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In recent decades, the worldwide occurrence in water resources of various pollutants, such 

as toxic heavy metals, dyes, and pharmaceuticals, has raised increasing public attention 

about the inverse effects on human health and environment. Polysaccharides, such as 

chitosan and -cyclodextrin, have the potential to remove these pollutants from water. The 

present thesis consists of the preparation of five poly(carboxylic acid)s (PACs) or their 

dianhydrides cross-linked chitosan and/or -cyclodextrin adsorbents, their characterizations,

their applications in water treatment, their kinetic and isotherm studies, their probable 

adsorption mechanisms, and their regeneration abilities. 

In these settings, chitosan is considered as the backbone of the adsorbents; PACs, such as 

EDTA and DTPA, act as not only linkages but also chelating groups, which are effective in 

adsorption of metal ions, and thus enhance the metal uptake abilities of the polysaccharide 

materials significantly; the immobilized -cyclodextrin cavities are expected to capture 

organic molecules through host-guest inclusion interaction. These settings combined the 

advantages of each component while at the same time diminishing their disadvantages. 



Based on this design, the selective adsorption of targeted metals from multi-metal system 

was realized by magnetic EDTA-/DTPA-chitosan, due to the fact that the chelating groups

possess different binding affinities toward different metals; the simultaneous and efficient 

removal of metal and dyes were achieved by EDTA-cross-linked -cyclodextrin (EDTA-CDP). 

The adsorption kinetics were very fast for all the prepared adsorbents. The isotherms 

revealed the adsorption mechanisms of chelation for metals as well as host-guest inclusion 

for organic pollutants. These also indicated the regeneration methods for the spent 

adsorbents, such as diluted nitrate acid for metal-loaded adsorbents and ethanol solvent for 

organic pollutant-loaded adsorbents. The stability and regenerability guaranteed their 

applications in practical wastewater such as a real industrial effluent from a nonferrous 

metal smelter. Lastly, prior to analysis, EDTA-CDP was successfully applied to preconcentrate 

rare earth elements from seawaters. Overall, both the experimental results and theoretical 

studies suggest that the studied cross-linked chitosan and/or cyclodextrin polymers are the 

promising adsorbents in wastewater treatment. 

Keywords: water treatment, chitosan, beta-cyclodextrin, EDTA, cross-linking, heavy metals,

dyes, rare earth elements, organic micropollutant, adsorption isotherm, adsorption 

mechanism, simultaneous adsorption, selective adsorption, preconcentration. 
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NOMENCLATURE 

List of symbols 

α Initial adsorption rate constant of Elovich model mmol g-1 min-1 

β Surface coverage constant of Elovich model g mmol-1 

Ce Equilibrium concentration mmol L-1 

Ci Initial concentration mmol L-1 

Cid Intraparticle diffusion mmol g-1 

G Standard Gibbs free energy J or J mol-1 

k1 Pseudo-first-order rate constant 1 min-1 

k2 Pseudo-second-order rate constant g mmol-1 min-1 

kid Rate constant of intraparticle diffusion mmol g-1 min-0.5 

KF Freundlich affinity constant L mmol-1 

KL  Langmuir affinity constant L mmol-1 

KS Sips affinity constant L mmol-1 

Log K stability constant - 

M Molecular mass g mmol-1 



m Weight of the adsorbent g 

n Mole amount of material mol 

nF Freundlich heterogeneity factor - 

nS  Sips heterogeneity factor - 

qe  Equilibrium adsorption capacity mmol g-1 

qm Maximum adsorption capacity mmol g-1 

qm,exp Experimental maximum adsorption capacity mmol g-1 

qt  Adsorption capacity at time t mmol g-1 

R2  Coefficient of determination/correlation coefficient - 

pHPZC Isoelectric point of ζ-potential - 

RE Regeneration efficiency % 

SBET Brunauer-Emmett-Teller surface area m2 g-1 

T Temperature  K or oC 

V  Volume of the solution mL  

v Wavelength cm-1 

wt.  Weight percent  % 

Abbreviations 

AA Acrylic acid 



AM Acrylamide 

BADGE Bisphenol A diglycidyl ether 

BPA Bisphenol-A 

BPMAMFP 2[-bis-(pyridylmethyl) aminomethyl]4-methyl-6-formyl-phenol 

BPS Bisphenol-S 

BSA Bovine serum albumin 

BTCA 1,2,3,4-butane tetra carboxylic acid 

BTCAD BTCA dianhydride 

BTCA Benzophenone-3,3’,4,4’-tetracarboxylic dianhydride 

CD Cyclodextrin 

COD Chemical oxygen demand 

CS Chitosan 

CS-ED-CD EDTAD-cross-linked chitosan and β-CD via one-pot synthesis

CMC Carboxymethylcellulose 

DA Degree of acetylation 

DFT Density functional theory 

DD Degree of deacetylation 

DEGDE Diethylene glycol diglycidyl ether 

DL Determination limit 



 

 

DMA  Dynamic mechanical analysis 

DMF  Dimethylformamide 

DMSO  Dimethyl sulfoxide 

DTCS  DTPAD cross-linked chitosan 

DTPA  Diethylenetriaminepentaacetic acid 
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EDA  Ethylenediamine 

EDCS  EDTAD cross-linked chitosan 

EDTA  Ethylenediaminetetraacetic acid 

EDPA-CDP  EDTA-cross-linked -CD polymer 

EDTAD  EDTA dianhydride 

EGDE  Ethylene glycol diglycidyl ether 

EGDMA  Ethyl glycol dimethacrylate 

EGTA  Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid 

EGTA-chitosan EGTA-modified chitosan 
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EODD  7-ethyl octadecane diacid diglycidyl 

EPI  Epichlorohydrin 

EPI-CS  Epichlorohydrin cross-linked chitosan 



 

 

EPI-CDP  Epichlorohydrin cross-linked CD polymer 

HFPD  4,4’-(hexafluoroisopropylidene) diphthalic dianhydride 

FDA  Formaldehyde dimethyl acetal 
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GLA-CDP  Glutaraldehyde cross-linked β-CD polymer 

GLA-CS  Glutaraldehyde cross-linked chitosan 

GLA-CSL  GLA cross-linked chitosan with low-molecular weight 
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PAC  Poly(carboxylic acid) 

PAMAM  Polyamidoamine 

PEGDE  Polyethylene glycol diglycidyl ether 

PEI  Polyethylenimine 

PMDA  Pyromellitic dianhydride 

PMAA  Poly(methacrylic acid) 

REE  Rare earth element 

RM-CD  Randomly methylated β-cyclodextrin 

Suc-  Succinate anhydride modified- 

TEOS  Tetraethylorthosilicate 

TEPA  Tetraethylenepentamine 

THF  Tetrahydrofuran 

TDI  Tolylene-2,4-diisocyanate 

TGA  Thermogravimetry analysis 

TsCl  Toluenesulfonyl chloride 

TSSA  Trisulfonated sodium amine
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1. INTRODUCTION 

The increasing worldwide contamination of water resources with thousands of inorganic and 

organic pollutants, such as toxic metals, dyes, pharmaceuticals, pesticides, and endocrine 

disrupting chemicals, has raised more and more serious environmental problems facing 

humanity in almost all part of the world [1, 2]. Nowadays, these compounds are the 

common contaminants in water systems, and most of them are hazardous or carcinogenic. 

For instance, cadmium, lead, cobalt, nickel, and copper are known to cause health disorders 

such as allergy or organ damages if ingested beyond the permitted level [3]. Dyes are 

extensively used in various industries such as textile, paper, plastics, and cosmetics [4]. Dyes 

have become one of the major sources of the serious aquatic pollutions as the result of the 

rapid industrialization. The discharge of the colorant effluent has caused severe and specific 

pollutions characterized by high chemical oxygen demand (COD), toxicity, and color, which 

has a negative effect on photosynthesis in aquatic ecosystems [5]. Pharmaceuticals have 

been considered as a class of emerging pollutants in water systems, since their 

environmental persistence and ecological impact are uncertain [6]. The most frequently 

founded pharmaceutical pollutants in effluents are antibiotics, anti-inflammatories, steroids, 

anesthetics, and antidepressants. Though pharmaceutical pollutants are presented in the 

environment at low concentrations, they still represent a long-term risk for the aquatic and 

terrestrial ecosystems, due to the continuous intake and their bio-accumulation [7]. Thus the 

removal of those harmful substances from the contaminated water is urgent prior to 

discharge. 

 

A large number of treatment technologies have been reported and are currently used to 

remove metals and organic pollutants from wastewater, primarily including membrane 

separation [8, 9], adsorption [10-12], electrochemical technologies [13-15], advanced 

oxidation processes [16, 17], and biodegradation [18, 19]. Among them, adsorption by using 

adsorbents has been considered as one of the best methods for water treatment due to its 

ease of operation, low cost, and high efficiency without secondary pollution [1, 11, 20].  
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Activated carbon has undoubtedly been the most widespread adsorbent used to remove 

pollutants from aqueous solutions because of its high surface area and porous structure but 

it has several deficiencies, including its high cost and its poor removal of heavy metals and 

hydrophilic organic pollutants [1]. Moreover, the thermal regeneration of spent active 

carbon is energy consuming and could not fully restore sorption performance [21]. All these 

restrict its industrial scale application in water treatment and the same limitation applies to 

some other commercial adsorbents such as activated alumina, zeolites, and synthetic 

polymer resins [22-24].  

 

Therefore, it is important to develop novel efficient, economic, eco-friendly, and widely 

available adsorbents [25, 26]. From this perspective, the use of natural polysaccharide 

materials such as chitosan and cyclodextrin (CD) as adsorbents in water treatment has 

attracted increasing attentions in recent years [27-29] by several important advantages: 

firstly, the resources of these polysaccharides are very abundant in nature and are available 

to be produced commercially from the natural resources at low price now; secondly, the 

presence of functional groups such as hydroxyl and  amino groups as well as their well-

defined structures endows these biopolymers high reactivity and excellent selectivity 

towards metals or aromatic compounds; thirdly, their chemical stability ensures these 

biosorbents possible to be regenerated and reused after adsorption saturation; fourthly, the 

polysaccharides are renewable and biodegradable, thus they would not bring further 

pollutions. Because of their solubility in water or diluted acid solutions, the raw chitosan and 

CDs cannot be directly used for adsorption purposes. Prior to application, therefore, the 

polysaccharides have to be immobilized on an insoluble support by grafting, or to be cross-

linked with various cross-linkers, resulting in insoluble polymer materials. In the present 

literature review, an overview of several recent approaches used to synthesize and prepare 

chitosan and CD based adsorbents, in particular cross-linking methods, were given. 

Furthermore, the application of chitosan and CD based adsorbents for the removal of 

various pollutants (e.g., toxic metals, dyes, and pharmaceuticals, etc.) from water and 

wastewater were also reviewed. The adsorption mechanisms and the influence of the 

modifications were also discussed in this literature review. 
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2. CHITOSAN, CYCLODEXTRIN, AND THEIR PROPERTIES 

2.1 Chitosan and its physicochemical characteristics 

Chitosan, a type of natural aminopolysaccharide, is produced from the deacetylation of 

chitin, which is the second abundant biopolymer in nature, only after cellulose. Chitin can be 

commercially extracted from marine crustacean shells, as a by-product of seafood 

processing industries. Chitin, the second most abundant polysaccharide in the world, is a 

linear polymer composed of β-(1→4)-2-acetoamido-2-deoxy-D-glucose (Figure 1) [30, 31]. 

During the alkaline deacetylation of chitin, the acetyl groups are hydrolyzed and transformed 

into free amine groups, resulting in chitosan, which has a similar structure as cellulose but 

has amine groups on the C-2 positions replacing the hydroxyl groups. When the degree of 

deacetylation (DD) is larger than 40%, chitosan is soluble in acidic media because of the 

protonation of the amino groups on the chitosan chains at low pH. The amine groups make 

the biopolymer a natural cationic polyelectrolyte with a pKa of 6.5. However, the extensive 

intramolecular and intermolecular hydrogen bonding between the chitosan chains results in 

its crystalline structure, making chitosan insoluble in neutral and alkaline aqueous, and most 

common organic solvents (e.g. ethanol, pyridine, DMF, DMSO) [32]. 
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Figure 1. Chemical structure of chitin, chitosan, and commercial chitosan partly 

deacetylated. DA represents degree of acetylation (Reproduced from ref.[30], with 

permission from Elsevier). 

Importantly, three types of reactive functional groups, i.e., amino group, primary and second 

hydroxyl groups, co-exist at the C-2, C-3, and C-6 positions of chitosan glucosamine units,

respectively. The presence of these groups especially amino groups results in several 

drawbacks such as solubility in acidic aqueous, low acid stability, swelling, and insufficient 

mechanical properties but also brings exceptional advantages: on one hand, the abundant 

amine groups on chitosan chains are able to act as coordination sites for metals and dyes,

which effectively enhances the uptake ability of pollutants, especially transition metals [33];

on the other hand, these groups are very active, providing opportunity to conduct easily 

both physical and chemical modifications, such as impregnation, cross-linking, and grafting. 

These modifications might prevent swelling, reinforce mechanical resistance, enhance the 

acid stability, as well as refrain the solubility in acidic environments [27]. More significantly,

some of these modifications are available to improve the adsorption performance of the 

adsorbents by introduction of extra functional groups such as hydroxyquinoline [34],

sulfonate [35], succinic acid [36], and aminopolycarboxylic acid [37]. Additionally, several 
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substances, such as silica [38], montmorillonite [39], graphene [40], and magnet [41], have 

been employed to form composite with chitosan, resulting in chitosan composite adsorbents 

or hybrid adsorbents.  

 

2.2 Cyclodextrins and inclusion properties 

Cyclodextrins (CDs), a family of torus-shaped macrocyclic oligosaccharides, have attracted 

significant attentions in a wide range of medicinal and environmental processes since they 

were firstly discovered by Villiers in 1891 [1, 42, 43]. The CDs are usually produced from the 

enzymatic degradation of starch by bacteria (e.g., Bacillus macerans and Klebsiella 

pneumonia). These oligosaccharides contain six to twelve glucose units, where each glucose 

units are linked by α-1,4 glycosidic bonds to constitute a cyclic structure.  Among them, the 

three smallest CDs, α-, β-, and γ-CDs, are the most known and commercial available, which 

consist of six, seven, and eight glucose units, respectively. By far, β-CD has been 

commercially the most attractive due to its facile synthesis, abundant availability and 

excellent properties. The torus-shaped CDs own hollow, tapered cavities of 0.79 nm in 

depth, while their diameters grow in number of glucose units (Figure 2) [42]. All glucose 

units in the torus-shaped CDs possess the thermodynamically favored chair conformation 

since all substituents are in the equatorial position. As a result, all secondary hydroxyl groups 

are situated on one side of the cavity, while all primary hydroxyl groups are on the other 

side. The secondary hydroxyl groups on the C-2 and C-3 positions of the glucose unit form a 

larger opening than the one of primary hydroxyl groups on the C-6 position, resulting in the 

truncated cone shape of CDs. The abundant hydroxyl groups on the exterior of the cavities 

endow the CDs high water solubility. The hydroxyl group on C-2 of one glucose unit can form 

a hydrogen bond with the one on C-3 of the adjacent glucose unit, endowing the CDs rigid 

structure. The hydrophilic exterior and hydrophobic interior of the CD cavities enable them 

to form inclusion complexes with a variety of small organic molecules in solution or in the 

solid state through host-guest inclusion interactions [44, 45].  
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Figure 2. Molecular structures and dimensions of α-CD (A), β-CD (B), and γ-CD (C) 

(Reproduced from ref.[42], with permission from Elsevier). 

 

The term of host-guest inclusion, as the name suggested, one or more guest molecules are 

admitted into the cavity of the host, forming stable inclusion complexes, without break and 

formation of any covalent bonds. Zeolites is the most typical inorganic host molecules and 

crown ethers, calixarene, and CDs are the typical organic host molecules. The formation of 

inclusion complex is a dimensional fit and also a specific spatial interaction between host 

cavity and guest molecule. According to some authors [46], hydrophobic interactions, which 

induce the none-polar moiety of the guest molecule to preferentially access the cavity, are 

the principal driving forces for CD-based host-guest compounds. Moreover, other factors 

such as Van der Waals interaction, hydrogen bonding between the guest molecule and the 

secondary hydroxyl groups of the cavity, steric effect, as well as the sizes match between 

guest molecule and host cavities, also play significant roles in the formation of CD inclusion 

complex. Generally, one guest molecule is enveloped into one CD cavity to form a 1:1 

complex. However, in the case of some small guest molecules, more than one guest 

molecules can be included into one CD cavity (e.g., 1:2); on the contrary, in the case of some 

large molecules, more than one cavities are involved to form an inclusion complex with one 

guest molecule (e.g., 2:1). Among them, 1:1 complex is the simplest and most common case, 

enabling for the application of stoichiometric analysis [47].  

The complex formation of guest molecules within the host CD cavities is not permanent but 

rather is a dynamic equilibrium, which is represented by the following equations[48]: 

CD + G ⇄ CD · G                                                                           (1) 

𝐾𝑓 =
[CD·G]

[CD][G]
                                                                                     (2) 
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where G is the guest molecule, Kf is the equilibrium constant, [CD·G], [CD], and [G] present 

the concentration of the host-gest complex, uncomplexed CD, and free guest molecule, 

respectively. The greater the Kf value, the more stable the inclusion complex would be [46]. 

The equilibrium kinetics of the CD complex formation is usually very fast at initial (often with 

minutes), while the final equilibrium might take more time to reach. The dissociation of CD 

inclusion complex is usually forced by a substantial increase of water molecules in the 

surrounding of CD cavities. Moreover, the polarity of the CD cavity has been found to be 

similar to that of ethanol [48]. Thus ethanol solutions were usually used to dissociate guest 

molecules from CD cavities as eluent.  

 

The exceptional inclusion character as well as their other specific properties such as water-

solubility, non-toxicity, non-allergy, and selectivity have led to the extensive application of 

CDs in biomedical, pharmaceutical, cosmetic, and food processing industries [49-51]. In 

addition, the high density of hydroxyl groups on the exterior of CDs (e.g., β-CD contains 21 

hydroxyl groups) are possible to be modified by various functional groups, such as 

aminations, esterifications, alkylations and carboxymethylations, endowing the cavities with 

more properties [52]. For instance, the most commercial available CD derivatives, 

hydroxyproplyl-β-CD (HPCD) and carboxymethyle-β-CD (CMCD), are much more soluble in 

aqueous than the native CDs and even soluble in some organic solvents, which enhance the 

application of CDs in drug release [53] and in decontamination of wastewater, air, and soil 

[44, 54]. On the other side, CDs have often been reacted with cross-linking agent or be 

grafted on support to obtain water-insoluble materials for separation application [55, 56]. 
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3. FUNCTIONALIZED CHITOSAN AND CYCLODEXTRIN ADSORBENTS 

The polymerization of chitosan and CDs also brings more functionalities and opportunities. 

There have been a large number of studies in literature on the preparation of water 

insoluble adsorbents containing chitosan or CDs. Most of their synthesis methods could be 

generally classified into two ways: first, cross-linking, chitosan and CDs could be cross-linked 

by a reaction between the amino or hydroxyl groups of the polysaccharides with a cross-

linking agent to form insoluble polymer networks in the form of gel or bead [57, 58]. These 

networks are often divided into two classifications (covalently cross-linked networks and 

networks formed by physical interactions); the second relies on the covalent immobilization 

of chitosan or CDs on insoluble supports by grafting, resulting in hybrid or composite 

materials.  

3.1 Covalently cross-linked chitosan and CD adsorbents 

Physical networks are formed by various reversible links while chemical networks are formed 

by irreversible covalent links. Chitosan is an amphoteric polyelectrolyte and an unsaturated 

macromonomer, enabling the facile preparation of both physical and chemical chitosan-

based gels and beads [59]. For example, tripolyphosphate (TPP) is commonly used to irritate 

the ionotropic gelation of chitosan. However, the amphoteric polyelectrolyte is not available 

to CDs and there have been rarely reports on the CD networks formed by physical 

interactions. Thus the discussion in this review will be limited in covalent cross-linked 

polymers. The chemical reactivity of the abundant hydroxyl groups at C-3, C-6, and amino 

groups at C-2 positions in the glucose unit of chitosan as well as the hydroxyl groups at C-2, 

C-3, and C-6 of CDs, allows the polysaccharides to form insoluble networks by chemical 

cross-linking reactions. In the cross-linking reaction, the cross-linking agents (as known as 

cross-linker), which have at least two reactive functional groups, could react with the 

functional groups on the same or different polysaccharide molecules, introducing the intra-

/inter-molecular bridges (linkages) between polysaccharide macromolecules. In the case of 

chitosan, this cross-linking occurs between chitosan chains, while in the case of CDs, two and 

more covalently cross-linked CD cavities are named CD dimers and polymers, respectively. If 

the degree of cross-linking is sufficiently high, the CD matrix becomes insoluble (Figure 3) 
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[43]. Cross-linking could significantly reduce the mobility of each segment in the polymer 

matrix, as well as interconnected chains by linkages, resulting in the formation of a three 

dimensional network with swollen ability in aqueous without dissolution [28]. The aim of 

cross-linking is to reinforce mechanical resistance and to prevent CDs from dissolving in 

water while to prevent chitosan from dissolving in acidic media, enabling the use of CD and 

chitosan based materials as adsorbents in drastic pH. To date, the most common cross-

linkers used with chitosan and CDs for environmental application are epoxides such as 

epichlorohydrin (EPI) [60, 61] and ethylene glycol diglycidyl ether (EGDE) [62, 63], 

dialdehydes such as formaldehyde and in particular glutaraldehyde (GLA) [64, 65], 

diisocyanates [66], and other cross-linkers (carboxylic acids, dianhydrides, etc.). 

 

Figure 3. Schematic of cross-linked structure of cyclodextrin polymer and adsorption 

mechanisms (Reproduced from ref.[43], with permission from Elsevier). 

3.1.1 Epichlorohydrin cross-linker 

Among the cross-linkers, the most commonly used is epichlorohydrin (chloromethyl oxirane, 

C3H5ClO, abbreviated EPI), which is an important chemical intermediate in many fields – 

from epoxy resins to anion and cation exchange resins, although it is considered to be 

hazardous to environment and human beings. Table 1 presents the EPI-cross-linked chitosan 
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and/or -CD adsorbent materials for water treatment. This cross-linker has been developed 

for more than 90 years and is known to be relatively easy to use. It is a bi-functional cross-

linker, containing a highly reactive epoxide group and a chloroalkyl moiety [67], which can 

bind with hydroxyl groups under alkaline conditions. Therefore, EPI can react with CD 

cavities obtaining cross-linked networks (cross-linking step) and/or react with itself obtaining 

polymerized epichlorohydrin chains (polymerization step). The resulting EPI cross-linked CD 

polymers (in the term of EPI-CDP) are usually 3D networks of CD units covalently jointed by 

repeating glyceryl linkers (Figure 4) [29]. These cross-linking and polymerization convert CD 

from water-soluble monomer into hydrophilic, insoluble network-shaped polymer with high 

swelling capacity in aqueous solutions (in the form of gels or hydrogels) as well as plenty of 

adsorption sites [68]. EPI-CDP keeps the cavity structure of CDs, endowing the polymer 

capability of forming inclusion complexes with a variety of guest molecules [55, 69]. Chen Q. 

et al. prepared spherical particles of α-, β-, and γ-CD polymers by reverse suspension 

polymerization with EPI as cross-linker. These CD spherical polymer particles were found to 

be ideal candidates for the selective removal of phenol from waste water owing to the 

selective inclusion associations between CD cavities and phenol molecule. Among them, β-

CD polymer showed the best adsorption ability (29.6 mg g-1), corresponding to its lowest 

free energy (spontaneous adsorption nature) [70]. Grini G. et Al. produced β-CD polymers 

using EPI as cross-linker in the presence of carboxymethylcellulose for the removal of Basic 

Blue 9 with a maximum sorption capacity of 56.5 mg g-1 [71]. Seven spherical porous EPI-

CDPs were prepared for adsorption and separation of pesticides from water and the 

adsorption mechanism were investigated by Liu H. et al.  [43]. Although it was evident that 

the inclusion of CD cavity is the primary adsorption mechanism, the hydrogen bonding, 

target molecule loading into swelling water, and physical sorption also play some roles. Pratt 

D. Y. et al. synthesized EPI-CDPs by reacting varying mole ratios (1:15, 1:25 and 1:35) of β-

CD/EPI and applied them for the adsorption of p-nitrophenol from aqueous solutions [61]. 

The sorption of p-nitrophenol could occur at intracavity (CD cavity) or extracavity (interstitial 

domain) sites of the polymer framework. Generally, adsorption potential of the CD polymers 

is related mainly to CD content. In this work, however, it was observed that the sorption 

capacity tends to correlate with the increasing EPI content of the polymer. Authors 
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explained the reason could be the increasingly microporous polymer framework structures 

along with the increasing EPI contents. EPI-CDPs have been shown to be an effective 

adsorbent for adsorption of organic pollutants, but there are few literature reports on its 

removal of heavy metals. Tajuddin S. M. et al. applied EPI-CDP for the adsorption of copper 

and the maximum sorption capacity was estimated to be 111.11 mg g-1 by Langmuir model. 

It is reported that Cu(II) ions could be complexed by CD via the hydroxyl groups [72].  

EPI is also popular to be used as cross-linker to reinforce the mechanical resistance and 

improve the stability of chitosan in acidic solutions. Compared to other cross-linkers, EPI 

possesses advantage that it does not eliminate the amount of the major adsorption sites 

(amine groups) on chitosan since EPI mostly reacts with hydroxyl groups (Figure 5), while 

most of other cross-linkers bind with amine groups. Thus the cross-linking by EPI would not 

significantly reduce the adsorption ability of chitosan, even somehow it might improve the 

adsorption capacity of chitosan. An EPI cross-linked chitosan adsorbent (in the term of EPI-

CS) was prepared by Li C. et al. for the removal of Congo red from water solutions. The 

results showed that the maximum sorption capacity of the cross-linked chitosan was higher 

than that of pristine chitosan [73]. The extra adsorption ability could be due to the 

introduction of hydroxyl groups (glyceryl linkers) during the EPI cross-linking (the ring-open 

of epoxy). However, another work also reported that EPI cross-linking reduced slightly the 

sorption capacity of chitosan toward Reactive Black 5 from 0.72 mmol g-1 to 0.68 mmol g-1 

[74]. Chen A. et al. investigated the adsorption of Cu(II), Zn(II), and Pb(II) ions from aqueous 

solutions by EPI-CS in batch experiments. The obtained maximum sorption capacities were 

35.46 mg g-1, 34.13 mg g-1, and 10.21 mg g-1 for Cu(II), Zn(II), and Pb(II), respectively at pH 7.0 

and 0.5 molar ratio of EPI/chitosan [60].  R. Laus et al. evaluated the adsorption of Cu(II) and 

Cd(II) from aqueous solutions by EPI-CS in single and binary metal systems. In single 

adsorption, the maximum sorption capacities were obtained to be 130.72 and 83.75 mg g−1 

for Cu(II) and Cd(II), respectively, while the binary adsorption showed a significant 

competition effect and the selective sorption towards Cu(II) rather than Cd(II) [75]. The EPI-

CS was also applied in the removal of toxic radioactivity elements such as Uranium (VI) from 

aqueous solution and the maximum sorption capacity was 72.46 mg g−1 at 25 oC with a pH of 

3.0 [76]. 
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 To improve the adsorption ability of chitosan for organic pollutants as well as to eliminate 

the water-solubility of CDs, a few researchers have grafted CDs on chitosan by using EPI as 

cross-linker in two steps, obtaining multi-functional CD and chitosan adsorbents [77, 78]. 

With the protecting of amine groups by benzaldehyde, Zhang X. et al. firstly employed EPI to 

react with C-6 hydroxyl groups of chitosan, and then the epoxy-activated chitosan was 

further reacted with β-CD under alkaline condition, resulting in yellow, solid β-CD-chitosan 

(in the term of CS-CD). The amount of β-CD grafting was determined as 25.8 µmol g-1. The 

highest saturated sorption capacity of p-dihydroxybenzene of this novel adsorbent (51.68 

mg g-1) was found to be significantly higher than that of pristine chitosan (31.64 mg g-1). The 

authors elaborated the presence of β-CD allowed the inclusion of the target molecules into 

their hydrophobic cavities [77]. Later, this EPI cross-linked β-CD-chitosan adsorbent was 

studied by Li J. et al. to remove p-Chlorophenol from waste water.  The adsorption capacity 

of CS-CD (179.73 mg g-1) was comparatively higher than those of pristine chitosan (2.58 mg 

g-1), salicylaldehyde modified chitosan (20.49 mg g-1) and EPI-CDP (74.25 mg g-1), indicating 

that all the functional groups of β-CD (inclusion), chitosan (amine group, hydrogen bonding), 

and glyceryl linkers (hydroxyl group, hydrogen bonding) play important roles in the sorption 

of phenols [78].  

Table 1. EPI cross-linked chitosan and β-CD adsorbents. 

Polysaccharide Cross-linked 

form 

Target adsorbate Contact 

time (h) 

pH qm (mmol 

g-1) 

Ref 

Chitosan Microgel Cu(II) 5 7.0 0.558 [60] 

Zn(II) 0.156 

Pb(II) 0.165 

Chitosan Membrane Hg(II) 24 6.0 0.151 [79] 

Chitosan Cross-linked 

network 

Uranium (VI) 2 3.0 0.30 [76] 

Chitosan Membrane Cr(VI) 24 2.0 0.358 [80] 

6.0 1.888 

Chitosan Bead Reactive Black 5 2 3.0 2.06 [74] 
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Chitosan Gel Uranium (VI) 5 4.0 1.45 [81] 

Chitosan Bead Cu(II) 6 4.0 0.183 [82] 

Chitosan Powder Pb(II) 4 5.0 0.155 [83] 

Cu(II) 0.710 

Cd(II) 0.332 

Ni(II) 0.595 

Co(II) 0.172 

β-CD 1:15a Co-polymer p-nitrophenol 24 4.6 0.119 [61] 

β-CD 1:25a 0.784 

β-CD 1:35a 0.810 

β-CD Bead Cu(II) 12 6.0 1.750 [72] 

β-CD, RM-CD 

and HP-CD 

40:30:30b 

Polymer 

network 

Fomesafen 2 7.2 0.056 [43] 

β-CD Gel Phenol 1.5 - 0.034 [84] 

  Naphthol 2.5 - 0.140 

β-CD Gel Phenol - 7.0 1.397 [78] 

p-Chlorophenol 0.577 

p-nitrophenol 0.296 

Chitosan, β-CD Yellow solid 

powder 

p-dihydroxybenzene 8 - 0.469 [77] 

Chitosan, β-CD Yellow solid 

powder 

Phenol 3 5.0 0.283 [85] 

2-chlorophenol 0.250 

4-chlorophenol 0.288 

2,4-dichlorophenol 0.401 

2,4,6-trichlorophenol 0.406 

a different mole ratios (1 : 15, 1 : 25 and 1 : 35) of β-CD with EPI. 

b Mass ratio; RM-CD, randomly methylated β-cyclodextrin; HP-CD, (2-Hydroxypropyl)-β-

cyclodextrin. 
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Figure 4. Synthesis schematic diagram of water-insoluble EPI-cross-linked -CD (modified 

from [29]) 

 

Figure 5. Synthesis schematic diagram of water-insoluble EPI-cross-linked chitosan polymer. 
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3.1.2 Glutaraldehyde cross-linker 

Glutaraldehyde (HCO-(CH2)3-CHO, abbreviated GLA), which contains two aldehyde groups 

and a three-methylene chain, has also been widely used to cross-link polysaccharides, in 

particular chitosan (Table 2) [28], even though it has been reported to have high level of 

cytotoxicity and carcinogenicity to human beings and animals [86]. The reaction mechanism 

of GLA cross-linking was generally considered as a Schiff’s base reaction between the 

primary amine groups of chitosan and the aldehyde groups of GLA, where the aldehyde 

bond is replaced by an imine bond, which is stabilized by resonance with the adjacent 

ethylenic double bond (Figure 6) [87, 88]. However, the GLA cross-linking with hydroxyl 

groups of chitosan could not be excluded [28, 89]. Dumitriu S. et al. proposed a possible 

mechanism that two aldehyde groups of a GLA molecule react with four hydroxyl groups 

from two glucosamine units of chitosan, resulting in formation of two stable six-membered 

oxygen heterocycles [89]. However, this view has not received much support and most 

researchers still believe that the Schiff’s base reaction with amine groups is the main 

mechanism. This also could reflect that seldom researchers have cross-linked β-CD by using 

GLA as a cross-linker. The only one case, Singh K. et al. prepared GLA cross-linked β-CD 

polymer (in the term of GLA-CDP) membrane for the enantiomeric separation of amino acids 

[65]. Its proposed cross-linking reaction scheme is shown in Figure 7. Thus the precise 

reaction mechanism and the exact structure of the formed chemical compounds are still 

questioned. 

Figure 6. Synthesis schematic diagram of water-insoluble GLA-cross-linked chitosan polymer. 
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Figure 7. Possible reaction scheme of -CD with GLA-cross-linker (Reproduced from ref.[65],

with permission from Elsevier). 

Poon L. et al. investigated the synthesis of GLA cross-linked chitosan (in the term of GLA-CS) 

polymers at variable reaction conditions, such as reaction pH, gelation temperatures, and 

GLA/NH2 (glucosamine unit of chitosan) ratios [88]. The authors also assessed the 

relationship between the reaction conditions and their sorption properties toward p-

nitrophenol. It is observed that the pH and cross-linking ratio have greater effect on the 

adsorption capacity of GLA-CS, in comparison with the gelation temperature. The optimal 

adsorption occurred at the 4:1 GLA/NH2 ratio under acidic pH conditions. GLA-CS beads with 

enhanced stability in acidic conditions were prepared by Park S. et al. and used for the 

adsorption of Au(III) and Pd(II) from binary-metal solutions [90]. These GLA-CS beads showed 
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selective sorption of Au(III) from the Au(III)-Pd(II) mixture. Interestingly, X-ray diffraction 

(XRD) analyses indicated that Au(III) selectivity could be attributed to reduction-couple 

adsorption of Au(III) via GLA groups, unlike Pd(II) that remained unreduced after adsorption. 

A full factorial design (23, sorbent mass, sorption temperature, and initial dye concentration) 

was employed to evaluate the adsorption of indigo carmine dye from aqueous solutions on 

GLA-CS [91]. The thermodynamic results revealed an endothermic adsorption whereas a 

significant antagonistic interaction effect between the sorbent mass and temperature were 

observed via the factorial design. A series of GLA-CS sorbents were prepared by Pratt D. Y. et 

al. at variable chitosan/GLA (w/w) ratios using chitosan with low- and high-molecular 

weights (denoted as GLA-CSL and GLA-CSH), respectively, for the sorption of p-

nitorphenolate and HAsO4
2- [92]. The adsorption capacities decreased with the increased 

GLA contents in the polymer for GLA-CSL; however, the Qm values for GLA-CSH increased 

with the GLA contents. Notably, authors employed Sips isotherm model to obtain sorbent 

surface areas, which were well in agreement with their adsorption capacities. Baroni P. et al. 

have comparatively studied the batch adsorption of chromium ions on pristine chitosan, EPI-

CS and GLA-CS membranes, respectively [80]. At pH 6.0, it is observed that GLA-CS possessed 

lower sorption capacity (29.5 mg g-1) than those of pristine chitosan (65.7 mg g-1) and EPI-CS 

(98.2 mg g-1), while GLA-CS exhibited the best sorption at pH 2.0. These results verified that 

the Cr(VI) sorption occurred preferably with amine groups of chitosan, once they became 

unavailable after GLA cross-linking reaction.  

To date, GLA is the most common cross-linker used with chitosan [93], due to its advantages 

compared with other common cross-linkers such as EPI: the good water solubility of GLA 

allows direct cross-linking reaction in aqueous media with a wide range of cross-linking 

degrees, while the water solubility of EPI is limited; GLA could be used under mild 

conditions, including alkaline, neutral, and in particular acidic solutions, where chitosan must 

be dissolved in diluted acetic acid prior to cross-linking [87], but EPI cross-linking only occurs 

under alkaline condition; moreover, GLA cross-linking does not need to add any auxiliary 

agents such as initiators, catalysts, and reducers. The main drawbacks of GLA cross-linking 

are its toxic potential in applications as well as the decline in the account of major sorption 

sites (amine groups) on chitosan. Vieira R. S. et al. have evaluated the capacities of Hg(II) 
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adsorption as 25.3, 30.3 and 75.5 mg g-1 for pristine chitosan, EPI-CS, and GLA-CS 

membranes, respectively at pH 6.0 [79]. GLA linked with amine group, but it showed the 

best adsorption ability. Authors interpreted that amino groups were unavailable in this 

situation, and other groups, such as imino bonds, unreacted aldehyde groups as well as 

unreacted hydroxyl groups from chitosan, play more important roles. 

Table 2. GLA cross-linked chitosan and β-CD adsorbents. 

Polysaccharide Cross-

linked 

form 

Target adsorbate Contact 

time (h) 

pH qm (mmol 

g-1) 

Ref 

Chitosan Co-

polymer 

p-nitrophenol 24 8.5 0.822 [92] 

As(V) 3.044 

Chitosan Gel Indigo carmine 

dye 

4 4.0 0.237 [91] 

Chitosan Membrane Hg(II) 24 6.0 0.376 [79] 

Chitosan Gel U(VI) 5 4.0 0.618 [81] 

Chitosan Bead Cu(II) 6 4.0 0.066 [82] 

Chitosan 1%a Bead Pd(II) 48 - 1.175 [90] 

Au(III) 0.761 

Chitosan 3%a Pd(II) 1.128 

Au(III) 1.142 

Chitosan 5%a Pd(II) 1.269 

Au(III) 1.422 

Chitosan Membrane Cr(VI) 24 2.0 1.560 [80] 

6.0 0.567 

Chitosan, 

Fe3O4 

Bead Cu(II) 12 5.0 0.495 [94] 

Cd(II) 0.040 

Pb(II) 0.045 

Chitosan, β-CD Co-
polymer 

p-Nitrophenolate 24 8.5 1.83 [95] 

As(V)   0.602 
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a different concentrations of GLA. 

 

3.1.3 Ethyleneglycol diglycidylether cross-linker 

Ethyleneglycol diglycidylether (EGDE), a non-toxic, and environmentally friendly cross-linker, 

possesses two epoxy groups, both of which have the same reactivity and are able to react 

simultaneously with the amino and hydroxyl groups of polysaccharides in aqueous solution 

under mild conditions (at about 50 oC) (Table 3) [49, 96]. To enhance their chemical 

resistance and mechanical strength, chitosan beads were cross-linked by EGDE at a cross-link 

ratio of 1:1 (EGDE:NH2, mol:mol) and applied for the adsorption of dyes Acid Red 37 and 

Acid Blue 25 from aqueous solution (Figure 8) [62]. However, it was observed that the 

adsorption capacities of the chitosan beads for both acid dyes declined significantly after 

cross-linking (see Table 3). Authors explained that this is mainly because the EGDE cross-

linking decreased the amount of NH2 groups on chitosan, which were considered as the 

major sorption sites. To dissolve this problem, in another literature, the amino-groups of 

chitosan were shielded by formaldehyde before cross-linking, while the amino-groups were 

released by HCl treatment after EGDE cross-linking [97]. The amine-shielded EGDE cross-

linked chitosan beads performed much better adsorption of Cu(II) in comparison with the 

beads cross-linked directly with EGDE. Moreover, EGDE has also been used as a cross-linker 

for CDs to prepare water-insoluble CDPs [63]. The EGDE cross-linked -CDP displayed high 

adsorption abilities toward bisphenol A. Kono H. et al. reported the synthesis of -CD 

incorporated carboxymethylcellulose (CMC) hydrogel beads (CDCMC) from -CD and CMC by 

using EGDE as a cross-linker under alkaline conditions [98]. Authors indicated that the 

linkage positions of -CD and CMC preferred at C6 and C6’, respectively. Increase the molar 

feed ratio of -CD to CMC lead to the increase of the degree of cross-linking as well as the 

increase of the adsorption abilities toward Bisphenol A. 
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Table 3. EGDE cross-linked chitosan and β-CD adsorbents. 

Polysaccharide Cross-linkers Degree 

of cross-

linking 

Target 

adsorbate 

Contact 

time 

(h) 

pH qm 

(mmol g-

1) 

Ref 

Chitosan EGDE - Acid Red 37 1.67 6.0 0.116 [62] 

Acid Blue 

25 

2.33 4.0 0.343 

Control - Acid Red 37 1.67 6.0 0.249 

Acid Blue 

25 

2.33 4.0 0.632 

Chitosan EGDE - Cu(II) 6 4.0 0.166 [82] 

Chitosan EGDE 

(Amine-

Shielded) 

- Cu(II) 24 4.0 2.579 [97] 

 EGDE - Cu(II) 24 4.0 1.896 

Chitosan EGDE  Au(III) 4 2.0 0.863 [99] 

 Pt(IV) 0.628 

 Pd(II) 1.131 

Chitosan EGDE - U(VI) 5 4.0 0.284 [81] 

β-CD EGDE 6.21 Bisphenol A 24 - 0.344 [63] 

PEGDEa 4.22 0.313 

5.11 0.260 

5.76 0.216 

β-CD and CMC EGDE 0.31 Bisphenol A 24 - 0.062 [98] 

0.88 0.096 

1.6 0.146 

1.9 0.167 

a Polyethylene glycol diglycidyl ether. 

 



 

 

39 

 

 

Figure 8. Synthesis schematic diagram of water-insoluble EGDE-cross-linked chitosan 

polymer. 

3.1.4 Diisocyanates cross-linker 

Diisocyanates, in particular 1,6-hexamethylene diisocyanate (HMDI) and tolylene-2,4-

diisocyanate (TDI), have been also widely utilized as cross-linkers for chitosan and/or CDs 

since they possess two isocyanate groups (-N=C=O), which could react with amino or 

hydroxyl groups [100]. The less polar networks, obtained through cross-linking CDs with 

diisocyanates, have been shown helpful for the selective sorption of organic molecules, 

especially aromatic compounds. The diisocyanates cross-linked chitosan and β-CD adsorbent 

materials for water treatment are presented in Table 4. To ascertain the roles of the CD 

cavities and the cross-linking networks in the adsorption, the sorption of phenol and 1-

naphthol from water by several β-CD polymers cross-linked by different cross-linking 

reagents (EPI, succinyl chloride, HMDI, and TDI) has been analyzed using isosteric heat 

approach, since these two studied sorbates possessed significant differences of affinity 

towards CD cavities and cross-linking networks [84]. Later, Romo A. et al. have compared the 

adsorption capacities of those CD polymers for the removal of phenol, o-cresol, m-cresol and 

p-cresol [101]. Both these studies concluded that for more polar networks, as in EPI-CDP, the 

CD units control the sorption; while in less polar networks, such as those of HMDI cross-

linked β-CD polymer (HM-CDP), more sorbate molecules can be trapped by the crosslinking 

structures. Besides phenolic molecules, diisocyanates cross-linked CDPs are very effective 

toward dyes. A series of HM-CDPs with varying mole ratios of CD/HMDI (1:1, 1:3.7, and 1:10) 
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were synthesized in one step in N,N’-dimethylformamide (DMF) at 70 oC for 4 h [102]. The 

mole ratio of 1:3.7 HM-CDP displayed the best sorption efficiency toward azo dyes, 

especially Direct Violent 51. The possible sorption mechanism was attributed to the 

hydrogen bonding and other physical surfaces adsorption in the polymeric network, as well 

as the inclusion interaction due to β-CD cavity. These polymers were easily regenerated by 

using ethanol as washing solvent. CDs cross-linked with diisocyanates, have been reported to 

produce dimers and trimers of CDs in the network, which are adequately oriented to 

cooperatively bind large molecules such as steroids [49, 103]. 

Zha F. et al. have prepared chitosan beads bearing β-CD by two steps for the adsorption of 

hydroquinone [104]. Chitosan was firstly cross-linked with GLA by an inverse emulsion 

polymerization method to form microspheres, then the obtained GLA-CS microspheres were 

further cross-linked with β-CD by using HMDI as cross-linker in DMF (Figure 9). The 

substitution degree of β-CD in this product was determined as 4.3%. The adsorption capacity 

increased with increasing temperature and pH value, while the thermodynamic study 

revealed this adsorption is a spontaneous, endothermic and a random process. HMDI has 

also been used for the one-step immobilization of β-CD on chitosan, as a cross-linker [105, 

106]. The hypothetical illustration of one-step cross-linking of chitosan with β-CD using 

HMDI as a cross-linker was shown in Figure 10. Under acidic conditions, an isocyanate (-

N=C=O) reacted with hydroxyl group of chitosan, forming a urethane (-NH-CO-O-), via the 

proton transfer from hydroxyl of chitosan to nitrogen atom of isocyanate. Moreover, the 

other isocyanate could also react with hydroxyl group of β-CD to form a same urethane 

bond. In this hypothesis, HMDI could not bind to amino groups of chitosan but only hydroxyl 

groups due to the lower affinity for amino groups in comparison with hydroxyl groups at low 

pH conditions [107]. Based on these facts, Chiu S. et al. reported an adsorbent prepared by 

coupling β-CD to chitosan using HMDI. The produced β-CD-chitosan beads exhibited 

excellent sorption capacity (330 mg g-1) for cholesterol. Moreover, 96% of adsorbed 

cholesterol could be dissociated by using 95% ethanol and the regenerated β-CD-chitosan 

beads retained 84% adsorption capacity after 12 uses [106]. More recently, a diisocyanate-

modified chitosan was synthesized in aqueous acetic acid. A diphenyl methane diisocyanate 
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was employed as cross-linker. However, this report proposed that diisocyanate reacted with 

amino groups of chitosan to form urea bonds (-NH-CO-NH-) [108]. 

Diisocyanates cross-linking chitosan and/or CDs brings two main advantages: the versatile 

cross-linking networks for target molecule trapping and scaffolds, as a supplementary for 

adsorption; selective hosting of macromolecules via simultaneously inclusion with two or 

more adjacent CDs. However, this kind of cross-linkers also have drawbacks, as most of the 

cross-linkings are reacted in organic solvents such as DMF, as well as the nonspecific 

sorption with the cross-linkers through hydrogen bonding or hydrophobic interaction, 

although it could improve the uptake for some applications.  

Table 4. Diisocyanates cross-linked chitosan and β-CD adsorbents. 

Polysaccharide Cross-linkers Target 

adsorbate 

Contact 

time (h) 

pH qm (mmol 

g-1) 

Ref 

β-CD 4,4’-methylene-

bis-

phenyldiisocyanate 

(MDI) 

Congo Red 3 5.8 0.052 [66] 

β-CD HMDI Phenol 2.5 - 0.020 [84] 

  Naphthol 1.5 - 0.104 

 TDI Phenol 2.5 - 0.025 

  Naphthol 1.5 - 0.091 

β-CD TDI Remazol Red 

3BS 

4 2.0 0.042 [109] 

Chitosan, β-CD 1) GLA; 2) HMDI Hydroquinone 10 11 0.212 [104] 

Chitosan, β-CD HMDI Cholesterol 1 - 0.853 [106] 
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Figure 9. Preparation of chitosan beads bearing -CD cross-linked by HMDI (Reproduced 

from ref.[104], with permission from Elsevier). 

Figure 10. Hypothetical illustration of -CD immobilized onto chitosan using HMDI as a 

cross-linker (modified from [106]). 
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3.1.5 Poly(carboxylic acid)s cross-linker 

The cross-linkers discussed above either are toxic, expensive or could not provide sufficient 

reinforcement to the performance properties. Therefore, recently, some other cheaper, 

more environmentally friendly cross-linkers and new synthetic routes, have been proposed. 

Poly(carboxylic acid)s (in the term of PACs), a category of compounds containing two or 

more carboxyl groups, appeared to be promising inexpensive and sustainable cross-linkers 

which have been widely applied to enhance the performance abilities of cellulose and 

proteins in textile industries [110-112]. Malonic acid has been employed as a ‘Green’ cross-

linker to cross-link films of native starches to enhance their mechanical properties and 

decrease the hydrophilicity [113]. Other PACs, such as succinic acid, malic acid, citric acid, 

1,2,3,4-butane tetra carboxylic acid (BTCA), glutaric acid, and adipic acid, have all been used 

as relatively new cross-linkers for cross-linking of various polysaccharides such as cellulose 

[114], starch [115], CDs [116, 117], and chitosan [118, 119] via esterification reaction (Table 

5). Reddy N. and Yang Y. proposed the mechanism of this esterification through an 

anhydride intermediate mechanism [115]. As seen from Figure 11, a cyclic anhydride of 

adjacent carboxylic acids was formed via intramolecular dehydration in the presence of acid 

catalysts, such as phosphates. The cyclic anhydride is a reactive intermediate and readily 

esterifies when reaction sites such as hydroxyl group of polysaccharides are available [120].  

 

Among all these PACs, citric acid might be the most widely used in industries for cross-linking 

due to its natural source, low cost, biocompatibility and potent cross-linking ability [121]. 

Zhao D. et al. has reported the synthesis and applications of water-insoluble β-CD polymer 

(β-CDP) by using citric acid as cross-linker, sodium dihydrogen phosphate as catalyst and 

PEG-400 as modifier at 140 oC for 4 h. The as-produced β-CDP showed a much greater 

sorption capacity toward aniline than that of EPI-CDP, indicating the important role of 

carboxylate groups in the sorption toward aniline [122]. More later, three different polymers 
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P1, P2, and P3 (P1 containing both β-CD and carboxylate, P2 containing only β-CD and P3 

containing only carboxylate), were comparatively studied by the same authors to adsorb 

aniline, 1-naphthylamine and methylene blue from waste water [123]. It was found that P1 

containing both β-CD and carboxylate were overwhelmingly better than P2 and P3 in the 

romoval of the target pollutants. Its nontoxic raw materials and environmental friendly 

fabrication procedures, endow the citric acid cross-linked β-CD material potential to be an 

efficient and green sorbent for water purification. Ducoroy et al. applied citric acid cross-

linked β-CD for the decontamination of water solutions containing Pb(II), Ni(II), and Cd(II) 

with adsorption capacity of 0.3 mmol g-1 for each cation [124]. An ion exchange mechanism 

was proposed and the metal uptake was not attributed to CDs, but to the unreacted 

carboxylic groups in the CD polymer.  

 

 

Figure 11. Reaction mechanism of polyesterification between citric acid and CDs 

(Reproduced from ref.[124], with permission from Springer). 

 

Citric acid has also been employed to cross-link chitosan with alginic acid at varying 

conditions, which were optimized as curing at 180 oC for 9 min in presence of citric 

acid/sodium hypophosphite ratio of 1 and citric acid/polysaccharide ratio of 0.6 [119]. Hsieh 

S. H. et al. cross-linked chitosan to cotton fabrics by using BTCA and citric acid as cross-
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linking reagents [125]. The cross-linking step was achieved via esterification and amidation 

at different curing temperatures and time. The presence of chitosan lead to a much better 

adsorption capacity of Cu(II) and Zn(II) than that without chitosan. The adsorption increased 

along with the raised curing temperature and time, and the best adsorption was observed at 

curing temperature of 150 oC and time of 8 min. The cross-linked material adsorb Cu(II) 

faster than Zn(II). 

 

Generally, PCAs cross-linking of starch, CDs, and chitosan are more common in comparison 

with cellulose, due to their more easily accessible hydroxyl groups [115]. Moreover, PCAs 

with more carboxyl groups have better cross-linking effects such as cross-linking degree, and 

more effective properties such as tensile and adsorption. However, as an effective non-

formaldehyde cross-linker, BTCA did not have industrial use as wide as citric acid, due to its 

high cost [121]. As a relatively new cross-linker, PACs take into account several good points: 

1) relatively inexpensive and non-toxic reagents; 2) green, facile, water based reaction 

process; 3) tunable cross-linking degrees by adjusting PACs/polysaccharide ratio, and 

tunable linkage lengths by selecting different PACs; 4) functional groups (e.g. unreacted 

carboxylates) on the linkages for extra adsorption sites, while most of common cross-linkers 

reduce the adsorption sites; 5) the unreacted carboxylates are reactive and potential for 

further modification. The drawbacks of the PCAs cross-linking method are the high reaction 

temperature (> 140 oC), the use of sodium phosphate catalysts, and relatively low yields. 

 

Table 5. PAC cross-linked chitosan and β-CD adsorbents. 

Polysaccharide Cross-

linkers 

Loaded COOH 

amount 

(mmol g-1) 

Target 

adsorbate 

Contact 

time (h) 

pH qm 

(mmol 

g-1) 

Ref 

β-CD Citric 

acid 

0.55 Pb(II) 2 5 0.28 [126] 

Cd(II) 0.19 

Zn(II) 0.29 

Ni(II) 0.28 
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BTCA 0.90 Pb(II) 0.43 

Cd(II) 0.31 

Zn(II) 0.43 

Ni(II) 0.40 

PAAa 0.78 Pb(II) 0.19 

Cd(II) 0.17 

Zn(II) 0.19 

Ni(II) 0.11 

β-CD Citric 

acid 

0.55 Pb(II) 1 2 0.28 [124] 

Cd(II) 0.19 

Ni(II) 0.28 

β-CD Citric 

acid 

4.5 Aniline 1 - 0.104 [123] 

1-

naphthylami

ne 

0.184 

Methylene 

Blue 

0.200 

β-CD Citric 

acid 

- Phenol 12 - 0.147 [127] 

Methylene 

Blue 

0.329 

aPAA, Polyacrylic acid. 

3.1.6 Dianhydrides cross-linker 

As discussed in the case of PCAs cross-linkers, anhydrides are extremely active to react with 

amino and hydroxyl groups of polysaccharides. Various monoanhydrides, such as succinic 

anhydride [128, 129], maleic anhydride [130], phthalic anhydride, and trimellitic anhydride 

[131], have been immobilized on chitosan and CDs based materials to enhance their 

adsorption properties. In the most of these cases, however, the monoanhydrides, which 

contains only one anhydride group in their molecules, could not act as cross-linkers. To do 

so, the dianhydrides contains double carboxylic anhydrides within their structures, each of 
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which reacts readily with the specific functional groups, including amino and hydroxyl 

groups, to undergo cross-linking. Aliphatic dianhydride, such as 1,2,3,4-

butanetetracarboxylic dianhydride (BTCAD), ethylenediaminetetraacetic acid dianhydride 

(EDTAD), diethylenetriaminepentaacetic acid dianhydride (DTPAD), and ethylene glycol-

bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid dianhydride (EGTAD), as well as aromatic 

dianhydrides, such as pyromellitic dianhydride (PMDA), benzophenone-3,3’,4,4’-

tetracarboxylic dianhydride (BTDA), 4,4’-(hexafluoroisopropylidene) diphthalic dianhydride 

(HFPD), and 4,4’-oxydiphthalic anhydride (ODPA), are the most frequently used dianhydrides 

for the cross-linking of chitosan and CDs. The structures of various dianhydride cross-linkers 

are represented in Figure 12. The dianhydrides are usually synthesized by the reaction of 

their PCAs with acetic anhydride in anhydrous pyridine or DMF at 65 oC (Figure 13) [132, 

133]. The adsorption properties of dianhydride cross-linked chitosan and CD materials are 

presented in Table 6. In general, the dianhydrides play roles of not only as cross-linkers but 

also as functional groups. 
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Figure 12. Structures of the most common dianhydrides for cross-linking. BTCAD (a), EDTAD 

(b), DTPAD (c), EGTAD (d), and aromatic dianhydrides: PMDA (e), BTDA (f), HFPD (g), and 

ODPA (h). 
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Figure 13. The synthesis of dianhydride (illustrated by the case of DTPAD). 

 

BTCAD is the simplest dianhydride cross-linker containing two five-member cyclic anhydrides 

(Figure 12 a). Several superabsorbent hydrogels were prepared from chitosan and cellulose 

dissolved in lithium chloride and N-methyl-2-pyrrolidinone (NMP) by using BTCAD as cross-

linker under mild conditions [134]. The hydrogels performed the maximum water 

absorbency of 345 g water/ g polymer and excellent biodegradability by chitinase. Another 

chitosan hydrogel were synthesized in 10% aqueous acetic acid/NMP via one-step cross-

linking of chitosan with BTCAD [135]. The molecular structure of the obtained hydrogel as 

showed in Figure 14a was determined by FT-IR and solid-state 13C NMR spectroscopic 

analyses in detail. The hydrogel exhibited the maximum adsorption capacity (2.2 mg/mg) of 

bovine serum albumin (BSA) at pH 4.5 and a high desorption efficiency of 89% at pH 2.0. 

Later, the same authors synthesized a series of β-CDPs from β-CD by using BTCAD as a cross-

linker and using pyridine as both the solvent and the catalyst (Figure 14b) [136]. The water 

solubility of the produced β-CDPs were found to be dependent on the BTCAD feed ratio as 

well as reaction temperature. Water insoluble β-CDPs were generated at high BTCAD feed 

ratios and high reaction temperatures. The BTCAD cross-linked β-CDPs were successfully 

used in the adsorption of bisphenol A (BPA) from aqueous solution. Interestingly, the lower 
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BTCA content thus higher β-CD content in the polymer obtained higher BPA sorption 

capacities. 

 

 

Figure 14. Depiction of the synthesis of chitosan polymer [135] (a) and β-CDP [136] (b) 

(Reproduced with permission from Elsevier) by using BTCAD as cross-linker. 
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EDTAD and DTPAD, biodegradable and powerful complexing agents which contain two 

anhydride groups in its molecule (Figure 12b and c), are frequently used to cross-link 

chitosan as well as introduce chelating abilities to the products through esterification 

reaction (Figure 15a) [137]. The esterification reaction mechanism involves the nucleophilic 

attack of the amino groups of chitosan on the carbonyl carbon of the anhydride groups 

(Figure 16). The popularity of EDTAD and DTPAD arise from their local availability, low price, 

as well as the strong metal chelating ability and stability of EDTA and DTPA [37]. Repo et al. 

have reported the synthesis of EDTAD and DTPAD cross-linked chitosan (in the term of EDCS 

and DTCS, respectively) in acetic acid/MeOH solution and applied for the adsorption of Co(II) 

and Ni(II) [132]. These modified chitosan materials displayed much better adsorption of the 

studied metals than pristine chitosan, indicating that the cross-linkers also played roles in 

metal binding. The adsorbents were found very stable in extreme pHs and reached a 

maximum adsorption at pH about 2.1 for Co(II) and at 1.1 for Ni(II), due to the speciation of 

EDTA and DTPA at those pHs. Authors also studied the competitive adsorption of Co(II) and 

Ni(II). Both EDCS and DTCS showed higher affinity for Ni(II) than for Co(II) in two-component 

systems. The adsorbents could be effectively regenerated by 2 M HNO3. Later, EDCS and 

DTCS have been employed for the adsorption of rare earth elements (REEs) from acidic 

nitrate solutions [138]. DTCS had a slightly higher maximum loading capacity of Nd(III) as 

well as significantly larger equilibrium constant K values (obtained from Langmuir modeling) 

than those of EDCS, in agreement with the larger stability constant of Nd(III) with DTPA (log 

K = 21.6) than that of EDTA (log K = 16.6). In binary solutions, selectivity could be achieved by 

adjusting the pH of the feed solutions. 
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Figure 15. Synthesis of EDTAD (a) and ODPA (b) cross-linked chitosan. 

Figure 16. General nucleophilic substitution reaction mechanisms of chitosan (a) and 

CDs (b) with anhydride group. 
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EDTAD was also used for the cross-linking of chitosan-silica hybrid materials [38], which were 

synthesized by reacting 2 g of chitosan with 15, 30, 60 mL of tetraethylorthosilicate (TEOS). 

Amino groups of chitosan part made available for EDTAD cross-linking, while Silica part 

endowed the materials porous and rigid enhancing their mechanical properties, which is 

important in the column and chromatographic separation application. The material with 

highest chitosan content showed the best adsorption efficiency toward Co(II), Ni(II), Cd(II), 

and Pb(II) due to the highest amino amount available for EDTAD reaction. The kinetics study 

suggested the important of pore diffusion in the adsorption. Recently, in a similar synthesis 

way, DTPAD cross-linked chitosan-silica (DTPA-chitosan-silica) was synthesized and used for 

the recovery of Sc(III) from leachates of Greek bauxite residue [139]. In the separation of 

REEs from other elements, the chemical similarities between REEs and Fe(III) arise the most 

challenge. However, it was found difficult to achieve selectivity of Sc(III) and Fe(III) by DTPA-

chitosan-silica due to the close stability constants of DTPA with Sc(III) (log K = 27.43) and 

with Fe(III) (log K = 28.60). Thus another chelating agent dianhydride cross-linker, EGTAD, 

which has a greater selective preference for REEs, was chosen to functionalize the chitosan-

silica (EGTA-chitosan-silica) [139]. An exceptionally high selectivity for Sc(III) was verified in 

equimolar, binary solutions of Sc(III) and Fe(III), due to the much higher stability constants of 

EGTA with Sc(III) (log K = 25.40) than that with Fe(III) (log K = 20.50). Moreover, EGTA-

chitosan-silica was exploited for the chromatographic separation of Sc(III) from other 

elements by a decreasing pH gradient with HNO3. 

 

Magnetic core-chitosan hybrid has raised attentions in water treatment due to the 

combination of the advantages of both magnetic cores (magnetic separation techniques) 

and chitosan (surface functionalization) [94]. An EDTA-chitosan magnetic adsorbent was 

facilely synthesized by cross-linking chitosan with EDTAD in presence of polyethylene imine 

(PEI) coated magnetic microspheres in an aqueous solution of acetic acid/MeOH. In this 

method, not only chitosan was cross-linked and functionalized by EDTA ligands, but also the 

magnetic cores were embedded in cross-linked chitosan at the same time. Furthermore, the 

amino groups of PEI coated magnetic microspheres provided availability to react with 

EDTAD, resulting in cross-linking between the magnetic cores and chitosan through covalent 
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bonds, which could inhibit the magnetic core leaking at acidic conditions. This adsorbent 

displayed excellent sorption properties for the removal of Pb(II) from aqueous solution at 

low pHs, and could also be effectively regenerated by 0.1 M Na2EDTA solution [94]. 

Another similar synthetic route as depicted above was introduced by Almeida F. et al. for the 

preparation of a bifunctionalized chitosan material with zewitterionic properties [140].

However, they did not react dianhydride with amino groups, but the hydroxyl groups of 

chitosan. Prior to cross-linking by EDTAD, the amino groups of chitosan were quaternized by

CH3I at alkaline solution. Then the hydroxyl groups of the quaternized chitosan were 

esterified with EDTAD in anhydrous DMF. These combined reactions endowed the adsorbent 

both cationic (quaternary ammonium group) and anionic (carboxylic group) characteristics.

The bifunctional groups were identified by FTIR and solid-state 13C NMR spectroscopy. The 

carboxylic groups coordinated with divalent metals while quaternary ammonium groups 

with oxyanions of Cr(VI), where HCrO4
- and Cr2O7

2- are the main species at the studied pHs. 

This bifunctional adsorbent possessed lower sorption capacities of Co(II) and Ni(II) compared 

to EDCS prepared by Repo [132] even though they had close EDTA content. This might be 

attributed to the antagonism effect between the cationic quaternary ammonium and anionic 

carboxylic groups. 

Aromatic dianhydrides, including PMDA, BTDA, HFPD, and ODPA, are well-known as the 

monomers for the synthesis of polyimides [141] and famous for their excellent mechanical 

and thermal features and low water sorption [142]. To introduce the rigidity of chitosan 

polymer, chitosan dissolved in 0.1 M AcOH was cross-linked by using ODPA as cross-linker in 

N-methyl pyrrolidone (NMP) at 150 oC for 6 h (Figure 15b) [143]. The reinforcement effect of 

ODPA cross-linking toward chitosan was confirmed by thermogravimetry analysis (TGA) and 

dynamic mechanical analysis (DMA). The same year, some other authors used four 

symmetrical aromatic dianhydride cross-linkers, PMDA, BTDA, HFPD, and ODPA to cross-link 

chitosan in DMF, resulting in four hydrogels, which were further applied for the adsorption 

of seven kinds of metal ions [142]. The adsorption results showed that these aromatic 

dianhydrides cross-linkers significantly improved the metal uptake capacity of chitosan from 
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1.8 to 7.8 times. Authors explained that the cross-linkers were taking part in the metal 

uptake. More significantly, the rigid aromatic linkers were able to strengthen the mechanical 

abilities of chitosan, important for chromatographic application. PMDA has also been 

employed to graft with β-CD microspheres in DMF [144]. The adsorption capacities of Pb(II) 

and Cd(II) were significantly increased due to the presence of large number of carboxyl 

groups. The metal loaded β-CDP adsorbent could be successfully regenerated by 0.2 M HCl. 

 

In the reaction of the polysaccharides with these dianhydrides, generally, two free carboxyl 

groups were formed while the chitosan chains or CD cavities were cross-linked. The 

advantage of this cross-linking method is the simultaneous introduction of functionalities 

and cross-links into the polysaccharides. Another advantage of this method is the mild 

reaction condition and high ligand loading without the need for derivatization procedures. 

Normally, the five-member cyclic dianhydrides (e.g. BTCAD and PMDA) are more effective in 

cross-linking polysaccharides in comparison with six-member cyclic anhydrides (e.g. EDTAD 

and DTPAD) [120]. In the case of chitosan cross-linking, due to the stronger nucleophilic 

ability, dianhydride cross-linkers tend to form the covalently bonds with NH2 rather than OH. 

The dianhydride cross-linkers are interesting since they differ in the kind of the linkers to 

satisfy different applications. For instance, the most challenge of the CDs cross-linking is to 

obtain water-insoluble CDPs, thus high BTCAD feed ratios and high reaction temperatures 

were commonly used [136]. As an alternative, aromatic dianhydrides with rigid structure and 

hydrophobic group, especially the two inexpensive PMDA and BTDA, might be easier to 

generate water-insoluble CDPs. The defect of this cross-linking method is the uses of organic 

solvents in some of the cases. 

Table 6. Dianhydride cross-linked chitosan and β-CD adsorbents. 

Polysaccharide Cross-

linkers 

Cross-linker 

amount 

(mmol g-1) 

Target 

adsorbate 

Contact 

time (h) 

pH qm 

(mmol 

g-1) 

Ref 

Chitosan EDTAD 1.43a Cu(II) 6 4.5 1.125 [140] 

Co(II) 0.698 
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Ni(II) 7.5 0.725 

Cr(VI) 12 2 1.910 

Chitosan EDTAD 1.4 Co(II) 24 2.1 1.069 [132] 

Ni(II) 1.210 

DTPAD 0.96 Co(II) 0.833 

Ni(II) 0.905 

Chitosan EDTAD 99%b Nd(III) - - 0.513 [138] 

DTPAD 94%b Nd(III) - - 0.534 

Chitosan-silica

2:60 

EDTAD - Co(II) 24 3.0 0.25 [38] 

Ni(II) 0.30 

Cd(II) 0.26 

Pb(II) 0.24 

Chitosan-silica

2:30 

EDTAD Co(II) 0.42 

Ni(II) 0.44 

Cd(II) 0.43 

Pb(II) 0.43 

Chitosan-silica

2:15 

EDTAD Co(II) 0.63 

Ni(II) 0.61 

Cd(II) 0.60 

Pb(II) 0.62 

Chitosan-silica DTPAD - Sc(III) 4 2.02 ≈ 0.20 [139] 

Fe(III) ≈ 0.18 

EGTAD - Sc(III) ≈ 0.16 

Fe(III) ≈ 0.04 

Chitosan-Fe3O4 EDTAD - Pb(II) 24 4 1.014 [145] 

Chitosan PMDA 60%b Cr(III) 14 6.0 0.697 [142] 

Mn(II) 1.222 

Fe(II) 0.681 

Co(II) 0.943 

Ni(II) 0.800 
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Cu(II) 24 0.768 

Zn(II) 1.177 

Chitosan BTDA 65%b Cr(III) 14 0.920 

Mn(II) 0.892 

Fe(II) 0.589 

Co(II) 0.898 

Ni(II) 0.865 

Cu(II) 24 0.667 

Zn(II) 0.840 

Chitosan ODPA 41%b Cr(III) 14 0.899 

Mn(II) 0.582 

Fe(II) 0.702 

Co(II) 1.022 

Ni(II) 0.883 

Cu(II) 24 0.807 

Zn(II) 1.108 

Chitosan HFPD 41%b Cr(III) 14 0.707 

Mn(II) 0.423 

Fe(II) 0.475 

Co(II) 0.633 

Ni(II) 0.713 

Cu(II) 24 0.650 

Zn(II) 0.318 

β-CD BTCAD 1.496c Bisphenol 

A (BPA) 

12 - 0.178 [136] 

2.143c Bisphenol 

A (BPA) 

0.132 

β-CD 

microsphere 

PMDA - Pb(II) 1 5.0 0.655 [144] 

- Cd(II) 6.2 0.826 

a converted from the percent weight gain (pwg) presented in the literature. 
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b degree of substitution (DS) of the dianhydride. 

c calculated from the molar ratio (nBTCA) of BTCA to β-CD in β-CDP: nBTCA/(nBTCA × MBTCA + 1 × 

MCD). 

3.1.7 Other cross-linkers 

Besides the cross-linkers discussed above, other cross-linkers with bi/multifunctional groups, 

have also been studied, such as crown ether, glyoxal, divinyl sulfone, and succinyl chloride 

(Table 7).  

Crown ethers, which are considered as the first generation of supramolecular macrocylic 

hosts, have excellent complex ability and selectivity towards many metals [146]. Several 

crown ether cross-linked chitosan adsorbents have been prepared by few researchers [146-

149]. All of the syntheses were based on the reaction between the –NH2 of chitosan and di-

functional groups of the crown ethers, such as dialdehyde and diallyl. The crown ether cross-

linking retained much higher metal uptake of chitosan and, at the same time, enhanced the 

acidic resistance of chitosan. More importantly, the cross-linked chitosan adsorbents 

possessed exceptional selectivity towards Pd(II), Hg(II) over Pb(II) and Ni(II). Some of the 

crown ether cross-linked chitosan adsorbents could be effectively regenerated by treatment 

with 0.1 M HCl and 0.1 M NaOH, successively. Glyoxal, the simplest dialdhyde, can cross-link 

polysaccharides via two ways: 1) through acetal formation between the aldehyde groups of 

glyoxal and the hydroxyl groups of CDs or chitosan; 2) through Schiff’s base formation 

between the aldehyde groups of glyoxal and the amino groups of chitosan [150]. The glyoxal 

cross-linking might reduce the sorption efficiency especially in the case involving amino 

groups. To remedy the adsorption capacity, therefore, the efforts have been directed 

towards modification with chelating functionalities before glyoxal cross-linking [151, 152] or 

using dialdehyde containing metal complexing groups as cross-linkers [153]. Currently, the 

potential of divinyl sulfone (DVS) to act as a non-zero length cross-linker has been exploited 

for the preparation of novel water-insoluble CDPs by cross-linking pristine α-CD and β-CD 

[57]. The obtained CDPs are efficient for the removal of a variety of phenolic pollutants. 
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More recently, porous CDPs have raised concerns due to their high surface area and 

permanent porosity. Dichtel W.R. group prepared a porous β-CDP for rapid removal of 

organic micropollutants from water by cross-linking β-CD with rigid aromatic group, 

tetrafluoroterephthalonitrile (TFP) (Figure 17a) [1]. As shown in Figure 17b and c, the 

obtained porous TFP-CDP owned a Brunauer-Emmett-Teller surface area (SBET) of 263 m2 g-1, 

while non-porous EPI-CD possessed the SBET value of 23 m2 g-1 as a control. The high surface 

and permanent porosity of the porous CDP allowed the rapid removal of organic pollutants 

from water. Later, the same authors grafted TFP-CDP onto cotton fabric by reacting β-CD, 

TFP, and cotton fabric in a 9:1 tetrahydrofuran (THF):H2O solvent at 80 oC [54]. The obtained 

CD-TFP@cotton sequestered bisphenol A from water with a capacity 10-fold higher than 

that of pristine cotton fabric. A hyper-cross-linked porous β-CDP was synthesized by cross-

link benzylated-β-CD with formaldehyde dimethyl acetal (FDA) as a cross-linker and FeCl3 as 

a Lewis acid catalyst via a simple Friedel-Crafts alkylation route [154]. Notably, the obtained 

CDP owned a superior SBET value of 1225 m2 g-1 and a total pore volume of 1.71 cm3 g-1, 

resulting from not only the inherent CD cavities but also the rigid and contorted benzene 

rings. The hyper-cross-linked CDP adsorbent displayed super high sorption capacity of 4-

chlorophenol, which exceeded the amount of CD cavities in the adsorbent (up to 330 % in 

molar ratio). This revealed that the sorption occurred not only in the CD moieties via 1:1 

inclusion complexation, but also in the nanopores of the hyper-cross-linked polymer. 
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Figure 17. The synthesis schematic of the porous tetrafluoroterephthalonitrile-cross-linked 

β-CDP (a) and the results of its BET surface area (b) and cumulative pore volume (c). 

(Reproduced from ref. [1], with permission from Nature Publishing Group). 

Table 7. Other cross-linked chitosan and β-CD adsorbents. 

Polysaccharide Cross-linkers Target 

adsorbate 

Contact 

time (h) 

pH qm (mmol 

g-1) 

Ref 

Chitosan N,N’-diallyl

dibenzo 18-crown-

6 crown ether 

Pd(II) 8 4.0 2.331 [147] 

Ag(I) 1.463 

Cu(II) 0.538 

Pb(II) 0.084 

Cd(II) 0.068 

Ni(II) 0.139 

Co(II) 0.112 

Chitosan 4,4’-

diformyldibenzo-

Pb(II) 24 6.0 1.18 [149] 

Hg (II) 1.58 
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18-crown-6 crown 

ether 

Chitosan N-allyl benzo 15- 

crown-5 crown 

ether. 

Pd(II) 8 4 0.900 [148] 

Ag(I) 0.836 

Chitosan 6,6’-piperazine- 

1,4-

diyldimethylenebis 

(4-methyl-2-

formyl) phenol 

Cu(II) 4 6.5 1.21 [153] 

Ni(II) 0.65 

Co(II) 0.46 

Mn(II) 0.43 

Chitosan-

Fe3O4 

Glyoxal Cu(II) 8 5.0 1.496 [150] 

Co(II) 1.017 

Ni(II) 0.801 

Chitosan-

Fe3O4 

2-aminopyridine-

glyoxal 

Cu(II) 8 5.0 1.953 [155] 

Cd(II) 0.747 

Ni(II) 1.142 

Chitosan N-N’-[bis(2-

hydroxy-3-formyl-

5-methylbenzyl-

dimethyl)]-

ethylenediamine 

Cu(II) 2 6.1 1.79 [156] 

α-CD 1:1a Divinyl sulfone Phenol 3 - 0.655 [57] 

 4-

nitrophenol 

1.068 

 Bisphenol A 0.523 

 β-naphthol 0.521 

α-CD 2:1a Phenol 1.035 

 4-

nitrophenol 

1.069 

β-CD 1:1a Phenol 0.720 
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 4-

nitrophenol 

1.440 

 Bisphenol A 0.303 

 β-naphthol 0.506 

β-CD Succinyl chloride Phenol 2.5 - 0.041 [84] 

Naphthol 1.5 0.110 

β-CD FDA 4-

nitrophenol 

24 - 0.47 [154] 

Phenol 0.65 

4-

chlorophenol 

1.10 

β-CD Tetrafluoro-

terephthalonitrile 

Bisphenol A 0.17 - 0.385 [1] 

a The stoichiometric molar ratios of divinyl sulfone/glucose unit. 

 

In general, the cross-linking reinforces the mechanical resistance, reduces the water 

solubility, and enhances the chemical stability of chitosan and CDs in acidic and alkaline 

aqueous solutions as well as organic solvents. In addition, most of the cross-linked 

polysaccharides could be easily regenerated by washing with acid solutions or organic 

solvents. However, the cross-linking also decreases the amounts of free and available 

hydroxyl groups or amino groups on the surface of the polysaccharides. Moreover, the cross-

linking forming polymer network could reduce the flexibility, the mobility and the 

crystallinity of the pristine polysaccharides, and hence the accessibility to adsorption sites. 

Therefore, the cross-linking might result in a considerable reduction of adsorption ability of 

the polysaccharides, especially in the case that amino groups involved. To minimize these 

negative effects and also improve the adsorption capacities, efforts have been made to keep 

the degree of cross-linking as low as possible, followed by further surface modification on 

the cross-linked chitosan and CDs.  
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3.2 Surface modification of cross-linked chitosan and CD adsorbents 

Chemical surface modification to improve the adsorption and selectivity characteristics of 

polysaccharides has received a particular attention. Despite the amino groups or hydroxyl 

groups were attacked by cross-linkers during cross-linking, a part of free amino or hydroxyl 

groups could still remain on the surface of chitosan and CDs, providing feasibility for further 

chemical modification. The modification are able to increase the density of the sorption sites 

as well as introduce various new functional groups on the cross-linked polymers. The new 

functional groups might change the surface polarity and hydrophilicity, leading to affinity for 

polar sorbates and hence adsorption selectivity toward the target pollutants. Even though 

the modification decorates the properties of chitosan and CDs, importantly, most of the 

surface modification does not change the inherent characteristics of the polysaccharides, 

such as muco-adhesivity, host-gust inclusion ability, biocompatibility, and biodegradability 

[27]. The amino groups, carboxyl groups, and sulfur groups, have been regarded as the most 

studied functional groups for the surface modification of cross-linked chitosan and CDs for 

the purpose of water treatment. 

3.2.1 Functionalized with amino groups 

The method of amination can introduce extra amino groups to the polymer, improving the 

adsorption ability for anionic dyes or metal ions (Table 8). It is known that modification by 

NH4OH is a facile, convenient and inexpensive way of introduction amino groups into 

polysaccharides [157]. Several water-insoluble cross-linked polysaccharides containing 

tertiary amino groups have been synthesized by cross-linking starch-enriched flour with EPI 

in the presence of NH4OH. These weakly basic adsorbents have been successfully applied for 

the removal of various anionic [157] and non-ionic [158] dyes and phenolic derivatives [159] 

from aqueous solutions. The results showed that the presence of the tertiary amine groups 

could enhance the adsorption performance of the polymers. Moreover, the adsorption 

kinetics and adsorption capacities were dependent on the amount of the presence of 

tertiary amine groups in the polymer networks. Anirudhan T. S. and Rijith S. have 

immobilized ethylenediamine (EDA) on the GLA cross-linked chitosan beads, obtaining an 
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efficient adsorbent for the removal of Cu(II) from aqueous solution [64]. The as-prepared 

chitosan adsorbent was also successfully applied for the treatment of practical electroplating 

industry wastewater with an initial Cu(II) concentration of 0.32 mmol L-1. The regeneration

of the used EDA-chitosan adsorbent was achieved by washing with 0.1 M HCl. EDA-modified 

chitosan was also employed for the removal of anionic dye Eosin Y from aqueous solution 

[160]. The preparation of EDA-chitosan in this work was carried out in three steps, including 

the preparation of chitosan gel beads, the cross-linking with EPI, and then followed by the 

modification with EDA.  The EDA-modified chitosan possessed a much higher adsorption

capacity of eosin Y in comparison with unmodified chitosan bead. Moreover, the modified 

chitosan displayed satisfactory chemical stability in acid medium. Thus the EDA-chitosan 

could be used as a low-cost and efficient adsorbent for the removal of anionic dye from 

wastewater. Later, the same authors modified EPI cross-linked chitosan with 

tetraethylenepentamine (TEPA), which owns more imino groups in longer chain than EDA 

[161]. The authors predicted the TEPA-modification would result in better adsorption

capacity toward anionic dye than EDA-modification. Finally, however, the TEPA-CS exhibited 

a close maximum adsorption capacity (0.451 mmol g-1) of eosin Y to that of EDA-CS (0.453 

mmol g-1). This might be attributed to the different amounts of the functional groups 

immobilized on the surface of the cross-linked chitosan. EDA has also been widely used to 

functionalize GLA or EPI cross-linked magnetic chitosan and the modified magnetic chitosan 

adsorbents have been successfully applied for the adsorption of Cr(VI), Hg(II), Pt(IV), and

Pd(II) from aqueous solution (Figure 18) [162-164]. The amino groups have been popularly 

introduced to β-CDs through a route of tosylation of β-CD by toluenesulfonyl chloride (TsCl)

and followed amination with EDA [50, 165, 166]. The active amino groups of these aminated 

CDs endowed CDs availability of further cross-link reactions [167]. 
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Figure 18. Scheme for the synthesis of EDA-modified cross-linked magnetic chitosan resin 

(Reproduced from ref.[162], with permission from Elsevier). 

Polyethylenimine (PEI), which is composed of abundant amine groups on the line or 

dendrimeric type macromolecules, exhibits strong ability to complex metal ions [168]. The 

adsorption capacities of EPI cross-linked chitosan (EPI-CS) beads before and after PEI grafting 

have been investigated by Chatterjee S. et al [169]. It was found that the adsorption

performance of EPI-CS was significantly enhanced through PEI modification, i.e. the 

maximum adsorption capacity of PEI functionalized EPI-CS was 3.51 times higher than that of

unmodified EPI-CS. This could be attributed to the introduction of plenty of binding sites

(polyaminated groups) on the surface of the chitosan beads during the modification. Kyzas 

G. et al. have grafted amido and imino groups on the cross-linked chitosan by reactions with 

acrylamide (AM) and PEI, respectively [170]. The obtained chitosan adsorbents were applied 

for the treatment of real industrial dyeing effluents which composed three reactive dyes: 

Remazol Red 3BS, Remazol Blue RN, and Remazol Yellow Gelb 3RS. The adsorption capacity 

followed the order PEI-modified chitosan > AM-modified chitosan > unmodified chitosan 

(only cross-linked). Only PEI-modified chitosan could approvingly reduce the dye 

concentration of the practical effluent below the legislation limit of 300 ADMI units 

(American Dyestuff Manufacturer Institute). The results suggested that PEI-modified 

chitosan was an effective adsorbent for the wastewater treatment.  
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Polyamidoamine (PAMAM), constructed based on an EDA core, repetitively amides, and 

terminated with amino groups, is a class of highly branched, well defined, and 

commercialized dendrimer. Li N. and co-workers have reported the synthesis of an insoluble 

cross-linked β-CD polymer functionalized with PAMAM (generation 2) (in the term of 

PAMAM-CD) [171]. The produced PAMAM-CD polymer exhibited high adsorption capacities 

and excellent removal efficiencies toward both the metal ions and organic pollutants. 

Notably, the maximum adsorption capacities of all the organic compounds (0.495 - 1.035 

mmol g-1) were found to be higher than the β-CD amount in the polymer (0.360 mmol g-1) 

obtained from elemental analysis. So it seemed that the plenty of amino groups on PAMAM-

CD accounted for a part of the sorption capacity when assuming a 1:1 organic adsorbate:β-

CD complex stoichiometry. The PAMAM-CD polymer was further applied for the removal of 

chlorophenols from aqueous solutions [172]. The adsorption capacities for the studied three 

chlorophenols followed the order 2,4,6-trichlorophenol > 2,4-dichlorophenol > 4-

chlorophenol. The authors explained this was mainly attributed to: i) inclusion effect. The 

guest molecules with more hydrophobicity would have greater inclusion interaction with the 

hydrophobic CD cavities. The hydrophobic coefficient of chlorophenols increased with the 

degree of chlorination; ii) hydrogen bonding between the –NH2, -NH or –OH groups of 

PAMAM-CD and the –OH groups of chlorophenols. The more chlorine atoms the stronger 

hydrogen bonds, due to the electron-withdrawing effect of chlorine on phenyl rings. The 

used PAMAM-CD could be regenerated by washing with ethanol for five times. 

Table 8. Amino-modified cross-linked chitosan and β-CD adsorbents. 

Polysacc

haride 

Cross-

linkers 

Modifier Target 

pollutants 

Time 

(h) 

pH qm (mmol 

g-1) 

Ref 

Chitosan GLA EDA Cu(II) 3 6.0 3.24 [64] 

Chitosan EPI EDA Ecosin Y 24 5 0.453 [160] 

Chitosan GLA EDA Hg(II) 3 5.1 2.3 [172] 

UO2(II) 3.9 1.9 

Chitosan EPI TEPA Eosin Y 24 5 0.451 [161] 

Chitosan- GLA EDA Cr(VI) 1 2.0 0.938 [162] 
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Fe3O4 

Chitosan-

Fe3O4 

EPI EDA Hg(II) 4 5 2.69 [163] 

Chitosan-

Fe3O4 

EPI EDA Pt(IV) 1 2.0 0.877 [164] 

Pd(II) 1.300 

Chitosan EPI DETA Pd(II) 8 4.0 1.29 [173] 

Ag(I) 1.15 

Ni(II) 0.52 

Cu(II) 0.57 

Co(II) 0.14 

Cd(II) 0.33 

Chitosan  EPI PEI Reactive Black 5 24 6 0.715 [169] 

Chitosan GLA PEI Remazol Red 

3BS 

24 10 1.243 [170] 

Remazol Yellow 

Gelb 3RS 

1.358 

Remazol Blue 

RN 

2.123 

AM Remazol Red 

3BS 

1.025 

Starch EPI NH4OH Beta-naphthol 1 6 0.132 [159] 

Para-naphthol 0.176 

Para-

chlorophenol 

0.062 

Pentachlorophe

nol 

0.069 

β-CD-

MGO 

TsCl EDA Cr(VI) 24 3 1.172 [167] 

β-CD TsCl PAMAM Pb(II) 28 4.8 0.482 [171] 

Cu(II) 18 4.8 1.705 
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2,4-

Dichlorophenol 

2 6 0.620 

2,4,6-

Trichlorophenol 

3 4 1.035 

Ponceau 4R 9 5.6 0.495 

β-CD TsCl PAMAM 4-Chlorophenol 1.5 4.8-

9.2 

0.132 [172] 

2,4-

Dichlorophenol 

1.5 4.8-

9.2 

0.609 

2,4,6-

Trichlorophenol 

2.2 3.8-

5.4 

0.887 

 

3.2.2 Functionalized with carboxyl groups 

Carboxyl groups, which act as acid by donating a proton and coordinating with metal ions 

and cationic organic compounds, do not exist in the pristine chitosan and CDs. They typical 

carboxylic-modified cross-linked chitosan and β-CD adsorbents are presented in Table 9. To 

improve the adsorption capacity of Pb(II) ion, succinate anhydride was grafted onto chitosan 

that had been cross-linked by EGDE, diethylene glycol diglycidyl ether (DEGDE), and 

bisphenol A diglycidyl ether (BADGE), resulting in Suc-EGDE-CS, Suc-DEGDE-CS, and Suc-

BADGE-CS, respectively [174]. The maximum Pb(II) uptake of the produced three adsorbents 

occurred at pH 5, which was in good agreement with the pKa value (4.6) of carboxylate 

group. The adsorption capacities of Pb(II) followed the order: Suc-EGDE-CS < Suc-DEGDE-CS 

<< Suc-BADGE-CS. Authors explained that the cross-linker BADGE with benzene ring, which 

was rich with an electron, could bind Pb(II) through π electrons on its ring, resulting in the 

best adsorption of Pb(II). Özkahraman B. et al. have grafted itaconic acid and crotonic acid 

onto the cross-linked chitosan beads by using ammonium persulfate as initiator [175]. The 

adsorption kinetics and isotherms of a cationic dye (Brilliant Green) onto the modified 

chitosan beads were investigated. The itaconic acid modified chitosan displayed higher 
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adsorption capacity of Brilliant Green in comparison with crotonic acid modified chitosan, 

might due to the higher amount of carboxyl groups on itaconic acid modified chitosan. 

Poly(methacrylic acid) (PMAA) modified GLA-CS microspheres have been prepared and 

applied for the removal of cationic dyes from aqueous solution, such as Methylene Blue and 

Malachite Green [176]. The adsorption capacities of the PMAA-GLA-CS microspheres were 

enhanced 10 times for Methylene Blue and 15 times for Malachite Green, respectively, in 

comparison before the modification. The aromatic dianhydride, PMDA, has been grafted on 

GLA-CS beads, significantly improving the adsorption of cationic dyes from printing and 

dyeing effluents [177].  

Shimizu synthesized novel chitosan-based materials by using 7-ethyl octadecane diacid 

diglycidyl (EODD) as a cross-linker, and the EODD-CS materials were further modified by 

EDTAD in DMSO solvent at 60 oC for 24 [178]. The adsorption results showed that the 

addition of EDTA residues on the cross-linked chitosan significantly enhanced the adsorption 

properties toward metal ions, and the metal uptake abilities of the obtained adsorbents 

were depended on the amount of free EDTA groups. Ge H. and Huang S. proposed another 

EDTA modification route that EDTAD reacted with EPI O-cross-linked chitosan under 

microwave irradiation (Figure 19) [83]. The amino groups of chitosan were protected by 

benzaldehyde during O-cross-link, leading to higher EDTA functionality and thus higher metal 

uptake. More recently, several EDTA-functionalized magnetic chitosan were fabricated and 

applied for the removal of cationic dyes [179, 180] and metal ions from aqueous solution 

[94]. As seen in Figure 20, the adsorbent was prepared by surface modification of magnetic 

cross-linked chitosan with EDTA using water-soluble carbodiimide as the coupling agent. 
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Figure 19. The synthetic route of EDTA-functionalized EPI O-cross-linked chitosan 

(Reproduced from ref.[83], with permission from Wiley). 

 

Figure 20. The procedure for preparation of GLA cross-linked chitosan/SiO2/Fe3O4 gel and 

magnetic EDTA-modified chitosan/SiO2/Fe3O4 adsorbent (Reproduced from ref.[94], with 

permission from Elsevier).   

Grini G. and Peindy H. grafted carboxymethylcellulose (CMC) onto EPI cross-linked β-CD to 

confer the ability to adsorb basic dyes on the polymer beads [71]. It was observed that the 

presence of carboxyl groups in the polymer improved significantly the sorption properties, 

due to the adsorption mechanism through electrostatic interactions between COO- groups 

and the cationic groups of Basic Blue 9. Moreover, the carboxyl groups immobilized onto CD 
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might serve as electron donors in an alkaline media to endow the CD cavities ability to 

adsorb basic dyes. Iminodiacetic acid (IDA), as a carboxyl ligand, has been bond with the EPI 

cross-linked β-CD to increase the binding affinity toward metal ions and α-amylase [181]. Li 

F. and co-workers have grafted PMDA onto the surface of TDI cross-linked β-CD 

microspheres introducing a large number of carboxyl groups for the removal of Pb(II) and 

Cd(II) from aqueous solution [144]. The adsorption capacities of the PMDA modified β-CD 

microspheres for the studied metals were 7.7-10.7 times higher than those of unmodified 

ones. The metal loaded CD microspheres could be regenerated with 0.2 M HCl. 

Table 9. Carboxylic-modified cross-linked chitosan and β-CD adsorbents. 

Polysacch

aride 

Cross-

linkers 

Modifier Target 

pollutants 

Tim

e (h) 

pH qm (mmol 

g-1) 

Ref 

Chitosan EGDE Succinate 

anhydride 

Pb(II) 2 5 0.333 [174] 

DEGDE 0.355 

BADGE 0.898 

Chitosan EPI Itaconic 

acid 

Brilliant Green - - 0.280 [175] 

Crotonic 

acid 

0.224 

Chitosan GLA N-(2-

carboxybe

nzyl) 

Pramipexole 

dihydrochloride 

24 10 1.080 [35] 

Chitosan  GLA PMAA Methylene Blue 12 7.1 3.126 [176] 

   Malachite 

Green 

 4.2 1.435 

Chitosan GLA PMDA Methylene Blue - 5 2.923 [177] 

Neutral Red 3.148 

Chitosan EODD EDTAD 1a Ni(II) 72 6 ≈ 0.75 [178] 

EDTAD 2b Ni(II) ≈ 1.3 

Cu(II) ≈ 1.5 
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Cd(II) ≈ 1.25 

Pb(II) ≈ 1.25 

Ca(II) ≈ 0.72 

Chitosan EPI EDTAD Pb(II) 4 5 1.28 [83] 

Cu(II) 2.13 

Cd(II) 1.29 

Ni(II) 1.34 

Co(II) 1.28 

Chitosan-

Fe3O4 

GLA EDTAD Methylene Blue 0.5 7 0.35 [179] 

Chitosan-

Fe3O4 

GLA EDTAD Methylene Blue 0.5 6.0 0.354 [180] 

Chitosan-

SiO2-

Fe3O4 

GLA EDTA Cu(II) 12 5.0 0.699 [94] 

Pb(II) 0.596 

Cd(II) 0.563 

β-CD EPI CMC Basic Blue 9 2 8 0.177 [71] 

β-CD EPI CMC Basic Green 4 2 8 0.252 [182] 

β-CD EPI CMC Basic Blue 3 2 8 0.133 [183] 

Basic Violet 3 0.104 

Basic Violet 10 0.075 

β-CD TDI PMDA Pb(II) 1 5.0 0.656 [144] 

Cd(II) 6.2 0.829 

a The amount of free EDTA groups on the modified adsorbent 1.44 mmol g-1. 

b The amount of free EDTA groups on the modified adsorbent 1.64 mmol g-1. 
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3.2.3 Functionalized with sulfur groups 

Sulfur-containing functional groups, such as thiol, thiourea, sulfonate and xanthate, are 

known to bind strongly with most trace metals [184] and cationic compounds [35]. 

Moreover, sulfur-containing groups trend to form strong coordination bonds with metal ions 

and could enhance metal adsorption selectively [184]. A large number of studies have been 

carried out on the sulfur modification of cross-linked chitosan and CDs (Table 10).  

Similar to carboxyl groups, sulfo/sulfonate groups (-SO3H/-SO3
-) were supposed to enhance 

the adsorption properties of polysaccharides as well. A sulfonate group modified β-CD 

polymer was prepared by using EPI as cross-linker and tiron (1,2-dihydroxybenzene-3,5-

disulfonic acid disodium salt) as modifier in three steps (Figure 21) [185]. The sulfonate 

functionality was determined to be 0.174 mmol g-1 by elemental analysis. The modified CDP 

was found to achieve an enhanced adsorption capacities in comparison with unmodified EPI-

CDP toward methylene blue and basic magenta but phenolphthalein. This could be ascribed 

to the fact that the sulfonate groups attract the cationic amine groups of methylene blue 

and basic magenta but repel anionic carboxyl groups of phenolphthalein during adsorption. 

Based on the similar mechanism, the adsorption capacities of sulfonate modified starch 

polymers toward aniline increased with the increasing amounts of sulfonate groups loaded 

on the polymers [186]. Kyzas G. et al. grafted sulfonate or carboxybenzyl groups on GLA-

cross-linked chitosan and the produced adsorbents were applied for the removal of 

pharmaceutical contaminant, pramipexole dihydrochloride, from environmental 

wastewaters [35].  The adsorption experiments showed a higher qm value (1.186 mmol g-1)

of sulfonate modified chitosan than that of carboxybenzyl modified chitosan (1.080 mmol g-

1) since the amino groups of pramipexole dihydrochloride could interact with sulfonate

groups via stronger electrostatic force in comparison with carboxyl groups (see Figure 22). 
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Figure 21. Reaction mechanism of the preparation of sulfonate modified β-CDP 

(Reproduced from ref.[185], with permission from Springer). 

 

 

Figure 22. Adsorption mechanism of pramipexole dihydrochloride on sulfonate modified 

chitosan (Reproduced from ref.[35], with permission from Elsevier). 

The thiol (-SH) groups are well known to form stable complexes with soft heavy metal ions of 

high polarizability such as mercury, silver, gold, and to a lesser extent, cadmium and zinc, 

while invalid in coordinating with the light metals such as sodium, calcium, and magnesium 

[187]. Merrifield J. D. et al. grafted thiol groups on the cross-linked chitosan beads as a 
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method to enhance its ability in removing mercury from aqueous solution [188]. The 

modified beads were prepared facilely by placing the GLA-CS in a 2 wt.% cysteine solution, 

where the amino groups of the cysteine attached to the aldehyde group of the residual free 

GLA via a Schiff base reaction. The equilibrium and kinetic uptake experiments showed that 

the sorption process was radial pore diffusion in the spherical beads and the modified 

chitosan adsorbent exhibited high sorption capacities (8.0 mmol g-1) toward Hg(II). Atia A. A. 

synthesized 3-amino-1,2,4-triazole-5-thiol modified chitosan resin and successfully applied 

for the uptake of Hg(II) and UO2(II) from aqueous solutions [189]. The Hg(II)- and UO2(II)-  

loaded adsorbent could be regenerated using H2SO4 and HCl, respectively. Selective 

separation of Hg(II) from UO2(II) was achieved at pH 2, due to the ability of Hg(II) to adsorb 

on chitosan resin through ion-exchange mechanism at acidic solution, while UO2(II) could 

not: 

2 RSH + Hg2+ → RSHgSR + 2H+ 

RSH + HgCl+ → RSHgCl + H+ 

Thiourea is an organosulfur compound with the structure S=C(NH2)2 similar to urea, where a 

sulfur atom replace the oxygen atom. Guibal E. prepared thiourea and rubeanic acid 

(dithiooxamid, NH2(C=S)2NH2) modified chitosan materials for efficient sorption of Pd(II) 

from dilute acidic solutions [190]. The modification gave the adsorbents a dual chelating (S 

atom and/or N atom coordination) and anion exchange structure. Ion exchange mechanism 

played more important role than coordination mechanism in acidic solutions. Rubeanic acid 

modified chitosan exhibited better sorption affinity to Pd(II) than thiourea modified chitosan 

due to the presence of more sulfur chelating moieties. Several thiourea-modified magnetic 

chitosan adsorbents and ion imprinted polymers have been prepared and applied for the 

adsorption of various metal ions [191-193]. The thiourea-modified adsorbents displayed 

higher efficiency in adsorbing Hg(II) and Ag(I) than Zn(II), Cu(II), and Ni(II), owing to the fact 

that 4d (Ag) and 5d (Hg) orbitals are spatially larger than 3d (Zn, Cu, Ni) orbitals and thus 

gave better orbital overlapping in bond formation with thiourea ligand. The used thiourea-

modified magnetic chitosan adsorbents could be recovered by 0.1 M HCl, 0.1 M HNO3, or 

0.01-0.1 M EDTA solutions. 
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Xanthate, which usually refers to salts of xanthic acid with the formula R-OCS2
- or esters with 

the structure of R-OC(=S)S-R’, has been widely used as flotation reagents in the mining 

industry for the separation of transition metals [194]. Kannamba B. et al. chemically 

modified EPI cross-linked chitosan with xanthate through a treatment of the EPI-CS with 14% 

NaOH solution and CS2 [195]. The modified chitosan was used as sorbent for the removal of 

Cu(II) from aqueous medium. The introduction of xanthate groups on the chitosan adsorbent 

was proved to enhance the interaction with Cu(II) in solution and thus increase the 

adsorption capacity of Cu(II). Later, a xanthate-modified magnetic cross-linked chitosan 

(XMCS) was synthesized and applied for the removal of Co(II) from aqueous solution [196]. 

The characteristics and mechanism of Co(II) adsorption were investigated. The FT-IR and XPS 

spectra provided evidence that Co(II) sorption was mainly through forming coordination 

bonds with the sulphur atoms (xanthate group) and nitrogen atoms (amino group) in XMCS. 

The xanthate modification occurs at –OH position, thus the amino groups still remain in the 

obtained adsorbent. The competitive adsorption of Pb(II), Cu(II) and Zn(II) onto xanthate-

modified magnetic chitosan was investigated in single and ternary metal systems [197].  The 

adsorption capacity (in mg g-1) was higher for Pb(II) than Cu(II) and Zn(II) for both single and 

ternary systems. Authors explained the differences in covalent index (based on 

electronegativity and ionic radius) might be the reason causing the selective adsorption of 

the studied metals. Notably, this work also suggested that the metals preferentially 

interacted with the functional groups in order S > N > O containing group. 

Table 10. Sulfur-modified cross-linked chitosan and β-CD adsorbents. 

Polysacch

aride 

Cross-

linkers 

Modifier Target pollutants Time 

(h) 

pH qm (mmol 

g-1) 

Ref 

-CD EPI Tiron 

 

 

Methylene blue 6 - 0.013 [185] 

Basic magenta 4 0.007 

Phenolphthalein 4 0.007 

Starch EPI TSSA 1a Aniline 1 4.6 0.801 [186] 
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TSSA 2a 1.038 

TSSA 3a 1.161 

Chitosan GLA Sulfonate Pramipexole 

dihydrochloride 

24 10 1.186 [35] 

Chitosan Sodium 

cyanobor

ohydride 

4-Formyl- 

1,3-

benzene 

sodium 

disulfonate 

Basic Blue 3 1 3.0 0.463 [198] 

Chitosan EPI Heparin Cu(II) 25 6.0 1.282 [199] 

Chitosan GLA Thiol Hg(II) - 7 8.0 [188] 

Chitosan GLA 3-amino-

1,2,4-

triazole-5-

thiol 

Hg(II) 3 5.1 2.21 [189] 

UO2(II) 3.9 1.60 

Chitosan GLA Thiourea Pd(II) 72 2.2 2.608 [190] 

Rubeanic 

acid 

3.308 

Chitosan-

Fe3O4 

GLA Thiourea Hg(II) 8 5.0 3.117 [191] 

Cu(II) 1.049 

Ni(II) 0.261 

Chitosan-

Fe3O4 

GLA Thiourea Zn(II) 0.5 5.0 0.492 [192] 

Chitosan-

Fe3O4 

GLA Thiourea Ag(I) 1 5 5.29 [193] 

Chitosan EPI Xanthate Cu(II) 24 5.0 0.685 [195] 

Chitosan-

Fe3O4 

GLA Xanthate Co(II) 6 5.0 0.314 [196] 

Chitosan-

Fe3O4 

GLA Xanthate Pb(II) - 5.0 0.371 [197] 

Cu(II) 0.543 
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Zn(II) 0.318 

a Sulfur contents of the obtained polymers were 13.09%, 15.58%, 18.82% for TSSA 

(trisulfonated sodium amine) 1, 2, and 3, respectively. 

3.2.4 Modified by other functional groups 

Modification of cross-linked chitosan and CDs by other functional groups tabulated in Table 

11, such as crown ether, 8-Hydroxyquinoline and amino acids, has also attracted increasing 

attentions in the past decade. Tan S. et al. immobilized two crown ethers onto cross-linked 

chitosan, and used them successfully for adsorption and separation of heavy metals [200].

Batch experiments showed that the two cross-linked chitosan derivatives had not only high 

sorption capacities toward Pb(II) and Cu(II), but also with high selectivity toward Pb(II) and 

Cu(II) in the coexistence of Cr(III) and Ni Cr(II). 8-Hydroxyquinoline, another excellent 

chelating agent, has been grafted on chitosan beads as active sites for adsorption and 

retention of heavy metals [201, 202]. The adsorption capacities of cross-linked chitosan 

toward precious metals were significantly enhanced by glycine and L-lysine due to the 

simultaneous introduction of amino and carboxyl groups [203, 204]. Interestingly, Reactive 

Blue 2 dye, which contains three sulfonate groups, four amino groups, and one 

chlorotriazine group, was immobilized on chitosan microspheres through nucleophilic 

substitution reaction for enhanced adsorption of Cu(II) and Ni(II) from aqueous solution 

[205]. 

Table 11. Cross-linked chitosan and β-CD modified by other functional groups adsorbents. 

Polysacc

haride 

Cross-

linkers 

Modifier Target 

pollutants 

Time

(h) 

pH qm (mmol 

g-1) 

Ref 

Chitosan EPI Crown ether 1 Pb(II) 12 5.6 0.141 [200] 

Cu(II) 0.376 

Cr(III) 0.333 
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Ni(II) 0.012 

Crown ether 2 Pb(II) 0.291 

Cu(II) 0.493 

Cr(III) 0.587 

Ni(II) 0.070 

Chitosan EPI 8-

Hydroxyquinoli

ne 

Cu(II) 4 5.0 1.126 [202] 

Zn(II) 0.148 

Ni(II) 0.223 

Chitosan EDGE Glycine Au(III) 4 2.0 0.863 [203] 

Pt(IV) 0.628 

Pd(II) 1.131 

Chitosan EDGE L-lysine Pt(IV) 4 1.0 0.663 [204] 

Pd(II) 2.0 1.029 

Au(III) 2.0 0.357 

Chitosan - Reactive Blue 

2 

Cu(II) 36 7.0 0.90 [205] 

Ni(II) 8.5 0.19 

Chitosan GLA BPMAMFPb Cu(II) 2 5.5 1.72 [206] 

Chitosan GLA BPMAMFPb Cu(II) 3.5 6.0 1.717 [207] 

Cd(II) 2 2.0 0.344 

Ni(II) 7 3.0 0.164 

β-CD 1,4-

Butanediol 

diglycidyl 

ether 

1-(2-

pyridylazo)-2-

naphthol 

Co(II) 1 9.5 100c [208] 

a Crown ether 1: dibenzo-16-c-5 chloracetate crown ether; Crown ether 2: 3,5-di-tert-butyl 

dibenzo-14-c-4 dichloracetate crown ether. 

b 2[-bis-(pyridylmethyl) aminomethyl]4-methyl-6-formyl-phenol 

c Preconcentration factor 
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Figure 23. Maximum adsorption capacities for different pollutants for cross-linked chitosan 

and CDs modified with various functional groups. Data taken from Table 8-11. 

 

In general, comparison of Table 8-11 with Table 1-7 reveals that usually higher adsorption 

capacities are obtained for the modified cross-linked chitosan and CD adsorbents than those 

unmodified, especially cross-linked by common cross-linker.  The sorption capacities of the 

cross-linked adsorbents modified with different functional groups is illustrated in Figure 23, 

and followed the order sulfur groups > carboxyl groups > amino groups > other groups. The 

best sorption has been reported by Merrifield J. D. et al. for Hg(II) uptake (8.0 mmol g-1) by 

thiol-modified chitosan beads [188], and by Fan L. et al. for Ag(I) removal (5.29 mmol g-1) by 

Ag(I) imprinted magnetic thiourea-modified chitosan beads [193].  

 

The section above discussed the adsorption properties of the modified chitosan and CD 

materials. However, it is difficult to say which type of modification is better, since each of 

them has its own advantages and disadvantages. For instance, the thiol-modified materials 

showed the excellent adsorption, however, thiol groups is known to be unsafe due to its 
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renal toxicity and other negative effects to environment [209]. Even the comparison of 

adsorption capacities is also difficult since the different laboratory conditions and sorption 

parameters applied by different researchers. There is still great room for improvement in 

this field of research: i) developing effective as well as environmentally friendly modification 

technologies; ii) applying the functional polysaccharides commercially instead of laboratory 

scale; iii) developing a multipurpose polysaccharide adsorbent for simultaneous removal of 

different types of pollutants from real industrial effluents. 
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4. APPLICATIONS OF CROSS-LINKED ADSORBENTS IN WATER TREATMENT 

Functionalization of chitosan and CD adsorbents by cross-linking and surface modification is 

essential to alter the properties of the adsorbents toward the desirable direction. The cross-

linking reinforces the mechanical behavior, modifies the hydrophobicity, and enhances the 

chemical stability of the polysaccharides in acidic media. The cross-linked adsorbents are 

usually further modified by functional groups to maximize the adsorption capability and to 

improve the selectivity. The cross-linked polysaccharide adsorbents are mainly applied in the 

simultaneous removal of multi pollutants from contaminated waters, selective adsorption 

and separation of target pollutants, and preconcentration of target adsorbates from diluted 

aqueous solutions. 

4.1 Simultaneous removal of multi pollutants from wastewater  

In principle, most of the prepared adsorbents were tested in synthetic wastewater 

containing only one kind of the target pollutant. However, more than one type of pollutants 

coexist in the effluent of various industrial branches [210]. For instance, the wastewaters 

from dyes manufacturing and textile finishing factories contain not only dyes but also 

substantial heavy metals, which are used as mordant in the dyeing process [211]. What is 

worse, the different physical and chemical properties of the multi contaminant classes as 

well as the interface interaction between the pollutants make the treatment more 

challenging [212]. Therefore, the simultaneous removal of the co-existed pollutants from 

wastewaters becomes urgent and crucial. 

The plenty and diverse functional groups on chitosan and CD make the polysaccharide based 

materials potential for simultaneous removal of multi classes of contaminants. A chitosan, 

cross-linked by GLA and modified with N-(2-carboxybenzyl) groups, was successfully applied 

for effective adsorption of both cations (Cu(II), qm 4.847 mmol g-1 and Ni(III), qm 6.492 mmol 

g-1) and anions (Cr(VI), qm 3.365 mmol g-1  and As(V), qm 2.777 mmol g-1) [213]. In this study, 

however, the simultaneous removal experiments were not conducted. Recently, an EPI-

cross-linked chitosan/activated carbon composite was employed to remove Cr(VI) and 
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aniline from aqueous solution simultaneously [214]. The results showed that both of these 

pollutants could be removed at natural pH simultaneously and efficiently (> 95%), and the 

presence of Cr(VI) enhanced the sorption of aniline, while the presence of aniline almost had 

no effect on the sorption of Cr(VI). More recently, Bikiaris group synthesized a succinyl-

modified chitosan adsorbent and used it for the simultaneous removal of Zn(II) and cationic 

dye Remarcyl Red [36]. The antagonistic effect was observed in binary adsorption 

experiments since the two target adsorbates competed for the single functional group 

(carboxyl group) on the adsorbent. Yang et al. employed a Fe3O4@β-CD adsorbent to remove 

Co(II) and 1-naphthol simultaneously [215]. The simultaneous removal was achieved via the 

inclusion of 1-naphthol into the CD cavities of the adsorbent and the binding of Co(II) on the 

external surface sites. A CD-graphene oxide material was synthesized by a polymerization 

method and applied for simultaneous removal of U(VI) and humic acid from wastewater 

[216]. It is found that the presence of humic acid enhanced U(VI) adsorption and the authors 

described the surface adsorbed that the humic acid acted as a “bridge” between U(VI) and 

the CD based adsorbent. 

Generally, most of the studies about simultaneous removal of multi pollutants from aqueous 

solutions discussed above were achieved via single functional groups. As the name suggests, 

however, all of the target pollutants bind to the sole adsorption site, resulting unavoidable 

competitive adsorption. Therefore, more advanced adsorbents containing dual- or multi-

functional groups would be a viable alternative for the simultaneous treatment of the 

coexistent toxic pollutants. 

4.2 Selective adsorption and separation of target pollutants 

In some other purposes, such as reuse of the precious metals from wastewater, high specific 

selectivity is required for the advanced adsorbents. Moreover, various pollutants commonly 

coexist in the practical contaminated water resources. Thus, it is of great significance to 

separate and recover them in their individual purified forms for the potential reuse, and also 

prevent a secondary pollution. The chelating effect of chitosan and host-guest inclusion 
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property of CDs endow them promising application in selective adsorption and separation of 

target pollutants from wastewaters.  

Physical and chemical modifications have been shown to improve the selectivity for metal 

ions [217]. Yan H. et al. reported that GLA-cross-linked chitosan hydrogel beads surface 

modified with carboxymethyl groups showed not only enhanced but also selective 

adsorption for Cu(II) from Pb(II) and Mg(II) from aqueous solutions, while the unmodified 

chitosan beads had no selectivity for Cu(II) [218]. The enhanced adsorption was attributed to 

the formation of bidentate chelate complexes between Cu(II) and carboxyl groups, while the 

selectivity was attributed to the higher binding affinity of carboxyl groups toward Cu(II) over 

Pb(II) and Mg(II). Repo E. et al. have also reported an EDTA-modified chitosan and silica 

hybrid adsorbent for possible separation of Pb(II) and Ni(II) from Cd(II) and Co(II) [38]. High 

adsorption capacity and selectivity could also be achieved by ion-imprinted polymers (IIP). 

Zhou L. and co-workers prepared ion-imprinted magnetic chitosan polymers by using U(VI) 

as a template and GLA as a cross-linker [219]. The obtained IIP magnetic chitosan adsorbents 

showed higher uptake for the U(VI) than those of non-imprinted magnetic chitosan. The IIP 

adsorbents also performed strong ability to selectively adsorb U(VI) from other cations (i.e., 

Th(IV), Fe(III), Zn(II), Ni(II), Co(II), and Cu(II)), which commonly coexist with U(VI) in natural 

sources. 

CDs have been widely applied for the selective recognition and separation of target 

molecules such as amino acid [220], lysozyme [221], and cholesterol [222] in medicine and 

biological industries  due to their inclusion ability toward hydrophobic guests. The great 

priority of selective incorporation ability of CDs has also been given to the development of 

selective separation technique in water treatment. Kitaoka M. and Hayashi K. synthesized an 

insoluble EPI cross-linked β-CD and used it for the effective and selective removal of 

bisphenol A from a solution containing amino acids [223]. Pan J. et al. synthesized 

molecularly imprinted β-CD/attapulgite polymers (MIP) by using 2,4-dichlorophenol as a 

template and ethyl glycol dimethacrylate (EGDMA) as cross-linker [224]. After the removal of 

the template molecules, the produced MIP displayed high selectivity for target 2,4-

dichlorophenol over competitive phenolic compounds in wastewater. Another β-CD MIP was 
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prepared by “one-step method” (Figure 24) using TDI as cross-linker [109].  The obtained 

dye-CD-MIP showed high selectivity to Remazol Red 3BS (the template molecule) from a 

trichromatic dye solution in the presence of other two dyes (Remazol Blue RN and Remazol 

Yellow gelb). The selectivity of MIP was much greater than the non-imprinted one. 

 

Figure 24. Synthesis route and mechanism of CD-MIP (Reproduced from ref.[109], with 

permission from Elsevier). 

 

4.3 Preconcentration of trace adsorbates 

In recent decades, the trace levels of pollutants have received raising attention worldwide 

due to their toxicity and widespread distribution. Moreover, the ever-increasing REEs 

demand requires the recovery of these valuable metals from extremely diluted streams such 

as industrial effluent and seawater. However, the direct determination of the trace level 

adsorbates has been very difficult since the levels of analytes are usually below the 

determination limit (DL) of the most of the instruments. Therefore, the preconcentration 
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procedures conducted prior to the analytical determination of trace amounts of compounds 

have become more and more important [225].  

The use of chitosan as substrate for an ion exchange and a chelating resin of 

preconcentration has attracted great attention due to its advantages such as hydrophilic 

properties and easy modification of its amino groups. A GLA-cross-linked and 8-

hydroxyquinoline-modifed chitosan chelating resin was successfully used in an automated 

on-line preconcentration system for the determination of trace level of Cd(II), Cu(II) [201],

and Zn(II) [226] by flame atomic absorption spectrometry (FAAS). EDTA- and DTPA-

functionalized chitosan polymers have also been applied for adsorptive enrichment and 

chromatographic separation of REEs [138]. Another chitosan resin cross-linked with EGDE 

and modified by 2-amino-5-hydroxy benzoic acid, was utilized in an on-line preconcentration

system coupled with inductively coupled plasma-atomic emission spectrometry (ICP-AES) for 

the collection and determination of trace elements, such as Ag, Be, Cd, Co, Cu, Ni, Pb, U, V, 

and REEs in river water [227]. 

CDs have excellent capability in the preconcentration of organic pollutants from water 

resources by forming inclusion complexes [228]. GLA and EGDMA cross-linked β-CD 

microbeads were employed for the removal and preconcentration of phenolic species [229].

In this study, after the preconcentration, the DL of the phenolic species were improved at 

least 500-fold for the UV-Vis spectrophotometric determination. Yu J. et al. used EPI-cross-

linked β-CDP as a solid-phase extraction adsorbent for twelve trace aromatic compounds in 

water samples, followed by gas chromatography-mass spectrometry (GC-MS) and UV for 

detection [230]. The 90-101% recoveries were achieved for aromatic compounds at 0.02-

1.67 ppm levels. Moreover, the EPI-β-CDP has also been used to preconcentrate trace Co(II)

coupled with ICP-MS for the determine of Co(II) [231]. This method was based on α-

pyridylazo-β-naphthol (PAN) as the complexing agent for Co(II)-PAN, which was further 

adsorbed on EPI-β-CDP. The DL by this mothed reached as low as 5.84 ng L-1, and the 

preconcentration factor was 10. 
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5. OBJECTIVES AND STRUCTURE OF THE WORK 

The overall aim of the thesis was to investigate the potential of aminopolycarboxylic acids 

(APCAs) or their dianhydrides cross-linked chitosan and/or -cyclodextrin adsorbents for 

water treatment applications (Figure 25). The research focus was on heavy metals, dyes, 

REEs, and organic micropollutants. The specific objectives of this study were: 

 To prepare five different kinds of cross-linked chitosan and/or -cyclodextrin 

adsorbents (1) EGTA-modified chitosan for metals removal (Paper I); (2) magnetic 

EDTAD-cross-linked chitosan adsorbents for metals removal (Paper II); (3) magnetic 

DTPAD-cross-linked chitosan adsorbents for metals removal (Paper II); (4) EDTA-

cross-linked -cyclodextrin for simultaneous removal of metals and cationic dyes, 

and for the adsorption and preconcentration of  REEs (Paper III, IV); (5) EDTA-cross-

linked chitosan--cyclodextrin for the removal of metals and organic micropollutants 

(Paper V). Moreover, magnetic GLA-cross-linked chitosan microspheres (Paper II) and 

EPI-cross-linked -CDP (Paper III-V) were prepared as a control. 

 

Figure 25. Schematic overview of the contents of this thesis. 
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 To investigate the effects of initial pH, contact time, and initial adsorbate 

concentration as well as the regeneration condition for the used adsorbents (Paper I-

V). Importantly, the possible adsorption mechanism was explored and explicated 

(Paper I-V). 

 To fit the experimental data obtained from kinetic and isotherm studies to various 

kinetic and isotherm models, which indicate various adsorption theories. The 

modeling of kinetics and isotherms for single-component system is presented in 

Paper I-V. Moreover, Paper I presents modeling isotherms for two-component 

system, while Paper IV presents modeling isotherms for three-component system. 

 To test the cross-linked adsorbents in selective adsorption and separation of target 

metals (Paper I, II, and IV), in simultaneous removal of pollutants from binary- or 

multi-component system (Paper III), in preconcentration of trace level of REEs (Paper 

IV), and the application in practical industrial effluents (Paper II and III), seawater 

(Paper IV) as well as the application at environmentally relevant concentrations 

(Paper V). 
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6. Experimental section 

6.1 Synthesis of the adsorbents 

Five different cross-linked chitosan and/or -CD adsorbents were synthesized: the synthesis 

of EGTA-modified chitosan is described in detail in Paper I, the magnetic EDTAD- and DTPAD-

cross-linked chitosan in Papers II, the EDTA-cross-linked -CD in Paper III and V, the EDTA 

cross-linked chitosan--CD in Papers V. 

Briefly, the EGTA-modified chitosan (EGTA-chitosan) was prepared by reacting chitosan with 

EGTA in presence of a coupling agent, EDC in NaOH solution (Paper I).  The magnetic EDTAD- 

and DTPAD-cross-linked chitosan (MEDCS and MDTCS) were fabricated via an emulsion 

cross-linking method in the presence of Fe3O4 magnetic nanoparticles (MNPs) using EDTAD 

and DTPAD as the cross-linkers, respectively (Paper II). The EDTA-cross-linked -CD polymer 

(EDTA-CDP) was prepared through the esterification-polycondensation reaction of -CD with 

EDTA as cross-linker and Na2HPO4 as a catalyst (Paper III and IV). Finally, the chitosan and -

CD hybrid material (CS-ED-CS) was prepared by one-pot synthesis method following a similar 

EDTAD-cross-linking as in the case of chitosan (Paper V). 

6.2 Characterization of the adsorbents 

The Fourier transform infrared (FTIR) spectroscopy of the type VERTEX 70 (Bruker, Germany) 

with a platinum ATR attachment was employed to qualitatively identify the functional 

groups of the prepared adsorbents (Paper I-V). Quantitative analyses of the amounts of the 

functional groups and the contents of each components in hybrid polymer were performed 

with a 2400 Series II CHNS/O Analyzer (PerkinElmer, U.S.A.) (Paper I, III, and V). The amount 

of carboxylic acid groups on the adsorbents was evaluated via Conductometric-

potentiometric titration method using a Metrohm 809 Titrando autotitrator (Switzerland) 

(Paper V). The amount of active ß-CD cavities on CS-ED-CD was determined through 

Photometric Titration with UV-vis spectrometry (PerkinElmer Lambda 45, U.S.A.) by using 

phenolphthalein as indicator (Paper IV and V). The surface morphologies of the as-prepared 

polymers were investigated using a Jeol JSM-5800 (Japan) scanning electron microscope 
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(SEM) at an acceleration voltage of 5.0 kV (Paper II-V). Elemental Mapping was performed 

during the SEM examination (acceleration voltage 20.0 kV) by Thermo Scientific Ultra Dry 

SDD Energy-dispersive X-ray spectroscopy (EDS) (Paper III, IV and V). The EDS analyses were 

performed in Paper II and III. High-resolution transmission electron microscopy (HRTEM) was 

performed using a double-aberration corrected JEOL 2200FS (Japan) to examine the 

morphology and structure of the adsorbents (Paper II). The ζ-potentials of the adsorbents

were measured by using a Zetasizer Nano ZEN3500 (Malver, U.K.) (Paper II, III and V).

Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) tests were 

conducted using a NETZSCH TG 209F1 (Germany) at a heating rate of 10 oC min-1 under a 

nitrogen atmosphere from 25 oC to 1000 oC (Paper II, III and V). The crystal lattice structure 

of the particles was defined by X-ray diffraction (XRD) PANalytical X-ray diffractometer 

(Netherland). The magnetic characteristics of the magnetic cross-linked chitosan adsorbents 

were examined using a vibrating sample magnetometer (VSM) Lake Shore 7407 (U.S.A.) 

(Paper II).  

6.3 Adsorption and desorption experiments 

Adsorption and desorption experiments are described in detail in Paper I-V. Briefly, the 

solutions containing known concentration of adsorbates were mixed with a known dose of 

adsorbent for a designated time, after which the adsorbent was separated from the solution. 

The adsorption capacities (qe, mmol g-1) was calculated as follows: 

𝑞𝑒 =
(𝐶𝑖−𝐶𝑒)

𝑀
𝑉  (1) 

where Ci and Ce are the initial and the equilibrium concentrations (mmol L-1) of adsorbates, 

while m and V are the weight of the adsorbent (g) and the volume of the solution (L),

respectively. 

The regeneration efficiency (%RE) of the adsorbent was calculated as follows: 

%𝑅𝐸 =
𝑞𝑟

𝑞0
× 100%  (2) 
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where q0 and qr are the adsorption capacities of the adsorbents (mmol g-1) before and after 

regeneration, respectively. 

6.4 Analysis of solutions 

The concentrations of target metals before and after adsorption were analyzed by an 

inductively coupled plasma optical atomic emission spectrometry (ICP-OES) Model Icap 6300 

instrument (Thermo Electron Corporation, U.S.A.). The used wavelengths for various metals 

were: Cd(II): 226.502 nm (Paper I-III and V), Pb(II): 220.353 nm (Paper I, II and V), Co(II): 

228.616 nm, Ni(II): 231.605 nm (Paper II), Cu(II): 324.754 nm (Paper III), La(III): 333.749 nm, 

Ce(III): 404.076 nm, and Eu(III): 381.967 nm (Paper IV). The concentrations of dyes and 

organic micropollutants were determined by UV-vis spectrometry (PerkinElmer Lambda 45, 

U.S.A.) at the maximum absorbance of methylene blue (MB) at 668 nm, safranin O (SO) at 

516 nm, crystal violet (CV) at 583 nm, Bisphenol-S (BPS) at 258 nm, Ciprofloxacin (CIP) at 277 

nm,  Procaine at 290 nm, and Imipramine at 249 nm. 

6.5 Simultaneous removal experiments 

Binary systems of metal-dye were used in the simultaneous adsorption experiments (Paper 

III). Batch adsorption tests were performed by using initial concentration ranging from 10 to 

200 mg L-1 for metal and from 30 to 200 mg L-1 for dye. As presented in Table 12, a full 

factorial design that the main factors of the adsorption process were the initial 

concentration of metal and dye, was conducted in this work. For the comparison purpose, 

the data of mono adsorption at the same operation conditions such as pH, time, and dosage 

as binary ones, were also involved in this factorial design experiments. 

Table 12. Experimental design used for the simultaneous adsorption of metal and dye on 

adsorbent 

 Levels Factor A: initial concentration of metal, mg L-1 

0 10 50 100 200 

Factor B:  0  qe,[10,0] qe,[50,0] qe,[100,0] qe,[200,0] 
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initial 

concentration of 

dye, mg L-1 

30 qe,[0,30] qe,[10,30] qe,[50,30] qe,[100,30] qe,[200,30] 

60 qe,[0,60] qe,[10,60] qe,[50,60] qe,[100,60] qe,[200,60] 

100 qe,[0,100] qe,[10,100] qe,[50,100] qe,[100,100] qe,[200,100] 

200 qe,[0,200] qe,[10,200] qe,[50,200] qe,[100,200] qe,[200,200] 

6.6 Preconcentration experiments 

The tested matrices included pure water, tap water, and seawater (Paper IV). Two kinds of 

seawater, obtained from Gulf of Finland (salinity value 6‰) and Gulf of Mexico (salinity 

value 32‰), were used in the preconcentration experiments. Aliquots of 400 mL solution 

containing REEs were mixed with 400 mg of adsorbent (dosage: 1 g L-1) and agitated in a 

rotary oscillator for 4 h. After separation, REEs were eluted using 4 mL of 1 M HNO3. The 

concentrated samples (100-fold) were analyzed by ICP-OES. 

6.7 Practical industrial effluent experiments 

The real metal wastewater used in Paper II was collected from a nonferrous metal smelter 

plant in Hunan province, China. The practical effluent samples were allowed to settle for one 

day and the supernatants were used for adsorption. The metal concentrations before and 

after adsorption were analyzed by ICP-OES. A synthetic sewage used in Paper III was 

prepared according to OECD guideline [232]. Then this sewage was employed to prepare the 

model textile effluent containing 30 mg L-1 of Cu(II) and 300 mg L-1 of MB, which are close to 

a real textile sewage from Mumbai, India [233, 234]. The concentrations of Cu(II) and MB 

before and after adsorption were determined by ICP-OES and UV-vis spectrometry, 

respectively. 

6.8 Environmentally (µg L-1) relevant concentration adsorption experiments 

100 mg of the adsorbent was mixed with 100 mL of the diluted mixture (100 µg L-1 Cd(II) and 

50 µg L-1 CIP). After adsorption, the residual Cd(II) concentration was analyzed by ICP-OES, as 

well as the CIP concentrations was analyzed by ultra-high performance liquid 

chromatography (UHPLC) coupled with a Xevo TQ mass spectrometer (MS) (Waters, UK). 
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Deuterated ciprofloxacin (2H8) was used as an internal standard. Samples were injected and 

loaded onto an Acquity UPLC BEH (Waters) C18 Column (2.1 mm × 50 mm, particle size 1.7 

µm). 

6.9 Modeling of adsorption isotherms and kinetics 

6.9.1 Adsorption isotherms  

The adsorption isotherms are fundamental in describing the interactive behavior between 

the adsorption sites and adsorbates in the solution. Langmuir (Paper I-V), Freundlich (Paper 

I, II, and IV), BiLangmuir (Paper I and II), and Sips (Paper II, III-V) were used for the modeling 

the single adsorption. Extended BiLangmuir (Paper I) and extended Sips (Paper IV) were 

employed for the modeling the binary and multi-component adsorption, respectively. The 

modeling calculations were carried out by using OriginPro software version 9.1. 

Langmuir model 

The Langmuir model is widely applicable for homogeneous adsorption, based on the 

following assumptions: (i) homogeneous surface, where all adsorption sites are energetically 

equivalent; (ii) each of the adsorption site can only bind one adsorbate; (iii) monolayer 

coverage of adsorbates on the surface; (iv) there is not interaction between the adsorbates 

on neighbor adsorption sites. The general Langmuir equation is given as follows: 

𝑞e =
𝑞𝑚𝐾L𝐶e

1+𝐾L𝐶e
                                          (3) 

where qe (mmol g-1) and Ce (mmol L-1) are the adsorption capacity and the equilibrium 

concentration of the adsorbate, respectively, while qm (mmol g-1) and KL (L mmol-1) present 

the maximum adsorption capacity and the adsorption energy constant, respectively. 

Freundlich model 

The Freundlich model is the simplest isotherm that takes the surface heterogeneity and 

multilayer adsorption into account. The Freundlich equation is given as follows: 
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𝑞e = 𝐾F𝐶e
1/𝑛F                                (4) 

where KF ((mmol g-1)/ (L mmol-1)nF) is a unit capacity coefficient and nF is the Freundlich 

constant associated to the degree of heterogeneity. The greater the nF value is, the more 

heterogeneous the adsorption is. 

BiLangmuir model (Two-site Langmuir) 

The BiLangmuir model assumes that the surface contains two different active sites with 

different affinities toward adsorbates that follow a Langmuir behavior. The BiLangmuir 

model incorporates two Langmuir equation as follows: 

𝑞e =
𝑞𝑚,1𝐾1𝐶e

1+𝐾1𝐶e
+

𝑞𝑚,2𝐾2𝐶e

1+𝐾2𝐶e
                      (5) 

where qm,1 and qm,2 (mmol g-1) are the maximum adsorption capacities of the two different 

active sites, while K1 and K2 (L mmol-1) are the adsorption energy constants corresponding to 

adsorption sites 1 and 2. Notably, both of the active sites are homogeneous and can bind 

only one adsorbate like Langmuir model. 

Sips model (Langmuir-Freundlich) 

The Sips model, which is a combination of the Langmuir and Freundlich models and takes 

heterogeneity into account, is usually applicable when both Langmuir and Freundlich models 

fail. The Sips model is given as follows: 

𝑞e =
𝑞m(𝐾s𝐶e)1/𝑛S

1+(𝐾s𝐶e)1/𝑛S
                                  (6) 

where KS (L mmol-1) is the Langmuir energy parameter, while nS presents the Freundlich 

heterogeneity factor. This Sips model behavior is the same as that of Freundlich model at 

low adsorbate concentrations, while at sufficiently high concentrations, it possess a finite 

saturation plateau as the Langmuir model. When nS closes unity, the Sips isotherm returns to 

Langmuir and indicates homogeneous adsorption. On the other side, when nS differs from 

unity significantly, it predicts heterogeneous adsorption. 
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Extended BiLangmuir model 

The isotherm models introduced above are applicable for one-component adsorption 

systems. In most of cases, however, more than one component adsorbates coexist in the 

real systems. Thus, some of the one-component isotherm models have been extended to be 

applicable for multi-component adsorption systems. The equilibrium data of two-component 

systems were modeled by extended BiLangmuir model in Paper I as follows: 

𝑞e1 =
𝑞𝑚,1,1𝐾1,1𝐶e1

1+𝐾1,1𝐶e1+𝐾2,1𝐶e2
+

𝑞𝑚,1,2𝐾1,2𝐶e1

1+𝐾1,2𝐶e1+𝐾2,2𝐶e2
                           (7) 

𝑞e2 =
𝑞𝑚,2,1𝐾2,1𝐶e2

1+𝐾1,1𝐶e1+𝐾2,1𝐶e2
+

𝑞𝑚,2,2𝐾2,2𝐶e2

1+𝐾1,2𝐶e1+𝐾2,2𝐶e2
                          (8) 

where qe1 and qe2 (mmol g-1) are uptake amounts of component 1 and 2 at equilibrium, qm,1,1 

and qm,1,2 (mmol g-1) are the maximum adsorption capacities of the component 1 on the two 

different active sites, while K1,1 and K1,2 (L mmol-1) are the adsorption energy constants 

corresponding to the adsorption of the component 1 on the two different active sites. 

Correspondingly, qm,2,1, qm,2,2, K2,1, and K2,2 (L mmol-1) are the parameters related to the 

adsorption of component 2 on the two different active sites.  

Extended Sips model 

For multi-component isotherms, an extended Sips model which considers the interaction 

factors between individual components, was employed in Paper IV as follows: 

𝑞e𝑖 =
𝑞m𝑖(𝐾s𝑖𝐶e𝑖)𝑛S𝑖

1+∑ (𝑁
𝑗=1 𝐾s𝑗𝐶e𝑗)

𝑛S𝑗
                                     (9) 

which for a ternary system of La(III), Ce(III), and Eu(III) could be decomposed into three 

equations as follows: 

𝑞e1 =
𝑞m1(𝐾s1𝐶e1)𝑛S1

1+(𝐾s1𝐶e1)𝑛S1+(𝐾s2𝐶e2)𝑛S2+(𝐾s3𝐶e3)𝑛S3
                        (10) 

𝑞e2 =
𝑞m2(𝐾s2𝐶e2)𝑛S2

1+(𝐾s1𝐶e1)𝑛S1+(𝐾s2𝐶e2)𝑛S2+(𝐾s3𝐶e3)𝑛S3
                        (11) 
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𝑞e3 =
𝑞m3(𝐾s3𝐶e3)𝑛S3

1+(𝐾s1𝐶e1)𝑛S1+(𝐾s2𝐶e2)𝑛S2+(𝐾s3𝐶e3)𝑛S3
                        (12) 

where qe1, qe2, and qe3 (mmol g-1) are the amounts of component 1, 2, and 3 adsorbed at 

equilibrium, while qm1, qm2, and qm3 (mmol g-1)  are the maximum adsorption capacities of 

the three kinds of REEs, respectively. Correspondingly, KS1, KS2, and KS3 (L mmol-1) are 

analogous to the Langmuir affinity constants and nS1, nS2, and nS3 present the heterogeneity 

constants, related to the adsorption of the three kinds of REEs. 

6.9.2 Kinetic modeling 

For the purpose of investigating the kinetic mechanism of the adsorption process as well as 

its potential rate-controlling step, four kinetic models, including pseudo-first-order, pseudo-

second-order, Elovich, and the intraparticle diffusion models, were applied to analyze the 

experimental data (Paper 1-V). 

The pseudo-first-order (PS1) model is the simplest and oldest empirical kinetic model [235]. 

PS1 model is associated with the kinetics of one-site adsorption governed by the rate of the 

surface action. The PS1 model is given as follows: 

𝑑𝑞

𝑑𝑡
= 𝑘1(𝑞𝑒 − 𝑞)                                        (13) 

By integrating this equation at the boundary conditions q = 0 at t = 0 and q = qt at t = t, it 

could be transformed into a linear form equation as follows: 

ln(𝑞𝑒 − 𝑞𝑡) = ln(𝑞𝑒) − 𝑘1𝑡                    (14) 

where qt and qe (mmol g-1) are the adsorption capacity at time t and at equilibrium, 

respectively, while k1 (min-1) is the PS1 rate constant. 

The PS1 model was generalized to two-site adsorption to establish a pseudo-second-order 

(PS2) model as follows: 

𝑑𝑞

𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞)2                                        (15) 
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By integrating this equation at the boundary conditions q = 0 at t = 0 and q = qt at t = t, it 

could also be transformed into a linear form as follows: 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

1

𝑞𝑒
𝑡  (16) 

where k2 (g mmol-1min-1) is the PS2 rate constant and k2qe
2 presents the initial adsorption 

rate. 

The Elovich model was tested to fit the kinetic data in Paper II as follows: 

𝑞𝑡 =
1

𝛽
ln(𝛼𝛽) +

1

𝛽
ln (𝑡)  (17) 

where the Elovich coefficients, α (mmol g-1 min-1) is the initial adsorption rate, and β (g 

mmol-1) is related to the extent of surface coverage and the activation energy for the 

chemisorption. 

Furthermore, to investigate if film or pore diffusion was the controlling step in the 

adsorption, the intraparticle diffusion model was tested as follows: 

𝑞𝑡 = 𝑘id𝑡0.5 + 𝐶id  (18) 

where kid (mmol g-1 min-0.5) and Cid are the rate constant of intraparticle diffusion and the 

boundary layer diffusion effect, respectively. 
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7. RESULTS AND DISCUSSION 

7.1 Characterization  

The morphologies of the cross-linked chitosan and/or β-CD adsorbents were investigated by 

SEM (Paper I-V). Figure 26 shows the differences of the morphologies between the studied 

chitosan and CD adsorbents. The EDTA-CDP and CS-ED-CD materials (Figure 26e-h) had 

rougher surface morphologies compared to cross-linked chitosan polymers (Figure 26a-d). 

The surface (Figure 26g) and cross-sectional (Figure 26h) morphologies of CS-ED-CD showed 

a continuous and porous structure, due to the ice crystal formation during the freeze dye 

procedure. The CS-ED-CD hydrogel was very light, which could stand on the stamens of a 

flower (inset of Figure 26h). TEM inspection was also employed to examine the distribution 

of the magnetic nanoparticles (MNPs) in the polymers in Paper II. The TEM images (Figure 27) 

shows that the MNPs were encapsulated evenly in the cross-linked chitosan adsorbents. 

 

Figure 26. The SEM images of cross-linked chitosan and/or β-CD adsorbents. 
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Figure 27. The TEM images of magnetic GLA-cross-linked chitosan (a), MEDCS (b), and 

MDTCS (c). 

The functional groups of the prepared adsorbents were qualitatively defined by FT-IR 

spectroscopy (Paper I-V). Table 13 summarizes the FT-IR characteristic bands of the studied 

cross-linked chitosan and/or β-CD adsorbents. The presence of the bands corresponding to 

the amide/ester bonds and carboxyl groups in the prepared adsorbents indicated the 

successful cross-linking of the polysaccharides with the PACs or PAC dianhydrides. The Fe-O 

band confirmed the embedding of MNPs in the magnetic chitosan adsorbents (Paper II). The 

presence of the characteristic bands of CD (R–1,4–bond skeleton vibration) also verified the 

successful introduction of CDs in the obtained polymers (Paper III-V). 

Table 13. The FT-IR characteristic bands of cross-linked chitosan and/or β-CD adsorbents 

(Paper I-V). 

Adsorbent v band (cm-1) IR vibration 

EGTA-chitosan 1734 C=O vibration in -COOH 

1626 C=O vibration in amide 

1553 N-H vibration in amide 

1110 C-O vibration in ether 

MEDCS 3160-3700 OH vibration in -COOH 

1740 C=O vibration in -COOH 

1640 C=O vibration in amide 

573 Fe-O vibration in Fe3O4 
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EDTA-CDP 1679 C=O vibration in -COOH 

1738 C=O vibration in ester 

1203 C-O vibration in ester 

938 R–1,4–bond skeleton vibration of ß-CD 

CS-ED-CD 3260 -OH stretch vibration 

2914 C-H vibration in –CH2 

2975 C-H vibration in –CH3 

1722 C=O vibration in -COOH 

1616 C=O vibration in amide 

1149 C-O vibration in the oxygen bridge 

931 R–1,4–bond skeleton vibration of ß-CD 

The amounts of the functional groups in the cross-linked adsorbents were quantitative 

determined by elemental analysis (CHNS/O) (Paper I, III, and V), EDS (Paper II), and titration 

(Paper III and V). The results were summarized in Table 14. MEDCS obtained the highest PAC 

amount, which could be attributed to the abundant amino groups on the chitosan. Analytical 

method might also effect the results, where the EDS only determines the elements on the 

surface while elemental analysis (CHNS/O) defines the elements of the whole material [236]. 

Notably, the EDTA amounts obtained from titrations were lower than those obtained from 

elemental analysis (Paper III and V). This could be attributed to the fact that a part of EDTA 

groups involved in cross-linking. This effect was not significant for the amount of CD cavities. 

Importantly, the amounts of PCA groups and CD cavities of the adsorbents were in good 

agreement with their uptake ability of metals and organic pollutants, respectively, which will 

be discussed in Section 7.2.3.  

Table 14. The amounts of the functional groups in the prepared polysaccharide adsorbents. 

Adsorbent PCA amount (mmol g-1) β-CD amount 

(mmol g-1) 

Method 

EGTA-chitosan EGTA 1.40 - Elemental analysis (CHNS/O) 

MEDCS EDTA 2.24 - EDS 
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MDTCS DTPA 1.62 - EDS 

EDTA-CDP EDTA 2.21 0.31 Elemental analysis (CHNS/O) 

 EDTA 1.46 0.29 Back titration and 

photometric titration 

CS-ED-CD EDTA 2.05 0.17 Elemental analysis (CHNS/O) 

 EDTA 1.36 0.147 Conductometric-

potentiometric titration and 

photometric titration 

The isoelectric point (the point of zero charge, pHPZC) was measured by ζ-potential analyses 

for magnetic GLA-/EDTA-/DTPA-chitosan (Paper II), EPI-CDP, EDTA-CDP (Paper III), and CS-

ED-CD (Paper V). The isoelectric point was found to be 6.85 for magnetic GLA-chitosan and 

4.42 for EPI-CDP; the isoelectric point was determined as 3.35 for MEDCS, 3.65 for MDTCS, 

2.23 for EDTA-CDP, and 3.81 for CS-ED-CD. Obviously, the PCAs and PCA dianhydrides cross-

linked polysaccharides had much lower isoelectric point values than those of GLA and EPI 

cross-linked. This could be attributed to the fact that carboxylate groups were introduced in 

the materials during PCAs and PAC dianhydrides cross-linking process. A positive surface 

charge at pH < pHPZC means a protonation of the surface groups, while a negative surface 

charge at pH > pHPZC means the release of protons into the solution. Therefore, the lower 

pHPZC values would bring benefit to the adsorbents when the target pollutants were cationic 

metals and organic compounds. 

The thermal stabilities of MEDCS, MDTCS (Paper II), EDTA-CDP (Paper III), and CS-ED-CD 

(Paper V) were measured by TGA. For all these samples, the weight loss mostly occurred at 

three stages 60-120, 160-270, and 270-1000 oC, corresponding to water evaporation, 

EDTA/DTPA decomposition, and polysaccharides decomposition, respectively. The crystal 

lattice structure of magnetic adsorbents were determined by XRD in Paper II. All the index 

peaks of magnetite phase (JCPDS 19-0629) could be clearly found in the prepared magnetic 

adsorbents in Paper II. The magnetic properties of these magnetic adsorbents were also 

measured by VSM in Paper II. The results showed that these adsorbents possessed enough 
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magnetism to be rapidly separated from their well-dispersed water solutions by an external 

magnet. 

7.2 Adsorption studies  

7.2.1 Effect of solution pH  

It is well known that the adsorption efficiency depends remarkably on the solution pH 

because pH affects not only the protonation of the surface groups but also the ionization 

degree of the adsorbates. Thus it is important to optimize the solution pH, in order to 

maximize the adsorption efficiency of the prepared adsorbents. 

The adsorption efficiency of all the target heavy metals, REEs, cationic dyes, and organic 

pollutants were shown to be effected by the solution pH (Paper I-V). Alkaline solutions were 

not conducted for metals to avoid the formation of metal hydroxides (Visual MINTEQ ver. 

3.0). For most of the target adsorbates, the similar trend was observed: low adsorption 

efficacy at low pH, due to the competition between the protons and the target cationic 

adsorbates in the strongly acidic media; adsorption efficiency soared with the increasing pH 

and reached an equilibrium plateau. The maximum adsorption of metals was found at pH 

range from 2.5 to 6 for EGTA-chitosan (Paper I), from 2.5 to 5.5 for MEDCS and MDTCS 

(Paper II), from 3.0 to 6.5 for EDTA-CDP (Paper III), and from 3.0 to 6.0 for CS-ED-CD (Paper 

V). The adsorption equilibrium plateau of cationic dyes on EDTA-CDP occurred at the pH 

range of 3-10 (Paper III), while 4-10 for the cationic organic pollutants onto CS-ED-CD (Paper 

V). The optimum pH for REEs adsorption by EDTA-CDP was observed at the range of 4-7 

(Paper IV). 

The adsorption efficiency soared with the increasing pH mostly from 1 to 2.5 in the studies, 

due to the increasing negative surface charge (e.g. COO-) of the adsorbents with the raising 

pH, making the adsorbents more attractive for cationic metals and cationic organic 

pollutants. The equilibrium plateau could be attributed to the loading saturation and the 

stability of the surface-bound complexation. Notably, all the PCAs and PCA dianhydrides 

cross-linked polysaccharides adsorbents performed significantly higher adsorption efficiency, 
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in comparison to the pristine, GLA and EPI cross-linked polysaccharides, indicating the PCA 

groups play important role in adsorption. 

7.2.2 Adsorption kinetics  

In order to determine the equilibration time for the maximum adsorption as well as the rate-

determining step of the adsorption, the time effect and kinetics were studied for the 

adsorption of metals, REEs, dyes, and organic pollutants on all the as-prepared adsorbents 

(Paper I-V). 

Figure 28 shows the effect of time on the adsorption of Cd(II) by the PCAs and PCA 

dianhydrides cross-linked polysaccharide adsorbents. For all the adsorbents, the adsorption 

was very rapid at initial adsorption stage and even could attain more than 60% of maximum 

sorption capacities within 5 min. For instance, the adsorption capacity of MEDCS at 5 min 

reached 1.28 mmol g-1, which was even higher than the maximum adsorption capacity of 

some adsorbents with 24 h. This is because there are abundant active adsorption sites 

available on the surface of the adsorbents at the initial stage. After that the adsorption 

slowed down probably due to the reducing of the binding sites on the adsorbents as well as 

the decrease of adsorbates in the solution. Then the adsorption of Cd(II) gradually reached 

equilibrium at 180 min for EGTA-chitosan, 120 min for MEDCS, 240 min for MDTCS, 150 min 

for EDTA-CDP, and 60 min for CS-ED-CD. Similar adsorption kinetics were found for the dyes 

(Paper III), REEs (Paper IV), and organic pollutants (Paper V). 
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Figure 28. Effect of time on the adsorption of Cd(II) by the as-prepared cross-linked 

adsorbents. Results collected from Paper I-III and V. Adsorption conditions: dose 2 g L-1, pH 

4.0, Ci 1.5 mmol L-1 for EGTA-chitosan; dose 2 g L-1, pH 3.5, Ci 3.4 mmol L-1 for MEDCS and 

MDTCS; dose 2 g L-1, pH 6.02, Ci 4.45 mmol L-1 for EDTA-CDP; dose 1 g L-1, pH 4.12, Ci 0.89 

mmol L-1 for CS-ED-CD. 

The kinetics of all the prepared adsorbents were studied by various models and the obtained 

PS2 and intraparticle diffusion parameters were given in Table 15. We applied linear fittings 

of the models in Paper I-V. The results showed that PS2 could estimate experimental qm 

values relatively better and the obtained relatively higher correlation coefficient (R2) values 

rather than PS1 model in Paper I, II, and IV. Moreover, besides PS1 and PS2 models, Elovich 

was also tested to describe the adsorption kinetics of MEDCS and MDTCS adsorbents in 

Paper II. It was found that the fittings of the models followed the order PS2 > Elovich > PS1. 

All these indicate that the adsorption process was controlled by the surface reaction [237]. 

At the same initial concentrations, the MEDCS showed higher rate constants (K2 values) 

compared to MDTCS, indicating faster adsorption kinetics of magnetic EDTA-chitosan rather 

than magnetic DTPA-chitosan, which is in good agreement with the adsorption equilibrium 

time. This could be attributed to the higher functional groups on MEDCS (2.24 mmol g-1) 

than MDTCS (1.62 mmol g-1). In Paper III, the dyes had faster kinetics than those of heavy 
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metals and REEs on EDTA-CDP, implying that the host-guest inclusion interaction of CD 

cavities might be faster than EDTA complexing. In addition to surface reaction, some other 

process such as diffusion might also be the rate-controlling step. Intraparticle diffusion 

model was performed to examine this in Paper I, II and IV. Three slopes observed could be 

assigned to film diffusion, macropores diffusion, and diffusion in regions, with diffusion 

constant Kid,1 Kid,2, and  Kid,3, respectively [132]. In general, the obtained Kid,1 values were 

much higher than those of Kid,2 and Kid,3, indicating that the film diffusion is the rate-

controlling step during diffusion. Comparison of the diffusion rate constants of chitosan 

adsorbents and CD adsorbents in Table 15 suggests that faster film diffusion occurred in 

chitosan rather than in CD materials. This could be attributed to the higher swelling ability of 

chitosan [28]. 

Table 15. PS2 and intraparticle diffusion model parameters of Cd(II), Pb(II), REEs, dyes, and 

organic pollutants by the cross-linked polysaccharide adsorbents in Paper I-V. 

Adsorbate Ci 

(mmo

l L-1) 

qe,exp 

(mmol 

g-1) 

PS2 model  Intraparticle diffusion model 

qe,cal 

(mmol 

g-1) 

K2 (g 

mmol-

1 min-

1) 

R2 Kid,1 

(mmol 

g-1 min-

0.5) 

Kid,2 

(mmol 

g-1 min-

0.5) 

Kid,3 

(mmol g-

1 min-0.5) 

EGTA-chitosan   

Cd(II) 1.5 0.644 0.638 0.318 0.999  0.199 0.027 0.003 

Pb(II) 1.5 0.544 0.547 0.546 1.000  0.139 0.024 0.008 

MEDCS     

Cd(II) 3.4 1.517 1.519 0.353 1.000  0.573 0.027 2.08×10-

4 

Pb(II) 3.4 0.934 0.940 0.130 1.000  0.283 0.021 6.47×10-

4 

MDTCS     

Cd(II) 3.4 1.562 1.569 0.108 1.000  0.464 0.037 2.76×10-

4 
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Pb(II) 3.4 0.878 0.887 0.078 1.000  0.224 0.021 4.11×10-

4 

EDTA-CDP     

Cd(II) 4.46 1.106 1.110 0.209 1.000     

MB 0.94 0.261 0.262 0.679 1.000     

SO 0.86 0.161 0.162 0.827 1.000     

CV 0.74 0.254 0.255 0.882 1.000     

La(III) 1.33 0.310 0.311 0.367 0.999  0.059 0.005 7.41×10-

4 

Ce(III) 1.33 0.337 0.339 0.218 0.999  0.050 0.009 1.06×10-

3 

Eu(III) 1.33 0.353 0.356 0.268 0.999  0.108 0.020 7.08×10-

4 

CS-ED-CD     

Pb(II) 0.242  0.239  0.241  1.877  1.000     

Cd(II) 0.446  0.440  0.445  0.606  1.000     

BPS 0.097  0.092  0.093  1.641  0.999     

CIP 0.090  0.079  0.082  1.300  1.000     

Procaine 0.086  0.080  0.082  1.596  0.999     

Imipramine 0.100  0.091  0.093  0.817  0.997     

 

7.2.3 Isotherm studies 

6.2.3.1 Adsorption in single component solutions  

Adsorption isotherms were studied by varying the initial adsorbate concentrations and 

keeping the other experimental conditions. The maximum adsorption capacity (qm,exp) could 

be determined for the studied adsorbents by this way and the results are shown in Table 16. 

Moreover, to understand the adsorption mechanisms four isotherm models, e.g. Langmuir, 
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Freundlich, BiLangmuir and Sips, were applied for the single component systems in Paper I-

V. Nonlinear fittings were applied for all the models in this thesis. 

Table 16. Experimentally determined qm,exp of the targeted adsorbates by various studied 

adsorbents and the applied isotherms for modeling. 

Adsorbent Adsorbate qm,exp (mmol g-1) Applied isotherms 

EGTA-chitosan Cd(II) 0.737 Langmuir, Freundlich and 

BiLangmuir Pb(II) 0.502 

MEDCS Cd(II) 1.499 Langmuir, Freundlich, 

BiLangmuir and Sips Pb(II) 1.030 

Co(II) 1.236 

Ni(II) 1.381 

MDTCS Cd(II) 1.561 Langmuir, Freundlich, 

BiLangmuir and Sips Pb(II) 0.878 

Co(II) 1.120 

Ni(II) 1.087 

EDTA-CDP Cu(II) 1.241 Langmuir and Sips 

Cd(II) 1.106 

MB 0.262 

SO 0.169 

CV 0.280 

La(III) 0.343 Langmuir, Freundlich and Sips 

Ce(III) 0.353 

Eu(III) 0.365 

CS-ED-CD Pb(II) 0.803 Langmuir and Sips 

Cd(II) 1.258 

BPS 0.177 

CIP 0.142 

Procaine 0.203 

Imipramine 0.149 
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The fittings of the models were evaluated by the approximation of the nonlinear fitting 

curve, comparing the predicted qm values with the experimental data, as well as the 

coefficient parameters. In Paper I, the BiLangmuir model gave the better fitting to the 

experimental isotherm data in comparison with Langmuir and Freundlich. As discussed in 

section 6.9.1 the BiLangmuir model assumes two kinds of active sites with different 

affinities. In Paper I, the low affinity sites were assigned to the residual amino groups of 

chitosan and high affinity sites to EGTA-groups. The high affinity site value was further 

compared with the amount of EGTA groups on the adsorbent. In Paper II, the isotherm 

fittings followed the order Sips ≈ BiLangmuir > Langmuir > Freundlich (Figure 29). In this 

study, however, the amino groups of chitosan were reacted with dianhydrides more 

thoroughly, resulting in higher EDTA or DTPA loading and less residual amino groups on the 

adsorbents. Based on this, the low and high affinity sites obtained from BiLangmuir in Paper 

II were assigned to the species distribution of EDTA or DTPA at the experimental pH (See 

Paper II). Moreover, the predicted maximum adsorption capacities of Sips (qm) were slightly 

closer to the experimental data (qm,exp), in comparison with BiLangmuir (qm = qm,1 + qm,2). The 

nS values unequal to unity verified the heterogeneous adsorption sites. The higher KS value 

of MEDCS than that of MDTCS could be due to the higher affinity of EDTA toward Cd(II) 

[235].  

For the cross-linked CDP adsorbents, including EDTA-CDP and CS-ED-CD, the Langmuir model 

could fit better the metal adsorption data (Table 17), while the Sips model gave the better 

fitting for organic pollutants (Table 18) (Paper III and V). This suggested a homogeneous 

adsorption for metals and a heterogeneous adsorption for organic pollutants on the surface 

of the CDP adsorbents. The homogeneous adsorption sites for metals could be assigned to 

the EDTA-chelating groups and the heterogeneous sites for the cationic organic pollutants 

could be assigned to both EDTA groups and CD cavities. The adsorption affinity constants 

(KL/KS) of organic pollutants was found to be relatively higher than metals, revealing that the 

CDP adsorbents possess stronger affinity toward organic pollutants in comparison with 

metals. Similarly, in Paper IV, we observed that fitting results for REEs by EDTA-CDP followed 
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the isotherm order Langmuir > Sips > Freundlich, based on nonlinear curve approximation, 

qm prediction, and R2 value. This indicates a homogeneous adsorption surface (assigned to 

EDTA-group) for REEs on EDTA-CDP and discards the host-guest inclusion complexation of 

CD with REEs. EDTA-CDP performed lower uptake of REEs (0.34-0.37 mmol g-1) than those of 

Cd(II) and Cu(II) (1.10-1.24 mmol g-1), due to the lower stability constants of lanthanide(II)-

EDTA complexes in comparison with metal(II)-EDTA complexes [132, 238]. The qm,exp of REEs 

followed the order La(III) < Ce(III) < Eu(III), good agreement with their corresponding stability 

constants of EDTA complexes (La(III)EDTA- 15.5 < Ce(III)EDTA- 15.9 < Eu(III)EDTA- 17.3) [238, 

239]. 

 

Table 17. Fitting results of different isotherms for Cd(II) adsorption by cross-linked 

polysaccharide adsorbents. 

Model Isotherm 

parameter 

EGTA-

chitosan 

MEDCS MDTCS EDTA-CDP CS-ED-CD 

qm,exp (mmol g-1) 0.737 1.499 1.561 1.106 1.258 

Langmuir qm (mmol g-1) 0.689 1.435 1.499 1.103 1.269 

 KL (L mmol-1) 161.949 61.946 66.835 10.882 20.219 

 R2 0.968 0.979 0.965 0.970 0.996 

Freundlich KF (L mmol-1) 0.725 1.443 1.534   

 nF 5.579 1.309 4.543   

 R2 0.917 0.928 0.949   

Sips qm (mmol g-1)  1.580 1.642 1.211 1.247 

 KS (L mmol-1)  36.863 32.469 7.039 23.487 

 nS  1.499 1.786 1.253 1.285 

 R2  0.997 0.999 0.969 0.976 

BiLangmuir qm,1 (mmol g-1) 0.354 0.765 0.441   

 qm,2 (mmol g-1) 0.391 0.777 1.140   

 K1 (L mmol-1) 14.518 8.231 953.730   
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 K2 (L mmol-1) 507.755 188.072 18.987   

 R2 0.997 0.998 0.987   

 

 

Figure 29. Adsorption equilibrium data of Cd(II) on MEDCS and fitting results of different 

isotherms from Paper II. 

Table 18. Isotherm parameters of Langmuir and Sips models for organic pollutants by CDP 

adsorbents. 

Sorben

t 

Pollu

tant 

qm,exp  

(mmol 

g-1) 

Langmuir model  Sips model 

qm 

(mmol g-

1) 

kL (L 

mmol-1) 

R2 qm 

(mmol 

g-1) 

KS (L 

mmol-

1) 

nS R2 

EDTA-

CDP 

MB 0.262 0.276 27.960 0.97

5 

 0.275 28.228 0.99

1 

0.9

79 

CS-ED-

CD 

BPS 0.177 0.196 108.847 0.93

4 

 0.177 162.62

3 

2.24

1 

0.9

97 

 



 

 

111 

 

6.2.3.2 Adsorption in binary and multi component solutions 

The experimental data of two-component systems was obtained by using solutions 

containing different molar ratios (1:2, 1:1, and 2:1) of Cd(II) and Pb(II) (Paper I). It was 

observed that EGTA-chitosan possessed higher selectivity toward Cd(II) rather than Pb(II) at 

all the studied molar ratios, due to the higher stability constant of Cd(II)EGTA complex (see 

section 3.5.3 of Paper I). The obtained data were modeled by using the extended form of 

BiLangmuir isotherm. In this model, both the competitive ions form a mixed monolayer on 

the two kinds of active sites. The modeling results were presented in Figure 10 and Table 7 

in Paper I. The sum of each metal uptake by both active sites 1 and 2 was calculated to be 

very close to the experimental qm,exp values. In general, the complex ligands possess certain 

stability constant (K) with each metal. In the modeling, however, different K values were 

obtained from the same binary systems with different initial molar ratios. This might be 

attributed to the competition, displacement, or interaction effects in two-component 

systems [240]. The excellent curve approximation, reliable qm prediction, and high 

coefficient parameters gave evidence of the applicability of the extended BiLangmuir model 

for two-component systems. Interestingly, a synergistic phenomenon was clearly observed 

for the EGTA-chitosan in binary systems. For instance, qm value of Cd(II) in two-component 

system was higher than that in single component system. This could be attributed to the 

positive synergy of chelation and electrostatic interaction between the co-exist ions [241]. 

In Paper IV we also studied the modeling of REEs adsorption in ternary systems by using 

Extended Sips model. The fitting results were presented in Figure 5 and Table 4 in Paper IV. 

The experimental data was well fitted by the Extended Sips model, reflecting in the good 

curve fitting and the close predicated qm values for each REE. When compared to single-

component adsorption, the obtained isotherm parameters of each REEs in ternary system 

such as predicted qm values, affinity constant KS, and heterogeneous factor nS, were affected 

by the presence of other REEs. All the qm values of each REEs were found to be less in 

ternary systems than in single systems, suggesting the competition and inhibition effects 

occurred. This inhibition effect could be interpreted by Pearson law [242]: La(III), Ce(III), and 

Eu(III) are classified as hard metal species and notable ionic competition occurs between the 
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metals from the same class. In single component systems, the adsorption capacities followed 

the order Eu(III) > Ce(III) > La(III), but the amount differences were slight (Table 2 in Paper 

IV). In the ternary systems, these differences were significantly widened and the advantage 

of Eu(III) became evident Eu(III) >> Ce(III) > La(III) (Table 4 in Paper IV). This could be 

attributed to the dual effects of stability constants and water structure constants [243] (see 

section 3.2.4 in Paper IV). 

7.3 Application testing of the cross-linked polysaccharide adsorbents 

7.3.1 Simultaneous removal of heavy metal and dyes from wastewater  

Besides the binary metal adsorption experiments by EGTA-chitosan, the simultaneous 

adsorption of metal and dyes was also investigated in this thesis. In Paper III, EDTA-CDP was 

applied to remove simultaneously Cu(II) and cationic dyes such as MB, SO, and CV (Figure 3 

and S8 in Paper III). Results showed that the adsorption capacities of Cu(II) were significantly 

enhanced by the presence of dyes (qm,Cu(II) in single system: 1.11 mmol g-1, while qm,Cu(II) 1.36, 

1.50, and 1.47 mmol g-1 in the presence of 200 mg L-1 of MB, SO, CV, respectively). This 

synergy effect on Cu(II) adsorption could be attributed to that the presence of dyes on the 

surface of the adsorbent via CDs inclusion complexation might provide extra adsorption sites 

for Cu(II), such as nitrogen-containing groups. However, in turn, the presence of Cu(II) did 

not enhance the adsorption of dyes in the binary systems. This could be explained by the 

EDTA-metal chelating mechanism that divalent metals were surrounded in EDTA octahedral 

structures, which were not able to supply extra active sites for dyes. The adsorption 

capacities of dyes were not affected by the presence of Cu(II), because each of them has 

their own adsorption site, i.e., CD cavities were expected to capture dyes while EDTA groups 

for metals. Overall, the dual functional EDTA-CDP showed potential for efficient and 

simultaneous removal of metal and dye pollutants. 

7.3.2 Selective adsorption test  

In the Paper II, the selectivity of metal ions on MEDCS and DTCS were also studied. The 

selective adsorption tests were carried out in the solutions containing same molar amount of 
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Cd(II), Pb(II), Co(II), and Ni(II). Results showed that the adsorption of the metals under 

competition conditions followed the order Ni(II) > Pb(II) >> Cd(II) > Co(II) for magnetic EDTA-

chitosan and Pb(II) > Ni(II) >> Co(II) > Cd(II) for magnetic DTPA-chitosan (Figure S6 in Paper 

II). The selective tests in multi-metal systems suggested that the both MEDCS and MDTCS 

could be applied for the selective adsorption and separation of Pb(II) and Ni(II) from Cd(II) 

and Co(II) in aqueous solutions. 

7.3.3 Practical industrial effluent experiments 

The final target of adsorbents is their use in practical effluents. In Paper II, we tested MEDCS 

and MDTCS for the removal of metals in a real industrial effluents from a nonferrous metal 

smelter. The initial physical and chemical characteristics were examined and presented in 

section 3.5 of Paper II. The results showed that over 90% of Cu, Pb, Zn, Fe, and Ni removal 

from the real smelter effluent could be achieved by both the adsorbents (Table 2 in Paper II). 

The removal of As and Cr was not efficient probably because the species distribution of 

these two metals at the tested pH value (3.5) were mainly negative H2AsO3
-, H2AsO4

-, and 

Cr2O7
2- [238], probably repulsed by COO- on the surface of the adsorbents. Moreover, the 

adsorption capacities were also found to be negatively affected by the presence of other 

cations and anions such as Na+, Ca2+, SO4
2-, PO4

3-, and other organic pollutants in real 

wastewater. Overall, both the MEDCS and MDTCS were verified to be effective adsorbents 

for the practical industrial effluents containing Cu, Pb, Zn, Fe, and Ni. 

7.3.4 Environmentally (µg L-1) relevant concentration adsorption experiments 

In Paper V, the CS-ED-CD was tested in simultaneous adsorption of Cd(II) and CIP at 

environmentally relevant concentration of 50-100 µg L-1, the concentration which the 

micropolluants mostly exist in aqueous environment. The results showed that 92% of Cd(II) 

and 83% of CIP could be effectively and simultaneously removed after 6 h at a dosage of 1 g 

L-1 (Figure 11 Paper V). The results suggested that CS-ED-CD is a promising adsorbent for 

application in the removal of pollutants at environmentally relevant concentrations. 



 

 

114 

 

7.3.5 Preconcentration of trace adsorbates 

Preconcentration is a very significant application for an advanced adsorbent. In particular, 

the determination of REEs from practical matrix solutions such as seawater requires 

preconcentration prior to analysis by instruments to increase the accuracy of the approach 

[244]. The results of the preconcentration of REEs in pure water, tap water, and seawater by 

EDTA-CDP were presented in Table 5 of Paper IV. It was found the preconcentration and 

recovery of REEs from all the studied matrix solutions were accurate and effective (84-

105%). Moreover, the concentrations after 100-fold preconcentration exceeded the 

determination limits greatly, which is enough to guarantee the accuracy of the analysis 

method by ICP-OES. 

7.4 Adsorption mechanism 

Paper I, III, IV and V present the probable mechanisms of target adsorbates for EGTA-

chitosan, EDTA-CDP and CS-ED-CD. 

In the case of EGTA-chitosan (Paper I), EGTA-groups were consider as the dominant 

adsorption sites for Cd(II) and Pb(II) ions as follows: 

R−H𝑖EGTA𝑖−3 + M2+ ⇌ (RHEGTA)M + (𝑖 − 1)H+                          (19) 

where R is chitosan, M represents  divalent metal Cd(II) and Pb(II), and i is the number of 

hydrogen in the immobilized EGTA ranging from 0 to 1, since the major species of EGTA at 

the studied pH (4.0) are H2EGTA2- and HEGTA3- [238]. Moreover, the FT-IR spectra of EGTA-

chitosan before and after metal adsorption verified the complex reaction between EGTA 

groups and divalent metals (Figure 6 in Paper I). The point charge calculation by density 

functional theory (DFT) further revealed that the adsorption mechanism of octahedral 

chelate structures (Figure 7 in Paper I). 

Similarly, in Paper IV, the mechanism of REEs adsorption onto EDTA-CDP from an aqueous 

solution could be expressed as follows:   
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R−H𝑖EDTA𝑖−3 + Ln3+ ⇌ (REDTA)Ln + 𝑖H+                                  (20) 

Furthermore, as shown in Figure 6 of Paper IV, FT-IR confirmed the reaction between REE 

ion and EDTA groups (the peak of C=O shifted and the peaks of –OH and –NH2 weakened in 

the FT-IR spectra). Elemental mapping showed that the REEs were evenly loaded on the 

surface of EDTA-CDP (Figure 7, Paper IV). 

The elemental mapping results in Figure S9 of Paper III clearly showed the well-distribution 

of the adsorption sites on EDTA-CDP for both metals and dyes. A probable simultaneous 

adsorption mechanism was proposed on the basis of the elemental mapping, 

thermodynamics, and FT-IR results (Figure 4 in Paper III): the EDTA moieties act as both 

cross-linkers and adsorption sites for metals via chelating; the CD cavities are responsible for 

the capture of the dyes through host-guest inclusion interaction. Moreover, the CD cavities 

were discarded to host metal ions but the EDTA moieties were found to be involved in 

adsorption of cation dyes via electrostatic interaction. 

A similar mechanism of simultaneous adsorption of metals and organic pollutants onto CS-

ED-CD was proposed in Paper V (Figure 9). The cross-linkage, EDTA, linked not only between 

intra- or inter-chitosan chains but also between chitosan and amino-modified CD cavities. 

Moreover, the FT-IR results provided evidence of the interaction between metals and EDTA 

moieties, resulting chelates. The CD cavities captured the organic pollutants.  The isotherm 

studies confirmed this simultaneous adsorption mechanism. 

7.5 Regeneration study 

For the practical application, stability and reuse ability are important features of an advance 

adsorbents. In Paper I, Cd(II) and Pb(II) were desorbed from EGTA-chitosan by using 2 M 

HNO3. The regeneration was conducted 10 times without a significant loss of adsorption 

efficiency. Similarly, the spent MEDCS and MDTCS adsorbents were regenerated by 2 M 

HNO3 in Paper II. The results showed that the regeneration efficiencies of the magnetic 

adsorbents could remain 90% after sixth cycles. Moreover, the magnetic adsorbents were 

found stable in acidic media, where no significant leaching of iron was observed. 
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Cu(II)-loaded EDTA-CDP was successfully regenerated by using 1 M HNO3 for 5 cycles. In the 

case of dye-loaded EDTA-CDP, three elution solutions including ethanol, 1% HCl in ethanol 

(v/v), and 5% HCl in ethanol (v/v) were applied. The results showed that the 5% HCl in 

ethanol (v/v) had the best regeneration efficiency, which retained above 90% after the fifth 

cycle (Figure 5 in Paper III). Moreover, the simultaneous adsorbed adsorbent could be 

regenerated by 5% HCl in ethanol and 1 M HNO3 successively (Figure 30). The regenerated 

EDTA-CDP was reused for the simultaneous adsorption of Cu(II) and MB in a model textile 

effluent. The regeneration efficiencies were found to be higher than 85% (Figure S12 in 

Paper III). In Paper IV, the REE-loaded EDTA-CDP could be regenerated by 1 M HNO3 for 5 

cycles with the regeneration efficiencies ranging from 88.6% to 91.3%. The results of the 

regeneration study in Paper V indicate that Cd(II)-loaded CS-ED-CD could be used repeatedly 

using 1 M HNO3 as regenerant, while BPS-loaded CS-ED-CD could be successfully 

regenerated by 5% HCl in ethanol. The results of the regeneration studies for all the studied 

cross-linked polysaccharide adsorbents are summarized in Table 19. 

 

Figure 30. The schematic of the regeneration of the simultaneous adsorbed EDTA-CDP. 

Table 19. The results of regeneration studies. 

Adsorbent Adsorbate Adsorption 

mechanism 

Regeneration 

solution 

No. of 

cycle 

Regeneration 

efficiency (%) 
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EGTA-

chitosan 

Cd(II) Chelation 2 M HNO3 10 99.18 Paper I 

Pb(II) Chelation 2 M HNO3 10 99.91 

MEDCS Cd(II) Chelation 2 M HNO3 10 85.65 Paper 

II MDTCS Cd(II) Chelation 2 M HNO3 10 81.43 

EDTA-CDP Cu(II) Chelation 1 M HNO3 5 88.71 Paper 

III MB Host-guest 

inclusion 

Ethanol 5 63.24 

MB Host-guest 

inclusion 

1% 

HCl/Ethanol 

5 81.57 

MB Host-guest 

inclusion 

5% 

HCl/Ethanol 

5 91.12 

EDTA-CDP La(III) Chelation 1 M HNO3 5 88.59 Paper 

IV Ce(III) Chelation 1 M HNO3 5 93.73 

Eu(III) Chelation 1 M HNO3 5 91.30 

CS-ED-CD Cd(II) Chelation 1 M HNO3 5 90.48 Paper 

V BPS Host-guest 

inclusion 

Ethanol 5 64.77 

BPS Host-guest 

inclusion 

5% 

HCl/Ethanol 

5 86.24 

7.6 Cost estimation of synthesized adsorbents 

As shown in Table 20 and 21, a cost analysis based on the yields and raw material costs of all 

the studied adsorbents revealed that the prices of magnetic EDTA or DTPA cross-linked 

chitosan are quite comparable to the commercial GLA cross-linked chitosan. The EGTA-

chitosan costs higher due to the high price of original EGTA, but this situation will get better 

along with the price drop of EGTA, which has been more and more used. The cost of EDTA-

CD is relatively high due to the low yield of water-insoluble polymer during the 

polycondensation reaction where most of the by-products are water-soluble CD oligomers. 

Importantly, in the CS-ED-CD system, the yield of adsorbent was much improved due to the 

fact that even the oligomers can be immobilized on the cross-linked chitosan chain. The cost 
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of CS-ED-CD is close to the commercial EPI-CD. Considered on the overwhelming metal 

adsorption ability and the excellent regeneration ability to the commercial adsorbents, it can 

be safely concluded that all the synthesized adsorbents are promising materials in practical 

application. 

Table 20. The wholesale cost of reagents. 

Reagent Cost ($/kg)a 

Granular activated carbons 22 

Chitosan 14 

β-cyclodextrin 2 

EDTA 2.2 

DTPA 2.5 

EGTA 55 

Acetic anhydride 6.2 

EPI 10 

GLA 50% solution 2.1 

EDAC 18 

a Prices obtained from wholesale suppliers (metric ton scale). 

Table 21. Functional cost analysis of the studied adsorbents in this thesis. 

Adsorbent

s 

Chitosan 

(g) 

β-CD/ 

Amino-β-

CD (g) 

Cross-linker 

(g) 

Produc

t (g) 

Yield 

(%) 

Raw 

material

s ($/kg)a 

Pilot-

scale 

($/kg)b 

GLA-CS 0.7 - 0.5 0.79 65.83 13.73 41.20 

EGTA-CS 1.0 - 1.6 1.59 61.15 64.15 192.45 

EDTA-CS 1.0 - 6.0 1.66 23.71 16.40 49.46 

DTPA-CS 1.0 - 6.0 1.43 20.71 20.28 60.84 

EPI-CD - 4.0 3.0 4.73 67.57 8.03 24.09 

EDTA-CD - 4.0 6.0 0.72 7.20 29.44 88.33 
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CS-ED-CD 1.0 0.5 6.0 2.15 31.33 13.12 39.35 

a Calculated based on the raw materials required to produce 1 kg of adsorbent in 

quantitative yield, according to Alsbaiee’s method.1 

b The costs of the raw materials were scaled by 300% as a rough estimate of the cost 

associated with an optimized process in a pilot scale manufacturing plant, according to 

Alsbaiee’s method.1 

8. CONCLUSIONS AND FURTHER RESEARCH 

The adsorption of Cd(II), Pb(II), Co(II), Ni(II), Cu(II), La(III), Ce(III), Eu(III), MB, SO, CV, BPS, CIP, 

procaine, and imipramine from aqueous solutions by five different cross-linked chitosan 

and/or β-CD adsorbents was investigated in this thesis. The model adsorbents that were 

employed to study the adsorptive behavior of polysaccharide-based adsorbents were EGTA-

chitosan for metals removal, magnetic EDTAD/DTPAD cross-linked chitosan materials for 

metals removal, EDTA-cross-linked β-CD polymer for simultaneous removal of metals and 

cationic dyes, and for recovery of REEs, EDTA-cross-linked chitosan and β-CD hydrogel for 

metals and organic micropollutants removal. 

The adsorbents were characterized by SEM, FTIR, elemental analyses, and titrations to 

verifying the surface morphology and functional groups. The SEM results showed different 

surface morphologies due to different base materials and also different cross-linking 

methods. The results of qualitative and quantitative analyses of functional groups indicated 

that there were enough active sites on the adsorbents for the studied adsorbates.  

The clear benefit in the use of PCAs or PCA dianhydrides as cross-linkers is the easy one-pot 

synthesis method. The other important advantage is the dual functionalities that PCAs act 

the roles not only as linkages but also as active sites for metals. The experimental conditions, 

such as pH and contact time, were optimized by batch adsorption studies. Most of the 

studied adsorbents were effective at extreme pH conditions, due to the presence of PCA-

groups in the adsorbents. The adsorption of most of the adsorbents were fast and even 

could attain great than 60% of maximum uptake within 5 min, and achieve the equilibrium 
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within 60-240 min. The kinetic studies revealed that the surface reaction and the film 

diffusion are the rate-controlling steps. The adsorbents showed remarkable potential for the 

removal of divalent metals (qm 0.5-1.5 mmol g-1), REEs (qm   ̴0.35 mmol g-1), dyes (qm 0.17-

0.28 mmol g-1), and organic micropollutants (qm 0.14-0.20 mmol g-1) from aqueous solutions. 

The isotherms depended not only on the adsorbents but also on the adsorbates. For 

instance, the EDTA-CDP performed heterogeneous surface for cationic dyes, while 

homogeneous surface for divalent metals and REEs. In general, the five adsorbents showed 

heterogeneous adsorption for most of the studied adsorbates, due to the availability of 

multi-functional groups on the cross-linked adsorbents. 

In application testing, EDTA-CDP was found as effective dual-functional adsorbent for 

simultaneous removal of divalent metals and cationic dyes from aqueous solutions. 

Especially a synergy effect on Cu(II) adsorption was observed in presence of dyes. In 

addition, preconcentration studies suggested that EDTA-CDP could be applied to 

preconcentrate trace-level of REEs from seawaters. In multi-metal systems, both magnetic 

EDTA-chitosan and magnetic DTPA-chitosan showed selective adsorption and separation of 

Pb(II) and Ni(II) from Cd(II) and Co(II) in aqueous solutions. Importantly, these two magnetic 

adsorbents were successfully applied for the treatment of heavy metals in a real industrial 

effluent from a nonferrous metal smelter. CS-ED-CD was proved as an effective adsorbent 

for application in the removal of pollutants at environmentally relevant concentrations. 

More significantly, all these adsorbents showed reliable reusability by using different 

regenerants. The chelation and host-guest inclusion were proposed as the dominant 

adsorption mechanisms, based on FT-IR, DFT calculation, elemental mapping, and 

thermodynamic studies. 

By keeping eye on the future studies, the cross-linked chitosan and/or CD adsorbents 

represent good alternatives to replace the commercial adsorbents. From a future 

perspective, these novel adsorbents should be further studied in column tests, prior to full-

scale industrial applications.  
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Moreover, besides the PCAs and PCA dianhydrides in this thesis, other novel economic and 

green cross-linkers should also be explored for the synthesis of polysaccharide-based 

adsorbents. Hyper-branched polymers contains abundant functional groups, such as 

polyethylenimine and poly(amidoamine), are possible to be used as novel cross-linkers. In 

addition, these novel cross-linker could also be applied for cross-linking of other 

polysaccharides such as cellulose and starch.  

Due to the swelling behavior of polysaccharides, the separation of the adsorbents from 

wastewater is a major challenge by sediment, centrifugation, and filtration. Thus the 

addition of magnetic technology would be a promising alternative. Besides the 

preconcentration of REEs, similar procedures could be further studied, such as the recovery 

of nutrients and critical materials. The adsorbents could be tested in more challenging 

applications such as the treatment of difficult-to-treat acid mine drainage (AMD) wastewater 

and the separation of REE(III) from Fe(III). 
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