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A B S T R A C T

The increase in population and industrialization has intensified water scarcity and stress, and contaminated 
water bodies. Therefore, the development of advanced water and wastewater treatment technologies has gained 
global attention from researchers. Adsorption, using natural materials (nano, polymer, and bio) is one of the 
most cost-effective, less challenging, and well-known technologies for wastewater treatment and improving 
water quality. Among them, chitosan (CS) has demonstrated a set of unique features, such as biodegradability, 
eco-friendliness, availability, low cost, and biocompatibility. Hence, this review provides an overview of some 
recent advancements in the removal of heavy metals, including As (III) and (V), Cd (II), Cu (II), Cr (VI), and Pb 
(II) by CS-based adsorbents, and their potential effects on human health. It also covers the synthesis of CS-based 
adsorbents for the elimination of mentioned contaminants in recently reported studies. In addition, this study 
recommends encountering potential drawbacks by enhancing the adsorption capacity by incorporating func
tional groups, nanoparticles, and other materials. These modifications may help increase selectivity for specific 
metal contaminants and synthesize adsorbents that can perform better over a wide range of pH. Insights gained 
from this study will guide researchers in the future toward optimal water treatment and pollutant elimination 
strategies.

1. Introduction

The world is now more concerned with the simultaneous problems 
of water scarcity and contamination than ever before. These are com
plex issues that require a variety of approaches to solve. The urgent 
challenges of both quantity and quality have become more linked as 
growing populations and expanding industrial activity increase the 
burden on water resources [1]. Pollutants including heavy metals, in
dustrial effluents, and agricultural runoff contaminate water, making a 
large amount of available water sources unfit for human consumption 
and exacerbating the scarcity issue. A critical turning point has been 
reached in the navigation of the complicated terrain of water man
agement: improved water treatment technology. These technologies 
have become essential in lessening the effects of contamination on 
water resources as a result of the realization that focused and effective 
cleanup solutions are required. Now, let us examine this ground
breaking trip from the general problems of water scarcity and con
tamination to the field of cutting-edge water treatment technologies, 
clarifying the rationale for our work and its contributions. Researchers 
from across the globe have been trying to resolve water-related issues 

and remove the contamination from the water. Water contamination 
has caused many human health issues, and about 0.7 million people die 
from water-related diseases around the globe [2]. The most common 
water contaminants include dyes, heavy metals, and phenols [3]. Heavy 
metal's presence in water has gained more attention due to their higher 
toxic levels and carcinogenic effects on the health of human beings at 
even lower concentrations [4]. They lead to acute and chronic effects 
such as different kinds of cancers, improper development of organs, 
nerve damage, and even death [5]. After the industrial revolution, the 
world has seen drastic growth in industrial and economic sectors that 
has also contributed to the heavy metals accumulation on the surface 
and groundwater which has sought global attention [6–9]. As a con
sequence, the researchers have shifted their focus to the quantification 
of heavy metals and their overall effects on human life [8,10–13]. The 
heavy metals have different toxic levels due to their chemical properties 
and characteristics, and they pose different health implications dis
cussed later in this review.

Within the broad field of water treatment techniques, various 
technologies are essential in tackling the intricate problems related to 
water quality. Among them are processes such as membrane filtration, 
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chemical precipitation, electrochemical reactions, and others that are 
noteworthy due to their unique mechanisms and uses.

Membrane filtration uses semi-permeable membranes to filter im
purities and particles from water according to their molecular weight 
and size. Chemical precipitation is the process of adding chemicals to 
create precipitates that are insoluble and readily separated from water. 
Electrical current is used in electrochemical processes to create reac
tions that help remove or change pollutants. Although there is a wide 
range of water treatment technologies available, this article deliber
ately focuses its discussion on one aspect: adsorption. One well-known 
and adaptable technology that is particularly notable for its effective
ness in reducing water pollution is adsorption. It has gained recognition 
for its low cost, easy operation [14] and modifications, high effective
ness, sludge-free operation, easy recovery, and regeneration capacity 
[15]. For the removal of heavy metal ions (HMIs), activated carbon has 
been widely used; however, it has limitations due to its high cost, and it 
also causes secondary pollution [16]. Several other adsorbents have 
been used to eliminate HMIs, including nanomaterial adsorbents, bio 
adsorbents, industrial by-products, and their composite.

The adsorbents prepared using CS exhibit commendable efficiency 
in removing dyes, heavy metals, pesticides, and pharmaceutical pollu
tants from water. They have distinctive features, helping with selective 
adsorption, and are very versatile for environmental applications 
[17–23]. Many efforts have been in progress on using CS and its deri
vatives for dye removal and HMI removal from water and wastewater 
[24–31]. However, there is still a gap to be filled, and we believe this 
critical review helps researchers to work more efficiently in this field of 
study. This review includes the synthesis of CS-based adsorbents, their 
mechanism and characteristics for removing heavy metals from the 
environment, their interaction with human health, and the reasons for 
deteriorating the human body with several diseases. This article also 
discussed the major heavy metal ions and their chemical interaction 
with CS-based adsorbents. In this era of development, research plays a 
significant part in the progress of academic society and institutions. 
Moreover, this review will open doors of knowledge for the researcher 
and provide the gap in this field of research, and it will create pathways 
to achieve sustainable development goals (SDGs) and bring opportu
nities for better living on the planet Earth.

CS is derived from the partial deacetylation of chitin (Fig. 1) and is 
the second ample natural polymer in shrimp shells, crab shells, and 

some fungi [32]. CS is obtained by removing acetyl groups from chitin 
to the extent of about 50 %. The resulting structure is heterogeneous 
and consists of both 1–4 linked 2-acetamido-2-deoxy-β-D-glucopyr
anoses and 2-amino-2-deoxy-β-D-glucopyranoses as well as 2-amino-2- 
deoxy-β-D-glucopyranose (as shown in Fig. 2a and b).

Given structure, CS is similar to cellulose; as hydroxyl in cellulose is 
replaced by amino or acetamido groups in CS at carbon-2 [33]. CS and 
its derivatives have shown extraordinary results in the fields of phar
macy [34], medicine [35], chemistry [36], and environment [37] be
cause they have specific characteristics that include low toxicity, high 
adsorption capability, biocompatibility, and biodegradability. En
vironmental engineers have reported successful results in removing 
heavy metals and treating water. CS derivatives have been found to 
remove pigments [38], fluorides [39], and phenols [40]. CS has not 
only shown remarkable results for the removal of HMIs but also has 
shown antibacterial properties [41]. The preparation of CS and its de
rivatives-based adsorbents, adsorption mechanism, and application 
studies have been discussed briefly in detail in this review.

2. Chitosan-based adsorbents

CS was first obtained by Rouget in 1859 when boiling chitin in the 
concentrated potassium hydroxide (KOH) [42,43], and later, Hoppe- 
Seyler named it in 1894. CS has been considered one of the most useful 
cationic adsorbents for removing aromatic compounds, highly toxic 
organic dyes, heavy metals, anions, pharmaceutical residues, and oil 
spills [44–48]. It holds several advantages, such as hydrophilicity, high 
reactivity, biodegradability, biocompatibility, and nontoxicity [49]. It 
is a multifunctional biopolymer and has unique properties that make it 
useful for treating water, especially in adsorption operations. It is en
vironmentally friendly because it is naturally biocompatible and bio
degradable. Because positively charged amino groups on CS and ne
gatively charged ions have a favorable interaction, CS's cationic 
composition allows for the effective adsorption of anionic pollutants, 
like heavy metals. It’s adsorption capacity is enhanced by its high 
surface area and porous structure, which offer a multitude of active 
sites for pollutant binding. Amino and hydroxyl functional groups, for 
example, contribute to a variety of interactions with different pollu
tants. The capacity to produce films makes it possible to create coatings 
that function as efficient adsorption layers. Because it can be easily 

Fig. 1. Representation of CS recovery from shrimps. 
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altered, customized improvements can be made, and because it is in
expensive and frequently derived from crustacean shells, water treat
ment procedures become more financially feasible. To summarize, it is 
a valuable and sustainable adsorbent for water treatment applications 
due to its unique mix of biocompatibility, cationic nature, high surface 
area, and adaptability. Moreover, Table 1 presents several conventional 
and non-conventional adsorbents and their features for removing con
taminants from the water.

Furthermore, CS has a linear polyamine structure with free amine 
groups accessible for modifications and crosslinking [50]. Several 
chemical and physical modification techniques have been applied to 
improve its adsorption selectivity and characteristics for removing 
heavy metals, including amination, sulfonation, and carboxymethyla
tion [51–55].

3. Chitosan for HMI removal

They have been proven efficient for absorbing toxic heavy metal 
ions from water and wastewater due to various chelation sites and 
hydroxyl and amino functional groups that attract heavy metals using 
ion exchange methods or coordination bonds [69,70]. Many re
searchers have analyzed and evaluated the adsorption capacities of CS 
and their derivatives to remove HMIs as their application studies 
[71–73]. Fig. 3 shows the mechanism of CS-based adsorbent for the 
removal of heavy metals from the water.

This study includes various studies on removing metals (As, Cd, Cr, 
Cu, and Pb) from the wastewater through an adsorption mechanism 
using CS-based adsorbents. The complex relationship between CS-based 
adsorbents and different heavy metal ions requires a careful analysis of 
their interactions. Arsenic compounds, such as arsenic (III) and arsenic 
(V), use their hydroxyl and amino groups to form complexes and create 
hydrogen bonds, respectively. Lead ions (II) mostly stick to the amino 
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Fig. 2.  (continued) 

Table 1 
Various conventional and non-conventional adsorbents with their features. 

Adsorbents Features Type of adsorbent Ref

Activated alumina − Efficient for the removal of organic pollutants and bacteria
− Commercially available

Conventional [56]

Agricultural waste − Efficient
− Rapid

Conventional [57]

Biomass obtained via microorganism − More selective & and effective from the ionic adsorbent Non-Conventional [58]
Chitin/CS (Chitosan based derivatives) − Biodegradable

− Cheap
− Abundant
− Renewable
− Exemplary diffusion properties
− High Swelling properties

Non-Conventional [59]

Coconut waste (shell) − Works in the granular form
− Wastewater treatment

Conventional [60]

Cross-linked polymers − Surface area is more
− Mechanical strength is high
− Has chelating properties

Conventional [61]

Hydrogel − Efficient for metal recovery (not all types) Non-Conventional [62]
Polysaccharide − Low-cost and highly selective Non-Conventional [63]
Resins − Wastewater treatment Conventional [64]
Silica gel − Efficient for removing organics Conventional [65]
Solid waste from the forest industry − Possible degeneration

− Cheap
− Effective

Non-Conventional [66]

Wood waste − Efficient for large-scale pollutants
− Good surface phenomenon

Conventional [67]

Zeolites − Good adsorbent for organic solvents and dyes
− High Ion exchange capacity

Conventional [68]
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groups of CS through coordination bonds, highlighting the need to as
sess the density and accessibility of these amino groups. Chromium (VI) 
binding to CS may include redox reactions, emphasizing the need to 
understand electron transfer mechanisms. Cobalt ions (II) show pre
ferential adsorption aided by the amino groups of CS, requiring a 
comprehensive study of its ability to form chelation complexes and 
coordinate bonds. Likewise, copper ions (II) bind with the amino groups 
of CS, which requires examination of the surface charge and the kinetics 
of complex formation. Comprehending these complex interactions is 
crucial for improving CS-based adsorbents in order to improve their 
effectiveness in reducing heavy metal pollution in the waste water 

treatment applications. Fig. 4 shows the adsorption mechanism of 
heavy metals on CS-based adsorbents.

Understanding the details of the heavy metal adsorption on CS- 
based adsorbents requires a thorough examination of kinetics, iso
therms, and thermodynamics. Kinetic studies provide vital information 
on the time-dependent behavior of adsorption processes, giving im
portant details about the speed and mechanisms that control the ab
sorption of metal ions. Methods include being influenced by time batch 
adsorption tests and the use of kinetic models help to understand ad
sorption kinetics and determine the time needed to reach equilibrium. 
This information is important for designing and optimizing systems. 

Fig. 3. Schematic diagram for the removal of heavy metals by CS-based adsorbents. 

Fig. 4. Adsorption mechanism. 
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Isotherm analyses define the balance between the concentration of 
metal ions and their adsorption onto CS. This provides important in
formation on the maximal capacity for adsorption, the characteristics of 
the surface, and the affinity of the adsorbent for different metal ions. 
Using well-known isotherm models, such as Langmuir, Freundlich, and 
Dubinin-Radushkevich, allows for the determination of important iso
therm parameters from experimental data, which improves the ability 
to predict adsorption behavior in different settings.

In addition, thermodynamic studies offer a basic understanding of 
the spontaneity, possibility, and energy involved in metal adsorption 
onto CS. By conducting experiments at various temperatures and uti
lizing thermodynamic models like the Van't Hoff equation, important 
thermodynamic values like as standard enthalpy (∆H°), standard en
tropy (∆S°), and Gibbs free energy (∆G°) can be determined. These 
factors provide information about the stability of metal-chitosan com
plexes and the impact of temperature on adsorption behavior, helping 
to optimize operational settings for practical use. To summarize, a 
thorough analysis of the speed of reactions, temperature effects, and 
energy changes is essential for improving the efficiency of removing 
heavy metals from water using CS-based adsorbents. This analysis 
provides important guidance for designing water treatment systems and 
implementing effective environmental cleanup strategies.

3.1. Removal of Arsenic

Arsenic (As) is a metalloid in the air, rocks, organisms, soil, and 
water. It has been a source of environmental pollution using natural 
processes and a combination of anthropogenic activities, including 
biological actions, weathering reactions, and vehicular and other 
emissions [74]. Fig. 5 elucidates the natural and anthropogenic sources 
of As contamination. Moreover, it is among the elements that are 
multivalent and cannot be easily removed, though, it can convert into 
several different forms or combine with other elements [75]. However, 
the most dominant and toxic forms of arsenic include arsenite and ar
senate [76].

Due to its toxicity, the World Health Organization (WHO) in 1993 
reduced the exposure limit of arsenic from 50 to 10 ug−1 [78]. Until 
today, many researchers have used advanced adsorbents to remove As 
from wastewater [70], however, many drawbacks need to be addressed.

Recently, CS has gained drastic attention for its exceptional char
acteristics for arsenic removal application from the waters [79]. Uti
lizing gel, microsphere, and cross-linker of CS are a few advanced 
techniques that help to enhance mechanical strength, stability, and it's 

reusability; embedding molybdenum or iron, etc., into CS microsphere 
is an efficient technique to increase the adsorption property of CS 
[80–82]. Furthermore, iron (Fe) is always considered an arsenic lover 
as it possesses excellent adsorption properties towards As. Interestingly, 
the Fe-CS composite has gained attention for adsorption from water; Fe- 
CS granules (ICSB) and Fe-CS flakes (ICSF) have also been studied and 
reported [83].

Among several studies in the last decade that were carried out to 
analyze the adsorption capacity and efficiency of As (III); graphene 
oxide (GO), GO-modified CS derivative is recognized as a cost-effective 
(cheap) and efficient adsorbent [84–86], and graphene oxide-chitosan 
(GO-CS) has various application studies other than As. In a study, both 
toxic forms of As were removed from contaminated water with clays or 
zeolite CS-based adsorbents. In addition to other research, Wang and 
coauthors experimented with the CS coating biopolymer on iron oxide 
nanoparticles, showing a significant increase in As adsorption (V) [87]. 
Table 2 summarizes the qmax for arsenic on several CS-based ad
sorbents.

CS-based adsorbents have a remarkable ability to adsorb arsenic 
thanks to their positive charge, which allows them to interact with 
negatively charged arsenic species. In addition, these materials have a 
high level of compatibility with biological systems and are also en
vironmentally friendly, which helps to minimize any potential risks to 
both human health and the environment. Nevertheless, the relatively 
sluggish adsorption kinetics of these substances may necessitate longer 
contact durations, while the pH dependence may present difficulties in 
upholding ideal conditions. In addition, the restricted surface area of CS 
matrices may limit their adsorption capacity in comparison to other 
materials.

3.2. Removal of Cadmium

Cadmium (Cd) is among the extremely toxic elements due to its 
teratogenic and carcinogenic effects on human life [95]. It is disposed 
of majorly into the environment through human-made activities due to 
mining operations, industrial effluent, waste incineration, and coal and 
oil combustion. Fig. 6 shows the different sources of cadmium con
tamination. According to WHO, the maximum permissible limit of Cd in 
potable water is 3–5 ppb [96]. Among several other adsorbents utilized 
to remove cadmium, hydrogels, and CS-based composites have acquired 
great attention [97].

Babakhani and coauthors reported an efficient, low-cost, and ef
fective technique for removing Cd (II) from wastewater using a benign 

Fig. 5. Schematic diagram of As contamination and health effects [77]. 
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adsorbent. Sodium tripolyphosphate CS beads (STPP-CLCS) were fab
ricated to access cross-linked CS adsorption capacity and behavior. In 
the experiment, the lower cross-linked beads revealed a higher con
centration of adsorption when the concentration of Cd was low; con
sequently, the lower CS beads had higher adsorption even at a higher 
concentration [98]. In a recent study, a hollow nanofibrous membrane 
(HNM) was synthesized from CS, polyvinyl alcohol (PVA), and poly
vinylpyrrolidone (PVP) through electrospinning. It was analyzed on 
lead, nickel, cadmium, and copper, and maximum adsorption capacities 
were 87.8, 97.5, 88.1, and 106.7 mg g−1 [99]. In another study, bio
composites based on clay minerals and CS have gained interest in re
moving cadmium, and Vilela reported the maximum adsorption capa
city was 234.8 mg g−1 onto the CS-based hydrogel [100]. In a study, 
Chen et al., 2012 prepared an effective new composite of CS with 
thiourea, modified it to a magnetic ion, and imprinted it on CS/TiO2 

(MICST). Later, results found that the MICST’s efficiency in removing 
Cd (II) decreased barely after the fifth cycle.

In another attempt, Chen and coauthors prepared CS-vermiculite 
(CS-VMT) in reaction with epichlorohydrin and used it for the removal 
of Cd (II) from water. The results showed that on the external surface, 
CS was cross-linked but could not intercalate in the vermiculite [104]. 
Also, Wang and coauthors (2020) also synthesized a low-cost and novel 
cobalt ferrite@SiO2-CS/EDTA composite with higher adsorption capa
city of cadmium and recyclability using sol-gel and solvothermal pro
cess [102]. Table 3 summarizes qmax for Cd on CS-based adsorbent.

CS-based adsorbents have been found to exhibit remarkable se
lectivity for cadmium, thanks to the strong metal-ligand interactions 
they form. This property effectively reduces interference from other 
ions, making them highly effective in Cd removal. Its remarkable ver
satility enables the creation of customized adsorbents that exhibit a 
heightened affinity for cadmium ions. Additionally, its biodegradability 
helps minimize any potential negative effects on the environment. 
Nevertheless, the adsorption behavior that is dependent on pH and the 
limited surface area may necessitate optimization in order to achieve 

Table 2 
Chitosan-based adsorbents for the removal of Arsenic (As). 

Adsorbent Arsenic 
(III/V)

Maximum 
Adsorption 
Capacity 
(mg g−1)

Isotherms model Kinetics 
model

Surface area Contact 
time 
(min)

pH Ref

Iron (III)-Chitosan (III) 19.7 Langmuir - - - 6 [88]
Fe CS Microspheres (V) 120.7 Langmuir 2nd Order 1.3 mm (dia) 1440 4 −9 [89]
α-FeO(OH)/GO/CS (III) 289.4 Freundlich & Sips 2nd Order - 3000 3 −10 [85]
Magnetic CS-coated GO (III) 45.0 Langmuir 2nd Order 152 m2 g−1 - 7.3 [84]
Chitosan coated Iron magnetite nanoparticles (V) 10.8 Langmuir 2nd Order - 120 7 [90]
MCS/GO with ethylenediamine tetraacetic acid 

(EDTA)
(III) 43.0 Langmuir 2nd Order 81.36 m2 g−1 660 8.0 [91]

Chitosan coated Iron magnetite (III) 10.5 Langmuir 2nd Order 10 nm (dia) 90 9 [92]
Magnetite nanoparticles impregnated chitosan beads (V) 35.7 Langmuir 2nd Order 50.20 m2 g−1 1500 6.8 [93]
CCM (V) 3.4 Freundlich 2nd Order 5.1 m2 g−1 - 3 −9 [94]
Iron-Chitosan composite (III) 16.2 Langmuir - 96.8 m2 g−1 - 7.0 [83]
Iron-CS composite (V) 22.5 Langmuir - 96.8 m2 g−1 - 7.0 [83]

Fig. 6. Different sources of Cd contamination. 
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efficient removal. Furthermore, the process of regenerating after cad
mium adsorption may pose challenges, affecting the potential for reu
sability and potentially leading to higher operational costs.

3.3. Removal of Chromium

Chromium (Cr) is naturally present in two oxidation states, such as 
chromium (III) and (VI), whereas, Cr (III) is relatively less threatening 
to animals and plants as compared to Cr (VI). It is widely used in var
ious industries, including textile dyeing, steel and automobile manu
facturing, leather tanning, and electroplating, and it causes a potential 
threat [109,110]. Fig. 7 presents the sources of chromium contamina
tion. According to the International Agency for Research in Cancer 
(IRCA), Cr (VI) is carcinogenic to human beings and considered in 
group 1, while Cr (III) is not classified as carcinogenic [111,112].

Another study describes the synthesis of CS/polyethyleneimine fixed 
hydrophobic sodium alginate composite (MCPS) for sorptions of dyes 
and heavy metals. The maximum adsorption capacities were 351.0 for 
Cu, 87.5 for Cr (VI), 66.4 for methyl orange, and 286.5 mg g−1 for 
methylene blue [113]. Table 4 summarizes the maximum adsorption 
capacities for Cr on CS-based adsorbent.

In a study, Omer and coauthors (2021) examined the adsorption 
characteristics of aminated CS (AmCS)-modified MOF to remove 

chromium (VI). Moreover, the result depicted that the induction of 
amine groups made CS neat and strengthened the cationic nature, 
which is more helpful in removing anionic Cr (VI) [117]. In another 
study, the attapulgite clay and magnetic Fe3O4 modified with AmCS 
(ATP@Fe3O4-AmCS composite) was developed by Eltaweil and co
authors in 2021 to remove anionic Cr (VI). The examination depicts 
rapid and efficient adsorption, and qmax was achieved at 294.1 mg g−1 

[127]. Dinh (2020) reported an effective and rapid adsorption process 
for Cr (VI) ions onto MnO2/CS nanocomposite. At pH 2.0 and in an 
hour, the adsorption efficiency reached 92 % [118]. In one of the stu
dies, fabricated CS-Fe (III) was proven efficient in removing Cr (VI) 
more rapidly. Furthermore, the qmax for removing Cr (VI) on the pre
pared complex was 173.1 mg g−1 within 10 min [125].

Chromium, specifically hexavalent chromium [Cr(VI)], is strongly 
attracted to CS-based adsorbents because of their exceptional ability to 
form robust complexes with metal ions. Due to their versatility, these 
substances can be easily modified to improve their ability to selectively 
adsorb chromium species. In addition, the matrices are biocompatible 
and environmentally friendly, reducing potential health and ecological 
hazards. Nevertheless, the effectiveness of CS-based adsorbents may be 
influenced by the pH of the solution, which requires precise adjustment 
of the solution conditions to achieve optimal chromium removal. In 
addition, the small size of its particles may limit their ability to adsorb 

Table 3 
Several CS-based adsorbents for the removal of Cadmium (Cd). 

Adsorbent Maximum Adsorption 
Capacity (mg g−1)

Isotherms 
model

Kinetics 
model

Surface area Contact time pH References

Chitosan/PVP/PVA-HNM 88.1 Langmuir 2nd Order 17.16 m2 g−1 - 7 [99]
Chitosan and pectin beads 177.6 Langmuir 2nd Order 23.66 m2 g−1 380 7 [101]
STPP-CLCS 99.8 Langmuir - - - 4 −8.5 [98]
CoFe2O4 @SiO2-CS/EDTA 127.8 Langmuir - 17.57 m2 g−1 180 2 −7 [102]
Chitosan/PVA/PEL 11.1 Langmuir 2nd Order 0.95 m2 g−1 6 [103]
Chitosan-VMT composite 58.5 Langmuir 2nd Order 7.91 m2 g−1 1400 4 [104]
Chitosan@NZVI 142.8 Freundlich 2nd Order 78.3 m2 g−1 180 4 −9 [105]
Vermiculite (Vm) blended 

with CS
169.0 Langmuir 2nd Order - 300 5.0 −5.5 [106]

Ca₅(PO₄)₃/CS 81.1 Langmuir 2nd Order - 1440 9 [107]
MICST 256.4 Langmuir 2nd Order - 360 6 −7 [108]

Fig. 7. Sources of Cr contamination. 
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substances, which could mean that larger amounts of the adsorbent are 
needed for effective treatment. In addition, the regeneration of CS 
matrices following chromium adsorption may present difficulties, im
pacting their reusability and leading to higher operational expenses.

3.4. Removal of Copper

According to the World Health Organization (WHO), Copper (Cu) is 
among the essential nutrients in the water for all human beings if the 
concentration is below 0.05 ppm [128], but if the concentration is 
higher, it may lead to water pollution, especially heavy metals con
tamination. If the concentration of Cu (II) ions gets higher in the human 
body, it affects the nervous system, damages the liver, and can cause 
cancer by triggering several mutations [129,130]. Due to anthro
pogenic activities, the concentration of Cu (II) is increasing in water 
bodies and a few reasons include electrical combustion, dyes, mining, 

printing, and electroplating; hence, researchers have given great at
tention to the treatment of industrial effluent [102,131]. Fig. 8 shows 
the copper contamination and its bioaccumulation in the food chain.

In an experimental study, He et al. fabricated amidoxime-functio
nalized CS (AM/AO/AEBI-CS) for the removal of Cu (II). After the 
complete investigation, the Cu (II) adsorption capacity on the synthe
sized material was 190.7 mg g−1 [132]. In a recent study, magnetic CS 
hydrogel beads (MCHB) were prepared with different ratios to remove 
Cu (II) by blending magnetite (Fe3O4) and CS in the solution of sodium 
alginate. The highest removal efficiency for Cu (II) was 56.51 % by 
MCHB-0.5 and determined by several parameters (pH, contact time, 
and various ratios of adsorbent) [133]. Zhang et al. examined the for
mation of a CS membrane that was stacking and based on an electro- 
spinning technique and greatly enhanced the efficiency of Cu (II) ad
sorption on CS via multi-layer. The electro-spinning technique boosted 
the surface area, and the qmax was 276.2 mg g−1[134]. 

Table 4 
Various Chitosan-based adsorbents for the removal of Chromium (Cr). 

Adsorbent Maximum 
Adsorption 
Capacity 
(mg g−1)

Isotherm model Kinetics model Surface area Contact 
time

pH Ref

CS-based hydrogel 234.8 Langmuir 2nd Order - 1440 4.5 [114]
Magnetic CS/polyethyleneimine sodium alginate 87.5 Langmuir 2nd Order 0.0506 m2 g−1 - 3 [113]
Chitosan/g-C3N4/TiO2 nanofibers 68.9 Langmuir 2nd Order - 1440 1 −7 [115]
Citratw-cross linked Zn-MOF/chitosan composite 225.0 Langmuir 2nd Order 16.28 m2 g−1 5.0 [116]
zeolite imidazolate framework−67-MOF@Am-chitosan 119.1 Langmuir & 

Freundlich
2nd Order 220.76 m2 g−1 60 2 −9 [117]

CS-MnO2 nanocomposite 61.6 Sips Intra diffusion 17.80 m2 g−1 120 2 [118]
Aerogel from nano-bentonite/Nano-cellulose/chitosan 98.9 Halsey 2nd Order - 1440 2 −8 [119]
Fe3O4/SiO2/chitosan-TETA composite 254.6 Langmuir 2nd Order 131.4 m2 g−1 - 2 −8 [120]
CA- C6H10O2 /chitosan nanofiber 126.0 Freundlich 2nd Order 249.1 m2 g−1 360 2 −7 [121]
Fe3O4 @SiO2-chitosan 96.2 Johnson-Mehl- 

Avrami-Kolmogorov
2nd Order - - - [122]

Mchitosan/GO 270 Langmuir 2nd Order 74.35 m2 g−1 600 2 [123]
Chitosan/Montmorillonite- Fe3O4 microsphere 58.8 Langmuir 2nd Order - 180 2 [124]
Chitosan-Iron (III) comples 173.1 - - - - - [125]
Polyethylenimine-magnetic CS microspheres 134.9 Langmuir 2nd Order - 300 1 −8 [126]

Fig. 8. Flow diagram of copper contamination. 
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Wang & Li prepared three-dimensional porous CS aerogels for 
copper ions. The CS aerogel showed low adhesion, super hydrophilicity, 
and selectivity. The maximum adsorption capacity was 116.7 mg g−1 

[145]. In another experimental study, He et al. synthesized the beads of 
EDTA on a polyvinyl alcohol (PVA)-CS surface. In addition, newly 
prepared beads exhibited much better adsorption than the previously 
prepared beads and qmax was reported 127.8 mg g−1 of Cu (II) [146]. 
Wang et al., CS-g-poly modified attapulgite (CS-g-PAA/APT) for re
moving Cu (II) from contaminated water. This combined formation 
enhanced the specific porous surface and surface area; in 15 min, 90 % 
efficiency was reported [144]. Table 4 summarizes the qmax for Cu on 
CS-based adsorbent.

CS-based adsorbents have a remarkable ability to selectively bind 
copper ions, thanks to the strong interactions between the metal and 
the ligand. This property helps to minimize any unwanted interference 
from other ions present in the solution. Their compatibility with living 
organisms and their positive impact on the environment help mitigate 
the health and environmental hazards linked to copper removal pro
cedures. In addition, the versatile nature of CS enables easy modifica
tions to improve its capacity and selectivity for copper adsorption. CS- 
based adsorbents have been found to show adsorption behavior that is 
dependent on pH. This means that it is important to carefully adjust the 
solution conditions to achieve optimal copper removal. The surface 
area of CS particles is limited, which can restrict their adsorption ca
pacity. As a result, higher doses of adsorbent may be necessary for ef
fective treatment. In addition, the regeneration of CS matrices following 
copper adsorption could present difficulties, affecting their reusability 
and leading to higher operational expenses.

3.5. Removal of Lead

Lead (Pb(II)) is a persistent heavy metal that can deteriorate eco
system and human health when it is introduced to more than 10 ppb in 
potable water as authorized by WHO [147,148], whereas the United 
States Environmental Protection Agency (US-EPA) allows 15 ppb con
centration in drinking water [149,150]. Lead contamination sources are 
mentioned in Fig. 9.

Many studies have been reported on the development of adsorbents, 
such as CS, for the adsorption of Pb. In a recent study, CS and PVA were 
combined to remove Zn, Pb, and Fe. The maximum adsorption capa
cities were 4.0 for Pb, 135.1 for Fe, and 222.2 mg g−1 for Zn [151]. Gao 
and coauthors prepared alginate/melamine/chitosan (SA/ME/CS) 
aerogel for Lead (II) adsorption in this context. The results showed high 

adsorption between pH 5–6 with a maximum adsorption capacity of 
1331.6 mg g−1 towards Pb (II) [78]. Amin et al., synthesized magnetite 
nanoparticles via a thermal decomposition process and coated them 
with silica (mesoporous) layers using cetyltrimethylammonium bro
mide (CTAB) as a surfacting agent. The prepared adsorbent exhibited a 
maximum capacity of 150.3 mg g−1 for Pb2+ and 126.3 mg g−1 for 
Cd2+ [152]. Table 6 summarizes qmax for Pb on CS-based adsorbent.

In another research, Dinh and coworkers (2018) fabricated CS- 
loaded manganese dioxide (MnO2/CS) nanoparticles where the pores 
surface area of MnO2/CS was larger than the lead ions, proposing the 
possibility of Pb (II) ions to enter in the surface of the beads [156]. In 
one attempt, Guo et al. examined the utilization of CS-PDA aerogel for 
Pb (II) adsorption from the wastewater. The qmax was reported to be 
441.2 mg g−1, and the chemisorption process occurred [157]. Li et al. 
examined the adsorption of Pb (II) onto yeast biomass modified with 
ethylenediamine and coated with magnetic-CS micro-particles 
(EYMCS). The qmax was reported to be 134.9 mg g−1 at 40 °C [158]. 
Furthermore, Liang et al. experimented with beads that were solid and 
synthesized MOF and CS via the solvothermal method, and as a cross- 
linker, sodium tripolyphosphate (Na-TPP) was utilized. The qmax of 
406.5 mg g−1 was found at normal room temperature [159].

CS-based adsorbents have proven to be highly effective in the re
moval of lead contaminants. This effectiveness can be attributed to the 
strong interactions that occur between lead ions and the functional 
groups present on the surfaces of CS. Their compatibility with living 
organisms and their positive impact on the environment help alleviate 
health and environmental issues related to lead removal methods. In 
addition, it’s versatility allows for easy modifications to improve its 
ability to absorb lead and selectivity. CS-based adsorbents have been 
found to show pH-dependent adsorption behavior. Therefore, it is im
portant to carefully control the solution conditions in order to achieve 
optimal lead removal. The surface area of CS particles is limited, which 
can limit their adsorption capacity. This means that higher doses of 
adsorbent may be needed for effective treatment. In addition, the re
generation of CS matrices following lead adsorption presents a potential 
challenge, as it may affect reusability and lead to higher operational 
costs.

4. Regeneration of CS-based adsorbents

The regeneration of CS-based adsorbents is an important aspect in 
assessing their practical feasibility and sustainability for removing 
heavy metals from wastewater and there are several factors to examine. 

Table 5 
Various Chitosan-based adsorbents for the removal of Copper (Cu). 

Adsorbent Maximum Adsorption 
Capacity (mg g−1)

Isotherm 
model

Kinetics 
model

Surface area Contact time pH Ref

Chitosan/PVP/PVA-HNM 106.7 Freundlich 2nd Order 17.16 - - [99]
Magnetic CS/polyethyleneimine sodium 

alginate
351.0 Langmuir 2nd Order 0.0506 - 6 [113]

AM/AO/AEBI-CS 190.7 Sips 2nd Order 247.4 m2 g−1 360 2 −6 [132]
DTPA-chitosan/PEO nanofibers 177.0 Langmuir 2nd Order - 90 5 [135]
CNTs-CHO-Chitosan 115.8 Langmuir 2nd Order - 90 2 −11 [136]
Chitosan-g-MA composite 312.4 Langmuir 2nd Order - 180 6 [137]
Chitosan/PVA/PEL membrane 86.1 Langmuir 2nd Order 0.95 m2 g−1 720 6 [103]
MSC/GO gel beads 55.0 Langmuir 2nd Order - - 1 −7 [138]
Magnetic bentonite/Carboxymethyl 

Chitosan/SA hydrogel beads
56.8 Langmuir 2nd Order - 240 2.0 −6.3 [134]

MSC/GO 217.0 Langmuir 2nd Order 132.9 m2 g−1 75 7 [131]
TEPA/Chitosan/CoFe2O4 168.1 Langmuir 2nd Order - 50 5 [139]
MChitosan/GO with EDTA 207 Langmuir 2nd Order 81.36 m2 g−1 300 5.5 [91]
Chitosan-MMT hydrogel 132.7 Freundlich 2nd Order - - 5 [140]
Chitosan/TEOS/APTES nanofiber 640.5 Langmuir 1st Order - 60 2 −7 [141]
Zeolite X/Chitosan hybrid microspheres 152.0 Langmuir 2nd Order 406 m2 g−1 - 5.5 [142]
Silica/Chitosan composite 870.0 Freundlich - 119.29 m2 g−1 30 1 −6 [143]
Chitosan-g-PAA/APT 303.0 Langmuir 2nd Order 1.83 m2 g−1 180 5.85 [144]
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To begin with, the conversation focuses on the ability to use these ad
sorbents multiple times and their cost-efficiency, and CS is a cheap 
source [160]. It underscores their potential for repeated use and the 
financial considerations of the regeneration process. Additionally, it is 
important to optimize the circumstances for regeneration, including 
elements such as the kind and concentration of the regenerating agent, 
temperature, and contact time [161]. Elution with an eluent is the most 
used method in the literature to regenerate chitosan-based adsorbents. 
The proportion used of eluents was in the sequence of salts, alkalis, 
chelators, and acids. The HCl, EDTA, NaOH, and NaCl solutions are 
frequently employed to remove substances [162]. This is necessary to 
develop effective protocols and improve desorption efficiency. More
over, focus is given to the stability and durability of the adsorbent, 
examining any changes in structure or alterations in functional groups 
that may occur over repeated regeneration cycles to appropriately as
sess long-term performance. Studying how desorption works provides 
information about how metals and CS interact, which helps improve 
methods for regeneration. Environmental factors, such as the possible 
creation of additional pollutants and the impact on the environment 

caused by regenerating agents, are important for assessing the overall 
environmental impact of the adsorption-desorption cycle. Finally, in
cluding actual uses, like continuous-flow systems or large-scale water 
treatment procedures, requires dealing with scaling issues and sug
gesting methods to match regeneration elements with real-life situa
tions. Fig. 10 shows the regeneration of CS-based adsorbents for the 
metals.

5. Effect of heavy metals on human health

Heavy metals are available naturally in the environment, and a few 
are vital for living on Earth, but when they bioaccumulate in the food 
chain, they become hazardous [163] and seriously harm human health. 
Arsenic is an extremely toxic metalloid. Long-term exposure to As has 
been linked to a number of health problems, such as skin lesions, 
bladder, lung, and skin cancers, as well as cardiovascular disorders 
[164]. Long-term consumption of water tainted with As has been con
nected to the emergence of several malignancies, making it a serious 
public health risk. Furthermore, exposure to arsenic has been linked to 

Fig. 9. Several sources of Pb contamination. 

Table 6 
Various CS-based adsorbents for the removal of Lead (Pb),. 

Adsorbent Maximum 
Adsorption 
Capacity (mg  
g−1)

Isotherm 
model

Kinetics 
model

Surface area Contact 
time

pH Ref

Alginate/Melamine/Chitosan aerogel 1331.6 Langmuir 2nd Order - 850 5.5 [78]
Chitosan/PVP/PVA-HNM 87.81 Langmuir 2nd Order 17.16 m2 g−1 - - [99]
Chitosan-pectin beads 266.5 Langmuir 2nd Order 23.66 m2 g−1 160 1 −9 [101]
Chitosan/Polyvinly alcohol 4.02 Langmuir 2nd Order 1.96 m2 g−1 720 3.64 [151]
Cross-linked carboxylated Chitosan/ carboxylated 

nano-cellulose hydrogel beads
334.9 Langmuir 2nd Order - 30 4 −4.5 [153]

Magnetic-Chitosan-Peracetic acid nano-composite 204.9 Langmuir 2nd Order - 120 2 −5 [154]
Chitosan-Polyvinyl alcohol nano-fibers 266.12 Langmuir 2nd Order - 240 2 −11 [155]
Magnese oxide/Chitosan nano-particles 126.1 Langmuir 2nd Order 15.75 m2 g−1 240 2 −15 [156]
Polydopamine-modified Chitosan aerogels 441.2 Langmuir 2nd Order 77.3 m2 g−1 900 2 −8 [157]
Hydroxyapatite/Chitosan composite 132.1 Langmuir 2nd Order - 240 6 [107]
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neurological diseases and other effects on the nervous system, including 
the ability to reproduce. To lessen these harmful effects on health, the 
World Health Organization (WHO) and other regulatory agencies have 
set strict limits for arsenic in drinking water.

Cadmium is naturally present and released into the atmosphere by 
manmade activities (mainly released into the air via tainted food, drink, 
and tobacco smoke), and it has different effects on humans and animals. 
Chronic exposure to cadmium has been linked to kidney damage, which 
can result in painful and incapacitating illnesses like Itai-Itai disease, a 
form of osteomalacia. In addition, cadmium has been linked to cardi
ovascular problems, pulmonary problems, and a higher risk of some 
cancers, especially prostate and lung cancer. Cadmium can also have a 
detrimental effect on bone health, increasing the incidence of fractures 
and reducing bone density. Also, a study reported that cadmium hin
ders in plant metabolic processes and growth [165].

The metal chromium can be found in a number of oxidation states, 
the most dangerous of which is hexavalent chromium [Cr(VI)]. Long- 

term exposure to high concentrations of hexavalent chromium, which are 
frequently present in industrial effluent, has been connected to lung 
cancer and other respiratory problems. Skin disorders, renal damage, and 
irritation of the nose and gastrointestinal tract can also be brought on by 
hexavalent chromium ingestion or inhalation [166]. Because of its link to 
lung cancer, hexavalent chromium has been categorized as a Group 1 
human carcinogen by the International Agency for Research on Cancer 
(IARC). Even though copper is a trace element vital to human health, too 
much of it can have negative effects. Severe copper poisoning in drinking 
water can lead to nausea and vomiting as well as other gastrointestinal 
problems. Copper poisoning is especially dangerous for those with Wil
son's disease, a hereditary illness that affects copper metabolism. Chronic 
exposure to high copper concentrations may also aggravate the kidneys 
and liver. Copper is routinely monitored in drinking water to ensure that 
levels stay within acceptable limits for human consumption, despite any 
potential health hazards. Fig. 11 shows the human health effects of 
contaminated water with toxic heavy metals.

Fig. 10. Regeneration of CS-based adsorbents for metals. 

Fig. 11. Adverse effects on human health by toxic heavy metals. 
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Mercury is present in the biosphere and is a highly hazardous heavy 
metal. It converts to methyl-mercury when it comes in contact with 
aquatic sediments, which is highly toxic [167]. Manganese is the most 
abundant toxic heavy metal found naturally in several oxidation states. 
It is required in many physiological activities, and its excessive con
sumption results in high levels of toxicity [168,169]. It has adverse 
human health effects and causes lung and nasal cancer, kidney dis
orders, cardiovascular diseases, and allergies via inhalation of nickel in 
the air [170–172], whereas cobalt usually has no negative impacts on 
human life but may cause death when massive discharges into the en
vironment [173]. It is a very poisonous heavy metal and may possess 
negative effects on the body's organs. Exposure to lead throughout 
childhood has the greatest health hazards as it can disrupt cognitive 
development and result in behavioral issues. Adults who are exposed to 
Pb have a higher chance of developing hypertension, cardiovascular 
illnesses, and decreased renal function. It can also build up in bones, 
which presents long-term health hazards. Strict laws limiting lead ex
posure have been implemented due to the negative consequences of 
lead, especially in paint, drinking water, and other consumer goods. .

Moreover, copper and zinc are considered vital nutrients for human 
life and plants, and their toxicity makes them lethal. The deficiency of 
copper alters vital metabolic processes [191]. Zinc affects ecosystems 
when emitted into the environment [192].

6. Conclusion and recommendations

Adsorbents based on CS demonstrate remarkable characteristics in 
the removal of environmental pollutants, demonstrating significant 
adsorption capacities and efficiencies against a variety of pollutants. 
This review focuses on the incorporation of different materials with CS, 
including forms like beads, hydrogels, membranes, etc., that greatly 
reduce the separation difficulties that come with CS. According to 
analysis, CS can be modified with promising materials to increase its 
adsorption capacity. These materials include clays, carbon materials, 

metal-organic frameworks, layered double hydroxides, etc., which help 
to overcome the low adsorption complexity that CS naturally possesses. 
Moreover, adding the right functional groups to CS improves its elec
trostatic interaction with contaminants, making it a very powerful 
method for increasing CS selectivity.

This thorough analysis investigates the adsorption phenomena of CS 
toward extremely harmful heavy metals, such as As(III) & (V), Cd(II), 
Cu(II), Cr(VI), and Pb(II), and clarifies the implications for human 
health. Notwithstanding these positive qualities, disadvantages of CS- 
based adsorbents are noted; they include problems with reusability, pH 
dependence, restricted surface area, cost and scalability, and low ad
sorption capacity. The authors acknowledge that pollutant selectivity is 
a crucial component in the assessment of CS-based adsorbents and 
stress its vital importance in the investigation of actual wastewater.

However, this review includes future recommendations to address 
the drawbacks: 

1. Enhanced Adsorption Capacity: Researchers can investigate CS- 
based adsorbents with various modifications to improve their ad
sorption capacity. This may incorporate functional groups, nano
particles, or materials to increase efficiency.

2. pH Tolerant Adsorbents: Synthesis of adsorbents that can effi
ciently perform over a diverse pH range would improve their 
practical applicability.

3. Selectivity: Synthesis of CS-based adsorbent with surface mod
ification or specific functional group could help improve selectivity 
for targeted metal contaminants.

4. Thermodynamic Constraints: The thermodynamic capability of 
heavy metal adsorption onto CS is governed by parameters such as 
temperature and pressure. It is essential to comprehend the ther
modynamic parameters, such as enthalpy, entropy, and Gibbs free 
energy changes, in order to forecast the feasibility and spontaneity 
of the adsorption process under various circumstances.

5. Influence of Ionic Strength: It's adsorption capacity for metals is 
sensitive to differences in ionic strength. Concentrated solutions can 
reduce the electrostatic attraction resulting in the overall lower 
adsorption.

6. Diffusion Limitations: When heavy metal ions diffuse slowly into 
CS matrices, equilibrium may not be reached in a reasonable 
amount of time. This constraint is linked to the necessity for mass 
transfer across the aqueous outer layer and the internal pores of the 
adsorbent, demanding longer contact durations.

By addressing these challenges and implementing recommenda
tions, CS-based adsorbents can potentially improve in terms of se
lectivity, cost-effectiveness, and environmentally friendly metal re
moval solutions.

Declaration of Competing Interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influ
ence the work reported in this paper.

Acknowledgments

The authors are grateful for the financial support provided by the 
Gdansk University of Technology, SB 036277.

References

[1] Syeda SEZ, Nowacka D, Khan MS, Skwierawska AM. Recent advancements in cyclo
dextrin-based adsorbents for the removal of hazardous pollutants from waters. MDPI, 
Jun. 01 Polymers 2022;vol. 14(12). https://doi.org/10.3390/polym14122341.

[2]. “Deaths from Dirty Water.”
[3] Suba V, Rathika G. Novel adsorbents for the removal of dyes and metals from 

aqueous solution—a review. J Adv Phys 2016;vol. 5(4):277–94. https://doi.org/ 
10.1166/JAP.2016.1269.

Table 7 
Different toxic heavy metals and their human health impacts. 

Heavy Metal Diseases Research 
Published

Arsenic Skin lesion 
lung cancer 
diabetes 
skin cancer 
Cardiovascular dysfunction 
Liver damage 
Changes in hair

[174–176]

Lead CNS injury 
Gl colic 
Liver damage 
Lungs dysfunction 
Reduced pulmonary function 
Hematological changes (Anemia)

[177–180]

Mercury CNS injuries 
Renal dysfunction 
GL ulceration 
Hepatotoxicity 
Minamata disease

[181–184]

Cadmium Kidney dysfunction 
Gl disorders 
Cancer 
Lungs injuries 
Degenerative bone disease 
Itai-itai disease

[185–188]

Chromium Kidney dysfunction 
Dermal diseases 
Gl disorders 
Cancers (lung, bone, thyroid, 
kidneys, testicular, bladder, and 
larynx)

[189,190]

S.E.Z. Syeda, M.S. Khan and A.M. Skwierawska                                                                                                                Desalination and Water Treatment 320 (2024) 100679

12

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://doi.org/10.3390/polym14122341
https://doi.org/10.1166/JAP.2016.1269
https://doi.org/10.1166/JAP.2016.1269
http://mostwiedzy.pl


[4] Fallahzadeh RA, Ghaneian MT, Miri M, Dashti MM. Spatial analysis and health risk 
assessment of heavy metals concentration in drinking water resources. Environ Sci 
Pollut Res 2017;vol. 24(32):24790–802. https://doi.org/10.1007/s11356-017- 
0102-3.

[5] Khan Muhammad Shahzeband Syeda SEZSAM. Recent advancements in molecu
larly imprinted polymers for the removal of heavy metal ions and dyes. 2023;vol. 
289:123–44. https://doi.org/10.5004/dwt.2023.29458.

[6] Li S, Zhang Q. Spatial characterization of dissolved trace elements and heavy 
metals in the upper Han River (China) using multivariate statistical techniques. J 
Hazard Mater 2010;vol. 176(1–3):579–88. https://doi.org/10.1016/j.jhazmat. 
2009.11.069.

[7] Lu SY, Zhang HM, Sojinu SO, Liu GH, Zhang JQ, Ni HG. Trace elements con
tamination and human health risk assessment in drinking water from Shenzhen, 
China. Environ Monit Assess 2015;vol. 187(1). https://doi.org/10.1007/s10661- 
014-4220-9.

[8] Hu B, Jia X, Hu J, Xu D, Xia F, Li Y. Assessment of heavy metal pollution and health 
risks in the soil-plant-human system in the Yangtze river delta, China. Int J Environ 
Res Public Health 2017;vol. 14(9). https://doi.org/10.3390/ijerph14091042.

[9] Ma R, Zhou X, Shi J. Heavy metal contamination and health risk assessment in 
critical zone of luan river catchment in the North China Plain. Geochem: Explor, 
Environ, Anal 2018;vol. 18(1):47–57. https://doi.org/10.1144/geochem2017- 
010.

[10] Li S, Zhang Q. Risk assessment and seasonal variations of dissolved trace elements 
and heavy metals in the Upper Han River, China. J Hazard Mater 2010;vol. 
181(1–3):1051–8. https://doi.org/10.1016/j.jhazmat.2010.05.120.

[11] Sekhar C, Chary NS, Kamala CT, Shanker, Frank H. Environmental pathway and 
risk assessment studies of the Musi River’s heavy metal contamination - A case 
study. Hum Ecol Risk Assess 2005;vol. 11(6):1217–35. https://doi.org/10.1080/ 
10807030500278594.

[12] Pertsemli E, Voutsa D. Distribution of heavy metals in Lakes Doirani and Kerkini, 
Northern Greece. J Hazard Mater 2007;vol. 148(3):529–37. https://doi.org/10. 
1016/j.jhazmat.2007.03.019.

[13] He L, et al. Health risk assessment of heavy metals in surface water near a uranium 
tailing pond in Jiangxi Province, South China. Sustain (Switz) 2018;vol. 10(4). 
https://doi.org/10.3390/su10041113.

[14] Poshina DN, Raik SV, Poshin AN, Skorik YA. Accessibility of chitin and chitosan in 
enzymatic hydrolysis: a review. Polym Degrad Stab 2018;vol. 156:269–78. 
https://doi.org/10.1016/j.polymdegradstab.2018.09.005.

[15] Guimarães Gusmão KA, Alves Gurgel LV, Sacramento Melo TM, Gil LF. Application 
of succinylated sugarcane bagasse as adsorbent to remove methylene blue and 
gentian violet from aqueous solutions - Kinetic and equilibrium studies. Dyes 
Pigments 2012;vol. 92(3):967–74. https://doi.org/10.1016/j.dyepig.2011.09.005.

[16] Zhang Y, et al. Research progress of adsorption and removal of heavy metals by 
chitosan and its derivatives: a review. Chemosphere 2021;vol. 
279(March):130927. https://doi.org/10.1016/j.chemosphere.2021.130927.

[17] Bilal M, Iqbal HMN, Hu H, Wang W, Zhang X. Enhanced bio-catalytic performance 
and dye degradation potential of chitosan-encapsulated horseradish peroxidase in 
a packed bed reactor system. Sci Total Environ 2017;vol. 575:1352–60. https:// 
doi.org/10.1016/j.scitotenv.2016.09.215.

[18] Bilal M, Jing Z, Zhao Y, Iqbal HMN. Immobilization of fungal laccase on glutar
aldehyde cross-linked chitosan beads and its bio-catalytic potential to degrade 
bisphenol A. Biocatal Agric Biotechnol 2019;vol. 19:101174. https://doi.org/10. 
1016/j.bcab.2019.101174.

[19] Bilal M, Rasheed T, Zhao Y, Iqbal HMN. Agarose-chitosan hydrogel-immobilized 
horseradish peroxidase with sustainable bio-catalytic and dye degradation prop
erties. Int J Biol Macromol 2019;vol. 124:742–9. https://doi.org/10.1016/j. 
ijbiomac.2018.11.220.

[20] Ali N, Khan A, Malik S, Badshah S, Bilal M, Iqbal HMN. Chitosan-based green 
sorbent material for cations removal from an aqueous environment. J Environ 
Chem Eng 2020;vol. 8(5):104064. https://doi.org/10.1016/j.jece.2020.104064.

[21] Ali N, et al. Characterization and deployment of surface-engineered chitosan- 
triethylenetetramine nanocomposite hybrid nano-adsorbent for divalent cations 
decontamination. Int J Biol Macromol 2020;vol. 152:663–71. https://doi.org/10. 
1016/j.ijbiomac.2020.02.218.

[22] Ali N, Khan A, Bilal M, Malik S, Badshah S, Iqbal HMN. Chitosan-based bio- 
composite modified with thiocarbamate moiety for decontamination of cations 
from the aqueous media. Molecules Jan. 2020;vol. 25(1). https://doi.org/10. 
3390/molecules25010226.

[23] Khan A, Ali N, Bilal M, Malik S, Badshah S, Iqbal HMN. Engineering functionalized 
chitosan-based sorbent material: Characterization and sorption of toxic elements. 
Appl Sci (Switz) Dec. 2019;vol. 9(23). https://doi.org/10.3390/app9235138.

[24] Bailey SE, Olin TJ, Bricka RM, Adrian DD. A review of potentially low-cost sor
bents for heavy metals. Water Res 1999;vol. 33(11):2469–79. https://doi.org/10. 
1016/S0043-1354(98)00475-8.

[25] Owlad M, Aroua MK, Daud WAW, Baroutian S. Removal of hexavalent chromium- 
contaminated water and wastewater: a review. Water Air Soil Pollut 2009;vol. 
200(1–4):59–77. https://doi.org/10.1007/s11270-008-9893-7.

[26] Bhatnagar A, Sillanpää M. Applications of chitin- and chitosan-derivatives for the 
detoxification of water and wastewater - a short review. Adv Colloid Interface Sci 
2009;vol. 152(1–2):26–38. https://doi.org/10.1016/j.cis.2009.09.003.

[27] Dragan ES. Design and applications of interpenetrating polymer network hydro
gels. a review. Chem Eng J 2014;vol. 243(May 2014):572–90. https://doi.org/10. 
1016/j.cej.2014.01.065.

[28] Miretzky P, Cirelli AF. “Hg(II) removal from water by chitosan and chitosan de
rivatives: a review,”. J Hazard Mater 2009;vol. 167(1–3):10–23. https://doi.org/ 
10.1016/J.JHAZMAT.2009.01.060.

[29] Pontoni L, Fabbricino M. Use of chitosan and chitosan-derivatives to remove ar
senic from aqueous solutions - a mini review. Carbohydr Res 2012;vol. 356:86–92. 
https://doi.org/10.1016/j.carres.2012.03.042.

[30] Wan Ngah WS, Teong LC, Hanafiah MAKM. Adsorption of dyes and heavy metal 
ions by chitosan composites: a review. Carbohydr Polym 2011;vol. 83(4):1446–56. 
https://doi.org/10.1016/j.carbpol.2010.11.004.

[31] Wu FC, Tseng RL, Juang RS. A review and experimental verification of using 
chitosan and its derivatives as adsorbents for selected heavy metals. J Environ 
Manag 2010;vol. 91(4):798–806. https://doi.org/10.1016/j.jenvman.2009.10. 
018.

[32] Lee MY, Hong KJ, Kajiuchi T, Yang JW. Synthesis of chitosan-based polymeric 
surfactants and their adsorption properties for heavy metals and fatty acids. Int J 
Biol Macromol 2005;vol. 36(3):152–8. https://doi.org/10.1016/j.ijbiomac.2005. 
05.004.

[33] Ibrahim M, Osman O, Mahmoud AA. Spectroscopic analyses of cellulose and 
chitosan: FTIR and modeling approach. J Comput Theor Nanosci 2011;vol. 
8(1):117–23. https://doi.org/10.1166/JCTN.2011.1668.

[34] Singla AK, Chawla M. Chitosan: some pharmaceutical and biological aspects ? an 
update. J Pharm Pharmacol JPP 2001;vol. 53:1047–67. https://doi.org/10.1211/ 
0022357011776441.

[35] Dutta PK. Chitin and Chitosan for Regenerative Medicine. Chitin Chitosan Regen 
Med 2015:1–389. https://doi.org/10.1007/978-81-322-2511-9.

[36] Rubentheren V, Ward TA, Chee CY, Nair P. Physical and chemical reinforcement of 
chitosan film using nanocrystalline cellulose and tannic acid. Cellulose 2015;vol. 
22(4):2529–41. https://doi.org/10.1007/s10570-015-0650-y.

[37] Xiao G, Su H, Tan T. Synthesis of core-shell bioaffinity chitosan-TiO2 composite 
and its environmental applications. J Hazard Mater 2015;vol. 283:888–96. 
https://doi.org/10.1016/j.jhazmat.2014.10.047.

[38] Gao R, et al. Removal of off-flavours from radish (Raphanus sativus L.) antho
cyanin-rich pigments using chitosan and its mechanism(s). Food Chem Mar. 
2014;vol. 146:423–8. https://doi.org/10.1016/j.foodchem.2013.09.107.

[39] Annouar S, Moufti A, Mountadar S, Mountadar M, Soufiane A. The influences of 
the presence of ions counter on the removal capacity fluorides ions by chitosane. 
Orient J Chem 2016;vol. 32(1):399–406. https://doi.org/10.13005/ojc/320145.

[40] Nthunya LN, Masheane ML, Malinga SP, Nxumalo EN, Mhlanga SD. Electrospun 
chitosan-based nanofibres for removal of phenols from drinking water. Water SA 
2018;vol. 44(3):377–86. https://doi.org/10.4314/wsa.v44i3.05.

[41] Mohanasrinivasan V, et al. Studies on heavy metal removal efficiency and anti
bacterial activity of chitosan prepared from shrimp shell waste. 3 Biotech 
2014;vol. 4(2):167–75. https://doi.org/10.1007/s13205-013-0140-6.

[42] Omer AM, et al. Fabrication of a novel low-cost superoleophilic nonanyl chitosan- 
poly (butyl acrylate) grafted copolymer for the adsorptive removal of crude oil 
spills. Int J Biol Macromol 2019;vol. 140:588–99. https://doi.org/10.1016/J. 
IJBIOMAC.2019.08.169.

[43] Muzzarelli RAA, Tanfani F. The N-permethylation of chitosan and the preparation 
of N-trimethyl chitosan iodide. Carbohydr Polym 1985;vol. 5(4):297–307. https:// 
doi.org/10.1016/0144-8617(85)90037-2.

[44] Solano RA, De León LD, De Ávila G, Herrera AP. Polycyclic aromatic hydrocarbons 
(PAHs) adsorption from aqueous solution using chitosan beads modified with 
thiourea, TiO2 and Fe3O4 nanoparticles,”. Environ Technol Innov 2021;vol. 
21:101378. https://doi.org/10.1016/J.ETI.2021.101378.

[45] Liakos EV, et al. Chitosan adsorbent derivatives for pharmaceuticals removal from 
effluents: a review. Macromol 2021, Vol 1, Pages 130-154 2021;vol. 1(2):130–54. 
https://doi.org/10.3390/MACROMOL1020011.

[46] Asgari E, Sheikhmohammadi A, Yeganeh J. Application of the Fe3O4-chitosan 
nano-adsorbent for the adsorption of metronidazole from wastewater: 
Optimization, kinetic, thermodynamic and equilibrium studies. Int J Biol 
Macromol 2020;vol. 164:694–706. https://doi.org/10.1016/J.IJBIOMAC.2020. 
07.188.

[47] Mu R, Liu B, Chen X, Wang N, Yang J. Adsorption of Cu (II)and Co (II) from 
aqueous solution using lignosulfonate/chitosan adsorbent. Int J Biol Macromol 
2020;vol. 163:120–7. https://doi.org/10.1016/J.IJBIOMAC.2020.06.260.

[48] Tanhaei B, Ayati A, Iakovleva E, Sillanpää M. Efficient carbon interlayed magnetic 
chitosan adsorbent for anionic dye removal: Synthesis, characterization and ad
sorption study. Int J Biol Macromol 2020;vol. 164:3621–31. https://doi.org/10. 
1016/J.IJBIOMAC.2020.08.207.

[49] Omer AM, Elgarhy GS, El-Subruiti GM, Khalifa RE, Eltaweil AS. Fabrication of 
novel iminodiacetic acid-functionalized carboxymethyl cellulose microbeads for 
efficient removal of cationic crystal violet dye from aqueous solutions. Int J Biol 
Macromol 2020;vol. 148:1072–83. https://doi.org/10.1016/J.IJBIOMAC.2020. 
01.182.

[50] E. M.M, O. A, W. M, T. T, A.-E. M, and I. S, “Novel smart pH sensitive chitosan 
grafted alginate hydrogel microcapsules for oral protein delivery: II. evaluation of 
the swelling behavior | Request PDF.” 2015.

[51] Kyzas GZ, Bikiaris DN. Recent modifications of chitosan for adsorption applica
tions: a critical and systematic review. Mar Drugs 2015;vol. 13(1):312–37. https:// 
doi.org/10.3390/MD13010312.

[52] Eltaweil AS, et al. Chitosan based adsorbents for the removal of phosphate and 
nitrate: a critical review. Carbohydr Polym 2021;vol. 274:118671. https://doi. 
org/10.1016/J.CARBPOL.2021.118671.

[53] Shankar P, Gomathi T, Vijayalakshmi K, Sudha PN. Comparative studies on the 
removal of heavy metals ions onto cross linked chitosan-g-acrylonitrile copolymer. 
Int J Biol Macromol 2014;vol. 67:180–8. https://doi.org/10.1016/J.IJBIOMAC. 
2014.03.010.

[54] Shebl A, Omer AM, Tamer TM. Adsorption of cationic dye using novel O-amine 
functionalized chitosan schiff base derivatives: Isotherm and kinetic studies. ” 

S.E.Z. Syeda, M.S. Khan and A.M. Skwierawska                                                                                                                Desalination and Water Treatment 320 (2024) 100679

13

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://doi.org/10.1007/s11356-017-0102-3
https://doi.org/10.1007/s11356-017-0102-3
https://doi.org/10.5004/dwt.2023.29458
https://doi.org/10.1016/j.jhazmat.2009.11.069
https://doi.org/10.1016/j.jhazmat.2009.11.069
https://doi.org/10.1007/s10661-014-4220-9
https://doi.org/10.1007/s10661-014-4220-9
https://doi.org/10.3390/ijerph14091042
https://doi.org/10.1144/geochem2017-010
https://doi.org/10.1144/geochem2017-010
https://doi.org/10.1016/j.jhazmat.2010.05.120
https://doi.org/10.1080/10807030500278594
https://doi.org/10.1080/10807030500278594
https://doi.org/10.1016/j.jhazmat.2007.03.019
https://doi.org/10.1016/j.jhazmat.2007.03.019
https://doi.org/10.3390/su10041113
https://doi.org/10.1016/j.polymdegradstab.2018.09.005
https://doi.org/10.1016/j.dyepig.2011.09.005
https://doi.org/10.1016/j.chemosphere.2021.130927
https://doi.org/10.1016/j.scitotenv.2016.09.215
https://doi.org/10.1016/j.scitotenv.2016.09.215
https://doi.org/10.1016/j.bcab.2019.101174
https://doi.org/10.1016/j.bcab.2019.101174
https://doi.org/10.1016/j.ijbiomac.2018.11.220
https://doi.org/10.1016/j.ijbiomac.2018.11.220
https://doi.org/10.1016/j.jece.2020.104064
https://doi.org/10.1016/j.ijbiomac.2020.02.218
https://doi.org/10.1016/j.ijbiomac.2020.02.218
https://doi.org/10.3390/molecules25010226
https://doi.org/10.3390/molecules25010226
https://doi.org/10.3390/app9235138
https://doi.org/10.1016/S0043-1354(98)00475-8
https://doi.org/10.1016/S0043-1354(98)00475-8
https://doi.org/10.1007/s11270-008-9893-7
https://doi.org/10.1016/j.cis.2009.09.003
https://doi.org/10.1016/j.cej.2014.01.065
https://doi.org/10.1016/j.cej.2014.01.065
https://doi.org/10.1016/J.JHAZMAT.2009.01.060
https://doi.org/10.1016/J.JHAZMAT.2009.01.060
https://doi.org/10.1016/j.carres.2012.03.042
https://doi.org/10.1016/j.carbpol.2010.11.004
https://doi.org/10.1016/j.jenvman.2009.10.018
https://doi.org/10.1016/j.jenvman.2009.10.018
https://doi.org/10.1016/j.ijbiomac.2005.05.004
https://doi.org/10.1016/j.ijbiomac.2005.05.004
https://doi.org/10.1166/JCTN.2011.1668
https://doi.org/10.1211/0022357011776441
https://doi.org/10.1211/0022357011776441
https://doi.org/10.1007/978-81-322-2511-9
https://doi.org/10.1007/s10570-015-0650-y
https://doi.org/10.1016/j.jhazmat.2014.10.047
https://doi.org/10.1016/j.foodchem.2013.09.107
https://doi.org/10.13005/ojc/320145
https://doi.org/10.4314/wsa.v44i3.05
https://doi.org/10.1007/s13205-013-0140-6
https://doi.org/10.1016/J.IJBIOMAC.2019.08.169
https://doi.org/10.1016/J.IJBIOMAC.2019.08.169
https://doi.org/10.1016/0144-8617(85)90037-2
https://doi.org/10.1016/0144-8617(85)90037-2
https://doi.org/10.1016/J.ETI.2021.101378
https://doi.org/10.3390/MACROMOL1020011
https://doi.org/10.1016/J.IJBIOMAC.2020.07.188
https://doi.org/10.1016/J.IJBIOMAC.2020.07.188
https://doi.org/10.1016/J.IJBIOMAC.2020.06.260
https://doi.org/10.1016/J.IJBIOMAC.2020.08.207
https://doi.org/10.1016/J.IJBIOMAC.2020.08.207
https://doi.org/10.1016/J.IJBIOMAC.2020.01.182
https://doi.org/10.1016/J.IJBIOMAC.2020.01.182
https://doi.org/10.3390/MD13010312
https://doi.org/10.3390/MD13010312
https://doi.org/10.1016/J.CARBPOL.2021.118671
https://doi.org/10.1016/J.CARBPOL.2021.118671
https://doi.org/10.1016/J.IJBIOMAC.2014.03.010
https://doi.org/10.1016/J.IJBIOMAC.2014.03.010
http://mostwiedzy.pl


Desalin Water Treat 2018;vol. 130:132–41. https://doi.org/10.5004/DWT.2018. 
22986.

[55] Yuvaraja G, et al. Preparation of novel aminated chitosan schiff’s base derivative 
for the removal of methyl orange dye from aqueous environment and its biological 
applications. Int J Biol Macromol 2020;vol. 146:1100–10. https://doi.org/10. 
1016/J.IJBIOMAC.2019.09.236.

[56] Kumari U, Siddiqi H, Bal M, Meikap BC. Calcium and zirconium modified acid 
activated alumina for adsorptive removal of fluoride: Performance evaluation, 
kinetics, isotherm, characterization and industrial wastewater treatment. Adv 
Powder Technol 2020;vol. 31(5):2045–60. https://doi.org/10.1016/J.APT.2020. 
02.035.

[57] Dai Y, et al. Utilizations of agricultural waste as adsorbent for the removal of 
contaminants: a review. Chemosphere 2018;vol. 211:235–53. https://doi.org/10. 
1016/J.CHEMOSPHERE.2018.06.179.

[58] Kalaimurugan D, Durairaj K, Kumar AJ, Senthilkumar P, Venkatesan S. “Novel 
preparation of fungal conidiophores biomass as adsorbent for removal of phos
phorus from aqueous solution,”. Environ Sci Pollut Res 2020;vol. 
27(17):20757–69. https://doi.org/10.1007/S11356-020-08307-0/TABLES/10.

[59] Ngah WSW, Teong LC, Hanafiah MAKM. Adsorption of dyes and heavy metal ions 
by chitosan composites: A review. Carbohydr Polym 2011;vol. 83(4):1446–56. 
https://doi.org/10.1016/J.CARBPOL.2010.11.004.

[60] Rahim ARA, et al. Effective carbonaceous desiccated coconut waste adsorbent for 
application of heavy metal uptakes by adsorption: equilibrium, kinetic and ther
modynamics analysis. Biomass– Bioenergy 2020;vol. 142:105805. https://doi.org/ 
10.1016/J.BIOMBIOE.2020.105805.

[61] Hu A, et al. Magnetically hyper-cross-linked polymers with well-developed me
soporous: a broad-spectrum and highly efficient adsorbent for water purification,”. 
J Mater Sci 2019;vol. 54(3):2712–28. https://doi.org/10.1007/S10853-018-2967- 
Z/FIGURES/8.

[62] Duman O, Polat TG, Diker CÖ, Tunç S. Agar/κ-carrageenan composite hydrogel 
adsorbent for the removal of Methylene Blue from water. Int J Biol Macromol 
2020;vol. 160:823–35. https://doi.org/10.1016/J.IJBIOMAC.2020.05.191.

[63] Qi X, Wei W, Su T, Zhang J, Dong W. Fabrication of a new polysaccharide-based 
adsorbent for water purification. Carbohydr Polym 2018;vol. 195:368–77. https:// 
doi.org/10.1016/J.CARBPOL.2018.04.112.

[64] Nakakubo K, et al. Dithiocarbamate-modified cellulose resins: A novel adsorbent 
for selective removal of arsenite from aqueous media. J Hazard Mater 2019;vol. 
380:120816. https://doi.org/10.1016/J.JHAZMAT.2019.120816.

[65] Xu Z, et al. A bifunctional adsorbent of silica gel-immobilized Schiff base deriva
tive for simultaneous and selective adsorption of Cu(II) and SO42−. Sep Purif 
Technol 2018;vol. 191:61–74. https://doi.org/10.1016/J.SEPPUR.2017.09.019.

[66] Silva B, et al. Waste-based biosorbents as cost-effective alternatives to commercial 
adsorbents for the retention of fluoxetine from water. Sep Purif Technol 2020;vol. 
235:116139. https://doi.org/10.1016/J.SEPPUR.2019.116139.

[67] Tan Y, Wang K, Yan Q, Zhang S, Li J, Ji Y. Synthesis of Amino-Functionalized 
Waste Wood Flour Adsorbent for High-Capacity Pb(II) Adsorption. ACS Omega 
2019;vol. 4(6):10475–84. https://doi.org/10.1021/ACSOMEGA.9B00920/SUPPL_ 
FILE/AO9B00920_SI_001.PDF.

[68] Kobayashi Y, Ogata F, Nakamura T, Kawasaki N. Synthesis of novel zeolites pro
duced from fly ash by hydrothermal treatment in alkaline solution and its eva
luation as an adsorbent for heavy metal removal. J Environ Chem Eng 2020;vol. 
8(2):103687. https://doi.org/10.1016/J.JECE.2020.103687.

[69] A. Kaushal and S.K. Singh, “Removal of heavy metals by nanoadsorbents: A re
view,” no. January, 2017.

[70] Al aidy El-saied H, Motawea EAT. Optimization and adsorption behavior of na
nostructured nife2o4/poly amps grafted biopolymer. J Polym Environ 2020;vol. 
28(9):2335–51. https://doi.org/10.1007/S10924-020-01774-Z/TABLES/7.

[71] Gokila S, Gomathi T, Sudha PN, Anil S. Removal of the heavy metal ion chromiuim 
(VI) using Chitosan and Alginate nanocomposites. Int J Biol Macromol 2017;vol. 
104:1459–68. https://doi.org/10.1016/J.IJBIOMAC.2017.05.117.

[72] Yang D, Li L, Chen B, Shi S, Nie J, Ma G. Functionalized chitosan electrospun 
nanofiber membranes for heavy-metal removal. Polym (Guildf) 2019;vol. 
163:74–85. https://doi.org/10.1016/J.POLYMER.2018.12.046.

[73] Upadhyay U, Sreedhar I, Singh SA, Patel CM, Anitha KL. Recent advances in heavy 
metal removal by chitosan based adsorbents. Carbohydr Polym 2021;vol. 
251:117000. https://doi.org/10.1016/J.CARBPOL.2020.117000.

[74] Mandal BK, Suzuki KT. Arsenic round the world: a review. Talanta 2002;vol. 
58(1):201–35. https://doi.org/10.1016/S0039-9140(02)00268-0.

[75] Choong TSY, Chuah TG, Robiah Y, Koay FLG, Azni I. Arsenic toxicity, health ha
zards and removal techniques from water: an overview. Desalination 2007;vol. 
217(1–3):139–66. https://doi.org/10.1016/J.DESAL.2007.01.015.

[76] Sodhi KK, Kumar M, Agrawal PK, Singh DK. Perspectives on arsenic toxicity, 
carcinogenicity and its systemic remediation strategies. Environ Technol Innov 
2019;vol. 16:100462. https://doi.org/10.1016/J.ETI.2019.100462.

[77] S. Sara Hassan , S. Shane Zehra , Z. Ahmed , M. Younis Younis TALPUR , and S. 
Panhwar Balochistan , “Removal of arsenic contaminants from water using iron 
oxide nanoparticles by inductively coupled plasma mass spectrometery,” 2022, 
〈doi:10.21203/rs.3.rs-1469404/v1〉.

[78] Gao C, Wang XL, An QDa, Xiao ZY, Zhai SR. Synergistic preparation of modified 
alginate aerogel with melamine/chitosan for efficiently selective adsorption of 
lead ions. Carbohydr Polym 2021;vol. 256. https://doi.org/10.1016/J.CARBPOL. 
2020.117564.

[79] Gupta A, Yunus M, Sankararamakrishnan N. Zerovalent iron encapsulated chitosan 
nanospheres – A novel adsorbent for the removal of total inorganic Arsenic from 
aqueous systems. Chemosphere 2012;vol. 86(2):150–5. https://doi.org/10.1016/ 
J.CHEMOSPHERE.2011.10.003.

[80] Pontoni L, Fabbricino M. Use of chitosan and chitosan-derivatives to remove ar
senic from aqueous solutions—a mini review. Carbohydr Res 2012;vol. 356:86–92. 
https://doi.org/10.1016/J.CARRES.2012.03.042.

[81] Boddu VM, Abburi K, Talbott JL, Smith ED, Haasch R. Removal of arsenic (III) and 
arsenic (V) from aqueous medium using chitosan-coated biosorbent. Water Res 
2008;vol. 42(3):633–42. https://doi.org/10.1016/J.WATRES.2007.08.014.

[82] Ayub A, Raza ZA, Majeed MI, Tariq MR, Irfan A. Development of sustainable 
magnetic chitosan biosorbent beads for kinetic remediation of arsenic con
taminated water. Int J Biol Macromol 2020;vol. 163:603–17. https://doi.org/10. 
1016/J.IJBIOMAC.2020.06.287.

[83] Gupta A, Chauhan VS, Sankararamakrishnan N. Preparation and evaluation of 
iron–chitosan composites for removal of As(III) and As(V) from arsenic con
taminated real life groundwater. Water Res 2009;vol. 43(15):3862–70. https:// 
doi.org/10.1016/J.WATRES.2009.05.040.

[84] Sherlala AIA, Raman AAA, Bello MM, Buthiyappan A. Adsorption of arsenic using 
chitosan magnetic graphene oxide nanocomposite. J Environ Manag 2019;vol. 
246:547–56. https://doi.org/10.1016/J.JENVMAN.2019.05.117.

[85] Shan H, Peng S, Zhao C, Zhan H, Zeng C. Highly efficient removal of As(III) from 
aqueous solutions using goethite/graphene oxide/chitosan nanocomposite. Int J 
Biol Macromol 2020;vol. 164:13–26. https://doi.org/10.1016/J.IJBIOMAC.2020. 
07.108.

[86] Kumar ASK, Jiang SJ. Chitosan-functionalized graphene oxide: A novel adsorbent 
an efficient adsorption of arsenic from aqueous solution. J Environ Chem Eng 
2016;vol. 4(2):1698–713. https://doi.org/10.1016/J.JECE.2016.02.035.

[87] Wang B, et al. Selective heavy metal removal and water purification by micro
fluidically-generated chitosan microspheres: Characteristics, modeling and appli
cation. J Hazard Mater 2019;vol. 364:192–205. https://doi.org/10.1016/J. 
JHAZMAT.2018.10.024.

[88] Pincus LN, et al. Selective adsorption of arsenic over phosphate by transition metal 
cross-linked chitosan. Chem Eng J 2021;vol. 412:128582. https://doi.org/10. 
1016/J.CEJ.2021.128582.

[89] Lobo C, Castellari J, Lerner JC, Bertola N, Zaritzky N. Functional iron chitosan 
microspheres synthesized by ionotropic gelation for the removal of arsenic (V) 
from water. Int J Biol Macromol 2020;vol. 164:1575–83. https://doi.org/10.1016/ 
J.IJBIOMAC.2020.07.253.

[90] Gogoi P, Thakur AJ, Devi RR, Das B, Maji TK. Adsorption of As(V) from con
taminated water over chitosan coated magnetite nanoparticle: Equilibrium and 
kinetics study. Environ Nanotechnol Monit Manag 2017;vol. 8:297–305. https:// 
doi.org/10.1016/J.ENMM.2017.09.002.

[91] Shahzad A, et al. Heavy metals removal by EDTA-functionalized chitosan graphene 
oxide nanocomposites. RSC Adv 2017;vol. 7(16):9764–71. https://doi.org/10. 
1039/C6RA28406J.

[92] Abdollahi M, Zeinali S, Nasirimoghaddam S, Sabbaghi S. Effective removal of As 
(III) from drinking water samples by chitosan-coated magnetic nanoparticles. N 
pub: Balaban 2014;vol. 56(8):2092–104. https://doi.org/10.1080/19443994. 
2014.958538.

[93] Wang J, Xu W, Chen L, Huang X, Liu J. Preparation and evaluation of magnetic 
nanoparticles impregnated chitosan beads for arsenic removal from water. Chem 
Eng J 2014;vol. 251:25–34. https://doi.org/10.1016/J.CEJ.2014.04.061.

[94] Cho DW, et al. A novel chitosan/clay/magnetite composite for adsorption of Cu(II) 
and As(V). Chem Eng J 2012;vol. 200–202:654–62. https://doi.org/10.1016/J. 
CEJ.2012.06.126.

[95] Pyrzynska K. Removal of cadmium from wastewaters with low-cost adsorbents. J 
Environ Chem Eng 2019;vol. 7(1):102795. https://doi.org/10.1016/J.JECE.2018. 
11.040.

[96] Godt J, et al. The toxicity of cadmium and resulting hazards for human health. J 
Occup Med Toxicol 2006;vol. 1(1):1–6. https://doi.org/10.1186/1745-6673-1-22/ 
TABLES/1.

[97] Huang Y-Y, et al. Toxicity of cadmium and its health risks from leafy vegetable 
consumption. 2017;vol. 8:1373. https://doi.org/10.1039/C6FO01580H.

[98] Babakhani A, Sartaj M. Removal of Cadmium (II) from aqueous solution using 
tripolyphosphate cross-linked chitosan. J Environ Chem Eng 2020;vol. 
8(4):103842. https://doi.org/10.1016/J.JECE.2020.103842.

[99] Wu S, et al. Chitosan-based hollow nanofiber membranes with poly
vinylpyrrolidone and polyvinyl alcohol for efficient removal and filtration of or
ganic dyes and heavy metals. Int J Biol Macromol 2023;vol. 239:124264. https:// 
doi.org/10.1016/J.IJBIOMAC.2023.124264.

[100] Vilela PB, Dalalibera A, Duminelli EC, Becegato VA, Paulino AT. “Adsorption and 
removal of chromium (VI) contained in aqueous solutions using a chitosan-based 
hydrogel,”. Environ Sci Pollut Res 2019;vol. 26(28):28481–9. https://doi.org/10. 
1007/S11356-018-3208-3/TABLES/4.

[101] Shao Z, et al. Novel green chitosan-pectin gel beads for the removal of Cu(II), Cd 
(II), Hg(II) and Pb(II) from aqueous solution. Int J Biol Macromol 2021;vol. 
176:217–25. https://doi.org/10.1016/J.IJBIOMAC.2021.02.037.

[102] Wang Y, et al. Novel environmental-friendly nano-composite magnetic attapulgite 
functionalized by chitosan and EDTA for cadmium (II) removal. J Alloy Compd 
2020;vol. 817:153286. https://doi.org/10.1016/J.JALLCOM.2019.153286.

[103] Sahebjamee N, Soltanieh M, Mousavi SM, Heydarinasab A. Removal of Cu2+, 
Cd2+ and Ni2+ ions from aqueous solution using a novel chitosan/polyvinyl 
alcohol adsorptive membrane. Carbohydr Polym 2019;vol. 210:264–73. https:// 
doi.org/10.1016/J.CARBPOL.2019.01.074.

[104] Chen L, et al. Preparation and characterization of the eco-friendly chitosan/ver
miculite biocomposite with excellent removal capacity for cadmium and lead. 
Appl Clay Sci 2018;vol. 159:74–82. https://doi.org/10.1016/J.CLAY.2017.12. 
050.

S.E.Z. Syeda, M.S. Khan and A.M. Skwierawska                                                                                                                Desalination and Water Treatment 320 (2024) 100679

14

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://doi.org/10.5004/DWT.2018.22986
https://doi.org/10.5004/DWT.2018.22986
https://doi.org/10.1016/J.IJBIOMAC.2019.09.236
https://doi.org/10.1016/J.IJBIOMAC.2019.09.236
https://doi.org/10.1016/J.APT.2020.02.035
https://doi.org/10.1016/J.APT.2020.02.035
https://doi.org/10.1016/J.CHEMOSPHERE.2018.06.179
https://doi.org/10.1016/J.CHEMOSPHERE.2018.06.179
https://doi.org/10.1007/S11356-020-08307-0/TABLES/10
https://doi.org/10.1016/J.CARBPOL.2010.11.004
https://doi.org/10.1016/J.BIOMBIOE.2020.105805
https://doi.org/10.1016/J.BIOMBIOE.2020.105805
https://doi.org/10.1007/S10853-018-2967-Z/FIGURES/8
https://doi.org/10.1007/S10853-018-2967-Z/FIGURES/8
https://doi.org/10.1016/J.IJBIOMAC.2020.05.191
https://doi.org/10.1016/J.CARBPOL.2018.04.112
https://doi.org/10.1016/J.CARBPOL.2018.04.112
https://doi.org/10.1016/J.JHAZMAT.2019.120816
https://doi.org/10.1016/J.SEPPUR.2017.09.019
https://doi.org/10.1016/J.SEPPUR.2019.116139
https://doi.org/10.1021/ACSOMEGA.9B00920/SUPPL_FILE/AO9B00920_SI_001.PDF
https://doi.org/10.1021/ACSOMEGA.9B00920/SUPPL_FILE/AO9B00920_SI_001.PDF
https://doi.org/10.1016/J.JECE.2020.103687
https://doi.org/10.1007/S10924-020-01774-Z/TABLES/7
https://doi.org/10.1016/J.IJBIOMAC.2017.05.117
https://doi.org/10.1016/J.POLYMER.2018.12.046
https://doi.org/10.1016/J.CARBPOL.2020.117000
https://doi.org/10.1016/S0039-9140(02)00268-0
https://doi.org/10.1016/J.DESAL.2007.01.015
https://doi.org/10.1016/J.ETI.2019.100462
https://doi.org/10.1016/J.CARBPOL.2020.117564
https://doi.org/10.1016/J.CARBPOL.2020.117564
https://doi.org/10.1016/J.CHEMOSPHERE.2011.10.003
https://doi.org/10.1016/J.CHEMOSPHERE.2011.10.003
https://doi.org/10.1016/J.CARRES.2012.03.042
https://doi.org/10.1016/J.WATRES.2007.08.014
https://doi.org/10.1016/J.IJBIOMAC.2020.06.287
https://doi.org/10.1016/J.IJBIOMAC.2020.06.287
https://doi.org/10.1016/J.WATRES.2009.05.040
https://doi.org/10.1016/J.WATRES.2009.05.040
https://doi.org/10.1016/J.JENVMAN.2019.05.117
https://doi.org/10.1016/J.IJBIOMAC.2020.07.108
https://doi.org/10.1016/J.IJBIOMAC.2020.07.108
https://doi.org/10.1016/J.JECE.2016.02.035
https://doi.org/10.1016/J.JHAZMAT.2018.10.024
https://doi.org/10.1016/J.JHAZMAT.2018.10.024
https://doi.org/10.1016/J.CEJ.2021.128582
https://doi.org/10.1016/J.CEJ.2021.128582
https://doi.org/10.1016/J.IJBIOMAC.2020.07.253
https://doi.org/10.1016/J.IJBIOMAC.2020.07.253
https://doi.org/10.1016/J.ENMM.2017.09.002
https://doi.org/10.1016/J.ENMM.2017.09.002
https://doi.org/10.1039/C6RA28406J
https://doi.org/10.1039/C6RA28406J
https://doi.org/10.1080/19443994.2014.958538
https://doi.org/10.1080/19443994.2014.958538
https://doi.org/10.1016/J.CEJ.2014.04.061
https://doi.org/10.1016/J.CEJ.2012.06.126
https://doi.org/10.1016/J.CEJ.2012.06.126
https://doi.org/10.1016/J.JECE.2018.11.040
https://doi.org/10.1016/J.JECE.2018.11.040
https://doi.org/10.1186/1745-6673-1-22/TABLES/1
https://doi.org/10.1186/1745-6673-1-22/TABLES/1
https://doi.org/10.1039/C6FO01580H
https://doi.org/10.1016/J.JECE.2020.103842
https://doi.org/10.1016/J.IJBIOMAC.2023.124264
https://doi.org/10.1016/J.IJBIOMAC.2023.124264
https://doi.org/10.1007/S11356-018-3208-3/TABLES/4
https://doi.org/10.1007/S11356-018-3208-3/TABLES/4
https://doi.org/10.1016/J.IJBIOMAC.2021.02.037
https://doi.org/10.1016/J.JALLCOM.2019.153286
https://doi.org/10.1016/J.CARBPOL.2019.01.074
https://doi.org/10.1016/J.CARBPOL.2019.01.074
https://doi.org/10.1016/J.CLAY.2017.12.050
https://doi.org/10.1016/J.CLAY.2017.12.050
http://mostwiedzy.pl


[105] Ahmadi M, et al. Synthesis of chitosan zero-valent iron nanoparticles-supported 
for cadmium removal: characterization, optimization and modeling approach. J 
Water Supply: Res Technol-Aqua 2017;vol. 66(2):116–30. https://doi.org/10. 
2166/AQUA.2017.027.

[106] Prakash N, Soundarrajan M, Arungalai Vendan S, Sudha PN, Renganathan NG. 
Contemplating the feasibility of vermiculate blended chitosan for heavy metal 
removal from simulated industrial wastewater. Appl Water Sci 2015 7:8 2015;vol. 
7(8):4207–18. https://doi.org/10.1007/S13201-015-0366-Z.

[107] Park S, Gomez-Flores A, Chung YS, Kim H. Removal of cadmium and lead from 
aqueous solution by hydroxyapatite/chitosan hybrid fibrous sorbent: Kinetics and 
equilibrium studies. ” J Chem, Vol 2015;2015. https://doi.org/10.1155/2015/ 
396290.

[108] Chen A, et al. Novel thiourea-modified magnetic ion-imprinted chitosan/TiO2 
composite for simultaneous removal of cadmium and 2,4-dichlorophenol. Chem 
Eng J 2012;vol. 191:85–94. https://doi.org/10.1016/J.CEJ.2012.02.071.

[109] Wei J, et al. Carbon-coated montmorillonite nanocomposite for the removal of 
chromium(VI) from aqueous solutions. J Hazard Mater 2019;vol. 368:541–9. 
https://doi.org/10.1016/J.JHAZMAT.2019.01.080.

[110] Cao J, et al. Hydroxypropyl chitosan-based dual self-healing hydrogel for ad
sorption of chromium ions. Int J Biol Macromol 2021;vol. 174:89–100. https:// 
doi.org/10.1016/J.IJBIOMAC.2021.01.089.

[111] Dehghani MH, Sanaei D, Ali I, Bhatnagar A. Removal of chromium(VI) from 
aqueous solution using treated waste newspaper as a low-cost adsorbent: Kinetic 
modeling and isotherm studies. J Mol Liq 2016;vol. 215:671–9. https://doi.org/ 
10.1016/J.MOLLIQ.2015.12.057.

[112] Cai W, et al. Preparation of thiourea-modified magnetic chitosan composite with 
efficient removal efficiency for Cr(VI). Chem Eng Res Des 2019;vol. 144:150–8. 
https://doi.org/10.1016/J.CHERD.2019.01.031.

[113] Zeng X, Zhang G, Wen J, Li X, Zhu J, Wu Z. Simultaneous removal of aqueous same 
ionic type heavy metals and dyes by a magnetic chitosan/polyethyleneimine 
embedded hydrophobic sodium alginate composite: Performance, interaction and 
mechanism. Chemosphere 2023;vol. 318:137869. https://doi.org/10.1016/J. 
CHEMOSPHERE.2023.137869.

[114] Vilela PB, Dalalibera A, Duminelli EC, Becegato VA, Paulino AT. “Adsorption and 
removal of chromium (VI) contained in aqueous solutions using a chitosan-based 
hydrogel,”. Environ Sci Pollut Res 2019;vol. 26(28):28481–9. https://doi.org/10. 
1007/S11356-018-3208-3/TABLES/4.

[115] Li QH, et al. Enhancement of Cr(VI) removal efficiency via adsorption/photo
catalysis synergy using electrospun chitosan/g-C3N4/TiO2 nanofibers. Carbohydr 
Polym 2021;vol. 253:117200. https://doi.org/10.1016/J.CARBPOL.2020.117200.

[116] Niu C, Zhang N, Hu C, Zhang C, Zhang H, Xing Y. Preparation of a novel citric 
acid-crosslinked Zn-MOF/chitosan composite and application in adsorption of 
chromium(VI) and methyl orange from aqueous solution. Carbohydr Polym 
2021;vol. 258:117644. https://doi.org/10.1016/J.CARBPOL.2021.117644.

[117] Omer AM, El-Monaem EMA, El-Latif MMA, El-Subruiti GM, Eltaweil AS. Facile 
fabrication of novel magnetic ZIF-67 MOF@aminated chitosan composite beads 
for the adsorptive removal of Cr(VI) from aqueous solutions. Carbohydr Polym 
2021;vol. 265:118084. https://doi.org/10.1016/J.CARBPOL.2021.118084.

[118] Dinh VP, et al. Chitosan-MnO2 nanocomposite for effective removal of Cr (VI) 
from aqueous solution. Chemosphere 2020;vol. 257:127147. https://doi.org/10. 
1016/J.CHEMOSPHERE.2020.127147.

[119] Shahnaz T, Sharma V, Subbiah S, Narayanasamy S. Multivariate optimisation of Cr 
(VI), Co (III) and Cu (II) adsorption onto nanobentonite incorporated nanocellu
lose/chitosan aerogel using response surface methodology. J Water Process Eng 
2020;vol. 36:101283. https://doi.org/10.1016/J.JWPE.2020.101283.

[120] Wang X, et al. Triethylenetetramine-modified hollow Fe3O4/SiO2/chitosan 
magnetic nanocomposites for removal of Cr(VI) ions with high adsorption capacity 
and rapid rate. Microporous Mesoporous Mater 2020;vol. 297:110041. https:// 
doi.org/10.1016/J.MICROMESO.2020.110041.

[121] Ma L, Shi X, Zhang X, Dong S, Li L. Electrospun Cellulose 
Acetate–Polycaprolactone/Chitosan Core–Shell Nanofibers for the Removal of Cr 
(VI). Phys Status Solidi (a) 2019;vol. 216(22):1900379. https://doi.org/10.1002/ 
PSSA.201900379.

[122] Jiang Y, Gu RC, Zhang Y, Wang JT. Heterogeneous structure controlled by shear 
bands in partially recrystallized nano-laminated copper. Mater Sci Eng: A 
2018;vol. 721:226–33. https://doi.org/10.1016/J.MSEA.2018.02.098.

[123] Samuel MS, Shah SS, Subramaniyan V, Qureshi T, Bhattacharya J, Singh NDP. 
Preparation of graphene oxide/chitosan/ferrite nanocomposite for Chromium(VI) 
removal from aqueous solution. Int J Biol Macromol 2018;vol. 119:540–7. https:// 
doi.org/10.1016/J.IJBIOMAC.2018.07.052.

[124] Chen D, Li W, Wu Y, Zhu Q, Lu Z, Du G. Preparation and characterization of 
chitosan/montmorillonite magnetic microspheres and its application for the re
moval of Cr (VI). Chem Eng J 2013;vol. 221:8–15. https://doi.org/10.1016/J.CEJ. 
2013.01.089.

[125] Shen C, et al. Highly efficient detoxification of Cr(VI) by chitosan–Fe(III) complex: 
Process and mechanism studies. J Hazard Mater 2013;vol. 244–245:689–97. 
https://doi.org/10.1016/J.JHAZMAT.2012.10.061.

[126] Sun X, et al. Synthesis of polyethylenimine-functionalized poly(glycidyl metha
crylate) magnetic microspheres and their excellent Cr(VI) ion removal properties. 
Chem Eng J 2013;vol. 234:338–45. https://doi.org/10.1016/J.CEJ.2013.08.082.

[127] Eltaweil AS, El-Monaem EMA, Mohy-Eldin MS, Omer AM. Fabrication of atta
pulgite/magnetic aminated chitosan composite as efficient and reusable adsorbent 
for Cr (VI) ions. Sci Rep 2021 11:1 2021;vol. 11(1):1–15. https://doi.org/10. 
1038/s41598-021-96145-6.

[128] Zhu C, et al. Nitrogen-doped chitosan-Fe(III) composite as a dual-functional ma
terial for synergistically enhanced co-removal of Cu(II) and Cr(VI) based on 

adsorption and redox. Chem Eng J 2016;vol. 306:579–87. https://doi.org/10. 
1016/J.CEJ.2016.07.096.

[129] Saleem A, Wang J, Sun T, Sharaf F, Haris M, Lei S. Enhanced and selective ad
sorption of Copper ions from acidic conditions by diethylenetriaminepentaacetic 
acid-chitosan sewage sludge composite. J Environ Chem Eng 2020;vol. 
8(6):104430. https://doi.org/10.1016/J.JECE.2020.104430.

[130] Yang SC, Liao Y, Karthikeyan KG, Pan XJ. Mesoporous cellulose-chitosan com
posite hydrogel fabricated via the co-dissolution-regeneration process as biosor
bent of heavy metals. Environ Pollut 2021;vol. 286:117324. https://doi.org/10. 
1016/J.ENVPOL.2021.117324.

[131] Hosseinzadeh H, Ramin S. Effective removal of copper from aqueous solutions by 
modified magnetic chitosan/graphene oxide nanocomposites. Int J Biol Macromol 
2018;vol. 113:859–68. https://doi.org/10.1016/J.IJBIOMAC.2018.03.028.

[132] He Y, et al. Amidoxime-functionalized polyacrylamide-modified chitosan con
taining imidazoline groups for effective removal of Cu2+ and Ni2+. Carbohydr 
Polym 2021;vol. 252:117160. https://doi.org/10.1016/J.CARBPOL.2020.117160.

[133] Khalil NA, et al. Magnetic chitosan hydrogel beads as adsorbent for copper re
moval from aqueous solution. Mater Today Proc 2023;vol. 74:499–503. https:// 
doi.org/10.1016/J.MATPR.2022.12.018.

[134] Zhang H, Omer AM, Hu Z, Yang LY, Ji C, Ouyang X kun. Fabrication of magnetic 
bentonite/carboxymethyl chitosan/sodium alginate hydrogel beads for Cu (II) 
adsorption. Int J Biol Macromol 2019;vol. 135:490–500. https://doi.org/10.1016/ 
J.IJBIOMAC.2019.05.185.

[135] Surgutskaia NS, et al. Efficient Cu2+, Pb2+ and Ni2+ ion removal from was
tewater using electrospun DTPA-modified chitosan/polyethylene oxide nanofi
bers. Sep Purif Technol 2020;vol. 247:116914. https://doi.org/10.1016/J. 
SEPPUR.2020.116914.

[136] Dou J, et al. Functionalization of carbon nanotubes with chitosan based on MALI 
multicomponent reaction for Cu2+ removal. Int J Biol Macromol 2019;vol. 
136:476–85. https://doi.org/10.1016/J.IJBIOMAC.2019.06.112.

[137] Ibrahim AG, Saleh AS, Elsharma EM, Metwally E, Siyam T. “Chitosan-g-maleic 
acid for effective removal of copper and nickel ions from their solutions,”. Int J 
Biol Macromol 2019;vol. 121:1287–94. https://doi.org/10.1016/J.IJBIOMAC. 
2018.10.107.

[138] Wu Z, Deng W, Zhou W, Luo J. Novel magnetic polysaccharide/graphene oxide @ 
Fe3O4 gel beads for adsorbing heavy metal ions. Carbohydr Polym 2019;vol. 
216:119–28. https://doi.org/10.1016/J.CARBPOL.2019.04.020.

[139] Fan C, Li K, Li J, Ying D, Wang Y, Jia J. Comparative and competitive adsorption of 
Pb(II) and Cu(II) using tetraethylenepentamine modified chitosan/CoFe2O4 par
ticles. J Hazard Mater 2017;vol. 326:211–20. https://doi.org/10.1016/J. 
JHAZMAT.2016.12.036.

[140] Ngwabebhoh FA, Erdem A, Yildiz U. Synergistic removal of Cu(II) and nitrazine 
yellow dye using an eco-friendly chitosan-montmorillonite hydrogel: Optimization 
by response surface methodology. J Appl Polym Sci 2016;vol. 133(29):43664. 
https://doi.org/10.1002/APP.43664.

[141] Sabourian V, Ebrahimi A, Naseri F, Irani M, Rahimi A. Fabrication of chitosan/ 
silica nanofibrous adsorbent functionalized with amine groups for the removal of 
Ni(II), Cu(II) and Pb(II) from aqueous solutions: batch and column studies,”. RSC 
Adv 2016;vol. 6(46):40354–65. https://doi.org/10.1039/C6RA00456C.

[142] Lu C, Yu S, Yao T, Zeng C, Wang C, Zhang L. “Zeolite X/chitosan hybrid micro
spheres and their adsorption properties for Cu(II) ions in aqueous solutions,”. J 
Porous Mater 2015;vol. 22(5):1255–63. https://doi.org/10.1007/S10934-015- 
0003-0/FIGURES/6.

[143] Gandhi MR, Meenakshi S. Preparation and characterization of silica gel/chitosan 
composite for the removal of Cu(II) and Pb(II). Int J Biol Macromol 2012;vol. 
50(3):650–7. https://doi.org/10.1016/J.IJBIOMAC.2012.01.012.

[144] Wang X, Zheng Y, Wang A. Fast removal of copper ions from aqueous solution by 
chitosan-g-poly(acrylic acid)/attapulgite composites. J Hazard Mater 2009;vol. 
168(2–3):970–7. https://doi.org/10.1016/J.JHAZMAT.2009.02.120.

[145] Wang Q, Li Y. Facile and green fabrication of porous chitosan aerogels for highly 
efficient oil/water separation and metal ions removal from water. J Environ Chem 
Eng 2023;vol. 11(3):109689. https://doi.org/10.1016/J.JECE.2023.109689.

[146] He W, Yu Q, Wang N, Ouyang X kun. Efficient adsorption of Cu(II) from aqueous 
solutions by acid-resistant and recyclable ethylenediamine tetraacetic acid-grafted 
polyvinyl alcohol/chitosan beads. J Mol Liq 2020;vol. 316:113856. https://doi. 
org/10.1016/J.MOLLIQ.2020.113856.

[147] Dong Q, et al. Selective removal of lead ions through capacitive deionization: Role 
of ion-exchange membrane. Chem Eng J 2019;vol. 361:1535–42. https://doi.org/ 
10.1016/J.CEJ.2018.10.208.

[148] Chen Y, Cai W, Dang C, Fan J, Zhou J, Liu Z. A facile sol–gel synthesis of chit
osan–boehmite film with excellent acid resistance and adsorption performance for 
Pb(II). Chem Eng Res Des 2020;vol. 161:332–9. https://doi.org/10.1016/J. 
CHERD.2020.07.018.

[149] H.N. Saleh et al., “Carcinogenic and Non-carcinogenic Risk Assessment of Heavy 
Metals in Groundwater Wells in Neyshabur Plain, Iran,” 2011, 〈doi:10.1007/ 
s12011–018-1516–6〉.

[150] Wang Y, et al. An electrochemical aptasensor based on gold-modified MoS2/rGO 
nanocomposite and gold-palladium-modified Fe-MOFs for sensitive detection of 
lead ions. Sens Actuators B Chem 2020;vol. 319. https://doi.org/10.1016/J.SNB. 
2020.128313.

[151] Patel PK, Pandey LM, Uppaluri RVS. Adsorptive removal of Zn, Fe, and Pb from Zn 
dominant simulated industrial wastewater solution using polyvinyl alcohol grafted 
chitosan variant resins. Chem Eng J 2023;vol. 459:141563. https://doi.org/10. 
1016/J.CEJ.2023.141563.

[152] Amin KF, Gulshan F, Asrafuzzaman, Das H, Rashid R, Hoque SM. Synthesis of 
mesoporous silica and chitosan-coated magnetite nanoparticles for heavy metal 

S.E.Z. Syeda, M.S. Khan and A.M. Skwierawska                                                                                                                Desalination and Water Treatment 320 (2024) 100679

15

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://doi.org/10.2166/AQUA.2017.027
https://doi.org/10.2166/AQUA.2017.027
https://doi.org/10.1007/S13201-015-0366-Z
https://doi.org/10.1155/2015/396290
https://doi.org/10.1155/2015/396290
https://doi.org/10.1016/J.CEJ.2012.02.071
https://doi.org/10.1016/J.JHAZMAT.2019.01.080
https://doi.org/10.1016/J.IJBIOMAC.2021.01.089
https://doi.org/10.1016/J.IJBIOMAC.2021.01.089
https://doi.org/10.1016/J.MOLLIQ.2015.12.057
https://doi.org/10.1016/J.MOLLIQ.2015.12.057
https://doi.org/10.1016/J.CHERD.2019.01.031
https://doi.org/10.1016/J.CHEMOSPHERE.2023.137869
https://doi.org/10.1016/J.CHEMOSPHERE.2023.137869
https://doi.org/10.1007/S11356-018-3208-3/TABLES/4
https://doi.org/10.1007/S11356-018-3208-3/TABLES/4
https://doi.org/10.1016/J.CARBPOL.2020.117200
https://doi.org/10.1016/J.CARBPOL.2021.117644
https://doi.org/10.1016/J.CARBPOL.2021.118084
https://doi.org/10.1016/J.CHEMOSPHERE.2020.127147
https://doi.org/10.1016/J.CHEMOSPHERE.2020.127147
https://doi.org/10.1016/J.JWPE.2020.101283
https://doi.org/10.1016/J.MICROMESO.2020.110041
https://doi.org/10.1016/J.MICROMESO.2020.110041
https://doi.org/10.1002/PSSA.201900379
https://doi.org/10.1002/PSSA.201900379
https://doi.org/10.1016/J.MSEA.2018.02.098
https://doi.org/10.1016/J.IJBIOMAC.2018.07.052
https://doi.org/10.1016/J.IJBIOMAC.2018.07.052
https://doi.org/10.1016/J.CEJ.2013.01.089
https://doi.org/10.1016/J.CEJ.2013.01.089
https://doi.org/10.1016/J.JHAZMAT.2012.10.061
https://doi.org/10.1016/J.CEJ.2013.08.082
https://doi.org/10.1038/s41598-021-96145-6
https://doi.org/10.1038/s41598-021-96145-6
https://doi.org/10.1016/J.CEJ.2016.07.096
https://doi.org/10.1016/J.CEJ.2016.07.096
https://doi.org/10.1016/J.JECE.2020.104430
https://doi.org/10.1016/J.ENVPOL.2021.117324
https://doi.org/10.1016/J.ENVPOL.2021.117324
https://doi.org/10.1016/J.IJBIOMAC.2018.03.028
https://doi.org/10.1016/J.CARBPOL.2020.117160
https://doi.org/10.1016/J.MATPR.2022.12.018
https://doi.org/10.1016/J.MATPR.2022.12.018
https://doi.org/10.1016/J.IJBIOMAC.2019.05.185
https://doi.org/10.1016/J.IJBIOMAC.2019.05.185
https://doi.org/10.1016/J.SEPPUR.2020.116914
https://doi.org/10.1016/J.SEPPUR.2020.116914
https://doi.org/10.1016/J.IJBIOMAC.2019.06.112
https://doi.org/10.1016/J.IJBIOMAC.2018.10.107
https://doi.org/10.1016/J.IJBIOMAC.2018.10.107
https://doi.org/10.1016/J.CARBPOL.2019.04.020
https://doi.org/10.1016/J.JHAZMAT.2016.12.036
https://doi.org/10.1016/J.JHAZMAT.2016.12.036
https://doi.org/10.1002/APP.43664
https://doi.org/10.1039/C6RA00456C
https://doi.org/10.1007/S10934-015-0003-0/FIGURES/6
https://doi.org/10.1007/S10934-015-0003-0/FIGURES/6
https://doi.org/10.1016/J.IJBIOMAC.2012.01.012
https://doi.org/10.1016/J.JHAZMAT.2009.02.120
https://doi.org/10.1016/J.JECE.2023.109689
https://doi.org/10.1016/J.MOLLIQ.2020.113856
https://doi.org/10.1016/J.MOLLIQ.2020.113856
https://doi.org/10.1016/J.CEJ.2018.10.208
https://doi.org/10.1016/J.CEJ.2018.10.208
https://doi.org/10.1016/J.CHERD.2020.07.018
https://doi.org/10.1016/J.CHERD.2020.07.018
https://doi.org/10.1007/s12011-018-1516-6
https://doi.org/10.1007/s12011-018-1516-6
https://doi.org/10.1016/J.SNB.2020.128313
https://doi.org/10.1016/J.SNB.2020.128313
https://doi.org/10.1016/J.CEJ.2023.141563
https://doi.org/10.1016/J.CEJ.2023.141563
http://mostwiedzy.pl


adsorption from wastewater. Environ Nanotechnol Monit Manag 2023;vol. 
20:100801. https://doi.org/10.1016/J.ENMM.2023.100801.

[153] Xu X, Ouyang X kun, Yang LY. Adsorption of Pb(II) from aqueous solutions using 
crosslinked carboxylated chitosan/carboxylated nanocellulose hydrogel beads. J 
Mol Liq 2021;vol. 322:114523. https://doi.org/10.1016/J.MOLLIQ.2020.114523.

[154] Hu D, et al. Adsorption of Pb(II) from aqueous solution by polyacrylic acid grafted 
magnetic chitosan nanocomposite. Int J Biol Macromol 2020;vol. 154:1537–47. 
https://doi.org/10.1016/J.IJBIOMAC.2019.11.038.

[155] Karim MR, Aijaz MO, Alharth NH, Alharbi HF, Al-Mubaddel FS, Awual MR. 
Composite nanofibers membranes of poly(vinyl alcohol)/chitosan for selective 
lead(II) and cadmium(II) ions removal from wastewater. Ecotoxicol Environ Saf 
2019;vol. 169:479–86. https://doi.org/10.1016/J.ECOENV.2018.11.049.

[156] Dinh VP, Le NC, Tuyen LA, Hung NQ, Nguyen VD, Nguyen NT. Insight into ad
sorption mechanism of lead(II) from aqueous solution by chitosan loaded MnO2 
nanoparticles. Mater Chem Phys 2018;vol. 207:294–302. https://doi.org/10. 
1016/J.MATCHEMPHYS.2017.12.071.

[157] Guo DM, An QDa, Xiao ZY, Zhai SR, Yang DJ. Efficient removal of Pb(II), Cr(VI) 
and organic dyes by polydopamine modified chitosan aerogels. Carbohydr Polym 
2018;vol. 202:306–14. https://doi.org/10.1016/J.CARBPOL.2018.08.140.

[158] ting Li T, et al. Removal of lead(II) from aqueous solution with ethylenediamine- 
modified yeast biomass coated with magnetic chitosan microparticles: Kinetic and 
equilibrium modeling. Chem Eng J 2013;vol. 214:189–97. https://doi.org/10. 
1016/J.CEJ.2012.10.055.

[159] X.-X. Liang et al., “molecules Facile Preparation of Metal-Organic Framework 
(MIL-125)/Chitosan Beads for Adsorption of Pb(II) from Aqueous Solutions”, 
〈doi:10.3390/molecules23071524〉.

[160] Bhatnagar A, Sillanpää M. Applications of chitin- and chitosan-derivatives for the 
detoxification of water and wastewater - a short review. Nov. 30 Adv Colloid 
Interface Sci 2009;vol. 152(1–2):26–38. https://doi.org/10.1016/j.cis.2009.09. 
003.

[161] Crini G. Recent developments in polysaccharide-based materials used as ad
sorbents in wastewater treatment. Prog Polym Sci (Oxf) Jan. 2005;vol. 
30(1):38–70. https://doi.org/10.1016/j.progpolymsci.2004.11.002.

[162] Vakili M, et al. Regeneration of chitosan-based adsorbents used in heavy metal 
adsorption: a review. Oct. 01 Separation and Purification Technology vol. 224. 
Elsevier B.V.,; 2019. p. 373–87. https://doi.org/10.1016/j.seppur.2019.05.040.

[163] H. Ali, E. Khan, and I. Ilahi, “Environmental Chemistry and Ecotoxicology of 
Hazardous Heavy Metals: Environmental Persistence, Toxicity, and 
Bioaccumulation,” 2019, 〈doi:10.1155/2019/6730305〉.

[164] S. Sara Hassan , S. Shane Zehra , Z. Ahmed , M. Younis Younis TALPUR , and S. 
Panhwar Balochistan , “Removal of arsenic contaminants from water using iron 
oxide nanoparticles by inductively coupled plasma mass spectrometery,” 2022, 
〈doi:10.21203/rs.3.rs-1469404/v1〉.

[165] Hayat MT, Nauman M, Nazir N, Ali S, Bangash N. Environmental Hazards of 
Cadmium: Past, Present, and Future. Cadmium Toxic Toler Plant: Physiol 
Remediat 2019:163–83. https://doi.org/10.1016/B978-0-12-814864-8.00007-3.

[166] Shin DY, et al. Adverse Human Health Effects of Chromium by Exposure Route: A 
Comprehensive Review Based on Toxicogenomic Approach. International Journal 
of Molecular Sciences vol. 24. Multidisciplinary Digital Publishing Institute 
(MDPI),; Feb. 01, 2023. https://doi.org/10.3390/ijms24043410.

[167] B. Gworek, W. Dmuchowski, and A.H. Baczewska-Dąbrowska, “Mercury in the 
terrestrial environment: a review”, 〈doi:10.1186/s12302–020-00401-x〉.

[168] Loranger S, Zayed J. Environmental and occupational exposure to manganese: a 
multimedia assessment. Int Arch Occup Environ Health 1995.

[169] S.L. O′neal and W. Zheng, “Manganese Toxicity Upon Overexposure: a Decade in 
Review,” 2015, 〈doi:10.1007/s40572–015-0056-x〉.

[170] S.G. Li et al., “Lutein alleviates arsenic-induced reproductive toxicity in male mice 
via Nrf2 signaling”, 〈doi:10.1177/0960327115595682〉.

[171] H. Lu, X. Shi, M. Costa, and C. Huang, “Carcinogenic effect of nickel compounds,” 
pp. 45–67, 2005, 〈doi:10.1007/s11010–005-8215–2〉.

[172] G. Genchi, A. Carocci, G. Lauria, M.S. Sinicropi, and A. Catalano, “Nickel: Human 
Health and Environmental Toxicology”, 〈doi:10.3390/ijerph17030679〉.

[173] J.L. Domingo, “Cobalt in the Environment and Its Toxicological Implications.” 1989.
[174] D.M. Jolliffe, A.J. Budd, and D.J. Gwilt, “Massive acute arsenic poisoning,” 

Anaesthesia, vol. 46. pp. 288–290.
[175] Luo JH, Qiu ZQ, Zhang L, Shu WQ. Arsenite exposure altered the expression of 

NMDA receptor and postsynaptic signaling proteins in rat hippocampus. Toxicol 
Lett 2012;vol. 211(1):39–44. https://doi.org/10.1016/J.TOXLET.2012.02.021.

[176] S. Shen, X.-F. Li, W.R. Cullen, M. Weinfeld, and X.C. Le, “Arsenic Binding to 
Proteins,” 2013, 〈doi:10.1021/cr300015c〉.

[177] Struzyńska L, Da̧browska-Bouta B, Koza K, Sulkowski G. Inflammation-like glial 
response in lead-exposed immature rat brain. Toxicol Sci 2007;vol. 95(1):156–62. 
https://doi.org/10.1093/TOXSCI/KFL134.

[178] Wang J, Zhu H, Yang Z, Liu Z. Antioxidative effects of hesperetin against lead 
acetate-induced oxidative stress in rats. Indian J Pharm 2013;vol. 45(4):395–8. 
https://doi.org/10.4103/0253-7613.115015.

[179] N.N. Dongre and A.N. Suryakar, “Biochemical Effects of Lead Exposure on Systolic 
& Diastolic Blood Pressure, Heme Biosynthesis and Hematological Parameters in 
Automobile Workers of North Karnataka (India),” vol. 26, no. 4, pp. 400–406, 
2011, 〈doi:10.1007/s12291–011-0159–6〉.

[180] Boskabady MH, Tabatabai SA, Farkhondeh T. Inhaled lead affects lung pathology 
and inflammation in sensitized and control guinea pigs. Environ Toxicol 2016;vol. 
31(4):452–60. https://doi.org/10.1002/TOX.22058.

[181] Cheng JP, Wang WH, Jia JP, Zheng M, Shi W, Lin XY. “Expression of c-fos in rat 
brain as a prelude marker of central nervous system injury in response to me
thylmercury-stimulation,”. Biomed Environ Sci vol. 19. 2006. p. 67–72.

[182] Bottino C, Vázquez M, Devesa V, Laforenza U. Impaired aquaporins expression in 
the gastrointestinal tract of rat after mercury exposure. J Appl Toxicol 2016;vol. 
36(1):113–20. https://doi.org/10.1002/jat.3151.

[183] Chen R, et al. Associations between mercury exposure and the risk of nonalcoholic 
fatty liver disease (NAFLD) in US adolescents. Environ Sci Pollut Res 2019;vol. 
26(30):31384–91. https://doi.org/10.1007/s11356-019-06224-5.

[184] Zhang C, Gan C, Ding L, Xiong M, Zhang A, Li P. Maternal inorganic mercury 
exposure and renal effects in the Wanshan mercury mining area, southwest China. 
Ecotoxicol Environ Saf 2020;vol. 189. https://doi.org/10.1016/J.ECOENV.2019. 
109987.

[185] R. Schutte et al., “Bone Resorption and Environmental Exposure to Cadmium in 
Women: A Population Study,” vol. 116, no. 6, pp. 1985–1989, 2008, 〈doi:10. 
1289/ehp.11167〉.

[186] C. Pan et al., “Cadmium is a potent inhibitor of PPM phosphatases and targets the 
M1 binding site”, 〈doi:10.1038/srep02333〉.

[187] M.J. Fay et al., “toxics Cadmium Nephrotoxicity Is Associated with Altered 
MicroRNA Expression in the Rat Renal Cortex”, 〈doi:10.3390/toxics6010016〉.

[188] Wang Y, et al. Roles of ROS, Nrf2, and autophagy in cadmium-carcinogenesis and 
its prevention by sulforaphane. Toxicol Appl Pharm 2018;vol. 353:23–30. https:// 
doi.org/10.1016/j.taap.2018.06.003.

[189] T. Pavesi and J.C. Moreira, “Mechanisms and individuality in chromium toxicity in 
humans chromium susceptibility, chromium toxicity, formation of DNA-Cr; for
mation of DNA-protein-Cr adducts, polymorphism,” 2020, 〈doi:10.1002/jat. 
3965〉.

[190] Chen T, et al. The effect of hexavalent chromium on the incidence and mortality of 
human cancers: a meta-analysis based on published epidemiological cohort stu
dies. (www.frontiersin.org). Front Oncol 2019;vol. 9:24. https://doi.org/10.3389/ 
fonc.2019.00024.

[191] Schwartz GG. Urinary Cadmium, Impaired Fasting Glucose, and Diabetes in the 
NHANES III DORA IL’YASOVA, PHD 2 ANASTASIA IVANOVA, PHD 3. Diabetes 
Care 2003;vol. 26:468–70.

[192] Zhang X, et al. Impacts of lead/zinc mining and smelting on the environment and 
human health in China. Environ Monit Assess 2012;vol. 184:2261–73. https://doi. 
org/10.1007/s10661-011-2115-6.

S.E.Z. Syeda, M.S. Khan and A.M. Skwierawska                                                                                                                Desalination and Water Treatment 320 (2024) 100679

16

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://doi.org/10.1016/J.ENMM.2023.100801
https://doi.org/10.1016/J.MOLLIQ.2020.114523
https://doi.org/10.1016/J.IJBIOMAC.2019.11.038
https://doi.org/10.1016/J.ECOENV.2018.11.049
https://doi.org/10.1016/J.MATCHEMPHYS.2017.12.071
https://doi.org/10.1016/J.MATCHEMPHYS.2017.12.071
https://doi.org/10.1016/J.CARBPOL.2018.08.140
https://doi.org/10.1016/J.CEJ.2012.10.055
https://doi.org/10.1016/J.CEJ.2012.10.055
https://doi.org/10.3390/molecules23071524
https://doi.org/10.1016/j.cis.2009.09.003
https://doi.org/10.1016/j.cis.2009.09.003
https://doi.org/10.1016/j.progpolymsci.2004.11.002
https://doi.org/10.1016/j.seppur.2019.05.040
https://doi.org/10.1155/2019/6730305
https://doi.org/10.1016/B978-0-12-814864-8.00007-3
https://doi.org/10.3390/ijms24043410
https://doi.org/10.1186/s12302-020-00401-x
http://refhub.elsevier.com/S1944-3986(24)08619-3/sbref159
http://refhub.elsevier.com/S1944-3986(24)08619-3/sbref159
https://doi.org/10.1007/s40572-015-0056-x
https://doi.org/10.1177/0960327115595682
https://doi.org/10.1007/s11010-005-8215-2
https://doi.org/10.3390/ijerph17030679
https://doi.org/10.1016/J.TOXLET.2012.02.021
https://doi.org/10.1021/cr300015c
https://doi.org/10.1093/TOXSCI/KFL134
https://doi.org/10.4103/0253-7613.115015
https://doi.org/10.1007/s12291-011-0159-6
https://doi.org/10.1002/TOX.22058
http://refhub.elsevier.com/S1944-3986(24)08619-3/sbref164
http://refhub.elsevier.com/S1944-3986(24)08619-3/sbref164
http://refhub.elsevier.com/S1944-3986(24)08619-3/sbref164
https://doi.org/10.1002/jat.3151
https://doi.org/10.1007/s11356-019-06224-5
https://doi.org/10.1016/J.ECOENV.2019.109987
https://doi.org/10.1016/J.ECOENV.2019.109987
https://doi.org/10.1289/ehp.11167
https://doi.org/10.1289/ehp.11167
https://doi.org/10.1038/srep02333
https://doi.org/10.3390/toxics6010016
https://doi.org/10.1016/j.taap.2018.06.003
https://doi.org/10.1016/j.taap.2018.06.003
https://doi.org/10.1002/jat.3965
https://doi.org/10.1002/jat.3965
https://doi.org/10.3389/fonc.2019.00024
https://doi.org/10.3389/fonc.2019.00024
http://refhub.elsevier.com/S1944-3986(24)08619-3/sbref170
http://refhub.elsevier.com/S1944-3986(24)08619-3/sbref170
http://refhub.elsevier.com/S1944-3986(24)08619-3/sbref170
https://doi.org/10.1007/s10661-011-2115-6
https://doi.org/10.1007/s10661-011-2115-6
http://mostwiedzy.pl

	Chitosan-based modalities with multifunctional attributes for adsorptive mitigation of hazardous metal contaminants from wastewater
	1 Introduction
	2 Chitosan-based adsorbents
	3 Chitosan for HMI removal
	3.1 Removal of Arsenic
	3.2 Removal of Cadmium
	3.3 Removal of Chromium
	3.4 Removal of Copper
	3.5 Removal of Lead

	4 Regeneration of CS-based adsorbents
	5 Effect of heavy metals on human health
	6 Conclusion and recommendations
	Declaration of Competing Interest
	Acknowledgments
	References




