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cost-effective, easily available and has high potential to be utilized as an adsorbent. 
Because of their excellent chelating power, chitosan-based adsorbents have a very high 
ability to tightly bind the pollutants present in contaminated water and wastewater. 
Different heavy metals and toxic dyes can be effectively removed.  

Chapter 1 deals with the chemical, physical, physicochemical and mechanical properties 
of chitosan and chitosan-based materials. Adsorption data on the removal of heavy 
metals and different dyes have been compiled. Chapter 2 covers the utilization of 
chitosan and its derivatives for the adsorptive removal of mercury from water and 
wastewater. Chapter 3 describes novel chitosan-based nanocomposites for dye removal 
applications. Chapter 4 discusses the effect of different chitosan modifications on its 
structure and specific surface area. Chapter 5 covers the applications of chitin and 
chitosan-based adsorbents for the removal of natural dyes from wastewater. Chapter 6 
highlights the adsorptive treatment of textile effluents using chemically modified 
chitosan as adsorbents. Chapter 7 reviews the applications of chitosan-based adsorbents 
for the removal of arsenicals. Chapter 8 centers on the adsorption capacity enhancement 
of chitosan by chemical modification. Chapter 9 focuses on the smart use of surfactants 
for the modification of chitosan and some other biomaterials and their subsequent use for 
the removal of contaminants from aqueous solutions. Chapter 10 reviews the use of 
chitosan-based nanocomposites as adsorbents for the removal of dyes from wastewater. 
Chapter 11 describes the preparation of uniformly distributed platinum nanoparticles 
decorated with graphene oxide-chitosan by employing a microwave-assisted method. 
The nanocomposite can be used for the removal of dye from aqueous solution.  
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Preface 
 

Many industries, such as textile, paper, plastics, dyestuffs, chemical, metallurgical, 
refineries, tanneries, etc. consume a large amount of water, and ultimately generate a 
substantial volume of wastewater containing toxic pollutants such as dyes, heavy metals, 
pesticides and other chemicals. The contaminated industrial effluents are one of the 
major sources of water pollution. Thus treatment of industrial wastewater is essential 
before its disposal. A number of different techniques such as electrodialysis, ion 
exchange, photocatalysis, nanofiltration membranes, electroflotation, 
electrokinetic/electrooxidation, coagulation-flocculation, reverse osmosis, ozonation, 
anaerobic-aerobic, adsorption, etc. are available to decontaminate wastewater. However, 
each technique has its own merits and demerits. Among them, adsorption technique has 
been considered to be preferable due to a number of factors such as reduced cost, the 
simplicity of the method, flexibility and ease of design, insensitivity to toxic pollutants 
and lower interference from diurnal variations. However, the choice of suitable 
adsorbent was always a challenging task.  The conventional commercial adsorbents like 
activated carbon and silica gel are highly efficient but expensive and associated with 
regeneration problem. Thus the adsorbents made from natural sources attracted 
prominent attention.  

Chitosan is a natural amino polymer obtained from deacetylation of chitin, which is 
richly available in nature. In fact, chitosan is the second most abundant biopolymer after 
cellulose and constitutes the structural component of mollusks, insects, crustaceans, 
fungi, algae, crab, shellfish, shrimp, lobster, crawfish, krill, etc. Chitosan is natural, 
renewable, eco-friendly, biocompatible, biodegradable, cheap and easily available and 
has high potential to be utilized as an adsorbent. Because of its excellent chelating 
power, chitosan has a very high ability to tightly bind the pollutants present in 
contaminated water. The waste, released from the processing of krill, shellfish, crabs, 
and shrimps may be deacetylated to chitosan, which can thus be efficiently utilized as a 
cost-effective adsorbent. In recent years, chitosan has received significant attention due 
to its specific benefits such as high adsorption capacity, abundance, and cost-
effectiveness. Different heavy metals and dyes have been reported to be effectively 
removed by chitosan-based adsorbents.  

The main objective of the book was to compile and present relevant information on the 
modification and utilization of chitosan-based adsorbents for the elimination of toxic 
dyes and heavy metals from wastewater. The present book is the outcome of 
contributions of 30 researchers from the international scientific community. It consists of 
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11 chapters. Chapter 1 deals with the chemical, physical, physicochemical and 
mechanical properties of chitosan and chitosan-based materials. Applications and market 
trends of these materials have been thoroughly discussed. The adsorption data on the 
removal of heavy metals and different dyes have been compiled. Chapter 2 provides a 
review on the current development on the utilization of chitosan and its derivatives for 
the adsorptive removal of mercury from water and wastewater. Chapter 3 describes the 
preparation of monodisperse palladium nanoparticles decorated chitosan-graphene oxide 
as a nonadsorbent. The utilization of this nanocomposite for the effective removal of 
methylene blue dye from the aqueous solution has been explained. Chapter 4 discusses 
the effect of chitosan modification on its structure and specific surface area. The 
different chitosan modification methods such as preparation of hydrogel beads from 
powdered chitosan, cross-linking of beads using epichlorohydrin or glutaraldehyde and 
conditioning of beads using NaHSO4 have also been discussed. Chapter 5 covers the 
applications chitin and chitosan-based adsorbents for the removal of natural dyes from 
wastewater. Chapter 6 highlights the adsorptive treatment of textile effluents using 
chemically modified chitosan as adsorbents.  Chapter 7 reviews the environmental 
applications of chitosan-based adsorbents in the light of the removal of arsenicals. 
Chapter 8 offers a thorough review on the enhancement of adsorption capacity of 
chitosan by chemical modification. Chapter 9 focuses on the role of anionic surfactant 
(sodium dodecyl sulfate) for enhancing the removal capacity of chitosan. The chapter 
summarizes recent researches focusing on the smart use of surfactant for the 
modification of chitosan and some other biomaterials and their subsequent use for the 
removal contaminants from aqueous solutions. Chapter 10 describes the recent 
developments in the field of chitosan-based nanocomposites as adsorbents for the 
removal of dyes from wastewater. Chapter 11 deals with the preparation of uniformly 
distributed platinum nanoparticles decorated with graphene oxide-chitosan by employing 
a microwave-assisted method. The nanocomposite was used for the removal of dye from 
aqueous solution.  

I am grateful to all contributing authors/coauthors for their appreciable contributions to 
the book. I would like to express my gratitude to Materials Research Forum LLC (USA) 
for bringing out the book in the present form. I am also thankful to the Chairperson, 
Department of Applied Chemistry, Z.H. College of Engineering & Technology, Aligarh 
Muslim University, Aligarh for providing the necessary facilities. 

 

Abu Nasar 

Editor 
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Chapter 1 
 

Chitosan: Structure, Properties and Applications 
 

Volkan Ugraskan1, Abdullah Toraman1, Afife Binnaz Hazar Yoruç2* 

1Department of Chemistry, Yildiz Technical University, Turkey 
2Department of Metallurgical and Materials Engineering, Yildiz Technical University, Turkey 

*afife.hazar@gmail.com 
 

Abstract 

Chitosan is a deacetylated form of chitin which is the second most renewable biopolymer 
in nature. Chitosan has many features like biocompatibility, biodegradability, non-toxic 
properties, adsorption and functioning properties which make it promising materials in 
many applications. This chapter focused on chemical, physical, physicochemical and 
mechanical properties of chitosan and chitosan-based materials first of all, right after 
their commercial applications and also, in conclusion, the adsorption capacity and 
adsorbent applications of chitosan and its derivatives. Finally, new trends and fields about 
chitosan-based materials were present. 
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Biopolymer, Chitin, Chitosan, Structure, Properties, Applications, Market Trends 
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1. Introduction 

Chitin, which is an ancient biopolymer has been studying since 1884. This biopolymer is 
produced by a large number of living organisms and is the most abundant polymer after 
cellulose in the world. Chitin is a hard, non-elastic, and nitrogenous polysaccharide. 
There are several derivatives of chitin and chitosan constitutes as the most important one. 
Chitosan has a similar to cellulose structure. Instead of the hydroxyl groups in the 
cellulose, the amine groups are present in the structure. 

Chitosan, the acetylated form of chitin is soluble in acidic solution compared to non-
soluble chitin. The fact that chitosan is soluble according to the chitin gives it many 
advantages. It can be used in many applications, especially in food, cosmetics, 
agriculture, medicine, paper, and textile. 

The most important peculiarity of chitosan is the presence of the modifiable locations in 
its chemical structure. Because of this feature, chitosan can be modified with grafting and 
crosslinking processes may be converted to derivatives with superior properties. With 
grafting reactions, the addition of extra functional groups on chitosan increases the 
number of adsorption sites and hence the adsorption capacity and allows the use of 
chitosan in adsorbent applications. 

This chapter focused on chemical, physical, physicochemical and mechanical properties 
of chitosan and chitosan-based materials first of all, right after their commercial 
applications and also, in conclusion, the adsorption capacity and adsorbent applications 
of chitosan and its derivatives. Finally, new trends and fields about chitosan-based 
materials are presented. 

2. Chitosan 

Chitin is a polysaccharide which is bound to the β-1,4 bond of N-acetyl-D-glucosamine 
monomers and is the most abundant after cellulose in nature [2].  The main ingredient of 
crustaceans, such as crabs and shrimps, as well as the cell walls of mushrooms, contains 
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lots of chitin molecules. From these organisms, chitin is extracted after several steps 
including deproteinization and demineralization. 

Chitosan is obtained as a result of deacetylation of the chitin. In order to produce 
chitosan, the deacetylation degree of chitin must reach 50%. At the desired degree of 
deacetylation, the chitin is rendered soluble in the aqueous acidic medium. Dissolution 
occurs by protonation of the -NH2 function on the C-2 position of the D-glucosamine 
repeat unit, and the polysaccharide is converted to a polyelectrolyte in the acidic medium. 
Chitosan is a natural cationic polymer. Because it is soluble in aqueous solutions, the 
solution is used extensively in different applications such as gels or films and fibers [3]. 
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Figure 1 Structure of cellulose, chitin, and chitosan. 
 

2.1 Structure of chitosan 

Chitosan is semi-crystalline in solid form [4]. There are many studies on chitosan in 
polymorph structure in the literature [5]. Chitosan is structurally similar to cellulose 
(Fig. 1). Instead of the hydroxyl groups in cellulose, there is a groups of amines in 
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chitosan. Unlike cellulose, it contains between 5 and 8% nitrogen. The amine group in 
the chitosan is the result of deacetylation of the acetamide groups in the chitin, but there 
always remain some acetamide groups which are not deacetylated in the structure [6].  

However, the presence of hydroxyl groups on each repeat unit and the amine groups on 
the deacetylated unit are highly active compared to the chitin. These active groups 
modify the mechanical and physical properties of chitosan [7]. In addition, the presence 
of these groups provides biologically functional facilitation. For this reason, 
biocompatible, biologically active, non-toxic and good adsorption properties of chitosan 
make this material a very favorable biomaterial [8]. 

2.1.1 N-acetylation degree 

During deacetylation of the chitin, the acetyl groups in the structure are converted to free 
amine groups by hydrolysis. N-acetylation degree (DD) is in proportion to the  
2-acetamido-2-deoxy-D-glucopyranose, 2-amino-2-deoxy-D-glucopyranose units. In 
other words, DD is the ratio of deacetylated units to acetylated ones. This ratio has a 
significant effect on the solubility of the chitin and the solution properties. Chitosan is an 
N-deacetylated nontoxic derivative of chitin. In the chitin, the acetylated units are 
dominant (the acetylation level is typically 0.90). Chitosan is a fully or partially N-
deacetylated derivative, less than 0.35 fully or partially N-deacetylated derivative [3,7]. 

Moreover, this step determines DD varies with temperature, time, and amount of sodium 
hydroxide (NaOH) used in the process. DD value affects the adsorption capacity of 
chitosan. High DD value usually results from the presence of high amounts of amino 
groups and may enhance the dye adsorption capacity of chitosan as a result of the 
protonation process. DD can be used for characterization of molecular weight, 
crystallinity, distribution of amine groups except for adsorption [9]. 

Characterization of a chitosan sample requires the determination of mean deacetylation. 
The degree of deacetylation can be determined by potentiometric titration, IR, elemental 
analysis, UV, 1H NMR and 13C NMR [3, 10-14]. 

The deacetylation level can be calculated using the IR technique. The percentage of 
acetylated amine group is calculated according to equation 1. The deacetylation degree in 
the infrared spectrum of the chitosan is calculated as 87% in Fig 2. 

N-acetyl % = 100 –(A1652/A3446) x 100/1.33  (1) 

A: Absorbance 
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Figure 2 Infrared spectrum of chitosan [15]. 

 

Another method to calculate the DD is the 1H NMR technique. In Equation 2, DD can be 
calculated. In Figure 3, DD is calculated as 97% [12]. 

 

            

DD = 
1/3I

1/6I

CH3

H2 - H6

1 - x 100

 

(2) 

I: Peak of a proton (ppm) 

 

Figure 3 NMR spectrum of chitosan [12]. 
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2.1.2 Molecular weight 

The molecular weight distribution of chitosan is obtained using HPLC [16]. The average 
molecular weight is also determined by light scattering [17]. The fastest and simplest 
method of determining the molecular weight is carried out using the Mark-Houwink 
equation with a viscometer (Equation 3) [18]. 

[η]=KMv
a                                                                  (3) 

[η]: Viscosity (cP) 

Mv: Molecular weight (g/mol) 

K and a: Constants for temperature and solvent-solvent system 

2.1.3 Mechanical properties of chitosan 

Chitosan is found in various forms. Chitosan films have poor mechanical strength. For 
this reason, the use of these films is limited. In particular, it is desirable to have films 
with pharmacologically active coatings that have improved mechanical properties for the 
application of chitosan films or for the protection of seeds. Therefore, a composite form 
of chitosan films can increase its mechanical properties (Table 1). 

 

Table 1 Mechanical properties of chitosan films. 
Film Samples Tensile 

Strength 
(MPa) 

Elongation at 
Break 

(%) 

Reference 

Chitosan-poly(ethylene oxide) 
films 0.011±0.2 33±3 [19] 

Neat chitosan 37.7±4.5 49.9±5.6 [20] 
Chitosan-0.8 carbon nanotube 
film 74.9±4.8 19.5±3.3 [20] 

Chitosan film 70.3 6.2 [21] 
Cross-linked chitosan 93.3 5.1 [21] 

 

2.2 Chitosan production 

Chitosan is the result of deacetylation of chitin, a polysaccharide formed by β-1,4 bonds 
of N-acetyl-D-glucosamine monomers. The main source is seashells, insects, and 
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mushrooms [22]. There is about 20-30% chitin in seashells [2]. Chitin production stages 
from fungi and seashells are given in Fig. 4. 

Depending on the source, there are two allomorphic structures, α, and β. These two forms 
can be distinguished by infrared, NMR spectroscopy and X-ray diffraction. α-Chitin is 
the most commonly found form [23]. It is seen on the walls of fungus and yeast cells, on 
lobster and crab tendons, on shrimp shells and also on insect cuticle [24]. The rarer  
β-chitin is found in the squamous-pencil proteins, pogonophorans and tubers synthesized 
by vestimethetic worms. Examination of the two isomorphic crystallographic structures 
reveals that there are two antiparallel molecules in the α-chitin and only one antiparallel 
molecule in the β-chitin [25, 26]. 

 

 

Figure 4 Chitin production stages from fungi and seashells [1]. 

 

The nitrogen content of the chitin varies from 5% to 8%, depending on the degree of 
deacetylation, while the nitrogen in the chitin is mostly in the form of primary aliphatic 
amino groups. For this reason, chitosan reacts with typical amines and the N-acylation 
and Schiff reaction are the most important. Chitosan derivatives are easily obtained under 
mild conditions [7]. 
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Figure 5 Production of chitosan. 

There are many methods of the production of chitosan from chitin such as alkaline 
treatment at high temperature, and intermittent washing with water, using water-miscible 
organic solvents and enzymatic N-deacetylation. Commercially, chitosan is produced by 
N-deacetylation with a high concentration sodium hydroxide solution of chitin in high 
temperature and pressure (Fig. 5). Recently, the method used in the production of 
chitosan is done by microwave. This process, which is done by microwave, takes 
considerably shorter than other methods [27]. In recent years, microwave heating has 
attracted considerable interest because it is much faster than conventional heating. 
Especially for the modification of chitosan [28]. 

3. Applications and market trends 

Chitosan has many features like biocompatibility, biodegradability, non-toxic properties, 
adsorption and functioning properties which make it promising materials in many 
applications [7]. The high nitrogen ratio (%6,89) in the structure ensures the reactive 
amino and hydroxyl groups to chelate with metal ions [7, 29]. Over and above with 
hemostatic, fungistatic, spermicidal, antitumor, anticholesteremic, accelerating bone 
formation and central nervous system depressant etc. biological properties, application 
area can be expanded [29]. Chitosan has wide use in food, agriculture, medical, 
cosmetics, biotechnology and purification applications [2].  

In Grand View Research's report dated January 2017 it is stated that in 2014, chitosan 
market value accounted for 1.06 billion and rose to 3.19 billion in 2015. The market for 
chitosan is expected to reach USD 17.84 billion in 2025. It is also stated that chitosan 
demand in wastewater treatment was valued at over USD 220 million in 2015 and it is 
predicted that the use of chitosan will increase by 17% for water treatment processes 
[30]. In the case of Global Market Insights report September 2016, a market value will hit 
USD 7.90 billion in 2024. The report states that water treatment applications in 2015 are 
above 30% of chitosan use [31]. Finally, it is stated in Global Industry Analysis data that 
the use of chitin and chitosan will reach 155.5 tons in 2022 [32]. 

Generally, the applications of chitosan according to the sectors are shown in Table 2. 
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Table 2  Chitosan applications and specific uses. 

Application Area Specific Uses Reference 
Agriculture Antimicrobial Agent 

Additive 
Seed Coat 
Fertilizer 
Component 

[33-38] 

Food Industry Thickener 
Animal Feed Component 
Waste Food Recycling 
Filtration and Removal 
Hypocholesterolemic Agent 

[39-45] 

Cosmetics Hair Styling Agent 
Moisturizer 
Hydrating Agent 
Deodorizing Agent 
Viscosity Modifying Agent 

[46-50] 

Biomedical and 
Pharmaceutical 

Wound Band and Bandage 
Hemostatic Agent 
Contact Lenses 
Drug Delivery 
Material 
Wound-Bone Healing 
Material 

[51-62] 
 
 

Purification Adsorbent [63-74] 

   

 

 

Figure 6 Inhibitory effect of the chitosan-starch film against (a) E. coli, (b) S. aureus, 
and (c) B. Subtilis [75, 76] 

3.1 Food applications 

Packaging is one of the major applications in the food sector. Compared to other 
biopolymers used in packaging applications, chitosan has advantages like showing an 
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antibacterial effect as well as incorporation ability with functional groups of mineral or 
vitamin molecules. Lately, researchers focused on production and optimization of 
chitosan/starch film as a potential application in food packaging. The studies have proven 
antibacterial properties of the films (Figure 6) [75]. 

By dint of its good physicochemical properties, short-time biodegradability, biological 
function, biocompatibility, antimicrobial and antifungal activities and non-toxic 
properties, chitosan shows significant potential for packaging applications in the food 
industry. By the way, chitosan has interesting properties such as gas and aroma barriers 
as well as excellent film-forming capacity under dry coating conditions. These features 
offer new opportunities to preserve food quality and increase the shelf life of products 
[77, 78].  

3.2 Agricultural applications 

Chitosan has a great importance in environmentally friendly products used for plant 
defense in agricultural applications. The chitosan molecule triggers the defense response 
within the plant and creates physical and chemical precautions against invading 
pathogens. 

The use of chitosan has generally been used as a fertilizer in seeds, leaves, fruits and 
vegetables, and as a controlled chemical release to protect plants against microorganisms 
and to stimulate plant growth [79]. 

Chitosan effectiveness against plant pathogens was investigated by researchers. Chien 
and Chou [80] found that Cytosporina sp. isolate 75 mg/L was completely inhibited by 
chitosan, whereas the second isolate of the same gender was not affected by 1000 mg/L. 
As a result of this experiment, it was reported that the antifungal activity of chitosan 
depends on the species, concentration and test organism. For instance, at 0.1%, chitosan 
of 92.1 kDa was treated with a greater growth inhibition of 76.2% on P. italicum than did 
chitosan of 357.3 kDa (71.4%), while at 0.2%, the antifungal activity was implemented 
by chitosan of 357.3 kDa was higher than chitosan of 92.1 kDa against P. italicum. 
Benhamou [81] concluded that 500 and 1000 mg/L chitosan obtained from crab shells 
was effective in reducing the disease probability caused by F. oxysporum f. sp. radicis-
lycopersici. Moreover, El Ghaouth [82] showed that chitosan was effective in inhibiting 
the mycelial growth of P. aphanidermatum at a concentration of 400 mg/L. These and 
other studies have demonstrated to be effective in the removal of chitosan plant 
organisms [33]. In another study conducted on the aquaculture, the antimicrobial 
activities of the chitosan solutions in the different constants are shown in Table 3. 
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Table 3 Antimicrobial activity of chitosan against bacteria isolated from oysters [83]. 

Bacterial Strains 
Chitosan Concentration (g/L) 

0.5 1.0 5.0 10.0 
Pseudomonas Sp. 3.8±0.6 6.0±1.0 13.3±0.7 14.0±0.8 

Vibrionaceae Sp. 12.3±0.5 14.0±0.6 23.8±0.9 25.0±0.9 

Shewanella sp. 0 3.3±0.6 4.5±0.3 5.3±0.5 

Alcaligenes sp. 0 2.5±0.7 3.5±0.4 3.3±0.6 
Enterobacteriaceae 
sp. 5.3±0.5 10.3±0.4 13.5±0.6 13.8±0.4 

Moraxella sp. 12.8±1.1 24.5±1.4 30.8±0.7 32.3±1.9 

Acinetobacter sp. 2.5±0.5 8.0±0.7 13.3±0.5 14.0±0.5 

Flavobacterium sp. 4.3±0.4 11.6±0.5 16.0±1.2 20.8±0.6 

Corynebacterium sp. 0 4.3±0.4 5.8±0.8 6.1±0.3 

Staphylococcus sp. 4.0±0.3 6.8±0.4 12.3±0.4 12.5±0.4 

Micrococcus sp. 13.3±0.7 16.5±0.7 20.0±0.5 21.5±0.6 
Lactic acid bacteria 
sp. 14.0 16.0±0.8 22.5±0.7 23.3±1.1 

Bacillus sp. 4.3±0.4 11.5±0.3 13.8±0.8 14.0±0.6 

Table 4 In vivo applications of chitosan [85, 86]. 

Chitosan Type Form Animal 
Model Application Effect 

Chitosan 
%82 deacetylated 80 
kDa from crab shells 

Cotton type 
 

Small and 
large wild or 
zoo animals 

Topical Wound/infection 
healing 

Methylpyrrolidone 
chitosan 

Freeze dried 
soft sponge Rabbit Topical Bone healing 

Phosphorylated 
chitosan 

With calcium 
phosphate 

cement 
Rabbit Implantation Bone healing 

N,N’-
dicarboxymethylated 

chitosan 

Soft spongy 
and 

hydrophilic 
material 

Sheep Topical Bone healing 

Chitosan %72 
deacetylated from 

cuttle fish 
Powder Dog Topical Bone healing 
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Chitosan 70 kDa 
from prawn shells Solution Rat Injection Tissue 

regeneration 
Chitosan %82 

deacetylated 30-80 
kDa 

Cotton type 
 Dog Topical Wound healing 

Chitosan %82 
Deacetylated 80 kDa 

from crab shells 

Cotton type 
 Dog Implantation Immuno-

potentiatior 

Chitosan Hydrogel Rat Topical 

Burn 
replacement of 

wound/skin 
healing 

Chitosan %100 
deacetylated 540 kDa 

Non-woven 
fibers Rat Topical Tissue/bone 

regeneration 
Photocrosslinkable 
chitosan 800-1000 

kDa 
Gel Beagle Topical Wound healing 

Chitosan crosslinked 
with glutaraldehyde Gel Rat Topical-

Brachytherapy 
Implant for 

brachytherapy 

Table 5  Chitosan applications in hair care [3]. 

Properties Applications 

Electrostatic interaction with hair Shampoos 

Hydrophilic character (antistatic effect) 
Hair Tonics, Rinses, Permanent Wave 
Agents, Hair Colorants, Lacquers, Hair 

Sprays, Time Release Delivery 
Hydrophobic character (removing sebum 
and oils from hair) - 

Antibacterial and antifungal activity - 
Thickening polymer - 

Surfactant character (stabilize emulsion) - 
Make hair softer, increase the mechanical 
strength - 

Protect elastic film on hairs - 

3.3 Biomedical and pharmaceutical applications 

Besides the biocompatibility, non-toxicity, antimicrobial activity and low 
immunogenicity, chitosan showing clear potential for development and that makes it 
propitious material for biomedical applications. It can be used in various conditions in 
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gel, sponge, membrane, bead and scaffold forms in biomedical applications [84]. With 
protonation of amino groups in its structure, chitosan exhibits polyelectrolyte properties, 
thus it can be used in various applications by combining many natural and synthetic 
polymers, metal anions, etc. These applications may be referred to as delivery, drug 
delivery, bone/wound/tissue repair, artificial skin, pharmaceutical excipients and dietary 
supplements [85, 86]. The results obtained with different forms of the chitosan-based 
products used in animal experiments are shown in Table 4. 

3.4 Cosmetic applications 

Unique features of chitosan provide a polymer available for cosmetic sector applications. 
At one of these applications, it has been formulated with Inula helenium L. Extract, a 
perennial plant with antimicrobial properties such chitosan, which has been used in skin 
lotions and creams [87]. Moreover, it is used as shell material in the microencapsulation 
of essential oils, an important application in the cosmetics sector [88]. Chitosan can be 
used as an agent in sun protection products due to its skin compatibility and adhesive 
properties as well as its ability to absorb UV rays [89]. 

Except these applications, chitosan has also taken its place in hair care applications 
(Table 5)  [3]. 

3.5 Adsorbent applications 

Chitosan and its derivatives can be used as an adsorbent to remove dyes and heavy 
metals. The amino and hydroxyl groups present in the chitosan structure act as active 
sites in this application. At acidic pH values, the amino groups of the chitosan structure 
become cationic and adsorption of anionic dyes with strong bonds is ensured. In addition, 
chitosan, which is sensitive to pH, can gel or dissolve according to the pH value [90, 91]. 
Improvements in adsorbent properties can be achieved by modifying the structure of 
chitosan. In the grafting reactions, the addition of extra functional groups on the chitosan 
increases the number of adsorption sites and thus the adsorption capacity. By crosslinking 
reactions, chitosan resistance is increased, but some functional groups cannot participate 
in adsorption since they bind to each other [91, 92]. 

Heavy metal pollution is becoming a serious threat to ecosystem and human health 
through polluted water, land and air in some parts of the world. Water pollution caused 
by heavy metals is one of the most serious environmental problems and probably the 
most difficult to solve. Some metals, iron (Fe), zinc (Zn), copper (Cu), molybdenium 
(Mo), are important for human health, but others, such as heavy metals, are considered 
very toxic. These include arsenic (As), nickel (Ni), lead (Pb), which are widely used and 
frequently found in industrial wastes. In addition to these metals, toxic substances such as 
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chromium (Cr), arsenic (As) or selenium (Se) and also precious metals such as gold (Au), 
silver (Ag), palladium (Pd) and platinum (Pt) also cause pollution. 

Adsorption/biosorption process with chitosan is one of the effective methods for 
removing heavy metals from water and wastewater (Table 6). Chitosan biosorbate is very 
effective and very similar to the use of ion exchange resins, which can also perform 
cleaning work. Commercial ion-exchange resins are sold for 80-100 USD/kg while the 
cost of new performance-based new chitosan-based biosorbents can be lower than  
8-10 USD/kg. Chitosan and chitin were mainly used for removing pollutants through 
coagulation (4%), precipitation (7%), flocculation (3%), adsorption (28%), flotation 
(1%), filtration (4%), membranes filtration (53%) [91, 93, 94]. 

Another cause of environmental pollution is dyed. The synthetic nature of the dyes and 
the complex molecule structure make them more stable in water and prevent from 
biodegrading. Dyes can affect photosynthetic activity in water life by reducing light 
transmission and can be toxic to some water organisms due to aromatics, metals etc. In 
addition, they can also cause serious damage to people, such as kidney, reproductive 
system, liver, brain, and central nervous system disfunction [101]. Natural materials or 
wastes/by-products of synthetic materials can either be used less costly or after a small 
treatment as an adsorbent. They generally referred to as low-cost adsorbents (LCA). 
Chitosan, which is one of LCAs, is widely used at adsorbent applications (Table 7) [102]. 

Table 6  Data on adsorption of metals using chitosan and derivatives 

Adsorbent Metal Adsorption Capacity  
(mg/g) Reference 

Chitosan Cd(II) 5.93  [95, 96] 
Chitosan Hg(II) 815.0  [95, 96] 
Chitosan Cu(II) 222  [95, 96] 
Chitosan Ni(II) 164  [95, 96] 
Chitosan Zn(II) 75  [95, 96] 

Chitosan Flakes Cu2+ 1.8-2.2 mmol/g [95, 96] 
Aminated Chitosan Beads Hg 2.26 mmol/g [95, 96] 

Chitosan Al(III) 45.45  [95, 96] 
Chitosan VO4 

3− 400−450  [95, 96] 
Chitosan Au(III) 30.95  [95, 96] 

Chitosan Beads As(III) 1.83  [95, 96] 
Chitosan Beads As(V) 1.94  [95, 96] 

Cross-linked Chitosan Cr(III) 6.0  [95, 96] 
Cross-linked Chitosan Cr(VI) 215.0  [95, 96] 
Cross-linked Chitosan U(VI) 72.6  [95, 96] 

Chitosan As(III) 2.16  [97] 
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Cross-linked Chitosan–Fe As(III) 13.4  [97] 
Cross-linked Chitosan–Fe Cr(VI) 295.0  [97] 

Chitosan–Fe(III) Hollow Fiber Membranes As(V) 0.85  [97] 
Chitosan-Polyvinylacetate Cu(II) 192.57  [97] 

Chitosan-Polystyrene Cu(II) 99.8  [97] 
Cross-linked Chitosan Hg(II) 58.0  [98] 
Chitosan-Sargassum Ni(II) 0.33-0.48 mmol/g [99] 
Magnetic chitosan Cr(VI) 69.40  [90] 

Chitosan-Magnetite Pb(II) 63.33  [90] 
Chitosan-Magnetite Ni(II) 52.55  [90] 

Chitosan-Perlite Cu(II) 196.07  [90] 
Chitosan-Perlite Cd(II) 178.6  [90] 
Chitosan-Silica Ni(II) 254.3  [90] 

Chitosan-Clinoptilolite Cu(II) 574.49  [90] 
Chitosan Cu(II) 14.75–485.44  [91] 
Chitosan Cd(II) 6.64–449.6  [91] 
Chitosan Hg(II) 51.6–1127.4  [91] 

Chitosan Derivatives Hg(II) 48.1–3170  [91] 
Chitosan-Pectin Pb(II) 30.1  [100] 

Chitosan-Magnetite Microparticles Ni(II) 588.24  [100] 
Chitosan-Magnetite Microparticles Co(II) 833.34  [100] 

Chitosan–Silica Hybrid Co (II) 0.63 mmol/g [100] 
 

Another cause of environmental pollution is dyed. The synthetic nature of the dyes and 
the complex molecule structure make them more stable in water and prevent from 
biodegrading. Dyes can affect photosynthetic activity in water life by reducing light 
transmission and can be toxic to some water organisms due to aromatics, metals etc. In 
addition, they can also cause serious damage to people, such as kidney, reproductive 
system, liver, brain, and central nervous system disfunction [101]. Natural materials or 
wastes/by-products of synthetic materials can either be used less costly or after a small 
treatment as an adsorbent. They generally referred to as low-cost adsorbents (LCA). 
Chitosan, which is one of LCAs, is widely used at adsorbent applications (Table 7) [102]. 

Table 7  Data on the adsorption of dyes using chitosan and derivatives 

Adsorbent Dye 
Adsorption 
Capacity 

(mg/g) 
Reference 

Chitosan/Alumina 
Composite Methyl Orange 1–12 g/L [103] 
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Chitosan Acid Orange 10 922.9  [9] 

Chitosan Acid Red 73 728.2  [9] 

Chitosan Acid Red 18 693.2  [9] 

Chitosan Acid Green 25 645.1  [9] 
Chitosan-

Glutaraldehyde 
Cationic Dye 

(BBR250) 0.8 mmol/g [104] 

Chitosan-Poly(Methyl 
Methacrylate) 

Anionic Dye 
(RB19) 1498  [104] 

Magnetic 
Chitosan−Graphene 

Oxide 
Methyl Orange 399  [92] 

Chitosan−Magnetic 
Graphitized Multi-

Walled Carbon 
Nanotubes 

Cationic Red 263.3  [92] 

Chitosan-
Polyvinylalcohol Eosin Yellow 53  [92] 

Chitosan−Alunite 
Composite Reactive Red 2 569  [92] 

Chitosan Flake Reactive Red 222 380  [9] 

Chitosan Flake Reactive Black 5 1100  [9] 

Chitosan Flake Direct Red 23 155  [9] 

Chitosan Flake Acid Green 25 645.5  [9] 

Chitosan Powder Acid Orange 12 931.85  [9] 

Chitosan Powder Acid blue 9 256.0  [9] 

Chitosan-Zeolite A Bezactive Orange 
16 305.8  [92, 104] 

Chitosan Grafted with 
Polypropylene İmine Reactive Black 5 6250  [92, 104] 

Chitosan-Siliceous 
Mesoporous Acid Red 18 201.2  [92, 104] 

Diatomite-Chitosan–
Fe(III) Composite Direct orange 2GL 1007.5  [105] 

Chitosan–Fe(III)–
Glutaraldehyde Reactive Red 120 249.3  [105] 

Chitosan-(cetyl) 
trimethyl 

ammonium bromide 
Weak acid scarlet 91.4  [105] 

Glutamine-Chitosan- Acid Green 25 543.92  [105] 
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Silica-Fe3O4 
Nanoparticles 

Chitosan-
Montmorillonite Congo Red 53.42  [90] 

Chitosan-Polyurethane Acid Violet 48 30.00  [90] 
Chitosan-Activated 

Clay Methylene Blue 330.0  [90] 

Chitosan-Bentonite Tartrazine 294.1  [90] 

Chitosan-Oil Palm Reactive Blue 19 909.1  [90] 
Chitosan–Alkali 

Lignin Composite 
Remazol Brilliant 

Blue R 111.11  [106] 

Magnetic Chitosan 
Grafted with Graphene 

Oxide 
Methylene Blue 95.2  [107] 

Chitosan–Halloysite 
Nanotubes Methylene Blue 270.27  [108] 

Chitosan-Polyamide 
Nanofiber Reactive Black 5 456.9  [109] 

Chitosan-Polyamide 
Nanofiber Ponceau 4R 502.4  [109] 

β-cyclodextrin-
Chitosan Magnetic 

Nanocomposite 
Methylene Blue 2788 [92, 104] 

Chitosan-Modified 
Palygorskite 

Anionic Dye 
(RY3RS) 71.38  [92, 104] 

Chitosan-Graphite 
Oxide Composite Reactive Black 5 277  [92, 104] 

4. Conclusions 

This study aims to give information about properties, the production techniques and 
applications of the chitosan. Chitosan has unique features such as it can be obtained from 
natural and sustainable sources, it is biodegradability and biocompatibility, it has a 
functional structure, etc. which provides a wide range of applications. Nowadays, in 
many industries attentions are turned to natural and sustainable resources, therefore, it is 
expected that the application areas of chitosan will be further increased. 
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Abstract  

Mercury is one of the most poisonous heavy metals present in industrial wastewater. 
There is evidence showing its bioaccumulation in organism and biomagnification in food 
chains and having long-term toxicity. Among various adsorbents available for the 
confiscation of mercury from water and wastewater, chitosan has gained considerable 
attention. Chitosan derivatives produced by grafting, polymerization, crosslinking, N/O 
substitution have received significant attraction during recent years. There has been an 
increasing trend to produce variety of derivatized chitosan to improve the adsorption 
properties. This chapter briefly reviews the current researches on the applications of 
chitosan-based adsorbents for the elimination Hg(II). It is apparent from the literature that 
chitosan and its derivatives provide a better opportunity for scientists for the effective 
elimination of toxic Hg(II) from wastewater.  
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1. Introduction  

Environmental pollution is one of the utmost issues that the world is facing. With the 
intensification of industrialization and modernization in our lives, pollution has reached 
its topmost which is causing grave and irreparable destruction to the natural world and 
human society [1,2]. Besides other prerequisites, water is a precious natural resource 
without which life is dreadful. The ever growing demand of water in agricultural, 
domestic and industrial sectors lead to the generation of high volume of polluted water 
containing dangerous and virulent contaminants (like heavy metals, dyes, detergents, 
pesticides, etc.) which causes environmental pollution and their toxicity leads to major 
problems around the globe [3–8]. Toxic heavy metals such as mercury, zinc, nickel, 
arsenic, cadmium, lead, chromium, etc., are discharged from the industries such as 
pharmaceutical, leather, paint, automobiles, chemical, cosmetic, printing, paper, polymer, 
etc. and finds its way to the water bodies [9–12]. The industrial release of untreated metal 
contaminated effluent directly into the natural water systems affects the aquatic life and 
the food chain [13]. Most of the metals can cause serious health ailments and can be 
lethal to living organism. Among the variety of heavy metals, Hg(II) is highly toxic and 
severely affect the human health and aqueous system [14]. It remains in the system and 
causes long-term pollution complications. The major sources of Hg emission are volcanic 
eruption, electrical and electronic manufacturing industries, burning of fossil fuels, chlor-
alkali manufacturing plants, sulfide ore roasting operations, etc. [15–20]. Hg(II) in water 
may transform chemically or biologically to its organic form known as methylmercury. It 
is more poisonous than Hg(II) and bio-accumulated in the environment. A distinct nature 
of mercury is its firm holding to living tissues and slow removal from the living system. 
When Hg reaches the bloodstream of the human body, it oxidizes into the reactive Hg(II), 
and easily penetrates into the membranes of the cells and causes damage to the neural and 
cardiovascular system. It is carcinogenic, teratogenic and mutagenic. The toxicity of 
Hg(II) ions, even at remarkably low concentrations, can cause several serious human 
health problems, including blindness, mental illness, involuntary mobilization, 
unconsciousness, emotional deterioration, etc. The photochemical oxidation of Hg into 
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the reactive Hg2+ lead to the accumulation on soil, rivers, lakes and sea, and bacterial 
reduction of mercury into the methylated mercury resulting in mercury concentration in 
fish and humans [21–29]. From the adverse conditions caused by the release of mercury 
through untreated effluent directly to the environment and for the concern of human 
health lead to the need of wastewater treatment technologies. The various wastewater 
treatment methods such as electrodialysis, photocatalysis, electroflotation, 
electrokinetics, coagulation and flocculation, nanofiltration, reverse osmosis, chemical 
method, ozonation, chemical precipitation, photochemical, electrochemical, and 
biological method are used to remove different dangerous and virulent pollutants (dyes, 
heavy metals, pesticides and other organic matters) from water and wastewater [30–39]. 
However, among the different available techniques, adsorption method was recognized to 
be one of the highly effective, simple, sustainable and cost-effective wastewater 
treatment techniques to reduce hazardous pollutants present in the effluent [40].  

2. Adsorptive treatment of Hg(II) contaminated wastewater 

The choice of a suitable adsorbent is one of the most important tasks for the confiscation 
of the different contaminants from polluted water. An ideal adsorbent should possess 
high porosity and surface area, greater adsorption capacity, easy availability, mechanical 
stability, economic feasibility, ease of regeneration, eco-friendly, compatibility, and 
excellent selectivity. A variety of adsorbents have been employed which are derived from 
agricultural, industrial, and domestic wastes such as acrylamide [41], alginate [42], 
almond shell [43], bamboo leaf [44], banana peel [45], cellulose [46,47], citrus limetta 
peel [48], clays and clay minerals [49,50], cucumis sativus peel [51], cyclodextrin [52], 
fly ash [53], kaolinite [54], microbes [55], orange peel [56], polyaniline [57], polystyrene 
[58], polyvinyl alcohol [59], punica granatum [60], rubber [61], starch [62], saw dust 
[63,64], sunflower biomass [65], tomato waste [66], vermiculite [67], walnut shell [68], 
zeolites [69], etc. During recent years there has been increasing trends to develop 
adsorbents from natural polymeric materials. It has been observed that the chitosan-
based adsorbents have gained prominent attention for their use as potentially effective 
adsorbents. The objective of the present study is to review the current researches on the 
chitosan-based adsorbents employed for the elimination of water contaminants in 
general with the greater emphasis on mercury. 
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3. Chitosan as water decontaminant 

3.1 Production and properties 

Chitosan is a linear polysaccharide and found from partial N-deacetylation of chitin 
which is widely distributed in nature. Chitin is the second most plentiful natural 
biopolymer after cellulose and is made of (1-4)-linked-2-acetamido-2-deoxy-β-D-
glucopyranose units [70]. It is biorenewable, biocompatible, eco-friendly, biodegradable 
and has chelating properties. Chitin is found in natural sources such as squid, fungi, 
insects, algae and mainly from the shells of mollusks and exoskeleton of crustacean 
sources (shrimp, crab, lobster, and crayfish) [71]. Shukla et al. [72] described that the 
crustacean shells were made of calcium carbonate (30-50%), protein (30-40%) and chitin 
(20-30%). The processes generally adopted for the preparation of chitosan from 
crustacean source is shown in Fig. 1.   

Chitosan is a non-toxic crystalline polymer. The crystalline nature of chitosan ascribed to 
extensive inter- and intra-molecular hydrogen bonding between the chains and sheets. It 
is primarily characterized by its degree of deacetylation and molecular weight. 
Deacetylation comprises the elimination of acetyl groups from the molecular framework 
of chitin, which gives chitosan. Because of the highly reactive amino group, chitosan has 
a high degree of deacetylation. Commercially available chitosan is more than 85% 
deacetylated. The degree of deacetylation is the key factor to distinguish between the 
chitin and chitosan as it decides the content of free amino groups in the two 
polysaccharides [73,74].  

3.2 Chitosan as an adsorbent 

Chitosan and its derivatives have appealed significant consideration from 
multidisciplinary research groups and found applications in agricultural, cosmetics, 
environmental remediation, biomedical and pharmaceutical purposes and also contribute 
as a part of our food supply. However, presently available usages are still less as 
compared to its potential, as chitosan has a variety of application areas. It is a well-known 
biosorbent used for the confiscation of heavy metals, dyes, and other contaminants. The 
high adsorption ability of chitosan and its derivatives is because of the availability of a 
large number of hydroxyl and amino groups, which resulted in high chemical reactivity, 
high selectivity, excellent ion exchange pathway, and chelation properties. Many physical 
and chemical approaches have been employed for the modification of chitosan to increase 
its adsorption capacity. Chitosan is used as an adsorbent in the form of powder, beads, 
flakes, sponge, fibers, membranes, gels, etc. for the efficient confiscation of heavy metals 
from water and wastewater [75,76]. However, the low porosity and small surface area of 
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flakes and powder forms of chitosan make them unsuitable for an adsorption process. 
Chitosan flakes modified into beads and gels allow the expansion of polymer network 
and improvement in adsorption sites hence shows better adsorption [77]. The structural 
modifications of chitosan have been frequently conducted to increase the metal 
adsorption property and stability in water and acidic medium [78].  

 

Figure 1  General processes for the chitosan production. 
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3.3 Derivatization of chitosan 

The insolubility of chitosan in many solvents due to its crystalline structure restricts its 
application in many areas. To overcome this drawback there has been a rising trend in its 
structural modification by derivatization. Some frequently used methods for the 
modification of chitosan are illustrated in Fig. 2.  

 

Figure 2.  Multifaceted derivatization potential of chitosan. 

In order to improve the adsorption characteristics, a large number of chitosan derivatives 
are being synthesized by insertion of the small functional group to the structure of 
chitosan. Among the different available methods, graft copolymerization has been used 
extensively. The grafting of functional groups onto the chitosan backbone permits the 
formation of functional derivatives. Chitosan has two types of reactive groups that can be 
grafted easily. First the free amine groups in the C2 position of deacetylated units and 
secondly the hydroxyl groups onto the C3 and C6 position of acetylated or deacetylated 
units. The properties like chelating and adsorption capacity of chitosan can be much-
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enhanced by grafting. Further, the nature of the resulted graft copolymers is influenced 
by many factors such as the characteristic of the side chain, molecular structure, chain 
length, and their numbers [79]. Another modification method of chitosan is the 
substitution of N/O groups [80,81]. In N-substitution the designed groups react with the 
amino groups of the chitosan and O-substitution involves the reaction between designed 
small molecules and hydroxyl groups of chitosan. Chitosan is soluble in acidic medium 
and to make the chitosan insoluble in acidic medium, cross-linking agents are used. The 
cross-linkers can be of variable length and comprise the different functional groups than 
those participate in cross-linking. A cross-linking step is essential to strengthen the 
chemical stability of the chitosan in an acidic medium. Although cross-linking reduces 
the removal capacity of chitosan it enhances the resistance to alkali, acid and other 
chemicals, and can change the crystalline nature of chitosan [82].    

4. Adsorptive removal of Hg(II) from water and wastewater by chitosan 

Many investigators have explored the removal efficiency of various forms of chitosan. It 
has been used by many investigators as an adsorbent for Hg(II) removal from 
contaminated water. The equilibrium measurement of the sorption of Hg(II) from 
industrial effluents by chitosan was conducted by Shafaei et al. [83]. The researchers 
reported that the process obeyed the Langmuir adsorption model with a very high 
adsorption capacity of 1127.1 mg/g. They also reported that the degree of Hg(II) ions 
uptake improved with the increase in pH and decrease in the adsorbent particle size. 
Gamage and Shahidi [84] obtained the chitosan from the waste of crab and studied the 
adsorption behavior of Hg(II) onto the different molecular weight of chitosan. Three 
different type of chitosan were obtained by varying the deacetylation time (type I: 20h 
with 91.30% of the degree of deacetylation, type II: 10 h with 89.30% of the degree of 
deacetylation, type III: 4h with 86.40% of the degree of deacetylation). They observed 
that Hg(II) shows the different chelation capacity, viz., 95.8 for type I, 90.7 for type II 
and 89.8 for type III at pH 5, 6 and 7, respectively. Chitosan flakes with an average 
length ranging from 0.35 to 0.45 mm, obtained from red lobster shells with 20% degree 
of deacetylation were utilized for the adsorptive treatment of Hg(II) [85]. It was reported 
that the adsorption capacity for Hg(II) increases from 361.1 mg/g at pH 2.5 to 461.4 mg/g 
at pH 4.5. The isotherm model was best explained by Langmuir model. Chitosan 
membrane prepared by overnight stirring with CH3COOH was utilized to examine the 
kinetics associated with the adsorption of Hg(II) ions [86]. It has been reported that the 
mass transfer of Hg(II) into the chitosan membrane increases with the rise of temperature. 
Thien et al. [87] prepared deacetylated chitosan for adsorptive removal of Hg(II) ion from 
contaminated water. Their isotherm results were best obeyed with the Langmuir 
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adsorption model and the adsorption capacity was significantly affected by the change in 
pH and temperature. Further, their time-dependent results indicated the validity of 
pseudo-second-order kinetics. A chitosan of a sponge-like structure produced by freeze-
drying technique was used for the adsorption of Hg(II) [88]. Equilibrium data were best 
obeyed by the Langmuir isotherm. Based on the adsorption capacity, it was observed that 
a chitosan flake was much more efficient than foam. At pH 4, the adsorption capacity 
onto the flakes was found up to 850 mg/g and only 350 mg/g onto the chitosan foam. A 
two-region model was demonstrated for examining the adsorption capacity of the foam. 
Pseudo-second-order kinetic and cylindrical diffusion models were reported to be 
followed for short and end sorption times, respectively. Some representative studies on 
the adsorptive removal of Hg(II) by the unmodified chitosan are presented in Table 1. 
 
Table 1  Adsorption of Hg(II) from water and wastewater by unmodified chitosan. 

Chitosan source  Adsorption capacity 
(mg/g) 

Physical form pH Isotherm Ref. 

Commercial 
chitosan 

1127.1 Particles 6 Langmuir  [83] 

Crab discards - Particles 5.7 Langmuir [84] 

Red lobster shells 361.1/461.4 Flakes 2.5/4.
5 

Langmuir [85] 

Shrimp shells - membrane 6 Langmuir [86] 
Squid 1016.99 - 6-6.5 Langmuir [87] 

Crustacean shell 850/350 Flakes/cylindrical 
form 

4 Langmuir [88] 

Commercial 
chitosan 

25.3  6 Langmuir [89] 

Chitosan 454  4.5 Langmuir [90] 

5. Adsorptive removal of Hg(II) from water and wastewater by chitosan 
derivatives 

Chitosan can be cross-linked with ethylene glycol diglycidyl ether, glyoxal, 
benzoquinone, glutaraldehyde, epichlorohydrin, cyclodextrin etc to increase its chemical 
stability in acidic solution. Adsorption ability of chitosan and cross-linked chitosan with 
glutaraldehyde and epichlorohydrin to remove Hg(II) at different experimental conditions 
such as initial concentration of Hg(II), pH, crosslinking agent has been studied [89]. The 
adsorption capacity of chitosan (25.3 mg/g) was improved on crosslinking with 
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epichlorohydrin (30.3 mg/g) and glutaraldehyde (75.5 mg/g). The experimental results 
were best followed by Langmuir adsorption model. A new chelating chitosan 
microsphere was prepared in which epichlorohydrin cross-linked chitosan was modified 
by 2-(chloromethyl) benzimidazole and successfully exploited for the elimination of 
Hg(II) [91]. This adsorbent was reported to have high selectivity toward Hg(II) and the 
isotherm equilibrium data followed Langmuir model. Jeon and Höll [92], after studying a 
number of different chemical modifications, reported that the aminated chitosan bead 
cross-linked with ethylenediamine had an adsorption capacity of 461.36 mg/g for Hg(II) 
at pH 7. The chitosan/amine and chitosan/azole resins were prepared by performing the 
chemical modification to glutaraldehyde cross-linked chitosan resin by ethylenediamine 
and 3-amino-1,2,4-triazole-5-thiol, respectively [93]. The chitosan/amine resin showed 
461.4 mg/g uptake capacity and chitosan/azole showed 443.3 mg/g towards Hg(II). The 
higher uptake of chitosan/amine resin was ascribed to the fact that the amine active sites 
furnish effective attachment to the Hg(II) compared to the azole moiety. The adsorption 
performance of barbital-glutaraldehyde cross-linked and glutaraldehyde cross-linked 
chitosans was studied for the removal of Hg(II), CH3Hg(II) and C6H5Hg(II) [94]. 
Adsorption of these forms of mercury exhibited similar nature with the exception of 
thermodynamic behavior as it was endothermic for Hg(II) and exothermic for CH3Hg(II) 
and C6H5Hg(II). Glutaraldehyde cross-linked chitosan exhibited higher adsorption 
capacity as compared to barbital-glutaraldehyde cross-linked chitosan. Rocha et al. [95] 
have developed an easy and efficient chitosan-based film for the confiscation of Hg from 
aqueous solutions and studied the efficiency of chitosan cross-linked with genipin, and 
genipin grafted with caffeic acid for water decontamination.  It was reported that the 
chitosan cross-linked with genipin and genipin cross-linked/caffeic acid grafted chitosan 
were effective for the selective adsorption of Hg(II) coexisting with cadmium and lead. 
The removal capacity was reported to be much higher for genipin cross-linked/caffeic 
acid grafted chitosan film in comparison with the ungrafted one.  

The complications regarding separation and recovery of powdered chitosan can be easily 
overcome by cross-linking it with magnetic materials. Kyzas and Deliyanni [96] studied 
the adsorptive treatment of Hg(II) by chitosan cross-linked with glutaraldehyde and 
functionalized with magnetic nanoparticles. It was reported that magnetically 
functionalized cross-linked chitosan showed faster adsorption of Hg(II) than cross-linked 
chitosan. The adsorption capacity was observed to be increased by enhancing the 
temperature.   A novel chitosan magnetic adsorbent (ethylenediamine modified chitosan 
magnetic microspheres) was prepared with chemical cross-linking and seed swelling 
method and successfully utilized for the adsorption of Hg2+ and UO2

2+ [97]. The selective 
separation of these ions was achieved at pH < 2.5. They also established that the 
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adsorption capacity increases with the increase of pH. In another study, the magnetic 
chitosan microsphere was crosslinked with glutaraldehyde and grafting of sulfur were 
carried out via epichlorohydrin as a crosslinker for the synthesis of thiourea-modified 
magnetic chitosan microsphere [98]. This adsorbent was exploited for the very efficient 
elimination of Hg(II) with a very high monolayer adsorption capacity of 625.2 mg/g.  In a 
notable work of Zhou et al. [99], elimination of Hg(II) was demonstrated with 
ethylenediamine modified magnetic crosslinking chitosan microspheres. The equilibrium 
data followed Langmuir adsorption model with monolayer adsorption capacity of 539.59 
mg/g for Hg(II) at pH 5. Monier and Abdel-Latif [100] synthesized cross-linked magnetic 
chitosan-phenylthiourea resin for the confiscation of Hg(II) from aqueous solutions. They 
observed that the modification of the cross-linked chitosan resin by insertion of 
phenylthiourea moieties significantly increase the Hg(II) uptake. The potential of Hg(II) 
removal via chitosan–thioglyceraldehyde Schiff’s base cross-linked magnetic resin and 
non-functionalized cross-linked magnetic chitosan was evaluated [101]. The uptake of 
Hg(II) was higher in case of chitosan–thioglyceraldehyde Schiff’s base cross-linked 
magnetic resin. This was attributed due to the more accessibility of the active functional 
groups of the inserted thioglyceraldehyde moieties which are capable to chelate the 
Hg(II). The adsorption capacity of 561.652 for Hg(II) was obtained using the magnetic 
chitosan resins modified with Schiff's base derived from glutaraldehyde and thiourea 
[102]. The highest uptake capacity for Hg(II) was reported at pH 5. The higher affinity of 
Hg(II) to the active sites of resin was suggested to be due to the soft base nature of sulfur 
atom which is responsible for Hg(II) interaction. A multi-cyanogunidine modified 
magnetic chitosan produced by employing the functionalized chitosan and cross-linked 
with cyanoguanidine was reported [103]. The obtained adsorbent was observed to have 
high selectivity and effective adsorption for Hg(II). On the basis of theoretical modeling, 
it has been established that adsorption was best followed by Langmuir adsorption and 
pseudo-second-order kinetics models. An effective and efficient chitosan coated Fe3O4 
nanoparticles were prepared by the covalent linking of carboxymethyl via carbodiimide 
activation [104]. The chitosan-bonded magnetic nanoparticles were observed to be the 
fairly effective removal of Hg(II). The removal efficiency was achieved to 92.4% within 
5 min with high adsorption capacities.  

Cardenas et al. [90] synthesized chitosan mercaptanes derivatives utilizing 
mercaptoacetic acid and 1-chloro-2,3-epoxy propane propionic acid. The adsorption 
capacity was found to be 454, 435, 588, 164 for the adsorption of Hg(II) by chitosan, N-
(2-hydroxy-3-methyl aminopropyl)chitosan, N-(2-hydroxy-3-mercapto propyl)-chitosan, 
and 6-O-(mercaptoacetate-N-mercaptoacetyl)-chitosan, respectively at pH 4.5. The 
comparatively lower removal capacity for Hg(II) onto the 6-O-mercaptoacetate-N-
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mercaptoacetyl)-chitosan was due to the steric hindrance. The adsorption of Hg(II) onto 
the chitosan mercaptanes derivatives was observed to be best followed by Langmuir 
adsorption isotherm.  

For the sake of higher affinity of Hg(II) towards the beads of chitosan, its porosity and 
chemical stability was increased by crosslinking with glutaraldehyde and grafting with 
cysteine [105]. A very high observed adsorption capacity of 1604.7 mg/g at pH 7 was 
reported. Sulfur-introduced chitosan hydrogel was well prepared by grafting dimethyl 
3,3'- dithiodipropionate onto chitosan and then crosslinked with N,N'-methylene 
diacrylamide [106]. SEM analysis revealed that the sulfur-modified chitosan hydrogel 
had much more pores and larger specific surface area than chitosan hydrogel. The 
experimental results indicated that the sulfur-modified chitosan hydrogel exhibited a 
noticeable enhancement in the adsorption capacity for Hg(II) removal. The selective and 
higher adsorption capacity for Hg(II) was suggested to be due to its capability of forming 
covalent bonds with amide groups grafted onto the surface of the chitosan beads. A 
number of insoluble chitosan derivatives were synthesized by grafting ester- and amino-
terminated dendrimer-like polyamidoamine into chitosan and used them for studying 
their adsorption competencies for Ag+, Au3+, Cd2+, Cu2+, Hg2+, Ni2+, Pd2+, Pt4+, and Zn2+ 
[107]. It was reported that these chitosan derivatives showed higher adsorption potentials 
for Au3+ and Hg2+ than for other metal ions. Further adsorption potential of ester-
terminated derivatives was reported to lower than that of amino-terminated products. A 
thiocarbamoyl derivative was synthesized by the grafting of thiourea on chitosan 
backbone and demonstrated as a very efficient material for the sorption of Hg(II) in 
acidic solutions [108]. The researchers observed that the adsorption of Hg(II) in acidic 
solutions was not influenced by the existence of competitor metals like Cd(II), Cu(II), 
Ni(II), Pb(II), Zn(II) and nitrate anions in acidic medium. A biodegradable magnetic 
composite microsphere having glutamine modified chitosan and silica-coated Fe3O4 
nanoparticles was prepared and utilized for the confiscation of Hg(II) and acid green 25 
(amphoteric dye) from water [109]. It has been reported that the glutamine modified 
adsorbent has higher adsorption capacity for both the contaminants than the unmodified 
one.  

Chitosan poly(vinyl alcohol) hydrogel prepared by cross-linking with glutaraldehyde in 
association with an alternate freeze-thawed method was developed and utilized for the 
Hg(II) removal [110,111]. Based on the comparative adsorption studies it has been 
reported that this product has better adsorption capacity and selectivity for Hg(II). The 
adsorption capacity for Hg(II) ions was observed to be 585.9 mg/g while the selectivity 
coefficient of the hydrogel for Hg(II) ions was obtained to be 487.7, 36642.5 and 
284298.5 times higher than that for Cu(II) ions, Pb(II) ions and Cd(II) ions, respectively. 
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In another study, a nanocomposite adsorbent based on chitosan-poly(vinyl 
alcohol)/bentonite with high adsorption selectivity for Hg(II) ions was also synthesized 
[112]. It has been observed that bentonite content has a large effect on the microstructure 
of the nanocomposites and the adsorption capacities for Hg(II) ions having bentonite 
content of 0%, 10%, 30% and 50% were 460.18, 455.12, 392.19 and 360.73 mg/g, 
respectively. These values are far greater than that for Cu(II), Cd(II) and Pb(II) ions. This 
suggests that bentonite is a potential candidate for improving the adsorption selectivity of 
such nanocomposites for Hg(II).  Chang et al. [113] used glutaraldehyde crosslinked 
chitosan for the removal Hg2+ ions from aqueous solution and reported a very high 
maximum adsorption capacity of 667 mg/g which was over 20 times greater than that of 
plain alginate bead. An intraparticle diffusion model was observed to be the rate-
determining step. Decreasing the bead size of the glutaraldehyde-cross-linked alginate gel 
containing chitosan resulted in a fast increase in the initial adsorption of Hg(II). Dubey et 
al. [114] synthesized highly porous novel chitosan-alginate nanoparticles in which tri-
polyphosphate and calcium chloride were used as a crosslinker. They suggested that 
Hg(II) is coordinated with the amine group of the chitosan and bounded electrostatically 
with the negatively charged chain of alginate.  

A composite membrane, Procion Brown MX 5BR immobilized 
poly(hydroxyethylmethacrylate/chitosan) was used for the elimination of different heavy 
metals and the system was observed to be significantly selective for Hg(II) ions  [115]. 
Poly(itaconic acid) grafted glutaraldehyde cross-linked chitosan nanoadsorbent was 
prepared as a nanoadsorbent with an average size of 52.6 nm and utilized for the removal 
of Hg2+ and Pb2+ [116]. This nanoadsorbent was characterized by FT-IR, XRD, SEM, 
TEM, and TGA. The removal process was observed to be best-obeyed to pseudo-second-
order kinetics and Langmuir isotherm models. The maximum uptakes of Hg2+ and Pb2+ 
based on Langmuir isotherm were 870.1 and 1320 mg/g, respectively.  Hg(II) adsorption 
behavior on carboxymethyl chitosan–hemicellulose resin synthesized by the thermal 
cross-linking process was reported [117]. The researcher investigated the influence of 
different batch parameters and observed a value of 28.2 mg/g for the maximum 
adsorption capacity. Salahi et al. [118] investigated the adsorption of Hg(II) on 
biocompatible polymeric polypyrrole chitosan nanocomposite. Langmuir adsorption 
isotherm was observed to be the best fitted model. The maximum monolayer adsorption 
capacity was 40 mg/g. The possible reactions responsible for effective adsorption of 
Hg(II) are anion exchange, chemical oxidation, and chelation. A cheap, non-hazardous, 
biodegradable cerium functionalized polyvinyl(alcohol) chitosan composite nanofiber 
had been prepared by electrospinning technique and utilized for effective adsorption of 
Hg(II) in water [119]. Functionalization of polyvinyl(alcohol) chitosan by cerium was 
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found to increase the removal, as small ionic radii, high electric charge and high potential 
energy of cerium support the adsorption of Hg(II). The maximum adsorption efficiency 
(31.44 mg/g) for Hg (II) was observed at 3.5% cerium content in polyvinyl(alcohol) 
chitosan composite nanofibers in pH range of 5.3-6. The adsorption of Hg(II) was 
observed to follow the pseudo-second-order kinetics. Ge and Hua [120] prepared 
poly(maleic acid) grafted cross-linked chitosan nanoadsorbent for the elimination of 
Hg(II). The experimental data showed that the poly(maleic acid) grafted cross-linked 
chitosan nanomaterial had a higher selectivity for Hg(II) with an adsorption capacity of 
1044 mg/g at pH 6. The adsorptive removal followed Langmuir isotherm and pseudo-
second-order kinetic models. The increase of temperature favored the adsorption of 
Hg(II). The chitosan-based granular adsorbent consisting of carboxy and thiourea groups 
was synthesized by the redox-initiated polymerization in which ascorbic acid/H2O2 was 
used as a redox initiator for the adsorption of Hg(II) [121]. In this study, Langmuir 
adsorption model was observed to be the best-fitted isotherm with obtained maximum 
monolayer adsorption capacity of 1106.7 mg/g.  The adsorption of Hg(II) was best 
obeyed by the pseudo-second-order kinetic model.  

The adsorption characteristics of Hg(II) onto the different derivatized chitosan have been 
summarized in Table 2.  It is significant to note that the experimental conditions such as 
adsorbent dose, temperature, the particle size of the adsorbent, the concentration of the 
adsorbate, ionic strength, the effect of competitive ions etc. greatly influenced the 
maximum adsorption capacities of the adsorbents. 
 

Table 2  Adsorptive removal of Hg(II) from water and wastewater by modified chitosan. 

Chitosan derivatives Adsorption 
capacity 
(mg/g) 

Physical 
forms 

pH Isotherm References 

Epichlorohydrin-crosslinked 
chitosan membranes 

30.3 Membrane 6 Langmuir [89] 

Glutaraldehyde-crosslinked 
chitosan 

75.5 Membrane 6 Langmuir [89] 

2-(chloromethyl) benzimidazole/ 
epicholorohydrin crosslinked 
chitosan 

257.8  Microsphere  4.5 Langmuir [91] 

Aminated  chitosan crosslinked 461.4  Beads  7 Langmuir [92] 
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with ethylenediamine   

Chitosan/amine crosslinked with 
glutaraldehyde 

461.4 Resins 5.1 Langmuir [93] 

Chitosan/azole crosslinked with 
glutaraldehyde 

443.3 Resins 5.1 Langmuir [93] 

Chitosan cross-linked with 
genipin 

2.2 Film 6.5 Sips [95] 

Chitosan cross-linked with 
genipin and grafted with caffeic 
acid 

4 Film 6.5 Sips [95] 

Chitosan cross-linked with 
glutaraldehyde and functionalized 
with magnetic nanoparticles 

145  5 Langmuir [96] 

Chitosan cross-linked with 
glutaraldehyde and functionalized 
with Fe3O4 nanoparticles 

152  5 Langmuir [96] 

Chitosan crosslinked with 
ethylenediamine functionalized 
with magnetic microsphere 

455.3 microsphere  Langmuir [97] 

Thiourea-modified magnetic 
chitosan microsphere 

625.2 microsphere 5 Langmuir [98] 

Ethylenediamine modified 
magnetic crosslinking chitosan 
microspheres   

539.6 Microsphere 
 

5 Langmuir  [99] 

Cross-linked magnetic chitosan-
phenylthiourea resin 

135 Resin  5 Langmuir [100] 

Chitosan–thioglyceraldehyde 
Schiff’s base cross-linked with 
formaldehyde magnetic resin 
 

98 Resin  5 Langmuir [101] 

Chitosan resins modified with 
schiff’s base derived from 
thiourea and glutaraldehyde 

561.6 Resin 5 Langmuir [102] 

Multi-cyanogunidine modified 285  7 Langmuir [103] 
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magnetic chitosan 

Chitosan-coated Fe3O4 
nanoparticles 

10  3 Langmuir [104] 

N-(2-hydroxy-3-methyl 
aminopropyl)chitosan  

435  4.5 Langmuir [90] 

N-(2-hydroxy-3-mercapto 
propyl)-chitosan 

588  4.5 Langmuir [90] 

6-O-(mercaptoacetate-N-
mercaptoacetyl)-chitosan 

164  4.5 Langmuir [90] 

Chitosan crosslinked with 
glutaraldehyde and grafted with 
cysteine 

1604.7 Beads 7 Freundlich  [105] 

Sulfur-modified chitosan 
hydrogel 

187.5  5  [106] 

Thiourea grafted chitosan 450  2 Langmuir [108] 

Glutamine modified chitosan and 
silica coated Fe3O4 nanoparticles 

141 microsphere 6 Langmuir [109] 

Chitosan magnetic composite 
microsphere 

73.3 microsphere 6 Langmuir [109] 

Chitosan poly(vinyl alcohol) 
hydrogel 

585.9  5.85  [110] 

Chitosan poly(vinyl 
alcohol)/bentonite (50%) 
nanocomposites 

360.7  5.5  [112] 

Glutaraldehyde crosslinked 
chitosan immobilized with 
alginate 

667 Beads 5 Langmuir [113] 

Chitosan-alginate nanoparticles 217.4  5 Langmuir [114] 

Procion Brown MX 5BR 
immobilized poly(hydroxyethyl 
methacrylate) chitosan 

68.8 Membrane  5  [115] 

Poly(itaconic acid) grafted 
glutaraldehyde cross-linked 

870.1  6 Langmuir [116] 
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chitosan nanoadsorbent 

Carboxymethyl chitosan–
hemicellulose resin 

28.2 Resin 4 Langmuir [117] 

Polypyrrole chitosan 
nanocomposite 

40   Langmuir [118] 

Cerium functionalized 
polyvinyl(alcohol) chitosan 
composite nanofiber 

31.4  5.3-6 Langmuir [119] 

Poly(maleic acid) grafted 
crosslinked chitosan nanomaterial 

1044  6 Langmuir [120] 

Chitosan based granular 
adsorbent 

1106.7  5 Langmuir [121] 

6. Conclusion 

The pollution of water by heavy metals has become a worldwide environmental issue and 
therefore treatment of contaminated industrial wastewater is essential before its disposal. 
The choice of an appropriate adsorbent for the confiscation of contaminants from 
aqueous media has always been a challenging task. In this context chitosan and its 
derivatives are becoming potential substitutes to the conventional and expensive 
adsorbents for the removal of heavy metals from wastewater. Chitosan-based adsorbents 
have gained noticeable attention by researchers due to their specific features such as 
abundance, low-cost, effective adsorption ability, biocompatibility, biodegradability, and 
ease of structural modification. It has been commonly reported that chitosan-based 
adsorbents have high selectivity for Hg(II) in presence of other heavy metals. In the 
present work, the adsorptive removal of Hg(II) by using unmodified and modified 
chitosan-based adsorbents has been briefly reviewed. At present, there is a large scope to 
develop the different kinds of adsorbents by the derivatization of chitosan and also to 
examine their suitability for the treatment of polluted wastewater.  
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Abstract 

Monodisperse Pd nanoparticles (Pd NPs@CGO) decorated Chitosan-graphene oxide 
(CGO) are produced to get a nanoadsorbent material to remove methylene blue (MB) 
from aqueous solutions. X-ray diffraction (XRD), transmission electron microscopy 
(TEM), high-resolution transmission electron microscopy (HR-TEM) and X-ray 
photoelectron spectroscopy (XPS) were used to characterize the Pd NPs@CGO. The 
spectroscopic results showed that Pd NPs@CGO has highly crystalline, monodisperse 
and colloidal structures. Furthermore, Pd NPs@CGO was highly efficient and stable for 
methylene blue removal. They provide a high adsorption capacity of 186.42 mg/g and its 
MB adsorption equilibrium is obtained in ~60 min. Nonetheless, Pd NPs@CGO are 
reusable and promising nanocomposites for methylene blue removal, keeping 43.05 % of 
the first efficacy after six adsorption-desorption cycles. 
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1. Introduction 

In recent years, organic dyes have been used commonly in many industries like paper, 
coatings, plastics, textile, paint, cosmetics and leather, and hence, those industries 
produce a significant amount of wastewater containing dyes, which are also quite visible 
[1-7]. Besides, it has been reported that dyes usually have high toxicity [6, 7]. In previous 
years, some dye removal methods have been revealed [8-11]. Today, various techniques, 
such as adsorption, electrochemical degradation, biological treatment, flocculation, 
ultrafiltration, sonochemical degradation, MnO2 oxidation, and photocatalytic 
degradation have been employed for the removal of contaminants from wastewater [7-
15]. In some cases, dyes in wastewater cannot be successfully decolorized using the 
aforementioned techniques, and therefore, inexpensive, simple, and efficient technologies 
have been explored. Adsorption has been found as the most convenient method to treat 
wastewaters contaminated with dyes based on the activity, cost and practical use of 
adsorption [4-8]. Hereof, numerous studies have been done to develop effective and 
usable adsorbent materials like silica, activated carbon, chitosan, peat, chitin, solid waste 
and clay materials as shown in Table 1. However, those adsorbents have shown some 
disadvantageous, such as lack of specificity, expensiveness in production and/or 
treatment steps, low adsorption efficiency and capacity, problems with reuse, longer 
process time. For this reason, better adsorbent materials are required for more efficient 
dye removal.  

Generally, nano-structured materials or nanocomposites have been reported as effective 
materials for many applications [16-30]. For this reason, researchers have modified and 
prepared different nanocomposites to use them as potential adsorbents for the 
remediation of wastewaters to remove dyes [1,4,5,9,11,31]. These nanoadsorbents have 
mechanical flexibility, tunable pore size, chemical stability, good structures, composition 
developing the ability, large surface area, and hence, allow enhanced contact with dyes 
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and dye removal, which are some of the ideal features of preferred adsorbents. Graphene 
and graphene oxide, polyurethane foams, carbon nanotubes, polyaniline nanotubes, 
fullerenes, polypyrrole/TiO2 composites, PZS nanospheres, iron oxide nanocomposites 
are some literature examples as they carry promising properties for dye removal as shown 
in Table 1. Amongst them, graphene, a carbonaceous material, has a single layer of 
graphite and is a two-dimensional (2-D) nanomaterial consisting of honeycomb crystal 
structured sp2 carbon network and its exceptional properties make it very useful for 
various applications [32-35]. Recently, graphene has been revealed as one of the most 
researched nanomaterials for its diverse applications by scientists from different 
disciplines due to its chemical and physical properties [36-43]. However, in practice for 
dye removal it is not very applicable because of its restricted dispersion in water even 
though graphene has a great surface area. Based on favorable adsorption properties of 
chitosan and inherent properties of GO, chitosan-graphene oxide (CGO), which are 
generated using graphene, becomes a better option as biosorbents, because CGO 
represents an appropriate structure for many applications owing to different surface 
functional groups that make CGO highly dispersible in water. These functional groups 
depend on the reaction type and conditions (i.e. wet or non-wet chemical approaches, and 
preparation time and temperature). In addition, these functional groups not only enable 
large surface area but also significant metallic cation sorption capacity. These may make 
CGO an ideal cationic dye adsorbent like methylene blue (MB), which is used commonly 
for colorizing cotton, silk, or wood. Hence, the development of economic MB adsorbents 
from wastewaters has a noticeable environmental importance to reduce its environmental, 
health and esthetical concerns. The objective of the present study was to prepare Pd 
NPs@CGO nanocomposites with better adsorption capacity and investigating their 
properties for efficient methylene blue (MB) removal (Scheme 1). Therefore, in this 
study, the synthesis of a Pd NPs@CGO nanocomposite through chemical processing 
method was accomplished. The synthesized nanocomposite was characterized using 
XRD, TEM, HRTEM, and XPS. To display the practical application of Pd NPs@CGO as 
a potential adsorbent to remove organic dyes, MB was tested for this purpose. The MB 
removal efficacy of Pd NPs@CGO nanocomposites was examined using a UV-Visible 
spectroscopy. Here, the effect of contact time on MB adsorption and the re-usability of 
Pd NPs@CGO nanocomposite adsorbed per MB unit weight were also investigated. It 
was shown that this is a novel adsorbent which has ease of operation and low cost for this 
purpose.  
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Scheme-1  The schematic view of MB removal with the help of Pd NPs@CGO. 

2. Materials and methods 

2.1. Chemicals and techniques  

Palladium (II) chloride (PdCl2 99%; Alfa), tetrahydrofuran (THF or (CH2)3CH2O; 99.5%; 
Merck), potassium permanganate (KMnO4; Merck), Chitosan (degree of deacetylation: 
90 %, Mw = 4.000-6.000), HAc (Aldrich) sodium nitrate (NaNO3; 99.0%; Merck), 
hydrogen peroxide (H2O2; 30%; Merck), hydrochloric acid (HCl; 37%; Merck), 
methylene blue (MB; Merck), ethylene glycol (Aldrich) were used in this study. Water 
was purified using a Millipore filtration system (18 MΩ). Teflon-coated magnetic stir 
bars and the glassware were washed with aqua regia and distilled water and then dried.  
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TEM images of Pd NPs@CGO NPs have been obtained by a JEOL 200 kV TEM 
instrument. X-ray diffraction (XRD) was performed using a Panalytical Empyrean 
diffractometer with Ultima + theta-theta high-resolution goniometer, the X-ray generator 
(Cu K  radiation, λ = 1.54056Å) with operation conditions at 45 kV and 40 mA. A Specs 
spectrometer was used for X-ray photoelectron spectroscopy (XPS) measurements using 
K lines of Mg (1253.6 eV, 10 mA) as an X-ray source.  

2.2 Preparation of Pd NPs@CGO 

By using graphite powder and modifying Hummer’s method, graphene oxide (GO) was 
synthesized [44-52]. Then, graphene oxide powder of 0.20 g was dispersed into 100 mL 
of ultrapure water and was treated by mild ultrasound for 20 min in a 250 mL beaker, in 
order to get a homogeneous suspension. Then, 1 ml HAc and 1.5 g chitosan were added 
into the suspension sequentially under stirring. After 60 min of stirring at room 
temperature, the CGO mixture solutions were prepared. In order to prepare Pd NPs and 
mixing them with CGO in order to prepare Pd NPs@CGO, chemical processing method 
has been performed as described in our previous works [53-55].  

2.3 Adsorption experiments 

After getting a calibration curve for various concentrations, firstly, 25 mg of Pd 
NPs@CGO nanocomposite was dispersed in water by using an ultrasonic bath for 2 hours 
to run the batch adsorption experiments,. Next, the mixture was mixed with 25 mL of MB 
solution (30 mg/L) and shaken in a water bath (120 rpm) for 24 hours. At the end of 24 h 
shaking, pH was adjusted to 5.8 using NaOH and HCl solutions. Dye adsorption 
experiments were done in round bottom flasks at room temperature. After separating the 
Pd NPs@CGO nanocomposite particles by centrifugation (4000 rpm for 10 min), the 
supernatant solution was analyzed to measure the absorbance at 664 nm, which is the 
absorption band of MB in water, by using a UV-Vis spectrophotometer. Using the 
calibration curve and the absorbance data, the amount of dye adsorbed was calculated 
using the following equation: 

qe   =  (Co − Ce) V / m 

In this equation, qe, Co, Ce, V and m represent the concentration of dye adsorbed (mg/g), 
initial concentration of dye (mg/L), equilibrium concentration of dye (mg/L), mass of the 
Pd NPs@CGO (g), and volume of solution (L), respectively. 

2.4 Testing the reusability of Pd NPs@CGO nanocomposites 

For the reusability of the Pd NPs@CGO nanocomposite synthesized in this study for MB 
removal, 15 mg of the nanocomposite was mixed with 25 mL of MB solution (30 mg/L). 
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Next, the mixture was sonicated for 30 min at room temperature. After separating the 
nanocomposite from the mixture by centrifugation, the supernatant was kept for the 
spectroscopic analyses. Afterward, for desorption, used nanocomposite was washed with 
25 mL of ethanol three times at room temperature and then collected by centrifugation. 
This washed nanocomposite was reused for a next MB adsorption experiment as 
described above. To figure out the reusability of NPs, experiments were repeated six 
times. 

3. Results and discussion 

After synthesis had successfully been performed, the monodisperse Pd NPs@CGO was 
firstly described by the help of X-ray diffraction, Transmission electron microscopy, 
High-resolution transmission electron microscopy and X-ray photoelectron spectroscopy. 
In Fig. 1a, discrete diffraction patterns of monodisperse Pd NPs@CGO obtained by the 
XRD analysis were showed. The peak at around 21.8o is ascribed to the CGO. 
Furthermore,  as shown in Figure 1a, diffraction peaks at 2θ = 40.17o, 46.47o and 68.17o 
were observed, which indicates the fcc structure of Pd. The lattice parameter of 
Pd@CGO was calculated and compared with the nominal Pd values [55-63]. Besides, 
according to the Debye-Scherrer equation [64-80], it was found that the monodisperse Pd 
NPs@CGO had a mean value of 4.43 ± 0.51 nm crystallite Pd particle size. 

In Fig. 1b, particle size and particle distribution of the prepared nanoparticles, were 
shown. As shown in this figure, the prepared nanoparticles were uniformly distributed 
and spherical. Besides, in Fig. 1b, atomic lattice fringes were calculated on the prepared 
adsorbent [81-85]. 

In Fig. 1(c-d), the X-ray photoelectron spectroscopy results explain the investigation of 
nanoadsorbent surface properties and the oxidation state of metal [86-95]. Therefore, the 
spectrum of Pd 3d region was evaluated. For this purpose, the Gaussian-Lorentzian 
method and the Shirley-shaped background was used for fitting of XPS [95-103]. In Fig. 
1(c-d), the Pd 3d XPS of the Pd NPs@CGO consist of one doublet at about 335.3 and 
341.3 eV which shows the metallic Pd indicated as the most intense doublets. The other 
doublet at about 337.5 and 343.2 eV is most probably due to the oxidized Pd species 
which is coming from unreduced or PdOx species. Pd(0)/Pd(II) ratio was calculated as 
2.85 for the synthesized adsorbent. 

After full characterization of Pd NPs@CGO, MB removal with the Pd NPs@CGO was 
examined, and for this aim, the calibration curve was gathered using five different MB 
solutions (2.5, 5, 10, 20, and 30 mg/L). The calibration curve can be seen in the Fig. 2. 
Later, the effect of contact time on dye adsorption was investigated using 13 mg/L of MB 
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solution. Its results were shown in the Fig. 2. When high MB concentrations were used a 
little aggregation of MB was seen. The findings presented an equilibrium time of almost 
60 min for MB adsorption by Pd NPs@CGO nanocomposites. This 60-min-equilibrium-
time is relatively short. Therefore, it can be said that Pd NPs@CGO nanocomposites are 
outstanding adsorbents for MB removal.  

 

Fig. 1  (a) X-ray diffraction pattern, (b)  Transmission electron microscopy and high-
resolution transmission electron microscopy images, and (c-d) X-ray photoelectron 
spectroscopy image of Pd 3d region of Pd NPs@CGO. 
 

On the other hand, initially, MB removing efficiency of Pd NPs@CGO was rapid, 
however, it became slower after some time. The possible explanation could be the 
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decrease in methylene blue concentration since methylene blue concentration decreases 
during the process and the slowing down of the speed of adsorption. 
 

 

Fig. 2  (a) The change in adsorption capacity of Pd NPs@CGO by the increasing contact 
time. Here, 13 mg/L methylene blue was used as initial concentration. The two bottles 
were given as the representative methylene blue solutions for before and after dye 
adsorption.(b) Calibration curve for the solutions having different concentrations of 
methylene blue. 

 

The adsorption isotherm (while Pd NPs@CGO nanocomposites exist) was displayed in 
Fig. 3a. In this figure, qe, mg/g and Ce, mg/L was shown for the prepared nanomaterials. 
The maximum dye adsorption capacity was found to be 186.42 mg/g. When this result 
was compared to other reported adsorbents, this finding has higher dye adsorption 
capacity (Table-1). This may depend on many factors such as the pore size distribution, 
surface area, functional groups and polarity of the adsorbent. It can be said that the 
synthesis method of Pd NPs@CGO supplies the monodispersity, smaller size and larger 
specific surface area for nanoadsorbent compared to the other prepared ones in Table 1.  

It is worth to note that no changes were observed in the Pd NPs@CGO nanocomposites’ 
structure after dye adsorption. This finding underlined the steadiness of the Pd NPs 
@CGO nanocomposites in aqueous solutions. On the other hand, good adsorbent 
materials do possess high adsorption capabilities besides perfect desorption features [42]. 
Therefore, the reusability of Pd NPs@CGO nanocomposites was tested here. For this, 6 
successive adsorption-desorption cycles were done, and Fig. 3b was drawn with the 
results. Although Pd NPs@CGO nanocomposites’ adsorption capacity for methylene 
blue removal showed a decrease, they still had 43.05 % efficiency even after six cycles. 
According to the results observed in this study, the Pd NPs@CGO nanocomposite is a 
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reusable efficient material for MB dye removal from aqueous solutions and has a high 
capacity of adsorption and rate.  

 

Fig. 3  (a) Isotherm of the MB adsorption of Pd NPs@CGO nanocomposites. (b) The 
reusability of the Pd NPs@CGO nanocomposites for MB removal which was done in 6 
successive cycles. (with 0.25 g/L of Pd NPs@CGO and 13 mg/L MB at 25oC for 30 min 
contact time). 

Table 1  Adsorption capacities of different adsorbents for methylene blue removal. 

Adsorbent Adsorption capacity (mg MB/g) Reference 

Pd NPs@CGO 186.42 This study 

MPB-AC 163.3 [104] 

PZS nanospheres 20 [105] 

GO–Fe3O4  hybrids 172.6 [1] 
MWCNTs with Fe2O3 42.3 [106] 

Na-ghassoulite 135 [107] 
GO 17.3 [108] 

GO-Fe3O4 190.14 [109] 
Graphene 153.85 [110] 

GO-Fe3O4-SiO2 111.1 [111] 

MB-wheat straw 274.1 [112] 

MB-cotton stalk 147.1 [113] 

MB-cucumber peels 111.1 [114] 

MB-rice hull ash 17.1 [115] 
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MB-shaddock peel 309.6 [116] 

MB-cottonseed hull 185.2 [117] 

MB-banana leaves 109.9 [118] 

MB-Bacillus subtilis 169.5 [119] 

MB-citrus limetta 227.3 [3] 
 

4. Conclusions 

In summary, an effective, simple, eco-friendly and reusable method was given in this 
study to successfully synthesize Pd NPs@CGO nanocomposites. Very short process time, 
easy methodology, outstanding yield, and clean conditions are the most attractive proses 
of our method. Pd NPs@CGO indicated remarkable catalytic performance together with 
high dye removal capacity (186.42 mg MB/g nanocomposite) for methylene blue dye in 
water most probably due to the high specific surface area, monodispersity and metal 
contents of Pd NPs@CGO. The other reasons for this might be the high electrostatic 
interactions and π-π interactions between CGO and MB, which induced the MB 
adsorption on the Pd NPs@CGO nanocomposites. Additionally, considerable steadiness 
and the potential for reusability were also detected. It was observed that the prepared 
nanoadsorbents can be used many times for each adsorption-desorption cycles. This just 
proved that the prepared Pd NPs@CGO has promising nanoadsorbent for methylene blue 
removal from contaminated waters. 
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Abstract 

The chapter shows various chitosan modification methods: preparation of hydrogel beads 
from powdered chitosan, cross-linking of beads using epichlorohydrin or glutaraldehyde 
and conditioning of beads using NaHSO4. For each modified and non-modified form of 
chitosan, the surface structure was analyzed using SEM images. Moreover, for chitosan 
and its modifications the specific surface area, the total pore volume and the 
total pore surface area were determined using BET nitrogen sorption isotherms. 
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1. Introduction 

Activated carbon is the most popular and universal sorbent used to remove contaminants 
from wastewater. Because of its high costs, several attempts have been performed to find 
some new, effective and not expensive sorbents to apply in wastewater treatment. The 
biosorbents, i.e. naturally occurring sorbents as straw, compost, various plant materials, 
bacteria biomass or some biopolymers could be applied as alternative substances. Their 
low costs (they are often recognized as waste products), good sorption properties, non-
toxic character and sensitivity to biodegradation are their clear advantages. Chitosan is 
considered as a biosorbent. It is a natural polysaccharide produced from the chitin shells 
of crustaceans that are fished for food. Chitin and chitosan are formed in the waste 
products processing to accompany crustaceans (e.g. crabs, shrimps and krill) fishing. The 
production of chitosan is especially cost-effective because the carotenoids are formed 
during the process. The seashells and crusts are composed of a high content of 
astaxanthin – a carotenoid that is very expensive in synthetic production. Astaxanthin is 
used as a food additive and as a food agent for feeding salmons [1]. 

Nowadays chitosan is on an industrial scale produced in a reaction of chemical or 
enzymatic chitin deacetylation and it is applied in many industrial areas. Chemical 
deacetylation of chitin generally leads to chitosan formation in its pure form. In an initial 
stage, chitin is purified from mineral salts and lipids in a reaction with acid at a proper 
temperature and for a period of time. Then, chitin is deacetylated in a solution of NaOH 
at the proper temperature and for a period of time. The lower reaction time the lower 
deacetylation degree and the higher molecular weight [2]. Enzymatic deacetylation is 
always applied when a chitosan of a low molecular weight, low density and a good 
solubility in water, without a presence of an acid, is required. The enzymatic 
deacetylation does not affect the polymer structure and is easier to be controlled. 
Hydrolysis of chitosan is carried out using enzymes as e.g. glucanase, lipase, protease, 
the most efficient, however, are chitinase and chitosanase – the enzymes that occur in 
fungi, bacterias, and plants [3,4].   
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The process conditions of chitosan synthesis determine its crystal structure, molecular 
weight, polymer acetylation degree and the residues of the other components. The 
properties of chitin are reflected in the biological and technological usefulness of chitosan 
(i.e. deacetylation degree, molecular weight) and its chemical purity. Time and 
temperature are the critical process parameters to affect the required properties of 
chitosan. 

Chitosan shows affinity to many contaminations, e.g. dyes, metal ions, anions, phenols, 
pesticides, radionuclides and the humic substances [5]. It is composed of a high 
concentration of amine and hydroxyl groups that have a great ability to bind the 
contaminations. Chitosan is chemically very stable yet reactive compound and it shows 
chelating properties what makes it a good sorption material [6]. Chitosan could be 
applied in a pure form (powdered or in a form of flakes) or it could be changed into 
membranes or hydrogel beads. The application of chitosan and its modified forms to 
remove strictly determined wastewater contaminations have been recently examined 
[7,8]. Thus, chitosan has been modified to get a sorbent of a great sorption capacity, good 
mechanical strength and very resistant to various process conditions. It is widely used in 
many industrial applications [9-12]. 

To increase its sorption properties, the chemical modification of chitosan should meet 
two basic conditions: sorbent protection against its dissolving in a low pH solution (when 
such a low pH is required or the most convenient) and improvement of its sorption 
properties by means of increasing its sorption capacity or a change of sorbent selectivity. 
Cross-linking, as one of the possible methods of chitosan modification, could be 
performed using several bifunctional agents, e.g. glutaraldehyde, oxidized β-
cyclodextrine, ethylene glicol diglicide ether, hexamethylene diizocyanate or glycerol 
polyglicide ether. Some monofunctional agents, e.g. epichlorohydrin, could also be 
applied in cross-linking processes. Their reactivity is based on the incorporation of amine 
group into ether group, according to the Schiff’s reaction, and then a reaction of chloride 
with the other functional or amine groups. A tri-polyphosphate could also be applied to 
obtain cross-linked gel chitosan beads in a process of coagulation/neutralization [13]. The 
cross-linking of chitosan, besides increasing its sorption capacity, could alternatively lead 
to decreasing the capacity when the amine groups of chitosan are involved in the sorption 
reaction.  

The chitosan modification processes, using the hydrogel beads from a pure chitosan and 
then their cross-linking modification using epichlorohydrin (ECH) or glutaraldehyde 
(GLU) and its conditioning with sodium hydrosulphate (NaHSO4), are presented in this 
chapter. Moreover, the observed changes of surface structure and specific surface area of 
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chitosan and its modifications and the results of these observations, using SEM photos 
and BET nitrogen sorption isotherms, are also presented.  

2. Methodology 

Powdered chitosan (purchased from BOC Sciences) of deacetylation degree DD ≥ 95%, 
molecular weight 500000, volume density ≥ 0.6 g/cm3 and water content < 8% was 
applied in the experiments. 

2.1 Formation of chitosan beads 

10 g of chitosan was dissolved in 300 cm3 of 5% CH3COOH to form the chitosan beads. 
The mixture was adjusted to 1 dm3 and it was stirred by 12 hours to complete dissolving 
of chitosan and to get its 1% solution. Then, the solution was added dropwise to a 2M 
solution of NaOH by means of a 0.8 mm needle. The precipitated chitosan beads of 2-3 
mm diameter were formed at the bottom of the beaker. After 12 hours the beads were 
washed with distilled water to reach a neutral pH. NaOH and CH3COOH solutions were 
prepared using analytical grade reagents made by POCH (Poland). 

2.2 Modification of chitosan beads 

• The cross-linking of chitosan using epichlorohydrine (ECH) was performed in a 
volumetric 2 dm3 beaker filled up with 500 cm3 of 1M NaOH and the chitosan 
beads. Then, ECH 99% solution (Acros Organics) was added in 1:1 relation of 
ECH/chitosan beads. The reaction time was 6 hours, while slow stirring, at a 
temperature of 60 ⁰C.The cross-linked beads were washed with distilled water to 
remove unreacted ECH. 

• The cross-linking of chitosan using glutaraldehyde (GLU) was performed in a 
volumetric 2 dm3 beaker filled up with a solution of GLU (1 g/1 g of the dry mass 
of beads) by 24 hours stirring. Then, the beads were separated and washed with 
distilled water to remove unreacted GLU. The process was carried out using 25% 
solution of GLU (Acros Organics). 

• The conditioning was applied to both the non-cross-linked beads and the ECH 
cross-linked beads. The reaction was carried out in a volumetric 2 dm3 beaker with 
a 500 cm3 solution of 0.5 mmol/dm3 NaHSO4 (Acros Organics). The mixture was 
stirred by 24 hours at 50 oC. Then, the beads were separated and washed with 
distilled water. The conditioning was done using a 92% granulated NaHSO4. 
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2.3 SEM photos of chitosan and chitosan beads 

To take SEM photos the examined samples were frozen in liquid nitrogen. The frozen 
samples were shielded from the air and humidity. Then, the samples were heated up to 
the temperature of -70 oC at a pressure of 10-3 Pa in order to evaporate a possible ice-
covered surface. After that, the samples were cooled to -130 oC and were observed under 
a microscope. The high resolution 7600 F (FE-SEM) scanning electron microscope with 
electron beam gun (produced by JEOL) supplied with X-ray microprobe (EDS) was 
applied. The microscope was also supplied with a portable “cryo-SEM” to enable in-situ 
preparation, transfer to a microscope chamber and finally an examination of the frozen 
samples of water or the other liquids. The environmental samples could also be examined 
using this equipment.  

2.4 Determination of BET isotherms for chitosan and chitosan beads 

The ASAP 2010 camera (Micromeritics) was used to measure N2 adsorption isotherms at 
liquid nitrogen temperature. First, the samples were filtered through the sieve and were 
placed in the refrigerator for 24 hours. After that, the samples were moved into a cooling-
bath (ice-water-NaCl) at -8 oC. Then, the samples were dried under vacuum for ca 10 
hours in the measuring ampoules of ASAP 2010 device and then frozen with a liquid 
nitrogen and pumped out to the vacuum of 0.001 Tr (1 Tr = 1 mm Hg). Process duration 
was about 12 hours. The frozen and desorbed samples were weighed and placed into a 
measurement chamber of ASAP 2010 to determine adsorption isotherms. 

3. Results 

3.1 Chitosan and chitosan beads structures 

The SEM images of chitosan and chitosan beads - non-modified and modified by means 
of cross-linking using ECH and GLU and then conditioned with NaHSO4 - are presented 
and described below. 

• Pure, powdered non-modified chitosan  

The individual molecules of a powdered chitosan, that look like the flakes, are presented 
in Figure 1A. The substance is not uniform in its structure and appearance and it creates 
various forms and dimensions. The high magnification image (see Figure 1B) clearly 
shows the sorbent surface structure. It is flat with a little broken slice, however, it does 
not show a porous structure and does not have a sponge structure. This is an evidence that 
chitosan is not a typical porous sorption material, at least at its surface layer. 
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Figure 1  SEM images of chitosan at a magnification: A) 50x, B) 1700x. 
 

• Chitosan beads non-modified  

The Figures 2 A, B show the surface structures of non-modified chitosan beads. In 
comparison with powdered chitosan, the beads look like a porous sponge structure. The 
sorbent surface porous structure is noticeable. The pores have various shapes and 
dimensions and they are uniformly situated on the whole beads surface.   
 

 

 

 

 

 

 

Figure 2  SEM images of non-modified chitosan beads at a magnification:A) 1000x, B) 
10000x. 

 

• Chitosan beads conditioned with NaHSO4 

The Figures 3 A-B present the chitosan beads after conditioning with NaHSO4. 
Compared to non-modified beads they show apparent changes in the sorbent porous 
surface structure – it is more compressed and close-packed. A decrease of pores distance 
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and the dimensions of the pores are easy to notice. A cross-section of the chitosan bead is 
presented in Figures 3 C-D. One could see a 2 µm thick surface porous structure, whereas 
a less porous, even sphere is placed underneath. 

It clearly shows that some corresponding modifications could be resulted in the partial 
only surface structure changes, up to a certain distance from the surface. In order to prove 
it and to determine the influence of the other modifications on the porous layer thickness, 
in the following experiments it would be required to take some additional photos of the 
modified beads. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3  SEM images of chitosan beads conditioned with NaHSO4 at a magnification: A) 
1000x, B) 10000x, C) cross-section 2000x, D) cross-section 6000x 

 

• GLU cross-linked chitosan beads  

The Figures 4 A-B were taken for the cross-linked beads at the concentration of 1 g 
GLU/1 g of the dry mass of beads. Compared to non-modified beads and conditioned 
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beads a further increase of surface structure density and compressing of the pores are 
easily noticed. 

 

 

 

 

 

 

 
 
 

Figure 4  SEM images of chitosan beads cross-linked with GLU at a magnification: A) 
1000x, B) 10000x. 

 

• ECH cross-linked chitosan beads 

The chitosan beads modification by ECH was resulted in the changes of sorbent surface 
structure (see Figures 5 A-B). The appearance of some ridges, invisible at the previous 
modifications, was noticed. One could observe a very close internal pores package and a 
significant decrease of their dimensions, to prove a progressive destruction of the porous 
surface structure of the beads. These observations should be, however, confirmed in the 
further experiments. 

 

 

 

 

 

 
 

 

Figure 5  SEM images of chitosan beads cross-linked with ECH at a magnification: A) 
2500x, B) 10000x. 
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• Chitosan beads cross-linked by ECH and conditioned with NaHSO4 

The final series of the images (see Figures 6 A-B) present the ECH cross-linked beads 
(1:1 mass relations) and then conditioned with NaHSO4. The clear surface structure 
changes are noticed. Moreover, one could see a „loosening” of the porous structure and 
significant disappearance of the pores. The surface structure is less cohesive to prove 
decay (destruction) of the porous sorbent structure. 

 

 

 

 

 

 

 

 

Figure 6  SEM images of chitosan beads cross-linked with ECH and conditioned with 
NaHSO4 at a magnification: A) 2500x, B) 10000x. 

 

3.2 Analysis of nitrogen sorption isotherms 

The experimental BET nitrogen sorption isotherms at a temperature of -196 oC for 
chitosan and its modifications were analyzed in a form of linear and semi-logarithmic 
scales of the relative pressure (the pressure was presented in a decimal logarithmic scale). 
The trajectory was then better observed. A linear scale is most suitable to evaluate the 
isotherms at the medium and high pressure, whereas a semi-logarithmic one is most 
suitable at the lower relative pressure. Nitrogen sorption isotherms in the linear and semi-
logarithmic scales of a relative pressure for chitosan, non-modified and modified chitosan 
beads are presented in Figures 7-18. 

 

A 
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Figure 7  Nitrogen adsorption isotherm for chitosan in the linear scale of a relative 
pressure.  

 

 
 

 

Figure 8  Nitrogen adsorption isotherm for chitosan in the logarithmic scale of a relative 
pressure. 
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Figure 9  Nitrogen adsorption isotherm for non-modified chitosan beads in the linear 
scale of a relative pressure. 

 

 

Figure 10  Nitrogen adsorption isotherm for non-modified chitosan beads in the 
logarithmic scale of a relative pressure. 
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Figure 11  Nitrogen adsorption isotherm for conditioned chitosan beads in the linear 
scale of a relative pressure.  

 

 
 

Figure 12  Nitrogen adsorption isotherm for conditioned chitosan beads in the 
logarithmic scale of a relative pressure. 
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Figure 13  Nitrogen adsorption isotherm for GLU cross-linked chitosan beads in the 
linear scale of a relative pressure.  

 

 
Figure 14  Nitrogen adsorption isotherm for GLU cross-linked chitosan beads in the 
logarithmic scale of a relative pressure. 
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Figure 15  Nitrogen adsorption isotherm for ECH cross-linked chitosan beads in the 
linear scale of a relative pressure. 

 

 
Figure 16  Nitrogen adsorption isotherm for ECH cross-linked chitosan beads in the 
logarithmic scale of a relative pressure.  
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Figure 17  Nitrogen adsorption isotherm for ECH cross-linked and conditioned chitosan 
beads in the linear scale of a relative pressure. 

 

 
Figure 18  Nitrogen adsorption isotherm for ECH cross-linked and conditioned chitosan 
beads in the logarithmic scale of a relative pressure  
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Comparing the determined adsorption isotherms, the GLU conditioned beads and non-
modified beads were found to show the highest adsorption at low relative pressure. One 
could assume that these sorbents should consist of the greatest amount of the slightest 
pores (micropores) very quickly filled out by liquid nitrogen at low relative pressure. The 
lowest adsorption properties were shown by ECH cross-linked and conditioned by 
NaHSO4 beads at low relative pressure. One could assume this modification has none or 
to have little numbers of micropores. At higher relative pressure no noticeable difference 
in adsorption properties at medium relative pressure was observed to confirm relatively 
uniform pore size distribution. The only exception was observed for ECH cross-linked 
and conditioned beads. The adsorption values were increased at relative pressure scope of 
0.9 to 1.0 and it was due to liquid nitrogen condensation inside the largest pores. These 
pores occupy the majority of the porous sorbent structure.  

Estimated nitrogen adsorption isotherms led to determine the standard properties of the 
examined sorbents (see Table 1). The largest specific surface area was attributed to the 
non-modified chitosan beads, whereas the lowest area was assigned to the ECH cross-
linked and conditioned by NaHSO4 beads, which, in turn, show the lowest volume and 
pores surface. One could conclude that chitosan modification using hydrogel beads leads 
to increasing sorbent specific surface area. Similar results could also be observed for 
GLU cross-linked and conditioned beads. In contrast, decreasing of the specific surface 
area and diminishing of pores population was observed for ECH cross-linked beads, what 
is also supported by SEM images (see Figures 5 and 6). 
Table 1  Specific surface area, total pore volume, and pore surface area of tested forms 
of chitosan 

Form of chitosan Specific surface 
area (SBET) 
[m2/g] 

Total pore 
volume (Vp) 
[cm3/g] 

Total pore surface 
area (Sp) 
[m2/g] 

Pure chitosan 

Non-modified beads 

beads + NaHSO4 

GLU modified beads 

ECH modified beads 

ECH modified beads + NaHSO4 

2.9483 

4.2395 

3.4685 

3.0664 

2.4183 

0.8648 

0.00432 

0.00225 

0.00246 

0.00287 

0.00244 

0.00056 

1.242 

2.001 

1.434 

1.550 

1.256 

0.388 
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4. Conclusions 

Based on SEM images and BET isotherms one could conclude that a formation of 
chitosan beads and their modifications make significant changes in their outer structure 
and the specific surface area in comparison with powdered pure chitosan. Non-modified 
and modified chitosan beads were characterized by their porous, sponge external 
structure. Except for ECH cross-linked beads the other modified chitosan beads were 
observed to show an increase in spreading of their surface structure and pores 
compressing compared to non-modified chitosan beads. The latter, however, were found 
to have the largest specific surface area (SBET = 4.2395 m2/g). The GLU cross-sectioned 
and conditioned by NaHSO4 chitosan beads were described to show larger specific 
surface areas (3.0666 and 3.4685 m2/g, respectively) in comparison with powdered pure 
chitosan (2.9483 m2/g). SEM images of these modified structures clearly show 
considerable spreading of the outer porous structure.  

ECH cross-linking and conditioning by NaHSO4 resulted in a relevant decrease in a 
number of pores in the beads, what was confirmed by the smallest specific surface area 
(SBET = 0.8648 m2/g) and the lowest volume and pores area (Vp = 0.00056 cm3/g and Sp = 
0.388 m2/g, respectively). ECH cross-linking was also found to destruct a chitosan 
structure, however, on a smaller scale than ECH and NaHSO4 conditioning (SBET = 
2.4183 m2/g). This observation was additionally confirmed by SEM images analysis that 
shows a clear disappearance of the outer porous structure for the examined modifications. 
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Abstract 

Adsorption is one of the most advantageous techniques for the removal of pollutants. It is 
fast, simple, cheap with many opportunities to modify the initial materials after 
appropriate synthesis routes, etc. Numerous adsorbent materials have been prepared in 
the last years, having as ultimate scope to remove some pollutants especially from 
contaminated waters (effluents originated from industries). But the composition of each 
type of effluents is varying. Dyes are some major components of industrial wastewaters. 
Chitosan and its derivative have received considerable attention in wastewater treatment 
for dye removal. This chapter highlights the dye removal affinity of Chitosan and its 
cross-linked and grafted derivatives. 
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1. Introduction 

Increasing population growth, industrialization, and extensive use of chemicals in 
agriculture practices lead to environmental deterioration. Anthropogenically produced 
inorganic and organic are the major concern of water contamination, which intimidates 
all living organisms [1,2]. Colored substance releases into the water are disastrous for the 
biological organism and ecology [3]. The foremost resources of industrial wastewater are 
dying and textile industries [4]. Normally, the rate of releasing wastewater volume from 
each step of a textile operation is approximately between 40–65 L/kg of the product [5].  
Even a very low concentration of dye is clearly visible in water. Even a small 
concentration of dye can reduce the photosynthetic process in aquatic environments by 
blocking the penetration of light and oxygen [6]. Dyes caused a severe effect on human 
health, i.e. allergies, cancer, heart defects, jaundice, mutations, tumors, and skin irritation 
[8]. Due to their complex structure and synthetic origin, they are non-biodegradable and 
remain stable in water [7]. 

Trace amount of pollutant has been removed by utilizing different methods from 
wastewater, techniques are adsorption, chemical precipitation, electrocoagulation, 
electrodialysis, ion–exchange, membrane filtration reverse, and osmosis [9–13]. Most of 
these treatment methods have some restrictions (higher functioning cost, lesser 
efficiency, and higher waste generation); hence these methods are unsuitable for small-
scale use. The adsorption process is dominant over other processes because it is fast, 
cheap, low initial costs, lesser non–toxic waste generation, and simple design and 
operation. Adsorption capacity (Qe) is adsorbent dependent. Organic and inorganic both 
materials can be utilized for dye banishment. An ideal adsorbent should have following 
features, cheap, easily available, higher surface area, high Qe, large pore size and volume, 
mechanical stability, compatibility, easy regeneration, environmentally friendly, does not 
require high processing procedures and high selectivity to remove a wide range of dyes. 
Hence, the recent focus of research is to develop natural polymers–based adsorbent for 
dye removals such as chitin and Chitosan with enhanced Qe and cost-effective [14]. 
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Chitosan is easily available low–cost biopolymer attained from natural resources. It is a 
very specific adsorbent due to its specific features like higher abundance, cationicity, 
high Qe, the cheap, and macromolecular structure as compared to others. Chitosan and 
their amendment derivatives are reported for the effective removal of dyes [15]. 

The main objective of this study is to provide literature information on the practices of 
chitin, Chitosan and its derivatives for adsorption of different dye. Different kinds of 
literature have been studied and critically reviewed to disclose the efficacy of Chitosan 
and its derivatives in dye removal application. This chapter assembles and presents 
appropriate information in terms of the use of unmodified and modified Chitosan.  

2. Chitin and Chitosan 

Chitin found in the exoskeleton of crustaceans, the cuticles of insects, and the cell walls 
of fungi, is the most abundant amino polysaccharide in nature. It is composed of β–(1–
4)–linked N–acetyl glucosamine and forms a linear homopolymer, structurally like 
cellulose. While it is an amino polymer, it also contains –CONH2 groups at the C–2 
positions in place of the –OH groups. These acetamide groups are responsible for good 
adsorption performance. Marine crustaceans are the primary source of raw polymer 
which extracted from marine crustaceans. Slow biodegradation of chitin in crustacean 
shell waste became a major concern in the seafood processing industry. So, they need to 
be recycled. Their application in industrial wastewater treatment could be helpful not 
only for the environment but the economy also. However, chitin has a very poor 
solubility; hence it cannot be used for large-scale industrial productions. But its 
derivatives are more beneficial than chitin i.e. Chitosan [16–18].  

Chitosan (CS) or poly–(1 → 4)–2–amino–2–deoxy–β–d–glucose is linear, nontoxic, and 
biodegradable polysaccharide and cationic biopolymer with high molecular weight [19]. 
CS is formed by alkaline deacetylation (DD) of chitin in which acetyl group hydrolyzes 
and convert into amine groups (Figure. 1) [20,21]. Alkaline DD step determines the 
degree of deacetylation. The degree of DD affects the Qe and depends on the 
concentration of NaOH, temperature, and time used in the DD [22]. The degree of DD is 
directly proportional Qe of the Chitosan due to the presence of high amounts of –NH2 
groups, Qe of CS increases [23]. DD is the unique characteristics of the CS and their 
other properties such as molecular weight, crystallinity, and distribution of –NH2 groups 
physicochemical, biological and the reaction of CS in the solution. From the literature 
report, molecular weight affects the solubility, bacteriological properties, coagulant–
flocculants performance, crystallinity, and tensile strength. The solubility decreases with 
increasing molecular weight, while, crystallinity affects the Qe and accessibility of –NH2 
groups. Due to the presence of intermolecular hydrogen bonding, CS is poorly soluble in 
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water, alkaline, and organic solvents, while its solubility is high in acidic medium due 
protonation of its –NH2 groups. Due to their above unique properties, CS has high 
adsorption potential for pollutants, i.e. dyes and heavy metals. The adsorption 
performance of the CS is inhibited by some drawbacks, i.e. soluble in acid, low 
mechanical strength, and low surface area. So, it needs some modifications to increase 
adsorption performance for dye removal and this chapter elaborate recent modification of 
CS which can be easily characterized as a promising material not only due to its unique 
physical properties but having applications in many fields i.e. in biotechnology, 
cosmetics, food, medicine, membranes. The current article is focused on the removal of 
dyes from effluents with various CS and its derivative adsorbents [24–26]. 

 

Figure 1  Demonstration of preparation of chitin, Chitosan, and their derivatives. 

 

The major advantage of CS is the presence of amendable positions in its structure which 
can be modified by grafting (insertion of any functional group) and crosslinking (unite 
the macromolecular chains each other). These modifications lead to enhancement in the 
Qe by the increasing adsorption sites, by the increasing number of functional groups in 
the polymer chain. In Grafting, the number of functional groups increases in the polymer 
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while in crosslinking some functional groups get bounded with crosslinkers, so with 
grafting adsorption sites increases while in decrease in adsorption site observed in cross 
linking, and hence Qe increases in grafting and decrease in cross-linking. 

3. Adsorption isotherms 

To understand the adsorption mechanism process, surface properties, removal capacity, 
product design of the adsorption systems, and adsorption isotherms (Langmuir, 
Freundlich, Redlich–Peterson, Dubinin–Radushkevich, Temkin, Toth, Koble Corrigan, 
Sips, Khan, Hill, Flory–Huggins, and Radke Prausnitz isotherm) are essentially studied, 
these isotherms explains how the pollutant interact with the adsorbent. 

Fundamental thermodynamics intimate about the adsorption mechanism, surface 
properties and about the extent of the affinity of the adsorbents [27]. Extensive diversity 
of equilibrium isotherm models had been outlined in terms of three basic approaches. The 
first approach kinetic consideration and the second one is thermodynamics. An 
adsorption equilibrium attains when the rate of adsorption and desorption became equal, 
and this frame many adsorption models which further gives the thermodynamics of the 
adsorption process. The third approach, i.e. potential theory, helps in the generation of the 
characteristic curve [28,29] (Table 1). 

Table 1  Different Adsorption Isotherms. 
Adsorption Isotherm Formula 

Langmuir Isotherm Qe = QobCe /(1+bC) 

Freundlich Isotherm Qe = KF(Ce)1/n 

Dubinin–Radushkevich isotherm Qe = (qs) e–kϵ2 

Temkin Isotherm Qe = (RT/bT) Ln (ATCe) 

Flory Huggins Isotherms θ/Co = KFH (1−θ)n 

Hill Isotherm Qe = qS𝐶𝑒𝑛 / (KD + 𝐶𝑒𝑛) 

Redlich–Peterson isotherm model Qe = KRCe
n / (KD + aR𝐶𝑒

𝑔) 

Sips isotherm Qe = KS𝐶𝑒
𝛽 / (KD + aS𝐶𝑒

𝛽) 

Toth isotherm Qe = KTCe/ (aT + Ce)1/t 

Koble–Corrigan isotherm Qe = A𝐶𝑒𝑛/(1+B𝐶𝑒𝑛) 

Table 2  Unmodified chitosan powder utilized for dye removal. 
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Chitosan powder 

Particle size (µm) 

Dye Qe 

(mg/L) 

Temperature 

(°C) 

pH Ref. 

125–710  RB 5 200 – 7 [31] 

850 RR 141 68 20 11 [32] 

125–710  DB 71 101 – 7 [33] 

125–710  AB 1 

AG 

AV 25 

AY 25 

18 

179 

152 

179 

– 7 [33] 

355–500  A0 10 

A0 12 

AR 18 

AR 7 

696.65 

931.85 

670.97 

695.6 

25 4 [34] 

70  AB 256.0 25 3 [30] 

70  Food 

yellow 3 

352.6 25 3 [30] 

125–710 

 

 

MB 29 

M Br 33 

MO 10 

37 

91 

157 

– 7 [33] 

4. Unmodified Chitosan 

The adsorption performance of chitosan was investigated by a number of researchers. 
The chitosan flakes obtained from chitin is a solid material with high crystallinity and 
have been used for dye removal from wastewater by researchers [30]. Dotto and Pinto 
utilized chitosan powder, obtained from shrimp waste also shows good adsorption to 
remove food dyes i.e. AB 9 and food yellow 3 from aqueous solution. The adsorption 
capacity influenced by the effect of the pH (with increase pH Qe decreases), contact time 
(increases time, Qe increases) and stirring rate. The parameters for AB 9 and food yellow 
were pH 3,150 rpm and 60 min and pH 3, 50 rpm and 60 min respectively. The Qe values 
for AB 9 and food yellow were 210 and 295 mg/g, respectively. Table 2 summarizes the 
removal of different dyes from aqueous solutions by unmodified chitosan in the form of 
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flake and powder (Table 2,3). As could be observed in this table, the range of the flake 
size varied between 125 mm to 1.651 mm and mainly distributed closer to the smaller 
end of the range. Acidic dyes showed good affinity for the chitosan seen in the Tables 2 
and 3. 

Table 3  Unmodified chitosan flakes utilized for dye removal. 
Chitosan Flakes 

(µm/mesh) 

Dye Qe 

(mg/L) 

Temperature 

(°C) 

pH Ref.e 

177–165.1 µm Remazole black 

13 

96 60 6.7 [42] 

1000–1410 µm RR 222 

RY 145 

339 

188 

  [36] 

184–314 µm RY  84 

RR 11 

RB  5 

RB  8 

500 

450 

650 

387 

– 7 

5 

5 

5 

[37] 

125–250 µm RB  5 477 25 2.3 [38] 

125–500 µm RB5 353 25 2 [39] 

228 µm RB  5 62.92 33 9 [40] 

0-125 µm DB 95 41.84 50 6 [33] 

16–30 mesh RR 222 494 30 – [35] 

100–150 mesh RR 3 151.5 20 5 [41] 

5. Modified Chitosan 

The modification of the raw CS can be achieved by converting it into a conditioned form 
with the consideration of promising properties and uses of derivatives. They are utilized 
in various forms such as powder, flakes, composites, and gel (beads, membranes, film, 
etc.) [43]. In spite of having immense potential, it suffers from various disadvantages for 
instances, insufficient mechanical properties, low acid stability, low porosity, low thermal 
resistance, low solubility in acidic solutions, and less surface area [44-47]. Thus, to 
overcome the limitations of CS, amendment’s is an efficient way to formed product with 
preferred properties. Owing to the presence of the reactive functional groups, its 
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modification is simple in comparison to that of the polysaccharides. [48]. The 
improvement in the Qe and the mechanical properties of the chitosan can be achieved via 
chemical and physical modifications. Transformation of raw CS flakes into beads has 
been demonstrated as the indispensable approach for enhancing the adsorption capability 
by increasing the porosity and surface area. The CS membrane and films can be prepared 
by introducing the CS mixed with alkali into a flat surface for the solvent evaporation. In 
general, with the physical modification of the chitosan its polymer chains expand, which 
enhances the access to internal sorption. This, in turn, increases the crystalline state and 
the diffusion mechanisms of the polymer to be reduced. 

The utilization of unmodified CS in industry subjects to disadvantages of reduced 
mechanical strength and vulnerability in acidic media. Therefore, researchers utilized 
chemical modification to attain the desirable properties and applications of chitosan in 
dye removal. 

5.1 Chitosan beads, membrane, films, and composites 

The foremost factor which enhances the Qe of chitosan includes particle size, porosity, 
and crystallinity. The less adsorption capacity limit, enhanced crystallinity, reduced 
surface area, low porosity are the various parameters which hinder the applications of CS 
flakes. CS flakes do not perform preferably in columns. This is due to the high crystalline 
and hydrophobic nature of the CS flakes, which increases their resistance to mass transfer 
rate, increases pressure drops which results in high operation expenses and column 
clogging. The Qe value decrease with a decrease in surface area and also with non-
porosity. The –NH2 groups in CS flakes are not available. The H-bonds connected 
between the monomer units of the same chain or different chains reduce the reactivity of 
the chitosan flakes. During the dye adsorption of the flakes, large dye molecules are 
unable to penetrate the porous network with steric hindrance increased with the 
continuous saturation of the sorbent. As a result, the utilization of CS in its dissolved-
state increases the availability of reactive sites. During the polymer dissolving, the 
breaking of H-bonds between –NH2 groups and between -OH groups, makes the CS 
accessible for interactions with dyes. This phenomenon may explicate the highly 
proficient utilization of the amino groups of chitosan utilized in dissolved-state for dye 
removal. 

Moreover, the beads can be merely separated from the treated solution for reuse. It was 
found from other comparative studies that the Qe of CS flakes is lesser than that of 
chitosan beads. The CS flakes can be physically modified into gel beads and CS 
composite for increasing porosity, surface area, chitosan polymer chains, and decreasing 
crystallinity, all of which lead to increased Qe.  The removal of various dyes from the 
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aqueous systems by unmodified chitosan flakes and composites are summarized in 
Tables 4 and 5. The pH effect is clearly observed from the table. Lower pH values tend to 
cause increased Qe. The higher Qe as mentioned earlier could be accredited to the 
enhanced surface area as the chemical structure does not experience any changes 
[31,33,35,49]. 

Table 4  Modified Chitosan utilized for dye removal. 
Chitosan beads  Dye Qe (mg/L) Temperature 

(°C) 

pH Ref. 

Beads Eosin Y 79 30 8 [50] 

Beads AR 37 

AB 25 

357.14 

178.57 

27–47 4 [51] 

Beads AR 37 

AB 25 

130 

250 

– 6 

4 

[52] 

Beads Orange –G 95 – 4 [53] 

Beads Eosin –Y 170.65 25 5 [54] 

Beads immobilized with 

tyrosinate 

RR 222 

RY 145 

1653 

885 

30 – [36] 

Beads RR 189 1189 25 6 [55] 

Beads RR 189 950 25 6 [56] 

Beads RY 84 

RR 11 

RB 5 

RB 8  

690 

480 

480 

487 

– 3 [37] 

Beads RR 

RY 

RV 

648 

430 

398 

25 

25 

25 

2 

2 

2 

[57] 

Beads CR 93 30 6 [58] 

Beads CR 178.32 – 5 [59] 

Beads CR 223.25 30 4 [60] 
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Beads CR 200 – 5 [61] 

Beads CR 174.83 25 4 [62] 

Beads Methylene 

Blue 

99.01 30 8 [63] 

 

Table 5  Modified chitosan composites for dye removal. 
Chitosan Composite Dye Qe (mg/g) Isotherm Ref. 

CS/PVA EY 53 L, F, T [81] 

CS/bentonite hybrid composite OII, RR3BS 362, 497 L [82] 

CS-Starch DR80 313 F [83] 

CS/r-GO RR 32 L [84] 

CS-Alunite AR1, RR2 463, 569 L [85] 

CS/TPP/GLU DB71 92 L, F [86] 

Ti4+ cross-linked CS OII 1120 L [87] 

Magnetic CS-GO MO 399 L [88] 

Fly ash-CS/GO ARG, CRX 39, 65 R-P [89] 

Zr-based CS OII 926 L [90] 

Modified clay/CS composite MB 259.8 L, F, R-P [91] 

CS/SBA-15 AR18 201.2 L, F [92] 

CS/PMMA RB19 1498 L [93] 

Magnetic CS/RR 120 Lysozyme 116.9 L [94] 

CS grafted with polypropylene 

imine 

RB5, MB 6250, 5855 L, F, T [95] 
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5.2 Cross-linking and grafting 

From a practical perspective, chitosan demonstrates high Qe to remove dyes from neutral 
solutions. The variation of pH may be a significant aspect of the dye-binding ability of 
CS. This occurs because the –NH2 groups in CS are easier to cationize at low pH and 
they strongly adsorb the dye anions via the electrostatic attraction. In the dying process, 
acetic acid is frequently used as a stimulator in which the dye solution pH is normally 
adjusted from 3 to 4. Owing to the dissolution efficiency of CS in the acid effluent, the 
utilization of CS adsorbent for removal of dye gets severely limited. 

Table 6  Cross-linked CS adsorbent for dye removal. 
Chitosan Cross-

linking 

Reagent 

Dye Qe (mg/g) Temperature 

(°C) 

pH Ref. 

B (2.3–2.5, 

2.5–2.7, 3.5–

3.8) 

ECH RR 189 1936, 1686, 1642 30 3 [55] 

B ECH RR, RR, 

RR, RY, 

RB, RB 

2252, 2498, 2422, 

1911, 722, 2043 

30 3 [70] 

P GLA RB 5 109  4 [33] 

B GLA RY, RB, 

RR 

9, 10, 7.5 50, 25, 50 2  

B EDGE 

EDGE 

AR1 

AB 

50 

150 

40 

– 

5 

4 

[71] 

Fiber Denacol 

EX841 

AO 2 1200–1700 – 4 [72] 

B ECH DR 81 238 30 4 [73] 

P GLA DB 71 14 – 4 [33] 

Film GLA CR 24.18 25 – [74] 

To overcome these activities, modification of the CS can be achieved through cross-
linking the polymer chains in order to prevent swelling as well as to improve the 
mechanical resistance, reinforcement of the chemical stability of CS in acidic solutions. 
Cross-linking occurs when a reagent (cross-linker) introduces intermolecular bridges 
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among the polysaccharide macromolecules. Cross-linking considerably decreases 
segment mobility in polymers. The foremost cross-linkers utilized for the modification of 
CS in the adsorption of dye from the aqueous systems include GLA and tripolyphosphate 
(TPP) etc. (Table 6). These chemicals are normally called as ionic cross-linkers [18, 49, 
55, 60, 64-67]. 

To improve the dye adsorption tendency of the chitosan, grafting reactions has received a 
noteworthy interest. The amendments can improve the mechanical and physical 
properties of the CS polymer. The two types of reactive groups where the grafting occurs 
in Chitosan include -NH2 and -OH group. Various functional groups have been grafted on 
the backbone of the chitosan via the covalent bonding.  Although the grafting results in 
modified properties it does not cooperate with the remarkable characteristics of chitosan 
i.e. much adhesively, biocompatibility and biodegradability.  Researchers have studied 
the graft copolymerization of CS with the focus of increasing CS applications. By grating 
copolymerization of synthetic polymers onto CS the required properties of the CS get 
improved and consequently extend the area of the prospective applications of them. APS, 
PPS, CAN, FAS etc. (Table 7) have been used to investigate grafting copolymerization. 
The characteristics of the resulting graft copolymers are mostly relying on the properties 
of the side chains [68,69]. 

Table 7  Chitosan synthesized by grafting for dye removal. 
Chitosan Modification Reagent Dye Qe 

(mg/g) 

Temperature 

(°C) 

pH Ref. 

Flake 4–formyl–1,3–benzene 

sodium disulfonate 

BB 3 166.5 25 3 [49] 

B Pyromellitic 

dianhydride 

MB 

NR 

935 

909 

– 5 

5 

[75] 

B Poly (acrylic acid) 

Poly(acrylamide) 

Remacryl 

red TGL 

510.7 

309.8 

25 – [76] 

P Poly (acrylic acid) 

Poly(acrylamide) 

BY 

BY 

363 

595 

25 

25 

12 

12 

[77] 

B Poly(methacrylic acid) MB 

MG 

1000 

523.6 

25 

25 

6 

4 

[78] 
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B Acrylamide RR 

RY 

RB 

1185 

1160 

1125 

25 2 [79] 

Polyethyleneimine RR 

RY 

RB 

1412 

1392 

1329 

25 2 

B PMMA 

PEMA 

PBMA 

PHMA 

Orange–G 

Orange–G 

Orange–G 

Orange–G 

435 

360 

290 

265 

– 3–6 

3–6 

3–6 

3–6 

[80] 

6. Conclusion 

Chitosan and its derivatives are getting noteworthy attention nowadays owing to their 
efficient adsorption capacity. The present article demonstrated some interesting data 
which clearly showed the high adsorption capacity of Chitosan. For achieving an 
enhanced Qe, the modification of the Chitosan molecule via the grafting and cross-linking 
reaction results in the formation of the Chitosan materials with enhanced properties. At 
the same time, CS adsorbents are cheap, eco–friendly, non–toxic, do not require high 
processing, high Qe, large surface area, and biodegradability. General, the capability of 
those materials is very big regarding the decolorization of wastewaters and in the next 
years, it is expected to be even more used in adsorption applications. 
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DS Direct Scarlet MBr Mordant Brown 

DB Direct Blue MB Mordant Blue 

DR Direct Red CR Congo Red 

AB Acid Black GLA Glutaraldehyde 

AR Acid Red  ECH Epichlorohydrin 

AY Acid yellow PMMA Poly(methyl methacrylate) 

AV Acid Violet PBMA Poly(butyl methacrylate) 

AG Acid Green PEMA Poly(ethyl methacrylate) 

AO Acid Orange EDGE Ethylene glycol diglycidyl 

B Beads P Powder 

L Langmuir F Freundlich  

Qe Adsorption Capacity CS Chitosan 

APS Ammonium persulfate PPS potassium persulfate 

CAN ceric ammonium nitrate FAS ferrous ammonium sulfate 
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Abstract 

The textile industry produces large quantities of wastewater containing several chemicals 
(used for preparing, purifying, coloring and finishing textile products). Different 
treatments methods must be used in stages to safely discharge textile effluent. One of the 
main pollutants of these effluent is a textile dye, which can been removed by adsorption. 
Chitosan has excellent properties as adsorbent and has been chemically modified to 
enhance its performance. The best results in modifying Chitosan were achieved using 
nanomaterials as part of composites. Chitosan could not yet be replaced as an adsorbent 
by other chemical compounds because it is relatively inexpensive and has high adsorption 
capacity. 
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1. Introduction 

The textile industry is complex, high-demand and a major creator of wastewater. It is 
significant for the global economy and very important to textile exporters such as China, 
India, Bangladesh, Pakistan, Malaysia and European Union (the Netherlands, Germany, 
Spain, and France) [1,2]. As a global industry, it has important environmental challenges: 
its processing operations of fabrics such as sizing, desizing, bleaching, mercerization, 
dyeing, printing, and finishing require a huge consumption of water [3] and produce large 
quantities of wastewater. Textile effluent contains chemicals that cause health and 
environmental problems, for example, surfactants, dyes, heavy metals, hydrogen 
peroxide, and acids and alkalis [3,4]. Those characteristics differ greatly among countries 
due to different processes and regulations. Textile wastewater treatment is the complex 
and environmental impact of textile effluent is very high if wastewater is not treated 
properly. Treatment processes include physical, chemical and biological techniques. 
Among them, decolorization is considered important because of the dyes impact on 
health and for the negative reaction to colored water of the population. Adsorption has 
been widely used to capture dye from wastewater from textile effluents. This method is 
inexpensive and adsorbent material could be recovered. Chitosan has been used as an 
adsorbent for more than a decade due to its adsorption capacity and in consequence, has 
been chemically modified using different techniques and as part of composites for 
wastewater treatment. This chapter analyses current adsorptive treatments of textile 
effluents using chemically modified chitosan as adsorbent and the perspectives for further 
research in the area. 

2. Textile effluent characteristics 

Generally, textile wastewater has a high temperature and pH, along with approx. 2,000 
chemicals that are used in the textile industry [4,6]. Chemicals used could be subdivided 
into four main groups, textile auxiliaries, process chemicals, colorants and finishes [4]. 
Nevertheless, textile effluent has different characteristics related to manufacturing 
processes; some examples of common pollutants in the effluent are shown in Table 1. In 
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general, the most polluted is the effluent of “wet” processes where the fabric is colored. 
This effluent has intensive color and the highest pH and salt content (as Total Dissolved 
Solids, TDS) [3].  

Table 1  Common pollutants in textile industry effluent [2,5]. 

Textile process Pollutant 

Desizing Starch, ammonia, waxes, lubricants, biocides, anti-static compounds 

Scouring Disinfectants, insecticide residues, solvents, NaOH, detergents oils 

Bleaching H2O2, stabilizers (sodium silicate), NaOH, acids 

Mercerizing NaOH 

Dyeing Metals, salt, surfactants, cationic materials, sulfide, spent solvents, dyes 

Printing Urea, solvents, dyes, metals, suspended solids 

Finishing Toxic material, solvents, suspended solids 

 

Table 2  Dyes commonly used in the textile industry.  [2,7,8] 

Type Dye Empirical Formula 

Reactive 

Remazol Brilliant Blue R C22H16N2Na2O11S3 

Procion Red MX-5B C19H10Cl2N6Na2O7S2 

Cibacron F (Yellow, Orange, Red and 
Blue) C29H20ClN7O11S3 

Direct 
Congo red C32H22N6Na2O6S2 

Direct yellow 50 C35H24N6Na4O13S4 

Indigo 

Indigo white C16H10N2O2 

Tyrian purple C16H8Br2N2O2 

Indigo carmine C16H8N2Na2O8S2 

Acid 
Blue 5G C29H20ClN7O11S3 

Bordeaux B C20H15N2NaO7S2 

 

 EBSCOhost - printed on 2/14/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



Chitosan-Based Adsorbents for Wastewater Treatment, Ed. Abu Nasar Materials Research Forum LLC 
Materials Research Foundations 34 (2018) 123-132  doi: http://dx.doi.org/10.21741/9781945291753-6 

 

126 

The two main pollutants in that specific effluent are metal ions and dyes. Trace metals 
could be present such as As, Zn, Cr, As and mercury from caustic soda. Some commonly 
used dyes are shown in Table 2.  Reactive dyes are used for coloring cellulosic fibers and 
wool and silk [2] The reactive group of dyes form a chemical bond with the OH-group of 
the cellulose fiber [6]. Dyes are organic compounds that could interact with other 
chemicals and make adsorption more difficult. 

Dyes could also be classified as natural or synthetic or based on their use or chemical 
structure. Textile dyes in wastewater could provoke damage to aquatic plants or other 
aquatic organisms and inhibit microorganisms grown. In human beings, they can cause 
allergies and respiratory diseases [4]. A very common group of dyes, which are part of 
acid dyes, are the “azo dyes” because they have a chromophoric azo group (-N=N-) 
attached to an aromatic and an unsaturated molecule [2]. Several azo dyes could cause 
damage to DNA that can lead to the genesis of malignant tumors. Also, some of their 
derivatives could induce cancer in humans and animals [4]. Wastewater treatment focus 
in dyes adsorption due to that negative impact on health, this process is known as 
decolorization. 

3. Treatment Processes 

Textile wastewater treatment includes several physicochemical procedures to obtain a 
stream with low environmental impact. However, the objective nowadays is to produce 
reusable water, remove toxicity, or recover dyes and salt and if at all possible to not 
produce toxic sludge [1]. Procedures could include flocculation, coagulation, ozonation, 
biological treatment and dyes and metals removal [2].  

3.1 Physical, chemical, biological and hybrid techniques 

Common physical methods are filtration, flocculation, adsorption and chemical methods 
are known as advanced and chemical oxidation (which it is very effective). The 
biological treatment uses enzymes and microorganisms. As it has been mentioned, 
wastewater treatment is a function of the content of textile effluent, therefore the 
selection of the best combination of treatment methods is difficult. It is common to 
combine one or more oxidation methods along with biological methods considering 
wastewater components and the cost of the treatment [2].  Figure 1 shows an example of 
treatment processes, adsorption has been mentioned as a secondary and tertiary treatment, 
depending on effluent composition and adsorbent material. 
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Figure 1  Textile wastewater treatment, commonly used methods [2,5,9]. 

4. Adsorption process 

Adsorption is a widely used method for wastewater treatment because it is relatively 
inexpensive. For Textile wastewater adsorption treatment has high decolorization 
efficiency including for effluent that contains a variety of dyes [2]. In this process, 
sorbent adsorbs onto its surface the sorbate (water pollutant) as a result of an attractive 
force [10]. As seen in Figure 2, there are two types of adsorption, physical and chemical; 
also called physisorption and chemisorption.  

 

Figure 2  Schematic of physisorption and chemisorption processes [10]. 
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Physisorption include intermolecular forces such as van der Waals and hydrogen 
bonding, this process does not cause a significant change in the electronic orbital patterns 
of the species involved, it is less stable and selective than chemisorption. In 
chemisorption, a reacting molecule forms a definite chemical bond with an unsaturated 
atom or group of atoms (active center or site) on an adsorbent surface, and electron 
transfer is involved [10]. Textile wastewater is subject to a secondary treatment of 
adsorption to reduce dye content, after sufficient amount of time (depending on the 
adsorption material used), an equilibrium is reached. To study the relationship between 
pollutants adsorbed quantities compared to the aqueous phase, an adsorption isotherm is 
obtained. These isotherms can be mathematically modeled using theories such as 
Langmuir, Freundlich, Halsey, Brunauer-Emmett-Teller (BET), Henderson, Smith, 
Elovich, and Lagergren [10,11]. 

4.1 Adsorbents 

Adsorbents must have high affinity, adsorption capability, and regeneration ability, as a 
basis, but shape, dimension, nature (hydrophobic or hydrophilic), size, pH and 
temperature of the medium must also be considered [1,10]. In selecting a suitable 
adsorbent, it is possible based on material performance for removing desired pollutants 
[10]. Activated carbon is an effective adsorbent for a wide range of dyes, but it has a high 
cost for textile wastewater volumes and its regeneration is difficult, which may represent 
another increase in cost [3]. Several inorganic adsorbents are available for removing 
metal ions or dyes, such as Kaolin, Ballclay, Turkish kaolinite, Natural Brazilian 
bentonite, among others composition of these adsorbents include SiO2, Al2O3, and MgO. 
The inorganic adsorbent could be oxides, clay minerals, zeolites, fly ash and polymeric 
resins [11]. They have been used to remove important pollutants but Chitosan is effective 
removing anionic and cationic dyes as well as heavy metal ions [11]. 

5. Chitosan 

Chitosan is a polysaccharide that features hydrophilicity, biocompatibility, 
biodegradability, non-toxicity and high adsorption efficiency. It can remove heavy metals 
and dyes due to the presence of amino and hydroxyl groups, that can be used as active 
sites [11].  

5.1 Chitosan composites, derivatives and chemical modifications 

Chitosan has been used as an adsorbent for more than a decade due to its adsorption 
capacity and recently it is used as part of diverse composites. However, Chitosan as 
adsorbent has low acid and thermal stability, inadequate mechanical properties, low 
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porosity and surface areas, then composites had been prepared using physical (converting 
Chitosan intro gel or other forms) and chemical (using nanoparticles) methods [11,12,13]. 
Some of these composites are shown in Table 3. Chemical modifications are intended to 
enhance Chitosan flexibility, chemical stability, and pH susceptibility; these 
modifications could include grafting, cross-linking and functionalization (in the amino 
groups of Chitosan). 

Table 3  Chitosan adsorbents. 

Year Adsorbent Adsorption of Ref 

2004 Chitosan/activated clay Methylene blue, reactive dye 
RR222 

[12] 

2007 Chitosan/montmorillonite Congo red [12] 

2008 Chitosan/polyurethane Acid Violet 48 [12] 

2008 Chitosan/oil palm Reactive blue 19 [12] 

2010 Chitosan/bentonite Tartrazine and malachite green [12] 

2010 Chitosan/kaolin/gamma-Fe2O3 Methyl orange [12], [13] 

2016 Chitosan/polyurethane/anatase titania 
porous hybrid composite 

Muticomponents(metal ions) 
mixtures 

[14] 

2017 Cross-linked magnetic chitosan 
anthranilic acid glutaraldehyde 
Schiff's base 

As (V) and Cr(VI) [15] 

2017 Chitosan/polyurethane/Inulin 
composite 

Evaluation of inulin replacing 
Chitosan 

[16] 

 

Some adsorbents had been modified due to the need to increase the efficiency of current 
chitosan adsorption capacity. Nanomaterials incorporation on treatment technologies, 
specifically in adsorption improves performance and efficiency of those methods [10]. 
Finally, to select an adequate adsorptive treatment of textile effluents using chemically 
modified chitosan as an adsorbent, the following proposal should be considered: 

 EBSCOhost - printed on 2/14/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



Chitosan-Based Adsorbents for Wastewater Treatment, Ed. Abu Nasar Materials Research Forum LLC 
Materials Research Foundations 34 (2018) 123-132  doi: http://dx.doi.org/10.21741/9781945291753-6 

 

130 

1. Effluents of the specific textile industry must be documented. 

2. Metal ions and dyes present in wastewater must be classified and characterized. 

3. Chitosan adsorbents that remove those pollutants in laboratory conditions must be 
listed. 

4. Chemically modified chitosan adsorbent with stability on wastewater steam 
physical properties (pH, temperature, etc.) of effluent would be preferred. 

5. Alternative or combined treatments should be proposed. 

6. Conclusion 

Environmental pollution caused by textile effluent poses a worldwide threat to public 
health. The challenge is obtaining reusable water, non-toxic, and recovering dyes and salt 
with the lowest impact of textile wastewater on the environment. Treatment techniques 
include adsorption using Chitosan chemically modified, new composites and derivative 
have been proposed to enhance adsorption efficiency. Nevertheless, complex textile 
effluents require selecting proper Chitosan composite considering pH and temperature of 
adsorption media, adsorbent dosage, co-existing ions. 
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Abstract 

Diverse types of arsenic contaminants occur in aquatic environments due to their multiple 
oxidation states and ionization properties. To address the removal of arsenic species in 
water, chitosan has been studied as a platform biopolymer for the design of adsorbent 
materials. This chapter examines the utility of chitosan and its modified forms as sorbent 
materials for the removal of arsenic species in aquatic environments. A selected coverage 
of the literature will provide an overview of various chitosan-based adsorbents and the 
general utility of chitosan sorbents for the removal of inorganic and organoarsenicals.  
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1. Introduction 

The presence of arsenic waterborne contaminants has led to concerns over the fate and 
transport in aquatic environments as a consequence of the build-up and uncontrolled 
release of inorganic and organic arsenicals in the environment [1-4]. Arsenicals are of 
great interest due to their global occurrence in locations such as Bangladesh, Vietnam, 
Argentina, Chile, Mexico, Taiwan, Thailand, USA and Canada [4-6]. Point sources of 
arsenic include mine tailings, emissions from coal and petrochemicals, agrochemicals, 
and pigments [4]. Mineral forms of arsenic are co-located in copper, lead, gold, and 
uranium deposits in various mineral forms (Pb(AsO4)2, Na3AsO3, Cu3(AsO3)2, etc.) with 
an abundance that depends on their mineralogical and geochemistry profiles in ground 
and surface water environments [1-5]. The occurrence of dissolved arsenic species in 
ground and surface water environments depend on several factors that include the point 
source and the solution chemistry conditions; pH, redox potential, mineral species, ionic 
strength, organic matter content, etc. Dissolution processes of arsenicals at mineral-fluid 
interfaces are also influenced by the presence of other species (ions, colloids, dissolved 
solids, suspended solids, etc.) through dissolution, precipitation, ion-exchange and 
adsorption-desorption processes [7]. In general, groundwater supplies are dominated by 
As(III) species; whereas, As(V) species are predominant in surface water bodies at 
greater levels due to the favoured stability of arsenate over arsenite in oxidizing 
environments. While the toxicity of trivalent arsenic is greater than its pentavalent form, 
concerns over the levels of As species relate to the exposure and toxicology of arsenic [3-
9]. The health risks of arsenic exposure are evidenced by the regulatory safety limits set 
forth by the WHO to levels below 10 ppb [9]. In general, naturally occurring arsenicals in 
aquatic environments generally lie below 10 ppb; however, industrial (mining, 
agriculture, and energy sectors) activities have led to the buildup and uncontrolled 
transport of arsenicals via agrochemicals, pigments, pesticides, antimicrobials, and 
pharmaceuticals [10-15]. In the case of organoarsenicals, the fate, distribution, and 
toxicology of such species have been a source of debate [16,17]. Concerns for human 
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health have been raised that relate to the use of an antimicrobial agent (3-nitro-4-
hydroxyphenylarsonic acid; roxarsone) in poultry production, where the breakdown 
byproducts (mainly the inorganic species) are considered as the toxic components that 
result from roxarsone upon decomposition or metabolism [18,19].  

The occurrence of inorganic and organic arsenic species with variable forms of oxidation 
and ionization are known in surface and groundwater environments [20]. The chemistry 
of arsenicals is diverse according to the number reviews and monographs on the subject 
where the chemical diversity of arsenic and its relevance to environmental science reveal 
the challenges related to its effective removal [21,22]. In particular, the challenges related 
to the development of sustainable materials for the remediation waterborne arsenic 
species provide an inspiration for its coverage in this chapter. This mini-review provides 
a selected coverage on the use of chitosan and its modified forms as adsorbents materials 
for the adsorptive removal of arsenic species with a focus on inorganic species. In view 
of the diverse range of organoarsenicals [23-25], a coverage of the subject will be limited 
to a model compound (roxarsone) due to its recent widespread use in agriculture [16-19], 
its suitability for laboratory studies, and the utility of roxarsone as a model system for 
various As(V) species due to the predominance of this form of arsenic in surface water 
environments. This chapter will provide a selected coverage of recent studies to highlight 
the general features and utility of chitosan adsorbent materials for the removal of arsenic-
based environmental contaminants. 

2. Arsenic species as environmental contaminants 

As mentioned above, arsenic species are chemically diverse according to their existence 
as inorganic and organic forms with variable oxidation and ionization states due to the 
environmental conditions. In its elemental form, As0 is a metalloid among the fifth group 
of main group elements that share a similar structure and bonding properties to that of 
phosphorous. In particular, the formation of oxoanion species and general aspects of its 
solution chemistry are highlighted in Table 1 [7]. In surface water environments, AsV 
(arsenate) is the found in oxic surface waters, while AsIII (arsenite) is more commonly 
found in anoxic groundwater environments. The arsenite form tends to have greater 
toxicity over the arsenate species, as reported previously [26,27]. A summary of the pKa 
values and acid-base speciation at variable pH (low to high) conditions for arsenic acid, 
arsenous acid, orthophosphoric acid, and roxarsone are listed in Table 1. The 
accompanying molecular structures for these systems are given in Scheme 1 where it is 
apparent that arsenic acid (H3AsO4) bears structural features and ionization equilibria that 
compare to phosphoric acid (H3PO4) and roxarsone. The role of oxidation state and 
ionization processes in aquatic environments is a key aspect that contributes to the fate 
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and transport of such oxoanions in water. Thus, the structure and physicochemical 
properties of arsenic species is an important consideration for the rational design of 
sorbent materials, where attention will be turned to biopolymers such as chitosan due to 
its unique biopolymer structure, properties, and synthetic versatility [28-31].  

Table 1 Speciation of arsenic acid (H3AsO4), arsenous acid (H3AsO3), 
orthophosphoric acid (H3PO4), and roxarsone in water. 
Chemical species pH (low) pH (medium) pH (high) 

H3AsO4; As(V) 
FW=141.94 g/mol 

H3AsO4/ H2AsO4
- 

pH = pKa,1 = 2.2 
H2AsO4

-/ HAsO4
2- 

pKa,2 =7.08 
HAsO4

2-/ AsO4
3- 

pKa,3 = 11.5 
H3AsO3; As (III) 

FW = 125.94 
g/mol 

H3AsO3/ H2AsO3
- 

pH = pKa,1 = 9.22 
H2AsO3

-/ HAsO3
2- 

pKa,2 = 12.3 
 

Not Reported 

H3PO4; P(V)  
FW = 97.99 g/mol 

H3PO4/ H2PO4
- 

pH = pKa,1 (2.17) 
H2PO4

-/ HPO4
2- 

pH = pKa,2 =7.31 
HPO4

2-/ PO4
3- 

pH = pKa,3 = 12.36 
Roxarsone; As(V) 

FW = 263.04 
g/mol 

H3ROX/H2ROX- 

pH = pKa,1 (3.49) 
H2ROX-/HROX2- 

pH = pKa,2 (6.38) 
HROX2-/ROX3- 

pH = pKa,3 (9.76) 

Note: The use of low, medium, and high pH values relates to the range of pKa values for 
each oxospecies. The pKa values for H3PO4 are listed: pKa,1 (2.17), pKa,2 (7.31), pKa,3 
(12.36) [4,7]. FW denotes formula weight and ROX denotes the molecular fragment ion 
[C6H3AsNO6]3-. 

 

 

Scheme 1  Molecular structure of inorganic and organic species: A) arsenic acid, B) 
arsenous acid, C) orthophosphoric acid, and D) roxarsone  (3-nitro-4-hydroxyphenyl-
arsonic acid). 
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According to Table 1, arsenous acid exists in its non-ionized form at typical aquatic pH 
conditions; whereas, the pentavalent species may exist as mono- or di-valent anions. 
Thus, the water solubility of AsIII and AsV differ considerably when pH < 9 which can be 
exploited for the controlled separation of trivalent and pentavalent arsenic by use of ion 
exchange, precipitation, coagulation-flocculation, and adsorption [18,19,21,22,30-32] 
processes. The role of chitosan structure and modification contribute importantly to the 
design of adsorbent materials for adsorption-based processes described below. 

3. Chitosan structure and properties 

The removal of waterborne arsenic contaminants includes various approaches such as 
coagulation, photolysis, bioremediation, oxidation, precipitation, membrane separation, 
and adsorption [21,22,32,33]. Among the various methods of removal, adsorption is a 
physical approach with relatively low cost and infrastructure requirements, facile 
operation, and minimal chemical or energy inputs [30,34,35]. Adsorption-based methods 
offer a sustainable and scalable technology for the removal of contaminants that is 
limited largely by the nature of the adsorbent material. To address the need of structural 
diversity of adsorbents, increasing attention has been directed toward the development of 
sustainable biopolymer materials with improved properties derived from biomass. 
Research activity on the utilization of abundant biopolymer materials such as cellulose 
(poly-β(1-4)-D-glucose) and chitosan (poly-β(1-4)-2-amino-2-deoxy-D-glucose) as 
adsorbents for the removal of environmental contaminants has gained momentum due to 
the relative availability and low cost of these materials. Cellulose and chitosan are 
structurally related polysaccharides but their unmodified (native) forms have limited 
adsorption properties which can be overcome through synthetic modification [21,30]. 
While cellulose is an abundant biopolymer obtained from plant biomass, chitosan is a 
marine polysaccharide derived from chitin (poly-β-(1-4)-2-acetamido-2-deoxy-D-
glucose) biomass derived from of crustaceans. Chitosan is a copolymer obtained through 
the partial deacetylation of chitin under hydrolysis conditions [28], where the degree of 
deacetylation (DDA) depends on the extent of the hydrolysis. Many commercial forms of 
chitosan have DDA values ca. 75-85% where the resulting pKa (≈ 5.5-6.5) is found to 
depend on the molecular weight and DDA of chitosan [28,36]. Scheme 2 depicts a 
generalized molecular structure of chitosan where the monomer units differ at C-2 
according to the DDA, where the R-substituent is an amine or an acetyl group. 
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Scheme 2  Molecular structure of chitosan where R represents -H or –COCH3 (acetyl) 
substituents at C-2 that depend on the degree of deacetylation (DDA) of the biopolymer 
chain. The numbering of the carbon atoms (C-1 to C-6) of the D-glucopyranose units are 
denoted in red where n represents the degree of polymerization. 
 

The molecular structure of chitosan and chitin closely resemble cellulose except for the 
substituent at the C-2 position where the –NHR group is exchanged for –OH in the case 
of cellulose. Chitosan is a semi-crystalline biopolymer due to the formation of stable 
hydrogen bonds between adjacent biopolymer strands that contribute to its relatively low 

surface area (ca. <101 m2/g) and limited pore structure characteristics in the solid state 
[36,37]. The semi-crystalline nature of chitosan contributes to its low solubility in many 
organic solvents and water at ambient pH conditions above its pKa value. In the presence 
of inorganic/organic acids such as HCl, HNO3, and CH3CO2H, chitosan has favourable 
water solubility due to ionization of the amine groups, especially when the solution pH 
lies below the pKa of chitosan. Chitosan is also soluble in DMSO and various ionic 
liquids; however, an enhancement of the solubility profile in water and other solvents can 
be achieved by selective functionalization of the –OH or –NH groups (C-2, -3, and -6) of 
the biopolymer. For example, carboxymethylation (CM; -CH2CO2H) at the -OH sites of 
chitosan increases the water solubility due to the ionization of the CM group [38]. 
Synthetic modification of –OH groups of chitosan with other types of polar and ionic 
groups (e.g., phosphate, sulfate, quaternary ammonium, etc.) serve to alter the crystalline 

(1) 
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nature and hydrophile-lipophile balance (HLB) of chitosan [30-35,39]. Along with 
changes in the solubility profile of chitosan, the physical and chemical modification can 
be used to enhance the adsorption properties of this unique biopolymer material. The 
context of adsorption herein relates to heterogeneous solid-liquid processes at equilibrium 
conditions, according to Eq. (1).  The equilibrium constant (Ki) for the adsorption process 
in Eq. (1) is a key thermodynamic constant obtained through adsorption isotherm 
modeling studies that is described in greater detail elsewhere [40]. For example, 
adsorbent-adsorbate systems with variable adsorption affinity are anticipated by variation 
of the relative Lewis-acid or -base character of the adsorbent surface sites to yield 
favourable adsorptive interactions with the adsorbate. As such, the physicochemical 
properties of the adsorbate system must be considered in the case of heterogeneous 
adsorption processes in aqueous media. The structure and properties of chitosan can be 
modified by functionalization of the –OH and/or -NH groups (Scheme 2), as described in 
the next section. 

4.  Chitosan adsorbent design  

In general, the native form of chitosan (Scheme 2) displays relatively low to moderate 
adsorption properties due to its relatively low accessible surface area that relate to its 
semi-crystalline structure [28,36]. Greater accessibility of the polar functional groups of 
chitosan can be achieved by increasing the surface area (SA) and pore volume of the 
biopolymer via physical or chemical treatment methods. Physical treatment may alter the 
morphology of chitosan by conversion to various forms such as granules, powders, films, 
beads, and fibers. Physical treatment by thermal or mechanical means generally results in 
changes to the surface-to-volume ratio, along with alteration of the pore structure 
properties of chitosan, as evidenced by the adsorption properties of micro- versus nano-
chitosan [37]. Chemical methods for the structural modification of chitosan may involve 
a range of methods [34-36]: Type 1) functionalization of the hydroxyl and amine groups 
to alter the HLB profile, Type 2) cross-linking of the biopolymer with multifunctional 
cross-linker units (e.g., glutaraldehyde, epichlorohydrin, diacid chlorides, dicarboxylic 
acids, etc.), and Type 3) composite formation of chitosan with additional components. 
These three types of synthetic modification have two general outcomes on the structure 
of chitosan; i) alteration of the biopolymer textural properties (SA and pore structure 
properties) and ii) modification of the surface chemical properties. The above types of 
synthetic modification will be outlined in greater detail to highlight the related structural 
modification with the adsorption properties of chitosan materials with selected inorganic 
and organic arsenicals.  
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4.1 Structural modification of Chitosan 

Although there exist a number of recent reviews [28-35] related to the topic of synthetic 
modification of chitosan, an overview of three general types of modification is presented 
below due to their relevance to adsorbent design for the removal of arsenicals from 
aqueous media.  

4.1.1 Type 1 (Chitosan functionalization) 

Chitosan is known as a suitable sorbent for apolar species such as fatty acids due to its 
lipophilic nature [41]. As well, chitosan is a known sorbent for metal cation species 
[28,42-47] due to the presence of functional groups that provide potential binding sites 
along the biopolymer chain (Scheme 2). The presence of abundant amino and hydroxyl 
groups of chitosan have led to the use of substitution and addition reactions at C-2, -3, 
and -6 positions of the glucopyranose units of chitosan. The replacement of –OH and –
NHR with substituents of variable polarity, size, and electrostatic charge result in changes 
to the solubility and the HLB profile of chitosan. The introduction of ionic groups such as 
phosphate, sulfonate, and carboxylate groups often lead to greater water solubility and 
higher binding affinity with metal cations. The grafting of apolar silane units may result 
in variable surface properties of chitosan with unique hydration and adsorption 
properties, according to the enhanced uptake of arsenate [48]. Although the introduction 
of functional groups with Lewis base character may not favor the sorption of arsenic 
anion species, the use of acidic pH conditions to protonate chitosan alters the zeta-
potential of the biopolymer [37-39]. pH effects offer a facile and useful strategy for 
increasing the adsorption capacity via ion-exchange with anion species. The formation of 
arsenate anion species is favored at typical pH conditions (pH 6-8) in aquatic 
environments based on the pKa values for As(V) species listed in Table 1. As well, 
protonation of chitosan at pH < pKa (below pH 5.5 for native chitosan) enhances its water 
solubility and adsorption properties with oxoanion species (Table 1). [28,37]. In a review 
by Da Sacco and Masotti [49], the adsorptive interactions between chitosan and arsenic 
oxide (As2O3) were reported, where H-bonding and ion-exchange were concluded as the 
prominent interactions for chitosan and As(III/V) species at variable pH (cf. Fig. 1 in 
[49]). Depending on the ionization state of the adsorbent-adsorbate system, the type of 
adsorption may range in modality from a physisorption to chemisorption-like processes, 
where ion-exchange contributes favorably to the adsorptive interactions. Dipolar and 
dispersion interactions are favored when negligible ionization occurs and weaker 
noncovalent interactions persist. Pontoni and Fabbricino [34] reviewed various types of 
modified chitosan for the removal of arsenite and arsenate species. Table 2 lists selected 
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examples of equilibrium uptake values for native and modified chitosan adsorbents with 
inorganic As (III/V) species [38-47].  

Table 2  Chitosan and modified materials for the uptake of inorganic arsenate species 
from aqueous solution. 

 
Chitosan 

Adsorbent 
As (V) Uptake 

and pH Conditions 
Reference 

Unmodified Powder 2.5- 4 mg/g (pH 3.5-4.5) 50 
Unmodified flakes/beads 22.5/2.24 mg/g (pH 6) 51 

 69.3 mg/g (pH 5) 52 
Unmodified Powder 
Unmodified Beads 

42 mg/g (pH 8.0) 
50 mg/g (pH 8.0) 

53 
54 

Cross-linked  58 (pH 4.0) 55 
Cross-linked  

Cross-linked & NDMG grafted  
61.1 
60.9 

56 

Iron doped flakes 16.2*/22.5 (pH 7) 57 
Cross-linked 58 mg/g (pH 4) 58 

Unmodified Powder 
Cross-linked glutaraldehyde 

27 mg/g (pH 8.5)* 
227 mg/g (pH 8.5) 

59 

Cross-linked Glutaraldehyde 270 mg/g 60 
Acryloylated grafted 551 mg/g   61 

Surface functionalized 70 mg/g (pH 2-3) 
230 mg/g (pH 2-3) 

62 

Iron Cross-linked 13.4 mg/g* 63 
Tin Cross-linked 17.10 mg/g* 64 

*Denotes As (III) Uptake as H3AsO3 

 

In general, native chitosan generally displays lower uptake toward As(III/V) species, 
especially above its pKa, where ion-exchange processes constitute a minor contribution to 
adsorption. Variation of the pH of the medium results in alteration of the uptake of 
arsenate over arsenite species, especially when the pH conditions (Table 1) favor ion-
exchange processes [37,49]. By contrast, modified forms of chitosan generally reveal 
greater uptake due to favorable changes to the surface functional groups and/or textural 
properties. In the case of modification of chitosan via cross-linking, this strategy involves 
the formation of a cross-linked network that alters the surface functional groups and the 
textural properties of the biopolymer. The effect is understood according to the creation 
of defects within the semi-crystalline lattice of chitosan, in agreement with the onset of 
features related to amorphization of the semi-crystalline network [36].  Cross-linking is a 
specific category of the Type 1 method where the formation of a cross-linked network 
alters the SA and pore structure properties of the biopolymer, as outlined in the next 
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section. As well, modification of chitosan affords unique materials with variable uptake 
capacity as evidenced by the variable monolayer adsorption capacity (Qm) for arsenate in 
Table 2, where Qm varies from 1.84 to 228 mg/g for As(V) species. Estimates of Qm are 
based on the Langmuir model or related mathematical variants of this widely used 
adsorption isotherm model [40].  

4.1.2 Type 2 (Chitosan cross-linking) 

As mentioned above, native chitosan has been studied as a sorbent for metal cation 
species but fewer studies report its adsorbent applications for anion species [65-70]. The 
relatively low affinity of non-ionized chitosan with anions is related to the presence of 
numerous polar functional groups of the biopolymer with Lewis base character. Type 2 
synthesis uses cross-linkers to alter the Lewis acid-base properties of chitosan by 
changing the surface chemical and textural properties. The textural properties of cross-
linked chitosan are altered due to “pillaring effects” between adjacent biopolymer chains 
[71] by judicious choice of the cross-linker unit (size, flexibility, and electronic 
character). By contrast, the hydrogen bonding and electrostatic interactions for native 
chitosan (Scheme 2) are altered upon cross-linking due to the reduction of the 
crystallinity upon cross-linking. Cross-linking often results in alteration of the relative 
SA, textural properties, and adsorption site accessibility when compared against the 
properties of native chitosan in Table 2. The formation of cross-links within the 
biopolymer network affect the hydration properties and zeta-potential of the surface sites 
of chitosan due to alteration of the surface functional groups that are known to affect the 
adsorbate binding affinity (Ki, see eq. 1) [72]. The formation of cross-linked chitosan 
frameworks share features that resemble that of zeolites where the formation of pre-
organized (inclusion) sites may favor cooperative binding interactions that vary with the 
level of cross-linking of chitosan. Scheme 3 provides a general illustration of cross-
linking at variable levels of cross-linker, along with doping of an arbitrary metal ion is 
shown (b) at Lewis base (-OH or –NHR) sites [73]. The consequence of Type 2 
modification illustrated in Scheme 3 leads to changes in the surface and textural 
properties of the biopolymer framework. 

The use of glutaraldehyde as a cross-linker results in the formation of imine linkages that 
may impart Lewis acid character that depends on the pH of the medium. Evidence of 
greater anion binding was reported in the case of phosphate anion species by Mahaninia 
and Wilson (cf. Table IV in ref. 72), upon cross-linking of chitosan with glutaraldehyde, 
according to the enhanced uptake of phosphate anions. These results are in parallel 
agreement with the greater uptake of arsenate anions observed for chitosan cross-linked 
with glutaraldehyde at variable mole ratios (see Table 2 above) and reported elsewhere 
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[7]. It can be inferred that greater levels of cross-linking result in greater anion uptake 
due to the presence of the imine cross-link sites. The resulting Lewis acid character of 
such cross-linked frameworks can be further modified by chelation of Lewis acid species, 
as shown by incorporation of Cu(II) in Scheme 3b [73]. Chitosan-glutaraldehyde systems 
along with the chelation of divalent metal ions reveal increased sorption capacity toward 
urea [73] and orthophosphate [74], in accordance with the greater uptake of arsenic 
species in Table 2, where Lewis acids are employed [63,64].  

 

Scheme 3  Structural effects due to cross-linking of chitosan: a) low level cross-linking, 
b) low level of cross-linking with metal chelation, and c) higher level cross-linking. The 
cross-linker is shown as a black line segment and the metal ion species are shown as grey 
spheres. The dashed line indicates metal chelate interaction with an arbitrary functional 
group, where the counterions and solvent are not shown for clarity.   

 

The use of epichlorohydrin (EPH) as a cross-linker involves reaction at the –OH groups 
of chitosan, where the adsorption properties are observed to increase upon cross-linking 
in accordance with the “pillaring effect” [72]. As well, a decrease in the Lewis base 
character of chitosan occurs upon formation of glycerol cross-link sites, as evidenced by 
increased anion arsenical sorption capacity [75]. 

4.1.3 Type 3 (Composite formation) 

Various approaches have been reported for the design of composites that vary from solid 
phase synthesis of multi-component systems to self-assembly using a solution-based 
approach [76-97]. A key feature of composite materials is their distinctive 
physicochemical properties that differ markedly in a nonlinear manner relative to 
chitosan and the respective component precursors. A versatile solution-based method for 
the preparation chitosan composite materials involves the use of phase-inversion 
synthesis, where the method relies on the acid-base properties of chitosan [72]. In brief, 
an aqueous chitosan solution is prepared at pH conditions below its pKa, where additive 
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components (metal oxides, secondary polymers, organics, nanoparticles, etc.) are mixed 
with chitosan as a slurry, gel, or a solution. The mixture of prepared components is added 
to an alkaline solution under variable conditions to convert the mixed phase to a solid-
phase with variable morphology (beads, capsules, powders, etc.), followed by subsequent 
isolation and purification steps. In some cases, the composites are further stabilized by 
cross-linking to improve the mechanical stability and other structural or physicochemical 
properties that relate to adsorption. The composite structure may vary between a physical 
blend of a unique chemical combination that depends on the additive components and the 
synthesis conditions. For example, the composite formation may vary from a two-step 
preparation where the metal (hydr)oxides are prepared separately with subsequent 
blending to form multi-component composites, as described above. Alternatively, a 
single-step method may use chitosan as a biopolymer support where metal (hydr)oxides 
are prepared in situ. The in situ one-step method is a useful method for tuning the surface 
chemistry of an adsorbent, as reported by Kwon et al. where various iron (hydr)oxides 
were supported onto the surface of activated carbon (AC) [98].  

Various studies have been reported [76-97] where enhanced uptake of arsenite and 
arsenate species have been reported for chitosan composites that contain various 
additives (metal ions, metal oxides, clays, zeolite, and zero-valent iron, etc.), in addition 
to those illustrated by the examples in Table 3 [21,99-108]. The formation of composite 
materials with chitosan parallels the outcome for the Type 1 and 2 synthesis according to 
the variation in structure and surface functionality described above. Although the 
structure of such multi-component systems (composites) is considerably more complex 
than cross-linked binary systems, the role of additive components modifies the surface 
chemical and textural properties. In the case of metal oxides such as iron (hydr)oxides, 
these additives are of increasing interest due to their variable structural forms (nm- to 
micron-scale size) and facile preparation using green chemical methods. A general 
outcome of composite formation is the goal of improving adsorption properties toward 
arsenicals by structural and surface chemical modification of the adsorption sites. 

A key challenge related to the design of composite materials involves their structural 
characterization and stability. In some cases, there is a need to stabilize the mechanical 
properties of composites since the synthetic preparation often relies on the physical 
blending of components to avoid exfoliation or leaching of components during multiple 
adsorption-desorption cycles. There are challenges that relate to the ability of controlling 
phase separation during synthesis and the ability to characterize the structure of multi-
component systems, especially for amorphous systems. However, a key advantage 
concerning the use of composites relates to the ability to incorporate additive components 
(Lewis acids or bases) in a step-wise and facile manner by tuning the composition of 
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additives. The formation of a composite with suitable composition often yields products 
with improved adsorption properties [109,110]. 

Table 3  Selected examples of uptake capacity for inorganic arsenic species by various 
chitosan composite adsorbents in aqueous solution. 

 
Composite 
Adsorbent 

1As (III) Uptake 
and pH Conditions 

2As (V) Uptake 
and pH Conditions 

Reference 

Vermiculite 
Chitosan/vermiculite 

34.9 mg/g (pH 5.0) 
72.2 mg/g (pH 5.0 

NR 99 

Chitosan/biosorbent 56.5 mg/g (pH 4.0) NR 100 
Chitosan/PVA/cerium 

nanofibres 
18.0 mg/g NR 101 

Molybdate impregnated 
Chitosan beads (MICB) 

1.98 mg/g 2.00 mg/g 102 

Magnetic/chitosan/biochar NR 17.9 (pH = 5.0) 103 
Fe-Mn chitosan 54.2 (pH 7.0) 39.1 (pH=7.0) 104 

Fe-Mn composite 251 mg/g (pH 5.0) 117 mg/g (pH5.0) 21 
MnO2 18 mg/g 13 mg/g 21 

Goethite - 67 mg/g (pH 3–3.3) 21 
Al2O3/Fe(OH)3 1.7 mg/g (pH 6.6) 62 mg/g (pH 7.2) 21 

Fe(III)-loaded sponge 34 mg/g (pH 9.0) 230 mg/g (pH 4.5) 21 
Fe-Mn-mineral 23 mg/g (pH 5.5) 11 mg/g (pH 5.5) 21 

TiO2 61 mg/g (pH 7.0) 69 mg/g (pH 7.0) 21 
Nanocrystalline TiO2 14 mg/g (pH < 8) 6.3 mg/g (pH > 7.5) 105 

Nanocrystalline 
β-FeOOH (Akaganeite) 

- 120 mg/g (pH 7.5) 106 

Nanoscale zero-valent 
Iron 

3.5 mg/g; pH 7 - 107 

Fe(II) treated zeolite - 22.5 mg/g (pH 5.5) 108 
1Calculated based on the uptake of H3AsO4 (Molar Mass = 141.94 g/mol) 
2Calculated based on the uptake of H3AsO3 (Molar Mass = 125.94 g/mol) 

 

4.2 Uptake of roxarsone and selected organoarsenicals 

The widespread use of organoarsenicals as agrochemicals, pigments, pharmaceuticals, 
and anti-microbials is reflected by their diverse chemical structure (e.g., Paris green, 
cacodylic acid, Salvarsan, etc.) [3, 8,16,23,25]. In the case of antimicrobials, roxarsone 
has been used extensively in poultry production to control coccidiosis, a parasitic disease 
in chickens.  In 2012, roxarsone was withdrawn from the USA market and was 
subsequently replaced by nitarsone (4-nitrophenyl)arsonic acid). A  key controversy 
surrounding the use of these antimicrobials relate to their potential metabolism or 
breakdown into inorganic arsenic species, where the inorganic species are considered as 
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the toxic components [3,8,9]. Other types of organoarsenicals result from the reduction of 
H3AsO4 and H3AsO3 to yield methylated derivatives (methyl arsonic acid and dimethyl 
arsines) that have variable fate and transport in the environment [4,111].  Roxarsone 
(ROX) is considered as a suitable model organoarsenical due to its relevance to inorganic 
arsenate species due to its structure and physicochemical properties (cf. Table 1) [112].  
In contrast to inorganic arsenate, ROX has a lower water solubility at ambient pH, where 
the variable hydration behavior of such As-species relate to differences in their 
adsorption profile with chitosan and mineral surfaces. Selected examples of studies on 
the removal of roxarsone are reported with some other organoarsenicals in Table 4.  

Table 4  Uptake capacities for organic arsenicals for various chitosan and modified 
adsorbent materials. 
 

Adsorbent 1As (III) Uptake 
& pH Conditions 

2As (V) Uptake 
& pH Conditions 

Refeference 

Unmodified 
Chitosan Powder 
Activated Carbon 

NR 
 

ROX: 109 mg/g (pH 7.0); 
10 mM KH2PO4  
ROX: 623` mg/g (pH 7.0); 
10 mM KH2PO4 

98 
 

Chitosan Cross-
linked  at low, 
medium, & high 
levels 

NR ROX: 211-473 mg/g (pH 
7.0); 10 mM KH2PO4 

19 

Fe-Mn Chitosan 
Composite 
Fe(OH)3  

NR PANA: 280 mg/g (pH 7.5) 
 
PANA: 80.3 mg/g (pH 
7.5) 

112 

Chitosan Modified 
with 
N-methylglucamine  

16.2 (pH 7) MMA: 15.4 mg/g (pH 3.4) 
DMA: 7.1 mg/g (pH 5) 

113 

Note: ROX (Roxarsone); PANA (para-arsanilic acid); MMA (monomethylarsonic acid); DMA 
(dimethylarsinic acid) 
 

Poon et al. [19] reported a study on the use of chitosan and its cross-linked forms with a 
comparison of activated carbon (AC). Greater crosslinking was found to enhance the 
sorption capacity toward ROX relative to chitosan, where evidence of competitive 
adsorption with orthophosphate (10–100 mM) was shown at variable pH values. The role 
of a different binding mechanism other than the arsenate group of ROX was shown for 
AC, where minor effects due to competitive binding with phosphate occurred.  The role 
of phenyl interactions with the surface of AC stabilizes the uptake of ROX, as supported 
by an independent study by Kwon et al. [89]. The favorable role of the graphene 
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adsorption sites of AC with the phenyl group of ROX is in agreement with the limited 
water solubility of ROX and the role of hydrophobic effects for this system.  By contrast, 
the presence of iron oxide groups play a secondary role for the adsorption of ROX with 
the surface sites of iron oxide modified AC [18]. In contrast, Kong & Wilson [103] 
reported on the preparation of iron oxide composites with cellulose, where greater ROX 
uptake occurs as the iron oxide content increased up to ca. 30 wt.%. The results are in 
agreement with the hydrophilic character of cellulose versus AC and the role of 
adsorption via the arsenate group of ROX instead of adsorption via the phenyl moiety. As 
well, the studies reported in Table 3 provide additional support that arsenate anions form 
stable complexes with supported iron (hydr)oxide materials for a similar reason. Lunge et 
al. (see Table 4 in [106]) reported on the uptake of arsenate by a nanomaterial form of 
Fe3O4 (Qm=154 mg/g) and a biomass supported Fe3O4 composite (Qm=189 mg/g). These 
results exceed those for iron coated sand (ICS) and chitosan-ICS materials reported by 
Gupta et al. [113] and further suggest the potential utility of iron oxide composite 
materials as promising adsorbents.  

In contrast to zero-valent iron adsorbents, composite mineral oxides are likely to have 
greater structural complexity due to the greater number of additive components, 
heterogeneities, and structural defects. Thus, composite adsorbent materials likely 
involve a range of tunable adsorptive interactions based on the relative composition and 
textural properties of the material. Further support for the unique structure (surface area 
and textural properties) of nanomaterials metal oxides (NMOs) relate to the selection of 
metal oxides that contain iron, manganese, aluminum, titanium, magnesium, and cerium 
and their variable uptake capacity with arsenicals [107-113]. The high surface-to-volume 
ratios of NMOs provide abundant surface sites for the uptake of arsenic and other 
contaminants from aqueous media based on the limited selection of results in Table 3. 
TiO2-based materials for arsenic removal may also employ photocatalytic oxidation 
(PCO) of arsenite and organic arsenic species to less toxic products such as arsenate in 
conjunction with adsorptive removal [21]. The use of chitosan supports serves a 
multifunctional role in the stabilization and dispersion of the metal oxide. Composites 
with supported NMOs have potential use in flow systems to prevent nanoparticle loss to 
the environment [68]. The variable synthetic preparations and morphology (powders, 
beads, and granules) of chitosan and its modified forms can be extended to adsorption-
based removal of organoarsenicals. The use of combined synthetic methods (surface 
functionalization, cross-linking, and composite formation) of chitosan can be harnessed 
to yield tunable physicochemical properties for the controlled uptake of arsenicals.   
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5. Conclusion and future outlook 

The modification of chitosan via surface functionalization, cross-linking, and composite 
formation results in adsorbent materials with improved adsorption properties. While 
cross-linked and functionalized chitosan are well known methods, the formation of 
composite materials is less well understood.  Composite formation can be achieved by 
facile incorporation of metal oxides, zero-valent iron, metal NPs, and other secondary 
components that lead to materials with enhanced textural properties and greater sorption 
capacity toward arsenicals. Further research is required to establish a molecular-level 
understanding of composites and their unique structure and adsorption property 
relationships.  

Modified chitosan and its composite material forms represent an emerging class of 
materials in view of their synthetic versatility and structural diversity. Adsorbents with 
tunable physicochemical properties (textural properties and surface chemistry) that 
contain chitosan offer wide-ranging opportunities for the development of advanced 
adsorbent technology for the controlled removal of arsenicals from aquatic environments 
under different field conditions. Waterborne arsenic contaminants are likely to become an 
increasingly important issue due to industrial intensification where the demand for point-
of-use and scalable adsorbent technology is anticipated for the future. Chitosan and its 
modified forms represent a promising class of adsorbent materials that are positioned to 
meet this growing demand for the remediation of waterborne arsenical contaminants. 
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Abstract 

Chitosan is a natural biopolymer which has found wide application in fields like 
medicine, drug delivery and water purification due to its unique chemical and physical 
properties. Being the second most abundant natural polysaccharide on earth, application 
of Chitosan for adsorption of pollutants is gaining wide acceptance due to many possible 
derivatives and properties of Chitosan that can be explored. However, despite its 
excellent properties, the use of chitosan for adsorption purposes is limited by its poor 
mechanical property and solubility especially in acidic medium. These limitations could, 
however, be offset by modifying Chitosan via various chemical routes like the grafting of 
- sulfur (S), oxygen (O), nitrogen (N) and phosphorus (P) - containing functional moieties 
and crosslinking  reagents. Studies into the mechanism of adsorption of these modified 
Chitosan materials showed great dependence on pH and on the nature of the incorporated 
functional group, with chelate formation and electrostatic interaction being the most 
prominent adsorbent-adsorbate interaction. This chapter seeks to provide an in-depth 
review on some of these chemical modifications as well as current trends in the 
engineering of Chitosan for efficient water treatment.  
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1. Introduction 

There is a huge interest in the development of a cheap adsorbents for the treatment of 
water, owing to the fact that many of the major problems in the twenty-first century that 
humanity is faced with are water quality and/ or water quantity issues [1].  Consequently, 
due to technology advancement and industrial activities, a large and continuously 
increasing amount of aqueous effluents containing heavy metals and other pollutants are 
released into water bodies [2]. Over the years, several technologies and processes such as 
membrane processes, chemical and electrochemical techniques, advanced oxidation 
processes, coagulation/ flocculation, precipitation and adsorption have been utilized for 
the purification of water. Nonetheless, each of these processes, with the exception of 
adsorption, exhibit a number of drawbacks including low efficiency, high capital or 
operating cost, production of excessive sludge and high cost of maintenance so that some 
of these methods are unsuitable or even difficult for use by small-scale industries. 
However, the adsorption process utilizes cheap and readily available adsorbents and it is 
easy to operate [3] . 
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The use of biomass as an adsorbent for adsorption processes has attracted a lot of 
attention. In support of the Sustainable development goals (SDGs) 6, evolution towards a 
more sustainable society, ‘trash to treasure’ is a never-ending topic for those in search of 
profits from recycled wastes. Biomass waste is readily available, biodegradable, low-
costs and environmentally friendly, as well as being abundant in nature [4]. 

For instance, chitosan which is a cationic biopolymer, a derivative of chitin is of great 
interest as an organic component in composites developed for water treatment. Chitin, a 
polymer composed of poly β(1-4)acetyl-D-glucosamine, extracted from shells of 
crustaceans including shrimp, lobsters, crabs and crayfish is recognized to be the second 
most abundant biopolymer in nature, next to cellulose [5]. Chitosan and chitin have been 
employed to remove pollutants via filtration (4%), flocculation (3%), coagulation (4%), 
precipitation (7%), flotation (1%), membranes filtration (53%), and adsorption (28%) [6-
7]. However, chitin is an extremely insoluble material. Therefore, chitosan emerges to be 
more useful than chitin in several applications, due to the fact that it contains more 
number of chelating amino groups. 

Chitosan or (poly-(1-4)-2-amino-2-deoxy-D-glucose) having a high molecular weight, is 
an abundantly available and inexpensive biopolymer that possesses several properties as 
an ideal adsorbent for removing pollutants from wastewater. This biopolymer has unique 
characteristics which includes hydrophilicity, bifunctionality, non-toxicity, 
biodegradability, low-cost, biocompatibility, macromolecular structure, abundance in 
nature, etc and has applications in various fields such as food industry, biotechnology, 
cosmetics, membrane development, biomedicine and also in adsorption of harmful 
pollutants [8].  

2. Chemical structure of Chitosan and Chitin 

The presence of the amino groups and the hydroxyl groups in chitosan can serve as 
chelating sites and it is indeed responsible for the uptake of heavy metal cations by a 
chelating mechanism in near neutral solutions However, in the case of anionic 
compounds including anionic dyes, metal anions or negatively charged microbial 
membranes, the adsorption proceeds via electrostatic interaction between the amino 
groups which can be easily protonated in acidic solutions and the negative compounds [9-
10].  

Fig. 1 shows the chemical structure of chitosan and chitin. Chitosan is produced in bulk 
by the alkaline or enzymatic de-acetylation of its parent compound (chitin). The process 
of de-acetylation involves the elimination of acetyl group from the molecular chain of the 
parent compound (chitin), leaving behind complete amino groups (-NH2) [11] which 
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gives chitosan a cationic characteristics when dissolved in an acid solution [12]. Degree 
of de-acetylation is the amount of amino groups formed during the de-acetylation 
process. In the synthesis process of chitosan from chitin, the acetyl groups of chitin are 
first hydrolysed and then converted to free amine groups. The degree of de-acetylation or 
the ratio of de-acetylated to acetylated units is verified by this initial step which can be 
affected by several factors including concentration of NaOH used in the de-acetylation, 
temperature and time [11]. In other words, these factors can be used to increase or 
decrease the degree of de-acetylation. Increasing either the concentration of NaOH, time 
or temperature can improve the elimination of the acetyl groups from chitin, which 
results to a variety of chitosan molecules having different properties and applications 
[13]. 

 

Figure 1  Chemical structure of (a) Chitosan and (b) Chitin (Reproduced from [8]). 

 

Although, various methods have been employed in the determination of the degree of de-
acetylation of chitosan, some of these methods are easy to use and inexpensive, while 
some are more complicated and costly. However, Infra-red spectroscopy and Nuclear 
Magnetic Resonance (NMR) analysis are the most common ones being used [14-17] In 
addition, the adsorption capacity of chitosan can be influenced by the degree of de-
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acetylation. High degree of de-acetylation resulting from the presence of large amounts 
of amino groups can increase adsorption capacity of the chitosan by protonation [18]. For 
example, chitosan synthesized from locally available shrimps with different degree of de-
acetylation was used for the removal of Cd2+ and Pb2+ [19]. It was observed that the 
adsorption capacity of the chitosan was affected by its degree of de-acetylation, owing to 
the fact that, the amount of amino groups available on the material with the high degree 
of de-acetylation facilitated the adsorption of more metal ions from the aqueous solution 
[19]. 

The degree of de-acetylation also has an effect on the chemical, biological and physical 
properties of the chitosan adsorbent such as its ability to chelate metal ions, self-
aggregation, biodegradability, acid-base and electrostatic characteristics [20]. The degree 
of de-acetylation is usually used to describe chitosan together with other properties such 
as crystallinity, molecular weight and distribution of amine groups which determine the 
reaction of chitosan in solution [21]. For instance, low degree of de-acetylation of 
chitosan refers to the range between 55% and 70% of the N-de-acetylation degree; the 
70%-85% of the N-de-acetylation degree is called the medium; the 85%-95% refers to 
high chitosan while the 95%-100% is called the ultra-high chitosan [22]. Molecular 
weight less than 50 kDa refers to low molecular weight, the medium molecular weight 
refers to the molecular weight between 50 kDa and 150 kDa and the molecular weight 
greater than 150 kDa is called the high molecular weight chitosan [10]. Size exclusion 
chromatography coupled to an on-line low angle laser light scattering detector and a 
differential refractive index detector have been utilized for the determination of the 
molecular weights of chitosan[15, 23] among other methods[14, 24] . In the case of 
crystallinity,  Vakili et al., (2014) stated that molecular weight affects coagulant-
flocculant performance of chitosan, tensile strength, crystallinity, solubility and 
bacteriological properties[25]. However, in the case of solubility, increase in molecular 
weight reduces solubility[26]. Also, the residual crystallinity of the polymer may have an 
effect on the accessibility to adsorption sites [27]. 

3. Forms of Chitosan  

3.1 Unmodified Chitosan 

The adsorption performances of pristine chitosan in the form of flakes and powder have 
been studied by many researchers in the past few years.  

Chitosan flakes: It is a chitosan derivative obtained from chitin. It is a solid material with 
high crystallinity that has been used as an adsorbent for dye removal from aqueous 
solutions by few researchers. Saha et al., [28] was able to use chitosan flakes for the 
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elimination of Reactive Black 5 (RB-5) dye from aqueous solution in a batch system. Its  
reuse and regeneration potentials by treatment with alkaline after the adsorption process 
was also highlighted in their study. It was observed that the adsorption capacity of the 
chitosan flakes increased with decreasing pH. The maximum adsorption capacity (39.5 
mg/g) of the material was attained at pH 5.0 while at pH 9.0, the minimum adsorption 
capacity (12.5 mg/g) was observed. The adsorption of RB-5 dye onto chitosan flakes in a 
continuous fixed-bed mode column system was also examined by Barron et al., [29]. The 
results revealed that the process of adsorption was affected by several factors which 
include bed height, initial dye concentration, particle size and superficial flow velocity. In 
addition, breakthrough curve studies show that the adsorption of the dye was influenced 
by mass transfer limitations, possibly because of the intra-particle diffusion [29]. Hadi 
[30]used chitosan flakes produced from fish shells to remove Methyl Orange from 
polluted textile wastewater [30]. According to Iqbal et al., [31], the capacity of the 
chitosan extracted from prawn scales for the adsorption of Acid Yellow 73 dye from 
water was higher when compared to the chitosan extracted from Labeorohita. The result 
form their analysis also revealed that the removal efficiency of Acid Yellow 73 dye was 
dependent on pore volume of the adsorbent, pH, surface area and initial dye 
concentration. Under high initial dye concentration and low pH (3.0-4.0), the high 
adsorption capacity of the chitosan could be ascribed to the positively charged polymer 
chain of amino groups which facilitated dye absorption on chitosan [31]. In addition, it 
was stated by Ignat et al., [32], that the addition of sodium chloride, contact time, pH, 
temperature and the structure of chitosan influences the adsorption performance of 
Reactive Red 3 (RR-3) and Direct Brown 95 (DR-95) on chitosan flakes. The highest 
adsorption values for Reactive Red 3 (RR-3) and Direct Brown 95 (DR-95) was observed 
to be 151.52 mg/g and 41.84 mg/g at 20 0 C and 50 0 C respectively. It can be elucidated 
from the result of their analysis that the adsorption capacity decreased at a higher 
temperature[32]. 

Chitosan powder: Dotto and Pinto [33], studied the effect of stirring rate during the 
adsorption process of Food Yellow 3 and Blue 9 dye onto Chitosan powder. According to 
them, it was stated that the adsorption process occurred through internal and external 
mass transfer mechanisms and it was chemical in nature. The adsorption capacity of the 
Chitosan powder for Acid Blue 9 and Food Yellow 3 dyes was increased by 50% and 
60% respectively, as the stirring rate increases from 15 rpm to 400 rpm. Hence, stirring 
rate increased the film diffusivity with subsequent increase in intraparticle diffusivity that 
ultimately increased adsorption capacity [33]. Zhang and Schiewer [34] showed that As5- 
could be efficiently removed from aqueous solution using chitosan powder from crab 
shell. 
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Although, the various forms of unmodified Chitosan showed good results for the removal 
of dyes, yet it suffers some drawbacks such as poor stability in water, low mechanical 
strength, clogging effect, poor solubility in aqueous solution and resistance to 
intraparticle mass transfer [25-26]. 

3.2 Modified Chitosan 

Modification of chitosan is an effective solution to the several drawbacks earlier 
mentioned. It generates adsorbents with the desired properties. Modification of chitosan 
is easier than with other polysaccharides due to the presence of its reactive functional 
groups including hydroxyl and amino groups and this is achieved through physical and 
chemical modifications [35].  

For instance, in order to decrease crystallinity, increase surface area, improve access to 
internal sorption sites and increase porosity, which all contributes to the enhancement of 
the adsorption capacity of chitosan, chitosan flakes are usually subjected to physical 
modification by converting them into gel beads [25].  

3.2.1 Physical modification 

Conversion of raw chitosan flakes into beads has been stated to be an important way to 
enhance its adsorption capability by increasing the surface area and porosity [36-37]. The 
low-cost biopolymer can be easily conditioned to prepare different physical forms of 
membranes, films, beads, hydrogels, resins, and fibers [7, 26]. Preparation methods will 
greatly determine the polymer morphology. The synthesis of different chitosan physical 
forms is summarized in Fig. 2. Obtaining a desired physical form of the chitosan blends 
begins with the mixing of the blend components in the liquid form and then adopting the 
suitable shaping method [38].  

Resins (Beads)/ microspheres: Several methods including co-acervation, emulsion and 
solvent extraction methods have been employed for the synthesis of chitosan beads [38, 
40]. The conversion of pristine chitosan flakes into beads increases the adsorption 
capacity by increasing the porosity, surface area and improves access to internal sorption 
sites [36]. Comparison between the adsorption capacity of chitosan flakes and beads from 
3 different sources, used as adsorbents for removal of Reactive Red 222 (RR 222) dye 
from wastewater at 30 0C was carried out by Wu et al [37]. They observed that, because 
of the higher surface area of the beads, the adsorption rate of chitosan beads was higher 
than that of chitosan flakes [37]. Similarly, chitosan beads from different sources exhibit 
higher adsorption capacities by a factor of 2.0-3.8 when compared with chitosan flakes. 
Thus, chitosan beads are chosen over chitosan flakes as suitable adsorbents for the 
removal of dyes and heavy metal from aqueous solution [26, 37]. In addition, pristine 
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flakes or powder chitosan are not suitable adsorbents due to their low surface area and 
non-porosity, which may cause clogging problem in industrial scale column. Developing 
gel beads from chitosan having large surface area and high porosity, joined with 
crosslinking to make the beads insoluble in acidic media, could enhance diffusion 
mechanisms by improving the access to the internal sorption sites, and hydrodynamic 
performances and improving diffusion mechanisms [41]. 

 

 

Figure 2  Synthesis of different physical forms of Chitosan obtained from Crustacean 
shell (Reproduced from [39]). 
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Hydrogels: Biopolymer hydrogels is an important class of polymeric materials due to 
their attractive properties for potential application in various fields such as 
pharmaceutical, environmental and biomedical industries. In literature, several 
procedures used for preparing hydrogels from chitosan have been proposed [42]. The 
initial step includes the process of dissolving chitosan in an organic solvent and the 
formation of emulsions followed by cross-linking of the polymer [43]. Currently, interest 
in the modification of chitosan and its blends by crosslinking to enhance the hydrogel 
stability is on the increase. An example is the removal of copper from aqueous solution 
using chitosan-cellulose hydrogel beads crosslinked with Ethylene glycol diglycidyl ether 
(EGDE). In the experiment, it was observed that the hydrogel beads material was denser 
due to the addition of cellulose to chitosan and the crosslinker (EDGE) enhanced the 
chemical stability of the hydrogel [44] 

Films/membranes: Chitosan membranes and films can be prepared by casting technique 
which involves the casting of chitosan solution mixed with alkali onto a flat surface to 
evaporate the solvent[38]. Chitosan films are homogenous, flexible and clear with an 
excellent mechanical and good oxygen barrier properties but low water vapour 
characteristics. Also, chitosan films are dense and do not have pores. In view of the fact 
that chitosan degrades before melting, dissolving it in a suitable solvent before casting 
into films is necessary [38]. 

Several factors such as source of chitosan, molecular weight, degree of de-acetylation, 
free amine regenerating mechanism, method of film preparation and most importantly the 
type of dissolving solvent, affects the morphology of chitosan films, which in turn 
determines its properties [45]. Acetic acid has been frequently used as a standard solvent 
for dissolving chitosan for film or membrane production. 

Membranes: Chitosan membranes synthesized from various degree of de-acetylation of 
75%, 87% and 96% but identical molecular weights were studied by Trung et al., [46]. It 
was observed that membranes produced from chitosan with higher degree of de-
acetylation displayed higher tensile strength and higher elongation at break. Also, 
membranes from chitosan with 75% degree of de-acetylation exhibited higher water 
absorption and higher permeability [46]. Similar experiment on chitosan membranes was 
carried out by Huei and Hwa [47]. In this case chitosan membranes were prepared from 
different molecular weights. It was observed from the result that chitosan membranes 
obtained from chitosan with higher molecular weight displayed higher tensile strength 
compared to those membranes obtained from chitosan with low molecular weights [47]. 

Fibers: A lot of studies have been carried out on blends of fiber type such as chitosan 
with polyethyleneoxide [48], collagen [49], polyvinylalcohol [50], alginate [51] and 
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starch [52] for several applications. Fiber type chitosan-based biosorbents are being 
regarded as excellent adsorbents for the removal or recovery of metal ions, owing to the 
fact that they can be used in a fixed bed column, allowing easier hydrodynamic transfer 
and it can bind metal ions quickly [26]. 

Sponge: Due to chitosan unique characteristics including biocompatibility, non-toxicity, 
biodegradability and antibacterial activity along with its capability to form film, sponge 
of chitosan is of high interest in drug carrier system[38]. On the other hand, chitosan 
solutions do not have the ability to foam alone; therefore it is often mixed with another 
good foaming polymer such as gelatine, which is also an inexpensive biodegradable 
polymer with good foaming properties [53]. Gelatin makes good mix with Chitosan and 
forms polyionic complexes with slower rate of dissolution at the appropriate pH value 
[54]. Such property could be harnessed for drug release purposes and it can even be 
applied to a wound while the spongy form absorbs the wound fluid [55]. 

3.2.2 Chemical modifications of Chitosan 

Despite the excellent properties of chitosan as an adsorbent, it suffers some draw backs 
which are physical and chemical in nature including: (1) its solubility in acidic solutions 
which limits its use under acidic conditions below pH 5.5 (2) problem of separation when 
used as powder in fixed bed columns (3) weak mechanical strength [56] (4) low porosity 
and thermal resistance and (5) low surface area [57-58]. In order to overcome these 
problems, chemical modification of chitosan provides an easy and convenient way to 
improve on the adsorptive properties of chitosan. As with physical modification, the 
choice of chemical modification route, however depends on the final application purpose 
of the material. 

Chemical modification of chitosan can be achieved either via the induction of functional 
groups into the structure of chitosan [59] or by the modification of the chitosan (CS) 
structure via the hydroxyl (-OH) and amine (-NH2) groups of the chitosan molecule [60]. 
Chemical modification can be used to improve the properties of chitosan such as 
adhesion, bonding characteristics like hydrogen bonding and some physico-chemical 
properties like permeation and electrostatic charge of its surface [61]. Improved ionic 
conductivity, mechanical and chemical stability and ion exchange site generation can also 
be achieved via chemical modification [60]. Though, there are numerous chemical 
modification techniques for CS, as can be seen in various reviews on this subject [62]. 
There are also extensive reviews on the adsorption capacity of chitosan and its 
derivatives for metal ion uptake like with the removal of arsenic [63], mercury [64-66], 
and even in dye removal [58].   
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Improving the adsorptive capacity of chitosan via chemical modification usually involves 
the incorporation of Sulphur (-S), phosphorus (-P), nitrogen (-N) and oxygen (-O) 
carrying moieties. According to Prashanth and Tharanathan [67], chemical modification 
of chitosan can be classified into three (3) reaction groups: substitution reactions (e.g 
acylation, sulfation, metal chelation, cyanoethylation, nitration, phosphorylation and O-
/N- carboxyalkylation), chain elongation reactions (e.g crosslinking, graft 
copolymerization and polymer networks) and depolymerization. Only the first two 
groups that have so far been explored in enhancing the adsorptive properties of chitosan 
and they are further considered in this section. 

Substitution reaction in chitosan can either take place through the reactions of functional 
groups containing molecules with one of the amine groups (N-substitution) or through 
one of the hydroxyl groups (O- substitution) in the chitosan molecule. Substitution 
reactions usually occur at–OH group located at the C3 or C6 position or the -NH2 on the 
C2 position on the chitosan skeleton [64]. Protection and de-protection of the 1o amine 
group is usually required for O-substitution to be effective due to the high reactivity of 
this group.amine groups, achieved, [68]. On the other hand, graft copolymerization 
involves the formation of covalent bonds between functional molecules (graft) and 
chitosan [69]. Grafting enhances numerous properties of chitosan such as chelating and 
complexation properties, which results in enhanced adsorption properties [70-71]. A 
review document detailing chemical modifications possible with chitosan are presented 
by Jayakumar et al [72] 

3.2.2.1 S-containing moieties modified chitosan and their adsorption 
properties 

Various methods have been used in the attachment of sulfate groups on the backbone of 
chitosan. This is achieved either via modification at the amine group (N-sulphonated) or 
at the hydroxyl group (O-sulphonated) under several reaction conditions including time, 
reactant concentration and temperature using sulfating agents. The main purpose of 
incorporating –S containing groups to chitosan is to improve its capacity to hold 
transition and noble metal ions in aqueous solution via the formation of coordination 
centres and suppression of the effect of pH that suppresses the influence of competing 
species on capacity of chitosan. Excellent reviews on Sulphur containing chitosan 
adsorbents are presented by [73]. Adsorption properties of three marcaptanes modified 
chitosan- (6-O-(mercaptoacetat-N-mercaptoacetyl)-chitosan, N-(2-hyroxy-3-
mercaptopropyl) chitosan and (N-(2-hydroxy-3-methyl aminopropyl) chitosan- 
synthesized via the reaction of epoxy propane were evaluated for Hg2+ sorption by 
Cardenas et al [74]. It was observed that the adsorption of Hg2+on pristine chitosan only 
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occurred between pH 2.5 – 4.5 and the qmax  (mg/g) varied depending on pH of the 
solution (357 and 454 mg/g at pH of 2.5 and 4.5 respectively). However, the N-(2-
hydroxy-3-mercaptopropyl)-chitosan, showed improved adsorption capacity towards 
Hg2+ that was almost independent of pH (556 and 588 mg/g at pH of 2.5 and 4.5 
respectively). The reported adsorption capacity for (6-O-(mercaptoacetat-N-
mercaptoacetyl)-chitosan and 1 N-(2-hyroxy-3-mercaptopropyl) at pH 2.5 and 4.5 were 
345 and 435 mg/g and 164 and 164 mg/g respectively [74]. Similar trends were observed 
for the adsorption of Cu(II) on the modified chitosan. 

Adsorption of Cu2+ and Ni2+ ions by Xanthated carboxymethyl chitosan derivative 
prepared by substitution reactions under basic conditions was reported by Song et al [75]. 
Though the pristine chitosan showed significant capacity towards Cu2+ (108.5 mg/g), 
when compared with the capacity of the modified chitosan (140.4 mg/g), the capacity of 
pristine chitosan was significantly low (13.7 mg/g), compared to the capacity of the 
modified chitosan (110.6 mg/g) for Ni2+ adsorption. The improved adsorption capacity of 
the modified chitosan was due to the presence of metal complexation centers (Sulphur), 
which enhanced the ability of the adsorbent to form chelates with the metal ions in 
solution. Study of the effect of xanthation time on the adsorption capacity of the modified 
chitosan, showed that the higher the xanthation time (corresponding to an increase in the 
amount of –S atoms incorporated into the chitosan molecule) the higher the adsorption 
capacity of the adsorbent. This thus confirms the contribution of the –S atoms to the 
adsorption properties of modified chitosan. 

Yong et al [76] reported the synthesis of thiolated chitosan bead via the phase inversion 
process and it was observed that the amount of S atoms incorporated into the molecule 
increased with increasing CS2/chitosan ratio and temperature but decreased with increase 
in the acidity of the reaction system [76]. Evaluation of the adsorptive properties of the 
thiolated chitosan on cadmium and copper ions showed that the adsorbed metallic ion 
species were chemisorbed onto the adsorbent. The qmax of the material for Cd2+ and Cu2+ 
were 56.2 and 47.2 mg/g respectively. Li et al [77] reported the synthesis of 2.5-
Dimercapto-1,3,4-thiodiazole modified chitosan crosslinked with glutaraldehyde and 
epichlorohydrin [77]. The adsorption capacity of the adsorbent was observed to be 
significantly affected by the pH of the solution. Evaluation of the adsorption capacity of 
the adsorbent on Au2+, Pd2+ and Pt4+ showed a qmax of 198.5, 16.2 and 13.8 mg/g 
respectively at pH of 3.0. 
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Table 1: List of some modified chitosan, adsorption parameters and their adsorption capacity 

  

Modified chitosan Adsorbent form Crosslinking agent Metal ion Isotherm Model Optimu
m pH 

qmax  Ref 

Thiosemicarbazide chitosan Framework None Cu2+ Langmuir 6 142.8 mg/g [80] 

Carbon disulphide chitosan Flakes epichlorohydrin Cu2+ Langmuir 5 43. 47 mg/g [79] 

Chitosan benzoyl thiourea Beads None 60Co 
153+154Eu 

Freundlish 
Langmuir 

3.5 
8.0 

29.47 mg/g 
34.54 mg/g 

[81] 

Thiourea chitosan Microsphere Polyethylene glycol Cu2+ Pseudo second 
order 

5.5 60.6 mg/g [82] 

Thiosemicarbazide chitosan Hydrogel None Pd2+ 
Cd2+ 

Langmuir 4.26 
6.98 

325.2mg/g 
257.2 mg/g 

[83] 

Thiosemicarbazide chitosan Particles None Cu2+ Langmuir 3.6 134.0 mg/g [84] 

Thiourea chitosan Microspheres Water/oil emulsion Pt4+ 
Pd2+ 

Langmuir 
Langmuir 

2.0 
2.0 

129.9 mg/g 
112.4 mg/g 

[85] 

Ethylenesulfide chitosan Particles None Pb2+ 
Cd2+ 

Langmuir 
Langmuir 

6.1 1.81 mmol/g 
1.94 mmol/g 

[86] 

Dithiocarbamate chitosan Particles  None Pb2+ 
Cu2+ 
Cd2+ 

Langmuir 
Langmuir 
Langmuir 

nd 2.24 mmol/g 
1.14 mmol/g 
0.84 mmol/g 

[87] 

Thiocarbamoyl chitosan Particles  glutaraldehyde Hg+ Langmuir 2.0 459.5 mg/g [88] 

Thiourea O-carboxymethylated chitosan Particles Thiourea/glutaldehyde Ag+ Langmuir 4.0 4.0 mg.g [89] 

EDTA-chitosan Flakes None Cu2+ 
Ni2+ 

Sips 
Sips 

2.1 
2.1 

63.0 mg/g 
71.0 mg/g 

[90] 

DTPA-chitosan Flakes None Cu2+ 
Ni2+ 

Sips 
Sips 

2.1 
2.1 

49.1 mg/g 
53.1 mg/g 

[90] 

Poly(acrylamide)-chitosan 

 

 

 

Particles None Remacry 
Red TGL 
dye 

Langmuir 10 309.82 [91] 
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Modified chitosan Form Crosslinker Pollutant Isotherm Model Optimu
m pH 

qmax Ref 

Diethylenetriamine chitosan Beads  Acid 
orange 07 

Acid 
orange 10 

Acid red 18 

Acid green 
25 

Langmuir-
Freundlich 

Langmuir-
Freundlich 

Langmuir-
Freundlich 

Langmuir-
Freundlich 

 7.29 mmol/g 

4.54 mmol/g 

4.94 mmol/g 

4.21 mmol/g 

[92] 

 

 

 

 

 

 

EDTA-chitosan Particles None Nd3+ Langmuir 2.0 74 mg/g [93] 

DTPA-chitosan Particles None Nd3+ Langmuir 2.0 77 mg/g [93] 

2-(diethylamino) salicyaldehyde chitosan Particles None Cu2+ Langmuir 7.0 15.9 mg/g [94] 

Pectin/Carboxymethyl chitosan Nd Poly ethylene glycol 
diglycidyl ether 

Pb2+ nd 5 42.0 [95] 

Dialdehydes chitosan Hydrogels Nd Hg2+ 

Pb2+ 

Zn2+ 

Co2+ 

Cu2+ 

Nd 5 85% 

80% 

35% 

30% 

20% 

[96] 

Citric acid chitosan Flakes Gltaraldehyde Cd2+ Freundlich 6 85.4 [97] 

O-Carboxymethyl chitosan Nd Glutaraldehyde Crystal 
violet dye 

Langmuir 8.0 239.54 [98] 

O-carboxymethyl chitosan Particles Glutaraldehyde/ 
thiourea 

Hg2+ Langmuir 5.0 6.29 mmol/g [99] 

N, O-carboxymethyl chitosan Particles Nd Congo red 
dye 

Langmuir 7.0 330.62 mg/g [100] 

Carboxymethyl chitosan Particles Glutaraldehyde/ 
thiourea 

Au3+ Langmuir 4.0 8.32 mmol/g [101] 
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N, O-carboxymethyl chitosan  Particles - Methylene 
blue dye 

Langmuir 8.0 351 mg/g [102] 

N-carboxymethyl chitosan Particles - Pb2+ Langmuir 5.5 421.9 mg/g [103] 

Citric acid chitosan Flakes Glutaraldehyde Pb2+ Langmuir 

Freundlich 

5.0 101.7mg/g [104] 

Carboxylchitosan Beads Glutaraldehyde NO2
3- 

PO4
3- 

Freundlich 7.0 

5.0 

99.4 mg/g 

16.56mg/g 

[105] 

        

Poly(acrylic acid) chitosan particles None Remacry 
Red TGL 
dye 

Langmuir 10 510.74mg/g [91] 

Salicyaldehyde chitosan Particles  None Cu2+ Langmuir 7.0 29.2 mg/g  [94] 

2, 4-dihydroxybenzaldehyde chitosan Particles  None Cu2+ Langmuir 7.0 27.4 mg/g [94] 

Chitosan-Epichlorohydrin-
Tripoplyphosphate 

Particles Epichlorohydrin Cu2+ 

Cd2+ 

Pb2+ 

Langmuir 

Langmuir 

Langmuir 

6.0 

7.0 

5.0 

130.72 mg/g 

88.75 mg/g 

166.94 mg.g 

[106] 

Chitosan Tripolyphosphate  Beads Ionotropic Cu2+ Langmuir 5.0 208.3 mg/g [107] 

 
Nd- not determined 
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Adsorption properties of thiourea grafted chitosan beads prepared by a preliminary 
reaction of glutaraldehyde with thiourea was evaluated for Palladium and platinum ion 
uptake[78]. Epichlorohydrin cross-linked xanthated chitosan was explored for the 
removal of Cu2+ from solution [79]. The adsorption of Cu2+ ion was observed to be 
strongly dependent on pH and temperature, with the maximum adsorption capacity at pH 
5.0. The maximum adsorption capacity (qe) for Cu2+ ion uptake was 43.47 mg/g, which 
was far better than the qmax value of 2.0 mg/g reported for the unmodified chitosan. The 
modified chitosan’s ion uptake also showed reverse relationship with respect to pH 
compared with the pristine chitosan. The adsorption capacity of the pristine chitosan 
increased with decrease in pH due to exchange of hydrogen ion between the protonated 
amine groups with metal ions. However, below pH 3.5, there is competition between  H+ 
ion exchange and metal ion for adsorption sites. Furthermore, with the modification of 
chitosan with xanthate, the mechanism of adsorption was observed to be by 
chemisorption of Cu2+ on the xanthated chitosan, associated with complexation.  

3.2.2.2 N-containing moieties modified Chitosan and their adsorption 
properties 

The main aim of introducing –N carrying groups into chitosan structure is to increase the 
density of electron donating groups that can bind both anions and cations depending on 
experimental condition. The structure of the modified chitosan has great effect on the 
adsorption capacity of the adsorbent [108]. An -N modified chitosan have been reported 
by [109]. Ethylenediamine grafted chitosan adsorbent was explored for its adsorption 
capacity for removal of Eosin Y dye from solution [58]. The modified chitosan showed 
an improved adsorption capacity with a qmax of 294.1 mg/g compared to 70.65 mg/g 
reported for chitosan. It is has been observed that an increased density of amine group 
does lead to an increase in the zeta potential of the chitosan adsorbent [110] 

Glycidyl trimethyl ammonium chloride chitosan cross-linked with glutaraldehyde was 
evaluated for the adsorption of reactive Orange 16 dye [111]. The dye uptake was found 
to be independent of the pH of solution but largely influenced by the concentration of 
dye. This indicates that the adsorption mechanism is a chemisorption process, with the 
adsorbed specie attaching itself to the surface of the adsorbent. The qe of the quaternary 
adsorbent was 1060 mg/g, corresponding to 75% coverage of the adsorbent’s adsorption 
sites. This modified chitosan showed improved adsorption when compared to most 
unmodified chitosan reported in the study. 

Polyaniline grafted chitosan crosslinked with glutaraldehyde was reported by Karthik & 
Meenadshi [112]. The modified chitosan was evaluated for the adsorption of Pb2+ and 
Cd2+ ions from aqueous solution. The adsorption process was observed be highly 
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dependent on the pH of the solution, with maximum adsorption observed at pH 6.0. At 
lower pH values reduction in adsorption capacity may be accounted for by the 
protonation of the amine groups, which limit the availability of the amine groups for 
attraction of metal ions through the lone pair electrons on the N atoms. The qmax for the 
adsorption of Pb2+ and Cd2+ was 16.07 and 14.33 mg/g. 

Diaminomaleonitrile modified chitosan synthesized via the graft copolymerization 
process using ceric ammonium nitrate under N2 atmosphere. The cyano groups of the 
grafted chitosan was further converted into amidoxime groups by reaction with 
hydroxylamine hydrochloride[113]. The modified chitosan was explored for the removal 
of Pb2+, Cd2+, Zn2+, Fe2+, Cu2+, Ni2+ and Co2+ from aqueous solution. The maximum 
grafting yield obtained was 84%. The prepared material showed enhanced thermal 
stability with the main degradation step observed at 388 oC compared to 320 oC for pure 
chitosan. The reported removal of the metals by the amoxidated chitosan was between 
93-98%. The amoxidated chitosan show greater binding ability with the metals [113]. 

Kondo et al. [114] reported the synthesis of ethylene glycol diglycidyl ether crosslinked 
chitosan with pyridine groups. The pyridine group was introduced by reacting the 
crosslinked chitosan with picolinaldehyde which was further reduced by sodium 
borohydride. The degree of modification obtained was 33.3%. Evaluation of the 
adsorption capacity of the modified chitosan on Pd2+ and Pt4+ gave qe values of 1.55 and 
1.35 mmol/g respectively, which were significantly higher than the value obtained for 
just crosslinked chitosan. The proposed mechanism of adsorption was proposed to be via 
chelation through the nitrogen atoms on the pyridine and amino groups. The higher 
adsorption capacity for Pd2+ was attributed to the  difference in structure between the 
complex formed between the cations and the adsorbent. 

The importance of the introduction –N containing group into chitosan can be confirmed 
by comparing the work carried out by Azlan et al., [115] and Bhatt et al., [116] who 
explored the use of crosslinked chitosan for adsorption purposes. Azlan et al., [115] cross 
linked chitosan using ethylene glycol diglycidyl ether which lead to a reduction in the 
amount of available amine groups for sorption. This lead to the reduction in the 
adsorption capacity of the crosslinked chitosan when explored for the removal of acid red 
37 and acid blue 25 dyes with qmax of 59.52 and 142.86 mg/g respectively compared to 
128.21 and 263.15 mg/g of pure chitosan. However in the study by Bhatt et al., [116] 
ethylenetriaminepentacetic acid was used as a crosslinking agent, leading to an increase 
in the density of N atoms on the chitosan molecule. Improved adsorption capacity of 192. 
3 mg/g was reported compared with the qmax of 78 mg/g reported for non-crosslinked 
chitosan. 
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3.2.2.3 O-containing moieties modified Chitosan and their adsorptive 
properties 

Introduction of O-containing groups onto chitosan is usually explored in modifying the 
surface of chitosan for improved adsorption capacity via the formation of highly stable 
chelate rings with ions of transition metals. It has been suggested that O-containing 
groups enhances the selectivity of chitosan adsorbents [117]. Carboxyl and hydroxyl 
containing moieties are major routes to the introduction of –O onto chitosan structure. 
Chemical modification techniques such as quaternization, grafting, sulphonation, 
carboxylation, carboxymethylation have been explored in the introduction of –O groups 
onto chitosan. Numerous reports have been made on the incorporation of O- containing 
groups [118] 

Synthesized glutaradehyde crosslinked chitosan microspheres grafted with pyromellic 
dianhydride was evaluated for the adsorption of methylene blue and neutral red dyes 
[119]. The modified chitosan adsorbent showed improve adsorption capacity for the 
cationic dyes compared to pure chitosan microspheres. The mechanism of adsorption was 
proposed to be by chemisorption. 

In another report by Xing et al. [119], glutaraldehyde crosslinked poly(methacrylic acid)-
modified chitosan microspheres was synthesized by graft copolymerization method using 
potassium persulfate (K2S2O8) as the initiator of the reaction[119]. X-ray Photoelectron 
Spectroscopy (XPS) spectra analysis of crosslinked microsphere and the polymethacrylic 
acid modified chitosan microsphere showed Carbon:Oxygen ratio of 78:21 and 45:46 
respectively, confirming an increase in the number of oxygen atoms due to grafting of 
polymethacrylic acid to the chitosan skeleton. The adsorption capacity of the modified 
chitosan was 1001.9 and 473.9 mg/g, for methylene blue and malachite green uptake. 
This was an increase of ca 10- and 14 fold when compared with 99.1 and 34.2 mg/g 
reported for crosslinked chitosan. The adsorption capacity of the adsorbent was only 
affected by pH over a narrow range, with improved sorption capacity observed at high 
pH. 

Konaganti et al., [120] reported the synthesis of chitosan grafted poly(methyl 
methacrylate) (ChgPMMA), chitosan grafted poly(ethyl methacrylate) (ChgPEMA), 
chitosan grafted poly(butyl methacrylate) (ChgPBMA) and chitosan grpafted poly(hexyl 
methacrylate) (ChgPHMA) using potassium persulfate/ascorbic acid as redox initiator. 
The adsorption capacity of the adsorbents were evaluated for anionic sulfonate dye, 
Orange-G. The adsorption capacities of the modified chitosan adsorbents were observed 
to be dependent on the degree of grafting achieved by the synthesis process, with an 
increase from 72.2 to 91.4 mg/g observed as the percentage grafting increased from 130 
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to 220 for ChgPEMA adsorbent. A similar trend was also observed for the other 
poly(alkyl methacrylate) adsorbents. The qmax for ChgPMMA, ChgPEMA and 
ChgPBMA adsorbents and ungrafted chitosan for the removal of Orange-G dye was 94, 
91.4, 80.6 and 34 mg/g respectively. The adsorption of anionic dyes on chitosan 
derivatives was found to greatly influence  the surface charge and thus the pH of the 
environment. The optimum pH range for the adsorption of dye on the poly(alkyl 
methacrylate) adsorbent was 3.0 - 6.0. 

Adsorption of Au3+ ions on chitosan and N-carboxymethyl chitosan (NCMC) was 
reported by Ngah and Liang [121] . The adsorption study showed that the adsorption 
capacity of the NCMC was not significantly improved by the modification process (qmax 
of ca.31 and 34 mg/g for chitosan and N-carboxylmethyl chitosan, NCMC, respectively). 
The effect of pH on the sorption capacity of NCMC and Chitosan showed similar pattern, 
with almost similar adsorption over the studied pH range. This showed that the increase 
in the positive charge on the NCMC did not contribute significantly to the adsorption of 
Au3+.  

3.2.2.4 P-containing moieties modified Chitosan and their adsorptive 
properties 

Incorporation of P-containing groups into chitosan structure results in an increase in 
adsorption capacity for metal ions and increased resistance towards acid . The increased 
adsorption capacity is usually due to an increase in the ion-exchange capacity of the 
adsorbent. Adsorption of metal ions could be through intermolecular or intramolecular 
with counter ions on the sorbent or through the electrostatic interaction between the 
positively charged amine groups and the negatively charged tripolyphosphate group 
[108]. Several phosphorylated chitosan have been reported in literatures [58, 69, 122-
123]. Detailed synthesis of phosphorylated chitosan was presented in the review by 
Jayakumar et al [124]. Even though phosphorylated chitosan exhibits unique adsorption 
properties, the poor solubility of most of them in water and strong competition by 
alkaline and alkaline earth metal during adsorption reduces their application, especially 
when heavy metal recovery is desired[69]. Synthesis of N-methylene phosphonic and N-
propyl-N-methylene phosphonate chitosan via reductive N-alkylation reaction using 
propyl aldehyde was reported by Zuniga et al [125]. P-chitosan was also prepared using 
phosphorus acid [126-127] and phosphorus oxychloride [128]. 

Phosphonated chitosan prepared via substitution reaction using a reagent system of 
orthophosphoric acid-urea in N, N-dimethylformamide was explored for uranium 
adsorption [129]. Due to the acidic nature of the reaction medium, the amine groups of 
chitosan are in their ionized form and are capable of forming ionic bonds with free 
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phosphate ions in solution (H2PO4- and HPO2
4-). Three possible phosphorylation products 

were proposed viz (1) chitosan phosphate esterified at the hydroxyl group at the C-6 
position (2) chitosan pyrophosphates (3) salt linked formed between phosphate groups 
and amine groups of protonated chitosan. The adsorption of U6+ onto P-chitosan in the 
study was best described by Langmuir model, with qmax of 54.95 mg/g. 

Phosphorylation of hydrothermally crosslinked chitosan was reported by Dong et al 
[130]. Sodium tripolyphosphate was used as the P-source, in which crosslinking was 
facilitated by the adjustment of the pH of the reaction mixture to 5.0. Point of zero charge 
(pHpzc) of the phosphorylated chitosan was reported to be 6.5, so that at a pH lower than 
6.5 the surface of the adsorbent becomes positively charged for optimum anion 
adsorption and at pH higher than 6.5, the surface becomes negatively charged for 
optimum cation adsorption. The qmax for the adsorption of uranium ion by the 
phosphorylated chitosan was 409.2 mg/g compared to 200.0 mg/g reported for 
hydrothermally crosslinked chitosan. The phosphorylated chitosan was observed to also 
show higher selectivity for the adsorption of U6+ in the presence of other competing ions 
than the crosslinked chitosan. 

Phosphorylated chitosan/hydroxyethyl methacrylate interpenetrating polymer network 
was synthesized via γ-radiation using phosphoric acid [131]. The qmax for the adsorption 
of Cu2+ Zn2+ and Ca2+ ions were 66.3, 57.6 and 48.7 mg/g respectively. 

3.2.2.5 Other modified Chitosan 

Incorporation of moieties with functional groups other than N, S, O, and P have also been 
explored in enhancing adsorption capacity of chitosan. Molecularly imprinted chitosan 
(MIC) have been synthesized to improve the capacity of crosslinked chitosan. MICs are 
synthesized using the target pollutant as a template, followed by crosslinking and then 
removal of the template molecule. The template molecules protects the active groups on 
the chitosan during crosslinking, thus reducing the diminishing effect of crosslinking on 
the modified chitosan. The selectivity of the MIC is enhanced toward the template 
molecule after its removal[132]. Synthesis of a polyaminated crosslinked Ni2+-imprinted 
chitosan beads with ~3 fold sorption capacity for Ni2+ was reported by [133]. MICs with 
enhanced adsorption capacity have also been reported [134-136] 

Synthesis of magnetic chitosan is another route to enhancing the adsorptive capacity of 
chitosan. Comprehensive review on preparation and application of magnetic chitosan was 
reported by Tong & Chen [56]. Yang et al [137] reported the synthesis of modified 
chitosan magnetic composite adsorbent with improved adsorption capacity of 758 mg/g 
for methyl orange dye [137]. Crosslinked magnetic hydroxamated chitosan with 99.2% 
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removal efficiency for Cr6-was reported by Jia et al., [138]. Magnetic chitosan has been 
used for the adsorption of Zn2+ [139], Pb2+, Cu2+ [140], Ag+, Au3+ [141] 

The use of metal impregnated chitosan for enhanced adsorption of pollutants have also 
been explored. Tripathi [142] reported the synthesis of molybdenum-impregnated 
chitosan beads, monocalcium phosphate chitosan beads, with improved adsorption 
capacity towards Ni2+ and Zn2+ compare to pristine chitosan [142]. Lanthanum-modified 
chitosan with 20% impregnation level showed enhanced deflouridation activity with 
maximum uptake at pH of 6.7 [143]. Mixed rare earths modified chitosan with adsorption 
capacity of 3.72 mgF-/g for fluoride uptake was reported by Liang et al., [144]. chitosan 
crosslinked with Fe3+ showed improved adsorption capacity of 131 mg/g for phosphate 
[145]. Fe-impregnated chitosan[146] is another metal impregnated chitosan explored for 
fluoride sorption. Only recently, Unuabonah et al., [147] used metal impregnated 
chitosan composites to disinfect water polluted with E. coli, S. typhi and V. Cholerae.  

Surfactant-modified chitosan have also been reported in literatures though with limited 
research output [148]. The improved adsorption activity of this chitosan is due to the 
formation of bilayer or multilayers (admicelle) by the surfactant molecule on the chitosan 
when it is present at a concentration higher than its critical micelle concentration (CMC). 
This admicelle formed, solubilizes metal ions/cationic dyes by a process called 
adsolubilization [149-151]. To study the effects of surfactant’s hydrophobic tail and ionic 
head-group on adsorption capacity of surfactant modified chitosan, Lin et al., [152] 
reported the synthesis of sodium dodecyl sulfate- (SDS), sodium dodecyl sulfonate- 
(SDOS), dodecyl benzenesulfonic acid sodium salt- (SDBS), dioctyl sulfosuccinate 
sodium salt- (AOT) and N, N`-ethylene-bis[N(sodium ehtylenesulfonate)-dodecanamide] 
(DTM-12)-modified chitosan and evaluated their capacity for congo red dye. The qmax for 
the CS/DTM-12, CS/SDOS, CS/SDBS, CS/AOT and CS/SDS were 1732.89, 1539.98, 
1637.58, 1766.20 and 1490.65 mg/g respectively. 

Crosslinking of chitosan is a method employed for improving the stability of chitosan 
especially in acidic medium. However, chitosan with improved adsorption capacity can 
be achieved by using molecules with functional moieties like carboxylate groups and 
quaternary amines as crosslinks [153]. Chitosan beads crosslinked with epichlorohydrin 
(EP) and glutaraldehyde (GA) were evaluated for phosphate dianion (HPO4

2-) and p-
nitrophenolate (PNP) uptake from aqueous solutions. The EP beads showed higher 
affinity for HPO4

2- than GA beads, while GA showed higher affinity for PNP than EP. 
The higher adsorption of p-nitrophenolate ion on GA was due to the presence of more 
apolar binding sites, which was favourable for adsorption of the more lipophilic PNP 
compare to the more hydrophilic HPO4

2- [153]. Application of glutaraldehyde (ALD-
CHs) and epichlorohydrin (ECH-CHs) crosslinked chitosan for phosphate removal was 
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reported by Filipkowska et al [154]. ECH-CHs showed higher adsorption capacity (139.4 
mg/g) compare to 108.24 mg/g for ALD-CHs and 44.38 mg/g for the pristine chitosan 

5. Mechanism of adsorption by modified Chitosan 

The mechanism of adsorption of adsorbates by chitosan derivatives have been reported in 
review papers, experimental and theoretical studies. Despite the large volume of literature 
on the use of chitosan derivatives as adsorbent, only few studies have taken the pain in 
elucidating the mechanism involved in the adsorption process. The adsorption of species 
unto modified chitosan could be via several chemical interactions such as electrostatic 
attraction, ion-exchange, van der Waal force or chemical bonding which could be either a 
complex or chelate formation [65]. The adsorption process for a particular adsorbent may 
not be defined by just one clear cut mechanism, thus several mechanisms may be 
involved in the uptake of an adsorbate specie by an adsorbent. The functional group 
incorporated by modification processes most times play a significant role in the 
mechanism of adsorption. For example, increase in sulphur functionality leads to an 
increase in charge polarity, leading to increase in attraction toward metal cations due to 
the partial negative charge on the sulfur [80, 155]. The mechanism of adsorption may 
also be influenced by factors such as solution composition, speciation of metal ions and 
pH which affects the polymer protonation and leads to metal cation repulsion. 

The formation of chelate by ions with ligands is determined by the availability of its 
outermost electrons and presence of empty molecular orbitals has described by Person’s 
hard and soft acids and bases theory (HSAB). Two models for metal ion chelation has 
been proposed: bridge model and pendant model. While the bridge model suggests that 
metal ions could be bonded through inter- or intra-molecular complexation to amine 
groups of the same chain or different chain, the pendant model proposes that metal ions 
are held in pendant mode. The occurrence of any these models in metal ion uptake is 
determined by nature of metal ion, pH, metal/ligand ratio and presence of additional 
functional units in the chitosan frame [26, 117]  

The study of the adsorption mechanism for the adsorption of Al3+ and Pb2+ from 
wastewater by chitosan-tannic acid modified biopolymer was reported by Badawi et al 
[156]. Adsorption of the metal ions was accounted for by the interaction between 
polarizable phenolic hydroxyl groups from the tannic acid and the terminal amine on 
chitosan and the metal ions. The mechanism of adsorption was thus proposed to be by 
complex formation between the adsorbent and adsorbate as shown in Fig 3. Complex 
formation was further confirmed by subjecting the Pb2+ and Al3+ loaded adsorbent to 
FTIR analysis. The characteristic bands of the adsorbent, which are the stretching 
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vibration due to C-O and C-N observed at 1620 and 1025 cm-1 were significantly shifted 
due to the formation of coordinate bonds between the groups and the metal ions. 
 

Figure 3: Complex formation by tannic acid modified chitosan and metal ions 

 

Using Fourier Transformed Infrared spectroscopy analysis, Elbarbary & Ghobashy [131] 
was able to establish the formation of chelates between the adsorbed ions and the 
hydroxyl, phosphate, amino and carbonyl groups on a phosphorylated chitosan 
hydroxyethyl methacrylate interpenetrating polymer network adsorbents. Complex 
formation between adsorbate and adsorbent was also reported by Kannamba & Reddy 
[79] 

In the adsorption of metal anion complexes ion exchange/electrostatic attraction, 
reduction and metal ion coordination are the mechanism of importance. Interaction 
between the negatively charged complex and the chitosan is thus controlled by the pH of 
the solution, since the surface charge/density is determined by the degree of protonation 
of the groups on the chitosan adsorbent. Though the degree of protonation is determined 
by the degree of deacetylation, according to Pestov & Bratskaya [117], at pH < 4.5 most 
studied chitosans are completely protonated. However, below pH of 2, competition 
between competing anions limits the adsorption capacity. Modification of chitosan for 
enhanced anion adsorption is thus targeted at reducing its solubility in acidic medium 
achieved by crosslinking, and enhancing its selectivity and adsorption capacity by 
introducing functional moieties that will increase the number of electron-donor atoms 
like nitrogen or moieties with improved affinity [157-159] 

Sowmya & Meenakshi [105] and  Bhatt et al. [116] studied the mechanism of adsorption 
of Cr6+ using Fourier Transformed Infrared (FTIR), Scanning Electron Microscopy 
(SEM) and Energy Dispersive X-ray images, X-ray Photoelectron Spectroscopy (XPS) 
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and Electron Spin Resonance (ESR)74,84.  The adsorption of chromate anion onto the 
adsorbent was confirmed by FTIR spectra of the loaded adsorbent revealing the presence 
of the ion as hydrogen chromate and dichromate species. ESR spectra of the loaded 
adsorbent showed a spectra signal corresponding to exchange coupling between Cr3+-Cr3+ 

ion pairs or Cr3+ clusters, showing the reduction of Cr6+ to Cr3+. The configuration of the 
adsorbate-adsorbent interaction was confirmed by the binding energies reported by the 
XPS analysis. An additional peak at binding energy 288.1 eV resulting from the bond 
between carbonyl groups and chromium was observed for the loaded adsorbent. The 
alteration in the N1s spectrum of modified chitosan after loading with chromium 
suggested that formation of metal-NH2 complex was not likely the main adsorption route 
for chromium as only slight changes were observed in this spectrum. The O spectrum of 
the loaded adsorbent showed two peaks at 531.8 eV due to C=O and 533.1 eV due to 
Cr(OH)3, instead of the single peak showed by the unmodified and modified chitosan 
(532.2 eV due to C=O). This was attributed to the splitting of the peak due to C=O group 
by the Cr-O bond formed. The Cr2p region of the analysis, further proved the reduction 
of Cr6+ . However, the Cr3+ was observed to exist in two different species on the surface 
of the adsorbent with binding energies at 576.9, 579.0, 585.9 and 588.5 eV. The absence 
of oxygen peaks due to chromates, dichromates expected at ~530 eV confirmed that the 
chromate ion was adsorbed on the surface in its +3 oxidation state as Cr(OH)3 and Cr3+ 
stabilized by the carboxylate group of the modifier atoms. 

Many factors that influence the adsorbate-adsorbent interaction have been reported to 
also influence to a large extent the adsorption capacity of chitosan derivatives. Factors 
like solution pH, adsorbate speciation, degree of deacetylation, polymer chain length, 
metal ion selectivity, conditioning of adsorbent and their physical forms have significant 
impact on adsorption capacity of chitosan based adsorbents [160]. In the study by 
Sakkayawong et al, on the sorption of diazo C. I. reactive red dye on chitosan, it was 
reported that the mechanism of sorption by the sorbent was influenced by the pH of the 
system [161]. Under acidic conditions, the amine group on chitosan was protonated, 
while the dye molecules dissociated in solution as shown in the equations 1-3. The 
adsorption process was thus via electrostatic interaction between the protonated chitosan 
and the negatively charge dye molecule. 

𝑅` −𝑁𝐻2 + 𝐻+  ⇌ 𝑅 −𝑁𝐻3+ (1) 

𝐷𝐷𝑂3𝑁𝑁 
𝐻2𝑂�⎯�  𝐷𝐷𝑂3− + 𝑁𝑁+  (2) 
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𝑅 − 𝑁𝐻3+ +  𝐷𝐷𝑂3−  ⇌  𝑅 − 𝑁𝐻3+ 𝑂3 
− 𝐷𝐷 (3) 

However, under basic condition, the hydroxyl group on chitosan becomes accessible due 
to its deprotonation as shown in equation 3. Adsorption activity at this point is due to the 
formation of covalent bond between chitosan and the dye molecule 

𝐶𝐻2𝑂 + 𝑂𝐻−  ⇌ 𝐶𝐻2𝑂− + 𝐻2𝑂 (4) 

6. Recent developments in Chitosan based adsorbent 

Since the preliminary work by Muzarrelli in 1969 on the synthesis of chitosan and 
evaluation of it adsorption capacity for removal of metal ions from solution[162], 
numerous attempt at improving its capacity and application in adsorption has been the 
focus in recent researches. Numerous reviews on synthesis of modified chitosan through 
routes such as crosslinking, grafting and substitution reactions with products exhibiting 
outstanding adsorption capacities have been presented. However attempts are still 
ongoing on improving the synthetic routes to modifying chitosan. 

Recently, the use of ionic liquids (ILs) in improving the adsorption capacity of chitosan is 
gaining much focus. ILs are organic salts with organic cations like pyrrolidinium, 
imdazolium or ammonium derivatives with associated organic anions like CH3CO- or 
inorganic anions like Br- and BF4- [163]. Advantages of ILs as modifiers for chitosan 
includes: good thermal stability; formation of bond with other compounds either through, 
hydrogen bonding, electrostatic attraction, π-π or hydrophobic interactions; ease of tuning 
their properties through suitable selection of anions and cations and they are green 
solvents [164-165].  

Although, the application of ILs in chitosan modification is relatively new, there is 
growing research output in this regard. Sec-butylammonium acetate and n-
octylammonium acetate chitosan with improved adsorption capacity for chromium 
adsorption has been reported [166]. The removal efficiency achieved by the sec-
butylammonium acetate reached about 99% efficiency. 1-carboxybutyl-3-
methylimidazolium chloride chitosan with amphiphilic structure was studied for Cr2O7

2- 
and PF6

- [167]. In order to study the interaction between chitosan and ionic liquid and its 
effect on Pd2+ adsorption, Kumar et al [168] used analytical characterization tools like 
FT-IR, XRD, SEM and EDAX. It was observed that there was great interaction between 
Pd2+ and Aliquat-336 IL used in modifying the chitosan. Further analysis showed that the 
Pd2+ was adsorbed on the surface of the adsorbent, through electrostatic interaction and 

 EBSCOhost - printed on 2/14/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



Chitosan-Based Adsorbents for Wastewater Treatment, Ed. Abu Nasar Materials Research Forum LLC 
Materials Research Foundations 34 (2018) 161-202  doi: http://dx.doi.org/10.21741/9781945291753-8 

 

186 

ion pair mechanism. The qmax achieved by the adsorbent was 187. 61 mg/g, which was 
more than 20 fold the capacity of unmodified chitosan. ILs modified chitosan have also 
been reported for adsorption of other adsorbates like: metal ions such as Sr2+, Cs2+ [169], 
and even dyes like malachite green [170] 

Despite the advantages of ILs, its relatively high cost makes its application less 
economical compared to other modifiers. However. processes such as solvent extraction, 
vacuum treatment and evaporation [171] have been used in ILs recovery. 

Chitosan has proven to be material of choice in the removal of metal ions, anions and dye 
molecules from aqueous solution. The ease of tuning the properties of chitosan also 
makes it an interesting material for research.. Incorporation of functional moieties not 
only influence the adsorption capacity of chitosan, but also its mechanism which could be 
further influenced by the adsorption system parameters like pH, adsorbent form and 
presence of competing ions. The interest in chemically modified chitosan may not be 
abating soon with recent focus on the development of ionic liquid modified chitosan with 
improved adsorption capacity. With this current research direction, the best of chemically 
modified chitosan adsorbent may be nearer than expected.  
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Abstract 

This chapter highlights the properties and applications of chitosan and its derivatives for 
removal of heavy metals and dyes from aqueous solutions. It also explains the role of 
anionic surfactant (AS), sodium dodecyl sulfate (SDS) for enhancing the removal 
capacity of the chitosan. Different types of modifications can be done over the chitosan 
beads among which SDS modification is one of the best ways to modify the chitosan 
beads surface to obtain the maximum removal of heavy metals and dyes from the 
aqueous solutions. While SDS above its CMC is applied to the chitosan beads for the 
surface modification it is expected to form a bilayer over the surface and make it feasible 
to capture the contaminants preferably cations and cationic dyes, as the surface is 
negatively charged. This chapter compiles some of the recently published studies which 
show the application of SDS for making the aqueous solution free of contaminants. 
Keywords 

Marine Waste, Chitin and Chitosan, Anionic Surfactant, Sodium Dodecyl Sulfate, Heavy 
Metal, Dye, Adsorption 

Contents 

1. Introduction of Chitin and Chitosan ...................................................204 

2. Chitosan: waste to wealth .....................................................................205 

2.1 Chitosan: synthesis and properties ..................................................205 

2.2 Chitosan for heavy metal removal ...................................................207 

 EBSCOhost - printed on 2/14/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



Chitosan-Based Adsorbents for Wastewater Treatment, Ed. Abu Nasar Materials Research Forum LLC 
Materials Research Foundations 34 (2018) 203-229  doi: http://dx.doi.org/10.21741/9781945291753-9 

 

204 

3. Structure and properties of surfactants ..............................................208 

4. Interaction of surfactants with Chitosan .............................................211 

5. Modification of Chitosan beads using surfactants .............................212 

6. Removal of heavy metals and dyes using  
surfactant-modified Chitosan beads ..............................................................214 

7. Conclusions .............................................................................................219 

Acknowledgements ...........................................................................................220 

References .........................................................................................................220 
 

1. Introduction of Chitin and Chitosan 

Chitosan belongs to the family of polysaccharides which is obtained by partial 
deacetylation of chitin. Chitin is one of the most abundant renewable resources on Earth 
after cellulose. According to the report of The Hindu [1], 50 - 70% of raw material 
generated from sea food goes as waste. In India, along with Andhra Pradesh (AP) coast, 
approximately 2.5×105 tons marine food, including 3.0×104 tons of shrimp and 7.0×103 
tons of crabs is produced annually. The report also gives the clue that nearly 8.5×106 tons 
of waste/year is generated by the shellfish processing industries and more than 1×105 tons 
of industrial waste is generated from shrimp processing activities. Munoz et al. [2] 
reported recently that general-purpose chitosan produced from Mahtani Chitosan Private 
Limited (on the coast of Gujarat) in India is 50 tons annually. Chitosan produced in India 
is used mainly for agricultural purpose, whereas, European producers entirely focuses on 
the good quality chitosan which can be used in the medical sector [2]. Chitosan 
contributes as a part of our food supply. To apply chitosan and its derivative in 
biomedical and pharmaceutical purpose, the purity of chitosan is of utmost importance. 
However, presently available usage is still less as compared to its potential, as chitosan 
has a wide range of application fields [3]. Chitosan is used in environmental remediation 
as it has the ability to remove pollutants from soil and water. It is used in sorption of 
inorganic pollutants such as heavy metals [4–11], organic pollutants like dyes [6,12–16], 
residue oil [17–19], pesticides and herbicides from agriculture-based wastewater [20–23] 
etc. 
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2. Chitosan: waste to wealth 

Yan and Chen [3] recently published a research paper where the researchers described 
that seafood waste is potentially very rich in protein content (20-40 %), calcium 
carbonate (20-50 %) and chitin (15-40 %). Seafood waste can be converted into a 
protein-rich feed for animals and can replace soya bean feed, which is less in protein 
content. Another very important commercial product that can be extracted from the 
crustacean shells is calcium carbonate. It is also reported by Munoz et al. [2] that, the 
production of 1 kg chitin requires 33 kg (wet weight) shrimp shells which resulted into 
the production of 1.5 kg calcium salts/kg chitin. Calcium carbonate is used in the 
pharmaceutical industries [3]. Authors also described some of the very important aspects 
which should be taken care of to improve the values of the crustacean waste. The 
production of chitin and chitosan from the waste materials uses corrosive and hazardous 
chemicals which cause the degradation of most of the valuable contents of the crustacean 
shells. Moreover, for the production of 1 kg of chitosan from shrimp shells, more than 1 
ton of water is required which increase the cost of chitin up to $200 per kg. Despite using 
the cheap starting material the cost of the final product is very high and that too with the 
use of non-environment friendly chemicals [3]. For the application of chitosan and its 
derivatives in biomedical and pharmaceuticals, the purity of chitosan matters which again 
increases the cost of the high-quality chitin and chitosan. Extremely pure chitosan is 
required for biomedical applications like tissue engineering and drug delivery. Many 
grades of chitosan are available based on its application. Wastewater treatment is the area 
of environmental remediation where chitosan is widely used nowadays [10,24]. 

2.1 Chitosan: synthesis and properties 

Chitin can be used as a starting material to produce chitosan with a different degree of 
deacetylation. The production of chitosan from crustacean shells involves the basic steps: 
(i) pretreatment i.e., decalcification, (ii) deproteinization, (iii) demineralization, (iv) 
decoloration, and (v) deacetylation [25–27]. Each step was followed by thorough 
washing with water. A patent by Bristow [26] provided a detailed process for 
manufacturing medical grade chitosan without the need of decoloration step which is one 
of the most important steps in chitosan manufacturing processes. Exclusion of the 
decoloration step exempts the use of KMnO4 and oxalic acid, which are the essential 
reagents used in this step [26]. A simplified flowchart of the general processes followed 
in the production of chitosan is shown in Fig. 1. The experimental conditions are also 
mentioned. Chitosan manufacturing process uses harsh chemicals like HCl and NaOH in 
highly concentrated form. The washing, which is mandatory after every use of acid or 
alkali, requires a huge quantity of water. Consumption of water is so large in the 
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manufacturing process of chitosan that, ultimately the cost of the end product is a lot 
more than the raw material [3]. For instance, Munoz et al. [2] reported that Mahtani 
Chitosan Pvt. Ltd. (Gujarat) uses 250 L of water along with 1.4 kg chitin, 5.18 kg NaOH, 
1.06 kWh energy, 31 MJ wood fuel to produce 1 kg of chitosan. The used chemicals are 
not only detrimental to the environment, but they destroy the other components which 
could be extracted from the crustacean shells. A recent report of Yan and Chen [3] 
emphasized that, the proteins, calcium carbonate, which are also extractable from the 
crustacean shells, are lost due to the use of those chemicals. Chitosan can also be 
extracted enzymatically as shown in Fig. 1. This method is environment friendly. This 
also reduces the use of chemicals, and at the same time it involves less cost in the 
process. 

Figure 1. Flowchart of the general processes followed for the production of chitosan. 
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Chitin and chitosan both are attractive polymers because of their multidimensional 
properties [28]. Chitin is a white, hard, inelastic, nitrogenous, polysaccharide, which is 
made up of randomly distributed β-(1-4)-linked D-glucosamine and N-acetyl-D-
glucosamine. Chitosan is naturally abundant and renewable polymer having properties 
such as biodegradability, biocompatibility, and non-toxicity. It can be used as a potential 
adsorbent. Chitosan and cellulose have similarity in the structure except that, chitosan has 
–NH2 groups at C-2. Due to this, the reaction of chitosan is considerably more versatile 
than cellulose. Chitosan has unique properties such as solubility in various media, 
polyelectrolytic behavior, polyoxy salt formation, ability to form films, metal chelation, 
optical and structural characteristics etc. Chemical properties of chitosan depict that, it is 
a linear polyamine having active –NH2 and -OH groups which can chelate many metal 
ions.  

2.2 Chitosan for heavy metal removal 

With the advancement of lifestyle, more pollutants are emanated in the environment. In 
the present era of technology, the industries which involve in the production of our daily 
stuff deliberately or inadvertently emanate the life-threatening contaminants in water, 
soil, and air. Wastewater coming out from different industries like zinc mining, smelting, 
paint manufacturing, cosmetics, battery manufacturing, alloys manufacturing, pesticides 
and other chemical industries contains heavy metals such as Cd, Hg, Zn, As, Fe, Mn, Mg, 
Co, Cr, Cu, and many other contaminants [29,30]. The contaminants can pose risks to 
human beings who work regularly on the contaminated site [6,31]. Some of the above 
metals/metalloids (essential elements) are required in trace amounts in the body for 
specific functions. But most of the elements mentioned are toxic to human [31] even at 
very low concentrations [6]. The contaminants are transferred from one place to another 
with rain water and ultimately they reach the water bodies. This cycle continues in an 
endless process. It is the prime necessity to make the discharging water free of all 
contaminants so that it will not pollute the rivers, ponds or other water bodies.  
Biosorption using chitosan is also independent of the physical form of the adsorbent. 
According to the applications, the physical form of the chitosan may be selected.  Figure 
2 shows some of the far and wide used forms of chitosan. For example, the recent 
research of Abdelaal et al. [32], described the successful preparation of the different 
derivatives of chitosan by treating it with ethyl cellulose, cellulose triacetate. The authors 
also modified the chitosan with glycidyltrimethyl ammonium chloride, phthalic 
anhydride, and succinic acid derivatives. All the obtained derivatives were then 
crosslinked with glutaraldehyde (GLA) and analyzed for the removal of transition metals 
from aqueous solutions [32]. Low molecular weight chitosan derivative of pyruvic acid 
was prepared by Boamah et al. [33] and thiocarbamoyl chitosan (TC-Chitosan) was 
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prepared by Chauhan et al. [7]. Pyruvic acid derivative prepared by reaction of chitosan 
with pyruvic acid and then this derivative was crosslinked with GLA in order to increase 
the stability of the chitosan against acid or alkali or other chemicals [33]. Cd and Cr 
removal from wastewater emanating from electroplating industries were performed by 
the prepared adsorbent thiocarbamoyl chitosan (TC-Chitosan) [7]. Chen et al. [34,35] 
presented in their studies the preparation of novel type of composites of thiourea-
modified magnetic ion-imprinted chitosan-TiO2 and carbon disulfide-modified magnetic 
ion-imprinted chitosan-Fe(III), respectively. The former was named as MICT and later 
named as MMIC-Fe(III) composites. The prepared composites were used for the removal 
of Cd [34,35], tectracycline [35] and 2,4-dichlorophenol (2,4-DCP) [34]. Various other 
chitosan derivatives which can be used for the effective removal of contaminants from 
aqueous solutions are documented. These are poly (itaconic acid) grafted chitosan 
adsorbents [36], thiosemicarbazide-chitosan powder [5], surfactant-modified chitosan 
beads [8,15,37,38], eskom fly ash-chitosan composite [39] etc. Li et al. [4] prepared 
chitosan/sulfydryl-functionalized graphene oxide composites by the technique of covalent 
modification and electrostatic self-assembly.  Surface imprinting technique was used by 
Lu et al. [40] for the preparation of ion-imprinted carboxymethyl-chitosan functionalized 
silica gel sorbent for removal of Cd. Biocomposite preparation by intercalation between 
chitosan and vermiculite using ultrasound irradiation was reported by Padilla-Ortega et 
al. [41]. Heidari et al. [42] reported the adsorptive removal of Cd, Pb and Ni metal ions 
from wastewater using chitosan-methacrylic acid (chitosan-MAA) nanoparticles. 

3. Structure and properties of surfactants 

The surfactants are surface active agents which reduce the surface tension between two 
liquids or between a liquid and a solid. Surfactants have many fold applications because 
of their cleaning abilities, froth forming properties and micellization above critical 
micelle concentration (CMC). Surfactants consist of two parts: one is the hydrophobic 
tail and the other is the hydrophilic head. The tail part of most surfactants is similar, and 
it consists of a hydrocarbon chain. The tail part can be branched, linear, or aromatic. 
Surfactants which have two tails are called double-chained. On the basis of their polar 
head groups, surfactants are classified majorly as, non-ionic, cationic, anionic, and 
amphoteric or zwitterionic (as shown in Fig. 3). General structures those are formed by 
the surfactants when they come in contact with water are presented in Fig. 4. When 
surfactants are present at a lower concentration in aqueous solution they are present in the 
monomeric form. However, with an increase in concentration, they arrange themselves in 
the form of bilayer or micelle. Micelle formation in the solution reduces the system’s free 
energy and the extreme point at which this condition exists is called as CMC. This 
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character of the surfactants gives them the antibacterial property, detergency and 
solubilization property [43]. Surfactants have taken their place in many of the industries 
including pharmaceutical, cosmetics, sanitization, textile, mining, leather industry etc. In 
pharmaceutical industry surfactants increase the efficiency of the drug/ingredient by 
either directly binding to the drug or it can increase the adsorption/absorption and 
partition of the drugs between the hydrophobic and hydrophilic components of the 
organisms [44]. 

 

Figure 2. Applications of chitosan in water treatment, and its different forms. 

Figure 3. Classification of surfactants on the basis of their head group. 
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Figure 4. General structures formed by the surfactants when they come in contact with 
water. 

 

Among all the detergents anionic surfactants (AS) are the oldest and most common types 
of detergent which are the major component in the detergent formulation. The global 
production of surfactants in 2006 was 12.5×106 tons, and the use of surfactants in 
Western Europe in 2007 was 3×106 tons. The production of surfactants is increasing day 
by day [43]. It is reported that 25% of total consumption of surfactants are used in Europe 
only, followed by North America (United States and Canada (22%)), and China (18%). 
The highest growth rate in the consumption is expected in China and other Asian 
countries [45]. The major use of surfactants is in the household activities and cosmetics. 
The application of surfactants also leads to generate a lot of waste surfactants which are 
being discharged into the water bodies. As a result, surfactants are going to the water, air, 
and soil which cause the unnecessary involvement of the surfactant to the ecosystem. 
Surfactants have the property to denature the proteins and DNA which makes it an 
important material to be used in biotechnology applications and research fields [44,46]. 
Once surfactant goes into the body, it shows a marked biological activity. Anionic 
surfactants can hinder the normal activities of the body through its binding to bioactive 
macromolecules such as peptides, enzymes, and DNA. Binding to proteins and peptides 
may change the folding of the polypeptide chain and the surface charge of a molecule 
[44]. Therefore, it is necessary to remove or reduce the amount of surfactants in the 
wastewater of the industries which are producing the detergents or using the surfactant as 
a raw material. Surfactants are primarily degraded in sewage treatment plants and 
through microbial activity. Degradation of the surfactants depends on the chemical 
properties of the surfactants as well as on the physicochemical conditions of the 
environment. Recent research of Pal et al. [16] has shown the utilization of chitosan 
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beads for the removal of surfactants from the water. Some of the reports also suggested 
the productive use of surfactants in the removal of heavy metals by using the technique 
called micellar enhanced ultrafiltration [47–50]. The present article gives the compilation 
of recent researches which came up with the utilization of surfactants for the modification 
of the adsorbents (especially chitosan) which are used for the removal of contaminants 
from water and wastewater. 

4. Interaction of surfactants with Chitosan 

The modification or the interaction of the surfactants to any surface depends on the 
charge of the material. If the adsorbent surface is positively charged, then it can be linked 
with the anionic surfactants and if the surface is negatively charged then it can be 
modified with the cationic surfactants. Chitosan is a cationic polymer which can be easily 
modified with sodium dodecyl sulfate (SDS). However, to improve the adsorption 
capacity of the chitosan it is important to know the interaction of chitosan with the 
surfactants. Chitosan is biopolycation in acidic conditions (pKa=6.5) and the fraction of 
N-acetyl glucosamine in chitosan determines its degree of deacetylation (DA) [51]. The 
complex formation in the system of oppositely charged polyelectrolytes and surfactants 
increases the entropy due to the release of small counter ions and water molecules. The 
surfactant binding to the polymer chain can be cooperative, non-cooperative or anti-
cooperative in nature. The cooperative binding takes place if the completion of the 
binding process occurs in a narrow concentration range (above CMC). Anti-coopertaive 
binding occurs between the critical aggregation concentration (CAC) and CMC, and non-
cooperative binding is observed when the concentration of surfactant is below CAC 
[46,52,53]. The complexes are useful in many applications due to the modification in 
their rheological properties and incorporation of new active agents.  Applications such as 
in the field of cosmetics and pharmaceutical, drug delivery have the use of SDS/chitosan 
complexes because of their nontoxicity and degradable nature [51,53–55]. When 
surfactants are present in the form of aggregates an increase in the solubilization capacity 
(due to the presence of hydrophobic domains) as well as in the turbidity occurs.  

The interactions between surfactant and polymer can be divided into “vertical” and 
“horizontal” forces. The vertical force between the surfactant and polymer is mostly 
electrostatic force but hydrophobic forces and hydrogen bonding also play a role. The 
horizontal interaction is among the surfactant tails which is mainly due to the 
hydrophobic and dispersion forces [51,56]. Wei and Hudson [56] reported that the degree 
of deacetylation (DA) and ionic strength also affects the interaction with the SDS. The 
authors concluded that an increase in DA decreases the co-operativity of the binding 
process which increases the spacing among the surfactant tails but it does not affect the 
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vertical surfactant/glucosammonium interaction.  Increase in ionic strength does not 
affect the co-operativity of the process. This indicates the electrostatic nature of the 
vertical interaction and hydrophobic origin of the co-operativity [56]. The complex 
mixture of surfactants and polyelectrolyte limits their use because of less solubility. 
Hence, efforts have been made to exploit their properties in various forms. When 
chitosan is added to the surfactant solution, or vice-versa (to make capsules), ionic cross-
linking of the polymer chains by the surfactant micelles occurs. Chitosan–SDS emulsion 
capsules are not stable towards environmental stresses (temperature, pH or salt). The 
stability of these complexes can be largely enhanced by covering them with the layer of 
negatively charged biopolymers such as pectin. The structure of such complexes can be 
modified easily especially by varying the natural conditions of the materials (like pH, 
temperature). Modified forms can be exploited for the purpose of delivery, sequestration, 
water-based applications, catalyst preparation, etc. due to their biocompatibility [51]. It is 
evidenced that apart from chitosan, other materials like tea waste [57], iron oxide [58], 
iron humate [59], chitosan beads [8,15,37,38], alumina [60–64], wheat straw [65], laterite 
soil [66], etc. can also be modified using surfactants to improve the adsorption capacity 
of the material. Some of the recent researches by Pal and Pal [8,38], Das and Pal [15], Pal 
et al. [16], Kongarapu et al. [37] have suggested that the associative interactions between 
oppositely charged surfactants (such as AS) and polyelectrolyte chitosan gel beads lead to 
a modified scaffold, which is useful in environmental applications. Modification method 
is described in the next section. 

5. Modification of Chitosan beads using surfactants 

Chitosan is a widely used adsorbent for the removal of heavy metals. Among various 
forms of the chitosan, beads are now coming up with their advantage in diverse fields. A 
convenient method for the preparation of chitosan beads was reported by Mitani et al. 
[67]. The method is very popular because of its ease and simplicity. The process involves 
the mixing of 3 g (w/v) chitosan powder per 250 mL solution containing the 7 % glacial 
acetic acid. The prepared chitosan solution is then stirred for 4-5 h to make the solution 
bubble-free. The same solution was then added drop-wise to the coagulating mixture 
containing MeOH:NaOH:H2O (5:1:4) (wt/wt). This leads to bead formation. Prepared 
beads were washed thoroughly to bring the pH to neutral. This was followed by the 
modification of the chitosan (CS) beads by an AS, SDS, in a simple way [8,15,37,38]. In 
this method, the chitosan beads were dipped in the SDS solution at a particular 
concentration and left undisturbed for 3-5 days to adsorb maximum SDS. The SDS 
solution was prepared separately with different concentrations as required. After 
equilibrium (3-4 days) the SDS remaining in the solution was measured by 
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spectrophotometric method [68]. The modified chitosan beads were then utilized for the 
removal of heavy metals or dyes from aqueous solutions and for other applications. For 
instance, Kongarapu et al. [37] used modified chitosan beads for removal of Ni2+ 
followed by the formation Ni@NiO core-shell nanoparticles for 4-nitrophenol reduction. 
Das and Pal [15] also utilized SDS for modification of chitosan beads with the 
concentrations of 600 and 3000 mg/L for the removal of malachite green (MG). Pal and 
Pal [8,38] exploited the SDS (concentration = 3000 mg/L) modified chitosan (SMCS) 
beads for the removal of Cd2+ and Pb2+. Scanning electron microscopic (SEM) images of 
CS and SMCS beads are shown in Fig. 5 (a) and (b), respectively. SDS flakes can be seen 
clearly over the SMCS beads.  

Synergistic effects on the adsorption of SDS and crystal violet (CV) was also reported by 
Pal et al. [16]. Lin et al. [69] reported recently the chitosan hydrogel beads modification 
by anionic surfactants (SDS, sodium dodecyl sulfonate (SDOS), sodium 
dodecylbenzenesulfonate (SDBS), dioctyl sulfosuccinate sodium salt (AOT), and N,N’-
ethylene-bis[N (sodium ethylenesulfonate)-dodecanamide] (DTM-12)) and their use for 
adsorptive removal of congo red (CR) from aqueous solutions. It is one of the emerging 
techniques to modify the adsorbent material with the surfactant to improve the adsorption 
properties of the material. For example, attapulgite which is a crystalline hydrated 
magnesium aluminum silicate has permanent negative charges on its surface and has a 
fibrous morphology, which enables it to be modified by cationic surfactants to enhance 
contaminant retention. Asgari et al. [70] used a cationic surfactant, hexadecyltrimethyl 
ammonium bromide (HDTMA) to functionalize pumice for removal of fluoride from 
drinking water [70]. The surfactant-modified pumice resulted in the removal of over 96% 
of fluoride from a solution having concentration 10 mg/L. The adsorbent dose applied 
was 0.5 g/L, medium pH was 6.0 and the contact time was 30 min. The maximum 
adsorption capacity obtained was 41.0 mg/g [70]. 

Figure 5. SEM images of CS and SMCS beads. 
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6. Removal of heavy metals and dyes using surfactant-modified Chitosan beads 

The complex formation between the surfactant and polyelectrolyte occurs when they are 
oppositely charged. Chitosan in complexing with the surfactants shows the synergistic 
effect which may be helpful in the food industry, drug delivery, textile industry [71] and 
for the removal of other contaminants like dyes [16]. The first report of the synergistic 
effect of the SDS on crystal violet (CV) removal from water was published by Pal et al. 
[16]. The experiments were conducted to remove the SDS from aqueous solution using 
the CS beads and it was found that with the dose of 0.5 g/L, 95-99% of SDS was 
removed from the solution having a concentration in the range of 10-20 mg/L. Maximum 
adsorption capacity obtained was 76.9 mg/g. Moreover, crystal violet removal was also 
analyzed when both are present together. Interesting results were obtained revealing that, 
both the adsorbates have a synergistic effect on the removal of each other. For instance, 
at 10 mg/L initial concentration of CV and SDS, while present together, the percent 
removal of CV was 100% with the contact time of 24 h while it was 60% in absence of 
SDS. Similar results were obtained in case of SDS removal in presence of CV. The SDS 
removal (C0=10 mg/L) in presence of CV was 100%, however, it was only 70% in 
absence of CV. This type of synergism is very beneficial for the treatment of industrial 
wastewater [16].  

Figure 6. Schematic representation of monolayer and bilayer formation on CS beads. 

 

Kongarapu et al. [37] have published a recent research where SDS was used for the 
surface modification of CS beads. The surfactant-modified chitosan beads were used for 
the successful removal of Ni2+ and later nickel loaded beads were used for the synthesis 
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of Ni@NiO catalyst to be used for the 4-nitrophenol (4-NP) reduction. The concentration 
of SDS used for the modification of CS beads was 1500 (pre-micellar) and 6000 (post-
micellar) mg/L and the surfactant-modified chitosan beads were designated as PRECS 
and POSTCS beads, respectively. Adsorption of SDS occurred on the CS beads to create 
SDS bilayer (admicelle). These beads were called as the POSTCS beads. Whereas, when 
the SDS monolayer are formed on the CS beads (hemi micelle), those beads were named 
as PRECS beads. A schematic of the monolayer and bilayer formation on CS beads is 
presented in Fig. 6. 

CS, PRECS and POSTCS beads were evaluated for their adsorption capacity for Ni2+ 
removal. It was found that the adsorption capacity of POSTCS beads for Ni2+ removal 
was 37.82 mg/g, for PRECS beads it was 18.56 mg/g and for normal CS beads, it was 
10.0 mg/g. The enhanced removal of Ni2+ by POSTCS beads was due to the presence of 
surfactant bilayer which is believed to provide the adsolubilization of Ni2+ due to the 
electrostatic interaction between the anionic head group of SDS and the positively 
charged nickel ion. The POSTCS beads which were highly loaded with Ni2+ were used 
for the Ni@NiO catalyst preparation in presence of sodium borohydride (NaBH4) which 
reduced the Ni2+ to form Ni(0). The average core size of Ni(0) was found to be  ̴ 100 nm 
and the shell thickness was 25 nm as predicted by the TEM analysis. Catalytic reduction 
of 4-NP to 4-aminophenol (4-AP) followed four steps which are adsorption of reactant 
molecules (i.e. 4-NP and NaBH4) to the catalyst surface, surface complexation at the 
active site of the catalyst, reduction of 4-NP to 4-AP in presence of NaBH4, and 
desorption of 4-AP from the catalyst surface. Effect of dose, contact time, initial 
concentration of the 4-NP, temperature was evaluated and it was found that at lower 
concentration the reaction followed zero order kinetics and at higher concentration 
(1.0×10-4 M) the reaction followed first order kinetics. The study on the effect of 
temperature (293, 303 and 313 K) was done at 4-NP concentration of 1×10-4 M with the 
catalyst dose of 2.0 g/L and NaBH4 concentration 0.1 M. It was observed that the first 
order rate constant decreased with increase in temperature. The activation energy of the 
catalytic reaction was found to be negative in the present study. The turn over number 
(TON) and turn over frequency (TOF) of the catalyst at a dose of 2.0 g/L with the 4-NP 
concentration in presence of 0.1 M NaBH4 was found to be 3.0115×1019 molecules/g and 
5.019×1016 molecules/g/s, respectively [37]. 

Chitosan–surfactant–core–shell (CSCS), surfactant–polyelectrolyte-complex (SPEC) and 
CS–SDS composite material (CSC) were prepared by Das and Pal [15] for the adsorptive 
removal of MG. The complex forming ability of surfactant with counter ion 
polyelectrolyte (i.e., chitosan) is utilized to fabricate the above said adsorbents. The 
CSCS beads which were modified with the 3000 mg/L SDS concentration were found to 
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give the best adsorption capacity for MG which is 360 mg/g. The SDS concentration used 
for the preparation of adsorbent was >>CMC which is believed to form bilayer over the 
surface of chitosan beads. With 200-350 mg/L initial concentration of MG, the removal 
was 50–60% only due to the limited number of active sites on the adsorbent, whereas 
with the initial concentration of 10 and 100 mg/L 80–90 % removal was achieved. This 
idea of a modification of CS beads with the SDS concentration>>CMC was also followed 
by Pal and Pal [8] in their recent research where authors have reported the visual change 
(Fig. 7 (a, b)) in the physical appearance of SMCS beads after Cd2+ removal. SMCS 
beads after Cd2+ removal becomes white and opaque, while the CS beads are more 
transparent. 

Figure 7. Physical appearance of SMCS beads before (a) and after (b) Cd2+ removal. 

 

The comparative study of CS and SMCS beads for Cd2+ removal from synthetic 
wastewater showed that SMCS beads showed 3-fold higher adsorption capacity than that 
of CS beads. For instance, the adsorption capacity of the SMCS beads was 108.72 mg/g 
for 100 mg/L of Cd2+, while it was 37.57 mg/g in case of CS beads with the dose of 0.45 
g/L at a contact time of 10 h. Fourier transformed infrared (FTIR) and SEM analysis 
showed a successful modification of CS beads. FTIR spectra showed the emergence of 
some new peaks as well as shifting of some peaks due to the ionic interaction of the SDS 
bilayer and Cd2+. Isotherm data followed Langmuir adsorption model which gives the 
clue that the adsorption is monolayer which occurred due to the ionic interaction or 
chemisorption. Kinetic data complied with pseudo-second-order model. The maximum 
adsorption capacity or Langmuir adsorption capacity (Qmax) of SMCS beads obtained for 
Cd2+ removal was 125 mg/g. The above prepared SMCS beads could also be used for the 
removal of Pb2+ in the range of 10-100 mg/L as reported by Pal and Pal [38]. Apart from 
the Pb2+ analysis by AAS, the confirmation was also done by SEM and FTIR spectrum 
analysis which gave the assurance of Pb2+ adsorption onto SMCS beads. Authors 
explained that the removal efficiency using SMCS beads was similar to CS beads at 
lower concentrations (10-30 mg/L) of lead. However, at higher concentration of Pb2+ (30-
100 mg/L), the removal percentage by SMCS beads was 3 times higher than that of CS 
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beads. Adsorption of Pb2+ on to SMCS beads showed to follow pseudo-second-order 
kinetics and equilibrium data complied with the Langmuir isotherm model. Isotherm 
study here was done by varying the dose of adsorbent from 0.09 to 1.13 g/L, and the 
maximum adsorption capacity obtained was 100.0 mg/g.  

Some of the studies are also reported which showed the complexing of chitosan with the 
surfactants by mixing it in the solution phase and then reformed the hydrogel beads. This 
also resulted in the increment of the adsorption capacity of the adsorbent due to the 
addition of surfactants. Chatterjee et al. [72] reported the enhanced adsorption capacity of 
chitosan beads impregnated by a cationic surfactant (CTAB; cetyl trimethyl ammonium 
bromide) for CR removal. The ratio of CTAB:CS was optimized as 0.05:1 (wt %) which 
increased the adsorption capacity of CS/CTAB beads 2.2 times to that of CS beads. For 
instance, the adsorption capacity for CS beads was 162.3 mg/g (without CTAB 
impregnation) which increased to 352.5 mg/g when it was mixed with 0.05% CTAB 
when the initial concentration of CR was taken as 500 mg/L. Isotherm data showed a 
better fit to the Sips isotherm model and kinetic data followed pseudo-second-order rate 
model. Langmuir adsorption capacity obtained for CR removal by CS/CTAB was 385.9 
mg/g whereas it was 182.7 mg/g for CS beads. Authors explained that this enhancement 
of adsorption capacity may be partly due to hydrophobic interactions between the 
hydrophobic tail of CTAB and hydrophobic moieties of CR. Also, the increase in 
porosity contributes to the increase in removal of CR [72]. This is also supported by the 
study of Seredych et al. [73] which reports that the amount of adsorbate adsorbed on to 
the adsorbent depends on its porosity [72,73]. 

Chatterjee et al. [74] prepared the chitosan hydrogel beads by gelation with the SDS 
(designated as CSB), which were used for the removal of methylene blue (MB) from 
aqueous solutions with the initial concentration of  100 mg/L. The concentration of SDS 
was varied to get the maximum adsorption capacity with the CSB and it was observed 
that the optimum equilibrium adsorption capacity was maximum while 4 g/L of SDS was 
used for ionic gelation with chitosan beads (CB). The adsorption isotherm data best fitted 
with the Sips isotherm model, which resulted in the maximum adsorption capacity of 
226.24 mg/g; which was higher than that of CB (Qmax=99.01 mg/g). All the experiments 
were performed with the adsorbent dose of 20.0 g/L (wet weight of the beads) at 30ºC 
keeping pH at 6.0 [74]. Recently, Lin et al. [69] reported the adsorptive removal of CR 
using chitosan beads modified with different anionic surfactants viz., SDS, SDOS, SDBS, 
AOT, and DTM-12. The comparative results for CS and all surfactant-modified beads 
revealed that CS beads had much less adsorption efficiency compared to that of modified 
beads. High adsorption capacity was observed for CS/AOT beads and CS/DTM-12 beads 
which are having two hydrophobic tails. Adsorption isotherm studies showed that Sips 

 EBSCOhost - printed on 2/14/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



Chitosan-Based Adsorbents for Wastewater Treatment, Ed. Abu Nasar Materials Research Forum LLC 
Materials Research Foundations 34 (2018) 203-229  doi: http://dx.doi.org/10.21741/9781945291753-9 

 

218 

isotherm model was better followed and the adsorption process was heterogeneous. 
Authors suggested that the surfactant concentration, surfactant ionic head-group, and 
surfactant hydrophobic tail were crucial for the effective adsorption of CR from aqueous 
solution. Effect of the ionic head group was evaluated by modifying the CS beads with 
SDBS, SDOS and SDS, and it was found that the adsorption capacities for CR removal 
were in the order of SDBS/CS beads >SDOS/CS beads >SDS/CS beads. Despite the 
same tail length, the adsorption capacity differs probably due to the miceller 
solubilization. Effect of the hydrophobic tail was examined using AOT (with single head-
group and double tails per molecule) and DTM-12 (with two head-groups and two tails 
per molecule). The AOT/CS and DTM-12/CS beads both showed higher adsorption 
capacities which were 1783.44 and 1732.89 mg/g, respectively. This increment in the 
adsorption capacity than that of SDOS/CS, SDS/CS beads was due to the presence of 
more than one hydrophobic tails [69]. Efforts have been made to compile up the studies 
which came up recently to improve the chitosan adsorption capacity by surfactant 
modification with it. Table 1 shows the comparison in adsorption capacity with the raw 
material and after modification with a surfactant. 

Table 1.  Adsorption capacities of some of the raw materials and their surfactant-
modified forms 

 

Raw Material Designated names of the 
adsorbents prepared by 
surfactant modification 

Contaminant 
removed 

Adsorption 
capacity 
(mg/g) 

Ref. 

Chitosan beads CS beads Ni2+ 10.0 [37] 

Surfactant-
modified 

chitosan beads 

PRECS beads 18.56 

POSTCS beads 37.82 

Chitosan beads CS beads MG 171.35 [15] 

Surfactant-
modified 

chitosan beads 

CSC  239.47 

SPEC 352.52 

CSCS 359.42 

SMCS beads Cd2+ 125.0 [8] 

SMCS beads Pb2+ 100.0 [38] 

Chitosan beads CS beads CR 162.32 [72] 
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Surfactant-
modified 

chitosan beads 

CS/CTAB beads  CR 352.5 

Chitosan beads CB MB 99.01 [74] 

Surfactant-
modified 

chitosan beads 

CSB 226.24 

Surfactant-
modified 

chitosan beads 

CS/SDS beads CR 1490.65 [69] 

CS/SDOS beads 1539.98 

CS/SDBS beads 1637.58 

CS/AOT beads 1766.20 

CS/DTM-12 beads 1732.89 

Alumina Surfactant-modified 
alumina (SMA) 

CV 111.6 [60] 

Phenol 6.64 [61] 

Mn2+ 2.04 [63] 

Cu2+ 9.84 [64] 

Ni2+ 6.87 

Raw wheat straw Wheat straw MB 55.0 [65] 

Surfactant-
modified wheat 

straw 

SDS modified wheat 
straw 

126.6 

Tea waste CTAB-TW CR 106.4 [57] 

Laterite soil SDS-modified laterite soil Cu2+ 185.0 [66] 

Hydrotalcite-iron 
oxide magnetic 

organocomposite 

HT-DS/Fe MB 110.05 [58] 

HT-DSB/Fe 94.69 

7. Conclusions 

Surfactants have a very important role in our day to day life. Because of their immense 
use, they are becoming part of wastewater inadvertently along with the heavy metals and 
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dyes. Here, we have summarized some of the recent researches which focused on the 
smart use of surfactant for the modification of chitosan and some other biomaterials and 
their subsequent use for contaminant removal from aqueous solutions. It has been found 
that the micelle-forming capability of the surfactants shows a synergistic effect for the 
removal of contaminants. Also, above the CMC, surfactant form bilayer/admicelles over 
the solid surfaces which are able to solubilize the contaminants from the aqueous 
solutions.  
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Abstract 

Chitosan polymer nanocomposites have gained attention as effective adsorbent due to 
low cost and bioavailability. Many chitosan nanocomposites are obtained through 
chemical and physical modifications of raw chitosan that include cross-linking, grafting 
and impregnation of the chitosan backbone. Modification of chitosan backbone enhances 
the adsorption capability of the nanocomposite for adsorption of different types of dyes. 
This chapter discusses the different types of chitosan polymer nanocomposites that have 
been utilized for the removal of various organic dyes. The effects of various parameters 
like adsorbent dosage, dye concentration, pH, temperature, and adsorption mechanisms 
have also been highlighted which can help researchers to analyze and identify the future 
research work in this area.  
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1. Introduction 

Water is one of the most vital resources for mankind and water contamination has 
become a serious issue for human health and other living organisms [1-6]. Textile 
industries as well as other dyeing industries such as paper, printing, leather, food and 
plastic have been identified as the major sources of water pollution [7-9]. The presence of 
dyes in textile wastewater can impose serious health issues as most of the common dyes 
are carcinogenic in nature [10-13]. Hence, treatment of wastewater is a subject of 
immense concern and a lot of research has been carried out in this area. There are many 
water treatment processes applied for the removal of dyes from wastewater. Adsorption is 
considered to be one of the facile techniques for wastewater remediation [14-15]. Several 
studies are being undertaken to investigate the use of low-cost adsorbents [16]. Therefore, 
during the past several years, research groups have focused on the use of various cheaper 
alternatives that could be used as green adsorbents. The new trends are mainly focused on 
sustainable resource-based biodegradable polymers [17-20]. 

2. Structure and properties of Chitosan  

Chitosan, Fig.1 is a well-known derivative of chitin- a natural amino-polysaccharide 
which is non-toxic and biodegradable in nature exhibiting high binding potential, and 
anti-bacterial characteristics [21-25]. Chitosan possesses amino groups and hydroxyl 
groups in its chemical structure which make it a potential adsorbent for dyes [26]. 
Chitosan, as compared to other commercial adsorbents, has received the immense 
attention from the researchers due to its cationic characteristics, high adsorption capacity, 
abundance in nature and low cost [27-30]. Chitosan usually requires modifications, such 
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as crosslinking, grafting that enhances its resistance against acids, but this process 
reduces its adsorption capacity [31-35]. The major adsorption site of chitosan is the 
primary amino group which undergoes protonation to form -NH3

+ in acidic medium. 
Besides this, the adsorption capacity of chitosan against anionic dyes occurs due to the 
electrostatic attraction between the protonated amino groups and the sulfonic groups of 
the anionic dyes. The effective electrostatic interaction of the -NH3

+ groups of chitosan 
with the dye anions has been widely used to explain its mechanism of dye adsorption [36-
40]. 

 

 
 

Figure 1  Structure of Chitosan. 
 

3. Role of Chitosan-based nanocomposite in enhancing absorption 

Chitosan-based nanocomposites have been extensively investigated as adsorbents due to 
their high hydrophilic nature, chemical reactivity, and flexible structure of the polymer 
chain [41-46]. Modified chitosan nanocomposite based on graphene, silica, copper, 
cellulose etc. have been reported to show remarkable charge transporting properties, 
along with remarkable thermal stability as well as adsorption capability [47-50]. The 
upcoming section describes the synthesis and adsorption properties of chitosan-based 
nanocomposites. 

4. Synthesis and adsorption properties of some Chitosan nanocomposite 

4.1 TLAC/Chitosan composite 

An activated carbon that is derived from plant source known as Typhalatifolia activated 
carbon (TLAC) was utilized by Kumari et al. [51] for synthesizing novel and low-cost 
TLAC/Chitosan composites. Crystal violet (CV) was chosen as a model dye for the 
adsorption studies in a batch process. Results demonstrated that adsorption capacity was 
influenced by the pH of the dye medium, adsorbent dose, and initial dye concentration. 
The adsorption capacity was found to increase with an increase in the pH of the medium, 
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showing maximum adsorption of upto 99% at pH 9 in 60 min using 400 mg of the 
adsorbent dose at 30 ppm dye concentration. Adsorption capacity also revealed an 
increase with the increasing adsorbent dose due to the increase in the number of activated 
sites. The porosity of the composite was observed to be 49%. Langmuir as well as 
Freundlich models revealed that pseudo-second order kinetics model was well fitted for 
the dye adsorption onto the composite. 

4.2 Chitosan/cobalt-silica (Co-MCM) nanocomposites 

Chitosan/based cobalt-silica (Co-MCM) nanocomposites were synthesized by Khan et al. 
[52] by mixing 5ml - 25 ml of Co-MCM solution to chitosan solution to formulate 
chitosan/Co-MCM-5, chitosan/Co-MCM-15 and chitosan/Co-MCM-25, respectively. The 
nanocomposite was tested for the removal of several dyes such as Methyl Orange (MO), 
Acridine Orange (AO), Indigo Carmine (IC) and Congo Red(CR). Chitosan/Co-MCM-15 
nanocomposites, showed the highest adsorption among all other nanocomposites. 
Morphology of chitosan/Co-MCM nanocomposite was analyzed using FESEM which 
revealed cobalt-silica to be embedded in the chitosan structure, Fig.2. Good adsorption of 
the nanocomposites was observed towards MO, IC and CR dyes, while negligible 
adsorption was observed towards AO dye. 

Highest adsorption tendency was shown by Chitosan/Co-MCM-15 for MO dye as 
compared to IC dye, Fig.3. Negligible adsorption was noticed for AO dye. The rate of 
adsorption of IC was observed to be very fast, which was found to gradually decrease 
with time (Fig.3). 

The removal efficiency of MO dye was observed to decrease with the increase in pH of 
the dye solution. The maximum removal efficiency of 76% was achieved between pH 6-
8, while other dyes were adsorbed in lower capacity, Fig.4. The nanocomposites were 
evaluated for their activity against some gram negative, gram-positive and multidrug-
resistant bacteria. Among all the nanocomposites, Chitosan/Co-MCM-15 revealed the 
strongest activity which was attributed to the optimal loading of Co-MCM  in chitosan. 
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Figure 2  FESEM of  (a,b) chitosan/Co-MCM-5 (c,d), chitosan/Co-MCM-15 (e,f) 
chitosan/Co-MCM-25. (Reprinted with permission from Elsevier, Khan et al. 
International Journal of Biological Macromolecules 91 (2016) 744–751) 
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Figure 3  UV spectra of dyes in presence of chitosan/Co-MCM-15 as an adsorbent 
showing variation in the concentration of (a) MO, (b) IC ,(c) CR and (d) AO dyes. 
(Reprinted with permission from Elsevier, Khan et al. International Journal of Biological 
Macromolecules 91 (2016) 744–751) 

4.3 Chitosan/copper oxide (CS/CuO) composite 

Khan et al.[53] also synthesized chitosan/copper oxide (CS/CuO) composites by mixing 
of CuO in chitosan solution. The composite revealed a spherical but rough morphology 
with aggregation of CuO inside the chitosan matrix. Adsorption capability of the 
composite was investigated for  IC, CR and MO dyes and the values were compared with 
pure chitosan(CS). CS/CuO composite spheres were more selective towards MO 
adsorption and removal percentage of MO with pure chitosan after 10 min was 30% 
while the composite showed 25% removal of MO dye. It was reported that with the 
increase in the contact time, MO concentration decreased at a higher rate (after 180 min) 
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when the composite was used as an adsorbent, and showed 94% of MO dye adsorption, 
whereas pure chitosan showed only 76% adsorption of MO dye, Fig.5.The ideal pH for 
the dye adsorption was found to be ranging between pH 6–8, while further increase in pH 
above 8 led to a decrease in dye removal efficiency (Fig.6).  

 
Figure 4  % Removal of MO, IC and CR dyes using chitosan/Co-MCM-15. (Reprinted 
with permission from Elsevier, Khan et al. International Journal of Biological 
Macromolecules 91 (2016) 744–751) 

 
Figure 5  UV spectra of MO dye adsorption using (a) CS as adsorbent and (b) composite 
spheres as an adsorbent. (Reprinted with permission from Elsevier, Khan et al. 
International Journal of Biological Macromolecules 88 (2016) 113–119) 
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Figure 6(a)  CS and composite spheres as adsorbents showing (a) variation in 
absorbance vs contact time, (b) adsorption (%) vs contact time for MO dye adsorption. 
(Reprinted with permission from Elsevier, Kant et al. International Journal of Biological 
Macromolecules 88 (2016) 113–119) 

 

Soltani et al. [54] explored the efficiency of immobilized nanosized bio-silica (average 
crystalline size of 20 nm) within chitosan to formulate a nanocomposite as an adsorbent 
for removing Acid Red (AR) 88 dye. The nanocomposites revealed highly porous 
structure, Fig.7. A non-uniform size distribution was observed for bio-silica, Fig. 7(a), 
Fig. 7(c) and (d) taken at 125 and 1000x magnifications which showed a rough surface 
topography for pure chitosan. 

Higher adsorption of AR88 dye was noticed at 3 g L-1 adsorbent dosage in 120 min due 
to the availability of more binding sites [55]. A similar trend was noticed for 10, 25, 
50,100, 200 and 400 mg L-1 concentrations and the amount of adsorbed AR88 dye was 
calculated to be 2.65, 6.63, 14.25, 18.82, 21.11 and 23.05 mg gL-1. The pH of the solution 
also influenced the degree of ionization of the species as well as the surface charge of the 
adsorbent [56]. The kinetic study for the adsorption of AR88 dye onto nanocomposite 
was performed using four main kinetic models, including pseudo-first order, pseudo-
second order, intra-particle diffusion and Elovich models. Langmuir isotherm and 
pseudo-second-order kinetic model were all in agreement for adsorption of AR88 dye. 
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Figure 7  SEM images of pure bio-silica at 125X (a) and 1000×magnification (b), pure 
chitosan at 125×(c) and 1000×magnification (d), bio-silica/chitosan nanocomposite at 
125× (e)and 1000× magnification (f). (Reprinted with permission from Elsevier, Soltani 
et al. International Biodeterioration & Biodegradation 85 (2013) 383-391) 
 

4.4 Chitosan /Dialdehydes microfibrillated cellulose composite 

Tang et al.[57] prepared novel dialdehyde microfibrillated cellulose (DAMFC) based 
chitosan composite films by the solvent-casting method. Congo red (CR) was selected as 
a model dye to evaluate the adsorption behavior of DAMFC/chitosan composite films 
(Fig.8). 
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Figure 8  Scheme of DAMFC formation through the periodate oxidation of MFC. 
(Reprinted with permission from Elsevier, Tang et al. International Journal of Biological 
Macromolecules 107 (2018) 283–289) 

 

The morphology of the prepared nanocomposites showed a 3-dimensional web-like 
structure. DAMFC/chitosan films 2/100 composite film efficiently removed the dye and 
the adsorption capacity of CR dye at equilibrium was reported to be 152.5 mg gL−1 with a 
high removal rate of of 99.95% within 10 min. The pH of the solution also influenced the 
adsorption capability of DAMFC/chitosan composite and the ideal pH value for CR was 
noticed to be in the range of pH 3–8. The pseudo-second-order model was more suitable 
to describe the adsorption of CR onto DAMFC/chitosan composites. 

4.5 Graphene-based chitosan nanocomposite 

Banerjee et al.[58] explored the adsorption characteristics of magnetic chitosan-graphene 
oxide nanocomposite (GO-Cs-Nc) synthesized via ultrasonication for adsorption of Acid 
Yellow 36 (AY) and Acid Blue 74 (AB) dyes. Around 99.58 % and 99.60 % removal was 
noticed for AY  and AB dyes respectively when GO-Cs-Nc adsorbent dosage of 0.50 g-1 
was used. High adsorption capacity was observed within a short exposure time due to the 
strong influence of ultrasound irradiation on mass transfer [59]. Adsorption isotherm 
models such as Langmuir, Freundlich, Tempkin, and Dubinin-Radushkevich were well-
fitted and low adsorbent dosage, as well as reduced contact time, indicated energy saving 
and environment friendly nature of the adsorbent. Fan et al. [60] developed magnetic β-
cyclodextrin–chitosan/graphene oxide materials (MCCG) via facile chemical route for 
the reduction of Methylene Blue (MB) dye as shown in Fig. 9. 
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Figure 9  Schematic depiction of the formation of magnetic cyclodextrin-
chitosan/graphene oxide; (b) the chemical structure of methylene blue; (c) schematic 
depiction of magnetic particles separated by a magnet. (Reprinted with permission from 
Elsevier, Fan et al. Colloids and Surfaces B: Biointerfaces 103 (2013) 601– 607) 
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The morphology of MCCG composite exhibited the formation of small magnetic chitosan 
particles on the surface of GO layers. The BET surface area, pore volume and pore size 
of MCCG were calculated to be 402.1 m2/g, 0.4152 cm3/g, and 3.178 nm respectively. 
The average particle size of MCCG was observed to be 240 nm whereas the adsorption 
capacity of MB increased with increasing pH of the solution due to the electrostatic 
attraction between the negatively charged surface of the MCCG and cationic nature of 
MB dye. The adsorption followed pseudo-second-order kinetics. The equilibrium 
adsorption isotherms were well suited to the Langmuir isotherm model.  

Kamal et al. [61] utilized tetraethyl orthosilicate (TEOS) for the synthesis of a 
crosslinked nanocomposite composed of chitosan and Graphene oxide (GO). Membrane 
films of the nanocomposites were prepared and the ones containing GO were designated 
as CPG whereas the ones without GO were named as CP.  SEM micrographs showed that 
GO was homogeneously mixed with chitosan BET results revealed increase in the surface 
area upon the inclusion of GO in chitosan. The BET surface area values were shown to 
be 0.279 m2/g for CP  and 1.809 m2/g for CPG membrane, whereas the pore sizes were 
calculated to be 0.498 cm3/g and 0.522 cm3/g respectively. Congo Red (CR) was chosen 
as a model dye and adsorption was carried out at various contact times as shown in Fig. 
10(a). 58% dye adsorption was revealed by CPG in 1 min which reached up to 90%  in 7 
min but  CP  exhibited only 89% adsorption 30 min. Maximum dye adsorption capacity 
of  CP and CPG were calculated to be 145.2 and 175.9 mg/g for CR, (Fig.10(c) which 
showed an increase with an increase in the CR dye concentration Fig.10(d).   
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Figure 10  Removal of CR dye using CP and CPG showing the effect of  (a) contact time 
(b) initial concentration (c) pH (d) amount of adsorbent dosage on removal efficiency. 
(Reprinted with permission from Elsevier, Kamal et al. Reactive and Functional 
Polymers 110 (2017) 21–29) 

 

Langmuir isotherm model was well-fitted and adsorption kinetic was explained by the 
pseudo-second-order kinetic model. The increased rate of CR adsorption onto CPG was 
attributed to the presence of GO with active sites (Fig.11). 
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Figure 11  Proposed scheme for CR uptake on CPG membrane. (Reprinted with 
permission from Elsevier, Kamal et al. Reactive and Functional Polymers 110 (2017) 21–
29) 

 

Deliyanniet al. [62] developed graphite oxide magnetic chitosan (GO−Chm) 
nanocomposite via functionalization of graphite oxide (GO) with magnetic chitosan 
(Chm) as an adsorbent for the adsorption of Reactive Black 5 (Fig.12). 
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Figure 12  Proposed Synthesis Mechanism of GO−Chm after Functionalization of Chm 
on GO and Proposed Mechanism of RB5 Adsorption onto the Prepared GO−Chm. 
(Reprinted with permission from Elsevier, Deliyanni et al. Langmuir 2013, 29, 
1657−1668) 
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Magnetic chitosan with a core−shell was synthesized possessing 1 μm diameter size and 
the rough surface morphology of GO−Chm nanocomposite was attributed to the 
accumulation of chitosan nanoparticles on the surface of the GO layers. Adsorption 
studies showed that the removal efficiency of the reactive dye was 81%, 77%, 70%, 62%, 
55%, and 35%, at pH 3, 4, 6, 8, 10, and 12 respectively. Adsorption capability of 
GO−Chm at pH 12 was relatively higher and the removal efficiency was found to be 
35%. The equilibrium adsorption isotherms were in agreement with Langmuir, 
Freundlich, and Langmuir−Freundlich (L−F) models. 

Taher et al. [63] also synthesized magnetic/chitosan/graphene oxide (MCGO) 3-D 
nanostructure nanocomposites via ultrasonication. Morphology of MCGO revealed that 
the crystals were homogenously distributed with two diverse phases of iron, hollow 
nanorods and hexagon. A predictable mechanism for the growth of hollow nanorods 
goethite into 1D morphology was explained by  a scheme as shown in Fig. 13. Disperse 
Blue 367 (DB367) dye was chosen for the adsorption studies and the experimental results 
revealed that the adsorbed amount of DB367 dye by MCGO increased rapidly upon 
decreasing the pH from 8 to 2. Highest adsorption efficiency of 92.9%, was observed at 
90 °C at pH 2 in 120 min. The adsorption efficiency of DB367 dye increased as the 
temperature increased and maximum adsorption efficiency was noted to be 98.4% for 
0.15 g MCGO. The adsorption capacity decreased from 298.27 to 16.27 mg g−1 as the 
adsorbent dosage of MCGO increased from 0.01g to 0.20 g. The rapid adsorption process 
was achieved during the first few minutes and maximum removal efficiency of 99.1% 
(21.13 mg g−1) was attained in  30 min. Kinetics of DB367 dye adsorption was well-fitted 
in pseudo-second-order kinetic model. 

4.6 Magnetic Chitosan-polyethylenimine (Fe3O4/CS-PEI) polymer composite 

You et al.[64] synthesized Fe3O4/CS-PEI polymer composite via crosslinking of chitosan 
with polyethylenimine, Fig. 14. Chitosan (CS) was cross-linked with polyethylenimine 
(PEI) in the present of epichlorohydrin as a crosslinker. In alkaline medium, the epoxy 
group in epichlorohydrin reacted with the amino/hydroxyl groups in CS as well as with  
amino group of  PEI, which resulted in the formation of a cross-linked copolymer. The 
BET surface area of the Fe3O4/CS-PEI was determined to be 109.2 m2/g with an average 
pore width of 15.08 nm while the total pore volume was found to be 0.24 cm3/g. 
Adsorption studies confirmed that the synthesized adsorbent exhibited a high removal 
efficiency of 99.3% for CR dye with a concentration of the dye being 100 mg/L and that 
adsorbent dose being 1.4 g/L. It was also reported that high temperature was beneficial 
for adsorption but the adsorption capacity decreased when the pH value increased. 
Kinetics study suggested that the adsorption mechanism of CR followed the pseudo-
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second model and Fe3O4/CS-PEI revealed high positive charge, high surface area, multi-
level pore distribution and magnetic responsiveness. The Fe3O4/CS-PEI thus showed 
enhanced capacity (1876 mg/g at 40◦C) for the removal of CR dye from aqueous 
solutions.  
 

 
Figure13  A possible growth mechanism for the formation of MGO nanocomposite and 
hierarchical MCGO 3D nanostructure. (Reprinted with permission from Elsevier, Taher 
et al. Materials Research Bulletin 97 (2018) 361–368) 

 

Figure 14  Synthetic procedure of the Fe3O4/CS-PEI polymer composite. (Reprinted with 
permission from Elsevier, You et al. International Journal of Biological Macromolecules 
107 (2018) 1620–1628) 
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Ahmed et al. [65] tailored molecularly imprinted polymer (MIP) chitosan-TiO2 

nanocomposite (CTNC) synthesized via a sol-gel method for the effective removal of 
Rose Bengal (RB) dye. Morphology of the CTNC-MIP nanoparticles reflected high 
homogeneity of the prepared nanoparticles. The particles exhibited “spheroid like 
morphology” showing a large number of cavities that were dispersed through the whole 
sample matrix. The specific surface area was found to be 95.38 m2/g. The adsorption 
studies showed that adsorption capacity increased from 50.84 to 84.8 mg g−1 at 30˚C for 
60 min with increasing RB dye concentration. When pH of the dye solution increased to 
5.0, the adsorption capacity increased from 74.13 mg g−1 to 76 mg g−1 but at pH above 
5.0, adsorption capacity was greatly reduced. Adsorption efficiency of RB dye removal 
was reported to be 98.89%  as compared to pure chitosan whose adsorption efficiency 
was 53.73% at pH = 5. Pseudo-first-order, pseudo-second-order Elovich, and Weber-
Morris models were used to analyze the kinetic data. The remarkable enhancement of dye 
removal was attributed to the tailored cavities of LMIP nanoparticles that attracted the 
RB dye molecules. Xiao et al. [66] also prepared MFe3O4/CS nanocomposite and brilliant 
red X-3B (X-3B), was selected as a model dye to evaluate the adsorption characteristics 
of MFe3O4/CS NPs by batch adsorption experiments, Fig.15. Morphology and size of 
MFe3O4/CS NPs were found to be quasi-spherical / ellipsoidal in shape and the diameter 
was found to be ranging between 5–8 nm. The BET surface area of MFe3O4/CS NPs was 
found to be 106.4 m2/g and the pore diameters ranged from 5 nm- 10 nm. Adsorption 
potential of X-3B onto MFe3O4/CS was strongly dependent on both initial pH and the 
adsorbent dosage. The result showed that the adsorption capacity of X-3B on 
MFe3O4/CSNPs increased significantly when pH of the solution decreased to 2 and in 
case of adsorbent dose, the adsorption capacity decreased with the increase in adsorbent 
amount, which was due to the presence of unsaturated adsorption active sites [67]. X-3B  
dye adsorption was analyzed by varying the dosage of MFe3O4/CS from 0.1 g/L to 1.3 
g/L. The X-3B adsorption increased significantly from 24.6% to 98.5% with the increase 
in adsorbent amount from 0.1 g/L to 0.6 g/L which was considered as the optimum 
adsorbent dosage. MFe3O4/CS nanocomposite exhibited a reusable property and removal 
efficiency of X-3B dye was over 90% after five cycles, indicating that MFe3O4/CS NPs 
had good reusability. Langmuir, Freundlich, and Sips isotherm models were fitted for 
equilibrium adsorption. The results of the kinetic study showed that the adsorption 
process followed the pseudo-second-order kinetic model. 
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Figure 15  Schematic representation of the formation of MFe3O4/CS NPs. (Reprinted 
with permission from Elsevier, Cao et al. Powder Technology 260 (2014) 90–97) 

4.7 Succinyl-grafted Chitosan 

Kyzas et al.[68] prepared a succinyl grafted chitosan nanocomposite that showed good 
adsorption properties and high biodegradability. The grafted chitosan material was used 
for the efficient removal of basic dye (Remarcyl Red TGL denoted as CR). BET  surface 
area was found to be  4.920 m²/g. The CR removal efficiency was 54%, 71%, 83%, and 
97% at pH 2, 3, 4, and 5, respectively. Langmuir-Freundlich model and pseudo-second-
order equation. The reusability of this super-adsorbent was found to decrease at 10th  
cycle(91% adsorption), while the loss until the 20th and 30th cycle was 9% and 10%, 
respectively. 

4.8 Chitosan–Polyaniline/ZnO hybrid composite  

Thambidurai et al. [69] synthesized chitosan–polyaniline (CPA) and chitosan– 
polyaniline/ZnO hybrids using aniline with different content of ZnO for adsorption 
evaluations of reactive orange 16 (RO16). Morphology of nanocomposite reveal granular 
like structure and particles size of  CPA–ZC/ZO particle was between 29 nm - 40 nm. 
The specific surface area of the CPA–ZC2.5 was  45.9 m2/g and measured pore volume 
was for 0.479383 cm3/g CPA–ZC2.5 Experimental results demonstrated that adsorption 
efficiency was 90.1% of CPA–ZC2.5, and 80.8% of CPA respectively at low 
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concentration of dye (25 mg L−1) but it was 31.5% for CPA–ZC2.5 and 21.9% for CPA at 
higher concentration of dye (500 mg L−1) the adsorption efficiency was decreased. The 
increase in adsorbent dosage from 0.1 to 0.5 g/L resulted in the increase of the RO16 
adsorption to 41.7% to 99.8% adsorption efficiency of CPA–ZC2. The results indicated 
that CPA–ZC2.5 hybrids were non-toxic and cost-effective for dye removal process. 

4.9 Chitosan/PVA/Na–Titanate/TiO2 composites 

Afifi et al. [70] prepared Chitosan/PVA/Na–titanate/TiO2 composite film were prepared 
via the solution casting method in a different ratio of PVA and TiO2. The schematic way 
of preparation of chitosan/PVA/Na-titanate/TiO2 (Fig.16). Two anionic dyes, methyl 
orange, and congo red were selected for adsorption elucidation of the composites. 
Morphology of prepared composite having a rough surface and finer particles were 
observed and the diameter of filler particles was varied from 100 to 700 nm. Adsorption 
of MO was 99.9% using composite having higher weightage of chitosan and crystalline 
TiO2 phase. CR adsorption was 95.76%. Adsorption percentage decreased at higher 
loading of PVA due to the deactivation of the amino group of chitosan by making a 
hydrogen bond with the hydroxyl group of PVA. The adsorption behavior of the 
composites was explained by pseudo-second-order kinetic model and Lagergren-first-
order model for MO and CR dyes, respectively. 

 

Figure 16  Schematic mechanism for preparation of Chitosan/PVA/Na-titanate/TiO2 
composite. (Reprinted with permission from Elsevier, Afifi et al. Carbohydrate Polymers 
149 (2016) 317–331) 
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5. Scope of future work  

The present chapter described the recent developments in the field of chitosan-based 
nanocomposites as adsorbents for the removal of dye from wastewater. Chitosan and its 
nanocomposite exhibit unique characteristics such as low cost, high adsorption capacity, 
ease of processibility and biodegradability. To enhance the adsorption performance of 
chitosan nanocomposite, many groups have employed cross-linking, grafting and 
impregnation methods. Adsorption using chitosan nanocomposites is becoming a 
promising alternative to replace conventional adsorbents in removing dyes. Although 
chitosan nanocomposites have attractive application in wastewater treatment, there are 
still several gaps which need to be filled. There is some important issue to be summarized 
below: The method of preparation of chitosan nanocomposite can be more simplified to 
one-pot synthesis. For the actual wastewater treatment, it's quite necessary to study the 
adsorption behavior of a multiple solute system, and the influence of co-existing ions in 
the solution on the target ions. Research till now is only scaled up to batch studies, but 
pilot-plant studies should also be conducted utilizing chitosan nanocomposite to check 
their utility on a commercial scale. Multi-purpose, economically feasible magnetic 
chitosan composites can be developed to remove a variety of pollutants. The study of 
dynamic adsorption of target contaminant deserves more attention and also a concern 
with estimating the cost of production and application. Low production cost with higher 
removal efficiency can make the process economical and efficient. Chitosan significantly 
shows advantages over currently available commercially expensive activated carbons 
and, in addition, contributes to an overall waste minimization strategy. 
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Abstract 

In this study, the microwave assisted methodology was employed to produce uniformly 
distributed platinum nanoparticles decorated with graphane oxide-chitosan. The capacity 
of methylene blue removal of these nanohybrids at room temperature was examined via 
adsorption. Characterizations of these novel nanoadsorbents were accomplished using X-
ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission electron 
microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM). The 
X-ray diffractogram of the Pt NPs@CSGO displayed an ordinary structure of face-
centered cubic (FCC). Adsorbance measurement results represented significant 
performance increases for all these novel nanohybrids for methylene blue removal. 
However, Pt NPs@CSGO hybrid was one of the best nanoadsorbent compared to others 
produced in this study. Our results presented that the one of highest methylene blue 
adsorption capacity belongs to the Pt NPs@CSGO, which was 194.6 mg/g, can be 
considered as an outstanding capacity. Its equilibrium was accomplished in 55 min. 
Furthermore, all these Pt NPs are reusable materials for the methylene blue removal 
application because they sustained 74.02 % of the initial efficiency after six successive 
adsorptions–desorption cycles.  
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1. Introduction 

In numerous industries, dyes are commonly being used; for example, coating, cosmetic, 
leather, paint, paper, plastic, textile industries, and they have big amounts of effluent 
water and this effluent water typically contains organic dyes. They are very toxic, and on 
the other hand, the dyes are visible and seems unaesthetic [1-3]. Therefore, conventional 
dye removal methods are being used to clean these contaminated effluents. Today, in 
addition to conventional treatment methods, various techniques are also being utilized for 
the treatment of wastewaters, which are biological treatment, electrochemical 
degradation, flocculation, MnO2 oxidation, photocatalytic degradation, sonochemical 
degradation, ultrafiltration, and adsorption processes [4-15]. When those techniques have 
been compared, it can be seen that the adsorption process is the most applicable method 
for dye removal as it is very efficient, practical, and economic [1, 2, 4, 5]. As adsorption 
process is a very demandable method for effluent treatments, numerous approaches have 
been executed to develop various efficient adsorbents. As a result, people have proved 
that activated carbon, clay materials, chitin, chitosan, peat, silica, and solid waste are 
good candidates for adsorbents as shown in Table 1. Even though these carry some pros, 
researchers, however, have revealed their cons which are lack of specificity for their 
synthesis and treatment, low efficacy and capacity, problems in their recycling and 
reusing, and longer processing times. Hence, much better adsorbent materials are 
required for more effective dye removal. Lastly, nanomaterials have been used as 
efficacious and re-usable materials for many applications [16-23]. They have mechanical 
flexibility, chemical stability, regulatable pore size, modifiable structures and 
compositions [24-30]. They can also been used as adsorbents for wastewater treatments. 
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Thus, for the remediation of dyes from contaminated waters, different novel 
nanomaterials have been produced, modified and improved by the researchers [9, 11, 31]. 
Latterly, carbon supported nanoparticles or carbon nanotubes, polyaniline nanotubes, iron 
oxide nanoparticles, fullerenes, polyurethane foams, polypyrrole/TiO2 nanocomposites, 
poly(cyclotri-phosphazene-co-4,4-sulfonyl-diphenol) (PZS) and polydopamine 
nanospheres and CdS nanostructures have been developed by the researchers as shown in 
Table 1. These materials and their modified kinds have started to be used in dye removal 
applications. These nanomaterials have wide surface area. This feature allows better 
contact, and hence, better dye removal can be obtained. All these create ideal 
characteristics for demandable nanosorbents. Within all these adsorbents, carbon-based 
materials (i.e. graphene oxide, reduced graphene oxide) supply many opportunities for 
remediation of environmental problems, such as pollutant removal in water [32-43]. 
These makes carbon-based materials an ideal adsorbent to remove cationic dyes like 
methylene blue. As methylene blue is commonly used for colorizing cotton, silk, or 
wood, economic adsorbent material developing for methylene blue removal from 
wastewaters is very important to reduce methylene blue’s environmental, health, and 
esthetical concerns. For successful dye removal in effluent waters, better performing 
nanocomposites are required, and the research should have a simple adsorbent 
preparation methodology in addition to the composition of adsorbent. In addition, it is 
known that homogeneous distribution of NPs on the surface of support materials is a 
prerequisite to obtaining high performance of adsorbents. Based on very good adsorption 
properties of chitosan and GO, chitosan-graphene oxide (CSGO) mixture have been 
thought as biosorbents owing to different surface functional groups of CSGO that make it 
highly dispersible in water. These makes CSGO an ideal cationic dye adsorbent like 
methylene blue. Addressed herein, graphene oxide-chitosan (CSGO) material was used as 
a supporting agent for the nanoparticles. The adsorption capacity and methylene blue 
removal of this Pt NPs@CSGO that were produced through the microwave-assisted 
method were investigated. The relationship between contact time and adsorption 
efficiency and the relationship between the amount of nanomaterials adsorbed per unit 
weight of methylene blue and dye concentration, as well as the reusability of 
nanomaterials,  were investigated. X-ray diffraction (XRD), X-ray photoelectron 
spectroscopy (XPS), transmission electron microscopy (TEM) and high resolution 
transmission electron microscopy (HRTEM) were used to characterize the Pt 
NPs@CSGO. The methylene blue removal efficiency was examined via UV-Vis 
spectrophotometer. It was displayed that the Pt NPs@CSGO has good properties such as 
high surface area, fast extraction and regeneration periods, ease of operation, and high 
potential for remediating wastewater for dye removal. 
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2. Materials and methods 

2.1 Chemicals and techniques  

Platinum (IV) chloride (PtCl4 99%; Alfa), tetrahydrofuran (THF or (CH2)3CH2O; 99.5%; 
Merck), potassium permanganate (KMnO4; Merck), Chitosan (degree of deacetylation: 
90 %, Mw = 4.000-6.000), HAc (Aldrich) sodium nitrate (NaNO3; 99.0%; Merck), 
hydrogen peroxide (H2O2; 30%; Merck), hydrochloric acid (HCl; 37%; Merck), 
methylene blue (MB; Merck) and ethylene glycol (Aldrich) were used in this study. 
Water was purified using a Millipore filtration system (18 MΩ). Teflon-coated magnetic 
stir bars and the glassware were washed with aqua regia and distilled water and then 
dried. TEM images of Pt NPs have been obtained by a JEOL 200 kV TEM instrument. X-
ray diffraction (XRD) was performed using a Panalytical Empyrean diffractometer with 
Ultima + theta-theta high-resolution goniometer, the X-ray generator (Cu K  radiation, λ 
= 1.54056Å) with operation conditions at 45 kV and 40 mA. A Specs spectrometer was 
used for X-ray photoelectron spectroscopy (XPS) measurements using K  lines of Mg 
(1253.6 eV, 10 mA) as an X-ray source. For the adsorption experiments, after calibration 
experiments in a different amount of materials by the help of used nanomaterial, to run 
the batch adsorption experiments, firstly, 25 mg of the nanocomposite was dispersed in 
water by using an ultrasonic bath for 2 h. Next, the mixture was mixed with 25 mL of 
methylene blue solution (30 mg/L) and shaken in a water bath (120 rpm) for 24 hours. At 
the end of 24 h shaking, pH was adjusted to 5.8 using NaOH and HCl solutions. Dye 
adsorption experiments were done in round bottom flasks at room temperature. After 
separating the nanocomposite particles by centrifugation (4000 rpm for 10 min), the 
supernatant solution was analyzed to measure the absorbance at 664 nm, which is the 
absorption band of methylene blue in water by using a UV-Vis spectrophotometer. Using 
the calibration curve and the absorbance data, the amount of dye adsorbed was calculated 
using the equation in the literature [2-6]. 

For the reusability of the NPs synthesized in this study for methylene blue removal, 15 
mg of the nanocomposite was mixed with 25 mL of methylene blue solution. Next, the 
mixture was sonicated for 30 min at room temperature. After separating the 
nanocomposite from the mixture by centrifugation, the supernatant was kept for the 
spectroscopic analyses. Afterward, for desorption, used nanocomposite was washed with 
25 mL of ethanol three times at room temperature and then collected by centrifugation. 
This washed nanocomposite was reused for a next methylene blue adsorption experiment 
as described above. To figure out the reusability, experiments were repeated six times. 
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2.2 Preparation of nanosorbents 

By using graphite powder and modifying the Hummer’s method, graphene oxide (GO) 
was synthesized [44-52]. The prepared graphene oxide can be easily dispersed in water. 
Based on this, graphene oxide (GO) powder of 0.20 g was dispersed into 100 mL of 
ultrapure water by mild ultrasound for 20 min in order to get a homogeneous suspension. 
Then, 1 ml HAc and 1.5 g chitosan (CS) were added to the suspension. After an hour of 
stirring at room temperature, the CSGO mixture solutions were prepared. In order to 
prepare Pt NPs, microwave irradiation method has been performed as shown in Fig. 1. 
The prepared Pt NPs were mixed with CSGO (1:1 ratio) by using an ultrasonic tip 
sonicator and then prepared Pt NPs@CSGO was dried at room temperature in a vacuum-
drier. 
 

 

Fig. 1  A schematic illustration for the Pt NPs@CSGO synthesis achieved in this study. 

 

3. Results and discussion 

Characterizations of the Pt NPs@CSGO were performed by XRD, XPS, TEM, and 
HRTEM. The morphology and structure of the synthesized  Pt NPs@CSGO and were 
analyzed by a TEM and the results were depicted in Fig. 2a. The Pt NPs@CSGO (3.67 ± 
0.38 nm) had a uniformly distributed structure on the surface of CSGO (Fig. 2a). 
Furthermore, the XRD patterns of these nanoparticles were displayed in the Fig. 2b. The 
peak at around 22.3o is ascribed to the CSGO. Fig. 2b also shows the peaks in face-
centered cubic (fcc) Pt crystallites at 2θ of 39.80, 46.50, 67.50, 81.20, and 86.10 which 
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are linked with the Pt (111), Pt (200), Pt (220), Pt (311), and (222) planes, respectively 
[53-63].  

 

 

Fig. 2  a) A representative Transmission and High-Resolution Electron Microscopy 
image and their relevant size distribution graph, b) The X-Ray Diffraction patterns and 
(c) X-Ray Photoelectron Spectroscopy spectra results for the Pt NPs@CSGO. 

 

X-ray photoelectron spectroscopy was used to examine the oxidation state of the metal in 
the prepared material [64-85]. Fig. 2c shows the Pt 4f region of the XPS spectrum of Pt 
NPs@CSGO synthesized by the microwave-assisted method. For this purpose, the 
Gaussian-Lorentzian method and the Shirley-shaped background was used for fitting of 
XPS [86-102]. After the fitting process, the intensity ratios of the Pt species were 
calculated by integrating each peak area. The Pt 4f spectrum of the nanosorbent is 
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composed of two pairs of doublets which are shown in Fig. 2c. The densest doublets at 
about 71.0 and 74.4 eV are assigned to zero-valent platinum and this indicating that 
almost all of the resulting Pt-NPs are at the nanoscale. The second peak shows Pt (II) at 
71.8 and 75.9 eV and the third peak shows Pt (IV) at 73.2 and 77.1 eV, respectively, 
which are derived from PtO2 and/or Pt(OH)4 derivatives. 

In literature, it can be seen that Pt NPs and carbon-chitosane materials have been used in 
many applications such as solar cells, fuel cells, biofuel cells, dehydrocoupling, some 
organic reactions, electrochemical sensors, anticancerogen and antimicrobial activities etc 
[64-76], however, not much study has been performed for the methylene blue (MB) 
removal from aqueous solutions. On the other hand, as the microwave assisted 
methodology employed within this work is an appropriate, attractive, rapid, safe, simple 
and useful method; the synthesis procedure becomes more effective for such a system.  

When characterization procedures were performed, adsorption properties of the Pt 
NPs@CSGO were tested for removal of methylene blue from the water. For this aim, 
firstly, a calibration curve was made for 2.5, 5, 10, 15, and 30 mg/L methylene blue 
solutions. For higher methylene blue concentrations, a little dye aggregation was 
observed therefore, 13 mg/L methylene blue solution was utilized to investigate the 
relationship between the dye adsorption and contact time at room temperature. The 
results were presented in Fig. 3a. Our findings presented the equilibrium for methylene 
blue adsorption in 60 minutes. Current equilibrium time is a relatively short time, hence, 
it could be said that Pt NPs@CSGO are the efficient adsorbents for methylene blue 
removal as compared to the other sorbents in Table 1. These results demonstrate that the 
CSGO is a very good supporting agent for nanoadsorbents.  In addition, when the contact 
time was between 0 and 60 min the methylene blue removal efficiency changed 
(increased with the contact time) significantly. However, when it reached 60 min, 
methylene blue removal efficiency started not to change as it can be seen in Fig. 3a as a 
linear curve. The possible answer for this type of behavior can be the decreasing 
methylene blue amount during methylene blue adsorption.  

Besides, the adsorption isotherm was displayed in Fig. 3b. In this figure, qe, mg/g and 
Ce, mg/L was shown for the prepared nanomaterials. The results showed that the 
maximum adsorption capacity was observed in Pt NPs@CSGO as 194.6 mg/g. As shown 
in Table 1 (previous adsorbent results), we had very good results (Table 1). The possible 
reasons for this might be the high electrostatic interactions and π-π interactions between 
CSGO supported and methylene blue dye (due to their opposite charges), and hence the 
adsorption of methylene blue on the Pt NPs@CSGO was induced. Since the stability of 
the nanocomposites is very crucial for their practical application as an adsorbent in 
wastewater treatment processes, we have also tested the durability of the prepared 
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nanomaterials. It is worth to note that no changes were observed in prepared 
nanomaterials after performing of methylene blue adsorption as shown in Fig. 3c as the 
good nanosorbents here.  

 

 

Fig. 3  a) The related graph between adsorption capacity of prepared nanomaterials and 
various contact time when initial methylene blue concentration was 13 mg/L. b) Isotherm 
of the methylene blue adsorption of Pt NPs@CSGO. c) The performance of reusability of 
prepared materials for the methylene blue removal. The experiments were done at 25°C 
and for 30 min contact time. 
 

On the other hand, a good adsorbent material does not only possess high adsorption 
capability but also perfect desorption property. Therefore, the reusability of Pt 
NPs@CSGO was tested in our study. For this aim, 6 successive cycles of adsorption-
desorption were done. The results were displayed in Fig. 3c.  Although Pt NPs@CGO 
nanocomposites’ adsorption capacity for methylene blue removal showed a decrease, 
they still had 74.00 % efficiency even after six cycles. Hence, our results showed that the 
regenerated Pt NPs@CSGO can be used repeatedly as efficient adsorbents for methylene 
blue removal. Based on our results, the Pt NPs@CSGO is the very good efficient sorbent 
for methylene blue dye removal from aqueous solutions.  
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Table 1  Adsorption capacities of different materials for methylene blue removal. 
 

Adsorbent 
 

Adsorption capacity (mg 
MB/g) 

 
References 

Pt NPs@CSGO 194.6 This work 

MB-citrus limetta 227.3 [3] 

MB-Bacillus subtilis 169.5 [103] 

MB-banana leaves 109.9 [104] 

MB-cottonseed hull 185.2 [105] 

MB-shaddock peel 309.6 [106] 

MB-rice hull ash 17.1 [107] 

MB-cucumber peels 111.1 [108] 

MB-cotton stalk 147.1 [109] 

MB-wheat straw 274.1 [110] 

GO-Fe3O4-SiO2 111.1 [111] 

Graphene 153.85 [112] 

GO-Fe3O4 190.14 [113] 

GO 17.3 [114] 

Na-ghassoulite 135 [115] 

MWCNTs with Fe2O3 42.3 [116] 

PZS nanospheres 20 [117] 

MPB-AC 163.3 [118] 

4. Conclusions  

In summary, in our present study, an effective, simple and practical nanosorbent 
production method was presented successfully. Our method contains advantageous such 
as short reaction times, great yields, facile methodology steps and simple work up. Pt 
NPs@CSGO hybrids indicated remarkable nanosorbent performance together with good 
dye removal capacity (194.6 mg methylene blue /g nanocomposite) for methylene blue 
dye in water. The possible explanations are: (i) the uniform distribution of prepared 
nanomaterial; (ii) higher chemical surface area; (iii) percent Pt contents; and (iv) 
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electrostatic interactions and π-π interactions between CSGO and methylene blue, which 
induced the methylene blue adsorption on Pt NPs@CSGO. Additionally, highly stable 
and reusable absorbents were produced. It was observed that the prepared nanoadsorbents 
can be used many times for each adsorption-desorption cycles. This facile, 
straightforward, and controllable method offers a new pathway for the preparation of new 
electrode materials (CSGO) with high adsorbent performances, which can find extensive 
applications.  
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