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KEYWORDS Abstract With globally increased human population and industrialization, the natural sources of water
Bioadsorbent: are reduced and then contaminated. Therefore, development of advanced technologies for the efficient
Heavy metals; water treatment is becoming of the scope of each of the nation. One of the cost-effective and well-
Nitrate anions; known technologies for wastewater treatment is adsorption of contaminants by natural biopolymer like
Phosphate anions; chitosan (CS) due to its unique features such as availability, biodegradability, biocompatibility, eco-
Water treatment friendly and low-cost production. However, Cs suffers considerable limitations such as low adsorption

capacity, low surface area and limited reusability. Thence, this review intended to provide an overview
for recent advances of chitosan-based adsorbents that established better adsorption activities towards
various hazard heavy metals, including: As(I11), As(V), Cu(Il), Cr(VI), Pb(Il) and Cd(II) ions. In addi-
tion, the capabilities of chitosan-based adsorbents for the adsorptive removal of anions including phos-
phates and nitrates were discussed. Besides, the suggested adsorption mechanisms of these contaminants
onto chitosan-based adsorbents and the research conclusions for the optimum conditions of the adsorp-
tion processes were explained in light of the currently reported studies. Furthermore, to emphasize the
foremost research gaps and future potential trends that could inspire further researchers to find out
the best solutions for water treatment problems.
© 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The rapidly escalating water pollution is a worldwide environmental
problem that threatens the life of the inhabitants on the earth
(Inyinbor Adejumoke et al., 2018). There are diverse sources of water
pollution including the recent industrial development having double
impacts, definitely economically prosperous for some countries, but
questionably considering all the hazard and waste is produced globally
(Goel, 2006; Jain et al., 2021). Accordingly, the delivery of a safe drink-
ing water is an anxious affair worldwide with drastically reduced its
quality by increased number of detected contaminants, including
anions, dyes, oil spills, heavy metals and especially pharmaceuticals,
especially nowadays in this turbulent time of COVID-19 (Zambrano-
Monserrate et al., 2020). Therefore, the improvement of the wastewa-
ter treatment methods in currently ongoing research projects has been
focused on the combination of previously introduced techniques,
including ion exchange (Zhao et al., 2019); electrolysis (Ao et al.,
2019), membranes separation (Sahebjamee et al., 2019), ultra-
filtration (Li et al., 2021), reverse osmosis (Li et al., 2019), catalysis
(El-Subruiti et al., 2019; Sallam et al., 2018; El-Monaem et al.,
2021), sedimentation, coagulation/flocculation (Zou et al., 2021) and
adsorption (Guo et al., 2021; Eltaweil et al., 2021). The later technique
is considered an excellent choice for the adsorptive removal of various
hazard contaminants owing to its fast kinetic, costless and highly effi-
ciency (Eltaweil et al., 2020; Omer et al., 2020; Eltaweil et al., 2021;
Eltaweil et al., 2020; Eltaweil et al., 2021; Ahmed et al., 2020;
Saheed et al., 2020). Various adsorbent materials, such as silica gel,
activated carbons, resins, metal-organic framwarks (MOFs), clays
and polymers have been extensively applied for the removal of various
pollutants from water bodies (de Souza et al., 2018; Dongre et al.,
2019; Bouyahmed et al., 2018; Naz et al., 2018; Wang et al., 2022;
Wang et al., 2015; Abdelfatah et al., 2021). Consequently, sustained
researches have been intensively executed in order to find out effectual
adsorbents with acceptable adsorption profiles (Eltaweil et al., 2020;
Eltaweil et al., 2020; Eltaweil et al., 2020). Table 1 listed various adsor-
bent materials and their features for wastewater treatments (Kentish
and Stevens, 2001; Crini, 2005; Crini, 2006; Bhattacharyya and
Gupta, 2008; Vickers, 2017; Crini and Badot, 2011).

Regarding the economic feasibility and environmental significance,
carbohydrate biopolymers such as cellulose, alginate and chitosan
have been receiving excessive attention over the last twenty years as
alternative efficient adsorbents (Russo et al, 2021; Gomez-
Maldonado et al., 2019; Singha and Guleria, 2014; Asadi et al.,

2018). This is due to their outstanding advantages including their nat-
ural abundance, being ecofriendly, biodegradability, ease of modifica-
tion and low-cost production (Tamer et al., 2018; Khalifa et al., 2019).
Several studies have been conducted regarding the adsorption aptitude
of biopolymers-based adsorbents towards various heavy metals, toxic
dyes, phenolic compounds, pharmaceutical residues and oil spills
(Wang and Zhuang, 2017; El-Sayed et al., 2016; Omer et al., 2019;
Kyzas et al., 2013; Eltaweil et al., 2021). Among these biopolymers,
chitosan is a most prevalent, environmentally favored carbohydrate
biopolymer with tremendous properties (Wang et al., 2018).

In the present review, we focus on the recent developments for
boosting the adsorption capacity and reusability of chitosan-based
adsorbents for efficient removal of the most prevailing heavy metals;
As(IIT), As(V), Cu(Il), Pb(II), Cd(IT) and Cr(VI). In addition, the
adsorption aptitude of the developed chitosan-based adsorbents
towards the most deleterious anions; phosphate and nitrate anions
were clearly investigated. The efforts that have been performed for
improving their adsorption properties as well as their probable adsorp-
tion mechanisms and reusability were demonstrated. Furthermore,
parameters affecting their adsorption performances were inspected.
The research conclusions for the optimum conditions of the adsorption
processes of these hazard pollutants were discussed and summarized.
Finally, gap of knowledge and the future directions of chitosan-
based adsorbents were offered.

2. Chitosan-based adsorbents

Chitin, the most abundant biopolymer in nature after cellu-
lose, is the main constituent of the exoskeleton of arthropods
and crustacean shells such as, and also is found in the cell
walls of fungi as illustrated in Fig. 1 (Sandeep et al., 2013;
Islam et al., 2011; Rinaudo, 2006; Al Sharabati et al.,
2021). In 1859, chitosan has been obtained for the first time
by Rouget, by boiling chitin in concentrated potassium
hydroxide (Muzzarelli and Tanfani, 1985). Thereafter, chi-
tosan has been firstly named by Hoppe-Seyler in 1894. Chi-
tosan is an amino-polysaccharide that can be produced by
N-deacetylation of chitin that involves the formation of
amine groups (—NH,) from acetamide groups (—NHCOCH;3)
(Tamer et al., 2015; Zargar et al., 2015; Vakili et al., 2019;
Tamer et al., 2015).
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Table 1 Different adsorbents (conventional and non-conventional) for the removal of pollutants from aqueous system and
wastewaters.
Adsorbent Features Ref.

Conventional adsorbents

Wood waste
Agricultural waste
Coconut shells waste

Activated alumina

Silica gel
Zeolites

Good surface phenomenon and efficient for large scale of pollutants.
Rapid and efficient.
Used in granular form and widely used for wastewater treatment.

Commercially available and effective for bacteria, and organic matter removal.

Efficient for removing of organic material (toluene, xylene, and acid dyes).
High ion exchange capacities and good adsorbents for dyes and organic solvents.

(Tan et al., 2019)
(Dai et al., 2018)
(Rahim et al.,
2020)

(Kumari et al.,
2020)

(Xu et al., 2018)
(Kobayashi et al.,

Resins Used for water treatment process.

Cross-linked polymers

Non-Conventional adsorbents
Solid waste from forest

Regular spheroids with high surface area, high mechanical strength and chelating properties.

Cheap and effective for many pollutants, possible regeneration.

2020)
(Nakakubo et al.,
2019)

(Hu et al., 2019)

(Silva et al., 2020)

industries
Hydrogel Effective for certain types of metal recovery. (Duman et al.,
2020)
Biomass from Effective and more selective than ionic adsorbent. (Kalaimurugan
microorganism et al., 2020)
Polysaccharide derivatives  Cost effective, selective adsorption. (Qi et al., 2018)
Chitin/chitosan Chitosan Biodegradable, renewable, abundant, cheap. (Ngah et al.,
based derivatives 2011)
Cost effective biopolymer, available in gels, bids, powder and fibers. Exemplary diffusion (Zhao et al.,
properties, regenerative, useful for recovery of metals, dyes, oil spill recovery, and toxic 2018)

pharmaceutical removal. High swelling capacity in water.

Due to the unique features of chitosan such as polyelec-
trolyte properties, biocompatibility, hydrophilicity, adhesion
properties, biodegradability and recyclability, chitosan has
acquired a vast deal of concern in versatile biomedical, water
treatment, cosmetics and food sectors as displayed in Fig. 2.
In particular, chitosan has been considered as a promising
cationic adsorbent for removing of anions, heavy metals, toxic
organic dyes, aromatic compounds, oil spills and pharmaceuti-
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et al., 2021; Mu et al., 2020; Tanhaei et al., 2020; Asgari
et al., 2020).

Chitosan possesses fabulous advantages including
biodegradability, biocompatibility, high reactivity, hydrophilic-
ity and nontoxic (Omer et al., 2021). In addition, chitosan is a
linear polyamine structure with a number of free amine groups
that are available for crosslinking and modification
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Fig. 2 Various applications of chitosan biopolymer.

(Eldin et al., 2015). Nonetheless, chitosan has some flaws such as
low water resistance, limited specific surface area, the incom-
plete recovery after adsorption process, poor mechanical and
thermal properties, high tendency to agglomerate and high sol-
ubility in acidic conditions (Karimi-Maleh et al., 2021; Eltaweil
et al., 2021; Wu et al., 2010). Therefore, several physical and
chemical modification techniques including sulfonation, car-
boxymethylation and amination, in addition to schiff base for-
mation, composite and grafting, have been conducted for neat
chitosan to improves its adsorption characteristics and selectiv-
ity towards the removal of various toxic effluents from water
(Kyzas et al., 2013; Kyzas and Bikiaris, 2015; Eltaweil et al.,
2021; Shebl et al., 2018; Shankar et al., 2014; Yuvaraja et al.,
2020).

3. Chitosan for heavy metals removal

Chitosan is an excellent candidate for adsorbing the toxic
metal ions from an aqueous solution as it possesses multiple
chelation sites and amino and hydroxyl groups that attract
the metal ions via coordination bond or ion exchange
(Kaushal and Singh, 2017; El-saied and Motawea, 2020;
Zhang et al., 2016; Zhang et al., 2019). Many studies have

focused on evaluating the adsorption property of chitosan
and its modified forms towards their application for the
removal of various heavy metals (Upadhyay et al., 2020;
Yang et al., 2019; Wang et al., 2019; Gokila et al., 2017;
Upadhyay et al., 2021). Table 2 summarizes some recent stud-
ies of the adsorptive removal of diverse heavy meals onto
chitosan-based adsorbents.

3.1. Removal of arsenic

Arsenic (As) is a pervasive element exists in the soils, air, rocks,
water and organisms. It has been released into the environ-
ment through a combination of natural processes such as
weathering reactions, biological actions, emissions and anthro-
pogenic activities (Mandal and Suzuki, 2002). Arsenic is one of
the multivalent heavy metals that cannot be readily removed
and it converts into diverse forms or combines with other ele-
ments to form insoluble products (Choong et al., 2007). The
most abundant oxidation states of arsenic ions are As(V), As
(IIT) which are mostly in their oxyanions forms. Arsenite
(NaAsO,) and arsenate (Na,HAsO,) are the most predomi-
nant and both are highly toxic to living being (Sodhi et al.,
2019). In addition, H>AsOy is the predominant at pH < 6.9
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Table 2 Various chitosan-based adsorbents designed for removing of several heavy metals from aqueous solutions.

Absorbent Adsorbate qm (mg-g™h) Ref.

Iron CS Microspheres As(V) 120.7 (Lobo et al., 2020)
Magnetic CS Coated GO As(11I) 45.0 (Sherlala et al., 2019)
Zeolite/CS nanocomposite membrane As(I1T) N/A (Mukhopadhyay et al., 2019)
CS Coated magnetite As(I1T) 10.5 (Abdollahi et al., 2015)
Iron—chitosan composites As(V) 22.5 (Gupta et al., 2009)
Iron—CS composites As(11I) 16.2 (Gupta et al., 2009)
Magnetic nanoparticles impregnated CS beads As(V) 35.7 (Wang et al., 2014)

CS coated magnetite nanoparticle As(V) 10.8 (Gogoi et al., 2017)
Fe(III)-chitosan As(I1T) 19.7 (Pincus et al., 2021)
a-FeO(OH)/GO/CS As(IIT) 289.4 (Shan et al., 2020)
MMT/CS As(V) 3.4 (Cho et al., 2012)
Amidoxime-Functionalized CS Cu(I) 190.7 (He et al., 2021)
Magnetic bentonite/Carboxymethyl CS/SA hydrogel beads Cu(I) 56.8 (Zhang et al., 2019)
Zeolite X/CS hybrid microspheres Cu(II) 152.0 (Lu et al., 2015)
Silica/CS composite Cu(II) 870.0 (Gandhi and Meenakshi, 2012)
CNTs-CHO-CS composite Cu(II) 115.8 (Dou et al., 2019)
CS-g-MA composite Cu(I) 3124 (Ibrahim et al., 2019)
CS/PVA/PEI membrane Cu(I) 86.1 (Sahebjamee et al., 2019)
CS-g-PAA/APT Cu(ID) 303.03 (Wang et al., 2009)
CS-MMT hydrogel Cu(II) 132.74 (Ngwabebhoh et al., 2016)
DTPA-CS/PEO nanofibers Cu(I) 177.0 (Surgutskaia et al., 2020)
CS/TEOS/APTES nanofiber Cu(I) 640.5 (Sabourian et al., 2016)
TEPA/CS/CoFe,04 composite Cu(I) 168.06 (Fan et al., 2017)
Fe;0,@Si0,-CS composite Cr(VI) 96.2 (Jiang et al., 2018)
Magnetic ZIF-67 MOF @Am-CS Beads Cr(VI) 119.1 (Omer et al., 2021)
Chitosan—Fe(IIT) complex Cr(VI) 173.1 (Shen et al., 2013)
Fe;04/ SiO,/CS-TETA composite Cr(VI) 254.6 (Wang et al., 2020)
CS-MnO; nanocomposite Cr(VI) 61.56 (Dinh et al., 2020)
CA-Polycaprolactone/CS nanofibers Cr(VI) 126.0 (Ma et al., 2019)
CS/Montmorillonite-Fe;O4 microsphere Cr(VI) 58.8 (Chen et al., 2013)
CS/g-C5Ny4/TiO, nanofibers Cr(VI) 68.9 (Li et al., 2021)
Nanobentonite/Nanocellulose/CS Aerogel Cr(VI) 98.9 (Shahnaz et al., 2020)
Citrate-crosslinked Zn-MOF/CS composite Cr(VI) 225 (Niu et al., 2021)
Alginate/Melamine/CS aerogel Pb(11) 1331.6 (Gao et al., 2021)
polydopamine modified CS aerogels Pb(II) 441.2 (Guo et al., 2018)
Magnetic-CS-PAA nanocomposite Pb(1I) 204.9 (Hu et al., 2020)
PEI-grafted magnetic CS microspheres Pb(1I) 134.9 (Sun et al., 2013)
CS-pectin gel beads Pb(11) 266.5 (Shao et al., 2021)
Crosslinked carboxylated CS/ carboxylated nanocellulose hydrogel beads Pb(11) 334.9 (Xu et al., 2021)
Hydroxyapatite/CS composites Pb(11) 132.1 (Park et al., 2015)
CS-PVA nanofibers Pb(1I) 266.12 (Karim et al., 2019)
MnO,/CS nanoparticles Pb(11) 126.1 (Dinh et al., 2018)
sodium tripolyphosphate cross-linked CS beads Cd(II) 99.8 (Babakhani and Sartaj, 2020)
CS-based hydrogels Cd(ID) 234.8 (Vilela et al., 2019)
Vermiculite blended CS Cd(I) 169.0 (Prakash et al., 2017)
Thiourea-modified magnetic ion-imprinted CS/TiO, Cd(II) 256.4 (Chen et al., 2012)
CS/PVA/PEI membrane Cd(1I) 11.1 (Sahebjamee et al., 2019)
Hydroxyapatite/CS composites Cd(I) 81.1 (Park et al., 2015)
CS-pectin gel beads Cd(II) 177. 6 (Shao et al., 2021)
Cobalt ferrite@SiO,-CS/EDTA composite Cd(ID) 127.79 (Wang et al., 2020)
CS@NZVI Cd(I1) 142.80 (Ahmadi et al., 2017)
CS-VMT composite Cd(1) 58.48 (Chen et al., 2018)

in the oxidizing conditions, whilst arsenite exists as HAsO4>~
at pH > 6.9 with the possibility of the presence of both
H;As0, and AsO3~ at extremely acidic and alkaline medium,
respectively. However, arsenite species are major forms under
reducing conditions (Yan et al., 2000).

The most common sources for water pollution with such
noxious pollutants are glassware fabrication, papers, pulp,
cement and pharmaceutical industries (Adeloju et al., 2021;
Shaji et al., 2020). Therefore, high concentrations of As cause

adversely impacts on human health such as problems with
blood vessels, cancer, high blood pressure, heart disease, car-
diovascular disease and skin lesions (Council, 1999;
Robertson, 1989; Smedley and Kinniburgh, 2002; Podgorski
and Berg, 2020). Thus, the exposure limit of As in drinking
water has been reduced by World Health Organization
(WHO) in 1993 from 50 to 10 pgl™! (Gao et al., 2021). This
new recommendation is due to the growing awareness of the
As toxicity, so As-contaminated water is a worldwide issue
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and has become a critical challenge for scientists, engineers,
and most policy makers.

Till date, many advanced adsorbents (e.g., carbon nan-
otubes, metal-organic frameworks, biopolymer and graphene
oxide) have been used as adsorbents for the removal of As
from water (Liu et al., 2020). Recently, biopolymers like chi-
tosan has received much attention for the removal of As
(Gupta et al., 2012). It is well known that the use of biopoly-
mer for the removal does not guarantee an acceptable perfor-
mance in case of arsenic ion removal. Therefore, it is
anticipated that modifications and functionalization of the sor-
bents original structure could greatly enhance their affinity for
the removal of arsenic.

Utilizing cross-linked, gel, and microsphere of chitosan are
advanced techniques to enhance the stability, mechanical
strength, and reusability of chitosan. Furthermore, embedded
a metal like iron, molybdenum, etc. into chitosan microsphere
is an effective way to boost the adsorption property of chitosan
(Ayub et al., 2020; Boddu et al., 2008; Pontoni and Fabbricino,
2012). Interestingly, the incorporation of iron into the chitosan
matrix to form iron-chitosan composite have been proposed
for the removal of arsenic from water. Iron-chitosan flakes
(ICSF) and iron-chitosan granules (ICSB) have been reported
(Gupta et al., 2009). Under equilibrium and dynamic condi-
tions, ICSF showed higher adsorption capacity for both As
(IIT) and As(V) than ICSB, however, the column experiments
demonstrated that ICSB have reduced arsenic concentration
from 500 to <10 pgl™. This promising technique was used to
fabricate chitosan microspheres impregnated with iron (F-
ICSM) for removing As(V) from an aqueous solution (Lobo
et al., 2020). It has been found from studying the impact of
the embedded concentration of Fe at 0.7, 5.5 and 11.2 g
Fe’* /100 g of chitosan at pH range from 4 to 9 that the
increase in Fe proportion is favorable at pH range from 6 to
9. Besides, the recyclability test clarified that the residual con-
centration of As(V), even after using F-ICSM for four cycles,
was still lower than the acceptable by WHO (0.01 mg/L) in
drinking water. Additionally, it has been noticed that there is
no significant loss in F-ICSM, suggesting an excellent mechan-
ical strength of the fabricated microspheres. Moreover, it was
found that the adsorption of As(V) onto F-ICSM followed
Langmuir isotherm model with a maximum adsorption capac-
ity of 120.77 mg-g~". Further, the incorporation of magnetic
iron oxide into chitosan film greatly improved its adsorption
capacity from 1.6 to 10.4 mg-g~!, accompanied with a rapid
adsorption saturation in case of magnetic iron oxide chitosan
film (Kloster et al., 2020). Similarly, Gogoi et al. (Kloster
et al., 2020) reported the maximum adsorption capacity of
As(V) onto for onto chitosan coated magnetite reached
10.8 mg-g~! (Wang et al., 2014).

Among studies that have been done on the adsorptive
removal of As(III) in the last decade, using graphene oxide
(GO)-modified chitosan is recognized as an efficient and cost-
less adsorbent (Sherlala et al., 2019; Shan et al., 2020; Kumar
and Jiang, 2016). Few investigations included utilizing CS/GO
composite for the removal of As(III) ions, revealing the appli-
cability of this composite for removing various heavy metals.
Sherlala et al. (Sherlala et al., 2019) used chitosan-magnetic
graphene oxide (CS/MGO) composite as an easily separable
adsorbent for removing As(III) from an aqueous solution.
CS/MGO composite showed the high surface area
(Sger = 152.38 m?/g) and excellent magnetic property

Ms = 49.30 emu/g). It has been observed that the highest
adsorption capacity and removal (%) of As(III) were 45 mg-g~"
and 61%, respectively, at pH 7.3. Besides, the recyclability test
confirmed the reusability of CS/MGO composite at which the
removal (%) of As(III) slightly decreased after five consecutive
adsorption/desorption cycles. In another attempt, a-FeO(OH)/
GO/CS nanocomposite was utilized to adsorb As(III) ions
from an aqueous solution (Shan et al., 2020). The concrete
results referred that the incorporation of a-FeO(OH) into the
adsorbent matrix significantly improved the adsorption capac-
ity CS/GO composite towards As(III) reached 289.4 mg-g~".

In one study, As(III) and As (V) were removed from
wastewater using zeolite or clays chitosan-based adsorbents
(Mukhopadhyay et al., 2019; Cho et al., 2012; Han et al.,
2019). It was found that the increase in the amount of zeolite
was accompanied by an increase in the flux, suggesting the
increase in the membrane porosity that directly improves the
hydrophilicity (Mukhopadhyay et al., 2019). These observa-
tions were in the agreement with the obtained SEM analysis
for zeolite/chitosan membrane with different amounts of zeo-
lite ranging from 0.25 to 1.25 wt%, to prove the increase in
porosity going well with the increase in the amount of zeolite
in adsorbent matrix. The best conditions for the adsorption
of As (III) onto the as-fabricated membrane were observed
to be at pH 6.3-8.3, with zeolite concentration ranged from
1.0 to 1.25 wt%. It was suggested that the As(V) adsorption
onto CS-coated Na—-X zeolite occurs via As—N and As-O
bonding, and the surface hydroxyl group of Al—OH and
—NH, were involved in the uptake As(V) from acid wastewa-
ter (Han et al., 2019). Furthermore, montmorillonite clay
incorporated chitosan (MMT/CS) nanocomposite was fabri-
cated by the gelation method for the removal of As(V). It
was observed that MMT clay layers were well delaminated
in between the polymer chains and the sorption. Therefore, a
monolayer chemisorption took place, while the adsorption
process was well-described by the pseudo-second order kinetic
model with a maximum adsorption capacity of 3.4 mg-g~'
(Cho et al., 2012). Moreover, Boddu et al. studied the adsorp-
tion aptitude of CS coated ceramic alumina to adsorb As(III)
and As (V) ions. The maximum adsorption capacities of As
(IIT) and As(V) ions reached 56.50 and 96.46 mg-g~' at pH
4, respectively, under equilibrium and dynamic conditions.
Through column adsorption study, it was observed that there
is no As in the effluent up to 40 bed volume for As(III) and 120
bed volume of As(V) ions (Boddu et al., 2008).

In another study, Wang and coauthors suggested that coat-
ing of chitosan biopolymer on the surface of Fe;O4 nanoparti-
cles significantly improved the adsorbability of magnetic
chitosan/ZnO/alginate (MCS/ZnO@SA) gel beads toward
As(V). The developed adsorbent beads (Fig. 3a) were formu-
lated using mass ratio 1:1:1 for MCS:ZnO:SA via the co-
precipitation technique, while Ca ions were used for the ionic
crosslinking. The results indicated that As(V) ions could be
adsorbed through chemical adsorption with a maximum
adsorption capacity of 63.69 mg-g~! at pH 6. Moreover, it
was observed that MCS/ZnO@SA beads showed the highest
adsorption capacity (32.05 mg-g~') as well as the highest
removal percentage (98.99%) compared to CS, MCS and
MCS/ZnO (Fig. 3b). The authors reported that Fe;O4 has a
significant adsorption aptitude towards As(V), since the
MCS displayed better adsorption profile compared to neat
CS. Besides, the formulated MCS/ZnO@SA composite beads
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(a) A schematic diagram describes the preparation of MCS/ZnO@ Alg beads, (b) adsorption profiles for CS, MCS, MCSZnO and

MCS/ZnO@Alg beads toward As(V). Reprinted with permission from (Wang et al., 2019); Copyright 2021, Elsevier.

displayed acceptable recyclability with high adsorption perfor-
mance (Wang et al., 2019).

3.2. Removal of copper

Copper (Cu(Il)) ions can also contribute to water contamina-
tion with heavy metals. Cu(I) at a concertation below
0.05 ppm is an essential nutrient for living beings, according
to regulations by WHO (Zhu et al., 2016). The accumulation
of a higher concentration of Cu(Il) in the human body affects
the metal ions balance in the central nervous system, damages
the liver as well as causes cancer by triggering some mutation
(Saleem et al., 2020; Yang et al., 2021). Essentially, Cu(II)
appears in water bodies from wastewater industries including
mining, printing, dyes, electroplating and electrical combus-
tion. Therefore, treatment of these industrial effluents has
drawn great attentions of researchers (Hosseinzadeh and
Ramin, 2018; Wang et al., 2020). Amongst the adsorbents that
have evolved to efficiently remove Cu(Il) from water bodies is
chitosan.

In one attempt, He et al. studied the removal of Cu(Il) by
amidoxime-functionalized chitosan (AM/AO/AEBI-CS) (He
et al., 2021). The adsorption capacity was deeply investigated
as a function of pH solution, initial concentration, process
temperature, and coexisting ions. The maximum adsorption
capacity of Cu(Il) onto AM/AO/AEBI-CS was 190.7 mg-g~'.
Moreover, the presence of coexisting cations such as Na™,
K™, or Ca®" merely interfered with the adsorption of Cu(II)
onto AM/AO/AEBI-CS which may be attributed to the
hydrated radii and electronegativity, resulting in a slightly
decline in the adsorption profile of Cu(Il).

In another attempt, Zhang et al, reported that stacking
structure of chitosan membrane greatly enhanced the adsorp-
tion capability of chitosan towards Cu(Il) ions in multilayer
adsorption manner. The CS stacking membrane was con-
structed based on alternating electrospinning techniques. The

results obtained from this study refereed that electrospinning
technique significantly boosted the specific surface area of
the as-fabricated chitosan stack membranes (18.7—
25.1 m>g™ "), and consequently enriched the adsorption of
the membrane towards Cu(II) ions. The adsorption capacity
of Cu(II) was found to be increased with rising pH value from
2 to 6, while both of NH, and OH group partaken in the
adsorption process. The adsorption reached equilibrium within
1 h, and a superior adsorption capacity has been attained with
a maximum value of 276.2 mg-g~' (Zhang et al., 2019).
Recently, new efficient adsorbent beads were constructed
by He et al. via grafting of ethylenediamine tetraacetic acid
(EDTA) onto the surface of polyvinyl alcohol (PVA)-
chitosan mixed beads. The developed beads showed substan-
tially higher adsorption values compared to native chitosan
beads. The maximum adsorption capacity of Cu(Il) was
127.81 mg-g~', with Langmuir isotherm model and the pseudo
second order kinetic were well-describing the adsorption pro-
cess. Also, the adsorbent beads persisted structurally-intact
even at a strong acidic conditions (pH 2) (He et al., 2020). Fur-
thermore, Sabourian et al. (Sabourian et al., 2016) reported
another study on the fabrication of amine-functionalized chi-
tosan for the removal of Cu(Il) ions from aqueous media. It
was found that the fabricated chitosan/tetracthylorthosili
cate/aminopropyl triethoxysilane nanofibers (CS/TEOS/
APTES) has an extra high adsorption capacity toward Cu
(IT) ions at which gmax reached 640.50 mg-g~' within 30 min
at 45 °C. In addition, Fan and his coworkers (Fan et al.,
2017) fabricated tetraethylenepentamine modified chitosan/
CoFe,04 (TEPA/CS/CoFe,04) composite for the adsorptive
removal of Cu(Il) ions from an aqueous solution. It was
deduced from the comparative study between the TEPA/CS/
CoFe,0,4 composite and other magnetic chitosan adsorbents
that the as-fabricated composite possesses an excellent mag-
netic property, since the saturated magnetization (63.83 emu/
g) is a benefit for the easy separation after completion of the
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adsorption process. Furthermore, TEPA/CS/CoFe,O4 com-
posite revealed a fast separation at which the maximum
adsorption capacity of Cu(Il) was 168.06 mg-g~' at interval
time around 10 min.

In another investigation, Zhang et al. (2019) focused on
fabricating magnetic bentonite/carboxymethyl chitosan/-
sodium alginate composite hydrogel beads (Mag-Ben/CCS/
SA) for removing Cu(Il) ions (Fig. 4a). Mag-Ben/CCS/SA
were well characterized by various techniques to determine
its structure and properties. It was found from the well-
studied Cu(II) adsorption process that Mag-Ben/CCS/SA
hydrogel beads provided a fast separation at which the Cu
(IT) removal efficiency reached 92.62% during 90 min at pH
5. Besides, the experimental data fitted pseudo-second order
and Langmuir model with a maximum adsorption capacity
reached 56.79 mg-g~'. Authors signified that the variation of
pH medium greatly affected the adsorption of Cu(Il), since
the removal rate was found to be increased from 30.01 to
97.00% with increasing pH of the adsorption medium from
2.3 to 6.3 (Fig. 4b), indicating that the adsorption of Cu(Il)
by magnetic hydrogel beads is easier to accomplish at higher
pH values. Moreover, the reusability test asserted the ability
of Mag-Ben/CCS/SA hydrogel beads to recycle and reuse for

many cycles with high efficiency since the removal percent still
over 85% after the fifth cycle as displayed in Fig. 4c.

In another study, chitosan-g-poly (acrylic acid) modified
attapulgite (CS-g-PAA/APT) was utilized to remove Cu(Il)
ions from wastewater. The combination of APT clay with
CS-g-PAA network provided an enhanced specific surface area
and porous surface. Furthermore, the adsorption process of
Cu(Il) onto CS-g-PAA/APT was incredibly fast and over than
90% of the maximum adsorption capacity occurred during the
initial 15 min (Wang et al., 2009). Moreover, Gandhi et al.
(Gandhi and Meenakshi, 2012) evaluated the removal of Cu
(IT) by silica gel/chitosan composite (SiCS). A series of adsorp-
tion experiments were performed in batch mode to optimize
the Cu(II) adsorption onto SiCS composite including pH, ini-
tial concentration, temperature, and interfering ions. The
adsorption study displayed ultra-high adsorption capacity of
Cu(II) onto SiCS composite (qmax = 870 mg-g~ ') at pH 5 with
the composite dose of 100 mg at 30 °C. A slight decrease in the
adsorption capacity of Cu(Il) was noticed in the presence of
interfering ions such as Ca®>*, NO3 and Cl~. While the impact
of other interfering ions such as Mg>*, SO3~ and HCOj could
not be investigated as these ions form a precipitate with
Cu(ID).
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(a) a schematic diagram describes the preparation of Mag-Ben/CCS/Alg hydrogel beads, (b) effect of pH on the adsorption profile

and (c) reusability profile for Mag-Ben/CCS/Alg hydrogel beads MCS/ZnO@Alg beads. Reprinted with permission from (Zhang et al.,

2019); Copyright 2021, Elsevier.
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Another study elucidated the impact of the presence of
coexisting cations such as (Na®, Ca?" and Fe’*) on the
adsorption of Cu®?" ions onto chitosan grafted maleic acid
composite (CS-g-MA). The results clarified that the existence
of Fe’* had great leverage on the efficacy of the adsorption
process which may be due to the formation of hydroxyl-Fe
coated CS-g-MA that intercalates Cu® " ions. On the contrary,
Na® and Ca’" caused a decrease in the Cu®>* adsorption
capacity which may be attributed to the competition between
Cu?" and the interfering cations (Na* and Ca?") for the neg-
ative adsorption sited on the surface of CS-g-MA. Besides, the
increase in the cations around the composite surface causes a
shielding of Cu®>" that directly decreases the adsorption effi-
cacy (Ibrahim et al., 2019).

Recently, Ionic liquids have meaningfully enhanced eco-
friendly profits compared to the traditional materials. Tonic
liquids (IL) have been used effectively for modification of neat
chitosan as a novel green approach to ameliorate its adsorp-
tion aptitudes toward various pollutants (Liu et al., 2015;
Wei et al., 2013). This is due to their exceptional properties
including miscibility with organic solvents and water, non-
toxicity, good thermal stability, minimal volatility and their
abilities for recovery of metal ions from their aquatic systems.
Cunha and co-workers examined the impact of ionic liquids on
the copper adsorption profiles of functionalized chitosan beads
(Cunha et al., 2019). Two different ionic liquids were used for
the modification of pristine chitosan, namely 2-hydroxy ethy-
lammonium formate (HEAF) and n-methyl 2-hydroxy ethy-
lammonium butyrate (HEAB). The results clarified that IL
functionalization endorses a significant improvement in the
crystallinity, morphology and thermal stability of chitosan
beads. At constant pH 5.5 and 298 K, the adsorption capacity
was augmented after incorporation of IL into chitosan beads
at lower Cu (II) concentrations (20 mgL~'"). The IL-
functionalized chitosan offered a better correlation for the
pseudo-second order kinetic model, confirming the chemisorp-
tion process, while the Isotherms data for Cu(Il) ions adsorp-
tion were well-fitted to both Langmuir and Freundlich
isotherm models. The results of refereed that the functionaliza-
tion of chitosan by IL could be a promising strategy for fabri-
cation of efficient adsorbents for Cu (II) ions removal.

Similarly, and authors have been used ionic liquid as a sol-
vent for the fabrication of a novel magnetic cellulose-chitosan
composite microsphere (NMCMs) by the sol-gel transition
technique (Peng et al., 2014). The developed microspheres dis-
played porous structure, large specific surface area, and effec-
tual Cu(Il) uptake capacity. The adsorption quantity of Cu(II)
enlarged sharply within the first 1.5 h , while maximum
adsorption capacity was achieved after 20 h and recorded
65.8 mg/g at pH 5.0 using initial Cu(II) concentration of
150 mg/L. Furthermore, the presence of various coexisting
ions has no observable influence on the Cu(II) adsorption on
to NMCMs. Besides, the formulated microspheres displayed
better reusability for five consecutive cycles without any loss
in the adsorption characteristics.

3.3. Removal of chromium

The excessive usage of chromium observed recently in diverse
industries, including electroplating, textile dyeing, mining,
leather tanning, steel and automobile manufacturing, creating

an additional heavy metal contamination in wastewater with
increasing its potential hazard (Wei et al., 2019; Cao et al.,
2021). Chromium naturally exists in two common oxidation
states; Cr(IIl) and Cr(VI), while Cr(VI) more threatening
human health as well as plant and animal than Cr(III). Fur-
thermore, Cr(VI) is classified by International Agency for
Research in cancer in group 1 (carcinogenic to humans) while
Cr (ITI) in group 3 (not carcinogenic) (Dehghani et al., 2016;
Cai et al., 2019). Consequently, the reduction of Cr(VI) to
Cr(I11) is considered as a critical to minimize its toxicity (Li
et al., 2017).

In aqueous solutions, pH of the adsorption medium has a
direct impact on the form of Cr. Cr(VI) exists as H,CrO, at
pH 1, while it exists as Cr,03~ and HCrO; at pH ranging from
2 to 6 and CrOj3 " is the prime form at pH > 6 (Omer et al.,
2019; Yi et al., 2020). Therefore, the existence of Cr(VI) in a
neutral form (H,CrO,4) at pH 1 leads to a decrease in the
columbic interaction between the positively charged amino
groups in chitosan and the neutral H,CrO,4 molecules. At pH
2, the protonation of NH, groups of chitosan occurs, resulting
more surface positive charges. Consequently, the electrostatic
attraction forces between the positively charged NH; groups
and the negatively charged Cr(VI) ions increased, leading to
an improvement in the adsorption manner. On contrary,
beyond pH 2 there is a significant decrease in the protonation
of NH, groups accompanied with a decrease in the positive
charges on chitosan surface. Accordingly, the columbic inter-
action between chitosan and Cr(VI) decreases (Vieira et al.,
2018; Wan et al., 2018).

In this regard, Omer et al. scrutinized the adsorption prop-
erty of aminated chitosan (AmCS)-modified metal-organic
framework towards the adsorptive removal of Cr(VI) (Omer
et al., 2021). It was found that introducing extra amine groups
to neat chitosan biopolymer boosted its cationic nature which
is beneficial for adsorption of anionic Cr(VI) via electrostatic
attractions. Furthermore, AmCS was further modified by
ZIF-67 for enhancing the surface area and the adsorption
capacity of chitosan. While Fe;O4 was used for facilitating
the beads separation after completion of the adsorption pro-
cess SEM analysis in addition to cross-sectional stereo micro-
scope of the developed Fe3z04/ZIF-67@AmCS composite
beads displayed cores that surrounded by double shells, prov-
ing the formation of core-dual shell structure (Fig. 5a, b). The
adsorption study signified that the removal of Cr (VI) ions was
greatly improved compared to native AmCS, ZIF-67 and
Fe;04. In addition, the removal percent gradually increased
with increasing AmCS ratio in the composite beads (Fig. 5c).
Moreover, the calculated qpax was found to be 119.05 mg-g ™!
at pH 2. Besides, the authors observed that coexisting anions
Cl™ and NOj slightly decreased the adsorption capacity com-
pared to SO~ anions as a result of low-affinity ligands in case
of ClI” and NOj anions which form weak outer-sphere com-
plexes with the beads surface. While, SO?{ anions have
strong-affinity ligands which able to form both of inner and
outer sphere composites that reduces some of the adsorption
sites, and consequently declines the adsorption capacity
(Fig. 5d). It was suggested that the adsorption mechanism of
Cr(VI) ions onto the composite beads occurred via the reduc-
tion of Cr(VI) to Cr(III) as summarized in the following equa-
tions (Omer et al., 2021):

HCrO™ + 7H* + 3¢~ —Cr** + 4H,0 )
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(a) SEM image of Fe304/ZIF-67@AmCS composite beads (b) cross-sectional stereo microscope of Fe;O4/ZIF-67@AmCS

composite beads, (c) Adsorption profiles of AmCS, ZIF-67 Fe;04 and Fe;O4/ZIF-67@AmCS composite beads and (d) Effect of
coexisting anions on the removal of Cr(VI). Reprinted with permission from (Omer et al., 2021); Copyright 2021, Elsevier.

Cr,0.>~ + 14H* + 6e~ —2 Cr¥* + 7H,0 )

Cr’* + Fe;04/ZIF-67@AmMCS—Fe;04/ZIF-67@AmCS — Cr3+
3)

In another study, Eltaweil et al. (2021) developed fast and
reusable adsorbent (ATP@Fe;04-AmCS composite) based
on the modification of AmCS with attapulgite clay and mag-
netic Fe;O4 nanoparticles for the adsorptive removal of anio-
nic Cr(VI). It was noticed that the adsorption process seems to
be efficient and fast, since the maximum adsorption capacity of
Cr(VI) reached 294.12 mg-g~! within 60 min. Moreover, recy-
clability test inferred the mechanical stability at which the Cr
(VI) adsorption capacity was62.54 mg-g~' after ten cycles.
Besides, it was proposed that the adsorption mechanism of
Cr(VI) onto ATP@Fe;04-NH,CS composite include electro-
static interactions between the positively protonated NH;
on adsorbent surface and the negatively charged Cr (VI)
anions, reduction of Cr(VI) to Cr(III) and ion-exchange pro-
cess as clarified in Fig. 6.

From the economical point of view, choosing an adsorbent
for the practical application depends on strict criteria including
its efficiency, reusability, stability and it should provide a fast
adsorption process. Indeed, there are numerous efficient, reu-

sable and stable adsorbents, but the fourth condition is not
usually provided in most adsorbents. Therefore, several studies
have worked on this flaw to fulfill a perfect adsorbent. For this
purpose, Dinh et al. (2020), reported a fast adsorption process
of Cr(VI) onto the as-fabricated MnO,/CS nanocomposite. It
was observed during ongoing study of the predominant factors
on the Cr(VI) adsorption that the removal efficiency of Cr(VI)
reached 92% within 60 min at pH 2. Moreover, the isotherms
study deduced that the adsorption of Cr(VI) onto MnO,/CS
nanocomposite included the monolayer and multilayer adsorp-
tion depending on the concentration of Cr(VI). While the
kinetics study suggested that the Cr(VI) adsorption onto
MnO,/CS was a physical process which could be due to the
electrostatic attraction between the anionic Cr(VI) and posi-
tively charged sites MnO,/CS nanocomposite.

In this context, Shen et al. (Shen et al., 2013) reported an
efficient and fast adsorptive removal of Cr(VI) onto the as-
fabricated chitosan—Fe(III) complex. It was found that the
maximum adsorption capacity of Cr(VI) onto the complex
was 173.1 mg-g~! in 10 min. Furthermore, it was hypothesized
that the adsorption mechanism of Cr(VI) onto chitosan-Fe
(IIT) complex occurred via partial reduction of Cr(VI) to Cr
(III), with monitored evidences of electrostatic interaction
between the amine groups onto the surface of chitosan and
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Fig. 6 The suggested mechanism for the adsorption of Cr (VI) on ATP@Fe;04-AmCS magnetic composite. Reprinted with permission

from (Eltaweil et al., 2021); Copyright 2021, Springer Nature.

the anionic Cr(VI). Another study recommended
triethylenetetramine-modified hollow Fe;04/SiO,/chitosan
magnetic nanocomposite (Fe;Oy4/ SiO,/CS-TETA) to be an
efficient adsorbent for removing Cr(VI) ions. Fe;O4/ SiO,/
CS-TETA composite possesses many adsorption sites for Cr
(VI), resulting in high Qmax reached 254.6 mg-g~! during
15 min (Wang et al., 2020).

In yet another attempt, Chen et al. (2013) investigated the
utilization of chitosan/montmorillonite magnetic microspheres
(CS/xXMMT-Fe;0,) as an efficient adsorbent for removing Cr
(VI) ions. The key parameters of the Cr(VI) adsorption process
were adequately evaluated including solution pH, CS/xMMT-
Fe;04 microspheres dose, Cr(VI) initial concentration, system
temperature and MMT proportion. The results clarified that
the equilibrium adsorption capacity of Cr(VI) onto CS/
xMMT-Fe;04 microspheres directly decreased from 58.82 to
35.71 mg-g~' with the increase in MMT proportion from 10
to 110 wt%. This behavior was explained by the decrease in
the amount of NH, groups, the main responsible for the Cr
(VI) adsorption process on the microspheres with the increase
in MMT proportion. Furthermore, the highest adsorption
capacity of Cr(VI) onto the microsphere occurred at a low
acidic medium (pH 2) and high temperature (60 °C). In
another study highlighting fabrication of an easily separable
chitosan composite with a developed adsorption capacity
towards Cr(VI) ions. Moreover, the as-fabricated Fe;Oy4-
chitosan@bentonite composite (Fe;O4-CS@Ben) possesses a
good magnetic property, high stability and good adsorption
capacity towards Cr(VI) in the aqueous solutions with (.«
to be 62.1 mg-g~' and the removal efficiency decreased only
3% after five sequential cycles (Rios et al., 2008).

Another type of chitosan-based adsorbent in form of
hydrogel has been developed by Vilela, et al. The adsorbent
hydrogel was synthesized using chemical crosslinking of chi-
tosan with poly (acrylic acid) in the presence of N,N’-methyle
nebisacrylamide as a crosslinker. The results obtained from
this study signified that adsorption of Cr (VI) increased with

decreasing pH as a result of the generated changes in the ionic
network of adsorbent hydrogel. Moreover, the maximum
removal (%) was achieved at pH 4.5 using 100 mg-g~" of initial
chromium ions concentration and recorded 94.72%, while the
maximum adsorption capacity was found to be 93.03 mg-g ™!
(Vilela et al., 2019).

3.4. Removal of Lead

Lead (Pb(Il)) is one of the most persistent heavy metals that
menace humans and the ecosystem when its concentration in
potable water exceeds the tolerance limit that is authorized
by WHO to be 10 ppb (Dong et al., 2019; Chen et al., 2020).
According to US Environmental Protection Agency (EPA),
the overall Pb(II) concentration allowance in the drinking
water is 15 ppb (Saleh et al., 2019; Wang et al., 2020). Piling
up of Pb(II) in the human body damages liver, central nervous
system, kidney and decreases hemoglobin formation (Sani
et al., 2017). Therefore, various state-of-the-art techniques
have been developed to overcome this deadly jeopardy includ-
ing ion exchange, adsorption, membrane filtration, and precip-
itation (Geisse et al., 2020). There are several studies
recommended adsorption as the best technique to remove Pb
(IT) from wastewater, without producing secondary pollutants,
as well as the possibility to recycle the used adsorbent for many
times with high efficiency (Gao et al., 2021). Many studies have
been carried out to develop adsorbents that have the propen-
sity to be recycled and reuses, such as chitosan and its deriva-
tives. In this context, Gao et al. developed a new alginate/
melamine/chitosan (SA/ME/CS) aerogel for the adsorptive
removal of Pb(II) ions. A series of adsorption experiments
were carried out in batch mode to find out the best conditions
to adsorb Pb(II) onto SA/ME/CS aecrogel. Besides, it was
noticed that SA/ME/CS aerogel still had a high affinity
towards the adsorption of Pb(II) in the existence of the coex-
isting divalent metals such as Co(II), Ni(II), Cd(Il) and Cu
(IT). The promising results asserted that SA/ME/CS aerogel
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exhibited super high adsorption capacity towards Pb(II) at pH
5.5 with Qmax to be 1331.60 mg-g~".

In one attempt, Dinh and coworkers (Dinh et al., 2018) sug-
gested that the adsorption of Pb(II) onto the as-fabricated chi-
tosan loaded MnO, (MnO,/CS) nanoparticles occurred via the
physical adsorption mechanism at which the surface of MnO,/
CS possesses various adsorption sites; with group such OH,
NH, and MnO, to adsorb Pb(II) ions as represented in the fol-
lowing equations:

Material-NH, + H" —Material-NH; " + Pb(II)—Material-NH,Pb* + H*
(4)

Material-OH + H* —Material-H,O" + Pb(I)—Material-OHPb* + H*
©)

Material-MnO, + H* —Material-MnO,H" + Pb(II)—Material-MnO,Pb* + H"
(6)

The ions-holes mechanism based on the theory that the size
of the distributed pores on the surface of MnO,/CS beads are
much larger than the average radius of Pb(II) ions, suggesting
the possibility of entering Pb(II) ions insides the holes of the
beads. In another study, Guo et al. (Guo et al., 2018), exam-
ined utilizing CS-PDA aerogel for the adsorptive removal of
Pb(I) from wastewater. The dominant factors on the Pb(II)
adsorption process were studied, as well as the recyclability
of the fabricated aerogel was assessed also. It was found that
the Quax of Pb(I) onto CS-PDA aerogel was 441.20 mg-g~"
at pH 5.5. The reported results refereed that the chemisorption
process took place, while the adsorption mechanism of Pb(II)
onto CS-PDA aerogel occurred via coordination bonds
between Pb(II) ions and nitrogen atoms. Moreover, the recy-
clability test showed that CS-PDA aerogel can be an econom-
ical adsorbent as the adsorption capacity Pb(II) onto the
aerogel was still >80% after eight cycles.

Cui and co-workers have been developed a rational
approach using ionic liquids to enhance the adsorption compe-
tences of chitosan for the removal of Pb(II) as well as to as
avoid the agglomeration of chitosan-based adsorbent (Cui
et al., 2013). The modification strategy was performed via
the ion-ion interactions between carboxymethyl chitosan
(CMCTYS) as anion and Trioctylmethyl ammonium chloride
(Aliquat 336) as cation [A336] © which acts as a self-ionic lig-
uid (Fig. 7). The as-fabricated [A336][CMCTS] have both car-
boxyl and quaternary ammonium groups which offer
admirable adsorption aptitudes for Pb(II) ions in real waste
water, since the removal efficiency of Pb(II) reached 97.71%
with a maximum adsorption capacity of 143.3 mg g~". In addi-
tion, a sharp increase in adsorption capacity value was
achieved with rising pH from 2.0 to 3.5, followed by a slight
increase at pH 4.4 and finally reached a plateau. The regener-
ation studies signified that about 90% of Pb (II) was desorbed
using an eluting medium composed of 0.1 mol L™ of EDTA
solution and 0.1 mol L™' DTPA solution. The gained results
empathized that [A336][CMCTS] could be apply for the Pb
(IT) removal from wastewater derived from the rare earth
industries.

In another study, Li et al. (Li et al., 2013) inspected the
adsorptive removal of Pb(II) onto ethylenediamine-modified
yeast biomass coated with magnetic chitosan microparticles
(EYMCS) in batch system. The higher adsorption capacity
of Pb(II) was achieved at pH range of 4-6. Furthermore, the
equilibrium data were matched with Langmuir model and
the calculated qua.x was found to be 121.26, 127.37 and
134.90 mg-g~" at 20, 30 and 40 °C, respectively. The desorp-
tion study illustrated the potential recovery of the fabricated
EYMCS microparticles at which insignificant decrease in the
adsorption capacity of 0.61 mg-g~' of Pb(Il) onto EYMCS
microparticles after the fourth cycle. Also, chitosan-poly vinyl
alcohol (CS-PVA) nanofibers were successfully applied for

Acid
Functionalization
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Fig.7 Schematic representation of the fabrication of [A336][CMCTS] adsorbent with various functional groups for adsorption of Pb(II)

ions (Cui et al., 2013); Copyright 2021, Elsevier.
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removing Pb(II) ions. The results pointed out that CS-PVA
nanofibers possess high adsorption capacity toward Pb(II) ions
With quax to be 266.12 mg-g~' (Karim et al., 2019). Chitosan-
zeolite nanocomposite is another variation to improve the
adsorption property of chitosan from 24.45 to 454.5 mg-g ™!
with high removal efficiency of chitosan-zeolite nanocomposite
even after fifth adsorption/desorption cycles, reflecting the
high renewability of the as-fabricated composite (Shariatinia
and Bagherpour, 2018).

Recently, Liang et al. focused on developing a new
chitosan-based adsorbent with higher efficiency for the
removal of Pb(II) ions (Liang et al., 2018). Solidified beads
composed of synthesized metal organic framework MIL-125
and chitosan were fabricated via a template-free solvothermal
method, while sodium tripolyphosphate (Na-TPP) was used as
ionic cross-linker. The synthesized MIL-125-CS beads struc-
ture simplified the separation from water after completion of
the adsorption process. The adsorption results clarified that
180 min were needed for the beads to reach equilibrium with
a maximum adsorption capacity of 406.5 mg-g~ ! at room tem-
perature. The maximum adsorption capacity of Pb(II) ions
was sharply increased from 40.1 to 101.75 mg-g~" with increas-
ing the pH from 2 to 6. However, further increase in pH value
from 6 to 7 caused the adsorption profile dropped sharply.
This finding was consistent with Ayati et al. study at which
the higher Pb(II) removal efficiency was achieved at higher
pH. In the presence of a high H", the adsorption sites of the
adsorbent protonated. So, the adsorption competition between
Pb(IT) ions and H™ ions strongly increased, resulting in the
adsorption of H" hindered the specific adsorption of Pb(II)
(Ayati et al., 2017). Furthermore, MIL-125-CS beads showed
better adsorption performance with retain about 85% of its
removal efficiency after reuse for five consecutive cycles of
adsorption—desorption processes.

The same research group tried to improve the adsorption
capacity as well as to boost the limited surface area of native
chitosan through combination with ATP clay. The authors
firstly combined ATP with Fe3;O4 to form Fe;O4/ATP
(MATP) nanoparticles to overcome the difficult separation
of ATP from the adsorption medium. Next, authors were
modified Fe;04/ATP with aminopropyltriethoxysilane (APTS)
as a coupling agent before imbedding into CS gel beads to
form APTS-Fe;04/ATP@CS composite beads. The obtained
results elucidated that the adsorption profile of Pb(II) ions
was augmented with a maximum adsorption capacity of
625.34 mg-g~' at the optimum pH 6. The developed beads
demonstrated a large specific surface and adequate hardness,
which was successfully reused for the adsorption of Pb(II) up
to five cycles, while the removal rate continued higher than
84.8%. The adsorption process followed the pseudo-second
order kinetic and Langmuir adsorption isotherm model
(Liang et al., 2019).

In one investigation, Xu et al. deduced that the optimum
pH of the adsorption of Pb(II) onto novel cross-linked car-
boxylated chitosan/carboxylated nanocellulose (CYCS/CNC)
beads (Fig. 8a) (Xu et al., 2021). Furthermore, the wet
CYCS/CNC beads were in perfect spherical shape, while the
drying conditions produced collapsed and non-spherical beads
as depicted in Fig. 8b, c. This in turn leads to increasing the
surface charges of the CYCS/CNC beads (Fig. 8d), which con-
sequently induce more of the electrostatic attractions between
the negatively charged COO— and the positively charged Pb

(IT) cations, resulting an increase in the adsorption capacity
(334.92 mg-g~ ). Moreover, it was found the higher adsorption
capacity of Pb>" obtained at pH 5 which is most likely due to
the ionization of the present —COOH groups on the adsorbent
matrix. While at pH 2, the adsorption of Pb(II) was extremely
low due to the weak electrostatic interactions between adsor-
bent and adsorbate, since the binding sites were mainly inhib-
ited by the competition of the positively charged Pb(II) and
H™ ions as presented in Eqs. (7) and (8). The possible mecha-
nism for the adsorption of Pb(II) onto CYCS/CNC beads was
mainly dependent on electrostatic interactions between Pb(II)
and the active sites (viz., —OH™ and —NH,) on the CYCS/
CNC beads surface as clarified in Fig. 8c.

I‘lJr + NHZ —>1\H‘13,Jr (7)

COOH = COO™ + H* (8)

In an attempt, Hu et al. fabricated an easy separable adsor-
bent via incorporation of magnetic nanoparticles chitosan
grafted polyacrylic acid (MCS-PAA) hydrogel for the removal
of Pb>" jons (Hu et al., 2020). The developed adsorbent dis-
played superior adsorption performance over the pure chi-
tosan. The results clarified the maximum adsorption capacity
of Pb>" reached 204.89 mg-g~' within 50 min. The suggested
adsorption mechanism was explained on the basis of the com-
plexation occurred between Pb(II) and the presence of COOH,
NH, and OH groups in MCS-PAA hydrogel matrix. Addi-
tionally, it was observed that grafting of PAA on chitosan
backbone clearly improved the acid-resistance of chitosan in
regeneration studies, implying the excellent adsorption poten-
tial of the developed adsorbent. The reusability test elucidated
a slight diminution in the adsorption capacity of Pb> " after the
5th cycle at which the adsorption capacity of Pb> " onto MCS—
PAA was 58.97 and 80.6 mg/g using the eluents HCI and
NaOH, respectively. Also, Tanhaei et al. inferred the renewa-
bility of the magnetic chitosan nanocomposite (EDTA-
PCSF) since the amount of the adsorbed Pb*>* onto EDTA-
PCSF decreased by 3.25% after the 4th cycle using HCI
(Tanhaei et al., 2017).

3.5. Removal of cadmium

Cadmium (Cd(I1)) has been classified as an extremely toxic
metal because of its carcinogenic and teratogenic impacts
(Pyrzynska, 2019). Cadmium is mainly drained into environ-
ment as a result of industrial effluents, mining operations, coal
and oil combustion, and waste incineration. Accumulation of
cadmium in environment is a serious problem, so the maxi-
mum allowed limit of cadmium in the drinking water is
0.003-0.005 ppm according to EPA and WHO (Godt et al.,
2006). Based on the limited available amount of water and
the high contamination of cadmium, the need of removal of
these perilous contaminants from wastewater is crucial.
Among the widespread adsorbents available for cadmium
removal, chitosan based composite and hydrogels have gained
great interest (Huang et al., 2017). In this regard, Babakhani
et al. (Babakhani and Sartaj, 2020) reported a cost-effective
technique for removing Cd(II) from wastewater by an environ-
mentally benign adsorbent. Sodium tripolyphosphate cross-
linked chitosan beads (STPP-CLCS) were synthesized at differ-
ent concentrations of sodium tripolyphosphate; 5, 10, and
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(a) Schematic representation of the preparation of CYCS/CNC beads, (b, c) SEM image and digital alboratory image for CYCS/

CNC beads, respectively, (d) Effect of pH on the adsorption capacity and surface charges and (c) suggested mechanism for the adsorption

of Pb(I) on CYCS/CNC beads. Reprinted with permission from (Xu et al.

15% (w/v) to assess the impact of the crosslinking degree on
the adsorption behavior of the cross-linked chitosan. Further-
more, to obtain higher adsorption capacity of Cd(II) onto
STPP-CLCS beads, the crucial parameters that affect the pro-
cess efficiency were thoroughly investigated. The experimental
results clarified that at low initial concentration of Cd(II) the
lower cross-linked chitosan beads revealed higher adsorption
capacity. Consequently, the higher cross-linked chitosan had
higher adsorption capacity at the high Cd(II) concentration.
Furthermore, the adsorption data were best modeled by Lang-
muir model, while the quax was 99.87 mg-g~' at 55 °C, pH 7
and 2.92% (w/v) crosslinking degree. Besides, thermodynamic
study indicated the feasibility of the random endothermic
adsorption process. Moreover, sodium dodecyl sulfate
surfactant-modified chitosan beads of diameter equal 3.7 + 0.
32 mm with water content 97-98% were fabricated by Pal
et al. to remove Cd(II) ions from an aqueous medium (Pal
and Pal, 2019) The surfactant-modified chitosan beads showed
enhanced adsorption capacity of 125.0 mg-g~" with pseudo-
second order model and Langmuir model better fitting. In
another study, Vilela et al. (2019), evaluated the adsorption
efficacy of chitosan-based hydrogel towards the removal of

, 2021); Copyright 2021, Elsevier.

Cd(Il) from an aqueous media. It was found the Cd(II)
adsorption onto chitosan-based hydrogel with the optimum
condition to achieve higher adsorption capacity was at pH 6
and 40 °C using 100 mg chitosan-based hydrogel. Redlich-
Peterson was the more suitable isotherm model to describe
the equilibrium data, whereas pseudo-second order was the
best fitted kinetic model. Moreover, the calculated quax
according to Langmuir model was 234.84 mg-g~'. Besides,
the desorption study indicated the formation of reversible
chemical bonds between Cd(II) and the active sites of the
chitosan-based hydrogel. Due to their low cost, biodegradabil-
ity, highly efficiency and biocompatibility, biocomposites
based on chitosan and clay minerals have attracted much
attention in the removal of heavy metal including cadmium.
Chen et al. (2018) synthesized chitosan/vermiculite (CS-
VMT) composite using epichlorohydrin to remove Cd(II) from
aqueous solutions.. Results revealed that chitosan cannot
intercalate into vermiculite interlayer space but cross linked
on its external surface. The maximum adsorption capacity of -
CS-VMT composite for Cd(IT) was 58.48 mg g~ ' at pH 4 with
a good reusability (>90%) after four cycles. Experimental
data fitted well pseudo-second-order and Langmuir
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isotherm models. The main adsorption mechanism for the
adsorption od Cd(II) onto CS-VMT was chelation along with
electrostatic attraction. However, Quiroga et al. (Quiroga-
Flores et al., 2019) developed a new recyclable silicate-
titanate nanotubes embedded into chitosan (STNTs-CS)
hydrogel for Cd(IT) removal with enhanced adsorption capac-
ity. Their results clarified that the kinetic rate of silicate-
titanate nanotubes increased 3-times and that the diffusion
rate increased 2-times prior to the embedment. Furthermore,
the maximum adsorption capacity of the developed STNTs-
CS hydrogel increased to 656 + 27 mg-g~' which is 2.3 times
higher than the pristine STNTSs.

In another attempt, Chen et al. (Chen et al., 2012) devel-
oped a novel type of chitosan composite which is thiourea-
modified magnetic ion-imprinted chitosan/TiO, (MICST) for
efficient removal of Cd(II) ions from wastewater. The obtained
results pointed out that the apt pH for the perfect adsorptive
removal of Cd(II) ions onto the as-fabricated MICST compos-
ite was found to be in the of range 6-7. Furthermore, the kinet-
ics study illustrated that experimental data could be
represented by pseudo-second order. While the isotherms
study demonstrated that Langmuir was the best isotherm
model to describe the equilibrium data of the Cd(II) adsorp-
tion process onto MICST composite. It was found that the cal-
culated qmax under Langmuir model was 256.41 mg-g~". The
desorption study revealed that the adsorption capacity of Cd
(II) onto the reused MICST composite was barely decreased
after the fifth cycle. Also, Wang et al. (2020) prepared a novel,
non-toxic and low cost shell-coated cobalt ferrite@SiO,-
chitosan/EDTA composite with high adsorption capacity
and outstanding recyclability using solvothermal and sol-gel
process for the removal of Cd from contaminated water. The
magnetic attapulgite was modified with EDTA and chitosan
to utilize both carboxyl groups and amino groups along with
nontoxic crosslinker STPP. The shell-coated cobalt fer-
rite@Si10,-chitosan/EDTA composite exhibited paramagnetic
behavior. The maximum adsorption capacity of the prepared
composite was up to 127.79 mg-g~' with removal efficiency
up to 88% after the fifth cycle. Additionally, the shell-coated

cobalt ferrite@ SiO,-chitosan/EDTA composite exhibited high
selectivity in high ionic concentration experiments. It was
recorded that the higher removal efficiency was at pH 7, agree-
ing with Karimi et al. study (Karimi et al., 2022). Upon strong
acidic conditions, removal efficiency was fairly low, owing to
the high concentration of H" ions, competing with Cd>* for
the adsorption sites as well as the strong coulombic repulsion
among protonated NH, of CS and Cd**. Another easy sepa-
rable magnetic chitosan composite (CS@nZVI) for the
adsorptive removal Cd(II) was prepared by Ahmadi et al.
(Ahmadi et al., 2017). Experimental results for the removal
of Cd(II) onto CS@nZVI were fitted pseudo-second orde
and Freundlich models with maximum adsorption capacity
of 142.80 mg-g~'. The reusability tests clarified a good stability
of CS@NZVI composite after three successive cycles.

4. Removal of phosphate and nitrate

Recently, the proliferation of anions, especially phosphate and
nitrate onto water bodies have become a serious problem
(Lazaratou et al., 2020; Hashim et al., 2021). Although phos-
phate and nitrate are widely utilized as nutrients for all living
beings (Mitra et al., 2020; Romero-Perdomo et al., 2021;
Barbosa da Silva et al., 2020), discharge of these anions into
water bodies definitely deteriorate the ecological system
(Wang and Wei, 2021; Keshvardoostchokami et al., 2021). In
addition, nitrate has a diverse impact on human health, at
which the presence of nitrate in drinking water could causes
blue baby syndrome in addition to the carcinogenic nitrosa-
mide and nitrosamine. Thus, WHO authorized that the con-
centrations of phosphate and nitrate should not exceed
5mg-L~" and 50 mg-L™", respectively (Organization, 2004).
Removal of these hazard anions from water bodies is a sen-
sible matter to preserve the environment. Among the adsor-
bent materials that have been developed to remove
phosphate and nitrate ions are chitosan and its derivatives.
Table 3 summarizes some attempts that have been executed
to ameliorate the adsorption behavior of chitosan to be an aus-
picious adsorbent for removing phosphate and nitrate ions.

Table 3 List of various adsorbents-based chitosan for removing of anions from their aqueous solutions.

Adsorbent Adsorbate qm (mg-g™h) Ref.

La® " -bentonite/chitosan composite Phosphate 23.52 (Xu et al., 2020)

Fe’ " loaded chitosan/alginate hybrid beads Phosphate 84.74 (Karthikeyan et al., 2019)
Chitosan/Al,03/Fe;04 nanofibrous Phosphate 135.10 (Bozorgpour et al., 2016)
Chitosan/Al,03/Fe;O04 beads Phosphate 61.90 (Bozorgpour et al., 2016)

Zr(IV)- chitosan beads Phosphate 60.60 (Liu and Zhang, 2015)

Quaternary amine modified chitosan beads Phosphate 59.00 (Sowmya and Meenakshi, 2013)
KOH deacetylated calcite-chitosan based adsorbent Phosphate 21.56 (Pap et al., 2020)

La-CS@PDA Phosphate 195.30 (Zhao et al., 2020)

Chitosan encapsulated magnetic kaolin beads Phosphate 92.05 (Karthikeyan and Meenakshi, 2021)
Cross-linked chitosan bead Phosphate 52.10 (Mahaninia and Wilson, 2017)
Chitosan-magnetic kaolin beads Nitrate 74.11 (Karthikeyan and Meenakshi, 2021)
La** incorporated chitosan membrane Nitrate 62.60 (Karthikeyan et al., 2019)

Chitosan quaternized resin Nitrate 84.09 (Banu and Meenakshi, 2017)
PEG/chitosan Nitrate 50.68 (Rajeswari et al., 2016)
PVA/chitosan Nitrate 35.03 (Rajeswari et al., 2016)
Fe;04/ZrO,/chitosan nanocomposite Nitrate 89.30 (Jiang et al., 2013)

Cross-linked chitosan supported by biomass-derived carbon Nitrate 12.40 (Salman Tabrizi and Yavari, 2020)
Chitosan hydrogel beads Nitrate 92.10 (Chatterjee and Woo, 2009)
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4.1. Removal of phosphate anions

In this regard, Xu et al. (2020); applied a simple and scalable
method for the fabrication of La-doped bentonite/chitosan
composite (La-bent/CS). It was elucidated that the as-
fabricated La-bent/CS composite provided a fast and high effi-
cient behavior in the adsorptive removal of phosphate from an
aqueous solution. Furthermore, La-bent/CS composite
revealed a good anti-interference for the coexisting anions such
as NO3, Cl~ and SO3~ at which these foreign species caused a
slight decreased in the removal efficiency of phosphate. It was
presented great ability of La-bent/CS composite to be recycled
and reused for five sequential cycles with maintaining the
removal efficiency of phosphate above 8§89%. Moreover, kinet-
ics and isotherms study indicated that the adsorption data fit-
ted pseudo-second order and Freundlich model, respectively.
In addition, it was postulated that the adsorption mechanism
of phosphate onto La-bent/CS composite occurred via electro-
static interaction, co-precipitation and complexation.

In yet another attempt, Karthikeyan et al. (2019) examined
the removal of phosphate by using Fe*" loaded chitosan-
alginate biopolymeric hybrid beads (Fe-CS-SA). Intensive
study was executed to determine the best conditions of the
phosphate adsorption onto the fabricated beads. It was inves-
tigated that the apt pH to adsorb phosphate onto Fe-CS-SA
beads was found to be between 3 and 6 where phosphate nat-
urally represents in multi-forms; H;PO4 (pH < 2), H,POy (pH
2-7), HPO;~ (pH 7-11) and PO;~ (pH > 11) as clarified in
Fig. 9. Subsequently, at low pH a strong columbic interaction
occurs between the protonated COOH, OH and NH, groups
of Fe-CS-SA beads and the phosphate ions. However, the poor
adsorption of phosphate ions at high pH could be due to the
strong competition between the abundant OH™ ions and phos-
phate ions towards the surface of the beads.

Moreover, the impact of the interfering anions (viz., SO,
Cl™ and HCO53) on the adsorption of phosphate ions onto

Electrostatic
interaction

Chitosan-based adsorbent

Fe-CS-SA beads was inspected. The result clarified that the
divalent SO3~ ions diminished the adsorption capacity of
phosphate more than the univalent CI~ and HCO3 owing to
the higher charge density of SO}~ ions, rendering their adsorp-
tion onto Fe-CS-SA beads quicker than CI™ and HCO3 ions.
The kinetics study pointed out that the adsorption of phos-
phate ions onto Fe-CS-SA beads obeyed pseudo-second order
and intra-particle diffusion models, while the isotherms study
revealed that the studied adsorption process followed Fre-
undlich model. The computed q,.x of phosphate ions onto
Fe-CS-SA beads under Langmuir model was 84.74 mg-g .
It is worthy to mention that the hypothetical mechanism of
the adsorption of phosphate ions onto Fe-CS-SA occurred
via the electrostatic interaction between phosphate ions and
the protonated COOH, OH and NH, groups on the matrix
of the beads at a high acidic medium. Also, the inner-sphere
complexation may occur via the interaction of Fe(OH); with
phosphate ions as well as the ion exchange between Cl~ and
phosphate greatly participated on the adsorption process.

In another study, Sowmya and Meenakshi (2013) focused
on improving the efficiency and the renewability of chitosan.
Quaternary amine-modified chitosan beads (QCS) were syn-
thesized via the cross-linking of chitosan beads and glycidyl
trimethyl ammonium chloride. The fabricated QCS beads
revealed an enhanced adsorption behavior towards the adsorp-
tion of phosphate ions at which g.x was found to be
59 mg-g~!. Besides, the fabricated beads exhibited ultrahigh
renewability with the removal efficiency to be 97.5% after
the 10th consequential adsorption/desorption cycles. There-
fore, it was significant to study the mechanism of adsorption
and desorption of phosphate. It was presumed that the adsorp-
tion/desorption mechanism of phosphate ions is essentially
controlled by ions exchange mechanism. During the adsorp-
tion process Cl~ ions of QCS beads are replaced by phosphate
ions. Whereas, the phosphate desorption from the beads
occurred by exchanging the adsorbed phosphate ions by Cl™
ions of the eluent solution (NaCl) used to regenerate the beads.

pH>11

Electrostatic
repulsion ‘

Chitosan-based adsorbent

Fig. 9  Schematic representation of the multi-forms of phosphate anion at different pH.
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4.2. Removal of nitrate

Karthikeyan and Meenakshi (2021), reported the fabrication
of novel eco-friendly magnetic kaolin-chitosan beads (MK-
CS) for removing nitrate ions from wastewater. The optimum
conditions of the nitrate adsorption process onto MK-CS
beads were investigated in a batch mode. Essentially, pH is
the most predominant parameter in the adsorption process,
so the adsorption of nitrate ions onto MK-CS beads was
examined at different pH media. The results pointed out that
the higher adsorption capacity of nitrate ions onto the beads
at pH range 3-7 due to the strong attraction force between
the anionic nitrate ions and the positively charged MK-CS
beads. Thence, it was suggested that the adsorption of nitrate
ions onto MK-CS beads controlled by the electrostatic interac-
tion mechanism at which metal, metal oxide and amino groups
spontaneously attracted nitrate ions from their aqueous solu-
tion. Besides, the presence of metal oxides in a hydrated form
(i.e. Mg(OH), , Fe(OH)5 , Si(OH)5 , AI(OH); and Na(OH),")
might form a network with nitrate via the surface complexa-
tion. Furthermore, it was expected that OH™ ions on the sur-
face of the beads can be exchanged by nitrate ions via ligand
exchange mechanism. In this context, Banu and coworker
(Banu and Meenakshi, 2017), reported that the adsorption
mechanism of nitrate ions onto the as-fabricated chitosan
quaternized resin involves ion-exchange and electrostatic inter-
action. In addition, the possibility of the formation H-bond
between nitrate ions and OH™ groups in the side chain of chi-
tosan quaternized resin (NO3 "~ OH") was reported earlier by
Mohan and coworkers (Mohan et al., 2010). Moreover, the
competition effect of the coexisting anions such as SO3~, Cl~
and HCOj3 on the nitrate adsorption process was explicitly
investigated. It was found that the existence of SO3~ dramati-
cally decreased the adsorption capacity of nitrate ions, indicat-
ing the great competition between SO3~ and nitrate ions. On
the contrary, the tenuous competition between the monovalent

coexisting anions and nitrate was asserted from the insubstan-
tial decrease in the nitrate adsorption capacity in the presence
of HCO3 and C1™. These anticipated results can be ascribed to
the faster charge density of multivalent anions renders them
reach to the adsorbent surface prompter than monovalent
anions.

In yet another attempt, Rajeswari et al. (2016), highlighted
developing the adsorption capacity of chitosan with both poly-
ethylene glycol and polyvinyl alcohol. It was inferred that the
higher adsorption capacity of nitrate ions onto both compos-
ites was at pH 3, reflecting the strong electrostatic interaction
between nitrate ions and the positively charged sites of PEG/
CS and PVA/CS composites (Fig. 10a, b). However, the
removal percentage of nitrate drastically decreased at a high
basic medium which can be anticipated by the strong repulsion
force between nitrate ions and the negatively charged sites of
both composites. Besides, the maximum adsorption capacity
of nitrate ions onto PEG/CS (50.68 mg-g~') was found to be
higher than PVA/CS (30 mg-g~!). The fabricated PEG/CS
and PVA/CS composites showed amazing regeneration ability
when an alkaline eluent is utilized to desorb nitrate from the
surface of both composites.

5. Summery

From our point of view, incorporating magnetic materials into
the chitosan matrix and shaping chitosan in various forms like
beads, membranes, hydrogel, etc., greatly boosts the separa-
tion problem of chitosan. Furthermore, the modification of
chitosan with promising materials that possess high adsorba-
bility such as metal-organic frameworks, layered double
hydroxides, carbon materials, clays, etc. is an excellent solu-
tion to overcome the low adsorption capacity of chitosan. In
addition, the functionalization of chitosan with suitable func-
tional groups to attract the pollutants from their bulk
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Fig. 10  (a) Mechanism for the effect of pH on PEG/chitosan composite and (b) PVA/chitosan composite. Reprinted with permission

from (Rajeswari et al., 2016); Copyright 2021, Elsevier.
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Table 4 Brief summery clarified the optimum pH, proposed adsorption mechanisms and the most common modifications.

Adsorbate  Opt. pH  Common modifications

Plausible adsorption mechanism

Arsenic 6-9 e Multivalent metals-modified CS
e Carbon materials-modified CS
e Zeolite-modified CS

e Magnetic CS

e Clay-modified CS

e Zeolite-modified CS

e Carbon materials-modified CS
e Polymers-modified CS

e Functionalized CS

e Grafting CS

e Clay-modified CS

e MOFs-modified CS

e Multivalent metals-modified CS
e Metal oxides-modified CS

e Functionalized CS

o Clay-modified CS

e Magnetic CS

e Polymers-modified CS

e Magnetic CS

e Grafting CS

e Metal oxides-modified CS

e Functionalized CS

e lon imprinted CS

e Polymers-modified CS

e Multivalent metals-modified CS
o Metal oxides/ferrites-modified CS
e Multivalent metals-modified CS
e Polymers-modified CS

e Functionalized CS

e Clay-modified CS

e Magnetic CS

e Zeolite-modified CS

e Clay-modified CS

e Magnetic CS

e Multivalent metals-modified CS
e Functionalized CS

Copper 5-7

Chromium  2-5

Lead 5-8.3

Cadmium 5-8

Phosphate ~ 3-7

Nitrate 3-7

Electrostatic interactions, Ion exchange, Complexation, Reduction process

Ion/Ligand exchange, Complexation, Electrostatic interaction, H-bonding

solutions via electrostatic interaction is the best technique to
enhance chitosan selectivity.

The optimum pH, the proposed adsorption mechanisms
and the recent modification techniques are summarized in
Table 4.

6. Conclusions

Chitosan-based adsorbents demonstrate acceptable adsorption profiles
towards the adsorption of various pollutants. Nonetheless, they suffer
significant drawbacks such as the limited surface area, little adsorption
capacity and lack of reusability. The presence of active amine and
hydroxyl functional groups in chitosan biopolymer can assist in the
combination of chitosan with other support materials, improving the
physical and chemical properties of chitosan This review highlighted
the current advances of chitosan-based adsorbents and their adsorp-
tion aptitudes toward some toxic heavy metals, in specific; As(I1I),
As(V), Cu(1l), Cr(VI), Pb(Il) and Cd(II) ions. Moreover, the capabil-
ities of chitosan-based adsorbents for the adsorptive removal of phos-
phate and nitrate anions were also highlighted. The optimum
adsorption conditions were discussed, clarifying the optimum pH to
remove these contaminants, suitable adsorbent dose and system tem-
perature. Furthermore, the adsorption mechanisms of these contami-

nants onto chitosan-based adsorbents were discussed. We can
conclude that improving the adsorption capacity and enhancing the
reuse property of chitosan-based adsorbents mainly depend on the
type of modification as well as the adsorption conditions. The pro-
posed mechanisms for the adsorption of these heavy metals as well
as phosphate and nitrate anions involve several interactions such as
electrostatic interactions, hydrogen bonding, ion exchanging and
chemical binding.

6.1. Gap of knowledge and future perspectives

Indeed, researchers have faced various challenges regarding the
adsorptive removal of heavy metals and anions by chitosan based-
adsorbents. Some of these challenges and future recommendations
are summarized as follows:

It is inevitable to infer the application viability of the developed
chitosan-based adsorbents by boosting their adsorption performance
and renewability, as well as diminishing their operation time.

The leaching probability of the developed chitosan-based adsor-
bents needs extensive investigation to avoid their leakage over the long
term.

A plethora of pollutants exist in the real wastewater even with
heavy metals or anions, so it is crucial to study the adsorption selectiv-
ity of the developed chitosan-based adsorbents.
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Adequate study to the economy and the market is recommended;
hence, the most important future goal is to execute the adsorption pro-
cesses of heavy metals and anions at an industrial scale.
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