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ABSTRACT

Scientists and policymakers are continuously making techno-economic efforts to close
the loop in the agricultural value chain by utilizing and maximizing agricultural wastes and
their products. The rising issues of agricultural waste management significantly impact
the ecosystem and impede environmental sustainability. Untreated and wrongly disposed
agricultural residues are a major threat to health (human and animal), the economy, and
a significant contributor to greenhouse gas emissions. However, this review extrapolates
a resource efficiency technology to address the energy deficit by converting these
sustainable waste resource sources to sustainable energy through a sustainable energy
system. The torrefaction technique is a more energy-efficient thermochemical process to
upgrade the biomass fuel quality. Studies on readily available and commonly disposed
agricultural wastes valorised with their energy values, energy density and physicochemical
properties were reported in this study, and their performances were compared with fossil
fuel (coal and sub-bituminous coal) properties. The assessment brings to the submission
that many agricultural wastes can be upgraded to comparable quality in performance via
the torrefaction process. It further discovers that the synergy of certain additives and the
optimization of process conditions, such as residence time, temperature, pressure, and
gas carrier, could better upgrade the biofuel quality without major compromise on product
yield.

INTRODUCTION

Global warming concerns about the continuous rise in greenhouse gas emissions
and massive depletion of fossil fuels such as coal, petroleum, and natural gas
are major challenges of industrialization. In coal-fired plants, for instance, fossil
fuel air pollution from the burning of a ton of coal generates 3.67 tons of CO,
which is disastrous to human health and the environment. As predictions to hit
14 billion t.y' by 2050 heighten, the adoption of alternative sources of energy
that are sustainable and renewable has become a necessary demand (Acharya et
al. 2012). Subsequently, a report from the International Energy Agency (IEA),
shows that the press for bioenergy has risen four times over the decades, which
is expected to capture over 17% of global energy by 2060 (Cross et al. 2021,
Roder et al. 2020) The ready availability of bio-feedstock has given bioenergy
a leverage over other renewable and alternative energies such as solar, wind,
hydropower and geothermal. It is also seen to have the potential to mitigate the
greenhouse effect, giving a win-win carbon credit and reducing biomass waste.
Hence, combating the solid waste (SW) complex problem due to improper waste
management practices causes environmental and health concerns (Abdullah et
al. 2022).
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BIOMASSAND THECONCEPTOF TORREFACTION-
THERMOCHEMICAL PROCESS

Biomass is referred to as the biological material of plant and
animal origin, alongside their waste and residues (Chew and
Doshi, 2011). Biomass, an acclaimed carbon-neutral fuel,
engages in the bio-cycle, and the CO, from its combustion
is reinjected into the growth of new crops. It is a choice
of sustainable fuel able to reduce net carbon emissions
instead of fossil fuel (Chew and Doshi, 2011). However,
this biomass is broadly divided into woody and non-woody
biomass. Its short carbon cycle makes it a renewable energy
source with low greenhouse gas emissions based on its
CO, captured during photosynthesis. However, biomass is
a good substitute/ alternative to coal for sustainable energy
production. Its drawbacks are its non-homogeneity, moisture
content, alkality, cost of mobility, grindability, and reduced
energy density relative to coal.

The transformation of biomass to energy can be achieved
through several routes, such as biochemical, mechanical, and
thermochemical. Thermochemical processing is attractive
and efficient in transforming biomass to energy as it captures
a broader fuel feedstock. Its lower temperature requirement
makes it a suitable energy technology (Chew & Doshi
2011). However, the process of torrefaction, known as
mild pyrolysis, could mitigate the shortcomings of biomass
(Acharya et al. 2015). According to Acharya et al. (2012),
it is the decomposition of biomass leading to the release
of volatiles, having its final product as solid fuel known as
torrefied biomass/fuel. The thermochemical transformation
of biomass helps to bring down the NOx and SOx emitted
relative to fossil fuels (Gilbert et al. 2009).

Cellulose

Lignin
Y

Amorphous
region

Crystalline
region

According to Kumar et al. (2020), the two primary
thermal pretreatment techniques to enhance biomass quality
and improve their properties are wet and dry torrefaction.
Although wet torrefaction is less frequent, both processes
can be used to obtain hydrophobic, uniform, high-carbon,
and densified energy solid fuel (Acharya et al. 2015). Dry
torrefaction (DT) occurs within a low oxygen environment
at temperatures ranging from 200 to 300°C for a duration of
30 to 60 min. (Acharya et al. 2013), at atmospheric pressure,
whereas WT is a thermochemical conversion process in
subcritical water. WT is the thermal treatment of biomass
in water at temperatures of 180-265°C, spanning from about
5 min to hrs at pressures above 1 MPa (Yan et al. 2009).

All lignocellulosic biomass has relatively similar
patterns of cell walls, although they might differ slightly
based on their specific composition and biomass. It mostly
comprises 20% fixed carbon and 80% volatile content on a
dry basis. It is made up of (40-60 wt.%) cellulose, (10- 25
wt.%) lignin, and (20-40 wt.%) hemicellulose (Acharya et
al. 2012). However, the process of torrefaction changes the
composition of the biomass under varying conditions such
as temperature, time, pressure, and the nature of the gas.
This process alters the chemical composition and causes the
breakdown of hemicellulose, cellulose, and lignin, as shown
in Fig. 1, where the hydroxyl (OH) compound is breaking
down, and the hydrophilicity is improved (Bridgwater et
al. 2000).

The torrefaction process can be broadly categorized into
three phases: size reduction, drying, and roasting (torrefaction)
phase (Acharya et al. 2012). The uniform and fine biomass

Hemicellulose

Fig. 1: Structure of biomass and thermal pretreatment(Acharya et al. 2012).
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Fig. 2: Decomposition regimes of lignocellulosic material during thermal treatment (Uslu et al. 2008).

is subjected to drying to reduce moisture considerably
and to liberate condensable and non-condensable gases
and volatiles, before feeding into the torrefaction reactor.
However, the extent of gases and volatiles liberated depends
on the condition of torrefaction, especially temperature,
leaving behind a solid product known as char or torrefied
biomass (Ciolkosz et al. 2011). This process enhances the
combustive characteristics of biomass for an attractive solid
fuel suitable for heat energy applications.

Furthermore, it is worth noting that a series of
decomposition reactions occurs in torrefaction, leading to
a series of gaseous compound releases. This process alters
the elemental compositions of the biomass and reduces the
H/C, O/C ratio as hydrogen and oxygen content decline. It
is also characterized by the destruction of hydroxyl (OH)
groups in the decomposed biomass polymer structure,
making it hydrophobic. At about 110°C, a major percentage
of moisture is lost, and further temperature increases lead to
polymeric structural decomposition, mainly hemicellulose.
Between 250-300°C, more hemicellulose is decomposed,
leading to massive weight loss at this stage with slight lignin
and cellulose decomposition (Uslu et al. 2008, Rousset et
al. 2011). Fig. 2 provides a typical representation of these
processes with respect to temperature.

Typical biomass is constrained in widespread energy
applications due to its inherent excessive moisture, volatile,
oxygen content, lower density, low calorific value, and
grindability (Singh et al. 2020). However, the torrefaction
process helps to improve its physicochemical properties,

such as achieving a reduction in volatile matter under a
relatively lower heating temperature while most of the fixed
carbon content remains. Fig. 3 provides a typical schematic
of a torrefaction setup in a tube furnace, where a weighted
biomass sample is loaded in the ceramic boat, and a nitrogen
flow is supplied at a specified flow rate to the furnace for
an assigned residence time. The hemicellulose content is the
main and most reactive volatile matter decomposed during
torrefaction, than the other two components, cellulose and
lignin. As the torrefaction temperature advances, the mass
yield is often seen to decline, and this is principally due
to two major factors, which are moisture loss and thermal
decomposition to form a volatile gaseous product such as
H,0, CO, CO,, acetic acid and other organics (Poudel et
al. 2015). This thermal decomposition occurs mainly on
hemicellulose and lignin at torrefaction temperatures below
250°C; the partial decomposition of the cellulose later occurs
as torrefaction conditions become more severe.

Energy yield is the measure of the ratio of actual energy
retained after the torrefaction process to the initial energy
content of the biomass (Bridgeman et al. 2008). Also, the
combustibility of biochar can be assessed by using the fuel
ratio, which is defined as the ratio of fixed carbon content to
volatile matter content. This is a principal index to evaluate
the potential/capacity of biochar fuel properties to replace
coal. Also, according to Lin et al. (2025).

HHV of the torrefied sample
HHV of the raw sample

(1)

Energy density =
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Tube Furnace

Flow Controller

Exhausgt Ceramicboat

Tube

=

Nitrogen cylinder

Fig. 3: Schematic of torrefaction setup (Patidar & Vashishtha 2021).

Mass of torrefied sample

(2)
.3

Increased production of agricultural waste due to
population growth and expanded agricultural practices
has created an inexhaustible and sustainable agro-waste
feedstock which can be converted into useful forms, such
as biochar, biofuels, bio-coal pellets and other structural
products. However, these wastes have not been effectively
managed as they majorly litter the environment as pollutants
instead of a bioresource for energy generation and a means
for job creation. This review helps to appreciate the vast
abundance of agro-waste in its varieties in the environment.
It also showcases torrefaction as a low-cost and less energy-
intensive route for bioenergy generation with emphasis on
its operational process/ boundary conditions to achieve
desirable efficient energy and optimal mass-energy yield
balance. Furthermore, it also captures the techno-economic
implications of selected torrefied agro-wastes.

Mass yield= x 100%.

Mass of raw sample

Energy yield = Energy density x Solid yield

The techno-economic analysis discusses the economic
feasibility and technical performance of converting
agricultural residues into more energy-dense and stable
forms of biomass. This includes energy insecurity and
environmental sustainability. The subject of temperature
control, residence time and process design, carbon emission,
waste reduction, cost-benefit analysis, market potential,
agricultural waste type (rice husk, corn stalk and wheat
straw, etc are among the contributors to the techno-economic
feasibility of the torrefied agro-waste. Biomass torrefaction
increases the energy content per unit weight (mass), and
subsequent pelletization markedly improves the energy
density per unit volume, thereby facilitating logistics
throughout the supply chain.

ROLE OF PROCESS TIME AND TEMPERATURE
ON THE QUALITY OF AGRO-WASTE-DERIVED
SOLID FUEL

The conversion of Walnut shell (WS) and pearl millet (PM) to
solid biofuel was carried out by Abdullah et al. (2022). This
was performed at a torrefaction temperature of (230-300)°C,

times (30-90 min) and varying biomass composition. It is
intended to upgrade their biochar properties to a equivalent
comparable to coal. In this process, the highest biomass
mass yield of 91% was achieved at (230°C, 30 min) and
the lowest, which is 41% at (300°C, 90 min). It has a Gross
calorific value (GCV) of 22 MJ .kg'1 at the raw state and
27 MJ kg! at 300°C, accounting for a 22-59% HHYV increase.
At the optimal parameters of 260°C, 30 min, and a blend of
(PM 70%, WS:30%), 80-88% yield was reported.

(Nigran Homdoung et al. (2019) examined the outcome
of the torrefaction of wood chips and oil palm fronds under
200-400°C and a 20-60 min. It was clear that the energy
properties and solid product were affected by the torrefaction
time and temperature. No visible change in mass and energy
yield was observed at 200C°C; 20-60 min for the mass
yield of both oil palm fronds and wood chips. Hence, it was
regarded as the optimum condition. The volatile% reduces
as the torrefaction temperature moves from 200-400°C for
both wood chips and oil palm fronds.

HHV of both biomass materials was improved to
17.65 MI.kg™'-24.86 for wood chips and 16.34 MJ.kg'-18.58
for oil palm fruit fronts, 20-30% higher than the original
values. Oil palm fruit fronts have a higher ash content of
up to 15% which was responsible for their lower HHV.
The torrefaction process also helps achieve improved fixed
carbon content of wood chips by 29-85% and oil palm front
by 76-97%.

Yang et al. (2015) examined the fuel properties of wet
torrefied biomass, namely the Humulus lupulus (HL),
Plumeria alba and Calophyllum inophyllum L. (CIL) with
varied component weights. The mass yield decreases as
presented in Fig. 4a. 50.9% mass yield was obtained for
CIL, 31.5% for PA and 26.5% for HL at 260°C. CIL has a
greater mass yield due to its higher lignin content of higher
decomposition temperature than hemicellulose and cellulose.
Itis hence considered more thermally stable than PA and HL.
The HHV and energy yield increased from 17.5 MILkg™! to
25.3 MI.kg" for HL;17.7 MJ kg™ to 25.7 MJ kg for PA,
and 18.4 MJ kg ™' to 23.6MJ kg™ for CIL as the temperature
advanced from 180 to 260°C. The HHV obtained at elevated
torrefaction, which is 23.5 and 25.7 MJ kg ' as shown in Fig.
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4b, is comparable to that of some commercial coal. The H/C
and O/C ratios of HL-260, PA-260, and CIL-260 were similar
and closer to those of lignite, as shown in Fig. 4c.

Energy sorghum and sweet sorghum were torrefied
under different temperatures (250, 275 & 300°C) for 30

min by Yue et al. (2017). Torrefied energy sorghum has
53.1-69.8% while torrefied sweet sorghum has 41.3- 64.7%
solid yield at 250-300°C. The process of torrefaction helps
to achieve an improvement in the HHV of energy sorghum
from 17.33 MJ.kg' (raw) to 23.62MJ.kg"" at 300°C, while
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Fig. 4: (a) Mass yield of HL, PA, and CIL at various temperatures, (b) Energy yield against HHV for all the biomasses and their delivered solid fuel,
(c) Van Krevelen diagram of the biomasses (Yang et al. 2015).
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for sweet sorghum bagasse, 16.45 MJ.kg"! (raw) to 26.88
MJ kg at 300°C.

Zhang et al. (2016a) carried out a wet torrefaction
process on duckweed within 130-250°C to improve its fuel
characteristics. The volatile content declined from 76.9%-
60.0%, while the ash content improved from 7.65 to 19.9%
within the range of 130-250°C. There was a notable decline
in the mass yield from 64.8% -30.4% and the energy yield
from 77.9%-40.1% across the torrefaction temperature range.
Also, the energy density first shifted from 1.20 (D130) to
-1.38 (D220)- 1.32(D250). Hence, 220°C is identified as the
ideal reaction temperature for wet torrefaction of duckweed
samples. The HHV improved from 14.34MJ kg™, which is
the raw sample, to 19.84 MJ .kg'l at D220 and then declined
to a more severe temperature of 250°C. Wet torrefaction of
duckweed at 250°C gave a closer H/C and O/c atomic ratio
closer to lignite, which is indicative of improved solid fuel
properties. Other features are improved C-content from
34.5% to 48.3%, reduced nitrogen and sulfur content.

The torrefaction of corncob, cotton stalks, and sunflower
agricultural residues was performed by Akhtar et al. (2021) at
200-320°C; 10-60 min. Corncob has a mass yield of 63% and
optimum GCV of 5444 kcal.kg ™' at 290°C, 20 min. Torrefied
cotton ball has optimal GCV of 4481 kcal.g” at 270°C,
30min. An optimum condition at 260°C, an energy value
of 4370 kcal kg™, and a decline in mass yield of 85-71% at
10-60 min residence time was obtained for the sunflower.
The process of torrefaction produced a biochar of reduced
hemicellulose content, and more lignin and cellulosic
content. This process leads to a brittle, grindable, and less
reactive biochar with a break in biomass interlocking blocks.

Corncob and khat stem biomass’s energy content was
explored via torrefaction, and optimization was enhanced by
Jifara Daba and Mekuria Hailegiorgis (2023). Investigation
performed at 200, 250, and 300°C; 15, 30, and 45 min. The
volatile matter content reduced from 77.7-64% for the Khet
stem and from 76.9-67% for the corn cob. Khat stems burn
and ignite better due to their higher volatile content. The ash
content of raw corn cob increased from 3.24-10% and khat
from 7.4-15% respectively, as Khat contains more inorganic
compounds than corn cob. A moderate improvement of about
6% was observed in the fixed carbon content of the khat
stem and corncob across the temperature range, with similar
carbon contents of 43.43% (corncob)and 42.18% (khat stem).
Predicted corncob has higher energy content than khat steam.
Khat stem has a mass yield (68.85%), energy yield (98.5%)
and HHV (24.95 MJ kg™"), while corncob has a mass yield
of 56.80%, energy yield (94.9%) and HHV (23.37 MI.kg™).

The role of torrefaction on biomass stalk on fuel yield
and properties by Chen et al. (2015) at 220,250, and 280°C

temperatures was investigated. As temperature progresses,
bio-char mass yield declines while the bio-oil yield advances
significantly. HHV value improved from 16.53 MJ kg™ for
dried cotton stalk (DCS) to 20.31 MJ .kg'1 for torrefied cotton
stalk (TCS)at 280°C. The volatile content dropped from
75.38 (TCS-220) to 56.23wt% (TCS-280) with higher ash
and fixed carbon content at higher temperatures. Torrefaction
temperature significantly improves the% carbon (C) content
and reduces the oxygen (O) content. The biomass stalk has
poor thermal stability, leading to the decomposition of a
large proportion.

Almond Shell (AS) and Olive pomace (OP) were
torrefied at conditions of 280-320°C, 500°C, and at various
times by Alcazar-Ruiz et al. (2022).In their study, OP was
confirmed to be thermally unstable compared to AS. OP has
the highest carboxylic acid yield at (280°C; 20s) while AS
at (300°C; 20s). As torrefaction became severe, the phenolic
compound was noticeable for OP. This was attributed to the
elevated lignin content and natural metals present in Olive
Pomace that enhance catalytic reactions during the process.
The maximum yield (47.7%) was achieved at (320; 240 s).

Bachetal. (2013) compared the role of process parameters
on Norway spruce (softwood) and birch (hardwood) local
biomass in a wet torrefaction process of 175,200, 225°C
and at 10,30 and 60 min. The energy yield was observed
to decline as temperature and holding time increased.
Hence, it has a significant influence on fuel properties and
solid products. However, the lower yield of solid products
was observed at smaller particle sizes. The analysis and
predictions proved that greater heating values are obtained
at lower temperatures and shorter times. The fixed carbon
content of truce wood biochar products was enhanced from
13.3-27.1% and 10.3-27.5% as the temperature and holding
time advanced. Torrefied spruce experienced an HHV rise
from 1.9-12.5% while torrefied birch had a 1.3-15.0%
increase in the range of 175-225°C. At 225°C, the HHV
of torrefied birch wood is comparable to that of torrefied
spruce wood.

Norway spruce stem wood, stump, and bark were
torrefied in a tubular reactor (Wang et al. 2017). The mass
yield of all the torrefied samples declined as torrefaction
conditions became severe which is from 225°C, 30min to
300°C, 60min. Stump recorded a drop in mass of 44% and
54% at 300°C for 30 and 60min, while stem wood showed a
30% and 40% decline in mass loss at 30 and 60 min residence
time under 300°C residence time.

A carbon-rich solid feedstock was produced from
torrefied olive mill waste (TPOMW) in a study by Benavente
and Fullana (2015) carried out at 150-300°C for 2h. The study
showed that carbon content was enhanced from 56-68 wt% %
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and HHV from 26.4-30.0 MJ kg ', by increasing the process
temperature, which upgraded the value of the TPOMW
comparable to sub-bituminous coal. Optimal heating value and
minimised energy loss were obtained at 200°C. The synergetic
process of torrefaction and densification was observed to
enhance the energy density of TPOMW to a maximum of
approximately 242% at t- TPOMW-300 briquettes.

Cetinkaya et al. (2024) also attempted to optimize the
temperature and holding time as process parameters on Rosa
Damascena Mill solid waste (RP) and red pine sawdust (PS).
They produced bio-pellets of different weight ratios. The
average HHV of the RP sample shifted from 19.8 MJ.kg™!
for the raw PS sample to 21.2 MJ kg™ at (290°C; 60 min).
The average HHVs of the RP raw samples increased from
18.3 MJ kg™ temperature to 21.3 MJ.kg™" at 290°C;60 min.
It is also worth noting that the mass yields declined at severe
torrefaction conditions (p < 0.05). At (290°C; 60 min) mass
yield of the RP (57%) and PS (63%), which are the lowest
yields, was recorded.

The torrefaction of pomaces and nutshells in a muffle
furnace was investigated by Chiou et al. (2015). Apple
pomace has lower thermal stability, hence it was torrefied
at 200, 230, and 260°C, while nutshell was torrefied at 230,
260, and 290°C; all at 20, 40, and 60 min. All the samples
have high energy yield at 230°C, but declined rapidly at
260°C. Apple pomace greatly declined by 42.3-14.9%
while grape pomace decreased the least, ranging from 92.3-
59.7% with a residence time of 20-60 min residence.
However, energy yield was steady at 290°C, recording the
highest value (71.4%) with grape pomace at 20 min and

62.6% at 60 min. This could be connected to grape pomace
having a high mass yield at these temperatures.

Solid fuel from the torrefaction of passion fruit peel
waste (PF) and pineapple fruit waste (PA) was obtained by
da Silva et al. (2022). It was carried out at 200, 250, and
300°C and (15 and 60 min)using the macro-TGA with GC-
TCD/FID analysis. From the figure, it was obvious that the
torrefaction process enhanced HHV with the highest value
of 22.97 MJ kg and 20.78 MJI.kg™, fixed carbon content
of 52.95 wt.% and 40.19 wt.% for PA and PF at (300°C;60
min), respectively. Solid yields of 56.21% for PA and
40.86% for PF at 300°C, 60 min were obtained. This is as
presented in Fig. 5

Dhungana et al. (2011) compared non-lignocellulosic and
lignocellulosic waste biomass in a torrefaction process. The
non-lignocellulosic biomass was undigested sludge, chicken
litter, digested sludge, and, while coffee husk, switchgrass,
and wood pellet are the lignocellulosic biomass waste. The
investigation was conducted within 250-280°C, and the
residence time was 15-60 min. The energy density of the
biomass was enhanced, and some of the biomass polymers
decomposed, letting out oxygen through CO, and H,0, and
retaining some carbon in char. HHV increased from 19.18-
24.20 MJ kg for non-lignocellulose biomass at (280°C;
30 min). Similar values are obtainable with lignocellulosic
biomass. Results confirm that HHV increases steadily with
higher temperature, as well as the residence time and a further
increase in the energy density of this biomass.

The fuel properties of Olive pruning (OP) and vineyard
pruning(VP) were improved by Duman et al. (2020) via
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Fig. 5: Relationship between VM and FC (VM/FC), carbon enrichment (CE), and Higher heating value (HHV) (da Silva et al. 2022).
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the torrefaction and hydrothermal route. Biochar has a
mass yield of 82.1% (OP) and 81.0% (VP) at torrefying
conditions (200°C; 60 min). Hydrochars have lower values of
58.2% for OP and 59.1% for VP. This difference in the mass
yield can be attributed to the nature and amount of lignin in
the biomass. In the HTC process, a lower mass yield was
observed as the temperature increased, and a higher energy
density of up to 1.45 times for hydrochar. Biochars have
ignition temperatures at 270-346°C for OPB and 279- 353°C
for VPB, and hydrochars between 268 and 409°C for OPH
and 273 to 304°C for VPB. These temperatures exceed
those of raw biomasses. However, the burnout temperature
of biomasses was not affected by dry torrefaction, which is
between 489 and 503°C for OP and approximately 490°C for
VP, but the burnout temperature increased with HTC-treated
biomass(from 494-561°C for OP and 487-534°C for VP).
The ash content of biochar and hydrocarbon significantly
differs and changes with biomass type.

The study investigating the combustion characteristics of
torrefied almond hulls and shells, olive seeds, and corn stalks
was conducted by Duranay et al. (2023). The torrefaction
was carried out at 300+5°C for 41 min. The torrefaction
yield is dependent on the type of biomass. It was deduced
that almond shells and olive kernels (hard woody waste)
have higher solid product yields, which are 80.8% and
78.4%, respectively. Almond hull and corn stalks (flexible
and fibrous waste) have lower solid product yields, which
are 53.4% and 43.7% respectively. Harder agricultural
wastes have a high amount of solid product based on their
difficulty to thermally decompose, while more liquid and
gaseous products were found during the thermal treatment
of fibrous biomass. Torrefaction helps to improve the fixed
carbon amount of almond and olive kernels by 30-55%.
Volatile matter of corn stalk and almond hull declined by
42% and 32%, respectively, while the fixed carbon contents
increased by 309% and 96%, respectively.

Cassava rhizome, sugarcane bagasse and straw briquette
were torrefied at (250°C; 90 min) by Granado et al. (2023).
Cassava rhizome, sugarcane straw and sugar cane bagasse
had relaxed densities of 1270 kg., 1240 kg.m® and
1300 kg.m™, respectively. Torrefied cassava rhizome,
sugarcane bagasse and sugarcane straw gave improved HHV
of 19.2, 18.4 and 19.0 MJ kg™, respectively.

Auricularia auricula-judae, commonly known as the
wood ear, was torrefied by Zhang et al. (2016b). Torrefaction
was carried out under 200-320 °C and residence time
(120-15 min). The mass yield continuously declined from
92.23% (200°C, 15min) to 46.65% (320°C, 120min) and
the energy yield from 92.20% (200°C, 15 min) to 57.28%
(320°C, 120 min). The C-content improved from 51.73%

to 64.94% (320 °C;120min) and also an enhancement in
the HHV from 21.13 MJ kg™ -25.96 MJI.kg"! from 200°C;
15 min to 320°C; 15min. A decline was noticed in the
O/C and H/C ratio from 0.571-0.332 and 1.594-0.907,
respectively, within the torrefaction condition.

Leucaena, a woody biomass feedstock, was microwave
torrefied by Huang et al. (2017). As the power level increases,
the temperature and heating rate also increase. Microwave
power, as an operating parameter, was noticed to have a
greater effect than time. The HHV of the biochar increases
with increases in power level and time. However, the reverse
was witnessed with the energy and mass yield of the product
as it declined from 72.30 wt.% at (100 W; 15 min) to 17.25%
at 250W; 30min. A similar trend was observed for energy
yield. HHV of 30 MJ kg™ was reached at 250W power for
30 min processing time. The torrefied leucaena produced
a fuel ratio of up to 3.7 at power levels of 200 and 250 W,
which is greater than that of bituminous coal. As microwave
power and time increased, the fixed carbon content rose while
the volatile content decreased. This development suggests a
potential alternative fuel source to substitute for coal or be
used in co-firing.

In their 2017 study, Ianez-Rodriguez et al.(2017)
optimized Greenhouse Crop Residue (GCR) torrefaction at
various temperatures (200, 250, and 300°C) and times (15,
30, and 60 min). At 200°C, no significant impact on solid
properties was observed. The most favorable conditions were
noted at 263°C for 15 min. As the temperature increased
to 300°C, the carbon content steadily rose from 34.02%
to 43.78%, with a marked decrease in oxygen and a slight
decline in hydrogen content. The resulting torrefied product
had a high ash content (approximately 24%), making it more
suitable for soil amendments than as a fuel source. Although
the combination of 300°C and 15 min yielded the highest
Higher Heating Value (HHV) of around 20.5, the low mass
yield made it less desirable. Both mass yield and energy yield
were inadequate at this temperature-time combination. The
torrefaction process enhanced the sample’s calorific value
by increasing carbon content and reducing volatile matter.
Hydrogen content remained nearly constant regardless of
the torrefaction temperature.

The value of sugarcane bagasse (SBG) was upgraded for
the production of quality fuel in a study by Jarunglumlert
et al. (2022a). The torrefaction was both a dry and a wet
process. The wet torrefaction process achieved a notable
reduction in ash content, as it witnessed a less than 1% ash
content above 180°C, making it a better fuel quality. The
wet torrefaction process was also characterized by a higher
yield than dry torrefied pellets. The heating value of both WT
and DT ranged from 15.84-17.46 MJ.kg™!; the raw baggase
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was 7.53 MJ kg and the dry baggase was 15.04 MJ.kg™.
Torrefaction was observed to enhance the calorific value by
5.0-17.9%. At high temperatures, the product heating values
were enhanced, while mass yields were lower. Nevertheless,
the specific energy demand of WTP production is almost
double that of DTP.

Gaur & Pooniat (2024) improved the biochar quality
of invasive weed (Crotalaria burhia) under the optimised
condition of pyrolysis temperature:450°C, residence time of
1h. This process enhanced the carbon content of the waste
biomass remarkably from 39.59-57.77% with a nose dive
in hydrogen and oxygen content, resulting in a very low H/C
and O/C ratio of 0.10 and 0.47, respectively. It also witnessed
an astronomical increase in fixed carbon content from 19.09-
81.24% and a major decline in volatile content from 70.26%
to 8.48%. The process achieved a good biochar quality, which
is suitable for enhancing soil fertility and carbon sequestration.

ROLE OF CARRIER GASES ON THE QUALITY
OF AGRO-WASTE-DERIVED SOLID FUEL

N,, CO,, and a gas mixture of air and CO, were used as
carrier gases to torrefy corn cob under 250°C and 300°C

for 1h (Lu & Chen 2013). All carrier gases showed solid
product characteristics near to those of coal. Both carbon
dioxide and nitrogen carriers exhibited similar FC, HHV,
mass, and solid yield at 300°C. As shown in Fig. 6 (a),
all the carriers exhibited solid yield above 50 wt.% gas at
250°C torrefaction. However, air+co2 carrier gas shows a
solid yield of about 45.4 wt.% at 250°C. At 300°C, declined
below 50wt% (by air + CO,, N, and CO,). The effect of the
torrefaction temperature on the solid yield was observed to be
more than that of the carrier gas. Fig. 6(b) shows that across
all the carrier gas choices, the HHV (average) of corncob
waste progresses from about 23.3 MJ.kg’1 to -26.8 M kg™,
respectively, at 250°C and 300 °C; 1h as shown in Fig. 6 (c).
These results confirm that CO, or air + CO, carrier gas can
torrefy corncob waste. It was also observed that the kind of
carrier gases also affects the amount of VM removal, and
higher temperature with air+CO, taking the lead, however,
with a subsequent reduction in FC generation.

Empty fruit bunches (EFB) were torrefied in a study by
Uemura et al. (2017) under biomass combustion gas and
nitrogen atmosphere at 473, 523, and 573 K. It was observed,
as shown in Fig. 7, that the mass yield of torrefaction in the
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(Lu and Chen, 2013).

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026



10

COmpNzon
23K

I U3

Oluwagbenga Tobi Adesina et al.

Bue Bue
COMPN(I0N  COWPAR(I0U
253K 2iaK’

| i | i I M
I |
Hl I [ ‘ I il
1| | i |
' (1]

(#®) blaiy grans boe oiter VD blsiy blio2
3

| m2onq Mg

CA 1910 @ EueLEl hieyq |

Fig. 7: Solid, calorific value and energy yields for torrefaction of EFB (Uemura et al. 2017).

nitrogen atmosphere is greater than that of combustion gas.
0O, and CO, decomposed more in the combustion gas. With
a combustion gas atmosphere, the mass yield of torrefied
EFB reduces with temperature increase. The torrefied EFB
has a smaller mass yield of 67% in the combustion gas
as temperature increases than that which was torrefied in
N2 (72%), as O, and CO, enhanced decomposition in the
combustion gas. This hence attests that combustion gas can
help save energy.

Corncob was torrefied to charcoal by Li et al. (2018)
under N, and CO, atmosphere at 200-300°C. Mass yields
declined from 95.03-69.38% to 94.99-67.20% and increased
HHV of 16.58-24.77 MJ.kg™" and 16.68-24.10 MJ kg™
were obtained under N, and CO,, respectively, within the
torrefaction temperature. Hemicelluloses were not detected
at a high temperature of 300°C. The C-concentration rises
with increasing temperature from 200-300°C, while H
and O concentrations decline. Corn cob torrefied at 260°C
under CO, was observed as the most suitable condition.
In the N, atmosphere, C-contents increased from 48.15-
53.97%, accompanied by a decline in the H and O contents
from 5.94-5.70% and from 45.91-40.33%, respectively. In
the CO, atmosphere, the C-contents of the samples rose
from 48.52-55.47%, while the H and O contents declined
from 5.92-5.89% and 45.60-38.61%, respectively. The report
clearly shows the greater role temperature plays than gas in
the cellulose and hemicellulose decomposition.

Yard waste was valorised by Jaideep et al. (2021) to
obtain solid fuel by torrefaction at 170, 200, 250, and
300°C; under different atmospheres of flue gas, CO, and
N,. As the temperature advances in the process, the mass
yield declines. The highest mass yield was recorded in a
flue gas atmosphere, while the lowest mass yield was with
N,. However, CO, carrier gas recorded the highest energy
value (HHV) enhancement from 15.6-22.2 MJ .kg'1 at 300°C,
and 98.1% energy yield. No visible property changes were

reported for flue gas at 250°C. At 300°C, hemicellulose was
completely degraded while cellulose was partially degraded.
N, and CO, degrade the biomass much better than flue gas, as
confirmed in other analyses. The energy yield using fuel gas
is relatively constant across the temperatures, which defies
the common trend, which is a lowering mass yield and energy
yield with temperature increase. Despite the improvement in
HHV, energy yield for NO, and CO, declined as temperature
increased. The C content of 40.58%, H content of 5.08%
and N content of 1.22 wt.%, N of EFB samples with 15.15
MJ kg HHV were obtained. This shows that the combustion
gas decomposes the EFB better than pure N,.

Oil palm fiber pellets (OPFP) were torrefied in a study
by Chen et al. (2016) under inert and oxidative atmospheres
at(275-250)°C, O, concentration of 0-10 vol.% and
duration of 30 min. The HHV of the biomass was enhanced
significantly at 275°C in the oxidative environment, more
than in the non-oxidative environment. However, at 300°C,
regardless of the atmosphere, torrefied OPFP improved the
fuel quality of the biomass. HHV of OPFP improved from
18.37-20 MJ .kg'l. At OPFP, torrefied in N2 attained HHV
of 20.33 MJ.kg'l. At 5% and 10% in the O, environment,
the HHV of 22.22 and 22.59 MJ kg was reached. It was
therefore established that an inert environment supports the
possibility of increasing the HHV of OPFP by temperature
increase. However, in oxidative torrefaction, higher
temperatures do not enhance the HHV.

Empty fruit bunches (EFB), mesocarp fiber (MF), and
kernel shell(KS) were torrefied as a solid fuel (Uemura et
al. 2011). High energy yield values of 96% and 100% were
achieved for MF and KS, respectively, while EFB shows a
poor yield of 56%.HHV increased from 17.02 MJ.kg" to
20.41 MI.kg™" in the process. Also, 19.61 MJ kg™ for dried
mesocarp fiber to 22.17 MJ kg at 300°C. Similarly, the
Kernel shell has HHV of 19.78 MJkg" - 21.68 MJI kg
at 300°C torrefaction. The decrease in H2 and O2 as
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temperature rises due to dehydration and de-carbon dioxide
from the biomass. The carbon content of the dried EFB
moved from 45.53-49.56wt.%, and the H Content declined
from 5.46-4.38 wt.%. The mesocarp fiber also has increased
C-content from 46.93 to 48.68 wt.%, and an H content of
5.50 wt.% to 4.87%. The kernel shell C-content shifted
from 45.87 wt.% to 54.21 wt.% while H content declined
from 6.31-5.08 wt.%. A steady decline in mass yield as the
temperature increases, with EFB as the highest decreasing
ratio, and kernel shell has the lowest.

Pimchuai et al. (2010) torrefied some agricultural
waste in N, at 250-300°C and 1-2 h. Maximum HHV of
25.68 MJI.kg"' was obtained at 300°C; 1.5 h for bagasse
(comparable to HHV of lignite), least (21.02 MJ .kg'l) at
250°C; 1 h. All the agricultural waste showed high HHV
at 300°C;1.5h, rice husks (17.77 MJ.kg'l), sawdust (23.94
MJ.kg™"), peanut (19.1 MJ.kg!), water hyacinth (14.33
MJ.kg'). At severe torrefaction conditions, the moisture
content and volatiles decreased. However, the fixed
carbon content and ash content upwardly trend with higher
temperature but decline massively as the residence time
extends. No significant changes occur in volatile matters at
250°C, 1 h for all the residue. Mass and energy yields were
reduced by about 41-78% and 55-98% of their initial values.
The highest torrefaction temperature produces the lowest
mass and energy yield.

The conditions of temperature and time in the torrefaction
process were investigated on Norway spice stem wood,
stump, and bark (Wang et al. 2017). The role of temperature
was visible as the mass yield decreased across the
temperature profile, which was significant and is associated
with hemicellulose decomposition. At 300°C, stem wood lost
was 30 and 42 wt%% with holding time of 30 and 60min,
whereas the stump is 44 wt%.% and 54 wt%. A very slight
reduction was witnessed with cellulose contents of the stem
wood and the stump at 275°C. However, the cellulose
content drastically reduced at 275 °C, with only a negligible
remnant at 300°C torrefied biomass.

The effect of operating conditions on torrefied olive tree
pruning was experimentally examined by Martin-Lara et al.
(2017). At 300°C, 60 min, the fuel ratio shifted from 0.23-
0.39, improving its fuel quality. O/C-1.02 (raw) reduced to
0.90 while H/C-0.17 (raw) to 0.15 at 300°C; 10 min. The
decline in H/C attests to the moderate increase in the carbon
content compared to other elements, and that of O/C is
connected to the production of volatiles such as CO, CO,, and
H,0. The elemental composition also confirms the shift of
the native olive sample from that of lignocellulosic biomass
to that of coal. The HHV of the biomass increased tangibly
from 17.32 MJ.kg" (native olive tree) to 20.50 MJ kg™ at

200°C; 60 min torrefaction condition. However, the HHV
drops at higher temperatures and longer residence times.
The hemicellulose was strongly degraded in N2 atmosphere
at high torrefaction conditions, and the thermal stability of
cellulose was modified. The volatile content declined from
72.9% (200°C;10 min) to 69% (300°C; 60min), and the fixed
carbon improved from 20.4% at 200°C; 10 min to 27.2% at
300°C; 60 min.

Martin-Pascual et al. (2020) numerically modelled
olive tree waste biomass under torrefaction conditions of
(200-300°C) and (0-120 min). Advancement in HHV of the
torrefied sample was noticed within the 200-275°C range.
However, the reverse was witnessed at 275-300°C, as the
HHYV declined. There were no remarkable differences in
HHV with residence time at low temperatures, except for
120 min. It was generally inferred that the temperature
shortens the time required to reach maximum HHV. It was
then concluded that the optimum condition was 275°C, 30
min, with an optimum of 5830 cal.g”’ HHV. A mass yield
between 97.48-57.61% was achieved, which declines with
the increasing residence time and temperature.

Oil palm agricultural residues, which are oil palm fronds
(OPF)- non-woody biomass and Leucaena leucocephala
(LL) -woody biomass, were also torrefied by Matali et al.
(2016). The experiment was carried out within 200-300°C,
and 60 min in an anoxic condition. At 300°C, O, and
H, declined by 28% and 34% for torrefied OPF and LL,
respectively, while C-content improved by about 37% for
both torrefied samples. Fixed carbon was more than twice
for all torrefied biomass, with OFP having the highest at 54
wt.%. H, and O, content with torrefaction was connected
to the destruction of the (-OH) group in biomass samples,
producing solid hydrophobic fuel. Mass yield experienced a
50% decline, with the raw biomass at 300°C for both OPL
and LL. This was due to moisture removal and the release
of volatiles such as hemicellulose and short-chain lignin
compounds. Energy yield value reduced from 99.9 wt.%
(OFP-200°C) to 71.2 (OFP-300°C); 29 wt.% and 40 wt.%
for torrefied OPF and LL, respectively. HHV of torrefied
OFP and LL at 300 °C; 60min improved from 18-25 MJ.kg ™,
for raw OFP and LL, comparable to sub-bituminous coal.
Torrefied OPF was enhanced in energy densities by a factor
of 1.42, while LL, respectively, by 1.39 at 300°C.

Wet torrefaction (WT) process was carried out on rice
husk from 150-240°C for 60 min (Zhang et al. 2017). The
mass yield decreased from 86.7-47.9% within the range
of 150-240°C. Likewise, the energy yield during WT had
a greater value than that of mass yield. Energy density
was enhanced via torrefaction as it increased from 1.01
(150°C) to -1.12 (240°C). The HHV value was improved

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026



12

from 16.2 MI kg (RH) to 18.1 MJkg" at 240°C and a
C-content enhanced from 40.8% (RH) to 45.8% (240°C). The
atomic ratio O/C of RH declined from 0.74-0.54, and H/C
shifted from 1.68-1.36, which was due to the dehydration,
decarboxylation, and demethanation reaction.

High-energy-yield biocoal was obtained by torrefaction
of rice straw within 250-400°C and an isothermal time of
30 min in a nitrogen atmosphere by Pandey et al. (2019).
The optimization of the process parameter brought about a
desirable HHV of the torrefied product (bio-coal), which
was equivalent to that of bituminous coal in thermal power
plants. The energy yield decreases steadily from 75% at
250°C to 62% at 400°C with temperature increases. GCV
of raw rice straw powder was enhanced from 3640 kcal kg™
(untorrefied), 3762 kecal.kg™! (250°C), 4342 (300°C), 5129
keal. kg™ (350°C) and 5339 kcal.kg™! (400°C).

Oluwagbenga Tobi Adesina et al.

At 200-250 °C, structural deformation and decoloration
occur from light brown to dark brown. Above 300°C, a
destructive drying phase where exothermic reaction and
gas production (CO and other hydrocarbons) increase
takes place, transforming the product from dark brown to
black due to carbonization and devolatilization. As shown
in Fig. 8 (a,b), the DTG peaks around 290-327°C, thermal
degradation of hemicellulose and cellulose results in the
release of volatile matter. At torrefaction 350°C and 400°C,
the peak of hemicellulose and cellulose is almost extinct,
an indication of total degradation of both hemicellulose and
cellulose, while lignin is partially retained. The peak between
440-480°C denotes the lignin.

Coffee residue, sawdust, and rice husk were also torrefied
to examine their solid fuel properties in a study carried out
by Chen et al. (2012) at 240°C and 270°C, 0.5 and 1 h. The

@

Weight (%)

400
Temperature (*C)

(b)

0002

0,000 4

=0.002

&
:

DTG (mg/min}
&

(LIS

~0.010

-0.012

0 S50 100 150 200 250 300 350 400 450 500 550 600
Temperature (°C)

Fig. 8:(a) TGA and (b) DTG curve of raw rice straw and torrefied product. (Pandey et al. 2019).
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Fig. 9: Proximate analysis of torrefied MCR for: (a) 30 min; (b) 45 min; (c) 60 min RT at different torrefaction temperatures
(Patidar & Vashishtha 2021).
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result was compared with high-volatile bituminous and low-
volatile coal. HHV of the coffee residue increased from 20.2
MJ kg - 28 MJ kg at 270°C, 60min. It was observed that
coffee residue has more hemicellulose content, which makes
it the most active biomass with improved HHV up to 38%.
The properties of the torrefied biomasses were close to high-
volatile coal at higher torrefied temperature and duration.

(Teh & Jamari 2016 torrefied rice husk and rice straw
biomass at 220, 250, and 280 °C, 30 min and under the
heating rate of 15 °C.min"'. HHV of rice husk increased
from 17.67 - 21.46 MJ.kg"' at 280°C. The HHV for rice
straw was enhanced from 18.32 - 21.14 MJ.kg'l at the 280°C
torrefied state. The energy yield of the torrefied rice husk
was 93.47%,95.41% and 92.51% at 220,250 and 280°C. Rice
straw has an average energy yield of 93.77%, 98.83% and
98.41% at 220, 250 and 280°C. An optimal temperature of
250°C gave the most valuable biofuel.

Mustard crop residue MCR was characterized and
torrefied by Patidar & Vashishtha (2021) at 200, 250, 300°C
and 30, 45, 60 min. The Highest mass yield was 95.54% at
200°C, 30 min; the lowest yield was 64.5% at 300°C,60
min. Also, the energy yield from 95.54% (200°C, 30min)
to 65.23% (300°C, 60 min). The percentage of carbon also
increases with the severity of torrefaction due to the release
of volatiles. The HHV increases from 16.92 MJ.kg"' (MCR
raw) - 21.94 MJ.kg'l for torrefied MCR (300; 60min). It
experienced different stages of decolouration due to the
thermo-degradation of the biopolymer and the oxidative
reaction between the MCR and the atmosphere. As the
temperature increased from 200-250°C, light volatiles were
emitted, while hemicellulose and light aliphatic compounds
were degraded. The effect of torrefaction conditions is
presented in Fig. 9.

Sadaka and Negi (2009) enhanced the bioenergy
properties of straws and wasted cotton gin feedstock by
torrefaction at 260°C and varied time (0-60) minutes. In
another phase of the experiment, wheat straw was torrefied
at (200, 260, and 315 °C) and (60, 120, and 180 min). At
260°C, across all the residence time, there was no tangible
decline in volatiles for wheat and rice straw. However, the
HHYV of wheat straw, rice straw, and cotton gin waste was
enhanced by 15.3%, 16.9%, and 6.3% at 60 min. At 260°C,
60min, rice straw recorded the highest weight loss (30.7%)
while cotton gin waste showed the lowest weight loss, due
to its higher amount of lignin content than wheat and rice
straw. Wheat straw showed a rise in HHV from 16.60- 22.75
MJ.kg! at 315°C, 180 min. It was also obvious that the
torrefied wheat biomass became very dark as the temperature
and time advanced. It also experienced a decline in the mass
yield at higher temperatures.

THE ROLE OF PRESSURE ON THE QUALITY OF
AGRO-WASTE-DERIVED SOLID FUEL

Rice straw was also torrefied by Seithtanabutara et al. (2023),
in a bid to know the role of pressure in enhancing its fuel
properties. An initial investigation was carried out under
(- -0.4, 0.4, 0.8 and 2 bar), 200°C, and 40 min. Although
torrefied products are dark compared with the raw material,
the product from (- -0.4 bar) is slightly darker and more brittle
compared to the torrefied product of 0.8 bar and the 2 bar,
respectively. It was attributed to negative pressure causing
easier wall explosion than positive pressure, promoting better
decomposition of the biomass structure. Torrefaction at -0.4
bar has a lower mass yield than higher-pressure torrefaction.
However, there were no noticeable differences in SEC for
negative and medium positive pressure. At 0.8 and 2.0 bar
pressures, 0.8 and 2.0 bar pressures have similar mass yields.
Moreover, the 2.0 bar torrefied sample has higher HHV and,
consequently, a higher EDR. Hence, torrefaction at 2 bar
pressure produces the highest energy yield of 94.95% and EC
(25.43 Wh.g™"), high. At -0.4 bar, the lowest energy yield of
92.93% and the lowest energy consumption of 24.79 Wh.g™!
were obtained. This indicates that the performances of EY
and SEC are dependent on torrefaction pressure.

INFLUENCE OF BULK ARRANGEMENTON THE
PERFORMANCE OF TORREFIED AGRICULTURAL
WASTE BIOMASS

Soponpongpipat & Sae-Ueng (2015) confirmed that biomass
bulk arrangement affects the decomposition pathway of
sugarcane trash in a torrefaction. The experiment was
performed within a temperature range of 250-290°C and
for 60 min. Untreated biomass has an HHV of 16.08 +
0.23 MI.kg'. However, as the temperature progresses, the
HHYV rises from 18.55 - 20.76 MJ.kg™ to 250-290°C in the
hollow bulk arrangement. In the dense bulk configuration,
the Higher Heating Value (HHV) of the torrefied biomass
ranged from 20.18 to 23.87 MJ.kg! as the temperature
increased from 250 to 290°C. Comparatively, the dense
bulk arrangement yielded higher HHV values than the
hollow bulk setup across all temperature ranges. The dense
bulk arrangement facilitates an autocatalytic decomposition
pathway, leading to more extensive decomposition. In the
hollow bulk configuration at 250°C, the rate of weight loss
(Mt/Mo) decreased rapidly with increasing time until 400
seconds. Conversely, in the dense bulk density setup, weight
loss declined quickly until reaching 700 seconds, after which
it stabilized at a constant level.

The impact of the dry and wet torrefaction process with
an additive was compared on the pyrolysis performance of
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Fig. 10: HHV, solid yield and CRE of torrefied biochar (Sun et al. 2019).

tobacco stalk Sun et al. (2019). In this study, HHV improved
after the wet/dry torrefaction process, with WT having
22.76 MILkg" HHV and DT having 17.44 MJI.kg™. It was
also observed that additives enhanced HHV from 13.79-
2726 MJ kg

As shown in Fig. 10, DT and CDT have a much
higher solid product of 69.17% and 64.19% respectively,
compared to wet torrefaction (WT)-41.78% and catalytic wet
torrefaction (CWT)-36.48%. It was also observed that both
dry and wet torrefaction decreased the H/C and O/C of the
product, with the torrefied sample’s aromaticity in the coal
range. However, CWT showed a more significant decrease
in H/C and O/C from 1.89-0.24 and 1.89-0.55, respectively.
WT has more heat, mass transfer and contact area than DT.

In addition, catalytic torrefaction(wet/dry) produces a
lower yield than non-catalytic, converting TS into bio-oil
and non-condensable gases during torrefaction. There is a
significant decline in the hemicellulosic content for both
processes. However, it was converted to gas and liquid
products after CWT or CDT. Hence, WT with additives
effectively improved the energy value of torrefied biochar.

The torrefied lemongrass (Cymbopogon citrates) residue
was examined by Tan et al. (2017) using microwave-induced
torrefaction at 200 -300 °C in an anoxic atmosphere. This
process helps to improve the HHV of raw biomass, which
was 17.93 MJ kg' - 19.37 MI.kg™" at 300 °C, with a 37.7%
increase in fixed carbon of lemongrass residue. From raw
lemon grass residue to (300 °C;30 min) H/C moves from
0.28-0.24, a 14.3% increase and O/C 0.80-0.32, a 60.0%
increase, respectively, were observed. Also, the mass and
energy yield of the torrefied lemongrass residue declined
from 81.50%-61.20 and 83.85 to 66.11% respectively. The
physical appearance of the untreated lemon grass visibly
changed from medium brown to dark brown at 300°C. The

decoluration due to exothermic reaction in this process led
to the loss of moisture content, CO,, large amounts of acetic
acid and phenols. The C-content improved slightly from
47.18 wt.% (untreated) to 49.05% at 300°C,30min. However,
the H content declined moderately from 13.12 wt%-11.95
wt% at 300°C,30min. Moreover, the O content massively
declined from 37.93wt% to 15.63 wt%. Table 1 shows the
calorific/energy value of common agricultural residues.

RELEVANT ADVANCES ON THE TECHNO-
ECONOMIC IMPLICATION OF AGRO-WASTE
TORREFACTION

Integrated Torrefaction, Scaling Up and Pelleting Process
Approach for Economic Feasibility and Environmental
Impact

The constraint on torrefaction of biomass and its preference
over coal is its cost implication. However, the larger plant
capacities with an integration system will serve to cut down
cost, and achieving carbon credits can improve economic
viability (Niu et al. 2019). This will help to reduce costs and
improve market penetration (Kumar et al. 2017).

The torrefaction process also helps achieve a reduction
in carbon emissions when carbon capture and utilization
processes are incorporated into the facility. Instances
are presented by Cutillo et al. (2024) on the integration
of torrefaction with chemical looping combustion and
methanation to achieve net-zero or negative carbon
emissions. According to Pirraglia et al. (2013), carbon credit
serves as a route to increase income on the internal rate of
return (IRR) and net present value (NPV) per metric ton of
a torrefied biomass. Batidzirai et al. (2013) also attested that
technological scaling up can help achieve a 50% reduction
in total cost and cut down production costs.
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References Process conditions Calorific value Common agricultural Mass Yield (M.Y)/

waste residue/ feedstock Energy yield (E.Y)
(Abdullah et al. 230-300)°C; (22-25) MJ kg™ Walnut shell (WS) 30%: M.Y: 41-91%
2022) (30-90)min;Muffle Furnance under N,; 27 MJ .kg"—BOO C Pearl Millet (PM) 70%

(Yang et al. 2015)

(Yue et al. 2017)

(Zhang et al.
2016a)

(Akhtar et al. 2021)

(Jifara Daba

& Mekuria
Hailegiorgis 2023)
(Chen et al. 2015)

(Alcazar-Ruiz et al.
2022)

(Bach et al. 2013)

(Benavente &
Fullana 2015)

(Cetinkaya et al.
2024)

(Chiou et al. 2015)
(da Silva et al.

2022)

(Dhungana et al.
2011)

(Duman et al.
2020)

Dry torrefaction
(180-260)°C;

stainless steel batch reactor;
Wet torrefaction

(250-300)°C;

steel batch torrefaction reactor, electric
furnace; Wet torrefaction
(130-220)°C; autoclave reactor; Wet
torrefaction

(200-320)°C

10-60min; Tube furnace, N,, Dry
torrefaction

(200-300)°C;

15-45 min; Muffle furnace

CO, gas; Dry torrefaction
(220-280)°C; Tubular furnace, N, flow
(280-320)°C, 500°C

(175-225)°C;

10-60min; 15.54-250 bar;

Wet torrefaction; Benchtop autoclave
reactor

(150-300) °C; 2h;

oven model UFP500 from Memmert
GmbH

(250-290)°C;

15-60min;

Ash furnace (Niive MF 5000).

(200, 230, and 260)°C;

230, 260, and 290 °C

An Isotemp muffle furnace under N,
(200, 250, and 300°C);

(15 and 60 min)

250-280°C; 15-60 min
Muffle furnace

200-350°C;120min
500 mL batch reactor.

17.5-25.3 Ml kg!
17.7-25.7 Ml kg!
18.4-23.6 Ml kg™!

17.33-23.62 MJ kg™
16.45-26.88 MJ kg™

14.34-19.84 MJ kg™!

3600-5444 kcal kg™!
(290 °C; 20 min)
3696-4481 keal kg!
(270°C;30 min)
(3435-4370) keal kg™!
(260°C, 60 min)
14.80-23.37 MJ kg'!
16.54-24.95 MJ kg™,

16.53 -20.31 MJ kg™!
22.56-
17.93-
19.94-~20.42 MJ kg™!

26.4-30.0 MJ kg™!

19.8-21.2 MJ kg™!
(290°C:60 min).

18.3 Ml kg -21.3 MJ kg™
(290 °C:60 min)

18.83-20.78 MJ kg™!
20.48-22.97 MJ kg

19.18-24.20 MJ kg™!
19.89 MJ kg™!
20.16 MJ kg’!

23.4-26.5 MJ kg™!
20.9-28.4 MJ kg™!

Humulus Lupulus (HL)
Plumena Alba (PA)
Calophyllum Inophyllum
(CIL)

Energy sorghum (ES)
Sweet sorghum
baggase(SSB)

Duckweed

Corncob (CC)
cotton ball (CB)
sunflower (SF)

Khat stem
Corncob

Cotton stalk

Olive pomace (OP)
Almond shell (AS)

Norway spruce
(softwood)
Birch (hardwood)

Torrefied olive mill waste
(TPOMW)

Rosa Damascena Mill
solid waste (RP)
Red pine sawdust (PS).

Apple (A) grape pomace
(G), olive and tomato
pomace (T)

Passion fruit peel waste
(PF)

Pine-apple fruit waste
(PA)

non-lignocellulose
biomass

switch grass
coffee husk

Olive pruning (OP)
Vineyards pruning(VP)

M.Y: 26.5% (HL)
M.Y: 31.5% (PA)
M.Y; 50.9% (CIL)

M.Y: 43-65% (SSB)
M.Y: 51-70% (ES)

M.Y:30.4-64.8%
E.Y:40.1-77.9%

M.Y: 45-54% (CC)
M.Y; 71-84% (SF)
M.Y; 44-88% (CB)

E.Y-98.5% (CC)
E.Y-94.9% (KS)

S.Y: 76.4-731.1(15.54-
250 bar)
S.Y:88.3-69.7(175-225
degC/spruce)
S.Y:79.0-58.0(175-225
degC/spruce)

S.Y:35-98%

M.Y: 89-57% (RP)
M.Y; 90-63% (PS)

S.Y:77-81%
(PF/200C):41-44%
(300C)

S.Y: 56-61%
(PA/300C); 87-
90%(200C)

86.35- 96.60%
(250C);62.80-89.85%
(280C)

74.84-94.53% (250C);
56.84-88.88% (280C)
86.06-98.68%
(250C);73.71-97.73%
(280C)

HY;42-60% (VP);
42-58% (OP)

Table Cont....
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References

Process conditions

Calorific value

Common agricultural
waste residue/ feedstock

Mass Yield (M.Y)/
Energy yield (E.Y)

(Duranay et al.
2023)

(Granado et al.
2023)

(Zhang et al.
2016a)

(Huang et al. 2017)

(Ianez-Rodriguez
etal. 2017)

(Jarunglumlert et
al. 2022a)

(Lin et al. 2021)

(Lu and Chen,
2013)

(Uemura et al.
2017)

(Li et al. 2018)

(Jaideep et al.
2021)

(Chen et al. 2016)

(Uemura et al.
2011)

(Pimchuai et al.
2010)

(Wang et al. 2017)

(Martin-Lara et al.
2017)
(Martin-Pascual et
al. 2020)

300°C+/-5C; 41min;
cylindrical tube furnace

(250°C; 90 min)

200-320°C; (15-120 min)

(100 W; 250W)
(15-30min);single-mode microwave
oven

(200, 250 & 300°C) (15-60 min).
240-300°C

(210- 300°C);
(30 and 60 min;
A steel batch torrefaction reactor

250°C; 60 min

300°C; 60 min;

An electric furnace.

473,523 and 573 K, N,,

vertical tubular reactor

200-300°C;

Horizontal tubular quartz tube reactor
heated by a furnace

170, 200, 250, and 300°C

(275-250)°C

300°C;
Horizontal
tubular type reactor

250-300°C and 1-2 h;
Muffle furnace, N,

275°C and 300°C;
bench-scale tubular reactor.

200-300°C;

Electric muffle furnace
(200-300°C); (0-120 min);
Thermogravimetric analyser; N,

17.8-19.2 MJ kg™
16.8-18.4 MJ kg
16.9-19.0 MJ kg™

21.13 Ml kg! -25.96
MJ kg!

21.18-29.65 MJ.kg!

17.75- 20.5 MJ kg
15.84-17.46 MJ kg!

19.9 MJ kg '-27.7 MILkg;
19.1 MJ kg'-23.3 MJ kg

22.8-24.3 MJ kg™
27.0-27.4 MJ kg™

22.6 MJ kg™

16.58-24.77 MI.kg'-N2
atm

16.68-24.10 MI.kg'CO2
atm

15.6- 22.2 MJ kg

18.37-20 MJ kg '-N2
22.22-22.59 MJ.kg'-02
17.02-20.41 MJ kg™
19.61-22.17 Ml kg™
19.78 - 21.68 MJ kg™

21.02-25.68 MJ.kg™!
15.89-17.81 MJ kg™!
19.55-25.09 MJ kg™!
16.35-19.36 MJ kg!
12.68-14.33 MJ kg

20.09-20.50 MJ.kg™!

4884-5893 Cal.g”' HHV

almond hulls

Almond shells,

Olive seeds

corn stalks

Cassava rhizome,
sugarcane bagasse

sugar cane straw
Auricularia auricula-judae
(wood ear)

Leucaena, woody biomass

Greenhouse Crop Residue
(GCR)
sugarcane bagasse (SBG)

Ananas comosus peel
(ACP)

Annona squamosa peel
(ASP)

Corncob

Empty fruit bunches
(EFB)

Corncob

Yard waste

Oil palm fiber pellets
(OPFP

Empty fruit brunch (EFB)
Mesocarp fiber (MF)
Kernel fiber

Baggase

Rice husk

Saw dust

Pea nut

Water hyacinth
stem wood, stump
bark woody biomass

torrefied olive tree

olive tree waste

M.Y; 53.4% (AH)
M.Y; 80.8% (AS)
M.Y: 78.4% (OS)
M.Y: 43.7% (CS)
77.7% (CR)
62.5% (SB)
58.0% (SC)

M.Y: 17.27-72.3%
E.Y:27.87-83.0%

48-73.3%
48-87.3%

>50% (250C)
<50% (300C)

E.Y:91% (473k)
S.Y: ~70% (473k)

M.Y: 69.36-95% (N2)
M.Y: 67.2:95% (C02)

M.Y: 60-87.6%;
E.Y:81-95% (N2)
M.Y: 61-91%;E.Y:
98-103% (CO2)
M.Y: 73-89% ; 86.2-
86.7%(flue gas)
S.Y:43 -65 wt.%

M.Y:24.16-43.16%
(EFB)

M.Y: 52.46-63.08%
(MF)

M.Y: 71.27-77.44%
(KF)

M.Y: 41-78%

E.Y; 55-98%

M.Y: 60-90% (SW)
M.Y; 46-90% (S)
M.Y: 56-90%(W)
M.Y: 57.0-87.4%
E.Y: 64.0-101.5%

M.Y: 57.61-97.48%
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References

Process conditions

Calorific value

Common agricultural
waste residue/ feedstock

Mass Yield (M.Y)/
Energy yield (E.Y)

(Matali et al. 2016)

(Nam and
Capareda, 2015)
(Zhang et al. 2017)

(Pandey et al.
2019)

(Chen et al. 2012)

(Teh and Jamari,
2016)

(Patidar &
Vashishtha 2021)

(Sadaka & Negi
2009)

(Seithtanabutara et
al. 2023)

(Soponpongpipat
and Sae-Ueng,
2015)

(Sun et al. 2019)

(Tan et al. 2017)

200-300°C; 60 min;
Horizontal furnace with
80mm-IDquartztube reactor,

(210, 250 and 290°C) (20, 40, and 60
min)

bench-scale

batch type Parr pressure reactor; N,
150-240°C; 60 min; high-pressure
batch reactor, Wet torrefaction, N,
(250-400)°C ; 30 min;

Stainless steel (SS)

Reactor; N,

(240 and 270°C); (30 and 60min),
Reactor; N,

(220, 250 and 280°C)
;30 min, Tubular reactor; N,

(200, 250 and 300)°C ; 30, 45, 60 min;
Tube Furnace; N,

(260)°C; 0, 15, 30, 45, and 60 min
(200, 260, and 315°C) (60, 120, and
180 min);

Bench scale reactor; N,

positive and negative pressure (0.4, 0.8
and 2); bar) at temperature and time of
200-220°C and 30-50 min; stainless-
steel tube reactor; N,

250, 270, and 290°C;60 min;

stainless steel cylinder reactor; N,

240°C,1hr-DT/WT; N,
With additive Fixed bed reactor with
the quart tube

200 -300°C; modified bench top
microwave oven; N,

18.58 -25.16 Ml kg™
18.31-24.92 MJ kg™

20.3-28.6 MJ kg!
19.3-23.3 Ml kg™!

18.8--18.4 MI kg!

3762 -5370 keal kg!

20.2 -28 MJ kg
17.8- 18.4 Ml kg
16.2-18.2 MJ kg!
18.44 -21.46 MJ kg™!
18.78-21.14 MJ kg

16.92- 21.94 MJ kg™

16.2-18 MJ kg™
14-15.6 MJ kg™

16 MI kg

16.60- 22.75 MJ kg™

17.29 MJI.kg™! (-0.4bar)
17.64 MI.kg™! (2.0bar)

18.55 - 20.76 MI kg™
20.18- 23.87 Ml kg

2276 Ml kg -WT
17.44 Ml kg'-DT
27.26 MJ kg''-
(WT+additive)

21.11 MJ kg'-
(DT+additive)

17.93 - 19.37 Ml kg™!

oil palm frond (OPF),
Leucaena leucocephala
(LL) -woody biomass

Rice straw (RS)
cotton stalk (CS)

rice husk (RH)

Rice straw (RS)

Coffee residue,
rice husk
sawdust

Rice husk
Rice straw

Mustard crop residue
MCR

Wheat straw,

Rice straw

Cotton gin waste
Wheat straws

Rice straw

sugarcane trash- hollow
bulk arrangement
compact bulk
arrangement

Tobacco stalk

lemongrass
(Cymbopogon citrates)
residue

M.Y:43-92% ; E.Y:
60.1-93.9% (LL)
M.Y:50-95%;
E.Y:71.2-99.9% (OPF)

M.Y:76.61-91.3%
(RS)

M.Y: 68.45-99.4%
(CS)

M.Y: 27.4-42.7% (RH)

M.Y: 42.01- 72.6%
(RS)

EY; 62- 75%

E.Y: 88-99%

M.Y:78.98-
91.2%:E.Y: 92.51-
95.41% (RH)

M.Y: 82.28-89.85%;
E.Y: 93.77-98.83%
(RS)

M.Y; 53.47-95.54%;
E.Y: 65.23-97.7%

E.Y: 94.95% max.
(2 bar); 92.93% min
(0.4 bar)

WT:41.2% (S.Y)
DT:69.12% (S.Y)
CWT:36.97% (S.Y)
DWT:60.07% (S.Y)

M.Y: 61.20- 81.50%

A study by Zhao et al. (2024) reveals that the energy
efficiency of torrefaction can be improved by its integration
with steam gasification up to 58.9% which is higher than
the direct gasification. Biomass is made an efficient fuel
source by torrefaction, with its enhanced energy density and
combustion characteristics.

Goyal et al. (2023) proposed an integrated system of
torrefaction and pelleting process for rice straw. It synergizes
torrefaction and pelleting steps into a single process, also
harnessing the inherent natural lignin in biomass as a binder

without the need for external binders and reducing process
complexity. The economic analysis of this process revealed
a return on investment (ROI) of 30%, a payout time of 2.4
years, and a break-even point of 42% at a selling price of
$73 per ton of briquettes, indicating significant profitability
potential.

Bampenrat et al. (2023) upgraded waste sugarcane
bagasse (SBG) and palm kernel shell(PKS) through
torrefaction, under a temperature of (225-300 °C) and
residence time of (30-90 min). Torrefaction temperature
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has a stronger implication on mass yield and calorific value
than residence time. The optimal conditions of SBG and
PKS were attained at 275 °C for 90 min, having bio-coal
values (approximately 23 MJ.kg") and energy yields of
73.93-77.41%. This makes it fit to be co-fired with coal in
thermal power plants. The energy yield and calorific value
prove its economic viability.

Shah et al. (2012) In a bid to assess the techno-economic
feasibility of a production-scale torrefaction, analysed
its mass-energy balance was analyzed. In this study, the
net external energy required for the torrefaction process
increased while the energy efficiency decreased with
increasing moisture content. However, both energy metrics
show a decreasing trend as process temperatures increase.
The unit torrefaction process cost decreases with decreasing
initial moisture contents and decreasing torrefaction process
temperatures. For the typical moisture content of 30% wet
basis (wb), process temperature of 240°C, plant operating
window of 6 mo yr~' and initial capital investment of $7.5
million for the system with rated capacity of 25 Tton.
hr—1, the unit torrefaction process cost was estimated to be
17.5 $-Tton™'. Additional system improvements through
capital cost reduction and wider operating windows can yield
a torrefaction product cost of ~12 $-Tton™.

Jarunglumlert et al. (2022b) measured the impact of the
torrefaction process on the ash content and overall quality
of the pellets from sugar cane bagasse. Wet torrefaction
was found to significantly reduce ash content to 1% at
temperatures above 180°C, resulting in higher quality and
more marketable fuel pellets compared to dry torrefaction.
An economic feasibility analysis revealed that the production
of wet torrefied fuel pellets yields greater net present
value and profitability than dry torrefied pellets, indicating
that both methods are economically viable for producing
biomass fuel pellets, with wet torrefaction being the more
advantageous option.

A study by Abelha (2019) carried out a preliminary
economic analysis on high moisture content roadside grass
and low moisture content (wheat straw and miscanthus).
The analysis indicated that all tested materials could be
technically upgraded to commodity fuels. The analysis
revealed that the upgraded roadside grass could be offered
at an attractive price of 4.7 E/GJ, leading to an internal rate
of return (IRR) of 14%, which could increase to 18% with
reduced sludge disposal costs. In contrast, upgrading wheat
straw was found to be unprofitable unless a gate fee could
be charged, with a competitive price of 6.2 E/GJ yielding
an IRR of 7%.

Alherbawi et al. (2024) examined the economic
implications of pyrolyzing cucumber, tomato, and carrot

wastes as feedstocks in various blends and conditions
(temperature and moisture content. It carries out other
investigations, such as product yields and energy
requirements. The bio-oil yields were observed to increase
with higher temperatures and moisture content, while
biochar yields declined, and syngas production occurred
only at elevated temperatures. Economic analysis revealed
a promising return on investment (ROI) of 29% for the
single component at 5% moisture content and 300°C, with
a payback period of 3.4 years.

The techno-economic and environmental feasibility of
rice husks was assessed by Diemuodeke et al. (2021) as a
fuel source for a combined heat and power plant in a cluster
of rice mills in Abakaliki, Nigeria.

The application of organic Rankine cycle-based synergy
for heat and power plants was able to sustainably meet the
energy demand of the cluster’s rice mills. The analysis shows
the capacity of rice husk to generate daily electrical power
of 20-30 MWh and thermal power of 4-91 MWh with an
efficiency of 14.5-21%. The proposed energy system offers
a significant cost advantage, with electricity production costs
ranging from 0.12 to 0.159 /kWh, compared to 0.947/kWh
for diesel generators, while also contributing to substantial
CO, emissions reductions of 270-483 kg.MWh!, thereby
supporting Nigeria’s commitments to the Paris Agreement.

Sarker et al. (2023) harnessed the torrefaction and
pelletization process route for pellet production, providing
a conceptual design for torrefied fuel pellet production.
This is an attempt to reduce over-reliance on wood or fossil
fuel for the target application in the rural areas. The entire
design contains a torrefaction unit, grinding, preparation of
pellet formulation, pelletizing, and finally cooling of pellets.
It compares the process of pelletisation with (category
1) or without additives (category 2). The lowest selling
price of generated torrefied pellets was found to be $103.4
and $105.1 per tonne at the plant gate for the categories,
respectively. Sensitivity analysis shows that, among all
variable costs, labor cost has the strongest influence on
both net present value (NPV) and minimum selling price
(MSP) in making pellets for both scenarios. Furthermore,
the internal rate of return was found to be 25% and 22%
at a 10% discounted cash flow rate for scenarios 1 and 2,
respectively. The framework that was created was found to
lessen over-dependence on wood or fossil fuels and facilitate
the promotion of bioenergy in rural areas.

Winjobi et al. (2016) compared a one-step pyrolysis
process with a two-step process that includes a torrefaction
step. The economic analysis reveals that incorporating a
torrefaction step reduces the minimum selling price of bio-
oil, with the lowest price of 1.04 per gallon achieved at a
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torrefaction temperature of 330°C compared to 1.32 per
gallon for the one-step process. However, there is a trade-
off between the bio-oil quality and selling price, as a higher
minimum selling price of 22.19 per GJ compared to 16.89
per GJ for the one-step process on an energy basis.

FUTURE DIRECTION

The abundance of agricultural waste in certain regions of
the world has created market opportunities for investors and
scientists to transition into alternative sources of energy, of
renewable and sustainable sources. Future Market Insight
(Outlook 2022), projects that the production of biomass
pellets from agricultural residue will increase by 7.1%
between 2022 and 2032. Hence, creating an avenue to
achieve a carbon neutral, reduce greenhouse gas (GHG)
emissions, and abate pressure on the increasing demand for
woody biomass as bioenergy sources.

The holistic implementation and adoption of torrefied
biomass residue and pellets for energy (heat and electricity)
production over coal power generation may be a long-term
projection. However, the torrefaction and valorisation of
agro-waste can be appreciated progressively by co-firing it
with coal at various percentages of the torrefied agro-waste.
Co-firing with a certain percentage of torrefied pellets has
been seen to bring a significant reduction in greenhouse gas
emissions (GHG).

Also, countries with a sufficient supply of agro-waste
should promote its use as a domestic and industrial raw
material, and can be used as exported to nations with a
shortfall. The technology of torrefaction and pelletisation
should also be encouraged for efficient transportation and
storage means of agro-wastes.

CONCLUSIONS

In pursuit of GHG net-zero emissions and to tackle the
climate change crisis, energy decarbonization has become
a global discourse. Several considerations and attempts
to migrate or mitigate the overdependence on fossil fuels
to renewable energy have been made across several
technological frontiers. It is therefore concluded in this
review that torrefied biomass provides a possibility to serve
as a coal alternative if harnessed through sustainable routes
such as torrefaction, as it also generates carbon-neutral
energy. Torrefied biomass can be used directly or as a coal
admixture for energy applications. The typical HHV of
torrefied biomass is in the range of 18-30 MJ kg™, as waste
such as torrefied olive mill waste, corn cobs, and oil palm
fruit, with the highest energy value. Catalytic torrefaction
could also be explored to improve the properties and energy

value of agricultural waste biomass. Process optimization
of factors such as temperature, residence time, pressure and
gas carrier is also essential in getting an improved calorific
value with optimal mass and energy yield.
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ABSTRACT

Chronic kidney disease of unknown etiology (CKDu) is a significant health problem in Sri
Lanka. Several hypotheses, such as soil geology, pesticide exposure, cyanotoxins, and
prolonged dehydration, have been suggested as possible contributors to CKDu; however,
the precise etiology remains unclear. This study aimed to investigate the potential impact
of groundwater hardness and fluoride content on CKDu using zebrafish (Danio rerio) as an
animal model. Sixty well water samples were randomly collected during the dry season from
CKDu endemic regions in Sri Lanka, including Galnewa, Rajanganaya, and Medirigiriya in
the North Central Province, Dehiattakandiya in the Eastern Province, and Agunukolapelassa
(non-endemic area) in the Southern Province as a control. Water pH, conductivity, and
dissolved oxygen were measured onsite and within the Sri Lankan Drinking Water Quality
Standards (SLS 614: 2013). The highest mean water hardness (285.2 ppm) was recorded
in Medirigiriya, and the highest mean fluoride (1.24 ppm) was recorded in Dehiattakandiya,
both of which are identified as CKDu high-prevalence areas. The acute toxic effects of these
parameters were assessed using zebrafish (Danio rerio) embryos. Ninety embryos were
exposed up to 96 h post-fertilization (hpf) to water samples representing the highest and lowest
water hardness and fluoride concentrations, as single and combined solutions. Embryonic
mortality rate in combined exposure (highest hardness and fluoride) was 49.0+0.58%, while
hardness alone was 16.7+0.58% and fluoride alone was 18.8+1.15%. Statistical analysis
revealed a significant synergistic effect of hardness and fluoride combination (p< 0.05)
on mortality compared to single exposure. Subsequently, combined exposure caused
developmental delays (> 65%) and morphological abnormalities, such as bent body axis and
yolk sac edema. Fluorescence images indicated that the damaged premature pronephros
in the combined exposure group emitted bright green fluorescence compared to that in the
single exposure group. Thus, the findings suggest that the synergistic nephrotoxic effect of
high water hardness and fluoride can be a prominent cause of CKDu etiology in Sri Lanka.

INTRODUCTION

Chronic kidney disease (CKD) is a significant health concern worldwide, affecting
more than 15% of the population (Cockwell & Fisher 2020). Asia, Central America,
Africa, and the Middle Eastern communities have experienced a remarkable
increase in CKD cases, especially during the last three decades. CKD of unknown
etiology (CKDu) has emerged in farming communities in South Asia (Priyadarshani
etal. 2023). CKDu is characterized by a gradual loss of kidney function over time,
and the exact cause remains debatable. CKDu is considered multifactorial and is
linked to various environmental, occupational, and lifestyle factors. In Sri Lanka,
the highest prevalence of CKDu has been reported in the North Central Province,
extending to the North Western, Uva, and Eastern provinces, particularly among
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farmers (Rajapakse et al. 2016). Several hypotheses have
been proposed to explain the origin of CKDu in Sri Lanka.
Epidemiological data suggest that CKDu is associated with
certain agricultural practices, especially rice farming. These
farmers often work under hot and humid conditions, which
can lead to heat stress and frequent dehydration. Repetitive
heat stress and insufficient hydration may affect kidney
function over time (Xu et al. 2021).

Additionally, prolonged exposure to agrochemicals,
including pesticides and fertilizers used in agricultural
practices, could potentially contribute to the origin and
progression of CKDu (Priyadarshani et al. 2023). As most
of the population in this region predominantly relies on
well water for drinking purposes, poor water quality has
been proposed as another contributor to CKDu in the
dry zone due to the specific soil geology. Elevated water
hardness, fluoride, and the presence of heavy metals act as
possible triggering factors. Heavy metals, such as cadmium
and arsenic, are known to be nephrotoxic (toxic to the
kidneys) and can act as progression factors with long-term
exposure, either through contaminated water or soil (Kim
et al. 2015). Contaminated drinking water sources, either
through natural pollutants or agricultural runoff containing
agrochemical residues, heavy metals, and other toxins, have
been postulated as other risk factors for CKDu (Pinto et al.
2020). Considering the distribution of patients around the
country and the number of patients from specific regions,
genetic predispositions may increase individual susceptibility
to CKDu when combined with environmental stressors
(Abeysiri et al. 2024, Friedman 2019). Some studies have
discovered that the role of dietary factors, such as low
intake of antioxidants and essential nutrients, increases
the vulnerability to CKDu (Wimalawansa & Dissanayake
2019). Throughout prolonged exposure, a combination of
these hypotheses, including environmental, occupational,
and genetic factors, could contribute to the progression of
CKDu (Campese 2022, Liyanage 2022).

Despite these numerous hypotheses, the exact cause of
CKDu has not yet been established. This study focused on the
synergistic effect of water hardness and fluoride as triggering
factors for CKDu in Sri Lanka. Endemic CKDu regions
overlap with hydrogeochemical zones that contain elevated
fluoride levels and hard water. Available data on groundwater
sources demonstrate elevated levels of fluoride and hard or
very hard water (Dilrukshi et al. 2023a, Levin et al. 2016),
which reflect the unique hydrogeochemistry of the region.
Districts with high CKDu prevalence, such as Anuradhapura
(18.9%) and Polonnaruwa (13.9%), which are in the North
Central Province, have recorded high concentrations of
both fluoride (Anuradhapura >2 mg.L™', Polonnaruwa

>1 mg.L’l) and hardness in Anuradhapura (241-300 mg.L'l)
and Polonnaruwa (181-240 mg.L'l) (Gunawardena et et al.
2021, Indika et et al. 2022). Scientists have pointed out that
the cytotoxicity effect of the Na®*/Ca®* ratio in water may
influence F~ metabolism. The kidney accumulates more
fluoride than all other soft tissues, except for the pineal
gland (Inkielewicz & Krechniak 2003). Excess fluoride
and hardness exposure may contribute to the development
of kidney disease, as CaF2 deposits can promote tubular
blockages. This study aimed to evaluate the well water
hardness and fluoride content covering random sample points
of the North Central Province and Eastern Province, and
their possible effect on CKDu. There are high-prevalence
(Medirigiriya and Dehiattakandiya) and low-prevalence
areas (Galnewa and Rajanganaya) within the endemic region
due to the mosaic distribution of cases. CKDu non—endemic
area (Agunukolapelassa) in the Southern Province was
selected to serve as the control region.

Zebrafish (Danio rerio) were used as the animal model to
assess the acute toxic effects of water hardness and fluoride
on early development and kidney function. Danio rerio
is considered a well-established vertebrate model and has
been successfully used in studies for nearly two decades.
Zebrafish have been utilized in different research fields,
including biology, toxicology, reproductive studies, genetics,
and environmental studies (Hoo et al. 2016). They possess
some favorable characteristics to be an ideal model organism,
including their small size, rapid development with a short
life cycle, optical transparency during early development,
tractability in forward genetic screens, genetic similarity to
humans (69%), and easy maintenance (Mahanayak 2024).
Organogenesis occurs at a very early stage (48 hpf) of
embryonic development. Owing to their transparency and
genetic similarity to humans, zebrafish provide an effective
platform for evaluating the effects of exposure components in
human diseases. Therefore, zebrafish can be used as a model
organism to understand the toxic effects of different water
constituents on body organs, especially kidney development
and function. In addition to acute toxicity observations,
fluorescent dyes can be used to indicate cellular-level organ
damage in zebrafish due to their optical clarity (Lee et al.
2019).

Acridine orange (AO) staining is widely used to detect
apoptotic or damaged cells, including renal cells, in zebrafish.
Acridine orange selectively binds to nucleic acids and emits
different fluorescent signals depending on cell integrity (Hung
et al. 2022). In cases of kidney damage, AO helps identify
regions of cell death (apoptosis) or injury in developing
nephrons. Under a fluorescence microscope, healthy cells
emit green fluorescence. In contrast, apoptotic or damaged
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cells emit bright green or even orange fluorescence due to
changes in nucleic acid structure or increased permeability in
damaged cells (Ishaque & Al-Rubeai 2004). This technique
was applied in the study to identify the damaged pronephros
in exposed zebrafish larvae to assess the potential synergistic
effects on kidney development and the possible connection
to CKDu.

MATERIALS AND METHODS
Environmental Sample Collection and Analysis

Environmental samples were collected from CKDu-endemic
and non-endemic regions in Sri Lanka (Fig. 1). Thirty well
water samples were collected using a random sampling
method from CKDu high- and low-prevalence sampling sites
in CKDu-endemic areas. Medirigiriya and Dehiattakandiya
were selected as high-prevalence areas, and Galnewa
and Rajanganaya were selected as low-prevalence areas.
Agunukolapelassa was considered a non-endemic region
(control). Water pH, temperature, conductivity, and dissolved
oxygen were measured onsite, and 1 L of water from each
sample site was transported to the laboratory in pre-cleaned
high-density polypropylene bottles for further analysis.
Water hardness was measured in the laboratory using the
standard EDTA titrimetric method, and Fluoride, Nitrate,
Nitrite, Ammonia, and Total phosphate were measured using
spectrophotometric methods (APHA 2017).

Solution Preparation

Desired Hardness solutions (572.6, 40.0 ppm) were prepared
using 600 ppm CaCO; and MgCl, stock solutions, and
fluoride solutions (2.33, 0.37 ppm) were prepared using
100 ppm NaF stock solutions. Embryos were exposed to
well water samples from the field and synthetically prepared
hardness and fluoride solutions simultaneously in the
combined exposure.

Zebrafish Breeding and Exposure

A total of 20 female and male zebrafish were kept separately
in glass aquaria (length 80 cm, height 50 cm, width 46 cm) at
the Animal House of the University of Sri Jayewardenepura,
Sri Lanka. Fish were maintained at 27+1 °C temperature,
and a natural dark/light cycle of 12 h was provided with
continuous water exchange. The water pH was maintained
within 7-8. The fish were conditioned for two weeks and fed
twice daily with artificial fish feed and brine shrimp. Brood
stock maintenance was performed according to the OECD
(2013) guidelines. The spawning cage was made with a fixed
wire mesh in the middle to prevent adults from cannibalizing
the eggs. Fish were added to the spawning cage immediately

before the onset of darkness, the day before the experiment,
ataratio of 2:1 (male to female) for breeding. Spawning and
fertilization occurred within 1 h of light onset the following
morning. After spawning, the adult fish and the wire mesh
were removed, and the embryos were transferred to a Petri
dish (60 mm) containing distilled water. Fertilized eggs
were selected using an optical microscope in the presence
of embryo cleavage after fertilization.

Exposure series of water hardness (572.6 ppm, 40.0
ppm) and fluoride (2.33 ppm, 0.37 ppm) were prepared
according to the environmental sample analysis, and 30
embryos per concentration were exposed in 24-well plates
within 2 h of post-fertilization (hpf). To obtain the acute
toxic effects of water hardness and fluoride, experiments
were conducted with single (hardness and fluoride alone)
and combined (hardness + fluoride) exposures. Combined
exposure experiments were performed using both
environmental samples and synthetic solutions. Negative
controls with distilled water and positive controls with 4
ppm 2.4-dichloroaniline were conducted simultaneously.
The entire experiment was performed in triplicate using
three different batches of embryos.

Observations and AO Staining

Mortality rates, hatching rates, heart rate, developmental
delays, and morphological abnormalities were recorded
every 24 h until 96 hpf using a light microscope (Optika).
At 10 days post-fertilization, the larvae were stained with
acridine orange to observe organ damage. Embryos were
dipped in 10 mL of 100 pg.mL'1 of Acridine Orange for 1 h,
and after that, several times with E3 buffer media (14.61 g
NaCl, 0.63 g KCl, 2.43 g CaCl, - 2H,0, and 1.99 g MgSO,
in 1 L Milli-Q water) to remove excess dye (Kaufman et al.
2009). The larvae were then mounted on slides and observed
under a fluorescence microscope (Zeiss Axio) to evaluate
cell apoptosis.

Statistical Analysis

One-way ANOVA was used to evaluate the significant
difference between the fluoride and hardness, single
exposures and mortality rates of the zebrafish. Two-way
ANOVA was used to evaluate the significant differences in
fluoride, hardness, combined exposure, and mortality rates. If
p <0.05, the null hypothesis was rejected, which means that
there was a statistically significant difference in embryonic
mortality and different concentrations of the solutions,
and a significant difference between single and combined
exposures. Fluorescence intensity was measured to quantify
the severity of cell apoptosis using the mean gray value of
the fluorescent regions by ImagelJ software.
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Fig.1: Map of the sampling locations.

Table 1: Hardness and Fluoride concentrations in well water samples in CKDu endemic areas (mean+SD).

Sample Area Hardness [mg.L']  Fluoride Sample No.  Area Hardness [mg.L']  Fluoride
No. [mg.L"] [mg.L"]
1 Galnewa 300.00+0.58 0.37+0.00 16 Medirigiriya 164.00£0.58 1.33+0.00
2 (CKDu low 160.00£0.58 0.53+0.00 17 (CKDu high 248.00+0.58 1.3240.00
prevalence) prevalance)
3 92.000.58 0.86+0.00 18 220.00+0.00 1.21£0.00
4 124.00+0.00 0.720.00 19 572.60+0.58 0.45+0.00
5 268.000.00 0.54+0.00 20 296.00+0.58 0.52+0.00
6 Rajanganaya  260.00+0.00 0.810.00 21 Dehiattakan-diya  232.00£0.58 1.71£0.00
7 (CKDu low 160.00=0.58 0.61£0.00 2 (CKDu high 360.00+0.00 0.65+0.00
prevalence) prevalence)
8 240.0020.00 0.51+0.00 23 140.000.58 0.56+0.00
9 280.00+0.58 2.33+0.00 24 160.00+0.00 0.760.00
10 260.000.58 0.38+0.00 25 224.00+0.58 1.35+0.00
1 Medirigiriya ~ 164.00+0.58 1.040.00 26 460.00£0.00 1.17£0.00
12 (CKDuhigh 346 104000 0.88+0.00 27 140.00+0.58 2.060.00
prevalance)
13 280.0020.00 1.97+0.00 28 272.0020.00 1.57+0.00
14 440.000.58 1.80£0.00 29 240.00+0.58 0.700.00
15 100.000.58 1.26+0.00 30 181.33+0.00 1.8740.00
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RESULTS

Thirty well water samples were randomly collected
from drinking water wells from CKDu endemic areas:
Galnewa and Rajanganaya had a low prevalence, and
Medirigiriya and Dehiattakandiya had a high prevalence.
The Agunukolapelassa area was selected as the CKDu non-
endemic area, and 30 water samples were collected. Fig. 1
shows the sampling location map.

The highest water hardness was measured as 572.60+0.58
ppm in Medirigiriya, and the lowest was 40.00+0.58 ppm in
Dehiattakandiya (Table 1). The highest mean water hardness
was recorded as 285.2 ppm in Medirigiriya, and the highest
mean fluoride was recorded in Dehiattakandiya as 1.24 ppm,
which are identified as CKDu high-prevalence areas.

Agunukolapelassa, where no CKDu patients are recorded,
has low water hardness and fluoride compared to CKDu-
endemic regions (high and low prevalence) (Table 2). The
highest hardness was recorded in the Yakagala area (158.67
+0.06 ppm), while the lowest was in Barawakumbuka (16.00
+ 0.06 ppm). Fluoride levels were also lower and remained
within the WHO guidelines. Sites with both high hardness
and fluoride levels were not identified in this area.

Water pH, conductivity, and dissolved oxygen were
measured on-site and were within the Sri Lankan Drinking
Water Quality Standards (SLS 614:2013) (Table 3).

The results of the single exposure showed a mortality rate
of less than 20% in each case (Table 4). Fluoride had a higher
effect on embryonic mortality than hardness, as it caused
18.85% death out of 90 exposed embryos. The hatching rate

was affected more by hardness than by fluoride, as it was
reduced by more than 10%. A single exposure did not induce
any morphological abnormalities or growth retardation.

Table 5 shows the results of the synergistic exposure to
water hardness and fluoride on zebrafish embryos. Mortality
rates increased with higher concentrations of hardness and
fluoride compared to single exposures. Exposed embryos
showed more than 50% mortality in both environmental
and synthetic solutions at the highest hardness-fluoride
combination. However, in the single exposure, it was less
than 20%. Hatching rates were severely affected by high
water hardness and fluoride, as it resulted in 0% larvae out
of embryos after 54 hpf, while in the control, the hatching
rate was 83.3%

Fig. 2 illustrates the embryonic developmental stages
of zebrafish after exposure. Morphological abnormalities
[2(e)], such as edema and bent body axis, were observed in
approximately 15% of the larvae at the highest combined
exposure. At the same time, they showed less swimming
ability and body movements than the other exposures and
the control. Low concentrations of combined exposure,
single exposure, and control larvae showed no abnormalities
after 96 hpf.

Mortality rates at every 24 h interval showed a significant
difference between single and synergistic exposures.
Mortality rates were higher after 48 hpf and 72 hpf than
at 24 hpf and reduced at 96 hpf (Fig. 3). Most internal
organs, including the pronephros, become functional at
approximately 48 h post-fertilization (hpf). The combined
effect of water hardness and fluoride was more fatal at

Table 2: Hardness and Fluoride concentrations in well water samples in the non-endemic area of Angunukolapelassa (mean+SD).

Sample No. Hardness Fluoride Sample No. Hardness Fluoride

1 98.67+0.06 0.79+0.00 16 120.00+0.00 0.56+0.00
2 158.67+0.06 0.56+0.00 17 61.33+0.06 0.83+0.00
3 60.00+0.06 0.32+0.00 18 53.33+0.06 0.58+0.00
4 53.33+0.06 0.53+0.00 19 42.67+0.00 1.18+0.00
5 114.67+0.00 0.22+0.00 20 62.67+0.06 0.38+0.00
6 32.00£0.06 0.47+0.00 21 16.00+0.06 0.32+0.00
7 29.33+0.00 0.18+0.00 22 25.33+0.06 0.50+0.00
8 22.67+0.06 0.41+0.00 23 41.33+0.06 0.79+0.00
9 24.67+0.06 1.160.00 24 54.67+0.06 0.31+0.00
10 140.00+0.06 0.160.00 25 114.67+0.06 0.75+0.00
11 85.33x0.06 0.55+0.00 26 68.00+0.06 0.90+0.00
12 58.67+0.06 0.25+0.00 27 81.33+0.06 0.41+0.00
13 93.33+0.06 0.93+0.00 28 45.33+0.06 0.28+0.00
14 62.67+0.06 0.69+0.00 29 81.33+0.06 0.56x0.00
15 78.67+0.06 0.54+0.00 30 60.00+0.06 0.55+0.00
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Table 3: Water quality parameters of well water samples from CKDu endemic areas (Galnewa, Rajanganaya, Medirigiriya, and Dehiattakandiya).

Sample Water Water Conductivity [uS. DO Nitrate Nitrite Ammonia  Total phosphate
No. temperature (°C)  pH cm] [mg.L"] [mg.L"] [mg.L"] mg.L']  [mgL"]

1 24.8 7.22 5520 4.87 4.45+0.01 ND ND 4.41x0.01
2 259 7.53 743.9 8.49 4.27+0.02 ND ND 6.12+0.01
3 28 7.05 721.3 4.18 4.11+0.01 ND ND 5.73+0.01
4 243 7.67 1335 6.49 3.95+0.01 ND ND 0.63+0.01
5 25.6 7.5 1371 1.17 2.63+0.01 0.016+0.00 ND 6.43+0.02
6 26.3 7.27 465.2 4.87 2.82+0.02 0.248+0.00 ND 6.64+0.01
7 27.5 7.09 829.1 3.55 2.51x0.01 0.014+0.00 ND 8.22+0.01
8 25.8 6.62 908.5 7.58 1.89+0.01 ND ND 8.32+0.03
9 26.3 5.52 1067 7.2 1.98+0.01 0.013+0.00 ND 8.08+0.01
10 26.9 6.28 1420 7.43 1.53+0.01 0.012+0.00 ND 8.08+0.01
11 24.8 7.45 1703 4.37 1.79+0.01 0.018+0.00 ND 8.60+0.02
12 26.1 7.19 1279 2.68 2.12+0.01 ND ND 8.60+0.01
13 26.4 6.95 395.4 2.26 0.00£0.00 ND ND 8.46+0.01
14 26.2 7.18 675 1.62 1.08+0.01 0.031+0.00 ND 6.99+0.02
15 26.9 7.36 483.9 5.77 1.64+0.01 0.014+0.00 ND 3.29+0.01
16 249 7.26 939.6 5.99 1.93+0.01 0.019+0.00 ND 8.95+0.01
17 26.4 7.19 541 3.13 2.09+0.01 ND ND 6.64+0.01
18 27.2 7.06 461 2.52 2.16+0.01 ND ND 7.48+0.03
19 25.7 7.99 775.4 5.89 2.08+0.02 ND ND 7.76x0.01
20 26.5 7.49 988 2.71 2.04+0.01 ND ND 2.59+0.01
21 26.0 7.47 827.1 3.6 0.18+0.01 ND ND 8.39+0.01
22 26.8 6.76 442.3 3.7 0.67+0.02 ND ND 0.14+0.04
23 25.8 7.13 310.3 3.87 1.87+0.01 ND ND 0.14+0.01
24 26.3 6.79 280.4 2.48 1.88+0.01 0.023+0.00 ND 0.29+0.01
25 25.6 7.29 311.3 2.1 0.78+0.01 0.024+0.00 ND 0.14+0.02
26 26.0 7.39 361.9 4.06 0.00£0.01 0.014+0.00 ND 2.59+0.01
27 26.6 7.11 376.9 3.04 2.04+0.01 ND ND 6.99+0.02
28 25.7 7.21 245 421 1.53+0.01 ND ND 8.22+0.01
29 26.4 6.88 289.7 4.75 3.95+0.01 ND ND 5.73+0.01
30 27.1 7.05 780.3 2.45 2.09+0.01 ND ND 2.59+0.01

Table 4: Embryonic acute toxicity observations of single exposure to water hardness and fluoride.

Sample Mortality rate% Hatching rate% [54 hpf] Heart rate [bpm] [72hpf]
572.6ppm (H) 16.7+0.58 26.7 136+4
40.0ppm (H) 10.0+1.15 46.7 140+6
2.33 ppm (F) 18.8+1.15 40.0 150+8
0.37ppm (F) 13.3x1.15 66.7 152+4
Control 0 83.3 140£2

Hardness, F- Fluoride).

Table 5: Embryonic observations to combined exposure of water hardness and fluoride (ES- Environmental sample, SS- Synthetic solution, H- Water

Solution [ppm]

Mortality rate%

Hatching rate% [54hpf]

Heart rate [bpm] [72 hpf]

ES SS ES SS ES SS
572.6 ppm (H) + 2.33 ppm (F) 48.2%1.15 49.0+0.58 0 0 1644 160+2
572.6 ppm (H) + 0.37 ppm (F) 32.4+0.58 36.7+1.15 0 0 1656 158+2
40.0 ppm (H) + 2.33 ppm (F) 40.3+0.00 43.3+0.58 6.6 10.0 141+8 144+4
40.0 ppm (H) + 0.37 ppm (F) 19.8+1.15 23.3+1.15 16.6 233 127+4 115+2
Control 0 83.3 1442
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2 (a) 2(b) 2(c)

2(d) 2(e)

Fig. 2: Light microscope images of embryonic development after exposure 2(a) 2 hpf, 2(b) 24 hpf, 2(c) 48 hpf, 2(d) 72 hpf, 2(e) embryo with bent body
axis and yolk sack edema (10x4).
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Fig. 3: Comparison of mortality rates of embryos exposed to single and synergistic exposures over time (hpf).

each stage, whereas fluoride exhibited a more lethal effect
than water hardness alone. The control group exhibited no
mortality throughout the experiment.

One-way ANOV A showed a significant effect (p <0.05) of
both single and combined exposure on embryonic mortality.
Two-way ANOVA comparison indicated a significant
difference (p <0.05) between single and combined exposure,
as combined treatments (hardness + fluoride) caused

significantly higher mortality than individual treatments.
Subsequently, Pearson’s correlation showed a weak positive
correlation ( r=0.3) for single exposures of hardness, fluoride,
and mortality rates, while a moderate positive correlation (r=
0.5) for combined exposure and mortality rates.

The pronephros is a paired organ that filters blood,
which is composed of lymphoid tissue, adrenocortical cells,
and the pronephric duct. Fluorescence microscopic images

4(a) 4 (b)

4(c) 4(d)

Fig. 4: Fluorescence microscopic images of the AO staining larvae (a) Control, (b) Hardness single exposure, (c) Fluoride single exposure,
(d) Combined hardness and fluoride exposure.
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(Fig. 4) indicated kidney cell apoptosis after Acridine Orange
staining. It filters blood circulation and is responsible for
osmoregulation during larval life. After staining, the larvae
in the control group showed no bright green emissions in the
pronephros area. At the same time, single hardness [4(b)],
single fluoride [4(c)], and combined exposure [4(d)] showed
increasing bright green emissions in the pronephros located
in the embryo’s trunk region. Fluorescence intensity was
measured as the mean gray value of the fluorescent regions,
which were 146, 190, and 204, respectively. According to the
degree and pattern of fluorescence, these emissions correlate
with the severity of kidney injury.

DISCUSSION

CKDu is defined as chronic kidney damage or dysfunction
without conventional risk factors such as diabetes,
hypertension, or genetic conditions. The exact cause of
CKDu remains unclear, but several factors are suspected
to contribute to its etiology. According to recent research
findings, high levels of calcium and magnesium in water
(hard water) are potential risk factors (Wasana et al. 2016).
Elevated fluoride levels in drinking water have been studied
as potential contributors to CKDu, with concerns about
fluoride accumulating in the kidneys over time (Liyanage et
al. 2022). North Central Province in Sri Lanka is a hotspot
for CKDu, where water hardness and fluoride levels exceed
the WHO water quality guidelines in most drinking-water
wells. According to Yang et al. (2022), local groundwater
in a CKDu prevalent area of Sri Lanka could cause kidney
damage, implying that high water hardness and fluorine
might be the inducible environmental factors for the
etiological cause of CKDu. Therefore, the synergistic effect
of water hardness and fluoride may cause the progression
of CKDu among communities using drinking-water wells.
In this study, the fluoride level reached 2.33 ppm, which
is the highest, and the mean value was 0.69 ppm, which is
higher than that in other regions in Sri Lanka. According to
the WHO drinking water guidelines, the maximum level of
fluoride is 1.5 ppm, and the study area has recorded more
than seven sites with fluoride levels exceeding this limit.
According to the water quality parameters, the water hardness
ranged at the very hard water level. These parameters have
alarming values that can lead to CKDu in endemic areas,
with their synergistic effect on kidney function. CKDu
non-endemic area water samples did not exceed the WHO
maximum value (<1.5 ppm) but recorded very hard water
values. This also suggests that a synergistic effect could act
as a triggering factor for CKDu in the country.

In this study, the synergistic effects of water hardness
and fluoride were evaluated using zebrafish embryos and

larvae. Animal models can be used to assess the acute toxic
effects of drinking water and determine kidney damage at
the pronephric level. Zebrafish share approximately 70% of
their genes with humans, and their nephron structures (the
basic functional unit of the kidney) are remarkably similar,
making them a good model for studying renal diseases.
Zebrafish embryos can be used to test various environmental
substances to determine their nephrotoxic potential, aiding
in the identification of potential CKDu triggers. The study
data suggest a significant relationship (p< 0.05) between
elevated water hardness levels and fluoride with kidney
damage in the exposed embryos. Both environmental and
synthetic solutions showed mortality in over 50% of the
embryos and morphological abnormalities, such as yolk sac
edema and curved body axis, which are expressed due to
kidney damage. Single exposures to fluoride and hardness
revealed less acute toxicity in embryos than combined
exposures. Fluoride alone had a more lethal effect on
embryonic development than hardness alone. The role of
the kidneys can be explained, the body’s primary excretory
organs in regulating the metabolism of poisons and foreign
toxins. According to studies, the kidneys filter and reabsorb
50-80% of the fluoride that the body consumes (Dharmaratne
2019), which causes abnormal development and cell death
in the embryonic stages. Fluoride-induced kidney structural
damage can inhibit renal cell proliferation when exposed to
higher concentrations for extended periods (Wimalawansa
2020).

Hard water mainly consists of Ca®* and Mg?* ions. Ca**
plays various roles in the composition of bones and teeth and
can control nerve transmission and material release (Salama
& Mohammed 2023). Many previous studies have found
that F~ and Ca®* antagonistically affect biology. Once F is
absorbed by the body, it enters the blood to form insoluble
CaF, precipitates and deposits in the kidney tissue while
being excreted (Nébrega et al. 2019). When a combination
of hardness and fluoride is exposed to zebrafish embryos
for a certain period, it accumulates CaF, in the kidney as
precipitates, which can ultimately cause tubular damage
and renal failure in adult zebrafish. This can be identified
externally by the edema conditions of the larvae after
hatching. Edema is a pathological condition characterized
by abnormal fluid accumulation in the body (Wimalawansa,
2020). Zebrafish depend on their skin, kidneys, and gills to
maintain proper internal water volume and osmotic pressure.
Kidneys are essential for controlling ion and water levels for
appropriate osmoregulation. As the kidney is responsible for
waste elimination in fish, any dysfunction can lead to fluid
retention (Wang et al. 2024). This expanded the larvae’s
body shape and exhibited edema under a light microscope.
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The mortality of embryos is higher after 48 hpf, when
larvae start to form vital organs in the body. The pronephros,
the sole kidney of zebrafish larvae, develops during
embryogenesis and is fully formed approximately 48 h after
fertilization (Serluca & Fishman 2001). Accelerating the
lethal effect at this stage can be due to the damage of vital
organs by the exposed synergistic solutions. The pronephros
is highly sensitive and accumulates more CaF, at this stage,
which can cause tubular degeneration. Long-term exposure
to well water with elevated hardness and fluoride can have a
similar effect on human kidneys. The origin and progression
of CKDu are triggered by well water from the CKDu
prevalence area, which recorded higher water hardness and
fluoride levels exceeding the WHO guidelines.

Pronephros damage was confirmed using acridine
orange staining. Acridine orange (AO) staining is a
common technique used to detect apoptotic or damaged
cells, including kidney cells, in zebrafish embryos. Acridine
orange selectively binds to nucleic acids and emits different
fluorescent signals depending on cell integrity. In cases of
kidney damage, AO helps identify regions of cell death
(apoptosis) or injury in developing nephrons (Plemel et al.
2017). Under a microscope, damaged cells emit bright green
fluorescence due to changes in nucleic acid structure or
increased permeability in damaged cells (2017). The degree
and pattern of fluorescence correlated with the severity of
kidney injury and apoptosis. The highest emission was
observed after combined hardness and fluoride solution
exposure, as it recorded the highest mean gray value (204). A
single exposure to fluoride (190) had a higher green emission
intensity than a single exposure to hardness (146), suggesting
that fluoride has a more significant effect on kidney damage
than hard water. Hardness triggers the impact of fluoride on
kidney tubules when combined, and induces prolonged renal
damage (Dilrukshi et al. 2023), causing higher emissions of
fluorescence due to cell apoptosis.

Most farming communities in the North Central Province
depend on deep or shallow wells for drinking and other
purposes. Due to the soil geology of the area, the water
contains elevated levels of Ca®*, Mg”" and F ions. Continued
exposure to very hard water and high fluoride levels may be the
primary reason for the unknown etiology of Chronic Kidney
Disease in Sri Lanka. Dissanayake (2005) suggested that the
fluoride concentration and its interactions with other ions, such
as Ca”*, Mg”" and Na®* could trigger the onset of CKDu in Sri
Lanka. According to Wickramarathna et al. (2017), hardness
reached values as high as 516 mg.L"! in some groundwater in
CKDu-affected regions. The mean hardness of groundwater
in all samples collected during the pre-monsoon period was
181 mg.L"! Fig. 3, indicating very hard water.

In this study, the highest hardness was recorded as 572
ppm, and the mean hardness was 251 ppm, indicating very
hard water according to the WHO guidelines. Fluoride
was also found at alarming levels in most wells in the
area, exceeding the safe drinking water levels. Individuals
consume water with high hardness and fluoride, which can
accumulate CaF, in kidney tissues with long-term exposure.
Similar to zebrafish kidney damage, human kidneys are
affected by continuous deposition, leading to oxidative stress,
inflammation, and tubular damage. Patients with CKDu
often show signs of proximal tubular injury, which aligns
with the effects of fluoride toxicity. In particular, farming
communities are exposed to high temperatures and reduced
kidney perfusion, which exacerbates fluoride retention. This
study proposes that the combination of water hardness and
fluoride is one of the triggering factors behind Chronic Kidney
Disease of unknown aetiology in Sri Lanka. To mitigate
CKDu progression among communities, several actions can
be taken, as this has become a severe health concern in the
country. Routine water testing in high-risk areas, continuous
monitoring, and regulation of groundwater wells in the North
Central, Eastern, and Central Provinces must be implemented
to overcome this issue. Most areas have reverse osmosis
water systems and filter units at the household level. People
should be encouraged to use treated water rather than well
water by providing adequate awareness of the risk of CKDu.
Agricultural practices and the use of agrochemicals must be
monitored, and safety measures are needed. Most importantly,
early detection of the disease and affordable treatments are
essential as long-term prevention strategies.

CONCLUSIONS

The study data revealed a significant relationship between
water hardness and fluoride levels in CKDu in Sri
Lanka. Both parameters exceeded the WHO drinking
water guidelines in most wells consumed by the affected
community. Zebrafish were used as an animal model to
express embryonic and cellular-level damage to the organs.
Morphological abnormalities and mortality rates were
positively correlated with exposure to water hardness and
fluoride concentrations. Combined exposure to hardness and
fluoride resulted in more apoptotic cells than other exposures,
with a higher degree of emissions in the kidney area.
Hence, prolonged exposure to the combination of hardness
and fluoride and its synergistic effect can be one of the
prominent causes of CKDu progression, as it causes renal cell
damage.
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ABSTRACT

This study lays the foundation for an integrated and adaptive method for treating dairy
wastewater within a multi-stage Rotating Biological Contactor (RBC) system. Rotational
speed optimization from stage to stage, dynamic control of hydraulic retention time (HRT),
and better media performance evaluation are the ingredients drawn into the proposed model
for the efficient removal of biochemical oxygen demand (BOD), chemical oxygen demand
(COD), and turbidity. Each RBC stage works with pollutant-specific RPM levels, that is, at
the maximum biofilm interaction and pollutant reduction. HRT adjustments in real-time work
via feedback mechanisms, whereas biofilm attachment is optimized through shear stress
and media characteristics. The aim of this study was to demonstrate through comparative
experiments that both natural (coconut coir) and synthetic (polyethylene) media can result in
high biofilm growth and pollutant degradation rates. Robustness tests under varying influent
loads indicated the same steady performance of the system. The integrated model achieved
BOD removal of 90.1%, COD reduction of 85.3%, and turbidity removal of 79.8%. The final
effluent quality is stringent as it meets discharge limits, with BOD<10 mg.L", COD<50
mg.L'1, and turbidity<10 NTU. The proposed framework presents an efficient and scalable
option for the treatment of high-strength dairy effluents and can be deployed in several
additional industrial waste scenarios.

INTRODUCTION

Dairy wastewater has relatively high organic loads, turbidity, and variable
composition. Effluent with elevated BOD, COD, and suspended solids levels requires
effective treatment before it can be released into natural water bodies. Traditional
wastewater treatment systems (Katare et al. 2024, Katare et al. 2024, Ogedey et al.
2024) tend to reach their limitations in the management of the dynamic nature of
dairy effluents, especially concerning the consistency in pollutant reduction levels
across several parameters in the process. Although Conventional Rotating Biological
Contactors have been established to be effective in industrial wastewater treatment,
their performance under operation is significantly affected by critical variables such
as rotational speed, hydraulic retention time (HRT), and biofilm attachment media.
If not optimized, such factors will lead to biofilm instability, suboptimal reduction
of pollutants, and inefficiencies in the treatment process. Although many studies
have explored various configurations of RBCs, most existing systems are devoid of
stage-wise optimization of operational parameters. Most approaches (Cargnin et al.
2024, Belkodia et al. 2024, Elkady et al. 2024) overlooked biofilm dynamics, the
interdependence of shear stress, and pollutant-specific treatment efficiencies. The
choice of medium, whether natural or synthetic, also heavily influences biofilm
development and pollutant removal, although comparative studies are still in their
infancy. The treatment technologies that advance possess a real need for solutions for
both the improvement of removal of BOD, COD and turbidity, and for adaptation to
changing wastewater compositions. Effective provision is also an integral component
in achieving stringent discharge standards by providing effective residual pollutant-
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removing post-treatment units. This study aims to fill such
gaps by introducing a novel multifaceted approach for the
treatment of dairy wastewater using multiple-stage RBCs.
The proposed framework optimizes the rotational speed,
media type, and HRT at each stage of the RBC for progressive
pollutant reduction. Complementary methods, such as
feedback-based HRT control, media performance evaluation,
and shear stress analysis, were incorporated into the system for
enhanced robustness and efficiency. Post-treatment units with
sedimentation and filtration are added to improve the quality of
the effluent. Combined, these strategies not only demonstrated
improved pollutant reduction performance but also established
a scalable model for industrial wastewater treatment.

Motivation and Contribution

This study was motivated by the urgent need to optimize the
efficiency of dairy wastewater treatment systems. Currently,
existing technologies are hampered by the lack of interaction
between key operational parameters and their combined
effects on pollutant removal. Rotating speed, HRT, and media
type have been analyzed as separate factors with inevitable
suboptimal designs and inconsistent performance. Dynamic
dairy wastewater has fluctuating levels of BOD, COD, and
turbidity, which requires adaptive treatment strategies that can
be maintained under realistic conditions. These challenges
necessitate the development of an integrated approach
consisting of multiple optimization techniques, where system
robustness must be maintained across variable influent
compositions. The principal contribution of this study is the
development of an integrated framework for dairy wastewater
treatment using multistage RBCs. The rotational speeds
were optimized at different stages to ensure that the targeted
pollutants were removed at each RBC stage, depending on
the requirements of BOD, COD, and turbidity. Introduction
of HRT-Based Adaptive Biofilm Stimulation and RPM-
Shear Correlation for Biofilm Stability Improves Operational
Flexibility and Integrity: Critical Areas Missing in Standard
RBC Designs. Media selection can be an informed choice
by comparing the differences between natural and synthetic
media, whereas post-treatment units will contribute to meeting
effluent quality standards. Real-world variability testing
verified the resilience and scalability of the system. These
contributions, in aggregate, form a comprehensive model for
the treatment of dairy wastewater by creating high efficiency
in managing industrial effluents.

In-Depth Review of Models Used for Wastewater
Analysis

A review of the latest research on wastewater treatment
indicates crucial advances in technology and methodology
for industrial, agricultural, and domestic uses. Taken

together, the surveys reviewed provide a broad view of
current practices, innovative processes, and challenges
in the treatment of complex effluents. Each paper in its
own turn contributes to an understanding of wastewater
treatment, but together they mark trends, limitations, and
possible future directions of the research. Katare et al. (2024)
studied the electrocoagulation of oil-field-produced water
containing large amounts of COD, BOD, and turbidity.
These reductions may have a significant impact on both
the oil and gas industries. Ikhlaq et al. (2024) researched
the catalytic ozonation of pharmaceutical wastewater and
attained considerable effectiveness in removing persistent
compounds such as enrofloxacin. Ogedey & Oguz et al.
(2024) applied electrocoagulation to landfill leachate and
attributed its effectiveness in treating combined COD and
ammonia-nitrogen levels.

Cargnin et al. (2024) developed an integrated biological
and physicochemical approach for shrimp farm wastewater
with thorough contaminant removal. The treatment of
cheese wastewater by Belkodia et al. (2024) through the
application of advanced oxidation processes highlights the
utility of integrated methodologies in developing approaches
toward reuse standards for the irrigation process. Elkady et
al. (2024) used carbonized sawdust and textile filtration
in the treatment process for slaughterhouse wastewater,
thereby underlining material reusability. Among the various
wastewater and effluent treatment alternatives, Ahsan et al.
(2023) specifically challenged the removal of dyes from
textile wastewater, while Gholami et al. (2024) highlighted
microalgae biofilters as an alternative for sustainable
urban effluent treatment. Vermifiltration techniques
applied to domestic wastewater (Kumar & Khwairakpam
2024) showcased the ecological advantages of biological
processes. Ettaloui et al. (2023) used a sequence batch
reactor for the treatment of oil washing wastewater with
high efficiency under controlled environmental conditions.
Ashar et al. (2024) investigated catalytic thermolysis as an
advanced hybrid treatment process for textile wastewater
and provided simple, scalable views of the process.
Baghizade et al. (2023) considered biological treatment
after flocculation, and Vezar et al. (2024) emphasized the
use of natural bio-coagulants, such as papaya seeds, in the
wastewater treatment of laundry. Lory et al. (2024) proposed
microbial fuel cells for wastewater treatment, achieving
pollutant removal and energy generation simultaneously.
Bhuvanendran et al. (2024a) considered dairy wastewater
by incorporating natural coagulants and product recovery.
Katare et al. (2023) reviewed activated sludge processes for
pharmaceutical effluents, with an emphasis on adaptability
to many contaminant profiles. Constructed wetlands using
Pistia stratiotes for domestic wastewater were presented
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by Ali et al. (2024), showing eco-friendly scalability. Mao
et al. (2024) reviewed floating wetlands and highlighted
the application of such systems in industrial wastewater
treatment. (Das and Paul et al. 2023) have explored the
scopes of treatment of dairy wastewater, with a discussion
on the promising technique of peroxi-electrocoagulation and
are studied further by Bhuvanendran et al. (2024b) and Dey
and Pal et al. (2023) proposed the scope for the sustainable
treatment potential of tannery effluents in a recent study on
cyanobacteria.

Iteratively, as per Table 1, Radeef et al. (2024) integrated
microbial fuel cells with biofilters for kitchen wastewater
samples. Selvaraj and Arivazhagan et al. (2024) optimized
textile treatments using electrocoagulation and adsorption
with the help of advanced statistical tools for better results.
The synthesis of nanoparticles for wastewater treatment, as
demonstrated by Maloma et al. (2023), has antimicrobial
benefits in addition to pollutant removal. Similarly, Thomas
et al. (2023)applied neural networks to optimize laccase
production and enhance dye removal. For instance, Elhadeuf
etal. (2023) successfully optimized textile effluent treatment
using electrocoagulation and microfiltration, while Fotoohi
et al. (2024) attempted ultraviolet disinfection of biological
systems. Cherni et al. (2024) investigated the treatment of
rural wastewater using TiOO-based photo-Fenton processes.
Bedane and Asfaw (2024) showed hybrid anaerobic reactors
coupled with microalgae for slaughterhouse wastewater

Table 1: Comparative analysis of existing methods.

and focused significantly on synergistic systems. Ayhan
et al. (2024) and Mohan et al. (2024) analyzed different
industrial applications, ranging from petroleum refinery
effluents to graywater. In contrast, Kumari et al. (2024)
discussed in detail several techniques for dye removal
and presented future prospects. Benbouzid et al. (2024)
used natural porous media for domestic wastewater, just
like the sustainable approaches by Nzeyimana & Mary’s
(2024) that used Moringa oleifera. Yadav et al. (2024) and
Sandhya Rani et al. (2023) referred to an advanced trend
of applying advanced filtration technologies for coke oven
and rubber-processing wastewater. Photocatalytic processes
for petrochemical wastewater, as studied by Aghazadeh et
al. (2023), showed novel proxone techniques. Detho et al.
(2023) applied zeolite-based adsorbents for ammonia and
COD reductions in rubber effluents.

Circular economy-based valorization of boiler ash to
produce coagulant (Dalmora et al. 2024, Monroy-Licht et
al. 2024) emphasized the application of phytoremediation
with water hyacinth, while Boraghi et al. (2023) applied
sinusoidal electrocoagulation along with ceramic filters for
complete removal of pollutants. Nano-adsorbents of chitosan
have been used to treat dairy effluent (Dinesha et al. 2023),
opening up new horizons in the adoption of methodologies
during the adsorption process. This holistic review of recent
articles outlines the richness, diversity, and innovation
of wastewater treatment technologies. This reflects the

Combined Biological and
AOPs

Microbial Fuel Cells (MFCs)
Constructed Wetlands
Peroxi-Electrocoagulation
Advanced Oxidation
Processes (AOPs)
Membrane Filtration

Vermifiltration

Nanoparticle-Based
Adsorption

Cheese wastewater
Domestic wastewater
Domestic and
industrial wastewater
Dairy wastewater
Petroleum refinery
wastewater

Coke oven and rubber-
processing effluents

Domestic wastewater

Industrial wastewater

Integrated approach achieved reuse standards for
irrigation; reduced phytotoxicity significantly.

Dual benefits of pollutant reduction and bioelectricity
production; sustainable and scalable.

Eco-friendly scalability using Pistia stratiotes; effective
for nutrient and pollutant removal.

High pollutant reduction; demonstrated potential for
pigment recovery from waste sludge.

Effective degradation of persistent organic pollutants
using photo-Fenton methods.

Achieved superior pollutant removal efficiency; ceramic
membranes showed high durability.

Enhanced pollutant reduction using biological systems:
an ecological and cost-effective solution.

Effective ammonia and COD reduction using zeolite and
silver nanoparticles demonstrated versatility levels.

Method Application Key Findings References
Electrocoagulation Oil-field produced Achieved substantial COD, BOD, and turbidity Katare et al. (2024)
water reduction; scalable and efficient for high-strength
effluents.
Catalytic Ozonation Pharmaceutical High degradation efficiency for recalcitrant compounds Ikhlaq et al. (2024)
wastewater like enrofloxacin using molecular ozone reactions.

Belkodia et al. (2024)

Lory et al. (2024)

Ali et al. (2024)

Bhuvanendran et al.
(2024)

Ayhan et al. (2024)

Yadav et al. (2024),
Sandhya Rani et al.
(2023)

Kumar and
Khwairakpam (2024)

Maloma et al. (2023),
Detho et al. (2023)
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increased complexity of effluent management across
industries. The varied applications of electrocoagulation
techniques, according to Katare et al. (2024), Ogedey &
Oguz (2024), and Elhadeuf et al. (2023), may be effectively
applied to oil-field produced water, landfill leachates, and
textile effluents. These studies indicate the feasibility of
electrochemical methods for pollutant removal, such as COD,
BOD, and ammonia, at high removal rates if conditions are
optimized. According to the research findings of Ikhlaq et
al. (2024), Belkodia et al. (2024), and Ayhan et al. (2024),
advanced oxidation processes with photo-Fenton methods
and catalytic ozonation were applied to pharmaceutical,
cheese, and refinery petroleum wastewaters.

Their application offers effective degradation of
refractory organic matter and addresses the pollution
potential associated with the toxicity of effluents. Biological
treatment technologies, such as microbial fuel cells,
constructed wetlands, and vermifiltration, have been
identified as promising for wastewater management in
households, industries, and agriculture (Ali et al. 2024,
Kumar & Khwairakpam, 2024, Lory et al. 2024). They offer
alternative, renewable source recovery methods. The review
also identifies the rapidly increasing area of hybrid systems
that combine biochemical-physical processes. Quite a few
studies refer to the benefits of multiple-stage treatments:
for example, (Bhuvanendran et al. 2024, Cherni et al.
2024, Bedane & Asfaw 2024). Thus, a higher efficiency is
achieved, and broader applicability are achieved. Polymeric
and ceramic membrane technologies are crucial for treating
high-strength effluent in coke oven wastewater (Yadav et
al. 2024).

Meanwhile, the development of new materials, including
nanoparticles and zeolite-based adsorbents, has increased
the removal efficiencies of pollutants (Maloma et al. 2023,
Detho et al. 2023). Several critical trends are observed in
this synthesis of the literature: a move toward sustainable
materials, greater use of integrated systems for complex
effluents, and greater reliance on advanced computational
tools for optimization. However, much remains to be done to
scale up innovative approaches toward industrial relevance,
increase energy efficiencies, and deal with new/emerging
contaminants such as microplastics and pharmaceuticals.
Future research efforts should focus on the lifecycle impacts
of these technologies, cost-effectiveness analyses, and the
development of real-time monitoring systems. These will
define whether the wastewater treatment field is moving
forward with its global goals for sustainability.

MATERIALS AND METHODS

Proposed Model for Design of an Integrated Model with

Integrated Optimization of Rotational Speed, Media
Type, and Hydraulic Retention Time

This section deals with the design of an integrated model
with a scheme of integrated optimization of rotational speed,
media type, and hydraulic retention time for the enhanced
BOD, COD, and turbidity reduction in dairy wastewater
treatment using multiple-stage RBCs to overcome the
problems of low efficiency and high complexity exhibited
by the existing methods. In the initial stages, as depicted
in Fig. 1, the Dynamic Multiple RPM Optimization for
multiple-stage RBC targets the BOD, COD, and turbidity
levels of dairy wastewater, postulated on the preposition of
making use of distinct rotational speeds for every stage for the
optimization process of pollutant removal. In the RBC, each
distinct stage is associated with different rotational speeds
(o1, 2, and ®3). Stage 1: High BOD removal stage. This is
modeled using a higher RPM to enhance biofilm attachment
and mass transfer via equation 1.

RBOD = k1- w1%- CBOD(B1) e

Where RBOD is the BOD removal rate, k1 is a
proportionality constant, o captures the impact of RPM
on mixing, and B1 represents the dependency on influent
BOD concentration and CBOD. The subsequent stages
reduce COD and turbidity under moderate and lower RPMs,
respectively, via equations 2 & 3.

RCOD = k2 - (1 — e F?92).cCcOD(B3)  ..(2)
RT =y -w3™° - CT(B4) ..(3)

Where RT is the turbidity removal rate, y is a scaling
coefficient, d is related to the settling and biofilm regeneration
effects, and 33 and B4 describe the dependencies on COD
and turbidity (CT) concentrations, respectively, for the
process. HRT-Based Adaptive Biofilm Stimulation ensures
an optimal hydraulic retention time (HRT) by dynamically
adjusting the flow rate (‘Q’) to the pollutant load. The HRT
is computed via equation 4.

HRT = v “4)
Q
Where V'’ is the RBC volume for this process. Feedback
control adjusts ‘Q’ in real-time, based on the removal
efficiency (n) deviations from target efficiency (ntarget)
via equation 5.
dQ
T —A - (ntarget — nactual) ..(5)
Where A is the feedback gain for this process. Pollutant
removal is expressed as a function of HRT via equation 6.

R = RO - (1 — ¢ "HRT) ..(6)
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Fig. 1: Model Architecture of the Proposed Treatment Process.

(Perform AMPI Analysis ) ((Adjust HRT )

(Perform RPM-Shear Analysis )

(Eﬂt_:lb.a!::k: Muaﬁn‘l_ent)

(—S edimentation Unit_)

Fig. 2: Overall Flow of the Proposed Analysis Process.
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Where RO is the maximum achievable reduction, and k
is the biofilm interaction constant for this process. Next, as
shown in Fig. 2, the Advanced Media Performance Index
(AMPI) analysis evaluates the porosity (¢) and surface area
(As) of the media for biofilm attachment. Biofilm growth rate
on the media is modeled using logistic growth via equation 7.

dB_ B (1 B )
dt K Bmax (7

Where ‘B’ is the biofilm biomass, p is the growth rate,
and Bmax is the carrying capacity for this process. Pollutant
reduction due to porosity and surface area is integrated over
the media via equation 8.

As

{-¢"-RmdAs .(8)
0
Where Rm is the reduction rate per unit surface area, and

€ and n are empirically determined constants. The RPM-
Shear Correlation for Biofilm Stability models shear stress
(t) via equation 9.

AMPI =

du
T=n— .(9)

du
Where 1 is the fluid viscosity and . is the velocity

gradient for the process. Biofilm detachment is proportional
to shear stress via equation 10.

D=v-th ...(10)
Where ‘D’ is the detachment rate, v is a scaling factor, and
‘m’ is the sensitivity of biofilm detachment to shear stress.

Stable conditions for biofilm are maintained within a shear
stress range via equation 11.

Tmin < 7 < Tmax (1)

The integrated sedimentation and filtration for residual
pollutant removal is governed by sedimentation velocity
(‘vs’) and filtration flow (‘Qf”) via equations 12 & 13.

oL r—pf)g
187

kf - Af - AP

of =LA
f

Where ‘D’ is the particle diameter, pp and pf are the
particle and fluid densities, respectively, g’ is the gravitational
acceleration, ‘kf’ is the filter permeability, Af is the filter
area, AP is the pressure drop, and Lf is the filter thickness.
The Variable Load Simulation for Realistic Wastewater
Testing introduces variable influent concentration modeled
via equation 14.

Cin(t) = Cavg + AC - sin(wt) (14)

Where Cin(t) is the time-dependent influent concentration,

(12)

...(13)

Cavg is the average concentration, AC is the amplitude of
variation, and o is the frequency of the process. Removal
consistency of pollutants is monitored through variance via

equation 15.
N
_ 12 )2
o= |5, mi=m
i=1

The final pollutant reduction outcomes are expressed
via equation 16.

..(15)

N
nfinal = 1_[(1 — Ri) - npostTreatment _ (16)
i=1

Where nfinal is the overall removal efficiency, Ri is the
reduction in each stage, and npostTreatment is the efficiency
of the sedimentation and filtration processes. This integrated
approach ensures consistent pollutant reduction, robust
performance under variable conditions, and adherence to
stringent effluent standards. Next, we discuss the efficiency
of the proposed model in terms of different metrics and

compare it with existing models under different scenarios.

Model Validation and Empirical Justification

This study uses a mathematical framework that features a
variety of equations based on previous models found in the
environmental and biochemical engineering literature. For
example, the RPM-dependent kinetics of removal in terms
of pollutants, as given by Equations 1-3, follow a modified
Monod-type format, consistent with previous models
applied for the evaluation of RBC performance systems
(Cargnin et al. 2024, Belkodia et al. 2024, Elkady et al.
2024). In addition, the biofilm growth equation (Equation
7) is derived from the logistic growth kinetics established
in reactor-based microbial studies under development. The
shear stress-biofilm detachment relationship is consistent
with formulations that are or will be used in fluid-structure
interaction studies (Ashar et al. 2024, Baghizade et al.
2023, Vezar et al. 2024) where the wall shear thresholds for
detachment were empirically determined. Several citations
have been incorporated into the manuscript to reference
these derivations appropriately and increase the technical
traceability of the model components.

The biofilm stability effect of shear stress-biofilm
detachment showed agreement with empirical tests run by
measuring biofilm mass loss at several controlled rotational
speeds, where biofilm stability was never lost below a shear
stress threshold of .12 N.m?" above .18 N.m?", measurable
rates of detachment were produced, rates that exceeded
10 g.m? per day. These values correlate well with the model
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prediction outputs of Equations 9-11, thus the empirical
relevance sets. This follows the trend reported by Ahsan et
al. (2023), Gholami et al. (2024) and Kumar et al. (2024),
confirming that the model developed is credible in replicating
the mechanical drag effects of rotational shear on biofilm
stability in RBC systems.

Robustness trials created to simulate the realistic
diurnal variability, nature, and composition found in dairy
effluent treatment facilities were completed. A synthetic
influent matrix was used to provide controlled experimental
conditions; on the other hand, built from actual datasets
available from the U.S. Dairy Wastewater Repository
and augmented by sinusoidal and stepwise variations of
pollutants in order to mirror actually operational plants.
For example, influent fluctuated in BOD between 300 and
1000 mg.L™, in COD from 600 to 1500 mg.L™, and in
turbidity from 50 to 150 NTU, all introduced into the system,
covering the ranges of the fluctuations typically reported in
operational datasets of small to medium-sized dairy effluent
units. Hence, the results of the robustness simulations are
practically relevant for this process.

RESULTS AND DISCUSSION

This study established an experimental rotation to assess
the performance of the developed multiple-faceted
treatment model under controlled conditions simulating real
characteristics of dairy wastewater. The experiment was
conducted in a laboratory-scale Rotating Biological Contactor
(RBC) system consisting of three sequential stages, which
were independently controlled over RPM to implement the
Dynamic Multiple RPM Optimization approach. A synthetic
influent wastewater, which mimics dairy effluent, was
employed. The BOD level of the wastewater ranged between
300-500 mg.L™!, COD levels between 600-800 mg.L",
and turbidity levels of 50-150 NTU. The RBC reactor used
was composed of polycarbonate material with an operating
volume of 50 liters and was equally divided into three
chambers. Each chamber is equipped with media substrates

that alternate between natural material, such as coconut
coir, and artificial material, polyethylene, with porosities
of 40-80%, and specific surface areas of 100-500 m2.m3.
Stage one calibrations were conducted to permit high BOD
loads running at an initial RPM range of 12-15 rpm, while
stages two and three targeted COD reduction and turbidity
polishing at 8-12 rpm and 5-8 rpm, respectively. Influent

flow rates were set between 0.5 and 1.5 L.min"".

The hydraulic retention times were dynamically shifted
in the required range using feedback-controlled peristaltic
pumps in order to ensure pollutant-specific optimum
optimization. The data set for this study was derived from
and adapted from the Dairy Wastewater Characteristics and
Treatment Dataset available online at the U.S. Collection
from various industrial dairy processing operations,
supplemented with synthetic variations to meet the demands
of the experiments. This dataset contains detailed records
of typical dairy effluent parameters collected from various
industrial dairy processing operations. Some key parameters
within this dataset are average BOD concentrations in the
range of 450-700 mg.L"!, COD concentrations in the range
of 900-1200 mg.L™!, turbidity at 70-150 NTU, and nutrient
load level compositions such as nitrogen and phosphorus
at 20-50 mg.L"! and 10-25 mg.L'l, respectively. To also
allow realistic load fluctuation simulations, the data capture
time-series data for diurnal variations over a week in terms
of effluent quality. The sinusoidal pollutant variability
patterns were superimposed on the data for this study to
mimic peak processing times. Metadata that have been
included comprise influent flow rates of 0.5-2.5 L.min}, pH
of 6.5-8.5, and temperature of 15-30°C. This allows for the
representation of the diverse operational conditions of dairy
processing activities. These were the basis of calibrating
the experimental system, validating pollutant-reduction
mechanisms, and assessing the robustness of the proposed
treatment model under fluctuating real-world conditions. The
dataset’s granularity and breadth made it an ideal candidate
for evaluating advanced features of the proposed treatment
framework process.

Integrated Reduction Efficiency Comparison
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Fig. 3: Integrated Analysis of the Proposed Treatment Process.
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A dataset to simulate the normal diurnal oscillations of
dairy wastewater was used to track the performance under
fluctuating conditions. Time-series changes in influent BOD,
COD, and turbidity were used to simulate high-lactose and
high-fat loads by peaking at 1000 mg.L"' for BOD and 1500
mg.L"! for COD, respectively. A multiple-sensor array was
used to monitor the real-time removal of various pollutants,
including DO, NTU, and mg.L"' chemical oxygen demand,
at the effluent of each stage. HRTs were adjusted through
feedback control mechanisms based on these readings to
attain optimum biofilm activity. Add post-treatment units
consisting of sedimentation and sand filtration to provide
treatment stages that ensure the attainment of final effluent
quality criteria for <10 mg.L"! BOD, <50 mg.L"' COD, and
<10 NTU turbidity. A performance database for comparing
the media was developed by carrying out alternate cycles
of natural and synthetic substrates in separate runs with
biofilm growth rate measurements for five days of continuous
operation. In real-world robustness testing, supplementary
datasets containing cyclical influent compositions along with
sinusoidal variations in pollutant loads (AC set to £50% of
baseline values for operations) were fed to the process. This
detailed experimental design enabled removal efficiency
analyses pertaining to system stability as a result of load
variability, as well as a comparison of media performance
levels. Based on such strong data, it was justified to test
the proposed model. This study’s results show that the
proposed multiple-stage treatment model outperforms all
the previous methods, namely Method [5], Method [8], and
Method [18] in the process (Fig. 3). This analysis is supported
by some very detailed results in the form of comparative
tables, showing the advantages of the proposed approach to
removing pollutants, the system’s robustness, and the quality
of the effluents. Each table contains elaborate statements of

Table 2: BOD Reduction Efficiency Comparison.

Influent BOD  Proposed Method Method ~ Method
[mg.L™"] Model [%] [51 ([%] [81[%]  [18][%]
300 90.1 84.5 86.0 88.2
400 89.5 83.8 85.2 87.6
500 88.7 82.5 84.0 86.4

values and their implications for the practical wastewater
treatment process.

The 50-L capacity RBC reactor was constructed from
polycarbonate and divided into three chambers, each with a
capacity of 16.6 L. Enclosed media carriers are 10 cm x 10
cm X 2 cm in dimension and filled to 40% volume occupancy
in each of the chambers. Media filling the chambers are
coconut coir and polyethylene, having porosities of 65% and
78% respectively, while their surface areas range from 220-
300 m2.m* in process. The control of flow is via variable-
speed peristaltic pumps (Watson Marlow 120U), while
multiparameter sensor-array analyses (Y SI ProDSS) perform
real-time measurements for DO, COD, and NTU sets.

The efficiency of the proposed model towards the
reduction of BOD is consistently above 88%, surpassing that of
Method [5] by about 6-8%, Method [8] by 4-5%, and Method
[18] by 1-2% (Table 2 and Fig. 4). This results from stage-wise
optimization of RPM that maximizes biofilm activity and the
pollutant interaction process. For influent BOD concentrations
of 500 mg.L™, the proposed model reduces the concentration
of effluent BOD by 88.7%, bringing its levels below 60 mg.L™.
The impact of this result is significant for facilities that need
high-performance treatment systems to meet the regulatory
discharge standards of BOD levels.

For COD reduction, the proposed model is consistently
above 83% at higher influent COD levels (Table 3 and

BOD Reduction Efficiency Comparison
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Fig. 4: BOD Reduction Analysis.
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COD Reduction Efficiency Comparison
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Fig. 5: COD Reduction Efficiency Computation Analysis.
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Fig. 6: Turbidity Reduction Efficiency Analysis.

Fig. 5). For instance, at 800 mg.L™! COD concentration, the
suggested model decreases the COD to below 130 mg.L'I:
this is, therefore, the performance for Method [5] with 6.4%
improvement, Method [8] with 4.9%, and Method [18]
with 2.3%. These are some of the effectiveness measures of
dynamic hydraulic retention time (HRT) adjustments and
the pollutant-specific control of RPM. Most importantly,
these reducing effect focuses on effluent COD limitations,
resulting from treated wastewater samples required to prevent
environmental hazards.

Table 3: COD Reduction Efficiency Comparison.

Influent COD  Proposed Method Method Method

[mg.L] Model [%]  [5][%] [8][%] [18] [%]

600 85.3 79.2 81.0 83.5

700 84.8 78.7 80.2 82.9

800 83.9 71.5 79.0 81.6
Table 4: Turbidity Reduction Efficiency Comparison.

Influent Proposed Method  Method  Method

Turbidity [NTU] ~ Model [%]  [5][%]  [8][%] [18][%]

50 79.8 71.4 73.6 76.2

100 78.5 70.1 72.4 75.3

150 77.2 69.0 71.2 74.1

The turbidity removal of the proposed model is more
than 77% at high influent turbidity (Table 4). Similarly,
the same is compared with Method [5], which shows 69%,
Method [8] shows 71.2%, and Method [18] shows 74.1%
(Fig. 6). At an influent turbidity of 150 NTU, the proposed
model reduces the effluent turbidity up to about 34 NTU,
as the model is capable enough to show efficient particulate
removal for the process. The integrated sedimentation and
filtration units further reduce turbidity and improve clarity,
making this model suitable for high clarity applications in
the treated effluents.

This proposed model still has high efficiency in
pollutant reduction even after significant variability in
load, which still occurs with a performance drop of less
than 4% for AC=+50%. Method [5] declines by more than

Table 5: System Robustness Under Variable Loads.

Variability Proposed Method ~ Method  Method
Amplitude (AC\ Model [5] [%] [8][%]  [18] [%]
Delta CAC) [%]

%20+ 88.4 81.2 83.5 86.1
%30+ 86.7 78.5 81.0 84.2
%50+ 84.9 75.4 78.2 81.6
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Biofilm Growth Rate Comparison
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Fig. 7: Biofilm Growth Rate Analysis.

Table 6: Biofilm Growth and Attachment Rate Comparison.

Media Type Proposed Model [g.mf.day'l] Method [5] [g.mf.day'l] Method [8] [g.mT.day'l] Method [18] [g.m? .day]
Coconut Coir 1.42 1.12 1.25 1.35
Polyethylene 1.48 1.20 1.31 1.40

9%, and Method [8] and Method [18] decline by 7 6%
(Table 5). In this proposed model, adaptive HRT and
feedback loops enable real-time adjustment of fluctuating
influent loads to meet consistent treatment outcomes. To this
end, this robustness makes the model suitable for real-world
applications with unpredictable wastewater characteristics.

Due to the optimal RPM and shear stress balance, the
growth rate of biofilm on coconut coir and polyethylene
media for the proposed model is greater. Coconut coir
reports a rate of biofilm attachment at 1.42 g.m?.day™
while compared to that for Method [5] and Method [18] at
1.12 g.mz'.day'l, 1.35 g.mz'.day'l, respectively (Table 6 and
Fig. 7). This means it has better pollutant degradation ability
as well as extended system longevity, which calls for media
optimization in wastewater treatment systems.

The proposed model of effluent quality achieved meets
the stringent standards for discharge, with BOD, COD,
and turbidity content significantly lower than those from
other methods. For instance, 8.4 mg.L'1 effluent BOD from
this study reflects an improvement of 32.8% compared to
Method [5] (Table 7). It has the environmental implications
of protecting the treated effluents from having adverse
ecological impacts in the process. The crucial reason for

Table 7: Effluent Quality Comparison.

Parameter Proposed  Method Method Method
Model [5] [8] [18]
BOD [mg.L™!] 8.4 12,5 10.8 9.6
COD [mg.L"] 42.7 56.2 50.4 46.1
Turbidity [NTU] 8.6 12.4 10.2 9.5

such excellent performance is comprehensive integration
with advanced methods. Altogether, the results presented
here depict the technical superiority associated with the
proposed model. The model outperforms the existing
methods in pollutant reduction, robustness, and biofilm
performance by setting new benchmarks for dairy wastewater
treatment technologies. An iterative validation use case will
be discussed next to help the reader understand the whole
process more effectively for different scenarios.

Validation Using Practical Use Case Scenario Analysis

A real-world dairy wastewater treatment system is evaluated
by the proposed model with realistic influent characteristics
and practical operational parameters. Influent concentrations
were 450 mg.L™! BOD, 700 mg.L™! COD, and 120 NTU. The
system featured three stages of RBC optimized for pollutant-
specific RPM settings, dynamic HRT control, advanced
media analysis, shear stress evaluation, and post-treatment
units. Results of each process are presented in tabular format
for insight into system performance as well as efficiency of
pollutant reduction. The practical use case analysis made
use of a simulated setup inspired by real-world nodes for
wastewater treatment. The nodes consist of sequential
Rotating Biological Contactor units, hydraulic retention
control systems, as well as post-treatment units, all operating
as part of a unified treatment network. For the purpose of this
analysis, the RBC nodes were modeled based on observed
operational setups in facilities reported by the EPA’s
National Pollutant Discharge Elimination System (NPDES)
database, focusing on dairy effluent management. Each
node processes influent characteristics with a concentration
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Table 8: Dynamic Multiple RPM Optimization Results.

Stage RPM [rpm]  Target Pollutant  Influent Concentration [mg.L’l] Effluent Concentration [mg.L"] Reduction [%]
1 14 BOD 450 90 80.0
2 10 COD 700 150 78.6
3 7 Turbidity 120 30 75.0

level of 450 mg.L'1 for BOD, 700 mg.L'1 for COD, and 120
NTU for turbidity values, with variations of these values to
reflect realistic operating conditions. Samples were taken and
followed from key points: pre-treatment, post-RBC stages, and
post-filtration. The sensor arrays recording DO, shear stress,
biofilm growth rates, and pollutant concentrations at each
node delivered real-time information. These nodes represent
small to medium-scale dairy processing plants, so the results
scale up and apply to larger scales. By leveraging datasets and
operational insights from established industrial practices, this
study ensures that the nodes and samples align with practical,
implementable standards. This process analyzes pollutant-
specific RPM configurations for three stages, targeting BOD,
COD, and turbidity removal processes. Stage-wise RPM
adjustments and their impacts on pollutant reduction are
summarized in Table 8.

Stage 1 operates at a high RPM (14 rpm) for effective
BOD removal, achieving an 80% reduction for the process.
Stage 2 focuses on COD with midrange RPM set at
10 rpm, removing 78.6%. Stage 3 has a lower RPM of
7 rpm for polishing on turbidity, resulting in a 75% reduction
in the process. This evaluation measures the pollutant
removal efficiency as a function of HRT. The feedback
system depends on the adjustment of HRT along varying
concentrations of pollutants to maximize biofilm exposure
levels. Results are shown in Table 9 as follows,

Table 9: HRT adjustments (2.5 to 5 h) yield consistent
removal efficiencies above 73% across pollutants, ensuring
optimal biofilm interaction process. This process evaluates
the pollutant reduction capacity of natural and synthetic
media. Results are summarized in Table 10.

Table 9: HRT-Based Biofilm Stimulation Results.

HRT Influent Pollutant Effluent Removal

(hrs) Pollutant Efficiency [%]
2.5 BOD [450 mg.L™] 120mg Lt 733

4.0 COD [700 mg.L™ 180 mg.Lt 743

5.0 Turbidity [120 NTU] 32 NTU 73.3

Table 10: Media Performance Index Results.

Media Type Porosity Surface Area Pollutant

[%] [m2.m37] Reduction [%]
Coconut Coir 65 220 81.2
Polyethylene 78 300 83.5

Synthetic media (polyethylene) realizes a slightly higher
reduction of pollutants (83.5%) compared to natural media
(81.2%), due to its greater surface area and porosity levels.
The evaluation of the shear stress has been considered for
stable biofilm attachment at different RPMs. The results are
shown in Table 11.

Biofilm detachment increases at higher RPMs at 14 rpm,
and this indicates the significance of keeping shear stress
under 0.12 N.m?" for stable biofilm conditions. The overall
performance of the post-treatment units is summarized in
Table 12.

The turbidity removed was 50% by sedimentation
and 46.7% by filtration; the process further reduced the
final effluent turbidity to 8 NTU levels. The model is
subjected to variable pollutant loads to investigate the
robustness of the system. Table 13 presents the summary
of the results.

Even with high variability (AC=+50%), the system
removes consistent pollutants, thus confirming the robustness
for real applications. Cumulative performance of system
summary is shown in Table 14.

Table 11: RPM-Shear Correlation Results.

RPM Shear Stress Biofilm Detachment Biofilm
[rpm] [N.m?] Rate [g.mz".day'l] Stability
7 0.08 0.02 Stable
10 0.12 0.05 Stable
14 0.18 0.10 Unstable
Table 12: Sedimentation and Filtration Results.
Unit Influent Effluent Removal
Turbidity Turbidity Efficiency
[NTU] [NTU] [%]
Sedimentation 30 15 50.0
Filtration 15 8 46.7
Table 13: Load Variability Simulation Results.
Variability Removal Removal Removal
Amplitude [AC\ Efficiency Efficiency Efficiency
Delta CAC] (BOD) [%] (COD) [%] (Turbidity) [%]
%20+ 88.2 84.1 79.3
%30+ 86.4 82.5 77.8
%50+ 84.9 80.3 75.4
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Table 14: Final Outputs.

Parameter Initial  Final Value Overall Reduction
Value [%]

BOD [mg.L™!] 450 8 98.2

COD [mg.LY 700 42 94.0

Turbidity [NTU] 120 8 93.3

The system obtained a tremendous reduction in pollutant:
BOD by 98.2%, COD by 94.0%, and turbidity by 93.3% and
thus ensures real compliance with stringent standards in the
discharge sets. These results may confirm the effectiveness of
the integrated model in a dairy wastewater treatment process.

To demonstrate ‘unusual infrequent latest extreme
scenarios of influent’, another series of long tests was
performed on the quality of pollutants, which had spikes
simulating the worst-case scenarios. The system maintained
a removal efficiency of 8% deviation from its baseline
performance during increases in BOD up to 1000 mg.L'l,
COD up to 1500 mg.L'l, and turbidity levels up to 180 NTU.
This now forms part of the variable load simulations while
supporting the assertion that the model proposed is robust
under heavily stressed influent conditions. The consistency
associated with high-load operational norms indicates the
adaptive nature of the mechanisms that HRT feedback and
RPM segmentation integrate in model design sets.

CONCLUSION AND FUTURE SCOPE

This study presents a novel and integrated approach toward
dairy wastewater treatment, including stage-wise optimization
of rotational speeds, adaptive hydraulic retention time (HRT)
control, advanced media performance analysis, shear stress
management, and robust post-treatment processes. This
shows that the Multiple-stage Rotating Biological Contactor
(RBC) model has superior performance compared with all
current methods, achieving excellent reduction in polluting
agents while keeping the system stable for dynamic operating
conditions. Specifically, the model achieved up to 90.1%
BOD reduction for influent concentrations ranging from 300
to 500 mg.L'l, which was the highest among Method [5],
Method [8], and Method [18], with a difference of 6-8%,
4-5%, and 1-2%, respectively. Similarly, COD reduction
efficiencies exceeded 85% in reducing COD levels from
800 mg.L'1 to below 130 mg.L'l, surpassing the next-best
performing method by 2.3%. The optimized removal of
turbidity was further achieved, with the proposed model
demonstrating reductions of up to 79.8%, such that effluent
clarity was definitely within regulatory standards. It was
noteworthy that the model’s robustness under variable
influent loads could maintain pollutant removal efficiencies
within 4% of baseline performance for fluctuations of up

to £50%. Combined with real-time adjustments in HRT
and RPM, with integration of advanced sedimentation and
filtration units, final effluent quality achieved BOD < 10
mg.L!, COD <50 mg.L, and turbidity < 10 NTU, in excess
of stringent discharge limits. The model’s adaptability and
high biofilm attachment rates on both natural (1.42 g.m?".
day'1 for coconut coir) and synthetic (1.48 g.1n2'.day'1 for
polyethylene) media further underscore its scalability and
applicability in diverse operational scenarios. These results
highlight the technical and operational advantages of the
proposed model, establishing it as a benchmark for efficient,
adaptable, and sustainable wastewater treatment. The
integration of dynamic optimization strategies and advanced
monitoring systems offers an almost holistic approach
towards the management of complex effluent characteristics
found in dairy and similar industries for different scenarios.

Limitations

This suggested system is thus very efficient and resilient in
some areas and has certain considerations worth discussing.
Energy requirements due to motorized RBC action under
dynamic changes in RPM settings are expected to be
proportionately higher than when operated at a fixed speed,
with a range of energy consumption estimates of 0.35-
0.55 kWh/m3 of treated effluent. Design modifications for
mechanical stability and uniformity in flow distribution
are necessary for scaling the system to larger capacities for
treatment. Operational costs are mostly at medium levels,
although they may be vulnerable to influences from the
frequency of sensor calibration and the maintenance of post-
treatment units. These aspects, therefore, suggest the future
optimization studies deemed necessary to deal with cost-
energy tradeoffs, system modularization, and the lifecycle
analysis that could be attained for full-scale deployment in
various industrial scenarios.
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ABSTRACT

The rapid development of industries, agriculture, and urbanization has led to an increase in
the amount of pollutants released into the soil, water, and air, affecting ecosystems and public
health. This study assesses the impacts of environmental pollution in the coastal areas of Hai
Phong, Vietnam, under the influence of climate change and proposes adaptation solutions to
ensure sustainable development. The research utilizes the MIKE 21 modeling system (SW,
FM, Ecolab) to simulate wave propagation, hydrodynamics, and the dispersion of pollutants
(DO, BODg, COD, TSS, Fe, and Coliform) in the study area’s ecosystem. The key results of
the study are (1) Calibration and validation of wave, hydrodynamic, and water quality models
to determine appropriate parameter sets; (2) Assessing the impact of pollutants from major
coastal industrial zones in Hai Phong under climate change scenarios; (3) Developing an
environmental pollution risk zoning map to identify high-risk areas and propose adaptation
solutions to ensure the sustainable development of the study area’s ecosystem. Our findings
provide crucial information for effectively managing coastal ecosystem pollution, mitigating
the impacts of climate change, and promoting sustainable development in Hai Phong’s
coastal region.

INTRODUCTION

Coastal water pollution caused by industrial activities has been widely studied
worldwide, particularly in rapidly developing regions. Numerous studies highlight
that wastewater discharge from industrial zones contributes significantly to the
degradation of coastal ecosystems by increasing levels of organic pollutants,
heavy metals, and microbial contaminants (Oladimeji et al. 2024, Jin et al. 2025,
El-Sharkawy et al. 2025, Hidayati et al. 2025). Industrial effluents containing high
concentrations of biochemical oxygen demand (BODjs), chemical oxygen demand
(COD), and total suspended solids (TSS) have been shown to reduce dissolved
oxygen (DO) levels, leading to eutrophication and biodiversity loss (Maddah 2022).

Studies in China and India emphasize the impact of industrial discharges on
marine biodiversity and water quality (Dai et al. 2023, Sun et al. 2024, Wang et al.
2024). Zhang et al. (2025) conducted a study in the Yangtze River Delta, revealing
that the location, population density, site area, average annual precipitation, land-use
characteristics, wastewater discharge, environmental protection expenditure, and
wastewater treatment costs influence aquatic ecosystems. Similarly, Sharma et al.
(2021) examined coastal industrial pollution in Mumbai and reported that untreated
effluents caused long-term ecological damage to mangroves and fisheries. These
findings highlight the need for integrating hydrodynamic modeling approaches to
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assess pollutant dispersion in coastal waters under various
environmental conditions.

Coastal areas play a crucial role in economic development,
supporting industries, fisheries, tourism, and urban
settlements (Hai & Vinh 2021, Pascoe et al. 2023, Chang
et al. 2024, Wang et al. 2024, Wang et al. 2025). However,
rapid industrialization, agricultural expansion, and
urbanization have significantly contributed to environmental
degradation, particularly in developing coastal cities (Tri
et al. 2019). The discharge of untreated or partially treated
wastewater, industrial effluents, and agricultural runoff
has led to increased levels of organic matter, heavy metals,
and microbial contamination in coastal waters, affecting
biodiversity and ecosystem services (Tran et al. 2018, Le
et al. 2022, Singh et al. 2023, Gomes 2024, Taher et al.
2024). Vietnam’s coastal regions are increasingly affected
by industrial pollution due to rapid economic development
and urbanization. Studies have reported high levels of
pollutants, such as COD, BODs, TSS, and heavy metals, in
major industrial hubs like Hai Phong, Da Nang, and Ho Chi
Minh City (Phuong 2014, Tri et al. 2019, Tong et al. 2024,
Tinh & Quoc 2025). Research in the coastal areas of the
Mekong Delta has demonstrated that industrial discharges
significantly contribute to eutrophication and marine
biodiversity loss (Anh et al. 2010, Trinh 2017, Whitehead
et al. 2019, Nguyen et al. 2024).

Despite existing environmental regulations, many
industrial zones still discharge untreated or partially treated
wastewater into coastal waters, exacerbating pollution issues.
Haietal. (2021, 2025) used hydrodynamic models to analyze
the dispersion of pollutants in the coastal waters of Thanh
Hoa and the Cat Ba - Ha Long coastal area emphasized
the role of climate change in altering pollutant transport
mechanisms. These studies underscore the necessity of
integrating climate change scenarios into water pollution
assessments to develop adaptive strategies.

Hai Phong is one of Vietnam’s most important industrial
and port cities, playing a crucial role in the country’s
economic development. However, its rapid industrialization
and port activities have led to increasing environmental
challenges, particularly in coastal water pollution. Major
industrial zones, such as Dinh Vu-Cat Hai and Nam Cau
Kien, discharge significant amounts of pollutants into
surrounding water bodies, negatively impacting marine
ecosystems (Trietal. 2019, Vinh et al. 2020, Nam et al. 2025,
Hai et al. 2025). Monitoring data indicate that wastewater
from these industrial clusters contains high concentrations of
pollutants, including biochemical oxygen demand (BODj),
chemical oxygen demand (COD), total suspended solids
(TSS), iron (Fe), and coliform bacteria, often exceeding

permissible limits in several locations (Duong & Le 2019,
Duong et al. 2020, Hai et al. 2025, Le et al. 2023a, 2023b).
The accumulation of these pollutants not only degrades water
quality but also threatens marine biodiversity and public
health. Despite the implementation of various environmental
management policies, pollution levels in Hai Phong’s coastal
waters remain alarmingly high. This situation underscores
the urgent need for a comprehensive scientific assessment to
evaluate pollutant dispersion patterns and develop effective
mitigation strategies for sustainable coastal management.

Studies using hydrodynamic models, such as MIKE
21, have provided insights into pollutant dispersion in Hai
Phong’s coastal waters. Previous studies have employed
numerical modeling to simulate the transport of heavy metals
and organic pollutants, demonstrating the spatial extent of
pollution plumes (Tri et al. 2019, Thu & Tri 2023, Thu et al.
2023). However, limited research has incorporated climate
change scenarios into pollution assessments, highlighting a
critical gap in existing studies.

To address this gap, our study applies the MIKE 21
modeling system to evaluate pollutant dispersion under
different climate change scenarios, and to develop an
environmental pollution risk zoning map for the region.
This approach provides a comprehensive assessment of the
interaction between industrial discharges, hydrodynamic
processes, and climate change, contributing to sustainable
coastal management in Hai Phong.

Climate change further exacerbates these environmental
challenges. Rising sea levels, increasing temperatures, and
extreme weather events alter hydrodynamic conditions and
pollutant dispersion patterns, making it more difficult to
predict and control pollution hotspots (IPCC 2021). Changes
in rainfall intensity and frequency affect pollutant runoff
from land-based sources, intensifying coastal water pollution.
Understanding how pollution interacts with climate change
is crucial for designing adaptive management strategies to
enhance coastal resilience.

While previous studies have investigated industrial
pollution in Hai Phong (Tri et al. 2019, Vinh et al. 2020, Thu
& Tri 2023, Hai et al. 2025), limited research has integrated
hydrodynamic modeling with climate change scenarios
to evaluate long-term environmental impacts. This study
addresses this gap by employing the MIKE 21 modeling
system to simulate wave propagation, hydrodynamic
processes, and pollutant dispersion under projected
climate conditions. By generating an environmental
pollution risk zoning map, our research provides a novel
framework for identifying high-risk areas and developing
adaptive solutions tailored to future climate scenarios.
The findings contribute to ongoing efforts in sustainable
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coastal management and inform climate adaptation policies
in Vietnam.

It can be observed that in Vietnam, in general, and in
the study area in particular, numerous projects and research
studies have been conducted to assess the impacts of climate
change on coastal areas; evaluate coastal water quality;
and examine the adaptive capacity for socio-economic
development in coastal regions. However, no study to date
has comprehensively integrated all aspects from assessing
the current status of marine pollution to simulating and
evaluating the dispersion of pollutants from coastal economic
activities and the quality of receiving marine waters under
the influence of climate change, to propose comprehensive
and effective adaptation solutions.

This study’s objectives are as follows: (1) To assess
the impact of pollutant dispersion under climate change
scenarios on six key parameters: dissolved oxygen (DO),
biochemical oxygen demand (BODs), chemical oxygen
demand (COD), total suspended solids (TSS), iron (Fe),
and coliform bacteria in the coastal waters of Hai Phong;
(2) To develop an environmental pollution risk zoning
map to identify high-risk areas, supporting environmental
management and spatial planning; (3) To propose adaptive
solutions and sustainable management strategies to mitigate
the impacts of industrial pollution and climate change on Hai
Phong’s coastal environment.

MATERIALS AND METHODS
Description of Study Site

The coastal waters of Quang Ninh - Hai Phong exhibit high
marine biodiversity, reflected in the diversity of ecosystems
and species composition of the marine biota. Typical marine
ecosystems in this region include mangrove forests, coral
reefs, seagrass beds, estuaries (including lagoons and bays),
tidal flats, and coastal karst lakes. Additionally, the diverse
coastal habitats contribute to structural diversity within each
ecosystem. These ecosystems serve as habitats for a wide
variety of species and abundant fishery resources. Some
ecosystems also provide important ecological services, such
as coastal protection and erosion prevention (mangrove
forests, coral reefs, seagrass beds); breeding and nursery
grounds for aquatic species (mangrove forests, coral reefs,
seagrass beds, estuaries); and scenic landscapes for marine
tourism, especially diving (coral reefs) (MoNRE 2013).

The low tidal flats are mainly distributed inside Cua
Luc Bay (in the northern part of the bay), the western areas
of the bay around the islands of Tuan Chau and Hoang Tan
extending to Phu Long, and the estuarine region of the Bach
Dang River. Although the species composition of soft-bottom

intertidal communities in these areas is less diverse than
that of offshore islands, they form important and highly
productive fishing grounds with significant harvest yields.
These include blood cockles and hairy cockles (Tuan Chau),
clams and ark clams (from Cua Luc to Cat Hai), marine
worms and sandworms (from Tuan Chau to Phu Long), and
estuarine oysters (Chanh River - Yen Hung) (MoNRE 2013).
In the Hai Phong - Quang Ninh marine area, six species of
seagrasses have been identified, primarily distributed in the
Nha Mac lagoon, which accounts for 3% of Vietnam’s total
seagrass meadow area.

Coral reefs are a characteristic ecosystem of the coastal
waters in the study area, possessing high economic and
biodiversity value. They are widely distributed around islands
on the continental shelf, including the Co To Archipelago,
Ha Long-Cat Ba area, and Bach Long Vi. These regions hold
significant potential for biodiversity conservation, natural
marine seed resources, marine biological productivity, and
ecotourism. Key areas where coral reefs are well-developed
include the southeastern part of the Cat Ba Archipelago, Ha
Long Bay extending to Cong Do Island near Bai Tu Long
Bay, and the outer islands of Bai Tu Long Bay, such as the
Co To Archipelago and Tran Island. The coral reef ecosystem
in this region has high biological productivity and supports a
high level of biodiversity. The ecosystem map of the study
area is shown in Fig. 1.

Data Collection

The data used in this study include: (1) Digital Elevation
Model (DEM) of the Hai Phong coastal area (used for grid
calculations, data obtained in 2010); (2) Base map of Hai
Phong City (used for editing map layers, data from 2020);
(3) Water level data from Hon Dau station in 2020 for model
calibration and in 2021 for validation of the MIKE 21 FM
hydrodynamic model; (4) Measured wave and wind data
from Hon Dau station in 2020 and 2021, used for calibration
and validation of the wave model; (5) Discharge reports
from industrial zones within the study area, including Dinh
Vu Industrial Park, Shinetsu Company, Dinh Vu Port, and
Tan Vu Port, to obtain information on pollution sources and
discharge volumes (collected from the 2021 statistical reports
of industrial zones in Hai Phong City); (6) Water quality
parameter data from environmental monitoring stations
within the study area, used for calibration and validation of
the water quality model (collected from the environmental
status reports of Hai Phong Province in 2015 and 2016); (7)
Time series of observed water quality data in the coastal
waters of Hai Phong City (collected in 2015 and 2016); (8)
Socio-economic development plan of Hai Phong City for the
period 2030-2050; (9) Statistical yearbooks of Hai Phong

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026
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Fig. 1: Ecosystem map of the study area.

City for 2022 and 2023; (10) Documents on aquaculture
and coastal ecosystems in Hai Phong City (inherited from
research project (Khac 2020); (11) Climate change scenarios
published in 2020 (MoNRE 2020).

Methodology

The study approach is described in the research framework
diagram in Fig. 2.

Description of Models

a) MIKE 21 Spectral-wind Wave Model: Wave field
data are crucial for sediment transport and pollutant
dispersion calculations. In this project, MIKE 21 SW
is used to simulate the wave field for the study area
(DHI 2014a). MIKE 21 SW is a spectral wave model
that operates on an unstructured mesh. This model
calculates the generation, dissipation, and propagation
of waves induced by wind and swell in offshore and
coastal regions. The dynamics of gravity waves are
simulated based on the wave action density equation.
When applied to small regions, the fundamental

b)

Vol. 25, No. 1, 2026 ® Nature Environment and Pollution Technology

equations are used in a Cartesian coordinate system,
whereas for large areas, a spherical coordinate system
is applied. The wave action density spectrum varies
spatially and temporally as a function of two wave
phase parameters. The fundamental equations are
formulated in both Cartesian coordinates for small-scale
applications and spherical coordinates for larger-scale
applications. MIKE 21 SW incorporates the following
physical phenomena: Wave growth due to wind forcing;
Nonlinear wave-wave interactions; Wave dissipation
due to whitecapping; Wave dissipation due to bottom
friction; Wave dissipation due to wave breaking;
Refraction and shallow water effects due to depth
variations; Wave-current interactions; Influence of
time-dependent depth changes (DHI 2014a).

MIKE 21 FM Hydraulic Model: The flow module is
developed based on the finite element mesh method. It
is derived from the numerical solution of the Navier-
Stokes equations for incompressible fluids in two
or three dimensions, combined with the Boussinesq
approximation and the hydrostatic pressure assumption
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(DHI 2014b-e). As a result, the module includes the
following equations: continuity equation, momentum
equation, temperature equation, salinity equation, and
density equation, with closure achieved through a
turbulence closure scheme. In the three-dimensional
case, a sigma coordinate system is used. The spatial
discretization of the fundamental equations is performed
using the central finite volume method. The spatial
domain is discretized by dividing the continuous
domain into non-overlapping grid cells/elements. In the
horizontal direction, an unstructured mesh is used, while
in the vertical direction (for three-dimensional cases),
a structured mesh is applied. In the two-dimensional
case, elements can be triangular or quadrilateral. In the
three-dimensional case, elements can be triangular or
quadrilateral prisms, with surface elements taking the
form of triangles or quadrilaterals.

MIKE 21 EcoLab Water Quality Model: The EcolLab
model is integrated within MIKE 21, built on the
HD hydraulic module, which calculates water levels
and two-dimensional unsteady flows in a vertically
homogeneous fluid layer (DHI 2014f-i). The mass

and momentum conservation equations are vertically
integrated to describe the variations in water levels
and flow dynamics. The computational results
from the hydraulic module enable the simulation of
hydrodynamic physical processes, forming the basis
and input for calculations in EcoLab. When combined
with the advection-diffusion module, the equations
are formulated for non-conservative substances. The
numerical equations in EcoLab are solved using a time-
dependent integration approach, incorporating both
biochemical processes within EcoLab and transport-
diffusion processes.

Establishing Models for the Study Area
a) MIKE 21 SW Model: The computational domain

for this study is the coastal area of Hai Phong City,
with coordinates ranging from 20°01’N to 21°31’N
and 106°38°E to 107°14’E. The computational grid
is constructed using a combination of unstructured
and square grids, with a total of 10,512 grid cells and
7,047 grid nodes; the study area is simulated using an
unstructured grid. Input data for the model boundary
conditions include wave data, wind data, and water

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026
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levels collected from hydrographic stations within
the study area. To simulate waves in the Hai Phong
coastal region, the study first models waves for the
larger surrounding sea area (large-scale waves) before
transferring them to the shallow water coastal area of
Hai Phong (small-scale waves). Fig. 3 presents the
computational grids for the large-scale wave model and
the study area wave model. The setup and configuration
of the wave propagation domain for the study area
were based on previous research findings (Thu &
Tri 2023).

Setup and Calibration of the MIKE 21 HD Hydraulic
Model: Input data used to set up and calibrate model
in this study includes:

b)

Study Area Topography: Obtained from nautical charts

provided by the Vietnam People’s Navy and survey data
from previous projects.

River Discharge at River Mouths: Inherited from the
calibrated and validated MIKE 11 model of the Red River -
Thai Binh River system in the study by Dao (2023).

Offshore Boundary Water Levels: Computed using the
tidal propagation tool in the MIKE 21 model.

Wind Data: Collected from the Hon Dau meteorological
station.

Water Levels for Calibration and Validation: Measured
at the Hon Dau Hydrographic Station.

Discharge from Industrial Zones: Includes wastewater
discharge from factories, industrial zones, and industrial
clusters within the study area.

Vol. 25, No. 1, 2026 ® Nature Environment and Pollution Technology
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Table 1: Information on some sources of waste from industrial parks/
industrial clusters.

No  Wastewater discharge sources Discharge (m%/s)
1 Dinh Vu Industrial Zone 0.11
2 Tan Vu Industrial Zone 0.02
3 Hai Phong Cement Plant 0.13
4 Bach Dang Shipyard 0.02

Marine Boundaries: Water levels at the eastern and
southern boundaries of the computational domain, calculated
using the tidal propagation tool in MIKE 21 based on tidal
harmonic constants derived from observed data at the Hon
Dau Hydrographic Station.

River Boundaries: Discharge at various river locations
simulated using the MIKE 11 model for the entire Red River
- Thai Binh River system, including the Da Bac River, Cam
River, Lach Tray River, and Van Uc River.

The model was developed using an unstructured
computational grid, with a total of 9,083 cells and 4,857
grid nodes in the computational domain, simulating the dry
season period with a time step of 60 seconds.

c) Setup and Calibration of the MIKE 21 EcoLab Pollutant
Transport Model: This study establishes a simulation
model to assess water quality from several coastal
industrial zones in Hai Phong City, focusing on six
pollution parameters: Total suspended solids (TSS),
Coliform, Biochemical Oxygen Demand (BOD:s),
Dissolved Oxygen (DO), Chemical Oxygen Demand
(COD), and heavy metal Fe. The Hai Phong coastal area
hosts numerous large industrial parks and clusters. The
study collected and compiled data on major industrial
zones in the area and represented them as point sources
in the model. While this study did not gather complete
data on all wastewater sources from residential areas
and small industrial zones discharging into the river
system, it incorporated measured river water quality
data during calibration and validation. This ensures a
relatively accurate representation of water quality in the
Hai Phong coastal and estuarine river system. Table 1

presents information on major wastewater discharge
sources in the study area.

d) Climate Change Scenarios and Analysis of Simulation
Results: To assess marine water pollution under the
impact of future economic development activities on
coastal aquaculture in Hai Phong, the study, after finding
the appropriate set of model parameters, established
an input data set corresponding to changes in rainfall
and tidal water levels based on the climate change and
sea level rise scenarios for Vietnam published by the
Ministry of Natural Resources and Environment in
2020 (MoNRE 2020). The study selects the RCP4.5
scenario - alow-moderate greenhouse gas concentration
scenario to simulate and calculate the potential impact
of environmental pollution parameters on the coastal
area of the study region. This is because it is a scenario
with stable radiation forcing, where the total radiation
forcing reaches approximately 4.5 W/m? by 2065 and
remains stable until 2100, without any sudden increase
over a long period (Tables 2 and 3).

The temperature and rainfall data were updated in the
intermediate calculation step to determine the corresponding
changes in river discharge based on the variation in rainfall,
which were then used to update the boundary conditions of
the MIKE 21 model.

Similarly, water level data under the climate change
scenario were processed to generate tidal boundary
conditions according to the scenario, which were then input
into the MIKE 21 model.

With the above analysis, the study focuses on simulating
and developing a zoning map of environmental conditions
related to coastal aquaculture in the study area in the context
of climate change under the scenario: Evaluation of marine
water environment using rainfall, temperature, and sea
level data according to the 2020 Climate Change Scenario
RCP 4.5 for the period 2046-2065, with updated discharge
sources based on expected future emissions according to the
socio-economic development plan of Hai Phong City for the
years 2030-2050.

Table 2: Changes in average temperature and rainfall in spring under the RCP 4.5 scenario (MoNRE 2020).

Temperature (°C)

Precipitation (%)

2046-2065 2080-2099

2046-2065

2080-2099

1.6 (1.0+2.2) 2.1 (1.3 = 3.0)

17.3 (3.2 + 29.8)

32.3(11.7+51.2)

Table 3: Sea level rise according to the RCP 4.5 scenario (Unit: cm) (MoNRE 2020)

Region Time milestones of the 21* century

2030 2040 2050 2060 2070 2080 2090 2100
Mong Cai - 12 17 22 28 34 40 46 52
Hon Dau (7+17) (10+23) (14+30) (17+39) (21+47) (25+57) (29+66) (33+75)

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026
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Fig. 4: Calibration and validation of the wave model: (a) Mean wave height in 2020; (b) Mean wave height in 2021; Wave simulation results for the
study area: (c) 2020; (d) 2021 (Thu & Tri 2023).

RESULTS

Results of the MIKE 21 SW, MIKE 21 FM, and MIKE
21 EcoLab Models

a) Calibration and Validation Results of the MIKE 21
SW Wave Model: The wave model was developed for
the study area, with simulation results calibrated using
observed data from the Hon Dau station in 2020 and
validated in 2021, focusing on the mean wave height
parameter. The calibration and validation results of the
wave model are shown in Figs. 4a-4b.

The calibration results for mean wave height in 2020 and
2021 indicate that the MIKE 21 SW wave model effectively
simulates mean wave height. The calibrated and validated
MIKE 21 SW model parameters are presented in Table 4.
Key values include wave propagation directions, bottom
friction, and whitecapping parameters (Cdis = 4.5 and Delta
=0.5), while depth-induced wave breaking is set at 0.73. The
initial conditions are defined as deep-water spectra using the
JONSWAP spectrum.

Boundary conditions include two open boundaries,
allowing wave energy exchange between the interior and
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exterior of the computational domain. After constructing the
deep-water wave model for the study area, wave transmission
from the large-scale wave model to the study region was
performed. The simulation results for waves in the study area
for 2020 and 2021 are shown in Figs. 4c-4d (Thu & Tri 2023).

b) Calibration and Validation Results of the MIKE 21 FM
Hydraulic Model: The calibration and validation of the
MIKE 21 FM hydraulic model for the study area were
conducted for the periods from January to March 2020
for model calibration and from January to March 2021
for model validation. The results are presented in Figs.
5a-5b.

The accuracy of the calibration and validation process
was evaluated using the Nash Sutcliffe efficiency coefficient
and the correlation coefficient between the computed results
and observed data at the Hon Dau station. The calibration
and validation results indicate that the MIKE 21 FM model
can simulate the hydrodynamics relatively accurately, with
indices ranging from 0.85 to 0.90, are considered acceptable
to good. The model captures the tidal regime in the area
relatively well; however, it does not fully capture the tidal
troughs and peaks accurately, with an error margin of
approximately 0.1 m.

The optimal parameter set for the MIKE 21 FM
model identified the following values: turbulent viscosity
coefficient (0.28), Manning’s roughness coefficient (57
m'/3/s), wind friction coefficient (0.002), and computational
time step (60 seconds). These values ensure reliability
and can be applied to simulate water quality for the study
area. With these results, the model is deemed reliable for
simulating and assessing pollutant dispersion process from
industrial discharge sources into the study area (Thu &
Tri 2023).

c) Calibration and Validation Results of the MIKE 21 EcoLab
Water Quality Model: The study collected pollutant
parameter data at discharge sources and several locations
within the study area, combined with water quality
measurement data from 2015 and 2016. The calibration
and validation results of the water quality model at various
locations in the study area are shown in Table 4.

The calibration and validation processes were conducted
for six key parameters: DO, BODs;, COD, TSS, Fe, and
Coliform at six monitoring and sampling locations (NM1-
NMG6). The 2015 calibration results indicate that the error
between simulated and observed concentrations ranged
from 5% to 19%. This suggests that the water quality
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Fig. 5: The calibration (a) and validation (b) results of water level at Hon Dau station (Thu & Tri 2023).
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Table 4: Evaluation of Calibration and Validation Errors of the Water Quality Model (Thu & Tri 2023).

No Calibration (2015) Validation (2016)

Coliform  BOD;  COD TSS Fe DO Coliform BOD; COD  TSS Fe DO
NM1 -10% -8% -10% -8% -18% -8% -13%  -17% 6% -19%
NM2 -8% -10% 8% 12% -22% -1% -1% -19% 9% -21%
NM3 -5% -5% -11% -16% 12% -7% -9% -15%  -24% -13% -16%
NM4 -9% -8% -15% -15% 14% -1% -1% -14%  -21% -11% -15%
NMS5 -1% 14% -11% -19% -8% -10% -11% 9% -19% 15%
NM6 -11% 12% -12% 13% -14%  -15% -10% 6% 13% 8%

Table 5: Parameters of MIKE 21 model.

No Parameters Selection value
1 Turbulent viscosity coefficient - Smagorinsky 0.28 (m%/s)

2 Bottom friction coefficient - Manning’s coefficient 57 (mm/s)

3 Wind friction coefficient 0.0027

4 Time step 60 (s)

Fig. 6: Results of climate change scenario simulations: (a) DO; (b) COD; (c) BODs; (d) TSS; (e) Fe; (f) Coliform (Thu et al. 2023).
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model parameters are relatively well-suited for the study
area. However, to ensure a more accurate and objective
assessment, the model was validated for 2016 using the same
set of water quality parameters (Thu & Tri 2023).

The validation results of the water quality model
for 2016 show that the error between the simulated and
observed pollutant concentrations ranged from 6% to 24%.
This indicates that the water quality model parameters
are relatively well-suited for the study area. The model
parameters mentioned in Table 5, were used to simulate the
climate change scenarios established above.

Simulation Results of Marine Pollution Scenarios
Considering Climate Change

Based on the selected climate change scenarios, the study
utilized MIKE 21 Ecolab to simulate the dispersion of
DO, BODs, COD, TSS, Fe, and Coliform in the study
area. The simulation results indicate a decreasing trend
in DO concentration, while the concentrations of BODs,
COD, TSS, Fe, and coliform show an increasing trend. The
scenario was simulated with input boundaries including

wastewater discharge sources from industrial parks (KCN)
and industrial clusters (CCN) planned for future development
(with significant increases expected), along with rising sea
levels and changing rainfall patterns according to the climate
change scenario. Figs. 6a-6f illustrate the variations in the
dispersion of key pollution parameters in the coastal waters
of Hai Phong City.

Assessment of Pollutant Impacts on the Coastal
Ecosystem

a) Evaluation of DO Concentration Effects on the
Ecosystem: Any change in DO (dissolved oxygen) levels
in water can significantly impact the normal development
of aquatic organisms. When DO concentrations become
too low, aquatic species experience difficulty in
respiration, reduced activity, and overall adverse effects
on the ecosystem. DO not only serves as an essential
oxygen source for farmed aquatic organisms but also
promotes the growth of aerobic microorganisms,
enhances the decomposition of organic matter, and helps
mitigate harmful substances. Maintaining appropriate
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DO levels also inhibits anaerobic microorganisms and
boosts the immune systems of aquatic species.

The simulation results of DO dispersion in the coastal
waters of the study area indicate reduced DO concentrations,
which negatively affect the Hai Phong coastal ecosystem,
including seagrass beds and various aquatic species in the
region (Fig. 7).

b) Assessment of the impact of COD concentration on the
ecosystem: When COD increases, the decomposition of
organic matter in wastewater consumes a large amount
of dissolved oxygen. This causes a significant decrease
in oxygen levels in the water, leading to suffocation
and mass death of aquatic species. The underwater
ecosystem is disrupted, affecting the food chain and
biodiversity.

The simulation results of COD dispersion from industrial
and coastal wastewater sources in Hai Phong show that the
COD concentration in the coastal area remains relatively low,
and generally within the permissible limits for water used in
agriculture and maritime traffic. However, the concentration
is higher in river sections near the estuaries, impacting the

16035 lﬂﬁrﬂﬁ‘ 106%45 IOGI“‘;D‘ 106%55"

mangrove ecosystem along the river, particularly in the
Nha Mac lagoon area, where the seagrass ecosystem is
concentrated and where the COD concentration is notably
high (Fig. 8).

c¢) Assessment of the impact of BODs concentration on the
ecosystem: The BODj concentration follows the same
trend as the COD concentration in the study area. High
BODs indicates the presence of significant amounts of
organic matter in the wastewater, which requires oxygen
for decomposition. If BODs is high, the wastewater will
consume more oxygen, leading to a decrease in oxygen
levels in the water environment and negatively affecting
aquatic organisms.

As shown in Fig. 9, BOD; concentrations are at alarming
levels in the Bach Dang River, Cam River, and Van Uc River
areas. Among them, the lower reaches of the Bach Dang
River, which have relatively rich seagrass and mangrove
ecosystems, are particularly vulnerable to the elevated BOD:s
concentrations.

d) Assessment of the impact of TSS concentration on the
ecosystem: TSS affects water clarity, so the higher the
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TSS content in the water source, the lower the water’s
clarity. High TSS can reduce the natural dissolved
oxygen levels in the water and increase the water
temperature. This can hinder aquatic organisms, such as
small fish, from surviving. TSS can also block sunlight,
potentially halting the photosynthesis process, reducing
plant life, and further decreasing oxygen concentrations
in the water.

Simulation results show that the TSS concentration in the
study area is relatively high, with an average concentration
exceeding 20 mg/L. It can be observed that in the future,
measures will be needed to control the TSS concentration

around areas with concentrated ecosystems in the study area
(Fig. 10).

e) Assessment of the impact of Fe concentration on
the ecosystem: Dissolved metals in water are easily
absorbed by aquatic organisms. The metal concentration
in the bodies of aquatic species can accumulate over
time, surpassing the concentration present in the water.
Toxic metals have adverse effects on the survival,
activity, development, circulation, and reproduction

of organisms. Metals can cause poisoning, harming
organisms without directly causing death (Mitra
et al. 2022). Simulation results of heavy metal Fe
dispersion in the coastal water environment show that
the study area is not currently affected by elevated Fe
concentrations (Fig. 11).

f) Assessment of the impact of Coliform concentration
on the ecosystem: Coliform is a type of bacteria that
naturally occurs and is present in all human and animal
waste. Coliform bacteria in wastewater can indicate
the presence of harmful, disease-causing organisms.
These organisms are called pathogens and can include
viruses, protozoa, or bacteria. The results show that
the Coliform concentration ranges from 1000 to 4000
MPN/100mL (Fig. 12). This concentration is within
the acceptable limits of Class A to Class B according
to QCVN 08:2023.

Development of a Pollution Risk Zoning Map for the
Study Area

To assess the comprehensive impact of coastal pollution on

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026
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Fig. 12: The impact level of coliform on the ecosystem in the study area.

the marine ecosystem as well as on aquaculture areas, the
report developed a pollution risk zoning map. The coastal
waters of Hai Phong are divided into areas of water pollution
risk, ranging from low to very high environmental pollution
risk, according to the environmental risk classification
scale (RQ) and are represented by different color scales.
The method for assessing the risk of marine water pollution
follows Circular No. 26/2016/TT-BTNMT (MoNRE 2016),
and the formula for calculating the RQ index is as follows:

s W’( MEC]
= "1 PNEC )
RQ= n J (D

2.

where MEC is the concentration of pollutant parameter
j in the environment, calculated from monitoring data and
measurements that comply with the current Vietnamese
standards and national technical regulations for assessing
environmental quality components and types of pollution;
PNEC is the limit concentration of pollutant parameter j in
the environment according to current standards (National

Technical Regulation on the quality of coastal, nearshore,
and offshore waters - QCVN 10-MT:2023/BTNMT); m is
the total number of pollutant parameters being considered
and evaluated; W; is the weight factor used to calculate
the risk coefficient for pollutant j, as specified in Clause 4,
Article 11 of Circular No. 26/2016/TT-BTNMT (MoNRE
2016) in Table 5.

The pollution level index or the risk of marine and
island environmental pollution is based on the average
environmental risk index (RQ) of the zones, as specified in

Table 5: The weight factors of the pollution parameters (MoNRE 2016).

No Pollutant parameters Weight factor
1 Toxic substances 2.0
Heavy metals (Fe) 2.0
2 Substances or factors that deplete oxygen 1.5
in seawater
BOD;, COD, DO 1.5
Total coliform 1.3
4 TSS 1.0

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026
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Table 6: Criteria for assessing the Environmental Risk Index.

No Criteria Environmental Risk Index (RQ)
1 Very high RQ>15

2 High 1,25<RQ < 1,5

3 Medium 1<RQ = 1,25

4 Low RQ <1

Clause 2, Article 11 of Circular No. 26/2016/TT-BTNMT
(MoNRE 2016) (Table 6).

Based on the simulation results of pollutant parameter
dispersion in the study area using the MIKE 21 model, the
study calculated the RQ values for the coastal area of Hai
Phong and developed a water pollution risk zoning map, as
shown in Fig. 13.

The results show that the coastal area has a higher risk
of pollution compared to the outer marine area, which is
reasonable as the economic and social activities in the coastal
area have intensified, increasing the risk of marine water
pollution in this region. The coastal marine area of Hai Phong
is significantly influenced by pollution from river water,
with the most notable source being the discharge from the
Bach Dang River. According to recent statistics (Mitra et al.

106%35" 106245 106°50" 106°55'

2022), the Bach Dang River estuary receives a considerable
amount of waste each year: about 45,000 tons of COD; 8,100
tons of BODs; more than 13,700 tons of total nitrogen (of
which about 3,700 tons is dissolved nitrogen); 3,200 tons
of total phosphorus (1,200 tons in the form of PO43'), and
about 106,000 tons of TSS. Among these sources, domestic
wastewater accounts for the highest percentage (nearly
41.31%), followed by livestock farming (30.27%), industrial
sources (13.5%), and the lowest from aquaculture (2.27%).

The risk zoning map visually represents the potential risk
levels for the coastal area of Hai Phong, using color scales to
indicate different degrees of risk. This allows users to quickly
identify high-risk areas and propose appropriate solutions
for each period, aligned with socio-economic development
orientations.

Proposed Solutions for the Study Area

Develop and Improve Policies, Laws, and Organizational
Structure

(i) Review and propose improvements to policies for
controlling marine pollution (for industrial zones, craft
villages, aquaculture areas, environmentally sensitive
regions, and specific local areas);
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Fig. 13: The risk zoning map for water pollution in the coastal marine area of Hai Phong.
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(ii) Develop and issue guidelines for applying marine
environmental protection standards (KSONB) locally;

(iii) Create directives and procedures for monitoring and
assessing marine pollution;

(iv) Develop technical guidelines (investigation, monitoring,
incident response, environmental remediation);

(v) Develop an integrated environmental-communication
plan to promote participation in marine-environment
protection.

The lead agency for this plan is the Department
of Agriculture and Environment of Hai Phong, with
participating agencies including the People’s Committee and
all relevant departments in Hai Phong, and the Department
of Marine and Island Affairs.

Strengthen Environmental Investigations and Build a
Comprehensive Marine-Environment Information System

(i) Assess marine-environmental risks in the area: identify
causes, risk levels, assess data reliability, identify
information gaps, and propose improvements to the
monitoring program;

(i) Strengthen equipment at environmental-monitoring
stations in Hai Phong;

(iii) Develop a comprehensive marine-environment
database (including an updated baseline database and
a specialized ATLAS map set);

(iv) Apply digital technologies to create a web platform for
marine-environment pollution control.

The lead agency for this plan is the Department
of Agriculture and Environment of Hai Phong, with
participation from all relevant departments and local People’s
Committees.

Prevent and Reduce Marine Pollution from Socio-
Economic Activities

(i) Review projects and development plans in coastal
districts and integrate marine-environmental protection
measures;

(i) Review programs requiring Environmental Impact
Assessment (EIA) and Strategic Environmental
Assessment (SEA), assess compliance, and list
facilities lacking EIA documents or causing serious
pollution;

(iii) Strengthen inspections of discharge sources (industrial
parks, factories, urban areas, mining zones, aquaculture
areas);

(iv) Propose measures for improved monitoring,
enforcement, and penalties for non-compliant facilities.

The lead agency for this plan is the Department
of Agriculture and Environment of Hai Phong, with
participation from all relevant departments and local People’s
Committees.

Review Pollution Hotspots in Coastal Areas and
River Mouths

Identify severely polluted zones and prioritize wastewater
collection-and-treatment projects for sources discharging
into hotspot areas. Prepare pre-feasibility and feasibility
studies and conduct cost-benefit analyses for each project.
The lead agency for this plan is the Department of Agriculture
and Environment of Hai Phong, with participation from all
relevant departments and local People’s Committees.

To Control the Risk of Marine Pollution

Strict control of on-site waste by collecting and treating waste
at source with particular focus on diffuse emissions such as
domestic and agricultural waste entering river and coastal-
lake systems. Direct discharges into coastal rivers and lakes,
including effluents from industrial zones, craft villages, and
seafood-processing facilities, must meet technical standards
before release into the environment. Table 7 summarizes
the pollutant concentrations used in the mitigation scenario.

After simulating the above scenario, the report the
environmental risk index (RQ) and developed a marine-
pollution risk map (Fig. 13). The results indicate that if
the emission sources are treated as per the simulation
scenario, the water quality in the coastal area will improve
significantly, and it is noticeable that the area of very high
and high environmental pollution risk zones has decreased
substantially. Therefore, to ensure sustainable economic
development in the coastal city area, the proposed solution
is to improve the quality of wastewater treatment plants,
reducing the concentration of waste from industrial sources
after treatment and discharge into the environment. However,
to implement this solution, a balance must be made between
the investment in wastewater treatment technology and the

Table 7: Concentration of parameters in the simulation scenario for mit-
igation.

No Parameters Column A Simulation
concentration (mg/L) scenario
(QCVN 40:2011/ concentration
BTNMT) (mg/L)

1 DO - 10

2 BOD; 30 15

3 COD 75 40

4 TSS 50 25

5 Fe 1 0.5

6 Coliform 3000 1500
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potential profit from industrial zones and clusters, to establish
the most suitable permissible standard thresholds, ensuring
the reduction of marine pollution risks while promoting
socio-economic development in the research area.

One solution that has gained attention in recent years
globally is the reuse of wastewater to promote circular
economy development. Wastewater from industrial zones
and clusters, after being discharged, is partially treated with
simple, low-cost treatment technology and then reused
for appropriate purposes within those industrial zones
and clusters. The remaining part is treated with advanced
technology to meet standards for other uses, while ensuring
the maintenance of the current load of receiving water
bodies, without putting additional pressure on those receiving
sources.

DISCUSSION

The simulation results using the MIKE 21 model reveal
significant pollutant dispersion patterns in Hai Phong’s
coastal waters, with notable concentrations of DO, BODs,
COD, TSS, Fe, and coliform exceeding permissible limits
at multiple sampling locations. Estuarine waters near Dinh
Vu - Cat Hai and the Nam Cau Kien industrial zones exhibit
the highest pollutant levels, particularly for BOD5 and COD,
indicating strong organic pollution loads from industrial
wastewater discharge. These findings align with previous
studies (Tri et al. 2019, Vinh et al. 2020, Thu & Tri 2023,
Le et al. 2023), which also reported severe water quality
degradation in these industrialized coastal areas.

Our results further show that DO levels decrease
significantly in pollution hotspots, confirming the impact
of high organic loads on oxygen depletion, a key factor
contributing to coastal eutrophication (Vinh et al. 2020).
Similarly, TSS and Fe concentrations are notably high in
areas influenced by industrial runoff and port activities,
consistent with findings by Vinh et al. (2020), who
highlighted sediment resuspension as a major contributor to
metal contamination in Hai Phong’s coastal waters.

The environmental pollution risk zoning map, developed
based on pollutant dispersion simulations, identifies three
high-risk zones where pollution levels are consistently above
national water quality standards. These zones correspond
to areas with dense industrial activity and limited water
circulation, making them more vulnerable to pollution
accumulation. This result supports previous assessments by
Tran etal. (2018), who emphasized the role of hydrodynamic
conditions in determining pollutant retention in coastal
ecosystems.

Under projected climate change scenarios, our simulations
indicate a shift in pollutant dispersion patterns due to rising sea

levels, increased rainfall intensity, and altered hydrodynamic
conditions. Higher precipitation rates intensify runoff from
industrial areas, leading to increased concentrations of COD,
TSS, and coliform bacteria, a trend also observed in studies
on urban-industrial coastal regions (Miiller et al. 2020).
Moreover, extreme weather events, such as storm surges and
typhoons, exacerbate pollutant transport, further spreading
contaminants into sensitive marine habitats (IPCC 2021).

Interestingly, sea-level rise appears to enhance water
circulation in some areas, potentially diluting pollutant
concentrations in open waters. However, semi-enclosed
coastal zones continue to exhibit high pollutant retention,
increasing environmental risks for nearby aquaculture and
marine biodiversity (Le et al. 2022, Phu et al. 2022). These
findings underscore the necessity of integrating climate
adaptation measures into coastal pollution management
strategies.

While previous research has primarily focused on
monitoring industrial pollution in Hai Phong’s coastal areas
(Tri et al. 2019, Vinh et al. 2020), limited studies have
integrated hydrodynamic modeling with climate change
scenarios to assess long-term environmental impacts. Our
study fills this gap by applying the MIKE 21 modeling
system to simulate wave propagation, hydrodynamics, and
pollutant dispersion under various climate projections. Vinh
et al. (2020) reported severe water quality degradation near
industrial zones but did not assess future climate impacts.
Our study extends this by modeling pollutant dispersion
under multiple climate change scenarios, providing a more
comprehensive risk assessment. Studies focused on water
quality trends in industrial coastal areas but did not develop
a pollution risk zoning map (Le et al. 2023, Thu & Tri 2023,
Nam et al. 2025, Tinh & Quoc 2025). Our research enhances
environmental planning by identifying high-risk areas for
targeted pollution control measures. Singaraja et al. (2018)
examined hydrodynamic influences on pollutant transport
but did not incorporate long-term climate projections. Our
study addresses this gap by analyzing future climate-induced
changes in pollution dispersion patterns. By bridging these
knowledge gaps, our findings provide a novel framework
for adaptive coastal management, supporting policy
development for sustainable environmental protection in Hai
Phong and similar industrial coastal regions.

CONCLUSIONS

This study provides an integrated assessment of wave
dynamics, hydrodynamic, and water quality in the coastal
region of Hai Phong, Vietnam, under the influence of
industrial pollution and climate change. The key findings
and contributions are outlined as follows:
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(1) Model Calibration and Validation: The research
successfully calibrated and validated the wave,
hydrodynamic, and water quality models using observed
field data. This rigorous calibration process ensured
the reliability of parameter sets, enabling the models
to accurately replicate real-world conditions within
the study area. The validated models offer a robust
platform for simulating environmental changes and
assessing future scenarios. Their credibility lays a strong
foundation for analyzing the dispersion of pollutants and
evaluating the impacts of human activities and climate
variability.

(2) Pollution Impact Assessment under Climate Change
Scenarios: The study systematically evaluated the
influence of pollutant discharge from key coastal
industrial zones in Hai Phong. It explored how pollutants
disperse and accumulate in marine environments
under various climate change scenarios, including sea
level rise, altered river discharge, and increased storm
frequency. This analysis underscores the heightened
vulnerability of the coastal zone to compounded
stressors, offering critical insights into potential shifts
in pollution patterns and environmental risks over time.
These results provide valuable guidance for anticipating
and mitigating adverse ecological impacts due to both
anthropogenic and climatic pressures.

(3) Development of Environmental Risk Zoning and
Adaptation Strategies: Leveraging simulation results,
the study developed an environmental pollution risk
zoning map, which identified areas of high, medium,
and low risk. This zoning tool is instrumental for
environmental planners and decision-makers, offering
spatial guidance for targeted monitoring, regulation, and
intervention. Additionally, the study proposed adaptive
strategies for sustainable ecosystem management,
including regulatory frameworks, pollution control
technologies, and ecological restoration measures aimed
at enhancing the resilience of coastal ecosystems.

Despite its contributions, the study has some limitations
that suggest directions for future research:

(1) Incorporation of Long-Term Climate Projections:
While the study considered climate change scenarios, it
lacked a comprehensive integration of long-term climate
projections. Future research should extend simulations
to mid- and late-century timeframes (e.g., 2050-2100)
using high-resolution downscaled climate models to
enhance the predictive capacity and support long-term
planning.

(2) Assessment of Socioeconomic Impacts: The current
focus is predominantly environmental. However,

the socioeconomic dimensions of pollution such as
impacts on fisheries, aquaculture, public health, and
local livelihoods remain underexplored. Including
these aspects would offer a more holistic understanding
of risks and support the formulation of integrated
adaptation strategies.

(3) Marine Biodiversity and Ecosystem Resilience: Further
studies should examine the resilience and adaptability of
marine species and ecosystems in polluted environments.
Identifying ecological thresholds for degradation would
be critical for developing biodiversity conservation
plans and setting regulatory limits for pollutant
discharge.

By addressing these gaps, future research can build a
more comprehensive framework for coastal environmental
management, balancing ecological sustainability with
economic development under changing climatic conditions.
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ABSTRACT

This study investigates the use of various types of natural zeolite stones to treat seawater
in the Gulf of Agaba in Southern Jordan. The research aims to examine the physical and
chemical impacts of these stones on the permanent hardness of seawater and their potential
for reducing this hardness to the lowest possible level while preserving the water’s essential
properties. The treated water is intended for diverse practical uses, including agricultural,
industrial, and domestic applications. The study’s main objective is to minimize the dissolved
salts and hardness of highly saline water while maintaining the physical and chemical
composition. This research focused on two categories of analysis: (1) the physical effects,
which are focused on measuring the percentage of dissolved salts, electrical conductivity,
turbidity, color, odor, and pH of water; (2) chemical effects, which cover water components
such as carbonates, bicarbonates, sulfates, chlorides, calcium, magnesium, potassium,
sodium, nitrates, nitrites, and heavy metals before, during, and after treatment. Field testing
instruments were employed alongside laboratory-based sampling and analysis to ensure
precise and reliable documentation throughout the study. The extent of lead removal from
water using zeolite was implemented in Jordan by a researcher from Zarga University,
who achieved good results with water discharged from a battery manufacturing plant that
processes lead. The results were as follows: The zeolite used was one ton; daily factory
water usage was 20 m?, working days were 100; and discharged water volume was 2000 m?3.
Finally, permissible pollution limits were safe and compliant with international specifications.
The experimental results in this study showed that initial TDS values exceeding 38,000 ppm
were reduced by more than 50% in several cases.

INTRODUCTION

The zeolite group includes several hydrous silicate minerals with similar chemical
compositions and natural occurrences. These minerals are primarily aluminum,
sodium, and calcium silicates and typically contain a high percentage of water.
Zeolite minerals have a hardness ranging from 3.5 to 5.5 and a specific gravity
between 2.0 and 2.4. Many zeolite minerals melt rapidly, often accompanied by
swelling and foaming. They are classified as secondary minerals and are commonly
found in volcanic rocks’ voids, gaps, and veins. Zeolite minerals are lightweight
and fragile, and they occur in various colors, such as orange, yellowish green,
light green, and colorless or white, with fine crystal sizes measured in fractions of
a millimeter. Water hardness is a scientific term used to describe the condition in
which water contains high concentrations of dissolved salts, particularly calcium
(Ca?") and magnesium (Mg?") ions. This condition affects the water’s physical and
chemical properties, often leading to reduced lathering with soap, a salty or bitter
taste, and challenges in domestic and industrial applications. The World Health
Organization (WHO) and the Food and Agriculture Organization (FAO) have
established guidelines defining acceptable salt concentrations for water used for
human, animal, and agricultural use.
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The major contributors to water hardness include calcium
(Ca), magnesium (Mg), bicarbonates (HCOs"), sulfates
(SO4+>7), calcium carbonate (CaCOj), and calcium sulfate
(CaS0O,). High levels of these dissolved salts, particularly
bicarbonates, sulfates, chlorides, and carbonates, are often
responsible for water hardness. In addition, there are two
types of water hardness: temporary hardness, which is
primarily caused by bicarbonate salts, and permanent
hardness, which results from calcium and magnesium salts
in the form of sulfates and chlorides. These salts do not
precipitate upon heating and, therefore, require chemical
treatment for removal.

The negative impacts of using hard water include the
deposition of magnesium and calcium salts, which form scale
layers on the interior surfaces of vessels and pipes, reducing
their thermal conductivity. This issue leads to the formation
of insulating layers, which increase energy consumption,
whether electric or fuel-based, both in intensity and duration.
Also, the accumulation of deposits increases the likelihood
of pipe blockages and internal corrosion due to chemical
interactions between the salts and the metallic components
of the thermal systems. There are some restrictions related
to zeolite-based nanocomposites because the process of
breaking bonds destroys and disintegrates the crystalline
structure of the zeolite material and causes it to lose one of
its most important properties, which are the structural voids
that are considered the storehouse of the outputs of the ion
exchange process that zeolite possesses.

REVIEW OF LITERATURE

Jordan has severe water scarcity and highly salinized water
sources, particularly in areas like the Gulf of Aqaba. Jordan’s
dedication to large-scale ecological wastewater management
is exemplified by Al-Samra Wastewater Treatment Plants
(2024), which uses life cycle assessment (LCA) techniques
to maximize environmental and performance results. Several
studies have also been conducted to study the effect of using
zeolite in water treatment. Kumar and Singh (2024) provide
a general overview of zeolite uses for eliminating various
contaminants from wastewater, such as dyes, phenolic
compounds, and heavy metals. They examine how synthesis
methods, adsorption processes, and operational factors affect
removal effectiveness. Li et al. (2024) explore the field
of modified zeolites and critically assess their improved
performance in heavy metal removal, corroborating their
findings.

Al-Farajat & Al-Khashman (2024) approve using
natural zeolites in aquatic environments. Their experimental
investigation evaluated the effects of zeolite filtration on
biological parameters and water quality in the aquaculture

of European seabass. A thorough analysis of natural zeolites
as dual-purpose sorbents that can remove carbon dioxide and
heavy metals from wastewater is conducted by Mambetova
et al. (2024). Their research highlights the zeolites’
adsorption-facilitating structural properties and their promise
as environmentally friendly materials for combined air and
water purification systems. An overview of next-generation
desalination methods, such as forward osmosis, membrane
distillation, electrodialysis, and solar desalination, is given
by Genesis Water Technologies (2024).

Despite their high technological cost, these new
approaches could work with systems based on natural
materials, such as zeolites, to provide hybrid solutions
in areas with limited water resources. Indeed, Jordan’s
strategic efforts to secure a long-term water supply using
Red Sea water are demonstrated by large-scale projects like
the Agqaba-Amman Water Desalination and Conveyance
Project (European Investment Bank, 2023) and the deep
subsea desalination partnership between Waterise and Jordan
Phosphate Mines Company (2024).

The literature evaluation confirms natural zeolites’
effectiveness, adaptability, and environmental sustainability
in water treatment, especially when eliminating heavy
metals, ammonia, and other impurities. Because of its
water problems, Jordan is a good place to install zeolite-
based systems with cutting-edge desalination equipment.
A realistic way to achieve sustainable water security is to
combine natural resources with contemporary technologies,
particularly in arid and semi-arid areas like Jordan.

Margeta et al. (2013) and Barlokova (2008) have
examined the effectiveness of using natural zeolite in water
treatment. A review of modified zeolite as a material for
wastewater purification was provided by Widiastuti et
al. (2008), Hamed et al. (2022), and Shoumkova (2024).
Nizam et al. (2021) investigated the application of natural
zeolite to treat greywater, focusing on removing ammonia
and heavy metals to improve water quality in fish ponds.
Similarly, Onyutha et al. (2024) demonstrated using zeolite
in household water treatment to remove arsenic, lead, and
fluoride, following turbidity reduction through slow sand
filtration. Using natural zeolite as a cost-effective adsorbent
for removing ammonium from drinking water was explored
by Eberle et al. (2022).

In another study, Mnyango et al. 2010, used clinoptilolite
functionalized with the cationic surfactant hexadecyl trimethyl
ammonium (HDTMA) to control nitrate concentrations in
drinking water. Salman et al. (2017) examined the static
absorption of heavy metals V™, Ni*?>, Zn*?, and Pb*
using natural zeolite sourced from southern Syria. Their
research focused on ascertaining the adsorption capability of
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inexpensive zeolite used to extract heavy metals from crude
oil desalter effluent, which poses significant risks to human
and ecological health if discharged untreated. Margeta et
al. (2013) also discussed the removal of arsenic from water
using both natural and modified clinoptilolite.

MATERIALS AND METHODS

Scientific literature and theoretical studies confirm the
positive effects of the zeolite mineral in reducing water
hardness and removing various impurities and chemical
compounds that are foreign to water’s natural composition
(H20). These impurities are typically introduced through
external environmental factors encountered during the
water’s natural cycle.

The methodology of this work is structured as follows:

1. Treatment Objective: Seawater from the Gulf of Aqaba
was treated using natural zeolite stones to reduce the
concentration of dissolved salts, which contribute to
water hardness, to the lowest possible level.

2. Application Scope: The study aimed to evaluate the
feasibility and effectiveness of the treated water for
various societal uses, including human consumption,
animal use, agriculture, and industry.

3. Location: Gulf of Aqaba

4. Duration: The experimental period was extended
from November 5, 2022, to March 5, 2023, to ensure
scientifically reliable results supported by laboratory
test reports from accredited laboratories in Jordan.

5. Zeolite Samples: Three types of natural zeolite stones
were used, identified as Z1, Z2, and Z3. These were
sourced from different officially licensed extraction
sites in Jordan.

6. Water Samples: After studying the conditions of the
sea (the Gulf of Aqaba) in terms of tides, and noting that
two high tides and two low tides occur every 24 hours,
sampling was synchronized with these tidal variations
across several days (Table 1). Geographic variability
was incorporated by selecting sampling points at
different depths and distances from the shoreline.

7. Experimental Procedure: A structured setup was
implemented for the treatment and testing processes.

8. Data Verification and Analysis: Data collected from
different samples were analyzed and validated to ensure
reliability and accuracy.

Chemicals and Toxic Compounds: Toxic substances and
chemicals must be absent from water intended for use. If
present, their concentrations must remain within acceptable
limits, as defined by international standards. Table 2 outlines

Table 1: Seawater sampling information and timings.

Sample  Sample Sea condition Sample Sample
name collection quantity  collection
time (L) date

A 9.30 am After the first 100 6/11/2022
high tide

B 2.00 pm Near the first 100 6/11/2022
low tide

C 8.20 pm At the peak of 100 8/11/2022
the second high
tide

D 2.30 am At the second 100 9/11/2022
low tide

Table 2: Permissible limits of toxic and chemical substances in water.

Material Ratio mg/L Material Ratio mg/L
Lead 1.0 Copper 5.1

Arsenic 50 Manganese 5

Zinc 15 Iron 1

Phenol 200 Nitrates Max 45
Sulfates 400 Fluorides Max 8
Chlorides 600 Mercury 0-100
Magnesium 150 Cadmium 10
Calcium 200 Cyanide 50

pH 6.5-9.2 Lead 1.0

the permissible concentration limits (in mg/L) for various
toxic and chemical substances in water.

Specifications of Potable Water According to the WHO

The WHO has established 62 criteria for safe drinking water,
including chemical, physical, microbiological, and sensory
criteria that people may detect with their senses.

e Color: Acceptable and not exceeding 50 units on the
scale of platinum cobalt.

e Taste: It should be pleasant and palatable.
e Odor: Should be odorless.

e Turbidity: Should be clear, with a maximum of 5
Jackson units for treated water and up to 52 units for
groundwater.

e Dissolved Oxygen (O2): 5-8 mg/L at 25°C.

e Dissolved Carbon Dioxide (CO2): 2-3 mg/L at 25°C.
e Electrical Conductivity: 0.0004 pmho/cm? at 18°C.

e Thermal Conductivity: 1.555 W/m-K at 40.8°C.

e Refractive Index: 1.33 at 20°C.

e Vapor Pressure: 17.62 mm Hg at 20°C.

e Specific Heat: 0.99 kJ/kg-°C at 20°C.

e Density: 1.00 g/cm?3 at 4°C and 0.99823 g/cm? at 20°C.

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026
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Table 3: Results of Sample A Treated with Zeolite (Z1, Z2, Z3).

Sample Sample type Color  TDS pH
name

A Filtered seawater clear 35,000 7.8
AZI1-1 Sample treated after 1 hour clear 33,020 6.8
AZ1-2 Sample treated after 2 hours clear 31,150 5.6
AZ1-3 Sample treated after 3 hours clear 29,820 4.5
AZ1-6 Sample treated after 6 hours clear 22,320 4.8
AZ1-12 Sample treated after 12 hours  clear 20,120 52
AZ1-24 Sample treated after 24 hours  clear 18,500 7.7
AZ2-1 Sample treated after 1 hour clear 32,800 6.9
AZ2-2 Sample treated after 2 hours clear 30,110 6.1
AZ2-3 Sample treated after 3 hours clear 28,150 5.1
AZ2-6 Sample treated after 6 hours clear 21,000 5.8
AZ2-12 Sample treated after 12 hours  clear 19,550 6.4
AZ2-24 Sample treated after 24 hours  clear 17,420 7.6
AZ3-1 Sample treated after 1 hour clear 33,500 72
AZ3-2 Sample treated after 2 hours clear 31,100 6.6
AZ3-3 Sample treated after 3 hours clear 28,850 52
AZ3-6 Sample treated after 6 hours clear 20,440 6.1
AZ3-12 Sample treated after 12 hours  clear 17,820 6.8
AZ3-24  Sample treated after 24 hours  clear 15,250 7.9

e Freezing Point: 0°C

e Boiling Point: 100°C

e Latent Heat of Vaporization: 584.9 cal/g at 20°C
o Surface Tension: 72.75 dynes/cm at 20°C

RESULTS AND DISCUSSION

The tidal times in the Gulf of Aqaba were studied over 30
days to determine tidal levels. The sampling time was set
to the time of highest tide (because the seawater was at its
lowest salinity after testing), and the sampling time was set to
the time of lowest ebb tide (when the water was at its highest
salinity after testing) because there are no freshwater outlets
in the Gulf. It is considered one of the coastal areas with the
highest percentage of dissolved salts because it is relatively
enclosed, except where it meets the Red Sea.

The experimental procedure began with physical testing
of raw seawater, particularly assessing Total Dissolved Solids
(TDS), color, and pH. Then, the water was passed through
natural zeolite mineral stones using a controlled approach to
determine the effectiveness of zeolite in reducing hardness
and improving water quality. Three different types of natural
zeolite (Z1, Z2, and Z3) were tested simultaneously. After
each treatment interval, the same tests were conducted to
measure changes in water characteristics. The performance

of each zeolite type was monitored over varying durations
of 1,2, 3, 6, 12, and 24 hours. Further adjustments, such as
pH balancing using chemical additives, were made to align
the treated water’s quality with recognized natural water
standards, particularly for taste and usability.

Sample “A” Measurements

Table 3 presents the results of treating different Sample “A”
using the three zeolite types over various time intervals.

Table 3 shows how zeolite affects the reduction of Total
Dissolved Solids (TDS). The initial TDS value of 35,000
mg/L was reduced significantly after 24 hours of treatment:

e AZ1-24: 18,500 mg/L (~47% reduction)
o AZ2-24: 17,420 mg/L (~50% reduction)
e AZ3-24: 15,250 mg/L (~56% reduction)

These results indicate a consistent and effective
performance of natural zeolite in reducing salinity and
dissolved solids. Notably, the Z3 sample exhibited the
highest efficiency, suggesting better adsorptive properties.

It is important to note that the experiment was conducted
under static laboratory conditions, where the water remained
stationary during contact with the zeolite. In real-world
(dynamic) applications, where water is continuously moving,
the interaction and mixing rates are higher, potentially
improving the efficiency of ion exchange and enhancing the
overall purification process.

Fig. 1 illustrates how sample A’s pH changed over
time. At the initial time point (O hours), the pH of the
filtered seawater was recorded at 7.8 across all three
samples. As treatment progressed, a noticeable decrease
in pH was observed, particularly within the first 3 to
6 hours. This decline indicates the acidic influence of
natural zeolite on the treated water. After 3 hours, the pH
values dropped to 4.5, 5.1, and 5.2 for AZ1, AZ2, and
AZ3, respectively, suggesting the zeolite samples possess
mildly acidic characteristics that lower the water’s pH. To
ensure the treated water met acceptable acidity standards,
minor chemical adjustments were made, raising the pH
to approximately 7.0-7.5, aligning the treated water with
international potable water guidelines for usability.

Sample “B” Measurements

The results for the different Sample “B,” collected near the
first low tide, are presented in Table 4. As with Sample A,
seawater was treated using three types of natural zeolite
(BZ1, BZ2, and BZ3), and measurements were taken over
different exposure times ranging from 1 to 24 hours.

Table 4 demonstrates how zeolite affects the reduction
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Fig. 1: Variation of pH with time for sample A.

Table 4: Data obtained from Sample B.

Sample  Sample type Color TDS pH
name

B Filtered seawater clear 38,100 8
BZ1-1 Sample treated after 1 hour clear 35,200 7
BZ1-2 Sample treated after 2 hours clear 33,050 6.5
BZ1-3 Sample treated after 3 hours clear 31,300 6.1
BZ1-6 Sample treated after 6 hours clear 26,350 5.9
BZ1-12  Sample treated after 12 hours clear 21,825 6.8
BZ1-24  Sample treated after 24 hours clear 19,850 7.9
BZ2-1 Sample treated after 1 hour clear 36,050 7.2
BZ2-2 Sample treated after 2 hours clear 32,800 6.6
BZ2-3 Sample treated after 3 hours clear 29,150 5.8
BZ2-6 Sample treated after 6 hours clear 24,250 6.1
BZ2-12  Sample treated after 12 hours clear 21,500 6.7
BZ2-24  Sample treated after 24 hours clear 18,560 7.8
BZ3-1 Sample treated after 1 hour clear 34,550 7.3
BZ3-2 Sample treated after 2 hours clear 31,325 6.9
BZ3-3 Sample treated after 3 hours clear 29,100 5.9
BZ3-6 Sample treated after 6 hours clear 25,400 6.3
BZ3-12  Sample treated after 12 hours clear 21,125 7.7
BZ3-24  Sample treated after 24 hours clear 16,800 8.1

of Total Dissolved Solids (TDS) across all three zeolite
types over time. The initial TDS of the filtered seawater
was 38,100 mg/L. After 24 hours of treatment, TDS values
were reduced to 19,850 mg/L for BZ1-24, 18,560 mg/L for
BZ2-24, and 16,800 mg/L for BZ3-24. These reductions
represent an approximate 44-52% decrease, indicating a

significant purification effect through the zeolite filtration
process.

Fig. 2 illustrates the changes in pH levels of Sample B
over time during zeolite treatment using the three different
types. At O hours, all samples showed a consistent pH
value of 8.0. The pH declined throughout the treatment,
particularly within the 3-6 hour range. This decrease is
attributed to the mildly acidic nature of the zeolite materials.
After 3 hours of treatment, the pH values dropped to
6.1, 5.8, and 5.9 for BZ1, BZ2, and BZ3, respectively.
Although this trend reflects the same behavior observed in
Sample A, the reduction in pH for Sample B was slightly
less steep. Nonetheless, minor chemical adjustments were
applied to raise the pH to near-neutral levels (7.0-7.5) to
ensure compliance with water quality standards and make
the treated water suitable for practical uses. These results
reaffirm zeolite’s efficacy in reducing TDS and altering
pH and highlight the importance of post-treatment pH
correction when considering real-world applications.

Sample “C”” Measurements

The results obtained from different “C” samples are
presented in Table 5. As with previous samples, seawater
was treated using three zeolite types (CZ1, CZ2, and CZ3),
and measurements were taken at intervals up to 24 hours.

Table 5 demonstrates a gradual and consistent reduction
in Total Dissolved Solids (TDS) over time across all zeolite
samples. The initial TDS value of the filtered seawater was
33,280 mg/L. After 24 hours of treatment, TDS values
were reduced to 15,500 mg/L for CZ1-24, 15,025 mg/L
for CZ2-24, and 13,320 mg/L for CZ3-24. These values
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Fig. 2: Variation of pH with time for sample B.

Table 5: The data obtained from different “C” samples.

Sample Sample type Color  TDS pH
name

C Filtered seawater clear 33,280 7.9
CZ1-1 Sample treated after 1 hour clear 32,050 7.7
CZ1-2 Sample treated after 2 hours clear 30,100 7.2
CZ1-3 Sample treated after 3 hours clear 27,500 6.8
CZ1-6 Sample treated after 6 hours clear 23,875 6.1
CZ1-12 Sample treated after 12 hours  clear 21,000 6.8
CZ1-24 Sample treated after 24 hours  clear 15,500 7.8
CZ2-1 Sample treated after 1 hour clear 31,950 7.6
CZ2-2 Sample treated after 2 hours clear 29,750 7.1
CZ2-3 Sample treated after 3 hours clear 25,330 6.5
CZ2-6 Sample treated after 6 hours clear 20,410 59
CZ2-12  Sample treated after 12 hours  clear 14,850 6.8
CZ2-24 Sample treated after 24 hours  clear 15,025 79
CZ3-1 Sample treated after 1 hour clear 31,100 7.5
CZ3-2 Sample treated after 2 hours clear 28,450 7.1
CZ3-3 Sample treated after 3 hours clear 25,330 6.3
CZ3-6 Sample treated after 6 hours clear 21,650 6.9
CZ3-12 Sample treated after 12 hours  clear 18,825 7.1
CZ3-24  Sample treated after 24 hours  clear 13,320 7.8

reflect a decrease of approximately 40-46%, confirming
the continued effectiveness of zeolite in reducing dissolved
salts in seawater.

Fig. 3 shows that at the initial time (0 hr), all samples
had the same pH value of 7.9. The pH values decreased over
time due to the effect of zeolite, reaching lower values after
several hours of treatment. This indicates the acidic influence
of the zeolite used.

Sample “D”’ Measurements

The data obtained from different “D” samples are shown
in Table 6.

Table 6, like the previous ones, demonstrates the
reduction of Total Dissolved Solids (TDS) by zeolite.
The TDS values for DZ1-24, DZ2-24, and DZ3-24 were
significantly reduced to 17,500, 18,050, and 16,150 ppm,

Table 6: The data obtained from different “D” samples.

Sample Sample type Color TDS pH
name

D Filtered seawater clear 37,900 8
DZ1-1 Sample treated after 1 hour clear 35,010 7.2
DZ1-2 Sample treated after 2 hours clear 31,990 6.7
DZ1-3 Sample treated after 3 hours clear 27,830 6.1
DZ1-6 Sample treated after 6 hours clear 23,000 5.6
DZ1-12 Sample treated after 12 hours clear 20,580 6.4
DZ1-24 Sample treated after 24 hours clear 17,500 7.9
DZ2-1 Sample treated after 1 hour clear 35980 7.2
DZ2-2 Sample treated after 2 hours clear 33,025 6.8
DZ2-3 Sample treated after 3 hours clear 30,950 5.8
DZ72-6 Sample treated after 6 hours clear 27,860 6.1
DZ2-12 Sample treated after 12 hours clear 21,045 6.9
DZ2-24 Sample treated after 24 hours clear 18,050 7.8
DZ3-1 Sample treated after 1 hour clear 35,650 7.4
DZ3-2 Sample treated after 2 hours clear 31,870 6.2
DZ3-3 Sample treated after 3 hours clear 27,540 5.7
DZ3-6 Sample treated after 6 hours clear 22,450 6.1
DZ3-12 Sample treated after 12 hours clear 19,230 6.6
DZ3-24 Sample treated after 24 hours clear 16,150 7.9
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Fig. 4: Variation of pH with time for sample D.

respectively, representing a 42-46% reduction from the
initial value of 37,900 ppm.

Fig. 4 shows that at the initial time (0 h), all samples had
a pH of 8. Over time, the pH decreased due to the effect of
zeolite, indicating its acidic nature. From the experimental
data across all sample groups, the results confirm the
hypothesis that natural zeolite effectively reduces the
hardness and salinity of seawawater. The highest initial
TDS values ranged between 33,280 and 38,100 ppm, and
zeolite treatment reduced these by approximately 40-50%.
The remaining dissolved salts were primarily sodium-based,
representing temporary hardness, which can be relatively
easily removed using modern treatment methods to make
the water suitable for various applications.

Additionally, the decrease in pH values after treatment
supports the acidic characteristics of the zeolite used. After
treatment, a minor chemical adjustment was applied to restore
the pH to a more neutral range (7.0-7.5). It is important to
note that these tests were conducted under static conditions in
the laboratory. In a dynamic setting, where water is flowing
or circulating, the efficiency of zeolite treatment is expected
to improve further due to enhanced ionic exchange between
water and zeolite particles.

This research was conducted to find solutions and
alternatives to the chemicals used in treating hard saline
water, which cost high amounts of money and have a
short operational life. In addition, zeolite raw materials are
natural materials with a sustainable life and are considered

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026
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environmentally friendly. Their physical value is acceptable,
and they can be recycled for agricultural uses when saturated
in the water treatment field and do not require destruction.
In the field of applications, they have been used in some
countries around the world, the most important of which
is water treatment after the well-known Chornobyl reactor
accident, as well as for greywater treatment in several
countries (Germany, Sweden, and Austria).

It should be noted that the work in this study depends
on seawater loaded with high levels of salts, which cause
permanent hardness, and on the presence of lead (Pb?"),
which is often very weak in open water. This is the reason
for not considering interactions between Pb?" and functional
groups in zeolite.

CONCLUSIONS

The experimental results support the hypothesis that natural
zeolite reduces seawater’s hardness. Initial TDS values
exceeding 38,000 ppm were reduced by more than 50% in
several cases. Laboratory tests confirmed that the remaining
dissolved salts are primarily sodium-based, contributing
to temporary hardness, and can be readily removed using
modern treatment technologies. This indicates that natural
zeolite can significantly improve seawater quality, making
it more suitable for various practical uses.
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ABSTRACT

The present investigation focused on the physicochemical characterization and
bioprospecting of an indigenous oleophilic bacterium (OB) and its biosurfactant (BS) for
bioremediation. Within 14 days of culture at 30°C with 2% (v/v) n-hexadecane, the OB
could reduce the surface tension of the culture medium by up to 34.4 mNm™'. Standard
screening tests verified that the isolated OB produced BS and identified it as Pseudomonas
aeruginosa. BS production was 434.7 mg.L™!, with a CMC of 195.6 mg.L™", and was purified
and characterized using standard chromatographic and spectroscopic techniques. FTIR
analysis confirmed the glycolipid nature of BS. TLC of the partially purified BS revealed
two homologues of rhamnolipid (RL), which were subsequently confirmed by NMR. Seven
distinct RL congeners were identified using LC-MS, of which di-RLs constituted a notably
large proportion. The surface and emulsification activities of BS demonstrated significant
stability against various pH levels, temperatures, salinities, and metal ions. Furthermore,
OB was able to utilize crude oil within 60 days, as confirmed by GC-MS. In the soil washing
experiment, BS separated 280% of the crude oil from the contaminated sand at the CMC.
The results suggest that the RLs and their producer isolated from automobile workshops in
Mokokchung are not only the first report from Nagaland, India, but are also promising for
various applications in the bioremediation of extreme and complex environments, including
addressing regional environmental issues in Nagaland.

INTRODUCTION

There is mounting global concern over the degradation of the environment by
various anthropogenic chemical contaminants that are continuously released
into our surroundings, causing severe environmental degradation. Petroleum
hydrocarbons are one of the most common contaminants that affect different
components of the environment. These pollutants are released into the environment
mainly through oil spills during extraction, transportation, and refinement leaks,
raising serious issues for the environment, ecological systems, and public health,
leading to both short- and long-term environmental harm (Chandankere et al. 2014,
Gote et al. 2023). Heavy metals such As, Cd, Cu, Zn and Pb are another group of
hazardous, non-biodegradable, and persistent environmental pollutants that cause
prolonged ecological and environmental damage as they tend to pass and magnify
from one food chain to another, obstructing biological pathways, disrupting cellular
functions, and causing diseases and damage to various organs (Das et al. 2017).
In the environment, these heavy metal pollutants are found in association with
sub-surface soil sediments, which often results in their release into groundwater,
leading to contamination (Yang et al. 2020).

Existing conventional physical and biological technologies used for the
remediation of these environmental pollutants are often associated with several
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drawbacks, such as high costs, low efficiencies, and the
production of secondary pollutants. Therefore, cleaner,
eco-friendly, cost-effective, and efficient technologies, such
as biologically derived treatment strategies, are needed to
tackle these hazardous pollutants (Usman et al. 2016). One
such environmentally benign approach is the use of BSs
derived from microbes, such as bacteria, fungi, and yeast,
for bioremediation (Rodrigues et al. 2006). The presence
of BSs can potentially enhance the mineralization and
biodegradation of hydrocarbon pollutants by solubilizing and
emulsifying the contaminants and serving as an important
mediator by increasing the bioavailability of hydrophobic
contaminants for microorganisms (Parthasarathi et al. 2011,
Fawniczak et al. 2013). BSs are also known to form non-ionic
complexes with heavy metals in the soil, thereby reducing
the interfacial tension between the soil and metal ions,
resulting in the removal of heavy metals from contaminated
environments (Santos et al. 2016).

BSs are amphiphilic compounds produced by
microorganisms that adhere to cell surfaces or are secreted
extracellularly into the surrounding medium (Chioma et
al. 2013). They are amphiphilic organic compounds with
hydrophobic (tails) and hydrophilic (heads) groups. The
hydrophobic (non-polar) end of the BS is insoluble in water.
It can contain long chains of fatty acids, hydroxyl fatty acids,
or a-alkyl-B-hydroxy fatty acids. In contrast, the hydrophilic
(polar) end may contain a phosphate, carboxylic acid, cyclic
peptide, carbohydrate, amino acid, or alcohol (Chioma et al.
2013). Microorganisms produce a diverse range of BSs with
different structural profiles, including polymeric, particulate,
neutral lipids, glycolipids, lipopeptides, and lipoproteins
(Wang et al. 2011).

Among the known BSs, rhamnolipids (RLs) have received
considerable attention compared to chemically synthesized
surfactants because of their unique physicochemical
properties, low toxicity, biodegradability, and ecologically
benign nature, which makes them potential candidates in
the field of environmental remediation processes (Banat et
al. 2010, Md Fakruddin 2012, Chandankere et al. 2014).
RL belongs to the class of glycolipid BSs and is reported to
have a significantly higher yield than other classes of BSs
(Arutchelvi et al. 2010). RL consists of two molecules: lipid,
sometimes referred to as the aglycon part, and rhamnose,
commonly known as the glycon. A hydrophilic compound,
the rhamnose moiety, is composed of mono- or di-(L)-
rhamnose molecules connected by a-1, 2-glycosidic bonds
(Thakur et al. 2021). The properties of RLs are influenced
by the congener composition, which varies depending on
the type of bacterial strain, growth conditions, and media
composition (Costa et al. 2010).

The potential uses of RLs in the fields of environmental
protection (Abdel-Mawgoud et al. 2008), petroleum
extraction (Makkar & Cameotra 2002), synthesis of specific
compounds (Das et al. 2013), agriculture (Sorhie et al. 2022),
and the manufacturing of pharmaceuticals (Md Fakruddin
2012) and food (Cameotra & Makkar 1998) have sparked
interest in them. Currently, there is growing interest in the
market for RLs, but they cannot effectively compete with
their chemical counterparts because of various factors,
specifically their higher cost of production (Chrzanowski
et al. 2012, Md Fakruddin 2012, Thakur et al. 2021). In
this regard, screening for more efficient BS-producing
native microbial strains can be an effective strategy to
increase BS yield and prospects (Chandankere et al. 2014).
Native BS-producing strains can be readily isolated from
the natural environment, which might prove more efficient
and cost-effective than mass culturing, maintaining, and
effectiveness of an exotic microbial species in a foreign
environment. Moreover, the use of native bacterial strains
can address issues related to legitimate and biosafety
concerns.

In the backdrop of the aforementioned information, the
current research work was embarked upon with the prime
objective to isolate a potential RL-producing bacterial strain
from Mokokchung Town, Nagaland, India, for the first time,
as per our information, with desirable physico-chemical
properties to address the issues of soil contaminated with
hydrocarbon and heavy metal pollutants.

MATERIALS AND METHODS

Isolation of Oleophilic Bacteria from Environmental
Samples

Several bacteria were isolated from oil-contaminated soil
samples collected from different automobile workshops in
Mokokchung Town, Nagaland, India. Bacterial isolation was
performed using the enrichment culture technique, where 5 g
of each soil sample was inoculated into a 250 mL Erlenmeyer
flask containing 100 mL of Bushnell-Haas medium with 2%
(v/v) n-hexadecane as the sole carbon source. For the first
cycle of incubation, the cultures were shaken in an orbital
shaker for 14 days at 140 rpm at 30°C =1. An aliquot of
ImL from each of the original cultures was transferred to
250 mL flasks containing fresh media with n-hexadecane
and incubated for another 14 days for the second cycle.
This process was repeated up to the fifth cycle. After the
fifth cycle, the viable bacterial populations were isolated
from the culture broth using the serial dilution technique in
Bushnell Haas agar plates supplemented with n-hexadecane
2% vIv).
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Culturing and Screening of BS-Producing Oleophilic
Bacteria

The bacterial isolates obtained after five cycles of enrichment
culture were later grown in mineral salt medium (MSM),
and the pH of MSM was adjusted to 6.8 using 6 N HCI
(Bharali et al. 2011). The culture was supplemented with
2% (v/v) n-hexadecane as the sole carbon source, and the
temperature and pH were adjusted and maintained at 6.8
and 30°C, respectively, in an orbital shaker with an agitation
rate of 140 rpm for 14 days (Bharali et al. 2022). The cell-
free culture supernatant (CFCS) of bacterial cultures was
used for the screening of BS production through various
standard methods, such as surface tension (ST) measurement
(Bodour & Miller-Maier 1998), oil displacement assay
(Thavasi et al. 2011), drop collapse test (Bodour & Miller-
Maier 1998), penetration assay (Kumar et al. 2017),
CTAB agar test (Aparna et al. 2012), and hemolysis test
(Mulligan et al. 1984, Youssef et al. 2004). The isolate
that demonstrated the best results in the screening assays
was selected for further characterization of its surface
activity.

Characterization of Selected Bacterial Isolate

The morphological features of the selected bacterial isolate
were examined using Bergey’s Manual of Determinative
Bacteriology (Bergey 1994). Standard biochemical testing
was conducted as outlined by Cappuccino & Sherman (2013).
Molecular characterization of the selected bacterial isolate
was performed using a standard 16S rRNA gene sequencing
approach. Based on the BLAST results, the evolutionary
distance of the isolate with its most closely related strains
was computed, and the sequence obtained was deposited in
the NCBI GenBank database. Evolutionary analyses were
conducted using MEGA 11 software with the maximum
likelihood approach and 1000 bootstrap replicates (Tamura
et al. 2021).

Growth Kinetics and BS Production

The chosen bacterial strain was cultivated in MSM enriched
with 2% (v/v) n-hexadecane at 30°C in an orbital shaker
operating at 140 rpm for 22 days (Bharali & Konwar 2011).
Using a UV-Vis spectrometer (PerkinElmer UV/VIS Lambda
365), the optical density (OD) of the selected bacterial
culture was recorded at 600 nm wavelength after every 24
h of incubation. For biomass quantification, the increase in
dry bacterial biomass after every 24 h of incubation was
determined gravimetrically. BS production in the culture
medium was tracked every 24 h using the standard orcinol
method (Rahman et al. 2010).

Isolation of BS

Bacterial cells were separated from the culture supernatant
by centrifugation at 10000 rpm for 10 min. The CFCS was
precipitated by acidifying it to pH 2 using 6 N HCI and stored
overnight at 4°C. Acid-precipitated BSs were centrifuged
for approximately 15 min at 10000 rpm and washed twice
with phosphate-buffered saline (PBS). After washing, the
recovered pellets were dried in a hot-air oven to remove
moisture. The dried BS was then measured gravimetrically
using a laboratory balance.

For the partial purification of the BS, the acidified
precipitated CFCS was extracted three times using ethyl
acetate at room temperature. The solvent was extracted from
the organic phase and concentrated using a rotary evaporator
with a round-bottom flask. A sticky, honey-colored BS
was obtained at the end of the process (Bharali et al.
2011).

Purification of Partially Purified BS

Thin-layer chromatography (TLC) was used to identify and
purify the BS. Chloroform: methanol: water (65:15:2) (v/v/v)
was used as the mobile phase system (Bharali & Konwar
2011). Developing agents such as anthrone and iodine fumes
were used to detect the presence of carbohydrate and lipid
moieties of glycolipid-type BSs, respectively (George &
Jayachandran 2013).

Approximately 5 g of a partially purified BS was
dissolved in 10 mL of chloroform and loaded onto a glass
column (26 cm x 3.3 cm), which was previously packed
with 50 g of column-grade silica gel, followed by cleaning
the column with chloroform to remove the neutral lipids.
Subsequently, fractions were collected at a flow rate of 1
mL min™', with 20 mL portions obtained using chloroform:
methanol mobile phases in a sequence of 50:3 v/v (1000
mL), 50:5 v/v (200 mL), and 50:50 v/v (100 mL). A final
rinse with a 1:1 mixture of chloroform and methanol was
used to remove residual RLs from the column. The collected
fractions were evaporated to dryness under vacuum using a
rotary evaporator (Mishra et al. 2019).

Physical Characterization of Isolated BS

Determination of Critical Micelle Concentration (CMC)

Various concentrations of BS solutions were prepared in
water from the stock solution of the BS. The ST of the
dilutions was measured at room temperature to determine the
CMC. CMC was determined by plotting the ST as a function
of the BS concentration. Three replicas of these studies were
conducted (Chandankere et al. 2014).
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Emulsification Index

The emulsification index (E,,) was determined by adding 2
mL of CFCS and an equal amount of different hydrocarbon
oils, including diesel, kerosene, petrol, vegetable oil, crude
oil, and waste vegetable oil, in different test tubes and
vortexed for 2 min. The mixture was incubated for 24 h at
room temperature (Sarubbo et al. 2006, Camara et al. 2019).
The percentage of emulsification after 24 h, E,, (%), was
calculated using the following formulae,

E,, (%) = (Height of emulsion layer)/(Total height of the
solution) x 100

Chemical Characterization of Isolated BS

Fourier-Transform Infrared Spectroscopy (FT-IR)
FT-IR analysis of the partially purified BS was performed in
the 4004000 cm™! range. A translucent disc was prepared
using a mixture of 10 mg of the extracted BS and 100 mg of
spectral purity KBr at 25 Mpa for 30 second (Zhao et al. 2019).
The resultant KBr discs were analyzed using a Perkin Elmer
FTIR spectrophotometer (Perkin Elmer-Spectrum Two).

Liquid Chromatography and Mass Spectroscopy

The RLs were characterized using an MS Q-TOF Mass
Spectrometer (model G6550B). The separation was based
on reverse-phase chromatography using a Zorbax Eclipse
XDB-C18 column (3.0 x 150 mm, 3.5 pum) at a temperature
of 40°C. The flow rate was 0.2 mL min™. The mobile phase
gradient consisted of 10 mM aqueous ammonium formate
buffer with 0.05% formic acid (A) and acetonitrile (B). The
gradient started at 20% B from O to 2 min, increased to 50% B
from 2 to 10 min, and reached 100% B from 10 to 15 min. It
remained constant at 100% for 5 min, then decreased to 20%
over 8 tol0 min, and remained constant until equilibration
was achieved. The total run time was 30 min, and the injection
volume of sample was 2 uLL (Behrens et al. 2016).

Nuclear Magnetic Resonance

The samples were prepared by dissolving approximately 3
mg of BS in a 100% CDCl; solution and analyzed using an
NMR spectrometer (Advance DPX 500 & 300 MHz FT NMR
Spectrometer, Bruker). Proton and carbon NMR chemical
shifts were measured in parts per million (ppm) with respect
to the solvent shift, which served as the chemical standard.
Using previously published data, the peaks were predicted
and compared (Sharma et al. 2015).

Stability Studies

Effect of Environmental Variables on E,,%

The effect of time duration on the E,,% of the CFCS in
diesel was calculated after 24 h, 15 days, and 30 days to
determine the stability of the emulsification layer over time.

The CFCS was exposed to 121, 100, 80, 40, 25, and 4°C for
60 min and emulsified with diesel to determine the effect of
temperature on the E,,% of the BS. The pH of the CFCS was
adjusted to 3, 5, 7, and 10 and emulsified with diesel oil to
determine the effect of pH on the E,,% of the BS. Different
concentrations of NaCl salt, 2%, 5%, 8%, and 10% (w/v),
were added to CFCS to check the variation in the E,,%
against diesel. Different heavy metallic salt, viz. NaAsO,,
CdCl,, and K,CrO, were added to the CFCS to determine the
variation in the E,,% of the BS. For temperature, pH, NaCl,
and heavy metal salts, the emulsion mixture was incubated
for 24 h at room temperature. E,, (%) was calculated using
the formula as described above.

Effect of Environmental Variables on Surface Activity

The reduction in the ST of the CFCS was checked after
exposing it to a wide range of temperatures, namely, 121°C,
100°C, 80°C, 40°C, 25°C, and 4°C for 60 min to determine
the effect of temperature on surface activity. To determine
the effect of pH on surface activity, the pH of the CFCS was
adjusted to 3, 5, 7, and 10. The effect of salinity on surface
activity was evaluated by adding different concentrations
of NaCl i.e., 2%, 5%, 8%, and 10% (w/v), to the CFCS.
Different heavy metallic salts, viz. NaAsO,, K,CrO,, and
CdCl, were added at different concentrations (100 ppm, 300
ppm, and 500 ppm) to the CFCS to determine the variation
in surface activity. The reduction in ST was measured using
a surface tensiometer based on the du Noiiy ring method.

Bioremediation Application

Soil washing experiment: 10% (w/w) of low viscosity
crude oil was added to the acid-washed sand and allowed
to sit at room temperature for seven days. Then, 5 g of sand
samples were added to 100 mL of CFCS containing different
concentrations of BS (at CMC, below CMC, and above
CMC) in a 250 mL conical flask and rotated in an orbital
shaker at 200 rpm for 24 h at 30°C. The aqueous solutions
were decanted, and the sand was dried for 24 h at 50°C to
evaporate the remaining solvent. The amount of oil that
remained was measured gravimetrically, and the following
equation was used to obtain the percentage of oil removed:

Crude oil removed (%) = (Oi — Or)/Oi x 100%

where Oi is the initial oil in the sand sample before
washing and Or is the oil remaining in the sand sample after
washing (Costa et al. 2010).

Crude oil degradation: 1 mL of the freshly grown culture
supernatant of the bacterial strain was inoculated into 250
mL containing 2 mL of crude oil and 100 mL of MSM. The
cultures were incubated at 30°C in an orbital shaker for
15, 30, 45, and 60 days. After each incubation period, the
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cultures were centrifuged at 4500 rpm for 10 min to separate
the bacterial biomass, and the residual hydrocarbon oil
fractions in the CFCSs were extracted twice using dimethyl
chloromethane (DCM) in a ratio 1:1. The contents of the
residual crude oil extracted over 15, 30, 45, and 60 days were
analyzed using Gas Chromatography-Mass Spectroscopy
(Singh et al. 2016). Before being elevated to 280°C for crude
oil analysis, the column temperature was maintained at 50°C
for five min. A split ratio of 20:1 was used in all the studies.
Helium was used as the carrier gas, and the flow rate was

Location: Arkong wird
Type: Workshop
Sample code: SBIS

Location: Arkong ward
Type: Workshop
Sample code: AMS

Location: Penli ward
Type: Workshop
Sample code: PNS

Location: Majnkong ward
Type: Car wash
Sample code: MIS

Location: Sewak gate
Type: Fuel punp
Sample code: SPS

SLTIDF

94°31'ASYF

0.8 mL min™. The injector was adjusted to a temperature of
250°C (Bharali et al. 2022).

RESULTS

Isolation of Oleophilic Bacteria from Environmental
Samples

Thirty different numbers of soil samples were collected
from ten hydrocarbon-contaminated sampling sites in the
Mokokchung Town area of Nagaland, India (Fig. 1).

Location: S-mghollmm wand
Tvpe: Warkshop
Sample code: IMS

Lecation: Kapayong sector
Type: Warkshop
Sample code: LLS

Location; Tsusapang sector
Type. Workshop
Sample code: TS5

Location: Kapayong sector
Type: Workshop
Sample code: MMS

Location: Tonpdentsuyong warnd
Type: Workshop
Sample code. MSS

26P130"N

G4AINFE

Fig. 1: Map illustrating the geographical position of the research region within Mokokchung town and the spatial layout of the sampling locations.

Fig. 2: Screening and confirmation of BS production by the selected isolate (A) oil displacement test, (B) drop-collapse test, (C) penetration assay,
(D) hemolysis, and (E) CTAB agar assay.
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From the environmental samples, approximately 60
bacterial isolates were obtained after the 5th cycle of
enrichment culture of the soil samples using the serial
dilution technique. The morphological characteristics of the
obtained bacterial isolates were then recorded.

Culturing and Screening of BS-Producing Oleophilic
Bacteria

The obtained bacterial isolates were further grown in MSM
supplemented with 2% (v/v) n-hexadecane for screening
and characterization. The reduction in the ST of the CFCS
of the obtained bacterial isolates was determined. Isolates
showing the best surface activity in terms of ST reduction
measurement of the culture medium were selected for the
second level of screening. Screening assays, such as oil
displacement, drop collapse, and penetration assays, were
performed to screen for BS production. The results of the
screening assays of the selected bacterial isolate are presented
in Fig. 2A, B, and C.

Potential strain was further screened using hemolysis and
CTAB agar assays. The results are shown in Fig. 2D and E.
The clear zone around the filter paper disc in the hemolysis
assay indicated BS production. The anionic nature of the BS
was confirmed using the CTAB agar test, which showed dark
blue halos around the bacterial colonies.

Characterization of Selected Bacterial Isolate

The selected bacterial isolate was morphologically
characterized using standard methods. The shape, size,
and surface texture of the selected bacterial isolate

-

Table 1: Standard biochemical tests of the selected hydrocarbonoclastic
bacterial isolate.

Biochemical Tests Result

Gram staining Negative rods

Spore staining Negative
Catalase test Positive
Oxidase test Positive
Motility test (SIM) Positive
Urea test Negative
Indole test Negative
MR test Negative
VP test Negative
Citrate test Positive
TSI test Alkaline
H,S Test (SIM) Negative

Nitrate test Positive with Gas

Carbohydrate fermentation after 24 hrs

Glucose Positive

Sucrose Negative
Lactose Negative
Mannitol Negative

were determined, and pure culture plates were prepared
(Fig. 3A).

The results of the standard biochemical characterization
of the selected bacterial isolate are presented in Table 1.

The selected bacterium was identified as Pseudomonas
aeruginosa (AMS1a) through 16S ribosomal RNA gene
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Fig. 3: (A) Colony morphology of pure culture on nutrient agar plate, (B) Phylogenetic tree of the selected bacterial isolate illustrating evolutionary
relationships with closely related species, and (C) Growth and BS production curve of the selected bacterial isolate on MSM with n-hexadecane.
Results are presented as the mean + S.D. of three individual experiments.
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sequencing, and the obtained sequence was submitted
to NCBI with the accession number OR642782. In
the phylogenetic tree analysis, the topology with the
highest log-likelihood value was chosen. Fourteen
nucleotide sequences were identified in this study
(Fig. 3B).

Growth Kinetics and BS Production

The growth curve of the bacterial strain P. aeruginosa
(AMS1a) was determined under constant temperature (30°C)
and agitation (140 rpm) for 22 days. Fig. 3C shows the typical
growth curve of the selected bacterial strain. It is evident from
the growth curve that the bacteria were in the lag phase until
the 3rd day and went into the exponential phase from the
4th day, indicating a rapid increase in bacterial population,
which was continuous up to the 11th day. The time duration
between the 2nd-3rd, 4th-8th and 9th-12th days represents
the early, mid and late stationary phases, respectively. The
stationary phase was sustained until the 15th day. Following
the 15th day of incubation, the density of bacterial cells
in the culture declined at a steady rate until the 22nd day,
indicating the death phase.

It was found that the RL production increased with
the increase in bacterial growth in the culture medium and
accelerated in the exponential phase. Fig. 3C shows the
pattern of BS production by the selected bacterial strain over
15 days. The RL concentration remained steady during the
stationary phase. The final yield of RL reached a concentration
of approximately 434.7 ug mL™ after two weeks of
incubation.

Isolation of BS

The CFCS containing the BS was acidified to pH 2 for
approximately 24 h at 4°C, which caused the BS in the
supernatant to protonate, resulting in the precipitation
of the BS in the solution. The precipitated solution was
then extracted using ethyl acetate as the solvent to separate
the BS from the aqueous phase. The same is shown in
Fig. 4A, 4B and 4C.

Purification of Partially Purified BS

TLC was used to determine the purity of the partially
purified BS using a chloroform-methanol-water (65:35:2,
v/v/v) solvent system. The separated compounds were
observed under UV light (Fig. 4i). Two major spots and one
minor spot were developed after exposure to iodine fumes
(Fig. 4ii) and spraying with acidified anthrone reagent
(Fig. 4iii) separately. The spots appeared at R;values of 0.3,
0.5, and 0.7, as shown in Fig. 4iii.

The neutral lipids present in the partially purified BS
were eluted from the column using chloroform. A solvent
system comprising chloroform: methanol in a ratio of 50:3
(v/v) was used to separate the first fraction of the BS with
a R; value of 0.7. This was followed by a mobile solvent
system comprising chloroform: methanol in a ratio of 50:5
(v/v) to separate the BS fraction with an R; value of 0.5.
Finally, a mobile system consisting of a 1:1 v/v ratio of
chloroform: methanol was used to separate the final BS
fraction, with an R;value of 0.3. All the fractions of BS were
confirmed by TLC before the introduction of the subsequent

Fig. 4: (A) Matured MSM culture supplemented with n-hexadecane, (B) Acid ppt of crude BS from CFCS, (C) Solvent extraction of BS. TLC
chromatogram of partially purified BSs after exposure to (i) UV lamp, (ii) iodine fumes, and (iii) anthrone reagent.

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026



mobile system. The solvent system present in the separated
BS fractions was evaporated and recovered using a rotary
evaporator.

Physical Characterization of Isolated BS

Determination of CMC: The CMC of the BS produced
by P. aeruginosa isolated from oil-contaminated sites
of Mokokchung town, Nagaland, was found to be
195.6 mg L', corresponding to a reduction in the ST of
distilled water from ~72 mNm™ to 34.4 mNm™. Fig. 5A
shows the CMC of the isolated BS.

Emulsification activity: The emulsification indices of the
tested BS against six different hydrophobic substrates were
determined. The BS formed a stable emulsion with all the
hydrophobic substrates used in the experiment, as evident
from the height of the emulsion, as shown in Fig. 5SB.

Chemical Characterization of Isolated BS

Alemtoshi et al.

The functional groups of the BS were further examined using
FTIR spectroscopy. The results are presented in Fig. 6.

The presence of an aliphatic long fatty acid chain was
indicated by the presence of distinctive peaks at 878, 1402,
2856, and 2931 cm’'. The distinctive groups found in the BSs
were the significant functional groups, namely the carbonyl
group (C-0) (1260 cm'l), alkene (C = C) (1644 cm'l),
and OH bond (3410 cm™). The vibration at 1124 cm™ was
observed to correlate with C—O stretching, which predicted
the existence of the sugar moiety, while the presence of a
more significant band at 1735 cm™ implied the presence of
a carboxyl group, which showed the linking group between
the sugar and fatty acid. The FTIR results indicated that the
isolated BS may belong to the glycolipid family.

Nuclear Magnetic Resonance

As shown in Fig. 7A and 7B, the presence of a chemical shift
value in "H NMR at 1.24 ppm indicates the methyl group

FTIR (-CH,;) corresponding to the sugar moiety.
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Fig. 5: (A) Determination of the CMC of the isolated BS and (B) emulsification activity (E,,%) of the BS toward selected hydrophobic substrates.
Results represent mean + S.D. of three individual experiments.
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Fig. 6: FTIR spectrum of the isolated BS.
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The peak at 0.86 ppm corresponds to the (-CH;) group
of the long-chain aliphatic group. The presence of the sugar
moiety was confirmed by the presence of peaks at 4.93
(-1’-H), 3.63 (-5’-H), and 4.14-4.29 ppm (-2,” 3,” 4’-H).
The sharp peaks at 1.24 ppm correspond to the long-chain
hydrocarbon of the lipid group. Other characteristic peaks
were also observed for -COO-CH- (5.81 ppm), -O-CH- (4.30
ppm), and -CH,-COO- (2.32, 2.8 ppm), which confirms

the presence of mono-RL with two long-chain fatty acids.
Similarly, characteristic peaks at 0.82 (-CH;), 1.24-1.21
ppm {-(CH,), and -CHj; (ring)}, 5.34 (-COO-CH-), 4.16
ppm (-O-CH-), 2.35, 2.47 ppm (-CH,-COO-) confirm the
structure of di-RL.

In Fig. 7C and 8D, 170.85 and 171.61 ppm show the
ester group (C=0) of mono and di-RL, respectively. The
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Fig. 7: (A and B) 'H spectra of isolated mono-RL and di-RL, and (C and D) BC NMR spectra of isolated mono-RL and di-RL.

Table 2: The different RL congeners present in the isolated BS and their peak assignments.

1

SL. RT m.z’ Rhamnolipid/  Characteristic fragments
No. [M-HJ HAA Rha-Rha- Rha- Rha- Rha- FAl- FA2- FAl FA2 Others
FAIl Rha- FAIl FA2 FA2 FAl
FA2

1 2206 62137 Rha-Rha- - 47927 - - - 1411 169.13  204.9,205.08, 247.1
C4-Cyo, Rha-
Rha-C,-Cq

2 2305 649.4 Rha-Rha- 479.27 - - - - 1692 - 163.07, 205.08,
Ci-Cio 247.10

3 235 675.423 Rha-Rha- 479.27 - - - - 1692 1951  247.1,205
CIO'C12:1

2424  531.379 Rha-C,-C;, - - 333.21 - 169.13  197.17  163.07, 205.08

5 245 703.45 Rha-Rha- 479.27 - 33321 - - 1692 197.17  163.07, 204.98,
Cio-Cia 248.97

6 249 705.4701  Rha-Rha- 479.27 53533 - - - 1692 22520  205.08, 163.07,
C,4-Cy4> Rha- 247.10
Rha-C,-C

7 249 705.4701  Rha-Rha- 507.3058 - - - - 197.17 - 205.08, 163.07,
CnCpy 247.10

Note: RT - Retention time, Rha - Mono-RL, Rha-Rha - Di-RL, FA1-Fatty acid short chain, FA2-Fatty acid long chain.

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026



10

presence of a carboxylic group was confirmed by the peaks
at 173 ppm for mono-RL and 174.20 ppm for Di-RL. Peaks
at 62.52-82.95 ppm and 68.13-73.36 ppm correspond to
the rhamnose rings in both mono and di-rhamnolipid,
respectively.

Liquid Chromatography and Mass Spectroscopy
LC-MS/MS was performed using the purified BS. The total
ion chromatogram (TIC) obtained from LC-MS showed
seven dominant peaks with retention times ranging from
22.059 to 24.907 min (Table 2).
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These peaks detected in the TIC corresponded to a
mixture of mono- and di-RLs. The peak detected at m/z 531
corresponded to Rha-C,-C,, while the rest of the signals
were found to be di-RL, showing the m/z [M-H]- at 621.387
for Rha-Rha-Cy-C,/ Rha-Rha-C,-Cg, Rha-Rha-C(-C,»,
(m/z 675.423), Rha-Rha-C,-C,, (m/z 649.4), Rha-Rha-
C,9-C4. (m/z 703.45), Rha-Rha-C ,-C, /Rha-Rha-C,-C,
(m/z 705.4701), and Rha-Rha-C,,-C, (m/z 705.4701). The
different assignments for the pseudo-molecular ion peaks
and other characteristic peaks shown by the cleavage of the
rhamnose moieties are presented in Table 2. In the case of
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Fig. 8: ESI product ion of abundantly present Rha-Rha-C,-C 4 and Rha-Rha-C,-C,, molecules.
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Fig. 9: Effect of varying (A) temperature (4-121°C), (B) salinity (2-10%), (C) pH (3-10), (D) heavy metals (As, Cd, and Cr) at varying concentration
(100-500 ppm), (E) time period (0-30 days) on the emulsifying activity of isolated BS, and (F) 10X magnification view of 30th day stable emulsion.
Results represent mean + S.D. of three individual experiments.
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di-RLs such as Rha-Rha-C,-C,/Rha-Rha-C ,-C,, with m/z
705.4694, the fragmentation of the two fatty acid chains led
to two peaks at m/z 225 and m/z 169.2. Another cleavage at
the ether linkage of rhamnose and fatty acid chains gives two
characteristic peaks at m/z 309 for the di-rhamnose moiety
and m/z 393 for the two fatty acid chains, as shown in Fig. 8.

Stability Studies

Effect of environmental variables on E,;%: The BS
exhibited and retained a stable E,,% within 54.1% to 62.5
at temperatures ranging from 4°C to 121°C, demonstrating
the absence of any significant effect of temperature on the
emulsification activity, and the same is presented in Fig. 9A.

At varying salinities (2%-10%), the BS was able to
maintain a stable E,,% of 50% to 65.6%, highlighting the
stable nature of the BS and the same is presented Fig. 9B.
The BS was able to maintain a stable E,,% of 54% to 60%
at the pH range of 5 to 10 and the same is presented in
Fig. 9C. However, at an acidic pH of 3, the emulsification
activity decreased to 37.5%. The BS showed a stable
emulsification activity with an E,,% value of 62% to 71.4
with all the three types of heavy metal used (As, Cd, and Cr)
at varying concentration (100-500 ppm), as shown in Fig. 9D.
Over 30 days, no significant change in emulsification activity
was observed (Fig. 9E). The BS maintained an average
emulsification index value of approximately 51.6% + 0.07
for 30 days of incubation. A compound microscopic image

of the stable emulsion at 10 X magnification is presented
in Fig. 9F.

Effect of environmental variables on surface activity:
The BS was able to maintain a consistent reduction of ST
of distilled water at an average of approximately 35 mNm™'
+ 0.05 at a temperature range of 25°C to 121°C. However,
a slight increase in the ST value was observed, 36.1 +
0.15 mNm™' at 4°C, as shown in Fig. 10A.

As shown in Fig. 10B, the BS was able to maintain the
reduction of ST value within the value of 34.2 + 0.15 to
35.6 mNm™ = 0.05 at the salinity range of 2% to 10%. A
small but steady reduction in ST values was observed with
an increase in salinity. At pH values ranging from 3 to 10,
the ST of the BS increased marginally and consistently
with increasing pH. The maximum reduction in ST of 31.5
mNm™ +0.1 was observed at pH 3, which steadily increased
t0 36.6 mNm™' + 0.05 at pH 10, as shown in Fig. 10C. The
BS maintained a stable reduction in ST within the range of
34.4 mNm™ +0.05 to 35.8 mNm™ + 0.11 with all the three
types of heavy metals used (As, Cd, and Cr) at varying
concentration (100-500 ppm), as shown in Fig. 10D.

Bioremediation Application

Soil washing experiment: In the crude oil washing
experiment, BS performed much more consistently and
efficiently after 24 h of washing (Fig. 11A). The average
removal rates of the natural surfactants at CMC, below CMC,
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Fig. 10: Effect of varying (A) temperature (4-121°C), (B) salinity (2-10%), (C) pH (3-10), and (D) heavy metals (As, Cd, and Cr) at varying concentra-
tion (100-500 ppm) on the surface activity of the isolated BS. Results represent mean + S.D. of three individual experiments.
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Fig. 11: (A) Soil washing experiment, (B) Effect of BS concentration, SDS, and water on soil washing. Results represent mean + S.D. of three
individual experiments and degradation pattern of crude oil by the selected bacterial strain after (C) 15 days, (D) 30 days, (E) 45 days, (F) 60 days.

and above CMC were 81.2% + 1.5, 78.6% + 2.7, and 81.6% +
2.2, respectively. This is illustrated in Fig. 11B. The synthetic
surfactant, SDS (0.1% w/v), was able to remove an average of
72.9% =+ 2.3 of the crude oil, and the control, distilled water,
was able to remove approximately 55.4% + 4.2 of the oil.

Crude oil degradation: The ability of the selected bacterial
strain to degrade crude oil was validated using GC-MS. Fig.
11C, D, E, and F display the chromatograms for 15, 30, 45,
and 60 days, respectively. The results demonstrated that only
specific medium to long-chain hydrocarbons were degraded
into simpler and shorter molecules throughout the degradation
process. The use of a complex hydrocarbon mixture as
the exclusive carbon source resulted in the formation and
accumulation of by-products during the 60-day degradation
process, leading to the emergence of multiple additional
compounds.

DISCUSSION

Isolation of Oleophilic Bacteria from Environmental
Samples

In the present study, 30 different hydrocarbon-contaminated
soil samples were collected from ten different automobile
servicing stations within Mokokchung town of Nagaland,
India. A total of sixty hydrocarbonoclastic bacterial isolates
were obtained from the oil-contaminated soil samples at the
end of the enrichment culture method. In accordance with
the present investigation, Bekele et al. (2022) isolated two

potent diesel-degrading strains of P. aeruginosa (AAUW?23
and AAUGI11) and one strain of B. subtilis (AAUG36) using
the enrichment culture technique. Using an enrichment culture
technique and burnt motor oil and diesel as the only sources of
carbon, Hossain et al. (2022) used an oil sample collected from
a petrol pump disposal site. They identified three distinct bac-
terial isolates closely linked to Enterobacter sp., Pseudomonas
sp., and Acinetobacter sp. During isolation and screening, the
enrichment culture approach promotes the proliferation of
specific microorganisms with the characteristics of interest
and increases the number of such target species. The selection
of species unique to the metabolism of specific compounds
using a certain carbon and/or energy source is one of the sim-
plest methods for isolating novel species (Bhatt et al. 2023).
Rahman et al. (2002a) documented a crude oil-metabolizing
Pseudomonas sp. DS10-129 was isolated from soil samples
obtained from gasoline and diesel stations. Rahman et al.
(2002b) successfully obtained 130 bacterial isolates capable
of degrading oil using the enrichment culture approach, out
of which two Pseudomonas sp. were identified as proficient
in using crude oil and producing BS. Fleck et al. (2000) and
Bharathi & Vasudevan (2001) used the enrichment culture
approach to isolate several bacterial strains that have the ability
to produce BSs and metabolize crude oil.

Culturing and Screening of BS-Producing Oleophilic
Bacteria

The OB obtained from the enrichment culture approach was
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further inoculated into MSM supplemented with n-hexadecane
as the sole carbon source. This approach confirmed the
hydrocarbonoclastic nature of the OB isolates. The same
strategy was previously used by Bordoloi & Konwar (2008)
and Bharali et al. (2022) to isolate potential hydrocarbon-
utilizing bacterial strains. The selected hydrocarbonoclastic
OB were screened for their BS production capacity using
the du Noiiy ring method, crude oil displacement test, drop
collapse test, penetration assay, and CTAB agar assay. The
du-Noiiy-Ring technique is widely employed for screening
BS-producing bacteria because of its simplicity and reliability.
It measures the force required to detach a platinum ring from
the interface or surface of a liquid (Walter et al. 2010). Cooper
(1986) stated that a culture is considered potential if it can
decrease the ST of a liquid medium to 40 mNm™' or below.
The extent of the clear zone due to oil displacement upon the
addition of CFCS was directly related to the activity of the BS.
Morikawa et al. (2000), Cheng et al. (2017), and El-Housseiny
et al. (2020) have established that the oil spreading approach
is a dependable method for quantifying the surface activity of
BSs. Furthermore, they demonstrated that this methodology is
highly sensitive and capable of detecting even small quantities
of BSs.

When a surfactant is present, the liquid drop expands or
even collapses owing to the reduction in the force or interfacial
tension between the liquid drop and the hydrophobic surface
(Jain et al. 1991). The integrity of the drops is contingent
upon the quantity of surfactants and is correlated with the
degree of tension on the surface and interface (Walter et
al. 2010). The penetration assay is appropriate for high-
throughput screening and is based on the interaction between
two insoluble phases, leading to a color change (Maczek et
al. 2007, Walter et al. 2010). BSs can induce rupture of red
blood cells (Walter et al. 2010). The selected bacterial isolate
exhibited B-hemolysis and was confirmed to be positive for
BS production. Mulligan and Cooper (1984) suggested using
the blood agar assay as an initial assessment technique, which
should be supplemented by additional techniques that rely on
the measurement of surface activity. The CTAB agar plate
method is a convenient screening technique used to identify
the presence of exogenous glycolipids and other anionic
surfactants (Siegmund & Wagner 1991). When bacteria in
the culture medium produce anionic surfactants, they react
with the cationic surfactant CTAB and the methylene blue
dye to produce a dark blue, insoluble ion pair. BS-producing
bacterial colonies were encircled by dark blue halos
(Mulligan et al. 1984, Tuleva et al. 2002, Walter et al. 2010).

Characterization of a Selected Bacterial Isolate

Clustal Omega alignment tests showed that the isolate
AMS|1a sequence was 100% similar to various 16S rRNA

sequences across Pseudomonas spp., particularly P.
aeruginosa. The results of this analysis indicated that all 16S
rRNA sequences obtained from NCBI were closely related.
Specifically, the AMS1a sequence exhibited considerable
homology (> 97%) compared to other Pseudomonas
sequences. Phylogenetic analysis revealed that the AMS1a
sequence was more closely related to the P. aeruginosa
DSM 50071 and ATCC 10145 sequences. P aeruginosa
ATCC 10145 was selected as the root of the phylogenetic
tree because it was found to be closely related to AMS1la
in the alignment test conducted using Clustal Omega. P.
aeruginosa is a prevalent Gram-negative bacterial species
among hydrocarbonoclastic oleophilic prokaryotes. It is
recognized for its versatile metabolism and capacity to
inhabit numerous environments (Mielko et al. 2019). Various
species of Pseudomonas, capable of generating BSs, have
been reported from diverse polluted environments such as
petroleum-hydrocarbon contaminated fields (Barathi &
Vasudevan 2001, Bordoloi & Konwar 2008, Saravanan &
Vijayakumar 2012), metal-contaminated sites (Santos et al.
2024), pesticide-affected regions (Wang et al. 2022), and
industrial effluent-laden habitats (Al-Ansari et al. 2021,
Wang et al. 2023).

Growth Kinetics and BS Production

The current study showed a roughly sigmoidal growth curve
over a 22-day incubation period, which closely aligns with the
previously documented growth curves of other Pseudomonas
species (Janek et al. 2013, Goswami et al. 2015, Ramirez
et al. 2015). In comparison to earlier published studies,
the selected bacterial strain exhibited optimal growth at
30°C. This may be attributable to the abiotic factors at
the contaminated sampling site from which the bacterial
strain was isolated. According to records, the temperature
in the Mokokchung township region does not exceed 32°C
during summer, with an average summer temperature of
27°C (Central Ground Water Board 2013). Santos et al.
(2024) isolated a strain of P. aeruginosa BM02 from acidic
soil in a Brazilian municipality with temperatures ranging
from 28 + 6°C, which is very near the ideal temperature
for BS synthesis. Wei et al. (2005) and Chen et al. (2007)
reported optimum RL-production by P. aeruginosa J4 at 30-
37°C, which decreased with further increase in temperature.
Temperatures between 28-40°C have been reported for
the production of RLs by various strains of P. aeruginosa
(Henkel et al. 2012, Miiller et al. 2012). Such discrepancies
in the reported optimum temperature for P. aeruginosa strains
indicate their apparent physiological variations.

The bacterial strain exhibited progressive development
from 1* to 14™ day, persisted throughout the fermentation
process, and entered the death phase after 14" day. It has
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been proposed that cells enter the death phase due to the
consumption of available nutrients in the culture medium,
resulting in the accumulation of toxic substances and a
restricted supply of dissolved oxygen, which may impede
development (Lan et al. 2015). A spike in BS biosynthesis
was observed even after the bacterial population entered the
stationary phase. This could be attributed to the biosynthesis
of BSs as secondary metabolites (Rahman et al. 2002a).
The growth of hydrocarbonoclastic oleophilic can be
accompanied by the production of BSs, which can aid in
the attachment of cells to hydrophobic substrate molecules
and facilitate their metabolism (Barathi et al. 2001). ST
measurements in our experiments showed a decrease,
indicating the presence of surface-active compounds such as
RLs. Multiple studies have demonstrated that some bacteria
can decrease the ST of their culture media by producing BSs
during the shift from the exponential to the stationary growth
phase (Yin et al. 2009, Safari et al. 2023).

Purification of Partially Purified BS

Previous studies have reported that different strains produce
RLs with different compositions (Abdel-Mawgoud et
al. 2010). The spot with a higher R; value contains the
mono-RLs, whereas the lower R; value contains the di-RLs
(Lotfabad et al. 2010). Moreover, in this study, a minor lower
spot with an R; value of 0.3 was also observed. A similar
observation was reported by Lotfabad et al. (2010), where
a lower R; value of 0.31 referred to the di-RL structure,
while the higher spot for mono-RLs had an R; value of
0.76. Cheng et al. (2017) characterized the BS produced
by P. aeruginosa ZS1 isolated from petroleum-sludge in
Zhoushan islands, China, through the TLC technique. They
were able to separate mono-RL, Rhamnose-C,,-C,, di-RL,
and Rhamnose-Rhamnose-C,,-C,, homologues from an
RL mixture. Present findings are consistent with those of
other studies by Abdel-Mawgoud et al. (2008), George and
Jayachandran (2009), and Lotfabad et al. (2009). Abdel-
Mawgood et al. (2008) obtained a lower spot (di-RL) and a
higher spot (mono-RL) with respective R; values of 0.4 and
0.68. El Housseiny et al. (2020) characterized the BS from
P. aeruginosa P6 using TLC analysis and showed two spots,
one major spot with a R; value of 0.56 and another minor spot
with aR;value of 0.71, which corresponded to mono-RLs and
di-RLs, respectively. Both mono-RLs and di-RLs are the two
main types of RLs produced by most P. aeruginosa species
(Lang et al. 1999, Maier & Soberon-Chavez 2000). Column
chromatography was performed to separate the individual
RL homologs using a chloroform-methanol solvent system
at different ratios. Many compounds can be efficiently
purified, and their structural and functional analyses can be
performed using this chromatography technology. Perfect

outcomes are obtained in the identification and isolation of
RL congers using this approach (Sim et al. 1997). Column
chromatography uses a cheap, disposable stationary phase
that can be disposed of after use to avoid deterioration and
cross-contamination. Additionally, recovering the mobile
phase for later use is much simpler.

Physical Characterization of Isolated BS

Determination of CMC: According to the findings, the
CMC of the extracted BS was measured to be 195.6 mgL’l,
which is equivalent to a ST of 34.4 mNm''. The CMC of RLs
is significantly lower than that of synthetic surfactants, such
as SDS, which has a CMC of 2200 mgL'1 (Khademolhosseini
et al. 2019). The CMC values of mono- and di-RLs, as well
as their combinations, produced by different techniques, have
been reported to vary between 1 and 400 mgL’1 (Kopalle et
al. 2022, Arkhipov et al. 2023). Higher CMC values indicate
that a greater quantity of surfactant is required to reduce
the ST. Therefore, a smaller quantity of BSs is required to
achieve maximal ST reduction. This is an important aspect
that contributes to the greater utility of BSs compared
to chemical surfactants. According to Manivasgan et al.
(2014), a fine-quality BS can decrease the ST of water from
72.75 mNm™" to 35 mNm™'. According to Zhang and Miller
(1992), effective BSs can reduce the ST of water to less
than 40 mNm™.

Moreover, variations in the purity and content of the
BSs may have contributed to the disparate CMC values. For
RLs derived from different microbial sources, CMC values
ranging from 10 to 230 mgL™' have been reported (Zhang
& Miller 1992, Nitschke et al. 2005, Abdel-Mawgoud et al.
2010). It is well known that the distribution of homologs
affects the characteristics of RLs. In general, the CMC tends
to decrease as the length of the surfactant chain increases and
the di-RL content increases (Perfumo et al. 2006). However,
this trend was not observed in the current study. A possible
explanation for this phenomenon is that the BSs examined
in this study are not composed of one primary congener
but rather contain an assortment of congeners with varying
chain lengths in addition to the predicted congeners with a
certain chain length. Additionally, the LC-MS results for
the extracted BS indicated the presence of a combination
of di-RL and mono-RL congeners, which may potentially
impact its CMC values.

Emulsification activity: Emulsification activity is regarded
as a critical parameter among the physicochemical qualities
used to assess the commercial usability of BSs (Mendes
et al. 2015). This is regarded as an indirect approach to
evaluate BS production. The findings demonstrated a varied
emulsifying capacity against a wide range of hydrocarbon
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oils, reflecting the capability of the selected bacterial strain
to produce BSs that improve the interaction of hydrophobic
substances with water. According to Patel & Desai (1997)
and Lovaglio et al. (2011), RLs have a great ability to
emulsify a wide range of n-alkanes, aromatic hydrocarbons,
petroleum-derived compounds, crude oil, and vegetable oils.
According to an investigation conducted by Sun et al. (2018),
Pseudomonas sp. CQ2 from the Changqing oil field, China,
produces a BS with an E,,, of up to 61.5%. As reported by
Kumari et al. (2012), the BS generated by Pseudomonas
sp. BP10 exhibited a high emulsification activity of up to
75%. Hydrocarbons are pseudo-solubilized or emulsified at
varying rates by the majority of microbial surfactants, which
are substrate-specific (Etoumi et al. 2008). Several studies
have found emulsifying indices ranging from 50% to 75%
for various RL mixtures (Wei et al. 2005, Abdel-Mawgoud
et al. 2008, Benincasa & Accorsini 2008, George et al.
2009, Lotfabad et al. 2009, Bharali et al. 2011, Abbasi et
al. 2012, Aparna et al. 2012). The resulting water-oil (WO)
emulsions were dense and persisted for over four weeks
at room temperature, indicating the potential use of BS in
bioremediation to improve the bioavailability of intractable
hydrocarbons. In addition, as noted by Maier & Soberon-
Chavez (2000) and Abdel-Mawgoud et al. (2008), the ability
of BS to emulsify fossil fuel products, particularly kerosene,
n-hexadecane, octadecane, diesel, and lubricating oil, may
facilitate their microbial assimilation.

Chemical Characterization of Isolated BS

FTIR

The recovered BS was analyzed using FTIR to determine
its functional groups. The FTIR investigation identified
significant absorption bands in the tested BS at certain
wavenumbers i.e. 3410, 2931, 2856, 1735, 1644, 1402,
and 1206 cm™'. The results provide compelling evidence
that the detected wavenumbers align with the various
functional categories of RL, as reported in the literature
(Cortés-Sanchez et al. 2013, Araujo et al. 2020). Lan et al.
(2015) and Ibrahim (2018) reported that the aforementioned
primary chemical structure groups align with the structural
features of RL, as determined by Fourier transform infrared
(FTIR) analysis. Wavenumbers below 1200 cm ! encompass
many types of C-H, C-O, and —CH}; vibrations that cannot
be further classified (Zhao et al. 2013). It is also crucial to
note that slight differences were observed in the infrared
spectra compared to the previously published spectra. This
variation may be ascribed to the specific constitution of RL
mixtures obtained from various strains of Pseudomonas sp.
and differences in the culture and purification conditions
employed.

NMR

The signals identified in the 'H and B3C NMR spectra
corresponded to the functional groups of RL, as described in
the literature (Cortés-Sanchez et al. 2013, Araujo et al. 2020).
Therefore, according to the explanations obtained through
NMR studies, it can be concluded that BS is composed of
RL. The inadequate clarity of the NMR spectra suggests that
the substance being studied may include a combination of
several RL congeners. The current results are consistent with
those of Monteiro et al. (2007) and Wei et al. (2005), who
used 'H and '*C NMR analyses to determine the chemical
composition of a BS.

LC-MS/MS

The mass spectrometry data indicated the presence of both
mono- and di-rhamnose groups, as well as mono- and di-lipid
groups. There was a significant variation in the length and
composition (saturated or unsaturated) of the lipid chains,
with a particular focus on the presence of saturated C,,
and C,, fatty acids in mono-RL and saturated Cg, C,, C,,
and C,, fatty acids in di-RL. Previous investigations have
reported that the most prevalent P. aeruginosa RL comprises
fatty acids ranging from Cgq to C,,4, with C,,being the most
common. In their study, Christova et al. (2011) identified
mono- and di-RL congeners as anions with m/z values of
503 and 649, respectively. These values corresponded to
the deprotonated molecules of Rha-C,,-C,, (mono-RL) and
Rha,-C,,-C,, (di-RL), respectively. Déziel et al. (1999) and
(2000) observed that the ions with the greatest abundance
were found at m/z 649.9 and 503.6, respectively. These ions
were identified as (Rha-C,,-C,,) and (Rha-C,,-C,,) conge-
ners, respectively. It is important to note that there was no
estimation of each congener; thus, it is possible that some of
them, particularly the less frequent ones, might also be pres-
ent in minimal proportions. The NMR investigation did not
reveal the existence of unsaturated chain congeners, regard-
less of the weak signals in the 7.0-8.2 ppm region. However,
these congeners were identified using mass spectrometry.

Stability Studies

Effect of Environmental Variables on E,,%

The efficacy of BS relies on its capacity to maintain stability
in diverse environments, accounting for fluctuations in pH,
temperature, and salinity (Gudina et al. 2010). The current
study assessed the strength of the obtained RL by exposing
the CFCS to severe environmental variables such as pH,
temperature, salt, and heavy metals. BS demonstrated
stability throughout all evaluated variables, with no
precipitate formation or significant decline in surface-active
behavior. The findings indicated that the BS being tested
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exhibited robustness, as it was able to continue operating and
retain its active property within a wide temperature range
of 4-121°C. Moreover, there was minimal variation in the
E,,q when subjected to varying temperatures, with overall
values ranging between 50% and 65.6%. In a similar study,
Santos et al. (2024) examined the effects of RL isolated from
P. aeruginosa BMO02 on its ability to endure a wide range of
temperatures. The results showed that RL can thrive even
at extreme temperatures, ranging from 40 to 120°C, with
minimal variations in its E,,¢, value, which remained between
65% and 71%. RLs undergo precipitation at low temperatures
(4°C), which adversely affects their surface activity (El-
Housseiny et al. 2020). Following autoclaving, there was a
minimal reduction in the surface activity. We also examined
the impact of elevated temperatures on the emulsifying
activity of CFS and found that autoclaving led to a marginal
decrease in the emulsification index (El-Housseiny et al.
2020). The proficient temperature stability and strong
emulsifying activity of the investigated RLs render them
suitable for implementing Microbial Enhanced Oil Recovery
(MEOR) and bioremediation in oil-contaminated areas
characterized by elevated temperatures (Zhou et al. 2019).

RL in its crude form (CFS) eliminates the need for
expensive extraction procedures. Furthermore, employing
unrefined RLs is advantageous as it will reduce expenses
typically given away to the steps of separation and
purification processes (El-Housseiny et al. 2020).

The optimal surface activity was achieved within a pH
range of 6-8. However, a substantial decrease in surface
activity was observed under extremely acidic (pH 3) or
strongly alkaline (pH > 8) conditions. This phenomenon
arises due to the precipitation of RLs in highly acidic
conditions, resulting in structural distortion and a diminished
capacity to decrease ST. Under high acidic settings, the
groups with negative charges at the polar ends of RL
molecules undergo protonation (El-Housseiny et al. 2020).

The impact of ionic concentration on the surface-active
properties was also examined, revealing that the surface
activity was markedly diminished at NaCl concentrations
exceeding 9% w/v. Reddy et al. (2016) conducted a study
to examine the impact of different levels of salinity (2, 6,
10, 15, and 20% w/v) on the stability of RL BSs generated
by P. aeruginosa DR1, utilizing mango kernel oil. The
ST exhibited a progressive increase from 30 to 38 mNm™
when the salt content increased from 6 to 20%. However,
salt concentrations of 2-3% render commercial surfactants
ineffective (Abdel-Mawgoud et al. 2008). Thus, the obtained
RLs have demonstrated their superiority as a preferred option
for bioremediation processes in high-salinity areas, such as
polluted coastal environments.

Consistent with the present investigation, Santos et al.
(2024) found that BS derived from P. aeruginosa BM02
remained stable under all tested conditions. The lowest
ST value (~27 mNm'l) was observed at pH 3.0, 2% NaCl
concentration, and 80°C. Joshi et al. (2008) found that the
stability of the BS was maintained at a temperature of 80°C,
and within pH and NaCl ranges of 6 to 12 and 1 to 7%,
respectively. However, the surface activity of BS declined
as the NaCl concentration increased to 10 percent and the pH
level decreased to the acidic range, resulting in the formation
of precipitates. Khademolhosseini et al. (2019) conducted a
study on a RL BS produced by P. aeruginosa HAKO1. They
revealed that the BS possessed excellent stability under
various conditions, including temperatures ranging from 40
to 121°C, pH values between 3 and 10, and salt levels of up to
10% (w/v) NaCl. Based on their findings, they proposed that
BSs might be utilized in Microbial Enhanced Oil Recovery
(MEOR) applications. Multiple researchers have reported
similar findings, demonstrating that the activity of RLs remains
consistent throughout a broad spectrum of temperature,
salinity, and pH levels (Abdel-Mawgoud et al. 2008, El-
Housseiny et al. 2020, Zhou et al. 2019, Zhao et al. 2018).

Effect of Environmental Variables on Emulsification
Activity

The excellent emulsification activity demonstrated by
RL against different hydrocarbon oils credits it as a
powerful emulsifying agent that can be potentially used
in environmental applications such as MEOR and oil
mobilizing agents (El-Housseiny et al. 2020). Furthermore,
the bioremediation of petroleum-contaminated settings
may benefit from the capacity of BSs to emulsify various
hydrocarbon oils, as this may facilitate the assimilation
of such oils by BS-producing microorganisms (Maier &
Soberon-Chavez 2000, Abdel-Mawgoud et al. 2008). The
stability and ability of the BS to retain its properties can
be determined from emulsification and surface activity
stability tests against varying environmental factors,
which underpin their potential bioremediation applications
(Chandankere et al. 2014, Abdel-Mawgoud et al. 2008,
Datta et al. 2018). It was noteworthy that it performed
remarkably well even after autoclaving at 121°C for 10 min
(Abdel-Mawgoud et al. 2008). The CFCS exhibited stable
and consistent emulsification activity with diesel oil for
30 days. A stable oil-water emulsion is typically used as a
surface activity indicator (Hao et al. 2008). The stability of
the emulsification activity of the CFCS containing BSs was
also reviewed against varying temperatures, pH, and salinity.
The results of the stability tests underscored the ability and
efficacy of the BS under study to form stable emulsions
with numerous oils over varying temperatures (5-80°C), pH

Vol. 25, No. 1, 2026 ® Nature Environment and Pollution Technology



www.neptjournal.com 17

(3-10), salinity (2-10%), and time (1-30 days). The stable
water-oil emulsions also indicate the potential use of RL in
the bioremediation process to improve the accessibility of
resistant hydrocarbons.

Bioremediation Application

Soil washing experiment: The percentage of crude oil
removed from the sand by the CFCS was relatively higher
than that removed by SDS. Similar findings regarding the
efficient crude oil removal capacity of RLs produced by P.
aeruginosa have been reported in a previous study by Aparna
et al. (2012). This shows that the BS from P. aeruginosa
is highly effective for crude oil removal and can be an
efficient alternative for the bioremediation of hydrocarbon
oil contamination. The removal of oil from soil using BSs
can be explained by two proposed mechanisms: mobilization
and solubilization. Mobilization occurs when the surfactant
concentration is below the CMC. In this phase, the capillary
forces, surface and interfacial tension, contact angle, and
wettability were reduced. Below the CMC, surfactants
lower the surface and interfacial tensions between water,
oil, air, and soil systems. When surfactants interact with the
oil-soil system, they increase the contact angle and reduce
the capillary forces that hold the oil to the soil by decreasing
interfacial tension. The mobilization step also depends on
the ionic charge of the surfactant, as surfactants are adsorbed
onto the soil. This adsorption can lead to a reduction in
surfactant concentration, making it less effective or even
ineffective in soil treatment. When the concentration exceeds
the CMC, the oil solubility increases significantly because
of the formation of surfactant micelles. These micelles have
hydrophobic ends that cluster inside and hydrophilic ends that
face water. This structure provides a suitable environment
for hydrophobic organic molecules, a process referred to as
solubilization (Urum et al. 2004). Thus, it can be concluded
that the main mechanism involved in the removal of crude
oil by RL in the current study was greatly attributed to
the mobilization phenomenon, as there was no substantial
increase in the oil removal capacity at concentrations above
the CMC. Gaur et al. (2021) demonstrated the excellent oil
recovery capacity of BS produced by P. aeruginosa from
soil contaminated with engine oil through centrifugation at
6000 rpm for 20 min. Bharali et al. (2022) also conducted a
study on the efficiency of BSs produced by different strains
of P.aeruginosa to recover residual crude oil from petroleum
sludge and reported that the BSs were able to recover about
73.5-63.4% of residual oil from the sludge.

Crude oil degradation: The oil degradation potential of
the selected bacterium was confirmed by GC-MS analysis.
Selected complex and long-chain hydrocarbons are
broken down into simpler and shorter compounds during

degradation. As a result of the utilization of the complex
mixture of hydrocarbons as the sole carbon source, the
generation of bacterial by-products was observed during
the entire degradation process of 60 days, leading to the
formation of new major compounds such as erucic acid,
cis-10-Nonadecenoic acid, 5,8,11,14-Eicosatetraynoic
acid, methyl ester, 9-Hexadecenoic acid, and eicosyl
ester. Additionally, the degradation of large hydrocarbon
molecules leads to their breakage and the generation of
several smaller molecules, which further serve as precursors
for the formation of other complex and stable compounds.
It is also evident from the GC-MS data that the bacterium
was unable to breakdown the complex and highly branched
hydrocarbons such as Pentadecane, 2,6,10-trimethyl,
Heptadecane, 2,6,10,14-tetramethyl, Tetradecane,
2,6,10-trimethyl-, Heptadecane, 2,6,10,15-tetramethyl,
Dodecane, 2,6,10-trimethyl, Octadecane, 3-ethyl-5-(2-
ethylbutyl), Heptadecane, 9-hexyl, Tricyclo[7.4.1.1(2,7)]
pentadeca-2,4,6,9,11,13-hexaene-8-o0l, 10-Acetoxy-2-
hydroxy- 1,2,6a,6b,9,9,12a-heptamethyl-1,3,4,5,6 etc. even
after a period of 60 days. Previous studies have established
that every bacterial strain has its limitations, and it can degrade
only a selected number of hydrocarbons (Rehman et al. 2021).
This restriction is the result of several reasons. Primarily,
crude oil is composed of a wide variety of hydrocarbons with
unique chemical structures and traits, making its composition
extremely complicated. Second, nutrient availability and
environmental variables can influence the efficacy of
bacterial decomposition. For instance, some hydrocarbons
may be more susceptible to bacterial enzymes, whereas
others may exhibit greater resistance to breakdown owing
to their chemical characteristics or spatial configuration
within the oil matrix. Moreover, toxic chemicals in crude
oil, including heavy metals and aromatic and polyaromatic
compounds, can impede bacterial growth and catalytic
activity, thereby restricting their capacity to completely break
down the oil (Chuah et al. 2023). Hence, for the effective
degradation of crude oil components, it is preferred to use a
consortium of bacteria with different degradation potentials
(Primeia et al. 2020).

Limitations

The constraint arises from the multitude of factors and their
interconnectedness that define the production of microbial
surfactants. The inability to identify the most economical
conditions for producing BS in bioreactor systems for
BS commercialization is one of the main limitations of
the present study. In addition to the microbial producer,
the fermentation and purification processes impact the
physicochemical properties of the BS. Comprehending
these attributes is necessary for accurately determining
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their industrial use. Further industrial applications of this
strain, such as the synthesis of enzymes and other bioactive
compounds, may be expanded by thorough molecular
investigation.

Additionally, this study did not assess the specific
uses of the isolated BS other than bioremediation. To
determine the precise biodegradation capacity of the chosen
strain, a comprehensive molecular examination of its
hydrocarbonoclastic characteristics is essential. Additionally,
the strain was initially cultured in crude oil to verify its
ability to utilize the different components of crude oil as
the sole source of carbon and energy. However, studies on
its innate ability to use and break down certain components
of crude oil, such as aliphatic, aromatic, polyaromatic, and
NSO-containing compounds, have yet to be conducted. All
of these flaws would be seen as opportunities for further
research on the topic in the future.

CONCLUSIONS

The current study revealed the isolation, characterization,
and identification of P. aeruginosa AMSla strain, a
potential hydrocarbonoclastic, oleophilic, and BS-producing
strain from Mokokchung, Nagaland, India. The strain was
discovered outside an automobile repair shop in polluted
soil and demonstrated a great capacity to degrade crude oil.
When the BS production capability was assessed, the strain
was found to produce BS that significantly reduced ST
and exhibited effective emulsifying properties. Structural
characterization using TLC, FTIR, 'H and C NMR, and
LC-MS/MS verified that the BS generated by the selected
strain comprised a combination of mono- and di-RLs. BS
demonstrates significant surface-active properties and
stability throughout a broad spectrum of temperature, pH,
salinity, and heavy metals, rendering them appropriate for
many commercial applications, including the pharmaceutical,
cosmetics, food, and remediation technology sectors.
Furthermore, the strain has the potential to be employed in
bioremediation processes, which involve the biodegradation
of petroleum-based pollutants and the removal of crude
oil from contaminated soils by washing. However, given
the costs associated with extraction and purification, the
yield is rather low, which essentially prevents its industrial
application. Further research and development are required
to improve the culture conditions and increase the quality,
yield, and efficiency of BS, which will increase the number of
potential applications. To increase BS production on a wide
scale, cutting-edge extraction techniques that use affordable,
renewable carbon feedstocks must be investigated.
Through further investigation into the optimization of
growth parameters and exploration of novel genetically

engineered microbes, researchers can fully realize the
potential of BS, which will open up novel applications in
disciplines such as biomedicine, environmentally benign
remediation technology, organic compound synthesis, and
nanotechnology. Additionally, to promote sustainability,
various government organizations should implement policies
to promote and encourage the use of greener and more
environmentally friendly natural products, such as BS, to
achieve the Sustainable Development Goals set by the UN.
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ABSTRACT

This paper presents a screening of primary char samples produced through the
hydrothermal liquefaction of biomass. Currently, numerous studies demonstrate the
potential of hydrothermal conversion char residues as sorbents. The relevance of this work
lies in utilizing materials that are rarely used in other areas of production, such as aquatic
vegetation, organic waste, algae, bark and wood waste, food waste, and waste from the
agro-industrial complex. This study aims to evaluate the sorption capacity (for iodine, phenol,
and methylene blue) of char sorbents obtained from various raw materials via hydrothermal
liquefaction and to identify the most suitable raw materials. To assess the charcoals, their
elemental composition and sorption capacities for methylene blue, iodine, and phenol were
analyzed. The average yield of charcoal was 35%. The results indicate that the obtained
chars demonstrated the highest sorption capacity for methylene blue (up to 239 mg.g™),
while phenol sorption was the lowest (not exceeding 19 mg.g™"). These findings suggest that
the produced chars are promising raw materials for the production of sorbents.

INTRODUCTION

Pollution is a longstanding global environmental challenge, primarily driven
by anthropogenic activities. This study explores one of the methods to mitigate
anthropogenic impacts — wastewater treatment with sorbents.

In recent years, sorbents have gained increasing popularity for wastewater
treatment due to their ease of use and regenerability (Fouda-Mbanga et al. 2024).
Samodolova et al. (2024) employed a charcoal sorbent obtained by pyrolysis
of walnut shells to treat wastewater contaminated with heavy metal ions. The
authors investigated the dynamic sorption of aluminum, chromium, copper, iron,
magnesium, and zinc ions. Their results demonstrated that the sorbents effectively
removed chromium and copper ions from the solution, regardless of the process
temperature.

Kaewtrakulchai et al. (2024) used carbon sorbents obtained through the
hydrothermal conversion of shrimp processing waste to treat wastewater
contaminated with antibiotics (oxytetracycline). Their experimental data
demonstrated a 100% purification efficiency of the antibiotic solution when a
sorbent concentration of 2 gL' was applied for a sorption period of 10 min (with
an initial antibiotic concentration of 300 mg.L™").

Sorbents are also widely used in soil remediation. Wyszkowska et al. (2023)
conducted soil remediation experiments on diesel fuel and petroleum ether
contamination using biochar, halloysite, and alginite. All samples demonstrated
potential for soil remediation, with biochar showing the highest efficiency.

Although sorbents are effective in wastewater and soil treatment, they remain an
expensive product. Andriyko et al. (2024) calculated the cost of bentonite-carbon
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sorbent, which was produced using lignite, bentonite and
a binder. The cost of raw materials alone amounted to $78
per ton of sorbent. Even without considering the cost of the
equipment, it is evident that sorbents are costly.

Efficient and relatively inexpensive sorbents can be
obtained through the pyrolysis of dry biomass. Chen et al.
(2024) conducted the pyrolysis of dried coffee grounds at
550°C for 1.5 h. Structure analysis using SEM revealed high
porosity. The authors tested the sorption of heavy metal ions
(Pb**, Ni*"), achieving sorption capacities of 67.037 mg.g!
for lead and 10.265 mg.g™" for nickel.

Amosa (2015) carried out the pyrolysis of palm oil
production waste at a temperature of 900 °C for 15 min. The
resulting product exhibited a surface area of 886.2 m2.g”!, as
measured by BET, and high porosity, confirmed by SEM.
The sorbent demonstrated purification efficiencies of 90%

for hydrogen sulfide and 95% for manganese ions.

Irfan et al. (2023) performed pyrolysis of 2 types of raw
materials: wheat straw and excess sludge, as well as their
mixture in the ratio of 1:1. The raw materials were dried,
crushed, and sieved before undergoing pyrolysis at 550 °C for
3 h. At a sorbent dosage of 3 g.L'1 and above, the phosphate
removal rate reached 100%. The used sorbents were used as
fertilizer for mustard plant cultivation.

Unfortunately, the use of pyrolysis for waste treatment
is not always effective. In most studies, the wet raw material
requires prolonged drying (several days) before pyrolysis.
Sylwan & Thorin (2023) used pyrolysis char derived from
excess sludge to treat wastewater contaminated with heavy
metals; however, the char demonstrated poor performance.

There are several methods for producing char sorbents.
Giilec et al. (2022) compared three potential methods
of obtaining char sorbents: hydrothermal conversion,
torrefaction, and pyrolysis. Hydrothermal conversion is
conducted at temperatures ranging from 100 to 320°C,
with char yields ranging from O to 100%. Torrefaction is
performed at 200-300°C with 20-95% char yield, while
pyrolysis is carried out at 300-570°C, producing a 15-65%
char yield.

Hydrothermal liquefaction is a process of thermochemical
conversion of biomass to produce synthetic bio-oil as well as
biochar. This process takes place in an aqueous environment
and can be enhanced with the use of catalysts. One advantage
of this method is the ability to control process parameters,
making it more versatile (Sharma et al. 2024).

The use of char residue from hydrothermal liquefaction
as a sorbent is currently gaining significant attention. Lu et
al. (2021) performed hydrothermal liquefaction of algae,
demonstrating the potential of this method for biomass

conversion. Aktas et al. (2024) produced coal from excess
sludge through hydrothermal conversion. After activation
and pelleting, the surface area increased to 791 m?.g™",
enhancing its sorption capacity.

Char sorbents produced by hydrothermal conversion have
found widespread application in wastewater treatment. Yu
et al. (2021) investigated the sorption of lead ions using a
char sorbent derived from algae. The chars obtained were
low-porous. FTIR showed the presence of active groups
on the sorbent surface: C=0, C=C, and SiO. The degree
of purification of the solution ranged from 20% to 100%,
depending on the lead concentration. Marx & van der Merwe
(2021) performed phenol sorption experiments, reporting
extraction efficiencies ranging from 5% to 14%, depending
on the sorbent dosage. Unactivated chars were characterized
by poorly developed BET surface area: mesopores
1.54 mz.g'l, micropores 24.78 mz.g'l.

Kulikova et al. (2024) compared the life cycle impacts
of algae processing using pyrolysis and hydrothermal
liquefaction methods. A comparison of the impact of the
methods on climate change showed that using wind power for
hydrothermal conversion will reduce the environmental load
compared to pyrolysis, highlighting the ecological benefits
of hydrothermal processing.

Summarising the studied material, we came to some
conclusions:

1) Most often, cellulose-containing raw materials or other
structural polysaccharides are used for the production
of chars, regardless of the method of their production.
Less often, a mixture of organic wastes with cellulose-
containing raw materials is used. This is due to the
prospects of such raw materials for obtaining char
sorbents, with high carbon content, and porosity of the
initial material.

2) Chars obtained by pyrolysis are characterized by high
porosity. Both SEM and BET analyses show this. For
example, Amosa (2015) obtained chars that exhibited
a surface area of 886.2 m2.g"!, as measured by BET.
At the same time, coals obtained by HTL exhibit low
porosity. Marx and van der Merwe (2021) obtained
chars characterized by a low BET surface area:
mesopores 1.54 m”.g”!, micropores 24.78 m?.g”'. The
surface of such chars is characterized by the presence
of active centers (C=0, C=C, SiO groups). This proves
chemisorption as the main sorption mechanism of such
coals.

3) Hydrothermal conversion is a cheap, ecologically
favourable and promising method of producing coal
sorbents from various types of raw materials.
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Many studies have demonstrated that hydrothermal
conversion is a universal method for producing char sorbents,
making it suitable for various raw materials, including wet
biomass. However, the question remains as to which raw
materials are most effective for the production of sorbents
by hydrothermal conversion.

This study aims to evaluate the sorption capacity (for
iodine, phenol, and methylene blue) of char sorbents obtained
from various raw materials by hydrothermal liquefaction and
to identify the most suitable raw materials.

MATERIALS AND METHODS

The experiment was performed 3 times. The error of the
experiment should not exceed 10%. For each sample, the
chars were produced three times. A series of experiments
was performed in each of the 3 chars. This allowed levelling
out the influence of uncontrollable factors that could occur
in the process of char production.

Materials

Dichloromethane, phenol, iodine, methylene blue, potassium
bromate, potassium bromide, hydrochloric acid, potassium
iodide, and sodium thiosulfate were of ACS purity grade
and purchased from Diaem (Moscow, Russia). Water was
distilled on an evaporative distiller immediately before the
experiments.

Objects of Research

The objects of research include raw materials that are not
commonly utilized in traditional methods. All materials were
categorized into the following groups:

1. Plant biomass: Phragmites australis, Scirpus lacustris,
Typha angustifolia, and Miscanthus

Organic waste: Excess sludge
Baltic Sea algae: Furcellaria
Bark wood waste: Pine bark

Food waste: Apple waste and coffee waste

S

Agro-industrial complex waste: Cow manure and wheat
straw

The plant biomass used in the study is widely distributed
in the Kaliningrad region. Aquatic vegetation contributes to
the purification of nutrients in water bodies, provided that it
is collected in a timely manner (Kulikova et al. 2023). The
organic composition of aquatic vegetation is rich in cellulose,
hemicellulose, and pectin (Beyzi et al. 2023). The plant
samples used in this study were collected from the Curonian
Bay area in the Kaliningrad region, Russia. Fig. 1 presents
the appearance of the plants used.

Countries near the Baltic Sea produce approximately
4.0 million tons of sewage sludge per year (dry matter)
(Kacprzak et al. 2017). Most of this sludge is disposed of in
landfills, reducing the amount of usable land (Xu et al. 2021).
Excess sludge primarily consists of minerals (Mulopo 2024).
In this study, sludge samples were collected from the water
treatment plant in Sovetsk, Kaliningrad region, Russia. The
sludge appeared as a black, wet substance (Fig. 1). For the
experiment, the sludge was dried for 24 h at 80°C.

Furcellaria is a red algae found in the Baltic Sea. From
late fall to early spring, biomass is deposited onto the shore,
creating an unfavorable appearance on the beaches. Along
with the algae, oil and plastic contaminants that accumulate
in the algae thickets are also washed ashore (Gorbunova &
Esyukova 2020). Furcellaria contains alginates, fucoidan,
laminarin, and other compounds (Olsson et al. 2020). In this
study, the algae were collected from the shores of the Baltic
Sea (Kaliningrad region, Russia). Furcellaria has a branched
structure and is black in color (Fig. 1).

Bark waste is a by-product of wood product manufacturing
and is most frequently burned for energy production (Cesprini
et al. 2020). Bark waste is rich in lignin, hemicellulose, and
cellulose (Alonso-Esteban et al. 2022). In this study, common
pine bark collected from the Kaliningrad region of Russia
was used. The bark samples ranged in size from 2 cm? to
10 cm? and were brown in color (Fig. 1).

Food waste, a by-product of the food industry, was also
used in this study. Coffee waste was obtained from the
operation of a coffee machine, while apple waste was obtained
in the production of apple juice. The main components of apple
waste are fiber and pectin (Li et al. 2024). Local apples from
the Kaliningrad region were used. The food waste samples
were dried before the experiments (Fig. 1). The food waste
was dried in a drying oven at 70-80 degrees centigrade for
several hours until free moisture was removed.

Among agro-industrial wastes, cow manure (classified
as IV type of hazard) and wheat straw (classified as V type
of hazard) were used in this study. Wheat straw primarily
contains cellulose and lignin (Yuan et al. 2024). Both straw
and manure samples were collected from farms in the
Kaliningrad region. Fig. 1 demonstrates the appearance of
the raw materials.

Determination of Raw Material and Char Compositions

Ash content was determined according to GOST 26226-95:
“Fodder, mixed fodder, mixed fodder raw materials. Methods
of determination of crude ash” and GOST R 55661-2013:
”Solid mineral fuel, Ash content determination”.

Water content was determined according to
GOST R 57059-2016 “Fodder, mixed fodder, mixed

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026
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Phragmites australis Scirpus lacustris L. Typha angustifolia L. Miscanthus

\

Furcellaria Pine bark Coffee waste

Apple waste Cow manure Wheat straw

Fig. 1: Objects of the research.

fodder raw materials. Express method of moisture
determination”.

Carbon content was determined using a Vario EL Cube
elemental analyzer (Elementar Analysensysteme GmbH,
Langenselbold, Germany). The CHNS analysis was based on the
area of the chromatographic peaks of N,, CO,, H,0, and SO,.

Char Production

To produce chars, the raw materials were dried to adjust the
hydromodulus. Plant-based raw materials were additionally
cut into 3-5 cm long sticks.

The prepared raw materials were loaded into a
hydrothermal liquefaction reactor, with adjustable
parameters for temperature and speed of rotation of the
magnetic stirrer (Fig. 2). An anchor and distilled water
were added. The hydromodule was 1:10. The process of
hydrothermal liquefaction was conducted under the following
conditions:

e Temperature: 260°C Fig. 2: Reactor for hydrothermal liquefaction.
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e Pressure: 5-6 MPa
e Duration: 20 min

After the hydrothermal liquefaction process, the reactor
was cooled. The contents were filtered, and the reactor
vessel and solid residue were washed with dichloromethane
to ensure complete extraction of the oil. The char was then
dried at 104°C for 2 h.

Evaluation of Sorption Capacity

Sorption capacity was determined using methylene blue,
following GOST 4453-74: “Active Absorbing Powder
Charcoal. Specifications”. The iodine sorption capacity was
measured by calculating the difference in iodine concentration
in the solution before and after sorption (30 min) (Evsina
2012). The phenol sorption capacity was evaluated by

Table 1: Elemental composition of raw materials (dried).

measuring the difference in phenol concentration after 5 h
of sorption (Tukhvatullina et al. 2015).

Sorption of the above compounds is a standard method
for evaluating sorbent properties. Sorption of iodine shows
the adsorption capacity of the char. Sorption of methylene
blue is characterised by the presence of mesopores on the
surface of the char. Sorption of these compounds is an
indirect indicator of porosity. Phenol sorption is used to
evaluate the efficacy against organic compounds.

RESULTS AND DISCUSSION
Elemental Composition of Raw Materials

For the initial evaluation of the selected material, the
elemental composition was analyzed. Since the target product
of this study is char sorbents, the key element of interest

Sample Ash, % Carbon, % Hydrogen, % Nitrogen, % Sulphur, % Oxygen, % Moisture
content, %
Phragmites australis 4.68+0.40  44.75+0.10 6.897+0.080 0.57+0.02 0.100£0.006  38.79+1.10  4.210.10
Scirpus lacustris L. 5.45+0.50  42.89+0.07 6.89620.097 0.730.00 0.357+0.000  37.08£1.40  6.60+0.10
Typha angustifolia L. 5184050  43.93+0.06 6.757+0.085 0.80+0.03 0.221+0.007  37.21x2.10  5.900.10
Miscanthus 8.87+0.30  43.27+0.22 6.6200.017 0.42+0.01 0.070£0.000  36.85:0.90  3.900.10
Sewage sludge 29.51+0.07  31.97+0.20 6.3400.011 5.600.07 0.954+0.002  12.13x2.30  13.50+0.10
Furcellaria 19.51+0.01  33.90+0.16 6.277+0.000 4.77+0.01 3.63120.001  24.81x0.60  7.10+0.10
Pine bark 243+020  52.08+0.09 7.133+0.011 0.33+0.07 0.073+0.008  30.65+0.70  7.30+0.10
Coffee waste 1.66+0.10  50.060.05 8.509+0.007 2.22+0.05 0.195:0.008  30.86x1.50  6.50+0.10
Apple waste 1.43+0.01  40.78+0.09 7.921+00.46 0.33+0.00 0.051+0.000  43.89+1.60  5.600.10
Cow manure 12.120.16  43.510.05 6.459+0.080 1.66+0.04 0.211+0.007  31.3622.00  4.70+0.10
Wheat straw 8.52+0.10  44.2+0.33 6.11220.070 0.79+0.07 0.019+0.016  34.76x+0.69  5.60+0.10
100%
90% l
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Fig. 3: Elemental composition of raw materials.
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Table 2: Hydrochar yield.

Raw materials Yield, %
Phragmites australis 39+2
Scirpus lacustris L. 311
Typha angustifolia L. 42+3
Miscanthus 44+2
Sewage sludge 3242
Furcellaria 35+3
Pine bark 59+3
Coffee waste 36+2
Apple waste 311
Cow manure 442
Wheat straw 32+4

for the study is carbon. At high ash content, char has poor
sorption properties (Nature Technology 2022); therefore,

the ash content of the selected materials should be low ash
content. Table 1 summarizes the elemental composition of
the dried raw materials.

For visual clarity, the elemental composition is presented
in Fig. 3. Elemental composition of raw materials showed
that the most promising raw materials for obtaining char
sorbents are food waste, bark waste and aquatic vegetation.
The highest carbon content was observed in pine bark
(52%), making it the most suitable raw material for sorbent
production.

Characterization of Produced Chars

An important economic parameter in char production is the
product yield. Table 2 shows the yield of chars obtained from
different raw materials through hydrothermal liquefaction.

The average char yield across all raw materials was
approximately 38%. The highest char yield was obtained

Hydrochar from P.
australis

Hydrochar from S.
lacustris L.

Hydrochar from sewage
sludge

Hydrochar from
Furcellaria

Hydrochar from apple
waste

Hydrochar from cow
manure

Hydrochar from pine bark  Hydrochar from

Hydrochar from 7.
angustifolia L.

Hydrochar

from Miscanthus

coffee
waste

Hydrochar from wheat straw

Fig. 4: Hydrochars.
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Table 3: Elemental composition of hydrochars.

Material Ash, % Carbon, % Hydrogen, % Nitrogen, % Sulphur, % Oxygen, %
Phragmites australis 11.800.06 58.0120.10 543120076 0.64x0.04 0.049+0.001 22.67+0.12
Scirpus lacustris L. 4.28+0.02 65.08+0.57 6.063+0.046 2.26+0.03 0.161+0.001 19.36+0.23
Typha angustifolia L. 6.54+0.09 59.00+0.05 6.632+0.046 3.21+0.01 0.216+0.001 21.80+0.17
Miscanthus 5.84+0.00 62.52+0.56 5.880+0.018 0.53+0.02 0.064+0.000 23.97+0.23
Sewage sludge 62.85+0.58 22.85+0.58 2.930+0.032 2.53+0.02 0.610+0.001 6.34+0.15
Furcellaria 33.99+2.71 40.45+0.80 4.034+0.037 4.01+0.01 3.373+0.004 11.54+0.16
Pine bark 3.14+0.50 63.68+0.07 5.021+0.035 0.60+0.04 0.043+0.000 24.82+0.24
Coffee waste 1.91+0.10 71.11+0.23 8.373+0.058 2.94+0.02 0.133+0.001 14.63+0.14
Apple waste 1.42+0.00 68.57+0.56 5.815+0.038 0.81+0.03 0.040+0.000 22.05+0.16
Cow manure 18.26+0.10 53.96+0.76 5.965+0.024 1.92+0.04 0.354+0.001 18.44+0.24
Wheat straw 7.30+0.04 61.98+0.44 5.731+0.043 1.29+0.07 0.023+0.028 23.68+0.62
100%
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70% .
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Fig. 5: Elemental composition of hydrochars.

from pine bark (59%), while the lowest yield was from Typha
angustifolia L.(31%). Fig. 4 depicts the chars produced using
the hydrothermal liquefaction method.

Elemental Composition of Hydrochars

To assess the potential of using chars as sorbents, elemental
analysis was performed on the produced hydrochars. Table
3 and Fig. 5 summarize the elemental composition of the
hydrochars.

TaFor all samples, except apple waste, miscanthus, and reed,
the ash content increased after hydrothermal conversion. The
carbon content of most samples increased, except for char
derived from excess sludge, which showed reduced carbon
content. Hydrochars produced from furcellaria and sewage
sludge had carbon content below 50%, making them less suit-
able as sorbents. In contrast, chars derived from food waste
and aquatic vegetation exhibited carbon content exceeding
60%, indicating higher sorption potential.

Sorption Capacity of Hydrochars

The primary objective of this study was to evaluate the
potential of chars in purifying wastewater by sorbing
contaminants. The sorption capacity of hydrochars for
methylene blue, phenol, and iodine was assessed. The results
are presented in Table 4 and Fig. 6.

The best values of methylene blue sorption were
achieved using hydrochar from apple waste (238.7 mg.g™"),
followed by coffee waste (171.0 mg.g™"), and wheat straw
(100 mg.g™). In contrast, Typha angustifolia L. char
demonstrated the lowest sorption capacity for methylene blue
(3.0 mg. g'l), making it the least effective sorbent.

Furcellaria (41.9 mg.g’l), coffee waste (32.2 mg. g'l), and
Typha angustifolia L. (29.7 mg. g'l) hydrochars showed high
sorption properties for iodine. Conversely, the lowest values
of iodine sorption capacity are demonstrated by chars from
bark waste (5.1 mg.g'l) and miscanthus (4.8 mg.g'l).

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026
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Fig. 6: Sorption capacity of hydrochars.

Table 4: Sorption capacity of hydrochars.

Material of hydrochar Sorption capacity for methylene Iodine sorption capacity, mg. g'1 Sorption capacity for phenol, mg. g'l
blue, mg. g'1

Phragmites australis 36.7+5.3 9.1+1.5 0.5+0.1
Scirpus lacustris L. 17.8+2.0 13.8+0.5 17.3+0.6
Typha angustifolia L. 3.0£0.1 29.742.4 1.020.1
Miscanthus 40.8+1.5 4.8+1.3 5.0£3.0
Sewage sludge 24.9+4.3 27.7£0.2 0.1+0.0
Furcellaria 34.6+2.0 41.9+1.2 1.020.1
Pine bark 16.4+2.7 5.120.1 1.0+0.1
Coffee waste 171.0+23.7 32.2+5.9 18.7+2.4
Apple waste 238.7+21.9 13.4+0.9 3.4+0.1
Cow manure 20.4+2.3 25.6+0.6 0.7+0.1
Wheat straw 100.0+£0.4 14.2+1.3 2.4+0.1

The highest value of sorption capacity for phenol was
achieved in chars obtained from reed (17.3 mg.g") and
coffee waste (14.9 mg.g"). While the chars derived from
sludge (0.1 mg.g™) showed the lowest sorption capacity for
phenol, indicating poor performance for this contaminant.

Relationship Between Carbon Content and Sorption
Capacity

According to the obtained data, the regular correlation
between carbon content in chars and their phenol sorption
is traced. Fig. 7 shows the dependence of the sorption
capacity of chars on their carbon content. The determination
coefficient is equal to 0.9971. The model is correct. For
objectivity of the results, only chars derived from aquatic
vegetation were included in the figure to ensure the
comparison of similar raw materials.

The relationship between carbon content and phenol
sorption is exponential — with increasing carbon content in
the raw material, a sharp increase in phenol sorption capacity
is observed. The sorption capacity for phenol reaches
10 mg.g™" at a carbon content of 64%, which is several
tens of times higher than the sorption capacity at 58-60%
carbon content. This suggests that chars with a higher carbon
fraction exhibit superior adsorption efficiency for phenolic
compounds.

A similar trend was reported in the study by Anisuzzaman
etal. (2015), which studied the sorption of 2,4-dichlorophenol
(a phenolic compound). Their study demonstrated that as
the carbon content of the sorbent increased, the degree
of pollutant removal also increased. This is most likely
due to the presence of CEC bonds on the surface of the
char.

Vol. 25, No. 1, 2026 ® Nature Environment and Pollution Technology



www.neptjournal.com 9

—_— = = = N
N A N 0 O

Phenol sorption, mg/g
S

S N B~ O

57 58 59 60

R2=0.9999 p

62 63 64 65 66

Carbon content, %

Fig. 7: Relationship between carbon content and phenol sorption.

35
2030
€25
=i
£ 20
515 —
el
25 '

0

0 1

[ J
R2=0.8707
~
~

-
~

[ ]
2 3 4

Nitrogen content, %

Fig. 8: Relationship between nitrogen content and iodine sorption.

Iodine Sorption and Its Dependence on Nitrogen
Content

No clear correlation was observed between carbon content
and the sorption capacity for methylene blue or iodine. This
is likely due to the chemisorption mechanism involved in
the adsorption of these substances, which is influenced
by the presence of functional groups rather than carbon
content alone. The study by Aktas et al. (2024) investigated
the surface of carbon sorbents using FT-IR analysis and
identified the presence of carboxyl, hydroxyl, ketone, and
nitro groups, which can enhance the sorption of certain
substances. Chemisorption occurs mainly through a donor-
acceptor mechanism. Hydrogen donors include carboxyl
and hydroxyl groups. Hydrogen acceptors include keto
group, nitro group and hydroxyl group (the latter acts as
both acceptor and donor).

Iodine chemisorption occurs due to functional donor
groups (Krivosheev et al. 2016). These include carboxyl

and hydroxyl groups and amino groups. lodine may also be
absorbed by metals (e.g., silver) and unsaturated bonds. Fig.
8 shows that as the nitrogen content increases, the iodine
sorption capacity increases. The dependence is linear, i.e.,
the sorption capacity is directly proportional to the nitrogen
content in the char. The determination coefficient is equal
to 0,8707. The resulting model satisfies the real data. In the
case of these chars, it is assumed that iodine sorption occurs
primarily through nitro groups. This means that the main
type of iodine sorption is chemisorption.

The produced sorbents actually have a poorly developed
porous structure. This was proved in the previous work
(Muravieva et al. 2025). The value of specific surface area
by BET did not exceed 20 rn2.<g’1 even after activation, and
the total pore volume did not exceed 0.2 cm®.g™". This is
much lower than that of porous materials. However, high
sorption values for different substances were observed for the
obtained sorbents. The only explanation for this phenomenon
is chemisorption.
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Methylene Blue Sorption Mechanism

Balykin et al. (2004) studied the sorption process of
methylene blue. The authors proved that the main sorption of
methylene blue is due to chemisorption by a donor-acceptor
mechanism, i.e., the main type of sorption of methylene blue
is chemisorption. In addition, the authors also concluded
that during the sorption process, methylene blue undergoes
reduction to its leucoform (colorless form) on the surface
of the sorbent. Fig. 9 shows the mechanism of reduction of
methylene blue to its colorless form. It can be inferred that
hydroxyl groups play a significant role in the reduction of
methylene blue from solution.

CONCLUSIONS

A method was proposed for processing wastes from various
industries and other types of biomass to produce carbon
sorbents for wastewater treatment. The key findings of the
study are as follows:

1. The elemental composition analysis of raw materials
revealed that bark and coffee waste (with carbon content
more than 50%) are the most suitable for producing
char sorbents. In contrast, the least amount of carbon
is found in excess sludge and furcellaria (about 30%),
making them less effective for sorbent production. For
elemental analysis, the raw material was ground, dried
the removal of free moisture (some water stayed in the
raw material).

2. Following hydrothermal liquefaction, the highest carbon
content was achieved in chars derived from apple waste
(71%) and coffee waste (69%), while excess sludge char
exhibited the lowest carbon content (32%). Notably,
the carbon content in excess sludge decreased after
hydrothermal processing.

3. Chars from coffee waste (171 mg.g'l), apple waste
(239 mg.g™"), and straw (100 mg.g'l) demonstrated
the best sorption capacity for methylene blue, while
Typha angustifolia L. char showed the lowest sorption
(3mg.g™).

4. Furcellaria char exhibited the highest iodine sorption

capacity (42 mg. g'l), whereas bark and miscanthus chars
had the lowest (5 mg.g'l).

5. Phenol sorption was generally low, with the best results
obtained from coffee waste char (18.7 mg.g™" and reed
char (17.3 mg.g'l). The worst phenol sorption was
observed in excess sludge char (0.1 mg.g'l).

6. Phenol sorption showed a direct correlation with carbon
content. The sorption of the other substances studied
also depends on the carbon content, but the functional
groups on the surface of the sorbent have a significant
influence.

7. According to the results, the best raw material for
the production of char sorbents is coffee waste. It is
characterized by high carbon content (50.06%), low
ash content (1.66%). The char yield was 36%, which
is higher than that of some raw materials. Sorption
capacity for methylene blue was 171.0 mg.g', phenol
18.7mg.g”", iodine 32.2 mg.g . The sorption values are high
and exceed the values of these indicators for other samples.

Based on the experimental results, it can be noted that
the chemical composition of the feedstock influences the
properties of the produced sorbents. High carbon content
(mainly in the form of structural polysaccharides) promotes
high sorption properties. First of all, it affects the sorption of
phenol (probably due to the presence of unsaturated carbon-
carbon bonds). The presence of nitrogen on the charcoal
surface promotes better sorption of iodine (due to nitrogen-
containing groups).

The assumed mechanism of coal sorption is chemisorption.
This fact requires further work on the activation of sorbents
and the search for their further application in wastewater
treatment.

Overall, the produced char sorbents demonstrated
moderate sorption properties. However, with further
activation, they can be used for the treatment of wastewater
containing dyes, halogens, and other pollutants.
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ABSTRACT

The principal objective of this study is to investigate the synergistic influence of
vermicomposting and the application of Effective Microorganism (EM) solution on the nutrient
transformation dynamics within sewage sludge. Sewage sludge, being rich in organic matter
yet often unstable in terms of nutrient availability, requires effective stabilization strategies to
enhance its suitability as a soil amendment. In this context, the research primarily emphasizes
the stabilization and mineralization of key macronutrients, nitrogen (N), phosphorus
(P), and potassium (K), over a controlled composting period of 90 days. By integrating
vermicomposting, which harnesses the activity of earthworms to accelerate organic matter
degradation, with EM solution, which introduces beneficial microbial consortia to stimulate
biochemical processes. Further, the study aims to optimize the substrate ratio, quantify the
enzymatic activities related to microbial pathways, and model the kinetic behavior of nutrient
mineralization using dynamic equations, which will improve the understanding of temporal
nutrient stabilization mechanisms.

INTRODUCTION

Sewage sludge is a byproduct of wastewater treatment that raises tremendous
environmental and management concerns in terms of its organic richness,
pathogenic load, and nutrient content. Utilization of this waste stream effectively
can help solve both environmental issues and meet the growing requirement for
organic fertilizers for sustainable agriculture. Traditional composting methods
(Balidakis et al. 2024, Chen et al. 2024, Bicalho et al. 2024) fail to meet the
challenges for stabilization and maturation efficiencies, with probable nutrient loss
and variable quality of composts. A need exists to develop advanced composting
methods that ensure efficiency in nutrient dynamics and are environmentally safe.
Vermicomposting, bio-oxidative decomposition of organic material by earthworms,
is a promising solution that accelerates decomposition of organic matter and
improves its nutrient bioavailability. Likewise, Effective Microorganisms (EM), a
consortium of beneficial bacteria, fungi, and actinomycetes, have been reported to
enhance microbial activity and stabilize nutrients (Ucaroglu et al. 2024, Beduk et
al. 2023, Serweciriska et al. 2024) in composting systems. While individual merits
of these methods have been reported, research concerning their simultaneous use
is particularly lacking, especially as related to stabilizing nutrients over temporal
instance sets. This study fills this gap by assessing the combined impact of
vermicomposting and EM solutions on nutrient fluxes for the sewage sludge. This
research systematically investigates nutrient transformations, loss pathways, and
stabilization efficiency through a suite of advanced methodologies that include
dynamic kinetic modeling (DKM), microbial profiling via 16S rRNA sequencing,
enzymatic assays, and nutrient fractionation. Integrated temporal analysis, substrate
optimization, and soil fertility evaluations provide practical insights into the factors
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behind nutrient stabilization, together with the mechanisms
driving this process.

A substantial research gap exists about the evolutionary
processes of bacterial-community structures and kinetics
throughout processes in nutrient stabilization between
vermicomposting and EM treatments, microscopically
synchronized and analyzed, and with biochemical and kinetic
modeling, not to mention sludge material optimization
suitable for preservation of nutrients in the shorter time
frame. It is this study, with the integration of microbial and
kinetic models, which will contribute to enhancing scholarly
understanding concerning nutrient dynamics.

Specific objectives are: (i) to model the mineralization
kinetics and stabilization kinetics of nitrogen, phosphorus,
and potassium for the combined treatments of using
vermicomposting and EM and (ii) to analyze the microbial
community dynamics and enzymatic roles with respect to
nutrient release; (iii) to further assay for the best sludge-
to-green-waste ratios for nutrient retention; and (iv)to
validate the compost quality using maturity indices and
plant bioassays under standardized application conditions.
The articulation of the research problem has been further
strengthened through the revision in the introduction,
bearing in mind the shortcomings of the integrative studies
that would timely evaluate the simultaneous application of
vermicomposting and EM in nutrient stabilization. This study
fills the void using a system model involving microbial,
enzymatic, and kinetic models to provide a more complete
understanding of nutrient dynamics.

Now, specific research objectives have been laid
down in the introduction to further contribute to the
efforts to improve composting strategies for sludge
management in the study area. Further, cited arguments
from related studies are also included, signifying the
vermicomposting efficiency, EM use, and nutrient
transformation mechanisms to reasonably affect the same,
which is instrumental in bridging the abovementioned gap.
A quantitative experimental design has been adopted for
the study to elucidate nutrient stabilization and microbial
dynamics of composted sewage sludge. The experiment
involved the use of 12 composting bins of 50 L apiece and
was laid out in a randomized complete block design. There
were three sludge-to-green-waste ratios (1:1, 2:1, and 3:1),
and each was among three replications. The density of E.
fetida was 50 individuals kg-1 substrate, and EM solution
was applied at a dose of 1 mL per 100 g substrate. Nutrient
concentration in the form of nitrogen, phosphorous, and
potassium, microbial communities (from 16S rRNA
sequencing), and activity of enzymes (urease, phosphatase,
cellulase) were monitored through data collection at the

following six intervals, 0, 15, 30, 45, 60, and 90 days and
analyzed using regression models for quantify kinetic
parameters, ANOVA for several effect comparisons, and
Pearson correlation; the last to establish relationships
between nutrient mineralization and microbial activity. The
Humification Index (HI), Maturity Ratio (MR), and plant
bioassay of maize are proposed for an integrated quality
regimen of compost. Gas and leachate loss were determined
with a gas analyzer and a percolate collection system.

MATERIALS AND METHODS
Review of Models Used for Sewage Sludge Analysis

The sewage sludge composting and resource recovery field
has experienced great growth in recent years, with a number
of researchers paying attention to nutrient stabilization,
microbial dynamics, and sustainability in the environmental
context. Balidakis et al. (2024) studied the use of selective
clay minerals and biochar in sewage sludge stabilization;
they exhibited their ability to reduce metal mobility while
improving maturity in the compost. Similarly, Chen et al.
2024) underlined the importance of hyperthermophiles
in composting sludge with an emphasis on their role in
accelerating organic matter degradation under thermophilic
conditions. Bicalho et al. (2024) applied spectroscopic
techniques such as FTIR-MIR and FTIR-NIR to observe
biochemical changes taking place in composted sludge and
thus arrive at critical insights about nutrient transformations
and metal binding mechanisms. Ucaroglu and Atalay et
al. (2024) on agricultural waste co-composting proved the
possibility of enhancement in nutrient content in composted
sludge. Beduk et al. (2023) assessed the risks of persistent
organic pollutants in sewage sludges, giving a finer resolution
temporal analysis of the concentration and loading dynamics
thereof with consequences for soil health. Another area is
the dynamics of the microbial community. Serweciriska et
al. (2024) demonstrated how sludge fertilization alters soil
microbial structure and resistomes, highlighting the need for
sustainable application practices.

Alonso et al. (2024) compared the chemical characteristics
of sludge from various wastewater treatment plants,
identifying key differences that affect compost quality.
Mulopo (2024) conducted a systematic review of sludge
use for industrial ecology, focusing on the contribution
to the transition toward sustainability. Dos Santos et
al. (2024) found the influence of biochar derived from
sludge on crop production for nutrient retention in soil and
reported considerable increases in such retention. Hechmi
et al. (2024) studied microplastic pollution from wastewater
treatment and sludge and advanced ideas on how to avoid

Vol. 25, No. 1, 2026 ® Nature Environment and Pollution Technology



www.neptjournal.com 3

soil degradation. Such novel composting techniques have
also been highly researched. Nsiah-Gyambibi (2023)
enhanced sludge pyrolysis into vermicomposting, resulting in
improved nutrient recovery and diminished levels of organic
contaminants. (Alonso et al. 2024) tested the applicability of
sludge as a substrate for tree seedlings and attained positive
results at both growth and nutrient availability. Abban-
Baidoo et al. (2024) investigated biochar co-composting and
noted its beneficial impact on carbon and nitrogen dynamics.
Echeverria-Vega et al. (2024) studied the microbial and
physicochemical evolution of industrial waste composting,
relating microbial activity to nutrient stabilization. Souza et
al. (2024) have evaluated the ecotoxicological implications of
sludge use, and pre-treatment seems to be crucial in tackling
risks to the environment. The topic of metal immobilization
strategies is rising in recent literature. Ojo et al. (2024)
evaluated the effectiveness of sulfidated nano zerovalent
iron for reducing metal mobility in contaminated soils,
demonstrating significant improvements. Chiarelotto et al.
(2024) applied multivariate analysis to composting urban
tree and agro-industrial residues, identifying critical factors
influencing nutrient transformations. Silva et al. (2024)
highlighted the operational and environmental benefits of
forest waste composting, proposing best practices for large-
scale implementation. Srivastava and Chakma et al. (2023)
evaluated the stabilization of sugar mill pressmud through
pilot-scale composting, reaching heavy metal toxicity
reductions and decomposition of organic matter. Luo et al.
(2024) reviewed the advances of microbial communities in

Table 1: Comparative Analysis of Existing Methods.

composting, discussing the functional roles of key microbial
taxa.

Valchev et al. (2024) investigated the recovery of valuable
elements from sludge. Interesting to see that, according to
Table 1, they mapped nutrient and metal concentrations
throughout the wastewater treatment plants and identified
the potential for recovery. Ogugua et al. (2024) reviewed the
synergistic co-treatment of sludge with low-rank coal and
straw, presenting strategies to enhance energy efficiency, and
Elbl et al. (2024) examined sludge gasification in fluidized
bed systems. Zhu et al. (2024) determined the high-value
utilization technologies for sludge, suggesting an integrated
solid waste management approach. Amaral et al. (2025)
suggested pre-composting with subsequent vermicomposting
and EM addition, resulting in faster compost maturity with
better nutrient characteristics. Mangottiri et al. (2024)
evaluated new composting technologies by using an AHP-
based approach to find the optimal strategies for land
application of biochar-amended sludge compost. Piao et
al. (2023) reviewed additives for straw composting and
identified some additives that enhance microbial activity
and nutrient release. Jothinathan et al. (2023) over-viewed
fecal sludge management with a focus on resource recovery
options. Peng et al. (2024) analyzed the impact of the particle
size of biochar in sludge vermicomposting. They observed
optimal particle sizes for maximum activity of microbes.
Grigatti (2023) assessed the impacts of anaerobic digestates
on the management of soil carbon and phosphorus, where
it was related to improvements in fertility and quality

Method Key Findings

Selective Clay Minerals and Biochar Addition
(Balidakis et.al. 2024)

Hyperthermophiles in Sludge Composting (Chen
et.al. 2024)

Spectroscopic Analysis (FTIR-MIR and FTIR-NIR)

Biochar Co-Composting (Bicalho et.al. 2024)

Sulfidated Nano Zerovalent Iron Application
(Ojo et al. 2024)

Pre-Composting with Vermicomposting and EM
Addition (Amaral et al. 2025)

Additives for Straw Composting (Piao et al. 2023)

Biochar-Augmented Vermicomposting (Peng et
al. 2024)

Zeolite and Winery Waste Co-Composting (Doni et
al. 2024)

Earthworm-Assisted Toxic Weed Stabilization (Das
et al. 2024)

Improved sewage sludge stabilization by reducing metal mobility and enhancing compost
maturity.

Accelerated organic matter degradation under thermophilic conditions improves
composting efficiency.

Identified critical nutrient transformations and metal binding mechanisms during
composting.

Enhanced carbon and nitrogen stabilization; improved nutrient content and reduced
leachate loss.

Effective in immobilizing heavy metals in contaminated soils, reducing toxicity and
enhancing soil quality.

Achieved faster compost maturation, higher nutrient retention, and reduced ammonia
emissions.

Additives such as biochar and zeolite enhanced microbial activity and accelerated nutrient
transformations.

Optimal biochar particle size significantly improved microbial diversity, earthworm
activity, and compost quality.

Increased nutrient retention, reduced ammonia emissions, and improved humification rates
in compost.

Efficiently reduced heavy metal toxicity and stabilized nutrients, producing mature
compost for soil applications.
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of the produced compost. Doni et al. (2024) examined
co-composting winery waste with zeolite, enhancing
nutrient retention and minimizing ammonia emissions.
Vinay et al. (2023) evaluated innovative techniques to
remove microplastics from sludge, focusing on upcycling
approaches for reduced environmental impact. Pérez et al.
(2024) discussed the co-digestion of sewage and organic
waste in anaerobic reactors, providing operational insights
that support improving methane production. Tiwari et al.
(2024) reviewed strategies for reusing treated sewage water
in agriculture, highlighting potential water scarcity reduction
while enhancing soil quality. Xiong (2023) critically
reviewed the characterization of dissolved organic matter
in composting and identified the gaps in understanding
its role in nutrient dynamics. Other recent studies on co-
composting include the characterization of microbial and
enzymatic dynamics of green leaves and kitchen waste
composting by Sathya et al. (2024). Hassan et al. (2023)
carried out a techno-economic evaluation of biofertilizers
from wastewater biosolids, suggesting cost-effective
production models. Magbool et al. (2024) addressed the
issues of fecal sludge management in an urban environment
by recommending solutions for integrated treatment. Tin et
al. (2024) presented sludge-to-energy strategies for rubber
processing industries, highlighting the present progress in
energy recovery techniques. Pan et al. (2023) studied lignite
co-composting of herbal residues as a bulking agent, showing
improvement in the degradation of organic matter. Gupta
et al. (2024) further looked into infusing fruit-vegetable
waste into bakery sludge with vermicomposting, which
resulted in enhanced nutrient availability and maturity of
the compost. (Zhao et al. 2024) compared bacterial agents
and mature compost for chicken manure composting, finding
the former to be more effective in accelerating stabilization
of nutrients. Ucaroglu et al. (2024) reviewed bioconversion
strategies for organic wastes, with a focus on integrated
approaches to sludge and manure management. (Sharma et
al. 2023) characterized Tectona grandis leaf litter compost,
demonstrating its viability as an organic amendment. For
instance, Jarupan et al. (2024) valorized brewer’s spent grains
to obtain biodegradable plant pots by using the material
creatively to recycle agricultural wastes. Jing et al. (2024)
further invested their interest in earthworms for composting
by comparing several species that have been shown to
perform better in nutrient stabilization and heavy metal
reduction. Rubert et al. (2024) proposed nutrient recovery
from liquid digestate using a hydroponic system, which
provides a sustainable solution for wastewater treatment.
Booton et al. (2024) reviewed chemical oxidation as an
alternative for secondary wastewater treatment, proposing
stabilization of sludge. Macura et al. (2024) systematically

mapped pathways for nutrient recovery from human excreta
with a view to agricultural reuse. Toxic weed stabilization by
vermiculture has been explored by Das et al. (2024), and the
study reported a good reduction in toxicity with improved
compost quality. Collectively, these studies provide a
comprehensive view of the advancements in sewage sludge
management and composting. The introduction of new
materials, microbial techniques, and recovery strategies
has significantly enhanced the stabilization of nutrients,
energy efficiency, and environmental sustainability. These
findings emphasize the point that while managing sludge, it
is essential to ensure that the multidisciplinary approach can
recover its potential based on its agricultural and industrial
applications. The future research required will scale up these
innovations to adjust process parameters and look into the
long-term impacts of these approaches on soil and plant
health so as to maximize their benefits.

Proposed Model for Design of an Integrated Model with
Integrative Nutrient Stabilization in Sewage Sludge
Composting

To overcome the problems of low efficiency and high
complexity inherent in the available methods, the design of
an Integrated Model with Integrative Nutrient Stabilization
in Sewage Sludge Composting, which is an Iterative
Temporal Study Combining Vermicomposting and Effective
Microorganisms, is discussed here. Initially, in Fig. 1,
the methodology of this study integrates sophisticated
modeling and experimental approaches to fully assess
nutrient transformations, microbial contributions, and
compost maturity in the co-composting of sewage sludge
with vermicomposting and Effective Microorganisms (EM)
solutions. This approach works on the temporal dynamics
of nutrients and their stabilization mechanisms along with
providing a quantitative basis for evaluating the process of
compost quality and nutrient retention. Dynamic Kinetic
Modeling (DKM) forms the backbone analytical framework
that allows for quantitative analysis of nutrient transformation
pathways. In this study, nutrient mineralization and
stabilization rates for nitrogen, phosphorus, and potassium
were modeled using a system of first-order differential
equations. The time change of the total nitrogen ‘Nt’ is
described via equation 1,

dnt kN = Nt
— = * ..(1
dt (1)
Where, ‘kN’ is the first-order mineralization constant
for nitrogen, determined through regression analysis of
time-series data samples. The stabilization half-life (T50)
was derived via equation 2,
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n(2)
750 ==

This equation defines the time point when 50% of the
incorporated nitrogen has stabilized. Similarly, for phosphorus
dynamics, a model was used to simulate fast release (‘Pr’) and
equilibrium stabilization (Peq) via equation 3:

P(t) = POe *Pt 4+ Peq(1 — e FPt) ..(3)

Potassium stabilization (Ks) was expressed via equation

(2)

4:
K(t) = KOe *%*t + Keq (4

Where, PO and KO denote the initial concentrations
of phosphorus and potassium, respectively, while kP and
kK represent their corresponding mineralization constants.
Subsequently, as illustrated in Fig. 2, the iterative framework
was extended to establish a linkage between nutrient
transformation dynamics and microbial activity. To achieve
this, 16S rRNA sequencing was employed to characterize
microbial community composition, complemented by
enzymatic assays that quantified functional activities

driving nutrient mineralization throughout the composting
process.

The activity of key enzymes, such as urease (‘U’),
phosphatase (‘P’), and cellulase (‘C’), was modeled using
Michaelis Menten kinetics via equation 5,

_ Vmax|[S]
T Km+ (8]

Where, ‘v’ represents the enzymatic reaction rate, Vmax
the maximum rate, ‘Km’ the substrate affinity constant,
and [S] the substrate concentration levels. Peak enzymatic
activities were correlated with nutrient fluxes using linear
regression via equation 6:

Nflux =0+ pl*xv+e ..(6)

Where, B0 and B1 are regression coefficients, and €
is the error term for this process. For example, urease
activity was found to correlate strongly with ammonium-N
release (R2=0.92) in the process. Kinetic modeling via
substrate composition analysis was used for evaluating the
decomposition rate (‘RD’) of organic carbon and lignin sets.

(5

Enzymatic Activity \ 1 6S rRNA Data

Activity Correlations

Gaseous & Leachate Monitoring
(GLM)

Carbon Fractions

Humification Index
(H1)

&;oss Profiles [Rates & Constants
Nutrient Loss Modeling
(NLM)

Retention Factors

umic Acid Levels

Stabilized Compost Quality
(SC)

Fig. 1: Model Architecture of the Proposed Analysis Process.
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The temporal degradation of cellulose (‘Ct’) was modeled  process. Stabilization of the carbon-to-nitrogen ratio (C/N)

via equation 7: was analyzed via equation 8:
dct C
= — _kD % Ct (D) (_)
dt 4N — _k (E__C ) (8)
With kD being the decomposition rate constant for this dt N Neq

Fig. 2: Overall Flow of the Proposed Analysis Process.
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Where, C/Neq is the equilibrium ratio for this process.
A 2:1 sludge-to-green waste ratio resulted in a stabilization
of C/N at 15:1 by Day 30 in the observations. Sequential
releases of nutrients and plant bioassays provided practical
validation of levels of quality of compost via equation 9; the
process modeled the residual availability of the nutrient in
the soil over time as follows:

Na(t) = Nmin + (NO — Nmin)e~kloss*t _(9)

Where, Nmin is the residual nutrient concentration,
and kloss represents nutrient loss rates. Crop nutrient use
efficiency (NUE) was quantified via equation 10,

AaY
Napplied

Where, AY is the yield increase, and Napplied is the
total applied nutrient for the process. Gaseous and leachate
monitoring quantified nutrient losses. Ammonia (NH3)
emissions were modeled based on diffusion dynamics via
equation 11:

dNgas " AC
——— = kgas *
a7

Where, kgas is the diffusion coefficient, and AC is the

concentration gradient for the process. The cumulative
nutrient loss (Lt) via leachate was modeled via equation 12:

NUE = .(10)

(11

t
Lt =f kleachN (t)dt (12)
0
Where, kleach represents the leachate loss coefficient
in the process. Compost maturity was assessed using the
Humification Index (‘HI’) and Maturity Ratio (‘MR’) sets.
‘HI’ was calculated via equation 13:

HA

" FA

Where, HA and FA are humic and fulvic acid

concentrations. ‘MR’ was derived from stabilized carbon
and nitrogen ratios via equation 14:

Cfinal Nfinal

" Cinitial = Ninitial

The final output integrated all these equations into a

composite nutrient retention efficiency model (‘NRE’) via
equation 15:

HI .(13)

(14

Napplied — Nloss) + Nmineralized
NRE — (Napp )

Napplied
.(15)

It captures the culmination of nutrient dynamics,
stabilization efficiency, and practical utility in terms of

optimized composting, contributing to nutrient conservation
and agricultural productivity. The integration of the most
advanced techniques and models complements the traditional
composting studies through a temporal, mechanistic, and
scalable framework for the stabilization of nutrients. We
then discuss the efficiency of the proposed model based
on different metrics and compare it to other methods under
various scenarios.

RESULTS AND DISCUSSION

The experimental design for this study aimed to assess
the integrated effects of vermicomposting and Effective
Microorganisms (EM) solutions on the temporal profile
of nutrients in sewage sludge. The composting was done
in controlled laboratory settings using 50-liter capacity
composting bins. Sewage sludge was mixed with co-
substrates—green waste, food waste, and sawdust—in
predetermined ratios (e.g., 3:1, 2:1, and 1:1), with the 2:1
ratio identified as optimal based on preliminary substrate
composition analysis. Earthworm, Eisenia fetida (density:
50 individuals per kg of substrate), and an EM solution
containing a consortium of bacteria, fungi, and actinomycetes
(applied at a concentration of 1 mL per 100 g of substrate).
Evaluation of the composting process occurred for 90 days
with regular mixing and moisture adjustments to attain
optimal conditions (temperature: 25-30°C, moisture: 60—
65%). The sampling was carried out periodically on Days
0, 15, 30, 45, 60, and 90 with nutrient analysis, microbial
profiling, and enzymatic assays for thorough temporal
coverage. Publicly available datasets, such as the FAO
Global Soil Organic Carbon Database’s “Compost Nutrient
and Microbial Dataset,” were used for the results of this
study to establish a basis of comparison with experimental
data. This dataset contains detailed measurements of nutrient
profiles (total nitrogen, phosphorus, potassium, and organic
carbon) and microbial diversity indices from composting
studies on various substrates, including sewage sludge, green
waste, and food waste. The nutrient dataset covers temporal
nutrient data over 90 days with intervals at Days 0, 15, 30,
45, and 90. Microbial profiling data were captured through
16S rRNA sequencing. Nutrient transformation rates and
stabilization indicators, including nitrogen mineralization
constants (‘kN’) and phosphorus stabilization half-lives
(T50), are also provided in addition to data on enzymatic
activity trends (e.g., urease, phosphatase). Such a dataset is
informative in terms of benchmarks for benchmarking the
mineralization efficiency and shifts in microbial populations
documented in our study procedures. Additionally, it offers
insights into substrate-specific variations and nutrient loss
mechanisms, enabling robust validation of the developed
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kinetic models and integration with plant bioassay results.
The dataset’s broad coverage of composting scenarios
enhances the scalability and generalizability of this research
process.

These included total nitrogen (N), ammonium-N,
nitrate-N, total phosphorus (P), available phosphorus,
exchangeable potassium (K), and organic carbon content. The
samples on Days 15 and 45 were also analyzed using micro-
sequencing of microbial DNA 16S rRNA, considering the
change in the microbial community composition and, more
specifically, to genera such as Bacillus and Pseudomonas.
The enzymatic activities of urease, phosphatase, and
cellulase were determined in compost extracts with the
help of spectrophotometric methods. The values for such
enzymes’ activity were 200 ug NHs min™ g™! on Day 15 for
urease activity. Nutrient loss through gaseous emission was
monitored by using a gas analyzer for ammonia and nitrous
oxide. Leachate nutrient loss was measured through the
collection of drainage and its periodic analysis at set time
intervals. The Humification Index (HI) and the Maturity
Ratio (MR) were calculated from the ratio of the humic
acid-to-fulvic acid ratio and stabilized carbon-to-nitrogen
ratios, respectively; plant bioassays were conducted using

maize as a test crop, with compost applied at 5% w/w to
the soil. Significant parameters assessed include residual
nutrient levels in the soil, plant biomass, chlorophyll content,
and yield. Some sample datasets from the experiment
include initial substrate compositions, such as a carbon-
to-nitrogen (C/N) ratio of 25:1 for sewage sludge, 60:1 for
green waste, and 300:1 for sawdust. There is a temporal
transformation of nutrients, and nitrogen mineralization
rates were estimated to be 0.1 day™!, and phosphorus
stabilization half-lives (T50) were ascertained to be 30
days for the process. Microbial diversity indices indicated
predominant genera playing important roles in the nutrient
dynamics; in fact, good correlations were found between
microbial enzyme activities and nutrient-release profiles
at R2=0.92. Soil nutrient availability after the application
stabilized at 60 m.kg™' for residual nitrogen, whereas plant
yield increased by 30% compared with the untreated controls.
These datasets have been used to come up with a detailed
quantitative basis for the evaluation of the effectiveness of
the integrated composting methods as well as their influence
on nutrient stabilization, loss minimization, and enhancement
of agricultural productivity. The outcomes show that the
proposed integrated vermicomposting and EM solution

Cumulative Nutrient Retention and Efficiency Metrics
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Method [8]

Method [15]
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Fig. 3: Integrated Analysis of the Proposed Sludging Process.
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Microbial Diversity and Enzymatic Activity
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Fig. 4: Microbial Diversity Analysis.

Table 2: Nitrogen Transformation Dynamics.

Parameters Proposed Model Method [3] Method [8] Method [15]
Nitrogen Mineralization Rate [‘kN’, day™] 0.10 0.08 0.07 0.05
Stabilization Half-life [T50, days] 30 40 45 50

Residual Nitrogen [mg,kg™'] 60 48 45 40

NHO Emission Loss [%] 6.5 10.3 12.7 15.0

model performs far better in nutrient stabilization, microbial
activity, maturity of compost, and agricultural productivity.
Comparisons with existing methods (Method [3], Method [8],
and Method [15]) underscore the advancements introduced
by the proposed model. Detailed tables and explanations
follow to elucidate these findings and their implications for
the process.

As per Table 2 and Fig. 3, the nitrogen mineralization
rate of the proposed model (kN=0.10k_N = 0.10kN=0.10
day™) indicates faster nutrient transformation, significantly
outperforming Method [15], which exhibits the slowest rate
(kN=0.05 day™"). This corresponds to a reduced stabilization
half-life (T50=30 days) in comparison to 50 days in Method
[15]. Residual nitrogen amounts at 90 days are 60 mg.g" in
the new approach, which is 50% higher than in method [15].
NH;s loss, which amounts to a lower emission of 6.5%, in

the new approach, is indicative of a 56% improvement in
nitrogen retention compared to method [15]. This shows that
there is a better availability of nitrogen for the enrichment
of soil, decreases the loss of environmental nitrogen, and
improves compost effectiveness in agricultural settings.

As per Table 3 and Figs. 4 and 5, it is thus increasing
microbial intensity because of a higher diversity index H'=3.2,
which far exceeds method [15] H'=2.3 in the process. These
lead to higher peak urease and phosphatase activities, in which
the suggested model attains 200 ug NHs min! g! for urease,
and 50 pg P min! g'! for phosphatase, being respectively
82% and 100% higher than method [15]. Dominant genera
like Bacillus and Pseudomonas, well known to be involved
with nutrient transformations, thus thrive in the proposed
system. These developments highlight its potential in speeding
up nutrient mineralization and bioavailability, which are
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Nitrogen Transformation Dynamics
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Fig. 5: Model’s Nitrogen Transformation Dynamics.

Table 3: Microbial Diversity and Enzymatic Activity.

Parameters Proposed Model Method [3] Method [8] Method [15]

Dominant Genera [%] Bacillus (30%), Bacillus (20%), Bacillus (22%), Actinomyces (15%),
Pseudomonas (25%) Actinomyces (18%) Fungi (10%) Fungi (8%)

Peak Urease Activity [ugP.min~!.g7!] 200 150 130 110

Peak Phosphatase Activity [ugP.min"".g™"] 50 35 30 25

Diversity Index (H') 3.2 2.5 2.8 2.3

important for developing rapid composting and nutrient
recycling operations.

Table 4: Phosphorus and Potassium Retention.

Parameters Proposed  Method  Method  Method
Model [3] [8] [15]

Phosphorus Release 30 35 40 50

[T50, days]

Potassium 20 25 30 35

Equilibrium

[Teq, days]

Residual P and K 85 75 70 60

Retention [%]

As per Table 4 and Fig. 6, the phosphorus stabilization
half-life by release (T50=30 days) and potassium stabilization
time at equilibrium (Teq=20 days) show nutrient retention
faster than method [15] with T50=50, Teq=35 days. The
residual phosphorus retention is at 85% while potassium
retention is much higher in the proposed model as against
60% in method [15]. Enhanced nutrient retention allows for
a nutrient-rich compost, lessening dependency on synthetic
fertilizers and minimal leaching to the environment.

As per Table 5 and Fig. 7, the model proposed here has
emissions of NHs reduced to 58% as compared to method
[15], with a value of 25 mg.kg.day™" only. The nutrient loss
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into the leachate is further optimized to 7% from Method [15]
at 18%. These reduced pathways of loss signify the efficiency
of the system in conserving nutrients during composting,
ensuring higher sustainability in terms of the environment
and runoffs of nutrients.

As per Table 6, the HI and MR values attained by the
proposed model, which are 1.2 and 85%, respectively, prove
that the compost stabilization and maturity are better than
those of Method [15] (HI=0.9, MR=60%) in the process.

These key performance indicators have been found to
directly correspond with agricultural readiness as a better
quality product with higher nutrient availability and lower
phytotoxicity end materials.

Crop yield increased 30% for the proposed model
compared with 15% for the Method [15] given in this study,
indicating efficient nutrient delivery to plants (Table 7). This
ability of the compost to enrich soil fertility sustainably
is further indicated by residual soil NPK contents of 85

Phosphorus and Potassium Retention

80}

B Phosphorus T50 (days)
EEm Potassium Teq (days)
mmm Residual P and K Retention (%)

g de 2\ 8} 5)
1
@ MO tnod tnod od
pro?"se Me e peth
Fig. 6: Phosphorus and Potassium Retention Levels.
Table 5: Nutrient Loss through Emissions and Leachate.
Parameters Proposed Model Method [3] Method [8] Method [15]
Total NH; Emissions [mg.kg™.day™] 25 40 45 60
Leachate Nutrient Loss [%] 7.0 12.0 15.0 18.0
Table 6: Stabilization Indices.
Parameters Proposed Model Method [3] Method [8] Method [15]
Humification Index [HI] 1.2 1.0 1.0 0.9
Maturity Ratio [MR, %] 85 70 75 60
Table 7: Plant Bioassay Results.
Parameters Proposed Model Method [3] Method [8] Method [15]
Crop Yield Increase [%] 30 20 22 15
Residual Soil NPK [mg kg™ 85 70 65 60
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Nutrient Loss through Emissions and Leachate
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Fig. 7: Model’s Nutrient Analysis.

mg.kg ! These results validate the capability of the proposed
model to enhance agricultural productivity and also reduce
dependence on chemical fertilizers. The proposed model’s
excellent nutrient retention, loss reduction, and improved
compost maturity ensure environmental sustainability and
better agricultural outcomes.

The nitrogen mineralization rate (kN = 0.10 day ') and
the phosphorus stabilization half-life (T50 = 30 days) were
observed, which show that the combined treatment boosts
nutrient transformation considerably faster than those used
by conventional methods. This manifested mineralization,
additionally carried out by a higher enzymatic activity
conferred onto urease, peaked at 200 ug NHs min™ g !, which
might be indicative of an intimate link between microbial
metabolism and nitrogen availability. Compost efficiency
in nutrient retention should be equally emphasized by the
retention of phosphorus and potassium at 85% and 80%,
respectively.

These consistent findings are comparable to some and
exceed most of the results reported by Balidakis et al. (2024)
and Bicalho et al. (2024) for the composting experiments in
clay pozzolans and biochar. In contrast, the current approach
combines microbial and enzyme dimensions altogether and
offers a far more dynamic and microbial-driven contrived
nutrient stabilization. Enhanced knowledge of microbial
interactions on the physical-chemical scale with composting

kinetically would contribute towards reducing empirically
gained results on the product yield-improved maize plant
varieties, according to a century-old traditional method.

The results well establish its applicability as a solution
for advanced sewage sludge management and practices of
organic farming. In the following, an iterative validation use
case for the proposed model is discussed, which will help the
readers to better understand the entire process.

Validation Using Practical Use Case Scenario Analysis

The following example application of the developed model
was also designed with operational parameters in process:
a use case design example in a sewage sludge composting
process. In this case, a composting system containing a
substrate mix of sewage sludge and green waste of a 2:1
ratio, inoculated with Eisenia fetida earthworms and an
EM solution applied at a concentration of 1 mL per 100 g
of substrate. The composting process was monitored over
90 days, where key parameters and outputs were recorded
systematically and analyzed. This part presents the detailed
outputs of the processes used, which will provide an overview
of the transformations of nutrients, the activity of microbes,
substrate dynamics, and the quality of compost. The samples
from different components of the substrate-which may be
sewage sludge, green waste, or food waste-provided detailed
nutrient profiles and trends in enzymatic activity over a 90-
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Table 8: Kinetic Modeling (DKM) of Nutrient Transformations.

Day  Nitrogen Mineralization Total N [mg.kg) 1 Ammonium-N [mg.kg'l] Phosphorus Stabiliza- ~ Potassium Stabilization
Rate [‘kN’, day!] tion [T50, day] [Teq, days]

0 - 400 50 - -

15 0.10 320 80 30 20

30 0.10 280 100 30 20

60 - 260 110 Stabilized Stabilized

90 - 240 115 Stabilized Stabilized

Table 9: 16S rRNA Sequencing with Enzymatic Activity Assays.

Day Diversity Index [H'] Dominant Genera [%] Urease Activity [ug NH®.min™., g'l] Phosphatase Activity
[ugP.min".g"]

0 2.0 Bacillus (15%), Pseudomonas (10%) 100 20

15 3.0 Bacillus (30%), Pseudomonas (25%) 200 50

30 3.2 Bacillus (25%), Actinomycetes (20%) 180 45

60 3.1 Bacillus (20%), Fungi (15%) 150 40

90 3.0 Actinomycetes (18%), Fungi (20%) 120 35

day composting period. The microbial profiling was obtained
through 16S rRNA sequencing datasets, which brought forth
the dominant genus, like Bacillus and Pseudomonas.

Kinetic modelling indicates a constant rate of nitrogen
mineralization (kN=0.10 day'), hence the stabilisation
of phosphorus and potassium within 30 and 20 days,
respectively (Table 8). Total nitrogen in all sets decreased
progressively until Day 90, when it stabilized at 240 mg.kg ™.
Ammonium-N peaked in all sets at 115 mg.kg™'. These
values indicate efficient transformation and retention of
nutrients in the compost. The kinetic parameters prove that
the model proposed here stabilizes very quickly; hence, this
will minimize nutrient loss and increase bioavailability of
nitrogen, phosphorus, and potassium for soil enrichment in
the process.

Microbial profiling and enzymatic assays are actively
contributing to nutrient transformations. The activities of
urease and phosphatase peaked on Day 15, indicating higher
microbial activity during initial nutrient mineralization
phases (Table 9). High microbial diversity and enzymatic
activity established the significance of microbial consortia
in accelerating nutrient transformations and stabilizing
COMpOsts.

The C/N ratio showed a progressive decline, reaching an
optimal value of 15:1 by Day 30 and stabilizing at 12:1 by

Day 90 (Table 10). Lignin and cellulose content declined with
increasing advancement of decomposition in the substrate;
therefore, effective substrate breakdowns were reflected. The
results prove the effectiveness of the strategy of substrate
optimization to facilitate quick organic matter decomposition
and nutrient stabilization operations.

Sequential release tests and plant bioassays resulted in
the optimal application rates of 5% w/w, which showed
85 mg/kg residual soil NPK and 30% increased crop yield
(Table 11). The application rates at 10% provided only slight
improvements, thus indicating the value of the 5% rates. The
results confirm that the compost retains its higher nutrient
value and its effectiveness in promoting higher levels of soil
fertility and crop productivity.

Fractionation shows a steady increase of mineralized
nutrients, with nitrogen reaching 55% mineralization

Table 11: Sequential Nutrient Release and Plant Bioassay.

Compost Application Residual Soil NPK Crop Yield
Rate [%] [mg.kg'l] Increase [%]
2 65 15

5 85 30

10 90 35

Table 12: Nutrient Fractionation Techniques.

Table 10: Substrate Composition Analysis with Fractionation. Day II:I/H[H; Salized gn[m%o]bilized 11\,/[;2/3 alized g?};{) TSO]Uble
Parameter Initial Value Day 30  Day 90 0 10 50 5 10
Carbon-to-Nitrogen Ratio 25:1 15:1 12:1 30 40 20 25 60
Lignin Content [%] 30 20 15 60 50 10 40 80
Cellulose Decomposition [%] - 50 80 90 55 5 50 85
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Table 13: Gaseous and Leachate Loss Monitoring.

Parameter Day 10 Total Loss Over
(Peak) 90 Days

NH; Emissions [mg.kg.day™] 25 6.5%

Leachate NPK Loss [%] - 7.0%

Table 14: Humification Index (HI) and Maturity Ratio (MR).

Parameter Day 30 Day 60 Day 90

HI 1.0 1.1 1.2

MR [%] 70 80 85
Table 15: Final Outputs.

Metric Value

Total Nitrogen Retention [%] 85

Crop Yield Increase [%] 30

Residual Soil NPK [mg.kg™'] 85

Nutrient Loss Reduction [%] 60

after Day 90 (Table 12). Also, phosphorus and potassium
availability significantly improved, depicting effective
stabilization pathways. Progressive mineralization of
nutrients points to the high efficiency of the model in
converting forms initially immobilized into bioavailable
fractions, important for uptakes by plants.

Ammonia losses were capped at 6.5% after 90 days, with
peak gaseous emissions on Day 10 of the process (Table
13). The leachate loss of the nutrient was limited to 7%,
indicating that the implemented loss mitigation strategies
have been effective. Therefore, low nutrient loss realized
by the proposed model underlines its sustainability; the
process exhibits minimum environmental impacts in different
scenarios.

The humification index increased steadily and reached
a peak value of 1.2 on Day 90, whereas the maturity ratio
stabilized at 85%, which really indicates high-quality
compost (Table 14). These parameters indirectly validate the
readiness of the compost for use in agriculture, characterized
by increased humic content and stability.

All of the final outputs integrate the achievements of the
model with 85% nutrient retention, 30% improvement in crop
yield, and 60% reduction in nutrient losses (Table 15). This
makes it applicable for real-time scenarios.

CONCLUSIONS

This article presents the vermicomposting results using
effective microorganisms, which serve as an effective method
for sewage sludge composting in nutrient stabilization and
quality of compost optimization. A couple of measurements
have shown the superiority of the proposed model above

conventional methods, namely method [3], method [8], and
method [15]. Key findings include a nitrogen mineralization
rate (‘kn’) of 0.10 day!, leading to a stabilization half-life
(t50) of 30 days, thereby significantly faster than the method
[15] atkn=0.05 day ! and t50=50 days. The system proposed
reached 85% retention of phosphorus and potassium, while
method [15] reached only 60%, so an increase of 42% in
nutrient retention was realized. The compost stabilization
indices, such as humification index hi = 1.2 and maturity ratio
mr = 85%, proved the maturity and quality of the compost
beyond others set by standards. The bioassays of the plant
corroborated the results showing a higher yield increase
of 30% as compared with a 15% increase in method [15],
having residual levels of soil npk at 85 mg.kg™', as opposed
to 60 mg.kg’1 in method [15]. These results, therefore, set
the proposed method as a viable and sustainable solution
to the management of sewage sludge, having concerns to
the environment in raising productivity levels within the
agriculture process. Our results transfer only to an extent in
the farming system and do not appear to exhibit a general
limitation concerning extensive smallholder applications in
actual soil reservations, including cultivated fauna and flora.
These results contain a reasonable implication for waste
managers who may seek sustainable reuse plans for nutrients,
aiding some of the grain output loss (30% more than
when untreated), resultant from 6.5% ammonia loss while
reducing leachate losses substantially (7%). However, the
results come with study limitations, as they are, in principle,
laboratory-oriented and study one crop type. The future
quite naturally might take a look into field-level validation
in different soil types, climatic conditions, and cropping
systems, and might combine the subjunctive additive of
bio-stimulants or carbon amendments for performance
enhancement.

FUTURE SCOPE

Although the proposed model highlights several apparent
benefits, there are several scopes for future research and
practical application. For example, superior microbial
engineering techniques can be used to further optimize the
microbial consortium for better nutrient stabilization, along
with reduced composting time. The use of extra organic
amendments, for example, biochar or lignin-rich residues,
could enhance the efficiency of retaining nutrients and reduce
further leachate and gaseous losses. Field-level studies are
required to test the practical applicability of the model under
diverse climates and soils. Long-term fertility experiments
should be designed to establish the residual impact of the
compost over more than one cropping cycle, especially in
nutrient-demanding crops.
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ABSTRACT

Direct Air Capture (DAC) technology has gained recognition as an effective method for
reducing atmospheric carbon dioxide (CO.) levels. This study emphasizes the optimization
of critical process parameters to improve the efficiency of aqueous hydroxide-based DAC
systems while lowering operational costs. Aspen Plus simulations were employed to model
the process flow, pinpoint key reaction mechanisms, and evaluate how different operating
conditions influence CO. capture efficiency. A sensitivity analysis explored the impact of
variables such as air contactor parameters, solvent concentration, temperature, pressure,
and moisture content on system performance. The results demonstrated that adjusting the
Ca (OH): flow rate to 760 t.h™" achieves a 75% CO. capture rate at the air contactor, while
maintaining an inlet air pressure of 1.1 atm enhances absorption. The CO, capture rate
increased gradually with the increase of inlet air temperature. The highest CO, capture rate
of 92% is given at 40°C, and 4% H,O content is in the inlet air. However, the impact of the
moisture content is negligible. Furthermore, structured packing materials like BX packing
outperformed Mellapak 250Y and Mellapak 350Y in efficiency. These insights support the
development of economical DAC strategies, advancing technologies for carbon removal to
achieve net-zero emissions.

INTRODUCTION

Global climate change is greatly influenced by greenhouse gases, particularly
carbon dioxide (CO.), which raises sea levels, atmospheric temperatures, and
the frequency of extreme weather events (Baker et al. 2018). These impacts
have had serious, long-lasting, and irreversible repercussions on ecosystems and
human living spaces (Yao et al. 2023). Over the last twenty years, the concern
over rising CO, emissions has grown significantly due to the rapid expansion of
the global economy (Storrs et al. 2023, Han et al. 2023). Anthropogenic carbon
emissions have rapidly increased over the decades and reached an atmospheric
CO, concentration of 410 ppm at an alarming rate (IPCC 2021). These emissions
mostly come from industrial activities and the burning of fossil fuels (Pathak et al.
2022).

Over a while, multiple ways of CO, reduction have been practiced and
examined. Out of those technologies, post-combustion carbon capture plays a
vital role compared with pre-combustion carbon capture and oxy-fuel combustion
(Arachchige et al. 2020). However, direct air capture (DAC), which captures CO,
directly from the atmosphere, has been discussed recently due to its economic
and technical feasibility over other technologies (Shaik et al. 2021). Comparing
post-combustion carbon capture with direct air capture is unrealistic, as those
technologies address two different CO, sources, even though the prime objective
is to capture CO,.


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

2 U. S. P.R. Arachchige and G. K. K. Ishara

Multiple technologies are available for DAC, comprising
absorption with aqueous hydroxide solutions such as
potassium hydroxide (KOH), adsorption with solid
inorganic bases such as sodium carbonates Na,COj;, and
adsorption with solid-supported amines (SSA) such as silica
mesocellular foam (Sanz-Perez et al. 2016).

Even though there are technical differences between the
aqueous hydroxide solution method and the solid sorbent
method, they operate under the same concept of removal
of CO, from the atmosphere and by contact with a liquid
solution or solid surface, followed by a desorption process
to liberate attached CO,. To liberate CO,, a high temperature
will be provided, and a high-purity CO, stream will be
obtained (Abouelnaga 2022). Once CO, is concentrated with
the desorption process, this CO, can be stored underground,
under the ocean, or in unmineable coal and oil fields, or used
for enhanced oil recovery (EOR) to recover additional crude
oil once primary and secondary oil recovery is completed
(Arachchige et al. 2019).

The prime chemical used in the present study was
aqueous hydroxides with multiple inter-circular material
recovery stages. The main idea behind replenishing liquid
chemicals is to overcome the damage to the CO, absorption
capability with heat degradation. The air contactor is the core

COuigy + 2KOH g
¥
H:0g; + K:COxyuy
-95.8 k)/mol

of the process, which is used to capture the CO, by contacting
an aqueous solution with the atmospheric air effectively.

The simplified process flow diagram is shown in Fig.
1. The four main four-unit operations are given in boxes
named Air contactor, Causticizer (pellet reactor), Calciner,
and Slaker. The main reaction of CO, absorption proceeds in
the Air contactor unit, where those is converted to potassium
carbonate (K,COj;) and water (H,0). Followed by the
air contactor, the causticizer unit operation plays another
important role in converting K,CO; into KOH by reacting
with calcium hydroxide (Ca (OH),) by creating a by-product
of KOH and Calcium carbonate (CaCO;). KOH can be
recycled back to the air contactor unit, while CaCO5 will
transfer to the Calciner unit, where it is heated up to a higher
temperature to produce calcium Oxide (CaO) and CO,. The
CO, generated at this stage will be recovered as the main
output, which will be considered for sequestration. CaO will
follow the Slaker unit to react with H,O to produce Ca(OH),,
which will then be transferred to the causticizer unit again or
next cycle (Keith et al. 2018, Terlouw et al. 2021).

ADVANTAGES AND DISADVANTAGES OF DAC

Plenty of advantages are associated with the aqueous
DAC capturing system, which is summarized for further

Caco,,
%

Ca0,,, + €Oy,
178.3 k)/mol

2KOH,, + CaCl,,,
KOy + Ca(0H)y,,
-5.8 k)/mol

a0, + Hi0;
'4
Ca(OH)s,
-63.9 il/mol

Fig. 1: Process Chemistry and Thermodynamics (Keith et al. 2018).

Table 1: Advantages and disadvantages of the DAC process for carbon removal.

Advantages

Disadvantages

mechanism.

considerations.

The higher cumulative removal capacity compared to the other carbon dioxide removal technologies (CDR)
The lower area of land required to install and operate the DAC system, and unproductive land can also be used.

The amount of water required is considerably lower than the bioenergy carbon capture and storage (BECCS)

Captured CO, can be stored permanently for much longer without any issues.

According to energy availability, the plant can be located as it does not require any further support or geographical

Even with the lower concentration of CO,, plants will operate to capture the maximum amount of available CO,.

Higher Capital cost
Higher Operational cost

The energy requirement
to operate the process is
significantly larger.
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Fig. 2: The process flow diagram with important chemical reactions.

consideration for the optimization process and given in
Table 1 (National Academies 2018, Keith et al. 2006, Royal
Society 2018).

The main reason behind the higher operational cost
is that the atmospheric concentration of CO, is around
0.04% compared to the CO, percentages in flue gases,
such as 13% for coal-fired power plants, 4-5% for gas-fired
power plants, and 15-30% for cement industry flue gas
(Arachchige et al. 2019). The parameter optimization to
minimize the required energy for the operational process
of DAC is important. Therefore, the DAC process was
developed in Aspen Plus and conducted simulations to
identify the optimum parameters, such as inlet air pressure,
moisture content of the air, inlet air temperature, liquid
solvent temperature, and the packing material used in the
reactor.

MATERIALS AND METHODS

The overall process model is designed with the main chemi-
cal reactions involving the four major sections: Air Contac-
tor, Pellet unit, which is also called Causticizer, Calciner unit,
and Slaker unit. The process flow diagram with important
chemical reactions is given in Fig. 2.

Process Modeling

The DAC plant was developed in Aspen Plus V11 with the
available literature data and support from Aspen Plus data
banks. The most important chemical reactions of the four
major sections are given in Equations 1 to 4.

Air Contactor:

ZKOH(aq) + COz(g) - K,CO0;4 (ag) T HZO(I) .. (D)

Pellet Reactor:
K,CO; (aq)+Ca (OH),(s) — 2KOH @t CaCO3(S) ... (2)

Calciner:

C&COg(S) - CaO(S) + COZ(g) ...(3)
Slaker:
CaO + H,0¢y = Ca(OH)y (@

As the property method for calculations in Aspen Plus,
ENRTL-RK is used with the Redlich—-Kwong equation
of state (RK-SOAVE) and Henry’s law for vapor phase

Table 2: Operating Conditions and basic parameters of the rate-based model
(An et al. 2022).

Unit: Air Contactor

Property Method ENRTL-RK
Model Mixer
Operating Temperature 21°C
Pressure 1 bar

Unit: Pellet Reactor

Property Method ENRTL-RK
Model Crystallizer
Operating Temperature 21°C
Pressure 1 bar

Unit: Calciner

Property Method PENG-ROB
Model RStoic
Operating Temperature 900°C
Pressure 1 bar

Unit: Slaker Unit

Property Method PENG-ROB
Model RStoic
Operating Temperature 300°C
Pressure 1 bar

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026
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Table 3: Multiple equilibrium reactions.

Air Contactor

CO,+0H™ - HCO3

HCO; + OH™ - CO:,?_ + H,0
2H,0 — H,0% + OH™

Pellet Reactor

Ca** + €03 - CaC0y
Calciner

CHy + 0, - CO, + H,0
CaC0; - Ca0 + CO,

2C,Hg + 70, — 4C0, + 6H,0
C;Hg + 50, - 3C0, + 4H,0

Slaker

Ca0 + H,0 — Ca(OH),

properties. Atmospheric air composition and flow rates, as
well as the other operating conditions of the DAC model, are
given in Table 2. The two-film theory considers the rate-based
model, which considers mass transfer analysis at the liquid—
vapor interface. Other than the four major chemical reactions,
multiple equilibrium reactions, salt formation, and dissociation
reactions are happening in the DAC system (Table 3).

The following equilibrium reactions (Table 3), salt
formation, and dissociation reactions were considered for the
process modeling for the DAC system (An et al. 2022). At
the same time, natural gas (NG) combustion is also included
in the calcination process.

Process Layout

The key sections of the process comprise four major parts,

including the Air contactor, Pellet Reactor, Calciner, and
Slaker. The air contactor was designed with the Mixer
unit and separator block to represent the carbon absorption
process to the liquid solvent stream (Fig. 3). As the air
contactor of the DAC process is an innovative component
of the real process, Aspen Plus does not provide a specific
unit operation model for process implementation.

AC block: Air Contactor Unit
MIX: Mixer for ambient air and flue gas
KOH: Potassium Hydroxide flow rate

To model the air contactor without complex calculations,
three different Aspen blocks, a separator, and two mixer units
were used to separate CO, from atmospheric air. The MIX
block is used to mix the ambient air with flue gas CO,, which
comes from the gas turbine exhausts once they have isolated
the CO,. After that, at the AC block, CO, will absorb into
the liquid solvent, aqueous KOH (lean solvent), composed
of 2.0M K*, 1.10 M OH’, and 0.45 M CO,*. Based on
previous studies by Keith et al. (2018), liquid solvent flow
rate and atmospheric air flow were extracted for the base-case
simulation (Keith et al. 2018). Even though liquid solvent
flow is introduced for the air contactor unit, in the real plant,
it will come from the pellet unit as a product of the reaction
with Ca(OH),. An open-loop process simulation has been
developed to minimize convergence issues and reduce the
complexity of the simulation process. The required solvent
and air flow rates were taken from previous studies (Keith
et al. 2018).

The main objective of this study was to identify optimum
parameters to minimize the operational cost of the DAC
process. To achieve that, optimization of the Air Contactor
unit, specifically considering the amount of CO, absorbed
by the unit, will increase overall efficiency and reduce the

AC

MIX
b CO2-AC >h‘

DisP SEP
Q=0

Fig. 3: Air Contactor section.
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operational cost. Based on the literature (Keith et al. 2018),
the total air inflow is 251,000 t.h"" with 0.06% CO, content
at 21°C atmospheric pressure (total CO, content in the air
inflow as 150.6 t.h™").

There are key points to consider for process optimization.

e A: Ca(OH), flow rate and parameters to enhance the
Pellet reactor operation

e B: Natural Gas (CH,) flow rate and parameters to
enhance the Calciner unit operation

e C:Natural gas (NG) flow rate and parameters to enhance
the Slaker process

e D: Atmospheric air flow rate and parameters

e E: KOH solvent flow rate and parameters to enhance
the Air contactor unit and the Pellet reactor

e F: H,0 flow rate and parameters to enhance the Slaker
Process and CO, purification process

Even though water is generated during reaction 1 (air
contactor unit), it will not be fully secured for reaction 4
(Slaker unit) due to evaporation and other losses during the
operation. Therefore, water must be supplied to the Slaker
unit as steam and cold water, and to the CO, purification
process at the final stage of the DAC process.

Sensitivity Analysis — DAC overall Industrial Scale
Plant

The abovementioned A-F, six potential key points for the
process optimization, were considered to implement the
DAC as a viable option for achieving net zero emission
standards.

Optimization of Ca(OH), flow rate and parameter
optimization, such as the temperature and pressure, as well
as the composition of the stream, were considered. With the
changes in those parameters, the amount of CO, captured at
the final stage after the Calciner was analyzed.

As the base case value 229.753 th™! rate of Ca(OH),,
which 773 t.h! of total Ca(OH), stream flow rate is
considered as that will be the theoretical flow rate
required to react with potassium carbonate (K,CO;) and
produce CaCO; and CO, with 75% capture rate at the air
contactor.

It can be noticed that the amount of CO, captured
decreased with the increase of Ca(OH), flow rate (Fig. 4).
The main reason for that is that the number of reactants
required for the pellet reactor decreases, and it will not
produce enough CaCOj;. Here, the total Ca(OH), flow rate is
evaluated in the pellet reactor. The total amount of CO, at the
final stage of purification after the Calciner unit is given in
Fig. 4. It can be concluded that the Ca(OH), minimum flow
rate should be 760 t.h™" to capture 75% of CO, (112.6 th™)
at the air contactor. However, the temperature and pressure
of the Ca(OH), do not impact the CO, capture, varying from
1-2 bars and 21-45°C.

KOH flow rate, as well as natural gas flow rate, can
be reduced to minimize the cost of operation. However, a
reduction of KOH will reduce the amount of CO, captured
at the air contactor and pellet rector, and a reduction of
natural gas flow reduces the heat supply to the Calciner unit
to recover captured CO,. Therefore, both are at optimized
values, such as 35000 t.h”! KOH flow rate to the air contactor
unit and 12.6 t.h' Natural gas flow rate to the Calciner unit.

172 -
= 170 -
—
2
=
S 168 -
¥
Lo}
o
O 166 -
L
[=]
E
% 164 -
162 L L L L L 1

773 763

760

758 743 723

Ca(OH)2 flow rate [t/h]

Fig. 4: Effect of Ca(OH): flow rate on CO: capture efficiency.
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Table 4: Operating conditions of rate-based air contactor unit.

Most important parameters for the air contactor unit

Inlet air flow rate [th™ 150.6
Inlet solvent flow rate (lean solvent flow rate) [th] 19.08
KOH concentration in the lean solvent [moL.L™] 1.1
K,COj; concentration in the lean solvent [moL.L™] 0.45
Number of air contactor units 6
Reaction condition factor 0.9
Film discretization points 5
Interfacial area factor 1.2
Liquid film discretization points 5

Parameters of packing bed for base case model development

Packing type Sulzer
250Y
Packing bed depth [m] 1.28
Packing bed diameter [m] 5.64
Range of Inlet air operating conditions
Inlet air temperature [°C] 0-40
Inlet air pressure [bar] 1-2
Lean solvent temperature [°C] 0-40
Lean solvent pressure [bar] 1-6
Moisture content [%] 1-4

Sensitivity Analysis — Kinetic Behavior of the Air
Contactor

The impact of atmospheric air temperature on the CO,
removal process was analyzed to identify the effect of climate
conditions on the DAC process. Atmospheric air temperature
varied from 0°C to 40°C, and pressure varied from 1.1 —2
atm to identify the behavior of the air contactor unit as the
amount of O, removal. The base case values for the rate-
based model are absorbed from An et al. (2022) and Sabatino
et al. (2021). The most important parameters of the inlet air
stream and solvent stream are given in Table 4.

Based on the case, an Air contactor unit was developed
in Aspen Plus to identify the atmospheric temperature,
moisture content of the atmosphere (relative humidity),
solvent temperature, and pressure of the inlet air and solvent
stream. Moreover, three different packing materials were
compared with a slight diameter and depth ratio. For each

Table 5: Constant values of equilibrium constant equations.

case, the CO, capture rate was calculated to compare the
impact of the parameters and select the optimum values for
better efficiency; the CO, capture rate can be calculated by
the difference between the rates of CO, entering the column
and the rate of CO, leaving the system, which is given in
equation 5.

CO; capture rate= (M¢o2-1n — Mcoz-ouT)/Mco2-IN
(5
The reaction kinetics were taken from Table 2 with the

literature values for the rate of reaction parameters (Bianchi
2018, Pinsent et al. 1956).

Chemical Reactions and Kinetics

The mass transfer phenomenon between the liquid and
vapor phases can be simplified in the following section.
Those explanations are vital as they constitute the theoretical
basis of the liquid and gaseous phase reaction process in
the air contactor unit. The mass transfer mechanism can
be explained using equilibrium-based stage efficiency and
rate-based models.

The chemical kinetics of the main chemical reactions
are listed in Tables 5 and 6, along with the equilibrium and
kinetic data used for the Aspen Plus model development. For
the equilibrium reactions (7-10), the equilibrium constant
can be found using Equation 6:

InKj = Aj+ 2+ ¢ InT+ D;T .(6)
Equilibrium Reactions

2H,0 < H;0% + OH™ (D)

HCO; + H,0 & H;0%"+ C03%" ..(8)

H,S + H,0 & HS™ + H;0% ...(9)

HS™ + H,0 & S?~ + H;07 ...(10)

Kinetic reactions are listed below, with the kinetic data

in reaction numbers 11 and 12. The kinetic Equation used

for mathematical calculations is defined in Aspen Plus and
given in Equation (13).

Kinetic Reactions
CO0,+0H™ - HCO3
HCO3 - CO,+ OH~™

(1)
..(12)

Parameter Reaction 7 Reaction 8 Reaction 9 Reaction 10
A 132.899 216.049 214.582 -9.742

B; -13445.9 -12431.7 -12995.4 -8585.47

G -22.4773 -35.4819 -33.5471 0

D; 0 0 0 0
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Table 6: Rate constant values.

Parameter Reaction 11 Reaction 12
k; 4.32e+13 2.38e+17
n; 0 0

E; [J.moL™] 55470913.2 123305447
T, [K] 298 298

T\ Ej .1 1
=1k () expl— (G- ]

RESULTS AND DISCUSSION

...(13)

Effect of the Inlet Air Temperature and Pressure

The CO, capture percentage was calculated with the variation
of inlet air temperature and pressure while maintaining
flow rate and composition at a constant value (1% H,0).
The temperature of the stream was changed from 0-40°C

while the pressure changed from 1.1-2 atm. CO, capture at
the air contactor unit is shown in Fig. 5. Moreover, the lean
solvent temperature is always maintained, like the inlet air
temperature during every simulation. Based on the simulation
CO, capture rate increased gradually with the increase of the
inlet air temperature. The outcome has been aligned with the
previously reported analysis, which is given in Keith et al.
(2018), which is 21°C temperature and 1 bar pressure, giving
75% removal efficiency.

However, the air pressure has no significant impact on
CO, capture. The main reason is that the rate of chemical
reaction is only dependent on the temperature. However, the
CO, removal percentage decreased with increased pressure at
lower temperatures. The main reason for this is that with high
pressure, the percentage of air contacting with the liquid sorbent
will reduce due to the higher pressure. Therefore, some air
will not have enough contact time with the solvent for the
reaction.

85
80 4
75 1
70 4
=
? 65 4 —8—1.1atm
= --4---1.2 atm
60 4
— & =1.4atm
33 1 w - - - 2 atm
50 T T r
0 10 20 30 40

Inlet air temperature [*C]

Fig. 5: Effect of inlet air temperature on CO: capture efficiency at different pressures.
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Fig. 6: Impact of Inlet Air Temperature on CO, Capture Efficiency Across Different Moisture Levels.
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Effect of the Moisture Content of the Air

The CO, capture percentage was calculated with the moisture
content of the inlet air. Moisture content varied from
1% to 4%, and the impact was analyzed by changing
the air temperature from 0 to 40°C, as shown in
Fig. 6.

According to Fig. 6, it can be seen that the moisture
content of the air has a positive correlation with the CO,
capture percentage. The highest CO, capture rate of 92% is
given at 40°C, and 4% H,O content is in the inlet air. At the
same time, the CO, capture rate gradually increased with
the temperature increase for every case. However, there
is no significant variation in the CO, capture rate with the
moisture percentage in the inlet air for a given temperature.
Based on the analysis, it is obvious that the CO, capture rate
will drastically drop during the winter period. However, this
analysis assumes that liquid solvents will always be kept
at the same atmospheric air temperature. The water in the
solvent leads to water dissociation, forming more carbonate
and bicarbonate at higher temperatures. The formation of
more OH ions eventually increases the molarity, increasing
the CO, capture rates. The results are aligned with the
previous experiments, which have been published and
identified that relative humidity is less significant for the
DAC process (An et al. 2022).

—&— Solvent Temperature = Air Temperature

U. S. P.R. Arachchige and G. K. K. Ishara

Effect of the Liquid Solvent Temperature

However, carbon capture rate variation has been analyzed
with the assumption of maintaining the solvent temperature
at 21°C for the entire period. Even though atmospheric air
temperature drops to 0°C, the liquid solvent supply to the
air contactor unit will maintain 21°C. Fig. 7 represents the
variation of the CO, capture rate with the air temperature
when the solvent temperature is maintained at 21°C.

When the atmospheric temperature is 0-10°C, there is
a slight increment in the CO, capture rate as the solvent
temperature is higher than the air temperature. However,
maintaining solvent temperature at a much higher value than
atmospheric temperature will eventually increase energy
consumption. Therefore, the percentage of increase in CO,
capture rate is not significant enough compared to the energy
cost. The results are aligned with the previously published
results by Keith et al. 2018, which considered 21°C as the
solvent temperature for multiple changes of other parameters
in the DAC process.

Effect of the Packing Material

The packing section in the absorption column plays a vital
role in CO, absorption by providing a surface area for gas
and liquid phases to come into contact with the chemical
reactions. Structured packing is considered for the simulation

- -# - Solvent Temperature=21C

CO2 capture % [-]
[%5] [=)] (=] ~ ~ co co
o o 0o G S O

w
=

10

20 30 40

Inlet air temperature [°C]

Fig. 7: Impact of Inlet Air Temperature on CO, Capture Efficiency at constant solvent temperature

Table 7: Information about the packing materials.

Packing Type  Size Area [m>.m™] Voids%] Cl1 Cc2 C3 Vendor Reference

Mellapak 250Y 250 98 1 1 0.32 Sulzer (Stichlmair et al. 1989)
Mellapak 350Y 350 98 1 1 0.32 Sulzer (Stichlmair et al. 1989)
BX - 450 86 15 2 0.35 Sulzer (Stichlmair et al. 1989)
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Fig. 8: CO, capture variation with temperature.

due to the higher mass transfer coefficient than the random
packing. The most important parameters for selecting
packing materials are void fraction and surface area for the
reaction. Aspen Plus uses the Stichlmair Correlation for
pressure drop calculations, which consists of three Stichlmair
coefficients (Stichlmair et al. 1989). For the mass transfer
calculations, information was taken from Bravo et al. 1985
during the simulation (Bravo et al. 1985).

Mellapak 250Y, Mellapak 350Y, and BX standard
packing were considered for the analysis. During the
simulations, base case values of air intake and solvent were
maintained with a 1% moisture content in the atmospheric
air. The CO, removal efficiency was calculated for each case
with the five different temperature values. Information about
the packing materials is given in Table 7.

CO, capture variation with temperature is given in Fig. 8.
According to the figure, BX packing shows the highest CO,
removal efficiency, followed by Mellapak 350Y and Mellapak
250Y. The main reason is that the higher surface area of the
packing material dominates the absorption process. When the
surface area is high, the available contacting area for gas—liquid
reaction is higher. With the temperature increase, the CO,
removal efficiency increased for all packing materials. The
CO, removal efficiency is around 12% higher for the process
with Mellapak 350Y and 24% higher for the process with BX
packing than the Mellapak 250Y process.

However, the cost of the packing material should also be
considered for the techno-economic evaluation, as that will
have a significant role in capital cost calculation. Therefore,
the packing material cost is also considered to identify the
optimum packing material for the air contactor unit.

Moreover, packing dimensions are also considered for
the process optimization, as the gas absorption process is the
key component of the DAC operation. The height of the two
theoretical stages, as well as the diameter of the packing bed,
was considered for the simulations. However, the packing
diameter impact on CO, capture is not significant enough
to overcome the cost of the packing material.

CONCLUSIONS

This research highlights the critical role of optimizing
key parameters in DAC systems to enhance CO: capture
efficiency. The results reveal that maintaining a Ca(OH):
flow rate of 760 t.h'l, an inlet air pressure of 1.1 atm,
and utilizing packing materials with high surface area
significantly boost performance. With the temperature
increase, the CO, removal efficiency increased for all
packing materials. The CO, removal efficiency is changed
with different packing materials and is around 12% higher
for the process with Mellapak 350Y and 24% higher for
the process with BX packing than the Mellapak 250Y

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026
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process. Although increased moisture content improves CO:
absorption, careful consideration is required to manage the
energy demands of maintaining solvent temperatures. The
operational cost, capital cost, and energy requirement for the
DAC process must be analyzed with the experimental setup
and validated with the simulation results. Future studies
should prioritize techno-economic analyses, the integration
of renewable energy sources, and strategies for scaling up
to identify cost-effective approaches for large-scale DAC
implementation.
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ABSTRACT

This study investigates the seasonal and spatial distribution of benzo[a]pyrene (BaP) in
street dust across Raniganj, revealing significant variations linked to both seasonal shifts
and land use types. BaP concentrations in street dust samples ranged from 82.2 ng.g'1 to
531.6 ng.g”" with a mean value of 262.45+75.55 ng.g™". The highest BaP levels were observed
during winter, particularly in heavy traffic, coal mines, and industrial areas, suggesting
contributions from industrial activities and vehicular emissions, coal chemical production,
and gangue accumulation. An analysis by land use type indicated that BaP levels were
highest in busy traffic areas, coal mine areas, and industrial areas, with traffic-congested
sites showing the highest average concentration (328.29 ng.g™"). Seasonal analysis showed
that winter BaP concentrations were the highest on average (336.28+93.43 ng.g'1), followed
by monsoon and summer. These seasonal differences may be due to winter-specific
factors, such as increased vehicular traffic, indoor heating, and atmospheric stability. In all
five sampling locations, the hazard index (HI) values were moderate for both adults and
children. Adults had an average overall cancer risk value of 2.89E-03, whereas children had
an average of 2.61E-03, indicating that both age groups are at high risk. Samples collected
from various land use types revealed a distinct difference in mean total BaP levels, as well as
total cancer risk levels, with the following order observed: busy traffic area > coal mine area
> industrial area > commercial area > residential area. The findings underscore the impact
of anthropogenic activities and seasonal changes on BaP levels, emphasizing the need for
targeted pollution management strategies in heavy-traffic and industrial regions, along with
coal mining regions in Raniganj.

INTRODUCTION

Benzo(a)pyrene (BaP) is a polycyclic aromatic hydrocarbon (PAH) that has
extensive biological as well as environmental significance. It is a high-molecular-
weight PAH consisting of five fused benzene rings. BaP is highly stable,
nonvolatile, and non-biodegradable, making it a persistent environmental pollutant
(Rajput et al. 2024, Kislay et al. 2024, Ma et al. 2022). It is highly recognized
for its potent carcinogenic and mutagenic properties. Owing to its high toxicity
and prevalence in nature, BaP is often used as a marker of PAH pollution in the
environment (Souza et al. 2016). Similar to other PAHs, BaP is emitted into
the environment via several anthropogenic sources. It is mainly a byproduct of
incomplete combustion of organic materials like burning of fossil fuels, vehicular
emissions, domestic heating, burning of wood, various industrial activities,
tobacco smoking and grilling/charring of food materials (Bukowska et al. 2022,
Hellén et al. 2017, Srogi 2007). A small amount of BaP is also released into the
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environment via natural processes, such as forest fires and
volcanic eruptions. Once released into the environment,
BaP tends to adhere to the atmospheric particulate matter
as well as to the sediments of aquatic systems, where it can
persist for a long time because of its hydrophobic nature and
chemical stability (Maletic et al. 2019, Hussain et al. 2018).
Atmospheric dry and wet deposition and the runoff process
distribute BaP in soil, street dust, and water bodies, from
where it enters food chains and starts bioaccumulating in the
bodies of organisms (Saravanakumar et al. 2022). Due to its
greater surface area and smaller particle size, street dust acts
as a good harbor for BaP accumulation (Franco et al. 2017).
It has a crucial direct connection to humans in day-to-day
life, thus making it an important environmental matrix to
investigate BaP concentration.

Ingestion, inhalation, and skin contact are the three main
exposure routes through which BaP can enter the human body
(Ali et al. 2021). A significant source of BaP exposure in
humans can be food, particularly if it is burned or smoked.
Through intricate biotransformation processes, cytochrome
P450 enzymes found in the liver and other tissues gradually
activate BaP into highly reactive compounds (Hand 2001).
Among the several metabolites formed, BaP-7,8-diol-9,10-
epoxide is a potent mutagen that can form a covalent link
with DNA and produce adducts that disrupt regular cellular
functions, such as replication, and induce mutations (Koh &
Pan 2024). BaP is a significant material in cancer research
because some of these DNA adducts have been linked to the
early stages of cancer formation, specifically in the lung,
liver, skin, and bladder (Zhao et al. 2024, Das & Ravi 2022).
According to various epidemiological studies, BaP exposure
can cause several other medical issues, such as cardiovascular
diseases and developmental problems in children (Alias et
al. 2022). It can impair immunity, making it more difficult
for the body to eliminate several illnesses. BaP can adversely
affect the female reproductive system, leading to lower birth
weights, delayed child development, and decreased fertility
(Jorge etal. 2021). BaP may also cause chromosomal defects,
leading to genetic instability.

Several researchers throughout the globe have thoroughly
researched PAHs on the street and their related health
effects (Dytlow et al. 2025, Adeniran et al. 2025, Li et al.
2025). This research indicates increasing concerns over the
occurrence and sources of PAHs in street dust. Similar to
global trends, third-world nations such as India are becoming
increasingly concerned about PAH concentrations in street
dust (Nayak et al. 2023). PAHs in street dust have been
found to contribute to severe human health risks through
their carcinogenic, mutagenic, and toxic nature. Among
these compounds, BaP is the most active and dangerous
PAH and is frequently used as an indicator for evaluating the

environmental toxicity of the overall PAH mixture (Kumar
et al. 2013). Owing to the high impact of BaP on human
health, the International Agency for Research on Cancer
(IARC) has classified it as a Group 1 carcinogen. BaP is
also regulated under Section 112(b) of the 1990 Clean Air
Act Amendments, which is classified as a hazardous air
pollutant (HAP) within the category of substances known
as polycyclic organic matter, as 7-PAH (USEPA 2006).
Several regulatory bodies worldwide have set limitations and
guidelines for BaP exposure because of its ability to induce
potential health impacts. According to the Canadian Council
of Ministers of the Environment, BaP levels in residential,
industrial, and agricultural soil are allowed to be between
0.015 to 0.7 mg.kg”, 0.7 to 2.1 mg.kg! and 0.1 mgkg™,
respectively (CCME 2010). In India, the proposed ambient
air limit for BaP is 1.0 ng.m'3 (Gazette of India 2009).
However, the situation concerning BaP remains challenging
despite restrictions and regulations, particularly in regions
where high levels of industrial and vehicular emissions
are not effectively managed. The use of various advanced
technologies and thorough monitoring of BaP levels in all
environmental matrices is crucial for mitigating its long-term
effects on the environment (Sushkova et al. 2016).

According to the Ministry of Coal, Government of India,
64 coalfields are currently in operation in India, with an
estimated reserve of approximately 378.21 billion tonnes
(National Coal Inventory 2023). Of these, 33.93 billion
tonnes of the country’s total coal resources belong to the
state of West Bengal. Raniganj Coalfield, on the western
bank of the Damodar River, is among the oldest and most
historically notable coalfields in India (Mondal et al. 2018).
Coal mining operations, such as extraction methods, disposal
of mining waste materials, and coal processing residues,
have been identified as the principal sources of PAHs in coal
mine areas (Chen et al. 2019, Qian et al. 2022). Masto et al.
(2015) analyzed the concentration of PAHs in the surface
soils of underground mines in this region. Unfortunately,
there have been no follow-up studies on PAHs in other
environmental media, especially street dust. As a critical
sink for PAHs and a potential health hazard due to exposure
via numerous pathways, it is crucial to examine the levels of
various PAH types in this matrix. Moreover, few studies have
been conducted in India regarding BaP levels in ambient air
(Garg et al. 2022), and no research has been conducted on
the level of BaP in street dust. This is an important research
gap considering BaP’s toxicity and carcinogenic potential.
With these research gaps taken into account, this study aims
to (a) conduct a bibliometric analysis to identify research
trends in India within the existing literature, (b) assess BaP
concentrations by comparing seasonal variations (summer,
monsoon, and winter) and spatial differences across
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various land-use types, including residential, commercial,
industrial, coal mining, and busy traffic areas, (c) assess
the carcinogenic health risk and hazard index (HI) for two
different age groups (adults and children), and (d) conduct
a comparative analysis between the present findings and
previously reported studies across the globe.

MATERIALS AND METHODS
Methodology: Bibliometric Analysis

The research data were collected on the 25" of February
2025 from the Web of Science. The database used was Web
of Science Core Collection, and a search was done using
the Advanced Search Query Builder (Laha et al. 2024, Pal
et al. 2025, Gupta et al. 2024b). The search query term
was as follows: TS=(PAHs) OR TS=(polycyclic aromatic
hydrocarbons) OR TS=(BaP) OR TS=(Benzo[a]pyrene)
AND TS=(road dust) OR TS=(street dust) AND TS=(India).
Here, TS refers to the topic field. A total of 117 publications
were available up to the date of the search. The authors used
VOS viewer —a data analysis and visualization software first
developed at the Centre for Science and Technology Studies,
Leiden University, The Netherlands (Gupta et al. 2024b,
Koley et al. 2023, Van Eck et al. 2010). In particular, this
was a method of analyzing keyword co-occurrence networks,
following the search trends in the recent literature, and
pinpointing the core clusters within the literature.

Bibliometric analysis was performed using VOSviewer
software to create a co-occurrence map using bibliographic
data scraped from the Web of Science database advanced
search. The co-occurrence relationships between the various
keywords were emphasized, with all keywords selected as

TN
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a unit of analysis. A full counting method was used, that is,
every occurrence of a keyword was counted equally (Gupta
et al. 2024a, Koley et al. 2024). To maintain accuracy and
comprehensibility, the empowerment or feeding of the
system was decided to be stopped at the fourth share, that
is, where a keyword has at least three counts. Of the 690
keywords and co-occurrence relationships under study, 124
keywords maintained this threshold, and 66 words were
eventually chosen for visualization and analysis.

Study Area

The study was conducted in the Raniganj region, situated
in the Asansol-Durgapur industrial belt within the Paschim
Bardhhaman district in the state of West Bengal, India.
Mining operations in the Raniganj Coalfield began in
1774AD and continue extensively today. The coalfield
spans areas in West Bengal and Jharkhand. Within West
Bengal, it primarily covers parts of the Bardhaman district,
with adjacent regions extending into the Birbhum, Bankura,
and Purulia districts. In Jharkhand, portions of the coalfield
are situated in the districts of Dhanbad and Santal Pargana
(Manna & Maiti 2018). Coal mining, steel production,
sponge iron production, and other industries contribute to
diverse environmental challenges that heavily influence the
region’s economic landscape. Fifteen distinct sampling sites
were chosen from five distinct land use patterns: residential,
commercial, industrial, coal mine, and busy traffic areas
(Fig. 1).

Street dust was collected during three different seasons
(summer, monsoon, and winter) during the day on weekdays.
Three sampling locations separated by one meter were
chosen for each land use. Approximately 500 g of samples
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Fig. 1: Location map of the study area.
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were collected from each sampling location and then
combined to create a single composite sample. Three
composite samples were collected from each land use type.
To prevent the resuspension of extremely fine particles
during the sampling process, samples were collected using a
brush and swept directly into plastic bags (Gope et al. 2018).
The collected samples were then cleared of extraneous
items such as cigarette butts, tiny gravel, discarded plastics,
metal scraps, and demolished building debris. The samples
were sieved to a particle size of less than 63 um (Gope et al.
2020). They were then kept in zip-locked plastic bags in a
refrigerator at a temperature of less than 4°C until analysis.

Extraction and Analysis of PAHs

For the analysis of PAHs, samples were extracted in a
Soxhlet apparatus using a 10:1 toluene: methanol mixture,
as per the USEPA method 3540C (USEPA 1996a).
Approximately 10 g of the sample was placed in an
extraction thimble and placed in a Soxhlet apparatus, and
300 mL of the extraction solvent was placed in a 500 mL
round-bottom flask containing two or three clear boiling
chips. The flask was then attached to the extractor, and
samples were extracted for 16-12 hours at 4-6 cycles/hour.
After extraction, the samples were cooled, reduced to 2
mL using a rotary evaporator, filtered, and cleaned using
silica gel column chromatography according to the USEPA
method 3630C (USEPA 1996b).

After cleanup, the extracts were concentrated to 1 mL
using a gentle flow of nitrogen. GC-FID (Agilent 8890-
GC) analysis was performed to determine the PAHs in the
extracts according to the USEPA method 610 (Hishamuddin
et al. 2023). For the GC system, the initial oven temperature
was 140°C (held for 3 min), then raised from 140°C to
250°C at 6°C.min"! (held for 6 min), then further to 300°C
at 5°C.min.'1, and finally held for 5 min. With a total flow of
24 mL.min"! and a pressure of 7.0856 psi, the injector was
set to 320°C in the split mode with a split ratio of 20:1.
The septum purge flow was 3 mL.min". The FID heater
was operated at 320°C and 30 mL.min"" of hydrogen
gas flow. The makeup flow (N,) was 28.8 mL.min". A
typical HP-5MS capillary column (30 m length, 320 um
diameter, and 0.25 um film) from Agilent was utilized. The
injection volume was set to 1uL. with a column flow of 1
mL.min'l, and the USEPA-recommended 16 PAHs were
analyzed.

Health Risk Assessment

A risk assessment model was developed by the United States
Environmental Protection Agency (USEPA 2002, USEPA
1989) to ascertain the risk to both adults and children. In

this model, humans are exposed to contaminated road dust
particles through three major pathways: (1) ingestion via
oral intake, (2) dermal absorption via skin contact, and (3)
inhalation via the respiratory tract. The chronic exposure
risk for benzo [a]pyrene (BaP) was determined from the
average daily dose (ADD) calculated for these various
exposure pathways.

CSXIR[ngestionXEFXED

ADD - (1
Ingestion BW AT x106 1)
CSXSAXAFXABSXEFXED
ADD = .2
Dermal BW xAT %106 2)
_ CSXIRmhalation XEFXED
ADDInhalation - BW XATXPEF ..(3)

Where CS is the BaP concentration in street dust (ng.g ™),
and BW is the body weight (kg). AT is the average lifespan
(days). EF is the exposure frequency (day.year). ED is
the exposure duration (in years). IRy paraci0n 15 the inhalation
rate (m>.day™). IR gestion 18 the soil intake rate (mg.day™).
SA is the dermal surface exposure (cm?). AF is the dermal
adherence factor (mg.cm™). ABS is the dermal adsorption
fraction of the chemical. PEF is the particle emission factor
(m3.kg'l). 10% is the conversion factor. The values of the
variables are listed in Supplementary Table 1 for both adults
and children.

The level of danger for BaP was determined by the ratio
of ADD (for three different exposure routes) to the reference
dose (RfD).

ADD

HQ = *D (4
The reference dose (RfD) is defined as the estimated
daily human exposure to an agent that is unlikely to cause
adverse health effects in humans. It is based on the best
available science and is intended to protect both present and
future generations from the development of any potential
pathological changes or diseases (Kosheleva et al. 2023).
Reference doses have been estimated for BaP for the three
exposure routes. For ingestion and dermal exposure, it is
3x10™* mg.kg! (USEPA 2002), and for inhalation, it is 2x

10° mg.kg™! (USEPA 1989).

HI =Y HQ NE))

The HI indicates the extent to which combined health
hazards are presented by several exposure pathways through
which hazardous dust particles can enter the human body.
Four categories of negligible (<0.1), low (0.1-1), moderate
(1-10), and high (>10) health risk levels are derived from the
overall HI (Kosheleva et al. 2023, USEP 2002).

To assess the age-specific potential cancer risks (children
and adults) of human exposure to BaP, the incremental
lifetime cancer risk (ILCR) model is used (USEPA 1989,
USEPA 2002)
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3 |BW
ILCRS(Ingestion,inhalation,dermal) = ADD x C(SF X /W

...(6)
Where CSF is the cancer slope factor in mg.kg™. day™
for the three different exposure routes.

Total Crcinogenic Risk=
ILCRIngestion + ILCRmhaiation + ILCRpermar ..(7

Generally, the acceptable risk range for total carcinogens
is set to 10° to 10* by the USEPA (USEPA 2001), and
risks below 10°° do not require any additional action, while
risks above 107 are considered to be of concern and require
further action to reduce the exposure and resulting risk
(USEPA 2008).

Preparation of the Spatial Pattern of BaP

Inverse Distance Weighting (IDW) is a spatial interpolation
technique that is prepared in a GIS (Geographical
Information System (GIS) environment to plot the missing
value in a region using known data points (Lu 2008). In this
study, spatial interpolation was a beneficial method not only
to identify the distribution of BaP in dust or carcinogenic risk
distribution, but also to correlate with other components. The
major principle of IDW is that the prediction capacity of a
known value decreases with increasing distance (Moussa &
Abboud 2024, Achilleos 2008). The estimated value has been
calculated with the help of the following formula.

_Sisa=1wiZ;

Zs o, ..(8)
Where, Z, = Estimated value of unknown location, Z; =

Known neighboring value, W, = Weight assigned to each

known point, n = Number of neighboring points.

The weight is computed as
* W, = d—lp ..(9)

Where, d; = distance between the known and unknown
point, p = Power value regulating the effect of distance
(typically set between 1 and 3). IDW is a widely used
interpolation method in GIS applications due to its simplicity
and effectiveness. But before that, we must make a strong
data set to show this spatial variability.

IDW is a popular method of interpolation. This helps
to determine the spatial variability of components in a
more or less accurate manner. However, there are several
drawbacks to this method; for example, it assumes that the
spatial relationship is not the same in all directions, so it does
not address directional trends (Barbulescu & Saliba 2024).
Moreover, the precision of the IDW depends on the density
and distribution of the sample points. If the points are more

random, there will be an error in that area (Achilleos 2011).
IDW offers no indication of a forecast as other methods do
(Achilleos 2008, Benmoshe 2025). IDW ignores topographic
and physical barriers that may affect spatial variation, as it
only depends on mathematical distance (Lu 2008). But it
may be a very useful tool for air-water quality analysis, as
we have done in this research (Jumaah et al. 2019, Yadav
& Ganguly 2024)

RESULTS AND DISCUSSION
Current Scenario of BaP in Street Dust: A Bibliometric

A bibliometric overview of research on polycyclic aromatic
hydrocarbons (PAHs) in Indian street dust identified seven
distinct thematic clusters (Fig. 2). Cluster 1 (Red) consists of
27 keywords such as “PAHs”, “polyaromatic hydrocarbon”,
“source apportionment”, “PM,,”, “PM, 5, “black carbon”,
“emission”, and “urban site” This group is basically
concerned with territories which link the PAHs with the
particulate matter (PM,, and PM, 5) in urban locations. Major
sources mainly are emissions from vehicle exhaust gases,
such as industrial activity, while on the other side, there can
be emissions due to biomass burning and burning of fossils
and fuels. In the name of source apportionment, efforts have
been made to determine the main sources of PAHs in the
environment. Soot is indicated by “Black carbon,” meaning
that this research was conducted on them through which
PAHs will be available in indoor air quality. The term “urban
site” is used to signify that PAH contamination is ubiquitous
in highly populated areas, thereby indicating that traffic
and industrial emissions are high. This cluster focused on
determining the presence of PAHs in street dust, soil, and
sediments and their effects on human health and ecological
systems. PAHs accumulate in surface sediments and road
dust, and exposure through inhalation, ingestion, and dermal
contact is potentially risky.

Cluster 2 (Green) includes 24 items, i.e., “street dust”,
“surface dust”, “indoor dust”, “surface sediments”, “urban
street dust”, “soil”, “road dust”, “health risk assessment”,
“ecological risk” and “human exposure”. This cluster has
focused on determining how PAHs are present in street
dust, soil, and sediments and their effects on human health
and ecological systems. PAHs accumulate in the surface
sediments and road dust, in which exposure through
inhalation, ingestion, and dermal contact is potentially risky.
“Indoor dust” suggests the possibility that PAHs move into
homes from outside and thus induce a higher risk for longer
exposure. In this cluster, studies assess ecological risk
assessments and levels of human exposure to understand the

long-term effects of PAH contamination. Cluster 3 (Blue):
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21 items comprise “street dust”, “‘contaminated soil”, “urban
soil”, “sediments”, and toxic metals such as “Ni, Pb, Cu, and
Cd”. The presence of heavy metals like Nickel (Ni), Lead
(Pb), Copper (Cu), and Cadmium (Cd) is indicative of the
fact that PAH pollution is generally accompanied by metal
pollution. The sources for these metals comprise industrial
discharge, vehicular emissions, and urban runoff. Heavy
metal pollution thus poses a serious threat to environmental
and human health. The correlation between PAHs and heavy
metals in urban soils gives credence to the possibility of
synergistic toxicity, which aggravates the pollution. The
studies in this cluster aim to study the levels of contamination
in the soil, source term, and remediation measures.

EEINT34

Cluster 4 (Yellow): 17 items include “city”, “impacts”,
“pollution indices”, “accumulation”, “urban soil”, “roadside”
and “Kolkata”. The studies of this cluster examine the
urban pollution burden of some leading Indian cities with
a pronounced focus on Kolkata. The use of terms like
“pollution indices” and “accumulation” indicates that
quantitative evaluations of PAH pollution rely on various
indices to determine the severity of contamination. The term
“roadside” is indicative of traffic emissions as a major source
of PAHs. Referral to “Kolkata” is indicative that studies
here are focused on studying the sources and the level of
various kinds of pollution in the West Bengal capital, which
is an industrialized and densely populated area. Cluster 5
(Purple)-13 words include “diagnostic ratio”, “health risk”,
“agricultural soil”, “river” and “surface soil”. The term
“diagnostic ratio” doesn’t reveal much about the type of
research conducted in this cluster except that fingerprinting
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techniques are used to differentiate between two sources of
PAHs, i.e., pyrogenic (combustion) and petrogenic (oil).
The mention of “agricultural soil”” and “river” in this cluster
indicates that PAHs are transported out of urban centres into
agroecosystems and river ecosystems and thus potentially
threaten food chains through bioaccumulation and pollution
of these waterways. The “health risk™ in this cluster refers
to PAHs exposure via contaminated soil and water in places
where agricultural use is widely prevalent. Cluster 6 (Sky
Blue) contains 12 items, including “carcinogenic risk”,
“hazard index”, “source profile” and “hazard quotient”.
Research in this cluster mainly relates to the risk assessment
methods used for evaluating PAHs-related cancer and non-
cancer health risks. The mention of “children” is indicative
of the concerns regarding the vulnerable population, because
the children are at great risk of PAHs exposure, as they tend
to put their hands in their mouths and are also exposed to
contaminated dust for prolonged periods. The terms “hazard
index” and “hazard quotient” point to quantitative methods
of assessing levels of toxicity to define safe exposure limits.
This cluster relies heavily on health interventions to derive
public health policy concerning PAH risk. The last cluster
(Cluster 7, Orange), containing 7 items, includes “Delhi”,
“West Bengal”, “soils”, “heavy metals” and “source”. The
series of regional studies on PAHs clustered here focuses
on places with peak industrial and urban activities: Delhi
and West Bengal. As India’s capital, Delhi is notorious
for immense pollution from vehicle emissions, industrial
sources, and biomass burning, which has given rise to severe
air quality problems. On the other hand, West Bengal has
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numerous industrial bases with a huge population density that ~ be attributed to an increase in the number of transportation
suffers heavy soil and air contamination from both PAHs and  activities and runoff of contaminants, along with wind
heavy metals. The keyword “source” indicates the research  deposition from surrounding polluted areas. The lowest BaP
being done to identify the major sources responsible for  concentration was found at site 2 during winter and monsoon,
PAHs pollution in the location selected. whereas at site 1 in summer. The mean BaP concentration
of this study area was compared with some other studies
across the world. The mean BaP value was similar to the
The total BaP content in the street dust of Raniganj ranged ~ values observed from Moscow, Russia (Kosheleva et al.
from 82.2 ng.g”' to 531.6 ng.g”' with a mean value of  2023), Kuala Lumpur, Malaysia (Hishamuddin et al. 2023),
262.45+75.55 ng.g”'. A significant variation in BaP level  Karaj, Iran (Qishlagi & Beiramali 2019), Trinidad, Caribbean
was observed among different sampling sites across the —(Mohammed et al. 2018) and Xuzhou, China (Wang 2013).
study area in three different seasons (Fig. 3a, 3b, 3c). The mean concentration of BaP, on the other side, was
During winter highest BaP concentration was found at site 9~ much lower than the values reported from Shenzhen, China
(531.60 ng.g™"), followed by site 13 (430.00 ng.g’), site  (3089.07 ng.g™") (Ning et al. 2023), Ibadan, Nigeria
14 (398.52 ng.g’") and site 7 (395.00 ng.g’"). In summer, (2528 ng.g") (Yusuf et al. 2022), Jeddah, Saudi Arabia
site 9 (290.63 ng.g™), site 11 (278.43 ng.g’), site 13 (1513.51 ng.g’') (Shabbaj et al. 2018), Tokyo, Japan
(273.80 ng.g’!), and site 12 (263.25 ng.g’') showed (2100 ng.g") (Khanal et al. 2018) and Ulsan, Korea
the highest level of BaP among all the sites. While in (6310 ng.g'l) (Lee and Dong 2010) whereas much
monsoon, a maximum level of BaP was detected in site 9  higher than that of found in Daejeon city, South Korea
(476.70 ng.g ™), followed by site 13 (351.67 ng.g™'), site 15  (28.59 ng.g™") (Lee et al. 2023), Tyumen city, Russia
(325.90ng.g™") and site 14 (321.70 ng.g™"). In winter seasons,  (26.07 ng.g”') (Konstantinova et al. 2022), Yazd, Iran
elevated levels of BaP in their respective sites mightbe due to  (26.10 ng.g™') (Nematollahi et al. 2021), Myanmar
various industrial activities (steel, sponge iron, cement, food  (45.5 ng. g'l) (Mon et al. 2020) and Buenos Aires, Argentina
processing) as well as vehicular exhaust emissions because  (26.4 ng.g") (Cappelletti et al. 2019). These findings suggest
of high traffic loads near some sites (Kosheleva et al. 2023).  that the levels of BaP in street dust differ globally. These
But in the monsoon, higher BaP levels in those sites can  discrepancies may be related to changes in the volume and

Seasonal Variation of BaP

RIS AE0NE RIS AEE

BN

(a)

230N
BN
230N

Lo(h)

IAWN
BIREN

bEE T o

LN

AT 0

-__Fu;; -
Sy bl PURSTL B

REEIE ATy

Fig. 3: Seasonal variation in BaP levels across 15 street dust samples (n= 15) from Raniganj during (a) summer, (b) monsoon, and (c) winter.
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intensity of human activity, traffic loads, vehicular emissions,
various technologies used, numbers of industrial activities,
cooking patterns, the frequency of city street cleaning, and
regional weather patterns like temperature differences, wind
speeds and rainfalls that degrade, disperse and eliminate
PAHs from street dust (Shabbaj et al. 2018, Hussain et al.
2015, Soltani et al. 2015).

Spatial Variation of BaP

Street dust collected from different land use types in
Raniganj indicated an apparent disparity in mean total BaP
levels (Fig. 4a), which was found to be in the order of busy
traffic area > coal mine area > industrial area > commercial
area > residential area. The highest value of BaP in busy
traffic areas (328.29 ng.g”') followed by coal mine areas
(323.68 ng.g™) implies the effects of high traffic congestion,
vehicular emissions, coal chemical production, transportation
of coal, leaching/weathering of coal beds and gangue
accumulation (Gope et al. 2020, Masto et al. 2019). The
lowest BaP concentrations were observed in residential areas
(158.39 ng.g'l), which might be due to its land use type,
lower traffic loads, comparatively low vehicular emissions,
minimal anthropogenic activities and absence of other non-

point sources. The percentage contribution of mean total BaP
levels of the residential, commercial, coal mine, industrial
and busy traffic areas over the whole study area was 12.07%,
15.86%, 24.87%, 22.38% and 25.02%, respectively (Fig. 4b).

The BaP concentration in street dust of Raniganj varied
significantly between the three seasons (Table 1). The
mean BaP concentrations during the winter ranged from
214.23 ng.g”! to 426.67 ng.g! with a mean of 336.28+
93.43 ng.g'l, and during the monsoon varied from 167.44
to 344.37 ng.g”! with a mean of 269.17+87.83 ng.g”!, and
ranged between 93.50 ng.g'1 and 249.90 ng.g'1 with a mean
of 181.90+76.46 ng.g”" during the summer. An increase
in BaP level was observed during winter and monsoon in
comparison to summer. Changes in weather patterns and
existing human activity may be the cause of the varying
seasonal concentrations throughout the year. Because of the
thin layer of street dust and the potential for absorption and
reflection of sunlight over a prolonged period by the street
asphalt, along with very high temperatures, BaP is subject to
photo-degradation and volatilization during summer.

Furthermore, since BaP is typically adsorbed onto very
small particles, the swiftly moving vehicles on the street lift
the fine dirt particles and aid in BaP dispersion by strong

(2]
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Fig. 4a: Spatial differences in BaP concentrations across various land-use types based on street dust samples (n=15) from Raniganj. Fig. 4b: BaP level
percentage across various land-use types.

Table 1: Total and seasonal area-wise BaP content in street dust of Ranigan;j.

Sample Concentration of BaP Area Season variation of BaP [ng.g™']

matrix [ng.¢"] Winter Monsoon Summer

Street dust 262.45+75.55 Residential 214.23+60.20 167.44+7.96 93.50+9.95

(<63 pm) Commercial 293.97+63.72 212.77+53.79 117.83£14.95
Coal mine 426.693.22+7 344.37x114.77 200.01+80.91
Industrial 344.63+13.31 288.20+46.43 248.26+39.84
Busy traffic 401.89+26.58 333.09+16.23 249.90+23.65
Mean total 336.293.43+8 269.17+87.83 181.90+76.46
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wind, which may lead to low levels on the street side in the
summer as compared to winter and monsoon (Gope et al.
2018). Primarily, an increase in vehicular traffic, indoor and
outdoor heating and cooking activities during winter elevate
the BaP level in winter (Manoli et al. 2016, Liu et al. 2007).
Other factors such as various climatic conditions like lower
temperature, high atmospheric stability, lower atmospheric
mixing height, low volatilization, shorter daylight, thermal
inversion, reduced vertical dispersion, low photochemical
activity and increased particle adherence, could be the reason
for higher BaP levels in winter in comparison to the other
two seasons (Gope et al. 2020, Khillare et al. 2014).

While considering five land-use types, distinct variations
in BaP levels were detected in three different seasons
(Table 1). The highest BaP value was observed in the coal
mine area for winter and monsoon, while in summer, it was
for busy traffic areas. On the other side, the lowest BaP value
was found in a residential area for all three seasons.

Risk Assessment

The assessment of adverse health effects was established for
the urban population using BaP data in terms of chronic ADD
from contaminated street dust. Ingestion and dermal ADDs
were noted to be similar between adults and children, while
values for inhalation were markedly lower. For ingestion,
the estimated amounts were in the range of 2.72E-04 to
5.63E-04 and 4.53E-04 to 9.38E-04 for adults and children,
respectively. Inhalation values ranged between 3.99E-08 and
8.28E-08 for adults, and for children, values were in the range
of 1.66E-08 to 3.45E-08. Values of dermal absorption were
recorded in the range of 1.41E-04 to 2.92E-04 and 1.65E-04
to 3.41E-04 for children. Between age groups, for ingestion
and dermal exposure, children had higher ADD values than
adults, whereas adults had higher values for inhalation. The
HI values (Table 2) indicate moderate levels for both adults
and children across the five sampling areas, with HI values
varying between 1 and 10. However, it was observed that
children had higher HI values than adults. Among the study
areas, the highest HI values were observed for areas with
high traffic density, followed by areas near coal mining
activities.

According to the calculated cancer risk (Table 2), the
risk for adults from ingestion and skin contact was between
E-03 and E-02, which is the same as the risk for children.
The risk of inhalation in this case was between E-08 and
E-07, which was 10° times lower than the risk of ingesting
and skin contact. Thus, compared to the other two exposure
pathways, inhalation of dust particles from the streets was
insignificant (Gope et al. 2018). This finding is consistent and
similar to previously reported studies by other researchers
(Ning et al. 2023, Kosheleva et al. 2023, Gope et al. 2020,
Masto et al. 2019). The reason behind the higher value of
ILCR for ingestion and dermal compared to Inhalation might
be due to the respiratory system’s innate defences that are
more effective at screening out particles before they enter the
bloodstream, while ingested and absorbed substances have
a more direct route to internal organs (Sousa et al. 2022,
Ramesh et al. 2004). The levels of cancer risk associated
with ingestion and dermal contact were within the same
order of magnitude, suggesting that these exposure routes
significantly increased the risk of cancer in both adults and
children. Nonetheless, children were far more at risk of direct
consumption than adults because they were more susceptible
to hand-to-mouth activity and had lower body weight, which
makes it easy for them to consume contaminated dust (Gong
et al. 2022).

On the other side, dermal contact induced a comparatively
higher risk in adults than in children. In the present study, all 5
different areas showed significantly higher total carcinogenic
risk for both adults and children, as the values exceeded
ILCR> 10™. In the case of seasonal variation, winter has the
highest carcinogenic risk for all five areas, followed by the
monsoon and the summer. Sites 7, 8, and 9 had greater values
throughout the winter (Fig. 5a, 5b) and monsoon seasons for
both adults and children (Fig. 5c, 5d), while sites 13, 14, and
15 had the highest values during the summer (Fig. Se, 5f).
The carcinogenic value increased in the order of residential
area < commercial area < industrial area < coal mine area
< busy traffic area. Although the residential area showed a
lower cancer risk than the other four areas, it fell under the
high carcinogenic risk category. The mean total cancer risk
values obtained for adults and children were 2.89E-03 and

Table 2: HI and results for ingestion, inhalation, dermal and total cancer risk for children and adults in the street dust of Raniganj.

Area Child Child Child Total Adult Adult Adult Total Child Adult
ingestion  inhalation  dermal cancer risk ingestion inhalation  dermal cancer risk  HI HI
Residential 2.10E-03  4.07E-08 2.62E-03  4.72E-03 1.88E-03 1.46E-07 3.34E-03 5.23E-03 2.07 1.39
Commercial  2.76E-03  5.35E-08 3.44E-03  6.20E-03 2.47E-03 1.92E-07 4.40E-03 6.87E-03 2.72 1.83
Coal mine 429E-03  8.32E-08 5.35E-03  9.64E-03 3.85E-03 2.98E-07 6.84E-03 1.07E-02 422 2.85
Industrial 3.90E-03  7.55E-08 4.86E-03  8.75E-03 3.49E-03 2.71E-07 6.20E-03 9.69E-03 3.83 2.59
Busy traffic ~ 4.35E-03  8.44E-08 5.43E-03  9.78E-03 3.90E-03 3.03E-07 6.93E-03 1.08E-02 428 2.89
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Fig. 5: Seasonal Variation (a: winter-adult, b: winter-child, ¢: monsoon-adult, d: monsoon-child, e: summer-adult, f: summer-child) in ILCR Levels in
street dust (n=15) of Raniganj.

2.61E-03, respectively. Similar cancer risk magnitudes for
both adults and children have been observed in recent studies
over street dust from Kuala Lumpur, Malaysia (Hishamuddin
etal. 2023), Huainan, China (Xu et al. 2022), Lagos, Nigeria
(Iwebue et al. 2021), Karaj, Iran (Qishlaqi & Beiramali 2019)
and Dresden, Germany (Zhang et al. 2019).

BaP in Street Dust and Associated Cancer Risk Across
Different Cities: an Indian and Global Perspective

The concentration of BaP in the street dust and cancer risk
of the present study has been compared with the BaP level
in the street dust and ILCR value of previously reported
studies across India (Table 3, Fig. 6, Fig. 7). In the present
study, the BaP concentration was significantly higher than the
reported concentrations of street dust in Guwahati (Hussain
et al. 2015), New Delhi, and Bangalore (Tue et al. 2014).
The BaP levels were 6-, 4.2-, and 5-fold higher than those
in Guwahati, New Delhi, and Bangalore, respectively. The
cancer risk in these three areas fell under E-04, which is one
magnitude lower than the value obtained in the present study.
The reported level of BaP and estimated cancer risk in street
dust of Raipur (Patel et al. 2015) and Dhanbad (Tarafdar
and Sinha 2019, Masto et al. 2019) were comparatively
higher than the value obtained in the present study. Two
separate studies from Durgapur (Gope et al. 2020) and
Asansol (Gope et al. 2018), which are the adjacent towns of
Raniganj, are compared for their BaP levels. Among them,

Durgapur showed slightly lower BaP concentrations in
street dust as compared to this study. At the same time, for
Asansol, the levels were almost similar to the present study
signifies the presence of similar kinds of Emission sources.
The cancer risk values of Asansol and Durgapur were more
or less similar to the value of the present study, which fell
under E-03.

Only one study (Nayak et al. 2023) comprising three
separate locations, among which street dust from Bhilai
and Korba depicted extremely high BaP levels (26 to 27
times) than the level of BaP from Raniganj, while another
location, Raipur, showed 7.6 times higher concentration
than the present one, which is also relatively high. The ILCR
value of these areas was higher than the value of Raniganj,
which is E-02. Therefore, the total cancer risk estimated
in all the reported studies from India ranged from E-02 to
E-04, showing all the areas are at high risk of cancer for
both adults and children. Thus, the high level of BaP might
be due to the dominant presence of very high anthropogenic
activities like vehicular emissions, diesel combustion, coke
and biomass burning, etc. (Zhang et al. 2021). At the same
time, the seasonal variation of BaP level in street dust is also
considered. Studies from Durgapur, Guwahati and Asansol
have been compared with the present study. The BaP level
of current studies varies from 2.4 times to 11.6 times higher
than those reported in the street dust of Guwahati in pre-
monsoon, monsoon and post-monsoon. In the case of Asansol
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and Durgapur, the seasonal variation in BaP concentrations
is almost similar to 1.6 times lower than the seasonal BaP
values of the present study. Thus, for seasonal variation,
elevated levels of BaP in the street dust of Raniganj could
be from several human activities besides point sources. A
high amount of traffic load, several industrial activities, the
presence of coal mines, and indoor and outdoor cooking
activities might lead to high BaP content. Biomass burning,
coke and coal combustion, vehicular emissions, wood
combustion, petroleum, diesel and gasoline combustion are
some major pyrogenic contributors of BaP in the street dust
of the entire Raniganj area (Hayakawa 2024, Kumar et al.
2024, Ali et al. 2021). Like other studies from Dhanbad,
Asansol and Durgapur, the BaP content in street dust may
increase the chances of exposure and associated health risks
to humans living within this region.

The analysis of the global distribution of BaP concentration
and its associated risk for human cancer was conducted on
a regional basis using available data (Supplementary Table
2, Figs 6 and 7). Most studies in Asia were conducted in
China, followed by Iran. The highest concentration of BaP
was reported in Anshan City, China, at 12,500 ng.g’1 (Han
et al. 2009), followed by Nanjing with 3,020 ng.g”' (Zhen

et al. 2020) and Shenzhen with 3,089.07 ng.g"' (Ning et al.
2023). Such a concentration is many-fold greater than that
recorded in the present study. The lowest BaP concentration
observed in China was in Huanggang City at 67.40 ng.g”'
(Liu et al. 2019), which was much lower than the values
recorded in Raniganj. Among all the studies, Anshan had the
highest cancer risk, with a magnitude of E-01 for both adults
and children. Other studies from China have also indicated
an elevated cancer risk among residents.

In Iran, maximum and minimum BaP concentrations
were reported in Bandar Abbas and Tehran, respectively
(Keshavarzi et al. 2018, Saeedi & Salmanzadeh 2012). The
BaP level in Karaj City (278.10 ng.g™") (Qishlagi & Beiramali
2019) was comparable to that in this study, unlike most other
Iranian studies, which reported lower concentrations. The
total cancer risk for both adults and children in Iran ranged
between E-01 and E-05, indicating risks from very high to
moderate in the population.

In Vietnam, Anh et al. (2019) found that BaP
concentrations and ILCR values were similar to those
found in Raniganj, India. In contrast, studies conducted by
Zhen et al. (2020) in Japan, Taiwan, and Myanmar, along
with Lee et al. (2023) in Daejeon Metropolitan City, South

Table 3: BaP concentration in the street dust and cancer risk from different cities in India.

Location Concentration of Cancer risk Year of Reference

BaP [ng.g’l] Adult Child the quk

(sampling)

Raipur, Chhattisgarh 1988+478 2.19E-02 1.97E-02 2008-2015 Nayak et al. 2023
Bhilai, Chhattisgarh 6869880 7.56E-02 6.82E-02
Korba, Chhattisgarh 7094+819 7.80E-02 7.05E-02
Durgapur (Summer) 156+7.44 1.98E-03 1.79E-03 2013-2014 Gope et al. 2020
Durgapur (Monsoon) 174+11.9
Durgapur (Winter) 2124223
Dhanbad 531+21 5.84E-03 5.27E-03 2016 Tarafdar & Sinha 2019
Dhanbad 349+71 3.84E-03 3.47E-03 2012 Masto et al. 2019
Asansol (Summer) 134+45.8 2.68E-03 2.42E-03 2013-2014 Gope et al. 2018
Asansol (Monsoon) 229+25.6
Asansol (Winter) 369+64.8
Guwabhati city (Monsson) 29.3+35 4.88E-04 4.41E-04 2011-2012 Hussain et al. 2015
Guwabhati city (Post-monsoon) 29.0+21
Guwabhati City (Pre-monsoon) 74.9+112
Raipur city, Chhattisgarh 651.4 7.17E-03 6.47E-03 2010 Patel et al. 2015
New Delhi 62 6.82E-04 6.16E-04 2012-2013 Tue et al. 2014
Bangalore 58 6.38E-04 5.76E-04
Raniganj (Winter) 336.28+93.43 2.89E-03 2.61E-03 2017-2018 Present study
Raniganj (Summer) 181.90+76.46
Raniganj (Monsoon) 269.17+87.83
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Forest Plot of BaP Concentration
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Fig. 6: BaP concentrations in street dust from different cities across India and worldwide.
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Fig. 7: Cancer risk (child and adult) in street dust from different cities across India and worldwide.

Korea, reported substantially lower BaP levels and cancer = These concentrations correspond to higher cancer risk estimates,
risks than those reported in the present study. Nevertheless,  indicating a possible health hazard for resident populations.
studies from Jeddah, Saudi Arabia, by Shabbaj et al. (2018), Four studies were conducted in Europe. One study
from Tokyo, Japan, by Khanal et al. (2018), and from  executed by Kosheleva et al. (2023) in Moscow, Russia,
Ulsan, South Korea, by Lee and Dong (2010), found the  recorded BaP concentrations similar to those of the present
highest BaP concentrations compared to the present study  study, while the rest reported lesser amounts (Konstantinova
(1,513 ng.g"l, 2,100 ng.g'l, and 6,300 ng.g'l, respectively). et al. 2022, Skrbié et al. 2019, Zhang et al. 2019).
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As an African Country, two different studies from
Nigeria, one study from Egypt, and three different studies
from Ghana were reported. A relatively high concentration
of BaP was recorded in Nigeria, Ibadan, at 2,580 ng.g’!
(Yusuf et al. 2022). Kumasi Metropolis, Ghana, recorded
the highest BaP concentration at the worldwide level, which
proved to be 27,900 ng. g'l (Essumang et al. 2006), exceeding
levels in Bandar Abbas, Iran. The ILCR figures for African
populations ranged from E-01 to E-05, indicating an elevated
to moderate risk of developing cancer.

In the Americas, Trinidad, Caribbean (Mohammed et al.
2018), reported BaP similar to the current study, but studies
conducted by Cappelletti et al. (2019) and Netto et al. (2006)
in Argentina and Brazil, respectively, reported a far lower
concentration of BaP in street dust and lower cancer risk
estimates as compared to the values obtained for Raniganj.

The global analysis of BaP concentrations and the
respective cancer risks exhibited a stark regional trend,
with total cancer risk values ranging from E-01 to E-05,
indicating a moderate to severe potential risk to human
health. Therefore, continued environmental monitoring
and the implementation of effective regulatory policies to
mitigate the health hazards of BaP exposure are necessary.

LIMITATION AND FUTURE PROSPECTS OF
THE STUDY

Several factors limit the present study: i) it only accounts
for three seasonal periods (summer, monsoon, and winter)
that might not fully represent the temporal variation of
BaP concentrations. A more extensive temporal study
with monthly sampling over several years would give a
better insight into seasonal and inter-annual trends. ii) The
number of samples (n = 15) can potentially reduce the
spatial resolution and statistical strength of the findings;
a larger number of sampling points could improve the
representativeness and reliability of BaP monitoring of street
dust. Moreover, source apportionment analysis by Principal
Component Analysis (PCA) was not conducted, which limits
the possibility of identifying the potential sources of BaP in
the studied area.

Despite these constraints, the research offers significant
guidance for future studies. Monte Carlo simulations are
suggested to be integrated in order to evaluate uncertainty
in human health risk assessments.

CONCLUSIONS

The present study highlights the spatial and seasonal
variation of BaP levels in the street dust of Raniganj. The
mean concentration of BaP in the study area was 262.45+

75.55 ng.g”!, which might pose a risk of exposure to the
residents of this area. In winter, summer and monsoon, the
highest value was observed in site 9, which is a coal mine
area. There was a noticeable variation in the mean total
BaP levels in the street dust collected from various land
use types in Raniganj. A substantial seasonal variation of
BaP level was observed here, which was found to be in the
order of winter (336.28 ng.g'l) > Monsoon (269.17 ng.g'l)
> summer (181.90 ng. g'l). The carcinogenic value and HI of
the study area increased in the following order: residential
area < commercial area < industrial area < coal mine area <
busy traffic area. The average overall cancer risk value for
children and adults was 2.61E-03 and 2.89E-03, respectively,
describing the presence of a high risk of cancer. The mean
HI value for children was 3.42, whereas for adults it was
2.31. Both values indicated the occurrence of a moderate
level of health risk. Increased vehicular emissions, indoor
and outdoor heating and cooking activities, and changes in
several meteorological conditions during winter may cause
a higher BaP load in street dust. To study the overall impact
of BaP on the environment and human health, it is crucial
to concentrate on its sources, characteristics, fate in the
environment, pathways of exposure, mode of toxicity and
existing regulatory controls so that government agencies
and policymakers can initiate new effective policies to
control automobile and industrial emissions, limit its
exposure, safeguard human health and reduce the related
risks. Our study will help to understand the exact scenario
of BaP contamination in the Raniganj area so that effective
precautionary measures can be taken by the governing
body to reduce the exposure risk and to protect the health
of the residents of this area from BaP contamination. For
precautionary self-protection, protective masks are suggested
to be worn by resident populations to minimize inhalation
exposures to BaP in ambient dust. Further, enhanced indoor
air circulation is recommended to minimize the concentration
and accumulation of PAHs in indoor environments and, thus,
lower potential health threats of long-term exposure.
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ABSTRACT

The disposal of solid waste in conventional landfills poses critical environmental challenges,
including uncontrolled greenhouse gas emissions and highly contaminated leachate.
Bioreactor landfills with leachate recirculation offer an effective alternative, accelerating
organic matter degradation and enhancing methane production for energy recovery.
The present study investigates methane generation, leachate characteristics, and the
stabilization of organic matter in laboratory-scale biocells that incorporate biosolids from
the Ambato Wastewater Treatment Plant (WWTP), along with compost and green waste.
Three replicate biocells were operated over 12 weeks with leachate recirculation to
optimize nutrient removal and biogas production. Methane generation stabilized after 21
days, while phosphorus and ammonium concentrations in the leachate ranged from 10-15
mg.L’1 and 50-80 mg.L'1, respectively. Heavy metal concentrations significantly decreased,
with final cadmium and chromium levels falling below regulatory discharge limits, reaching
0.02 mg.L’1 and 0.05 mg.L'1, respectively. Chemical Oxygen Demand (COD) was reduced
by 85%, reaching a final concentration of approximately 300 mg.L'1. These findings highlight
the feasibility of incorporating WWTP biosolids in biocells to enhance organic solid waste
degradation, sustainable landfill leachate management, and renewable energy generation
in Ambato, Ecuador.

INTRODUCTION

Municipal landfills remain the predominant method for disposing of urban solid
waste in developing countries due to their operational simplicity and high capacity
for managing residual materials (Zhang et al. 2019). This is the case of Ambato,
an Andean city in Ecuador with nearly 190,000 inhabitants and an estimated solid
waste generation of approximately 300 tons per day (GAD Municipal de Ambato
2016, Instituto Nacional de Estadistica y Censos (INEC) 2023). However, global
solid waste generation has increased significantly-from 635 million tons in 1965
to 1,999 million tons in 2015-and is projected to reach 3,539 million tons by 2050
(Chen et al. 2020). The continued accumulation of solid waste in landfills poses
serious environmental challenges, particularly concerning the generation of landfill
gas (LFG) and leachate.

Waste decomposition in landfills primarily occurs through anaerobic microbial
processes. These processes are facilitated by bacteria such as Sporanaerobacter
acetigenes, Clostridium sporogenes, Methanomicrobiales and Methanosarcinales,
which contribute to the production of gaseous compounds (Shao et al. 2021, Yang
etal. 2021). The resulting LFG typically consists of CHa (50-60%), CO- (40-50%),
and volatile organic compounds (VOCs). In many cases, it is either directly released
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into the atmosphere or flared without adequate quality
controls, exacerbating air pollution and posing risks to human
health (Werkneh 2022). Methane emissions from landfills are
of particular concern, given that CHa has a global warming
potential (GWP) 28-36 times greater than CO: over 100 years
(IPCC 2023). Landfills account for approximately 5% of
global greenhouse gas emissions, contributing significantly
to climate change (EPA 2024).

The disposal of household and industrial solid waste
in landfills introduces various hazardous compounds that
are difficult to biodegrade, including organic solvents,
pesticides, herbicides, BTEX compounds (benzene, toluene,
ethylbenzene, and xylene), and heavy metals such as
cadmium (Cd) and hexavalent chromium (Cr®") (Essien et
al. 2022, Kjeldsen et al. 2002, Vaverkova 2019). Leachate
can act as a transport medium for these pollutants, leading
to surface and groundwater contamination and frequently
migrating into surrounding soils through percolation (Hadi
2023). Leached contaminants, including Cd?*, Pb?", Zn?",
and Cu?', are highly toxic, carcinogenic, and resistant to
degradation (Hussein et al. 2021). Furthermore, toxicological
studies indicate that certain leachates exhibit mutagenic
properties, reinforcing the need for effective leachate
management strategies (Vaverkovd 2019). These strategies
involve the use of enhanced landfill cover materials (Sanoop
et al. 2024), leachate collection and recirculation, as well
as advanced treatment processes, including biological,
physicochemical, and oxidative techniques (Mojiri et al.
2021).

Despite the availability of advanced biogas management
and leachate treatment technologies, their implementation
is often hindered in developing countries due to financial
constraints and infrastructure limitations. Consequently,
methane emissions remain largely uncontrolled, and
leachate frequently contaminates surrounding soil and
water sources due to inadequate treatment systems (Zhang
et al. 2024).

Biocells offer a promising alternative to conventional
landfills, as they incorporate leachate recirculation
strategies that enhance microbial activity, accelerate
organic matter degradation, and promote rapid waste
stabilization. This approach optimizes conditions for
methane production while simultaneously improving
the reduction of Chemical Oxygen Demand (COD) in
leachate compared to traditional landfill treatment methods
(Budihardjo et al. 2021). Leachate recirculation not only
enhances bacterial metabolic activity but also facilitates
more efficient biodegradation by supplying essential
nutrients and microorganisms. Consequently, biocells
improve waste decomposition, reclaim landfill airspace, and

increase CHa production efficiency, which can be harnessed
as arenewable energy source. Unlike conventional landfills,
where biogas is often released into the environment with
harmful consequences, biocells provide a controlled
degradation environment that maximizes methane recovery
(Japperi et al. 2021).

The primary objective of this study is to evaluate
methane production and characterize the leachate generated
by laboratory-scale biocells used for solid waste disposal,
incorporating biosolids from the Ambato Wastewater
Treatment Plant (WWTP) and green waste from local
markets in Ambato. The research focuses on implementing
a solid-phase biodigestion system to decompose organic
matter, operating biocells over a stabilization period of
12 weeks, and assessing performance through biogas
quantification, leachate characterization, and solid-phase
analysis.

Integrating WWTP biosolids with green waste and
intermediate compost layers in a biocell system presents
challenges, particularly due to the presence of recalcitrant
organic contaminants and heavy metals, which may
complicate leachate management (Kjeldsen et al. 2002).
Additionally, certain residues within biosolids can slow
biodegradation, potentially extending the stabilization
period. This study aims to address these concerns and
evaluate the feasibility of biocell technology as an
alternative waste management approach for Ambato. A
successful implementation could reduce landfill inputs,
mitigate environmental impacts, promote methane as
a renewable energy source, and improve overall waste
stabilization (Kumar et al. 2011).

MATERIALS AND METHODS
Biocell Design and Operation

The biocell was designed to minimize compaction within
the waste mass to ensure uniform moisture distribution
and adequate hydraulic conductivity, thereby preventing
clogging (Aldrawsha et al. 2020). The biocells were
constructed within cylindrical columns, incorporating
alternating layers of compost, green waste, and WWTP
biosolids (see Fig. 1). A sand-gravel layer at the base
facilitated drainage, while an additional sand layer at the
top ensured uniform leachate distribution. Compost was
obtained from agricultural supply centers. The organic
waste materials consisted of rabbit manure compost,
while green waste comprised lettuce and cabbage residues.
Organic waste was collected from markets in Ambato and
transported to the laboratory in plastic bags. Dehydrated
biosolid samples were collected from the output of the
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Table 1: Weight Distribution of Layered Materials for Biocell Assembly.

Layered Material Biocelll Biocell 2 Biocell 3
Sand, [g] 4215 4004 3816
Compost [g] 397 363 436
Green waste [g] 311 296 270
WWTP Biosolids [g] 783 722 792
Compost [g] 422 332 497
Green waste [g] 294 290 277
WWTP biosolids [g] 758 713 746
Compost [g] 477 371 623
Sand [g] 1559 2215 1772

biosolids centrifuge at the Ambato Wastewater Treatment
Plant (WWTP). To prevent decomposition prior to the
incorporation of organic material into the biocell, samples
were stored under refrigeration at 4°C, following the
protocols established in Standard Method 1060: Collection
and Preservation of Samples (APHA 2017). Table 1
presents the weights of the different material layers
incorporated into the biocells.

The leachate produced by the biocell was recirculated
to maintain a uniform moisture distribution throughout the
waste mass, with cycles occurring approximately every

two hours, driven by peristaltic pumps operating at a flow
rate of 4.2 mL.min"". This interval was adjusted as needed
based on the permeability and moisture retention capacity
of the waste materials.

Leachate and biogas generation were systematically
monitored weekly to evaluate the progression of the
biodegradation process.

Leachate Sampling and Characterization

Leachate samples were collected weekly to monitor
chemical changes within the biocells. All analyses were
conducted in accordance with the Standard Methods for
the Examination of Water and Wastewater (APHA 2017).
All chemical analyses were performed in triplicate, and
standard deviation coefficients were calculated. Conductivity
and pH measurements were taken using a HANNA
HI839800 multiparametric meter. Chemical analyses for
sulfate, phosphate, iron, magnesium, ammonium, chemical
oxygen demand (COD), sulfide, and hexavalent chromium
concentrations were conducted using photometric methods
with the HI83399 Hanna photometer. For heavy metal
analysis, including total chromium and cadmium, Graphite
Furnace Atomic Absorption Spectrometry (GFAAS) was
conducted using the PG Instruments AA500 spectrometer.

Biogas CO:z removal
Leachate collection | I NaOH 2M
recirculation inlet solution
; Biogas extraction 4
Flowrate
4.2 mlimin CD:UD I
Biocell ‘ 216 cm
- =— 10 cm
diameter
‘ 144 cm —> Sand - Displaced
solution
Biocell > WWTP sludge volume
height 130 cm

Recirculation

Leachate
drainage

Peristaltic
pump

72,2 cm+—s Green waste

+—» Compost

21,6 cm— Sand

Leachate

recirculation tank

Fig. 1: Schematic of the Biocell Design for Organic Matter Decomposition.
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Calibration curves with Pearson correlation coefficients (R?
> 0.98) were applied.

Characterization of Waste Components (Compost,
Biosolids, and Organic Matter)

The moisture content of the organic waste was determined
by drying samples at 105°C for 24 h in a BINDER ED-400
oven following the methodology of 2540 D. Volatile solids
were measured by igniting the dried samples at 550°C for two
h in a muffle furnace, Biobase MC10-12, using the standard
method SM 2540 G (APHA 2017). The biosolids samples
were subjected to acid digestion to extract analytes present
in the WWTP biosolids, following the EPA 3051 A method
(EPA 2007). Photometric methods using the HANNA
HI83399 multiparameter photometer were employed to
determine total phosphorus, potassium, magnesium, calcium,
sulfate, manganese, iron, aluminum, copper, molybdenum,
and zinc in solubilized dry biosolids. The concentrations of
arsenic, cadmium, chromium, nickel, and lead in digested
biosolids samples were determined by Graphite Furnace
Atomic Absorption Spectrometry (GFAAS) using a PG-500
Atomic Absorption Spectrophotometer. Mono-elemental
standards (AccuStandard, 1000 pg.L™") were used for
calibration.

Biogas Collection and Methane Gas Quantification

Biogas was collected using a volumetric method, which

Riogas NaOH (ac)

Fig. 2: Schematic of CH4 Collection System Using NaOH Absorption.

consisted of a closed system with two 1-liter amber glass
bottles and a 2M NaOH solution. One bottle contained the
NaOH solution to capture CO-, allowing for the collection
of purified methane as biogas (Fig. 2). This setup enabled
the quantification of methane output by utilizing an amber
glass bottle containing a 2M NaOH solution, connected to an
adjacent empty container through a tube. As biogas exerted
pressure, it displaced the NaOH solution from one bottle to
the other, effectively absorbing CO: from the biogas. The
methane content was then determined by measuring the
weight of the displaced NaOH solution (Nopharatana et al.
1998, Sorensen & Ahring 1993).

Materials and Chemicals

All reagents were of analytical grade: NH4Cl and C-HsNaO:
(Sigma-Aldrich), KH2PO4 and H:BOs (Merck). Magnesium
chloride hexahydrate (MgClz-6H-0, 82.4 mg.L'I), calcium
chloride (CaClz, 10 mg.L'l), sodium bicarbonate (NaHCOs,
3000 mg.L'"), and zinc chloride (ZnClz, 0.1 mg.L")
were supplied by Thermo Fisher Scientific. Yeast extract
(10 mg.L'l) was purchased from Becton, Dickinson, and
Company (BD). Trace elements included ferrous chloride
tetrahydrate (FeCl>-4H:0, 2 mg.L™") and manganese chloride
(MnCl., 0.1 mg.L'l) from Sigma-Aldrich, ammonium
molybdate tetrahydrate (NH4)sMo07024-4H-0, 0.1 mg.L'l),
cobalt chloride hexahydrate (CoCl.-6H-0, 2 mg.L‘l), and
aluminum sulfate hydrate (Al:(SOs)s-18H:0, 0.1 mg.L™)
from Merck, nickel nitrate hexahydrate (Ni(NOs)2-6H-0,
0.1 mg.L'l), copper sulfate pentahydrate (CuSOs4-5H-0,
0.1 mg.L™"), and sodium selenite pentahydrate (Na>SeOs- SHO,
0.1 mg.L™") from Sigma-Aldrich. EDTA (1 mg.L™") was also
obtained from Sigma-Aldrich. The pH was adjusted using
hydrochloric acid (HCI, 0.001 mg.L'l) from Merck.

Preparation of Basal Medium

The basal medium contained 280 mg.L™" of ammonium
chloride (NH4Cl), 250 mg.L'1 of monopotassium phosphate
(KH2PO4), 82.4 mg.L’1 of magnesium chloride hexahydrate
(MgCl2-6H20), 10 mg.L'1 of calcium chloride (CaCl.),
3000 mg.L'1 of sodium bicarbonate (NaHCOs), and
10 mg.L'1 of yeast extract. To promote the methanogenic
activity of microorganisms, 3204.5 mg.L"' of anhydrous
sodium acetate (C2HsNaO:) was added. The pH of the basal
medium was adjusted to a range of 7.1 to 7.3 and measured
using an OAKTON N16M3F pH meter.

Trace elements and micronutrients were also
incorporated, including 0.1 mg.L™" of boric acid (H:BOs),
zinc chloride (ZnClz), manganese chloride (MnCl.),
ammonium molybdate tetrahydrate (NHa)sMo07024-4H20),
aluminum sulfate hydrate (Al(SO4)s- 18H-0), nickel nitrate
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hexahydrate (Ni(NOs)::6H-0), copper sulfate pentahydrate
(CuS04-5H20), and sodium selenite pentahydrate
(Na:Se0s-5H20). The medium also contained 2 mg.L'1
of ferrous chloride tetrahydrate (FeCl.-4H-0) and cobalt
chloride hexahydrate (CoCl.-6H-0). Additionally, 1 mg.L"!
of EDTA and 0.001 mg.L"! of hydrochloric acid (HCI) were
included to enhance nutrient stability and bioavailability.

Statistical Analysis

Repeated measures ANOV A was applied to assess whether
statistically significant changes occurred over the 12 weeks
within each biocell for all monitored parameters. This
analysis was performed using the AnovaRM function from
Python’s statsmodels library (v0.14.0), following a within-
subjects design based on weekly triplicate measurements,
which allowed for the evaluation of temporal trends. In
parallel, a one-way ANOVA was performed using the
f_oneway function from Python’s scipy. Stats module to
determine whether the mean values differed significantly
among the three biocells.

RESULTS AND DISCUSSION

Characteristics of Waste Components: Compost, WWTP
Biosolids, and Organic Matter

The biocells were designed to accelerate the decomposition
of solid waste and enhance biogas production through
recirculation. Organic matter plays a key role in this process
by serving as the primary substrate for anaerobic digestion.
Table 2 summarises the physicochemical characteristics
of the three organic substrates used in the biocell system,
i.e., WWTP biosolids, compost, and green waste. The table
presents their pH, moisture content (wet basis), percentage of
volatile solids, and the total nitrogen and phosphorus content
(dry basis). These parameters help assess the suitability
and biodegradability of each substrate within the anaerobic
environment.

As shown in the data, compost has a slightly basic pH
of 8.6 + 0.5, indicating a natural buffering capacity that
can support pH stability within the system and potentially
enhance methanogenic activity. In contrast, WWTP
biosolids (7.7 £ 0.1) and green waste (7.2 £ 0.1) provide a
more neutral environment, supporting microbial stability
but potentially becoming susceptible to acidification under

high organic loads. Moisture content is an important factor
influencing hydrolysis efficiency, and in this study, green
waste showed a moisture level of 80.6%. This value is
slightly lower than those reported in the literature, which
range from 90% to 94.7% (Sanchez-Salvador et al. 2022). In
contrast, compost had the lowest moisture content at 14.1%,
providing structural stability within the biocell and helping
prevent excessive acid accumulation, thereby supporting
stable methane generation. Centrifuged WWTP biosolids
generally contain 72%—78% moisture (EPA 2000), aligning
closely with the 75.4% measured in this study. The total
volatile solids (VS) content further indicates the proportion of
degradable organic matter present in each substrate. The VS
values are 85.4%, 82.5%, and 80.6% for WWTP biosolids,
compost, and green waste, respectively, indicating their high
organic load. WWTP biosolids contain 1.8% total nitrogen
(N) and 1.3% total phosphorus (P), providing essential
nutrients for microbial growth but also posing a risk of
ammonia accumulation, which may inhibit methanogenesis.
These values are consistent with the typical concentrations of
organic matter and nutrients found in biosolids. For example,
Yang et al. (2023) reported biosolids from Jiujiang City
containing 38.5% organic matter, 3.4% nitrogen, and 1.1%
phosphorus. In comparison, compost (0.2% N, 0.1% P) and
green waste (0.8% N, 0.02% P) are more carbon-rich but
significantly lower in nutrient content. The higher nitrogen
and phosphorus levels in biosolids help compensate for this
nutrient deficiency, making them a more balanced substrate
for anaerobic processes.

Baseline nutrient and contaminant levels in biosolids,
compost, and green waste are presented in Table 3.

The macroelements in the Ambato WWTP biosolids,
such as calcium (4.57 £ 0.32%), magnesium (4.86 +
0.15%), and potassium (0.77 + 0.06%), fall within expected
ranges for biosolids used as soil amendments (Onchoke &
Fateru 2021). The sulfate concentration (0.52 + 0.11%) is
relatively moderate, which suggests a potential buffering
effect but also raises concerns about sulfate-associated metal
mobilization. The presence of heavy metals in biosolids is a
major concern. In the Ambato WWTP biosolids, aluminum
(759.43 +7.52 mg kg "), chromium (1166 + 26 mg.kg ™), and
zinc (2683 + 91 mg.kg™") are significantly high compared
to the findings of literature (Martinez Duran et al. 2023,
Onchoke & Fateru 2021). Arsenic (5.58 + 1.37 mg.kg'l)

Table 2: Physicochemical properties of three organic substrates-WWTP biosolids, compost, and green waste—utilized within the biocell system.

pH % Humidity wet basis % Volatile solids % Total N dry basis % Total P dry basis
WWTP Biosolids 7.7+0.1 754+0.2 85.4+0.1 1.8+0 130
Compost 8.6x0.5 14.1+0.1 8250 02+0 0.1+0
Green waste 7.2+0.1 89.6 0.3 80.6 £ 0.1 0.8+0.1 0.02+0
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Table 3: Composition of Ambato WWTP Biosolids.

Component WWTP Biosolids
Potassium (KI0) [%] 0.77 = 0.06
Calcium (CaO) [%] 457 +0.32
Magnesium (MgO) v 4.86 £0.15
Sulfate [%] 0.52+0.11
Copper [%] 0.002 £ 0.0
Iron [%] 0.26 + 0.04
Manganese [%] 0.10 £ 0.01
Molybdenum [%] 0.0£0.0
Zinc [%] 0.53 0.02
Aluminum [mg.kg™] 759.43 £7.52
Arsenic [mg kg 5.58 +1.37
Cadmium [mg.kg™] 0.88 +0.10
Chromium [mg.kg "] 1166 = 25
Cobalt [mg kg™ 65.75 * 1.65
Copper [mg.kg!] 171.44 = 5.04
Nickel [mg.kg'] 4275 +0.18
Lead [mg.kg] 21.69 +2.19
Zinc [mg kg 2683 =91

and lead (21.69 + 2.19 mgkg ™) remain below hazardous
levels but should be continuously monitored due to their
potential bioaccumulation. The relatively high zinc content
suggests that these biosolids could serve as a micronutrient
supplement for crops, as zinc is essential for plant enzyme
functions (Saleem et al. 2022).

Biocell Operation

Leachate recirculation in biocells sustains methane
production and influences microbial activity and system
stability. However, moisture retention capacity may decline
over time due to physical and biological transformations
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within the system, potentially leading to uneven waste
biodegradation, decreased methane yield, and reduced
overall efficiency.

The results of the statistical analyses indicate that all
physicochemical and biological parameters measured in
the biocells over the 12-week operational period exhibited
statistically significant temporal variation, as determined by
repeated measures ANOVA (p < 0.0001). This consistent
trend across variables-including methane generation,
pH, COD, sulfates, phosphates, ammonium, sulfide gas,
iron, magnesium, Cr(VI), total chromium, and cadmium-
underscores the dynamic metabolic and geochemical processes
occurring within each biocell over time. Furthermore, one-way
ANOVA revealed statistically significant differences among
biocells for ammonium, leachate sulfide, iron, magnesium,
total chromium, and cadmium, indicating that these variables
are particularly sensitive to inter-biocell variability. In
contrast, parameters such as methane generation, pH, COD,
sulfates, phosphates, sulfide gas, and Cr(VI) did not exhibit
statistically significant differences among biocells during the
operational period. These findings may be attributed to the
inherent heterogeneity of the materials used in each biocell,
which can differentially influence the progression of microbial
activity and physicochemical transformations across systems
(Kjeldsen et al. 2002). To better understand these trends, the
following section presents and discusses in detail the temporal
evolution of each measured parameter throughout the 12-week
operational period.

The leachate pH variation in the three biocells, shown
in Fig. 3, reflects distinct microbial activity and waste
degradation patterns. Initially, the pH ranged from 8.0 to 8.2,
however, in the following weeks, it exhibited an increasing
trend. Oscillations occurred throughout the weeks, with
peaks and dips, reaching values between 8.4 and 8.6 by week
12, suggesting a dynamic system with a tendency toward
alkaline conditions.

£,

6 8 10 12

Time / weeks

Fig. 3: pH monitoring from each biocell: (blue diamond) biocell 1; (orange square) biocell 2; and (gray triangle) biocell 3.
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Fig. 4: Quantified methane gas from each biocell, (blue dot) biocell 1; (orange dot) biocell 2; and (green dot) biocell 3.

The pH range of 7.8 to 8.8 observed in the biocells
aligns with conditions favorable for anaerobic and
facultative microbial activities. While methanogenic bacteria
typically thrive in a pH range of 6.6 to 7.6, other anaerobic
microorganisms can function effectively in more alkaline
environments. For instance, some anaerobic bacteria have
been found to grow at pH levels up to 8.8, indicating that the
pH conditions in the biocells are conducive to the activity of
a diverse microbial community involved in organic matter
degradation (Gerardi 2003).

Fig. 4 shows the quantified methane generation from
each laboratory-scale biocell, measured at an average
atmospheric pressure of 0.7 atm and a laboratory temperature
of 22 °C. The data follow a characteristic curve with an initial
phase of increasing biogas production, a steady methane
generation phase between weeks 5 and 8, and a declining
phase from weeks 8 to 12. The initial phase (0-1 week) of
methane production in all three biocells exhibits a lag period
characterized by low CHa volumes.

This lag period suggests that microbial communities
are in an acclimatization phase, where hydrolytic and
fermentative bacteria begin breaking down complex organic
matter into simpler intermediates such as sugars, amino acids,
and volatile fatty acids (VFAs) (Schievano et al. 2018). The
delay in methane production indicates that methanogenic
archaea have not yet reached full activity, as they rely on
the byproducts of acidogenesis and acetogenesis, primarily
acetate and hydrogen (Hz). At this stage, the similar methane
production patterns among the three biocells suggest that
their initial microbial inoculum or substrate composition did
not differ significantly.

As described by He et al. (2019), the rapid rise in methane
production observed around week 2-particularly in biocell
1-corresponds with established patterns of Methanosarcina
barkeri activity and acetoclastic methanogenesis. Their

findings indicate that Methanosarcina species perform
efficiently under elevated acetate concentrations, which
supports the early methane peaks recorded in this study. The
delayed response in biocell 2 suggests a slower microbial
adaptation, as the research indicates that acetate stress can
hinder quorum sensing and slow methanogenesis. The
lower peak in biocell 3 reflects a more balanced microbial
adaptation, consistent with Methanosarcina’s ability to shift
pathways based on environmental stressors.

Following this peak, methane production experiences
a noticeable decline between weeks 2.5 and 4 across all
biocells. This temporary drop in biogas production can be
attributed to several factors. One possible explanation is the
depletion of readily biodegradable substrates, leading to a
period where more complex compounds require enzymatic
hydrolysis before being converted into methane precursors.
Another likely cause is the accumulation of VFAs, which, if
produced faster than methanogens can consume, can lead to
a pH drop and partial inhibition of methanogenic activity. A
microbial shift may occur, where acetoclastic methanogens
are replaced or supplemented by hydrogenotrophic
methanogens that utilize CO- and H for methane production.
This transition can introduce a temporary imbalance in the
anaerobic digestion process, leading to fluctuations in CHa
output (Hettiaratchi et al. 2015, Latif 2021).

The bioreactor landfill study at Sudokwon (Choi &
Rhee 2024), the biocell methane production trends, and
the metagenomic analysis of microbial methane cycling
in landfills emphasize key factors influencing methane
generation, microbial adaptation, and substrate utilization.
In the Sudokwon study, leachate recirculation increased
moisture content (38-39%), resulting in continuous landfill
gas (LFG) production, whereas the reference zone (3D) with
lower moisture (~26-29%) showed minimal LFG generation.
This pattern is reflected in the biocell experiment, where
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from weeks 4 to 9, methane production stabilized at 5.5
mmoL CH..d!, indicating that hydrolysis, acidogenesis,
acetogenesis, and methanogenesis had reached equilibrium.
The metagenomic landfill study further supports this by
demonstrating that methanogenic microbial communities are
more abundant and metabolically versatile in newer waste,
leading to rapid methane production early in landfill life
cycles. In comparison, older waste enters a phase of slower
methanogenesis due to substrate depletion. The Sudokwon
landfill study also found that the cellulose-to-lignin (Ce.L™)
ratio exhibited a significantly higher reaction rate than the
C/N ratio, indicating that cellulose decomposes more rapidly
than nitrogen-based compounds. This corresponds to the
period between weeks 9 and 11 in the biocell experiment,
during which methane production declines as the readily
degradable organic matter becomes depleted, leaving behind
more recalcitrant components such as lignin.

Additionally, the delayed methane production in biocell
2 aligns with the reference zone (3D) in the Sudokwon
landfill, where lower moisture slowed microbial adaptation
and waste degradation. The metagenomic analysis of landfill
methanogens indicates that oxygen-limited conditions and
substrate availability shape microbial community succession,
influencing methane yield over time. The decline in methane
production observed in weeks 9-11 of the biocell study could
be due to substrate depletion, microbial aging, and inhibitory
byproducts such as NH4", a trend also noted in the landfill
study, where older waste exhibited reduced methanogenic
activity and increased potential for methane oxidation
(Grégoire et al. 2023).

Comparing the three biocells, biocell 1 demonstrated
the fastest initial methane production but also exhibited a
more pronounced decline post-peak, suggesting a system
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optimized for rapid substrate utilization but with limited
long-term stability. In contrast, biocell 2 had a delayed
peak but achieved methane levels comparable to the other
biocells in the steady-state phase, indicating a possible higher
proportion of complex organic matter in its substrate. Biocell
3, which showed a more gradual and balanced response
throughout, appears to have the most stable performance,
potentially due to a well-maintained microbial equilibrium
or better buffering capacity within the system.

The Chemical Oxygen Demand (COD) profile in Fig. 5,
biocell 1, biocell 2, and biocell 3, provides crucial insights
into the organic matter degradation process and its correlation
with pH fluctuations and methane (CH4) production. COD
represents the concentration of biodegradable and non-
biodegradable organic matter, and its variation over time
reflects the efficiency of microbial activity in anaerobic
digestion.

The COD decline from weeks 0-2, particularly the sharp
drop in biocell 2 (~1300 ppm to ~800 ppm), suggests rapid
degradation of easily hydrolyzable organic matter, which is
consistent with the high organic load degradation observed in
food waste anaerobic digestion (FW-AD) (Perin et al. 2020).
This degradation aligns with the early pH drop observed
in biocell 2, where an accumulation of volatile fatty acids
(VFAs) likely occurred. In contrast, biocell 1 and biocell 3
show a more gradual COD reduction, suggesting a slower
but more controlled hydrolysis process. The previously
analyzed methane production data indicated that biocell 1
exhibited the highest initial CH4 peak, which corresponds to
a moderate COD decrease, confirming that methanogenesis
efficiently converted intermediates into methane (Dang et
al. 2023). However, in biocell 2, the lower initial methane
yield and unstable pH suggest that excessive VFAs may
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Fig. 5: Weekly COD monitoring: (blue dot) biocell 1; (orange dot) biocell 2; and (green dot) biocell 3.
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have temporarily inhibited methanogenesis, leading to higher
residual COD concentrations in the subsequent weeks.

Between weeks 2 and 8, all three biocells exhibit
COD fluctuations, which align with pH oscillations and
methane production variations. These fluctuations suggest
intermittent substrate hydrolysis and VFA accumulation
phases, followed by methanogenic activity consuming

8000
7000
6000
5000
4000
3000
2000
1000

0

Sulfate concentration / mg/L

=

0 5 10 15
Time / weeks

1200

—_
[
S
(=]

f

800
600
400
200

o

NH," concentration / mg/L

0 5 10 15
Time / weeks

120
100
80
60
40
20

Sulfide in leachate
concentration mg/L

g o

0 5 10 15
Time / weeks

these intermediates. Around weeks 6-8, a COD decline is
observed, corresponding to stable methane production and
increasing pH in biocell 1 and biocell 3, indicating efficient
organic matter conversion. In contrast, biocell 2 exhibits
(Zhang et al. 2011) more erratic COD values, correlating
with its observed pH drops and methane dips, suggesting
ongoing acidification stress. Finally, from weeks 8-12, all
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Fig. 6: Weekly Monitoring of Inorganic Compounds and Heavy Metals in Biocells: a) sulfate, b) phosphate monitoring, ¢) ammonium, d) sulfide in
biogas, e) sulfide in leachate, f) iron, g) magnesium, h) chromium VI, i) total chromium, j) cadmium where (blue dot) biocell 1; (orange dot) biocell 2;
and (green dot) biocell 3.

biocells experienced a COD increase, likely due to substrate
depletion and reduced microbial activity. This final COD rise
corresponds to the late-stage pH increase in biocell 1 and the
decline in methane production, reinforcing the hypothesis
that microbial activity is slowing at this stage, and residual
recalcitrant organic matter remains unprocessed. These
results show that stable pH regulation is crucial for efficient
COD removal and sustained methane generation.

In Fig. 6a, sulfate concentrations show substantial
fluctuations across all biocells. Biocell 2 starts with a high
sulfate concentration (~5000 mg.L™") and rapidly declines,
while biocell 1 and biocell 3 show a more gradual reduction
after week 3. This trend suggests active sulfate-reducing
bacteria (SRB) (Xia et al. 2014), which convert SO+*" into
hydrogen sulfide (H-S) under anaerobic conditions. The
sharp drop in biocell 2 may indicate intense sulfate reduction
activity, potentially linked to VFA accumulation and pH
drops observed previously. The slower sulfate consumption
in biocell 1 and biocell 3 suggests a more controlled microbial
response, potentially reducing the risk of H-S toxicity to
methanogens (Jin et al. 2020, Ying et al. 2019).

The study on iron oxide-biochar composites by Wu et al.
(2020) provides insight into the phosphate stability observed
in the biocell landfill simulation. In Fig. 6b, phosphate
concentrations remain stable (40250 mg.L™"), suggesting
a balance between microbial uptake, solubilization, and
potential adsorption onto mineral surfaces. The increase in
phosphate levels in weeks 8—12 likely results from cell lysis
and microbial turnover, releasing phosphorus into the system.
The variability in biocell 2 may be linked to acidification
effects on phosphate solubility, similar to Fe(II) biochar
findings, which remain stable under pH fluctuations. The
biochar study’s 86.4% reduction in phosphate leaching
suggests that iron-phosphate interactions could play a
role in nutrient retention within the biocells, minimizing
phosphorus loss into leachate. [ron-mediated adsorption and
microbial cycling likely regulate phosphorus availability in
the biocells, contributing to long-term stability and reduced
leaching potential.

Fig. 6¢c, ammonium levels start high (~800-
1000 mg.L™") and decline steadily in all biocells. This
decreasing trend suggests effective ammonium uptake by
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microbial communities or volatilization under alkaline
conditions. Biocell 2 has the highest initial ammonium
concentration (~1000 rng.L'l), but its reduction rate is slower
than biocell 1 and biocell 3, indicating a delayed microbial
adaptation in biocell 2 or VFA accumulation inhibiting
nitrification processes. By week 10, ammonium levels
in biocell 1 and biocell 3 stabilize at ~250 mg.L", which
coincides with reduced methane production, suggesting
substrate exhaustion and declining microbial activity
(Gonzélez-Cortés et al. 2021).

Fig. 6d and 6e, the higher sulfide concentrations in
biogas compared to leachate in early weeks suggest that
sulfate reduction was more active in the gas phase initially,
whereas in leachate, sulfate-to-sulfide conversion varied
depending on cell conditions. The delayed sulfide peak in
biocell 2’s leachate (week 8) corresponds with its relatively
stable sulfide levels in biogas, suggesting that sulfate was
retained in solution longer before microbial reduction
became dominant. Biocell 3 exhibited the highest initial
sulfide accumulation in leachate, which declined steadily,
whereas biocell 1 demonstrated more stable sulfide trends
in biogas and leachate. These differences indicate variable
sulfate reduction rates, substrate availability, and microbial
adaptation between biocells, affecting the balance between
sulfide retention in the liquid phase and release as hydrogen
sulfide in biogas (Long et al. 2016).

Fig. 6f, iron concentrations fluctuate across all biocells,
with a steady decline from ~100 mg.L™ to ~20 mg.L"!
by week 10, suggesting that iron is being consumed by
iron-reducing bacteria (IRB) or precipitated as FeS due to
sulfide interactions. Biocell 1 and biocell 3 show a more
rapid iron decrease, suggesting stronger iron-dependent
microbial activity, potentially enhancing redox reactions
that influence electron flow in anaerobic digestion. Biocell
2 maintains residual Fe levels, possibly helping to buffer
against excessive sulfide accumulation.

Fig. 6g, magnesium concentrations remain relatively
stable in all biocells but drop slightly after week 6 (~90 to ~50
mg.L ™). This decline suggests incorporation into microbial
biomass (Liu et al. 2019) or precipitation as MgNH4PO.
(struvite), a common byproduct in anaerobic digestion
(Muhmood et al. 2019). Stabilization in biocell 3 aligns
with more controlled pH trends, reinforcing the importance
of alkalinity in preventing nutrient losses.

Fig. 6h and 61, comparing total chromium (Cr-total) and
hexavalent chromium (Cr-VI) concentrations across the
biocells, reveal distinct reduction trends and transformation
dynamics during the experimental period. Initially, Cr-total
concentrations in all biocells are high, with peaks occurring at
week 3 (biocell 1: 5200 pg.L™!, biocell 2: 1800 ug.L™!, biocell

3:4800 pg.L "), indicating significant chromium mobilization,
likely from the degradation of organic matter or dissolution of
metal complexes. Over time, Cr-total concentrations decrease
substantially, reaching below 500 pg.L’1 in all biocells by
week 12, suggesting progressive chromium precipitation
or microbial-mediated immobilization. In contrast, Cr-VI
shows a sharp decline much earlier, reaching undetectable
levels by week 5, with initial peaks in biocell 1 (3700 pug.L™!
at week 2), biocell 2 (1800 pg.L'1 at week 2), and biocell
3 (1000 pg.L™" at week 2), followed by rapid depletion by
week 4 due to an effective reduction process, likely driven
by anaerobic microbial activity facilitating electron transfer
and Cr-VI reduction to the less toxic Cr-III form. Cr-total
persistence beyond week 5 suggests that a portion remains
in less bioavailable fractions, possibly as precipitates (e.g.,
chromium hydroxides) or bound within organic matrices.
The faster reduction of Cr-VI compared to Cr-total suggests
that biogeochemical conditions within the biocells favor
detoxification mechanisms, potentially involving sulfate-
reducing bacteria (SRB) (Yang et al. 2021) or iron-mediated
reduction pathways, which are known to facilitate Cr-VI to
Cr-I1II conversion in anaerobic environments.

In Fig. 6j, cadmium concentrations exhibit a progressive
decline from ~120 pg. L to ~50 pg.L™" across all biocells,
indicating effective metal immobilization through adsorption
onto biomass, precipitation, or complexation with sulfides.
Biocell 3 demonstrates slightly lower Cd levels in later
weeks, suggesting enhanced removal efficiency, potentially
driven by a more diverse microbial community or stronger
interactions with sulfide and iron species. This trend aligns
with the findings of Zhang et al. 2023), who investigated
landfill leachate sludge-derived biochar (LLSDB) and
reported that low Cd concentrations follow a linear
adsorption model (physical adsorption). In contrast, higher
concentrations engage in chemical adsorption mechanisms.
The observed cadmium reduction in the biocells suggests
a transition from initial physical adsorption onto organic
matrices to subsequent chemical stabilization via sulfide
precipitation or complexation with iron oxides, reinforcing
the role of microbial and geochemical processes in heavy
metal remediation.

The characterization of the solid phase at the end of
biogas production, Table 4, provides crucial insights into
the retention, transformation, and environmental behavior
of key inorganic compounds, including sulfates, phosphates,
magnesium, chromium, and cadmium (Frank et al. 2017).
Sulfate concentrations were highest in biosolids (156.1
gkg ! in biocell 1), indicating significant retention. At the
same time, lower levels in compost and plant matter suggest
partial sulfate reduction via sulfate-reducing bacteria (SRB)
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Table 4: The concentration of key inorganic compounds (sulfates, phosphates, magnesium, chromium VI, total chromium, and cadmium) in the solid
phase (biosolids, compost, and green waste) of the three biocells at the end of biogas production.

Compound Biocell WWTP Biosolids Compost Green waste

1 156.1 £4.71 74.02+0 5410
Sulfate, mg.kg! 2 1123 +£4.71 69.6 £5.18 30.7+0

3 1159 +5.77 90.6 £5.77 262+0

1 8.8 £0.94 8.9+ 141 3.7+0.81
Phosphate, mg kg™’ 2 6.7 +0.47 6.04 +0.94 0.7 +£0.47

3 8.2x0.78 6.1+0.31 09=+1.24

1 45+0.8 23+04 0.8+0
Magnesium, mg.kg'1 2 44+0.7 1.7+0.8 1.2+0.3

3 45+0.7 1.7+£0.3 0.7+0.1

1 14+0.7 1.1+£0.3 0.6+0.7
Total Chromium, mg.kg'1 2 1.2+0.5 0.9+0.1 0.5+0.1

3 1505 1.1+£0.2 0.7x0.1

1 0.10 = 0.06 0.08 +0.03 0.06 = 0001
Cadmium, mg.kg™! 2 0.10 = 0,07 0.07 £0.04 0.06 = 0.09

3 0.10 £ 0.08 0.07 £ 0.06 0.07 £0.02

(Ghosh et al. 2020). Phosphates remained stable in biosolids
and compost but were significantly lower in green waste,
demonstrating that phosphorus is primarily retained within
the solid matrix. Magnesium exhibited a progressive decline
from biosolids to compost to green waste, likely due to
mineral precipitation as struvite (MgNH4PO4-6H20).

Total chromium and cadmium concentrations were
low across all biocells, but trace cadmium was detected in
plant residues (~0.06-0.07 mg.kg'l), suggesting a potential
bioaccumulation risk. Comparatively, biocell 3 exhibited
the highest retention of sulfate, phosphate, magnesium, and
chromium, indicating greater stabilization efficiency. These
findings emphasize the need for optimized redox control,
sulfate management to limit excess sulfide formation, and
enhanced phosphorus recovery strategies, while cadmium
retention in plant biomass warrants further investigation into
its environmental risks and mitigation strategies.

CONCLUSIONS

This study demonstrates the crucial role of biocell design
and operational parameters in optimizing anaerobic waste
degradation and biogas production. The strategic integration
of WWTP biosolids, compost, and green waste promoted
a balanced microbial ecosystem, facilitating efficient
methanogenesis and organic matter stabilization. The
results confirm that a well-structured layering system and
controlled leachate recirculation and moisture management
enhance substrate bioavailability, directly impacting methane
yields and leachate composition. The variability in methane

production across biocells highlights the influence of waste
composition, microbial adaptation, and nutrient availability
in determining bioreactor performance.

Methane generation followed a characteristic pattern,
with biocell 1 achieving rapid initial methane production but
experiencing early substrate depletion and unstable long-term
performance. In contrast, biocell 2 exhibited a delayed but
sustained methane peak, indicative of the gradual breakdown
of complex organic matter and a slower microbial adaptation
process. Biocell 3 demonstrated the most stable methane
output, suggesting that its composition and buffering
capacity supported microbial equilibrium over time. The
decline in methane production after week nine across all
biocells suggests substrate depletion and potential microbial
inhibition due to ammonia accumulation, reinforcing the
need for optimized nutrient ratios to sustain methanogenesis.

Leachate recirculation was vital in sustaining methane
production, influencing microbial activity, and affecting
system longevity. The high initial leachate retention (~65%)
facilitated methanogenic bacterial proliferation, but retention
capacity declined significantly after week two (~11-13%),
highlighting changes in system permeability and moisture
absorption. These findings emphasize the necessity for
adaptive leachate management strategies to sustain high
retention rates and prevent excessive leachate loss, which
could lead to uneven waste degradation and reduced
biogas yields. The pH dynamics in the biocells further
underscored the complexity of microbial interactions, with
biocell 3 exhibiting the most stable pH profile, supporting
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consistent methanogenesis, while biocell 1 and biocell 2
experienced fluctuations corresponding to microbial stress
and acidification.

Nutrient cycling and heavy metal immobilization were
also significantly influenced by biocell conditions. WWTP
biosolids were crucial in supplying essential nutrients
such as nitrogen, phosphorus, and potassium, enhancing
microbial metabolic activity. Chromium (VI) was effectively
reduced to the less toxic Cr(III), confirming that microbial-
mediated detoxification processes were active within the
biocells. Additionally, cadmium bioavailability decreased
over time, suggesting successful immobilization through
sulfide precipitation and iron oxide complexation. The
differences in heavy metal retention between biocells
indicate that optimizing redox conditions and microbial
community composition could further enhance metal
stabilization.

Several optimization strategies should be considered to
improve biocell performance. Organic substrate composition
should be adjusted to balance the C/N ratio and sustain
microbial activity and methane production. Moisture
management and leachate recirculation must be dynamically
adjusted based on real-time microbial activity and substrate
degradation monitoring to prevent excessive leachate
loss and maintain optimal moisture levels. Furthermore,
enhancing microbial consortia through bioaugmentation
strategies could improve both methane yields and heavy
metal immobilization, making biocell technology a more
effective tool for landfill waste stabilization.

In summary, this study assesses the viability of biocell
technology as a sustainable waste management alternative
for Ambato, highlighting its potential to improve waste
stabilization and reduce environmental impact. The results
underscore the need for optimizing operational parameters,
microbial dynamics, and nutrient balance to maintain
efficient methanogenesis and effective leachate management.
Successful implementation could enhance methane recovery
as a renewable energy source while limiting heavy metal
mobility and ensuring long-term environmental stability.

Future research should focus on developing adaptive
biocell designs that integrate bioaugmentation with
specialized microbial consortia and enzymatic catalysts
to enhance organic matter degradation, optimize methane
production, prevent contaminant migration, and strengthen
the overall environmental sustainability of waste management
systems. Additionally, since the biocells were evaluated
under laboratory-scale conditions, pilot-scale field studies
are necessary to address the operational and environmental
complexities of real landfill settings. Such validation would
also help assess long-term performance, scalability, and

adaptability under diverse waste compositions and climatic
conditions. Addressing these aspects in future research will
facilitate the transition from laboratory-scale experimentation
to practical, full-scale implementation.
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ABSTRACT

Marine endophytic bacteria are a promising source of bioactive compounds with diverse
applications. This study investigated the multifunctional properties of Bacillus aerius
PMRUZ2.8, isolated from the marine red alga Gracilaria sp. collected from the coastal region
of Tamil Nadu, India. The bacterium demonstrated significant antimicrobial activity against
multiple human pathogens, with its ethyl acetate extract containing bioactive compounds,
including indoles and ketones. Molecular docking analysis revealed potential binding
mechanisms of the compounds to bacterial proteins. Additionally, B. aerius efficiently
synthesized silver nanoparticles (AgNPs) with enhanced antimicrobial efficacy compared
with the crude extract. The bacterium also exhibited remarkable bioremediation capability,
decolorizing up to 92.5% of the Direct Blue 6 azo dye within 48 h. Cytotoxicity assays
confirmed the potential therapeutic applications of both the extract and the biosynthesized
AgNPs. These findings highlight B. aerius as a valuable resource for pharmaceutical
development, nanobiotechnology, and environmental remediation.

INTRODUCTION

Marine organisms constitute a rich source of diverse bioactive metabolites
exhibiting antimicrobial, antifungal, antiviral, and anticancer activities (Zhang
et al. 2019). These properties present significant potential for developing novel
drugs and therapeutic agents. Investigating the diversity and ecological roles of
marine bacteria associated with algal samples is of paramount importance (Kaur et
al. 2023, Gu et al. 2023). These bacteria often inhabit extreme environments and
possess unique metabolic adaptations, producing secondary metabolites for defense
(Petersen et al. 2020, Karthikeyan et al. 2022). Recent studies have successfully
isolated novel bioactive compounds from these marine bacteria, underscoring their
potential as therapeutics (Machado et al. 2015, Brito et al. 2018). Algae-associated
bacteria produce antibacterial, antiviral, and anticancer compounds. Research
has demonstrated that extracts from these bacteria exhibit antimicrobial activity,
including efficacy against methicillin-resistant Staphylococcus aureus (MRSA)
(Kranjec et al., 2020). The development of new antibacterial drugs is imperative
to address the increasing prevalence of antibiotic resistance (Butler et al. 2022).
Silver nanoparticles (AgNPs) have demonstrated considerable promise as broad-
spectrum antimicrobial agents because of their small size and high surface area.
AgNPs synthesized using bacteria have been evaluated for their antimicrobial
effects (Yin et al. 2020). However, the cytotoxicity of AgNPs remains a significant
concern in biomedical applications. Textile dyes are a major source of global water
pollution (Kishor et al. 2021). Azo dyes are particularly concerning because of their
stability and resistance to degradation (Varjani et al. 2020). Bioremediation using
microorganisms is a promising method for removing azo dyes from wastewater
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(Chen et al. 2021). Bacteria capable of degrading azo dyes
have been isolated from textile wastewater and textile
sludge. However, degradation efficiency varies significantly
depending on the bacterial strain and dye structure (Paba et
al. 2021).

Despite these advances, a significant research gap exists
in the comprehensive characterization of marine red algae-
associated bacteria with multifunctional capabilities. While
isolated studies have explored antimicrobial properties
(Huang et al. 2023), nanoparticle synthesis, and dye
degradation separately (Jamil et al. 2024), few investigations
have systematically evaluated all these functionalities
within the same bacterial isolates from marine red algae.
Furthermore, the molecular mechanisms underlying these
bioactivities, particularly through chemical profiling and in
silico analysis of active compounds, remain insufficiently
explored in this ecological niche on the southeast coast of
Tamil Nadu.

Therefore, the present study aimed to isolate bacteria
associated with marine red algae and systematically
evaluate their multifaceted bioactive potential, including
antimicrobial, dye decolorization, and cytotoxic activities.
Additionally, this study investigated the biosynthesis of
silver nanoparticles and conducted chemical profiling of
antibacterial extracts from the isolates. These results provide
insights into the biotechnological applications of algae-
associated bacteria as sources of therapeutic natural products
and environmentally sustainable processes.

MATERIALS AND METHODS
Isolation of Endophytic Bacteria

Marine bacteria associated with the red algae Gracilaria sp.,
collected from the rocky beach of Manapaadu, Tamil Nadu,
India, were isolated and enumerated using a standardized
serial dilution and plating technique (Shen & Zhang 2023).
Algal tissues were surface sterilized and homogenized in
sterile seawater (Mangun et al. 2023). The homogenate was
serially diluted and subsequently plated onto Zobell Marine
agar medium (Prabhakara & Kuehn 2023). Following a
72-hour incubation period at 27°C in the dark, bacterial
colonies were enumerated, subcultured, and preserved as
pure cultures.

Preliminary Screening

Isolates were cultured in Zobell marine broth for 96 h, and
the fermented supernatant was collected from each culture.
These supernatants were concentrated and subsequently
assayed for antibacterial activity against human patho-
gens, including Escherichia coli, Klebsiella pneumoniae,

Pseudomonas aeruginosa, Enterococcus faecalis, Serratia
marcescens, Proteus mirabilis, Salmonella typhimurium,
Staphylococcus aureus, Vibrio sp. and Aeromonas hydro-
phila, utilizing the paper disc diffusion method (Carvalho
et al. 2018). Isolates demonstrating maximum antibacterial
activity were selected for further experiments.

Polyphasic Recognition of Potential Isolates

Morphological Characterization: In accordance with
Bergey’s Manual of Determinative Bacteriology (Buchanan
& Gibbons, 1974), colony morphology was evaluated on
nutrient agar, encompassing shape, form, edge, elevation,
and pigmentation of the colonies. Cell size and shape were
observed microscopically at 10x and 100x magnification.
Gram staining (Bullock & Aslanzadeh 2012) and the hanging
drop method were utilized to determine Gram reaction and
motility, respectively.

Molecular Identification of Bacterial Isolates: The
Genomic DNA of the bacterial isolates was extracted
using the Nucleo Spin Tissue kit. The 16S rRNA gene was
amplified via PCR using universal primers P63f and P1378r,
Phire PCR master mix, primers, water, and template DNA.
The thermal cycling protocol comprised initial denaturation
at 95°C for 5 min, followed by 35 cycles of denaturation
(95°C, 40 s), annealing (60°C, 40 s), extension (72°C,
60 s), and a final extension at 72°C for 7 min. Amplification
was confirmed by agarose gel electrophoresis with ethidium
bromide staining and UV imaging. Sequencing was
performed using the Big Dye Terminator v3.1 kit on an ABI
3500 genetic analyzer, with quality assessment conducted
via Sequence Scanner vl and alignment performed using
Geneious Pro v5.1. Identification was accomplished through
a BLAST search against the NCBI GenBank database,
confirming 100% sequence similarity to the prototype strains.

Secondary Metabolite Extraction and Spectroscopy
Evaluation from Potent Isolates

The bacterial isolate was cultured in starch casein media at
29°C with agitation for 48 h. Subsequently, a 2% inoculum was
transferred to fresh production media (8 L) and incubated under
similar conditions for 8-12 days. Following fermentation, the
biomass was separated via filtration. The filtrate was combined
with ethyl acetate, and after overnight agitation, the bioactive
compounds partitioned into the organic layer (Xie et al.
2021). The organic layer was subsequently collected and
concentrated using a vacuum rotary evaporator to remove
ethyl acetate, resulting in purified bioactive compounds. Gas
chromatography-mass spectrometry (GC-MS) and Fourier-
transform infrared spectroscopy (FTIR) were employed to
identify the antimicrobial compounds and functional groups,
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facilitating their characterization.
Molecular Docking Analysis

Molecular docking simulations were conducted using Auto-
Dock Vina. Ligand structures were obtained from PubChem.
The sdf format underwent energy minimization using the
ChemBio3D software. The three-dimensional structures
of the receptor proteins (PDB ID: 3K8E, 1N67, and 1T2P)
were obtained from the Protein Data Bank and prepared
by eliminating co-crystallized ligands, water molecules,
and cofactors. Auto-Dock 4.2 (MGL tools 1.5.6) prepared
files, and Auto-Dock Vina was used to execute the docking
simulations. The docking grid encompassed the entire protein
target area, exploring nine ligand conformations. Ligand-
receptor interactions were analyzed, with an emphasis on
favorable binding energies and key residues, using Discovery
Studio Visualizer in three-dimensional formats.

ADMET Analysis

Using the Swiss ADME online tool, computational
predictions of citronellal and terpinen-4-ol ADME, drug-
likeness, and pharmacokinetics were conducted. The
following physicochemical parameters and ADME features
were determined: molecular weight (MW), hydrogen bond
acceptor (HBA), hydrogen bond donor (HBD), topological
polar surface area (TPSA), octanol/water partition coefficient
(LogP), and rotatable bond count (RB).

Silver Nanoparticle Biosynthesis

Silver nanoparticles were synthesized utilizing cell-free
supernatants of a potent bacterial isolate cultured in Zobell
marine broth 2216 (Ghodake et al. 2020). The broth was
centrifuged, and the resulting supernatant was combined with
ImM silver nitrate solution in a 1:10 ratio. The formation of
AgNPs was indicated by a color change from white to brown
and subsequently confirmed through UV-vis spectroscopy
using a Shimadzu UV 1800 spectrophotometer, with
spectra recorded from 200-1100 nm at 24-h intervals. The
nanoparticles were characterized by centrifugation at 5000
rpm, followed by washing with ethanol and drying for SEM
analysis (Chakraborty et al. 2023).

Antibacterial Activity

The antibacterial activity of the ethyl acetate extracts and
AgNPs of the selected isolates was evaluated using the disc
diffusion assay (Bauer et al. 1966) against clinically isolated
bacterial pathogens obtained from the Scudder Microbiology
Laboratory, Nagercoil, India. Mueller-Hinton agar plates were
inoculated with pathogen cultures grown to a 0.5 McFarland
standard. Filter paper discs were impregnated with extracts,

silver nanoparticles, positive control (ampicillin), and negative
controls (DMSO and ethyl acetate). The plates were incubated
at 37°C for 18-24 h, and the inhibition zones were measured
(Bauer et al. 1966). The percentage of inhibition was calculated
using Equation (1).

_ 100x (X —Y)
- ¢Z-V
Where X = Mean test extract,

Pl -(1)

Y = Mean negative control,

Z = Mean positive control.
Azo Dye Degradation

Several azo dyes have been evaluated for biodegradation by
marine bacteria. The dyes examined included Brilliant Green
(CyH44N,0O,S, CAS: 633-03-4, A max- 244 nm), Sudan black
B (C,oH,,Ng, CAS: 4197-25-5, A max- 454 nm), Direct Blue
6 (C5,H,0NNa,0,,S,, CAS: 2602-46-2, A max- 566 nm), and
Disperse Red 1 (C;¢H;3N,O5, CAS: 2872-52-8, I max- 480
nm). Zobell marine broth 2216 was prepared (30 mL.tube ™),
sterilized, and inoculated with the bacterial isolate. Dye
degradation experiments were conducted by adding dyes (2
mg.mL™") to 24 h cultures. The decolorization was visually
monitored. Cell-free supernatants were analyzed using UV-
vis spectrophotometry on a Shimadzu UV 1800 instrument.
The maximum absorbance wavelengths were determined by
scanning from 200 to 1100 nm. Abiotic and uninoculated
controls were also included. The decolorization percentage
and average rates were calculated using Equations (2) and
(3), respectively.
Percentage of decolorization =

(Initial absorbance — Final absorbance)

x 100 (@

Initial absorbance
C X %D L/h
100 x ¢ /Lm0

Where C is the initial dye concentration,

Average decolorization rate =

% D is the percentage of dye decolorized after time t.
Brine Shrimp Lethality Bioassay

The cytotoxicity of the bacterial extracts was evaluated
using the brine shrimp lethality assay (Meyer et al., 1982).
Brine shrimp larvae were hatched in artificial seawater under
oxygenation conditions. Groups of 10 nauplii were subjected
to varying concentrations (1-1000 pg.mL'l) of ethyl acetate
extract (EAE) and silver nanoparticles (AgNPs) from the
potent isolate B. aerius PMRU2.8 dissolved in seawater with
1% DMSO. Each concentration was replicated three times,
with 1% DMSO serving as the negative control. After 24 h,
the surviving nauplii were enumerated, and the percentage
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mortality was calculated, adjusting for control mortality. The
median lethal concentration (LCs0) was determined through
probit analysis using the SPSS software (version 22, IBM
Corp.). For the analysis, mortality percentage data were
plotted against the logarithm of the concentration, and linear
regression analysis was performed to generate the regression
equations. The LCso values were calculated by interpolating
the 50% mortality point on these regression lines. An LCso
value exceeding 1000 ug.mL™" was considered indicative of
non-toxicity.

A schematic of the experimental pipeline is shown in
Fig. 1.

—

Isolation and

RESULTS AND DISCUSSION

Preliminary Screening

A total of 48 bacterial strains were isolated as endophytes
from the marine red alga Gracilaria sp. and evaluated
for their antimicrobial activity against human pathogens.
The isolates exhibiting inhibitory activity against the
pathogens are listed in Table 1, which indicates that
isolate MR-60 demonstrated superior activity among the
isolates. The morphological and biochemical characteristics
of these potent isolates are systematically presented in
Table 2.

Polyphasic identification
Enumaraion of Bacteria
Mass culture of bacteria/

Inoculum
Celf free supernatant (j

EtAc extraction - characterization

Insilico analysis of Compounds in

EtAc extract
L \{ NP

Brine Shrimp Lethality assay

AgNP Biosynthesis

(W

Live Cufture

Dye effiuent

before Treatement

its .

[ 4
REEE

Dye effiuent after
4 - Treatement
- == T

Azo Dye degradation

Antibacterial Acivity

Fig. 1: Schematic Diagram of the Experimental Pipeline.
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Table 1: Preliminary screening of potent isolates.

Pathogens MR 08 MR 14 MR 26 MR 32 MR 39 MR 41 MR 53 MR 60 MR 63 MR 65
Escherichia coli ++ - - - - + + o+ - +
klebsiella pneumoniae + - - - + - - T+ + -
Pseudomonas aeruginosa - +++ ++ - ++ +++ + - ++ -
Enterococcus faecalis - + - ++ + - - ++ - +
Serratia marcescens - - - + + + - - - +
Proteus mirabilis + - +++ + - + - +++ - -
Salmonella typhimurium - +++ - ++ - + +++ + + -
Staphylococcus aureus - - - - - +++ - + - -
Vibrio sp. + + +++ - + - + ++ - +
Aeromonas hydrophila + - + - +++ - + ++ + -
5 4 4 4 6 6 8 4
Total
‘+++’ — High activity, ‘“++” Medium activity, ‘+’low activity, ‘-no activity.
Table 2: Morphological and Biochemical Characterizations.
Isolates MR 08 MR 14 MR 26 MR 32 MR 39 MR 41 MR 53 MR 60 MR 63 MR 65
Morphology
Gram’s stain - - + - + + - + . +
Motility + - + - - + + + + +
Pigment White White White Yellow Gray White White White White White
Shape Rod Rod Rod Rod Rod Rod Rod Rod Rod Rod
Biochemical tests
Indole + - - - - - - - - -
Methyl red - - + - - - - - - .
Voges Poskauer - - - - - - - + + -
Citrate + + + - - - + + + -
Oxidase + + - + - - - - + +
Catalase + + + + + + + + + +
H,S Production - - + - - - - + - +
Starch - - - - + - . + + +
Nitrate reduction test - + + + + + - + + .
Gelatinase + + - - + - - + - .
Sugar Utilization
Sucrose + + - + + + - + + +
Glucose + + - + + - - + - -
Rhamnose - - - - - - - - - -
Maltose - + - + + + - + + -
Lactose + + - - + - - -
Mannitol + + - + + + - + - -
Identified organisms a ] o a a
& 2 3 p < E z
z : s S g 5 3 3 E
2 g = < i S S = ) =
S T D T R
= < Q A §) ~ < Q A2 ~
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Fig. 2: Phylogenetic analysis of B. aerius PMRU2.8.

Molecular identification of the isolate exhibiting the
highest activity, MR-60, was performed through 16S
rRNA gene sequencing. The sequence exhibited maximum
similarity to Bacillus aerius strain 24 K (MN200939.1), with
100% query coverage and 98.12% identity. Phylogenetic
analysis indicated that isolate MR-60 formed a closely
related clade with Bacillus aerius type sequences, whereas
B. subtilis and B. amyloliquefaciens served as outgroups
(Fig. 2). Based on phenotypic, biochemical, and molecular
characterization, isolate MR-60 was confirmed to be Bacillus
aerius. The sequence was subsequently submitted to the
NCBI with the GenBank accession number PP415878 as
Bacillus aerius PMRU2.8.

Table 3: Analysis of Ethyl Acetate Extract of B. aerius PMRU2.8.

Analysis of Ethyl Acetate Extract of B. aerius
PMRU2.8

The ethyl acetate extract of B. aerius PMRU?2.8 was analyzed
using FTIR spectroscopy and GC-MS, revealing a diverse
chemical profile (Table 3, Figs. 3 & 4). FTIR spectroscopy
identified key functional groups (carboxylic acids, ketones,
esters, aromatics, and alkanes), whereas GC-MS confirmed
the presence of specific compounds, including heterocyclic
aromatics (indole, 2,5-dimethylpyrazine), ketones, esters,
carboxylic acids, sulfur compounds (dimethyl disulfide),
and alkanes (octadecane). Several compounds, particularly
indole derivatives and nitrogen-containing aromatics,

CID GCMS FT-IR

Compound Name Mol. Formula - Mol. Weight Functional Group Wavenumber Range with Bond Stretch
798 Indole CgH;N - 117.15 Aromatic Amine 1450-1600 (C=C), 3300-3500 (broad, N-H)
31252 2,5-Dimethylpyrazine CgHgN, - 108.14 Aromatic ring - N 1450-1600 (C=C)
8034 5-Methyl-2-hexanone C,H,,0 - 114.19 Ketone 1700-1750 (C=0)
12232 Dimethyl disulfide C,H¢S, - 94.2 Sulfide 600-700 (C-S)
24020 Ethyl 2-methylbutanoate C,H,,0, - 130.18 Ester 1720-1770 (C=0), 1200-1300 (C-0O)
10430 3-Methyl-butanoic acid CsH,,0, -102.13 Carboxylic acid 2500-3300 (broad, O-H), 1700-1750 (C=0)
7909 Methyl isobutyl ketone CeH;,0 - 100.16 Ketone 1700-1750 (C=0)
11635 Octadecane CgHsg - 254.5 Alkane 2800-2950 (C-H)

Vol. 25, No. 1, 2026 ® Nature Environment and Pollution Technology



www.neptjournal.com 7

possess antimicrobial properties. This chemical diversity
demonstrates the complex metabolic capabilities of the
isolate and suggests potential applications in the agricultural,
pharmaceutical, and industrial fields.

Molecular Docking Analysis

Molecular docking analysis was used to assess the binding
affinities of the eight volatile compounds against three
bacterial proteins critical for pathogenesis (Table 4). For
CMP-Kdo synthetase (PDB ID: 3KS8E), indole exhibited
the strongest binding, with a docking score of -6.3, whereas
dimethyl disulfide showed the weakest interaction, with a score
of -2.0. In the case of Clumping Factor A (PDB ID: 1N67),
indole again demonstrated superior binding affinity with a
score of -7.0, while 3-methyl-butanoic acid had the highest
score of -4.6, indicating weaker binding. Regarding SrtA
(PDB ID: 1T2P), octadecane displayed the strongest binding
affinity with a score of -6.3, whereas 2,5-dimethylpyrazine

exhibited the weakest interaction with a score of -4.2. These
findings suggest that indole may inhibit CMP-Kdo synthetase
and Clumping Factor A, whereas octadecane shows potential
as a Sortase A inhibitor. Conversely, dimethyl disulfide
demonstrated poor binding affinity for all targets, indicating
its limited antimicrobial potential.

ADMET Analysis

Ethyl 2-methylbutanoate demonstrated the highest
number of hydrogen bond acceptors (HBA: 5) and donors
(HBD: 1), indicating favorable solubility and binding
properties. However, its topological polar surface area
(TPSA: 72.83 A?) may restrict membrane permeability.
Octadecane exhibited significant lipophilicity (LogP: 7.18)
but limited aqueous solubility, along with a substantial
number of rotatable bonds (Rb: 15), suggesting its structural
flexibility. Dimethyl disulfide and ethyl 2-methylbutanoate
both presented a relatively high TPSA (50.60 A2), whereas

MR-(22ES-0518) Scan EI
B o TIC
100 iz 2 1.30e7
d o
o™
%_-

53.0823.01 2291

—T ™ T 1Time
25.00 30.00
GC-MS Analysis of Ethyl Acetate Extract.
f Irﬂl /'ﬂ ’J L ﬂ\_ |
g 111 ) | w ) f
£ N/ & = i
2 [ l r ;. I i“,’affi,’ A
" |58 E&([= | g
. m\ 1182 8||&8 |7
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M / | u
bl I 2 = o
~ £ \1 2 = E °
N = & g F
nl e E & |
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Warenumbers fcm-1)

Fig. 4: FT-IR Analysis of Ethyl Acetate Extract.
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Table 4: Molecular Docking Analysis of Compounds in Ethyl Acetate
Extract of B. aerius PMRU2.8.

Compounds 3K8E 1IN67 1T2P
2-5-Dimethylpyrazine -4.6 -5.1 -4.2
3-Methyl-butanoic_acid -4.2 -4.6 -4.2
5-Methyl-2-hexanone -4.6 -4.5 -5.7
Dimethyl_disulfide -2.0 -2.4 -1.9
Ethyl_2-methylbutanoate -4.3 -4.5 -5.2
Indole -5.3 -7.0 -6.3
Methyl_isobutyl_ketone -4.2 -4.3 -4.0
Octadecane -4.3 -5.3 -6.3

indole and 2,5-dimethylpyrazine showed lower TPSA values,
implying enhanced membrane permeability. These findings
underscore the structural diversity and physicochemical
properties that affect the pharmacokinetic behavior of these
compounds (Table 5).

Table 5: ADMET analysis of Ethyl acetate extract.

Silver Nano Particle Biosynthesis

The synthesis of AgNPs was achieved through the reduction
of silver nitrate by B. aerius PMRU?2.8, as evidenced by the
color transition from yellow to white over a 24-h period. UV-
vis spectroscopy identified an absorption peak at 445 nm,
corroborating the formation of spherical nanoparticles. The
observed blue shift in the peak position indicated a reduction
in nanoparticle size. SEM analysis further substantiated
the synthesis of silver nanoparticles, revealing an average
diameter of approximately 150 nm with a uniform orientation
centered around 340 degrees (Fig. 5).

Antibacterial Activity

The antibacterial efficacy of B. aerius PMRU2.8 ethyl
acetate extract and its Silver Nanoparticles (SNPs) was
assessed against ten bacterial pathogens (Table 6). SNPs
(25 pg) exhibited superior inhibitory effects compared to
the crude extract (100 pg) in 9 out of 10 pathogens tested.

Compound name HBA HBD TPSA LogP Rb
Indole 0 0 15.79 A2 1.98 0
2,5-Dimethyl pyrazine 2 0 25.78 A2 0.99 0
5-Methyl-2- hexanone 1 0 17.07 A2 1.87 3
Dimethyl disulfide 0 0 50.60 Az 1.34 1
Ethyl 2-methylbutanoate 5 1 72.83 A2 3.88 7
3-Methylbutanoic acid 2 1 37.30 A2 0.98 2
Methyl isobutyl ketone 1 17.07 A2 1.48 2
Octadecane 0 0.00 A2 7.18 15

HBA - Hydrogen Bond Acceptor, HBD - Hydrogen Bond Donor, TPSA - Topological Polar Surface Area, Log P- Lipophilicity, Rb - Rotatable bond.

EHT = 10.00 kV

|_| Wh= 8.5mm

Signal A= SE1
Mag= 4500KX

Date 29 Jul 2022
Tirne :11:41.:32

Fig. 5: SEM photograph of B. aerius PMRU2.8 synthesized SNP.
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Inhibition zones for SNPs ranged from 7.83 to 23.8 mm,
while those for the ethyl acetate extract ranged from 8.1
to 18.5 mm. Enterococcus faecalis showed the highest
susceptibility to SNPs, with an inhibition zone of 23.8
mm (99.2% inhibition relative to streptomycin). Klebsiella

www.neptjournal.com

pneumoniae also exhibited notable sensitivity to SNPs,
with a mean inhibition zone of 20.5 mm (86.7% inhibition).
Vibrio sp. was the only pathogen more sensitive to the crude
extract (18.5 mm, 84.0% inhibition) than SNPs (17.1 mm,
77.6% inhibition). Statistical analysis confirmed significant
Table 6: Antibacterial activity of Ethyl acetate extract of B. aerius PMRU2.8 and its Silver Nano Particles.

S. No. Pathogen Samples Zone Of Inhibition [mm] Percentage of inhibition [%]
E 9.00+0.54 a 35.9
1 Escherichia coli S 16.8 +0.41 bed 69.7
P 23.8+0.86b -
N 0.66 £0.30 a -
E 11.8 £ 0.39 bc 48.3
2 klebsiella pneumoniae S 205=025¢ 86.7
P 235+0.68b -
N 0.83+040a -
E 8.5+0.38a 33.8
Pseudomonas S 153+0.26b 63.3
. aeruginosa P 23.8+0.80b -
N 0.66 = 0.54 a -
E 12.1£040¢ 47.4
4 Enterococcus faecalis S 238£0.15 cde 92
P 24+031b -
N 1.5+£0.15a -
E 8.8+0.25a 60.2
. S 7.83+0.15a 52.6
5 Serratia marcescens
P 13.8+0.41 a -
N 1.16 £0.41 a -
E 88+0.15a 34.1
6 Proteus mirabilis S 21.5£040¢ 923
P 23.1+1.17b -
N 1.33+£0.55a -
E 8.1+0.15a 345
7 Salmonella typhimurium S 19.520.54 de 85.1
P 22.8+0.68b -
N 0.33+0.83a -
E 10.3 £ 0.30 abc 40.1
S 16.16 + 0.40 bc 64.5
8 Staphylococcus aureus
P 246+0.15b -
N 0.66 £0.55a -
E 18.5+0.26d 84.0
S 17.1 £0.41 bed 77.6
9 Vibrio sp.
P 21.8+0.85b -
N 1£053a -
E 9.66 +0.79 ab 43.5
10 Aeromonas hydrophila S 1420.33b 645
P 21.3+£0.79b -
N 0.66+03a -

E- Ethyl acetate extract (100 pg), S- Silver Nanoparticle (25 pg), P- Positive control (Streptomycin 10 pg), N-Negative control (Ethyl acetate-100 pL).

Statistics: dF = 9,1 (ESPN), p =>0.001(ESPN), F= (E=42.175), (S=37.404), (P=17.921) (N =0.995)
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E- Ethyl acetate extract (100 pg),
S- Silver Nanoparticle (25 pg),

Sathyananth M. et al.

P- Positive control (Streptomycin 10 pg),

N-Negative control (Ethyl acetate-100 pL).

Fig. 6: Antibacterial activity of Ethyl acetate extract and SNP of B. aerius PMRU2.8.

Table 7: Azo-Dye degradation of B. aerius PMRU2.8.

Time (Hrs) Sudan Black Disperse red 1 Brilliant Green Direct Blue 6

%D ADR %D ADR %D ADR %D ADR

0 - 0 - 0 - 0 -

9.18 £2.03 1.53 12.1 £2.26 1.31 9.26 £ 1.26 0.76 12+1.25 1.07
12 16.3 +1.26 1.35 21.6 £ 1.02 1.32 17.6 £3.25 0.81 254 %225 1.44
18 36.2+1.02 2.01 33.7+1.03 0.93 25.8+£2.02 0.76 39.8+1.25 1.54
24 45.1 +3.26 1.87 43.7+1.03 0.96 39.8 = 1.65 091 53.6+1.54 1.34
30 61.3+1.02 2.04 59.3£3.26 0.96 512+ 1.26 0.86 72.7+2.02 1.42
36 76.9 +3.02 2.13 67.7+1.02 0.88 61.8 +£2.65 0.92 799 = 1.52 1.27
42 86.9 + 1.00 2.06 794 +£2.15 091 62.9 +3.29 0.77 88.9 +£3.59 1.43
48 91.9+£2.03 1.91 86.2+1.02 0.93 65.3+1.26 0.75 92.5+1.25 1.40

% D — Percentage of Colorization, ADR — Average colorization rate (mg L)

differences between treatments (p<0.001), with F-values
of 42.175, 37.404, and 17.921 for the extract, SNPs, and

positive control, respectively (Fig. 6).

Azo Dye Degradation

The bacterial isolate B. aerius PMRU2.8 showed notable

decolorization capabilities against four distinct azo dyes
over 48 h, as shown in Table 7 and Fig. 7 & Fig. 8 . Direct
Blue 6 had the highest decolorization rate, achieving 92.5%
after 48 h, with an average decolorization rate (ADR) of 1.40
mg.L"!. Sudan Black followed with 91.9% decolorization
and an ADR of 1.91 mg.L'l. Disperse Red 1 reached 86.2%
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decolorization with an ADR of 0.93 mg.L'l, while Brilliant
Green had the lowest at 65.3% with an ADR of 0.75 mg.L’l.
The decolorization process was time-dependent for all dyes.
Initial rates were slow, with only a 9.18-12.1% reduction
after 6 h. A significant increase occurred between 18-36
h. For Sudan Black, decolorization rose from 36.2% at
18 h to 76.9% at 36 h. Similarly, Direct Blue 6 increased
from 39.8% at 18 h to 79.9% at 36 h. The rate plateaued
between 42-48 h for most dyes, indicating nearing maximum

Control

decolorization capacity. ADRs varied significantly, with
Sudan Black consistently showing the highest ADR, reaching
2.13 mg L" at 36 h, while Brilliant Green consistently had
the lowest ADR, never exceeding 0.92 mg L.

Brine Shrimp Lethality Bioassay

The brine shrimp lethality assay (BSLA) was employed
to assess the cytotoxic potential of B. aerius PMRU2.8
samples, specifically the ethyl acetate extract (EAE) and

MR60

Initial

24 hrs

48 hrs

Fig. 7: Azo-Dye degradation assay of B. aerius PMRU2.8.
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Fig. 9: Brine shrimp lethality bioassay.

silver nanoparticles (AgNPs) (Fig. 9). The assay results
indicated variations in cytotoxicity among the samples. The
AgNPs exhibited a higher level of cytotoxic activity, with
an LC50 value of 310 pg.mL"', whereas the EAE exhibited
moderate cytotoxicity, with an LC50 value of 548.6 ug.mL"".
This finding suggests that AgNPs were approximately
1.77 times more potent than the crude extract in the brine
shrimp lethality model. The lower LC50 value of the AgNPs
indicates that a smaller concentration was necessary to
achieve 50% mortality of the brine shrimp nauplii compared
to the EAE, thereby demonstrating the enhanced cytotoxic
potential of the nanoparticle formulation.

DISCUSSION

The ethyl acetate extract of B. aerius PMRU?2.8 contains
bioactive compounds with antibacterial properties. Indole
derivatives affect E. coli and S. aureus via aromatic amine
interactions (Bhagat et al. 2019). 5-methyl-2-hexanone
inhibits S. aureus and Klebsiella pneumoniae by disrupting

their membranes (Zhang et al. 2010). Carboxylic acids, such
as 3-methylbutanoic acid, cause cytoplasmic acidification
and membrane damage (Kim et al. 2012). Alkanes, such as
octadecane, compromise membrane integrity (Malanovic
et al. 2020).

Molecular docking analysis highlighted volatile
compounds, particularly indole and octadecane, as potential
inhibitors of bacterial proteins. The strong binding of
indole to CMP-Kdo synthetase suggests interference with
lipopolysaccharide biosynthesis in gram-negative bacteria,
compromising cell wall integrity (Raetz & Whitfield 2002).
This finding supports the study by Gao et al. (2018), which
focused on bacterial growth inhibition through CMP-Kdo
synthetase targeting. Indole also binds strongly to Clumping
Factor A in Staphylococcus aureus, disrupting adherence
and biofilm formation, supporting Fernandez-Calvo et al.’s
(2024) findings. Ganesh et al.’s (2008) model reinforces
CIfA-fibrinogen interactions in S. aureus pathogenesis. The
binding of octadecane to Sortase A suggests the inhibition of
this transpeptidase, which is crucial for bacterial virulence
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factor display (Mazmanian et al. 1999); its inhibition could
impair pathogenesis (Abujubara et al. 2023). The poor
binding of dimethyl disulfide suggests that it is unlikely to
be effective. The structure-activity relationship provides
insights into drug design targeting these proteins.

ADMET properties of the tested compounds suggest
varying potentials for activity and membrane permeability.
Ethyl 2-methylbutanoate, with high hydrogen bond acceptors
(HBA) and donors (HBD), indicates good solubility and
potential for hydrogen bonding. However, its elevated
topological polar surface area (TPSA) can hinder diffusion
across membranes, affecting bioavailability. This aligns
with the observation that increased polarity can impede
permeability (Kenny 2022). The high lipophilicity and
rotatable bonds of octadecane suggest that it may readily
interact with hydrophobic environments, such as membranes;
however, its poor solubility could limit absorption.
Compounds with high lipophilicity often require formulation
strategies to enhance their bioavailability (Argikar et al.
2022). Indole and 2,5-dimethylpyrazine, which have low
TPSA values, likely have improved membrane permeability,
aiding intracellular activity. These findings underscore the
complex interplay of molecular characteristics in determining
the pharmacokinetic and safety profiles.

The color change during AgNP synthesis indicated
successful reduction, consistent with previous microbial
biosynthesis studies. The UV-vis absorption peak at 445 nm
matches the reported values for spherical silver nanoparticles,

Table 8: Mechanisms of action of key compounds in bacterial inhibition.

typically around 400 nm. The blue shift suggests a decrease
in the particle size, which is consistent with Mie theory. SEM
analysis confirmed the uniform distribution of nanoparticles,
supporting the synthesis potential of B. aerius PMRU2.S.
These findings align with studies highlighting microbial
synthesis as an eco-friendly nanoparticle production method
(Danischewski et al. 2023, Panariello et al. 2020, Rasskazov
et al. 2020). The superior antibacterial efficacy of silver
nanoparticles compared to the crude extract is due to their
nanoscale dimensions and enhanced properties. Larger
inhibition zones by SNPs at lower concentrations (25 pg
versus 100 pg) align with Rai et al. (2012) and Dakal et al.
(2016), who established that increased surface area to volume
ratio facilitates efficient bacterial cell membrane interactions
through electrostatic attraction and penetration.

The exceptional susceptibility of Enterococcus faecalis
to SNPs (99.2% inhibition relative to streptomycin) is
significant given its increasing antibiotic resistance.
Ultrastructural studies suggest that gram-positive bacteria
may experience more severe cell wall disruption from
silver nanoparticles due to their peptidoglycan architecture.
The pronounced inhibition of Klebsiella pneumoniae
(86.7%) by SNPs indicates promising activity against
a critical respiratory pathogen. Varying susceptibility
patterns across bacterial species likely reflect differences
in cell envelope composition, efflux pump mechanisms,
and intrinsic resistance determinants, as documented by
Hogan et al.(2024) and Suma et al.(2023). The sensitivity

5-Methyl-2-hexanone

3-Methylbutanoic acid

Ethyl
2-methylbutanoate

Dimethyl disulfide

2,5-Dimethylpyrazine

Cell membrane

Cytoplasm and cell
membrane

Multiple targets

Multiple targets

Cell membrane

Disruption of membrane integrity

Cytoplasmic acidification and
membrane damage

Enhanced solubility and
hydrogen bonding potential (high
HBA/HBD)

Poor binding affinity
demonstrated in molecular

docking

Improved membrane
permeability (low TPSA)

Compound Molecular Target Proposed Mechanism of Action  Potential Antimicrobial Effect Reference
Indole CMP-Kdo synthetase Strong binding affinity, Compromised cell wall integrity in ~ (Nitulescu et
(Gram-negative bacteria) interference with Gram-negative bacteria al. 2021)
lipopolysaccharide biosynthesis
Indole Clumping Factor A (S. Strong binding affinity, Inhibited biofilm formation and (Claes et al.
aureus) disruption of bacterial adherence colonization 2017)
Octadecane Sortase A Inhibition of this transpeptidase Impaired display of virulence (Alharthi et al.
enzyme factors on the bacterial cell surface ~ 2021)
Octadecane Cell membrane Compromise of membrane Membrane destabilization and (Kolaricet al.
integrity due to high lipophilicity =~ potential cell death 2021)

Particularly effective against S.
aureus and K. pneumoniae

Disruption of cellular homeostasis

Broad interaction with cellular
components, limited by higher
TPSA

Limited antibacterial efficacy
predicted

Enhanced intracellular activity

(Ketchamet al.
2022)

(Riel et al.
2019)
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of Vibrio sp. to the crude extract rather than SNPs presents
an intriguing counterpoint, possibly explained by specific
bioactive compounds targeting Vibrio-specific pathways.
Raza et al. (2016) elucidated multiple antimicrobial
mechanisms for SNPs, including ROS generation, protein
denaturation, and DNA replication inhibition, which may be
differentially effective depending on bacterial characteristics.
The differential efficacy between gram-positive and gram-
negative bacteria could be attributed to variations in cell
wall permeability, as suggested by the statistical significance
(p<0.001) in treatment responses. The F-values (E=42.175,
S=37.404, P=17.921) indicate substantial variance
between treatment groups, supporting the hypothesis that
nanoparticle-mediated antibacterial activity involves multiple
targets and mechanisms. The broad-spectrum activity of B.
aerius PMRU2.8-derived SNPs against clinically relevant
pathogens indicates promising applications in developing
novel antimicrobial formulations. These findings underscore
the complex interplay between nanoparticle characteristics,
bacterial physiology, and antimicrobial response. The
mechanism of action of each compound in the inhibition of
pathogenic bacteria is summarized in Table 8.

The differential decolorization efficacy across four azo
dyes is due to their structural characteristics and enzymatic
systems in strain PMRU?2.8. Superior decolorization of Direct
Blue 6 (92.5%) aligns with Guo et al. (2021), who noted
di-azo-linked naphthol groups are susceptible to bacterial
azo-reductase. Sudan Black and Disperse Red 1 showed
Substantial decolorization (91.9% and 86.2%), suggesting the
possibility of multiple azo-reductase enzymes. Priyanka et al.
(2022) suggest that oxidative enzymes like laccase contribute
to decolorization, explaining the ability to degrade diverse
azo compounds. Lower decolorization for Brilliant Green
(65.3%) is due to its triphenylmethane structure, which resists
azo-reductase cleavage. Wanyonyi et al. (2017) reported that
triphenylmethane dye decolorization relies more on peroxidase
activity, limited in Bacillus species. The time-dependent
decolorization suggests an adaptation period for bacterial
cells to induce enzymatic machinery (Eskandari et al. 2019).
The acceleration between 18-36 h suggests upregulation of
enzymes or optimal metabolic conditions. Higher ADR values
for Sudan Black (2.13 mg L suggest the enzymatic systems
may have evolved preferential activity toward certain azo dye
structures. Near-complete decolorization (>90%) for Direct
Blue 6 and Sudan Black demonstrates B. aerius PMRU2.8’s
bioremediation potential for textile effluent treatment.

Enhanced cytotoxicity of silver nanoparticles (AgNPs)
compared to the ethyl acetate extract (EAE) of B. aerius
PMRU2.8 is due to their unique properties that increase
cellular interactions. Akter et al. (2017) and Liao & Tjong
(2019) noted AgNPs are internalized by cells through

mechanisms like scavenger receptor-mediated phagocytosis
and lipid-raft-mediated endocytosis. Piao et al. (2011)
showed AgNPs can localize in the cytoplasm and reach
the nucleus, potentially interfering with DNA replication.
This may explain the lower LC50 value (310 pg/mL) for
AgNPs compared to the extract (548.6 ug.mL"). A key
mechanism of AgNP toxicity is intracellular dissolution,
releasing silver ions (Ag+). Akter et al. (2017) and Liao &
Tjong (2019) emphasized that these ions are central to AgNP
toxicity, interacting with proteins, enzymes, and nucleic
acids. Continuous release of silver ions creates a sustained
cytotoxic effect not seen with conventional extracts. AgNP
cytotoxicity involves oxidative stress pathways. Hackenberg
et al. (2011) reported that AgNPs generate reactive oxygen
species (ROS) and suppress glutathione levels, causing
oxidative imbalance and damage to cellular components.
This contributes to their greater cytotoxic potency in the brine
shrimp lethality assay. The cytotoxicity pattern suggests
potential biomedical applications, particularly in anticancer
agent development, but raises concerns about environmental
and human safety, necessitating comprehensive toxicological
assessments before practical applications.

Study Limitations and Future Directions

While this study provides insights into B. aerius PMRU2
antimicrobial properties and dye decolorization capabilities
of B. aerius PMRU2.8, certain aspects warrant further
investigation. Cytotoxicity assessment can be complemented
with mammalian cell line testing for clinical applications.
Although B. aerius PMRU2.8 demonstrated stability,
long-term studies across generations would strengthen its
industrial applicability. The azo dye biodegradation assay
showed high decolorization rates in this study. Future
research should investigate enzymatic pathways in dye
degradation, focusing on azo-reductase and oxidative
enzymes. Pilot-scale studies using textile effluents would
better reflect the industrial applications. Field testing would
validate the real-world efficacy. Molecular docking analyses
provide mechanistic hypotheses that can be validated through
enzyme inhibition assays. Such studies would build upon
the findings of novel antimicrobial development. Future
investigations should explore the metabolic fate of degraded
intermediates, scale-up parameters, and immobilized systems
for continuous treatment. The multifunctionality of B. aerius
PMRU?2.8 suggests its potential as a versatile bioremediation
agent, meriting further study.

CONCLUSIONS

This study elucidated the antibacterial efficacy of Bacillus
aerius PMRU?2.8, isolated from marine red algae, against
human pathogens. Molecular and biochemical analyses
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confirmed its taxonomic identity. Both the ethyl acetate
extract and silver nanoparticles exhibited antibacterial
activity, with the latter showing enhanced potency. Strain
PMRU?2.8 also displayed azo dye degradation capabilities,
indicating its potential for environmental remediation. The
brine shrimp lethality bioassay revealed the cytotoxicity
profile of AgNPs, suggesting promising biomedical
applications. These findings open avenues for future
commercial nanoformulations incorporating PMRU2.8-
derived compounds as antimicrobial agents in healthcare.
The robust dye degradation ability of this strain positions
it for scale-up in environmental pilot studies targeting
textile effluent treatment. Additionally, synthetic biology
approaches can enhance the production of key bioactive
compounds and optimize enzymatic pathways for improved
bioremediation efficiency. The multifunctional capabilities
of B. aerius PMRU?2.8 present significant potential for
addressing both clinical antimicrobial resistance and
environmental pollution challenges through sustainable
biotechnological applications in the future.
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ABSTRACT

Biofuel pellet materials are a key renewable alternative to fossil fuels. Evaluating biomass
quality is essential for both operational efficiency and environmental impact. This study aimed
to produce and characterize biofuel pellets made from rice husks and straw. The pellets were
analyzed using ASTM methods and compared against the ISO 17225-6 standard. The results
indicated a low moisture content (2.53 + 0.04 %) and a relatively high ash content (11.96 +
0.05%). Thermally, the net calorific value was 3,951 + 7.21 Cal/g. In terms of elemental
composition, nitrogen (0.29 + 0.02%), sulfur (0.15 + 0.02%), and chlorine (0.34 + 0.04%)
contents were in line with the ISO 17225-6 standard. Additionally, the pellets made from both
biomass met durability, length, and diameter specifications. The results indicate that mixing
these rice-based biomass improves pellet quality and combustion performance. Lastly, this
research supports SDG 7 (ensuring access to affordable, reliable, sustainable, and modern
energy for all), SDG 12.2 (promoting the sustainable management and efficient utilization
of natural resources), and SDG 12.5 (minimizing waste generation through prevention,
reduction, recycling, and reuse).

INTRODUCTION

Rice is one of the most widely grown and consumed cereal grains globally.
During 2023-2024, the total rice production in Thailand reached 26,933,808 tons
(Office of Agricultural Economics 2024), ranking the country sixth among world
rice exporters (Sowcharoensuk 2024). While high rice production contributes
to economic growth, it also poses significant environmental challenges due to
the associated rise in energy demand (Cetinkaya et al. 2024). One of the main
contributors to global greenhouse gas emissions (GHG) is rice cultivation and the
unsustainable disposal of rice straw. Approximately 30 million tons of methane
(CH,) are released annually worldwide from rice cultivation, accounting for 8% of
all CH, emissions (Roder et al. 2024). Rice husk, a by-product generated in large
volumes at rice mills, is often underutilized (Phonphuak & Chindaprasirt 2015).
Therefore, effective management methods are essential for substantial quantities
of rice straw and husk produced (Jyothsna et al. 2024).

Rice husks and rice straws are classified as lignocellulosic materials. Rice
husk is composed of approximately 50% cellulose, 25-30% lignin, and 15-20%
silica (Fathurahman & Surjosatyo 2021). In comparison, rice straw contains 36.5%
cellulose, 33.8% hemicellulose, and 12.3% lignin (Nie et al. 2013). The presence
of cellulose, hemicellulose, and lignin in these materials enables them to function
as natural binders in biofuel pellets, enhancing heat resistance and combustion
efficiency (Gil et al. 2010; Rios-Badarn et al. 2020).

In terms of calorific value, rice straw has a higher heating value (HHV)
ranging between 14.08 and 15.09 MJ.kg!, while rice husks exhibit an HHV of
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Fig. 1: (A) Rice husks and (B) Rice straws.

approximately 14.2 MJ.kg™! (Gummert et al. 2019). Rice
straw contains a high proportion of volatile matter (VOM),
approximately 60.55-69.70%, comparable to other biomass
sources such as sugar cane bagasse and corn straw. In terms
of volatiles, rice husk is around 73.41% (Biswas et al. 2017).
High VOM content in bioenergy materials offers advantages
such as easier ignition and better combustibility; however, it
may also result in rapid and difficult-to-control combustion
(Liu et al. 2011; Gummert et al. 2019). Moisture content is
important for biofuel production. Rice straw typically
contains around 11.4% moisture, whereas rice husk moisture
content ranges between 6—10% (Jusoh et al. 2013, Hezam
Saeed et al. 2021).

Globally, the biomass pellet market is projected to grow
at a compound annual growth rate (CAGR) of 5.4% from
2024 to 2033, rising from an estimated $9.5 billion in 2023
to approximately $16.0 billion by 2033. Biofuels pellets
offer a more environmentally friendly and cleaner substitute
to traditional fossil fuels. They are cost-effective, reduce
pollution, and provide clean-burning, sustainable energy.
Moreover, biofuel pellets are easy to transport, produce low
carbon emissions, and are dependable and efficient energy
sources (Singh & Brar 2021, Kumari & Prasad 2024).

Therefore, the objective of this research is to produce and
characterize biofuel pellets using rice husk (a by-product of
rice milling) and rice straw (a by-product of rice harvesting).
Biofuel pellet production offers a potential solution to
reduce open-field burning of agricultural residues and the
large volumes of waste generated from rice production.
This can help in reducing carbon dioxide (CO-) emissions
and encouraging more sustainable waste management
strategies.

MATERIALS AND METHODS
Biomass Collection and Preparation

Rice husks (Fig. 1A) were collected from Thanyakit

Nakhonpathom (2521) Co., Ltd., located in Nakhon Pathom
Province, Thailand. Rice straws (Fig. 1B) were collected
from paddy fields within the same province. After mashing
and removing the damaged rice straws and rice husks,
samples were homogenized using a 3 mm mesh screen to
ensure uniform particle size (Rios-Badran et al. 2020).

Used cooking oil was obtained from a collection station
in Nakhon Pathom Province. Its heating value was reported
as 3.99 x 10* kJ/kg (Saniso et al. 2008).

Biofuel Pellet Production

Rice husks and straws were chopped using a 7.5 HP hammer
mill equipped with a 3 mm mesh screen. The processed
biomass materials were then mixed with water and used
cooking oil in appropriate proportions, maintaining a 1:1
ratio of rice husk to rice straw. The mixture was compressed
into biofuel pellets (Fig. 2) using a pellet press, with each
sample undergoing two pressing cycles before the analysis
of pellet properties.

Biofuel Pellet Characterization Analysis

1. Physical Analysis
The physical properties of biofuel pellets were evaluated

Fig. 2: Rice husk and rice straw pellets.
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by measuring their diameter and length using a vernier
caliper. Bulk density was determined by three replicates and
calculated using Equation 1.

Bulk density = % (D)

Where: Bulk density = Bulk density of pellets (kg/m*)
M = Total mass of pellets (kg)

V = Volume of the container (m?)

2. Proximate Analysis

The proximate analysis was conducted to determine the
average moisture content, volatile matter, and ash content
of the biofuel pellets. Each parameter was measured in
triplicate, following the procedures specified in the ASTM
D7582-15 (2015) standard.

Moisture Content: The moisture content was determined
by weighing the sample before and after oven drying. A
biofuel pellet sample was weighed and then dried in an
oven at 105 °C for 2 hours. After cooling in a desiccator, the
sample was reweighed. The moisture content was calculated
using Equation 2.

Moisture content = (AA%B) X 100 ..(2)

Where: A = Weight of the sample before oven drying(g)
B = Weight of the sample after oven drying (g)

Volatile Matter: To determine volatile matter, a2 g sample
was ground, placed in a crucible, and oven-dried for 2
hours. The dried sample was then transferred to a furnace
at 550°C for 10 minutes. After cooling in a desiccator, the
sample was weighed. The volatile matter was calculated
using Equation 3:

Volatile matter = (BB%C) X 100 ..(3)
Where: B = Weight of the sample after drying in the
oven (g)

C = Weight of the sample after furnace treatment for 10
minutes (g)

Ash Content: The ash content was determined by placing a
2 g sample in a furnace at 550°C for 4 hours. After cooling
in a desiccator, the sample was weighed. The ash content
was calculated using Equation 4:

Ash content = % x 100 (4
Where: B = Weight of the sample after drying in the
oven (g)

D = Weight of the sample after furnace treatment for
four hours (g)

Fixed Carbon: The fixed carbon content was calculated by

subtracting the sum of ash content and volatile matter from
the total mass, as represented in Equation 5:

Fixed carbon=100% — (Ash content + Volatile matter)
...(5)
3. Elemental and Thermal Analysis
The elemental composition of the biofuel pellets including
carbon, hydrogen, nitrogen, sulfur, and chlorine were
determined in accordance with ASTM standards: ASTM
D5373-16 (2016) for carbon, hydrogen, and nitrogen; ASTM
D4239-17 (2017) for sulfur; and ASTM D6721-01 (2015)
for chlorine. For thermal analysis, the net and gross calorific
values were determined using the ASTM D 5865-13:2013
standard.

4. Statistical Analysis

All experimental measurements were conducted in triplicate.
The results were analyzed statistically by calculating the
mean values and standard deviations to ensure the reliability
and consistency of the data.

Results and Discussion

Physical and Proximal Analysis

The physical and proximate characteristics of biofuel
pellets (Fig. 3), produced from rice husk and rice straw, are
presented in Table 1. The results were compared to the ISO
17225-6 standard for non-woody biomass.

The biofuel pellet in this study exhibited a higher volatile
matter (68.20 + 0.40%) and fixed carbon content (15.70 +
0.30%) compared to previous findings by Efomah & Gbabo
(2015). Combining different biomass types can improve
the biomass energy properties of solid biofuels (Liu et al.
2013). Due to their high cellulose and lignin content, rice
husks and straws have a high calorific power attributed to

Fig. 3: Length of biofuel pellet.
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Table 1: Physical and proximal analysis.

Parameters of Biofuel pellet analysis Biofuel pellet ISO 17225-6

Class A Class B
Diameter 8.16 + 0.03 mm 6-10 mm 6-10 mm
Length 24.69 £ 0.27 mm 3.15-40 mm 3.15-40 mm
Bulk Density 600.64 + 0.43 kg/m® > 600 kg/m’ > 550 kg/m’
Moisture content 2.53+0.04 % < 12% < 15%
Ash content 11.96 + 0.05% <6 <10

Table 2: Elemental and thermal analysis.
Parameters of Biofuel pellet analysis Biofuel pellet 1SO 17225-6
Class A Class B

Nitrogen 0.29 +0.02% < 1.5% < 2.0%
Sulfur 0.15 +0.02% < 0.20% < 0.30%
Chlorine 0.34 +0.04% < 0.10% < 0.40%

depolymerization reactions that occur when these chemical
components are exposed to high temperatures (Bridgeman
& Jones 2008).

Moisture content of the pellets in this study was notably
low (2.53%), in comparison to earlier research by Rios-
Badran et al. (2020), which reported a moisture content of
15.95%. Moisture content is a critical parameter affecting
the combustion efficiency of biofuels, with lower moisture
levels generally enhancing combustion performance.

All evaluated parameters of the biofuel pellets, i.e.,
diameter, length, bulk density, and moisture content, met
the ISO 17225-6 standard for non-woody biomass, with the
exception of ash content. The ash content was higher than
Class A and B pellets, primarily due to the inclusion of rice
husk, which typically contains high ash levels (approximately
16.0 wt%) (Puri et al. 2024, Islam et al. 2021). High ash
content can lead to machinery problems such as fouling and
slag deposition. Therefore, pretreatment methods to reduce
ash content may be necessary prior to thermochemical
processes like pyrolysis (Puri et al. 2024, Islam et al. 2021).

Although the bio-pellet from rice husk and straw had high
ash content, the other parameters contribute to making it an
effective biofuel pellet. These results show that bio-pellet
production not only utilizes wastes from rice harvest and
production but also enables more efficient use of biomass,
all of which align with the biomass densification process.

Elemental and Thermal Analysis

The elemental and thermal properties of biofuel pellets
produced from rice husk and rice straw are presented in Table
2. The results were compared to the ISO 17225-6 standard
for non-woody biomass. Among the parameters, nitrogen,

sulfur, and chlorine contents in the biofuel pellets conformed
to the ISO 17225-6 standard.

Chlorine is a critical element in fuel as it contributes to
machinery corrosion, accelerates oxidation, and leads to metal
wastage (Nielsen et al. 2000). Although the chlorine content
in the bio-pellets met the Class B ISO 17225-6 standard, it
may still cause operational issues in machinery over time.

The carbon-to-nitrogen (C/N) mass ratio serves as both
a qualitative and environmental indicator, reflecting the
combustion potential of biomass. High content can lead to
increased NOx emissions during combustion (Toscano et al.
2023). However, the nitrogen content observed in this study
(0.29%) was lower than in various types of biomass reported
in earlier research: herbaceous (0.9%), fruit (1.5%), and
woody biomass (0.3%), indicating reduced NOx emission
potential and minimal environmental impact.

The carbon (44.50 + 0.44%) and hydrogen (6.54 £ 0.13%)
contents were similar to those reported by Efomah & Gbabo
(2015), where carbon and hydrogen contents were 45.20%
and 5.80%, respectively. Thermal analysis revealed that
the biofuel pellets had a net calorific value of 3,951 + 7.21
Cal/g and a gross calorific value of 4,274 + 5.29 Cal/g; the
calorific value was higher than previous research (Nipa Palm
4092.7 kcal/kg) (Harun et al. 2020), confirming their energy
potential as a viable biofuel source.

CONCLUSIONS

This study successfully produced and characterized biofuel
pellets from rice husks and rice straws. The results indicate
that a 1:1 blend of rice husks and rice straws, combined with
water and used cooking oil, meets the ISO 17225-6 standard
for non-woody biomass. Additionally, the resulting pellets
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also fulfilled the standard requirements for durability, length,
and diameter.

Our findings suggest that blending these two types of
agricultural waste enhances the quality and combustion
properties of the resulting bio-pellets, making them a viable
source of renewable energy and a sustainable alternative to
fossil fuels. This work contributes directly to Sustainable
Development Goals (SDGs), particularly SDG 7 (ensuring
access to affordable, reliable, sustainable, and modern energy
for all), SDG 12.2 (promoting the sustainable management
and efficient use of natural resources), and SDG 12.5
(reducing waste generation through prevention, reduction,
recycling, and reuse).

Additionally, biofuel pellet production helps reduce
open-field burning of paddy residues, supporting efforts to
lower greenhouse gas (GHG) emissions and contributing to
climate change mitigation and adaptation. Future work will
focus on evaluating combustion efficiency, long-term storage
stability, and emissions analysis to address the remaining
challenges associated with biofuel pellet utilization.
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ABSTRACT

Water pollution resulting from nutrient-rich wastewater (WW) discharged by industries
such as distilleries, sugar mills, and dairy farms poses significant ecological and public
health challenges. Conventional treatment methods often fail to effectively reduce nutrient
loads, contributing to environmental degradation. This review critically examines the use
of duckweed (Lemna spp.), a fast-growing aquatic plant, as a sustainable solution for
wastewater remediation. Duckweed demonstrates a high capacity for nutrient uptake,
particularly nitrogen (N) and phosphorus (P), while simultaneously producing protein-rich
biomass suitable for animal feed. The review synthesizes findings on the effectiveness
of duckweed-based systems in reducing chemical oxygen demand (COD) and biological
oxygen demand (BOD), and explores their integration into circular economy models that
couple wastewater treatment with resource recovery. Additionally, it addresses current
limitations in system design, scalability, and long-term implementation, highlighting areas
requiring further research. Overall, duckweed-based wastewater treatment offers a cost-
effective, eco-friendly strategy to enhance environmental sustainability and food-feed
security.

INTRODUCTION

Water is vital for all life-sustaining activities, and the adage “no life without
water” emphasizes its universal importance. Water can be sourced from natural
reservoirs such as rivers, lakes, ponds, and wells. The anthropogenic activities and
external factors often compromise its quality, necessitating treatment before use
for drinking or other purposes (Katko 2017). The increasing demand for water in
domestic, agricultural, industrial, and commercial sectors highlights the importance
of maintaining its quality. Industrial activities, while consuming relatively
small quantities of water, significantly impact its quality, often discharging
untreated effluents into surface and groundwater systems (Wang & Yang 2016).
Domestic sewage and industrial effluents, which constitute over three-quarters
of the freshwater drawn, profoundly influence the degradation of water quality
(Mukherjee et al. 2006). Wastewater is adversely affected by human use, making it
unfit for direct consumption or discharge into the environment without treatment.
It typically originates from domestic, industrial, agricultural, or commercial
activities and contains a broad spectrum of pollutants, such as nutrients, organic
matter, pathogens, heavy metals, chemicals, and suspended solids (Musa Yahaya
et al. 2023). This poorly treated WW poses numerous health, environmental, and
ecological risks. It can lead to eutrophication, ecological damage, and severe
health consequences, particularly in areas with inadequate wastewater management
(Gonzalez-Marifio et al. 2016, Wang & Yang 2016).

This issue is exacerbated by population growth, rapid urbanization, and the
increasing demand for water in food production, which relies on water for nearly
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40% of the global food supply (Department of Environmental
Engineering 2015). As global water quality management
struggles to keep pace with these challenges, innovative and
cost-effective solutions are critical to resolve the limitations
of conventional WW treatment systems (Saha et al. 2017,
Sharifinia et al. 2016). Duckweed (Lemna spp.) (Fig.1) has
been found to be a promising, eco-friendly alternative for
WW treatment. Its ability to thrive on various wastewater
sources—including municipal, industrial, and agricultural
effluents such as dairy, sugar, and distillery wastewater—
makes it a cheap and justifiable resolution for nutrient
recovery and pollution mitigation (Cheng et al. 2002,
Landesman et al. 2005). It effectively removes N and P and
lessens BOD and COD in wastewater (Jadhav et al. 2024).

Furthermore, its nutrient-rich biomass, with a protein
content of 15-45% dependent on progress conditions,
can be repurposed as animal feed or bioenergy, creating
a circular economy (Chantiratikul et al. 2010, Culley Jr,
& Epps 1973). This article emphasizes the application of
duckweed in WW treatment and its potential to address
environmental and economic challenges associated with
traditional methods. It explores duckweed’s nutrient removal
efficiency, protein content variability based on wastewater
characteristics, and its scalability for diverse wastewater
sources. The review also highlights the need for further
research to optimize duckweed-based systems, emphasizing
their cost-effectiveness and sustainability for community-
level implementation.

MATERIALS AND METHODS

This review followed a systematic screening approach. A
total of 137 articles were identified from databases such
as PubMed, Web of Science, and Scopus. After removing
duplicates and applying inclusion criteria (industrial

Fig. 1: Top-view photograph of Lemna minor cultured in nutrient
medium under controlled laboratory conditions.

wastewater characterization, duckweed application), 58
studies were included.

The inclusion criteria: i) Articles based on the
characteristics, challenges, and case studies of industrial
wastewater. It also included Duckweed applications,
nutritional compositions, and the mechanism of pollutant
removal. ii) This paper also explored operational challenges,
research gaps, and future investigation.

The exclusion criteria: Articles lacking specifics on
the other natural plant strategy for pollutant removal, and
domestic sewage were excluded.

Characterization of Industrial Wastewaters

Dairy, sugar, and distillery industries generate wastewater
rich in organic matter, nutrients, and sometimes toxic
compounds. Dairy wastewater typically contains lactose,
fats, proteins, and detergents, contributing to high BOD and
COD. Duckweed has shown up to 90% efficiency in nutrient
removal from such effluents. Sugar industry wastewater
includes organic acids and high salinity, often treated with
duckweed species like Lemna gibba, achieving 75-80%
BOD and COD reduction. Distillery wastewater is highly
polluting due to melanoidins and phenolics. Duckweed
treatment systems have achieved up to 85% BOD removal
and significant reductions in color and toxicity. Duckweed’s
role in these sectors combines simplicity, cost-effectiveness,
and biomass generation potential, making it a scalable
phytoremediation option (Fenandes et al. 2023a).

Dairy Wastewater (DWW)

DWW typically comprises maximum levels of organic
matter, nutrients as mentioned earlier, and suspended solids.
It arises from processes such as milk processing, cleaning,
and sanitizing operations (Botondi et al. 2023). The main
components of DWW include lactose, proteins, fats, and
minerals, which contribute to its high BOD and COD values.
The high BOD and COD can significantly impact aquatic
ecosystems if discharged untreated (Kolev Slavov 2017).
The presence of these organic compounds poses significant
challenges for treatment, as they require efficient removal
to prevent environmental contamination (Ting & Praveena
2017). Biological treatment methods, including aerobic and
anaerobic digestion, have been extensively researched for
their efficacy in degrading organic matter in dairy wastewater
(Dereli et al. 2012). However, these methods frequently
face restrictions related to operational stability as well as
efficiency under varying load conditions (Gao et al. 2011).
To overcome these limitations, the duckweed plant plays an
important part in the treatment of dairy wastewater (Zhou
et al. 2023a).
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Multiple recent studies have highlighted the potential of
duckweed in managing DWW due to its ability to assimilate
higher concentrations of nutrients and organic matter.
Duckweed systems offer advantages such as low operational
costs, ease of maintenance, and the production of valuable
biomass (Chen et al. 2020, Xu et al. 2023). Several studies
have demonstrated the effectiveness of duckweed in treating
DWW. For example, Muradov et al. (2014) examined the
usage of Lemna minor in a pilot-scale treatment for dairy
wastewater. The results displayed that duckweed could
achieve over 90% effluent of N & P, significantly reducing
the nutrient load of the treated effluent.

Additionally, the duckweed biomass produced during
the treatment process was found to have high protein
content, making it appropriate for animal feed (Muradov et
al. 2014). Sreehari et al. highlighted this plant’s potential
in eliminating organic matter and nutrients from DWW.
Researchers reported that duckweed-based systems achieved
significant reductions in BOD and COD values, with
removal efficiencies exceeding 80%. The treated effluent
met the discharge standards set by regulatory authorities,
demonstrating the feasibility of duckweed for dairy
wastewater treatment (Sreehari et al. 2017). El-Sheekh et al.
further confirmed the effectiveness of duckweed in DWW
treatment. The study showed that duckweed could effectively
remove nutrients and organic matter from dairy effluents,
with removal efficiencies comparable to conventional
treatment methods. The harvested biomass was analyzed for
its nutritional composition and found to be rich in proteins
and other essential nutrients, making it a valuable feedstock
for animal feed production (El-Sheekh et al. 2019). These
studies have demonstrated its effectiveness in removing
various pollutants (Hemalatha & Venkata Mohan 2022). The
phytoremediation performance of duckweed is particularly
effective in diluted wastewater, with removal efficiencies
reaching up to 87% for phosphorus and 65% for nitrogen
(Sahi & Megateli 2023) and effectively removing 74% of
organic carbon from dairy wastewater.

e The duckweed biomass grew significantly over time,
with an amplifying time of 0.87 days and a final dry
weight of 3.73 g.

e The pretreated duckweed biomass was used as a
substrate for microbial protein production using Bacillus
subtilis, resulting in a high protein content (60%) and
carbohydrate content (21%) in the final microbial
protein product.

Sugar Industry Wastewater (SWW)

It poses significant environmental threats if discharged
untreated (Malik et al. 2019). The wastewater generation

rate is approximately 1,000 L per ton of sugarcane crushed
in India. Various treatment methods have been explored,
including aerobic, anaerobic, and physico-chemical
processes (Kushwaha 2015). The wastewater contains
significant amounts of organic and inorganic materials.
These complexes contribute to the high organic load and
make it challenging to treat using conventional methods
(Sahu et al. 2008). Anaerobic digestion and aerobic treatment
processes are commonly employed for treating sugar industry
wastewater, but they often require extensive infrastructure,
high operational costs, and limitations in degrading oil and
grease (Dahiya et al. 2001, Pant & Adholeya 2007).

Additionally, the presence of refractory compounds and
high salinity levels can inhibit microbial activity, reducing
treatment efficiency (Mohana et al. 2009). Advanced
treatment includes filtration, flocculation, UV disinfection,
etc (Yadav et al. 2021). Batch reactor studies have shown
that the wastewater is amenable to aerobic biodegradation.
The quality and features of SWW depend on the region and
water consumption practices (Ahmad & Mahmoud 1982).
The water pinch methodology has been proposed to minimize
fresh water consumption in sugar industries (Poddar & Sahu
2017).

Duckweed-based treatment systems have shown promise
in effectively removing organic matter and nutrients from
sugar industry wastewater (Patel et al. 2017, Verma &
Suthar 2015). Duckweed’s rapid growth rate and nutrient
uptake ability make it an ideal candidate for bioremediation,
offering an alternative option to traditional treatment
methods (Leng 1999). The application of duckweed in
treating sugar industry wastewater has also been explored.
Patel et al. (2017) discovered research on the treatment of
sugar mill effluent using duckweed species such as Lemna
gibba and Spirodela polyrhiza (Cheng et al. 2002). The
study reported significant reductions in COD and BOD,
with removal efficacies of up to 80%. The treated effluent
met the discharge standards set by regulatory authorities,
highlighting the prospect of duckweed-based systems for
industrial wastewater treatment (Patel et al. 2017). Ali
et al. (2016) investigated the usage of duckweed for the
management of SWW from a sugar refinery. The results
showed that duckweed could achieve substantial reductions
in organic matter and nutrient concentrations, with removal
efficiencies exceeding 75%. The researchers also highlighted
the economic benefits of using duckweed, as it provided a
low-cost and sustainable treatment option (Ali et al. 2016).
Further research by Kumar et al. (2020) demonstrated the
potential of duckweed in treating wastewater from sugarcane
processing. The study reported that duckweed-based systems
could effectively reduce BOD, COD, and nutrient levels,
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with removal efficiencies comparable to conventional
treatment methods. The harvested biomass was analyzed for
its nutritional composition and found to be suitable for use
as animal feed (Kumar et al. 2020).

Distillery Wastewater

Distillery wastewater is the effluent generated during the
production of alcoholic beverages such as ethanol, whisky,
beer, and spirits from the fermentation of sugars. It is one of
the most polluting wastewaters, which offers characteristics
such as:

Distillery wastewater poses significant environmental
hazards, leading to issues such as eutrophication. This
process adversely affects human health and disrupts the
flora and fauna in water bodies. Molasses-based wastewater
contains toxic substances such as melanoidins, phenolics,
and heavy metals, which cause hazards to human health,
animals, and ecosystems. (Kumar et al. 2020). The presence
of phenolic compounds and other toxic substances further
complicates the treatment process. Hence, there is a need
for effective treatment methods that are critical due to

these environmental concerns (Raj et al. 2020). Traditional
treatment methods, such as anaerobic digestion, aerobic
treatment, and physicochemical processes, are used to
manage distillery wastewater (Pant & Adholeya 2007,
Satyawali & Balakrishnan 2008). Though these methods
often face challenges related to high operational costs, sludge
generation, and the inability to completely remove color and
refractory compounds (Kumar et al. 2019).

Duckweed’s ability to treat distillery wastewater has
been highlighted in several studies. Kumar et al. (2017)
evaluated the performance of Spirodela polyrhiza in treating
distillery effluent in a laboratory-scale experiment. The
results indicated a lessening of COD and BOD, along with
the removal of phenolic compounds. The duckweed biomass
harvested from the treatment system was analyzed for its
nutritional composition and found to be rich in proteins and
other essential nutrients, suggesting its potential use as animal
feed (Kumar et al. 2019). Joshi et al. (2017) investigated
the use of duckweed sewage treatment from a molasses-
based distillery. The study reported significant reductions
in organic matter and color, with removal efficiencies
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(DStWW).Source: Own creation based on compiled data from Kolev Slavov (2017), Malik et al. (2019), Kumar et al. (2020), Shashikanth et al. (2019),
Fito et al. (2019), Ahmad and Mahmoud (1982), Sahu et al. (2008).
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exceeding 80%. The treated effluent met the discharge
standards set by regulatory authorities, demonstrating the
feasibility of duckweed for distillery wastewater treatment
(Joshi et al. 2017). Singh et al. (2015) further confirmed the
effectiveness of duckweed in distillery wastewater treatment.
The researchers reported that duckweed could substantially
reduce BOD, COD, and phenolic compounds, with removal
efficiencies comparable to conventional treatment methods.
The harvested biomass was analyzed for its nutritional
composition and found to be suitable for use as animal feed
(Singh et al. 2015).

Duckweed Treatment Mechanism

Growth characteristics and nutrient uptake: Lemnaceae,
the official name for duckweed (genus Lemna), are monocots
(like grasses and palms) that are classified into five genera:
Landoltia, Wolffiella, Spirodela, Lemna, and Wolffia
(Asolekar et al. 2014, Thingujam et al. 2024). It floats on
the surface of still-moving lakes, ponds, and sloughs and is
no longer than % of an inch. It exhibits rapid growth, with
some species capable of doubling their biomass in just a
few days under optimal conditions (Fig. 2). Duckweed is
highly efficient in nutrient uptake, particularly nitrogen
and phosphorus, making it an excellent candidate for
wastewater treatment (Xu et al. 2023). It can thrive in varied
environmental conditions, further enhancing its potential for
use in wastewater treatment (Cheng et al. 2002, Culley Jr
& Epps 1973, Hillman & Culley 1978). Duckweed’s high
nutrient uptake capacity is attributed to its physiological
characteristics, including a high surface area-to-volume

Monocot
representative

Rapid growth
& simple cultivation

Aquatic lifestyle

ratio and efficient nutrient transport mechanisms (Landolt &
Kandeler 1987, Leng 1999). Duckweed can absorb nutrients
directly from the water column, assimilating them into its
biomass and reducing the nutrient load in the wastewater
(Verma & Suthar 2015). In high-strength swine wastewater,
Cheng & Stomp (2009) found that L. minor grew at a rate
of about 29 gm.?.day”', but duckweed absorbed 90% of
the total Kjeldahl Nitrogen (TKN) and 88.6% of the total
Phosphorus (TP) (Cheng & Stomp 2009). Another study
revealed the phosphorus uptake of 13 to 58 mg Pm™d ™! and
found that phosphorus uptake by duckweed was dependent
on nitrogen concentration and the depth of the growth pond
(Landolt & Kandeler 1987). Typical duckweed can have
protein concentrations of up to 45% of its dry bulk. The
gathered duckweed has a high protein content, making it a
viable food source for animal and human feed (Igbal et al.
2019).

Duckweed mechanisms of pollutant removal: Duckweed
is highly effective in removing pollutants from water
through various mechanisms, as supported by extensive
research. These mechanisms include direct assimilation of
nutrients into its biomass, microbial degradation of organic
compounds in the rhizosphere (root zone), and sedimentation
of particulate matter. The floating mat of duckweed also
helps reduce light penetration, thereby limiting the growth
of algae and other phototrophic organisms (Zhao et al. 2020,
2014). Duckweed root-associated microbial communities
are essential for the breakdown of organic materials and the
conversion of nutrients. These microbial processes enhance
the whole pollutant removal efficacy, making duckweed-

Small size

Environmental
conservation

Biomass &
animal feed

4 Duckweed N

Efficient
growth

Efficient
nutrient uptake

Source: Own creation, adapted from Coughlan et al. (2022), Xu et al. (2023), and Zhou et al. (2023a).

Fig. 3: Key characteristics of duckweed (Lemna spp.).
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based systems highly effective for wastewater treatment
(Landesman et al. 2005).

Research has demonstrated the effectiveness of duckweed
in eradicating a wide range of contaminants (Muradov et al.
2014). The combination of direct nutrient uptake, microbial
degradation, and physical filtration makes duckweed a
versatile and efficient biological treatment agent. Duckweed
enhances organic matter degradation through oxygen supply
and provides an exterior for bacterial growth, leading to
substantial N and P removal (Korner et al. 2003). The
growth rates of various L. Minor species vary, influencing
their efficiency in wastewater treatment (Khare et al. 2021).
Duckweed is an effective tool for phytoremediation of
wastewater, capable of removing nutrients and pollutants like
nitrate, phosphate, BOD, and ammonia with high efficiency
(Frédéric et al. 2006). Duckweed is easy to harvest and has
a high protein content, making it a valuable byproduct of
the phytoremediation process. - Duckweed-based systems
can remove 73-97% of nitrate and 63-99% of phosphate, as
well as 96% of BOD and 99% of ammonia within 3 days
(Gupta & Prakash 2013). These mechanisms collectively
enable duckweed systems to achieve 85-95% pollutant
removal efficiency, making them a cost-effective solution
for wastewater treatment, eutrophication control, and
phytoremediation.

Case Studies and Comparative Analysis

Nutritional composition of duckweed: The most successful
decades for research on duckweed as a protein source were
the 1970s and 1980s (Cheng & Stomp 2009), making it a
fantastic option for animal feed. It contains 20—40% protein
on a dry weight basis (Hughey 1995), with a high-quality
amino acid (AA) profile comparable to soybean, including
vital AAs like lysine, methionine, and tryptophan, which are
vital for animal growth (Appenroth et al. 2018). Duckweed
also provides 4—7% lipids, including omega-3 and omega-6,
which improve animal health and product quality, such
as enriched eggs or milk. Its carbohydrate content ranges
from 25-35%, serving as a reliable energy source, while
its 5-15% fiber aids digestion (Sorita et al. 2019, Xu et al.
2023). Additionally, it is rich in vitamins (A, B-complex,
and C) and minerals like calcium, phosphorus, potassium,
and magnesium, and trace elements such as zinc and iron
(Pagliuso et al. 2022). Duckweed also contains beneficial
phytochemicals like polyphenols and flavonoids, which
offer antioxidant benefits. With low levels of anti-nutritional
factors, it is highly digestible and suitable for various
animals. The possible uses of duckweeds in aquaculture and
animal feed may be affected by the presence of carotenoids
such as lutein, astaxanthin, and B-carotene (Zhao et al.

2020). It is widely used in livestock, including poultry, fish,
and ruminants, and in aquaculture. Duckweed also supports
sustainable farming practices due to its rapid development,
minimal land requirements, and ability to utilize nutrients
from wastewater (Coughlan et al. 2022). Appenroth et
al. have shown duckweed’s nutritional worth as animal
feed. The research reported that its biomass contains major
amounts of protein, fiber, and essential nutrients, making it a
suitable feedstock for poultry and fish. The researchers also
highlighted the environmental benefits of using duckweed
as feed, as it reduces the reliance on conventional feed
ingredients and promotes sustainable agriculture (Appenroth
etal. 2018). Cheng & Stomp (2009) explained that the grown
duckweed can be used to make value-added products such as
fuel ethanol and animal feed, and it can also be a good source
of proteins and carbs. When yeast was used to ferment the
hydrolysate, 25.8% of the initial dry duckweed biomass was
converted to ethanol. According to these findings, duckweed
biomass can yield sizable amounts of starch that are easily
transformed into ethanol (Cheng & Stomp 2009).

Processing techniques: Processing techniques are crucial
for converting duckweed biomass into safe, nutritious, and
cost-effective animal feed while minimizing waste and
maximizing sustainability (Ujong et al. 2025). Steps such
as drying, grinding, and pelletizing enhance feed quality by
preserving nutrients, reducing moisture content to prevent
spoilage, and transforming raw biomass into a uniform, easy-
to-consume format that reduces wastage. Additional methods
like fermentation, ensiling, extrusion (Ujong et al. 2025,
Zhao et al. 2014), and fortification improve digestibility and
nutritional value while cleaning, disinfection, and testing
ensure compliance with safety standards. Efficient processing
not only optimizes the use of harvested duckweed but also
positions it as a sustainable alternative to conventional feed
sources like soy or fishmeal (Takdcs et al. 2025). Using a
Box-Behnken experimental design, Mirén-Mérida et al.
(2024) improved the alkaline protein extraction from Lemna
minor using ultrasound.

Additionally, an investigation of how ultrasound affects
the extracted protein’s morphological, structural, and
functional characteristics was conducted. They concluded
that more protein may be extracted because of the cellular
disturbance caused by ultrasonography. Additionally, the
use of ultrasonography during the protein extraction process
altered the duckweed protein’s structure and color, improving
its characteristics.

When taking into account the use of duckweed in various
food products, these findings are encouraging (Mirén-Mérida
et al. 2024). A non-thermal processing method called high
hydrostatic pressure technology (HHPT) has demonstrated
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potential in improving the bioavailability and bioaccessibility
of bioactive substances in a range of food systems. However,
little research has been done on how high hydrostatic
pressure affects duckweed’s bioactive qualities (Chen et al.
2018). Abdullahi Al et al. showed how various processing
techniques affected Lemna paucicostata’s nutritional makeup
and anti-nutritional characteristics. Four different processing
techniques were applied to Lemna paucicostata. While all of
the processing techniques employed in this study decreased
L. paucicostata’s anti-nutritional components, the blanching
procedure is the most effective at enhancing the plant’s
nutritious content (Abdullahi et al. 2022). Lam et al. (2017)
investigated the use of extrusion technology to process
duckweed biomass into pellets. The study reported that
extrusion significantly improved the texture and nutritional
composition of duckweed feed, making it suitable for use in
livestock diets. The researchers also highlighted the economic
benefits of using extrusion technology, as it reduces processing
costs and enhances the shelf life of duckweed feed (Lam et al.
2017). Table 1 lists the comparison of duckweed with other
nature-based phytoremediation solutions.

Biomass Valorization

Environmental impact: Duckweed has a profound
positive impact on the environment due to its ability to
address multiple ecological challenges. It improves water
quality by efficiently absorbing excess nutrients such as
N and P, which helps prevent eutrophication and supports

healthier aquatic ecosystems (Fig. 3). Its role in wastewater
treatment is particularly notable, as it thrives in nutrient-rich
environments and removes contaminants, heavy metals,
and organic pollutants, making water safe for reuse (Jaimes
Prada et al. 2024). Duckweed’s rapid growth rate enables it
to act as a carbon sink, absorbing major amounts of carbon
dioxide and causative to climate change mitigation. As
a sustainable, high-protein biomass, it serves as an eco-
friendly option to conventional feed sources like soy and
fishmeal, thereby reducing overfishing, deforestation, and
greenhouse gas emissions associated with traditional feed
production.

Additionally, its cultivation requires minimal freshwater
and no arable land, making it a resource-efficient crop that
aligns with global efforts to conserve natural resources and
promote sustainable agriculture (Vu et al. 2020). Utilizing
duckweed to produce biomass and remediate wastewater
contributes to reducing nutrient pollution in water bodies,
mitigating eutrophication, and providing a sustainable
alternative to chemical fertilizers. Additionally, biomass
production provides a renewable source of nutrients that can
be utilized as animal feed or organic fertilizer, reducing the
reliance on synthetic fertilizers and promoting sustainable
agriculture (Zhou et al. 2023a).

Economic Viability

Duckweed demonstrates strong economic viability with
significant potential for revenue generation across multiple

Table 1: Comparison of duckweed with other nature-based phytoremediation solutions.

Parameter

Duckweed
(Lemna spp.)

Algae

Water Hyacinth

Constructed
Wetlands

References

Growth Rate

Very fast (doubling

compost

seasonal variation

Fast, but strain-

harvesting issues

Slower (7-14

time ~1.5-3 days) dependent days)
Nutrient High N & P removal High N uptake, Moderate N
Uptake (up to 90-95%) limited P in some and P
species
Biomass Use Feed, bioethanol, Biofuel, compost Compost,

mulch, biogas

Harvesting Very easy, surface Difficult Bulky, manual/
floating (microscopic cells)  mechanical

Space Low (compact growth ~ High (needs open, Moderate

Requirement in small ponds) sunlit area)

Pollutant 85-95% for nutrients 70-90% depending ~ 60-85%

Removal and organics on species

Efficiency

Operational Low setup and Moderate (needs Moderate, but

Cost maintenance light, nutrients) biomass needs
disposal

Challenges Sensitive to pH and Prone to crashes, Invasive

species risk

Slow (~weeks)

Variable, depends
on plant species
and substrate
Rarely used,
sometimes for
compost

Not practical,
rooted plants
High (land-
intensive)

50-80%

High (construction
and maintenance)

Clogging,
mosquito breeding

Cheng and Stomp (2009), Zhao et al.
(2020), Hillman and Culley (1978)

Gupta and Prakash (2013), Korner et
al. (2003), Pant and Adholeya (2007)

Appenroth et al. (2018), Zhao et al.
(2014), Pant and Adholeya (2007)

Zhou et al. (2023a), Gupta and
Prakash (2013)

Coughlan et al. (2022), Pant and
Adholeya (2007)

Gupta and Prakash (2013), Zhao et al.
(2014), Pant and Adholeya (2007)

Calicioglu et al. (2021), Pant and
Adholeya (2007)

Zhou et al. (2023a), Pant & Adholeya
(2007), Gupta & Prakash (2013)
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industries due to its low production costs, high biomass
yield, and versatile applications (Calicioglu et al. 2021).
The global duckweed protein market was valued at USD
72.7 million in 2024 and is projected to grow at a compound
annual growth rate (CAGR) of over 7.9% during 2025-2034
(Global Market Insights, 2024). Similarly, overall duckweed
sales are expected to grow at a CAGR of 10.8% between
2023 and 2033, reaching approximately USD 195.4 million
by 2033 (Future Market Insights, 2023; Fig. 4 & 5). The
global market for sustainable animal feed ingredients,
biofuels, and organic fertilizers is expanding rapidly, creating

a lucrative opportunity for duckweed-based products. As a
high-protein biomass, it provides a cost-effective alternative
to traditional feed ingredients like soy and fishmeal, meeting
the rising demand in the livestock and aquaculture sectors
(Pagliuso et al. 2022). The biofuel market, valued at over
$100 billion, offers additional revenue streams, as duckweed
can serve as an efficient feedstock for bioethanol production.
Furthermore, its use in wastewater treatment and bioplastics
aligns with the increasing global demand for eco-friendly
solutions, supported by government incentives and corporate
investments in green technologies. Duckweed farming also

Duckweed protein market size, 2021-2034 (USD
Million)

195.4

I IiIIIIII

2021 2023 2024 2025 2026 2027

Lemna minor (Common Duckweed)
Wolffia globose

2028 2028 2039 2031 2032 2033 2034

= Spirodela polyrhiza (Great Duckweed)
= Others

Fig. 4: Duckweed protein market size (Own creation) (https://www.futuremarketinsights.com/reports/duckweed-market).

CAGR OF DUCKWEED

2023 ®M2033

Fig. 5: Growth rate of duckweed (Own creation). (https://www.futuremarketinsights.com/reports/duckweed-market).
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creates opportunities for rural development, employment,
and export potential, particularly in regions with limited
agricultural resources (Yang 2022). Comprehensive market
analysis indicates that increasing awareness of sustainable
practices and the rising cost of conventional feed and energy
sources will continue to drive the adoption of duckweed,
ensuring its long-term profitability and market expansion.

Challenges and Future Perspectives

Operational challenges: Duckweed wastewater treatment,
though promising, faces several operational challenges that
impact its scalability and efficiency. Duckweed growth
is highly sensitive to environmental conditions such as
temperature, light, pH, and nutrient availability, which may
ensure optimal performance (Pasos-Panqueva et al. 2024).
Harvesting and managing excess biomass is another hurdle,
as overgrowth may lead to oxygen depletion, and disposal or
utilization of the biomass requires further processing (Zhou et
al. 2023a). Variability in water quality, contamination risks
from absorbed pollutants like heavy metals, and difficulties
in integrating with conventional treatment methods add to
the complexity. Seasonal variations, especially in colder
climates, can further hinder consistent performance.

Additionally, the economic viability of scaling up such
systems is questionable, as it requires frequent monitoring,
control, and maintenance to ensure optimal conditions for
efficient treatment (Coughlan et al. 2022). The differences
in the distribution and amount of bioactive chemicals within
duckweed present another difficulty. Growth conditions,
processing techniques, and the source or species can all
have a big impact on these chemicals’ concentration and
bioavailability (Takdcs et al. 2025). Addressing these
challenges is essential for the broader adoption of duckweed-
based wastewater treatment.

Research gaps and future directions: Despite its potential,
several research gaps limit the full-scale application of
duckweed in wastewater treatment, paving the way for future
exploration. Limited studies focus on optimizing duckweed’s
growth under diverse wastewater conditions, including
high pollutant loads and variable climates, to enhance its
resilience and efficiency. More research is needed on nutrient
recovery mechanisms and the fate of absorbed contaminants
to ensure environmental safety. Additionally, scalable and
cost-effective systems for biomass harvesting, processing,
and utilization, such as bioenergy production or bioproduct
synthesis, remain underexplored. The integration of
duckweed treatment with conventional technologies and its
application in decentralized wastewater systems also requires
further investigation. Integrating advanced technologies,
such as hydroponic systems and automated harvesting,

could enhance the efficiency of duckweed-based wastewater
treatment. Forthcoming investigations should focus on
genetic engineering to improve growth rates, pollutant
uptake, and stress tolerance while leveraging advanced
monitoring systems for automation and real-time control.
Expanding these areas can unlock the potential of duckweed
as a sustainable and scalable solution for WW treatment
(Coughlan et al. 2022, Thingujam et al. 2024, Ujong et al.
2025). Further investigations into the potential of L. minor
as a feedstock for biofuel production and bioremediation
of emerging pollutants, such as pharmaceuticals and
microplastics, could expand its applications. Additionally,
future research should address the regulatory and policy
frameworks needed to support the large-scale implementation
of duckweed-based systems. Developing guidelines for the
safe use of duckweed feed and establishing standards for
wastewater treatment and biomass production are essential
for promoting sustainable and economically viable practices
(Zhou et al. 2023b).

Policy and Implementation Discussion

To enable large-scale implementation of duckweed-based
treatment systems, policy frameworks must support
integration with existing treatment infrastructure. Key
considerations include establishing regulatory standards
for effluent reuse, protocols for biomass utilization
(e.g., as animal feed or fertilizer), and incentives for
decentralized treatment models. Collaborative efforts
between environmental agencies, municipalities, and
industry stakeholders are essential to overcome institutional
and economic barriers.

CONCLUSIONS

Duckweed-based wastewater treatment is a sustainable
and innovative approach that effectively addresses water
pollution while promoting resource recovery. Its rapid
growth on nutrient-rich wastewater and high efficiency in
removing pollutants such as nitrogen, phosphorus, COD,
and BOD make it a promising biodegradable choice to
conventional treatment approaches. Additionally, the
nutrient-rich biomass produced during the process has
immense potential for reuse, particularly as animal feed
and biomass for bioenergy production, contributing to a
circular economy. However, successful implementation of
duckweed systems requires addressing challenges such as
environmental variability, water quality fluctuations, and
scalability. Standardized protocols for optimizing duckweed
growth, nutrient absorption, and biomass utilization across
diverse wastewater sources are crucial for maximizing its
benefits.
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Further research should also explore integrating
duckweed systems with existing treatment technologies and
their potential for decentralized wastewater management. By
adopting duckweed-based treatment systems, communities
can not only enhance water quality and reduce treatment
costs but also generate valuable by-products like animal
feed and biomass.

This dual-purpose approach offers a cost-effective and
environmentally sustainable solution, paving the way for
broader applications in wastewater management and resource
recovery, ultimately contributing to global environmental
and economic sustainability.
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ABSTRACT

Access to clean water is increasingly threatened by industrial pollution, particularly from the
tanning industry, which poses significant health risks and environmental challenges. This
research aimed to determine Cr(VI) concentrations in water, sediment, fish, and rice samples
from several sites along the river and to analyze the related health hazards. The study was
conducted from March 2023 to November 2024, involving samples collected from 40 fishponds
and rice fields located at different distances from the industrial area. Water, sediment, and
fish samples were collected and analyzed to determine the concentration of Cr(VI) using
Atomic Absorption Spectrophotometry (AAS) and spectrophotometry methods. A total of
360 samples from fishponds and 180 samples from rice fields were collected. In addition,
a survey was conducted on rice and fish consumption patterns among 200 respondents
from the affected areas. Cr(VI) concentrations were observed in all impacted locations,
with levels significantly exceeding those found in the control area. Cr(VI) accumulation in
fish and rice showed a significant increase, with health risk assessments revealing that
both noncarcinogenic and carcinogenic risks surpassed safe limits. The findings indicate
that industrial wastewater severely contaminates aquatic environments, posing significant
health risks due to dietary exposure to Cr(VI). This study provides important insights into
the prevalence of Cr(VI) contamination in agricultural and aquaculture systems, links
environmental pollution to public health risks, and underscores the importance of regulatory
measures to ensure food safety and public health.

INTRODUCTION

Access to clean water remains a critical challenge in the twenty-first century,
impacting human health, limiting agricultural productivity, degrading ecosystem
services, and constraining economic growth (UNESCO 2023). A major concern for
water quality is the rising concentration of pollutants in water bodies, which can
undermine the achievement of sustainable development goals (Ezbakhe 2018). Rapid
industrialization in Indonesia poses a significant risk of environmental pollution,
with river ecosystems being particularly vulnerable. Intensive industrialization and
lax environmental regulations have led to significant pollution in many rivers (Liu
etal. 2018). Accelerated economic expansion has resulted in serious environmental
pollution challenges, with increased heavy metal concentration and accumulation
harming freshwater ecosystems (Paschoalini & Bazzoli 2021). Approximately
80% of urban wastewater is discharged into untreated water bodies globally
(WWAP 2017), while industries contribute millions of tons of heavy metals to
these environments (Mateo-Sagasta et al. 2017).
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The tanning industry is considered an ecological threat
due to its release of hazardous waste into the environment,
which contributes to environmental contamination (SMEP
2018, Suman et al. 2021). The tannery needs around 30-40
m?® of water and 300 kg of chemicals to process one ton of
leather or raw materials (Lofrano et al. 2013). Each tanning
process can produce around 20% of leather goods products,
while the remaining 60% consists of solid and liquid waste
(Sivaram & Barik 2019), which is disposed of into the
environment. Tannery significantly contributes to hexavalent
chromium pollution, with wastewater exhibiting chromium
concentrations ranging from 1 to 77 mg.L™' (Sharma et
al. 2020). The discharge of liquid waste by tanneries into
rivers has led to a decline in water and soil quality, with
chromium contaminants widely distributed across various
environmental compartments (Rahardjo et al. 2021a, 2021b,
Rahardjo et al. 2023). Restoration efforts are necessary for
heavily contaminated land (Irshad et al. 2021). Due to its
extensive occurrence, environmental pollution resulting
from hexavalent chromium is a worldwide issue (Brasili et
al. 2020).

Chromium is classified as a class A carcinogen due to its
significant toxicity (Sharma et al. 2021). Chromium exists in
various valence states in the environment, with Cr(VI) and
Cr(III) being the most stable forms, each displaying unique
characteristics. Notably, hexavalent chromium (Cr(VI)) is
the main contributor to pollution toxicity (Tumolo et al.
2020, Chen et al. 2022). Cr(VI) is detrimental to vegetation,
aquatic species, and microorganisms. Cr(VI) is a potent
epithelial irritant and a human carcinogen, ranking eighth on
the ATSDR (2020) list. Cr(VI) and its metabolites, especially
chromate, represent highly toxic forms that can infiltrate the
human body via inhalation, ingestion, and dermal exposure.
This exposure can lead to pathological changes in various
organs and systems, including the respiratory tract, skin,
and gastrointestinal tract, and may also increase cancer
incidence and mortality rates (Sharma et al. 2022). Long-
term exposure to chromium can lead to digestive disorders,
respiratory complications, kidney and liver disorders, genetic
alterations, and various other health disorders (Shanker et
al. 2005). Chromium-induced river pollution significantly
threatens ecological systems through its accumulation and
biomagnification in aquatic environments, sediments, and
food chains (Rahardjo et al. 2023). Excessive ingestion
of chromium, when not metabolized by the body, can
result in its accumulation within the intra- or extracellular
compartments of organs (Briffa et al. 2020). Chromium
has been detected in the tissues of fish sourced from metal-
contaminated aquatic environments (Sobhanardakani et al.
2016). The accumulation of chromium in fish and rice may
present a risk to both animals and humans.

Research has extensively examined the transmission of
contaminants from the environment to food and ultimately
to humans. Extensive research has been conducted on the
health risks associated with chromium pollutants in aquatic
biota and food products, including rice, vegetables, and fish
in public waters (Gomah et al. 2019, Tayone et al. 2020,
Wahiduzzaman et al. 2021, Xiang et al. 2021, Zulkafflee
et al. 2022, Ogbuene et al. 2024). However, there has been
inadequate research to assess the effects of using chromium-
contaminated river water for aquaculture and rice agriculture,
particularly regarding contamination, bioaccumulation, and
potential health risks to residents. Therefore, it is critical
to assess the concentration of chromium heavy metals in
fisheries and agricultural products and to perform health
risk evaluations concerning rice and fish consumption.
Health risk assessment methods enable researchers to
examine and measure the potential health effects of heavy
metal exposure (Varol & Stinbiil 2020). Human health risk
assessment methods can evaluate both non-carcinogenic
and carcinogenic health risks, specifically Risk Quotient
(RQ) and Excess Cancer Risk (ECR). This study analyzed
the quantity and frequency of rice and fish consumption to
evaluate the potential health impacts of heavy metal exposure
(USEPA 2011, 2012, 2018).

The expanding industrial activities along the downstream
area of the Opak River contribute significantly to economic
growth, job creation, and regional development. However,
without effective governance, monitoring, enforcement, and
compliance with environmental regulations, these activities
give rise to environmental pollution. The discharge of
liquid waste from industrial areas is the primary source of
chromium contamination in the downstream section of the
Opak River. Weak supervision, inadequate enforcement,
and the absence of effective pollution prevention and water
quality management programs have perpetuated this issue.
Chromium pollution in the Opak River poses a serious threat
to food security and public health, yet chromium has not
been included in river water quality monitoring standards,
resulting in limited assessment of its environmental impact
to date. This study addresses a critical knowledge gap
concerning the impact of chromium contamination on
food security and public health, particularly through the
consumption of rice and fish. Although prior research
has explored the health risks of chromium in aquatic
environments and food products, specific data on the effects
of using chromium-contaminated river water for aquaculture
and agriculture remain limited. This study aimed to fill this
gap by assessing chromium concentrations in fisheries and
agricultural products and evaluating the potential health risks
for local residents. The research specifically investigated
the impact of Cr(VI) contamination from tannery activities
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on rice fields and aquaculture ponds adjacent to the Opak
River. The findings revealed that Cr(VI) accumulation in
fish and rice exceeded acceptable intake thresholds, posing
significant non-carcinogenic and carcinogenic health risks
for populations reliant on these food sources. The results
underscore the urgent need for improved industrial waste
management and regulatory measures to mitigate the adverse
effects of chromium pollution, highlighting the essential role
of monitoring and protecting aquatic environments.

MATERIALS AND METHODS

Characterization of Temporal Characteristics and
Location

The study was carried out from March 2023 to November
2024 in rice paddies and aquaculture ponds reliant on the
Opak River for water and fishing activities. Pollution from

tanneries significantly increases chromium concentrations
in the aquatic environments downstream of the Opak River
(Rahardjo et al. 2021a, Rahardjo et al. 2021b). The increase
in chromium levels presents a risk to aquatic organisms and
human health, resulting in detrimental impacts on numerous
species and polluting drinking water sources. Prolonged
exposure to chromium pollution could reduce biodiversity,
disrupt local ecosystems, and necessitate costly remediation
efforts to enhance water quality and protect public health.
Station (A) was located in the upper section of the Opak
River, about 5 km from the industrial zone, and served as a
benchmark location. The concentration of heavy metals in
wastewater from tanneries was evaluated at four sites: B, C,
D, and E, situated approximately 5, 10, 15, and 20 km away,
respectively. Fig. 1 depicts the positioning of the industrial
area within the Piyungan sub-district and the configuration
of each sampling site along the Opak River.
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Fig. 1: Map of the territory of the Republic of Indonesia (panel A) and the location of industrial areas and distribution of sampling stations located
upstream of the area 5 km away (station A), and respectively stations B, C, D, and E located downstream of the industrial area 5, 10, 15 and 20 km
away (panel B).
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The absence of a control station in this study was due
to the use of existing upstream locations as benchmarks for
comparison with downstream sites impacted by industrial
pollution. Station A, positioned 5 km upstream from the
industrial zone, served as the reference point for assessing
the impact of chromium contamination from tanneries on
aquatic environments. The study design focused on assessing
the effects of pollution at various downstream distances
(stations B, C, D, and E), rather than establishing a separate
control station, as the upstream site was deemed sufficient
for understanding baseline conditions. This approach directly
compared pollution levels and related health risks without
the need for additional control stations.

Sampling and Preparation

A total of 40 fish farming ponds were sampled, including
four catfish ponds and four ponds of other fish species
located upstream of the industrial area as control sites. The
remaining 32 ponds were distributed across four sites situated
5, 10, 15, and 20 km downstream of the industrial area,
which is impacted by tannery liquid waste discharge. Water,
sediment, and fish samples were collected from each pond
in triplicate, resulting in a total of 360 samples. Rice field
samples were collected from four randomly selected areas
at each location, including water, sediment, and grain, also
in triplicate, yielding 180 samples. All samples were placed
in sterile plastic bags and transported to the laboratory in
airtight containers with ice packs. Samples were initially
rinsed with tap water followed by deionized water to remove
surface contaminants. Consumable portions of fish were
excised using a ceramic knife, homogenized, and stored in
plastic containers at —20°C.

Sample Analysis

The process for chromium removal from water samples
complied with the APHA/AWWA/WEF Standard Methods,
20th Edition, 2001. The Environmental Protection Agency
(2001) states that acid extraction is effective for acquiring
solid materials, especially fish and detritus. The wet weight
was measured with an analytical scale, and the sample
was then dried in an oven at 60°C to remove moisture.
The dried weight was subsequently reevaluated, and the
sample was pulverized using a mortar before being stored
in a hermetically sealed container. A total of 3 g of sample
was mixed with 18 mL of hydrochloric acid and 6 mL of
concentrated nitric acid. The sample was then heated until
it reached a volume of approximately 10 mL. The sample
underwent repeated exposure to hydrogen nitrate solutions
and strong hydrochloric acid before heating. The extract was
subsequently filtered using filter paper that had been treated
with 1% hydrogen nitrate. AAS was employed to ascertain

the chromium content of the extract in accordance with the
procedures outlined in SNI 06-6989.17-2004. The Perkin
Elmer AAS PinAAcle 900T was employed to perform an
analytical operation. All glassware and polyethylene bottles
used in this study were pre-soaked with 10% HNO; for
24 h, rinsed with ultrapure water, and then air dried before
use. Three samples, including one procedural bank, one
matrix spike sample, and one bank spike sample, were
analyzed along with every batch of digestion samples. The
accuracy of replicate analyses of reference material showed
good agreement, with a recovery rate of 85% and a detection
limit of 0.003 mg.kg ™.

Data Analysis

Fish and rice consumption data was collected from
respondents in four affected areas. A total of 200 respondents
were randomly selected, with 50 individuals from each
location. The effects of non-carcinogenic and carcinogenic
health risks were analyzed, referring to the US EPA’s metal
risk assessment guidelines (US EPA 2012). The calculation
of non-carcinogenic health risks expressed in the RQ was
carried out by comparing non-carcinogenic intake with RfD
(Reference Dose):
CXRXFexDt

Wb x Tavgk
(1)

Intake refers to the daily amount of Cr(VI) concentration
entering the body (mg.kg"day™). In this formula, C
represents the concentration of Cr(VI) in food (mg.kg‘l),
R denotes the rate of consumption or the weight of food
(kg.day™), Fe signifies the number of days of exposure each
year (days.year!), and Dt indicates the number of years of
exposure (years). Additionally, Wb denotes human body
weight (Kg), while Tavgk represents the average duration
of days for non-carcinogenic effects (30 years x 365 days.
yeaI'l).

Non Carcinogenic Intake =

The RQ value was determined based on the following
equation:

_ Non Carsinogenic Intake 2)
Q= RfD
Where Intake is the amount of concentration of Cr(VI)
that enters the body every day (mg.kg'.day™), and RfD is the
Reference Dose of hexavalent chromium in food according
to the US EPA (2018), which is 0.003 mg.kg'.day™.

Carcinogenic health risks were expressed in exponential
numbers without units and were assessed using the ECR
metric. The risk was considered safe (acceptable) if the
ECR value was < 1 x 10 or expressed as ECR < 1/10,000.

Vol. 25, No. 1, 2026 ® Nature Environment and Pollution Technology



www.neptjournal.com 5

Carcinogenic health risks were deemed unsafe if the ECR
value exceeded 1 x 10 or ECR was greater than 1/10,000
(Ministry of Health 2012). The ECR value was calculated
by multiplying the carcinogenic intake by the Cancer Slope
Factor (CSF) as demonstrated below:

C X R xFexDt
Wb x Tavgh

..(3)
CDI refers to the daily concentration of a risk agent that
is absorbed by the body, measured in mg.kg™'.day™. In this
computation, C represents the concentration of risk agents
in food (mg.kg™), R indicates the rate of consumption or the
amount of food weight (kg.day™"), Fe signifies the length of
days of exposure each year (days.year '), and Dt denotes the
number of years of exposure (years). In the denominator, Wb
represents human body weight (kg), while Tavgk denotes
the average duration in days for non-carcinogenic effects
(70 years x 365 days.year).

Carcinogenic Intake (CDI) =

Furthermore, the ECR value was calculated using the
equation:

ECR = Carcinogenic Intake x CSF (4

Where CSF stands for Cancer Slope Factor (CSF) value,
and ECR stands for Excess Cancer Risk. The US EPA states
that the value for chromium hexavalent is 0.5 (US EPA
2011).

A one-way analysis of variance (ANOVA) was employed
to evaluate non-categorical data that followed a normal
distribution, specifically focusing on Cr(VI) concentrations
in samples from both control and affected sites. This analysis
assessed pollution levels across multiple districts based on

the collected samples, which included water, sediment,
fish, rice, and other relevant components. In all analyses,
statistical significance was defined as p < 0.05. The statistical
analyses were performed using SPSS version 21.0, while
data visualizations of Cr(VI) concentrations were generated
using R version 4.3.3. Additionally, the relationship between
independent variables-including hexavalent chromium
concentration in food, intake rate, exposure duration, and
body weight-and the dependent variable of health risk (RQ)
was evaluated using linear regression analysis with the enter
method.

RESULTS AND DISCUSSION

Cr(VI) Contamination in Aquaculture Ponds and
Rice Fields

The concentrations of Cr(VI) in rice fields, ponds, and
sediments in the upstream and downstream areas of the
Piyungan Industrial Area are presented in Fig. 2. Water
from aquaculture ponds and rice fields sourced from the
downstream section of the Opak River contained chromium,
showing varying levels of contamination.. There was
no indication of Cr(VI) concentrations in water samples
collected from fish ponds or rice fields at an upstream
industrial site. Cr(VI) concentrations were detected in
water samples from downstream areas of the industrial
zone, with levels ranging from 0.054 to 0.143 mg.L™" in
fish pond water samples and 0.117 to 0.197 mg.L"" in rice
field water samples. Meanwhile, Cr(VI) levels in sediments
were found in higher concentrations, ranging from 0.016-
0.770 mg.kg ™" in fish ponds and 0.016-0.320 mg.kg ™" in rice
fields.
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§ 070 @ Sediment Fish pond (mg/kg)
o Water RiceFields (mg/L)
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Fig. 2: The chromium concentrations at the upstream station (A) and at stations B, C, D, and E—located 5, 10, 15, and 20 km downstream of the
industrial area, respectively—were measured to assess pollution patterns. Sediment samples from rice fields and aquaculture ponds contained higher
levels of Cr(VI) than the corresponding water samples. Cr(VI) concentrations were highest near the wastewater discharge points at stations B and C,

then decreased or fluctuated further downstream. ANOVA results showed a significant difference in Cr(VI) concentrations in both water and sediment
samples between the control and affected locations, with a p-value < 0.005.
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Chromium (VI) Accumulation in Fish and Rice

The accumulation levels of Cr(V]) in fish and rice samples
from four areas downstream of the tanneries are presented
in Fig. 3. Chromium pollutants contaminated all fish and
rice samples in all study locations. However, the average
accumulation of Cr(VI) in fish and rice in the upstream
locations of the industrial area was found in very small
concentrations, i.e., 0.020 mg.kg ' in fish and 0.023 mg.kg™!
inrice. It was very different from the accumulation levels of
Cr(V]) in the affected locations, which ranged from 0.860
-1.740 mg.kg ™" in fish and 1.132 - 1.221 mg.kg ™" in rice.

The mean Cr(VI) accumulation varied depending on the
organism type and sampling station location. Fish samples
exhibited a greater accumulation of Cr(VI) compared to
rice samples. The ANOVA analysis indicated a significant
difference in Cr(VI) concentration between fish and rice
samples from control and affected zones (p-value < 0.005).

Consumption Rate, Estimated Daily Intake, and
Health Risk

Table 1 displays the distribution of rice and fish consumption
levels within the community, along with daily intake
statistics. The rice and fish consumption patterns of the

c
Location

mulation in fish and rice (mg.kg'l).

D

population vary across the four regions affected by tannery
waste disposal practices. Rice consumption ranged from
253.00t0312.43 g.day'l, with an average of 267.50 g.day™".
The daily fish consumption varied between 21.43 and
45.71 g.day’l, with an average of 33.75 g.day'l. The daily
intake value was determined by the amount of food consumed
and the concentration of chromium contained in the meal.
The daily chromium intake from rice and paddy consumption
was 10,000 pg.kg"'.day™! at station D, 8,800 pg.kg™'.day™! at
station B, 8,200 pg kg '.day™ at station C, and 5,700 pg.kg ™.
day’1 at station E.

Health risk characterization was carried out by
determining the RQ and ECR values based on the
community’s rice and fish consumption patterns. The daily
non-carcinogenic intake values ranged from 0.0057 to
0.0101 mgkg'.day!, with an average of 0.0083 mg.kg™.
day'l. The highest average non-carcinogenic intake value was
found at station D, with an average value of 0.0101 mg.kg‘l.
day’l, followed by stations B, C, and E. Table 2 presents
the non-carcinogenic intake, chronic daily intake, RQ, and
ECR values associated with the consumption of rice and fish
contaminated with chromium.

The RQ value was evaluated to determine non-
carcinogenic risk, with an acceptable limit of one (USEPA

Table 1: Consumption levels and estimated daily intake values of chromium in rice and fish.

Location Consumption Total Chromium Total Chromium Body Weight  Daily Intake

Rate [g.day™'] Consumption  Concentration Concentration [ke] Rate
Rate [g‘day'lj [mg.kg'lj [mg.kg!] [mg.kg"l.day'lj

Fish Rice Fish Rice

B 25.00 267.00 292.00 1.47 0.248 1.718 57.00 0.0088

C 42.85 253.00 295.85 1.74 0.206 1.946 59.00 0.0100

D 4571 259.00 304.71 1.41 0.199 1.609 57.00 0.0082

E 21.43 291.00 31243 0.86 0.168 1.028 56.00 0.0057

Mean 33.75 267.50 301.25 1.47 0.205 1.575 57.25 0.0081
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Table 2: Non-carcinogenic intake, Chronic Daily Intake, RQ, and ECR.

Location  Non-Carcinogenic ~ RQ Chronic ECR
Intake [mg‘kg'l. Daily Intake
day™] (ID1]
B 0.0088 293 0.0037 74x 107
C 0.0082 273 0.0043 8.6x 107
D 0.0101 337 0.0035 7.0x 1073
E 0.0057 1.90  0.0024 48x107
Mean 0.0083 277 0.0035 7.0x 107

2011). The study results showed that the RQ values at all
research locations exceeded one. This indicates that the
simultaneous consumption of rice and fish contaminated with
chromium can pose significant non-carcinogenic health risks,
rendering them unsafe for public consumption. The ECR
values further demonstrated that rice and fish consumption
at all sampling sites surpassed the established safe limit of
1.0 x 104, thereby presenting a substantial carcinogenic
risk in these areas. The intake rate and duration of exposure
also influence the health risks associated with ingesting
chromium-contaminated food. This was confirmed by the
regression analysis, which examined the relationship between
risk factors and health risk levels (Table 3). Intake rate and
duration of exposure were significantly associated with
health risk (p < 0.001). In contrast, factors such as chromium
concentration, consumption amount, body weight, and age
did not demonstrate statistical significance. The intake
rate and duration of exposure were significant predictors
of health risk, as indicated by high regression coefficients.
Multicollinearity and interaction effects were not examined
in the regression analysis (VIF <10).

Discussion

Water pollution, especially from industrial activities, presents
a considerable risk to human health and the environment
(Ogbuene et al. 2024, Yustiati et al. 2024). In developing
countries like Indonesia, rapid industrialization has led
to increased contamination of water bodies, particularly
rivers. The Opak River, heavily impacted by the leather

tanning industry, is a stark example of how industrial waste
can severely degrade water quality. The findings from this
research underscore the urgent need for effective monitoring
and management strategies to mitigate the harmful impacts
of such pollution. Implementing stricter regulations and
promoting sustainable industrial practices are crucial for
protecting water resources and safeguarding the health of
local communities. Moreover, community engagement and
education play vital roles in raising awareness about the
importance of water conservation and pollution prevention.
This empowers residents to advocate for cleaner practices
and strengthens accountability among industries.

Chromium-contaminated river water used for agricultural
irrigation and fishing activities is the main source of pollution
in aquaculture ponds and paddy fields. The absence of
hexavalent chromium in water samples from aquaculture
ponds and rice fields located upstream of the industrial
area supports this claim. In contrast, hexavalent chromium
was detected in downstream regions linked to the leather
tanning sector during wastewater discharge. According
to Xu et al. (2023), tannery is identified as the primary
source of environmental chromium contamination. The
average concentration of hexavalent chromium in water
samples exceeds the established limits for aquaculture
quality. As per Government Regulation 82 of 2002, the
allowable concentration of chromium is 0.05 mg.L". The
United Nations Environment Programme/World Health
Organization has established a maximum acceptable
concentration (MAC) of 0.05 mg.L"! for chromium to protect
aquatic ecosystems (UNEP 2008). Soil samples showed
higher concentrations of hexavalent chromium compared
to water samples. This study reveals that heavy metal levels
are low in water but considerably higher in sediment and
biota (Paller & Littrell 2007). Chromium quickly bonds with
organic molecules and accumulates rapidly in sediments
(Ipinmoroti et al. 2022, Ehiemere et al. 2022). Heavy metals,
especially chromium, exhibit an increased propensity to
associate with sediment, leading to its sequestration (Brady
et al. 2015). The movement of heavy metals into sediments

Table 3: Results of linear regression analysis of risk agents and health risks (R?=0.823).

Variables B Standard Error 95% Confidence Interval p-value
Constant -0.259 0.065 -0.0426 —-0.0151 <0.001
Intake Rate [R] 473.818 12.257 215.412 - 432.181 <0.001
Duration of Exposure [Dt] 0.008 0.003 0.006 — 0.009 <0.001
Hexavalent Chromium [C] -0.242 0.092 -0.219 - 0.045 0.110
Amount of consumption 0.0007 0.002 0.00013 —0.00019 0.432
Weight [BB] 0.003 0.001 -0.002 - 0.004 0.122
Age [A] 0.002 0.002 -0.001 —0.004 0.279
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results in elevated pollutant concentrations in soil while
simultaneously lowering levels in water (Nurkhasanah 2015).

Udosen et al. (2016) observed that sand acts as a natural
adsorbent for heavy metals in aquatic environments, thereby
reducing the bioavailable fraction in the water. Unlike
water, sediment functions as a reservoir for metals due to its
distinct physicochemical characteristics. Currently, sediment
is widely regarded as a major repository for heavy metals
that accumulate as a result of pollution (Xia et al. 2020). It
serves as both a source and a sink for the accumulation and
redistribution of heavy metals (Miao et al. 2020; Wang et al.
2020). Heavy metals stored in sediments can be reintroduced
into the water column, causing “secondary pollution” that
adversely affects ecosystems and human health through the
food chain and biological enrichment (Bing et al. 2019).
Therefore, sediment is considered a sensitive indicator
for evaluating the health of aquatic ecosystems (Bastami
et al. 2015). Assessing river water quality based solely on
heavy metal concentrations in the water is inadequate; it is
essential to also quantify heavy metals in sediments. The
contamination of rice paddies and aquaculture ponds with
Cr(VI) leads to exposure and subsequent accumulation of
Cr(VI) in both rice and fish.

Heavy metals may significantly contaminate the
ecosystem as a result of chromium deposition in fish and
rice (Makedonski et al. 2017). Chromium accumulation in
fish and rice occurs through the uptake of water, sediment,
or dietary sources, such as algae, consumed by herbivorous
and omnivorous fish (Joshi et al. 2002). The accumulation
of Cr(VI) in fish and rice samples is variable and influenced
by many variables, including Cr(VI) concentrations in
water and sediment, along with the physical and chemical
characteristics of the environment at each research location.
Moreover, heavy metal absorption is influenced by biota
species, organism tolerance thresholds, sensitivity, and
water’s physical and chemical characteristics (Yousafzai et al.
2010). The variability of chromium accumulation in rice and
fish may be caused by chromium concentration in sediment,
bioavailability, physical and chemical characteristics of the
environment, and types of organisms (Wu et al. 2021). Heavy
metal contaminants in aquatic ecosystems may accumulate in
fish via bioaccumulation and bioconcentration (Korkmaz et
al. 2019, Arisekar et al. 2020). Factors such as sex, age, size,
reproductive cycle, swimming behavior, dietary preferences,
and environmental conditions significantly affect the
accumulation of heavy metals in fish. The consumption of
contaminated fish introduces heavy metals into the human
body (Gholamhosseini et al. 2021). The accumulation of
chromium in foods such as rice and fish is concerning, as its
consumption may lead to health risks. Identifying chromium

in rice fields, aquaculture ponds, and food, such as rice and
fish, establishes a baseline for evaluating the food safety risk
to consumers of these products.

Concentrations of Cr(VI) in fish and rice samples
from areas affected by tannery effluent discharge were
significantly higher. The findings of this research indicate
chromium accumulation levels in fish that substantially
exceed those reported in previous studies. Notably, the
investigation by Rahman et al. (2012) in Bangladesh reported
accumulation levels of 0.09 to 0.4 mg.kg™', while the study
by Leung et al. (2014) in China indicated levels ranging
from 0.2 to 0.65 mg.kg" and 0.18 to 0.85 mg.kg™'. The
concentration of Cr(VI) in rice samples was significantly
higher than the results reported by Gomah et al. (2019) in
Monrovia, which indicated an average hexavalent chromium
level of 0.4245 mg.kg", Guo et al. (2019) in China, with
an average of 0.31 mg.kg™', and Jahirudin et al. (2017),
who recorded an average chromium concentration of
1,058 mg.kg™\. However, this concentration is considered
safe for consumption according to the maximum limit
established by the Director General of the Food and Drug
Authority, which is 2.5 mgkg™' (Dirjen POM 1989). This
stands in stark contrast to the concentration limits established
by the WHO and the Federal Environmental Protection
Agency, which specify that the maximum allowable amount
of chromium in food, including fish, is 0.05-0.15 mg.kg ™! of
fish body weight (Bakshi & Panigrahi 2018).

Rice is a staple food for a large portion of the population
in many Asian countries, including Indonesia. Meanwhile,
freshwater fish is a preferred source of high-quality protein,
chosen by many individuals to support their health. (Parvin
et al. 2023). Consequently, chromium pollution in river
ecosystems and the food chain can be transmitted to humans
via rice and fish consumption, potentially harming human
health. The rice consumption among individuals in the four
research locations was notably high, varying from 253.00 to
312.43 g.day !, with an average of 267.50 g.day ' The average
fish consumption was 33.75 g.day™', ranging from 21.43 to
45.71 g.day’. In the research locations, rice consumption
significantly surpassed the national average of 217 g.day™’,
whereas fish consumption was considerably lower than the
national average of 51 g.day™ (BPS 2024). The average rice
consumption in the research community was 267.50 g.day ™,
significantly higher than that of several other Asian countries:
China at 238 g.day™', Taiwan at 132 g.day', and Japan at
119 g.day! (Hu et al. 2016). The significant consumption of
chromium-contaminated food, particularly rice, results in a
daily chromium intake in the community at the research site,
estimated to be between 0.0057 and 0.0100 mg.kg'.day™.
Approximately 90% of chromium intake in humans occurs
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through food consumption, rather than drinking water, skin
contact, or inhalation (Zhang et al. 2020). Diet is the major
source of chromium exposure. Estimated daily oral intakes
for infants (1 year), children (11 years), and adults are 33-
45, 123-171, and 246-343 pg.person'l.day'l, respectively
(Rowbotham et al. 2000). The daily intake of chromium at
each research site differs due to variations in consumption
patterns and the level of chromium contamination in food.
Consuming foods contaminated with chromium presents
a public health risk (Varol & Siinbiil 2020). Even in low
concentrations, chromium remains dangerous because it can
accumulate in the body and reach toxic levels (Chen & Chau
2019, Ustaoglu et al. 2019).

The study demonstrated that consuming food
contaminated with Cr(VI) presents significant non-
carcinogenic and carcinogenic health risks, as indicated
by RQ values exceeding one and ECR values greater than
7.0 x 10 The US EPA (2011) states that the RQ value is
used to assess non-carcinogenic risk, with an acceptable
maximum limit of 1 and an ECR value below 1.0 x 104
Consequently, the community’s consumption of rice and
fish across all research regions poses significant risks of both
serious non-carcinogenic and carcinogenic health effects.
The intake of heavy metals, including chromium, can lead
to their accumulation in body tissues such as adipose and
bone tissues. Exposure to Cr(VI) may increase susceptibility
to upper gastrointestinal cancer (Mensoor & Said 2018)
and may reduce human life expectancy by approximately
9 to 10 years (Guerra et al. 2012). Chemically-acquired
immunodeficiency syndrome (C-AIDS) refers to a weakened
immune response caused by exposure to chemicals,
including heavy metals. Prolonged exposure to chromium
in humans may lead to gastrointestinal disorders, respiratory
complications, renal and hepatic damage, and abnormalities
in genetic material, among other health problems (Shanker
et al. 2005). The principal pathophysiology involves DNA
damage, genomic instability, and the generation of reactive
oxygen species (ROS) induced by Cr(VI). Chromium (VI)
increases oxidative stress and stimulates ROS production in
target DNA and cellular lipids, resulting in DNA damage
and lipid peroxidation (Balali-Mood et al. 2021). The cancer
risk associated with Cr(VI) exposure can be influenced by
various factors, including the level of Cr(VI) intake from
contaminated sources and the differing concentrations of
Cr(V]) present in food and drinking water. (ATSDR 2012,
TARC 2012, Ukhurebor 2021).

However, the findings of this health risk analysis cannot
be presented directly to the authorities for decision-making in
risk management. Further efforts are required to characterise
uncertainty and variability, which are essential components

of health risk assessment. Health risk analysis is inherently
subject to uncertainty due to variability across spatial and
temporal scales (Walker et al. 2003). This variability arises
from factors such as the intrinsic properties of an agent, the
nature of its side effects, the characteristics of hazards, the
relationship between the agent and health effects, the actual
level of exposure, and the source of observed outcomes
(Jansen et al. 2019). The deterministic approach to health
risk assessment has limitations, particularly its tendency to
underestimate or overestimate actual risk. Variability may
stem from differences in metal concentrations, chromium
species, consumption levels, age, sex, body weight, and
physiological or metabolic parameters (Miletic et al. 2023).

Nevertheless, Cr(VI) contamination on agricultural land
and aquaculture severely undermines the safe production of
food crops and presents enormous latent dangers to human
health. Cr(VI) pollution negatively impacts food safety and
health; therefore, effective river water quality management,
rigorous monitoring, and pollution prevention measures are
essential to mitigate these adverse effects. These efforts
can be made through better industrial waste management
to prevent the discharge of pollutants into rivers, strict
supervision of polluting industries, the need for regulations
that limit the amount of waste that can be discharged into the
environment, and increasing public knowledge and awareness
of the risks of Cr(VI) to the environment and health. The
findings highlight the urgent need for improved industrial
waste management, stricter pollution regulations, and public
awareness initiatives to mitigate the adverse effects of Cr(VI)
contamination on food safety and human health. The study
underscores the critical relationship between environmental
pollution and public health, emphasizing the necessity for
comprehensive monitoring and preventive measures.

The findings of the Opak River study highlight the urgent
requirement for improved industrial waste management
practices and more stringent regulatory measures to address
chromium pollution. The significant health risks associated
with consuming contaminated food highlight the importance
of monitoring water quality and implementing effective
pollution prevention strategies. Addressing these challenges
is vital for safeguarding public health and ensuring food
security in communities affected by industrial pollution.
The research serves as a call to action for policymakers,
industry stakeholders, and local communities to collaborate
to mitigate environmental contamination’s impacts and
protect future generations.

CONCLUSIONS

There has been a significant increase in Cr(VI) contamination
in water, sediment, fish, and rice downstream of the
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Opak River. The findings demonstrate that all examined
water, sediment, fish, and rice samples from downstream
of the industrial zone exhibited varying levels of Cr(VI)
contamination, exceeding the safety limits established by
health authorities. The health risk assessment revealed
significant non-carcinogenic and carcinogenic risks linked to
the consumption of contaminated rice and fish, as indicated
by RQ values exceeding one and ECR values surpassing
acceptable thresholds. The results highlight the critical
need for effective management of river water quality, the
implementation of stricter regulations on industrial effluents,
studies to assess the carrying capacity of rivers, and the
establishment of maximum acceptable limits for liquid
waste discharge into water bodies. To mitigate pollution
and safeguard public health, Cr(VI) parameters should be
incorporated into river water quality monitoring to facilitate
routine assessments, including evaluations of various food
commodities along the downstream Opak River.
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ABSTRACT

This study investigated the distribution and diversity of lichens across different elevational
zones in the Madhyamaheshwar Valley, Garhwal Himalaya. A total of 77 lichen species from
22 families and 52 genera were recorded across three altitudes: lower (1600-2300 m ASL),
middle (2600-3100 m ASL), and higher (3200-3600 m ASL). Lichen diversity increased with
elevation, with 48 species recorded at higher elevation sites, Madhyamaheshwar and Budha
Madhyamaheshwar, 17 at middle elevation sites, Maikhamba-Chatti and Koonchatti, and 12
at lower elevation sites, Goundar Village, Lower Bantoli, Upper Bantoli, Khadarakhal, and
Nanuchatti. Temperature and humidity were identified as significant factors influencing lichen
diversity, with cooler conditions at higher elevations supporting more diverse communities.
Slope and cardinal directions also influenced species distribution, with gentler slopes and
southern cardinal directions supporting higher diversity. Lichens have a preference for tree
bark as a substrate, with certain species exhibiting greater host specificity. These findings
underscore the crucial role of environmental factors in shaping the distribution of lichen
communities across elevational gradients in the valley.

INTRODUCTION

Lichens, as complex symbiotic systems, are globally distributed and serve as
reliable indicators of ecological conditions, particularly in relation to atmospheric
and climatic variations. Recent scientific investigations have deepened our insight
into their physiological and distributional responses to changing climate patterns,
reinforcing their role as critical bioindicators in ecological monitoring and
environmental assessment (Stanton et al. 2023). Elevation gradients are regarded
as one of the most significant patterns in biogeography (Lomolino 2001). The
atmospheric conditions on a mountain change with altitude, resulting in variability
in both the number of different species present and the specific types of species
found (Korner 2007). Lichens, comparable to various other organisms, have been
demonstrated to react to elevation-dependent parameters (Vetaas et al. 2019).
Consequently, altitude is a key factor affecting the abundance, composition, and
variety of lichen ecosystems (Baniya et al. 2010, Vittoz et al. 2010, Bissler et al.
2016, Rodriguez et al. 2017, Cleavitt et al. 2019). Lichens are adaptable organisms
capable of surviving in a variety of environments, and their population patterns are
shaped by factors such as moisture, temperature, air quality, and nutrient availability
(Geiser et al. 2021). Their spatial distribution is strongly influenced by climatic
factors, particularly temperature and humidity.
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Additionally, studies have shown that the abundance of
species varies significantly across different altitudinal zones
(Abas & Din 2021). The distribution of lichen communities
is influenced by key environmental elements, such as
sunlight, humidity, temperature, and slope (Shrestha et al.
2012). Lichen communities are sensitive to variations in
abiotic conditions, such as temperature, pollution levels,
rainfall, and light availability. Steeper slopes tended to
support fewer lichen species, suggesting that the terrain
significantly affects their distribution. Additionally,
microhabitat features, such as slope and light exposure,
contribute to shaping lichen diversity, influencing both
their richness and abundance across different environments
(Cung et al. 2021). Latitude-dependent factors, such as
aspect (primarily north-south) and slope, are also crucial,
as they affect the amount of solar radiation received.
Along with altitude, these factors determine incident solar
radiation (insolation) and the extent of evapotranspiration
(Pentecost 1979, Kidron & Termina 2010, Rodriguez et
al. 2017). Therefore, in the southern hemisphere, areas
facing south have cooler temperatures and higher humidity
levels than areas facing north (Kérner 1995, 2007). Lichen
communities are strongly influenced by elevation, with
species richness and composition varying along altitudinal

79°15'0°
I

gradients (Pinokiyo et al. 2008). Numerous studies have
highlighted the exceptional diversity of lichens found at
high-altitude locations across Europe, Asia, and India
(Baniyaetal. 2010, Vittoz et al. 2010, Rashmi & Rajkumar
2019; Abas & Din 2021).

In our previous study (Prabhakar et al. 2024), we provided
valuable insights into the lichen flora of the Madhyamaheshwar
Valley, documenting over 60 lichen species, representing 33
genera and 21 families, across eight sites along the trekking
route from Goundar village to Budha Madhyamaheshwar.
However, the scope of that study was confined to a limited
number of key locations along the trekking path. The present
study significantly broadens this scope by investigating
previously unexplored regions of the valley. In contrast to our
earlier research, this study incorporated additional ecological
factors, including aspect, temperature, humidity, slope, and
altitudinal gradients, thereby offering a more comprehensive
understanding of species distribution. Moreover, several
additional species that were not recorded in our previous study
were identified in this study. These novel findings provide
enhanced insights into the ecological and biodiversity patterns
of the region, thereby advancing our understanding of lichen
distribution across this ecologically sensitive region of the
Himalayan gradient.
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Fig. 1: Geographical map of the study area.
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MATERIALS AND METHODS
Site Description

The study area, Madhyamaheshwar Valley, located in the
Rudraprayag District of the Garhwal Himalayan region in
Uttarakhand, is part of the Kedarnath Wildlife Sanctuary. It
spans approximately 262 km?. Lichens were collected from
altitudinal ranges of 1600 to 3600 m ASL, covering an area
of approximately 13.92 km?. This area lies between latitudes
30°36°22” N and 30°37°59” N, and longitudes 79°11°12” E
and 79°12°46” E (Fig. 1).

Lichen Sampling and Collection of
Environmental Variables

The lichen samples were collected during May 2024
from Goundar Village, Lower Bantoli, Upper Bantoli,
Khadarakhal, Nanuchatti, Maikhamba-Chatti, Koonchatti,

Madhyamaheshwar, and Budha Madhyamaheshwar area of
Madhyamaheshwar valley. These sites were categorized into
three elevational zones: lower (16002300 m ASL), middle
(2600-3100 m ASL), and higher (3200-3600 m ASL).
Lichen samples were collected from various substrates,
including tree barks, twigs, mosses, rocks, and soil. Data
on elevation, slope, cardinal direction aspect, temperature,
and humidity were recorded at the collection sites to
ensure a thorough analysis of the environmental variables
influencing lichen distribution. The study areas displayed
a distinct elevation gradient, with Goundar village at
1600 m ASL Lower and Upper Bantoliranging from
1700 - 1800 m ASL, Khadarakhalat 2100 m ASL, Nanu-
Chattiat2300 m ASL, Maikhamba-Chattiat 2600 m
ASL, Koon-Chattiat 2900 m ASL, Madhyamaheshwarat
3200 m ASL, and the highest point, Budha Madhyamaheshwar,
at3400 m ASL This gradient reflects a progressive increase
in elevation across the study sites.

Fig. 2: Lichen species distribution across various substrates in the Madhyamaheshwar Valley (A-H) - A. Caloplaca flavorubescens, B. Chrysothrix
candelaris, C. Cladonia subulata, D. Dermatocarpon miniatum, E. Flavoparmelia caperata, F. Heterodermia diademata, G. Leptogium delavayi, H.
Lobaria retigera.

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026
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Table 1: Distribution of lichen taxa across different elevations, slopes, aspects, temperature ranges, and humidity levels in the Madhyamaheshwar Valley.

Lower elevation (1600 - 2300 m.ASL)

Sites - Goundar Village, Lower Bantoli, Upper Bantoli, Khadarakhal and Nanuchatti

Temperature (Min-max): 11.3°C to 32.1°C, Humidity (Min-max): 34% - 59%

Family Lichen taxa Slope Aspect
Teloschistaceae Caloplaca flavorubescens (Huds.) J.R. Laundon 38.6° NE
Chrysotrichaceae Chrysothrix candelaris (L.) J.R. Laundon 63.7° NE
Cladoniaceae Cladonia fruticulosa Kremp. 24.7° SE
Cladonia subulata (L). F.H. Wigg. 11.1° SE
Verrucariaceae Dermatocarpon miniatum (L.) W. Mann 46.0° SE
Parmeliaceae Flavoparmelia caperata (L.) Hale 48.2° E
Physciaceae Heterodermia diademata (Taylor) D.D. Awasthi 20.8° SE
Collemataceae Leptogium delavayi Hue 44.2° E
Lobariaceae Lobaria retigera (Bory) Trevis 40.2° SE
Parmeliaceae Parmotrema reticulatum (Taylor) M. Choisy 57.0° S
Parmotrema tinctorum (Despr. ex Nyl.) Hale 40.0° w
Pertusariaceae Pertusaria velata (Turner) Nyl. 22.4° SW
Middle elevation (2600 - 3100 m.ASL)
Sites - Maikhamba-Chatti and Koonchatti
Temperature (Min-max): 11.3°C to 24.8°C, Humidity (Min-max): 54% - 77%
Cladoniaceae Cladonia coccifera (L.) Willd. 22.8° NwW
Cladonia corniculata Ahti and Kashiw 22.7° NW
Cladonia ramulosa (With.) J. R. Laundon 29.6° N
Graphidaceae Graphis sp. 2 14.3° SE
Parmeliaceae Hypotrachyna cirrhata (Fr.) Divakar et al. 52.5° SW
Collemataceae Leptogium askotense D.D. Awasthi 51.4° N
Leptogium burnetiae C.W. Dodge. 41.2° S
Leptogium trichophorum Miill. Arg. 50.6° S
Lobariaceae Lobaria kurokawae Y oshim 40.3° S
Parmeliaceae Parmotrema nilgherrensis (Nyl.) Hale 21.0° E
Peltigeraceae Peltigera polydactylon (Neck.) Hoffm. 28.6° S
Physciaceae Polyblastidium microphyllum (Kurok) Kalb. 45.1° SE
Ramalinaceae Ramalina sinensis Jatta 25.6° SW
Parmeliaceae Sulcaria sulcata (Lév) Bystrek ex Brodo and D. Hawksw 27.7° w
Usnea subfloridana Stirt. 47.5° S
Usnea orientalis Motyka 62.1° S
Umbilicariaceae Umbilicaria vellea (L.) Ach. 46.3° S
Higher elevation (3200 - 3600 m.ASL)
Sites - Madhyamaheshwar and Budha Madhyamaheshwar
Temperature (Min-max): 7.2°C to 20.6°C, Humidity (Min-max): 29% - 66%
Megasporaceae Aspicilia cinerea (L.) Korb 32.9° N
Aspicilia dwaliensis ROsInen 36.9° NE
Parmeliaceae Bryoria himalayana (Motyka) Brodo. & D. Hawksw. 52.9° N
Table Cont....
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Family Lichen taxa Slope Aspect
Caliciaceae Buellia himalayensis (S.R. Singh and D.D. Awasthi) A. Nordin 27.4° NE
Calicium adspersum subsp. himalayense G.Pant & D.D. Awasthi 23.4° w
Cladoniaceae Cladonia fimbriata (L.) Fr. 30.2° W
Cladonia laii S. Stenroos 28.5° N
Cladonia pocillum (Ach.) Grognot 44.2° NW
Cladonia pyxidata (L.) Hoffm 39.7° w
Cladonia squamosa Hoffm. 10.5° E
Coccocarpiaceae Coccocarpia erythroxyli (Spreng.) Swinscow & Krog 27.5° E
Verrucariaceae Dermatocarpon vellereum Zsaschke 35.9° S
Parmeliaceae Dolichousnea longissima (Ach.) Articus 36.6° S
Graphidaceae Graphis cfr. duplicata Ach. 67.8° NE
Graphis furcata Fée 21.2° N
Graphis scripta (L.) Ach. 23.1° S
Graphis sp. 1 25.4° N
Graphis sp. 3 18.6° N
Physciaceae Heterodermia japonica (Sato) Swinsc. & Krog. 42.6° NwW
Parmeliaceae Hypotrachyna nepalensis (Taylor) Divakar et al. 38.6° S
Lecanoraceae Lecanora caesiorubella Ach. 42.3° NwW
Lecanora fimbriatula Stirt. 14.2° S
Lecanora interjecta Mill. Arg. 13.7° w
Lecidella carpathica Korb. 15.1° w
Lecidella elaeochroma (Ach.) M. Choisy 24.8° NW
Lecidella euphorea (Florke) Kremp 25.0° w
Pertusariaceae Lepra leucosorodes (Nyl.) I. Schmitt, B.G. Hodk and Lumbsch 16.8° E
Teloschistaceae Loplaca pindarensis (R0sInen) Poelt and Hinter. 60.2° N
Parmeliaceae Nephromopsis laii (A. Thell and Randlane) Saag and A. Thell 14.2° N
Ochrolechiaceae Ochrolechia subpallescens Verseghy 58.0° NE
Parmeliaceae Parmelia masonii Essl. & Poelt. 28.4° E
Parmelinella wallichiana (Taylor) D.D. Awasthi 43.8° S
Parmotrema thomsonii (Stirt.) A. Crespo, Divakar and Hawksw 36.4° S
Peltigeraceae Peltigera canina (L.) Willd. 21.6° SW
Peltigera membranaceae (Ach.) Nyl 29.3° N
Pertusariaceae Pertusaria composita Zahlbr. 48.6° S
Acarosporaceae Pleopsidium flavum (Trevis) Korb. 38.1° E
Lecideaceae Porpidia crustulata (Ach.) Hertel and Knoph 62.3° S
Porpidia macrocarpa (DC.) Hertel and A.J Schwab 43.2° S
Ramalinaceae Ramalina conduplicans Vain 33.6° N
Ramalina himalayensis RisInen 22.9° E
Ramalina intermedia (Delise ex Nyl.) Nyl. 46.3° E
Rhizocarpaceae Rhizocarpon geographicum (L.) DC 44.3° NwW
Stereocaulaceae Stereocaulon foliolosum var. strictum (C. Bab.) LM. Lamb 57.1° SW
Stereocaulon myriocarpum Th. Fr 69.0° S
Lobariaceae Sticta henryana Miill. Arg. 72.0° S
Umbilicariaceae Umbilicaria indica Frey 51.9° S
Teloschistaceae Xanthoria elegans (Link)Th. Fr. 20.6° NwW

Total Families - 22

Total number of lichen species — 77

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026
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Fig. 3: Lichen species distribution across various substrates in the Madhyamaheshwar Valley (A-H) - A. Aspicilia dwaliensis, B. Bryoria himalayana,
C. Cladonia pocillum, D..Heterodermia japonica, E. Peltigera canina, F. Pleopsidium flavum, G. Rhizocarpon geographicum, H. Sticta henryana.

Identification of Lichens

The lichen samples were identified based on their
morphological, anatomical, and chemical characteristics,
following the methods described by Nayaka (2014) and the
relevant literature (Awasthi 1991, 2007, Liicking et al. 2009,
Singh & Sinha 2010, Singh &Arya 2019). The samples were
confirmed and authenticated at the Lichenology Laboratory of
the CSIR-National Botanical Research Institute in Lucknow.
The identified lichen samples were deposited in the herbarium

of H.N.B. Garhwal University (GUH) and the herbarium of the
NBRI, Lucknow (LWG). Statistical analysis was performed
using software/tools to accurately measure environmental
variables: altitude was recorded with a barometric altimeter,
slope was measured using a digital clinometer, aspect was
determined with a compass, and humidity and temperature
were quantified using a digital hygrometer. For spatial analysis
and visualization, QGIS was used to process, analyze, and map
the collected data, ensuring a comprehensive and scientifically
rigorous assessment of the environmental parameters.
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RESULTS

A total of 77 lichen species belonging to 22 families and
52 genera were identified. These included 28 crustose, 28
foliose, and 21 fruticose lichens (Table 1, Figs. 2-3).

Lichen Diversity, Temperature, and Humidity Across
Different Elevation Zones

Lower elevation (1600-2300 m ASL): A total of 12lichen
species were found, belonging to nine families and ten
genera (three crustose, seven foliose, and two fruticose).
Parmeliaceae was the dominant family. The temperatures
ranged from 11.3 to 32.1°C, and the relative humidity
ranged from 34% to 59% (Table 1, Figs. 4, 7, 8). These

climatic conditions likely create distinct ecological niches
that influence the distribution, growth, and survival of lichen
species. Some species thrive in warmer and drier conditions,
whereas others adapt to moderate temperatures and humidity.

Middle elevation (2600-3100 m ASL): A total of
17species were recorded from nine families and 12 genera
(1 crustose, 9 foliose, and 7 fruticose). Parmeliaceae
was the dominant family, followed by Cladoniaceae and
Collemat. Temperatures ranged from 11.3 to 24.8°C, with
humidity between 54% and 77% (Fig. 5). These moderate
temperatures and higher humidity conditions likely
supported greater species richness than at lower elevations.
More stable climatic conditions foster a broader range of
species with varying levels of tolerance to both temperature

Teloschistaceae
Chrysotrichaceae
Cladoniaceae
Verrucariaceae

Parmeliaceae

® Number of genera B Number of species

Physciaceae
Collemataceae
Lobariaceae
Pertusariaceae

Fig. 4: Distribution of lichen families with respect to abundance of their species in lower elevation (1600 - 2300 m ASL).
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Peltigeraceae
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Ramalinaceae
Umbilicariaceae

Fig. 5: Distribution of lichen families with respect to abundance of their species in the middle elevation (2600 - 3100 m ASL).
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and humidity, promoting a diverse and stable ecological
environment.

Higher elevation (3200-3600 m ASL): A total of 48species
were recorded from 20 families and 30 genera (24 crustose,
12 foliose, and 12 fruticose). Parmeliaceae was the most
represented family, followed by Lecanoraceae, Cladoniaceae,
and Graphidaceae. The temperatures ranged from 7.2°C
to 20.6°C, and the humidity from 29% to 66% (Fig. 6).
These cooler temperatures and variable humidity levels

Nitin Kant Prabhakar et al.

supported a highly diverse lichen community. Some species
thrived in cooler and less humid conditions, whereas others
were resilient to lower humidity levels. These climatic
factors, along with the specific adaptations of lichen species,
play a critical role in shaping the lichen community at higher
elevations.

Diversity of Lichens Across Slope Gradients

The distribution of lichens varied with slope angle
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(Table 1, Figs. 9 and 10). Gentle slopes (10.5°-30.2°)
supported the highest diversity (34 species), likely because
of better moisture retention. Moderate slopes (32.9°-48.6°)
had 28 species, possibly affected by microclimatic variation.
Steep slopes (50.6°-72.0°) supported 15 species, indicating
the presence of stress-tolerant, specialized lichens. Overall,
these findings highlight that lichen diversity is influenced by
slope angle, with gentler slopes supporting higher diversity,
whereas steeper slopes host a more specialized, lower
diversity of species.

Diversity of Lichens in Different Directional Aspects

In the present study, the term ‘aspect’ refers to the direction
a surface of a hill, mountain slope, or terrain faces relative to
the sun, and it is used to describe how different orientations
significantly affect lichen distribution (Table 1, Fig. 11 and 12).

The southern aspect supported the highest diversity (21
species) because of the greater sunlight and warmth. The
northern aspect had 12 species, which were influenced by
cooler and shaded conditions.

Number of species

Slope

#10.5°-30.2°

H32.9°-48.6°

E50.6° - 72.0°

Fig. 9: Distribution of lichen species based on the slope.
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Eastern and western aspects supported 10 and 8 species,
respectively, whereas intercardinal directions showed
varying diversity based on differential sunlight exposure.
The study found that southern aspects had the highest lichen
diversity, likely because of greater sunlight and warmth. In
contrast, the northern, eastern, and western aspects showed
lower species richness, which was influenced by temperature,
light, and moisture. These results highlight the role of

directional exposure in shaping the lichen distribution in
the valley.

Altitudinal Variation in Lichen Species and Substrate
Preference

Substrate preference shifted with elevation. At lower
elevations, foliose lichens dominated the bark, rock,
and soil. At mid-elevations, foliose and fruticose forms

Number of species

Aspect

E North

E East
 South

E West
 North east
# North west
& South east

i South west

Fig. 11: Distribution of lichen species based on aspects.
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increased, occupying the bark, mosses, and twigs. At
higher elevations, crustose lichens were more prevalent,
particularly on rocks and tree trunks, reflecting their
adaptation to colder, wind-exposed environments. This
indicates that increasing altitude correlates with a shift
in both species composition and substrate preference,
favoring more specialized and resilient species at higher
elevations.

Distribution Patterns of Lichens Across Elevation
Zones in Madhyamaheshwar Valley

The distribution of lichen species in the Madhyamaheshwar
Valley revealed distinct patterns across three elevation zones
(1600-2300 m, 2600-3100 m, and 3200-3600 m ASL). Based
on these zones, lichens were categorized by their presence
in one, two, or all three zones (Table 2), providing insights
into habitat specificity.

Lichens Present in All Three Elevational Zones

Several species occur across all elevation zones (1600-2300
m, 2600-3100 m, and 3200-3600 m ASL), exhibiting varied
substrate preferences. Species such as Dermatocarpon
miniatum, Flavoparmelia caperata, Heterodermia diademata,
Leptogium delavayi, Lobaria retigera, Parmotrema
reticulatum, and Parmotrema tinctorum were observed in
all zones. These lichens occupy substrates, including rocks,
bark, and mosses; for example, Flavoparmelia caperata
and Parmotrema reticulatum were found on both bark and
rock. Their widespread presence suggests a broad ecological
tolerance.

Lichens Present in Two Different Elevational Zones

Lichen distribution indicated the absence of species exclusive
to the lower elevation zone (1600-2300 m ASL). In contrast,
species such as Cladonia corniculata, Dolichousnea
longissima, and Leptogium askotense were found at both
mid (2600-3100 m ASL) and high (3200-3600 m ASL)
elevations, primarily on bark, mosses, twigs, and rocks. Their
distribution reflects a preference for cooler and more stable
environments typical of higher altitudes. The use of multiple
substrates indicates ecological flexibility.

Lichens Present in Only One Specific Elevational Zone

Certain lichen species exhibit strong elevation-specific
patterning. At lower elevations (1600-2300 m ASL),
species such as Caloplaca flavorubescens, Chrysothrix
candelaris, Cladonia fruticulosa, Cladonia subulata, and
Pertusaria velata occur exclusively. Mid-elevation species
included Cladonia coccifera, Cladonia ramulosa, Graphis
sp. 2, Hypotrachyna cirrhata, and Lobaria kurokawa. At
higher elevations (3200-3600 m ASL), 41 species were
documented, many of which were restricted to this zone,
indicating adaptation to harsher conditions. These patterns
reflect the niche specialization of lichen species along an
altitudinal gradient.

DISCUSSION

The study revealed that 48 lichen species were most abundant
at higher elevations in the Madhyamaheshwar Valley
(Table 1). This observation aligns with the findings of several
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Table 2: Lichen species and their distribution across elevation zones and substrates in Madhyamaheshwar Valley.

S.No.  Name of lichens Elevation zones (m ASL) Substrates
1600 — 2300 m 2600 — 3100 m 3200 — 3600 m

1 Aspicilia cinerea x x v Rock

2 Aspicilia dwaliensis x x N Rock

3 Bryoria himalayana X X v Bark

4 Buellia himalayensis X X N Bark

5 Calicium adspersum subsp. himalayense X X v Bark

6 Caloplaca flavorubescens N X X Bark

7 Chrysothrix candelaris N X X Bark

8 Cladonia coccifera x v X Soil

9 Cladonia corniculata X v N Deadwood, mosses

10 Cladonia fimbriata X X v Bark

11 Cladonia fruticulosa X X Soil

12 Cladonia laii X X v Mosses

13 Cladonia pocillum X x N Rock

14 Cladonia pyxidata X X v Mosses

15 Cladonia ramulosa x X Soil

16 Cladonia squamosa X x N Rock

17 Cladonia subulata Vv X X Soil

18 Coccocarpia erythroxyli X X v Rock

19 Dermatocarpon miniatum N v N Rock

20 Dermatocarpon vellereum X x v Rock

21 Dolichousnea longissima X N v Twigs

22 Flavoparmelia caperata v v v Bark, rock

23 Graphis cfr. duplicata X X v Bark

24 Graphis furcata X x N Bark

25 Graphis scripta X X v Bark

26 Graphis sp.1 X X N Bark

27 Graphis sp.2 X v X Bark

28 Graphis sp.3 X X v Bark

29 Heterodermia diademata N N Bark, rock

30 Heterodermia japonica X X v Bark

31 Hypotrachyna cirrhata X v X Bark

32 Hypotrachyna nepalensis X X v Bark

33 Lecanora caesiorubella X X v Bark

34 Lecanora fimbriatula X N N Bark

35 Lecanora interjecta X x N Bark

36 Lecidella carpathica X x N Rock

37 Lecidella elaeochroma X X v Bark

38 Lecidella euphorea X X v Bark

39 Lepra leucosorodes X X v Bark

40 Leptogium askotense X v v Bark, mosses
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S.No.  Name of lichens Elevation zones (m ASL) Substrates
1600 — 2300 m 2600 — 3100 m 3200 - 3600 m

41 Leptogium burnetiae X N N Bark, mosses

42 Leptogium delavayi N N v Bark, mosses

43 Leptogium trichophorum X v v Bark, mosses

44 Lobaria kurokawae X N X Mosses

45 Lobaria retigera N v v Bark, mosses

46 Loplaca pindarensis X x N Rock

47 Nephromopsis laii X v v Bark

48 Ochrolechia subpallescens X X v Bark

49 Parmelia masonii x x v Rock

50 Parmelinella wallichiana X N v Bark, rock

51 Parmotrema nilgherrensis X v v Bark, rock

52 Parmotrema reticulatum v v N Bark, rock

53 Parmotrema thomsonii X v v Bark, Twigs rock

54 Parmotrema tinctorum v N v Bark, rock

55 Peltigera canina X X v Mosses

56 Peltigera membranaceae X X N Mosses

57 Peltigera polydactylon X N N Mosses

58 Pertusaria composita X X v Bark

59 Pertusaria velata x X Bark

60 Pleopsidium flavum X x v Rock

61 Polyblastidium microphyllum X v N Mosses

62 Porpidia crustulata X X v Rock

63 Porpidia macrocarpa X X v Rock

64 Ramalina conduplicans X v v Bark, twigs

65 Ramalina himalayensis X x N Rock

66 Ramalina intermedia X v v Twigs

67 Ramalina sinensis X v N Twigs

68 Rhizocarpon geographicum X x v Rock

69 Stereocaulon foliolosum X x N Rock

70 Stereocaulon myriocarpum X X v Mosses

71 Sticta henryana X X v Bark

72 Sulcaria sulcata X v v Twigs

73 Umbilicaria indica X X v Rock

74 Umbilicaria vellea X v v Rock

75 Usnea orientalis X v N Twigs

76 Usnea subfloridana X v v Twigs

7 Xanthoria elegans X x v Rock

researchers who have noted greater diversity of lichens in
the higher mountain ranges of Europe and Asia (Baniya et
al. 2010, Vittoz et al. 2010). Variations in diversity along
an elevation gradient are influenced by a combination of

evolutionary adaptations and ecological factors (Rahbek
2005). Our study found that lichen abundance was greater
at higher elevations, where temperatures ranged from 7.2
to 20.6°C and relative humidity fluctuated between 29%

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026



14 Nitin Kant Prabhakar et al.

and 66%. Similarly, an earlier study by Cobanoglu & Sevgi
(2009) found that elevation significantly influences the
quantity and composition of epiphytic lichen communities.
Climatic factors, such as temperature, rainfall, and
evaporation, are closely linked to altitude. The highest
elevation zone displayed the greatest number of species.

According to the study, gentler slopes supported a higher
diversity of lichen species. The findings highlight that lichen
diversity is influenced by slope angle, with gentler slopes
supporting higher diversity, while steeper slopes host a
more specialized, lower diversity of species. As suggested
by Lepp (2011), slopes with gentler angles foster higher
lichen abundance and diversity because of the influence of
water runoff.

Based on the cardinal direction aspect, 21 lichen species
were found on the southern aspect, while 12 lichen species
were found on the northern aspect, clearly indicating higher
species richness on the southern aspect. Similarly, Armstrong
& Welch (2007) reported that the conditions on south-facing
surfaces are more favorable for the survival of competitive
species, whereas only species that are resistant to unfavorable
conditions are found on north-facing surfaces.

We observed that the distribution pattern differed
according to elevation and substratum, with lichen species
dominating tree branches and bark and being less frequent in
the soil. Similarly, several authors have emphasized that most
lichen species prefer tree bark as their substrate, whereas
others demonstrate higher host specificity, favoring specific
host trees (Sequeira & Kumar 2008, Shravanakumara et al.
2010).

In our study, we found that some lichen species were
present at all three elevation levels. The main reason for
this could be that these species are less responsive to the
environmental conditions of their habitat. This ability
may enable them to survive under various environmental
conditions by maintaining their thalli structure. Similarly,
Zulkifly et al. (2011) observed that certain species were
prevalent in montane forests at all elevations.

CONCLUSIONS

Based on the findings of the current study in the
Madhyamaheshwar Valley, lichen diversity increased with
elevation, with the highest abundance at higher elevations.
This pattern is linked to favorable climatic conditions such
as cooler temperatures and stable humidity. Additionally,
gentle slopes supported greater lichen diversity, likely due
to better water retention, whereas steeper slopes hosted more
specialized species. Southern aspects showed higher species
richness than northern aspects, highlighting the importance

of sunlight and temperature. We also observed that lichen
species predominantly favored tree bark as a substrate, with
fewer species found in the soil. Some species were found
across all elevation zones, suggesting their adaptability
to different environmental conditions. Overall, this study
emphasizes how elevation, slope, aspect, and substrate type
shape lichen diversity in the region. Lichens have emerged
as reliable bioindicators of climate change owing to their
high sensitivity to environmental perturbations. Our results
indicate that spatial variations in lichen diversity across
different slopes and altitudes may offer valuable insights
into the impact of climatic variables, such as temperature
and humidity, on ecosystem dynamics. Given that lichens
are among the first organisms to respond to environmental
stress, their presence or absence can serve as an early warning
system for climate-induced changes. Systematic monitoring
of lichen communities, particularly in ecologically sensitive
regions such as the Kedarnath Wildlife Sanctuary, could
be instrumental in detecting climate-driven shifts and
guiding the development of targeted conservation strategies.
Additionally, long-term monitoring efforts combined with
citizen science initiatives could significantly strengthen our
capacity to detect and mitigate the effects of climate change
on biodiversity.

Future studies should emphasize the establishment
of consistent, long-term monitoring protocols for lichen
populations to accurately track changes over time and their
responses to climate variability. Additionally, conservation
priorities must include the protection and restoration of
habitats within crucial elevation ranges, considering the
specific microhabitat requirements of vulnerable lichen
species. Incorporating lichen-based bioindicators into
local climate resilience and adaptation strategies can play
a vital role in safeguarding biodiversity and strengthening
ecosystem stability in the Garhwal Himalayan region.
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ABSTRACT

Lipase-producing bacteria can be isolated from various environments, including industrial
and agricultural waste, vegetable oils, dairy factories, and oil-contaminated soil. Lipase is
the third most important enzyme in biotechnology due to its broad catalytic properties and
ability to function in heterogeneous media. The current study aims to isolate, screen, and
determine the prevalence of lipase-producing bacteria from various oil-contaminated soils
in Basrah province, Iraq. Eleven soil samples and five water samples were collected from
various oil-contaminated sites. Identification of lipase-producing bacteria was performed
using the 76S rDNA sequencing technique. A total of fifty-one lipase-producing bacterial
isolates were identified. Seven isolates exhibited high efficiency in lipase enzyme production,
including A5, A1, A3, J3, A4, A2, and G3, with lipase activity values of 49 U.mL™", 28 U.mL™,
24U.mL", 23U.mL™, 23 U.mL™, 20 U.mL™", and 20 U.mL™", respectively. The isolate A5 was
the most promising, exhibiting the highest activity at 49 U.mL". Based on the sequencing of
the 16S rDNA gene, these seven isolates were identified as Bacillus subtilis strain QD517,
Bacillus velezensis strain Bac104, Bacillus subtilis strain PK9, Enterobacter cloacae strain
YY-2, Bacillus cereus strain RB1, Lysinibacillus xylanilyticus strain D, and Brevibacillus
borstelensis strain LDH-b. Seven lipase-producing bacterial isolates were characterized as
new bacterial strains, and their sequences were registered in the NCBI GenBank database.
The production of large quantities of the lipase enzyme requires optimization of culture
conditions using various factors to enable applications in multiple fields.

INTRODUCTION

Pollution of the environment due to pipeline leakage, spillage, and oil disruption
is common and represents a major environmental issue for communities, envi-
ronmentalists, and governments (Ikuesan et al. 2017, Almansoory et al. 2019).

The ecosystem suffers considerable damage and alterations as a result of
oil spills. Hydrocarbon (HC) toxicity to organisms and soil is a significant
global concern today. The effects of this pollution can lead to changes in soil
physicochemical and microbiological properties, resulting in soil infertility
or stunted and delayed plant growth, or both. Additionally, both surface and
underground water can become contaminated, posing risks to human health
(Abdul-Ameer Ali et al. 2019).

The natural environment can manage minor oil spills, but only over an extended
period. Consequently, there are still negative impacts on various components
of the environment before it can fully regain its integrity. This has prompted
scientists and environmentalists to search for effective methods to restore oil-
polluted sites. The most common technologies and strategies for oil containment
and removal from water include floating devices, barriers, oil collection devices,
collection vessels, absorbent materials, chemical dispersants, surfactants, physical
degradation, biological breakdown, and onsite burning. Cleanup efforts typically
employ mechanical or physical methods (sorbents, booms, and skimmers),
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chemical treatments, and biological techniques (Pete et al.
2021).

Biological techniques for oil spill remediation have
generated interest in the microbiological study of oil
pollution in the environment. This trend encompasses
several areas, including the effects of oil spills on microbial
populations, the microbial degradation and biodeterioration
of crude oil and petroleum products, bioremediation of
oil spills, and the production of useful products by crude
oil-degrading microorganisms. Notable products include
biosurfactants and enzymes (Auta et al. 2022). The demand
for these enzymes is rising across various industries due to
their numerous advantages, such as minimal environmental
toxicity (Thabet et al. 2023).

Most microorganisms enzymatically attack pollutants,
converting them into safe molecules. Biodegradation
involves treating petroleum pollutants with aliphatic-
degrading microorganisms that possess various enzymes,
notably lipases (Aransiola et al. 2022). Lipases are among
the most valuable biotechnological enzymes, produced by
microorganisms (bacteria and fungi), plants, and animals.
However, microbial lipases, especially those from bacteria,
are more effective than their plant and animal counterparts
(Thabet et al. 2023). These microorganisms are primary
sources of lipolytic enzymes, making them relatively low-
cost, viable, and efficient at breaking down pollutants in a
short time (Abubakar et al. 2024). Additionally, microbial
enzymes tend to be more stable than those from plants and
animals, and their production is more convenient and safer,
enhancing their importance for commercial applications.
The oily environments of vegetable oil-processing
factories, industrial waste sites, soil contaminated with oil,
and diesel-fuel-polluted soil provide suitable habitats for

Table 1: The sites and types of collected samples.

lipase-producing bacteria (Alhebshi et al. 2023). Various
bacterial strains isolated from these environments have
shown the ability to produce lipase. The most notable genera
known for their lipase production include Acinetobacter,
Bacillus, Burkholderia, Pseudomonas, Staphylococcus,
Microbacterium, Lactobacillus, Serratia, Aeromonas,
Arthrobacter, Stenotrophomonas, and Thermosyntropha
(Gururaj et al. 2016, Sethi et al. 2023).

Bacteria generally produce lipase enzymes in small
quantities under natural environmental conditions. However,
this production can be increased by altering nutritional
sources, such as carbon and nitrogen, as well as cultivation
conditions like temperature, pH, and inoculum size. These
adjustments help identify the most suitable variables for
enhancing bacterial growth and enzyme production. While
bioremediation typically occurs in an aerobic environment,
it can also take place under anaerobic conditions (Abbas et
al. 2020, Alyousif et al. 2022). The study aims to investigate
the diversity of lipase-producing bacteria in oil-contaminated
environments in Basrah province, Iraq, and identify species
using molecular tools for potential biotechnological
applications.

MATERIALS AND METHODS
Collection of Samples

Eleven soil and five water samples contaminated with
hydrocarbons and oil waste were collected from several
areas in Basrah Province, Iraq (Table 1 and Fig. 1). The
soil samples were taken at a depth of 5-10 cm below the
surface. Approximately 100 g of soil was collected using
a sterile laboratory spatula and placed in sterile, clean
plastic containers. Simultaneously, 500 mL of water

Type of samples No. of Samples Site of Samples Samples code Latitude [N] Longitude [E]
Soil 2 Basrah Center A 30°30° 0 “N 47°4AT0”E
L 30°30° 0 “N 47°4AT0”E
Soil 5 Khor Al-Zubair B 30° 13’ 0“N 47° 50°0”E
C 30°16’ 0 “N 47°46°0”E
F 30° 13’ 0“N 47°41°0E
G 30°15°0“N 47°42°0"E
. M 30° 18 0“N 47°42°0"E
Water 4. Khor Al-Zubair N 30° 13’ 0“N 47°46°0”E
(o} 30°15°0“N 47°46°0”E
P 30° 13’ 0“N 47°46°0"E
Q 301170 “N 47° 50°0”E
Soil 1 Al-Najebia D 30°35°0“N 47° 4T0”E
Water 1 E 30° 13" 0 “N 47°42°0"E
Soil 2 Khums mile H 30°29° 0 “N 47° 50°0”E
J 30°31’0“N 47°4T°0”E
Soil 1 AL-Rumila K 30°31’ 0 “N 47° 18°0"E
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samples were collected in sterile, clean plastic containers.
The samples were transported to the laboratory in the
Department of Ecology, College of Science, University
of Basrah, and stored in a refrigerator at 4°C until
analysis.

Isolation of Lipase-Producing Bacteria

One gram of oil-contaminated soil and 1 mL of oil-
contaminated water were separately added to tubes
containing 9 mL of distilled water and mixed thoroughly
using a vortex. A series of serial dilutions was performed,
ranging from 1071 to 10°. Next, 0.1 mL of each dilution was
pipetted and spread onto Petri dishes containing Tween 80
agar medium using an L-shaped spreader. The plates were
then incubated at 37°C for 24 hours. Bacterial colonies that
produced a clear zone around them were recorded as positive
(Mubhsin et al. 2016).

Screening of Lipase-Producing Bacteria

The positive isolates were purified on nutrient agar
medium and activated in 5 mL of nutrient broth for 24
h. at 37°C. Then, 2.5 mL of nutrient broth was added to
100 mL of mineral salt medium (MSM) containing NaCl
(0.25 g.L'"), peptone (0.2 g.L'™"), NH,H,PO, (0.1 g.L'h,
MgS0,-7H,0 (0.04 g.L'"), CaCl,-2H,0 (0.04 g L), Tween
(1-2 drops), and olive oil (2 mL). The mixture was then

SFECNE 4TCMO0TE 4TURANE 4PIZ0E 4TU360E 474007E 4TRE0E 474E0CE ATUSI0E
L L L L L L L L L

incubated for 3-5 days at 37°C (Mobarak-Qamsari et al.
2011).

Lipase Enzyme Aassay

Lipase activity was estimated using a mixture of 2 mL of
phosphate buffer (pH 10), prepared by dissolving 1 g of
phosphate buffer in 100 mL of distilled water, 4 mL of olive
oil, 2.5 mL of distilled water, 0.5 mL of CaCl. solution (2.19
g in 100 mL of distilled water), and 1 mL of diluted lipase
enzyme. The mixture was incubated in a shaker at 27 °C for
15 minutes. After incubation, 1 mL of 96% ethanol and 2—-3
drops of phenolphthalein (0.5 g in 50 mL of ethanol) were
added. The mixture was then titrated with NaOH (0.2 g in
100 mL of distilled water), gradually adding the base until the
color changed to light pink. A control sample was prepared
without the diluted lipase enzyme, and the reaction was
stopped by adding NaOH (Rasmey et al. 2017). The amount
of fatty acids liberated in each sample was calculated based
on the volume of NaOH used to reach the titration endpoint
using the following equation:

umol fatty acid.mL™' subsample (U) = [(mL NaOH for
sample — mL NaOH

for blank) x N x 1000] / 5 mL
U = umol of fatty acid released/mL
N = The normality of the NaOH titrant used
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Fig. 1: The map of study areas in Al-Basrah Province, Iraq.
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Identification of Lipase-Producing Bacteria by 16S rDNA
Gene Sequencing

The isolated lipase-producing bacteria were identified via
sequencing and analysis of the /165 rDNA gene. Bacterial
DNA was extracted using the Presto TM Mini gDNA bacteria
kit (Geneaid, Taiwan). The 16S rDNA gene was amplified
with universal primers 27F and 1492R (Miyoshi et al. 2005).
The PCR mixture was prepared in a total volume of 25 pL,
which included 12.5 pL of master mix (Promega, USA),
2 uL of DNA, 1 pL each of forward and reverse primers, and
9.5 uL of nuclease-free water. The PCR program for amplifying
the 165 rDNA gene consisted of an initial denaturation at 96°C
for 3 min, followed by 27 cycles of 96°C for 30 seconds,
primer annealing at 56°C for 25 seconds, extension at 72°C
for 15 seconds, and a final extension at 72°C for 10 min.

Sequencing the PCR Products of the 16S rDNA Gene

The PCR products of the 16S rDNA gene were sent to
Macrogen Company in South Korea for purification and
sequencing. The obtained 16S rDNA gene sequences were
proofread using Chromas and aligned with nucleotide
sequence databases from NCBI using BLAST tools (http://
www.ncbi.nlm.nih.gov) to identify and assess the sequence
homology of the lipase-producing bacterial isolates. A
phylogenetic tree was generated using MEGA X, which
aligned the sequences using the Clustal W program included
in the software (Kumar et al. 2018).

Data Analysis

The lipase assays were done in duplicate the average of the
duplicate determinations was used to represent the result of
the lipase assay for all bacterial isolates.

RESULTS AND DISCUSSION
Isolation of Lipase-Producing Bacteria

Sixteen samples collected from different sites were used in
the present study to isolate lipase-producing bacteria. The
results showed that 51 bacterial isolates were able to produce
the lipase enzyme. Gram staining indicated that most of the
isolated bacterial species were Gram-positive, 42 (82.35%),
while 9 (17.65%) were Gram-negative, as shown in Table 2.
The occurrence and distribution of lipase-producing bacteria
in each sample were reported as 7 bacterial isolates from
sample A, 4 isolates from sample B, 8§ isolates from sample
C, 5 isolates from sample D, 4 isolates from sample E, 1
isolate from sample F, 5 isolates from sample G, 2 isolates
from sample H, 3 isolates from sample J, 2 isolates from
sample K, 1 isolate from sample L, 3 isolates from sample
M, 3 isolates from sample N, 1 isolate from sample O, 2

isolates from sample P, and 1 isolate from sample Q, as
listed in (Table 2).

Table 2: Gram’s staining characteristics of lipase-producing bacterial
isolates.

Samples Isolates Gram’s Percentage Percentage
code staining of Gr+ve of Gr-ve
A Al Gr+ve 100% 0%
A2 Gr+ve
A3 Gr+ve
A4 Gr+ve
A5 Gr+ve
A6 Gr+ve
A7 Gr+ve
B Bl Gr+ve 100% 0%
B2 Gr+ve
B3 Gr+ve
B4 Gr+ve
C Cl1 Gr-ve 50% 50%
C2 Gr-ve
C3 Gr+ve
C4 Gr-ve
C5 Gr-ve
Co6 Gr+ve
C7 Gr+ve
C8 Gr+ve
D D1 Gr+ve 100% 0%
D2 Gr+ve
D3 Gr+ve
D4 Gr+ve
E El Gr+ve 100% 0%
E2 Gr+ve
E3 Gr+ve
E4 Gr+ve
F F1 Gr+ve 100% 0%
G Gl1 Gr+ve 100% 0%
G2 Gr+ve
G3 Gr+ve
G4 Gr+ve
G5 Gr+ve
H H1 Gr+ve 100% 0%
H2 Gr+ve
J J1 Gr-ve 0% 100%
J2 Gr-ve
J3 Gr-ve
K K1 Gr+ve 100% 0%
K2 Gr+ve
L L1 Gr+ve 100% 0%
M M1 Gr+ve 66.66% 33.33%
M2 Gr+ve
M3 Gr-ve
N N1 Gr+ve 100% 0%
N2 Gr+ve
N3 Gr+ve
(0] o1 Gr+ve 100% 0%
P P1 Gr-ve 50% 50%
P2 Gr+ve
Q Q1 Gr+ve 100% 0%
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Table 3: Screening of bacterial isolates for the production of lipase enzyme.

Samples Isolates code Lipase assay [U.mL"'] *
A Al 28
A2 20
A3 24
A4 23
A5 49
A6 24
A7 5
B B1 3.5
B2 4.5
B3 6
B4 4.5
C Cl 13
Cc2 17
C3 7
C4 9
C5 7
Co6 11
Cc7 12
Cc8 18
D Dl 8
D2 10
D3 3
D4 16
D5 18
E El 11
E2 15
E3 10
E4 15
F Fl1 17
G Gl 18
G2 16
G3 20
G4 20
G5 11
H H1 12
H2 15
J J1 12
12 12
I3 23
K K1 16
K2 14
L L1 9
M Ml 11
M2 8
M3 9
N N1 14
N2 12
N3 10
0Ol 12
P Pl 10
P2 7
Q Ql 10

* Mean + SD, n=2

Screening of Lipase-Producing Bacteria

Bacterial isolates displayed varying abilities to produce lipase
enzymes. The isolates that yielded positive results in the
preliminary screening underwent further evaluation to assess
their lipase production using mineral salt medium (MSM),
with olive oil as the sole carbon source and peptone as the
sole nitrogen source (Fig. 2). These isolates demonstrated
different lipase activity when tested with phosphate buffer,
ranging from 49 U.mL™ to 3 U.mL™. Seven isolates, A5,
Al, A3,J3, A4, A2, and G3, emerged as the most promising
lipase enzyme producers, exhibiting the highest lipase
activities of 49 U.mL’l, 28 U.mL'l, 24 U.mL'l, 23 U.mL‘l,
23 U.mL'l, 20 U.mL'l, and 20 U.mL'l, respectively, out
of the 51 bacterial isolates that tested positive for lipase
activity. Among these, isolate A5 was identified as the most
promising lipase producer with an activity of 49 U.mL™",
while isolate D3 displayed the lowest activity at 3 U.mL™,
as shown in Table 3.

Characterization of Lipase-Producing Bacteria by 16S
rDNA Gene Sequencing

The 16S rDNA gene of all bacterial isolates was amplified
using the PCR technique, and the results were visualized by
electrophoresis under a UV transilluminator, showing a band
size of nearly 1500 bp when compared to the DNA ladder,
as illustrated in Fig. 3. The bacterial isolates were identified
through /65 rDNA gene sequencing and analysis. Molecular
identification and sequencing of the /6S rDNA genes were
conducted using the NCBI BLAST tool to characterize
the lipase-producing bacterial isolates by comparing the
obtained sequences with those in the NCBI database. The
identification of the lipase-producing bacterial isolates was
confirmed through sequencing and analysis of the /65 rDNA
gene.

Most lipase-producing bacterial isolates in the present
study belonged to spore-forming, Gram-positive bacilli.
Analysis of the 16S rDNA gene sequences indicated that,
at the genus level, the isolates belonged to Bacillus (34
isolates), Brevibacillus (3 isolates), and two isolates each of
Lysinibacillus, Achromobacter, Stutzerimonas, Enterobacter,
and Exiguobacterium. Additionally, one isolate each
belonged to Staphylococcus, Cronobacter, Pigmentiphaga,
and Acinetobacter. The most prevalent bacterial species were
Bacillus subtilis, Bacillus amyloliquefaciens, and Bacillus
cereus (Table 4, Fig. 4). A phylogenetic tree was constructed
using partial 16S rDNA sequences from the lipase-
producing bacterial isolates to determine their evolutionary
relationships. The analysis revealed two main groups: one
comprising Gram-positive bacteria, predominantly spore-
forming species, which were further divided into several

Nature Environment and Pollution Technology ® Vol. 25, No. 1, 2026
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Fig. 2: Screening of bacterial isolates for the production of lipase enzyme, A: flask containing MSM with bacterial isolate, B: Lipase enzyme assay by
the titration method.

1500bp

Fig. 3: Agarose gel electrophoresis for PCR products of the 16S rDNA gene (1500 bp) for lipase-producing bacteria. Lane M: DNA ladder, lane A1-
B4: Bacterial isolates.

subgroups based on the degree of closeness between
the isolates, irrespective of their source, and the other
consisting of Gram-negative bacteria, also divided into
subgroups reflecting their similarity. These subgroups
indicate the phylogenetic relatedness among bacterial
isolates, regardless of type or source of isolation (Fig. 5).

Recording of New Lipase-Producing Bacterial
Strains

The lipase-producing bacterial isolates in the present
study were 100% similar based on /6S rDNA sequencing,
except for seven bacterial isolates, namely B4, C5, D3,
D4, J1, J3 and Q were characterized as a new bacterial
strain. The sequences of these new bacterial strains have
been recorded at the National Center for Biotechnology
Information (NCBI) under the accession numbers listed
in Table 5. The new lipase-producing bacterial strains that
have been recorded include Gram-negative and Gram-
positive bacteria.

Discussion

Lipase is the third most widely used enzyme in biotechnology,
after protease and amylase, due to its broad catalytic
properties and ability to function in heterogeneous media
(Yao et al. 2021). This enzyme finds applications across
diverse industries, including biodiesel, food and beverages,
leather, textiles, detergents, pharmaceuticals, tea processing,
and cosmetics. Lipase is characterised by high selectivity,
catalytic efficiency, and stability (Remonatto et al. 2022).
It exhibits notable resistance to temperature and pH
variations and remains highly active in the presence of
industrial organic solvents, metal ions, enzyme inhibitors,
and commercial detergents (Zhao et al. 2021). While lipases
can be isolated from bacterial, fungal, plant, and animal
sources, bacterial lipases are generally more efficient and
stable (Snellman et al. 2002). Lipase-producing bacteria can
be obtained from diverse environments such as industrial
and agricultural waste, vegetable oils, dairy factories, and
oil-contaminated soils (Bashir et al. 2024). Their ability to

Vol. 25, No. 1, 2026 ® Nature Environment and Pollution Technology
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Table 4: Characterization of lipase-producing bacteria by /6S rDNA gene sequencing, isolate code and similarity percentage.

Isolates code Closest species Accession no. identity %
Al Bacillus velezensis strain Bac104 PQ813838.1 100
A2 Lysinibacillus xylanilyticus strain D KF923754.1 100
A3 Bacillus subtilis strain PK9 PQ289147.1 100
A4 Bacillus cereus strain RB1 MK418365.1 100
A5 Bacillus subtilis strain QD517 EF472261.1 100
A6 Bacillus amyloliquefaciens strain IRHB18 OP364585.1 100
A7 Bacillus subtilis strain QD517 EF472261.1 100
B1 Bacillus licheniformis strain HNXS-W29 PP092139.1 100
B2 Staphylococcus warneri strain HBUM06952 MF662224.1 100
B3 Bacillus amyloliquefaciens KU143924.1 100
B4 Bacillus nakamurai strain PGPR_corkoak_AJ34 MZ700084.1 99.92
Cl1 Cronobacter sakazakii strain KYU46 GU227669.1 100
c2 Achromobacter spanius strain 22STR569 OR&831916.1 100
C3 Bacillus cereus strain LT419 PQ782563.1 100
C4 Achromobacter marplatensis strain KLK37 MT634501.1 100
C5 Pigmentiphaga daeguensis strain PT-16 HQ848120.1 98.30
C6 Lysinibacillus macroides strain CRDT-EB-7.2 MN192407.1 100
Cc7 Bacillus subtilis strain Bs31 0Q423166.1 100
C8 Bacillus subtilis strain SPA N1 JQ308575.1 100
D1 Bacillus subtilis strain MA139 DQ415893.3 100
D2 Bacillus badius strain M9-20 KT382256.1 100
D3 Bacillus amyloliquefaciens subsp. plantarum strain Hk8-20 JF899260.1 99.18
D4 Bacillus velezensis strain FJ23 ORS551414.1 99.93
El Bacillus amyloliquefaciens strain MX66 OP753626.1 100
E2 Bacillus amyloliquefaciens strain Ba09 MT250917.1 100
E3 Bacillus amyloliquefaciens strain MX66 OP753626.1 100
E4 Bacillus encimensis strain SGD-V-25 KF413433.2 100
F1 Bacillus amyloliquefaciens strain MX66 OP753626.1 100
Gl Bacillus subtilis strain HY-34 MZ895403.1 100
G2 Brevibacillus borstelensis strain UTM105 KF952566.1 100
G3 Brevibacillus borstelensis strain LDH-b MW686864.1 100
G4 Brevibacillus borstelensis strain UTM105 KF952566.1 100
G5 Bacillus subtilis strain LE24 MG980567.1 100
Hl1 Bacillus cereus strain H23B00114 PQO093572.1 100
H2 Bacillus subtilis strain B4 MW776610.1 100
J1 Stutzerimonas balearica strain ROD040 OK135687.1 99.93
12 Enterobacter cloacae strain HG-1 MNS582993.1 100
I3 Enterobacter cloacae strain YY-2 OR378485.1 99.89
K1 Bacillus oceanisediminis strain 4S3 KM374766.1 100
K2 Bacillus subtilis strain L4 KU179323.1 100
L1 Bacillus subtilis strain EPP2 2 JQ308548.1 100
Ml Exiguobacterium aestuarii MW192903.1 100
M2 Exiguobacterium profundum strain B9 JX112643.1 100
M3 Acinetobacter junii strain BASN28 0Q780942.1 100
N1 Bacillus tropicus strain SS9 MK467544.1 100
N2 Bacillus subtilis strain ME2 JQ900623.1 100
N3 Bacillus cereus strain ABC12 ON631071.1 100
o1 Bacillus oceanisediminis strain 4S3 KM374766.1 100
P1 Stutzerimonas stutzeri strain XX1 MW820278.1 100
P2 Bacillus cereus strain WX2 KF624695.1 100
Ql Bacillus albus strain FA135 MK993477.1 99.81
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8 Zainab Qais Hameed and Nassir Abdullah Alyousif

Number of bacterial isolates
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Fig. 4: The number of total lipase-producing bacteria of the respective genera (n=51).

Table 5: The lipase-producing bacterial isolates were recorded as new bacterial strains.

Samples Isolates code ~ New bacterial strains Sequence identity (%)  Accession no. of the new strain
B B4 Bacillus nakamurai strain ZAINABBSRB4 99.92 PV050379.1
C C5 Pigmentiphaga daeguensis strain ZAINABBSRCS 98.30 PV050380.1
D D3 Bacillus amyloliquefaciens strain ZAINABBSRD3 99.18 PV050381.1
D4 Bacillus velezensis strain ZAINABBSRD4 99.93 PV050382.1
J J1 Stutzerimonas balearica strain ZAINABBSRJ1 99.93 PV050383.1
13 Enterobacter cloacae strain ZAINABBSRI3 99.89 PV050384.1
Q Q Bacillus albus strain ZAINABBSRQ 99.81 PV050385.1

produce lipase allows them to thrive in areas contaminated
with oil waste (Lee et al. 2015). Most bacterial species
isolated in the present study, belonging to the genera
Bacillus, Brevibacillus, Lysinibacillus, Achromobacter,
Stutzerimonas, Enterobacter, and Exiguobacterium, have
been previously identified in Basrah province from various
environmental samples, including soil, water, sewage, and
food (Alyousif 2022, Mohammad & Alyousif 2022, Al
Khafaji et al. 2023, Al-Amery & Alyousif 2024). Species of
the genus Bacillus were prevalent at 14 out of 16 sampling
sites due to their ability to withstand harsh conditions, such
as high temperatures, aridity, and intense solar radiation.
These bacteria form thick spores, which contribute to their
resistance (Alyousif 2022).

Bacillus species play essential roles in soil ecosystems,
including nutrient recycling, nitrogen stabilization, and
enrichment of minerals. They are also significant for
industrial applications due to their production of enzymes
and other valuable metabolites (Yahya et al. 2021). Lipase
activity assays in the current study confirmed that Bacillus

species have the potential to produce substantial amounts of
lipase, consistent with previous reports (Al Mohaini et al.
2022, Oni et al. 2022, Saravanakumar et al. 2024).

Bacillus encimensis, Bacillus badius, Bacillus nakamurai,
Bacillus oceanisediminis, and Pigmentiphaga daeguensis
have not been previously reported for their production of
lipase enzymes, nor has their ability to secrete lipase and treat
oil pollution been studied. These isolates are being reported
for the first time in Iraq. B. encimensis was isolated from a
marine sediment sample in India (Dastager et al. 2015), B.
nakamurai from soil (Dunlap et al. 2016), B. oceanisediminis
from the South Sea in China (Zhang et al. 2010), and P.
daeguensis from wastewater collected from a dye works in
Korea (Yoon et al. 2007).

The current results indicate that several Gram-positive
and Gram-negative bacteria, which do not form spores,
are effective at secreting lipase enzymes in varying
amounts depending on the bacterial species. Examples
include Enterobacter cloacae, Staphylococcus warneri,
Achromobacter spp., and Stutzerimonas balearica. These

Vol. 25, No. 1, 2026 ® Nature Environment and Pollution Technology



www.neptjournal.com 9

i Baclllus subtilis strain MA139
4E Bac:ltus subtilis strain ME2
Elacmus subtilis strain SPA N1
: Ba:::ﬂu.s subtilis strain Bs31
] ﬁﬁaclllus nakamural stran ZAINABBSRB4
.- Uﬁacsllus amyloliguefaciens
» . Staphylococcus warneri strain HBUMDB952
. Bal:ﬂlus subtilis strain QD517
jgac:llus amyloliquefaciens strain IRHB18
Bac:llus =subtilis strain QD517(2)
1 Qacsllus subtifis strain PK2
. :ga::lﬂus velezensis strain Bac104
d ,_Eacirlus amyloliguefaciens strain ZAINABBSRD3
; :E!acirlus velezensis strain ZAINABBSRD4
Ba::illus amyloliguefaciens strain MXSG6(3)
4 §acrllu5 amyloliguefaciens strain Bal9
= T Elacsllu-.; amyioliguefaciens strain MXE6(2)
— k) Bacillus amyloliquefaciens strain MX66
A Eacnllus subtilis strain HY-34
4 )B‘_acmus subtilis strain LE24
Bacillus subtilis strain B4
i Bacslh.rs subtilis stram L4
o.od3 | E. = Bac‘.lllus subtilis strain EPP2 2
o Baculus licheniformis strain HNXS-W29
Bal:nllus oceamsediminis strain 453(2)
0. 014 Eamilus oceamsedimirns strain 453

F'

-

= Bacillus cereus strain Wx2

e Bacillus albus strain ZAINABBSRQ
Bacillus cereus stramn ABC12
o.d-Bacillus cereus strain RB1

) : Bacﬂ}us tropicus strain 559

Elacﬂlus cereus strain LT419

:
od |

u.ui 0. Omljrﬁtacﬂlus cereus strain H23B00114
mﬁmi_y:unlbaciﬂus wylanilyticus strain D
0.024 IE Lysinibacillus macroides strain CRDT-EB-7 2
- =3 FuaBacillus badius strain M9-20
e ad .01 n.UDLBacillus encimensis strain SGO-V-25
hiaes g 4 Exiguobactenum aestuarii
0033 2 j_lé'xlgw]bactem profundum strain BO9
Bmw‘bar.ﬂlus borstelensis strain UTM1
Py, = Iilgrwbacluus borstelensis strain LDH-b
s GL._I:‘12'«r|i:|a34':.|llus borstelensis strain UTM105
12 Achromobacter spanius strain 22STRS69
00 i I[lAchruﬂmbacter marplatensis strain KLK37T
2:en — 5 Piamentiphaga daeguensis strain ZAINABBSRCS
ollfmembacter cloacae strain HG-1
CEERny 19 | e Enterobacter cloacae strain ZAINABBSRJ3
56 BER —— Cronobacter sakazakii strain KYU46
0.007 i Acinetobacter junii strain BASNZ28
0.001 00 [ Stutzenmonas baleanca strain ZAINABBSR.
o.0%8 |m Stutzerimonas stutzeri strain XX1
—_—
0.020

Fig. 5: Neighbor-joining phylogenetic tree illustrating the evolutionary relationships among lipase-producing bacteria.
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species have been shown to secrete lipase enzymes that were
isolated from various sources, including environmental and
food samples (Ali et al. 2015, Yele & Desai 2015, AL-Lami
& AL-Kazaz 2016, Ugras & Uzmez 2016, Iboyo et al. 2017,
Issa et al. 2023).

Mubarak-Qamsari et al. (2011) studied several lipase-
producing bacteria from the wastewater of an oil processing
plant and found that maximum lipolytic activity occurred at
45°C and a pH of 7-10. Sagar et al. (2013) isolated lipase-
producing bacteria from a waste-contaminated site. Among
18 bacterial isolates, two demonstrated significant lipolytic
activity, their optimal conditions were 45°C, pH 8, and
incubation times of 18 h at 37°C and 24 h, respectively.
Habibolahi & Salehzadeh (2018) isolated and identified
lipase-producing bacteria from the soil of oil extraction plants,
identifying them as Pseudomonas spp. They determined that the
optimal conditions for lipase production by this strain included
48 h of incubation at 37°C, a pH of 7, an agitation speed of 150
rpm, peptone as the nitrogen source, and olive oil as the carbon
source.

In the current study, we recorded seven new bacterial
strains through the sequencing of the /65 rDNA gene, which
have been registered in the NCBI GenBank database under
specific accession numbers. The DNA sequences of these
bacterial isolates may change due to exposure to mutagens
such as chemicals, radiation, and other factors that can cause
DNA damage and affect inheritance (Mohammad & Alyousif
2022).

Soil and water contaminated with oil and its derivatives
are important sources of bacterial isolates capable of
producing lipase enzymes. Lipase-producing bacteria have
both biotechnological and ecological significance, making
them a focus of research aimed at discovering new and more
efficient isolates (Yao et al. 2021). The potential lipase-
producing bacteria identified in this study are promising
candidates for large-scale industrial applications in the future.
Lipase enzymes are used across multiple sectors, including oil
processing, detergents, food production, and pharmaceuticals.
Environmentally, these enzymes can be applied to treat
petroleum-contaminated soil and water, offering an
economical and eco-friendly solution. To achieve high lipase
yields from these candidate isolates, further optimization of
culture conditions is necessary. Consequently, additional
experiments on both laboratory and large scales should be
conducted to evaluate their practical applications, following
the initial screening performed in this study.

CONCLUSIONS

In conclusion, 51 lipase-producing bacterial isolates were
obtained from oil contamination sites, all capable of producing

lipase enzymes with varying activity levels. Seven isolates
demonstrated high efficiency in lipase production, among
these, isolate A5 was the most promising, exhibiting the
highest activity at 49 U.mL"'. Based on the sequencing of
the 16S rDNA gene, these seven isolates were identified as
Bacillus subtilis strain QD517, Bacillus velezensis strain
Bac104, Bacillus subtilis strain PK9, Enterobacter cloacae
strain YY-2, Bacillus cereus strain RB1, Lysinibacillus
xylanilyticus strain D, and Brevibacillus borstelensis strain
LDH-b. The production of large amounts of lipase enzymes
requires the optimization of culture conditions, considering
various factors for application in diverse fields.
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ABSTRACT

The interdependency between the water and energy infrastructure represents the core
challenge of resource management. Effective decision-making for water-energy-food
(WEN) scenarios requires robust tools. Traditional Multi-Criteria Decision-Making (MCDM)
approaches are undermined by uncertainty because they assume perfect and complete
information, which rarely occurs in Water-Energy Nexus (WEN) issues. Classical models
oversimplify the complex interconnections between water and energy systems and therefore
result in suboptimal decision-making approaches. Although fuzzy and intuitionistic models
are efforts towards uncertainty modelling, they also fall short of fully capturing the dynamics of
real-world scenarios. They are inefficient in addressing conflicting and uncertain information,
which hinders the practical implementation of these techniques. In addition, the lack of a
platform that unites MCDM with integrated uncertainty management increases decision-
making complications. To bridge these gaps, the current study proposes a new framework
that integrates D-number-based multi-criteria analysis with Dempster-Shafer theory (DST)
for WEN decision-making. The integration of DST rigorously enhances the ability of DST
to process complete, uncertain, and conflicting information for WEN decision-making. The
study also compared the performance of the Random Forest and Optimized Artificial Neural
Network models.

INTRODUCTION

The Water-Energy Nexus (WEN) highlights the intimate interdependence and
mutual interrelation of water and energy infrastructures. Water is vital for energy
generation, from power to fuel extraction, whereas energy is required for water
sourcing, treatment, distribution, and wastewater handling. This interrelationship
places water and energy as essential pillars of economic development, environmental
resilience, and human health. Mitigating the uncertainties in this nexus, much like
in supply chain management or sustainable production models, calls for
sophisticated decision-making paradigms that transcend conventional practices,
fusing fuzzy logic, neutrosophic techniques, and multi-attribute decision-making
to improve resource optimization. As the global population increases,
industrialization and urbanization fuel the demand for water and energy, and the
challenge of resource scarcity grows more intense. Climate change exacerbates
the situation by causing shifts in precipitation patterns, lowering the supply of
freshwater resources, and raising the demand for cooling and desalination of energy.
Historically, separate infrastructures for water and energy have been integrated
for efficient and sustainable resource consumption. Policymakers, researchers, and
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engineers need to understand the Water-Energy Nexus to
develop plans that achieve maximum utilization of resources,
minimum environmental footprint, and resilience in water
and energy systems. Some sustainable solutions include
desalination powered by renewable energy, smart water
grids, and energy-efficient wastewater treatment plants.
Societies can become water- and energy-secure and minimize
climate and environmental risks through an integrated
approach (Ding et al. 2020). Water and energy are critical
inputs for modern economies. Over the past several years,
both sectors have experienced profound reforms, prompted
by the imperatives of supply security, sustainability, and
economic efficiency. However, their interdependence creates
challenges for policymakers (Hussey & Pittock 2012). Over
the past decade, the Water-Energy Nexus analysis has drawn
increasing attention from the scientific community and
policymakers. In a review of the recent scientific literature,
70 relevant studies were identified, and 35 were selected for
a detailed case study analysis (Dai et al. 2018). A review of
more than 120 studies analyzed their objectives, scope,
methodology, and limitations. Additionally, 23 case studies
were summarized based on their titles, objectives, and key
findings, and 21 case studies were critically analyzed within
the context of water-energy nexus research in urban systems
(Fayiah et al. 2020). The nexus framework has become
increasingly important for analyzing the challenges
associated with these vital resources and comprehending the
relationships between them (Al-Sumaiti et al. 2020). The
most significant contribution of this research is that it offers
a valuable knowledge base for successfully managing this
nexus. The use of a nexus approach in tourism resource
conservation is a necessary step to achieve relative and
absolute reductions in resource use (Becken & McLennan
2017). The findings underscore that Ghana’s exposure to
electricity significantly boosts the share of renewable energy
and lowers carbon emissions (Bieber et al., 2018). The results
further indicate gaps in the realization of the Sustainable
Development Goals. The food-energy-water nexus must be
prioritized for sustainable development (Apeh & Nwulu
2024). This study provides a conceptual model for emerging
technologies in the WEF sector of new cities. Its primary
focal points are internal relations, external drivers, and
linkage system evaluation in the WEF nexus (Abdelzaher et
al. 2023). This study emphasizes the dual role of water in
treatment and processing and its interdependence. The use
of integrated and strategic solutions can direct research and
development toward addressing local water and energy
issues. Enhancing models and data engagement will better
serve researchers, policymakers, and the community
(Maftouh et al. 2022). This review contrasts the various
policy initiatives African nations have embarked on

regarding the management of the WEN, their efficiency, and
areas. It further locates innovative practices and effective
interventions in the African context, with insightful
recommendations and local initiatives devoted to simplifying
the interface between water and energy resources
(Nwokediegwu et al. 2024). Approximate technical outcomes
show that hybrid renewable energy plants in North African
countries are the most appropriate choice for a regional
transmission grid to meet future electricity demand, given
the high intermittency of renewable energy sources. Lastly,
achieving the aspirations of renewable energy in the region
demands meticulous consideration and implementation of
diverse policy strategies, particularly in light of North
Africa’s strong dependence on fossil fuels for national
revenue (Adun et al. 2022). Carbon emissions from different
energy sources and main scenarios (van Huyssteen et al.
2023). Simultaneously applying the WEF nexus perspective
to WEF resource security at the same time has tremendous
potential to enhance overall sustainability (Simpson et al.
2023). This article compiles an “ensemble” of water-use
indicators across electricity-generation technologies from
existing published research to demonstrate the level of detail
or lack thereof in the extant large-scale energy-sector water-
use data. Using these indicators, this study evaluated the
adequacy of such estimates for modeling electricity-
production water use at broader scales (Larsen & Drews
2019). Coupled with the coal-led electricity sector in the
region, high water demand will remain a long-term constraint
(Sun et al. 2018). This study synthesizes the interrelation
between energy and water based on two primary
considerations: the level of dependence of energy on water
and the drivers of this dependence. This study first
synthesizes the literature on the water dependence of the
energy-by-energy type. It then elaborates on the primary
drivers of this relationship. It further summarizes the primary
methodologies in the existing literature. Finally, this paper
outlines the primary advancements and gaps in the literature
(Tan & Zhi 2016). It is essential to synthesize this
dependence through analysis and review to design more
efficient and sustainable infrastructure systems that optimize
resource conservation (Simpson 2023). The study
demonstrates that past policy designs have largely been cast
in sector-specific mandates (Venghaus & Hake 2018). In the
new model, the team members’ ratings are presented in the
form of D numbers (Bian et al. 2018). In this study, we
present a hybrid decision-making support model in the form
of D numbers and D, which are employed to acquire input
parameters for computing the weight coefficients of the
criteria (Bozanié et al. 2021). This study expands the ANP
methodology within the D-numbers framework to address
three types of imprecise information (Chatterjee et al. 2018).
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This article introduces a conceptual framework, the
“Informational Paradigm,” for addressing this issue. This
study systematically explored several approaches to these
uncertainties, beginning with easier cases that addressed one
source and proceeding to more complex cases in which
multiple sources interacted (Coppi 2008). This research can
be coupled with the D-AHP (D numbers extended AHP)
model developed earlier, and it is an integrated solution for
MCDM (Deng et al. 2015). Consequently, fuzzy risk
assessment has been an active research trend, with increasing
interest in its potential to circumvent these drawbacks (Deng
& Jiang 2017, 2019). An extension principle is then defined
to allow the use of aggregation operators (Li & Chen 2018).
To further advance knowledge integration, we developed
D-number fuzzy cognitive maps (DFCMs) by integrating
D-number theory with fuzzy cognitive maps (Li & Shao
2022). It integrates the strengths of D numbers in handling
the weights of criteria (Mousavi-Nasab & Sotoudeh-Anvari
2020). They develop the rough D-TOPSIS approach by
integrating D numbers, rough weights, and rough entropy
weights, enabling the analysis of uncertain and vague
information without additional assumptions (Sarwar 2020).
The growing threat of chemical weapons poses a significant
global risk. This study proposes a hybrid model of fuzzy
VIKOR and an optimal search model to address the urgent
need for the identification of illegal chemical warehouses.
As such activities are highly clandestine, the issue is beset
by multiple layers of uncertainty and ambiguity. Fuzzy
VIKOR is applied to rank suspect warehouses according to
search time and cost in a fuzzy decision environment
(Sotoudeh-Anvari and Sadi-Nezhad 2022). To further test
their effectiveness, a case study was conducted by applying
the developed D-number method to bridge condition
assessment (Xia et al. 2019). This study illustrates that
ecosystems are core elements of the WEF nexus. Existing
tools are resource interaction-based and largely do not
account for dynamic ecosystem functions and services.
Aquatic ecosystem models (AEMs) provide a useful
framework for quantifying such services, including water
purification, carbon sequestration, and biodiversity support.
By integrating AEMs into nexus assessments, decision-
making can be enhanced with a greater appreciation of how
ecosystems enhance resource sustainability. Such integration
would provide a more comprehensive management
framework for water, energy, and food systems while
maintaining ecological integrity (Hiilsmann et al. 2019). This
study reviews a range of methods. Interdisciplinary methods
are used to integrate interrelated variables, graphically
represent complex problems, evaluate significant issues and
simulate system behavior. Qualitative methods, in particular,
can be utilized to delineate the nexus in a specific region,

employing direct research methods such as questionnaire
surveys and indirect methods such as ontology engineering
and integrated maps. With such methods, researchers can
better comprehend WEF interdependencies and facilitate
more effective decision-making and policy-making (Endo
etal. 2015). These categories provide valuable hydrological
insights, showing various ways in which water is linked to
energy and food systems under varying environmental and
socio-economic conditions. Understanding these connections
is important for integrated and sustainable resource
management (Endo et al. 2017). The application of
systematic assessments of water, energy, and food
interlinkages or the shaping of socially and politically
relevant resource policies is still in its infancy (Albrecht et
al. 2018). This study then examines the prospects for
integrating nexus thinking more effectively within IWRM
frameworks (Benson et al. 2015). This study looks through
the lens of water quality to shed light on the potential for
agriculture to maximize the system (Bell et al. 2016). Our
most important resources are land, energy, and water;
however, their utilization is a major driver of climate change.
Resource systems are extremely vulnerable to climate
change. Therefore, efficient management is crucial for both
mitigation and adaptation. Howells et al. (2013). The models
should be geographically flexible to enable resource
management at the project, watershed, regional, and national
levels. The integration of spatial-temporal drivers would
create more integrated models, resulting in more effective
policies for sustainable development, greater institutional
synergies, and greater social welfare (Mabrey & Vittorio
2018). Current nexus thinking is focused primarily on the
social-ecological systems paradigm, which complements
adaptive responses to global change (De Grenade et al. 2016).
This is counterintuitive, considering that livelihood is a
foundational pillar for attaining sustainable development
(Biggs et al.2015). This paper provides a conceptual
overview of significant interlinkages, primarily from a
developing country perspective, and analyzes case studies
to define promising strategies for Nexus management. It also
provides the features of a modeling framework for the nexus
and information to guide more effective regulations and
policies at the national level (Bazilian et al. 2011). With the
world increasingly populated and urbanizing, and with
material consumption-based lifestyles, greater focus is being
placed on the interlinked system supplying energy, water,
and food—the Nexus. Simultaneously, there is growing
concern regarding climate and environmental degradation
of this system, which is crucial for maintaining critical
ecosystem services (Keairns et al. 2016). The research
revealed twenty-four ideas on governance that underpin this
literature and fall within these categories (Urbinatti et al.
2020).
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LITERATURE REVIEW

A review was conducted to assess the situation in the
water—energy—food nexus in terms of methodology and
how the nexus approach has expanded geographically and
academically. This research examines how this approach
brings together several discourses, disciplines, and fields
using integrated and interdisciplinary methodologies (Endo
et al. 2020). This paper provides an overview of 20 case
studies featured in this special issue, with an emphasis on the
practice and scientific foundations of the Nexus (Taniguchi
et al. 2017). The reviewed studies were categorized and
evaluated based on their geographic scale and nexus scope
(Dai et al. 2018). This study sets out a balanced Nexus
framework and applies it to the Mekong Basin. The analysis
highlights the strengths of a sectorally balanced, dynamic
Nexus approach, particularly its ability to uncover new
cross-sectoral relationships or shifts in such relationships as
a result of single-sector interventions (Smajgl et al. 2016).
Recent literature increasingly demands a shift from “nexus
thinking” to “nexus action,” with an emphasis on actual
implementation. Nexus policies should be implemented
across various geographic levels, supported by effective
measures and a range of tools developed through research
programs and on-the-ground projects. Far from being a one-
size-fits-all solution, however, the nexus approach should
be seen as a flexible framework that must be adapted to
each situation in order to be effective in managing complex
resource interdependencies (Simpson & Jewitt 2019). The
nexus strategy is likewise concerned with addressing the
needs of the most vulnerable people in the world (Leese &
Meisch 2015). is increasing awareness of the need to break
away from a sector-based framework in science, policy,
and practice to an integrated framework that considers the
interlinkages between water, food, and energy resources.
This realization identifies synergies and trade-offs in
managing all three resources (Reinhard et al. 2017). This
research examines how nexus discourse is unfolding and
being mobilized by various stakeholders in the UK natural
resource discourse (Cairns & Krzywoszynska 2016). This
study seeks to establish a method for comparing the perceived
complexity of nexus tools identified by international
organizations and primary literature sources (Dargin et al.
2019). This study investigated the problems and prospects
for enhancing water efficiency in thermoelectric power
plant cooling systems (Pan et al. 2018). The systems for all
three resources are interdependent, and there is a need to
create assessment tools that reflect their interdependencies,
particularly in assessing the environmental performance
of food production systems (Al-Ansari et al. 2015). As a
pilot project for the multiple interlinkages among the three

elements, this study explored biogas production from energy
crops through anaerobic digestion. Similar to all bioenergies,
greater production from energy crops raises concerns about
potential negative environmental impacts, competition in
food markets, and progressive land-use changes (Pacetti et
al. 2015). System dynamics models provide a framework
for simulating and assessing the system-wide impacts of
interventions in a given area (Purwanto et al. 2021). These
studies include water resources required to generate various
foods and energy, energy per unit of water or agricultural
product delivered, and COz-equivalent emissions for water
and energy delivery (Sadegh et al. 2020). The integrated
framework thus developed was then utilized in four case
studies in irrigation: food production and energy consumption
using water allocation in a Spanish irrigation project; food
and bioenergy production and delivery using treated water
in Germany; water allocation for food production and urban
use in Kenya; and energy production and delivery for food
production in Hyderabad, India (Villamayor-Tomas et al.
2015). The interdependence between developments on a
global and Brazilian scale is investigated, focusing on how
changes in the world and Brazil influence each other and how
Brazil influences other countries and the world. Reform in
the scientific approach to such issues is needed as a facilitator
for strengthening science-policy bridging in sustainability
policies (Mercure et al. 2019). This article sets out a generic
scenario-based methodology employing the Q-Nexus Model
to assess nexus effects to be addressed in WEF planning and
policymaking (Karnib 2018). integrating both the production
(supply) and demand aspects of WEF systems into one
system-of-systems framework (Wu et al. 2021). This study
examines the San Antonio Region in Texas, a high-growth
resource-intensive region with expanding energy production
in the Eagle Ford Shale Play and rising agricultural activity.
It summarizes the findings of a survey conducted with 370
researchers and regional stakeholders from the government,
non-governmental/non-profit, and business sectors in the
region’s water, energy, and food industries (Daher et al.,
2020). This study applies a participatory modeling process
to outline significant interlinkages in the Water-Energy-
Food (WEF) nexus of Andalusia as a basis for constructing
a system dynamics model. Using fuzzy cognitive mapping,
14 decision-makers were asked to contribute insights to
enhance knowledge regarding the WEF nexus and enhance
stakeholder awareness and consensus (Martinez et al. 2018).
This study explored nascent vulnerabilities in Bwaise and
Kanyogoga’s informal settlements (Mguni et al. 2020). This
technique enables quantifiable measures of stakeholder
satisfaction and resource integration in economic and
environmental terms. A case study was conducted in a region
in Mexico due to industrial activity and challenges in meeting
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resource demands with low water levels (Cansino-Loeza &
Ponce-Ortega 2021). The principal scientific challenges
arise from gaps in data, information, and knowledge
in understanding the interlinkages in the WEF nexus.
Additionally, it is constrained by a deficiency in systematic
tools that can manage all interlinked trade-offs. Increasing
the pool of information is a priority for future research (Liu
et al. 2017). Classical MCDM approaches are confronted
with the issue of uncertainty because they presume complete
and perfect information, which is scarcely present in WEN
contexts. Furthermore, the absence of a general platform
for coupling MCDM with holistic uncertainty management
contributes to decision-making complexity. To fill these
research gaps, this study develops a novel framework that
combines D-number-based Multi-Criteria Analysis and
Dempster-Shafer Theory to enhance WEN decision-making.

The major drawback of conventional Multi-Criteria
Decision-Making (MCDM) models in Water-Energy Nexus
(WEN) decision-making is their presumption of complete
and perfect information, which is not a reality in most real-
world WEN situations. The Models cannot deal effectively
with uncertainty, ambiguity, and conflicting information,
and tend to provide oversimplified descriptions of the
intricate interdependence among water and energy systems.
Consequently, conventional MCDM techniques tend to yield
suboptimal or unreliable decisions in the context of WEN.
The Dempster-Shafer theory (DST) plays an important
role in promoting uncertainty management using a flexible
mathematical representation for reasoning in the presence
of incomplete, imprecise, and contradictory information.
In contrast to the conventional theory of probability, which
only permits the assignment of belief to individual events
and not to sets of possibilities, DST models uncertainty
more effectively. In the Water-Energy Nexus (WEN)
decision-making, the use of DST improves the resilience
of Multi-Criteria Decision-Making (MCDM) through
evidence-based information synthesis using information
that may come from various uncertain sources and results
in more informed and credible decisions. The integration of
a strong uncertainty-handling mechanism in Multi-Criteria
Decision-Making (MCDM) for Water-Energy Nexus (WEN)
problems is important because WEN systems are dynamic,
complex, and data-sparse in nature, usually entailing
conflicting goals, incomplete data, and ambivalence among
stakeholders. In these settings, traditional MCDM techniques
that presume inputs to be deterministic are insufficient. A
strong mechanism, such as that founded on Dempster-Shafer
Theory or D-numbers, allows decision-makers to capture,
represent, or analyze uncertainties in a better way, resulting in
more credible, transparent, and adaptive decisions that are a
true representation of the real-world complexities involved in

the management of interrelated water and energy resources.
The performances of the random forest and optimized ANN
models were compared. It measures the degree to which
the model accounts for the variation in the target variable.
Higher R? values represent good model performance and
predictability. These measures determine the accuracy,
precision, and interpretability of the forecasts made by the
models in the context of the Water-Energy Nexus (WEN).

Current systems simplify the complex relationships
among water and energy systems to a level that leads to
suboptimal decision-making approaches. In spite of the fact
that fuzzy and intuitionistic models are an improvement
of uncertainty representation, they also fall short in fully
capturing the dynamic nature of real-life situations. They
are deficient in the management of conflicting and uncertain
information, which forms a barrier to the application of
these approaches in practice. Furthermore, the absence
of an existing platform that integrates MCDM and the
management of all uncertainties escalates the complexity
of decision-making.

Existing MCDM approaches within the WEF environment
tend to ignore or inadequately address the uncertainty and
complexity of such systems. Our research brings Dempster-
Shafer Theory (DST) and MCDM to provide a strengthened
approach to dealing with uncertainty and conflicting data,
which has been relatively under-addressed in previous
studies. While MCDM methods have been traditionally
employed in WEF problems, there has been limited research
on the integration of machine learning approaches for
predictive decision-making. Our research fills this gap by
integrating Optimized ANN and Random Forest techniques
with MCDM, using a data-driven methodology to improve
the accuracy of decisions. Existing studies usually address
single elements of WEF systems (e.g., energy policy, water
management, and food security) independently. We combine
all these dimensions in one integrated decision-making
context to enable a more in-depth consideration of the
interdependencies in WEF systems.

MATERIALS AND METHODS

Consider asetof m WEN §={S,, S,, ...., S,,} scenarios and
n evaluation criteria C = {C}, C,, ...., C,}. Each scenario
was assessed based on these criteria, and uncertain expert
judgement was represented using D-number theory.

In D-number theory, a D-number is a generalization of the
Dempster-Shafer Theory (DST), which captures incomplete,
imprecise, or uncertain data.

Each expert k provided a judgment on the scenario. S;
under criterion C; as
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Di(S. G) = {(H, die(H), (2.1 = (D)} ...(1)

Where H is the hypothesis

d, (H) is the belief degree assigned by expert k 0 < d,
(H) =1

[l represents uncertainty.

1 — d, (H) represents the remaining uncertainty.

For multiple experts, the aggregated D-number for the
scenario S; under criterion C; is

D(S;, C;) = {(H,d(H),(2,1—-d(H))} ..(2)

Where d(H) is computed as: d(H) = %Zgﬂ di(H)
To ensure consistency, the D-number values were
normalized across all scenarios.
_ _ D@icy
Dorm(Si ) = 27, D(SiC) -
This step removes the scale inconsistencies across the
criteria.
Weighted D-Number Aggregation

Each criterion C; has an assigned importance weight w;,
obtained via an entropy-based or expert-based weighting
method:

W = - 211:11 Dnorm(Sizcj)l‘)gDnorm(Si'Cj) 4)
J 27;1(_ Z:r:ll Dnorm(Si'cj)lo!]Dnorm(Sircj))
Then, the D-number-based performance score is
computed for each scenario. S;

Dscore(Si) = ?:1 W;. Drorm(Si» Cj) ...(5)
The scenario with the highest D
choice.

Scenario Ranking Using D-TOPSIS

To prioritize the scenarios, we integrated D-number
theory with TOPSIS as follows:

Compute Positive & Negative Ideal Solution

D" = max;Dporm(Si,C;) D = miniDrorm(Si, C;)

(S;) is the optimal

score

Df = \/Z;}=1(Dnorm(5ir Cj) - Dj+)2 ...(6)
D; = \/27:1(Dnorm(5i' C]) - Dj_)z .7
Compute Relative Closeness Score
—_Di
C; = P07 ...(8)

Rank Scenarios

The scenario with the highest C; is ranked as the most
optimal.

Algorithm

Finds the ideal best and worst solutions.
The Euclidean distance to these solutions is computed.
Calculates the closeness score to rank the scenarios.

Ranking Output: A Higher closeness score indicates a
better scenario.

Mathematical Model for D-Number-Based VIKOR
A={A, A, ..
C={C,C,, ..

xi; be the performance value of the alternative A; on
criterion C;

... A,,} be the set of alternatives

.., C,} be the set of criteria

w; be the weight of the criterion C;, determined using
D-number

D-Number representation for uncertain weight
Each criterion weight is expressed as a D Number
b(6) = (m(G),u() (9)
Where m(C)) is the belief mass assigned to the criterion C;
u(C;) represent the uncertainty in the weight assignment
The total belief mass satisfies Y7, m(G) +u(C) =1

The final weight of the criterion (C)) is computed as:
Where uncertainty is evenly distributed across all criteria.
For benefit criteria:

. . Xjj—min;x;; maxixii—xij
For cost criteria r;; = —2 S =
max;xij—minixi;

...(11)

Where r;; is the normalised value of the alternative A,
for Criterion C;

maxpxgj—mingx;;’

Compute Utility and Regret Measures

Utility Measure (S;)
Si=Yj 0 (ff —mpd/U = 7)) ..(12)
Regret Measure (R)):
Ri = maiji = Z;-l=1 (1)] (f}* — T'U)/(f}* — f}_) (13)

Where
fi=max;r;; (best value for criterion Cj, fi =max;r;;
(Worst value for the criterion C))
The D VIKOR index is computed.

. Si=S™ _\RI-R"
Q=vo—=t+tA-v) 0=
Where §* = maxS; S~ = minS;

R* = maxR; R~ = minR;

...(14)
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v is the weight of the strategy (usually set to 0.5 for
equal compromise between utility and regret).

Rank the alternatives
Rank alternatives based on Q;
The best alternative A" satisfies

Acceptable advantages Q(A4,) — Q(4,) = 1/(m—1)

Acceptable stability: The best-ranked alternative should
also be top-ranked in either S or R.

Given a D-number set:

D={(A,d)i=1,2,....n}

Where A; is a focal d; element and is the corresponding
D-number satisfying0 < d; < 1,y ,d; <1

(The sum can be less than 1, allowing for incomplete
information.) The D-number entropy quantifies uncertainty

by considering both the distribution and incompleteness. A
commonly used entropy measure for D-numbers is

H(D) = — XL dilogd; — (1 = X, dy)log (1 — XL, d;
..(15)

The first term accounts for the uncertainty in the assigned
D-values.

The second term measures the uncertainty due to
incomplete information

The transition to data analysis takes place as we
transform quantitative data into D-numbers and utilize the
same to determine optimal decisions in light of uncertainty.
Mathematical expressions form the basis of data analysis as
a process, where the Euclidean distance of alternatives from
the ideal solution is calculated using real data.

The theoretical model governs the calculation of
compromise solutions, whereas data analysis deploys data
from the decision matrix to calculate S and R values to
determine ranking. The entropy calculation theory provides
a formula for calculating consistency. Data analysis
implements this formula to calculate the process of making
decisions that coincide with the theoretical expectations
derived from the input data.

Database

The dataset, sourced from open-access materials (Simpson
2023), is provided in an Excel file comprising four sheets
labelled 2019,” 2020,” ‘2021,” and ‘2022.” It offers a
comprehensive assessment of countries across multiple
factors related to water, energy, and food security (WEF).
It covers essential indices, such as the WEF Nexus Index
Rank and Score, which reflect the overall rating of resource
sustainability in a country. The dataset further analyzes

water-related factors such as Water Pillar, Water Access,
and Water Availability that reflect a nation’s ability to
supply sufficient and equal water resources. Similarly,
energy-related factors measure factors such as the Energy
Pillar, Energy Access, Electric Power Consumption (kWh/
capita), and Energy Imports to reflect energy sustainability
and dependency. Food-related factors integrate essential
factors such as the Prevalence of Undernourishment,
Malnutrition in children (wasting, stunting, obesity),
Yield in cereals, and Value in Food Production to reflect
a country’s standing in food security. Through integrating
these diverse measurements, the dataset provides an overall
rating of interlinks between water, energy, and food security.
The dataset utilizes various methods of decision-making
to rank each alternative in terms of performance. TOPSIS
(Technique for Order of Preference by Similarity to Ideal
Solution) ranks alternatives in accordance with closeness to
the ideal optimum solution, where a greater DTOPSIS value
indicates better performance. VIKOR (VISekriterijumska
Optimizacija i Kompromisno Resenje) takes both optimum
and worst-case options into consideration by ranking
alternatives in favor of the closest compromise towards an
ideal solution, where better performance is indicated by a
lower value in DVIKOR. Additionally, the Entropy method
ranks each alternative in importance by taking uncertainty
into consideration, where greater importance is indicated
by a greater value in D Entropy. Utilizing these methods
in an integrated manner, the dataset provides an efficient
system to perform multi-criteria decision making by ranking
alternatives in comparative performance.

RESULTS AND DISCUSSION

The Total WEF Nexus Index holds a mean of 57.45 with
a moderate balance between the management of resources
within the examined areas. The most negative recorded
index is 35.00, pointing toward serious difficulties within
particular areas, while the best recorded index of 80.77
identifies areas with more efficient and more sustainable
linking of resources together. The index displays moderate
diversity with a standard deviation of 9.20, pointing toward
serious inequalities between the performance of the WEF
nexus within different areas.

Table 1 shows disaggregated WEF Nexus Index figures
by its three pillars, water, energy, and food, that reflect big

Table 1: Descriptive Statistics of the Pillar Scores.

Water Pillar Energy Pillar Food Pillar
Mean 58.87 57.27 56.96
Min 28.23 35.07 56.96
Max 81.87 94.34 78.24
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differences in resource management and access at the various
regions. A mean value of 58.87 and a wide spread from
28.23 to 81.87 under the Water pillar reflect big differences
in the governance of water and the availability of resources
in different regions. The widespread signifies unevenness in
the distribution and efficiency of water use, as it is likely to
reflect some of the regions experiencing serious constraints
in water security, while some have relatively efficient
systems. The Energy pillar is characterized by its mean
score at 57.27, with the greatest disparity, varying from
35.07 to 94.34, indicating extreme differences in access
to energy, sustainability, and technology integration. This
is indicative of the fact that some regions have access to
superior, dependable energy infrastructures while others are
far behind, potentially because of limitations in infrastructure
or inefficient policymaking. In the same manner, the Food
pillar, with a mean of 56.96 and ranging from 27.55 to
78.24, evidences big differences in food security, agricultural
output, and resource efficiency. This is indicative of mixed
adherence to sustainable food systems and supply chain
resilience within regions.

Table 2 provides a nuanced assessment of critical
indicators under the Water-Energy-Food (WEF) Nexus,
which captures significant disparity in the availability
and access to critical resources by regions. The indicator

Table 2: Descriptive Statistics Of The Selected Indicators.

for Water Availability (Ind.07), at an average of 1,149
cubic meters, varies widely from 18.1 to 3,240 cubic
meters, signaling wide geographic disparity in freshwater
availability. The indicator for Energy Access (Ind.08) is
at 84.09% average but has a wide range of 7.24% to 100%
coverage, evidencing both advances and ongoing disparities
in electrification. With the high median, many countries have
made great advances toward universal access to energy.
For Food Security (Ind.18), the average of 81.72, ranging
from 25.70 to 144.00, captures the dispersed nature of food
availability and nutritional security.

Fig. 1 shows that the WEF Nexus Index of the Top
10 countries identifies countries that perform best in
the integrated management of Food, Water, and Energy
resources. The best performers are Iceland, closely followed
by Canada and Norway, owing to the robustness of their
resources and sustainability practices. The United States,
New Zealand, Sweden, and Denmark are the other leading
countries that perform well in terms of efficient utilization
of resources and safety. Kuwait, Australia, and Brazil are
the interesting additions that find place within the top 10,
with the diversity of geographical and economic resources
for WEF management. The index emphasizes the need for
good policies, infrastructure, and governance for the efficient
use of resources in different geographical areas.

Water Availability Energy Access Food Security
Average 1149 cubic meters per capita 84.09% population with access 81.72
Max 3240 (High water abundance) 100% (Full access) 144.00
Min 18.1 (Severe water stress) 7.24% (Severe energy deficiency) 25.70

Top 10 Countries by WEF Nexus Index

Iceland

Canada
Norway
United States

New Zealand

Country

Sweden

Denmark

Kuwait

Brazil
Australia

o 10 20 30

40 50 60 70 80

Fig. 1: WEF Nexus index.
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Fig. 2 reveals that the WEF Nexus Index identifies the
10 countries with the most serious challenges with Water,
Energy, and Food security. The lowest-ranked countries are
the Central African Republic, South Sudan, and Chad, with
the most serious scarcity of resources and infrastructural
shortfalls. Haiti, Yemen, and Niger are the other countries
with the poorest access to vital resources, with the added
burden of political conflicts and climate vulnerability.
Madagascar, Guinea-Bissau, Lebanon, and Mauritania are
the countries with the most such bottlenecks that restrict
the ability of these countries to manage their resources
sustainably. The above ratings emphasize the necessity for
the implementation of policy interventions, international
support, and the implementation of sustainable development
for the mitigation of critical scarcity of resources and
enhancing resilience for these countries.

The WEF Nexus Index ranking illustrates the top 10
and the bottom 10 nations by the level of their resource
security. The top nations (indicated by blue) have the best
water, energy, and food security with excellent infrastructure,
effective management of resources, and good policymaking.
The bottom nations (indicated by red) are faced with severe
resource challenges with shortages of resources, ineffective
management of resources, and exposures due to climate
change, economic sanctions, or political instability. The
clear contrast highlights the need for interventions with
specific solutions and the necessity of solutions that are
environmentally sustainable for closing the resources gap
at the global scale.

Correlation analysis of the Food p.01, Water p.02, and
Energy pillars p.03 establishes the crucial interdependency
of the pillars. A positive correlation of circa 0.85 between

Bottom 10 Countries by WEF Nexus Index

Chad
South Sudan

Central African Republic

Yemen, Rep. ‘

Country

Niger
Madagascar
Guinea-Bissau
Lebanon

Mauritania

0 10

20 30 40

Fig. 2: Bottom countries WEF Nexus index.

Correlation Between Water, Energy, and Food Pillars

p.02 p.01

p.03

p.01 p.02

p.03

Fig. 3: correlations between water, energy and food pillars.
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Food and Energy establishes that countries with good access
to energy are likely to be food-secure, validating the crucial
contribution of energy to the supply, storage, and production
of food. A moderate positive correlation of circa 0.62
between Water and Energy suggests that while the presence
of water influences the access to energy, it is just one of the
determinants of the latter, since infrastructure and technology
are crucial determinants of the latter. The relationship
between Food and Water is moderate at circa 0.58 and
suggests that the latter influences the former, but with weaker
intensity compared with the Food-energy relationship. The
above conclusions underscore the intrinsic dependence of
the nexus between the three pillars of the nexus and the need
for integrated policies for the enhancement of the nexus for
enhanced efficiency and sustainability shown in Fig. 3.

The negative declining water-food relationship might be
due to improvements in more efficient agriculture practices
that conserve water resources or new food production
processes that decrease dependence upon water resources.

WEF Nexus Index is a comprehensive indicator of
sustainability that encompasses the linkages between
the systems of water, energy, and food. To explore the
determinants of the WEF Nexus Index, multiple regression
analysis shall be utilized with the determinants of the Water
Pillar, the Energy Pillar, and the Food Pillar. The analysis
shall explore the separate and combined influences of these
fundamental dimensions of sustainability on the WEF Nexus
Index. The analysis identifies the important predictors
and the extent of the effect they have, to provide insight
into the processes of resource management and guide the
decision for improvement of the state of sustainability. The
multiple regression analysis provides an exceptionally good
fit, R2; the value of R’is close to one. The analysis of the
multicollinearity of the variables is shown in Table 3. The
perfect fit is rare and suggests that the relationship between
the predictors and the outcome measure is deterministic.
All three pillars of Water (f = 0.3333, p < 0.001), Energy
(B =0.3334, p < 0.001), and Food (f = 0.3333, p < 0.001)
are highly significant and explain almost proportionally the
index. The non-significant intercept of -0.0002, p = 0.925,
indicates that the model does not require the presence
of an additional constant term for the explanation of the
relationship. All these findings verify that the WEF Nexus
Index measure of sustainability reflects the good balance of
the three pillars of water, energy, and food systems, with
each pillar’s contribution being equally important.

Machine Learning Model Comparison for Predicting
WEF Nexus Index

Variance Inflation Factors for the Water, Energy, and Food
pillars are all below the widely accepted threshold level of

Table 3: VIF values of the water, energy and food pillars.

Feature VIF

Water Pillar 1.568
Energy Pillar 1.149
Food Pillar 1.491

Table 4: Model performance of the metrics.

Model RMSE MAE R2 Score
(Lower is (Lower is (Higher is
better) better) better)

Random Forest 2.31 1.82 0.90 (Good fit)

ANN 8.57 7.29 -0.33 (Poor fit)

5, as seen in Table 3. This demonstrates there is no multicol-
linearity of serious nature among the data, confirming each
pillar is bringing in unique and non-redundant information
to the model. The absence of multicollinearity increases the
statistical accuracy of the regression analysis and upholds
the independent contribution of each WEF component to the
overall nexus evaluation. This finding attests to the strength
of the analytical model, ensuring that the pillars’ relationships
with each other do not contort or distort the impact of each
of them individually.

Table 4 illustrates how the Random Forest model far
surpasses other predictive models in its performance,
capturing 90% of the WEF Nexus Index’s variance at an R?
value of 0.90. This excellent level of explainability implies
that Random Forest is well-suited for modeling the intricate,
nonlinear relationships among the Food, Energy, and Water
pillars. Its ensembled learning architecture—integrating
many individual trees—improves resistance to overfitting
and enables its ability to take into consideration complex
variable relationships that linear methods might miss. In
contrast, the Artificial Neural Network (ANN) model failed
to converge, resulting in a negative R? value of -0.33, which
implies that its predictive performance is worse than a simple
mean-based model. This may reflect challenges in parameter
tuning, data size, or overfitting due to the high sensitivity of
ANN to training dynamics and data distribution.

Table 5 and Fig. 4 compare the year-to-year performance
of the Optimized Artificial Neural Network (ANN) and
Random Forest models from 2019 to 2022 in terms of RMSE,
MAE, and R2 criteria. For all four years, the Optimized ANN
outperforms the Random Forest model with better predictive
accuracy and consistency. In 2019, the ANN model produced
significantly lower RMSE (1.79 vs. 2.31) and MAE (0.99 vs.
1.82), and with higher R? (0.942 vs. 0.904), demonstrating
its better capability to model nonlinear relationships in the
WEF Nexus Index.

Fig. 5 presents the Random Forest and Optimized
ANN 2023 WEF Nexus forecast, both of which returned
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Table 5: Future trend and prediction analysis.

11

Year Model RMSE MAE R2
0 2019 Random Forest 2.305147 1.818624 0.903668
1 2019 Optimized ANN 1.786738 0.986328 0.942124
2 2020 Random Forest 1.944113 1.527488 0.957258
3 2020 Optimized ANN 1.916585 1.389615 0.958459
4 2021 Random Forest 2.784226 1.969276 0.917200
5 2021 Optimized ANN 2.454844 1.569940 0.935632
6 2022 Random Forest 1.614885 1.259340 0.944308
7 2022 Optimized ANN 0.759705 0.559183 0.987675

Model Performance (R'Score) Over the Years

0.8

6

04

R'Score (Highest is Better)

2 Madel
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o
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2021 2022

Year

Fig. 4: Model performance.

Predicted WEF Nexus Index for 2023
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Fig. 5: Predicted WEF Nexus index for 2023.

very similar estimates—359.291 and 59.363, respectively.
This near-consistency reflects the strength and overall
concordance of both machine learning methods in picking
up the underlying data patterns. Yet, the slightly larger
forecast from the Optimized ANN aligns with its past trend
of increased accuracy as reflected in its lower RMSE and
MAE values from past years.

TOPSIS computes the relative closeness of each
alternative to the best solution. The greater the DTOPSIS
value, the more efficient the performance.

VIKOR: Compares the best and the worst cases. The
more the DVIKOR value decreases, the more the alternative
approaches the ideal solution.

Entropy: Measures the contribution of each alternative
based on its uncertainty. A higher DEntropy score suggests
higher significance.

D-TOPSIS Analysis

The most proximate countries with the largest number
of D-TOPSIS values are the best performers concerning
the criteria under study. The poorest performers are the
countries with the most distant D-TOPSIS values. A country
that ranks highly under D-TOPSIS and similarly under
other approaches is a good decision-making option. High
D-TOPSIS are generally Qatar, Switzerland, and Singapore.
These are Afghanistan, Chad, and Yemen that are at the tail
end of the D-TOPSIS ratings.
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D-VIKOR Analysis

The countries with the best D-VIKOR rank are placed
at the top since VIKOR favors the “closeness of the ideal
solution. The farthest countries from the compromise
solution are the countries with the largest D-VIKOR values.
Gap between Best and Worst: A narrower gap implies
homogeneity, while the wider the gap, the more it implies
stark contrasts between countries. Low-scoring countries
with low D-VIKOR ratings are Norway, Switzerland, and
Sweden. These more highly rated countries by D-VIKOR,
such as Sudan and Somalia, rank lower. A few of the
countries that perform well under D-TOPSIS may perform
differently with slight deviations, identifying the compromise
susceptibility of VIKOR.

D-Entropy Analysis

The countries with higher D-Entropy levels are more
consistent over different criteria.

Bottom Performers: Countries with lower D-Entropy
values indicate higher uncertainty or worse performance on
several criteria.Comparison with Alternative Approaches:
D-Entropy ratings are likely to be different from TOPSIS
and VIKOR since they are more sensitive to the spreading
of the information over the criteria rather than performance
directly. These include the USA, Canada, and Germany with
high D-Entropy scores. The low-scoring nations include
conflict zones like Yemen and South Sudan. It could be
different from the other methods since weight assignments
affect the rank differently.

Table 6 shows that the Countries consistently ranked
high (Switzerland, Norway) excel across multiple decision
criteria. Countries with fluctuating rankings (Germany,
Canada) exhibit sensitivity to criteria weight variations.
Countries consistently ranked low (Afghanistan, Sudan,
Yemen) show weak performance across all metrics.

Inconsistencies in Multi-Criteria Decision-Making
(MCDM) approaches have far-reaching policy-level
implications for global development planning. They
have the potential to result in conflicting priorities in that
various approaches recommend different top-performing
countries or strategies, which creates uncertainty or bias

Table 6: Comparison of the models.

Method Best-Ranked Worst-Ranked Countries
Countries

D-TOPSIS Qatar, Switzerland, Afghanistan, Chad, Yemen
Singapore

D-VIKOR Norway, Switzerland, Sudan, Somalia, Yemen
Sweden

D-Entropy USA, Canada, Yemen, South Sudan,
Germany Afghanistan

in strategic prioritization and the reallocation of resources.
Inconsistencies may also erode the credibility of the planning
framework and that of the decision-making process among
stakeholders. In addition to this, inconsistent rankings
underscore the sensitivity of results to the method and
weighting schemes used and highlight the importance of
transparent, sound methodological and robust approaches to
facilitating even-handed and effective global development
policy.

CONCLUSIONS

In the current study, the performance of the 2019-2022
Optimized Artificial Neural Network (ANN) and Random
Forest models was compared for predictability using the
performance metrics of Root Mean Square Error (RMSE),
Mean Absolute Error (MAE), and R2. The results indicate
that the Optimized ANN model outperformed the Random
Forest model with steadily lower RMSE and MAE and
higher R? levels, with the best improvement performance
recorded for 2022. The 2023 forecast indicates a tight
correspondence between the models, with the Optimized
ANN model maintaining the slightest margin of precision
over the Random Forest model.

In turn, multi-criteria decision-making techniques are
implemented with the assistance of D-TOPSIS, D-VIKOR,
and D-Entropy techniques for country ratings with varying
performance criteria. According to D-TOPSIS, the best-
performing countries are Qatar, Switzerland, and Singapore,
while the poorest-performing countries are Afghanistan,
Chad, and Yemen. D-VIKOR highlights the compromise
sensitivity variations, while D-Entropy displays the extent
of the degree of consistency over multiple criteria, with the
USA, Canada, and Germany at the higher ranks, while Yemen
and South Sudan are at the lower ranks. The inconsistencies
of these techniques highlight the effect of weightage and
the difference in the techniques upon the resultant ranks. It
determines that the Optimized ANN model is a more accurate
and consistent decision-making prediction model compared
to the traditional model, while the proper selection of the
MCDM techniques strongly affects the rank consistency. The
conclusions are of great significance for the enhancement
of forecast precision and comparative performance analysis
between different study areas.

In summary, the findings validate the performance of
the Optimized ANN model for prediction analysis and the
impact of different MCDM techniques on rank consistency.
The findings are the basis for decision-making for country
forecasts and comparative country performance analysis.
The varying water-energy relationship implies the effect of
new policy developments or new technologies that affect
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the production of energy and the consumption of water. The
moderate increase of the energy-food relationship might
be due to increased reliance upon more energy-demanding
processes of food production, with the growing importance
of the use of energy within new agriculture and food
processing systems. The fusion of Machine Learning (ML)
and Multi-Criteria Decision-Making (MCDM) approaches
has importance far beyond the given setting of the Water-
Energy-Food (WEF) nexus. ML models can learn from large
data volumes and dynamically update weights or preferences
in MCDM approaches to enable better, context-specific, and
adaptive decisions. The conventional MCDM approaches
have difficulty processing imprecise, fuzzy, or incomplete
data. ML methods—particularly probabilistic models and
fuzzy methods—can manage such data very well, facilitating
MCDM.By using ML, MCDM processes have been made
automated and scalable to process thousands of alternatives
and criteria. In the future, to create dynamic, time-varying
ML-MCDM processes that adapt inputs, preferences, and
weights every time they are provided with fresh data.
Incorporate climate projections and models (e.g., IPCC
scenarios) into ML-MCDM pipelines to evaluate long-term
WEEF sustainability and resilience. Create real-time WEF
dashboards using streaming data (IoT, satellites) and ML to
provide ongoing optimization and alarms. Apply geospatial
ML algorithms (e.g., GIS + ML) to adapt WEF decisions to
fit typical regional characteristics and expositions. Use ML to
identify shifting stakeholder preferences from participatory
sites, social media, or feedback. Model WEF systems
as multi-agent ecosystems where various sectors (e.g.,
agriculture, energy, water authority) interact and compete.
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ABSTRACT

Globally, e-waste plastic recycling has emerged as a more popular and creative way to
manage electronic waste, which is also being accepted since this resource is available in
enormous amounts, comprises many kinds of hazardous components, and possesses a
very low recycling rate. Growing urbanization, industrialization, and economic expansion are
driving global concrete production, causing pollution and depleting natural resources. Using
e-waste plastic as a natural aggregate presents a novel method for conserving resources
and addressing the challenges of electronic waste, plastic, and concrete production.
This article discusses different e-waste plastic types, techniques for producing e-plastic
aggregates, and their application in traditional concrete. Additionally, this study examined
the behavior of e-waste plastic aggregates, which affect various concrete characteristics.
These include fresh properties such as workability, as well as hardened characteristics such
as density (both fresh and dried), splitting tension strength, flexural strength, compressive
strength, and durability aspects such as chloride attack and thermal resistance. Reusing
electronic waste plastic as aggregates is also a new hope for protecting the environment
and guaranteeing the secure disposal of the enormous amount of e-plastic waste generated.
However, additional research is needed to address e-waste disposal challenges and its use
in conventional concrete.

INTRODUCTION

Advances in science and technology have driven the rapid expansion of the
electronics and electrical systems sector, now the fastest-developing sector across
the globe (Ilankoon et al. 2018, Wang & Xu 2014, Yadav & Upadhyay 2015).
These sectors have changed how people live and influenced communication,
healthcare, and defense in a way that has resulted in notable advancements over
time (Danish et al. 2023, Hamsavathi et al. 2020, Ullah et al. 2022, Wang &
Xu 2014, Wath et al. 2011). Technology companies constantly introduce new,
eye-catching products to dominate the stable market. For instance, in 2019, the
central processing unit’s (CPU) life expectancy in personal computers (PCs)
dropped from 6 to 4 years and from 3 to 2 years in 2005, respectively, while the
lifespan of cell phones is less than 2 years (Akram et al. 2019, Babu et al. 2007,
Ilankoon et al. 2018, Islam et al. 2020, Kang & Schoenung 2005, Needhidasan et
al. 2014, Shamim 2015, Tipre et al. 2021, Xu et al. 2012). Modern society relies
on creatively and newly designed electrical and electronic systems. Additionally,
its effects reduce the price of electrical and electronic products and assist many
people in developing and impoverished nations in improving their standard of living
(Babu et al. 2007, Shamim, 2015). Increased demand from people utilizing new
products more frequently causes massive production of electrical and electronic
equipment, which further shortens device lifespans and generates an extensive
amount of e-waste (Babu et al. 2007, Yong et al. 2019). E-waste, often recognized
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as “E-waste,” is a shorthand form of unwanted electrical and
electronic devices, including copper, glass, steel, plastic,
and other components, as well as electronic devices that
present difficulties in recycling (Luhar & Luhar 2019).
Specifically, electronic waste (e-waste) comprises items such
as PCBs, televisions, DVD players, refrigerators, freezers,
cell phones, MP3 players, and other electronic devices that
are discarded after a relatively short period of use (Fadaei
2022, Wath et al. 2011). The main categories of e-waste are
illustrated in Fig. 1. The European Union (EU) states that
electronic waste is escalating annually at a rate of between
3% and 5% (Akram et al. 2019, Babu et al. 2007, Gaidajis et
al. 2010, Gupta 2023, Ilankoon et al. 2018, Liu et al. 2023,
Tipre et al. 2021, Tuncuk et al. 2012, Van Yken et al. 2021).
E-waste is composed of 1000 diverse kinds of materials, both
toxic and non-toxic, all of which pollute the environment.
If toxic materials such as mercury, arsenic, cadmium, and
lead are not properly managed, they will lead to health
issues. Nontoxic resources such as platinum, gold, copper,
and silver are recycled (Brindhadevi et al. 2023, Kurup &
Kumar 2017a, Needhidasan et al. 2014, Wath et al. 2011).
In 2019, only 17.4% of the total 53.6 million metric tons of
e-waste produced worldwide was recycled appropriately.
The balance of 82.6 percent was not officially reported or
recycled. In 2019, 50 million metric tons of electronic waste
were created in Asia, America, and Europe, as opposed to 0.7
and 2.9 million metric tons in Oceania and Asia, respectively.
Globally, e-waste is predicted to attain 74.7 million metric
tons by the year 2030 and 110 million metric tons by the
year 2050 (Bald¢ et al. 2022, Elgarahy et al. 2024, Liu et
al. 2023, Rajesh et al. 2022, Shahabuddin et al. 2023, Van
Yken et al. 2021). Forecasts of global e-waste generation
around the world are typically shown in Fig. 2. The total
volume of electrical and electronic equipment (WEEE)
constitutes approximately 8% of all municipal solid waste
(Fadaei 2022). Plastic is one of the most essential components
of e-waste. Tackling e-plastic waste management is the
most significant challenge worldwide. The presence of
flame retardants significantly hinders the recycling of these
materials, despite several technological advancements
(Danish et al. 2023, Hamsavathi et al. 2020, Sahajwalla &
Gaikwad 2018). Many researchers have employed diverse
approaches to manage e-waste plastics, one of which is their
use of electronic waste plastics in the construction industry.
Electronic waste, such as printed circuit boards, as illustrated
in Fig. 3, recovered acrylonitrile butadiene styrene, high-
impact polystyrene wastes, and other varieties of electronic
waste can be utilized to create sustainable concrete (Kurup &
Kumar 2017b). Concrete is the second most widely utilized
construction material globally, after water (Nilimaa 2023).
Conventional concrete is widely utilized because of its

excellent mechanical properties, such as high compressive
strength, long-lasting durability, and capability to be molded
into the desired shape during casting (Kumar et al. 2025).
The increasing need for infrastructure development is evident
in the increasing amount of concrete produced daily. The
rising requirement for concrete and its associated effects
have led to the possibility that the exploitation of natural
aggregates is depleting natural resources globally, hence
endangering the needs of future generations. Aggregate,
which constitutes more than 70% of the material’s volume,
is one of the most crucial ingredients used in concrete.
Focusing on the conservation of natural materials is vital for
minimizing the impacts of resource depletion and climate
change (Padmanaban et al. 2020, Ullah et al. 2021). To
reduce the use of natural aggregates as much as possible,
many researchers are attempting to replace them, either
entirely or partially, with waste materials such as e-waste,
recycled natural aggregates, granite, marble, regular
plastic, refractory bricks, and ceramic tiles. Nevertheless,
recycled natural aggregates, granite, marble, regular plastic,
refractory bricks, ceramic tiles, and other waste materials
cannot be produced in sufficient quantities to meet the
requirements of the growing building sector. In this case,
the abundant generation of e-waste will be directed toward
the substitution of natural aggregates to encourage the use
of green concrete and preserve natural resources. After
analyzing several research articles, we found that nearly all
researchers have worked on e-waste recycling, management,
usage in concrete, and the consequences for humans and the
environment. Little research has been conducted to enhance
the strength of concrete composites composed of e-plastic
waste. The major aim of this detailed analysis is to scrutinize
the behavior of e-waste plastic as a sustainable substitute for
natural aggregates in traditional concrete, in addition to the
challenges of using electronic waste plastic in lieu of natural
aggregates. Additionally, it provides an in-depth exploration
of issues related to e-waste plastics, such as recycling, toxic
materials, environmental harm, and health concerns.

MATERIALS AND METHODS

The growing requirement for concrete and its byproducts,
combined with the mounting problem of electrical waste,
has prompted investigations into the viability of replacing
natural aggregates in concrete with e-waste materials. This
study primarily examines the behavior of e-plastic waste
as a traditional aggregate in regular concrete and its effect
on the mechanical and durability characteristics of the
material. The most innovative research articles on e-waste
plastics were considered in this review. A variety of sources,
including Google Scholar, Science Direct, Springer, Taylor
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Fig. 3: Raw printed circuit boards (Gupta & Singh 2021).
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& Francis, and other notable works that were accessible as
open resources, were used to conduct the literature survey.
Specialized keywords such as “electronic waste,” “e-plastic
aggregate,” “e-waste plastic,” and “e-waste aggregate” are
typically used for reviews. The information was gathered

1%
5%
2%
12% '
2%
3%

such that the work reports included the major discoveries of
the previous few years, including the formation technique,
recycling procedure, and usage of rejected plastic as both
fine and coarse aggregates in conventional concrete. A
comprehensive review was conducted, drawing on a range

Metals
® Pollutants
EPCBs
CRTs and LCD monitors
60%
® Cables
® Metal-plastic mixture
W Plastics

® Others

Fig. 4: Composition of e-waste (Chakraborty et al. 2022, Mtibe et al. 2023, Tipre et al. 2021).

Table 1: Environmental impacts of e-waste (Luhar & Luhar 2019, Manjunath 2016).

Component category of E-waste

Procedure used for

Possible Effects on Groundwater, Soils, Health, and
Environmental Hazards

components.

Computer cords

Computers, TVs with CRT screens,
monitors, ATMs, cameras, and so forth.

PCBs are thin, plate-like structures and
a few e-constituents for mechanical
support and electrical connection.

Chips and a couple of au-plated

following a breakup

fire, and an acid bath.

chips on fire

Cu is extracted by chemical and fire

stripping outside.

Removal and disposal of items

Recovering the best metal items
requires eliminating soldering, outdoor

A chemical stripping procedure using
HNO; and HCl, along with setting the

The leaching of heavy metals like lead, barium, and others
introduces toxic phosphorus into underground water.

Gas leaks, air, surface, and subsurface water pollution, and
glass dust

Fish and plants are acidified when hydrocarbons, dense
metals and materials exposed to bromination, such as
dioxin, seep directly into surface and subterranean waters.
Discharge of hydrocarbon ash into the atmosphere, soils,
and water vapor.

Table 2: Contaminates in e-waste (Akram et al. 2019, Gaidajis et al. 2010, Rao et al. 2017).

Zinc sulfide

Residue from toner

Elements Occurrence in electronic waste Associated health and environmental factors
Polychlorinated Old-fashioned light fluorescent ballasts with It causes cancer, which affects the endocrine, neurological,
biphenyls transformers, condensers, and capacitors. immunological, and reproductive systems of humans.
Chlorofluorocarbon  Insulation foam and refrigerants are used. Combustion of halogenated compounds may produce dangerous fumes.
Arsenic They are present in trace amounts as gallium Long-term exposure to it is extremely harmful to health.
arsenide in light-emitting diodes.
Polyvinyl chloride Cable insulation Processes using high temperatures and wires that convert chlorine into
dioxins and furans may release
Barium Computer screens and plasma displays. Moisture can cause combustible gases, such as hydrogen.
Beryllium Exist in wires, power supply boxes, including harmful if consumed
silicon-controlled rectifiers, and heat sinks for
computer chips.
Cadmium Present in plastics, printer ink, and cell phones It is extremely harmful and can ruin your health over time.
Chromium VI Floppy disks and data tapes Highly poisonous and detrimental to health over an extended period.
Additionally, it causes allergic reactions.
Lithium Present in Li-batteries Capable of releasing explosive hydrogen gases when wet.
Mercury Useful for mercury-wetted switches and Highly toxic and detrimental to health over time.
fluorescent lights.
Nickel Like electron guns and rechargeable nickel- It is possible to experience allergic reactions.

cadmium batteries.

Used in CRT screens in conjunction with rare
earth elements.

Printer and copier cartridges for laser devices.

Harmful if breathed in

Inhaling dust raises the chance of explosion.
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of papers, to study the impact of waste e-plastic aggregates
on the unique characteristics of ordinary concrete. Moreover,
a quantitative evaluation of fragmented information was
employed to examine the suitability of e-plastic aggregates
as a sustainable and safe replacement for fine or coarse
aggregates in concrete.

E-Waste Composition

E-waste is a complex mixture of potentially dangerous and
helpful materials. The complex components that make up
e-waste comprise a wide spectrum of both “hazardous”
and “non-hazardous” substances. Inadequate handling of
these materials may result in significant damage to human
health and the environment. The electronic waste plastic
can be categorized into eight distinct classes based on its
composition, as depicted in Fig. 4. E-waste usually consists
of the following materials: 60% metals, 3% contaminants,
2% printed circuit boards (PCBs), 12% cathode ray tubes
(CRTs) and liquid crystal displays (LCDs), 2% cables, 5%
metal-plastic blend, 15% plastics, and 1% miscellaneous
goods. Factors such as the types of electronic devices, their
models, producers, ages, and production dates significantly
affect the formation of e-waste (Tipre et al. 2021, Yong

et al. 2019). The various e-waste components and their
environmental impacts are listed in Table 1. Compared to
regular municipal waste, e-waste contains thousands of
harmful components and metals, such as lead, phthalates,
beryllium, antimony, cadmium (Cd), chromium, mercury,
polyvinyl chlorides, and brominated flame retardants,
making it significantly more hazardous (Elgarahy et al.
2024, Luhar & Luhar 2019). Extended exposure to the
reproductive and endocrine systems, joints, organs, and
brain circuits is detrimental. Some of these substances are
partially neurotoxic and carcinogenic (Yadav & Upadhyay
2015). The contaminated ingredients present in e-waste are
listed in Table 2.

Techniques for Recycling Plastic from Used
Electronics

The first stage of plastic recycling from electronic waste
is the collection, physical selection, disassembly, and
shredding of electronic devices. (Ceballos & Dong 2016).
Materials, both metallic and non-metallic (plastics, glass,
and ceramics), are mechanically detached from shredded
electronic waste (Patil & Ramakrishna 2020, Shahabuddin
et al. 2023). Polyethylene, acrylonitrile-butadiene-styrene,

Fig. 6: Formation of e-waste plastic aggregates (Senthil Kumar & Baskar 2015a, 2015b).
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Table 3: Physical techniques for extracting metals from WEEE (Tuncuk et al.
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2012).

Techniques Criteria for separation

Sorting metals

Separation by gravity Specific gravity

Separation using a magnetic Vulnerability to magnetic fields

Coronal electrostatic separation Conductivity of electricity

Spread of eddy currents Density and conductivity of electricity

Metals derived from polymers
Ferromagnetic from a non-magnetic, ferrous substance

Costly metals derived from materials that are not metallic

Switching from non-metals to non-ferrous metals.

polycarbonate, polyesters, polyamides, polypropylene,
and high-impact polystyrene are among the polymers
that can be recovered from e-waste (Ilankoon et al. 2018,
Wang & Xu 2014). Prior to being recycled into goods or
transformed into energy, these must be graded. Although
e-waste offers valuable engineering plastics such as ABS,
recycling remains a challenge because of the presence of
numerous polymers, BFRs, and plasticizers, and the limited
understanding of the compatibility between plastics during
the melt extrusion process (Mtibe et al. 2023). Large amounts
of sorted e-waste plastic strips, as shown in Fig. 5, require
appropriate recycling infrastructure for a well-established
recycling process. The manufactured or processed e-waste
plastic aggregate is shown in Fig. 6.

Primary and Secondary Recycling

Melting plastics from e-waste and forming them into new
products is a frequently used technique called mechanical
recycling (Sugumar & Nayak 2014). In the first recycling,
recycled plastic is utilized to produce items that closely
resemble virgin plastic products in appearance and
performance, whereas in secondary recycling, the retrieved
plastic is repurposed to produce new goods with lower
functionality requirements than the original materials. The
size reduction process begins with the separation of plastic
fractions from electronic waste. This involves breaking the

plastic waste into tiny pellets or pieces, sorting, and cleaning
(based on the desired product, either optical, magnetic, or
manual sorting utilizing eddy current separators, as illustrated
in Table 3). After sorting, the plastics are put through various
melt processing procedures, including injection molding,
hot pressing, and melt extrusion (Charitopoulou et al. 2021,
Das et al. 2021, Jaidev et al. 2021, Mtibe et al. 2021). A
flow diagram of primary and secondary recycling is shown
in Fig. 7.

Tertiary Recycling

The third step of chemical and thermal recycling involves
the use of depolymerization techniques to separate
chemicals and fuels from polymers made from electronic
waste through thermal and chemical treatments (Sugumar
& Nayak 2014). For e-plastic waste, recycling chemicals
enable the processing of polluted polymers without requiring
laborious pretreatment steps. Subsequently, plastic portions
are repurposed to create valuable items. Catalytic cracking,
pyrolysis, hydrogenation, dissolution, and gasification are
common processes. The sample is heated to high temperatures
(400-800°C under inert conditions) during pyrolysis to
produce products such as char, oil, and combustible gases.
Pyrolysis produces fewer contaminants than conventional
thermal treatments (Charitopoulou et al. 2021). The optimal
processing parameters, including temperature, feedstock

Primary and secondary recycling of E-waste

applications

5-Treatment processing

O o 1- Electronic devices

2- Collection of E-waste
(Identify)

3- Transportation
of E-waste

6- Product transportation

Fig. 7: Primary and secondary recycling of e-waste (Elgarahy et al. 2024).
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Fig. 8: Tertiary recycling diagram of e-waste (Elgarahy et al. 2024).

composition, heating rate, and time, determine the products
produced during pyrolysis. Utilizing catalytic pyrolysis,
which lowers the temperature and shortens the residence
time, can yield high-value compounds. A flow diagram of
the tertiary recycling approach for e-waste is shown in Fig. 8.

Incorporating E-Plastic Waste into Concrete
Production

Various studies have been conducted on the use of plastic
electronic waste in concrete manufacturing. These discarded
components undergo a recycling procedure before being
used to make concrete, as shown in Fig. 9, where the raw
plastic components from e-waste are crushed and processed
into various aggregate sizes, similar to regular aggregates,
for the creation of concrete. Processed e-waste, particularly
electronic waste plastic particles, is frequently utilized as an
alternative to fine or coarse aggregates in concrete mixes.

Novel research has highlighted that the materials were
organized according to their weight, with e-plastic aggregates
replacing natural coarse and fine aggregates based on weight
(Arun Kumar & Senthamizh Selvan 2017, Manjunath 2016).
According to past studies, e-plastic aggregates were used
to substitute 5%-50% of conventional aggregates. The
mechanical, physical, and long-lasting characteristics of
concrete with these substitutions have been compared with
those of regular concrete by previous researchers.

Characteristics of Concrete with E-Waste

Concrete’s properties, both fresh and hardened, are
evaluated by the physical and mechanical characteristics of
its components. Durability, workability, strength, hardness,
and water absorption are the primary characteristics of
concrete. Multiple studies have analyzed the efficiency of
e-waste plastics in enhancing the physical characteristics of

Zzizt?) fc ?a&scvtf:stlg > Water cleaner Water shredder
Screening chamber Mill — Heating pgocess gL
N7
Cooling of melted Crushing to desired E-waste plastic
product size aggregate prepared

Fig. 9: Manufacturing procedure for e-waste aggregate (Bamigboye et al. 2024, Z. Ullah et al. 2021).
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Table 4: Properties of e-waste plastic aggregates (Danish et al. 2023,
Lakshmi & Nagan 2011).

Description of Properties Test data
Color White and dark
Shape Irregular

size 4.5 mm-20mm
Specific gravity 1-1.25
Aggregate crushing value <2%

concrete. The physical characteristics of the e-waste plastic
aggregates are shown in Table 4. The following sections
critically explore the impact of e-plastic aggregates on the
properties of concrete.

Workability

Published literature shows that the viability of concrete
adapted with e-waste varies based on the size and form
of the used e-waste. Few studies suggest that substituting
coarse aggregates (CA) in concrete with e-plastics can lead to
reduced workability. Kumar & Baskar (2015b) demonstrated
that the addition of 10%—-50% e-plastic in concrete led to
a reduction in slump of 25%—-65% compared to standard
mixes, as the plastic obstructs other ingredients and reduces
workability. Kumar & Baskar (2015a) quantified a related
remark and observed that concrete mixtures with 10-50%
e-plastic waste and water-to-cement ratios of 0.45, 0.49,
and 0.53 showed slump reduction of 10-61%, 23-67%, and
31-73%, respectively, with respect to the control mix, with
minimal change noted at 50% coarse aggregate replacement.
Manjunath (2016) also noted that the use of 10-30% e-plastic
waste in concrete resulted in a slump decrease of 10.93%
to 41.40% compared to the standard specimen. Rohini &
Padmapriya (2021) revealed that the slump value of the
bacteria- and e-waste-based concrete was 50% higher at
20% e-waste and 0% to 2% bacteria compared to the control
concrete.

Dry Density and Fresh Density

The quality of fresh concrete affects the properties of the
prepared concrete. For instance, the slump, fluidity, and
consistency of concrete are influenced by its fresh density,
whereas its dry density influences its hardened properties.
Research on the unique properties of e-waste plastics is
limited. Kumar & Baskar (2015b) showed that adding
electronic waste plastic to concrete reduced its initial density.
According to their research, replacing 10-50% of the coarse
particles with e-plastic waste reduced the new concrete
density by 1.10-13.58% as compared to the standard mix.
The fresh density decreased because the e-plastic waste
aggregate had a lower density than the coarse aggregate.

Kumar & Baskar (2015a) conducted a similar study using
high-impact polystyrene (HIPS) electronic waste aggregates
at varying weight-to-cement ratios to produce ecologically
friendly concrete. In comparison to the reference specimen,
investigators found that at a w/c of 0.53, adding 10-50%
e-waste decreased density by 0.61-14.64%. At water-to-
cement ratios of 0.45 and 0.59, incorporating similar amounts
of e-waste plastic resulted in a fresh density reduction of
0.93-14.41% and 0.77-13.58%, respectively, with respect
to the control sample.

Structural Properties of E-Waste Concrete

Mechanical Properties

Compressive strength: The capacity of a material to resist
loads that attempt to compress or shorten its dimensions,
rather than those that stretch it, is known as compression
strength. Kumar & Baskar (2015b) observed that the
compressive strength (CS) value drops as the proportion of
e-plastic in the mixture rises (10% to 50%), and it exhibited
a maximum loss of 47.41% at 50% e-plastic replacement
because of one of the causes, namely, insufficient adherence
of e-plastic to cement mortar. Another similar study by
Manjunath (2016) utilized coarse e-waste plastic (0% to
30%) as aggregate and observed that the compressive
strength dropped by 53.05% at 30% e-waste content. In
contrast, Ahirwar et al. (2016) replaced 0-30% coarse
aggregate with e-waste and 10-30% cement with fly ash,
observing a minor drop in compressive strength with respect
to the reference concrete. Rohini & Padmapriya (2021)
proposed an innovative idea that focused on the addition of
microbiologically induced calcite precipitation to electronic
waste-treated concrete for strength enhancement. Their
results showed that the compressive strength of 15% e-waste
plastic concrete improved by 6.26%, 8.41%, and 5.95%
with the addition of 0%, 1%, and 2% bacteria, respectively,
compared with the control mix. The improvement in the
compressive strength of e-waste plastic concrete with the
addition of bacteria is attributed to the production of calcium
carbonate and its inherent self-healing properties.

Splitting tensile strength: Analyzing the splitting tensile
strength of concrete containing varying levels of e-waste
plastic aggregates is vital for understanding its performance
under tensile loads, particularly because concrete is
naturally prone to tensile weakness owing to its brittle
characteristics. Research consistently shows that increasing
the proportion of e-waste aggregates tends to diminish the
splitting tensile strength of concrete. For example, Kumar
& Baskar (2015b) indicated that incorporating 10-50%
e-waste led to a decrease in the splitting tensile strength
of concrete, reducing it by 8.06% to 47.89% compared to
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the control sample. Additionally, the samples containing
e-waste plastic aggregates exhibited a different failure mode
in their splitting behavior, unlike the typical brittle failure
observed in the reference specimen. A similar remark was
conveyed by Kumar & Baskar (2015a) assessed the effect
of high-impact polystyrene electronic waste on the splitting
tensile strength of concrete. Their results demonstrated that
concrete containing e-waste plastic aggregates exhibited
ductile behavior, preventing complete separation into two
parts, whereas the control specimen experienced brittle
failure, splitting into two distinct halves under the ultimate
load. This implies that e-waste plastic aggregates can tolerate
significant elastic deformation before fully breaking down.

Table 5: Summary of effects of e-waste on concrete properties.

A similar study by Manjunath (2016) incorporated e-waste
plastic aggregates at replacement levels ranging from 10
to 30 percent for coarse aggregates in the concrete mix.
The inclusion of 20% e-waste plastic aggregates improved
the 28-day splitting tensile strength of concrete by 10.20%
compared to that of the reference sample. Ganesh et al. (2021)
conducted a 28-day split tensile test of concrete (M20 grade)
containing crushed printed circuit board as fine aggregate
replacement at levels of 3% to 25% wt. The split tensile
strength reached 1.51 MPa, reflecting an 11.85% increase
with 15% fine aggregate replacement using PCB, compared
to the control mix strength of 1.35 MPa.

Flexural strength: It measures the capability of a material

Author and Date Percentage Replacement method Grade of Strength after 28 days in MPa
replacement (%) Concrete cs TS ES
Manjunath (2016) 0% E-plastic with FA M20 4481 4.90 5.76
10% or CA 4125 4.80 492
20% 17.95 5.40 5.28
30% 19.03 3.80 6.84
Alagusankareswari et al. (2016) 0% Printed circuit boards M30 33.11 3.31 5.60
10% with FA 30.59 3.26 4.67
20% 25.99 2.62 3.33
30% 24.46 2.02 3.20
Needhidasan et al. (2020) 0% E-plastic with CA M20 45.05 3.90 4.10
12% 41.95 3.50 4.30
17% 44.93 4.90 4.80
22% 41.95 6.70 5.20
Mary Treasa Shinu & Needhidasan (2020) 0% E-plastic with CA M40 46.25 4.63 4.54
12% 44.85 4.09 4.20
17% 38.24 3.82 4.01
22% 35.15 3.01 3.84
Rajkumar et al. (2021) Control E-plastic with CA M20 27.83 1.98 4.40
5% 31.60 2.55 5.07
10% 33.20 3.10 6.00
15% 35.50 2.85 6.38
20% 25.50 2.65 5.09
Ullah et al. (2021) 0% ABS with CA M20 34.40 2.68 435
10% 32.20 2.05 4.40
15% 31.20 1.85 4.30
20% 28.00 1.81 2.50
Arivalagan (2020) 0% E-plastic with CA M30 31.00 4.90 4.40
10% 32.73 4.40 4.40
20% 37.50 5.50 4.50
30% 35.00 3.5 2.90

5 CS-Compressive strength, TS-Tensile strength, FS- Flexural strength, ABS-Acrylonitrile butadiene styrene plastic, CA-Coarse aggregate, FA-Fine

aggregate
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to withstand distortion under an increasing load, and
numerous studies have explored this property. For instance,
Kumar & Baskar (2015b) prepared concrete by replacing
coarse aggregates (CA) with variable proportions (10% to
50%) of e-plastic by volume and assessed the 7 and 28-day
flexural strength. As the proportion of e-plastic increased, a
decline in the flexural strength of concrete was noted. The
10% replacement of coarse aggregate yielded the highest
flexural strength values at 7 and 28 days compared to all
other replacement percentages. Similarly, Manjunath (2016)
noted a 1.14% enhancement in the 28-day flexural strength
of concrete with 10% e-waste plastic aggregate compared
to the control specimen.

Additionally, their results showed that concrete
containing 20% e-waste plastic aggregates exhibited a
flexural load capacity comparable to that of the control mix.
Ahmad et al. (2022) prepared concrete with nano graphite
platelets (doses of 1%, 3%, and 5% by weight of cement)
and e-waste plastic coarse aggregates substituted partially at
a percentage level of 25% to explore the flexural strength.
The specimens with 25% plastic aggregates and 5% nano-
graphite platelets exhibited a 31.42% increase in flexural
strength. Sharma et al. (2022) developed M30 concrete by
using HIPS electronic waste as a replacement for natural fine
aggregate at levels of 5% to 25% and conducted a flexural
test. The strength decreased by as much as 15.18%, 15.10%),
and 16.01% at a 25% replacement level for 7, 14, and 28 days,
respectively. The observations indicated that a replacement
level of up to 10% e-waste plastic was viable.

Shear strength: Kurup & Kumar (2017) added e-waste
fibers to the concrete mix in proportions of 0.6%, 0.8%, and
1% by OPC weight, and silica powder replaced 10% of the
cement content to produce silica fiber-reinforced concrete
(SFRC). The incorporation of silica powder into fiber-
reinforced concrete improves its shear strength compared
to that of conventional fiber-reinforced concrete. Silica
fiber-reinforced concrete exhibited a 21.5% decrease in shear
strength, whereas fiber-reinforced concrete experienced a
25.6% reduction compared to conventional concrete with
the inclusion of 1% fiber. Although there was a decline
in strength, the addition of e-waste fibers significantly
minimized the brittleness of the conventional concrete.
A Summary of the effects of e-waste on various concrete
properties is presented in Table 5.

Durability Characteristics of Concrete Incorporating
Electronic Waste

This attribute is vital for practical applications in the industry.
Consequently, assessing the durability of e-waste concrete
to determine its long-term performance and suitability is

essential for its application. There is still a shortage of
studies on the long-term behavior of e-waste concrete, as
mentioned below.

Water Absorption Properties

To evaluate the suitability of e-waste concrete for
construction applications, it is essential to conduct additional
studies on the water absorption capabilities of this plastic-
based concrete. Concrete durability is associated with
lower water absorption values; however, this property has
not been widely investigated. Ullah et al. (2022) conducted
tests to assess the water absorption characteristics of
concrete incorporating e-waste as a coarse aggregate. As
the replacement of natural coarse aggregates with e-waste
increased from 0% to 20%, the reduction in water absorption
became more pronounced, which was linked to a decrease
in the sorptivity coefficient. When coarse aggregates were
replaced with e-waste at levels of 10%, 15%, and 20%, the
sorptivity coefficient of the concrete decreased by 12.2%,
14.5%, and 29.0%, respectively.

Alternate Wetting and Drying

The ability of concrete to endure weathering in various
wet and dry environments is assessed using sea tidal
waves as stress factors. Structural durability diminishes
when cracks develop due to stress and the reinforcement
becomes weathered. Ullah et al. (2022) created concrete
with electronic waste, demonstrating improved resistance to
compressive strength deterioration after cycles of wetting and
drying, with resistance increasing as electronic waste content
rose, in contra st to concrete with natural coarse aggregates.

Abrasion Resistance

This has been investigated in several studies, which have
improved the viability of the material. However, research on
this topic is limited. Ullah et al. (2021) noted that a higher
percentage of e-waste improves the abrasion resistance. The
experimental findings indicated that substituting 10%, 15%,
and 20% of natural coarse aggregates with e-waste enhanced
the abrasion resistance by 39.8%, 44.3%, and 46.4%,
respectively. This was because of the increased toughness
and abrasion resistance of the e-plastic aggregates compared
to those of the natural aggregates.

Ultrasonic Pulse Velocity (UPV)

This durability examination is essential for evaluating the
homogeneity and consistency of concrete. Using this test, the
compactness of the concrete and flaws such as pores and cracks
were identified. In this context, Kurup & Kumar (2017) created
fiber-reinforced concrete using PVC waste at 0.6%, 0.8%,
and 1% by weight of cement and silica-reinforced concrete
with 10% of the cement weight replaced by silica. It was dis-
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covered that the various concrete mix types had values above
4.2 km.s.”" The specimen with e-waste fibers demonstrated a
declining UPV value, which was attributed to the ability of
the fibers to absorb pulse waves. A similar study by Ullah et
al. (2021) found that as the content of the e-waste aggregate
increased, the UPV of the concrete decreased, which was due
to an increased air void content and irregular distribution of
the plastic aggregate. When the natural coarse aggregate was
replaced by 10%, 15%, and 20%, the UPV of the e-waste
concrete decreased by 1.2%, 1.9%, and 3.3%, respectively.
The incorporation of e-waste plastic as a coarse aggregate
had a minimal impact on concrete quality, with UPV values
ranging from 3660 to 4575 m.s™'.

Chloride Penetration

Chloride attack must be considered when evaluating the
long-term resilience of concrete, as it is a primary cause of
reinforcement corrosion, which is of great importance. For
instance, Kumar & Selvan (2017) conducted a rapid chloride
ion penetration test using e-waste, where coarse aggregates
(5%, 10%, and 15%) and fine aggregates (10%, 20%, and
30%) in fiber-reinforced green concrete were replaced with
30% GGBS instead of cement. The control concrete exhibited
modest levels of chloride ion penetration, whereas the fine
and coarse aggregate replacements made from e-waste
showed moderate levels of chloride ion penetration, with
charges passing between 3271 and 3966 coulombs.

Temperature Resistance of Electronic Waste Concrete

It is important to understand the effect of temperature on
the material strength for the construction of fire-resistant
structures. This test evaluates the response of a material

— e

Before Test

to fire and its tendency to ignite. For instance, Lakshmi
& Nagan (2010) revealed that as the amount of electronic
waste plastic aggregates increases, the compressive strength
of concrete decreases at elevated temperatures. Another
observation by Ullah et al. (2021) developed e-plastic
waste-based concrete to assess its performance at elevated
temperatures ranging from 150 to 350 °C, applying e-waste
at various replacement percentages for coarse aggregates.
They reported a compressive strength decrease of 21-26% at
150 °C and 39% at 300 °C. The appearance of e-waste plastic
concrete before and after thermal exposure is shown in Fig.
10. However, this reduction is minor compared to the strength
losses observed in the standard mix. Further investigation
is required to confirm that electronic waste plastics perform
adequately as construction materials at high temperatures.

SEM and XRD Analysis of Electronic Waste Concrete

Balasubramanian et al. (2021) utilized e-waste plastic to
replace 5% to 20% of the coarse aggregate volume in the
concrete matrix for SEM and XRD analysis. SEM analysis
identified darker regions associated with denser packing and
lower porosity of calcium hydroxide (CH) in conventional
concrete. It also revealed large hexagonal CH plates, a small
fibrous crystalline C-S-H gel, and needle-like crystalline
ettringite. Conversely, the bond between the waste plastic
aggregates and the concrete matrix was found to be weaker,
as shown in Fig. 11. In the X-ray diffraction analysis, the
control specimen demonstrated prominent crystal phases at
21°,26.7°, and 50.08°, linked to silicon dioxide and crystal
phases at 28.16° and 81.72°, associated with calcite. Low-
intensity peaks at 18.48° and 80.38° were also detected,

After 300°C

Fig. 10: Photographic view of e-waste concrete before and after exposure to high temperature (Ullah et al. 2021).
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Fig. 12: XRD patterns of (a) control concrete and (c) E-waste concrete (Balasubramanian et al. 2021).

which were associated with calcium hydroxide. Conversely,
the introduction of 20 % e-waste plastic resulted in a new
peak for hatrurite, and the most intense crystal phases
of dellaite occurred at 18.15° and 47.17°, respectively.
However, the strength characteristics of the matrix were
reduced owing to the expansion and fissures caused by the
presence of water. Strength reduction occurred owing to the
lower formation of dicalcium silicate (Ca2SiO4). The XRD
pattern of the composite concrete matrix is shown in Fig. 12.

Comparison of E-Waste Concrete with Other Alternative
Aggregate Concretes

Islam et al. (2025) investigated the use of e-waste as a

partial replacement for natural coarse aggregate in concrete,
with substitution levels varying from 10% to 20% by mass.
After 28 days of curing, the study observed a decline in
compressive strength by 13.41% to 25.50% and in tensile
strength by 11% to 19.26% relative to conventional concrete.
Afshinnia & Rangaraju (2016) observed that replacing natural
coarse aggregate with coarse waste glass notably decreased
both compressive and splitting tensile strengths, with a
38% drop in compressive strength. Novakovd & Mikulica
(2016) produced sustainable concrete by substituting natural
aggregates with recycled concrete aggregates (RCA) and
found that replacing raw aggregates with up to 20% RCA did
not adversely affect the concrete’s physical or mechanical
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properties. Alaud et al. (2023) created sustainable concrete
by substituting gravel with recycled rubber particles at 10%,
15%, and 20% by volume. The inclusion of rubber reduced the
density of concrete, resulting in a compressive strength drop
of over 26% at 20% replacement. Li et al. (2025) investigated
the effects of varying rubber replacement ratios (0%, 5%, 10%,
and 15%) on the fundamental mechanical, dynamic, and frost
resistance properties of rubber recycled aggregate concrete.
At a 15% replacement level, the results showed a 36.86%
reduction in compressive strength, 44.07% decrease in axial
compressive strength, and 25.76% drop in elastic modulus.
Conversely, the splitting tensile strength improved by 46.29%
and the impact resistance increased by 181.3 J. Based on these
findings, it can be concluded that a 10-15% replacement level
of alternative aggregates, such as rubber, glass, or recycled
aggregates, may offer an optimal balance between mechanical
performance and sustainability, making it a promising range
for producing eco-friendly concrete without significantly
compromising structural integrity.

Potential Strategies for Enhancing the Characteristics
of E-Waste Concrete

When e-waste is mixed with concrete, the peculiar properties
of the e-waste components may result in diminished strength.
Researchers have proposed several solutions to overcome
this issue and make concrete altered with e-waste useful as
a building material. The following are crucial strategies for
enhancing the characteristics of concrete containing e-waste:

1. Optimizing the Design of Concrete Mix: Researchers
have suggested adjusting the water-to-cement ratio,
choosing suitable e-waste aggregates, and incorporating
chemical admixtures to enhance the workability and
strength of e-waste concrete. Studies have shown that
these changes can significantly enhance the overall
strength.

2. Incorporating Admixtures: To improve the workability
and mechanical strength of fresh e-waste concrete,
incorporating superplasticizers and mineral admixtures
such as fly ash, silica fume, and slag is recommended.
Previous research has shown that superplasticizers
improve the strength and fluidity of e-waste concrete.

3. Fiber reinforcement: It has been suggested that
strengthening concrete treated with e-waste with fibers
that are synthetic or natural could enhance the material’s
mechanical properties.

4. Microbial Additives in Concrete: Strength improvements
in e-waste concrete can be achieved through an
innovative approach that facilitates calcium carbonate
precipitation, and microorganisms help reduce the
negative impacts associated with e-waste aggregates.

5. Incorporating graphene oxide into concrete: Graphene
oxide (GO) is a novel nanofiller that significantly
improves the density and hardness of cementitious
composites by reducing porosity and reinforcing the
microstructure. Consequently, incorporating GO can
improve the hardened characteristics of e-plastic waste
concrete.

Combining these techniques will allow for improvements
in e-plastic waste-modified concrete, transforming it into
a more valuable and eco-friendly building material for
the construction industry. Adopting these strategies will
help address issues related to e-waste concrete, supporting
resource conservation and broader applications in the
construction industry.

Prospects and Recommendations for Further Research

Despite the difficulties in using e-waste concrete, several
methods should be investigated to overcome the limitations
of the material.

1. There are several ways in which e-waste integration into
concrete will benefit the environment: it will produce
more sustainable concrete, manage e-waste more
effectively, and conserve natural aggregate resources.

2. Compared with conventional concrete, e-waste aggregate
concrete demonstrated adequate sound absorption. The
UPYV values of the concrete specimens ranged from 3660
to 4575 m.s™!, suggesting elevated quality and making
e-waste concrete a suitable alternative, as these values
are within the acceptable range.

3. Incorporating electronic waste aggregates as a 20%
replacement for natural coarse aggregates in concrete
increased its resistance to abrasion.

4. Ttis essential to recognize that the inclusion of e-waste
aggregates can enhance the workability of concrete.
However, using shredded e-waste components of non-
uniform size should be avoided, as this can negatively
affect workability, largely because of the low water
absorption of e-waste.

Further investigation is essential to fully comprehend
the role of E-waste aggregate concrete in construction
practices. The literature review uncovered various gaps in
the current knowledge. The following are suggestions for
future research.

1. Mechanical properties, such as hardness (measured
by aggregate abrasion), strength (assessed using the
aggregate crushing value), and toughness (evaluated
using the aggregate impact value), should be considered
in the classification of e-waste aggregates.

2. There is insufficient data on the elastic modulus, bond
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strength, Poisson’s ratio, stress-strain behavior, and
flexural strength of concrete using e-waste aggregates.

3. Studies on incorporating e-waste plastics into reinforced
concrete remain scarce. When constructing columns,
beams, and slabs, e-waste should be considered as an
alternative aggregate with different substitution rates
and mix compositions.

4. Additional research is necessary to explore the impacts
of alkali aggregate reactions, color changes, thermal
resistance beyond 300°C, post-fire characteristics, slip
resistance, carbonation, chloride penetration, freeze-
thaw stability, seawater and chemical resistance,
shrinkage, and swelling. It is necessary to investigate
the durability-related behavior of e-waste aggregate
concrete because e-waste has poor bonding with cement
mortar.

CONCLUSIONS

This review highlights the incorporation of e-waste
in construction and infrastructure while adhering to a
sustainable framework. To accomplish this, we evaluated
the essential features of green concrete containing e-waste,
focusing on its physical properties (both fresh and hardened),
strength, durability, and thermal performance. Based on this
evaluation, the following conclusions were drawn:

1. The size and shape of the aggregates largely influence
the properties of the concrete containing e-waste
aggregates. Finer electronic waste aggregates usually
exhibit higher density, lower absorbability, and lower
fineness modulus than coarser aggregates. Additionally,
e-waste aggregates often have lower bulk densities and
specific gravities than conventional aggregates, and
they tend to absorb less water because many e-waste
materials, particularly plastics, are nonabsorbent.

2. Lead, antimony, mercury, brominated flame retardants,
and cadmium (Cd) not only contaminate soil, water,
and air and destabilize ecosystems but also present
potential health hazards to humans. Consequently,
careful consideration is required when choosing e-waste
for concrete manufacturing.

3. A higher proportion of e-waste in the aggregate mix
enhanced the workability of the concrete. Research
indicates that incorporating shredded e-waste particles
of different sizes influences the workability of concrete.

4. Based on a review of multiple literature sources, it
is suggested that replacing up to 15% of the original
amount of coarse or fine aggregates with e-waste is the
ideal replacement ratio in terms of strength.

5. An increased e-waste content in the concrete matrix
reduced both the UPV value and sorptivity coefficient
while improving the abrasion resistance.

6. According to thermal exposure testing, high temperatures
cause e-waste concrete to compress more readily.

7. According to the literature, its strength is reduced by
39% at high temperatures (300°C). However, research
on boosting strength at elevated temperatures is still
lacking.

Recycled plastic aggregates sourced from e-waste
provide an eco-friendly alternative, helping manage
excessive e-waste, preserve the environment, and reduce
traditional concrete expenses.
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ABSTRACT

Composting is one of the integral components of the global circular bio-economy platform.
However, traditional composting contains major limitations, including its longer time
requirement and the formation of odour. Therefore, the inoculation of efficient novel bacterial
consortia for compost process modification is a global concern. Furthermore, the assessment
of compost quality is crucial because immature compost can cause phytotoxicity, disrupt soil
structure, and damage the natural ecological balance when used in agriculture. Conversely,
there is no universally applicable procedure to determine compost quality, maturity, and
stability. This study focuses on assessing the quality of compost produced by five novel
microbial consortia using indexing and spectroscopic methods. Clean Index (Cl), Fertilizing
Index (FI), Germination Index (Gl) and Vigor Index (VI) were used as indexing methods to
assess the phytotoxicity and compost quality. Scanning Electron Microscopy (SEM), X Ray
Diffraction spectroscopy (XRD) and Energy Dispersive X-ray Spectroscopy (EDS) techniques
were used for spectroscopic analysis of compost microstructure. The results revealed that
out of all compost samples (including the control), the compost made by Consortium 5 (C5)
recorded a significantly greater (p<0.05) Gl, VI, Fl and Cl compared to the control and other
treatments. Further, the Gl value of C5 was recorded as 110.2 + 2.2 %, demonstrating
the possible usage of C5 compost as a phytonutrient soil amendment. Importantly, SEM,
XRD and EDS spectrograms also confirmed the rapid waste degradation pattern and
elemental composition alteration by the C5 consortium. Consequently, the compost by the
C5 consortium was categorized into the compost quality “A” category, whereas the control
compost belonged to the compost quality “D” category. In contrast, the findings of the present
study confirm that the potential applicability of a prepared novel bacetrail consortium as a
rapid, greener waste management approach in the circular bio-economy.

INTRODUCTION

The generation of solid waste has become a burning issue in the world, owing to
rapid urbanization and industrialization (World Bank Report 2022). Currently,
around 33% of the 2 billion tonnes of solid waste generated each year worldwide
is not collected and treated by municipalities (Valavanidis 2023, Wijerathna et al.
2024a). Consequently, about 90% of this waste is used for uncontrolled dumping,
which leads to severe ecological and public health implications. Nevertheless, the
approximate global operational cost for waste management was USD 252 billion
in the year 2020, and it could double to a staggering USD 640.3 billion by the year
2050 (World Bank 2022, Roy et al. 2023).

Composting is an effective, environment-friendly, integral component of waste
management in the circular bio-economy platform. Further, it is a biological process
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influenced by several physicochemical conditions and
enzymatic degradation of different microbial communities
in the environment (Sarsaiya et al. 2019, Wijerathna et
al. 2023). However, traditional composting processes still
have several limitations, including the prolonged time
required and the difficulty in assessing compost maturity
and quality. Inoculation of microbial consortia with greater
extracellular hydrolytic enzyme activity (cellulase, amylase,
protease, pectinase, and lipase) is a rapid biological method
to facilitate the efficient transformation of Municipal Solid
Waste (MSW) to valorized compost (Valavanidis 2023).

However, the final quality of MSW compost depends on
its stability and maturity. Compost maturity describes how
much organic matter has stabilized in composts throughout
the biodegradation processes (Azim et al. 2018). Poor
maturity compost can threaten soil quality and inhibit crop
growth (Sarsaiya et al. 2019). Furthermore, by releasing
harmful compounds and competing for oxygen in the
rhizosphere, spreading premature compost may limit the
growth of plants. Therefore, evaluation of compost maturity
is a crucial part of composting. Several European and North
American countries have adopted specific standards mainly
to regulate the marketing of desirable quality composts
(Esteves 2021). However, such quality control guidelines
have been unable to identify different quality grades of
marketable compost (Esteves 2021).

Compost maturity can be assessed using a variety of
techniques. However, there is no universal method to define
it. Among these methods, the Vigour Index (VI) and Seed
Germination Index (GI) have been extensively employed as
biological parameters to assess the compost’s maturation and
phytotoxicity (Yang et al. 2019). Additionally, the overall
quality of compost in agriculture is assessed based on the
Fertilizing Index (FI) and Clean Index (CI). The Fertilizing
Index is a quantitative measure used to assess compost’s
fertilizing potential or nutrient content. It commonly involves
analyzing the nutrient composition of the material. This
analysis includes measuring key elements such as nitrogen
(N), phosphorus (P), potassium (K), and other essential
micronutrients (Ji et al. 2023). The fertilizing index can
incorporate various parameters and factors, such as nutrient
ratios, bioavailability of nutrients, and their release rates in
soil, to assess the material’s ability to enhance soil fertility
and support plant growth. Additionally, the CI indicates a
quantitative number to represent the amount of heavy metal
available in the compost samples (Yang et al. 2019).

Additionally, several spectroscopic techniques, including
Scanning Electron Microscopy (SEM), X Ray Diffraction
Spectroscopy (XRD), and Energy-Dispersive X-ray
Spectroscopy (EDS) analysis, have recently been utilized

to assess compost age. These techniques can successfully
acquire complementary, comparative data and a description
of compost maturity. While EDS and SEM are evident
methods used for the material’s elemental identification and
to obtain information about its quantitative composition,
XRD analysis of compost evaluates the molecular and atomic
composition of compost (Kataki 2017).

In Sri Lanka, there is a lack of published literature on the
overall quality of MSW compost prepared using different
bacterial inocula. Therefore, the application of immature
compost and compost with phyto toxicity can negatively affect
the agricultural plants (Yang et al. 2019). The objective of
the present study evaluate systematic comparison and quality
assessment of MSW compost prepared from five indigenous
novel bacterial consortia using the indexing methods, including
GI, VI, FI and CI, by evaluating the compost phyto toxicity of
prepared compost. Further, the manuscript aims to compare
the spectral characterization of prepared compost using SEM,
XRD and EDAX spectra to evaluate the compost quality of
prepared compost to determine the potential applicability
of the prepared novel bacterial consortium as a successful
composting approach of MSW.

MATERIALS AND METHODS
Isolation and Screening of Bacteria

For the study, the bacteria were isolated from the three
different dump sites in Sri Lanka, including Karadiyana,