption of Cr(VI), the three peaks 
produced are two Cr(VI) peaks and one Cr(VI) peak, 
indicating that biochar reduces part of Cr(VI) to Cr(VI). 
According to the single element spectrum of C 1s (Fig. 5(C)), 
there are three types of C, and the peaks at 284.71 eV, 285.40 
eV, and 286.65 eV correspond to C=C, C-O, and C=O (Yang 
et al. 2016). According to the single element spectrum of O 
1s (Fig. 5(D)), there are three types of O, and the peaks at 
531.67 eV, 532.86 eV, and 533.77 eV correspond to C-O, 
-OH, and C=O (Wilson & Langell 2014).

SEM and TEM Analysis

Employing scanning electron microscope (SEM) and trans-
mission electron microscope (TEM) to gain the morphology 
and structure of biochar after the adsorption of Cr(VI), and the 
results are shown in Fig. 6. According to Fig. 6(A), biochar is 
composed of many irregular blocks, which are about 10-50 μm 
long. According to Fig. 6(B), after Cr(VI) adsorption, there are 
a large number of network materials on the surface of biochar, 
indicating that Cr(VI) is adsorbed on the biochar surface, and 
some new reticular substances are formed.

CONCLUSION

Selecting biochar as the adsorbent material, the paper studies 
the removal performance, influencing factors, and adsorption 

mechanism of Cr(VI) by static and characterization methods. 
The results are as follows:

 (1) Biochar has a strong adsorption capacity for Cr(VI), and 
the adsorption reaches a dynamic equilibrium at ~100
min. Moreover, the quasi-second-order kinetic model 
can better describe the dynamics of Cr(VI), indicating 
that the adsorption of Cr(VI) by biochar is mainly the 
chemisorption of ion exchange and chelation reactions 
between activated functional groups.

 (2) Isotherm analysis shows that the adsorption of Cr(VI)
is a spontaneous heat absorption process and more in
line with the Freundlich equation, indicating that the 
adsorption process is mainly multilayer adsorption 
from the outer layer to the inner layer. The adsorption 
amount of Cr(VI) of biochar with FA is significantly 
higher than that of HA, indicating that FA can improve 
biochar’s adsorption performance to Cr(VI).

 (3) The characterization analysis shows that after the
adsorption of Cr(VI), the biochar surface’s defect
structure and C atomic hybrid structure are changed. 
Biochar reduces part of Cr(VI) into Cr(III). After 
the adsorption of Cr(VI) on the surface of biochar, 
some new substances similar to the network are  
formed.
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      ABSTRACT
The paper presents the treatment of atrazine-contaminated wastewater by ozonation 
followed by an anaerobic process using Upflow Anaerobic Sludge Blanket (UASB) reactor. 
The experiment was performed with 100 ppb synthetic solutions of atrazine prepared in 
ultra-pure water. The corresponding initial Chemical Oxygen Demand (COD) is 226 mg.L-1. 
The initial pH was adjusted to 9.5. The atrazine-bearing synthetic wastewater was ozonated 
with an ozone dose of 9.4mg/l for 40 minutes of optimum ozonation time, resulting in a 35% 
reduction in the initial concentration of atrazine. Along with atrazine reduction, there was a 
COD removal of 54.42%. Further, it was degraded with an anaerobic process, resulting in 
the final reduction in atrazine concentration of 81% and the corresponding removal in COD 
of 86.7%. The process of ozonation led to the mineralization of atrazine and enhancement 
in the biodegradability of the wastewater. Using ion chromatography, the ozonated 
wastewater sample was analyzed for ionic by-products before and after ozonation. The ion 
chromatography results showed the breaking of the atrazine compound and the formation 
of Cl-, NO3

-, SO4
2-, and F- as intermediate products. Further, the BOD5/COD ratio increased, 

reflecting the increased biodegradability. This ozonated wastewater was treated in a UASB 
reactor where the pesticide was degraded to 19 ppb, and COs degraded to 30 mg.L-1. The 
overall removal of atrazine pesticide and COD were 81% and 86.7%, respectively, in the 
integrated system of ozonation followed by anaerobic degradation.

INTRODUCTION

The disposal from agrochemical industries contains many 
toxic substances of great environmental and health concern. 
This industry produces large amounts of organic wastewater 
with a significantly high COD. It has been found that 
pesticides are among the priority substances polluting water 
propagating to surface and groundwater (Philip & Ghosh 
2006). In a monitoring program, pesticides have been widely 
noticed in European countries ranging from surface water 
to streams, rivers, lakes, reservoirs, and ditches (Oller et al. 
2011). Some of these pesticides are recalcitrant, resistant to 
biological decay, and noxious for aquatic species. Among 
a wide range of recalcitrant chemicals released from this 
industry, atrazine is frequently found in water bodies 
worldwide (Philip & Ghosh 2006). It has been addressed as 
an emerging contaminant as it disrupts the endocrine system 
and is carcinogenic. The term “Emerging Contaminants” 
(ECs) has been defined in various ways. Still, fundamentally, 
it refers to any naturally occurring or artificial compounds 
that disrupt the endocrine system resulting in abnormal 
reactions. (Oller et al. 2011). Atrazine is among a series of an 

s-triazine group of herbicides mainly used to control annual
grass and broad-leafed weeds in maize, sorghum, pineapple, 
sugarcane, macadamia nuts, and many other crops (Philip & 
Ghosh 2006). It is also used on roadway grasses, golf course 
turf, and residential lawns. Due to its widespread use and
solubility in water, it is found in surface and groundwater,
exceeding its maximum contaminant level of 3 µg.L-1 (Ghosh
et al. 2005). The World Health Organization has established 
a limit of 2 µg.L-1 for drinking water. (Ghosh et al. 2005).
The European Union banned using atrazine as its degradation 
products remain in the soil even after 6 months (USEPA
2007). This reveals that it has a very high persistence in
the environment. Atrazine is a pesticide commonly used
as a model compound in research because it is a potential
endocrine disruptor and is carcinogenic (USEPA 2007). Also, 
it remains hard to degrade due to its triazine ring, as shown
in Fig. 1. (Mohammed & Mustafa 2017).

Atrazine is difficult to degrade with conventional 
coagulation, filtration, precipitation, reverse osmosis, 
etc., due to its high chemical stability and minimal 
biodegradability (Pathak 2011). Although biological 
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processes are popular for treating such organic pollutants, 
many operational difficulties exist. Biological methods 
usually fail because of such toxic compounds as these 
compounds inactivate waste-degrading microorganisms. The 
low biodegradability of such compounds is another reason for 
low efficiency (Philip & Ghosh 2006). Removal of atrazine 
by adsorption is also considered a good technology. Still, the 
demerit is that the atrazine-contaminated wastewater from 
industries contains not only atrazine but also a large amount 
of dissolved organic matter, which decreases the adsorptive 
capacity of the adsorbent (Ghosh et al. 2005). There are 
studies on removing atrazine by aerobic and anaerobic 
processes, but they are neither efficient nor practicable 
because of operational difficulty (Ghosh et al. 2005). So 
the new idea is to partially pre-treat such toxic substances 
by Advanced Oxidation Processes (AOPs), forming more 
readily biodegradable intermediates (Covinich et al. 2014). 
Nowadays, ozone technology plays an important role in the 
degradation of refractory organic pollutants in an eco-friendly 
way (Hulsey et al. 2008). AOPs are chemical processes that 
are environmentally safe and prevent contaminants from 
moving from one phase to another. Rather, it degrades 
contaminants into harmless products in a short reaction 
time (Saleh et al. 2020). They can eliminate inorganic 
contaminants like cyanides, sulfides, nitrites, and dissolved 
organic contaminants, including halogenated hydrocarbons, 
volatile organic compounds, aromatic compounds, and 
nitrophenols, detergents, pesticides (Covinich et al. 2014).  
It can completely oxidize organic pollutants to CO2, water, 
and salts. AOPs are generally categorized as ozone-based 
treatment, electrochemical AOP (eAOP), ultraviolet (UV)-
based treatment, catalytic AOP (cAOP), and photo AOP 
(AOP). The effluents from pulp and paper mills and those 
from the chemical, petrochemical, textile, and other sectors 
can be treated using AOPs (Oller et al. 2011). The ozonation-
based process of AOPs plays an important role in water 
treatment and can degrade refractory organic pollutants in an 
environmentally friendly way (Saleh et al. 2020). Ozone, an 
oxidizing gas, interacts directly or indirectly with inorganic 
and organic substances by producing hydroxyl radicals. 
Ozonation’s best performance occurs at alkaline pH (Wang 
2020). At alkaline pH the molecular ozone and the oxygen 
radicals, including the hydroxyl radical are present which 

reacts with almost all organic and inorganic compounds 
(Oller et al. 2011). The breakdown of ozone produces 
free radicals (HO2

. and HO.), which interact with various 
contaminants (Venkatesh et al. 2014). The mechanism of 
ozone decomposition at alkaline pH in aqueous solution is 
shown in the following equations.

 O3 + OH−→ HO2
• + O2

•−

 O3 + HO2
−→ HO2

•+ O3
•−

 HO2
•→ O2

•−+ H+

 O3 + O2
•−→ O2 + O3

•−

 H+ + O3
−•↔ HO3

•

 HO3
•→ HO• + O2

 HO• + O3→ O2 + HO2
•

The main factors affecting the ozonation process are 
pH, ozone dose, contact time, the type and amount of 
oxidizable organic compounds, the presence of ozone 
scavengers, and the ozone mass transfer (Oller et al. 2011). 
Numerous studies have looked at the use of ozone for the 
decomposition of pesticides and are well-reputed (Oller et 
al. 2011). Meijers et al. (1995) conducted a study on 23 
pesticides using ozonation. Among them, six pesticides 
were removed efficiently: dimethoate, chlortoluron, diuron, 
isoproturon, motoneuron, and vinclozolin (Saleh et al. 2020). 
In another study, ozonation was used to degrade 40 pesticides 
(Ormad et al. 2010). Maldonado et al. (2006) conducted a 
study to observe the effect of ozone on five pesticides. In a 
study, when nano-ZnO (nZnO) was added to the ozonation 
process to remove atrazine from contaminated water, it 
was observed that the removal efficiency was higher than 
with the ozonation alone. The nZnO catalytic ozonation 
method successfully removed atrazine with an initial 
concentration between 0.5 and 5 mg.L-1. When the initial 
loading concentration was raised to 5 mg.L-1, the removal rate 
dropped to 90.2% (Pérez-Lucas et al. 2020).  When ozonation 
was combined with UV light, it increased the removal 
of fluroxypyr to 92% (Saleh et al. 2020). Ozone helps to 
decompose detergents, chlorinate hydrocarbons, phenols, 
pesticides, and aromatic hydrocarbons (Derco et al. 2021).  
This literature shows that AOPs are powerful and efficient 
treatment methods for degrading recalcitrant materials 
or mineralizing stable, inhibitory, or toxic contaminants 
(Legrini et al. 1993, Venkatesh et al. 2015). At the first 
stage of degradation, AOP alters the compound’s structure, 
making it more biodegradable. Further, it degrades the 
compound and reduces its toxicity. In the last step, it leads to 
the mineralization of organic compounds. Hence, AOPs can 
transform recalcitrant compounds into inorganic substances 
(CO2 and H2O2) and lead to total and partial mineralization, 

 

Fig. 1: Structure of atrazine.
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transforming them into more biodegradable substances. 
It has been reported that chemical oxidation for complete 
mineralization is usually expensive. Its combination with a 
biological treatment is widely reported to reduce operating 
costs (Covinich et al. 2014). Once these substances became 
biodegradable, it is treated through the biological process. 
The anaerobic process is more economical than the aerobic 
process. Among the anaerobic process, the UASB reactor 
has been extensively used to treat various wastewaters 
(Lettinga & Hulshoff Pol 1991, Ghosh et al. 2005). A 
number of aerobic and anaerobic treatment methods have 
been studied for the degradation of atrazine (Pathak 2011). 
But the bacterial culture in actual field is a difficult and is 
not feasible at all. Reports show that the anaerobic method 
is better than the aerobic method for aliphatic and aromatic 
compounds (Mandelbaum et al. 1993). Atrazine degrades 
more rapidly under anaerobic conditions than in aerobic 
environments (Kearney et al. 1965, Ghosh et al. 2005). 
Atrazine may completely degrade and mineralize through 
the economically viable method of biodegradation, which 
also yields simple chemicals like carbon dioxide, water, 
nitrogen, and organic materials (Baghapour et al. 2013). 
Biodegradation is the best method for eliminating atrazine 
and other herbicides from the environment. A study 
examined atrazine removal by two Pseudomonas bacteria 
(fluorescence and aeruginosa) and found that atrazine was 
significantly degraded by Pseudomonas bacteria (Baghapour 
et al. 2013). Combining biological and chemical processes 
may produce a more practical way to improve the treatability 
of refractory effluents by increasing the BOD5/COD ratio 
(Oller et al. 2011). 

MATERIALS AND METHODS

The herbicide ‘atrazine’ used in the experiment was of 
analytical grade from Sigma- Aldrich with a purity of 99.8%. 
All the chemicals used were of HPLC grade. Acetonitrile 
(99.9%) and methanol (99.7%) used were of HPLC grade 
of Merck company purchased from Angel Scientific. NaOH 
and H2SO4 were used for adjusting pH. Ultrapure water 
was prepared using a Milli-Q system. Sucrose (C12H22O11), 
ammonium chloride (NH4Cl), and potassium dihydrogen 
orthophosphate (KH2PO4) were used in the experiment and 
were of analytical grade. 

Synthetic Water Preparation

An aqueous solution of atrazine was prepared by dissolving 
atrazine in Milli Q filtered water. This was to minimize the 
interferences and effects of any ozone-consuming impurities. 
The observed characteristics of the prepared synthetic 
wastewater are shown in Table 1. For ozonation, the pH was 
increased to 9.5 using NaOH. 

Analysis of Atrazine

The atrazine concentration was measured by Thermo Fischer 
SCIENTIFIC Ultimate 3000 HPLC (High-Performance 
Liquid Chromatography) using a reversed-phase C18 column 
of 250x4.6 mm with a particle size of 5 µm at a wavelength 
of 220nm. The mobile phase was acetonitrile: water (70:30 
v/v) with a flow rate of 1mL.min-1. The injection volume 
was 20 µL. The column temperature was set at 25°C. All 
the analytes were filtered through a 0.45 µm syringe filter.

Extraction of Atrazine

The extraction of atrazine was done by liquid-liquid 
extraction technique (Aslam et al. 2013). Samples were 
extracted using the QuEChERS method. 10 mL of sample 
was taken in a polypropylene 50 mL centrifuge tube. Then 
10 mL of dichloromethane was added and vortexed for 45 
seconds. Further, 3g of MgSO4 was added to it and vortexed 
for 45 seconds. Then it was centrifuged at 4000 rpm for 
10 min. After that, the supernatant was taken in a cleanup 
tube, vortexed for 45 sec, and then centrifuged at 4000 rpm  
for 10 min. Again, the supernatant thus obtained was 
evaporated to dryness at a temperature of 45°C. It was then 
redissolved in methanol for HPLC analysis (Dong et al. 2016).

Analysis of Intermediate Products after Ozonation

Ion Chromatography analyzed the sample for ionic 
components before and after ozonation. Analysis of sulfate, 
nitrate, chloride, and fluoride was performed using Ion 
Chromatography Model 882, Compact IC plus, Metrohm, 
Ltd. with Anion Dual 2 column Metrosep, 6.1006.530. The 
instrument was operated in suppressed conductivity detection 
mode using 50 mM H2SO4. The eluent was a mixture of 
sodium bicarbonate (NaHCO3) and sodium carbonate 
(Na2CO3). The flow rate was 0.7 mL.min-1. Each sample run 
was for 35 min and started with the injection of 20 µL of the 
sample. Before injection, the samples were filtered through 
a 0.22µm pore size syringe filter.

Ozonation Procedure 

Ozone was generated from the air by an ozone generator 

Table 1: Characteristics of synthetic wastewater.

S.No. Parameters Observed values

1. COD (mg.L-1) 226

2. TDS (mg.L-1) 6.7

3. pH 6.3

4. Alkalinity (mg.L-1 as CaCO3) 40 

5. Conductivity (µS.m-1) 9.4

6. Atrazine (ppb) 100 
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and an oxygen concentrator from Eltech company. Oxygen 
was supplied to the ozone generator through the oxygen 
concentrator, producing 93%±3% pure oxygen. The 
maximum ozone production capacity of the ozone generator 
was 10 gm.h-1. The gas flow rate was fixed at 1.5 L.min-1, 
and an ozone dose of 9.4 mg.L-1 was supplied. The volume 
of the sample ozonated at a time was 500 mL. 

The ozone output (P) was calculated using the formula 
shown in equation (1). The values are tabulated in Table 2.

 P = (R*C*60)/1000  …(1)

where,

P = Ozone output (gm.h-1)

R = Flow rate of feed gas (m3.h-1) or (LPM)

C = Ozone conc. (mg.L-1) 

The KI starch method was used to measure the amount of 
ozone in the feed gas (Baird et al. 2017). An ozone destructor 
destructed the residual ozone in the off-gas.

Anaerobic Degradation

A laboratory-scale UASB reactor made of transparent plexi 
glass of vertical cylindrical shape tube of 5 cm diameter with 
a total volume of 2.08 L was used for biological analysis. 
The UASB reactor has an effective working volume of 
1.68 liters. The remaining 0.4 liters were kept for gas liquid 
solid (GLS) separation arrangement. The overall height of 
the UASB reactor was 1.06 meters, and the effective height 
was kept at 0.86 m. The biomass in the UASB reactor was 
conditioned sludge prepared using fresh sludge fed with 
sucrose as a carbon source at 300 mg.L-1. The details of 
conditioned sludge are given in the next heading.

Seed Sludge

Fresh sludge collected from the UASB reactor from Barauni 
Dairy Plant, Bihar, India, was used as the seed sludge for this 
study. The sludge was fed with the synthetic wastewater from 
the start-up to the steady state condition containing sucrose, 
ammonium chloride, potassium di hydrogen orthophosphate 
(KH2PO4) in the ratio 300:10:1. The sludge was then 
acclimatized to the changed environment for 17 days as it 
was never exposed to atrazine earlier. The system was used 
for further experiments once the sludge got stabilized 

Analyses

The line diagram for the integrated system is shown in 
Fig. 2. Standard methods were used to analyze the sample 
(Baird et al. 2017). The COD was measured by the closed 
reflux method, and pH was measured with a pH meter (PCS 
Tester 35). Atrazine concentration was analyzed through 
HPLC. The liquid-liquid extraction method was used for 
the extraction of atrazine. Every time 500 mL of prepared 
synthetic wastewater was taken for treatment. All the 
parameters and the atrazine concentration were analyzed for 
all the samples. The KI starch titration method measured the 
amount of ozone in the feed gas (Baird et al. 2017). Alkalinity 
and VFA were determined by the method suggested by 
DiLallo & Albertsonn (1961). Liquid displacement method 
adopted for collection of biogas in the anaerobic process. 

RESULTS AND DISCUSSION

Reduction in COD 

The oxidation of atrazine by ozonation led to the decline in 
the COD of the wastewater sample. As the ozonation time 
increases, the reduction in COD also increases. After a certain 
time, it was observed that COD removal was almost constant, 
as shown in the Fig. 3. From this result, it is observed that 
the COD reduction of 54.4% was observed after 40 min of 
ozonation. The COD of synthetic wastewater declined with 
certain ozonation times, whereas additional ozonation proved 
ineffective in reducing COD. Although in literature, it has 
been reported that COD content was found to increase with 
increased ozonation time due to the formation of tiny organic 
molecules such as aldehyde, ketones acetic acid, which are not 
completely mineralized (Venkatesh et al. 2015). Reduction in 

Table 2:  Operating parameters of ozonation.

Parameters Value

Gas flow rate (liters per minute) 1.5

Ozone concentration (mg.L-1) 9.4

The volume of the sample (mL) 500

Ozone output (g.h-1) 0.42
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atrazine molecules. Sulfate, chloride, and fluoride were found 
in unozonated and ozonated water samples. These anions 
show the presence of other chemicals in the unozonated water 
sample. Similar observation on the presence of anions in real 
wastewater has been reported by other researchers (Liang et 
al. 2009). F-, Cl-, SO4

2- concentrations before ozonation were 
0.015 mg.L-1, 0.166 mg.L-1, and 0.618 mg.L-1, respectively. 
The concentration after the treatment was 0.062 mg.L-1 F-, 
0.335 mg.L-1 Cl-, 0.143 mg.L-1 NO3

- and 22.205 mg.L-1

SO4
2- respectively. The formation of nitrate and increased

concentration of other ions signify the degradation of atrazine 
into other compounds. 

Ozone treatment is paired with a biological process to 
entirely remove the organic content of specific wastewater 
because treatment is typically not considered complete until 
compound mineralization is almost complete. In this regard, 
several research projects have also been conducted recently 
(Covinich et al. 2014).

Degradation of Atrazine

The concentration of atrazine pesticide decreased with 
the ozonation time.  The rate of ozonation applied for this 
experiment is mentioned in the previous section, including 
materials and methods. The decrease in the concentration of 
pesticide was analyzed through HPLC. The retention time 
obtained for atrazine was 1.537 minutes. The identification 
and concentration of atrazine in the aqueous solution were 
based on the retention times and area of the chromatogram 
of the samples tested. The maximum atrazine removal was 
observed at 40 min of ozonation.

Further, ozonation has a very mild or no effect in 
removing atrazine. So, the optimum time of ozonation 

COD value led to partial oxidation but not full mineralization.  
The results reveal that ozone contact time had a notable effect 
on COD removal. The ozonated wastewater was treated with 
a UASB reactor for further reduction of COD.

The COD removal achieved after the anaerobic 
degradation was 86.7%, as represented in Fig. 7. 

Enhancement of Biodegradability

The atrazine-containing wastewater inhibit the anaerobic 
biodegradation process in the UASB reactor. The ozonation 
process enhances these types of wastewater by increasing 
biodegradability. The enhancement of biodegradability can 
be checked by the increasing value of the BOD5/COD ratio. 
The BOD5/COD ratio of wastewater increased with ozonation 
resulting in enhanced biodegradability of ozonation by-
product. Ozone treatment breaks long-chain compounds 
making them biodegradable (Oller et al. 2011). After 40 min 
of ozonation, the biodegradability ratio increased from zero 
to 0.27. An increase in the ratio of BOD5/COD indicates an 
improved biodegradability of recalcitrant substrates. This 
indicates that ozonation changes the functional groups in 
herbicide to produce more biodegradable by-products, which 
are easily eliminated by biological treatment. 

Mineralization of Atrazine 

The removal of COD represents the mineralization of organic 
contents of atrazine. The untreated wastewater, as well as 
ozonated wastewater samples, were analyzed through Ion 
Chromatography (IC) for ionic components like fluoride, 
nitrate, chloride, and sulfate.  The chromatogram obtained 
from IC is shown in Fig. 4 and Fig. 5. Ozonation resulted in 
the release of nitrogen atoms connected with triazine bonds of 
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Fig. 3: COD removal Vs. Time of ozonation.
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for ionic components like fluoride, nitrate, chloride, and sulfate. The chromatogram 

obtained from IC is shown in Fig. 4 and Fig. 5. Ozonation resulted in the release of nitrogen

atoms connected with triazine bonds of atrazine molecules. Sulfate, chloride, and fluoride

were found in unozonated and ozonated water samples. These anions show the presence of

other chemicals in the unozonated water sample. Similar observation on the presence of

anions in real wastewater has been reported by other researchers (Liang et al. 2009). F-, Cl-

, SO42- concentrations before ozonation were 0.015 mg.L-1, 0.166 mg.L-1, and 0.618 mg.L-

1, respectively. The concentration after the treatment was 0.062 mg.L-1 F-, 0.335 mg.L-1 Cl-

, 0.143 mg.L-1 NO3- and 22.205 mg.L-1 SO4
2- respectively. The formation of nitrate and

increased concentration of other ions signify the degradation of atrazine into other 

compounds.  

Fig. 4: Ions present in the synthetic wastewater before ozonation.Fig. 4: Ions present in the synthetic wastewater before ozonation.

Fig. 5: Ionic product present in the sample after 40 minutes of ozonation.

Ozone treatment is paired with a biological process to entirely remove the organic content 

of specific wastewater because treatment is typically not considered complete until 

compound mineralization is almost complete. In this regard, several research projects have

also been conducted recently (Covinich et al. 2014). 

Degradation of Atrazine

The concentration of atrazine pesticide decreased with the ozonation time. The rate of

ozonation applied for this experiment is mentioned in the previous section, including

materials and methods. The decrease in the concentration of pesticide was analyzed through 

HPLC. The retention time obtained for atrazine was 1.537 minutes. The identification and

concentration of atrazine in the aqueous solution were based on the retention times and area 

of the chromatogram of the samples tested. The maximum atrazine removal was observed

at 40 min of ozonation.

Further, ozonation has a very mild or no effect in removing atrazine. So, the optimum time 

of ozonation adopted was 40 minutes. The HPLC chromatogram is also shown in Fig. 6.

Fig. 5: Ionic product present in the sample after 40 minutes of ozonation. 
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Fig. 6: A typical HPLC chromatogram (Area vs. Time).

The removal of atrazine concentration after ozonation was 35%. After the anaerobic

treatment using UASBR, the removal of atrazine increases to 81%. The removal efficiency 

graph for COD and atrazine is shown in Fig. 7.  

Observation for Removal Efficiency

Fig. 7: Graph of removal efficiency of atrazine and COD.
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adopted was 40 minutes. The HPLC chromatogram is also 
shown in Fig. 6.

The removal of atrazine concentration after ozonation 
was 35%. After the anaerobic treatment using UASBR, the 
removal of atrazine increases to 81%. The removal efficiency 
graph for COD and atrazine is shown in Fig. 7. 

Observation for Removal Efficiency

Reactor Performance treating Atrazine- 
bearing Wastewater

The UASB reactor was maintained at a steady state condition. 
The Hydraulic Retention Time (HRT) was maintained at 
16 hours. Initial COD removal was less at this operating 
condition, but the reactor could achieve more than 85% 
removal in almost 10 days of operation. After 17 days of 
operation, there was a COD removal of 86.7% and the 
corresponding atrazine removal of 81%.

Stability Parameters (pH, volatile fatty acids, 
and alkalinity)

The reactor’s pH and VFA stayed well under the allowed 
limit. The pH was monitored daily and remained at 6.9-8.2. 
The VFA/Alkalinity ratio remained in the range of 0.19-0.27. 
The total biogas production was near about 130 mL.day-1.

The alkalinity was measured daily, and VFA was 
measured intermittently. The results clearly showed that an 
integrated chemical and biological method is an effective 
way to reduce COD. Ozonation helped in the degradation of 
atrazine into biodegradable components. Hence, ozonation 
as a pretreatment is a potential process. 

CONCLUSION

The results showed that the integrated process of ozonation 
and anaerobic degradation emerged as a boon for the 
removal of COD as well as atrazine concentration. The 
experiment results showed that the atrazine concentration 
decreased from 100 ppb to 19 ppb, and the corresponding 
COD value decreased from 226 mg.L-1 to 30 mg.L-1 after 
the combined treatment. Studies show that atrazine has 
been degraded efficiently through ozonation, but it was not 
economical. A new combination developed is economical, 
eco-friendly, and an efficient idea for the degradation of 
total organics. It can surely be considered for pesticide 
removal at the industrial level to treat agro-industry  
wastewater.
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       ABSTRACT
Environmental policy plays a major role in integrating environmental protection goals into 
economic policy areas. Environmental deterioration will proceed rapidly until this intersection 
is successfully achieved. The paper uses European Green Deal as a reference for 
fostering sustainable development goals through competition laws. This paper discusses 
sustainability in the context of the competition laws of various jurisdictions such as 
the European Union (EU), the United States (US), the United Kingdom (UK), and India. 
While highlighting conflicts around the intersection of competition law and environmental 
policies, this paper also provides their solution for making competition law environment-
friendly. It suggests implementing such laws to promote sustainability and progress toward  
climate neutrality.

INTRODUCTION

A recent ‘Hindu article titled “Climate change fueling the rise 
in extreme weather events” discussed the repercussions faced 
by forecasting agencies to make predictions accurately. The 
gist of the article revolved around how climate change has 
increased the instability in the atmosphere. One can assess 
that if the right actions, whether at an individual or global 
level, are not taken, it can further lead to tragic consequences. 
Environmental policy plays a major role in integrating 
environmental protection goals into economic policy areas. 
Environmental deterioration will proceed rapidly until this 
intersection is successfully achieved. Various efforts are 
being made, and initiatives are being taken to prioritize 
environmental protection through various laws, regulations, 
and schemes. The efforts of such nature are focused on 
one thing: Sustainable Development (World Commission 
on Environment and Development 1987). According to 
eminent economist Sir Nicholas Stern, “Climate change is a 
result of the greatest market failure the world has seen.” He 
opined that the market price does not include the “climate 
and environment cost” caused by greenhouse gas emissions 
and pollution, implying that the price of a product does not 
accurately reflect its true cost. Such “negative externalities” 
are not reflected in the price and are borne by society. The 
consumers and others pay these costs later, however, not in 

monetary terms but as a “tragedy of the commons” in the 
form of natural calamities, diseases, and health concerns 
caused by pollution, debilitated resources, or even societal 
instability. One can say that the market has a direct impact 
on our environment. The need of the hour is to bring both 
under the same regime (Stern 2007).

Governments have become more conscious of the 
market behavior in determining the goals they set to combat 
climate change, and their prime focus is to ensure that 
their efforts help them achieve the same. Competition law, 
therefore, plays a significant role in determining the nature of 
interactions in the market between competitors. From a legal 
and economic standpoint, there has been a concern about how 
economic and non-economic impacts on the environment are 
included in the competitive assessment. It is for policymakers 
to comprehend the application of competition law in a way 
that fosters sustainable development goals (Boushey & 
Knudsen 2017).

Until recently, sustainability discussions in the context 
of competition law did not attract much attention. The 
European Green Deal has sparked debates on making the 
competition law environment-friendly and how to implement 
such law to promote sustainability and progress toward 
climate neutrality. The deal was introduced in 2019. By 
2050, the European Green Deal intends to make Europe 
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the first continent to be climate-neutral. The deal strongly 
emphasizes promoting sustainable economic growth with 
the hindsight of environmental and social policy. It intends 
to decarbonize electricity, infrastructure, transportation, 
industry, and agriculture. (Ismail & Tebbe 2021). The 
competition law framework has more than a ‘supportive’ role 
in green policy objectives. One may say that competition law 
indirectly supports sustainable development by continuously 
improving economic governance. To achieve sustainability, 
companies constantly strive for innovation, seeking a better 
version and improving their product to sustain themselves 
in the competition. To appease consumers’ environmental 
and social expectations, companies may seek to create 
new product lines or enhance existing ones. However, the 
theoretical and actual consumer behavior varies, especially 
in India, where meeting necessities daily is a priority. 
(Malinauskaite 2022) Therefore, our country should 
encourage greater equity facilitating economic growth while 
helping to eradicate poverty. Environmental considerations 
must play a part in assessing a company’s behavior in the 
market. Environmental Impact Assessment (EIA) can be 
introduced in the competition law regime to evaluate the 
consequences. From a broader perspective, EIA is also part 
of ESG (environmental and social governance). ESG is a 
form of analysis considering non-financial factors to identify 
risks and growth opportunities.

Further, applying provisions for anti-competitive 
agreements, abuse of dominance, merger, and combination 
in terms of environmental policy only strengthens the goal 
of sustainability. The tendency to consider environmental 
arguments with prime importance in evaluating the impact 
of companies on the environment may become the new 
normal in the near future. The dilemma lies in maintaining 
an efficient environmental policy, competing with others in 
the market, and striving to be in consumer demand. (Qaqaya 
& Lipimile 2012) Efficient techniques may also lead to 
anti-competitive effects such as cartelization, which we will 
further analyze in the article. 

BRIDGING THE GAP BETWEEN COMPETITION 
LAW AND ENVIRONMENTAL PROTECTION

While analyzing whether the relationship between the two 
is acrimonious or complementary, there is a greater need 
to understand that this determination is based on the nature 
of agreements. In agreements leading to synchronized 
availability of sustainable and non-sustainable products, as 
opposed to such agreements leading to withdrawals due to 
quality standards, it may be considered pro-competition. 
In contrast, the latter must undergo a cost-benefit analysis 
(Watson et al. 2022). From the other side of the pond, 

competition laws might not allow for the pursuance of 
agreements promoting sustainability, in which case, the 
environmental perspective would deem it anti-sustainability. 
While the thin line in between may be tough to walk, the 
growing concern for sustainability while promoting ethical 
market practices necessitates that the middle ground becomes 
a norm. A cost-benefit analysis is an equally complex process 
for two reasons: firstly, sustainability is tough to calibrate 
and quantify in absolute terms; and secondly, the nature of 
cost and benefit may be vastly different, prompting certain 
levels of conversion (Watson et al. 2022). 

The Organization for Economic Co-operation and 
Development (OECD) promotes this idea of attaining 
sustainability with its constant effort to determine how the 
regulatory authorities can facilitate sustainable and pro-
competitive business practices (OECD 2021). ESG and CSR 
(Corporate Social Responsibility) are important economic 
and social welfare concepts. While many areas of law have 
already adapted to these phenomena, competition law is yet 
to find its place in the “sustainability movement” (Arvidsson 
1999).

CARTELS, GREENWASHING AND CLIMATE 
CHANGE

Collaborative efforts for sustainability stand to be tested 
beneath the ever-looming sword of cartels. In this space 
of collusion versus cooperation, many defend the pillars 
of antitrust on the ground that competition has a greater 
scope of incentivizing investment in green technology than 
cooperation (Nuys & Huerkamp 2021). 

The perspective of competition runs the risk of assuming 
that consumers are willing to pay more for green technology. 
On the other hand, cooperative efforts risk getting slashed due 
to a bar on cartelization. However, certain reports asseverate 
that a competition policy may be the best way to improve 
the environment. This also warrants protecting products 
against greenwashing on the pretense of sustainability to 
bury investigations into what cartels are. In one such case 
concerning the Consumer-Detergents Cartel of the European 
Union, an environment-centric effort was a front for a cartel 
to synchronize price increases. Thus, the relationship between 
green efforts and competition is increasingly complicated due 
to this essential factor (European Commission 2005).

	 •	 When companies are working towards positive societal 
benefits, a big challenge lies ahead of them regarding 
the execution of the projects in such a way that does 
not result in cartelization by increasing prices or sign-
ing agreements horizontally or vertically, etc. This is 
where EIA or/and ESG come into play, requiring the 
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companies to evaluate the pros and cons to ensure the 
project’s positive impact. There are no predefined pa-
rameters for this category. The assessment shall be based 
on jurisdiction and facts. However, there are certain 
criteria a regulating authority can adhere to reduce risks 
(Malinauskaite 2022):

	 •	 Ensure that the required authorities are keeping an eye 
on the antitrust organization to prevent future issues. 

	 •	 Ensure that adequate training and awareness are 
provided to such organizations regarding sustainable 
development goals. 

	 •	 Ensure that the competition among the players is sus-
tained. 

	 •	 Analyze a project or proposal’s environmental consid-
erations, benefits, and impact.

	 •	 Ensure a compliance program is formulated to safeguard 
the consumers and society and avoid unforeseen risks. 

UNDERSTANDING REGULATORY FRAMEWORKS

Any cooperation or collaboration agreement must be 
carefully analyzed to avoid violating the Competition 
Law. When assessing risk in the context of sustainability 
cooperation, factors to be taken into account are as follows: 

	 •	 Which Government authorities are responsible for 
enforcing competition law? 

	 •	 How often do regulatory authorities enforce sustainability 
agreements? 

	 •	 What factors are the regulating authorities considering 
to investigate sustainability cooperation cases? 

	 •	 What factors do regulatory authorities consider to 
determine whether the company’s conduct violates the 
competition law? 

	 •	 Does the regulating authority publish any additional 
notifications or guidelines?

	 •	 What is the standard of regulating authorities in 
resolving cases involving sustainability agreements? 

The answers provided for these questions vary 
significantly among competition authorities across the 
jurisdictions (Herbert Smith Freehills 2022a). 

One must note that certain environmental considerations 
may entail potentially anti-competitive behavior. However, 
it can lead to significant benefits to sustainability. 
Authorities have resorted to some criteria (stated above) 
that help to assess the status of the company’s conduct. The 
environmental considerations can be perceived in a way 
that promotes sustainable development goals. Analyzing the 
factors provides us with the pros and cons, where the former 

benefits the individual and the society at large, and the latter 
is anti-competitive in its totality (OECD 2021). 

ENVIRONMENTAL CONSIDERATIONS IN  
ANTI-COMPETITIVE AGREEMENTS

This category can be further categorized into cooperation 
agreements, Abuse of Dominance, and Mergers & Ac-
quisitions. Co-operation Agreements can be of two types: 
Horizontal and Vertical. 

A coordinated effort to phase out an environmentally 
damaging product, a shared environmental norm binding 
on the participants, or the sharing of resources to advance 
sustainability goals is among the examples of horizontal 
agreements. The European Commission has considered 
efficiency factors when dealing with such anti-competitive 
but sustainable conduct. It has permitted such agreements 
where certain criteria were met, as was evident from the 
Philips-Osram case. Philips and Osram formed a joint 
venture to manufacture and market lead glass tubing for 
incandescent and fluorescent lamps in this case. Unless 
expensive and efficient filters are installed, using lead glass 
causes environmental damage. The agreement intended “a 
lower total energy usage and a better prospect of realizing 
energy reduction and waste emission programs” (OECD 
2021). Undoubtedly, this reduces the “negative externalities” 
on the environment.

ENVIRONMENTAL CONSIDERATIONS IN CASES 
OF ABUSE OF DOMINANCE

When a company holds a strong position due to its market 
share, it might exploit that position to boost profits or drive 
out competitors, which are clear examples of abuse of 
dominance. However, the company can also use its market 
dominance to achieve environmental goals. For example, the 
dominant company may refuse to deal with trade partners 
who do not meet its defined sustainability criteria or tie or 
bundle its products with green goods to increase the sales 
of those latter products (OCED 2021). In such cases, it 
is at the authorities’ discretion to determine whether the 
dominant position is being abused in its totality or benefits 
the environment and society. 

ENVIRONMENTAL CONSIDERATIONS IN MERGER 
CONTROL

The approach to merger control and acquisitions needs 
to adapt to changes in sustainability. The concept of 
combination regulation intends to analyze the ‘structural 
changes’ in the market due to the merger or acquisition. The 
aim is to avoid anti-competitive practices in disguise. The 
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competition authorities can rely on certain factors to ensure 
that the merger is not intended with objectives that may 
result in environmental damages. Continuous technological 
advancements and stimulation of innovation are required 
to ‘green’ the competition law and achieve sustainable 
development goals. Attaining the same with positive 
outcomes would take a long period (OECD 2021). Therefore, 
when companies merge with one of their objectives to 
promote sustainability, analyzing the impact of the same on 
the environment can be a complex process. However, relying 
on certain parameters, setting up a compliance program, 
and keeping a tab on the mergers can help to strengthen the 
environmental goals.

PAINTING THE GLOBAL PICTURE

The international community and governments worldwide 
have acknowledged that immediate action is required to 
prevent the catastrophic effects of climate change. Since 
the Stockholm Conference of the United Nations (UN) in 
1972, the debate on climate change has revolved around the 
influence of human activity and development proposals on 
the deterioration of the environment. Such debates have led 
to establishing a relationship between economic growth and 
pollution and providing efficient alternatives and mitigation 
strategies. The importance of private actors is repeatedly 
emphasized because of their significant social impact and 
ability to support public and government investments in 
environmental protection.

The 2030 Agenda for Sustainable Development, 
adopted by the UN General Assembly in 2015, intends a 
“plan of action for people, planet, and prosperity to guide 
all countries” toward sustainable development. The Paris 
Agreement seeks to strengthen the worldwide action plan 
toward climate change “through appropriate financial flows, 
a new technology framework, and an enhanced capacity 
building framework.” The EU unveiled the European 
Green Deal in response to these international commitments, 
establishing it as an “integral part of the Commission’s 
strategy to implement the United Nations’ 2030 Agenda”.

Both domestic and international analyses of various 
jurisdictions hint at two things: firstly, there are mostly 
general antitrust laws and not specific sui generis provisions 
designed to address environmental protection within 
competition law; secondly, there is a growing concern 
to incorporate sustainability and so, laws are now being 
interpreted to achieve the same. 

Article 81 of the European Commission (EC) Treaty 
forbids agreements between businesses, decisions by groups 
of businesses, and collaborative practices which involve 
anti-competitive conduct such as prevention, restriction, 

or distorting of competition within the market. Clause (3) 
provides that certain agreements may be exempted from the 
prohibition. Article 81 employs tools of economic analysis 
to assess any agreement. The tools evaluate the impact of 
an agreement in terms of positive or negative impact. The 
article seems to allow for an exemption only if the agreement 
is advantageous economically.

Article 101(1) of the Treaty on the Functioning of the 
European Union (TEFU) has provisions on collusions and 
cartels, an example of which can be seen in the case of 
German carmakers case whereunder they were levied with 
heavy fines for collusions on technical development. While 
this may seem preventive, the EU and the Commission 
are taking promising steps, such as revising Horizontal 
Guidelines with a dedicated chapter on sustainability 
agreements. The EU Green Deal and certain private efforts 
to guide sustainability can also be seen in Europe. Even in 
the UK, while sustainability agreements are read into the 
general antitrust laws, they have come up with Guidelines 
to help this complexity further. Similar is the position in US 
and Australia. Austria has a dedicated Cartel Act, amended 
to incorporate sustainability-related exemptions in 2021. 
Even the Netherlands Authority for Consumers and Markets 
(ACM) has issued guidelines on placing sustainability 
within competition law. While this isn’t an exhaustive list 
of European countries, efforts also come from Asia, such as 
China, which actively reads sustainability into its competition 
law. Cambodia and Malaysia’s laws specifically address 
agreements with substantial and evident social welfare 
benefits. In its plan for 2021-25, the Malaysian Competition 
Commission stated that it would research and work towards 
greening its competition policy and how it can support the 
ESG agenda (OECD 2021). The Competition Commission 
of Singapore has spotlighted sustainability for the year 
2022. The Business Roundtable pledged to “protect the 
environment by embracing sustainable practices across 
our businesses” in its 2019 “Statement on the Purpose of a 
Corporation” (ICC 2020). Rightfully, the various examples 
demonstrate that more countries are jumping onto the wagon 
to initiate a discussion domestically and take concrete steps 
accordingly. 

CORRELATION BETWEEN ENVIRONMENTAL 
LAW AND COMPETITION ACT IN THE EUROPEAN 
UNION, THE UNITED STATES, AND THE UNITED 
KINGDOM

The European Union (EU)

When the European Union was first established, social 
considerations were not considered. However, with the surge 
in pollution and climate change, the debate on sustainability 
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promoting technical or economic progress

	 •	 Consumers receive a fair share of benefits

	 •	 Indispensability

	 •	 No elimination of competition

The United Kingdom (UK)

In the UK, the Competition Act of 1998 (CA 1998) and the 
Enterprise Act 2002 are among the sources of competition 
law. Chapter I of the CA, 1998 provides for the assessment 
of the sustainability agreements. These agreements are 
subject to the same exemptions as laid under Treaty on the 
Functioning of the European Union (TFEU) under Section 
9 of CA, 1998. It can exempt agreements that “contribute to 
improving the production or distribution … or to promoting 
technical progress while allowing consumers the fair share 
of the resulting benefit,” provided they do not eliminate 
competition and do not impose any limitations that are 
not necessary for achieving the objectives laid. Thus, if 
an agreement is prohibited under Article 101(1) TFEU, 
it can still be held as permissible through the exemption 
provided by Article 101(3), provided it entails environmental 
protection objectives. In its Competition Policy Report 2016, 
the commission noted that ‘competition law also intends to 
drive companies to make maximum use of scarce resources 
and thus includes an environmental protection perspective.’

The European Commission also relies on certain 
guidelines and rules such as Climate, Energy, and 
Environmental State Aid Guidelines (CEEAG), General 
Block Exemption Regulation (GBER), and Important 
Projects of Common European Interest (IPCEI) (CMS Law 
2021). 

The CEEAG includes facets such as ‘Environmental 
Protection Costs,’ ‘Stricter Conditions for non-green 
infrastructure projects, etc. In 2021, GBER shifted to the 
green and digital economy, enabling its Member States 
to provide aid under certain conditions without prior 
notification. The rules on aid on Important Projects of 
Common European Interests govern cross-border initiatives 
that require joint investments from several EU Member 
States. The development of innovative technologies and 
industrial methods that advance the goals of the Green Deal 
will be aided by the updated IPCEI regulations. All these 
guidelines are employed to promote the objectives of the 
European Green Deal.

In 1999, the Commission in Conseil Européen de la 
Construction d’Appareils Domestiques (CECED) case 
considered broader environmental benefits. This case 
involved a deal between domestic washing machine 
manufacturers to stop making and importing the least 

became the need of the hour. It led to discussions where 
strong initiatives for the execution and implementation of 
environmental policies were emphasized. The seriousness 
of the matter has led to the normalization of environmental 
agreements between the market players. In such agreements, 
the companies cooperate or collaborate to harmonize 
sustainable development goals in their businesses. These 
agreements can potentially jeopardize the environment at 
the risk of being anti-competitive under Article 101 of the 
Treaty on the Functioning of the European Union (TFEU).

Article 3 of TFEU highlights the objectives of the EU. 
According to clause (3), the internal market must be built 
on a social market economy with high levels of competition 
and environmental protection. The shift of the EU from 
a rigid economic project to considering social welfare 
factors is evident under Article 191. Clause (1) lists several 
environmental objectives such as “preserving, protecting 
and improving the quality of the environment, prudent 
and rational utilization of natural resources, promoting 
measures at international level to deal with regional or 
worldwide environmental problems, and in particular 
combating climate change.” All these objectives are crucial 
in attaining sustainable development goals. It is Article 11 
that consolidates environmental protection and the EU’s 
activities and policies to promote sustainability. It states, 
“Environmental protection requirements must be integrated 
into the definition and interpretation of the Union policies and 
activities, particularly to promote sustainable development.” 
The inclusion of environmental protection into Union 
policies is emphasized even in Article 37 of the Charter of 
Fundamental Rights of the EU (Krause 2020). Article 101 
of the Treaty prohibits agreements that limit competition 
between two or more independent market operators. This 
provision covers both horizontal agreements and vertical 
agreements. Only limited exceptions are permissible.

The factors to be considered in this article are:

	 •	 Whether the agreement intends to promote sustainability 
or, in disguise, aims to cover up price fixing, cartels, 
etc.

	 •	 If the agreement promotes sustainability, is it causing 
appreciable effects?

If four conditions are met, sustainability agreements 
restricting competition may be exempted under Article 
101(3) TFEU. The article provides for ‘Block Exemption 
Regulation.’ It allows certain agreements to be exempted from 
the prohibition of restrictive agreements laid in Article 101(1).

The four conditions are as follows:

	 •	 Improving the production/distribution of goods or 
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energy-efficient models. Not only did this deal directly assist 
customers by lowering energy bills, but it also positively 
impacted the environment by reducing CO2 emissions. 
The Commission determined that the agreement could be 
exempted under Article 101(3) of the TFEU despite the 
limitation on competition. The commission weighed the 
economic efficiency and environmental benefits on an equal 
footing. (European Commission 1999)

The United States (US)

Antitrust scholars consider non-economic policy objectives 
as falling outside the scope antitrust law regime. Many 
antitrust scholars argue that considering non-economic policy 
goals is against the very objective of antitrust laws. Some 
scholars have argued that antitrust analysis should include 
non-economic factors that affect consumers. Time and again, 
it is contended that antitrust laws must address social issues 
like climate change (Khan 2021).

Post the United Nations General Assembly of 2015, 
the emphasis has been on the sustainable development 
agenda. The main antitrust laws in the US are The Sherman 
Antitrust Act of 1890, the Federal Trade Commission Act 
of 1914 (The FTC Act), and the Clayton Antitrust Act of 
1914. The Sherman Act provides for free competition in 
trade or commerce. The FTC Act established the Federal 
Trade Commission. It vests the commission with the power 
to “prevent unfair methods of competition and unfair or 
deceptive acts or practices in or affecting commerce.” The 
Clayton Act aims to prevent anti-competitive conduct. It 
strengthens the antitrust regime in the US. The act forbids 
predatory and discriminatory pricing, anti-competitive 
mergers, and other unethical practices. Section 1 of the 
Sherman Act, which prohibits “contracts, combinations, 
or conspiracies in restraint of trade or commerce, “ and 
Section 5 of the FTC Act, which prohibits “unfair methods of 
competition,” may apply to agreements between companies 
on sustainability issues.

The antitrust agencies in the US are the US Department 
of Justice and the Federal Trade Commission (Herbert Smith 
Freehills 2022). By assisting legislators and policymakers 
in understanding the competitive impacts of laws and 
warning them of potential unintended consequences of 
regulation, the agencies contribute significantly to the 
environmental regulation process. This enables legislators 
to weigh potentially conflicting policy concerns. Thereby, 
evaluating the legality of future collaborations or cooperation 
concerning sustainability agreements should consider 
the antitrust laws and guidelines. The antitrust agencies 
acknowledge that “competitive forces are driving firms 
toward complex collaborations to achieve goals such 

as expanding into foreign markets, funding expensive 
innovation efforts, and lowering production and other 
costs” and that these collaborations “often are not only 
benign but pro-competitive.” Collaborations that embrace 
the potential of the latest technological advancements to 
promote sustainability by establishing industry standards 
may be permissible under antitrust laws.

In 2021, US President Joseph R. Biden issued an 
Executive Order on “Promoting Competition in the 
American Economy.” The Order broadly reaffirmed the 
Administration’s position that it would pursue US antitrust 
laws by “combatting excessive concentration in the 
industry, abuses of market power, and the harmful effects of 
monopoly.” However, the Order did not outline any specific 
policy to promote sustainability or address how US antitrust 
laws would affect sustainability collaborations (Herbert 
Smith Freehills 2022b). It is important to note that preserving 
the environment and sustaining a competitive economy can 
go hand in hand.

The joint ventures among the competitors are assessed 
through the rule of reason. Rule of Reason analysis is 
applied as the scrutiny procedure for the agreements under 
the US antitrust law. The purported pro-competitive benefits 
of an agreement are weighed against its anti-competitive 
conduct in a fact-intensive, burden-shifting evaluation. If 
an agreement is per se unlawful, the courts, irrespective of 
its pro-competitive nature, will not inquire into it. However, 
if under Rule of Reason analysis, an agreement is shown to 
have specific pro-competitive effects, such as “higher output, 
lower costs, reduction in the effects of market failure, or 
promotion of the competitive process,” it shall render an 
agreement permissible. In light of this, if a competitor’s 
collaboration benefits the competition, it is not considered 
a violation of antitrust law. Another scrutiny standard 
applied in the US is the ‘reasonableness of the restraint.’ 
Market power and market impact are analyzed under this 
step (Herbert Smith Freehills 2022b).

In the United States v. Automobile Mfrs. Ass’n, 643 F.2d
1028 (9th Cir. 1981). The US sued to ‘prohibit an agreement 
between the manufacturers to stifle the advancement of 
ecologically friendly technology.’ The Department of 
Justice sued major automobile manufacturers for conspiring 
to eliminate competition in the design, development, and 
production of air pollution control technology. Such conduct 
was held in violation of the antitrust laws. The action was 
settled through a consent decree that forbade the defendants 
from participating in the allegedly illegal conduct.

Since the US does not have specific laws or guidelines 
dedicated to sustainable development goals, balancing the 
public policy goals of competitive markets and preservation 
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of the environment depends on the interlinking of these areas 
and interpreting the law in a way that considers societal 
factors as well. The agreements relating to environmental 
objectives are treated the same as other agreements for 
purposes of antitrust analysis. (Hylton 2008)

India

The courts, tribunals, and policy-makers actively note 
India’s obligations to promote sustainable development 
goals, especially since the Apex Court declared the right 
to a healthy environment a fundamental right under Article 
21. However, the Competition Commission of India (CCI)
hasn’t yet incorporated, negatively or positively, into this
discussion surrounding the interplay. No specific prohibition 
would only apply to company collaboration agreements on
sustainability issues. EU and other regimes serve as a great
example for India to realize and actuate the path it must take 
in the future and improve.

According to a report submitted to the CCI, the 
integration of environmental concerns into competition 
law in India is a complex issue due to the non-economic 
nature of environmental effects in the short term (Siddiqui 
2022). However, the report concludes that the CCI’s goal of 
preserving consumer welfare aligns well with the promotion 
of sustainable development, and consolidating exemptions 
related to public interest or India’s treaty obligations under 
Section 54 of the Indian Competition Act, 2002 could be a 
potential solution. This approach would allow for a gradual 
incorporation of environmental concerns into competition 
law without the need for an immediate overhaul of the 
competition regime. India has the opportunity to take a 
leading role in promoting sustainable development through 
competition practices, and could also serve as an example 
for other developing countries. While economic practices 
differ between developed and developing countries, each 
jurisdiction has lessons to offer India, provided that it takes 
the necessary steps.

A common concern across the countries has regarded 
the formation of cartels to hold anti-competitive practices 
in disguise for promoting sustainability. 

According to the Indian Competition Act 2002, there 
are three ways by which healthy competition and consumer 
welfare can be promoted:

• By prohibiting anti-competitive agreements and
practices that cause appreciable adverse effect on
competition in India (AAEC);

• By preventing abuse of dominant position in the market;

• By regulating mergers and acquisitions.

Governments and corporations are working towards

including environment-friendly trade and manufacturing 
practices in their regular business practices supporting 
sustainable development. In light of the threat posed by 
climate change, the scope of consumer welfare can be 
broadened to encompass environmental sustainability goals 
in addition to consumer surplus.

In India, competition assessment can place greater 
emphasis on sustainability by utilizing section 54 of the 
Competition Act (the Act). This section empowers the 
Central Government to exempt the application of the Act 
or any of its provisions for a specified period. Given the 
importance of environmental protection and sustainability 
in policymaking, the government can use Section 54(a) to 
exempt certain provisions of the Act if the project’s impact 
on the environment is thoroughly analyzed and evaluated 
and if the measures adopted by the company benefit society 
at large. Section 54(b) further enables the government to 
fulfill its commitment made at the Paris Summit 2015 by 
exempting the Act’s provisions to fulfill any obligation 
assumed by India under a treaty, agreement, or convention 
with other countries (Bhatia 2017).

Therefore, the Competition Act of 2002 can be a valuable 
tool in addressing larger environmental concerns in India. 
Rather than amending the provisions, we should interpret 
the Act in a way that excludes climate change and promotes 
sustainability. The proposed framework can be applied 
when companies make efforts to improve quality, avoid 
pollution, stimulate innovation, and benefit society. After a 
thorough analysis of various jurisdictions, including India’s, 
it can be concluded that companies may be eligible for an 
exemption from general prohibitions if their agreements or 
conduct promote sustainable development goals. However, 
it is crucial to interpret existing laws in a way that aligns 
with environmental policy and promotes consumer welfare.

To prevent anti-competitive practices under the guise of 
sustainability, authorities must ensure that guidelines are in 
place. For instance, the EU’s dedicated chapter on sustainability 
agreements offers well-formed guidelines that facilitate 
better implementation and demonstrate the importance of 
environmental considerations. Implementing such guidelines 
in India would provide clarity and improve the effectiveness of 
competition assessments in promoting sustainability.

CONCLUSION

Several conflicts arise at the intersection of competition law 
and environmental policies. Some market players argue that 
competition law impedes sustainability collaboration, while 
regulators claim that they have not received any concrete 
proposals for sustainability collaboration from the industry. 
This emphasizes the need to focus on consumer behavior.
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There is also a debate about whether easing competition 
rules would lead to eco-friendly proposals or whether 
promoting a competitive market while adhering to existing 
policies would be more effective in achieving greener results 
in practice.

Furthermore, quantifying “effectiveness” in complying 
with competition law principles is a complex process, creating 
challenges for cost-benefit analysis. Agreements that provide 
social benefits that cannot be measured in monetary terms 
can be problematic if they restrict competition. However, if 
the restriction is proportionate to its environmental benefits, 
such agreements may be permissible.

It is necessary to strike a balance between competition 
law and environmental policies by considering the specific 
circumstances of each case and evaluating the trade-offs 
between the benefits of competition and environmental 
protection. The solution to these conflicts is that the 
Competition Law regime incorporates sustainability, or 
the law is interpreted to supplement environmental goals. 
The former option can lead to a difficult balance between 
consumer welfare, environmental goals, and the aim of 
market players (which cannot be based on the factor of 
environmental betterment only). The former may lead to 
anti-competitive practices (Siddiqui 2022). That said, it does 
not mean the possible solutions aren’t effective. It is on the 
government and regulatory authorities to adopt thorough 
guidelines and ensure that the difficulties mentioned above 
are eliminated. 

In order to integrate environmental considerations 
in competitive assessment, several questions need to be 
addressed, including:

• To what extent can environmental factors be included
when there are no direct consequences on competition
in the market?

• At what stage should the impact of the project or
proposal be assessed in relation to environmental
factors?

• Can a common ground be reached between environmental 
factors and other factors in competitive assessment?

These questions are important to consider as competition 
law and environmental policies intersect and finding a 
balance between the two is necessary to achieve sustainable 
development goals.

Integrating environmental considerations in competitive 
assessment raises complex questions that lack straightforward 
solutions. Determining the scope of environmental 
consequences is difficult since they are non-economic in 
nature. To address this, practices like incorporating the cost 
of “negative externalities” can be adopted to ensure that 

products reflect their true cost. Regulators can also categorize 
the effects in economic terms, either positively or negatively, 
depending on the transaction or company conduct.

Formal quantification measures, such as the OECD 
guidelines for “cost-benefit analysis” of environmental 
initiatives, can also be used. These guidelines use shadow 
pricing and consider long-term environmental effects for 
future generations. The competition authorities of Greece 
and the Netherlands have already adopted this approach 
(Siddiqui 2022).

Sustainability discussions are inevitable in light of 
the European Green Deal and international commitments 
toward environmental goals. We cannot shield ourselves 
from discussions surrounding environmental protection 
within competition law. Further, the market is going to 
dictate a lot of what the repercussions of its actions will be 
on our climate. From a bird’s eye view, Competition Law 
safeguards the effects of anti-competitive agreements, abuse 
of dominance, etc., on the consumer in the relevant market. 
However, sustainability benefits are more likely to translate 
into a combination of some direct benefit to the individual 
consumer, with other benefits being enjoyed by the wider 
society at large or even by the future wider society. The exigent 
nature of the problem demands that jurisdictions expressly 
read sustainability within the competition law’s design 
and make any necessary modifications and amendments. 
While maintaining a pro-competition spirit, environmental 
exemptions can be accommodated in certain situations after 
a fact-based cost-benefit analysis (EIA; ESG), especially in 
complexities arising from collaborative agreements. 

Apart from all the legal and economic regimes that must 
be followed to ensure sustainability, consumer awareness and 
sensitivity towards sustainable goals is of prime importance. 
It is their behavior that impacts the market. The preference 
for green products can act as a drive for competition between 
the market players/suppliers. A good environmental image 
can be an important marketing instrument for market players. 
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      ABSTRACT
The neurotoxic effects of exposure to low levels of the pesticide imidacloprid (IMI) and the 
effect of curcumin are of current interest when exposure occurs during early development. 
Male weanlings of Swiss albino mice (21 days old) were given 1 mg.kg-1 body weight (1/130 
of LD50 and 2 mg.kg-1 body weight (1/65 of LD50) of imidacloprid and Curcumin (100 mg/
kg body wt.) by oral gavage from postnatal day 21 to postnatal day 60. Young adult offspring 
were studied for behavioral parameters and learning ability using open field and Morris water 
maze. After completing the behavioral test, brains were processed for acetylcholine esterase 
activity and antioxidant enzyme estimation. The level of lipid peroxidation and activity of 
catalase, superoxide dismutase, and glutathione were assayed. In the present study, 
parameters such as locomotor activities and cognitive skills were not affected compared 
to lower doses of imidacloprid in the open field and Morris water test. However, activities 
and levels of antioxidant enzymes such as catalase and lipid peroxidation were found to be 
altered. In contrast, superoxide dismutase, acetylcholine esterase activity, and glutathione 
remained unchanged compared to the control. This suggests that subchronic exposure to 
low doses of IMI can lead to significant alterations in the enzymes of antioxidant protective 
systems such as catalase and lipid peroxidation. Co-treatment with curcumin was able to 
restore the activities of the affected enzymes in comparison with the control.

INTRODUCTION

Imidacloprid (neonicotinoid insecticide) is widely used to 
control sucking pests on a diverse range of major crops, 
including vegetables, rice, cotton, potato, and others 
(Fossen, 2006, Jeschke et al. 2011, Simon-Delso et al. 
2015). Thus, non-target populations, such as mammals, 
especially humans, get exposed to xenobiotics via food 
and contaminated drinking water (US EPA 2020). Long-
term acute and chronic exposure to imidacloprid and other 
neonicotinoids causes various health deficits in mammals 
(Lonare et al. 2014, Cimino et al. 2017, Katic et al.  
2020).

Recent studies have also shown that imidacloprid 
exposure leads to biochemical changes in the central nervous 
system, thereby affecting the behavior of organisms. It can 
bind to the nicotinic cholinergic receptors in the nervous 
system (Tomizawa & Casida, 2002, 2003). Chronic 
imidacloprid exposure and adverse development can be 
correlated, and this has been further strengthened and 

confirmed by human exposure studies (Yang et al. 2014, 
Carmichael et al. 2014) 

According to the guidelines laid down by the European 
Food Safety Authority (EFSA), the acceptable daily intake 
(ADI) and acceptable operator exposure level (AOEL) of 
imidacloprid for humans have been set to 0.06 mg.kg-1 
bw.day-1 and 0.08 mg.kg-1 bw.day-1 respectively (EFSA 
2008). A change in the previously set reference values was 
suggested by the EFSA 2013, lowering the AOEL to the 
same level as ADI to avoid developmental neurotoxicity in 
humans (EFSA 2014).

The most available literature on the toxicity of such 
chemicals is based on high doses and the adult population 
(Toor et al. 2013, Bagri et al. 2013, Vohra & Khera 2015, 
Sharma et al. 2019, 2021). Though the current limit of concern 
regarding imidacloprid for mice, no observed adverse effect 
level (NOAEL) has been found at 5 and 10 mg.kg-1 per day 
(Arfat et al. 2014).  However, sub-chronic low-level exposure 
and its effect on young and developing populations have not 
yet been well investigated (Katic et al. 2020).

Younger populations, such as neonates and kids, 
can be indirectly/directly exposed to these toxic agents. 
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Even low-dose exposure during such vulnerable and 
sensitive development periods may cause disruption and 
malfunctioning of adults’ brains and nervous systems, 
thereby affecting their behavior (Gawade et al. 2013, Burke 
et al. 2018). 

Furthermore, during the development phase, the brain 
is highly susceptible to neurotoxic insults as the developing 
blood-brain barrier (BBB) is less resistant to these toxicants 
than the mature adult brain, thus allowing the toxicant to 
reach the blood supply and brain. Therefore, exposure during 
the developing period is of significant interest. It has been 
reported by various studies that preschool children are being 
exposed to higher levels of pesticides than the recommended 
ADI. Such a high consumption rate of these pesticides 
indicates a possible fetal neurotoxic risk and may impair 
children’s cognitive skills, behavior, and motor and sensory 
functions. Suggesting that the effect of such xenobiotics on 
vulnerable populations such as children and young adults 
should be thoroughly researched (Van Wendel de Joode et 
al. 2016). 

Curcumin (Cur), an important ingredient of turmeric, 
is a potent inhibitor of free radical formation and reactive 
oxygen species (ROS) generation in conditions such as 
lung injury induced due to paraquat exposure (Venkatesan 
2000), propanil-induced hepatoxicity (Otuechere et al. 2014), 
malathion induced testicular toxicity and oxidative damage 
in male mice (Ali & Ibrahim 2018). Curcumin is protective 
against free radical damage. Its role in improving cognitive 
function has recently been identified and studied thoroughly, 
especially in neurodegenerative diseases such as Alzheimer’s 
and Down syndrome (Pan et al. 2015, Rueda et al. 2020).

Thus, the present study has been planned to evaluate the 
effects of 40-day oral exposure to two (1 mg.kg-1 bw and 
2 mg.kg-1 bw) low doses of imidacloprid on young male 
Swiss albino mice.  The effect of curcumin after low-dose 
exposure to imidacloprid with emphasis on learning behavior 
and biochemical endpoints was also investigated.

MATERIALS AND METHODS

Chemicals 

A commercial formulation of imidacloprid (Victor 
Imidacloprid) 17.8%SL from the division of Insecticides 
India Ltd. (Delhi, India) was used to treat mice. In mice, the LD 
50 value (oral) of imidacloprid was 131 mg.kg-1.bw-1 (WHO 
2008). In the present study, the mice were given imidacloprid 
at 1 mg.kg-1.bw-1 (1/130 of LD 50) and 2 mg.kg-1.bw-1 (1/65 
of LD 50). Food-grade curcumin was used. 

Animals were divided into four groups (6 each) and 
treated daily by oral gavage from postnatal day 21 to 

postnatal day 60. The chosen imidacloprid doses were lesser 
than the documented non-observable level in mice (5-10mg.
kg-1bw.day-1) (Arfat et al. 2014)

Test Animals and Treatment

Adult Swiss albino mice were obtained from the Indian 
Veterinary Research Institute, Izetnagar Bareli UP. The 
animals were housed in a well-ventilated vivarium at around 
29 ± 20 C (relative humidity 33-40%) with natural light and 
dark cycles. The animals were housed in polypropylene cages 
with wood shavings spread on the floor evenly. They were 
maintained on standard mice feed obtained from Hindustan 
Level Ltd Delhi, India, and drinking water ad libitum. The 
Institutional Animals Ethical Committee approved the 
study, and all the experiments were carried out according 
to the guidelines of the CPCSEA (Committee for Control 
and Supervision of Experiments on Animals) Government 
of India, New Delhi.

The colony was maintained, and pregnant females were 
checked for parturition. The day of birth of the offspring of 
healthy females was noted as postnatal day 0. Healthy male 
weanlings (21 days old pups) weighing 93 g were selected 
for the study. Animals were divided into four groups (n=6 
each) and treated daily via oral gavage from postnatal day 
21 to postnatal day 60.

Group I served as the control and received only vehicle 
(Distilled Water).  

Group II was exposed to imidacloprid at the dose of 1 
mg.kg-1.bw-1

Group III was exposed to imidacloprid at the dose of 2 
mg.kg-1.bw-1

Group IV was exposed to 2 mg.kg-1 bw-1 imidacloprid 
and 100 mg.kg-1.bw-1 curcumin in combination

Animals were observed regularly for clinical signs of 
toxicity; food and water consumption were also recorded. 
Young animals were subjected to behavioral tests at the end 
of the exposure periods.

Behavioral Tests

The open-field test (locomotor activity and anxiety) 
(Seibenhener & Wooten 2015): The locomotor activity 
and anxiety behavior were assessed using an open field 
(Seibenhener & Wooten 2015) with slight modifications. The 
open field behavior was assessed using a square wooden box 
measuring 50 x 50cm (side x side) and a height of 38 cm. 
The box was divided into 10 x10cm blocks with black lines 
painted into 25 similar spaces. For observations, each mouse 
was placed in the center arena and left free to explore for 
the next 5 minutes. Further, it was scored on the following 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1593POSTNATAL EXPOSURE TO A LOW DOSE OF IMIDACLOPRID IN SWISS ALBINO MICE

Nature Environment and Pollution Technology • Vol. 22, No. 3, 2023This publication is licensed under a Creative 
Commons Attribution 4.0 International License

This publication is licensed under a Creative 
Commons Attribution 4.0 International License

parameter: Exploration time (total time duration animals 
were in a mobile state), Number of blocks crossed (number 
of floor units crossed with four paws), and freezing duration.

The Morris water maze (learning and memory) (Vorhees 
& Williams 2006): Morris water maze (MWM) was used to 
assess spatial learning and memory in young mice following 
the procedure by Vorhees et al. (2006). The apparatus 
contained a circular tank (150cm in diameter and 50 cm 
in height) filled with water maintained at 29+2o C and was 
placed in a room with extra cues around the apparatus. The 
tank was divided into four equal quadrants, North-West 
(NW), South-East (SE), South-East (SE), and North-East 
(NE), with extra maze cues. A hidden platform (10 cm2) 
was located in one of the quadrants. This experiment was 
performed during postnatal days 56-60. A video system was 
used to record the movement of each mouse within the maze. 
Mice were given four training sessions. For each trial, mice 
were placed in each quadrant, and the time taken to reach 
the platform was noted. The animals use the extra cues for 
reference to reach the platform. After training sessions, the 
platform was completely submerged in the test session. Each 
mouse was placed in the test paradigm in all the quadrants, 
and latency to reach the platform was noted.

On postnatal day 60, all the animals were weighed and 
euthanized by cervical dislocation. The brain was removed 
and stored in cold isotonic saline after being weighed. They 
were further homogenized in the appropriate buffer for 
biochemical estimation.

Biochemical Estimation 

Acetylcholine esterase (Ellman et al. 1961): The 
acetylcholinesterase enzyme activity (AchE) was estimated 
in brain tissue according to the method described by Ellman 
et al. (1961) using acetylcholine iodide as a substrate and 5,5 
dithibis-2 nitrobenzoic acid (DTNB) as the coloring agent. 
The degradation of acetylcholine iodide was measured at 
412 nm.

Lipid peroxidation (Ohkawa et al. 1979): Malonaldehyde 
(MDA) was measured according to the standard method. The 
level was determined by thiobarbituric acid (TBA) reactive 
substance (TBARS) in brain tissue, based on the reaction 
between MDA and TBA. The absorbance of the organic layer 
(upper layer) was read by the UV-Vis spectrophotometer 
at 532 nm against blank using distilled water. TBA was 
allowed to react with MDA and formed a colored complex 
[MDA-(TBA)2 complex], which was measured by the 
spectrophotometer (Systronics UV-Vis Double Beam 
Spectrophotometer 2201)

Catalase activity (Luck et al. 1965): Catalase is an enzyme 
that scavenges hydrogen peroxide converting it to water and 

oxygen molecule. The activity of this enzyme depends on 
the ultraviolet absorption of the hydrogen peroxide solution, 
which can be measured at 240 nm (Luck et al. 1965. The 
activity of catalase is expressed as a unit/mg protein.

Superoxide dismutase (Marklund & Marklund 1974): 
It catalyzes the dismutation of superoxide radicals. 
Measurement of superoxide dismutase activity was 
based on the inhibition of pyrogallol autoxidation caused 
by superoxide dismutase as described by (Marklund & 
Marklund 1974).

Glutathione (Moron et al. 1979): Reduced GSH as a 
non-enzymatic antioxidant was measured according to the 
method described. GSH is determined based on the reaction 
5,5- dithiobis-2-nitrobenzoic acid (DTNB) with GSH, which 
is yellow colored chromophore with maximum absorbance 
at 412 nm. The amount of reduced glutathione in brain tissue 
was calculated at l g.g-1 tissue.

STATISTICAL ANALYSIS 

GraphPad Prism 8 was used to analyze the data. One-way 
analysis of variance (ANOVA) and post hoc test (Tukey’s 
multiple comparisons test) were applied to the data set.  The 
data are represented as mean SEM, and differences were 
considered significant when p<0.05 and highly significant 
p<0.01.

RESULTS

No adverse signs of clinical toxicity were observed in control 
and treated animals. The gain in the body weight of mice 
has exhibited significant change (p < 0.05) at both the dose 
levels 1mg.kg-1 and 2mg.kg-1.bw-1 as compared to the control 
(Table 1). At the same time, co-treatment with curcumin 
resulted in a decrease in body weight gain compared to the 
control (Table 1). A similarly highly significant decrease 
was observed in the neurosomatic index of treated animals 
at 1mg/kg bw (1.74± 0.053, p < 0.01) and 2mg/kg bw 
(1.465 ± 0.078, p < 0.01) dose levels as compared to control 
(2.207 ± 0.036). Co-treatment with curcumin resulted in a 
nonsignificant increase in the neurosomatic index compared 
to the treated group (Table 1). 

Parameters

Open Field Exploration Test: The effects of imidacloprid 
in the open field behavior are summarized in Table 2 

The locomotor activity of animals was assessed by the 
number of squares crossed during 300 seconds. The animals 
in the control group could cross an average of 267 ± 22.36 
squares. While the average number of squares crossed by 
1mg.kg-1.bw-1 IMI and  2 mg.kg.bw-1 IMI group animals 
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were recorded to be 239.33 ± 34.49 and 194.75 ± 32.28, 
respectively. The number is less in comparison to the control. 
However, not significant. Similarly, a non-significant 
decrease in the percent exploration time of 74.86 ± 4.96 was 
noted in animals exposed to 2 mg.kg-1.bw-1 IMI. At the same 
time, no change was observed in the 1 mg.kg-1.bw-1 (87.19 
± 4.44) animals compared to the control (86.13 ± 1.78). 
Further, a non-significant increase in the freezing percent 
time (11.7767 ± 4.914) was observed in animals exposed 
to 2 mg.kg-1.bw-1 of IMI, while no change was observed at 
the 1 mg.kg-1.bw-1 (5.93 ± 2.49) dose level compared to the 
control (4.518 ± 1.82). Curcumin co-treatment resulted in 
a non-significant increase in the number of blocks crossed 
(207.33 ± 63.63) and exploration percent time (89.88 ± 0.80) 
while freezing percent time (4.7733 ± 0.98) was found to be 
reduced in the group exposed to 2 mg.kg-1.bw-1 IMI + 100 
mg.kg-1.bw-1 Cur in comparison to the group exposed with 
2 mg.kg-1.bw-1 IMI.

Morris Water Maze test: The effects of imidacloprid in the 
Morris water maze test are summarized in Table 3. It is one 
of the most widely used behavioral tests for studying spatial 
learning and memory. In the target quadrant, latency to locate 
the platform in percent time was increased in the animals 
exposed to 1mg.kg-1.bw-1 (27.66 ± 7.21) and 2 mg.kw-1.bw-1 

(12.33 ± 5.56) IMI compared to the control (11.998 ± 1.334). 
However, it is not significant. Further, curcumin co-treatment 
resulted in an even more reduction in the latency period to 
locate the platform (6.32 ± 1.22) compared to the control.

Acetylcholine Esterase Activity (Table 4): Developmental 
exposure to IMI has resulted in a non-significant decrease in 
AchE activity in both 1 mg.kg-1.bw-1 (0.003146 ± 0.0005) 
and 2 mg.kg-1.bw-1 (0.003659 ± 0.0008) IMI-exposed 
animals compared to control (0.004857 ± 0.0012). However, 
no change in the acetylcholine esterase activity was observed 
in the curcumin co-treated group (0.003360 ± 0.0007) 
compared to the 2 mg.kg-1.bw-1 group.

Lipid Peroxidation (Table 4): LPO estimated in the brain 
tissue at the end of the exposure period was significantly 
(p<0.05) higher in 2 mg.kg-1.bw-1 (0.11735 ± 0.0134*) IMI 
exposed animals. No change was seen in the 1 mg.kg-1.bw-1 
(0.042075 ± 0.0048) compared to the control (0.046325 ± 
0.0072). However, it was found to be lowered significantly 
(p<0.05) by curcumin in the co-treated (0.047575 ± 0.0206) 
group compared to the 2 mg.kg-1.bw-1 group.

Catalase (Table 4): IMI treatment resulted in a decrease 
in brain catalase levels at 1 mg.kg-1.bw-1 (17.69 ± 4.38**) 
dose level when compared to the control (41.325 ± 3.65) 

Table 1: Effect of IMI and Cur exposure in Swiss albino mice on Body Weight Gain and Percent neurosomatic index following exposure to IMI, Cur, 
and their combination in young male weanlings. IMI: Imidacloprid; Cur: Curcumin.

Parameter Group I
Control

Group II
1mg.kg.bw-1 IMI

Group III
2mg.kg.bw-1 IMI

Group IV
2mg.kg.bw-1 IMI + 100mg.kg.bw-1 
Cur 

Weight Gain (gm) (Mean ±SEM) 9.2 ± 0.2 13.37 ± 0.23* 15.25 ± 1.26** 13.25 ± 0.42*

Brain Weight 0.465 ± 0.0078 0.440 ± 0.0176 0.451 ± 0.0034 0.487 ± 0.0145

% Neurosomatic Index 2.207 ± 0.036 1.74 ± 0.053** 1.465 ± 0.078** 1.802 ± 0.054*

Values represent Mean ± SEM bearing different superscripts in the same rows differ significantly * indicates (p<0.05) and ** indicates (p<0.01).  
One-way analysis of variance followed by Tukey’s multiple comparison test.

Table 2: Effect of IMI and Cur exposure in Swiss albino mice on Exploration percent time, Number of Blocks Crossed, and Freezing percent time in Open 
Field Test following exposure to IMI, Cur, and their combination in young male weanlings. IMI: Imidacloprid; Cur: Curcumin

Parameters Group I
Control

Group II
1mg.kg.bw-1 IMI

Group III
2mg.kg.bw-1 IMI

Group IV
2mg.kg.bw-1 IMI + 100mg.kg.bw-1 
Cur

Number of Blocks Crossed 267 ± 22.36 239.33 ± 34.49 194.75 ± 32.28 207.33 ± 63.63

Exploration % time 86.13 ± 1.78 87.19 ± 4.44 74.86 ± 4.96 89.88 ± 0.80

Freezing % time 4.518 ± 1.82 5.93 ± 2.49 11.7767 ± 4.91 4.7733 ± 0.98

Values represent Mean ± SEM bearing different superscripts in the same rows differ significantly (p<0.05). One-way analysis of variance followed by 
Tukey’s multiple comparison test.

Table 3: Effect of IMI and Cur exposure in Swiss albino mice on Latency to Reach Platform. IMI: imidacloprid; Cur: curcumin.

Parameters Group I
Control

Group II
1mg/kg bw IMI

Group III
2mg/kg bw IMI

Group IV
2mg/kg bw IMI + 100mg/kg bw Cur

Latency in finding a platform 11.998 ± 1.334 27.66 ± 7.21 12.33 ± 5.56 6.32 ± 1.22

Values represent Mean ± SEM bearing different superscripts in the same rows differ significantly (p<0.05). One-way analysis of variance followed by 
Tukey’s multiple comparison test.
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were applied orally to 21 days old male Swiss albino 
weanlings.

Results have indicated that imidacloprid treatment of male 
mice weanlings has increased body weight gain in treated 
animals compared to the control group at the end of 40 days of 
exposure. This increase in body weight in the treated animals 
can be attributed to the fact that male Swiss albino weanlings 
were in their growing age during the exposure period. Further, 
imidacloprid has been reported to impair glucose and lipid 
metabolism, leading to insulin resistance and weight gain, 
consistent with the present finding (Kim et al. 2013, Sun et 
al. 2016). 

In the open field test, locomotory behavior indicates 
locomotor and exploratory activities, whereas freezing can 
positively correlate with fear and emotionality (Khalil et 
al.2017). In the current study, IMI exposure led to a non-
significant decrease in exploratory behavior. This suggests 
that exposure to low doses of IMI during the development 
phase does not affect the locomotor and exploratory activity 
of young Swiss albino mice. Similar results have been reported 
by Terçariol & Godinho (2011), where open-field behavior 
was not affected significantly at the low dose level of fipronil 
with respect to the other dose levels used in the study.

In the Morris water maze (MWM), performance was used 
to assess spatial learning and memory in young mice. In the 
present study, a non-significant increase in latency to reach 
the platform in the target quadrant was observed at both the 
dose levels compared to the control. Indicating that cognitive 
skills are not affected due to sub-chronic low-dose exposure 
to IMI in developing Swiss albino male mice. The present 
finding is consistent with Koslowski et al. 2020 where long-
term low-dose exposure to another neonicotinoid fipronil did 
not affect memory and cognitive skills.

Acetylcholinesterase (AchE) is a cholinergic enzyme 
at postsynaptic nerve endings. It breaks down the naturally 
occurring neurotransmitter acetylcholine. Results from the 

(p<0.05). However, catalase activity was significantly 
(p<0.05) increased in 2 mg.kg-1.bw-1 (42.47 ± 4.96*) exposed 
animals compared to the low dose (1mg/kg bw) group, 
reaching almost control values. Treatment with curcumin 
has shown a significant (p<0.05) decrease (19.72 ± 3.49*) 
in comparison to the control.

Superoxide Dismutase (Table 4): Superoxide dismutase 
activity was not affected by IMI exposure across all 
the treatment and co-treatment groups compared to the  
control.

DISCUSSION

The growing evidence of the toxic effects of various 
pesticides, including imidacloprid in animals and humans, as 
non-target organisms, calls for assessing the adverse health 
effects it could exert. The most available literature on the 
toxicity of such chemicals is based on high doses and the 
adult population. While the effects of acute and sub-chronic 
low-level exposure, especially in young and developing 
population, has not been well investigated. The effects of 
such xenobiotics ought to be well studied among the most 
vulnerable population, i.e., neonates and young offspring. 
The developing brain goes through various changes and is 
far more susceptible to these harmful toxins than the adult 
brain. Thus, to better understand the toxicity of imidacloprid, 
the present study was designed to evaluate whether a 
consecutive 40 days of exposure to imidacloprid at doses (1 
mg.kg-1.bw-1 and 2 mg.kg-1.bw-1) lower than what most past 
studies have been based on (El-Gendy et al. 2009, Badgujar 
et al. 2013, Lonare et al. 2014). These are environmentally 
relevant with respect to mammals and humans and produce 
neurobehavioral effects and oxidative stress in young male 
mice weanlings (Kara et al. 2015, Khalil et al. 2017, Burke et 
al. 2018). The present doses were selected based on several 
toxicological reference values (acceptable daily intake, 
no-observed effect level dose, and acute oral LD50). They  

Table 4: Effect of IMI and Cur exposure in Swiss albino mice on Acetylcholinesterase (AchE) Activity, Lipid Peroxidation, Catalase Activity, Superoxide 
Dismutase Activity IMI: imidacloprid; Cur: curcumin.

Test Group I
Control

Group II
1mg/kg bw IMI

Group III
2mg/kg bw IMI

Group IV
2mg/kg bw IMI + 100mg/kg bw Cur

Catalase (µmole H202 decomposed/
min//mg protein)

41.325 ± 3.65 17.69 ± 4.38** 42.47 ± 4.96 19.72 ± 3.49*

Superoxide Dismutase (Units/mg 
protein) 

558.33 ± 121.66 509.41 ± 56.52 439.58 ± 76.63 521.58 ± 105.18

Lipid Peroxidation (n moles /mg 
protein)

0.046325 ± 0.0072 0.042075 ± 0.0048 0.11735 ± 0.0134* 0.047575 ± 0.0206

Acetylcholine (µM acetylthiocholine 
hydrolysed/min/mL)

0.004857 ± 0.0012 0.003146 ± 0.0005 0.003659 ± 0.0008 0.003360 ± 0.0007

Values represent Mean ± SEM bearing different superscripts in the same rows differ significantly * indicates (p<0.05) and ** indicates (p<0.01).  
One-way analysis of variance followed by Tukey’s multiple comparison test
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present study have indicated a non-significant decrease in 
the levels of acetylcholinesterase activities at both the dose 
levels compared to the control. Similar results have been 
reported by Tariba Lovaković et al. (2020) at 0.06 and 0.8 
mg.kg-1.bw-1 IMI dose levels.

Antioxidant enzymes such as catalase, superoxide 
dismutase, and lipid peroxidation protect the cellular 
components from reactive oxygen species by deactivating 
the free radicals (Kurutas 2016). 

Peroxidation of the membrane lipids affects the 
structure, functions, and activity of various membrane-
bound enzymes and transport mechanisms. In the present 
study, imidacloprid exposure to mice at 2 mg.kg-1.bw-1 
has significantly increased brain LPO levels. The present 
finding is consistent with results obtained by (El-Gendy et 
al. 2009, Duzguner & Erdogan 2009, Lonare et al. 2014). 
These studies were carried out on doses much higher than 
those selected in the present study. Present findings further 
strengthen the hypothesis suggesting that oxidative stress is 
one of the central pathways by which such pesticides exert 
their cytotoxic effects (Mahaboob Khan & Kour 2007, El-
Gendy et al. 2009).

After an initial decrease at the 1mg/kg bw dose level, a 
significant increase in the activity of the antioxidant enzyme 
catalase was observed at the 2 mg.kg-1.bw-1 dose level 
compared to the 1 mg.kg-1.bw-1. It acts as the first line of 
defense against the oxy-free radicals generated due to the 
toxicity of imidacloprid. This has been attributed to the fact 
that these defense mechanisms against oxidative stress are in 
the process of attempted cellular repair. The present finding is 
consistent with the results obtained in studies where catalase 
activity was found to increase when male Swiss albino mice 
were exposed to 1/10th of LD50 of IMI and in another study 
where animals exposed to IMI intravenously (El-Gendy et 
al. 2009) but in much higher dose levels compared to those 
selected in the present study.

Plant-based drugs help alleviate oxidative stress induced 
by various environmental neurotoxicants. Evidence has 
shown that consuming naturally occurring antioxidants can 
decrease oxidative stress markers (Vouldoukis et al. 2004, 
Lonare et al. 2014). Curcumin has been known Scavenge 
free radicals and induce detoxification of enzymes protecting 
against degenerative disease and cancer (Kim et al. 2014, 
Duan et al. 2014). The antioxidant mechanism of Cur has 
been attributed to its unique conjugated structure, uses an 
intramolecular Diels-Alder reaction, and uses linoleate as 
oxidizable poly-unsaturated lipid (Masuda et al. 2001, Guo 
et al. 2011, Lonare et al. 2014).

Co-treatment with curcumin resulted in a decrease 
in body weight gain and an increase in the neurosomatic 

index, indicating that curcumin could partially reverse the 
toxic effects of IMI. However, no effect was seen in the  
open field and Morris water behavior after curcumin co-
treatment.

While results from the present study have indicated that 
the animal group co-treated with curcumin and imidacloprid 
has shown significant improvement in the antioxidant 
parameters such as catalase activity and lipid peroxidation, at 
the same time, no effect was seen in the activity of superoxide 
dismutase and acetylcholine esterase. 

Adolescent brains undergo several anatomical, 
physiological, and biochemical changes during puberty. 
Such maturational modifications can influence the 
pharmacokinetics of these xenobiotics (Blakemore et al. 
2010; Kaur et al. 2023). Further, it may also be due to the 
lower absorption of active insecticide metabolites from the 
digestive system of young male mice weanlings following 
oral administration, which results in lesser bioavailability 
of IMI to tissues (Kim et al. 2007). It has been reported 
that the major enzymes responsible for the metabolization 
of IMI P450 (CYP450), especially CYP2C19 and flavin 
monooxygenase (FMO), have age-dependent functional 
changes and have been reported to display comparatively 
greater catalytic effectivity in adolescent liver samples 
compared to adult samples (Schulz-Jander & Casida 2002, 
Basaran & Can-Eke 2017). Thus, it can be said that the 
consequences of IMI metabolism may differ in young and 
adults. Thus, adolescent mice could detoxify IMI more 
effectively (Zane et al. 2018; Zhang et al. 2015). It has also 
been reported that adolescent renal and hepatic clearance 
capability surpasses the adult capability to do the same. 
Hence, they metabolize pesticides more easily than adults 
(Bruckner 2000; Kirti 2023).

CONCLUSION

Our data show that low doses of pesticides like imidacloprid 
can disrupt the biochemical profile, leading to the 
generation of oxidative stress in the brains of the developing 
population; however, behavior and cognitive skills 
appear unaffected. The young developing population can 
metabolize and detoxify the pesticides more effectively than  
adults.

Further, staying on top of oxidative stress is essential 
in the increasingly toxic world. Results from the present 
study have indicated that curcumin, a naturally occurring 
antioxidant, can restore the antioxidant enzyme profile 
effectively. Thus, dietary intake of such naturally occurring 
substances by individuals who come in direct and regular 
contact with pesticides is beneficial in combating the 
deleterious effects of imidacloprid.
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      ABSTRACT
Polypropylene (PP) and other plastic wastes are found to accumulate in the environment, 
creating significant ecological issues. They are determined to be considered non-
biodegradable, It has been established that once it enters the environment, it stays there 
permanently.  The present investigation aims to biodegrade PP without physical treatment 
and exposing it to UV light and sunlight exposed to potential fungi isolated from the soil of 
solid waste dumping site based on 18SrRNA analysis and the isolated strains were identified 
as 98.54% similar to Cladosporium sp. The fungal strain was submitted with Gene Bank 
accession number ON024632 and registered as a Cladosporium halotolerans strain SUK 
PRAKASH. The degradation was performed for 8 months of incubation in the aqueous 
medium. The biodegradation of polypropylene FTIR spectroscopy was performed to further 
examine the sheets, and the results indicated that perhaps the bonds between the sheets 
were weakening and breaking. The biodegraded samples of without treated PP sheets, UV-
exposed PP sheets, and sunlight-exposed PP sheets exhibit weight loss of 4.2%, 6.1%, and 
8.6% respectively.

INTRODUCTION

Polymers made of monomers bound by chemical bonds 
are called plastics (Vignesh et al. 2016). In the previous 
several years, plastic output on a global scale has surpassed 
330 million tonnes. Polypropylene (PP) is the material 
most in demand by the plastic converter sector out of all 
polymers. Because of its excellent processing capabilities 
and adaptability, PP is one of the most widely used and 
consumed polymers globally (Samper et al. 2018). It is 
used for numerous applications like commodities, medical 
applications, automotive, packaging plastics and packaging 
products, etc. (Samper et al. 2018). Nowadays, plastic 
is the major constituent of domestic solid waste and it is 
approximately 30-40% of the total volume of solid waste. 
When this polymeric substance is discarded, it is exposed to 
microorganisms for biodegradation, which leaves a deposit 
in the soil and landfills. Polymeric discard is a serious issue 
(Matos & Schalch, 2007). Plastics are strong, long-lasting, 
moisture-resistant carbon polymers with hydrogen, nitrogen, 
sulfur, and other organic and inorganic components produced 

from fossil fuel, a non-renewable resource. They are also 
lightweight, robust, and non-biodegradable (Kamble 2015), 
(Kumari et al. 2013).

 Plastics have limitations since they don’t biodegrade 
easily, which causes pollution and adverse effects on 
the environment. These resistive polymers strengthen 
and adsorb, which promotes the spread of unwanted and 
unwanted organisms (Ghosh et al. 2019). Furthermore, the 
harmful consequences involve swallowing by animals due 
to mistaken food which leads to entanglement (Yoshida et 
al. 2016). Therefore, there have been multiple attempts to 
minimize plastic waste. Plastic can take several centuries 
for natural degradation in the environment.  There are 
several methods for addressing both physical and chemical 
degradation, including UV therapy, physical stress, oxidant 
methanolysis, hydrolysis, etc. 

Microorganisms break down plastic by enzymatic 
activities that convert polymers into monomers and 
oligomers, followed by metabolic activity by microbial cells 
(Starnecker & Menner 1996). Microbes like bacteria, fungi, 
and actinomycetes deteriorate both synthetic and natural 
plastics (Ghosh et al. 2013).  Using microbial enzymes, 
oxidation or hydrolysis of plastic resulted in chain cleavage 
of large compound polymers into small molecular monomers, 
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which is the metabolic process that causes microbial 
degradation of plastic (Hugenholtz et al. 1998).

The purpose of the current study should be to identify 
and describe the high potential Polypropylene degraders 
using isolating microorganisms from soil and screening 
them. Through the serial dilution technique, soil samples 
from several areas where waste has been placed are used to 
accomplish the isolation. To find prospective PP degraders, 
the Clear Zone technique, an In-Vitro Biodegradation assay, 
and the calculation of the weight of PP were all utilized 
sequentially. The isolated strain was identified as the 
Cladosporium halotolerans strain based on an 18S rRNA 
study. PP deterioration was observed during an 8-month 
incubation period in an aqueous medium. Changes in 
PP weight and FTIR spectroscopy provided proof of the 
degradation.

MATERIALS AND METHODS

Soil Sampling: Soil samples were collected from solid 
waste dumping sites.  The soil layer was dug up to 1 foot 
and collected soil samples in sample containers using a 
spatula. These sites are rich with microorganisms that can 
degrade plastic. Two sites were selected for soil collection, 
viz. Kasba Bawda and Jayanti Nala from Kolhapur City, 
Maharashtra, India.

Polypropylene: Polypropylene is a synthetic polymer 
synthesized from a hydrocarbon source and is synthesized by 
the polymerization of propylene. Among the various types of 
polypropylene Isotactic polypropylene was selected for the 
biodegradation study as these are used on a large scale in day-
to-day life.  PP sheets which have a thickness of 1 mm. and a 
size of 500×500 mm.  were purchased from Sigma-Aldrich.

Preparation of enrichment culture: 1 g of soil from each 
site was put into a 500 mL conical flask containing 100 mL of 
synthetic medium (SM) that was sterilized. The preparation 
of the enrichment medium involved adding 0.1g of PP 
powder to it as the sole source of carbon. The prepared sets of 
flasks were incubated for a further week at room temperature 
on the shaker at 120 rpm.

Serial dilution method: One mL of enrichment culture was 
placed into a conical flask that contains 99 mL of saline. The 
mixture was serially diluted after shaking.

Isolation of PP degrading microorganisms: PP powder 
served as the primary source of carbon during the initial 
isolation of microorganisms using solid media (synthetic 
minimum medium-agar). Plating out on culture media 
and serial dilution (1:2, 1:5, 1:10) were performed to final 
enrichment cultures (FECs) (Esmaeili et al. 2013) for grams 
per liter was: NH4NO3 - 1g/L, MgSO4.7H2O - 0.2g/L, 

K2HPO4 - 1 g/L, CaCl2.2H2O - 0.1 g/L, KCl - 0.15 g/L, 
Yeast extract - 0.1 g/L and agar 8.0 g/L. Culture media was 
autoclaved at 121ºC for 15 minutes. After sterilization, the 
media was cool and then poured into a sterilized Petri plate. 
0.2 mL of each dilution’s suspension was streaked out on 
culture media. These plates were kept for 10 days at 37°C for 
incubation. After 10 days, the isolated colony, the number 
of colonies, and the characteristics of the colonies were 
observed (Burd 2008). 

Purification of microbial strain: Colony was picked up 
by wire loop, re-suspended in 0.2 mL of 0.85% NaCl and 
streaked onto the same culture under sterile conditions. This 
suspension was streaked onto potato dextrose agar (PDA) 
for fungi and nutrient agar (NA) for bacteria to separate the 
bacterial and fungal strains. Plates were incubated for 36 
hours and growth was observed. The subculturing was carried 
out to get a single isolated colony. As a result, a single colony 
was found and then suspended again on culture media with 
PP as the only supply of carbon (Burd, 2008). 

The isolates were purified by streaking a pure culture 
on solid media, depending on the variations in morphology/
colony characteristics. These isolated strains were preserved 
on PDA slants at 4ºC for further identification and 
biodegradation study.

Identification of isolate 1: DNA was extracted and its purity 
was assessed on the 1.0 % agarose Gel, A single band of DNA 
with such a high molecular weight was shown. Fragments of 
the Internal Transcribed Spacer (ITS) region were amplified 
by PCR. When the PCR amplicon was resolved on agarose 
gel, only a single discrete band, approximately 700 bp, was 
observed. To remove contaminants, the PCR amplicon 
undergoes purification (Mandragutti et al. 2021). ITS1 and 
ITS4 primers using a BDT v3.1 Cycle sequencing kit on ABI 
3730xl Genetic Analyzer performed forward and reverse 
DNA sequencing reaction of PCR amplicon (Gudikandula 

et al. 2017). From the forward and reverse sequencing 
data, aligner software was used to create the consensus 
sequence of the PCR amplicon (Majeed et al. 2019). The 
ITS region sequence was used to perform BLAST with the 
database of NCBI Gene Bank. The first ten sequences were 
selected and aligned using Clustal W’s multiple alignment 
software based on the maximum identity score (https://www.
barcodebiosciences.com/genomics -services/microbial-
identification/). Using MEGA 7, the distance matrix was 
generated, and the phylogenetic tree was constructed (Nanda, 
2020).

In-vitro biodegradation assay: The biodegradation of PP 
was investigated by exposing polypropylene sheets to a 
submerged cultivation process. In conical flasks, degradation 
using microorganisms was performed on shaker conditions. 
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There was 100 mL of the synthetic medium and PP sheets in 
each flask. Aliquots (100 mL) of synthetic media were added 
into a 500 mL conical flask and sanitized in an autoclave 
for 20 minutes at 121°C. After sanitizing aliquots (100 mL) 
of the synthetic medium in an autoclave for 20 minutes at 
121°C. although it cooled, the medium was inoculated with 
5 mL of fungal spore suspension made by suspending spores 
from the SM-agar plate in 20 mL sterile water. On a rotary 
shaker rotating at 110 rpm, the fermentation broth was kept 
for incubation. Sets were incubated for 8 months to evaluate 
PP degradation. The sole carbon in the medium originated 
from PP sheets.

Without inoculating any microbial strain, the control 
was preserved. The two sets were maintained in 3 groups 
sunlight-exposed PP sheets, UV-exposed PP Sheets, and PP 
sheets without treatment.

Determination of weight loss of polypropylene: To 
facilitate accurate measurement of weightless PP, biofilms 

were washed off the PP surface with ethanol. 

 Weight loss = Wi - Wf

 Weight loss % = 
Wi
Wf  × 100 

 Where, Wi - Initial weight

     Wf - Final Weight 

Characterization of identified isolate:  Isolated pure 
fungal strains were sent to Eurofins Genomics India Private 
Limited, Banglore for identification of microbial strains 
by 18S rRNA technique. FTIR spectroscopy was used to 
investigate whether PP was degrading biologically. The data 
were recorded in the spectral range 4000-500 cm-1. 

RESULTS

Identification of Isolate-1: At Eurofins Genomics India 
Private Limited, Bangalore Isolate-1 was identified using 

Table 1: Weight loss (%) of PP sheets, UV exposed PP sheets, Sunlight exposed PP   sheets incubated with Cladosporium halotolerans strain SUK 
PRAKASH.

Sr. No. Time (Month) Weight Loss (%) on treated with Isolate-1

PP sheets UV-exposed PP sheets Sunlight-exposed PP sheets

1 0 0 0 0

2 2 2.0 3.1 3.3

3 4 2.6 4.0 4.1

4 6 3.3 5.3 6.0

5 8 4.2 6.1 8.6
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Graph 1: Weight loss (%) of PP sheets, UV exposed PP sheets, Sunlight exposed PP sheets incubated with Cladosporium halotolerans strain  
SUK PRAKASH.
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18SrRNA gene sequencing. With a maximum identification 
of 98.54% in the Cladosporium sp. phylogenetic tree, 
the identification report of Isolate-1 by 18SrRNA gene 
sequencing approach indicates the closest phylogenetic 

affiliation to Cladosporium halotolerans 18S ribosomal
RNA gene partial sequence. The fungal strain, designated 
as Cladosporium halotolerans strain SUK PRAKASH, was
deposited with Gene Bank accession number ON024632.

7 

Fig. 1: FTIR spectrum of control PP Vs PP without treatment 

for the range 4000-550 cm-1.

FTIR analysis: Many biodegradation studies employ FTIR spectroscopy as an analytical

technique. It is a useful instrument to examine the development of new functional groups and

the disintegration of existing functional groups (Das 2015). The presence of additives like

antioxidants, as well as degradation products, chemical moieties attached to polymer molecules

like branches, co-monomers, and unsaturation, may all be detected using this approach. When

the test materials were incubated with microorganisms, such as untreated PP sheets, UV-

exposed PP sheets, and sunlight-exposed PP sheets, there was a variance in the intensity of

bands in the different locations. For the control spectrum, the specific absorption bands were

allocated at 2951cm-1, 2837 cm-1 (C-H stretch), 1491cm-1 (phenol ring), 1371 cm-1 (O-H bend),

1159 cm-1 (alkyl amine) and 971 cm-1, 897 cm-1 (C-H bend mono) (Fig. 1, Fig. 2, Fig. 3). 

Fig. 1: FTIR spectrum of control PP Vs PP without treatment  for the range 4000-550 cm-1.

8 

Fig. 2: FTIR spectrum of control PP Vs sunlight-exposed PP

for the range 4000-550 cm-1. 

Fig. 2: FTIR spectrum of control PP Vs sunlight-exposed PP for the range 4000-550 cm-1.
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Evaluation of weight loss: The polypropylene sheets 
were treated with Cladosporium halotolerans strain SUK 
PRAKASH and showed weight loss after 8 months. The 
highest weight loss is in sunlight-exposed PP sheets i.e. 
8.6%, UV-exposed PP sheets, and without treated PP 
sheets showed weight loss of 6.1%, and 4.2% respectively  
(Table 1, Graph 1)).

FTIR analysis: Many biodegradation studies employ 
FTIR spectroscopy as an analytical technique. It is a useful 
instrument to examine the development of new functional 
groups and the disintegration of existing functional groups 
(Das 2015). The presence of additives like antioxidants, as 
well as degradation products, chemical moieties attached 
to polymer molecules like branches, co-monomers, and 
unsaturation, may all be detected using this approach. When 
the test materials were incubated with microorganisms, 
such as untreated PP sheets, UV-exposed PP sheets, and 
sunlight-exposed PP sheets, there was a variance in the 
intensity of bands in the different locations. For the control 
spectrum, the specific absorption bands were allocated 
at  2951cm-1, 2837 cm-1 (C-H stretch), 1491cm-1 (phenol 
ring), 1371 cm-1 (O-H bend), 1159 cm-1 (alkyl amine) 
and 971 cm-1, 897 cm-1 (C-H bend mono) (Fig. 1, Fig. 2,  
Fig. 3).

DISCUSSION 

Weight loss is a simple and rapid approach to assess the 
biodegradation of polymers. Since biodegradation often 
begins at the polymer’s surface, an increase in weight 
caused by growing microorganisms within the polymer is 
related to accumulation, whereas a loss is proportional to the 
surface area. The pretreatment technique typically consists of 
physicochemical oxidation with a time-consuming, intricate 
UV exposure process (Jeon et al. 2021). The highest weight 
loss is in sunlight-exposed PP sheets i.e. 8.6%, UV-exposed 
PP sheets, and without treated PP sheets showed weight loss 
of 6.1%, and 4.2% respectively. The pre-treated PP with UV 
and sunlight has increased biodegradation by facilitating 
microbial growth than without treated PP.  The constraints 
of the plastic biodegradation process might therefore be 
addressed by using microorganisms or enzymes that have 
inadequate biodegradation activity without pretreatment 
(Jeon et al. 2021). Ahmed & Swrgiary (2021) isolated  
Enterococcus cloacae as a PE degrader for 30 days of
incubation weight loss was recorded at 59.02%. As the 
sample was untreated the microbial colonization requires 
time to initiate the consuming LDPE (Sudhakar et al. 2008). 
In biological systems, large molecules are broken down 
through oxidation and hydrolysis. It is essential that there 

9 

Fig. 3: FTIR spectrum of control PP Vs UV-exposed PP

for the range 4000-550 cm-1. 

DISCUSSION
Weight loss is a simple and rapid approach to assess the biodegradation of polymers.

Since biodegradation often begins at the polymer's surface, an increase in weight caused by

growing microorganisms within the polymer is related to accumulation, whereas a loss is 

proportional to the surface area. The pretreatment technique typically consists of 

physicochemical oxidation with a time-consuming, intricate UV exposure process (Jeon et al.

2021). The highest weight loss is in sunlight-exposed PP sheets i.e. 8.6%, UV-exposed PP 

sheets, and without treated PP sheets showed weight loss of 6.1%, and 4.2% respectively. The

pre-treated PP with UV and sunlight has increased biodegradation by facilitating microbial 

growth than without treated PP.  The constraints of the plastic biodegradation process might 

therefore be addressed by using microorganisms or enzymes that have inadequate

biodegradation activity without pretreatment (Jeon et al. 2021). Ahmed & Swrgiary (2021)

isolated Enterococcus cloacae as a PE degrader for 30 days of incubation weight loss was 

recorded at 59.02%. As the sample was untreated the microbial colonization requires time to

initiate the consuming LDPE (Sudhakar et al. 2008). In biological systems, large molecules are

Fig. 3: FTIR spectrum of control PP Vs UV-exposed PP for the range 4000-550 cm-1.
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are hydrolyzable and oxidizable functional groups along 
the polymer chain for biodegradation. For the degradation 
of polyethylene, findings of Cladosporium, Fusarium, 

Aspergillus, Penicillium, and Phanerochaete have been
highlighted (Munuru et al. 2022). Pseudomonas are among
the most sought-after bioremediation agents for hydrophobic 
polymers, according to Wilkes & Aristilde  (2017)  review 
of the genus. This is because of their distinctive cell-surface 
attachment, numerous catalytic enzymes, and extensive 
metabolic pathways customized for plastic polymers (Habib 
et al. 2020). Pseudomonas and Vibrio bacteria as well as the
fungus Aspergillus niger have been identified to degrade PP
(Cacciari et al. 1993 & Mohanan et al. 2020). Mukherjee & 
Chatterjee (2014) have observed 32% weight loss by Bacillus 

weihenstephanensis for the degradation of thick plastics
after six months of incubation. Chonde et al. (2012) noticed 
comparable weight loss patterns of Nylon 6 sheets on fungus 
Phanerochaete chrysosporium NCIM 1073 incubation and
observed the weight loss of Nylon 6 sheets reduced from 
0.013 gm to 0.006 gm after 75 days. Ingavale et al.  (2018) 
observed similar results with LDPE and HDPE biodegradation 
with Bacillus weihenstephanensis for 6 months of incubation
and recorded weight loss was 7.02% and 7.08% respectively. 
Pretreated PP has been used in most of the research. The 
preliminary treatments involved UV-irradiation (Kaczmarek 
et al. 2005),  ꝩ-irradiation (Iwamoto & Tokiwa 1994), or 
thermal treatment ( Ramis et al. 2004) and have been shown to 
reduce the polymer’s hydrophobicity or add groups like C=O 
or -OH, which are more susceptible to degradation (Mohanan 
et al. 2020). During the biodegradation process, new groups 
(carboxyl and hydroxyl) are formed as well as a decrease 
in viscosity (Iwamoto & Tokiwa 1994, Sameh et al. 2006). 
Significant and similar changes were found in all incubated 
samples the peaks at 2951 cm-1, 2837 cm-1 correspond to 
C-H stretch, 1491 cm-1 corresponds to phenol ring and 1371
cm-1 corresponds to O-H bond was slightly weakened in PP
without treatment but in the sunlight exposed PP and UV
exposed PP observed peak were close to disappearing.  After
incubation for 8 months, some peaks disappeared and a few
new peaks are formed which indicates depolymerization occur 
or starts in the polymer. Peaks at 1720-1730 cm-1   and 1640
cm-1 areas might be caused by carboxylic ester, aldehyde,
ketone, or even double bond groups (Mahlberg et al. 1998).
According to Arkatkar et al. (2010), the oxidation of the
polymer is indicated by the development of keto carbonyl and 
ester carbonyl groups. The biodegradation process is initiated 
by the microorganisms submerged in the landfill using sample 
oxidation (1723 cm-1) to form carbonyl groups.

CONCLUSION 

PP degradation by oxidation or microbial enzymes’ principal 

method of hydrolysis activity for the biodegradation of high 
molecular weight polymers to produce functional groups 
that can significantly enhance their hydrophilicity. The 
FTIR technique estimates the change in transmittance of the 
native bonds found in PP, which serves as an indication of 
biodegradation. For the economically and environmentally 
favorable degradation of PP, many more effective laboratory 
studies with PP-degrading microbes are needed to explore. 
Biodegradation of PP without any pretreatment or addition 
of chemicals to tackle the problem of commercially available 
plastic.

ABBREVIATIONS

Polypropylene (PP), Fourier transform spectroscopy (FTIR), 
Final enrichment culture (FEC), Internal Transcribed Spacer 
(ITS)
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      ABSTRACT
Over the past several decades, people from many nations have adopted and supported using 
biodiesel energy sources due to their accessibility and advantages in reducing CO2 and H.C. 
emissions to the environment. Today, biodiesel is recognized as a sustainable alternative 
energy source. Commercially, biodiesel was produced by converting homogenous oil treated 
with a catalyst like NaOH or KOH in Alcohol. These homogeneous catalysts are hazardous 
to the environment and cannot be recycled. As an alternative, this research article focuses 
on biodiesel production from a 1:1 blend of Simarubha glauca (Laxmitharu in Kannada) and 
Azadirachta indica (Neem) triglyceride via acid-base catalyzed transesterification reaction. 
The heterogeneous-based graphene-doped CaO was used as a catalyst obtained through 
the calcination method by doping it with graphene oxide by the hummers’ method. SEM, 
FTIR, and XRD were used to characterize the GaO-CaO catalyst. The results predict that the 
prepared catalyst yielded a high percentage of ASFAME (94.0%) and meets the quality as 
per ASTM standards 6751D.

INTRODUCTION

Energy increases are in demand because of rapid population 
growth and automation worldwide. The increase in energy 
demand in the last few years, because of the fast population 
growth and mechanization all over the country, has made 
humans much more dependent on non-renewable energy 
fuel resources. These fuel resources are rapidly depleting, 
resulting in price instability, decreased global security, 
stockpile ambiguity to consuming nations, more significant 
expenses on crude oil fuel imports, and vulnerable economic 
conditions (Verhoef et al. 2018). Nations depend on non-
renewable energy fuel resources, which has led to price 
fluctuations, decreased energy security, uncertainty in fuel 
supply to consuming countries, high costs associated with fuel 
imports of crude oils, and vulnerable economic conditions 
affected (Jiménez-Xamán et al. 2019). Additionally, these 
depletable energy sources cause environmental pollution by 
releasing toxic emissions (Jacobson 2009). The substantial 
addition of GHG and SOx to the atmosphere results in 
global warming and acid rain. Because of these problems, 
it is necessary to search for other environmentally friendly 

energy resources that fulfill the energy demands (Boldrin et 
al. 2009). As per the survey, a sustainable renewable resource 
for replacing conventional fuels in the future, especially 
in the transport sector, is biodiesel can be considered as 
an alternative. Both biodiesel and diesel exhibit similar 
physicochemical properties. They can be used commercially 
by blending with diesel fuel or biodiesel (B100) in existing 
CI engines without moderation (Shelke et al. 2016). As 
plants produce these resources as a source and can absorb 
CO2 emitted into the atmosphere, utilizing biodiesel has 
the benefit of producing zero carbon dioxide emissions. 
Therefore, biodiesel fuel sources are known to be CO2-
neutral (Živković et al. 2017). 

The feedstock for biodiesel production is from tree-
borne oil seeds in India; these non-edible oils are obtained 
from tree-borne oil species (TBO), some of which are still 
traditionally used as a fuel source in rural areas (Cheng et 
al. 2016). Tree Borne Oilseeds (TBOs) are cultivated in 
distributed forest and non-forest areas and wasteland/deserts/
hilly areas concerning agro-climatic conditions (Gomiero 
2015). In India, the essential TBOs for biodiesel resources are 
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as follows Neem (Azadirachta indica), Karanja (Pongamia 

pinnata), Mahua (Madhuca indica), Jatropha (Jatropha 

curcas), Kusum (Schleichera), Simarubha glauca, Pilu 
(Salvadora oleoides), Bhikal (Prince piautilis), Surahonnae 
(Calophyllum inophyllum), etc., The oil content found in these 
seeds varies between 21 to 60%. Pongamia pinnata, Neem 
(Azadirachta indica), and Simarubha glauca (Laxmitharu in 
Kannada) are among the several tree-borne oilseeds (TBOs) 
available for biodiesel production. These tree-borne seeds are 
seasonal varieties only accessible for 2-3 months annually. 
The seeds of neem and simarubha contain a high percentage 
of oil (40-50 %), while the seed pulp provides a significant 
source of protein. Furthermore, the resources of the neem and 
simarubha plants are employed in cancer therapy and bacterial 
infection. Cultivating TBOs and implementing blended seed 
oil resources for biodiesel production overcome the problem of 
raw material scarcity. The consumption of total available non-
edible oil resources will reduce the  Indian crude oil imports 
from other countries and also improves the Indian economy 
(Dhyani et al. 2015). In traditional techniques, biodiesel was 
synthesized with a homogenous catalyst; however, these 
homogenous catalysts are allied with problems such as soluble, 
non-recycling, high percentage of soaps and glycerol during 
transesterification reaction, resulting in a low yield fatty acid 
methyl ester (Biodiesel). Therefore, to overcome limitations 
nowadays, heterogeneous catalysts are used as a catalyst in 
transesterification reactions. The GaO-CaO catalyst exploited 
in this research was a heterogeneous catalyst derived from 
waste eggshells calcinated and doped with graphene oxide. 
The prepared catalyst is environment-friendly and used in 
biodiesel production. Furthermore, the crude biodiesel was 
refined from the novel reefing technique in the presence of 
areca husk resin(ARH). The biodiesel quality was evaluated 
according to ASTM Standard 6751 D and compared with 
conventional methods. 

MATERIALS AND METHODS

Materials

Azadirachta indica and Simarouba glauca oil were received 

from the Biofuel Research Information and Demonstration 
Centre, JNNCE, Shimoga, Karnataka. The areca husk was 
obtained from a farmer in the Shivamogg villages, and 
further, the chemicals utilized in this research were procured 
from S.D. fine chemicals, Mumbai, India.

Preparation of GO-CaO Catalyst

The modified Hummer process was followed to synthesize 
graphene oxide (GO). Graphite powder (1.0 g) with 20 mL 
of concentrated sulfuric acid in a clean 250 mL R.B. flask 
was stirred in the ice bath. The above mixture is treated with 
NaNO3 and KMnO4 at the maintained temperature of 5°C. 
Further, water was added, and the suspension was heated to 
98°C. Finally, the obtained graphene mixture was treated 
with H2O2 (30%). The product was filtered, washed with 
distilled water, and dried. The dried powder was refluxed 
with derived CaO from waste eggshell at 300°C for 2 h to 
yield a catalyst. The GO-CaO catalyst was allowed to cool 
before being stored in an airtight container for future use in 
biodiesel synthesis.

Synthesis of Azadirachta Indica-Simarouba Glauca 
Fatty Acid Methyl Ester (ASFAME)

Transesterification, or fatty acid methyl ester (FAME), was 
synthesized from mixed triglyceride with an alcohol-containing 
dissolved catalyst. In recent years, transesterification has 
been the most accepted for biodiesel synthesis (FAME). 
The general reaction of the transesterification is shown in 
Scheme 1 (Fadhil & Saeed 2016)

The biodiesel was produced using acid-catalyzed 
or base-catalyzed processes, depending on the fatty 
acid concentration of the feedstock. Acid-catalyzed 
transesterification processes occur in the presence of acids, 
the most frequent of which is sulfuric acid(Agarwal 2007). 
The acid-catalyzed process is the first step before the base-
catalyzed transesterification operations; the resulting ASO 
oil is evaluated for free fatty acid content (FFA). Based on 
the presence of FFA in ASO oil, the ASO oil is first treated 
with sulphuric acid for the esterification process, as seen 

H2C COOR1

HC COOR2

H2C COOR3

3R'OH
Catalyst

R1 COO R'

R2 COO R'

R3 COO R'

H2C

HC

H2C

OH

OH

OH

EsterAlcoholTriglyceride
Glycerol  

Scheme.1. Trans-esterification reaction Azadirachta indica-Simarouba glauca fatty acid methyl ester.
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in Fig. 1. The reaction mixture was heated at 60-65°C for 
around 90 minutes on a hot pallet magnetic stirrer with 900 
RPM until the reaction was completed. After 90 minutes, 
the reaction mixture was transferred to a separating funnel 
to separate the acid impurities at the top(Yatish et al. 2018); 
the reduced FFA content of oil was exposed to base-catalyzed 
transesterification.

Base Catalyzed Trans-Esterification

The recovered ASO oil layer (2.2.1) is transferred in a clean, 
dry R.B. flask. Again, FFA content was tested for ASO. The 
catalyst concentration was tuned by combining 0.25, 0.5, 
0.75, 1.0, and 1.25 g of produced GO-CaO with a constant 
amount of methanol. The reaction was set up similarly to 
an acid-catalyzed reaction, and the reaction mixture was 
refluxed for roughly 1 h at 60°C. The mixture was allowed 
to cool to yield Azadirichita-Simaruba fatty acid methyl ester 
(ASFAME) and crude glycerol at the bottom. The obtained 
biodiesel was tested for various physicochemical quality 
parameters such as kinematic viscosity, fire point, Fourier 
transform infrared spectroscopy (FTIR), relative density, 
gas chromatography (G.C.), and flash point. Further, the 
ASFAME yield was optimized.

Bioresin Treatment for Refining Crude ASFAME

The ion exchange column 30 cm-1 in height and 1 cm-1 in 
diameter was pre-filled with Areca husk resin (ARH) with 
crude ASFAME passed over bio-resin. The eluted refined 
ASFAME from the ion exchange column with a 30 drops/
minute flow rate, according to Chethan et al. (2023),was 
collected and stored separately for further study. The 
physicochemical parameters of refined ASFAME from 
the ion exchange process and ASFAME refined from the 

conventional approach were compared using the ASTM 
6751 D standard.

Characterization of GO-CaO and ASFAME

Thermo Nicolet iS50 FTIR spectrophotometer was used 
to investigate ASO oil and ASFAME liquid samples. The 
Thermo Nicolet iS50 FTIR spectrophotometer with 0.2 cm-1 
resolution was used for the FTIR spectral examination in the 
spectral range between 400 and 4000 cm-1. The morphological 
aspects of GO-CaO and AHR were investigated using the 
JOEL JSM-IT500. For GO-CaO catalysts with known 
crystalline characteristics, X-ray diffraction experiments 
were performed. 

RESULTS AND DISCUSSION

SEM Characteristics of Graphene-CaO Catalyst

Fig. 2(a-d) are the Scanning Electron Microscope (SEM) 
images of the Graphene coated CaO respectively. SEM 
provides high-resolution pictures of a sample surface, 
exposing features as low as 1 nm. GaO – CaO catalyst 
magnification was observed in SEM at 500X, 1,500X, 
3,500X, 7,000X, and 10,000X, respectively (Musharraf et 
al. 2012a).

X-ray powder diffraction (XRD) analysis confirms the 
phase identification of a crystalline material and can provide 
information on unit cell dimensions as per the hkl values. 
The D/MAX 2200PC diffractometer (Rigaku Corporation, 
Japan) with copper Kα irradiation was used, operating at 
40 kV and 30 mA with a scanning rate of 0.2° min−1 in the 
2θ range of 0–80° Fig. 3 shows that the GO concentration 
in Calcium Oxide significantly influenced the variation in 
characteristic peak intensity and crystal grain size, which 

 
Fig. 1: Transesterification setup (a), Illustration of Simarouba glauca and neem fatty acid methyl 

ester on the top and the glycerol separation (b). 
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1.25 g of produced GO-CaO with a constant amount of methanol. The reaction was set up similarly 

to an acid-catalyzed reaction, and the reaction mixture was refluxed for roughly 1 h at 60°C. The 

mixture was allowed to cool to yield Azadirichita-Simaruba fatty acid methyl ester (ASFAME) 

and crude glycerol at the bottom. The obtained biodiesel was tested for various physicochemical 

quality parameters such as kinematic viscosity, fire point, Fourier transform infrared spectroscopy 

(FTIR), relative density, gas chromatography (G.C.), and flash point. Further, the ASFAME yield 

was optimized. 
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resin (ARH) with crude ASFAME passed over bio-resin. The eluted refined ASFAME from the 

ion exchange column with a 30 drops/minute flow rate, according to Chethan et al. (2023),was 

collected and stored separately for further study. The physicochemical parameters of refined 

ASFAME from the ion exchange process and ASFAME refined from the conventional approach 
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Thermo Nicolet iS50 FTIR spectrophotometer was used to investigate ASO oil and ASFAME 

liquid samples. The Thermo Nicolet iS50 FTIR spectrophotometer with 0.2 cm-1 resolution was 

used for the FTIR spectral examination in the spectral range between 400 and 4000 cm-1. The 

morphological aspects of GO-CaO and AHR were investigated using the JOEL JSM-IT500. For 

GO-CaO catalysts with known crystalline characteristics, X-ray diffraction experiments were 

performed.  

RESULTS AND DISCUSSION 

SEM Characteristics of Graphene-CaO Catalyst 

Fig. 2(a-d) are the Scanning Electron Microscope (SEM) images of the Graphene coated CaO 

respectively. SEM provides high-resolution pictures of a sample surface, exposing features as low 

as 1 nm. GaO – CaO catalyst magnification was observed in SEM at 500X, 1,500X, 3,500X, 

7,000X, and 10,000X, respectively (Musharraf et al. 2012a). 

 
Fig. 2: Scanning electron microscope images of the graphene-coated CaO 

XRD characteristic of graphene-CaO catalyst.  

Fig. 2: Scanning electron microscope images of the graphene-coated CaO XRD characteristic of graphene-CaO catalyst.

 

Fig. 3: PXRD of graphene coated calcium oxide. 

X-ray powder diffraction (XRD) analysis confirms the phase identification of a crystalline material 

and can provide information on unit cell dimensions as per the hkl values. The D/MAX 2200PC 

diffractometer (Rigaku Corporation, Japan) with copper Kα irradiation was used, operating at 40 

kV and 30 mA with a scanning rate of 0.2° min−1 in the 2θ range of 0–80°.  Fig. 3 shows that the 

GO concentration in Calcium Oxide significantly influenced the variation in characteristic peak 

intensity and crystal grain size, which displayed a characteristic pattern as GO (Sharma et al. 2021). 

The XRD details of GaO-CaO show that CaO is cubic in structure and was confirmed by SEM 

morphology.  

Optimization of Catalyst and ASO Oil for Biodiesel Synthesis 

ASO oil was pretreated with methanol (0.60 w/w )  containing 1% w/w H2SO4 catalyst was 

refluxed for 1 h at 60C. in the second step of the reaction, the product from the first step was 

used for transesterification with GO- CaO catalyst using specified optimization conditions 

designed (Table 1). The optimization conditions for the second step catalyst concentration with an 

increase in 0.25 g of catalyst, reaction time for 65 min, and methanol/oil molar ratio were carried 

out as per Graboski and McCormick (1998). Table 1 results show that as the concentration of the 

catalyst increases up to 0.5g of Go-CaO results in a high percentage of ASFAME (biodiesel) due 

to the high reactivity of catalyst with large surface area results in proper separation of ester and 

Fig. 3: PXRD of graphene coated calcium oxide.
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as per ASTM standard 6751D. Table 2 results show that 
the physicochemical of ASO oil were reduced after the 
transesterification reaction (Alptekin & Canakci 2008). 
The biodiesel obtained after optimization catalyst at 0.5g 
of GO-CaO catalyst and methanol,  ASO ratio of 0.20:1 
ratio yields 94% of ASFAME. Further, it is observed 
that the percentage yield of ASFAME filtered from AHR 
resins resulted in a high yield of biodiesel, compared 
to the percentage yield of ASFAME from the conventional 
biodiesel refining method (86%). Moreover, table -2 shows 
that ASFAME refined from novel refining AHR resins 
are of superior quality, and purity was found to be similar 
to conventional diesel quality within the limits of ASTM 
standards 6751D. Hence, the synthesized biodiesel from 
the newly proposed method is safer and eco-friendly to adopt 
as a fuel source in present IC engines

FTIR Characterization of 1:1 ASO oil and ASFAME

The I.R. spectra show the stretching and bending vibrations 
of Azadirachta indica and Simarouba glauca oil (1:1)
blend and ASFAME (Fig. 4). A narrow peak at 2876 cm-1 

corresponds to –C.H. stretching, showing the oil’s presence. 
The intense peak at 986 cm-1 is due to the presence of ester 
groups which was expected for C–O–C stretching. The 
vibration peaks at 1789 cm−1 are due to the C=O stretching 
of the triglyceride ester and the peaks at 1464 cm−1. Vibration 
for C–H bending further observed that the peak at 876 cm−1 
is due to methylene rocking vibration in the ASFAME. 
The peak of C=O for neem seed oil appeared at 1674 cm−1 
bending, and its intensity corresponds to 3387 cm-1. A broad 
light peak at cm-1 corresponds to -C.H. stretching. This 
confirms the presence of the alkane group. A sharp peak at 
3855.1 cm-1 corresponds to -C.H. stretching. This confirms 
the presence of the alkene group (Silverstein and Webster 
1988). A broad light peak at 148.3 cm-1 corresponds to the 
-C-O stretching of the carboxylic ester group (Kim et al.
2007). This confirms the presence of the ester group. A broad 

displayed a characteristic pattern as GO (Sharma et al. 2021)
agriculture, forestry, and other land-use practices account 
for 24% of global greenhouse gas (GHG. The XRD details 
of GaO-CaO show that CaO is cubic in structure and was 
confirmed by SEM morphology. 

Optimization of Catalyst and ASO Oil for Biodiesel 
Synthesis

ASO oil was pretreated with methanol (0.60 w/w)  
containing 1% w/w H2SO4 catalyst was refluxed for 1 h at 
60°C. in the second step of the reaction, the product from 
the first step was used for transesterification with GO- CaO 
catalyst using specified optimization conditions designed 
(Table 1). The optimization conditions for the second step 
catalyst concentration with an increase in 0.25 g of catalyst, 
reaction time for 65 min, and methanol/oil molar ratio were 
carried out as per Graboski and McCormick (1998). Table 
1 results show that as the concentration of the catalyst 
increases up to 0.5g of Go-CaO results in a high percentage 
of ASFAME (biodiesel) due to the high reactivity of catalyst 
with large surface area results in proper separation of ester 
and glycerol layers (Colombo et al. 2017). Moreover, it is 
observed that biodiesel yield decreased as an increase above 
0.5 g of the catalyst.

Physicochemical Properties of the ASFAME

The physicochemical properties of ASO oil, ASFAME, 
conventional biodiesel method, and diesel were analyzed 

Table 1: Optimization of GO-CaO and ASO Oil.

Sl.No Samples GO-CaO in [w/v] Yield [%]

1. ASO-1 0.25 61.10

2. ASO-2 0.5 94.69

3. ASO-3 0.75 53.40

4. ASO-4 1 50.50

5. ASO-5 1.25 44.64

Table 2: Physicochemical properties of ASO oil, ASFAME, and conventional diesel.

Sl. 
No.

Name Of The Analysis ASO Oil Conventional 
Biodiesel refining

ASFAME
By ARH Refining

Diesel Test Method
ASTM 6751D

1. Density (kg.m-3) 1.58 0.990 0.864 0.79 D-287

2. Kinematic Viscosity at 40°C (Cst) 61.87 6.09 5.62 5.20 ASTM D 445

3. Flashpoint (°C) 219 185 175 74 D93

4. Fire point (°C) 230 188 180 78 D93

5. Copper corrosion test at 50°C for 2 h Complies Complies Complies Complies D 130

6. Moisture (%) 0.5 0.05 0.01 0.01 ----

7. Calorific value kJ.kg-1 41.0 39.0 40.0 43.0 ---

8. The yield of ASFAME (%) ---- 86.0 94.0 ---- ---
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light peak at 1743 cm-1 corresponds to -C=O stretching. This 
confirms the presence of the carboxylic ester group. A broad 
light peak at 1246 cm-1 corresponds to -C.O. stretching, and 
its intensity corresponds to 3347 cm-1 (Sorichetti et al. 2014). 
This confirms the presence of the carboxylic ester group. A 
broad light peak at 1435 cm-1 corresponds to -CH3 bending. 
This confirms the presence of the alkane group. The shifts in 
I.R. peaks confirm the formation of ASO oil into ASFAME.

Gas Chromatography Analysis of Azadirachta indica 
and Simarouba glauca Oil 

Fig. 5 illustrates a G.C. chromatogram of triglycerides from 
ASO oil blends. Fig. 6 displays G.C. data from ASFAME, 
revealing that the separated peaks are free of glycerin, mono, 
di, and triglycerides (Musharraf et al. 2012b), showing that 
the triglycerides were transformed into short-chain fatty acid 
methyl ester. The graph clearly shows that; the produced 
biodiesel is free from glycerin by comparing the data of 
standard G.C. of biodiesel.

Heat of Combustion

ASFAME (biodiesel) blended with diesel has been 
discovered to have similar conventional diesel qualities and 
lower SOx and H.C. emissions during combustion in IC 
engines. The heat of combustion, also known as calorific 
value, is the heat created by the fuel within the engine that 
allows it to accomplish work. According to Freedman and 

Bagby, calorific values rose with chain length, and ASO oil, 
Biodiesel, and diesel were 41.325, 39.345, and 43783 kJ/kg, 
respectively (1989). Because of the separation of glycerol and 
other components in the ASO backbone, the calorific value of 
ASO oil is roughly 8% less than that of diesel; esterification 
of ASO oil into biodiesel lowers the calorific value  
of diesel.

Wash Water Demand Calculations

The traditional biodiesel refining process uses water. For 
one liter of crude ASFAME, refining takes roughly 10 to 11 
liters of warm water (40°C). It generates an equal amount 
of contaminated biodiesel-washed water. The Na+ ion and 
glycerol in crude ASFAME-washed water were analyzed 
using Dunstan’s and the phenolphthalein test. In the usual 
approach, the ASFAME yield was roughly 86.0%. With 
decreased processing time, crude ASFAME refining via 
developed AHR resins yields 94.0% without warm water 
(40°C) and fulfills ASTM standard 6751D (Table 2). As a 
result, the devised technique of refining crude ASFAME in 
the presence of an ion exchange column packed with AHR 
resin consumes less water (Sorichetti et al. 2014).

CONCLUSION

This research aims to study the synthesis of ASFAME 
using blends of Azadirachta Indica and Simarouba 

 
Fig. 4: FTIR spectrum of ASO and ASFAME (biodiesel).
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glauca oils (ASO) in the presence of a heterogeneous 
catalyst, GO-CaO, made from a waste eggshell. The 
ASFAME yield was optimized using various catalyst 
concentrations, and it was found that 0.5 g of GO-CaO 
yielded 94.69% ASFAME (biodiesel). Furthermore, the 
physicochemical parameters of ASFAME were evaluated 
and compared with conventional diesel, resulting in high-
quality biodiesel that meets ASTM Standards 6751D. 

This study helps to meet fuel demand by employing the 
ecologically friendly heterogeneous catalyst GO-CaO, 
which can be recovered and reused as a catalytic material. 
This article helps small-scale biodiesel manufacturers get 
catalysts at a lower cost and use various residual wastes in 
synthesizing catalysts. The proposed work helps decrease 
disposal challenges and ensure sustainability by blending 
different oils for biodiesel 

cm-1 corresponds to -CH3 bending. This confirms the presence of the alkane group. The shifts in 

I.R. peaks confirm the formation of ASO oil into ASFAME. 

Gas Chromatography Analysis of Azadirachta indica and Simarouba glauca Oil  

Fig. 5: Gas chromatogram analysis of ASO oil. 

 
    Fig. 6: Gas chromatogram analysis of ASFAME (Biodiesel). 

Fig. 5 illustrates a G.C. chromatogram of triglycerides from ASO oil blends. Fig. 6 displays G.C. data 
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       ABSTRACT
In the Ganga river system, unplanned land use land cover (LULC) changes have serious 
threat to the environment. Protective measures are essential at local, regional, and global 
scales to save human life and the environment. In the present work, the land use and land 
cover (LULC) changes have been studied from 2002 to 2021 in a basin area between river 
Gandak and river Burhi Gandak in India. For the analysis, Landsat 5, 7, and 8 satellite data 
have been used to analyze the changes in vegetation, urban land, open land, water body, 
and wet soil in the last two decades. The result shows that from 2002 to 2021 the agricultural 
area and open land have decreased by 16.12% (158,676 ha) and 11.85% (116794.8 ha), 
respectively. The urban and the waterlogged area have increased by 24.32% (240,070 ha) 
and 4.75% (46937.3 ha), respectively. The environmental protection measures, namely 
conjunctive use, multiple cropping practices, land reclamation, and decentralized urban 
development to reduce floating population, have been studied and recommended in the 
study region for better land use/land cover.

INTRODUCTION

Using satellite remote sensed data provides excellent results 
over the land surface in temporal and spatial domains 
(Jovanović et al. 2015). It is cost-effective to map LULC and 
detect changes using remote sensing and GIS tools. Different 
satellite data are being used for different purposes based on 
spatial resolution, electromagnetic spectrum, energy source, 
imaging medium, and several bands. The high-resolution 
satellite data will attain a better degree of classification 
accuracy. In the past, numerous LULC estimation methods 
have been used to assess the shifting cultivation, landscape 
changes, and benefit from change detection (Anitha 2021, 
Jamali et al. 2015, Lu et al. 2004, Usman et al. 2015, 
Gaurav & Singh 2022, Jensen 1996, Bajirao et al. 2018, 
Mas 1999, Olokeoguna et al. 2014). Land use is influenced 
by environmental factors like soil characteristics, climate, 
topography, and vegetation (Baboo & Devi 2010).

Urbanization, industrialization, the influx of point and 
non-point source pollution, and the floating population are 
the main causes of LULC changes. Scientists and researchers 
have used different methods to assess the causes of changes 
in LULC and the repercussions of those changes owing to 
human activity (Cardille & Foley 2003). In water resource 
engineering, land use classification is crucial in determining 
a catchment area’s runoff response (Ara 2021). Using remote 

sensing and geographic information systems, the ecological 
system uses and land cover changes have reached their 
optimum limits (Sultana et al.  2023). 

The floating population in urban areas is very high 
due to the influx of people from nearby areas, villages, 
or towns. This creates environmental pollution regarding 
water pollution, sewage, and wastewater. Moreover, some 
environmental protection measures are essential for effective 
water resource management. In the present work, all such 
important aspects have been discussed. 

MATERIALS AND METHODS

Study Area

The study area is in between Gandak to Burhi Gandak 
rivers system, and the total area is 9859.25 km2 (Fig. 1). The 
Gandak river originates at an altitude of 7620 m above MSL 
in the north of Dhaulagiri in Tibet near the Nepal border at 
Latitude 29°18' N and Longitude 83°58' E. It flows through 
west Champaran, East Champaran, Muzaffarpur, Gopalganj, 
Siwan, Saren, and Vaishali districts of Bihar and joins Ganga 
at Hazipur. Burhi Gandak River is one of the tributaries of 
the Ganga River, which originates from Chautarwa Chaur 
near Bisambharpur in the district of West Champaran in 
Bihar at 84°12' E longitudes and 27°05' N latitude and is 
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known as the Sikrahana in its upper reaches (Zakwan et al. 
2018, Zakwan & Ahmad 2021). The study area is bounded 
by latitude 25°29’0” to 27°22’0” ‘ and longitude 84°13’0” 

to 86°0’0”. Fig 1 provides a location map of the study area.

In the study area, there are canals that are the tail end 
of the Tirhut canal or Eastern Gandak canal, and important 
canals are Tirhut main canal (TMC), Jaitpur branch canal, 
Mallikpur branch canal, Vaishali branch canal (VBC), Birpur 
distributary, Pipara distributary, and Hajipur distributary, etc.

Data Acquisition

The Survey of India Topographical map on the 1: 100,000 
scale for 2002 was used for the study. To identify the areas of 
vegetation, open land, barren land, water body, and changes 
in the wet soil using the satellite data of Landsat 5, 7, and 
8 of path/row 140/42, 141/41, 141/42 and 142/41 for 20 
years (between 2002 to 2021) of post-monsoon (October 
to December) were selected for downloading from https://
earthexplorer.usgs.gov (Table 1). Four spectral bands, which 

The study area is bounded by latitude 25O29'0” to 27O22'0" ' and longitude 84013'0" to 8600'0". 

Fig 1 provides a location map of the study area.

Fig. 1: Location Map of Study Area.

In the study area, there are canals that are the tail end of the Tirhut canal or Eastern Gandak

canal, and important canals are Tirhut main canal (TMC), Jaitpur branch canal, Mallikpur 

branch canal, Vaishali branch canal (VBC), Birpur distributary, Pipara distributary, and

Hajipur distributary, etc.

Data Acquisition

The Survey of India Topographical map on the 1: 100,000 scale for 2002 was used for the

study. To identify the areas of vegetation, open land, barren land, water body, and changes in

the wet soil using the satellite data of Landsat 5, 7, and 8 of path/row 140/42, 141/41, 141/42

and 142/41 for 20 years (between 2002 to 2021) of post-monsoon (October to December) were

selected for downloading from https://earthexplorer.usgs.gov (Table 1). Four spectral bands, 

which correspond to the green (G), red (R), near-infrared (NIR), and short-wave infrared 

(SWIR) bands, were taken from Landsat data. The cloud-free data that could be downloaded

was chosen with care.  

Fig. 1: Location map of the study area.

Table 1: Satellite data used in the present work. 

Satellite/Sensor Bands used Wavelength ranges (µm) Acquisition date Path/Row no

Green Red NIR MIR/SWIR-1

Landsat-5 TM 2,3,4,5 0.52-0.60 0.63-0.69 0.77-0.90 1.55-1.75 2009/12/02 140/42

2009/11/07 141/41

2009/10/22 141/42

2009/10/29 142/41

Landsat-7 
ETM+

2,3,4,5 0.52-0.60 0.63-0.69 0.77-0.90 1.55-1.75 2002/12/07 140/42

2009/11/28 141/41

2009/10/27 141/42

2009/11/03 142/41

Landsat-8 OLI 2,3,4,5,6 0.53-0.59 0.64-0.67 0.85-0.88 1.57-1.65 2016/11/03, 
2021/11/01

140/42

2016/11/10,
2021/11/10

141/41

2016/10/10,
2021/11/08

141/42

2016/11/01,
2021/10/14

142/41
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correspond to the green (G), red (R), near-infrared (NIR), 
and short-wave infrared (SWIR) bands, were taken from 
Landsat data. The cloud-free data that could be downloaded 
was chosen with care. 

Methodology

Land Use and Land Cover (LULC) Mapping
To prepare the LULC map, a layer stack of 2, 3, 4, and 5 
bands and mosaic the images. After mosaicking all the layers, 

the study area shape file was prepared using the software 
ERDAS. The Supervised image classification “Maximum 
Likely hood” technique was used to classify land use maps 
(Patel et al. 2019). The current study primarily examines five 
types of land use: vegetation, urban land, open land water 
body, and wet soil. Here is a methodology flow chart cover. 
A flow chart of the methodology used is given in Fig 2.

Normalized Difference Vegetation Index
The Normalized Difference Vegetation Index (NDVI) 

Digital data Layer stacking and mosaicking 

 Fig. 2: Land-use/Land-cover mapping flow chart. 

Satellite images of post-monsoon 

Extract the study area from mosaic image 

Training data set preparation and Supervised image 
classification 

Calculation of the area of land use classes for the 
respective years 

Comparison of each classification 

Data Collection: 
Landsat satellite image of year 2002 

(La ndsat7 ETM), 2009(Landsat5) and 
2016 and 2021 (Landsat 8 OLI/TIS) 

Data pre-processing: 
Geometric correction 
Visual interpretation 

Preparation of LULC map 

Identification of Change detection 

Fig. 2: Land-use/Land-cover mapping flow chart.
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measures the greenness of the vegetation and helps determine 
vegetation density and evaluate changes in plant health. 
The Normalized Difference Vegetation Index is useful 
for interpreting land resources (Gandhi et al. 2015). The 
normalized difference vegetation index between the red and 
near-infrared bands from an image is used to calculate NDVI 
on a per-pixel basis. (Equation 1)

 
                      

.                
RNIR
RNIRNDVI

+
−

=  …(1)

The range of the NDVI is from -1 to 1. Higher NDVI 
values indicate high Near Infrared (NIR) reflection, which 
indicates heavy greenery. In general, NDVI values between 
-1 and 0 reflect water bodies, between -0.1 and 0.1 indicate 
barren rocks, sand, or snow, 0.2 and 0.5 indicate shrubs 
and grasslands, and 0.6 and 1.0 indicate thick vegetation or 
tropical rainforest.

Normalized Difference Water Index
Normalize Difference Water Index (NDWI) is used for water 
bodies exploration. The index makes use of remote-sensing 
images of green and near-infrared wavelengths. NDWI can 
be calculated using Equation 2.

 
                 NIRGreen

NIRGreenNDWI
+
−

=  …(2)

The values of NDWI range between 0 and ± 1, and 
vegetation is represented by negative values or values near 
0. In contrast, positive values or values close to 1 represent 
surface and deep water bodies. 

Conjunctive Use
Combining surface and groundwater resources is called 
conjunctive use. It also discusses the hydrological cycle, 
water balance components, interactions between surface 

water and groundwater, and groundwater recharge. 
In general, the conjunctive is a function of (a) rainfall 
characteristics, (b) types of soil and soil moisture, 
(c) types of crop, (d) crop water requirement, and 
(e) groundwater table being used in the study area  
(equation 3).

 Cu = (a*CWR+ b*GWT + c*SMC +d*RI +e*CT) …(3)

Where Cu = Conjunctive Use, CWR = Crop water 
requirement,  GWT = Ground Water Table, SMC = Soil  
Moisture Content, RI = Rainfall intensity, CT = Types of 
Crop, and a, b, c, and d = Constant

Multiple Cropping Practices
Two or more crops are typically grown in the same field 
yearly. Cropping is intensified in both the temporal and 
spatial dimensions during multiple cropping. With the 
minimal deterioration of soil health, multiple cropping 
aims to produce the most crops per unit of land area. 
Multiple cropping can improve agricultural efficiency and  
reduce crop production’s sometimes negative environmental 
impact.

Land Reclamation Using “Cut and Fill” Approach
In the study area, extensive waterlogging was observed. 
For the land use/land cover analysis, it is essential to adopt 
the ‘cut-fill’ analysis and ‘raised bed’ concept to develop 
the agriculture area and reduce the waterlogging area, as 
shown in Fig 3.

Decentralization of Urban Area Development
The land uses Land cover analysis shows that urban areas like 
west Champaran, East Champaran, Muzaffarpur, Gopalganj, 
and Hajipur Vaishali have centralized development, and 
it causes significant water scarcity and water pollution. 
Decentralized development is the need of the day for 

characteristics, (b) types of soil and soil moisture, (c) types of crop, (d) crop water requirement, 

and (e) groundwater table being used in the study area (equation 3). 

Cu = (a*CWR+ b*GWT + c*SMC +d*RI +e*CT)     …(3) 

Where Cu = Conjunctive Use, CWR = Crop water requirement,  GWT = Ground Water Table, 

SMC =Soil  Moisture Content, RI = Rainfall intensity, CT= Types of Crop, and a, b, c, and d 

=Constant 

 Multiple Cropping Practices 

Two or more crops are typically grown in the same field yearly. Cropping is intensified in both 

the temporal and spatial dimensions during multiple cropping. With the minimal deterioration 

of soil health, multiple cropping aims to produce the most crops per unit of land area. Multiple 

cropping can improve agricultural efficiency and reduce crop production's sometimes negative 

environmental impact. 

Land Reclamation Using “Cut and Fill” Approach 

In the study area, extensive waterlogging was observed. For the land use/land cover analysis, 

it is essential to adopt the ‘cut-fill' analysis and 'raised bed' concept to develop the agriculture 

area and reduce the waterlogging area, as shown in Fig 3. 

 

Fig. 3: Method for raised bed and cut-fill analysis. 

Decentralization of Urban Area Development 

Fig. 3: Method for raised bed and cut-fill analysis.
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environmental protection work in the urban and peri-urban 
areas of the study region.

The floating population in urban areas is very high due 
to the influx of people from nearby areas, villages, or towns 
for work and various activities.  This creates environmental 
pollution in terms of water pollution, sewage, and wastewater 
generation after consuming good food and freshwater.

RESULTS AND DISCUSSION

Land Use and Land Cover (LULC) Mapping

The LULC maps were prepared for the years 2002 to 2021. 
Fig 4 shows the results of LULC classification for 2002, 
2009, 2016, and 2021 as representative results. All these 
images were classified using the maximum likelihood 

 

 
Fig. 4: Land use changes in the years 2002, 2009, 2016, and 2021 (post-monsoon). 

Fig. 4: Land use changes in the years 2002, 2009, 2016, and 2021 (post-monsoon).
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Fig. 5: Bar chart of LULC change from 2002 to 20021. 

 

 
Fig. 6: Post-monsoon Land use/Land cover change from 2002 to 20021. 

 
 

Fig. 7: Extent of vegetation during post-monsoon and the trend. 
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Fig. 5: Bar chart of LULC change from 2002 to 20021.
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supervised classification technique using the combination of 
near-infrared (NIR), red (R), and green (G) bands of satellite 
images in ERDAS-Imagine software. 

The results indicate that in the past 20 years, i.e., from 
2002 until 2021, vegetation area and open land decreased 
to 158,676 ha (16.12%) and 116794.8 ha (11.85%), 
respectively. However, the urban land and waterbodies 
increased to 240,070 ha (24.32%) and 46937.3 ha (4.75%), 
respectively, during this period (Fig. 5). The vegetation 
values found to decrease due to centralized urbanization and 
migration of the population in urban fringes. LULC changes 
in the study area are mostly influenced by population growth. 

Fig 6 indicates both are area and percentage of the total area 
under each land use category. Fig 7 indicates the changes 
in vegetation using the supervised classification “maximum 
likely hood method.”  

Normalized Difference Vegetation Index (NDVI) and 
Normalized Difference Water Index (NDWI)

There has been a change in vegetation cover over the past 
two decades. The area covered under vegetation by NDVI 
is found to increase from 36.08% to 70.25% from 2002 to 
2021 (Fig. 8). It was observed that NDWI values over zero 
are seen in water bodies. In contrast, negative values are 

 

Normalized Difference Vegetation Index (NDVI) and Normalized Difference Water 

Index (NDWI) 

There has been a change in vegetation cover over the past two decades. The area covered under 

vegetation by NDVI is found to increase from 36.08 % to 70.25% from 2002 to 2021 (Fig. 8). 

It was observed that NDWI values over zero are seen in water bodies. In contrast, negative 

values are observed in urban areas and vegetative land. The NDWI indices are shown in Fig 9 

for the study area from 2002 - 2021. A comparison of all the methods is shown in Fig 10, with 

the best results as supervised classification.  

.

 
Fig. 8: Images of NDVI calculated for the years 2002, 2009, 2016 and 2021.

Fig. 8: Images of NDVI calculated for the years 2002, 2009, 2016 and 2021.
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Fig. 9: Images of NDWI calculated for the years 2002, 2009, 2016 and 2021.

observed in urban areas and vegetative land. The NDWI 
indices are shown in Fig 9 for the study area from 2002 - 
2021. A comparison of all the methods is shown in Fig 10, 
with the best results as supervised classification. 

Conjunctive Use

Conjunctive use is a function of (a) rainfall characteristics, (b) 
types of soil, (c) types of crop, (d) crop water requirement, 
and (e) groundwater table. Based on the net irrigation 
requirement (NIR) and available water resources from 
rainfall, groundwater, and water available in the soil, the 

irrigation schedule is prepared for different crops in different 
study area locations.

Fig 11 indicates the rainfall map of the study area. The 
rainfall has been varying between 600 mm to 1200 mm, 
except for heavy rainfall in 2007. It is also observed that 
the rainfall trend is similar in all four stations, namely 
East Champaran, Muzaffarpur, Vaishali, and Samastipur. 
The rainfall trend provides a guideline for using surface 
water and groundwater in the study area. The Kharif crops 
can use the rainfall by rainwater harvesting at agricultural 
lands. Also, the same rainwater can be used to store water, 
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reduce waterlogging, and use it for irrigation during the 
Kharif period by the “Cut and Fill” approach, as discussed  
above.

For conjunctive use analysis, it is important to study the 
soil types. Different samples at 30 and 60 cm depths were 
collected and analyzed in the laboratory. It is found that the 
Clay contents are 10-15%. The top layer root zone depth up 
to 2 m is predominantly silt and finds sand, i. e. silt load. The 
percentage of sand varied between 32-45%, whereas the silt 
varied between 38-68% at 30 to 60 cm depths.

The cropping pattern of the study area is predominantly 
a paddy growing area. Maize and Wheat are other important 
cereal crops. Arhar, Gram, Moong, and Masoor are the 
principal pulses grown in the area. Rapeseed and Mustard 
are major oil seed crops. Sugarcane, Chilly, and Tobacco 
are the main cash crops.

As in most parts of North Bihar, there are three distinct 
crop seasons: Garam or Summer (March to June), Kharif 
(July to October), and Rabi (November to February). The 
most common Kharif crops are paddy and maize, and during 
Rabi, wheat, winter maize, gram, mustard, and tobacco are 
taken. In Garam, lands are kept, or certain summer crops 
like maize and vegetables are grown. In addition to these 
crops, perennial crops like sugarcane are also grown. Apart 
from these crops grown in various seasons, mixed cropping, 
i.e., growing more than one crop in a given crop season is 
also practiced.

The crop water requirement (CWR) is estimated using 
a particular crop’s evapotranspiration (ETcrop). It depends 
on the crop coefficient (Kc) and is given by the equation.

 ETcrop = ET0 × Kc  …(4)

Several factors influence the crop coefficient, including 
the type of crop, its rate of growth, as well as the harvesting 
season, and the prevailing weather conditions. The Value of 
Kc has been used from FAO-33. Net irrigation requirements 
(NIR) are the depths of irrigation required to meet 
evapotranspiration (ETcrop) minus the contributions from 
precipitation, groundwater, and stored soil water, excluding 
operational losses and leaching requirements. Therefore,

 NIR = ET0 × Kc + special need if any – effective rainfall- 
groundwater- stored soil water …(5) 

Using equation (5), the NIR for each crop is estimated 
for each region and crop, as shown in Table 2 below.

 Multiple Cropping Practices

As shown in Table 2, two or more crops are typically 
grown on the same field in a single year, and the cropping 
is intensified in both the temporal and spatial dimensions 
during multiple cropping. The present practices must be 
enhanced for three crops, oils, fruits, and vegetables, in one 
annual cycle with minimal deterioration of soil health to 
produce the most crops per unit of land area. 
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 Conjunctive Use 

Conjunctive use is a function of (a) rainfall characteristics, (b) types of soil, (c) types of crop, 

(d) crop water requirement, and (e) groundwater table. Based on the net irrigation requirement 

(NIR) and available water resources from rainfall, groundwater, and water available in the soil, 

the irrigation schedule is prepared for different crops in different study area locations. 

Fig 11 indicates the rainfall map of the study area. The rainfall has been varying between 600 

mm to 1200 mm, except for heavy rainfall in 2007. It is also observed that the rainfall trend is 

similar in all four stations, namely East Champaran, Muzaffarpur, Vaishali, and Samastipur. 

The rainfall trend provides a guideline for using surface water and groundwater in the study 

area. The Kharif crops can use the rainfall by rainwater harvesting at agricultural lands. Also, 

the same rainwater can be used to store water, reduce waterlogging, and use it for irrigation 

during the Kharif period by the “Cut and Fill” approach, as discussed above. 

 

Fig. 11: Rainfall map of different rain gauge stations in the study area. 
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Table 2: NIR for different crops in different seasons.

Hot Season Kharif Season

S.No. Crop NIR (mm) S.No. Crop NIR 
(mm)

1 Vegetables 555.00 1 Paddy 424.00

2 Maize 547.00 2 Maize 97.00

Rabi Season

1 Wheat 523.00 4 Mustard 487.00

2 Maize 315.00 5 Tobacco 415.00

3 Potato 414.00 6 Gram 432.00

As shown in Table 2, two or more crops are typically grown on the same field in a single year, 

and the cropping is intensified in both the temporal and spatial dimensions during multiple 

cropping. The present practices must be enhanced for three crops, oils, fruits, and vegetables, 

in one annual cycle with minimal deterioration of soil health to produce the most crops per unit 

of land area.  

Land Reclamation Using “Cut and Fill” Approach 

In the study area, extensive waterlogging was observed in the agricultural land due to the influx 

of rainfall, river flood water, and leakage in the Tirhut Canal. The area-elevation and elevation 

capacity curves were derived for all major waterlogged areas and are shown in Fig 12.  

 
Fig. 12: Area-elevation, elevation-capacity curve. 

Using equations of area elevation and elevation capacity to understand their utility, a typical 

water body is considered for the study, and the calculation for a 5% reduction/reclamation of 

the areal extent is done, as shown in Fig 13. 
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Land Reclamation Using “Cut and Fill” Approach

In the study area, extensive waterlogging was observed 
in the agricultural land due to the influx of rainfall, 
river flood water, and leakage in the Tirhut Canal. 
The area-elevation and elevation capacity curves were 
derived for all major waterlogged areas and are shown in  
Fig 12. 

Using equations of area elevation and elevation 
capacity to understand their utility, a typical water body 
is considered for the study, and the calculation for a 5%  
reduction/reclamation of the areal extent is done, as shown 
in Fig 13.

Decentralization of Urban Area Development

Fig 14 illustrates the urban area population growth 
at West Champaran, East Champaran, Muzaffarpur, 
Gopalganj, Hajipur, and Vaishali, causing significant 
water scarcity and water pollution. With the development 
of peri-urban areas near the above towns, a significant  
improvement can be observed at par with developed 
townships elsewhere.

Decentralized development is the need of the day for 
environmental protection work in the urban and peri-urban 
areas of the study region. The floating population in urban 
areas is also very high due to various offices, colleges, and 
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Institutes. This needs to be changed as it generates sewage 
and wastewater pollution.

CONCLUSIONS 

In the present work, the LULC changes have been studied 
from 2002 to 2021 in a basin area between river Gandak and 
river Burhi Gandak in India and precisely detect changes 
in LULC. It has been determined that the vegetation is 
decreasing at the expense of the uncertain expansion 
settlements. The agricultural area and open land have 
decreased by 16.12% and 11.85% respectively whereas the 
urban and the waterlogged areas have increased by 24.32% 
and 4.75% respectively. 

The conjunctive use based on net irrigation requirement 
(NIR), available rainfall,  groundwater, river flow, and soil 
moisture is very useful in the study area. The cropping pattern 
being utilized and the use of multiple cropping would help 
to improve the land use of the study area. 

Land reclamation using the “Cut and fill” approach 
is useful for increasing agricultural land and preserve for 
future uses. It is also important to develop peri-urban areas 
to protect the environment from sewage, solid waste, and 
wastewater.

The study is very useful for effective environmental 
protection and land use management in India’s study area 
and other river systems. 
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       ABSTRACT
The present investigation aims to evaluate the feasibility of using Persea americana 
(Avocado) biodiesel in compression ignition engines. Persea americana bio-oil was extracted 
through a soxhlet extraction process using n-hexane solvent after careful pre-processing of 
the feedstocks. Since the Free Fatty Acid content was 1.78% estimated through titration, 
single stage base-catalyzed transesterification technique was adopted using methanol 
and sodium hydroxide as catalysts in the molar ratio of 1:6. Gas Chromatography-Mass 
Spectrometry analysis revealed the presence of Oleic acid in major proportions. The Fourier 
transform Infra-Red analysis confirmed the presence of carbonyl group ester ions between 
722.19 cm-1 and 1460 cm-1. The 13C NMR and 1H NMR studies supported the successful 
transformation of triglycerides into Fatty Acid Methyl Esters with distinct peaks at 3.369 ppm 
and 48.147 ppm, respectively.

INTRODUCTION

The continuously rising human population and limited fossil 
fuel availability create an everlasting demand for energy 
supply. Depletion of petroleum reserves and upsurging 
transportation and Industrial pollution unveiled the need 
for renewable energy resources. Agricultural-based non-
edible liquid fuel was one of the important alternatives to 
encounter the diminishing “Petro” products and the global 
environment and economic concerns. In European and 
American nations, the dependency on fossil fuel was greatly 
reduced by substituting it as the fuel source for animal fat 
and vegetable oil. Bio-diesel, a fuel source encompassing 
renewability, biodegradability, and non-toxicity, proved an 
eco-friendly substitute for “petrodiesel.”

Literature report that bio-diesel-based fuel in compression 
ignition engine produces lesser and unborn hydrocarbons, 
carbon monoxide, and particulate matter comparatively. 
Few researchers reported higher levels of carbon dioxide 
emission. Still, its effects are minimized by the floral 
photosynthetic reactions at the ground levels. Thereby its 
effect on greenhouse gas is curtailed. The avocado fruit 

(Persea americana) is a native of Central America, found 
abundantly in Indonesia. It belongs to the order of Laurales, 
Lauraceae family, and the genes of Persea. The flesh of 
this fruit is highly nutritious and possesses a pleasant smell 
and flavor. The pulpy flesh of this fruit contains minerals 
and nutrients of human absorbable nature, which controls 
the blood’s cholesterol level, thereby preventing cardio-
vascular malfunctioning. The seeds of Persea americana is 
considered to be agriculturally based, which were found to 
have promising lipids and can be extracted by approximate 
methods. The processing of Persea americana seeds involves 
almost care, and suitable lipid extraction procedures like 
ultrasonication, enzymatic extraction, or solvent extraction 
method can be applied.

The transformation of Persea americana bio-oil into its 
biodiesel can be accomplished by many proven methods, 
including thermal cracking, catalytic and non-catalytic 
transesterification, biochemical fermentation, and others 
for converting the mono alkyl tri-glycerides into its fatty 
acid methyl esters (Macro et al. 2014). The standardization 
and quantification of the derived bio-diesel from non-edible 
feedstocks can be achieved by a series of spectroscopic 
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studies like Gas Chromatography-Mass Spectrometry 
(GCMS), Fourier Transform Infrared Spectroscopy (FT-
IR) and Nuclear Magnetic Resonance (NMR) studies. 
The literature reported numerous studies on the extraction 
and characterization of vegetable-based bio-oil, but fewer 
studies were reported on its standardization, quality, and 
authenticity.

Biodiesel from Persea grastissima was produced through 
a single-stage-based catalyzed transesterification process. 
Sodium Hydroxide was used as a catalyst at a major ratio 
of 1:6, with the reaction temperature and reaction time 
being 60oC and 60 min, respectively. The transesterification 
efficiency was 84.56% (Rachimoellah et al. 2009). A 
comparative study in the transesterification process of 
Avocado and sesame seed oil and standardized them using 
Gas Chromatography and Mass Spectrometry. It was noticed 
that Persea americana seed oil contains a major proportional 
mono-unsaturated fatty acid in prominent quantity (Marwa et 
al. 2017). A hybrid methodology (Gas Chromatography Mass 
Spectrometry/ modified QuEcHERS) mass spectrometric 
analysis was employed on various edible and non-edible 
oils to identify the presence of prominent fatty acid methyl 
esters (Xiao et al. 2022, Hariram et al. 2017).

A non-invasive Fourier Transform Infrared Spectroscopy 
on Avocado fruit, including seeds, was performed practically. 
Lipid water and carbohydrates were estimated on the entire 
dry mass percentage of the Persea americana (Wedding
et al. 2013). Estimating the presence of trans-fat and lipid
profiles using FTIR and GC-FID studies with nitrogen-
inert gas was performed. It was noticed that the cooking oil 
consisted relatively higher percentage of lipids than Persea 

americana seeds and other non-edible vegetable feedstocks
(Sherazi et al. 2009). Detection and quantifying the presence 
of corn and soybean oil trends in Persea americana seed oil
employing the multivariate calibration of Fourier Transform 
mid Infrared spectroscopic analysis with the root means the 
square value of soyabean oil and corn oil as 0.52% (V/V) 
and 0.2% (V/V) in the raw oil of Persea americana was
estimated and was found to be accurate and deformation of 
authenticity (Fajar et al. 2015). A comparative Chemometric 
NMR analysis of Persea americana bio-oil with kennel,
safflower, and olive oils was conducted to identify lipids, 
hydrolysis products, oxidation products, and steer oils. They 
have applied a novel NaOH super sequencing methodology 
in the traditional two-dimensional Nuclear Magnetic 
Resonance studies (Fenfen et al. 2021). A Chemometric 
analysis combined with compact, low field Nuclear Magnetic 
Resonance spectroscopy on Persea americana, grape seed,
sesame, walnut, corn, linseed, and soybean bio-oils was 
conducted. The fatty acid methyl esters are estimated and 
compared with each other. The multivariate approach to 

understand analytical and statistical parameters on NMR 
outcomes with each other (Diego et al. 2021). 

Most literature has concentrated on the chemometric 
analysis of Persea americana bio-oil. The objective of the
present investigation is to evaluate the potential of Persea 

americana bio-oil and its bio-diesel to be used as the fuel
for compression Ignition engines. Further, spectroscopic 
studies like Fourier Transform Infrared spectroscopy, 
Nuclear Magnetic Resonance Spectroscopy, and Gas 
Chromatography-Mass Spectroscopy leverage it’s suitable to 
be used along with need diesel in the blended form without 
making any modification in the Compression Ignition engine.

Persea Americana Bio-Diesel Extraction

The raw Persea americana fruits were procured locally in
Padur, Chennai, and Tamil Nadu, and seeds were removed 
from the flesh. The seeds were sundried for 72 hours, and the 
outer covers were carefully removed. The remaining seats 
were kept in a hot oven at 70 °C for four hours and later 
shuddered into small pieces, as shown in Fig. 1. For further 
process, the shuddered seed was powder in an automated 
motor and piston arrangement to make it into a powder form. 
Solvent bio-oil extraction techniques using Soxhlet apparatus 
as shown in Fig. 1. Fifty grams of dry Persea americana

seed powder was filled in a suitable arrangement of the 
Soxhlet apparatus 200mL of n-hexane solvent was placed in 
the boiling flask as the extraction solvent upon heating the 
round bottom flask of the Soxhlet apparatus to 90 degrees 
Celsius the n-hexane solvent is vaporized. It occupies the
upper condensation chamber of the Soxhlet apparatus, where 
the n-hexene solvent condenses and drops down into the 
extraction chamber and reacts with the thimble containing 
Persea americana seed powder.

At an elevated temperature above 45 to 50 degrees 
Celsius, the n-hexane solvent reacts with the cell wall
membrane of the powder seeds. Thus, the remaining lipid 
content from the Persea americana seeds further drops into 
the solvent along with n-hexane. Currently, the boiling
flask contains a magnet inducement of n-hexane and Persea 

americana seed oil. Further and contained heating, the
boiling flask of the Soxhlet apparatus vaporizes the n-hexane 
solvent alone due to its lower boiling point, and the entire 
cycle is repeated thereafter. By employing the extraction 
methodology, 475mL Persea americana bio-oil was obtained
for 27 batch cycles at a % extraction efficiency of 37.75%.

Persea americana Bio-Oil Transesterification

The free fatty acid content of Persea americana bio-oil was
estimated by the titration process with potassium hydroxide 
and phenylethylene indicator, which was found to be 1.78%. 
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Hence the FFI contains a loss of less than 2%. The single 
state base catalyzes justification was a proven method per 
the literature. 240 mL of methanol was taken in a flat bottom 
conical flask to esterify 450 mL of Persea americana bio-oil 
at a molar ratio of 1:6. 1.72 grams of sodium hydroxide was 
thoroughly minimum with the methanol in the flat bottom 

conical flask at 60 degrees Celsius and 400 rpm of agitating 
speed for 45 minutes, eventually forming sodium methoxide 
solution.

Further, 450mL of Persea americana bio-oil was 
transferred into the flat bottom conical flask containing 
sodium net solution. The reaction temperature was elevated 

Fig. 1: Persea americana Fruit, Seeds (A), Ripening (B) and feedstock processing (C and D).

Fig. 2: Persea americana (Avocado) bio-oil (A), Transesterification (B) and Biodiesel (C).
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to 70 degrees Celsius for 120 minutes at 450 rpm agitation 
speed. After the reaction period, the entire content of the 
flat bottom conical flask was transferred into an inverted 
separating funnel under a cooling period of 4 hours. It was 
allowed to initiate the transesterification reaction process for 
converting tri Glyceride into glycerol and fatty acid methyl 
esters from Fig. 2. It was visible that airing formation took 
place in the separating funnel distinction the two layers of 
FAME as the upper layer and glycerol as the lower layer 
upon burning the rotating of carefully, glycerol was allowed 
to drop down in a beaker thereby crude Persea americana 
biodiesel was obtained. Five percent of hydrochloric acid 
diluted with double distilled water was used to remove 
impurities like a residual catalyst, unreacted triglycerides, 
glycerol, soaps, etc., from the crude biodiesel for washing 
the obtained crude biodiesel. This transesterification 
process yielded 375mL of Persea americana biodiesel at 
an efficiency of 83.33%.

Comparison of Physio-Chemical properties of Diesel, 
and Persea americana Bio-oil and Biodiesel 

The physicochemical properties of Persea americana bio-
oil and biodiesel were compared with commercial diesel in 
Table 1. The transesterification process considerably reduced 
the kinematic viscosity from 23.089 cSt to 2.789 cSt, thus 
making it more suitable for CI engine usage. The density 
of Persea americana biodiesel was slightly increased by 
0.404% but was found to be within limits. The Gross calorific 
value showed significant appreciation up to 23.48% and a 
notable upsurge in oxygen content.

Spectroscopic Analysis

GCMS-Gas Chromatography-Mass Spectroscopic Analysis

A single Quadrupole Agilent 8890 GC mass spectrometer 
was employed to identify various fatty acid methyl esters to 
estimate Persea americana bio-diesel. Agilent spectrometer 
works at over temperatures between 40°C to °450C. The 
chromatographic area repeatability and retention type 
repeatability are less than 0.5% and 0.8%, respectively, with 
an inlet split ratio of 7500:1. Heated hyperbolic monolithic 
quadrupole mass filter with chemical ionization with a mass 
range of 1.6 to 1050 amu was employed. The temperature of 
the ion source and the quadrupole was maintained between 
150-350°C and 106-200°C respectively. Four µL of methanol 
was used as a pre-injection solvent, after which 10 µL of 
Avocado bio-diesel was injected into the spectrometer and 
the distant injection speed was maintained at 6000 µm.m-1. 

FTIR-Fourier Transform Infrared Spectrometry
A single reflection Attenuated Portal Interval Reflectance 
molecule Bruker- Alpha- Platinum- Instrument was 
employed to understand the transmittance range of Persea 

americana bio-diesel. This FT-IR instrument uses deuterated 
tri-glyceride sulfate as a detector under the spectrometer from 
500cm-1 to 400cm-1 with a resolution of 2 cm-1. Infrared light 
radiation will enter the crystal cavity and diffract into internal 
reflections. The resultant incident angle fall between the 
crystal and the sample is shown as the transmittance range 
of Persea americana bio-diesel.

NMR-Nuclear Magnetic Resonance
Bruker Avance 3 500 MHz non-invasive nuclear magnetic 
spectrometer was used to understand the 1H and 13C nuclei 
NMR spectrometer in the Persea americana bio-diesel. 
The equipment comprises a 5.4 cm long holed standard 
bore with an 11.7 Tesla shielded superconducting magnet 
with temperature shins (34 channel) and cryoshims. The 
RF console of the Bruker Avance 3 spectrometer has low 
heat dissipation due to its gradient shining with Deuterium 
solvent. The face resolution and the frequency resolution 
of the RF console are 0.1° and 0.1Hz, respectively.  1H de-
coupling was observed using a 5 mm broadband gradient 
prob, and the 13C de-coupling was observed using a 5 mm 
quadruple inverse probed gradient.

RESULTS AND DISCUSSION 

Gas Chromatography-Mass Spectrometry

The Gas Chromatography-Mass Spectrometry was carried 
out to evaluate the presence of fatty acid methyl esters in 
the presence of Persea Americana biodiesel. It was derived 
through base catalyst transesterification using methanol. In 
prominent quantities, unsaturated and saturated fatty acids 
were present in the Persea americana biodiesel. It was 
observed that oleic acid (9112 - Octadecadienoic acid (Z, Z) 

Table 1. Physio-chemical properties of Persea americana – raw bio-oil, 
biodiesel, and diesel 

Property Diesel Persea 

americana 
biodiesel

Persea 

americana 
bio-oil

Density [kg.m-3] 842 851 847.56

Molecular formula C12H22 - C14-C25

Cetane number 48.5 44 37

Sulfur content [% vol] 0.04 0.22 0.31

Gross calorific value [kJ.kg-1] 42700 41256 31568

Kinematic Viscosity (cSt) 2.82 2.798 23.089

Ash content 0 0.524 1.265

Flashpoint [oC] 69 49 262-289

Oxygen content [% wt] 0 9.784 5.569
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Fourier Transform Infrared Spectrometry (FTIR)

The Fourier Transform Infrared spectroscopic analysis on the 
Persea americana biodiesel sample showed the stretching
and bending vibration between 524.73 cm-1 and 3008.40 
cm-1 of wave number as the percentage of transmittance.
Stretching vibrations between 722.19 cm-1 and 1460.81 cm-1

confirmed the presence of carbonyl group ions (C = O) (Fig. 

methyl ester) constituted a significant portion, accounting 
for up to 43.7% of the total composition of fatty acid methyl 
esters (FAME). At the retention time of 29.934 min. The 
other relevant fatty acid methyl ester such as palmitic acid 
(hexadecanoic acid methyl ester), linoleic acid (trans - 13 - 
octadecanoic acid methyl ester), and stearic acid (octadecanoic 
acid methyl ester) in notable proportions (Fig. 3).

Fig. 3: Persea americana (Avocado) – GC MS mass chromatogram.
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Fig. 4. Persea americana (Avocado) – FT IR spectrum transmittance.
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4). A strong signal at 1714.21 cm-1 indicated the presence of 
fatty acid methyl esters in Persea americana biodiesel. The
combination of stretching and bending vibration between 
2853.93 cm-1 and 3008.40 cm-1 is also supported as evidence 
for the presence of FAMES in the biodiesel sample.  A strong 
stretching signal at 722.19 cm-1 and 1196.15 cm-1 indicated 
the presence of a C-H bond in the biodiesel. The absence of 
signals and vibrations between 1741.21 cm-1 and 2853.93 
cm-1 showed that the effectiveness in the transesterification
reaction for converting the bio-oil of Persea americana

feedstock into its biodiesel was more than 80%.

Nuclear Magnetic Resonance (NMR)

The derived Persea americana biodiesel was characterized
using 1H NMR (proton NMR) and 13C NMR carbon in Bruker 
Avance 3 500 MHz equipment. 

Fig. 5 shows the typical 1H NMR spectrum of the Persea 

americana biodiesel. A strong characteristic singlet peak
was noticed at 3.369 ppm, which is the distinctive feature 
indicating the presence of methoxy proton. 2 triplet peaks at 
5.39 ppm and 2.08 ppm confirmed the presence of fatty acid 
methyl ester in Persea americana biodiesel. The absence

of singlet and triplet peaks beyond 5.411 ppm indicated 
the absence of oleic and aliphatic acid hydrogen in the 
transesterified Persea americana biodiesel. Furthermore, a
strong singlet peak at 4.899 ppm indicated the presence of 
a methanol group in the hydrocarbon chain. Several weak 
signals (singlet and doublet peaks) at one point (6.24 ppm 
and 3.333 ppm) were also noted in the 1H NMR spectrum, 
possibly due to the minimal hydroxy and amine group.

Fig. 6 shows the NMR spectrum at 13C (carbon) 
belonging to the Persea americana biodiesel at 48.147 ppm. 
A characteristic singlet peak was noticed, which indicates 
the presence of fatty acid methyl esters in Persea americana

biodiesel. A clustered peak between 26.785 ppm and 33.443 
ppm was formed, which may be due to the existence of 
(-COO) and (C-O) carbonyl groups. A singlet terminal 
carbon peak was also noticed at once 17 ppm, with may be 
due to the presence of the methylene group. Multiple singlet 
peaks were seen between 127.681 ppm and 129.556 ppm, 
possibly due to the long-chain hydrocarbon formed due to 
the transesterification process. The formation of a weak 
signaled singlet peak at 179.40 pm may be due to hydroxy 
ions in the Persea americana biodiesel.

Fig. 5: Persea americana (Avocado) – 1H NMR spectrum.
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CONCLUSION

The present investigation evaluates the feasibility of using 
Persea americana biodiesel blends in compression ignition 
engines. The following conclusions were drawn.

 1. The pre-processing of Persea americana seeds and a 
Soxhlet extraction technique with 200 mL of n-hexane 
in 27 batches isolated 475 mL of Persea americana 
bio-oil at an extraction efficiency of 37.5%.

 2. A single-stage base-catalyzed transesterification process 
with methanol and NaOH at a molar ratio of 1:6 was 
employed to produce Persea americana biodiesel with 
a reduced FFA content (less than 1.78%). The process 
yielded 375 mL of biodiesel with an esterification 
efficiency of 83.33%.

 3. Significant reduction in kinematic viscosity, flash point, 
and ash content was evidenced along with appreciation 
in density, gross calorific value, and oxygen content of 
the derived Persea americana biodiesel.

 4. GC-MS analysis identified the presence of Oleic acid 
in prominent proportions.

 5. FT-IR spectroscopic analysis confirmed the presence of 
carbonyl ester ions by revealing a stretching vibration 
between 722.19 cm-1 and 1460.81 cm-1. Additionally, 
a strong signal at 1196.15 cm-1 attributed to the above 
outcomes.

 6. A singlet peak at 3.369 ppm in the 1H NMR spectrum 
and strong cluster peaks between 26.785 ppm and 33.443 
ppm in the 13C NMR evidenced the transformation of 
triglycerides into FAMEs during the transesterification 
reaction.

Therefore, it can be concluded that the biodiesel derived 
from Persea americana feedstock can be utilized as a 
substitute fuel for commercial diesel in blended form without 
making any modifications to the existing compression 
ignition engine.
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Fig. 6: Persea americana (Avocado) – 13C NMR spectrum.
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      ABSTRACT
Due to its detrimental effects, notably on the well-being and biota of the ocean, microplastic 
contamination is becoming a bigger concern. Because of this, the issue of microplastics in 
the marine ecosystem is currently a major concern. The purpose of the study is to objectively 
evaluate the most recent data supporting the impact of microplastic contamination in 
seawater. When creating the standards for assessing the literature, P.I.C.O. was taken into 
account. For this inquiry, databases were selected and used throughout the data-collecting 
process. We checked PubMed, CINAHL, Google, Hinari, and the Cochrane Library. Boolean 
operators (AND, OR) and keywords were employed in the search to avoid oversaturating 
the data. Keywords used as per MeSH: Microplastic, plastics, seawater, ocean, pollution, 
microplastic exposure. The last five years (Since 2017) worth of studies were incorporated. 
Boolean search for relevant terms used. This limited my query to 188 records through 
various database searches. Several things were removed because they were unrelated to 
the study’s subject. Due to its detrimental impact on marine biota, the issue of microplastic 
contamination in the marine ecosystem is a current concern. Microplastics, which serve as 
a vector, become stuck with harmful pollutants. It is necessary to implement conservation 
management strategies and assistance for different educational programs to protect the 
environment from these hazardous microplastics. Humans are exposed to plastic waste 
when eating fish tainted with plastic. As a result, there are various outbreaks of chronic 
diseases, and people suffer the effects. The public’s education on the harmful effects of 
microplastics is a crucial need in this field. As a result, many inventions would be promoted 
to decrease the use and consumption of plastic and its products.

INTRODUCTION

One of the most significant contaminants in the marine 
environment is microplastics, which accumulate in sediments 
worldwide. (Zhao et al. 2018). Marine ecosystems all around 
the world are contaminated by microplastic litter. Due to 
the durability of these materials, the impact of microplastic 
contamination in the marine ecosystem may endure for years 
to come. Microplastics are a new category of pollutants that 
might be problematic, and there are currently few established 
methods for detecting them (Uyarra et al. 2016)

In the marine environment, plastic waste is common and 
disintegrates into tiny particles known as microplastics. The 
size of microplastics is limited to those with a diameter of 
less than 5 mm, and there are two subgroups: big MPs (1–5 
mm) and tiny MPs. However, this categorization has no

official name (0.1-1 mm). Microplastics comprise 92.4% of 
the estimated 5 trillion plastic objects, or 268 940 tonnes, in 
the world’s seas. Bottles, containers, buoys, textile fibers, 
cosmetic microbeads, and even nanoparticles from industrial 
discharge are some of the main sources. Based on size, they 
are separated into macroplastics (2.5 cm to 1 m), mesoplastics 
(5 mm to 2.5 cm), microplastics, and nanoplastics. Under the 
effects of environmental weathering, primary plastic debris 
breaks down and biochemically degrades into secondary 
Microplastics (Thi Kim Khuyen et al. 2021)

The ocean is currently filled with plastic waste, which 
almost certainly affects every marine species. A conservative 
estimate of a recent study indicates that 2,141 different 
species have been discovered to face plastic pollution in 
their natural settings (Tekman et al. 2022)

Plastic microparticle buildup in lower trophic levels may 
have a cascading impact on marine food webs, ultimately 
harming humans. This emphasizes the significance of plastics 
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as a growing source of toxins that are dangerous to both the 
environment and human health (Campanale et al. 2020).

Justification

For the management of pellets and to prevent heavy objects 
from entering the ocean, specific efforts directed at the 
primary and secondary sources of microplastic are needed 
(where they decay). Sadly, if current patterns continue, 
both humans and animals will continue to be in danger, 
and mishaps will happen before these objectives are met. 
Different issues arise when environmental passives are 
addressed. Microplastic cannot be removed from saltwater 
or separated from the sand by sieving. It would be ineffective 
even if one could collect these tiny particles. Microplastic 
will continue to travel in sluggish, complicated patterns to 
the ocean’s floor, where they will eventually be buried for 
millennia in sand and muck (Ivar Do Sul & Costa 2014)

According to reports, microplastic can operate as a 
vector for pollutants by absorbing them and aiding in their 
bioaccumulation, particularly in marine environments, 
organisms & consequently, food webs (Amelia et al. 2021)

Experts have long voiced concern about the growing 
amount of plastic in the environment. The alarm about 
macroplastics has been raised by iconic images of sea 
creatures wrapped in soda can rings or straws sticking out 
of their nostrils. However, microplastics, smaller than 5 mm 
in diameter and shed from synthetic fabrics or resulting from 
the breakdown of larger chunks, are even more widespread, 
and their effects on human health are still unknown. 

Corals, planktons, fish, whales, and other marine 
invertebrates are just a few examples of marine biota that may 
consume microscopic plastics passed down to the food chain. 
Due to their large surface-to-volume ratio, microplastics 
easily absorb hydrophobic contaminants from the aquatic 
system. Microplastic pollution is a growing problem because 
of its negative impacts, particularly on the health and biota 
of the ocean. Because of this, the issue of microplastics in 
the marine ecosystem is currently a major concern.

However, there has not yet been a comprehensive look 
at seawater microplastic contamination. This review study 
focuses on the abundance and features of microplastics in 
various environmental and biological components to better 
understand the condition of microplastic contamination in 
seawater. The background information on microplastics 
provided by this study might aid in developing successful 
plastic pollution management policies by the government.

Microplastics can unintentionally introduce various 
hazardous hydrophobic pollutants into the food chain by 
absorbing these contaminants from the environment. Further 
methods must be devised to solve the major problem of 

marine environment microplastic contamination. It is crucial 
to cease further production of plastic and swap it out for more 
environmentally friendly materials to prevent a problem in 
the future.

The problem of microplastics has been ignored for a long 
time, and the necessity to study the possible consequences, 
exposure routes, and toxicity of microplastic towards living 
organisms of the marine ecosystem and on human health 
is highlighted by the unavoidable exposure of people to 
microplastic. 

Aim

The study aims to critically review current evidence 
contributing to the effect of microplastic pollution in 
seawater.

Objectives

1. To critically analyze current literature on microplastic
pollution in seawater

2. To draw findings based on the results of the qualified
investigations to facilitate review studies

3. Interpret, contextualize, and provide a summary and
conclusion of the selected research results.

Research Question

The research question of this study was how microplastics 
pollute seawater and what is the impact of these microplastics. 

MATERIALS AND METHODS

A comprehensive review of all relevant studies related to 
Microplastic pollution is included.  The research design 
included published and unpublished studies and summarizing 
the findings.

Data collection is crucial to systematic reviews since it 
provides the basis for conclusions.  If it turns out that there 
are better methods to define the populations, treatments, 
outcomes, or study designs, changes to the protocol should 
only be approved after the review questions have been 
developed. We looked at several printed and digital sources. 
Search engines were also employed to hunt for websites 
that may be used as references. The preset selection criteria 
for the research were directly derived from the review  
questions. 

A more detailed examination of the quality of a few 
studies was carried out using wide critical evaluation 
principles. A comprehensive technique was used to choose 
the best research sample for this evaluation (Table 1). When 
creating the standards for assessing the literature, P.I.C.O. 
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was taken into account. This demonstrated that the suggested 
study had received enough responses.

A question must address the topic at hand specifically 
and be phrased in a way that makes it simpler to locate an 
answer. PICO makes this procedure simpler. It provides an 
example of the essential elements of a suitable query. 

Criteria for PICO

Data Collection Strategies
Databases were chosen and utilized throughout the data 
collection method for this investigation. PubMed, CINAHL, 
Google Scholar, Hinari, and the Cochrane Library were 
consulted. Boolean operators (AND, OR) and keywords were 
employed in the search to avoid oversaturating the data. This 
shows that intentional or unintentional bias may be found 
depending on how a search is done. Therefore, it is crucial to 
demonstrate that a comprehensive, extended, and wide search 
was carried out.

The scientific literature search was first carried out in 
Pubmed using the keywords: Microplastic AND Pollution 
OR Seawater OR Ocean OR Plastics within the article title, 
abstract, and keywords. Subsequently, a second, advanced 
search was carried out in CINAHL, Google Scholar, and Hinari 
using the keyword combinations (“microplastic,” “pollution”), 
(“seawater,” “microplastics”), (“seawater,” “pollution,”) and 
(“microplastic,” “ocean,”) within article titles. Further, the 
scientific literature was carried out in The Cochrane Database 
of Systematic Reviews (Cochrane Reviews)

Keywords Used as Per MeSH

Microplastic, plastics, seawater, ocean, pollution, microplastic 
exposure. The principal investigator and abstracts did initial 
searches, screening of tiles, and study reviews were conducted 
by co-authors. Any differences of opinion were discussed, 
and a consensus was reached; Coauthors extracted the data 
independently and compared the results. The following data 
was extracted from each study, published year of study, Author 
name, location, additional factors, and key findings 

Inclusion/Exclusion Criteria

The last five years (Since 2017) of studies were incorporated. 
Articles not originally published in English were disqualified 

due to the possibility of language bias due to the writers’ 
limited experience and the possibility of an inaccurate 
translation. After doing a boolean search for them, the study 
utilized several filters to choose appropriate phrases based 
on my inclusion criteria (Table 2). This restricted the search 
using different databases to 188 records.

A PRISMA flow diagram was framed (Fig. 1). Many 
articles were removed because they were unrelated to the 
study’s subjects. After removing the duplicates, the abstracts 
of each publication were reviewed. Once further studies that 
did not meet the requirements were excluded, eight papers 
that satisfied the inclusion criteria were included.

17 relevant studies that fulfilled the inclusion criteria were 
identified as potentially useful but eventually disregarded, 
along with the justifications for each.

RESULTS

Eight studies were analyzed (Table 3). 

The discovery that marine life and all ocean ecosystems 
include tiny particles made from plastic garbage is no longer 
news. Microplastic contamination seems to be one of the 
largest environmental challenges facing the planet right now. 
240 samples of sixteen species of fish, squid, and shrimp that 
are all suitable for human consumption were collected. In 
water samples and marine life, microplastic debris was found. 
The most common size range for microplastic particles was 
150 to 500 m. One of the first studies to concurrently measure 
the amount of microplastic particles and how they affect 
marine life in this area (Alfaro-Núñez et al. 2021).

The quantity of marine plastics in seawater is a useful 
indicator of marine plastic pollution since it shows the current 
level of pollution and the levels of waterborne exposure 
that marine organisms are exposed to. Two microplastic 
monitoring techniques are suggested for use in regional 
and global assessments of pollution status through time 
and space, assessments of ecological risk, and a description 
of their key characteristics. Despite the strong connection 

Table 1: Criteria for PICO.

Participants Studies related to microplastic pollution in 
seawater

Intervention Microplastic pollution in seawater

Comparison/Control Role of microplastic in seawater

Outcome Impact of microplastic pollution

Table 2: Inclusion and Exclusion Criteria. 

Inclusion Criteria Exclusion Criteria

Studies related to microplastic 
pollution in seawater

Studies related to rivers/
ponds/streams

Studies related to articles written in 
English

Articles in pre-printed 
literature

Articles Free to access Case Reports

Peer-reviewed articles 

Studies Published in the year 2017 and 
afterward

Non-experimental quantitative studies 
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between macroplastic and microplastic pollution (Shim et 
al. 2022).

Over time, unreacted monomers, oligomers, and additives 
from plastics released into the water may leach. Additionally, 
metals and polychlorinated biphenyls, as well as other 
organic and inorganic pollutants, are absorbed by plastics 
from the surrounding saltwater. The research determined the 

amount of additives found in seven categories of common 
plastic debris in the waters in 2015. (Bottles, bottle caps, EPP 
containers, silverware, supermarket bags, meal wrappers, 
straws, or stirrers) (De Frond et al. 2019).

The polymeric kinds found were high-density 
polyethylene, polystyrene, polypropylene, and polyethylene 
terephthalate. This investigation discovered microplastic 

PRISMA  

Fig. 1: PRISMA Flow chart. 

RESULTS

Eight studies were analyzed (Table 3).

Table 3: Characteristics of Included Study.

188  records located while 
searching the database 

 excluded 140 irrelevant 
records 

At last 08 full text articles 
selected for the study 

excluded 09 full text 
articles excluded rationally 

Assessed 17 full text 
articles - eligibility 

Due to title and duplicate articles 
excluded 14 records  

Fig. 1: PRISMA Flow chart.
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Table 3: Characteristics of Included Study.

Author and Year study design Location Additional Factor Key findings

(Alfaro-Núñez et 
al. 2021)

Exploratory 
study design

4000 km-trajectory 
encompassing 453,000 
square kilometers- Tropical 
Eastern Pacific & the 
Galápagos archipelago

specimens of the sixteen 
distinct species- fish, crabs, 
and mollusks.

The bulk of the particles ranged 
in size from 150 to 500 m and 
were microscopic microplastics. 
Microplastic fragments -  sedimentary 
habitats, shores, pelagic zones 7, 36, 
deep sea 37, and in living organisms

(Shim et al. 2022) Review study Between-  North Pacific 
and the world’s other ocean 
basins.

Two microplastic 
monitoring techniques: 
evaluation of ecological 
risk and pollution status 
throughout time and space

The North Pacific has seen more 
extensive microplastic monitoring 
efforts than other ocean regions. 
However, these studies were 
geographically skewed towards 
marginal waters in the Northwest 
Pacific region.

(De Frond et al. 
2019)

Comparative 
case studies

Locations - Two coastal 
(Hong Kong & Hawaii), Two 
open ocean (North Pacific &  
South Atlantic gyres) 

the volume of certain 
chemical additives entering 
the global seas with 
everyday plastic waste, & 
the volume of chemicals 
that have been sorbed

With more PCBs present closer to the 
source, where plastic is more prevalent 
/square foot than in the ocean, the mass 
of chemicals and plastics in a site are 
connected.

(Mohan et al. 
2022)

Microplastic 
prevalence 
study

Beaches of Port Blair, ANI: 
Cove Beach, Quarry Beach, 
and Wandoor Beach are 
three coastal stations.

The analyzed locations 
contained lines, bits, pellets, 
foams, and microplastic 
fibers.

Waste from a nearby municipal landfill 
that contains microplastics. Fourier 
Transform Infrared Spectroscopy 
(FTIR) discovered that the beach silt 
included plasta zinc, a novel sort of 
polymer that may or may not be a nano 
plastic. Its presence indicates that the 
marine environment biologically and 
enzymatically degraded microplastic. 

(Dutta et al. 2022) Exploratory 
study

03 beaches viz Aksa, 
Versova, and Girgaon 
Chowpatty of Mumbai city

 Spatial variation was also 
observed 

Beads were the most common MPs in 
both the sediments and the saltwater 
column, whereas fibers contributed the 
least. Most of the seen particles were in 
the 0.45 to 500 m range. The number of 
smaller size fractions has been shown 
to increase, which raises the likelihood 
of harm to aquatic life.

(Keerthika et al. 
2022)

Exploratory 
study

Beach sediment - 
Thoothukudi region, south-
east coast of India, Gulf of 
Mannar region

The presence of inorganic 
materials on the surface 
Microplastics may result 
from environmental factors 
or plastic additions.

Along the Thoothukudi coast, 
microplastics ( 5 mm) are pervasive 
and pose a major danger to the marine 
ecosystem and life.

(Jeyasanta et al. 
2020)

Exploratory 
study

08 sandy 
beaches-  shoreline of 
Tuticorin, TN

 fishing activity intensity 
and macro- and microplastic 
concentrations

These polymers are frequently found: 
PET, PS, PE, PP, NY, and PVC.
The concentrations of micro- and 
mesoplastics are highly correlated.

(Sun et al. 2018) comprehensive 
study

Yellow Sea, bounded by 
China and the Korean 
Peninsula

composition of the polymer 
type

In 80% (40 of 50) of the sample 
stations in the Yellow Sea, there were 
microplastics found in the seawater.

contamination from municipal garbage dumps close to the 
shore. Transforming Fourier, the beach silt was found to 
include plasta zinc, a novel sort of polymer that may or may 
not be a nano plastic, according to infrared spectroscopy. Its 
presence indicates that the marine environment biologically 
and enzymatically degraded microplastic. Further research 
is necessary to identify the variables affecting microplastic 

prevalence, its hazardous effects on the marine environment, 
and the mechanisms of microplastic degradation in the 
marine ecosystem (Mohan et al. 2022).

Microplastic concentrations averaged 204 by 110 
particles per kilogram and 103 by 60 particles per liter in 
marine sediments, respectively. The most common kinds 
of microplastic were beads, whereas fibers contributed the 
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least to the sediments and saltwater column. Most of the 
seen particles were in the 0.45 to 500 m range. The number 
of smaller size fractions has been shown to increase, which 
raises the likelihood of harm to aquatic life (Dutta et al. 2022).

A recent investigation demonstrated that microplastics (< 5 
mm) are widespread, providing a major hazard to the marine
ecosystem and marine species. Energy dispersive X-ray (EDX)
spectroscopy spectra revealed that the inorganic elements
present at the surface of the microplastic may have come from 
the environment or as plastic additives (Keerthika et al. 2022).

Plastic trash prevalence differs among the research 
locations depending on the level of fishing and other 
activities of human nature. Using the polymers PP, NY, PET, 
PE, PS, and PVC as their constituents, mean concentrations 
of microplastics have been determined. PE is the most 
predominant polymer (Jeyasanta et al. 2020).

Plastic contamination in the ocean is a global issue. Most 
marine plastic pollution comes from microplastic, which is 
tiny enough to be consumed and possibly harmful to marine 
life. Polypropylene and polyethylene account for 88.13% 
of all main polymer types. Seawater contains a patchy 
distribution of MPs, with large MP concentrations seen in 
coastal cities. The polymer type has a varied composition, 
with 46% of the MPs in zooplankton being fiber-shaped. The 
taxa and their abundance in the Yellow Sea are factors in the 
retention of MPs in zooplankton (Sun et al. 2018).

Fish exposed to microplastics experience neurotoxicity, 
growth slowdown, and aberrant behavior. Microplastic 
effects on human health are not well understood. Owing to 
the high concentration of MPs in the environment, exposure 
might happen by eating, breathing, or skin contact. After 
exposure to MPs, humans may undergo oxidative stress, 
cytotoxicity, neurotoxicity, immune system disturbance, 
and MP translocation to other tissues. There is still much 
to learn about MPs’ harmful effects on fish and humans 
(Bhuyan 2022).

DISCUSSION

The current study found that bioaccumulation is quite likely 
to happen with microplastics due to their tiny size. After 
being eaten by a range of marine species, such as corals, 
plankton, fish, seabirds, and marine mammals, they migrate 
up the food chain.  Several chemical stabilizers and additives 
are also included in plastic polymers, which lead them to 
absorb toxic substances from their environment. Since 
the amount of pollution in the ocean has risen, there is an 
apparent and growing threat to human health.

Ocean pollution poses a clear and present danger to 
human health and well-being, as supported by Landrigan et 

al. (2020), who mentioned that Methylmercury and PCBs 
are the ocean pollutants whose human health effects are best 
understood. Exposing infants in utero to these pollutants
through maternal consumption of contaminated seafood can 
damage developing brains, reduce IQ and increase children›s 
risks for autism, ADHD, and learning disorders (Landrigan 
et al. 2020).

The quantities of floating plastic in the Mediterranean 
Sea were investigated to see if this basin might be 
considered a major plastic waste accumulation location. The 
Mediterranean exhibited more big plastic items than oceanic 
gyres, indicating the region was close to pollution sources 
even if most of the plastic debris was in millimeter-sized 
bits (Cózar et al. 2015).

It is anticipated that interactions between micro- and 
nanoplastics and the immune system might result in 
immunotoxicity and, as a result, detrimental outcomes (such as 
immunosuppression, immunological activation, and aberrant 
inflammatory response). The ability of micro- (10 m) and 
nano-plastics (40-250 nm) to generate lethal effects at the cell 
level in terms of oxidative stress was recently demonstrated 
by in vitro investigations using cerebral and epithelial human 
cells, supporting the scientific hypotheses about the potential 
impacts on human health (Barboza et al. 2018).

When ingested by humans, the fate and consequences of 
microplastics are still debatable and poorly understood. If 
the distribution of particles in secondary tissues, such as the 
liver, muscles, and brain, is possible, then only microplastics 
smaller than 20 m can penetrate organs. Those with a size 
of about 10 m should be able to access all organs, cross cell 
membranes, cross the blood-brain barrier, and enter the 
placenta. The effects of microplastics on human health are not 
entirely understood. However, they might be caused by their 
physical characteristics (size, shape, and length), chemical 
characteristics (additives and polymer type), concentration, 
or microbial biofilm development (Campanale et al. 2020).

CONCLUSION

Microplastic pollution of the marine ecosystem is a contem-
porary issue due to its negative effects on marine biota. The 
toxic contaminants attach themselves to the microplastics, 
which act as vectors. To better comprehend the various var-
iables that affect the occurrence of microplastic in marine 
ecosystems and its biological effects on marine biota, further 
research is necessary. Fish may be exposed to toxic com-
pounds and harmful microbes through MPs. People consume 
fish contaminated with plastic and are exposed to plastic 
debris. As a result, numerous outbreaks of chronic illnesses 
happen, and individuals experience the consequences. It is 
necessary to implement conservation management strategies 
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and assistance for different educational programs to protect 
the environment from these hazardous microplastics. The 
public’s education on the harmful effects of microplastics is 
a crucial need in this field. Many innovations to reduce the 
usage and consumption of plastic and its products would be 
encouraged. The collection and reuse of plastic waste is the 
most important strategy for lowering the quantity of plastic 
that enters the ecosystem. Find alternatives to plastic things 
to eliminate future dangers.
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      ABSTRACT
Pollutants like arsenic, chromium, or other toxic heavy metals have the most dreadful impact 
on humans or animals and also become a threat worldwide. Introducing these contaminants 
into the environment is not just due to the chemical industry but also coexists in combined 
form in underground rocks, contaminating groundwater during breakdown. Epidemics are 
now largely blamed on toxic pollution in many different nations worldwide. The issue has 
gotten worse in underdeveloped nations, where metal contamination of the groundwater 
affects more than a million people. Different techniques are used to remove toxic pollutants 
from water, but most are expensive and energy intensive. Adsorption is preferable for 
removing contaminants such as heavy metals or chemical dyes. As nanomaterials have 
been demonstrated to be more effective as nanocomposites, we used an adsorbent of 
nanomaterial to use the adsorption approach. These materials have become more well-liked 
because of their useful applications and improved characteristics. Magnetic synthesized 
nanocomposites have magnetic properties, which become beneficial for adsorption as it 
enhances adsorption capacity. The insertion of the plant or aggregate waste material for 
nanocomposite synthesis inhibits the growth of bacteria or other microorganisms, preventing 
the material from getting infected if it is in the environment. In this review paper, we have 
focused on the green synthesis of nanomaterials used for water treatment.

INTRODUCTION

Nanoparticles play an essential role in today’s world as they 
are classified as advanced materials in nanotechnology. 
They are defined as modifying a matter through physical 
and chemical techniques to produce a material with specific 
characteristics that are helpful in many applications (Nazri & 
Sapawe 2020). Plants, animals, and bacteria have cell walls 
consisting of cellulose, lipids, and chitin, which are used 
to form different natural nanomaterials by the electrostatic 
interaction or hydrogen bonding. These materials are 
abundant, renewable, biodegradable, and easily prepared 
(Visakh & Thomas 2010). These cell walls have various 
functional groups on their surfaces that interact with organic 
or inorganic nanoparticles to form nano biocomposite 
materials. Nanoparticles come in the range of 1 to 100 nm, 
which has a very important contribution to the advancement 
of nanoscience and nanotechnology which is increasing 
quickly (Ahmad et al. 2011). Nanotechnology came into 
the picture after its scientific discovery in the twenty-first 
century. This developing area started grabbing attention as 
it includes the creation, handling, and use of those materials 
scaling in size less than 100 nm, which can become of great 

use as applications of nanoparticles are vast (Jadoun et al. 
2021). Researchers and scientists have started showing 
great interest in exceptional features and discovered that 
these contain individual applications in diverse fields. The 
green synthesis is a method of producing nanoparticles 
using eco-friendly and biocompatible precursors, reducing 
agents, and solvents. This approach can significantly reduce 
the toxicity of the resulting nanoparticles compared to 
conventional synthesis methods, which often use hazardous 
chemicals. Natural precursors, such as plant extracts, can also 
add advantageous functional groups to the nanoparticles’ 
surfaces, reducing their toxicity and increasing their 
biocompatibility. Additionally, compared to conventional 
synthesis techniques, using green synthesis techniques 
frequently results in nanoparticles with enhanced stability 
and higher purity, significantly lowering their potential 
toxicity (Jadoun et al. 2021). With time, green chemistry 
has become the first choice for many scientists as it is an 
efficient method for nanoparticle synthesis. Plant extract-
based green synthesis is widely used for synthesizing various 
nanoparticles and has been considerably studied over the last 
decades (Mondal et al. 2020). Numerous strategies have been 
used to enhance the recycling of used cartons to safeguard 
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the environment. Some of these are composting, exploiting 
biomethane sources, using them as raw materials to make 
lactic acid and bioplastics, and other techniques. However, 
there are restrictions because these methods can only partially 
encourage the recycling of used cartons. Additionally, they 
have several drawbacks, such as complicated processes, 
little financial value, and secondary contamination, which 
restricts the range of applications (Han et al. 2018). Recycling 
concrete waste addresses the increasing demand for plant, 
coal, and aggregate wastes. The burden of disposing of the 
enormous amount of construction and demolition waste 
also decreases and helps the environment. These usages 
of concrete recycled plant, coal, and aggregate waste have 
drawn the interest of researchers and scientists worldwide. 
They are believed to be a vital step toward the growth of 
the sustainable development of the construction industry 
(Yue et al. 2020). There is an immense need to develop 
better approaches using green nanotechnology to synthesize 
antiviral, antibacterial, or antimicrobial materials for water 
treatment (Naikoo et al. 2021). Recent studies revealed 
that nanoparticles are highly promising for antiviral and 
antimicrobial properties. A deep insight was provided 
into these nanoparticles’ antibacterial and antimicrobial 
activities and how these antibacterial materials are used 
for water treatment (Naikoo et al. 2021). Hence, in this 
paper, we have discussed the preparation of nanoparticles 
in four critical domains: plant-based nanomaterials, coal 
waste nanomaterials, aggregate waste nanomaterials, 
and microbial waste, and discussed their beneficial  
applications.

PLANT-BASED NANOCOMPOSITES

Plants have antibacterial, antioxidant, and anti-inflammatory 
properties, providing great potential for heavy metal 

accumulation and detoxification (Iravani 2011). According 
to recent studies, plants and plant waste can be utilized to 
synthesize nanoparticles. Plant structures and components 
inside it have drawn researchers’ attention to the fabrication 
of NPs due to the desired properties like minimizing cost, 
rapid process, eco-friendly, and simplicity in biosynthesis 
(Nazri & Sapawe 2020). These approaches avoid complicated 
processes to synthesize and modify nanomaterials for a better 
purpose and are economical and environmentally benign. 
Researchers have widely investigated the metal nanoparticles 
obtained from plant extract that are biocompatible and 
nontoxic (Naikoo et al. 2021). Many nanoparticles are 
synthesized using the green approach, such as copper, gold, 
silver, zinc oxide, and iron (Jadoun et al. 2021). Table 1 
demonstrates different plant-based waste materials used for 
the novel growth of nanoparticles.

Synthesis of Nanocomposites with Plant Waste

Green synthesis of Fe2O3-Ag nanocomposite using Plant 
leaf extract, as represented in Fig. 1. Separate preparations 
of AgNO3 solution and Fe(NO3)3 solution were made to 
synthesize Fe2O3Ag/GL nanocomposites. The prepared 
solutions were continuously stirred to ensure proper mixing. 
The leaf extract was added dropwise to the solution using a 
burette after the mixture had been well homogenized, with 
continual stirring. The solution was left undisturbed once the 
precipitate had fully formed before being centrifuged. The 
residue was extensively cleaned with DI water to remove 
any ionic impurities before being cleaned with acetone to 
remove any organic impurities. After the precipitate had  
formed, it was oven-dried before being burned. Following 
collection, the sample was characterized using a variety of 
techniques.

 
Fig.  1: Green synthesis of Fe2O3-Ag nanocomposite using Plant leaf extract. 

 
Table 1: Plants waste used for nanocomposite synthesis and their characteristics. 
 

Plant Origin Waste Nanocomposite 
and technique 

 

Size 
(nm) 

Applications Reference 

Basil 
(Ocimum basilicum) 

 
Leaf 

Alginate-gum 
acacia-Ag0-Basil, 
Solvent Extraction 

 
20  

Antimicrobial 
Activity 

(Kanikireddy 
et al. 2019) 

Neem 
(Azadirachta indica) 

 
Leaf 

Chitosan-Neem, 
Solvent 

Evaporation 

30  Antimicrobial 
Activity 

(Mohammad & 
Hasobo 2012) 

Tulsi 
(Ocimum 
tenuiflorum ) 

 
Leaf 

Ag/ZnO-Basil 
Mediated 

Ultrasonication 

50  Antimicrobial 
Activity 

(Panchal et al. 
2020) 

Aloe vera 
(Aloe barbadensis) 

 
Leaf 

PVA/Cellulose 
Nanofiber-Aloe 

vera 
Ultrasonication 

 
- 

Antimicrobial 
Activity 

(Kakroodi et 
al. 2014) 

Jamun  
(Syzygium cumini) 

 
Leaf 

ZnO-Jamun 
Biogenic 

11.35  Antimicrobial 
Activity 

(Sadiq et al. 
2021) 

Guava 
(Psidium guajava) 

 
Leaf 

Fe2O3-Ag-Guava 
Biological 

50-
90  

Antimicrobial 
Activity 

(Biswal et al. 
2020) 

 
Tea  
(Camellia sinensis) 

 
Leaf 

Ag-Tea NPs 
Biological 

50  Antibacterial 
Activity 

(Loo et al. 
2012) 

 
Goatsbeard 
(Tragopogon collinus) 

 
Leaf 

Ag-Tea NPs 
           Biological 

50  Antibacterial 
Activity 

(Seifipour et 
al. 2020) 

 
 
COAL ASH-BASED NANOCOMPOSITES 

The usage of coal energy production is significant worldwide, despite the concern generated 

by the government. According to market analysis, the international coal demand for renewable 

Fig. 1: Green synthesis of Fe2O3-Ag nanocomposite using Plant leaf extract.
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COAL ASH-BASED NANOCOMPOSITES

The usage of coal energy production is significant worldwide, 
despite the concern generated by the government. According 
to market analysis, the international coal demand for 
renewable energy production will increase in the coming 
years. Still, it also leads to the waste of coal, which is a 
concern for the environment. However, coal combustion 
generates immense amounts of solid waste, such as fly 
ash, bottom ash, boiler slag, fluidized bed combustion 
ash, and other products. Coal fly ash, also known as 
CFA, is primarily used for the exhibition of blended 
cement, as a definite addition, in concrete blocks, road 
construction, etc. (Boycheva et al. 2020). Ash is a highly 
available waste generated mainly through industrial and 
agriculture as a by-product. These waste by-product ashes 
raise environmental concerns about disposal issues and 
gained much attention for the sustainable utilization of 
ash as a renewable supporting material in synthesizing  
nanocomposites.

The prospective uses of coal waste, including coal 
fly ash, coal husk ash, and volcanic ash, are now being 

investigated. These waste materials have key features, 
including high adsorption activity, ion exchange capacity, 
surface area, and reusability (Lum et al. 2020). The 
production of CFA increases by about 5% every year. 
Therefore, Recycling waste is very important. This can 
be done by altering coal fly ash into reusable materials 
rather than dumping it into landfills which could be a 
problem with removal costs and environmentally dangerous  
circumstances.

Furthermore, fly ash from coal has been determined to 
be a valuable substance for photocatalysis and adsorption 
activity, which is further used to remove toxic pollutants 
from water bodies. These coal waste nanomaterials contain 
important metal oxides, including Fe3O4, SiO2, TiO2, and 
Al2O3, and are helpful in photocatalysis and adsorption 
(Umejuru et al. 2020). In this review paper, Carbon hybrid 
nanocomposite-coated coal fly ash (CFA/C HNCPs), which 
was synthesized as the effective removal of pollutants 
like cadmium ion (Cd2+) from wastewater, and the spent 
adsorbent (CFA/C– Cd2+ HNCPs) was recycled in the 
photocatalytic degradation of methylene blue (Umejuru et 

Table 1: Plants waste used for nanocomposite synthesis and their characteristics.

Plant Origin Waste Nanocomposite and technique Size (nm) Applications Reference

Basil
(Ocimum basilicum)

Leaf Alginate-gum acacia-Ag0-Basil,
Solvent Extraction

20 Antimicrobial Activity (Kanikireddy et al. 
2019)

Neem
(Azadirachta indica)

Leaf Chitosan-Neem, Solvent Evaporation 30 Antimicrobial Activity (Mohammad & 
Hasobo 2012)

Tulsi
(Ocimum tenuiflorum )

Leaf Ag/ZnO-Basil Mediated Ultrasonication 50 Antimicrobial Activity (Panchal et al. 2020)

Aloe vera
(Aloe barbadensis)

Leaf PVA/Cellulose Nanofiber-Aloe vera
Ultrasonication

- Antimicrobial Activity (Kakroodi et al. 2014)

Jamun 
(Syzygium cumini)

Leaf ZnO-Jamun Biogenic 11.35 Antimicrobial Activity (Sadiq et al. 2021)

Guava
(Psidium guajava)

Leaf Fe2O3-Ag-Guava Biological 50-90 Antimicrobial Activity (Biswal et al. 2020)

Tea 
(Camellia sinensis)

Leaf Ag-Tea NPs Biological 50 Antibacterial Activity (Loo et al. 2012)

Goatsbeard
(Tragopogon collinus)

Leaf Ag-Tea NPs Biological 50 Antibacterial Activity (Seifipour et al. 2020)

Table 2: Coal waste and its nanocomposites with the applications. 

Coal Waste Nanocomposite And Techniques Size (nm) Applications Reference

Coal fly 
ash

CFA-CuFe2O4 (Coal fly ash-copper ferrite),
Hydrothermal

1 Degrade dye (pollutant) (Nadeem et al. 2021)

Coal fly 
ash

CFAZ (Coal fly ash-Zeolites),
hydrothermally

2-10 Substitution, recovery, and use reduction 
of CRMs (critical raw materials)

(Boycheva et al. 2020)

Fly ash CFA/C HNCPs (Coal fly ash/carbon hybrid 
nanocomposite), hydrothermal

100 Heavy metals can be removed from 
wastewater.

(Umejuru et al. 2020)

Fly ash CNT -fly ash (Carbon nanotubes-fly ash 
polymer nanocomposite), Ball Mining

500 Environmental-friendly construction and 
building materials.

(Chaturvedi et al. 
2021)
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al. 2020). Table 2 lists the applications for coal waste and 
its nanocomposites. 

Synthesis of Coal Waste Nanocomposites

For the preparation of CNT supported by fly ash, industrial 
waste particulates were collected from across India and 
were prepared through the Ball milling technique, which 
supports chemical-mechanical grinding, followed by a 
compressive molding technique underneath an epoxy system 
at low temperature. The polymer nanocomposite synthesis 
was also done utilizing a compressive molding apparatus 
at room temperature. The polymer used was Epoxy, and 
dimethylformamide or DMF solvent was used to spread the 
carbon nanotubes in the fly ash waste, as shown in Fig. 2. 
The prepared synthesized materials were ball milled using 
a ball milling machine, then rushed into the mold frame and 
allowed cure at room temperature. Finally, carbon nanotubes 
having fly ash-based waste polymer nanocomposites 
were obtained. These nanocomposites have functional 
groups on the surface, which will be analyzed using FT-IR 
spectroscopy. These instrumentation techniques were done to 
analyze the exciting properties of carbon nanotubes and fly 
ash waste, their interfacial bonding, and the size and structure 
of the synthesized nanocomposites, which can be used for 
various applications (Chaturvedi et al. 2021).

AGGREGATE WASTE-BASED 
NANOCOMPOSITES

Nanotechnology has become the growing field in the research 

areas for the synthesis of cellulose-based nanocomposites, 
which are synthesized using not only plants but also from 
waste agriculture material such as rice husk, bamboo leaves, 
sugarcane bagasse, groundnut shell, etc. (Vaibhav et al. 2015). 
The requirement for the formation of these nanocomposites 
from waste material is to purify water or remove the heavy 
metals present in the water by the adsorption activity 
on the toxic pollutants by using agricultural wastes as a 
composite material, which will prevent long-term risk to 
the ecosystem and human beings (Younes et al. 2021). 
Researchers use agricultural waste or natural fillers to 
synthesize metallic or polymer-based nanocomposites. 
These materials are used because they have benefits over 
conventional filler, including low cost, high toughness, 
excellent specific strength, and improved energy recovery 
(Bello et al. 2015). Corn cob is one of the most common 
agricultural wastes, which produces an estimated amount 
of waste load of thousands of tons yearly. Yet, it is also a 
good source of xylem, a crucial bioactive polysaccharide 
(Viana et al. 2020). The core of the maize plant, the corn 
cob, is disposed of as waste and burned as fuel, raising 
environmental issues. Corn cob waste can be used to create 
green nanocomposite materials that are environmentally 
safe and have the qualities needed to perform the intended 
function in the water purification process. Corn cob can be 
chemically processed to produce new end products with 
added value at low prices, achieving its value in new research 
areas (Kumar et al. 2010). A growing argument has been 
made for using magnetic adsorbents to make separating 
carbonaceous adsorbents easier and increasing the efficiency 

 
Fig. 2: Representation of preparation of CNT/fly ash. 
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synthesized using microwave irradiation. Finally, the BAE/
AgNPs nanocomposite was synthesized, followed by the 
Cysteine for possible applications (Shen et al. 2016). 

MICROBES BASED NANOCOMPOSITES

Green nanocomposite synthesis is an environmentally 
friendly, highly stable, cost-effective method that does 
not involve harmful chemicals. This technique reduces 
and stabilizes agents such as aggregate wastes, microbes, 
plants, and other natural waste resources to produce 
sustainable nanoparticles. Synthesis of nanoparticles using 
microbes is an eco-friendly green procedure that utilizes 
bacteria, fungi, viruses, and their products to produce nano 
biocomposites. Natural microbes are used as a component 
in nanoparticle synthesis as they provide templates for 
well-defined structures for the synthesized nanoparticles. 
Inorganic/Metallic nanoparticles like gold, silver, copper, 
zinc, titanium, palladium, and nickel are synthesized. 
These synthesized nanoparticles can be accepted both 
extracellularly and intracellularly using microbes. The 
filtrate was collected using centrifugation in the extracellular 
synthesis, and metallic aqueous solutions were mixed. The 
color change of the hybrid solution monitors the synthesis 
of NPs (Ali et al. 2020). Nanoparticles now play a crucial 

of the entire adsorption process. The surface of corn cobs has 
several functional groups that might be used to bind various 
metal oxides to create nanocomposites, which would remove 
water contaminants (Younes et al. 2021). Agricultural waste 
has often been the source of some of the most widely used 
carbonaceous adsorbents. For various inorganic and organic 
pollutants, carbonaceous adsorbents such as activated 
carbon, biochar, charcoal, and char have demonstrated good 
adsorptive capacity (Reguyal & Sarmah 2018). The origin of 
aggregate waste and its nanocomposites with the applications 
is depicted in Table 3.

Synthesis of Silver Nanocomposite with the Aggregate 
Waste Bagasse

For synthesis, the required quantity of solution of AgNO3 
was prepared by dissolving the desired amount in distilled 
water. After that, a few drops of diluted sodium hydroxide 
were added to entirely convert the precipitate Ag+ to silver 
oxide Ag2O. The aqueous ammonia solution was added until 
all brown silver oxides were completely dissolved. At this 
stage, the clear mixture contained Ag+ ions in the form of 
[Ag(NH3)2]OH. The [Ag(NH3)2]OH solution was diluted 
with pure water and added to a flask with BAE (Fig. 3). The
solution was filtered, and the BAE/AgNPs were successfully 

Table 3: Listed down the origin of Aggregate waste and their nanocomposites with the applications.

Aggregate waste 
origin

Nanocomposites and Techniques Size (nm) Applications References

Corn cobs AgNP/CC (xylan extract containing silver 
nanoparticles), Microwave

100 Reducing and stabilizing agent (Viana et al. 2020)

Sawdust MPSB (magnetic pine sawdust biochar),  
Biogenic

50 Synthesis of magnetic adsorbents for 
inorganic and organic contaminants

(Reguyal & 
Sarmah 2018)

Groundnut shell SnO2/GNSAC (Tin oxide groundnut shell 
activated carbon), chemical precipitation

1 Photocatalytic oxidation of MB dye (Ragupathy& 
Sathya 2016)

Coconut shell AgNPs/CS (synthesis of silver nanoparticles 
containing coconut shell), Photochemical

1.20 - 22.96 Antibacterial activity against S. 

aureus infections
(Sinsinwar et al. 
2018)

Bagasse BAE/AgNPs (Silver nanoparticles with 
bagasse), Microwave

100 Reducing and stabilizing agents (Shen et al. 2016)

Bagasse 
BAE/AgNPs

(Silver nanoparticles
with bagasse),

Microwave 

100 
Reducing and

stabilizing agents
(Shen et al. 2016)

Synthesis of Silver Nanocomposite with the Aggregate Waste Bagasse

For synthesis, the required quantity of solution of AgNO3 was prepared by dissolving the

desired amount in distilled water. After that, a few drops of diluted sodium hydroxide were

added to entirely convert the precipitate Ag+ to silver oxide Ag2O. The aqueous ammonia

solution was added until all brown silver oxides were completely dissolved. At this stage, the 

clear mixture contained Ag+ ions in the form of [Ag(NH3)2]OH. The [Ag(NH3)2]OH solution

was diluted with pure water and added to a flask with BAE (Fig.  3). The solution was filtered, 

and the BAE/AgNPs were successfully synthesized using microwave irradiation. Finally, the 

BAE/AgNPs nanocomposite was synthesized, followed by the Cysteine for possible 

applications (Shen et al. 2016).

Fig. 3: Green synthesis pathway of silver nanocomposite with the aggregate waste bagasse.
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Green nanocomposite synthesis is an environmentally friendly, highly stable, cost-effective

method that does not involve harmful chemicals. This technique reduces and stabilizes agents

such as aggregate wastes, microbes, plants, and other natural waste resources to produce 

sustainable nanoparticles. Synthesis of nanoparticles using microbes is an eco-friendly green

procedure that utilizes bacteria, fungi, viruses, and their products to produce nano

biocomposites. Natural microbes are used as a component in nanoparticle synthesis as they 

Fig. 3: Green synthesis pathway of silver nanocomposite with the aggregate waste bagasse.
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role in most technologies (Bahrulolum et al. 2021). Algae 
are polymer-based molecules such as polysaccharides that 
can gather together heavy metal ions and recondition them 
into malleable form with the help of a biological reduction 
process. The typical algal-mediated synthesis of inorganic 
nanoparticles is silver and gold, the most examined noble 
metals algae microbes use for making nano biocomposites 
(Uzair et al. 2020). Table 4 shows a list of recently published 
microbe-derived nanocomposites.

Synthesis of Microbes-Based Nanocomposites

The synthesis of algae-mediated inorganic nanoparticles can 
be achieved intracellularly or extracellularly (Sabo-Attwood 
et al. 2012). In intracellular nanoparticle synthesis protocol, 

algae microbes waste is collected and washed multiple times 
with distilled water to clear all the contaminants. Afterward, 
the prepared solution of AgNO3 is mixed with algae. 
The resulting mixture needs to be incubated at a specific 
temperature and pH conditions for a fixed period of time, as 
required for the bioreduction method. Contents are finally 
sonicated and centrifuged to produce a good yield of stable 
nanoparticles. The extracellular synthesis protocol begins 
with collecting and washing an Algae sample with plenty of 
distilled water to remove the impurities. The collected algae 
are dried for a specific time, and the dried powder is mixed 
with distilled water. The algae extract is then sonicated for 
some time, followed by adding a metal precursor solution. 
Contents are then incubated for 8-16 hours, and the obtained 

Table 4: List of recently reported nanocomposites derived from microbes.

Microbes Nanocomposite & Techniques Size (nm) Application Reference

Algae C. crispus AuNPs- C. crispus & Biogenic 50 Clean method for nanoparticles production (Castro et al. 2013)

Algae H. alcalis AgNPs-H. alcalis & Biogenic 20 Sensing (Tomer et al. 2019)

Algae Chlorella 

ellipsoidea

AgNPs- Chlorella ellipsoidea

&  Biological
20 Degradation of Methylene Blue (Borah et al. 2020)

Cyanobacteria
C-phycoerythrin

CdS NPs- C-phycoerythrin &
Biological

5 biolabeling (Mubarakali et al. 2012)

Fungi R. oryzae AuNPs-R. oryzae & Biological 
extracts

20 High-yield and low-cost NPs production (Das & Marsili 2010)

The synthesis of algae-mediated inorganic nanoparticles can be achieved intracellularly or

extracellularly (Sabo-Attwood et al. 2012). In intracellular nanoparticle synthesis protocol,

algae microbes waste is collected and washed multiple times with distilled water to clear all

the contaminants. Afterward, the prepared solution of AgNO3 is mixed with algae. The 

resulting mixture needs to be incubated at a specific temperature and pH conditions for a fixed

period of time, as required for the bioreduction method. Contents are finally sonicated and

centrifuged to produce a good yield of stable nanoparticles. The extracellular synthesis protocol 

begins with collecting and washing an Algae sample with plenty of distilled water to remove 

the impurities. The collected algae are dried for a specific time, and the dried powder is mixed

with distilled water. The algae extract is then sonicated for some time, followed by adding a

metal precursor solution. Contents are then incubated for 8-16 hours, and the obtained product

is then filtered. A distinct change in solution color during incubation indicates the 

nanoparticles' successful formation. During the bioreduction process of metal ions, nucleation,

and successive condensation processes ensures the formation or growth of stabilized

nanoparticles surrounded by capping agents, as schematically highlighted in Fig. 4.

Synthesized nano biocomposites can be chemically and morphologically characterized by

various spectroscopic and microscopic techniques. List of several recently published metal-

based nanocomposites in Table 5 along with a comparison of their adsorption capabilities.

Fig. 4: Mechanism of formation of algae microbe-based nanocomposites.
Fig. 4: Mechanism of formation of algae microbe-based nanocomposites. 

Table 5: List of some recently reported metal-based nanocomposites and their comparative adsorption capacities.

Adsorbent Size (nm) Adsorption Capability mg/g Application References

Fe3O4-GO 200 59.6 Removal of metals (Sheng et al. 2012)

Fe3O4-chitosan-GO 50 95.16 MB dye adsorption (Fan et al. 2012)

MnFe2O4-GO 100 240.4 As(V) adsorption (Lan Huong et al. 2018)

Ni Fe2O4-GO 41 59.52 As(III) adsorption (Lum et al. 2020)

MnFe2O4 10 31.5 Fast Removal and Recovery of Cr(VI). (Hu et al. 2005)

MnFe2O4/rGO 5 41 Adsorption of Tetracycline (Bao et al. 2018)
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product is then filtered. A distinct change in solution color 
during incubation indicates the nanoparticles’ successful 
formation. During the bioreduction process of metal 
ions, nucleation, and successive condensation processes 
ensures the formation or growth of stabilized nanoparticles 
surrounded by capping agents, as schematically highlighted 
in Fig. 4. Synthesized nano biocomposites can be chemically 
and morphologically characterized by various spectroscopic 
and microscopic techniques. List of several recently 
published metal-based nanocomposites in Table 5 along with 
a comparison of their adsorption capabilities.

Table 6 lists the adsorption capabilities of green metal-
based nanocomposites and Table 7 lists the adsorption 
capabilities of green polymer-based nanocomposites.

APPLICATIONS OF NANOCOMPOSITES FOR 
WATER TREATMENT

Severe contamination of soft water resources by organic, 
inorganic, and biological pollutants is a global environmental 
crisis causing health and societal problems on a large 
scale. The biggest culprits among these toxic pollutants are 
inorganic metal ions and organic dyes commonly released 
by industries in the environment. These untreated effluents 
cause tremendous damage not only to the surrounding 
soil but also to the groundwater and nearby water bodies. 
Prolonged exposure to such primary pollutants in the aqueous 
environment, especially heavy metal ions, increases the 
risk of health problems for plants, humans, and animals 
(Lingamdinne et al. 2019). Clean water, an essential natural 
resource, is vital for the healthy coexistence and survival 

of all living creatures on Earth. Water pollutants endanger 
the biosphere, so removing toxic pollutants from water 
resources has become important (Pandey et al. 2017). In this 
aspect, clean, affordable, and effective solutions are needed 
to overcome this environmental crisis. Nanomaterials with 
high separation capacity, good porosity, recyclability, and 
reusability are attractive for effectively treating polluted 
water (Dhiman & Sharma 2019). Prodigious progress has 
happened in the synthesis and properties optimization 
of nanomaterials with very good control over their size/
shape, porosity, hydrophilicity/hydrophobicity, adsorption 
specificity, and photochemical activity (Pandey et al. 
2017). This also makes them more versatile and effective 
in removing chemically different pollutants from water 
samples. 

Magnetic Functionalization of Graphene Oxide-Based 
Nanocomposites

Iron oxide-based nanostructures have become widespread 
among nanomaterials because of their strong magnetic 
properties. These favorable magnetic features can be 
utilized for even more effective water treatment. These 
materials can also be combined with other entities, such as 
graphene, to further improve their stability and performance. 
Protective surface coating of hydrophobic graphene or 
graphene oxide on iron oxide core has been found to provide 
excellent stability, high surface area, mechanical strength, 
and porous nature to the composites. Co-precipitation 
is commonly employed to synthesize several iron oxide 
composites with graphene or graphene oxides (Siddiqui & 
Chaudhry 2017). As can be seen in the schematic in Fig. 5, 

Table 6: Green metal-based nanocomposites and their adsorption capacities.

Adsorbent Size (nm) Adsorption Capability (mg/g) Application Reference

Fe3O4 MNPs 107.5 80 Removing MB dye (Jabbari et al. 2016)

CFA/C HNCPs 100 77 Heavy metals can be removed from wastewater  (Umejuru et al. 2020)

MnO2/BC 190-220 185.185 Adsorptive removal of Methylene blue (Siddiqui et al. 2019)

Fe2O3-ZrO2/BC 200 1.01 Adsorptive removal of arsenic (Siddiqui & Chaudhry 2019)

Fe2O3-ZrO2/BC 200 38.10 Adsorptive removal of dyes (Siddiqui & Chaudhry 2019)

FeOx-GO 5 147 and 113 Adsorptive removal of As(III) and As(V) (Siddiqui & Chaudhry 2017)

Table 7: Green polymer-based nanocomposites and adsorption capacities.

Adsorbent Size (nm) Adsorption Capability (mg/g) Application Reference

SS/Fe3O4 12-15 265.4 Adsorptive removal of Pb(II) (Ahamad et al. 2020)

SS/Fe3O4 12-15 247.2 Adsorptive removal of Cd(II) (Ahamad et al. 2020)

PPy/ Fe3O4/SiO2 500 361 Removal of Congo red dye (CR)  (Alzahrani et al. 2021)

PPy/ Fe3O4/SiO2 500 298 Removal of hexavalent chromium Cr(VI)  (Alzahrani et al. 2021)

GA-cl-PAM/ZnO 500 766.52 Malachite Green Dye Adsorption (Mittal et al. 2020)

PAPE/AZO 100 94.46 Removal of malachite green dye. (Gouthaman et al. 2019)
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the graphene layer around the nano iron oxide particles not 
only provides protection but also enables the attachment of 
various functional groups such as COOH, NH2, and OH to 
the material surface, resulting in improved solubilization 
and enhanced metal ion removal capabilities (Iravani 2011).

Mechanism of Pollutants Removal with Synthesized 
Nano Biocomposites 

Nano-biocomposites can be easily synthesized using 
hydrothermal, co-precipitation, sol-gel, or ball-milling 
techniques. Most materials from plant, coal, or aggregate-
based wastes have active functional groups like -OH, 
-COOH on the surface (Gadore & Ahmaruzzaman 2021). 
For example, black cumin seed has important functional 

groups like -OH, -COOH, and -NH2 at the surface that attract 
Mn2+ ions from surroundings to form manganese oxide 
nanoparticles. The formation of MnO2 in the seed carbon 
framework resulted from the redox reaction between MnCl2 
and KMnO4 (Siddiqui & Chaudhry 2017). All such reactions 
are highly pH dependent as the charge on functional groups 
will be governed by it. For solutions having a pH value above 
the pKa of these functional groups, the overall charge on the 
composite will be negative. This will generate an electrostatic 
pulling force for cationic inorganic compounds such as 
Mn2+ ions. These ions get trapped in the plant framework 
primarily through hydrogen bonding. When bases like NaOH 
are added, the metal ions change into hydroxide form and 
form Mn(OH)2, which contain more hydroxy groups wherein 

Iron oxide-based nanostructures have become widespread among nanomaterials because of 

their strong magnetic properties. These favorable magnetic features can be utilized for even

more effective water treatment.  These materials can also be combined with other entities, such 

as graphene, to further improve their stability and performance. Protective surface coating of 

hydrophobic graphene or graphene oxide on iron oxide core has been found to provide 

excellent stability, high surface area, mechanical strength, and porous nature to the composites. 

Co-precipitation is commonly employed to synthesize several iron oxide composites with

graphene or graphene oxides (Siddiqui & Chaudhry 2017). As can be seen in the schematic in

Fig.  5, the graphene layer around the nano iron oxide particles not only provides protection

but also enables the attachment of various functional groups such as COOH, NH2, and OH to

the material surface, resulting in improved solubilization and enhanced metal ion removal 

capabilities (Iravani 2011).

Fig. 5: Functionalized graphene-iron oxide nanocomposites for water treatment. 

Mechanism of Pollutants Removal with Synthesized Nano Biocomposites

Nano-biocomposites can be easily synthesized using hydrothermal, co-precipitation, sol-gel, 

or ball-milling techniques. Most materials from plant, coal, or aggregate-based wastes have

active functional groups like -OH, -COOH on the surface (Gadore & Ahmaruzzaman 2021). 

For example, black cumin seed has important functional groups like -OH, -COOH, and -NH2 

at the surface that attract Mn2+ ions from surroundings to form manganese oxide nanoparticles. 

Fig. 5: Functionalized graphene-iron oxide nanocomposites for water treatment.

The formation of MnO2 in the seed carbon framework resulted from the redox reaction between

MnCl2 and KMnO4 (Siddiqui & Chaudhry 2017). All such reactions are highly pH dependent 

as the charge on functional groups will be governed by it. For solutions having a pH value 

above the pKa of these functional groups, the overall charge on the composite will be negative. 

This will generate an electrostatic pulling force for cationic inorganic compounds such as Mn2+

ions. These ions get trapped in the plant framework primarily through hydrogen bonding. When 

bases like NaOH are added, the metal ions change into hydroxide form and form Mn(OH)2, 

which contain more hydroxy groups wherein nucleation and dehydration growth occur. This 

leads to the development of the MnO2/BC phase. This process is called Nucleation driven 

dehydration growth and forms the complex structure of nano-biocomposites as shown in Fig.

6 (Siddiqui et al. 2019).

Further studies have shown that the oxygen-containing functional groups play an essential role

in the size of the adsorbent material as it enhances the adsorption capacity resulting in the

strong interaction of the solute and adsorbent. Toxic chemical species such as arsenic metal 

ions or dyes attach themselves to the surface’s functional groups via intramolecular hydrogen

or electrostatic bonding, forming the complex. Pollutants adsorbed on the surface of 

nanocomposites have further adsorption activity, which can be utilized to remove even more 

contaminants from the water.

Fig. 6: Mechanism of nanocomposite formation and removal of methylene dye by the adsorption activity.
Fig. 6: Mechanism of nanocomposite formation and removal of methylene dye by the adsorption activity.

Fig.  7: Schematic representation of removal of pollutants from water.

UTILIZATION AND RECOVERY OF NANOCOMPOSITES FROM WATER

SAMPLES 

Recovery and recyclability of non-magnetic nanocomposites like Graphene Oxide (GO) are 

more challenging than magnetized graphene oxide (MGO) containing composites. Moreover,

magnetic graphene oxide has a very high adsorption capacity. An external magnet can easily 

separate the nanocomposite from the water, along with pollutants adsorbed on the surface. Fig.

7 highlights the various important steps in successfully using magnetic GO-based

nanocomposites to remove harmful water pollutants and their facile recovery process

employing a simple external magnetic field. It is essential to isolate the solute-loaded 

adsorbents from water for desorption and regeneration (Siddiqui & Chaudhry 2019). Metal

ions adsorbed on these magnetic materials can be utilized for other applications. It has been 

reported that recovered magnetic nanomaterials can be efficiently reused for multiple cycles. 

This exhausted adsorbent regeneration technique is crucial for creating a cost-effective 

procedure.  

CONCLUSION

Nanocomposites made from waste materials have gained much attention among the scientific

community because of their vastly effective properties, ultrahigh surface area, and easy and

cost-effective synthesis protocols. The prospect of using these materials is also high, as

indicated by their current annual growth rate of nearly 25 %, which is excellent. Most of the

Fig. 7: Schematic representation of removal of pollutants from water. 
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nucleation and dehydration growth occur. This leads to 
the development of the MnO2/BC phase. This process is 
called Nucleation driven dehydration growth and forms 
the complex structure of nano-biocomposites as shown in  
Fig. 6 (Siddiqui et al. 2019).

Further studies have shown that the oxygen-containing 
functional groups play an essential role in the size of the 
adsorbent material as it enhances the adsorption capacity 
resulting in the strong interaction of the solute and adsorbent. 
Toxic chemical species such as arsenic metal ions or 
dyes attach themselves to the surface’s functional groups 
via intramolecular hydrogen or electrostatic bonding, 
forming the complex. Pollutants adsorbed on the surface of 
nanocomposites have further adsorption activity, which can 
be utilized to remove even more contaminants from the water.

UTILIZATION AND RECOVERY OF 
NANOCOMPOSITES FROM WATER SAMPLES

Recovery and recyclability of non-magnetic nanocomposites 
like Graphene Oxide (GO) are more challenging than 
magnetized graphene oxide (MGO) containing composites. 
Moreover, magnetic graphene oxide has a very high 
adsorption capacity. An external magnet can easily separate 
the nanocomposite from the water, along with pollutants 
adsorbed on the surface. Fig. 7 highlights the various 
important steps in successfully using magnetic GO-based 
nanocomposites to remove harmful water pollutants and 
their facile recovery process employing a simple external 
magnetic field. It is essential to isolate the solute-loaded 
adsorbents from water for desorption and regeneration 
(Siddiqui & Chaudhry 2019). Metal ions adsorbed on these 
magnetic materials can be utilized for other applications. It 
has been reported that recovered magnetic nanomaterials 
can be efficiently reused for multiple cycles. This exhausted 
adsorbent regeneration technique is crucial for creating a 
cost-effective procedure. 

CONCLUSION 

Nanocomposites made from waste materials have gained 
much attention among the scientific community because of 
their vastly effective properties, ultrahigh surface area, and 
easy and cost-effective synthesis protocols. The prospect 
of using these materials is also high, as indicated by their 
current annual growth rate of nearly 25 %, which is excellent. 
Most of the current demand for this material is from tissue 
engineering and water treatment fields. The global drinking 
water shortage problem is closely connected to the growth of 
the world population, industrialization, and water pollution. 
This problem is especially severe in small, developing 
countries where the resources for water treatment are very 

scant. Although many different types of nanoparticles are 
synthesized using various green processes, biomass-based 
nanomaterials have received the most significant attention 
from scientists and researchers. This is because of their 
outstanding antimicrobial, antibacterial, antifungal, and 
antiviral properties. Many waste materials, including dead 
residues from plants, coal ash, and aggregate waste, can be 
used as a substrate to obtain natural nanoparticles such as 
iron NPs. The presence of some biomolecular structures 
is vital to getting highly stable nanomaterials, as revealed 
by many research studies discussed above. In recent years, 
the use of nanocomposites for water remediation has 
increased considerably. Multiple government agencies and 
pharmaceutical industries worldwide are investing huge 
efforts and resources toward a facile synthesis of waste-based 
nanocomposites and their applications in diverse fields.
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      ABSTRACT
Management of marine pollution is a difficult condition to realize, especially the pollution 
of mixed oil disposal (bilge) resulting from the operation of ships. The oil component has 
different characteristics compared to the essence of other substances; namely, oil can float 
on the surface of the water because it has an extra weight the type/density of the essence. 
The parameters tested in this research are oil/fat content parameters and their extraction 
according to National Certification Institution 6989.59:2008. Bilge water samples were taken 
from five commercial ships that leaned on the port and then carried out pre-treatment and 
post-treatment tests with the liquid separation process in the Oil Water Separator (OWS) 
device on the ship and then tested in the laboratory to determine the infrared spectrum in the 
absorption of oil content emissions in water samples, which may not exceed the standard 
threshold for port water quality, i.e., 5 mg.L-1. The sampling tests were carried out for the 
variables temperature, pH, Total Dissolved Solid (TDS), and oil content obtained values were 
below the threshold for water quality. To find out the relationship between Group I and Group 
II, linear regression was used showing the Ho result in reject (0.000<0.05), which means 
there is a significant relationship between Group I and II.

INTRODUCTION

Indonesia has potential fisheries and transportation resources 
that are quite promising and can even increase the activities 
in the port area of fishing vessels and commercial vessels 
operating at sea. The port is a strategic place for the coastal 
area, and there are ecological boundaries between the farthest 
limits from the sea to the land (Puryono et al. 2019). Ports 
play a crucial role in supporting a country’s economic 
growth, facilitating transportation, and promoting tourism. 
However, the activities in these waters will undoubtedly have 
negative impacts. For example, the pollution of the sea, which 
is interpreted by the presence of waste/dirt from the activities 
of living things above the waters, was introduced into the 
marine environment intentionally or unintentionally. These 
pollutants can change the quality of the water, thus affecting 
marine ecosystems. Fishing activity with the use of fish traps 
damages the ecosystem and contributes to the destabilization 
of maritime climate patterns. Ship collisions pose a risk of oil 
or cargo spills, which can have devastating consequences for 

aquatic ecosystems. The pollution caused by waste disposal 
from ships and the emissions from auxiliary engines and ship 
propulsion engines further contributes to the degradation of 
marine environments (State Minister of the Environment 
2010).

Furthermore, contamination from oil and liquid waste 
resulting from ship engine operations is another pollution 
source affecting marine ecosystems. These various forms 
of pollution highlight the negative impacts of port activities 
on the marine environment. Government Regulation of the 
Republic of Indonesia No.21 in 2021 concerning Pollution 
Control and or Maritime Environmental Protection explains 
that preventing pollution from ships is an effort that the 
captain and crew must make of the ship as early as possible 
to avoid or reduce pollution from oil spills, toxic liquid 
materials, dangerous cargo, sewage, garbage, and exhaust 
gases from ships into the waters and air.

Oil spills/discharges from ships or disposal of engine 
room wastewater without proper treatment/procedures is one 
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of the sources of oil pollution at sea (Kuncorowati 2018). 
Even though the intensity of the oil content discharged 
into the sea is not too large, it is carried out continuously 
by the operator-ship operators so that it impacts maritime 
environmental pollution, which disrupts the life of marine 
ecosystems. Regulation of the Minister of Transportation 
No. 4 in 2004 concerning preventing pollution from ships 
limits pollution from ships by requiring each vessel to have 
a procedure for disposing of waste in the form of liquid or 
solid originating from ships with criteria based on tonnage. 
For example, ships with a cargo of 100 GT to 339 GT or 
having the main propulsion of at least 200 PK must have 
an Oil Water Separator (OWS) (Ministry of Environment 
Government of the Republic of Indonesia 2021) Tegal. It has 
a function to treat water mixed with oil (bilge) from liquid 
waste disposal from ships before being discharged into the 
sea not exceeding the required content, i.e., 15 ppm.

The bustling port of Semarang, located in Central 
Java, experiences a high volume of loading and unloading 
activities. It has witnessed a rapid increase in traffic, with 
a diverse and substantial number of tugboat ships. As a 
result, the port of Semarang has become a preferred choice 
for many individuals seeking reliable and efficient sea 
transportation services (Hanjani 2004). Table 1 shows the 
general conditions of Tugboat ships at Port of Tanjung.

The second research focuses on the Port of Tegal, 
situated in the northern coastal area of Central Java. This 
region, which includes the areas of Brebes, Slawi, Tegal, 
and Pemalang (Bergasmalang), is experiencing significant 
growth. The Port of Tegal serves as a crucial stopover for 
ships traveling from various parts of the archipelago or 
abroad en route to the ports of Semarang or Cirebon (State 
Gazette of the Central Java Provincial Government 2014). 
The researchers are motivated to explore the bilge water 
content on board vessels that rely on these ports. They 
aim to analyze the bilge water content before it undergoes 
processing using Oil Water Separators (OWS). After OWS 
treatment, laboratory testing and analytical methods will 
be employed to assess the oil/fat content in the bilge water. 

The research data will be supported by variables such as pH, 
salinity, temperature, and other relevant factors. Considering 
these variables, the research findings will represent the actual 
conditions in the ports of Semarang and Tegal.

MATERIALS AND METHODS

This research is quantitative with a correlational method 
using statistical methods to measure the effect of different 
variables (Creswell 2014). The research was conducted in 
2 ports, namely KSOP IV Tegal and Port of Tanjung Mas 
Semarang, with a total sample of 5 ships, they are the Semar 
Sebelas 88 ship, Tugboat Irving, Tugboat Roswin, Tugboat 
Bima 306, and Tugboat Jaya Negara 305 with taking sample 
on each ship, two treatments before and after processing 
using OWS, then it will be tested to determine the correlation 
between the pre-treatment and OWS pre-treatment variables. 
The sample is adjusted to the Indonesian National Standard 
SNI 6989.59:2008 concerning water and waste sampling 
(This study is included in the Laboratory Experimental 
category because the pre-test and post-test testing of 2 control 
groups have different treatments (Kuntjojo 2009) with the 
type of experimental research intact-Group Comparison 
Design, i.e., the study is divided into two groups, the control 
group is not given treatment, and the experimental group 
given the treatment (Setyanto 2005).

Research Stages

The research consisted of the preparatory stage in determining 
the ship sample according to the provisions of the ship size 
(tonnage), having an oil-containing water settling tank 
(bilge), and having a means of protection against oil (OWS). 
The second stage was to take two bilge samples from each 
ship before and after entering OWS; the third stage was 
testing with additional variables, i.e., pH, temperature, and 
TDS, using a pH and TDS meter. Then the samples were 
put into an ice box to be preserved naturally and then tested 
for oil/fat content in the laboratory using an FTIR (Fourier 
Transform Infrared Spectroscopy) instrument to determine 
the infrared emission spectrum of a simple substance in water 
containing oil. Then, the results of the data were analyzed 
and tested for the hypothesis using the SPSS application 
with the stages of analyzing descriptive data, validity, and 
reliability to find out the data was normally distributed.  
The F test was to see the suitability of the analysis model, 
and the regression test was to determine the effect between 
groups.

RESULTS AND DISCUSSION

The variable tests on ship samples are adjusted to research 
needs which aim to find the pre-post treatment samples 

Table 1: General conditions of Tugboat ships at Port of Tanjung Emas, 
Semarang.

Description Tugboat Ship

Gross Weight (DWt) < 10.000

Total Length (Loa)-(m) 120-142

Width (B)-(m) 20-22.43

Full Draft (m) 7.00-8.00

Length requirements standard 160-187

Container capacity (TEUs) 300

Source: Christino (2019)
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using a means of protection against oil-containing water on 
board; the variables tested are total dissolved solids (TDS), 
liquid temperature, water acidity (pH) and oil content. The 
main function of an OWS (Oil Water Separator) system is to 
separate two liquids with different viscosities, such as water 
and oil. These liquids have distinct specific gravities, with oil 
typically having a specific gravity of 1 mg.L-1 and viscosity 
of 0.89 cst. The difference in specific gravity prevents oil 
and water from being dissolved or mixed together. In the 
OWS, the oil will be filtered and separated by the coalescer 
filter so that the oil sticks to the filter and cleans the water. 
Before water is discharged into the sea, it goes through an oil 
content detection sensor connected to a monitor, commonly 
known as an oily discharge monitoring system. This sensor 
can detect oil content in the water, ensuring it is below the 
acceptable limit of 15 ppm. The water mixed with oil whose 
content is detected to be less than 15 ppm automatically flows 
and is wasted overboard, while liquids that did not meet 
the requirements because they were more than 15 ppm are 
returned to the OWS tank for further separation (Nwokedi 
2020). The sampling from commercial vessels at Semarang 
and Tegal ports met the ship’s criteria, particularly as shown 
in Table 2.

After direct conducting and laboratory testing according 
to the testing variables, the data were obtained as shown in 
Table 3.

pH (Degrees of Acidity)

pH is the negative logarithm of the concentration of 
hydrogen ions released in a liquid and is an indicator of 
the good and bad of water (Hamuna 2018). Because pH is 
essential for aquatic ecosystems, the biota can develop well 
when influenced by a standard pH value so that increased 
productivity, such as plankton, phytoplankton, and other 
biotas, because the availability of nutrients in the waters 
is sufficient (Megawati et al. 2014) based on the Decree of 
the Minister of the Environment No. 51 in 2004, the normal 
pH of seawater ranges from 6.5-8.5, so the results of pH 
measurements both in group I and group II were still within 
normal limits, at least 7.2°C I, it is the Bima 306 ship and the 
highest in group II, 7.1°C, it is the Semar Eleven 88, Irving 
and Jaya Negara 305 ships.

Water Temperature

Water temperature influences aquatic organisms’ metabolism 
in waters and the distribution of water (Nontji 2005); 
temperature also affects the growth and life of biota and plays 
a role in controlling ecosystem conditions. On the surface 
also affects physical, biological, and chemical processes in 
sea waters (Kusumaningtyas et al. 2014). Nontji (2005) states 
that waters have average surface temperatures ranging from 
28-31°C. The temperature measurements of ship samples in 

Table 2: The particulars of sample vessels from Semarang Port and Tegal Port.

Name of Ship Years of build Gross Tonnage (GT) Type OWS Hours of power Position of ship’s

TB Bima 306 2009 294 PROTO HRS - Semarang

Jaya Negara 305 2018 350 PROTO HRS - Semarang

TB. Irving  2010 217 CYF-0,25 Mitsubishi 2 x 823 HP Tegal

Semar Sebelas 88 2006 231 CYF-0,25 Yanmar 2 x 829 HP Tegal

Roswin 2017 2230 CYF-J1 Electrical Controller Yanmar 2 x 837 HP Tegal

Source: Data Analysis in 2021.

Table 3: The Results of measurement and analysis of oil-containing vessel water (Bilge)

Name of Ship pH water sample Water temperature sample TDS water sample Oil/Fat Content

Grp. I Grp. II Grp. I Grp. II Grp. I Grp. II Grp. I Grp. II

Semar Sebelas 88 7.5 7.1 27 28 32.5 14.5 4.515 25.27

TB Irving 7.8 7.1 27.6 28 48.5 27.3 71.84 52.27

TB Roswin 7.6 7 28 29 48.7 30.0 3.436 46.01

TB Bima 306 7.2 7 26.8 28 36.2 22.6 4.687 41.65

TB Jaya Negara 305 7.4 7.1 27 28 36.7 23.3 7.196 52.00

• According to KM for Environment No. 51 in 2004 concerning quality standards for variable seawater, the maximum oil/fat content is 5 mg.L-1.
• Natural temperature variable
• The pH variable is 6.5-8.5
• TDS is 80
• Group I before being processed by OWS and Group II after being processed by OWS
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group I and group II are still within normal limits, at least 
27°C in group I, the Semar Eleven 88 and Jaya Negara 305 
ships, and the highest in group II, which is 29°C in Roswin 
ship.

TDS (Total Dissolved Solids)

TDS has dissolved solids in a liquid, showing that the liquid 
contains salinity/saltwater content because TDS is related to 
salinity (Nurrohim 2012). From the data, it was found that 
the highest TDS content was in Group I on the TB Roswin 
ship, and the lowest TDS content was in Group I on the 
Semar March 88 ship. In group II, the highest TDS was on 
TB Roswin. The lowest TDS was on the Sebelas Maret 88 
ship. However, it can be concluded that the TDS content in 
Group I and Group II had significant changes resulting in a 
decrease after going through the separation process at OWS.

Oil Content

Oil has different characteristics from other liquid contents 
(Hardian 2014); oil content can form a thin layer and float on 
the surface of the water. In Marine Pollution 1978 (MARPOL 
73/78), in annex I, it is explained that every ship that has a 
GT of more than 100 GT or has a minimum propulsion power 
of 200 HP must have a means of protection against oil/fat 
content because oil pollution from ships is quite dangerous 
for marine ecosystems. The oil/ fat content in group I and 
group II experienced significant differences in testing using 
FTIR/Fourier Transform Infrared Spectroscopy which was 
tested at the Center for Industrial Pollution Prevention 
Technology (BBTPPI) Semarang. FTIR is a laboratory 
testing process to find out the infrared spectrum in absorbing 
the emission of a substance. Its function is to detect liquid 
functional group compounds and analyze the mixture in the 
sample being analyzed, both qualitatively and quantitatively 
identified, so that the valid value is known in the sample.

Regression Data Analysis

Regression analysis aims to determine whether there is a 
binding relationship between Group I (before processing at 
OWS) and Group II (after processing at OWS). Regression 
test by comparing data on temperature, pH, TDS, and oil 
content in group I to group II there is an effect.

Significant research data (0.000 <0.05) means Ho is 
rejected (Table 4). In other words, Group I and Group II 
have a significant effect. From this data, it was stated that 
after processing at OWS, there were significant differences 
in data between Group I and Group II. 

Significant research data (0.000 <0.05) means Ho is 
rejected in both Group I and Group II. The data suggests 
there were significant differences in data between Group I 
and Group II after undergoing processing in the OWS system.

CONCLUSION

A sample of water was taken from two out of five vessels 
for analysis. The first sample was collected before being 
processed by an Oily Water Separator (OWS), while the 
second sample was taken after being processed by an OWS, 
as guided by the Minister of Transportation Regulation No. 
4 of 2005. According to this regulation, oil ships ranging 
from 100 to 149 GT and other non-oil ships between 100 
and 339 GT, equipped with a 200 PK or main engine, must 
have oil protection devices installed. Unfortunately, not all 
ships in Indonesia are adhering to these regulations properly. 
Many motorized sailing ships, for instance, do not have OWS 
installed. Additionally, several commercial ships have OWS, 
but their crew fails to process bilge liquid according to the 
required conditions.

The sampling test results showed that the variables 
Temperature, pH, Total Dissolved Solids (TDS), and oil 
content obtained values below the threshold for water quality 
standards set by the Decree of the Minister of Environment 
No. 51 in 2004, which defines water quality standards. After 
the hypothesis testing, there was a significant and intertwined 
relationship between the variables, as the Ho results were 
rejected because the value reached 0.000.
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      ABSTRACT
The amount of plastic waste produced yearly is significantly increasing. Approximately 300-
400 million metric tons of plastic waste are produced yearly. One of the dominant plastic 
wastes is a metalized film, a shiny, non-homogeneous polymer used in packaging that 
is considered the least recycled. Meanwhile, partition walls in buildings are traditionally 
made of concrete masonry, one of the most utilized materials in the construction industry 
globally, consumed yearly by about 11 billion metric tons. Because of the excessive use 
of concrete, the necessary raw materials are undeniably depleting, therefore demanding 
some alternatives. Polymethyl methacrylate (PMMA) is one option that can be utilized as an 
alternative because of its remarkable characteristics better than that of the traditional. This 
paper proposed the utilization of PMMA in fabricating the hollow panel filled with shredded 
waste metalized film packaging resulting in the lightweight wall panel being used as an 
alternative to concrete masonry for constructing partition walls. After the experiment, PMMA 
produced compressive strength of 75.30-84.30MPa, a tensile strength of 52.00-59.10MPa, a 
flexural strength of 102.00-107.00MPa, and water absorption of 0.80-0.90%. Also, shredded 
waste metalized films add aesthetic to the panel and are complemented by the remarkable 
transparency of PMMA. In conclusion, using this lightweight wall panel instead of traditional 
concrete masonry partition walls will reduce plastic waste in landfills and the raw materials 
necessary to produce concrete.

INTRODUCTION

The high demand for better plastic packaging led to the 
invention of Metallized film, a non-homogeneous plastic 
with a thin layer of metals (Alyousef et al. 2022), usually 
aluminum metals that give the packaging a shiny and 
metallic appearance with a lighter weight and cheaper cost, 
but with excellent moisture and oxygen barring properties 
(Flexpack Mag 2020). However, metalized film packaging 
is considered single-use plastic that contributes to the 
accumulation of plastic waste in our landfills, resulting in 
harmful environmental effects (Bhogayata & Arora 2019). 
Approximately 300-400 million metric tons of plastic waste 
are produced every year (UNEP 2018, EAPM 2018, Payne 
et al. 2019, Awoyera & Adesina 2020, Alhazmi et al. 2021, 
Silva et al. 2021, Lamba et al. 2021). In fact, in 2018, a 
study conducted by United Nations Environment Programme 
(UNEP) highlighted that 50% of the total weight of plastic 
waste on our planet comes from plastic packaging, and 32% of 
this packaging is expected to enter the environment. Around 

8 million tons from this percentage go straight into the ocean 
(Guillard et al. 2018). Meanwhile, one of the considered 
significant contributors to the fast-growing economy of one 
country is the construction industry. According to a recent 
study, it is estimated to become the third-largest industry in 
the world by 2025 (Durgalakshmi & Janani 2019). Concrete, 
for instance, the traditional construction material utilized to 
build any infrastructure (Goyal & Kumar 2018), particularly 
in partition walls, requires cement consumed every year of 
about 4.1 billion metric tons (Garside 2023). Because of the 
excessive use, the chances for the depletion of the necessary 
raw materials over time is undeniably inevitable, therefore 
demanding some alternatives. Polymethyl methacrylate 
(PMMA) or simply acrylic is one option that can be utilized 
as an alternative because of its remarkable characteristics 
better than traditional ones, such as outstanding clarity, 
glass-like transparency, high scratch resistance (Shen et al. 
2020), high mechanical strength (Sivanathan et al. 2020), 
shatter resistance (Shaari et al. 2021), durability and low 
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cost (Leão et al. 2019) and is generally available in the form 
of particles, sheets, pipes, tubes and rods (Lianghua 2021).

This paper has three objectives. The first is to use 
shredded waste metalized film packaging and PMMA sheets 
to construct partition walls as alternative materials to concrete 
masonry. This will reduce the volume of the accumulating 
plastic wastes in our landfills and will eliminate the painting 
works in constructing partition walls due to the outstanding 
clarity of PMMA complemented by the aesthetic appearance 
of shredded waste metalized film packaging. The second is 
to determine which, among 3mm, 10mm, and 18mm PMMA 
sheets, is the best for compressive strength, tensile strength, 
flexural strength, and water absorption. Thirdly and lastly, 
eliminate the utilization of any concrete masonry materials 
in constructing partition walls. This results in conserving raw 
materials necessary for producing concrete and reducing the 
carbon dioxide emitted into the atmosphere due to cement 
production. Unlike the previous research studies, the shredded 
waste metalized film in this research will not be incorporated 
into the concrete as an alternative reinforcement to steel bars 
nor as a partial replacement for cement, sand, or gravel. The 
shredded waste metalized film, once deposited to the wall 
panel made of PMMA, will significantly increase the aesthetic 
appearance of the wall because of the outstanding clarity 
and illuminance of PMMA that will eliminate the necessary 
painting works. Also, because of the expected high mechanical 
properties of PMMA, the wall panel is suitable as an alternative 
construction material in constructing partition walls.

Research Significance

The result of this study will be of value to the community 
first because this paper will participate in eliminating some 
harmful factors risking the community’s health by reducing 
the accumulating plastic waste in landfills and dumpsites. 
Second, the government will help them to appropriately 
take action in dealing with the problems brought by the 
accumulating plastic wastes in landfills and dumpsites, 
causing detrimental effects on the environment third to 
the environment, because this study will further promote 
the protection, conservation, and rehabilitation of the 
environment towards sustainable development. Lastly, 
to future researchers, this paper will serve as a guide in 
conducting further studies to increase understanding of 
sustainable practices and may be a source of related literature.

MATERIALS AND METHODS

To achieve the desired product, two primary materials are 
required. First is waste metalized film packaging. This material 
will be collected from litter, landfills, and dumpsites. First, 
clean the collected waste metalized film packaging to remove 

all foreign materials. Next, dry the waste metalized film 
packaging and cut it into small and thin strips with thickness 
and height not exceeding 3mm and 50mm, respectively. Refer 
to Fig. 1 (a) and (b). The second primary material is 4ft x 8ft 
PMMA sheets with thicknesses varying from 3mm, 10mm, 
to 18mm. The good news is that woodworking tools can also 
be used to cut PMMA sheets (The Plastic People 2021) into 
panels having the dimensions shown in Fig. 2. Assemble the 
cut sheets using a screw and solvent to bond one another to 
create the hollow parallelepiped-like panels.

Research Design

Fig. 3 shows the process followed during the research work. It 
shows the steps followed starting with bringing the specimen 
samples to the testing center to developing of PMMA sheets 
hollow parallelepiped light-weight wall panel.

PMMA Specimen Details

Specimen samples have the following dimensions conforming 
to ASTM standards. 13mm × 50mm × t for compression test 
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participate in eliminating some harmful factors risking the community's health by reducing the

accumulating plastic waste in landfills and dumpsites. Second, the government will help them to

appropriately take action in dealing with the problems brought by the accumulating plastic wastes

in landfills and dumpsites, causing detrimental effects on the environment third to the 

environment, because this study will further promote the protection, conservation, and

rehabilitation of the environment towards sustainable development. Lastly, to future researchers,

this paper will serve as a guide in conducting further studies to increase understanding of

sustainable practices and may be a source of related literature.

MATERIALS AND METHODS

To achieve the desired product, two primary materials are required. First is waste

metalized film packaging. This material will be collected from litter, landfills, and dumpsites. First,

clean the collected waste metalized film packaging to remove all foreign materials. Next, dry the

waste metalized film packaging and cut it into small and thin strips with thickness and height not

exceeding 3mm and 50mm, respectively. Refer to Fig. 1 (a) and (b). The second primary material

is 4ft x 8ft PMMA sheets with thicknesses varying from 3mm, 10mm, to 18mm. The good news is

that woodworking tools can also be used to cut PMMA sheets (The Plastic People 2021) into

panels having the dimensions shown in Fig. 2. Assemble the cut sheets using a screw and solvent

to bond one another to create the hollow parallelepiped-like panels. 

      (a)        (b) 
Fig. 1: Dimensions for the waste metalized film packaging strips.

Fig. 1: Dimensions for the waste metalized film packaging strips.

Fig. 2: Cut PMMA sheets (left) to hollow parallelepiped-liked wall panel (right).

Research Design

Fig. 3 shows the process followed during the research work. It shows the steps followed starting

with bringing the specimen samples to the testing center to developing of PMMA sheets hollow 

parallelepiped light-weight wall panel.

Fig. 2: Cut PMMA sheets (left) to hollow parallelepiped-liked wall  
panel (right). 
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(ASTM D695) where “t” denotes the thickness of 3 PMMA 
variables: the 3mm, 10mm, and 18mm. 13mm × 150mm × 
t for tension test (ASTM D638), 13mm × 125mm × t for 
flexural strength (ASTM D790), and 25mm × 50mm × t for 
water absorption test (ASTM D570). All specimen samples 
are sent to the Standards and Testing Division (STD) under 
the Department of Science and Technology (DOST) and 
waited 20 working days for the results.

RESULTS AND DISCUSSION

Compressive Strength Comparison

A typical concrete masonry’s compressive strength ranges 

from 20 to 50 MPa (Bošnjak et al. 2019, AlQudah & 
Freewan 2020). Unfortunately, no data was gathered relative 
to the 3mm PMMA sheet due to its minimal thickness the 
UTM cannot support, whereas the compressive strength of 
10mm and 18mm PMMA is 75.30 MPa and 84.30 MPa, 
respectively, based on the results provided by the testing 
center. Note that the higher the compressive strength, the 
better. Therefore, the two variables’ compressive strength is 
higher than traditional concrete masonry. Refer to the data 
shown in Table 1.

Tensile Strength Comparison

The tensile strength of a typical concrete masonry ranges 

 

Fig. 3: Distribution flow of PMMA sheets hollow parallelepiped light-weight wall panel. 
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the Department of Science and Technology (DOST) and waited 20 working days for the results. 

RESULTS AND DISCUSSION 

Table 1: Mechanical properties comparison among 3mm, 10mm, 18mm PMMA, and typical 

concrete masonry.  

Materials Compressive 
Strength 

[MPa] 

Tensile 
Strength 

[MPa] 

Flexural 
Strength 

[MPa] 

Water 
Absorption 

[%] 

 

PMMA Observation 

Thickness 3mm - 59.10 107.00 0.205 
No discoloration of the 
deformity was observed 
in all the tested 

Fig. 3: Distribution flow of PMMA sheets hollow parallelepiped light-weight wall panel.

Table 1: Mechanical properties comparison among 3mm, 10mm, 18mm PMMA, and typical concrete masonry. 

Materials Compressive 
Strength [MPa]

Tensile 
Strength 
[MPa]

Flexural 
Strength 
[MPa]

Water 
Absorption 
[%]

Observation

PMMA

Thickness 3mm - 59.10 107.00 0.205 No discoloration of the deformity was observed in all 
the tested specimens after the 24h immersion test

10mm 75.30 53.70 102.00 0.188 No discoloration of the deformity was observed in all 
the tested specimens after the 24h immersion test.

18mm 84.30 52.00 102.00 0.090 No discoloration of the deformity was observed in all 
the tested specimens after the 24h immersion test.

Concrete Masonry 20-50 2-5 2-5 0.80-0.90 Note: Values are obtained based on the study conducted 
by Bošnjak et al. (2019), AlQudah and Freewan (2020), 
Onyeka (2019), and the recommendations given by 
NSCP in 2015.
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only from 2 to 5 MPa (AlQudah & Freewan 2020), whereas 
the tensile strength of 3mm, 10mm, and 18mm PMMA are 
59.10 MPa, 53.70 MPa, and 52.00 MPa, respectively, based 
on the results provided by the testing center. Adapting the 
principles of Mechanics, note that the higher the tensile 
strength, the better. Therefore, by analyzing the data, it is 
noticeable that the tensile strength of PMMA decreases as 
the thickness increases; however, the values of the three 
variables are still way higher than that of concrete masonry. 
Refer to the data shown in Table 1.

Flexural Strength Comparison

Like the tensile strength, the flexural strength of typical 
concrete masonry ranges from 2 to 5 MPa (AlQudah & 
Freewan 2020). On the other hand, the flexural strength of 
3mm, 10mm, and 18mm PMMA are 107 MPa, 102 MPa, 
and 102 MPa, respectively, based on the results provided by 
the testing center. By adopting the principles of Mechanics 
again, note that the higher the flexural strength, the better. 
Therefore, by analyzing the data, the flexural strength of 
PMMA decreases as the thickness increases. However, just 
like the tensile strength, the values of the three variables are 
still way higher than that of concrete masonry. Refer to the 
data shown in Table 1.

Water Absorption Comparison

The water absorption of a typical concrete masonry ranges 
from 0.80% to 0.90% (Onyeka 2019), whereas that of 
3mm, 10mm, and 18mm PMMA are 0.205%, 0.188%, and 
0.09%, respectively, based on the results provided by the 
testing center. Note that the lower the water absorption, 
the better. Therefore, by analyzing the data, 18mm has the 
best property in terms of water absorption. Refer to the data 
shown in Table 1.

CONCLUSION

Based on the presented results, the mechanical properties of 
all 3 PMMA variables (3.00mm, 10.00mm, and 18.00mm) 
are far better than that of the concrete masonry. However, 
considering the bending characteristic, a 3mm PMMA sheet 
cannot be suggested because of its small thickness resulting 
in significant sagging. Also, an 18mm PMMA sheet cannot 
be suggested considering it is the most expensive among 
the 3 PMMA variables. Therefore, the most recommended 
is a 10mm PMMA sheet. Since half of the needed materials 
to manufacture this panel comes from waste metalized 
film packaging, the volume of waste plastics accumulating 
in landfills and dumpsites will be reduced. Also, since no 
cement will be utilized during the entire construction of 
partition walls, less carbon dioxide will be emitted into the 

atmosphere. Painting works for partition walls will also be 
eliminated because of the aesthetically pleasing appearance 
of the metalized film strips complemented by the outstanding 
clarity and illuminance of PMMA. Other miscellaneous 
concluded benefits of the proposed sustainable construction 
material are the following; (1) electricity consumption for 
lighting will be minimized (2) The panel is long-lasting and 
requires lesser maintenance (3) Because the wall panel is 
light-weight, dead loads being carried by the beams or floor 
systems coming from partition walls will be lessened, thus 
resulting to fewer reinforcements and concrete volume from 
the supporting elements (4) Since the proposed material 
is a ready-made light-weight panel, the duration for the 
construction of partition walls will be faster compared to 
that when using traditional concrete masonry materials 
(5) Huge amount of money will be saved from the entire
construction cost.

Recommendation for Future Studies

It is evident that using fabricated lightweight wall panels 
using polymethyl methacrylate as waste metalized film strips 
receptacle is a sustainable replacement to concrete masonry 
materials. However, there are some points that the researcher/s 
figured out, upon executing the experiments, that require 
improvements which are no anymore entertained due to the 
lack of time, resources, and budget, thus, included in this part 
as recommendations to the future researchers. (1) The design 
width of the panel, which is 500mm, can be increased up to 
1 meter since the panel has sufficient compression, tensile 
and flexural strength. It will also reduce units to be installed 
during the construction of partition walls, expediting the 
installation process. (2) The researcher/s also used PMMA 
material for the edges of the panel, which was later on figured 
out not advised because the physical attributes of PMMA, 
such as its outstanding clarity and illuminance, will just get 
wasted since the edges of the panel are purposely used to 
bond it to the ceiling, floor, and other panels. Therefore, the 
researcher recommends using other construction materials, 
such as metal, aluminum, or other polymers, for the edges 
of the panel. (3) The waste metalized film strips with the 
designed dimensions not greater than 3mm and 50mm for 
thickness and height are not recommended because strips 
with varying thickness and height compromise the panel’s 
aesthetic. The strips’ dimensions must be uniform; thus, the 
recommended thickness and height of the strips must be 
strictly equal to 3mm and 50mm, respectively. The values, 
therefore, that are less (or greater) than the said dimensions 
are not advised. (4) Because the researcher did not focus 
on the bonding methodology of the panel to the ceiling or 
flooring, this particular area can be recommended to future 
researchers. (5) the researcher recommends that future 
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