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ABSTRACT

Heavy metal pollution is one of the most serious global environmental concerns. As a result, the current 
research includes an overview of technologies that are being developed for remediating or eliminating 
such contaminants from the environment, such as physical and chemical approaches, as well as their 
ineffectiveness. A wide range of minute species was discovered for their potential to tolerate, resist, 
accumulate and absorb heavy metals. But they all are naturally occurring species and need optimal 
conditions as well as a longer duration to grow. Thus, there is a need for more reliable, efficient, and 
productive techniques to address the issue. The use of nanoparticles for remediation has paved the 
way for more research in this subject and the development of useful technology to cope with problems. 
The evolution of technologies for heavy metal remediation, particularly cadmium, is discussed in this 
article because it is one of the most hazardous heavy metals that necessitates immediate attention.   

INTRODUCTION 

The expeditious urbanization and industrialization undoubt-
edly led to exceptional growth but also has directly affected 
the environment. As a result, the contamination and degrada-
tion of the whole ecosystem have become a major problem 
and a threat to all life forms especially to human beings (EPA 
1990). The research in this field has also gained its speed, 
particularly in the area of risk associated with heavy metal 
dispersal in the food chain and their remedies. Heavy metals 
can be derived from multiple sources, including industrial 
effluents and mining sectors. As a result, researchers have 
developed a keen interest in recovering heavy metals from 
effluents and soil. Cadmium is used in many industries. Uses 
of cadmium are shown in Fig. 1.

Many clean-up techniques were proposed and practiced 
by many researchers which mainly include reverse osmosis 
and active sludge treatments. But these techniques also 
have many disadvantages like reduction in biodiversity and 
inhibitory effects on plant growth (Chaudhury et al.1999). 
Researchers have a lot of options when it comes to using 
microorganisms to change or convert heavy metal toxins into 
a less harmful state. Bioremediation has a few drawbacks, the 
most significant of which is the presence of toxic microbial 
metabolites that might interfere with the entire remediation 
process, resulting in heavy metal non-degradation. However, 
as compared to alternative physical and chemical processes, 
this technology is a better option in terms of environmental 
friendliness and economic effectiveness.

HEAVY METALS SOURCES IN THE 
ENVIRONMENT

Natural and Anthropogenic Sources

Heavy metals have their origins in rocks. Heavy metals were 
absorbed into rocks as a result of physical damage caused by 
bad weather. They are found in soils as metal sulfides in com-
bination with copper and iron sulfides. Similarly, cadmium is 
mostly created as a by-product of the zinc refining process, 
as it is with the zinc ore sphalerite. As a result, cadmium is 
found in water, soil, and the air. Heavy metals make their 
way into sewage and reservoirs from the surface of the soil.

There are many human-induced sources of heavy met-
als which mainly include: sewage sludge, paper industries, 
pesticides, batteries, tanneries, fertilizer industries, waste-
water irrigation. Cadmium is mainly present in phosphate 
fertilizers. The use of phosphate fertilizers in fields led to 
contamination of water and soil with cadmium which ulti-
mately takes Cd into the food chain. The sources of cadmium 
are shown in Fig. 2.

Human Cadmium Exposure and Its Toxicity

Prolonged exposure to cadmium through water, food, and 
soil is very toxic which leads to cancer. Humans are exposed 
to cadmium mainly through ingestion or inhalation. High 
cadmium levels can be measured in different body parts 
like hair, nails, urine, saliva, and blood. The major sources 
of cadmium toxicity are contaminated food, beverages, 
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cigarette smoking (Friberg 1983), and welding purposes. 
The cadmium can be detoxified with the help of EDTA and 
other chelates. Antidotes with nanoparticles are required 
for patients with cadmium toxicity. Cadmium exposure to 
humans is depicted in Fig. 3.

The toxic nature of cadmium imposes harmful effects 
on human health. It mainly targets the kidney, bones, and 
reproduction system. Toxicity and health effects are depicted 
in Fig.4.

Technologies for Remediation and Detoxification

Physical Methods of Heavy Metal Remediation
This technique of remediation mainly involves the following 
methods:

Soil isolation: The onsite remediation of heavy metals is 
accomplished by soil isolation. It essentially entails the sep-
aration of polluted and uncontaminated soil. However, this 
technique is not comprehensive; several other engineering 
processes are needed. This technique restricts the other con-
taminates in a specified area. This method is used only when 

other methods are not economically feasible. Subsurface 
barriers are used in this technique to limit surface water and 
groundwater flow and to extract contaminated water from the 
soil. These barriers are used to keep uncontaminated water 
from flowing into contaminated water (Dawson 1996). Ex-
amples of subsurface barriers are grout curtains, sheet piles, 
and slurry walls. The barriers can be employed surrounding 
the contaminated site, downstream or upstream. To prevent 
the infiltration of contaminated water, these barriers are 
used in combination with the capping system to maintain 
the continuity of isolation of contaminated soil. Clay can be 
used underneath the contaminated soil.

Soil replacement: Before 1984, the soil replacement off-site 
removal method was commonly used for the removal of vari-
ous contaminants from soil. In this method, the contaminated 
soil is replaced from the uncontaminated soil. This technique 
enhances soil efficiency by diluting the concentration of 
heavy metals. It can be done in two ways- 1. Soil spading 
2. Importing new soil to the site. In spading technique, the 
soil is dug thoroughly and heavy metals are spread there. 
But in the 2nd method, the new clean soil is imported to the 

microorganisms to change or convert heavy metal toxins into a less harmful state. Bioremediation has a few 

drawbacks, the most significant of which is the presence of toxic microbial metabolites that might interfere with the 

entire remediation process, resulting in heavy metal non-degradation. However, as compared to alternative physical 
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contaminated site. The purpose of both methods was simply 
to dilute the concentration of heavy metal at the contaminated 
site. The main disadvantage of the soil replacement method 
is high labor work. But it is appropriate and efficient for 
removing contaminants from the soil in a small area.

Electrokinetic remediation: This remediation method in-
volves the pouring of contaminated soil into the electrolytic 
tank and then applying an electric field gradient of suitable 
intensity. The principle behind this process is electro-migra-
tion and electrophoresis. A suitable electrolyte is required to 
efficiently remove the contaminated soil. The efficiency also 
depends upon the metal to be remediated. Ethylenediamine 
disuccinate (EDDS) was used to decontaminate cadmium 
and lead (Suzuki et al. 2014). This method is very easy to 
install and perform which makes it economical in nature. 
Also, it does not change the basic nature of the soil. The 
maintenance of soil pH is the limiting factor as pH cannot 
be easily maintained.

Vitrification: To restrict the mobility of heavy metals, a 
vitreous material can be produced inside the soil by applying 

high temperatures (Mallampati et al. 2015). This technique is 
easy to apply than other classical and physical remediation 
techniques. Both organic and inorganic contaminants can 
be remediated with the help of this technique. Vitrification 
is conducted in two different means, in-situ and ex-situ. 
In the in-situ technique, the electric current is provided by 
using an array of electrodes inside the soil. Also, in-situ is 
more favorable as compared to ex-situ due to its less energy 
requirements and low cost. Ex-situ technique involves many 
stages like excavation, mixing, pretreatment, melting, feed-
ing, and casting of the melted product (Dellisanti et al. 2009). 
The efficiency of the technique can be enhanced by mixing 
additives. This technique is mainly suitable for pollution of 
large scale.

Chemical Methods of Heavy Metal Remediation
This technique of remediation uses reagents and chemicals 
to remediate heavy metals. It mainly involves the following 
methods:

Soil washing: In this technique, the heavy metals are leached 
out of the soil by using chemicals and reagents. Chelators 
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like EDTA are added to immobilize toxic elements in a less 
bioavailable form. During this technique, the contaminated 
part of the soil is dug out and then treated with the appro-
priate extractants. The choice of extractant depends upon 
the soil and the heavy metal to be extracted out. Both soil 
and extractant are then mixed thoroughly. Furthermore, the 
soil is transferred to the liquid phase through techniques like 
precipitation, absorption or chelation, etc. Soil washing is 
a widely used method of remediation of heavy metals due 
to its quality of completely removing the toxins and speedy 
performance. A huge number of reagents and chemicals are 
used such as EDTA, organic acids, cyclodextrins, and sur-
factants. Coal ash and EDTA have become popular materials 
for the extraction of heavy metals. The soil wash method was 
developed for cadmium-contaminated paddy fields (Kimura 
et al. 2007).

Immobilization techniques: It involves confining heavy 
metals in soil by using immobilizing agents. Many methods 
have been employed for the immobilization process such as 
adsorption, precipitation, and complexation. Organic and 
inorganic agents can be used for immobilizing heavy metals 
in contaminated soil. It mainly includes clay, zeolites, miner-
als, cement, etc. Heavy metals can be immobilized on solid 
particles to reduce their availability in soil. Organic agents 
and organic amendments are widely used which mainly 
includes biosolids and animal manures. Negative effects 
of biosolid application in the soil were reported (Cele et al. 
2016). However, there are positive effects too as it is the best 
adsorbent for heavy metal stabilization in the soil (Venegas 
et al. 2015). Remediation methods are shown in Fig. 5.

Biological Methods of Heavy Metal Remediation
Biological methods mainly include approaches like bioreme-
diation which uses living microorganisms as well as plants 
to remove pollutants heavy metals from the environment. 
Bioremediation itself has two approaches namely in-situ 
and ex-situ. In-situ is the removal of heavy metals on the 
contaminated site and ex-situ is treating them somewhere 
else. Both the approaches are being summarized in Table 1.

Many microorganisms and plants are reported to date 
for effective removal of cadmium from contaminated sites. 
A few recent studies have been mentioned below in Table 2.

Nanomaterials for Heavy Metal Remediation
Out of these methods, the biological method of wastewater 
treatment is widely accepted as they use efficient microor-
ganisms but they are often slow and expensive. As a result, 
there is a pressing need for practical methods for long-term 
water management to achieve water security. Nanotechnol-
ogy’s progress has been noted recently, and its potential for 
removing pollutants from wastewater has been demonstrated. 
Nanotechnology uses nanoparticles with a size of a few na-
nometers to treat groundwater, surface water, drinking water, 
and industrial effluents, providing a new way to eliminate 
toxins from wastewater and lessen its impact on people. For 
the removal of heavy metals, various nanomaterials have been 
developed to date. A few of their types are presented in Fig. 6.

The attractive features of nanomaterials are high heavy 
metal removal rates, also they are cost-effective and easy to 
regenerate. With this context, a few newer nanotechnologies 
are discussed below

Carbon-based nano adsorbents: The main process by 
which the removal of heavy metals is achieved is adsorption. 
Carbon nanotubes are the most popular carbonaceous nano-
materials because of their high adsorption rates, mechanical 
strength, and chemical resistivity (Lee et al. 2012). The 
hydrophobicity of CNT graphite surfaces causes them to 
aggregate. The presence of grooves and interstitial spaces in 
the aggregates capture the organic molecules of wastewater 
through covalent bonding, hydrogen bonding, and electro-
static interactions (Rao et al. 2007). Due to electrostatic in-
teractions and chemical bonding between surface functional 
groups, large metals or organic molecules adsorb onto the 

Table 1: Approaches of bioremediation.

Technology Benefits Limitations

In-situ Cost-effective
Treats both water and soil 
Can easily deal with dis-
solved and sorbed pollutants
Minimal site disruption

Long treatment time
Difficulty in the moni-
toring process
Toxicity

Ex-situ Low cost
Can be done on-site
pH can be controlled

Space requirements
Limited groundwater 
depth (90-300 cm)
Mass transfer problems
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pores and become stuck on CNTs (Zhang et al. 2010). CNTs 
are of two types as depicted in Fig. 7 given below:
a. Single-walled carbon nanotubes (SWCNT): SWCNTs are 
constructed using a hollow tube having one atom thick wall 
made of a single layer of graphene, called one-dimensional 
carbon nanomaterials. 1-D SWCNT has a unique structure 
with porosity and high surface area. Many successful studies 
are being conducted by using SWCNTs for wastewater treat-
ment.  Adsorption of cadmium, copper, lead, and mercury 
was investigated using SWCNTs-COOH, SWCNTs-OH, and 
SWCNTs-NH2 and it was observed that SWCNTs-COOH 
was having high adsorption capacity (150-230%) as that of 
others stated earlier (Anitha et al. 2015). SWCNTs nanocom-
posite designed with polysulfone showed 94% removal of 

extremely toxic heavy metals i.e., lead (Gupta et al. 2015). 
Thus, the above studies revealed that carbon nanotubes are 
promising tools for the removal of heavy metals from con-
taminated wastewater.

b. Multiwall carbon nanotubes (MWCNTs): MWCNTs have 
multiple layers of graphene. Numerous nanocomposites of 
MWCNTs were designed to remove heavy metals. Heavy 
metals such as As, Cr, Pb, Ni, and Cu were successfully 
conducted by using MWCNTs-Fe2O3, MWCNTs-MnO2-
Fe2O3, MWCNTs-Al2O3, MWCNTs-ZrO2, and MW-
CNTs-Fe3O4 nanocomposites (Yang et al. 2009). MWCNTs 
which were oxidized with acid (Chemically) were studied 
for sorption of lead, cadmium, and chromium (Moosa et al. 
2015). Plasma oxidized MWCNTs are known for having 
more sorption efficiency than chemically oxidized as they 
have more oxygenated functional groups (Li et al. 2009). 
Additionally, plasma-oxidized nanotubes are recyclable 
and reusable.

Metal oxide-based nano adsorbents: Metal oxide adsor-
bents are capable and efficient enough to remove heavy 
metals from wastewater. The nanometal oxides (NMOs) 

Table 2:  Recently studied microorganisms and plants for remediation.

Bacterial Strains Targeted heavy metals References

Cupriavidus necator Cadmium, Copper, and Zinc Vicentin et al. (2018)

Pseudomonas sp. Al-Dhabi-126 Cadmium Al-Dhabi et al. (2019). 

B. cereus A2 and P. aeruginosa PS Cadmium and lead Makki et al. (2019)

Bacillus sp. Cadmium and lead Heidari and Panico (2020)

Cupriavidus sp. Cadmium Minari et al. (2020) 

Bacillus sp. TZ5 Cadmium Ma et al. (2020)

Lactobacillus plantarum MF042018 Cadmium and Lead Ameen et al. (2020)

Plants Targeted heavy metals References

Acacia nilotica Cadmium Shabir et al. (2018)

Atriplex lentiformis Cadmium Eissa and Abeed (2018)

Boehmeria nivea Cadmium Pan et al. (2019)

Noccaea caerulescens Cadmium and Zinc Kozhevnikova et al. (2020)

Sedum alfredii Cadmium Wu et al. (2020)

Youngia japonica Cadmium Yu et al. (2020)
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which are commonly used are iron oxides, aluminum oxides, 
cerium oxides, titanium oxides, etc. as depicted in Fig. 8. 
Their shape and size play an important role in making them 
suitable nano adsorbents for heavy metals. Many methods are 
being employed to control their shape and make them highly 
stable (Cushing et al. 2004). The high adsorption ability of 
NMOs is due to the reaction of oxygen molecules of metal 
oxides with heavy metals.

There are numerous findings narrating the importance 
and extreme use of metal oxides for removing heavy metals. 
Few are depicted in Table 3.

Magnetic nanomaterials: Magnetic nanoparticles offer a 
faster and more economical approach for heavy metal remov-
al from wastewater. They mainly comprise two components 
namely magnetic material (Iron, Cobalt) and a chemical 
component with the ability to remove metals. Super magnetic 
particles are magnetic particles with a smaller size that are 
highly effective for wastewater treatment. The nanoparticles’ 
magnetic property allows them to easily separate the absor-
bents and reuse them in the system. Structural components 
are depicted in Fig. 9.

Among all magnetic nanoparticles studied to date, Fe3O4 
magnetic nanoparticles were widely used and modified for 
cadmium removal from wastewater. Few findings are men-
tioned in Table 4.

Polymer-based nanocomposites: Polymer-based com-
posites offer a reliable approach for the removal of heavy 
metals because of internal environment-friendly and decom-
posable features. They present superior physical, chemical, 
mechanical properties, pore size distribution, rigidity, com-
patibility as well as regeneration (Mahmoodi et al.2013). 
Polyaniline-based nano adsorbents and their derivatives have 
recently acquired popularity. As shown in Fig. 10, polymeric 
adsorbents can be divided into carbohydrate and synthetic 

polymers. Carbohydrate polymers include starch, cellulose, 
dextran, alginate, and other carbohydrates that are used to 
remove heavy metals from wastewater.

These polymers have functional groups like hydroxyl, 
amine, amide, and carboxyl which helps in removing heavy 
metals. Alginate offers the highest adsorption capacity due 
to carboxyl functional groups (Zare et al. 2018). However, 
the absorption ability of functional groups can be enhanced 
by using monomers such as carboxylic and amino groups 
which bind to polymeric matrices and help in targeting the 
contaminants (Mahmmodi et al. 2013). Numerous synthetic 
polymers have been used for wastewater treatment such as 
poly (styrene-alt-maleic anhydride) and poly (N-vinyl capro-

Table 3: Metal oxides for the removal of heavy metals.

Metal Oxide Nanopar-
ticles

Targeted heavy 
metals

References

Aluminum Oxides Cd (II) ions Afkhami et al. (2010)

TiO2 nanoparticles Cd (II) ions Engates and Shipley 
(2011)

Iron oxide Cd (II) ions Al-Saad et al. (2012)

Zinc oxide (ZnO) nano-
particles

Cd (II) ions Sheela et al. (2012)

Manganese  d iox ide 
(MnO2)

Cd (II) ions Luo et al. (2013)

 Copper oxide particles Cd (II), Pb (II) Taman et al. (2015)

Copper oxide nanopar-
ticles

Cd (II), Ni ions Hassan et al. (2017)

Table 4: Recently synthesized magnetic nanoparticles for heavy metal 
removal.

Magnetic Nanoparticles Targeted heavy 
metals

References

Aminopropyltriethoxy-si-
lane Coated Fe3O4 nano-
particles (MNP)

Cd (2+), Pb (2+) Chen et al. (2016)

Superparamagnetic Iron 
Oxide 

Cadmium Goher et al. (2017)

Magnetite Fe3O4 nano-
particles 

Cr (VI) Rivera et al. (2019)

Fe3O4 magnetic nanopar-
ticles

Zinc, Cadmi-
um and Lead

El-Dib et al. (2020)

Silica coated Fe3O4.MNPs Sr2+ Salwa et al. (2020)

Magnetic zeolite nano-
composite

Cd (II), Zn (II) Shubair et al. (2019)

M a g n e t i c  F e 3 O 4 @
SiO2-ethylenediamine tetra 
acetic acid 

Pb (II), Cu (II) G o n g  a n d  Ta n g 
(2020)

 Fe3O4@SiO2 Nanopar-
ticles

Cu2+ Ions Irfai et al. (2020)

(150-230%) as that of others stated earlier (Anitha et al. 2015). SWCNTs nanocomposite designed with polysulfone 

showed 94% removal of extremely toxic heavy metals i.e., lead (Gupta et al. 2015). Thus, the above studies revealed 

that carbon nanotubes are promising tools for the removal of heavy metals from contaminated wastewater. 

b. Multiwall carbon nanotubes (MWCNTs): MWCNTs have multiple layers of graphene. Numerous nanocomposites 

of MWCNTs were designed to remove heavy metals. Heavy metals such as As, Cr, Pb, Ni, and Cu were successfully 

conducted by using MWCNTs-Fe2O3, MWCNTs-MnO2-Fe2O3, MWCNTs-Al2O3, MWCNTs-ZrO2, and MWCNTs-

Fe3O4 nanocomposites (Yang et al. 2009). MWCNTs which were oxidized with acid (Chemically) were studied for 

sorption of lead, cadmium, and chromium (Moosa et al. 2015). Plasma oxidized MWCNTs are known for having 

more sorption efficiency than chemically oxidized as they have more oxygenated functional groups (Li et al. 2009). 

Additionally, plasma-oxidized nanotubes are recyclable and reusable. 

Metal oxide-based nano adsorbents: Metal oxide adsorbents are capable and efficient enough to remove heavy 

metals from wastewater. The nanometal oxides (NMOs) which are commonly used are iron oxides, aluminum 

oxides, cerium oxides, titanium oxides, etc. as depicted in Fig. 8. Their shape and size play an important role in 

making them suitable nano adsorbents for heavy metals. Many methods are being employed to control their shape 

and make them highly stable (Cushing et al. 2004). The high adsorption ability of NMOs is due to the reaction of 

oxygen molecules of metal oxides with heavy metals. 

 
Fig. 8: Types of metal oxide nanoparticles. 

There are numerous findings narrating the importance and extreme use of metal oxides for removing heavy metals. 

Few are depicted in Table 3. 

Table 3: Metal oxides for the removal of heavy metals. 

Metal Oxide Nanoparticles Targeted heavy metals References 

Aluminum Oxides Cd (II) ions Afkhami et al. (2010) 

TiO2 nanoparticles Cd (II) ions Engates and Shipley (2011) 

Iron oxide Cd (II) ions Al-Saad et al. (2012) 

Zinc oxide (ZnO) nanoparticles Cd (II) ions Sheela et al. (2012) 

Manganese dioxide (MnO2) Cd (II) ions Luo et al. (2013) 

 Copper oxide particles Cd (II), Pb (II) Taman et al. (2015) 

Copper oxide nanoparticles Cd (II), Ni ions Hassan et al. (2017) 

 

Fig. 8: Types of metal oxide nanoparticles.
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lactam-co-maleic acid) (Azarudeen et al. 2015, El-Aassar et 
al. 2016). Synthetic polymers have two main constituents 
namely polymer matrix and chelating groups. The PACA 
polymer is widely used as it has maximum adsorption 
capacity. The carbohydrate and synthetic polymers used to 
remove heavy metals are depicted in Table 5.
Zero valent nanoparticles: Zero valent ions are recently 
being used to remove heavy metals due to their enhanced 
reactivity and small size. The ordinate usage of zero-valent 
nanoparticles has increased owing to its high specific surface 
area (Galdames et al. 2020). The reaction of ZVI nanoparti-
cles with heavy metals was investigated by looking at several 
parameters such as pH, dose, and the heavy metal’s initial 
concentration (Chen et al. 2008). The potential adsorption of 
Pb (2+), Cu (2+), and Zn (2+) ions was examined using nanoscale 
zerovalent iron beads made from polyvinyl alcohol and guar 
gum (Zhang et al. 2019). Zero-Valent iron nanoparticles are 
extensively used for the decontamination of wastewater. It 
is reported to have a core-shell in the structure that contains 
oxidized iron (Phenrat et al. 2015) 

Nano zero-valent iron nanoparticles were proved to be 
effective in lead removal (Ahmed et al. 2017). Nano dis-

persed powders of zero-valent iron were synthesized and 
effectively used for the removal of Cu (II), Cd (II), Co (II), Zn 
(II), Cr (VI) (Kholodko et al. 2021). The removal of cesium 
was also achieved by using nanoparticles-zeolite composites 
(Eljamal et al. 2019). Zero-valent iron nanoparticles were 
also reported to have the potential to remove Cd (II0 and Pb 
(II) ions (Danila et al. 2018). Zero-Valent iron nano adsor-
bents are employed to remove and remediate a wide variety 
of heavy metals as depicted in Fig. 11

Besides iron nanoparticles, zero-valent silver nano adsor-
bents were synthesized and studied for their application in 
the decontamination of wastewater by removing Hg 2+ ions 
(Sundarajan et al. 2013). Effective removal of cadmium was 
achieved by zero-valent silver nanoparticles which were 
synthesized using Benjamina leaves extract (Al-Qahtani 
2017) and observed that the rate of removal increased with 
the dosage of bio adsorbent.

CONCLUSION

The escalated urbanization and industrialization led to the 
massive generation of effluents with toxic pollutants such 
as cadmium in them. Thus, it is at utmost priority to remove 
contaminants and achieve water security too.  In this regard, 
the use of nanomaterials is highly recommended owing to its 
numerous benefits not only to detoxify the wastewater but it 
is eco-friendly and cost-effective also. Many researchers are 
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Fig. 11: Applications of zero-valent iron nano adsorbents. 
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was achieved by zero-valent silver nanoparticles which were synthesized using Benjamina leaves extract (Al-
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CONCLUSION 

The escalated urbanization and industrialization led to the massive generation of effluents with toxic pollutants such 

as cadmium in them. Thus, it is at utmost priority to remove contaminants and achieve water security too.  In this 

regard, the use of nanomaterials is highly recommended owing to its numerous benefits not only to detoxify the 

wastewater but it is eco-friendly and cost-effective also. Many researchers are keen to develop creative, effective, and 

innovative approaches to deal with the problem and attain sustainability, such as the application of the green synthesis 
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al.2013). Polyaniline-based nano adsorbents and their derivatives have recently acquired popularity. As shown in Fig. 

10, polymeric adsorbents can be divided into carbohydrate and synthetic polymers. Carbohydrate polymers include 

starch, cellulose, dextran, alginate, and other carbohydrates that are used to remove heavy metals from wastewater. 

 

Fig. 10: Types of polymeric absorbents. 

These polymers have functional groups like hydroxyl, amine, amide, and carboxyl which helps in removing heavy 

metals. Alginate offers the highest adsorption capacity due to carboxyl functional groups (Zare et al. 2018). However, 

the absorption ability of functional groups can be enhanced by using monomers such as carboxylic and amino groups 

which bind to polymeric matrices and help in targeting the contaminants (Mahmmodi et al. 2013). Numerous synthetic 

polymers have been used for wastewater treatment such as poly (styrene-alt-maleic anhydride) and poly (N-vinyl 

caprolactam-co-maleic acid) (Azarudeen et al. 2015, El-Aassar et al. 2016). Synthetic polymers have two main 

constituents namely polymer matrix and chelating groups. The PACA polymer is widely used as it has maximum 

adsorption capacity. The carbohydrate and synthetic polymers used to remove heavy metals are depicted in Table 5. 

Table 5: Carbohydrate and synthetic polymers used for removal of heavy metals. 

Carbohydrate based polymers Targeted metals References 

Alginate Fe, Ag Lu et al. (2015) 

Starch As, Pb Cheng and Ou (2016) 

Cellulose Cd, Pb Wang et al. (2013) 

Synthetic polymers Targeted metals References 

Polyethylene terephthalate, polyethylene, and 

polystyrene  

Pb Alsewailem and Al-

Dzhlil (2016) 

β-cyclodextrin polymers Pb (II), Ni (II) Yu et al. (2018) 

Metal ion-imprinted polymers Ni (2+) or Co (2+) Işıkver and Baylav 

(2018) 

PVA with multiwalled carbon nanotubes Pb Zulfiqar et al. (2020) 

Fig. 10: Types of polymeric absorbents.

Magnetic nanomaterials: Magnetic nanoparticles offer a faster and more economical approach for heavy metal 

removal from wastewater. They mainly comprise two components namely magnetic material (Iron, Cobalt) and a 

chemical component with the ability to remove metals. Super magnetic particles are magnetic particles with a smaller 

size that are highly effective for wastewater treatment. The nanoparticles' magnetic property allows them to easily 

separate the absorbents and reuse them in the system. Structural components are depicted in Fig. 9. 

 

Fig. 9: Components of magnetic nanoparticles. 

Among all magnetic nanoparticles studied to date, Fe3O4 magnetic nanoparticles were widely used and modified for 

cadmium removal from wastewater. Few findings are mentioned in Table 4. 

Table 4: Recently synthesized magnetic nanoparticles for heavy metal removal. 

Magnetic Nanoparticles Targeted heavy metals References 

Aminopropyltriethoxy-silane Coated 

Fe3O4 nanoparticles (MNP) 

Cd (2+), Pb (2+)  Chen et al. (2016) 

Superparamagnetic Iron Oxide  Cadmium Goher et al. (2017) 

Magnetite Fe3O4 nanoparticles  Cr (VI) Rivera et al. (2019) 

Fe3O4 magnetic nanoparticles Zinc, Cadmium and Lead El-Dib et al. (2020) 

Silica coated Fe3O4.MNPs Sr2+ Salwa et al. (2020) 

Magnetic zeolite nanocomposite Cd (II), Zn (II) Shubair et al. (2019) 

Magnetic Fe3O4@SiO2-ethylenediamine tetra 

acetic acid  

Pb (II), Cu (II) Gong and Tang (2020) 

 Fe3O4@SiO2 Nanoparticles Cu2+ Ions Irfai et al. (2020) 

 

Polymer-based nanocomposites: Polymer-based composites offer a reliable approach for the removal of heavy 

metals because of internal environment-friendly and decomposable features. They present superior physical, 

chemical, mechanical properties, pore size distribution, rigidity, compatibility as well as regeneration (Mahmoodi et 

Fig. 9: Components of magnetic nanoparticles.

Table 5: Carbohydrate and synthetic polymers used for removal of heavy 
metals.

Carbohydrate based polymers Targeted 
metals

References

Alginate Fe, Ag Lu et al. (2015)

Starch As, Pb Cheng and Ou (2016)

Cellulose Cd, Pb Wang et al. (2013)

Synthetic polymers Targeted 
metals

References

Polyethylene terephthalate, 
polyethylene, and polystyrene 

Pb Alsewa i l em and 
Al-Dzhlil (2016)

β-cyclodextrin polymers Pb (II), Ni 
(II)

Yu et al. (2018)

Metal ion-imprinted polymers Ni (2+) or 
Co (2+)

Işıkver and Baylav 
(2018)

PVA with multiwalled carbon 
nanotubes

Pb Zulfiqar et al. (2020)
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keen to develop creative, effective, and innovative approaches 
to deal with the problem and attain sustainability, such as 
the application of the green synthesis concept. The unique 
features of nano adsorbents have added a new dimension 
to wastewater treatment, however further industrial and 
pilot-scale research is needed to evaluate the total efficiency 
of nanomaterials for cadmium removal.

ACKNOWLEDGMENT

The authors are grateful to the University Institute of Bio-
technology, Chandigarh University, Gharuan for providing 
a platform for study and valuable guidance.

REFERENCES

Al-Dhabi N.A., Esmail G.A., Mohammed Ghilan A.K. and Valan Arasu M. 
2019. Optimizing the management of cadmium bioremediation capacity 
of metal-resistant Pseudomonas sp. strain Al-Dhabi-126 isolated from 
the industrial city of Saudi Arabian environment. Int. J. Environ. Res. 
Public Health, 16(23): 4788. https://doi.org/10.3390/ijerph16234788

Ameen, F.A., Hamdan, A.M. and El-Naggar, M.Y. 2020. Assessment of 
the heavy metal bioremediation efficiency of the novel marine lactic 
acid bacterium, Lactobacillus plantarum MF042018. Sci. Rep., 10(1): 
111-121.

Anitha, K., Namsani, S. and Singh, J.K. 2015. Removal of heavy metal 
ions using a functionalized single-walled carbon nanotube: a molecular 
dynamics study. J. Phys. Chem. A., 119(30): 8349-8358. https://doi.
org/10.1021/acs.jpca.5b03352

Afkhami, A., Tehrani, M.S. and Bagheri, H. 2010. Simultaneous removal of 
heavy metal ions in wastewater samples using nano-alumina modified 
with 2,4-dinitrophenylhydrazine. J. Hazard. Mater.,181(1-3): 836-844.

Al-Saad, K.A., Amr, M.A., Hadi, D.T., Arar, R.S., AL-Sulaiti, M.M., Ab-
dulmalik, T.A., Alsahamary, N.M. and Kwak, J.C. 2012. Iron oxide 
nanoparticles: applicability for heavy metal removal from contaminated 
water. Arab. J. Nucl. Sci. A., 45(2): 335-346.

Azarudeen, R.S., Riswan Ahamed, M.A., Thirumarimurugan, M., Prabu, N. 
and Jeyakumar, D. 2015. Synthetic functionalized terpolymeric resin 
for the removal of hazardous metal ions: synthesis, characterization, 
and batch separation analysis. Poly. Adv. Technol., 27(2): 235-244. 
https://doi.org/10.1002/pat.3626.

Alsewailem, F.D. and Al-Dzhlil, S.A.2 016. Synthetic polymers and their 
blends for removing lead from aqueous solutions. J. Water. Chem. 
Technol., 38: 89-95. https://doi.org/10.3103/S1063455X16020053

Ahmed, M.A., Bishay, S.T., Ahmed, F.M. and El-Dek, S.I. 2017. Ef-
fective Pb2+ removal from water using nanozerovalent iron stored 
10 months. Appl. Nanosci., 7(7): 407-416. https://doi.org/10.1007/
s13204-017-0581-z

Al-Qahtani, K.M. 2017. Cadmium removal from aqueous solution by green 
synthesis zero-valent silver nanoparticles with Benjamina leaves ex-
tract. Egypt. J. Aquat. Res., 43(4): 269-274. https://doi.org/10.1016/j.
ejar.2017.10.003

Chaudhury, T.M., Hill, L., Khan, A.G. and Kuek, C. 1999. Colonization of 
Iron and Zinc Contamination Dumped Filter Cake Waste By Microbes, 
Plants, and Associated Mycorrhizae. In: Ming, M.H., Wong, J.W.C. and 
Baker, A.J. (eds.), Remediation and Management of Degraded Lands., 
CRS Press, Boca Raton, Florida, USA, pp. 275-283.

Cele, E.N. and Maboeta, M. 2016. A greenhouse trial to investigate the 
ameliorative properties of biosolids and plants on physicochemical 
conditions of iron ore tailings: Implications for an iron ore mine site re-
mediation. J. Environ. Manag., 165: 167-174. https://doi.org/10.1016/j.
jenvman.2015.09.029

Cushing, B.L., Kolesnichenko, V.L. and O’Connor, C.J. 2004. Recent ad-
vances in the liquid-phase syntheses of inorganic nanoparticles. Chem. 
Rev., 104(9): 3893-3946. https://doi.org/10.1021/cr030027b

Chen, D., Awut, T., Liu, B., Ma, Y., Wang, T. and Nurulla, I. 2016. Func-
tionalized magnetic Fe3O4 nanoparticles for removal of heavy metal 
ions from aqueous solutions. E-Polymers, 16(4): 313-322. https://
doi.org/10.1515/epoly-2016-0043

Cheng, R. and Ou, S. 2016. Textbook of Polymer Science: Research Ad-
vances, Practical Applications, and Educational Aspects: Application 
of Modified Starches in Wastewater Treatment. 1st edition. Formatex 
Research Center, Badajoz, Spain.

Chen, S.Y., Chen, W.H. and Shih, C.J. 2008 Heavy metal removal from 
wastewater using zero-valent iron nanoparticles. Water Sci. Technol., 
58(10): 1947-1954. https://doi.org/10.2166/wst.2008.556

Dawson, J. 1996. Barrier containment technologies for environmental 
remediation applications. J. Hazard. Mater., 51(1-3): 256.

Dellisanti, F., Rossi, P.L. and Valdrè, G. 2009. In-field remediation of tons 
of heavy metal-rich waste by Joule heating vitrification. Int. J. Miner. 
Process., 93(3-4): 239-245.

Danila, V., Vasarevicius, S. and Valskys, V. 2018. Batch removal of Cd(II), 
Cu(II), Ni(II), and Pb(II) ions using stabilized zero-valent iron nano-
particles. Energy Procedia, 147: 214-219. https://doi.org/10.1016/j.
egypro.2018.07.062

Environmental Protection Agency (EPA). 1990. Office of emergency and 
remedial response: EPA/540/2-89/054. Remediation J., 1(1): 108-109.

 Eissa, M.A. and Abeed, A.H.A. 2018. Growth and biochemical changes 
in quail bush (Atriplex lentiformis (Torr.) S.Wats) under Cd stress. En-
viron. Sci. Pollut. Res., 26(1): 628-635. https://doi.org/10.1007/
s11356-018-3627-1

Engates, K.E. and Shipley, H.J. 2011. Adsorption of Pb, Cd, Cu, Zn, and 
Ni to titanium dioxide nanoparticles: effect of particle size, solid 
concentration, and exhaustion. Environ. Sci. Pollut. Res. Int., 18(3): 
386-395.

El-Dib, F. I., Mohamed, D. E., El-Shamy, O. A. A. and Mishrif, M. R. 
2020. Study the adsorption properties of magnetite nanoparticles 
in the presence of different synthesized surfactants for heavy metal 
ions removal. Egypt. J. Pet., 29(1): 1-7. https://doi.org/10.1016/j.
ejpe.2019.08.004

El-Aassar, M.R., El-Kady, M.F., Hassan, H.S. and Al-Deyab, S.S. 2016. 
Synthesis and characterization of surface-modified electrospun 
poly (acrylonitrile-co-styrene) nanofibers for dye decolorization. J. 
Taiwan Inst. Chem. Eng., 58:274-282. https://doi.org/10.1016/j.
jtice.2015.05.042

Eljamal, O., Shubair, T., Tahara, A., Sugihara, Y. and Matsunaga, N. 
2019. Iron-based nanoparticles-zeolite composites for the removal of 
cesium from aqueous solutions. J. Mol. Liq., 277: 613-623. https://
doi.org/10.1016/j.molliq.2018.12.115

Friberg, L. 1983. Cadmium. Annu. Rev. Pub. Health., 4(1): 367-367.
Gupta, S., Bhatiya, D.  and Murthy, C. N. 2015. Metal removal studies 

by the composite membrane of polysulfone and functionalized 
single-walled carbon nanotubes. Separation. Sci. Technol., 50(3): 
421-429. https://doi.org/10.1080/01496395.2014.973516

Goher, M.E.S., Emara, M.M., Abdo, M.H., Refaat Mah, N.M., Abdel-Sata, 
A.M. and El-Shamy, A.S. 2017.  Cadmium removal from aqueous 
solution using superparamagnetic iron oxide nanosorbents on am-
berlite IR 120 H support. J. Appl. Sci., 17(6): 296-305. https://doi.
org/10.3923/jas.2017.296.305

Gong, T. and Tang, Y. 2020. Preparation of multifunctional nanocom-
posites Fe3O4@SiO2–EDTA and its adsorption of heavy metal ions 
in water solution. Water Sci. Technol., 81(1): 170-177. https://doi.
org/10.2166/wst.2020.099

Galdames, A., Ruiz-Rubio, L., Orueta, M., Sánchez-Arzalluz, M. and 
Vilas-Vilela, J.L. 2020. Zero-valent iron nanoparticles for soil and 
groundwater remediation. Int. J. Environ. Res. Pub. Health, 17(16): 
817. https://doi.org/10.3390/ijerph17165817



329EVOLUTION OF TECHNOLOGIES FOR CADMIUM REMEDIATION AND DETOXIFICATION

Nature Environment and Pollution Technology • Vol. 21, No. 1, 2022

Heidari, P. and Panico, A. 2020. Sorption mechanism and optimization study 
for the bioremediation of pb(ii) and Cd(II) contamination by two novel 
isolated strains Q3 and Q5 of Bacillus sp. Int. J. Environ. Res. Public 
Health, 17(11): 4059. https://doi.org/10.3390/ijerph17114059

Hassan, K., Jarullah, A.A. and Saadi, S. 2017. Adsorbent for removal of Cd 
(II) and Ni (II) ions from a binary system. Int. J. Appl. Environ. Sci., 
12(11): 1841-1861.

Irfai, R.A., Roto, R. and Aplrilita, N.H. 2020. Preparation of Fe3O4@SiO2 
nanoparticles for adsorption of waste containing Cu2+ ions. Key Eng. Ma-
ter., 840: 43-47. https://doi.org/10.4028/www.scientific.net/kem.840.43

Işıkver, Y. and Baylav, S. 2018. Synthesis and characterization of metal 
ion-imprinted polymers. Bull. Mater. Sci., 41: 49. https://doi.org/10.1007/
s12034-018-1578-2

Jaishankar, M., Tseten, T., Anbalagan, N., Mathew, B.B. and Beeregowda, 
K.N. 2014. Toxicity, mechanism, and health effects of some heavy 
metals. Interdiscip. Toxicol., 7(2): 60-72. https://doi.org/10.2478/
intox-2014-0009.

Kimura, T., Takase, K. and Tanaka, S. 2007. The concentration of copper 
and a copper–EDTA complex at the pH junction formed in soil by an 
electrokinetic remediation process. J. Hazard. Mater., 143(3): 668-672.

Kozhevnikova, A.D., Seregin, I.V., Aarts, M.G.M. and Schat, H. 2020. 
Intra-specific variation in zinc, cadmium, and nickel hypertolerance 
and hyperaccumulation capacities in Noccaea caerulescens. Plant 
Soil, 452(1-2): 479-498. https://doi.org/10.1007/s11104-020-04572-7

Kholodko, Y.M., Bondarieva, A.I., Tobilko, V.Y., Kovalchuk, I.A. and Ko-
rnilovych, B.Y. 2021. Removal of Cu(II), Cd(II), Co(II), Zn(II), Cr(VI) 
from wastewater by stabilized nanoscale zero-valent iron. KPI Sci. 
News, 1. https://doi.org/10.20535/kpisn.2021.1.217279

Lee, Z.H., Lee, K.T., Bhatia, S. and Mohamed, A. R. 2012. Post-combustion 
carbon dioxide capture: Evolution towards utilization of nanoma-
terials. Renew. Sustain. Energy Rev., 16(5): 2599-2609. https://doi.
org/10.1016/j.rser.2012.01.077

Li, H., Ha, C.S. and Kim, I. 2009. Fabrication of Carbon Nanotube/SiO2 
and Carbon Nanotube/SiO2/Ag Nanoparticles Hybrids by Using Plas-
ma Treatment. Nanoscale Res. Lett., 4(11): 1384-1388. https://doi.
org/10.1007/s11671-009-9409-4

Luo, C., Wei, R., Guo, D., Zhang, S. and Yan, S. 2013. Adsorption behavior of 
MnO2 functionalized multi-walled carbon nanotubes for the removal of 
cadmium from aqueous solutions. Chem. Eng. J., 225: 406-415. https://
doi.org/10.1016/j.cej.2013.03.128

Lu, T., Xiang, T., Huang, X.L., Li, C., Zhao, W.F., Zhang, Q. and Zhao, C.S. 
2015. Post-crosslinking towards stimuli-responsive sodium alginate 
beads for the removal of dye and heavy metals. Carbohydr. Polym., 133: 
587-595. https://doi.org/10.1016/j.carbpol.2015.07.048

Mallampati, S.R., Mitoma, Y., Okuda, T., Simion, C. and Lee, B.K. 2015. 
Dynamic immobilization of simulated radionuclide 133 Cs in soil by 
thermal treatment/vitrification with nano metallic Ca/CaO composites. J. 
Environ. Radioact., 139: 118-124.

Makki, R., El-Hamshary, O. and Almarhabi, Z. 2019. Isola-
tion and molecular identification of bacterial strains to study 
biofilm formation and heavy metals resistance in Saudi Arabia.  
J. Pure Appl. Microbiol., 13(1): 45-56.

Minari, G.D., Saran, L.M., Lima Constancio, M.T., Correia da Silva, R., 
Rosalen, D.L., José de Melo, W. and Carareto Alves, L.M. 2020. Biore-
mediation potential of new cadmium, chromium, and nickel-resistant 
bacteria isolated from tropical agricultural soil. Ecotoxicol. Environ. 
Saf., 204: 111038.

Ma, H., Wei, M., Wang, Z., Hou, S., Li, X. and Xu, H. 2020. Bioremediation 
of cadmium polluted soil using novel cadmium immobilizing plant 
growth promotion strain Bacillus sp. TZ5 loaded on biochar. J. Hazard. 
Mater., 388:122065. https://doi.org/10.1016/j.jhazmat.2020.122065

Moosa, A.A., Ridha, A.M. and Abdullha, I.N. 2015. Chromium ions removal 
from wastewater using carbon nanotubes. Int. J. Innov. Res. Sci. Eng.
Technol., 4(2): 8.

Mahmoodi, N.M., Najafi, F. and Neshat, A. 2013. Poly (amidoam-
ine-co-acrylic acid) copolymer: Synthesis, characterization, and dye re-
moval ability. Ind. Crops Prod., 42: 119-125. https://doi.org/10.1016/j.
indcrop.2012.05.025

Pan, P., Lei, M., Qiao, P., Zhou, G., Wan, X. and Chen, T. 2019. Potential 
of indigenous plant species for phytoremediation of metal(loid)-con-
taminated soil in the Baoshan mining area, China. Environ. Sci. 
Pollut. Res., 26(23): 23583-23592. https://doi.org/10.1007/s11356-
019-05655-4

Phenrat, T., Thongboot, T. and Lowry, G. V. 2015. Electromagnetic induction 
of zerovalent iron (Zvi) powder and nanoscale zerovalent iron (NZVI) 
particles enhance dechlorination of trichloroethylene in contaminated 
groundwater and soil: proof of concept. Environ. Sci. Technol., 50(2): 
872-880. https://doi.org/10.1021/acs.est.5b04485

Rafati, R.M., Kazemi, S. and  Moghadamnia, A.A. 2017. Cadmium toxicity 
and treatment: An update. Casp. J. Intern. Med., 8(3): 135-145. 

Rao, G., Lu, C. and Su, F. 2007. Sorption of divalent metal ions from aqueous 
solution by carbon nanotubes: A review. Sep. Purif. Technol., 58(1): 
224-231. https://doi.org/10.1016/j.seppur.2006.12.006

Rivera, F.L., Palomares, F.J., Herrasti, P. and Mazario, E. 2019. Improve-
ment in heavy metal removal from wastewater using an external mag-
netic inductor. Nanomaterials, 9(11): 1508. https://doi.org/10.3390/
nano9111508

Sharma, H., Neetu, R. and  Blessy, M. 2015. The characteristics, toxicity, 
and effects of cadmium. Int. J. Nanotech. Nanosci., 3: 1-9.

Suzuki, T., Niinae, M., Koga, T., Akita, T., Ohta, M. and Choso, T. 2014. 
EDDS-enhanced electrokinetic remediation of heavy metal-contaminat-
ed clay soils under neutral pH conditions. Colloid Surf. A-Physicochem. 
Eng. Asp., 440: 145-150. https://doi.org/10.1016/j.colsurfa.2012.09.050

Shabir, R., Abbas, G., Saqib, M., Shahid, M., Shah, G.M., Akram, M., Ni-
azi, N.K., Naeem, M.A., Hussain, M. and Ashraf, F. 2018. Cadmium 
tolerance and phytoremediation potential of acacia (Acacianilotica L.) 
under salinity stress. Int. J. Phytoremed., 20(7): 739-746. https://doi.or
g/10.1080/15226514.2017.1413339

Sheela, T., Nayaka, Y.A., Viswanatha, R., Basavanna, S. and Venkatesha, 
T. G. 2012. Kinetics and thermodynamics studies on the adsorption of 
Zn(II), Cd(II), and Hg(II) from aqueous solution using zinc oxide na-
noparticles. Powder Technol., 217: 163-170. https://doi.org/10.1016/j.
powtec.2011.10.023

Salwa, A.A., Karima, M.Z. and Ezzat, M.S. 2020. Facile synthesis of 
silica-coated magnetic nanoparticles via green microwave-solventless 
technique for purification of water from toxic heavy metals. Int. J. 
Nanop. Nanotech., 6(1). https://doi.org/10.35840/2631-5084/5536

Shubair, T., Eljamal, O., Tahara, A., Sugihara, Y. and Matsunaga, N. 2019. 
Preparation of new magnetic zeolite nanocomposites for removal of 
strontium from polluted waters. J. Mol. Liq., 288: 111026. https://doi.
org/10.1016/j.molliq.2019.111026

Sundarajan, S., Sameem, S.M.,  Sudharsan, S. and Sayeekannan. R. 2013. 
Synthesis, characterization, and application of zero-valent silver nano 
adsorbents. Int. J. Innov. Res. Sci. Eng. Technol., 2(12):8023-8037.

Thornton, I.1992. Sources and pathways of cadmium in the environ-
ment. IARC Sci. Pub., (118): 149-162.

Taman, R., Ossman, M., Mansour, M.S. and Farag, H. 2015. Metal oxide 
nanoparticles as an adsorbent for removal of heavy metals. J. Adv. 
Chem. Eng., 5: 3 DOI:10.4172/2090-4568.1000125

Venegas, A., Rigol, A. and Vidal, M. 2015. Viability of organic wastes and 
biochars as amendments for the remediation of heavy metal-contami-
nated soils. Chemosphere., 119: 190-198.

Vicentin, R.P., Santos, J.V., Labory, C.R.G., Costa, A.M. Moreira, F.M. and 
Alves, E. 2018. Tolerance to and accumulation of cadmium, copper, 
and zinc by Cupriavidus necator. Rev. Bras. Ciênc. Solo., 42(10): 337. 
https://doi.org/10.1590/18069657rbcs20170080

Wu, Y., Ma, L., Zhang, X., Topaloviş, O., Liu, Q., Feng, Y. and Yang, X. 
2020. A hyperaccumulator plant Sedum alfredii recruits Cd/Zn-tolerant 



330 Sneh Lata and Sukhminderjit Kaur

Vol. 21, No. 1, 2022 • Nature Environment and Pollution Technology  

but not Pb-tolerant endosphere bacterial communities from its rhiz-
ospheric soil. Plant Soil., 455(1-2): 257-270. https://doi.org/10.1007/
s11104-020-04684-0

Wang, L. and Li, J. 2013. Adsorption of C.I. Reactive Red 228 dye from 
aqueous solution by modified cellulose from flax shive: Kinetics, 
equilibrium, and thermodynamics. Ind. Crops Prod., 42: 153-158. 
https://doi.org/10.1016/j.indcrop.2012.05.031

Yu, B., Peng, Y., Xu, J., Qin, D., Gao, T., Zhu, H., Zuo, S., Song, H. and 
Dong, J. 2020. Phytoremediation potential of Youngia japonica (L.) 
DC: A newly discovered cadmium hyperaccumulator. Environ. Sci. 
Pollut. Res., 28(5): 6044-6057. https://doi.org/10.1007/s11356-020-
10853-6

Yang, S., Li, J., Shao, D., Hu, J. and Wang, X. 2009. Adsorption of Ni(II) 
on oxidized multi-walled carbon nanotubes: Effect of contact time, 
pH, foreign ions, and PAA. J. Hazard. Mater., 166(1): 109-116. https://
doi.org/10.1016/j.jhazmat.2008.11.003

Yu, T., Xue, Z., Zhao, X., Chen, W. and Mu, T. 2018. Green synthesis 
of porous ş-cyclodextrin polymer for rapid and efficient removal of 
organic pollutants and heavy metal ions from water. New J. Chem., 

42(19): 16154-16161. https://doi.org/10.1039/c8nj03438a
Zhang, L.L., Xiong, Z. and Zhao, X.S. 2010. Pillaring chemically ex-

foliated graphene oxide with carbon nanotubes for photocatalytic 
degradation of dyes under visible light irradiation. ACS Nano., 4(11): 
7030-7036. https://doi.org/10.1021/nn102308r

Zare, E.N., Motahari, A. and Sillanpää, M. 2018. Nanoadsorbents based 
on conducting polymer nanocomposites with main focus on pol-
yaniline and its derivatives for removal of heavy metal ions/dyes: 
A review. Environ. Res., 162: 173-195. https://doi.org/10.1016/j.
envres.2017.12.025

Zulfiqar, M., Lee, S.Y., Mafize, A.A., Kahar, N.A.M.A., Johari, K. and 
Rabat, N.E. 2020. Efficient removal of pb(ii) from aqueous solutions 
by using oil palm bio-waste/MWCNTS reinforced PVA hydrogel com-
posites: kinetic, isotherm, and thermodynamic modeling. Polymers, 
12(2): 430. https://doi.org/10.3390/polym12020430

Zhang, X., Yan, L., Liu, J., Zhang, Z. and Tan, C. 2019. Removal of 
different kinds of heavy metals by novel PPG-nZVI beads and 
their application in simulated stormwater infiltration facility. Appl. 
Sci., 9(20): 4213. https://doi.org/10.3390/app9204213


