
Citation: Nikoshvili, L.Z.;

Tikhonov, B.B.; Ivanov, P.E.;

Stadolnikova, P.Y.; Sulman, M.G.;

Matveeva, V.G. Recent Progress in

Chitosan-Containing Composite

Materials for Sustainable Approaches

to Adsorption and Catalysis.

Catalysts 2023, 13, 367. https://

doi.org/10.3390/catal13020367

Academic Editors: Jesús M. Requies,

Victoria Laura Barrio Cagigal and

Nerea Viar

Received: 16 January 2023

Revised: 2 February 2023

Accepted: 3 February 2023

Published: 7 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

catalysts

Review

Recent Progress in Chitosan-Containing Composite Materials
for Sustainable Approaches to Adsorption and Catalysis
Linda Z. Nikoshvili * , Boris B. Tikhonov, Pavel E. Ivanov, Polina Y. Stadolnikova, Mikhail G. Sulman
and Valentina G. Matveeva *

Department of Biotechnology, Chemistry and Standardization, Tver State Technical University, A. Nikitina Street 22,
170026 Tver, Russia
* Correspondence: nlinda@science.tver.ru (L.Z.N.); matveeva@science.tver.ru (V.G.M.); Tel.: +7-904-005-7791 (L.Z.N.);

+7-905-601-0144 (V.G.M.)

Abstract: In recent years, composite materials including organic–inorganic systems have drawn
special attention due to their enhanced properties such as adsorbents and heterogeneous catalysts.
At the same time, large-scale production of environmentally benign functionalized biopolymers,
such as chitosan (CS), allows for constantly developing new materials, since CS reveals remarkable
properties as a stabilizing agent for metal-containing compounds and enzymes and as an adsorbent
of organic molecules. This review is focused on CS-based materials and on the composite systems
including CS-oxide and CS-metal composites in particular for application as adsorbents and supports
for catalytically active metal nanoparticles and enzymes.

Keywords: chitosan; biopolymer crosslinking; structured biopolymers; organic–inorganic composites;
adsorbents; catalytic supports; immobilized enzymes

1. Introduction

Chitosan (CS) is a natural polysaccharide composed of 2-amino-2-deoxy-D-glucose
residues connected via 1,4-glycosidic bonds, which is obtained by deacetylation of chitin
(Figure 1)—the main component of the exoskeleton of crustaceans, insects and the cell walls
of fungi [1–3].
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1. Introduction 
Chitosan (CS) is a natural polysaccharide composed of 2-amino-2-deoxy-D-glucose 

residues connected via 1,4-glycosidic bonds, which is obtained by deacetylation of chitin 
(Figure 1)—the main component of the exoskeleton of crustaceans, insects and the cell 
walls of fungi [1–3]. 
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Figure 1. Deacetylation of chitin. 

Deacetylation is carried out with concentrated aqueous solutions of NaOH (from 
35% up to 50 wt.%) at temperatures of 100–180 °C for 0.5–10 days. To obtain highly 
deacetylated CS, an at least 10-fold molar excess of NaOH is required [4]. During the 
process of chitin deacetylation, the overall ordering of the molecule structure strongly 
decreases (the degree of crystallinity decreases to 40–50%). Deacetylation is also accom-
panied by hydrolysis of glycosidic bonds, which leads to the production of a polydis-
perse CS by molecular weight [5]. Deacetylation degree (DD), which is the ratio of the 
number of glucosamine units to the total number of monomer units in a polysaccharide 
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Figure 1. Deacetylation of chitin.

Deacetylation is carried out with concentrated aqueous solutions of NaOH (from 35%
up to 50 wt.%) at temperatures of 100–180 ◦C for 0.5–10 days. To obtain highly deacetylated
CS, an at least 10-fold molar excess of NaOH is required [4]. During the process of chitin
deacetylation, the overall ordering of the molecule structure strongly decreases (the degree
of crystallinity decreases to 40–50%). Deacetylation is also accompanied by hydrolysis
of glycosidic bonds, which leads to the production of a polydisperse CS by molecular
weight [5]. Deacetylation degree (DD), which is the ratio of the number of glucosamine
units to the total number of monomer units in a polysaccharide molecule, is typically
higher than 50% [6]. It is noteworthy that both chitin and CS are polysaccharides of variable
composition representing a mixture of polymers that differ in molecular weight, the DD,
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and the distribution of monomers units within the molecule [7]. The molecular weight
of commercial CS varies in a wide range from 100 kDa up to 1200 kDa depending on the
sources of raw materials and production method [1,8].

CS is a unique biopolymer that contains primary amines as well as hydroxyl groups
and has exceptional properties and wide application. The high adsorption capacity of CS is
used for the capture of cations, anions, organic dyes and pharmaceutical ingredients from
wastewater. It is noteworthy that CS-based materials are also used as carriers for drug
delivery. In addition, various CS-based metal-containing nanocomposite materials have
been effectively used in catalytic reactions. CS can be also used for the development of
promising inexpensive materials for the agricultural industry. The constant demand for
effective adsorbents for the removal of pollutants can be met by fine-tuning the structural
properties of CS using appropriate crosslinking agents or additives. Thus, the development
of CS-based materials is a constantly growing field requiring continuous research [1,2,9],
which also causes the corresponding growth of the CS market [10]. There is a large number
of synthetic polyamines, such as polyaniline (PANI) [11–14], polyalkylamines [15,16],
polylysine [17,18] and polyornithine [19], which can be applied in adsorption, catalysis
or medicine. Synthetic materials reveal excellent antibacterial and adsorption properties.
However, CS-based materials are still promising due to the low cost, biocompatibility
and biodegradability.

Muchresearch on chitin and CS isfocused on the search for new and improved pro-
duction methods. Key areas of interest include enzymatic conversion; chemical or physical
modifications of polysaccharides to expand their applicability, investigation of the mech-
anisms of biological activity of these polymers and products of their physical, chemical
or enzymatic degradation; as well as biochemical and molecular characteristics of chi-
tosanolytic and chitinolytic enzymes [20].

CS can be divided into the following types: technical, industrial, food and medical.
This division depends on the CS solubility in diluted solutions of organic acids (acetic,
lactic and malic acids) and its characteristics such as viscosity, molecular weight and DD.
The most valuable for practical use is CS with high DD, low molecular weight and high
solubility, which make it a structure-forming agent and effective sorbent. Lowmolecu-
lar weight CS can be produced using variety of methods, among which are oxidative
depolymerization, plasma process, ultrasound treatment, acid hydrolysis and enzymatic
hydrolysis [21–27].

The pKa of CS’ amino groups is 6.3–6.5; hence, below this value, amino groups are
protonated, and CS is highly soluble. It is noteworthy that CS becomes soluble at about
50% protonation of amino groups [1,28]. CS solubility in low acidic aqueous solutions also
depends on molecular weight, DD and on the ionic strength and distribution of acetyl
groups along the CS chain [29]. CS oligomers are soluble at wide range of pH. On the
contrary, CS samples with high molecular weight are soluble only in acidic aqueous media
even at high DD (70–80%). The dependence of CS solubility on pH makes it possible to
obtain capsules, films, membranes, gels, fibers, etc. However, insolubility at neutral and
basic pH prevents the use of CS in some areas [30]; thus, a large number of CS derivatives
have been synthesized. When pH > 7, the amino groups are deprotonated and exhibit
nucleophilic properties. The lone electron pairing of nitrogen allows for the formation
bonds with oppositely charged groups of different compounds, i.e., aldehydes, acids, acid
anhydrides and epoxy resins. Thus, water-soluble CS derivatives can be obtained [31].

Despite the prominent properties of CS (biodegradability, biocompatibility, relatively
high chemical stability, existence of different reactive groups, chelation capability of a large
number of metals and their ions) there is a scarce number of CS-based composite materials
used to catalytic reactions [32,33]. In this review, recent achievements in the development
of CS-based adsorbents and catalytic materials, including metal containing catalysts and
biocatalysts, will be considered with afocus on composite systems. However, before
describing CS-based adsorbents and catalysts, the main approaches to CS’ modifications
and shaping should be provided in brief.
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2. Chitosan Modifications

In protonated form CS is capable ofinteracting with negatively charged molecules,
nanoparticles (NPs) and cells [9,34]. In general, CS is able to participate in four main types
of interaction: ionic, hydrogen, hydrophobic and complex formation. This opens numerous
methodsof CS modification. The reactive groups of CS (primary amino groups, primary
and secondary hydroxyl groups (C6, C3), glycosidic bonds and acetamide groups) and their
possible modifications are presented in Figure 2 [1].
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Chemical transformations of CS include the formation of ethers (methyl, ethyl, car-
boxymethyl, hydroxyethyl) and esters of both inorganic (nitrates, sulfates, xanthogenates)
and organic (acetates) acids. Physical, chemical and mechanical properties of CS-based
polymers can be significantly improved by mixing, inclusion of solid fillers, grafting (inser-
tion of other functional groups), crosslinking and binding to other macromolecular chains,
impregnation, interpenetration and ion imprinting methods [2].

2.1. Grafting of Functional Groups

Grafting of additional functional groups can noticeably increase the number of ad-
sorption sites in a CS molecule and, consequently, its adsorption capacity [35]. Recently,
Olshannikova et al. [36] synthesized 2-(4-acetamido-2-sulfanilamide) chitosan (Figure 3a)—
water soluble derivatives with molecular weights of 200, 350 and 600 kDa. 2-(4-Acetamido-
2-sulfanilamide)-CS was synthesized with high yield (75–83%) through the reaction of CS
with 4-acetylsulfanilchloride in DMSO medium. A synthesized CS derivative was used for
the successful immobilization of different cysteine proteases: ficin, papain and bromelain.

The formation of Schiff’s bases is widely used in the modification of amines, allowing
for better complexation with metal ions. Recently, Suresh et al. [37] synthesized Schiff’s base
of carboxymethyl CS/p-dimethylaminobenzaldehyde (Figure 3b) for complexation with
Co, Ni and Zn for further biomedical application. Moreover, the obtained Zn complexes
were shown to reveal promising catalytic properties in the oxidation of cyclohexane to
cyclohexanol, allowing >70% of cyclohexanol yield for 12 h.

In addition to functional groups, other polymers can be grafted to CS as well. For
example, Rostami et al. [38] grafted cellulose to CS using EDTA (Figure 4). The CS-EDTA-
cellulose network contained both acidic and basic sites on the surface and was used as
a multifunctional organocatalyst for the synthesis of 2-amino-4H-pyran derivatives with
high yields (85–96%) at room temperature via a one-pot reaction between ethyl acetoacetate
aromatic aldehydes and malononitrile in EtOH as a green solvent. The CS-EDTA-cellulose
nanocatalyst was easily recovered from the reaction mixture by using filtration and reused
at least five times without any significant decrease in its catalytic activity.
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Figure 4. Structure of CS–EDTA–cellulose [38].

Thiolated CS (TCS) is prospective generation of mucoadhesive polymers [39–41]. TCS
exhibits better mucoadhesive properties than native CS, which is due to the formation of
covalent disulfide bonds between thiol groups and mucus glycoproteins. Compared to CS,
TCS has several advantageous features such as improved permeability and mucoadhesive
properties. The higher the concentration of thiol groups on the CS surface, the better
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the mucoadhesive properties. In addition, soluble TCS exhibits gel-forming properties at
physiological pH values. There is a large variety of TCS, some of which are presented in
Figure 5 [39–43].
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2.2. Gelation

Gelation is one of the most widely used methods of CS modification [44]. Polymer
hydrogels are hydrophilically crosslinked macromolecular systems capable of retaining
significant amounts of water, while preserving the properties inherent in solids (certain
shape, mechanical properties of the material during tensile and shear deformations). This
combination of properties determines a wide range of their applications: sorbents, gas
separation and ion-exchange membranes, structure-forming agents for food industry, drug
carriers, artificial tissues and materials for soft and intraocular lenses [45,46].

In order to meet certain requirements for hydrogels, CS-based polymeric networks
should meet two conditions:

(i) Interactions between polysaccharide chains must be strong enough to form a molecu-
lar network;

(ii) The network must be permeable to water molecules.

Gels that meet these requirements can be obtained through physical interactions,
which include electrostatic, hydrogen and van der Waals bonds arising between polymer
chains [47–49].

CS-based gels can be obtained by simply mixing the gel components under appro-
priate conditions. The disadvantage of these gels is their short lifetime, during which
the gel retains its physicochemical properties. Gelation of CS can occur via its interaction
with negatively charged particles (e.g., sulfates, citrates, phosphates) or metal ions. The
properties of formed hydrogels depend on the charge density, CS concentration, DD of
CS, and the nature of the crosslinking agent. It is noteworthy that CS hydrogels have
low compressive strength [50]. Therefore, the combination of CS with other materials is
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usually used to produce hydrogels. Some methods of hydrogel synthesis include radiation
cross-linking technology, freezing-thawing, dissolution/lyophilization, etc. [51].

In this case, where the strengthening of interpolymer CS hydrogels is necessary,
complexation processes are supplemented by covalent binding. Typically, low-molecular
crosslinking agents, such as glutaraldehyde (GA) (Figure 6) and epichlorohydrin (ECH)
(Figure 7) are used for CS crosslinking [2].
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Figure 6. Crosslinking of CS with GA [2]. Figure 6. Crosslinking of CS with GA [2].
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The covalent binding of interpolymer hydrogels hardens their structure, which pro-
vides significant advantages in terms of mechanical and chemical stability, as well as the
ability to form stable films and microparticles [52]. At the same time, the disadvantage
of covalent crosslinking is the loss of functional groups of the polymer as a result of their
reaction with the crosslinking agent. Moreover, the release of crosslinking agent from the
gel with the destruction of its structure may result in toxic effects.

In recent years, the attention of researchers has been increasingly attracted by so-
called “smart polymer gels”, capable of reversibly responding to changes in environmental
properties (pH, temperature, ionic strength, the presence of certain substances, irradia-
tion, electric field) [53–56]. An important class of smart gels is thermo-responsive CS-
based materials [57–60]. Such gels can be obtained via the interaction betweenCS andlow-
molecular weight compounds (glycerophosphate) as well as with polymers (poly(N-
isopropylacrylamide)). Thermoresponsive gels can be used for the targeted delivery of
drugs, peptides and proteins to cells. Preliminary mixing of these components with CS solu-
tions at room temperature, their injection into the affected tissues and subsequent formation
of hydrogel leads to the controlled release of the active drug at body temperature.
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There is a wide range of hydrogels obtained via formation of polyelectrolyte (PE)
complexes between CS and other natural/synthetic polymers [61,62]. Such complexes have
higher stability and do not require additional crosslinking agents. The stability of these
complexes depends on the charge density, the nature of the solvent, ionic strength, pH
and temperature [61].

In general, the interaction of CS with other polymers allows for anincrease in molecular
weight, decreasein crystallinity and anincreasein the plasticity and elasticity of CS-based
materials. There are several routes for such modifications:

− Reactions of polymer–analogous transformations [63];
− Grafted and block copolymerization reactions with synthetic monomers [64–66];
− Preparation of mixtures with natural/synthetic polymers.

In addition to the covalent binding of polymers, after hydrogel formation is completed,
a two-stage process for the formation of the crosslinked structure is also possible. At the
first stage, one of the polymeric components, the macromolecule that contains reactive
functional groups, is formed. At the second stage, monomers are introduced into the
reaction medium, forming a second polymer that covalently binds to the first one. This
group of methods includes the formation of grafted polymers, block copolymers and
co-networks [67].

2.3. Formation of Nanoparticles

It has been proven that CS derivatives are especially effective while in the form of
NPs [68]. NPs are used as a method of integration and storage of active substances and
consist of macromolecular and/or molecular structures in which active substances (drugs,
enzymes, metal ions) are dissolved, stored, encapsulated or even adsorbed, or maintained
at the outer interface [50]. The method for producing CS NPs was described for the first
time by Ohya et al. in 1994 [69].

The processes used to produce CS NPs can be divided into several categories:

(i) Physicochemical, in which NPs are formed by emulsification following solvent evapo-
ration, solvent displacement, diffusion or saltingout [70];

(ii) The in situ chemical synthesis of macromolecules, resulting in polymerization or
interphase polycondensation;

(iii) Mechanical processes using high-energy devices, such as high-pressure homogenizers,
ultrasonic devices or high-energy wet grinding.

Methods of CS NP synthesis include ionotropic gelation, emulsification and cross-
linking, complexation with PE, self-assembly and drying processes. Below are some
peculiarities of these methods:

(i) Ionotropic gelation:

Ionotropic gelation is one of the most widespread methods of CS-based NP synthesis.
Since CS is a cationic polysaccharide, its interaction with polyanions such as tripolyphos-
phate (TPP) results in gelation (Figure 8) [71].

In an acidic medium, CS can spontaneously turn into submicron-sized particles. The
TPP solution is added dropwise to the CS solution underconstant stirring until an opaque
suspension is formed, which indicates the formation of NPs, the mean diameter of which
is controlled by the CS/TPP molar ratio [72]. The mechanism of CS NP formation, the
internal structure of resulting particles and the topology of their surface are determined by
the following parameters: DD, molecular weight of CS, intrinsic viscosity, concentration
and molar ratio NH3

+/TPP [73]. At pH > 7, deprotonation of CS occurs, which reduces
the crosslinking degree [74]. Moreover, pH of TPP solution controls the swelling behavior
of the resulting gels: CS modified by ionotropic crosslinking (at a pH of about 3) with
TPP revealed higher swelling ability [2,74] in comparison with gels formed at alkaline pH
values of the TPP solution.
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Other factors such as temperature and stirring rate may also affect CS NP size and
polydispersity. After synthesis, smaller particles can be separated from larger ones by
usingfiltration and ultracentrifugation [75]. The resulting CS NPs allow for capturing small
hydrophobic and hydrophilic molecules, and also peptides, proteins and nucleic acids.
Electrostatic interactions are considered to be the main mechanism for retaining biologically
active compounds inside the CS NPs.

In addition toTPP, other polyanions can be used for ion gelation, e.g., adenosine
triphosphate, fucoidan and sodium metabisulfite (Na2S2O5) [76].

Molecules containing catechol, such as hydrocaffeic acid, have demonstrated the
ability to increase the mucoadhesion of various polymers, including CS. Thus, hybrid
microflowers were obtained from CS and calcium pyrophosphate, which were effectively
used for the removal of dyes and in enzymatic catalysis [77].

(ii) Complexation with PEs:

The mechanism of CS NP formation in PE is based on the ionic interactions between CS
and negatively charged polymers (the same principle is used for hydrogel formation [78]).
Stability of PE complexes is based on several factors including the degree of ionization
of each PE; charge density; concentration and proportion of PEs in the mixture; sequence
of PE mixing; nature; and location of charged groups. The stability of PE complexes
also correlates with the molecular weight of PEs, flexibility of polymer chains, process
temperature, ionic resistance and pH of the reaction medium [79].

When the excess charges of PEs (positive or negative) are consolidated, a nonstoi-
chiometric complex is formed. A stoichiometric PE complex contains equal amounts of
each opposite charge. In the case of CS, various PE complexes can be formed when the
positively charged CS surface interacts with anionic biopolymers such as sodium alginate
(SA), pectin, carboxymethylcellulose, chondroitin sulfate, dextran sulfate, etc. [80].

(iii) Drying:

Spray-drying and supercritical drying are often used for the production of CS particles.
These methods are relatively fast, simple and reproducible, allowing for highly stable CS
particles of various sizes to be obtained [81]. Spray-drying is a comprehensive, convenient,
one-step method for producing CS micro-/NPs loaded with heat-sensitive substances



Catalysts 2023, 13, 367 9 of 52

such as pigments, medicines, essential oils, flavorings and proteins [82]. CS particles
produced while using spray-drying have a smooth surface, spherical shape and narrow
size distribution; they also demonstrate the high stability of an immobilized drug [83]. The
size of the resulting particles is affected by the rate of the sprayed flow, the degree of CS
crosslinking and the air flow rate [84].

(iv) Emulsification:

CS NPs can be obtained using nanoemulsion. Emulsification processes usually require
high mechanical energy to produce small droplets. The decrease in energy need is possible
while using water–oil mixture with the addition of surfactants [85]. First, the dispersion of
CS is prepared in a solution of glacial acetic. Then, a portion of hydrophobic solvent (e.g.,
cyclohexane, cyclohexanol, soybean oil, etc.) is added to the CS solution under continuous
stirring. The resulting mixture is treated with a surfactant, e.g., Triton X-100 or Tween, at
stirring until the mixture becomes translucent, indicating the formation of an emulsion
containing NPs [86]. Another option is to premix the surfactant with one of the solutions.
The use of an ultrasound and an increase in reaction temperature may contribute to the
process of NP/nanocapsule formation. Gel-forming agents such as chlorides, TPP or
polycations can be also added to enhance CS NP formation [87].

NPs or nanocapsules formed using the emulsification method have high drug-loading
efficiency and high bioavailability [88]. However, the mandatory use of strong crosslinking
agents causes the issue of their incomplete removal [89].

(v) Self-assembly:

Self-assembled NPs can be formed in aqueous media from amphiphilic polymers [90].
Though CS is not an amphiphilic biopolymer, self-assembled CS NPs can be obtained
through the structural modification of CS, allowing them to bind compounds such as fatty
acids, phthaloyls, polyesters, cholesterol, etc., which causes CS’ self-aggregation [91–93].
Quaternary CS derivatives are often used to produce self-assembled CS NPs [94] used as
carriers for hydrophobic substances.

According to the most recent data, there are four main types of CS-containing NP
structures (Figure 9) [95,96].
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Thus, CS has many advantages for producing materials for adsorption and catalysis.
However, the goal-oriented design and synthesis of chemically modified CS derivatives is
a complex task. Depending on the type of functional moiety attached to the carbohydrate
and also on the type of inorganic component, new adsorbents and catalysts with improved
properties can be obtained, which requires further systematic effort.

3. Chitosan-Containing Materials and Composites as Adsorbents

CS is known to be an environment-friendly and cost-efficient adsorbent for dyes and
inorganic ions from wastewater. However, CS has some drawbacks, including dissolu-
tion in anacidic environment and poor mechanical properties, resulting in unsatisfactory
adsorption performances. Crosslinking allows for the enhancement of the mechanical
properties and pH-stability of CS. At the same time, the grafting of CS with functional
groups is an effective way ofimproving its adsorption performance [97].
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In awork by Liu et al. [97], divinylbenzene (DVB) was selected as a crosslinking
agent in a two-step, one pot method based on the acylation reaction between maleic
anhydride and CS to prepare a series of DVB-crosslinked CS/maleic anhydride (MAH)
polymers (CS/MAH–DVB), which wasused to remove methylene blue (MB) from aqueous
solutions. A simplifiedCS/MAH-DVB synthesis scheme is presented in Figure 10. Briefly,
CS reacted with MAH in formamide medium in the presence of p-toluene sulfonic acid.
Then, the modified CS reacted with DVB (vinyl groups were taken equimolar to MAH) in
DMSO medium in the presence of 2,2′-azobisisobutyronitrile. As a result, three samples of
CS/MAH–DVB polymers were prepared using 0.5, 1 and 2CS/MAH molar ratios.
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The adsorption parameters (pH, contact time, initial concentration of dye and temper-
ature) were varied, and the maximum adsorption capacities were 448 mg/g, 482 mg/g and
503 mg/g, respectively, for three CS/MAH–DVB polymers with different molar ratios at
298 K, which were superior to other reported bio-based adsorbents.

The adsorption mechanism was attributed to electrostatic interaction and π–π stacking
interaction between MB and CS/MAH-DVB polymers. Furthermore, the CS/MAH–DVB
polymers could easily be recycled by washing with acidic acetone, demonstrating excellent
stability and favorable recyclability over five cycles [97].

Pyridine-modified CS was synthesized (Figure 11) and used for simultaneous ad-
sorption of Cr(VI) and Cu(II) cations [98] at variation of concentration, contact time, and
pH.The maximum adsorption capacities of pyridine-modified CS (at pH 4.5) in single and
binary aqueous solutions were 1.84 mmol/g (at pH 5.5) and 1.13 mmol/g (at pH 4.5) for
Cu(II) and 3.86 mmol/g (at pH 3.6) and 0.98 mmol/g (at pH 4.5) for Cr(VI), respectively. It
was proposed that the imine and pyridine groups introduced on CS were able to adsorb
oxyanions of Cr(VI) by the formation of outer-sphere complexes, while Cu(II) ions were
adsorbed by the formation of inner-sphere complexes. The reuse of pyridine-modified CS
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was studied. It was shown that Cu(II) ions were almost completely desorbed (~96%) and
fully re-adsorbed (~100%), while the desorption of Cr(VI) was incomplete (~49%),resulting
in lower re-adsorption (~36%). The thermodynamic parameters of adsorption revealed that
the adsorption of both metal ions was enthalpically driven, but entropically unfavorable.
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In spite of numerous CS-based polymers with enhanced adsorption ability, structured
CS-containing materials, e.g., in form of beads, exhibit good mechanical and fluid dynamic
properties that are suitable for large-scale adsorption processes. Moreover, CS beads present
remarkably enhanced adsorption capacity, mainly due to increased specific surface area
and porosity [99].

3.1. Structured Chitosan Materials

The general method for preparation of CS beads consists of the dissolution of CS in
acid medium and its subsequent dripping in alkaline medium. There are many beading
parameters (CS molecular weight and concentration, acid concentration, NaOH concen-
tration, temperature), which are the subject of optimization. Additionally, the subsequent
crosslinking of CS beads with various agents allows for further increase in their permeabil-
ity, stability and adsorption ability.

For example, Vakili et al. [99] studied CS beads crosslinked with 1,2,7,8-diepoxyoctane
(DEO) in the adsorption of RR2 dye. A maximum adsorption capacity of 788.6 mg/g
was achieved at a pH of 2. The satisfying performance of the CS beads (597.6 mg/g at
pH 4), compared to that of CS flakes (487.23 mg/g), implied that beading is a promising
process for enhancing CS effectiveness as an adsorbent. It was also proven that CS and
crosslinked CS beads can be recycled (by washing with NaOH solution) at least five times
before sensible performance loss.

DEO-crosslinked CS beads modified with spermine (SP) were synthesized (Figure 12) [100].
SP was chosen as an amination agent for the enhanced adsorption of Cr(VI) from aqueous
solutions. As can be seen from Figure 12, DEO can interact with either –CH2OH or –NH2
groups of CS; thus, free –CH2OH groups can further interact with ECH and then with
SP. Optimal CS–DEO–SP beads were prepared using 1.5 mg/L of SP for 5 h at 50 ◦C. The
prepared beads exhibited heterogeneous and porous surfaces. The obtained CS–DEO–SP
beads were macroporous and had increased surface area, pore volume and pore size by
4.9, 7.1 and 1.4 times, respectively, in comparison with initial CS beads. The experimental
data revealed that the adsorption of Cr(VI) ions on the CS–DEO–SP beads was extremely
dependent on the solution’s pH level. A maximum adsorption capacity of 352 mg/g
was found at acidic condition (pH 2.0). Regeneration of CS–DEO–SP was successfully
performed via treatment with NaOH solution (1.0 mol/L). Regenerated CS–DEO–SP beads
allowed for the achievement of an adsorption capacity of 192.31 mg/g after five cycles
of repeated use. Thus, high adsorption capacity, acid stability and reusability render the
CS–DEO–SP beads a promising and effective adsorbent for eliminating Cr(VI) from metal
plating wastewater.
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Chanajaree et al. [101] synthesized CS beads crosslinked with GA for the removal of
cationic (malachite green (MG)) and anionic (indigo carmine (IC)) dyes. For the synthesis
of CS beads, high molecular weight (360,000 g/mol) CS was used. CS beads were formed
using the common method, including the dissolution of CS in acetic acid and precipitation
by dripping in NaOH solution with subsequent freeze drying. The removal of dyes
was based on the soaking time at the same initial concentration (60 mg/L) at varying
temperatures (30–40 ◦C). It was shown that crosslinked CS beads in freeze-dried form have
a high adsorption capacity (714.29 mg/g) for MG, allowing quick removal of the dye in
30 min independent of the temperature, but they are not suitable for indigo carmine.

Farias et al. [102] studied the influence of crosslinking agent (GA or ECH) on the ad-
sorption ability of CS spheres with respect to diesel oil at aconcentration of 200–900 mg/L.
It was found that the maximum amount of oil (1.82 mg/g) was adsorbed on CS crosslinked
with GA. CS spheres crosslinked with ECH adsorb 1.642 mg/g of diesel oil. The differ-
ence in adsorption ability was explained by the modification of CS surface characteristics
(porosity, roughness, etc.) after the crosslinking process.

A biofilm of crosslinked CS–ethylene glycol diglycidylether (CS–EGDE) with an
average thickness of 4.24 µm was prepared by Jawad et al. [103] and used as a biosorbent
for the following dyes: reactive red 120 (RR-120) and methyl orange (MO). The CS–EGDE
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biofilm had low swelling index, good mechanical strength on glass plate and relatively
high (64.4%) free amino groupcontent. The maximum adsorption capacity of CS–EGDE at
303 K was 165.3 mg/g and 131.2 mg/g for RR-120 and MO, respectively. The mechanism
of adsorptionmainly included hydrogen bonding interaction, electrostatic attractions and
n–π stacking interaction.

Novel spherical adsorbents were synthesized by Lu et al. [104] via crosslinking of
CS beads grafted by polyethylenimine (PEI) with GA (composite GACS@PEI) or ECH
(composite EPCS@PEI, in which ECH is denoted as EP) (Figure 13).
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CS beads were formed using the precipitation of drops of CS solution in glacial acetic
acid with sodium hydroxide dissolved in a methanol–water mixture. CS beads were
crosslinked with GA or ECH. In order to graft PEI to the surface of crosslinked CS beads,
PEI was treated with 3-glycidyloxypropyltrimethoxysilane (EPPTMS). Such a treatment
was shown to increase the number of adsorption sites of the resulting materials.

Synthesized composites of GA/EPCS@PEI were used to remove toxic contaminant—
diclofenac sodium (DS)—from water. EPCS@PEI showed a maximum adsorption capacity
of 253.32 mg/g and a removal efficiency of nearly 100% for the DS in the initial 50 mg/L
solution. It was also shown that after the five repeated cycles of EPCS@PEI, the final
removal rate is more than 80%, indicating excellent properties, where good adsorption
capacities were retained over repeated cycles [104]. The adsorption capacity of EPCS@PEI
was higher than for some other CS-containing composites, i.e., ZnFe2O4/CS [105], which
was only used atlow DS concentrations and allowed for 75% of the adsorption removal rate.

Zhu et al. [106] synthesized an innovative adsorbent in the form of CS microspheres
crosslinked with ECH and modified with PEI. In contrast to the majority of the described
CS-based adsorbents, CS microspheres were obtained via inverted-phase emulsification
crosslinking technique by using a one-pot method. Briefly, CS solution was added to liquid
paraffin (oil phase) under mechanical agitation and addition of ethyl acetate and surfactant
(span-80). Then, formaldehyde (FA) was added to protect the amino groups of the CS; after
that, crosslinking was carried out at a pH of 8–10. After separation and drying, the resulting
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crosslinked CS microspheres were modified with PEI usingthe surface grafting reaction
(see Figure 14) by adding PEI solution to the suspension of microspheres at a pH of 10
(sample PEI–ECH–FA–CS MPs). Additionally, the carboxymethylation of PEI–ECH–FA–CS
MPs was carried out (sample PEI–ECH–FA–CMCS MPs) by subsequent treatment with
HCl solution in order to eliminate the protecting groups (sample PEI–ECH–CMCS MPs).
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As a result, the synthesized magnetic adsorbent (PEI–ECH–CMCS MPs) contained
free amino- and carboxyl groups. The specific surface area of the PEI–ECH–CMCS MPs
was about 29 m2/g, with porous 3D architectures, uniform spherical surfaces and narrow
size distribution (19–33µm) [106].

PEI–ECH–CMCS MPs allowed for the capture of Cr(VI) and Pb(II) with a maximum
adsorption capacity of 331.32 (at pH = 3) and 302.56 mg/g (at pH = 5), respectively, in
batch experiments. Excellent reusability and feasibility were evidenced by an adsorption
capacity loss < 12.10% and high removal efficiency for Cr(VI) (95.79%) and Pb(II) (91.40%)
in synthetic effluents [106].

Sabarudin et al. [107] synthesized CS beads crosslinked withboth TPP and ECH
for the adsorption of MO. It was shown that TPP could act as aprotecting agent forthe
amino groups of CS, while ECH reacted with the primary hydroxyl groups of the polymer.
Various concentrations of TPP, ECH and immersion time in the TPP solution were studied.
It was proposed that TPP prevents chemical binding between the NH2 of CS and ECH,
which reduced the adsorption capacity of CS beads. The effect of pH and the kinetics of
adsorption were also investigated. As a result, pH 3, 10% (w/v) TPP, 5% (v/v) ECH and 12 h
immersion time in TPP were selected as the optimum conditions for preparing CS beads.
After removing the protective group from the beads, NH2 groups of CS freely attracted the
anionic dye MO, resulting in an adsorption capacity of 79.55 mg/g. Moreover, it was found
that covalent crosslinking with ECH provided stability forCS in acidic conditions, whereas
the concentration of TPP and immersion time controlled the pore size and morphology of
the CS beads [107].
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Interesting work was carried out by Urtasun et al. [108], who developed new, low-cost
support material for multimodal chromatography using CS and Orange R–HE triazine dye.
CS-based minispheres (CMS) with a mean diameter of 1.4 ± 0.2 mm were prepared using
nonsolvent (acid-based) precipitation (dissolution of CS in acetic acid with subsequent
dripping in NaOH solution) and crosslinked with ECH. Synthesized CMS were shown
to be prospective sorbents for proteins, i.e., lactoferrin and lactoperoxidase—high value
proteins found in diluted concentrations in sweet whey. Utilizinga simple operating
process, these two proteins were adsorbed onto the CMS–Orange R–HE matrix, even
though their concentrations were low in sweet whey (adsorption ≥ 90%). After adsorption,
the differential elution process can be carried out, which results in two separate proteins
with good yields and high purity.

CMS crosslinked with ECH at 60 ◦C for 4 h and modified with sulfanilic acid (4-
aminobenzenesulfonic acid) or glycidyl trimethylammonium chloride (GTMA) were syn-
thesized (Figure 15) [109]. Crosslinked CMS modified with sulfanilic acid was used for the
purification process of lactoferrin from cheese whey, while CMS treated with GTMA were
designed for recovering whey protein isolate. The developed CMS allowed for 76.51% of
lactoferrin adsorption for 4 h at a pH of 6.57. It is noteworthy that at the chosen pH of 6.57,
the matrix and most of the proteins were charged negatively, while the target protein had
the opposite charge, which allowed for high selectivity with respect to lactoferrin.
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In the case of sequential purification of lactoferrin and whey protein isolate, a yield
of 62.31% was obtained for lactoferrin, while for whey proteins about 52% of adsorption
was achieved; that is, 2.71 mg of protein per mL of whey processed. The developed CMS
allowed the cheese whey to be processed without any previous conditioning, to have good
mechanic resistance, and to be easily recovered after the adsorption/washing and elution
steps. Moreover, modified CMS can be used as new chromatographic matrices that can be
applied to direct protein isolation [109].

Structured CS in the form of both beads and films is widely applied for the adsorption
of inorganic anions [110] and cations [111,112].

For example, CS microspheres synthesized usingthe emulsification method and
crosslinked with GA were used as an adsorbent for iodide anions [110]. The removal
efficiency ofCS microspheres was limited to 0.8792 mmol/g. Better adsorption efficiency
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(>90% in 20 min with a maximum adsorption capacity of 1.5267 mmol/g) was achieved
while using a modified CS-based sorbent, AgCl@CS, in a wide pH range (from pH 2 up
to pH 10). For AgCl@CS, chemisorption from AgCl and physisorption from CS were
responsible for I− removal.

Recently, Zhang et al. [111] published a review on the application of CS and its
derivatives for heavy metal removal from wastewater. Structured, CS-based materials
modified by grafting and crosslinking can be used to remove Cu, Pb, Zn, Ni, Hg, Cd, Cr,
Pt, Pd, Co, etc. It was shown that modified crosslinked CS possesses increased adsorption
capacity and stability in comparison with native CS, not only with respect to heavy metals,
but also for organic pollutants, such as phenols, dyes, etc. The authors of [112] noted that
the development of CS derivatives with selectivity for substances other than heavy metal
ions calls for further exploration. There is also a lack of data on the selectivity of CS-based
adsorbents when purified solutions contain several different metals simultaneously [113].

Upadhyay et al. [114] provided a deep analysis on CS-based adsorbents intended for
the removal of heavy metals (Cu, Pb, Cr, Ni, Zn, Mn, Fe, Hg, Ag, Cd) from wastewater.
Different synthesis techniques were described. Special attention was paid to the problem
of regeneration of CS-containing adsorbents and also to the design of experiments in
continuous mode. It was stressed that researchers must focus on real industrial problems
to develop effective adsorbents thatcan simultaneously remove multiple pollutants and,
at the same time, have good desorption percentages for further reuse. Novel adsorbents
should also be pH-independent since pH monitoring in industrial effluents is both time-
and money-consuming.

In spite of the fact that crosslinked and grafted CS-based materials have anincreased
number of adsorption sites and higher pHstability and reusability [115], further improve-
ment of adsorbent characteristics can be achieved via the development of composite organic–
inorganic materials, including magnetically separable ones.

3.2. Chitosan-Based Organic/Inorganic Composite Adsorbents

In most cases, composite CS-based materials represent the combination of CS with
inorganic compounds such as metal oxides. Such CSoxide composites typically are obtained
via preliminarily mixing CS solution with solid inorganic particles and the subsequent
gelation of the resulting composite material.

It is noteworthy that the same method can be used for the synthesis of CS-based
composites with carbonaceous materials. For example, Zhang et al. [116] synthesized
crosslinked CS/graphene nanoplate composite spheres (CS-GNPs) by a simple mixing of
GNPs with CS solution followed by syringe dripping and CS crosslinking with GA. The
adsorption activities of CS-GNPs were evaluated by the example of two azo acid dyes: MO
and acid red 1 (AR 1). For the optimized composite material, the adsorption capacity of MO
was 230.91 mg/g and 132.94 mg/g for AR 1, respectively. It was shown that CS-GNPs can
be easily separated from the solution and efficiently regenerated after reaching saturated
adsorption. After five cycles, its adsorption capacity for MO was about 90%.

Jawad et al. [117] synthesized Schiff’s base-crosslinked CS-GA loaded with TiO2 NPs
(Figure 16) for the removal of reactive red 120 (RR120) dye from aqueous solutions in
batch mode at various RR120 concentrations, adsorbent dosages, contact times and pHs
(3–12). CS-TiO2 composites were prepared by mixing certain amounts of titania NPs with
CS before the dissolution and formation of CS beads and further crosslinking. Different
ratios of TiO2 NPs were used, such as 25% of TiO2 (CS–GA/TNC-25) and 50% of CS–
GA/TNC-50. CS–GA/TNC-25 exhibited the best adsorptive property (103.1 mg/g at
303 K), which was likely due to the perfect balance between the surface area and available
aminogroups in this composite. The kinetics and isotherm model results indicated [117]
that the adsorption of RR120 was affected by chemisorption and multilayer adsorption. The
adsorption mechanism of RR120 on the CS–GA/TNC-25 surface was assigned to various
interactions, such as electrostatic attraction, n–π stacking and H-bonding.
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A novel CS material (ECS@Ca@CTA) was prepared [118] for the adsorption of sodium
dodecylbenzene sulfonate (SDBS). CS was complexed with CaCl2 and crosslinked into
hollow spheres withGA (Figure 17). However, a part of the CS’ amino groups was depleted.
Therefore, the amino groups were reactivated with ethylenediamine; then, the ECH@Ca
was quaternized with (3-chloro-2 hydroxypropyl) trimethylammonium chloride (CTA) and
prepared asa hollow sphere structure with a wrinkled surface (designated ECS@Ca@CTA)
in order to improve the effect of pH on adsorption of SDBS.
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pH has a great impact on the adsorption of SDBS. It was shown [118] that the pH
dependence of CS-based adsorbents can be improved usingCTA. Ca2+ and CTA causeCS to
be positively charged at different pH levels, while ethylenediamineincreases the number
of amino groups. Thus, the maximum adsorption capability of ECS@Ca@CTA was 2430,
1967 and 1116 mg/g at pH 3.0, 7.0 and 10.0 for SDBS, respectively. Crosslinking of CS
into wrinkled hollow spheres resulted in an increase inthe specific surface area, chemical



Catalysts 2023, 13, 367 18 of 52

stability and capability of SDBS capture. The adsorption capacity of ECS@Ca@CTA can
still reach over 80% after sixrepeated adsorption–desorption runs.

A composite adsorbent made of CS and bentonite clay was prepared [119] and used
for the adsorption of Cr(VI) ions from aqueous solutions. A composite CS–bentonite
clay was obtained by mixing bentonite with CS solution in 2% acetic acid with further
dripping in NaOH solution to form composite CS capsules, which underwent crosslinking
with GA. The effects of pH, adsorbent dosage, adsorbate concentration, temperature
and contact time were studied in batch mode. The experimental data were well-fitted
to a Scatchard adsorption isotherm and the adsorption capacity was calculated from
theisotherm model. It was found that bentonite clay had a maximum adsorption capacity
of 11,076 mg/g, while the composite revealed an almost ten times higher maximum
adsorption capacity (106.444 mg/g) for the removal of Cr(VI) ions at 25 ◦C, pH 2 and a
contact time of 60 min. The mechanism of adsorption included ion exchange, electrostatic
interaction and complexation.

CS beads modified with FeO and TiO2 NPs were synthesized by Patiño-Ruiz et al. [120]
using anionic crosslinking procedure, which allowed beads with semispherical shapes to
be obtained. FeO and TiO2 NPs were synthesized by performing coprecipitation and green
chemistry methods, respectively, and then mixed with CS solution. The CS–FeO/TiO2
mixture was then dripped in NaOH solution, washed and dried at room temperature.
The resulting CS-FeO/TiO2 beads showed high BET surface area (27.13 m2/g) and pore
size (6.8 nm). These results were attributed to the presence of NPs, which promoted the
formation of porosity and increased the surface area. After the incorporation of NPs, the
semicrystalline nature of the CS changed into a completely amorphous structure due to
the break inintermolecular bonding. The CS–FeO/TiO2 revealed excellent thermal stability
(up to 270 ◦C) and superparamagnetic response, attributed to the presence of FeO and
TiO2 NPs.

Adsorption experiments were performed using naphthalene as an example of poly-
cyclic aromatic hydrocarbons (PAHs). The pseudo-second-order model properly fitted
the adsorption data, indicating that chemisorption was the primary adsorption mecha-
nism. CS–FeO/TiO2 showed a higher adsorption capacity of 33.1 mg/g compared to the
29.8 mg/g of the unmodified CS beads. A maximum adsorption capacity of 149.3 mg/g
for CS–FeO/TiO2 was found. The high affinity toward PAHs was due to additional non-
covalent forces. Strong chemisorption between naphthalene and the functional groups as
well as electrostatic interaction with the NPs was found [120].

CS/hematite nanocomposite hydrogel capsules (HC–H) were developed by Ohemeng-
Boahen et al. [121] usinganionic surfactant gelation occurring simultaneously with the
immobilization and impregnation of α-Fe2O3 NPs within the gel matrix. Hematite NPs
were mixed with CS solution in 2% acetic acid. The resulting mixtures were dripped into
an aqueous solution of sodium dodecyl sulfate, SDS (50 g/L). SDS penetrated the drops,
which allowed for the creation of CS hydrogel capsules. Thus, a series of HC–H samples
were prepared with different loadings of hematite NPs varying from 10% up to 60% (v/v).
The HC–H composites were highly stable in acidic media (even at pH 2) and revealed
enhanced adsorptive capacity for Congo red (CR). The maximum adsorption capacity of
HC–H60 was 4705.6 mg/g (26.7 times more than that of the pristine CS hydrogel capsule
(176.5 mg/g)).

Zr–organic frameworks (Uio-66, named Zr@BDC metal–organic frameworks (MOFs))
were prepared using Zr(IV) and 1,4-benzenedicarboxylic acid (BDC) for efficient fluoride
removal [122]. Since the Zr@BDC MOFs possessed some limitations such as column
blockage and pressure drop during field tests, the Zr@BDC MOFs were modified with CS
(Zr@BDC–CS). The Zr@BDC–CS spheres were obtained viathe common mixing of Zr@BDC
MOFs with CS solution with subsequent dripping in NaOH solution. The synthesized
Zr@BDC MOFs and Zr@BDC–CS spheres possessed the highest defluoridation capacities
at 4935 and 4982 mgF/kg within 20 min, respectively. The defluoridation capacity of the
Zr@BDC–CS was slightly dependent on the pH level and was majorly diminished in the
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presence of HCO3
−. The defluoridation mechanism of the Zr@BDC–CS spheres was mainly

dominated by electrostatic attraction and complexation. It was shown that the Zr@BDC–CS
spheres had positively charged Zr4+, which attracted negatively charged fluoride ions.
Moreover, at the appropriate pH (pH < 6.54), protonated hydroxyl and amino groups of CS
can also easily adsorb fluoride via electrostatic interaction. A reusability study indicated
that the prepared Zr@BDC–CS spheres are regenerable and reusable for up to six cycles.

Wang et al. [123] developed innovative and multifunctional CS-based hydrogel beads
(the diameter of the dried beads was about 600 µm) immobilized with Ag NPs using-
polydopamine (PDA) coating, which simultaneously enhanced both the antimicrobial and
adsorption activity. In contrast to the most recently published research, gelation of CS
beads was carried out using oxidized dextran (OD)—a dialdehyde polymer able to form
Schiff’s bases with polyamines (i.e., CS). Crosslinked CS beads were coated with PDA via
polymerization of dopamine (DA) on the surface of the beads (Figure 18). Ag NPs were
synthesized via the adsorption of AgNO3 by PDA-coated CS beads.
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It was shown that Ag NPs with sizes ranging from 50 nm to several hundred nanome-
ters were immobilized not only on the surface but also in the interior of the PDA-coated
CS beads. The covalent silver–carboxylate linkage along with hydrophobic and van der
Waals forces was evidenced usingFTIR spectroscopy. The adsorption performance of the
Ag@beads was investigated for the removal of an anionic dye (CR) and Cu(II). The adsorp-
tion capacity of the Ag@beads at equilibrium state was reached at 7 and 9mg/g for CR and
Cu(II), respectively. Moreover, the antimicrobial activities of the Ag@beads were found
against Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus, showing
Ag@beads to be good candidates for an integrative approach to efficiently controlling both
the microbial and chemical quality of wastewater [123].

3.3. Magnetically Separable Chitosan Composites

Magnetically separable composites based on various biopolymers are widely used for
removal of different heavy metals from aqueous solutions [124]. Incorporating magnetic
materials into the CS matrix and shaping CS in various forms such as beads, membranes,
hydrogels, etc., greatly boosts the separation problem of CS [115]. In spite of the fact
that many magnetic CS materials have been prepared for the adsorption of metal ions,
Fan et al. [125] noticed that, to date, there is no standard method for the comprehensive
evaluation of material performance. Thus, two methods for evaluation of the overall
performance of magnetic materials were established [125], which consider both heavy
metal ion adsorption capacity (Q) and magnetic recovery of the material after use:

(i) Based on calculation of the adsorption recovery index using the values of Q and
recovery time (t) needed for achieving 98% material recovery, a higher adsorption
recovery indexvalue shows bettermagnetic material performance;

(ii) Based on effort vector data visualization, in which the position of a magnetic material
is shown on a coordinate depicted using normalized Q and saturation magnetization
value, the distance from the data point to the target indicates the performance of
the material.
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Moreover, Fan et al. [125] used two methods for the preparation of magnetic CS beads.
The first method (embedding method) was based on the most widespread approach—
preliminarily synthesis of Fe3O4 NPs, mixing of magnetic NPs with CS solution, and
dripping of Fe3O4–CS solution in NaOH solution with further crosslinking with GA. The
second method (chemical coprecipitation method) was based on the dissolution of CS and
precursors of magnetic particles (Fe(II) and Fe(III)salts) in 3% acetic acid with subsequent
dripping of this mixture in NaOH solution and crosslinking with GA. Thus, two series of
magnetic CS beads with different Fe3O4/CS mass ratios were prepared.

Synthesized magnetic CS beads were used for the adsorption of Ag+, Cu2+, Hg2+,
Cr3+ and Cr6+ from aqueous solutions and recovery studies. Compared to the adsorption
recovery index, the effort vector data visualization was more straightforward and easier to
use. While comparing the two magnetic CS bead synthesis methods based on the proposed
effort vector data visualization, it was found [125] that both synthesis methods allow for
similar efficiency of heavy metal adsorption and data distribution. Independent of the
synthesis method, CS beads containing 0.3 g of CS and 0.7 g of Fe3O4 NPs revealed best
performance for the adsorption of the chosen heavy metal ions.

Though most researchers prefer to synthesize CS-based materials in the form of beads,
which possess low flow resistance and are hence convenient for continuous mode operation,
for special applications, CS films and coatings can be obtained.

CS nanocomposite films were prepared [126] using in situ precipitation of magnetic
particles. The method of synthesis was based on the above-described chemical coprecipita-
tion. The difference was in the shaping of the resulting material: a film was obtained by
pouring the mixture (CS and iron salts) into Teflon Petri dishes and subsequently drying
and rinsing it with NaOH solution; no crosslinking agents were added.

The magnetic CS film was tested as an adsorbent for arsenic ions, revealing a higher
adsorption capacity (10.4 mg/g) compared to common CS film (1.6 mg/g). The higher
equilibrium adsorption capacity was explained by the synergic effects of CS and iron oxide
particles regarding the adsorption capacities of the phases, film surface morphology (a much
more irregular surface in the case of the nanocomposite), polymeric matrix crystallinity
and electrostatic forces that prevail in acidic pH [126].

Eivazzadeh-Keihan et al. [127] synthesized a CS-containing magnetic nanobiocom-
posite. The composite was prepared using the chemical coprecipitation method with
several significant differences: (i) before synthesis, the CS was guanidinylated, as shown in
Figure 19; (ii) a modified CS was mixed with Fe(II) and Fe(III) salts with the subsequent
formation of precipitate by adding ammonia solution. The resulting nanobiocomposite had
a core–shell structure, where the core was represented by Fe3O4 NPs with average sizes of
30–34 nm, while the shell consisted of the modified CS.
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The application of this nanobiocomposite was evaluated in two different fields: the
adsorption and in vitro hyperthermia procedures [127]. Adsorption capacity was studied
with respect to copper (Cu+2), lead (Pb+2) and chromium (Cr+6) ions. Different param-
eters including time, temperature and amount of biosorbent were optimized for each
heavy metal ion. In optimized conditions, the adsorptions of Cu+2, Pb+2 and Cr+6 were,
respectively, 100%, 98.64% and 33.76%. Concerning the in vitro hyperthermia process, the
maximum specific absorption rate value (70.59 w/g) was obtained by using 1 mg/mL of
the nanobiocomposite, with very promising results.



Catalysts 2023, 13, 367 21 of 52

Another example of a modified CS loaded with magnetic NPs is CS functionalized
with an aromatic Schiff’s base ligand (3,3-diphenylpropylimine methyl benzaldehyde—
PPIMB) (Figure 20). Such a treatment allowed for a high number of binding sites for the
effective adsorption of lead ion in the aqueous medium [128]. It is noteworthy that CS
was modified with PPIMB directly after the beading procedure. A magnetic CS–PPIMB
adsorbent was prepared by dispergation of Fe3O4 NPs in acetic acid with the subsequent
addition of CS–PPIMB to this solution.
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The effect of pH, collision time, adsorbent dosage and initial concentration of Pb(II) was
studied. The adsorption capacity of magnetic CS–PPIMB against Pb(II) was 230.48 mg/g,
which was higher than that of many similar adsorbents. Moreover, it was shown that
magnetic CS–PPIMB adsorbent was highly selective toward Pb(II) compared to other metal
ions. The strong binding energy of the Pb atoms with aromatic rings and imine groups of
the synthesized adsorbent was confirmed using theoretical computations. The synthesized
magnetic CS–PPIMB also revealed good regeneration capacity towards Pb(II) ions after five
successive adsorption–desorption cycles [128].

CS-based magnetic composites can be applied not only for the removal of cations, but
also for anions from aqueous solutions.

As an example of recent research, PEI-grafted CS core–shell magnetic NPs (Fe3O4/CS/PEI)
were synthesized and applied for adsorbing phosphate in water [129]. This magnetic
composite was obtained by using the embedding method (see above). No shaping of
the resulting mixture was carried out. Instead, an aqueous solution of a gelating agent
(TPP) was added directly to the mixture containing CS and Fe3O4 NPs. Thus, ionotropic
gelation of CS occurred directly on the surface of the Fe3O4 NPs. Then, PEI was grafted
onto the surface of Fe3O4/CS preliminarily treated with ECH, which reacted with the
hydroxylmethyl groups of the CS (the molar ratio of total amino groups of PEI to the
hydroxyl groups of the CS was fixed at 2.5).

The composite Fe3O4/CS/PEI had a maximum adsorption capacity of 48.2 mg/g with
respect to phosphate ions at an equilibrium pH = 3.0 and 25 ◦C. The primary mechanism
for phosphate adsorption on the Fe3O4/CS/PEI particles was electrostatic attraction. The
preferential adsorption of phosphate in the presence of other excess anions including
chloride, nitrate, carbonate and sulfate was also shown [129]. Regeneration experiments
revealed that more than 90% of the phosphate was desorbed by 0.05 mol/L of the NaOH
solution. However, after five consecutive adsorption–desorption cycles, the adsorption
capacity of Fe3O4/CS/PEI decreased by 40%.

Elanchezhiyan et al. [130] studied the adsorption of long-chain perfluorinated chemi-
cals (PFCs)—namely, perfluorooctanoate (PFOA) and perfluorooctane sulfonate (PFOS)—
from water using reduced graphene oxide (rGO)-modified zinc ferrite (ZnFe2O4)-immobilized
chitosan beads (rGO–ZF@CB) as an adsorbent.
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rGO–ZF@CB was prepared in three steps:

(i) ZnFe2O4 (ZF) NPs were synthesized usingthe chemical coprecipitation method;
(ii) rGO nanosheets were synthesized by using a modified Hummer’s method with

natural graphite;
(iii) Magnetic rGO–ZF@CB was synthesized by using a crosslinking reaction with GA

(2.5%). Before magnetic bead preparation, rGO nanosheets and ZF NPs were added
into the ethanol solution. A suspension of rGO and ZF NPs was mixed with CS
solution in acetic acid. Then, this reaction mixture (rGO-ZF@CS) was dripped into
1 M NaOH solution using a syringe needle. The resulting wet magnetic beads, washed
with water until reaching neutral pH, were treated with GA, which allowed magnetic
rGO–ZF@CB to be obtained.

The rGO–ZF@CB possessed a maximum adsorption capacity of 16.07 mg/g for PFOA
and 21.64 mg/g for PFOS. Both the electrostatic attractions and hydrophobic interactions
drove the removal of PFOA and PFOS using prepared rGO–ZF@CB [130].

Carbon–Fe3O4 (C/Fe3O4) core–shell NPs modified with CS were synthesized [131]
for the removal of MO from aqueous solutions. The C/Fe3O4 NPs were prepared using
thehydrothermal method, in which glucose served as a carbon source. The resulting
C/Fe3O4 NPs were covered with CS withamethod similar to the one described above [129],
using GA as crosslinking agent. Fast adsorption of MO in the wide pH range of 3–11 using
CS-covered C/Fe3O4NPs was shown, and the maximum adsorption capacity was found to
be 425 mg/g at 45 ◦C.

A comparison of different adsorbents is presented in Table 1. As can be seen, there is a
number of CS-based composite materials. In spite of this variety, the general trend, allowing
for the achievementof high adsorption capacity, is the use of crosslinking agents (preferably
covalent crosslinking) and grafting of functional groups, resulting in a noticeable increase
innumber of adsorption sites.

Table 1. Comparison of adsorption performance of some of the recent CS-based materials.

CS-Containing
Adsorbent

Crosslinking
Agent Shaping Contaminant Absorption

Conditions
Absorption

Capacity Ref.

CS/MAH–DVB-3 DVB No MB 298 K, pH 10 503 mg/g [97]

Pyridine-modified CS No No
Cu(II) 25 ◦C, pH 5.5 1.84 mmol/g [98]
Cr(VI) 25 ◦C, pH 3.6 3.86 mmol/g [98]

CS–DEO DEO Beads RR2 Room temperature,
pH 2 788.6 mg/g [99]

CS–DEO–SP DEO Beads Cr(VI) 25 ◦C, pH 2 352 mg/g [100]

CS GA Beads
MG 30–40 ◦C, pH 6 714.29 mg/g [101]
IC 30–40 ◦C, pH 6 11.02 mg/g [101]

CS
GA

Beads Diesel oil solution
in hexane

Ambient 1.820 mg/g [102]
ECH Ambient 1.642 mg/g [102]
No Ambient 1.065 mg/g [102]

CS–EGDE EGDE Film
RR120 303 K, pH 5 165.3 mg/g [103]

MO 303 K, pH 4 131.2 mg/g [103]

EPCS@PEI ECH Beads DS 308 K, pH 4.2 253.32 mg/g [104]

PEI–ECH–FA–CS ECH
Micro

spheres
Cr(VI) 298 K, pH 3 331.32 mg/g [106]
Pb(II) 298 K, pH 5 302.56 mg/g [106]

CS TPP and ECH Beads MO Room temperature,
pH 3 79.55 mg/g [107]

AgCl@CS GA Microspheres Iodide anion 25 ◦C, pH 2–10 1.5267 mmol/g [110]

CS–GNPs GA Spheres MO 298 K, pH 3 230.91 mg/g [116]
AR 1 298 K, pH 4 132.94 mg/g [116]

CS–GA/TNC-25 GA No RR 120 303 K, pH 3 103.1 mg/g [117]
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Table 1. Cont.

CS-Containing
Adsorbent

Crosslinking
Agent Shaping Contaminant Absorption

Conditions
Absorption

Capacity Ref.

ECS@Ca@CTA GA Hollow spheres SDBS Room temperature,
pH 3 2430 mg/g [118]

CS–bentonite clay GA Capsules Cr(VI) 25 ◦C, pH 2 106.444 mg/g [119]

CS–FeO/TiO2 No Beads Naphthalene 25 ◦C, pH
Not indicated 149.3 mg/g [120]

HC–H60 SDS Capsules CR 30 ◦C, pH 4 4705.6 mg/g [121]

Zr@BDC–CS No Spheres Fluoride ion Room temperature,
pH 6 4982 mg/kg [122]

Ag@beads Oxidized
dextran Beads

CR 30 ◦C, pH 5 7 mg/g [123]
Cu (II) 30 ◦C, pH 5 9 mg/g [123]

Magnetic composites

CS–Fe3O4 No Film As(III) 25 ◦C, pH 3 10.4 mg/g [126]

MGC (guanidinylated CS) No Core(Fe3O4)–shell
particles Pb(II) 60 ◦C, pH 7 22.64 mg/g [127]

CS–PPIMB No Beads Pb(II) 303 K, pH 5.5 230.48 mg/g [128]

Fe3O4/CS/PEI TPP Core–shell particles Phosphate ion 25 ◦C, pH 3 48.2 mg/g [129]

rGO–ZF@CB GA Beads
PFOA 25 ◦C, pH 3 16.07 mg/g [130]
PFOS 25 ◦C, pH 3 21.64 mg/g [130]

CS-covered C/Fe3O4 GA Core–shell particles MO 45 ◦C, pH 3–11 425 mg/g [131]

4. Chitosan as Catalytic Support

Due to the existence of different functional groups (see Figure 2), CS-based materials
can be used as supports for catalytically active metals and enzymes.

4.1. Catalytic Metal–Chitosan Composites

The lives of NPs can be divided into three stages: preparation, storage and application.
The stabilization of particles’ physical and chemical characteristics is critical and must be
carefully controlled [132]. Metal deposition on CS is a promising area of research in the
field of catalysis, since CS is a source of various functional groups that can effectively bind
metal ions or NPs [133,134]. In the resulting catalytic materials, CS can serve as a reducing
agent (due to the presence of hydroxymethyl and amino groups) and stabilizer as well,
which is able to control the sizes of metal NPs to some extent.

Any modifications to CS influence the concentration of functional groups and contri-
bution of different interactions (hydrogen bonds, electrostatic interactions, π–π stacking
interactions, etc.). For example, it was found that the DD and molecular weight of CS
influences the sizes of Au NPs. At low CS concentration (0.005% and 0.01% (w/v)), individ-
ual spherical Au NPs with a mean diameter of about 10 nm were obtained regardless of
chitosan DD and Mw, while anisotropic Au NPs were obtained at a concentration above
0.05% (w/v) [135].

The growth of larger polygonal Au NPs was promoted as the higher concentration and
lower DD CS was used. Chitooligomers (2.4 kDa, DD 94%) showed the highest reduction
ability for Au(III) and the synthesized Au NPs exhibited aggregation. In general, it was
concluded that the DD and concentration of CS is more important than Mw [135].

CS and its derivatives can be used as stabilizers of various catalytically active metal
ions and NPs (Mn [136], Co [112,137], Cu [138–146], Ag [147–149], Pd [150–155], Pt [156],
etc.) and metal oxides [133,157–160].

Since CS-containing materials require relatively mild reaction conditions, their catalytic
applications are also limited. In the last years, attention was mainly paid to the hydrogena-
tion of nitro-compounds, catalytic oxidation, cross-coupling reactions, click chemistry and
some other processes. The hydrogenation of nitro-compounds is one of the most widespread
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catalytic processes in which CS-based systems can be tested [141,144,147,150–152,161]. It
is noteworthy that CS-containing materials are known as prospective adsorbents for the
removal of heavy metals and dyes from wastewater; thus, in many works, their adsorption
ability was successfully combined with catalytic properties. The shaping of such catalytic
systems can be varied: films, fibers, beads or capsules.

For example, Cu NPs were stabilized in CS–SiO2 nanocomposite fibers [141]. CS–SiO2
fibers were prepared by mixing SiO2 NPs (5 wt.% of CS) with CS solution in acetic acid
with subsequent precipitation of fiber via extrusion of the mixture into NaOH solution
using a syringe. Dried CS–SiO2 composite fibers were then treated with solutions of metal
salts (Cu, Co, Ag and Ni) and reducing agent (NaBH4) that allowed for the formation
ofmetal NPs 20–40 nm in diameter on the fibers’ surface. The resulting metal-containing
composites were used for the reduction of 4-nitroaniline (4-NA) and decolorization of CR in
aqueous medium using NaBH4 as a hydrogen source. Cu/CS–SiO2 revealed high catalytic
efficiencies in the reduction of 4-NA and CR compared to other metals: the apparent
rate constants of 6.17 × 10−3 s−1 and 1.68 × 10−2 s−1 were observed for the reduction
of 4-NA and CR, respectively. A percentage of 94.53 of 4-NA was converted in 9 min.
The percent reduction of CR in 5 min was found to be 92.7%. The catalytic activity of
Cu/CS–SiO2 was also examined in the reduction of nitrophenols (2-NP, 3-NP and 4-NP),
which were successfully converted in a short time of 8–10 min, and other dyes (MO, MB
and acridine orange (AO)). More than 90% of MO, MB and AO were decolorized in 6, 9
and 14 min, respectively.

Raza et al. [142] developed CuO NPs embedded in porous CS membranes using a
solution-casting approach with sodium TPP as a crosslinker and polyethylene glycol as a
porogen. The CuO NPs incorporated in CS membranes exhibited exceptional photocatalytic
activities against MO and MB. These dyes were degraded to 62–65% at 30 mg/L. CS-based
porous membranes retained about 95% of theirphotodegradation activity for up to five
cycles. It is noteworthy that CS-based adsorbents themselves can possess photocatalytic
activity in the absence of any metals. For example, organic nanocomposite based on paddy
straw (PS) incorporated with CS and crosslinked with sodium TPP [143] was used for
the photocatalytic adsorption of dyes (rhodamine B (RhB) and MG) and allowed for the
removal 96.04% of RhB (10 mg/L) and 98.15% of MG (10 mg/L) for 1 h at 3.0 g/L of PS–CS,
pH = 6.2 and 60 ◦C.

Khan et al. [144] prepared a polyurethane sponge (PUS) covered with CS. CS was
deposited from acidic solution; no gelating agents were used. CS–PUS samples were treated
with aqueous solutions of metal (Ni, Cu, Co, Ag) salts and reduced with NaBH4. Resulting
catalytic materials were tested in a model reaction of 4-NP hydrogenation by NaBH4. It was
found that Cu/CS-PUS outperformed among the other Me/CS–PUS: complete conversion
of 4-NP was found for 5 min (the reaction rate constant was 0.7923 min−1). Moreover,
Cu/CS–PUS catalyst was used for the reduction of different dyes (MO, AO and CR) and its
high performance was observed for the CR.

An electrocatalytic reduction of 4-NA was studied using CS-stabilized Ag NPs on
carbon paste [147]. Ag NPs with a mean diameter of about 51 nm were formed by the
reduction of silver nitrate with NaBH4 in the presence of CS as a stabilizing agent. To build
a voltammetric sensor (CS–Ag NPs/CPE), a carbon paste electrode (CPE) was immersed
in aliquid suspension of CS–Ag NPs. The reduction overpotential of 4-NA shifted from
−752.26 mV at CPE to−304 mV in CS–Ag NPs/CPE, and then showed a surface-controlled
process with acatalytic rate constant of 0.125 × 10−3 L/(mol × s).

As previously mentioned, CS-containing materials are usually shaped using alka-
line solutions and different gelating agents. This process requires a large amount of
solvents, acids and alkalines. In the work of Sun et al. [150], CS powder and thermoplastic
polyurethane (TPU) were mixed to form a membrane using selective laser sintering. This
method has the advantages of simple operation, fast membrane formation and low prepa-
ration cost. The shape of the hybrid CS–TPU membrane can be flexibly designed while
varying the conditions of sintering. It was shown that the sintered CS–TPU composite
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membrane has superhydrophilic properties and can effectively adsorb Cu(II) and Pb(II)
in water with maximum adsorption capacities of 19.6 mg/g and 30.4 mg/g, respectively.
Pd(II) could also be adsorbed by the membrane to form palladium-loaded composite mate-
rials, which could be used as a catalyst for hydrogenation of 4-NP by sodium borohydride,
allowing 96% conversion in 20 min.

Zhu et al. [152] synthesized the series of CS-based composite hydrogels doped with
Pd NPs by adding graphene oxide (GO), carbon nanotubes (CNTs) and layered double
hydrotalcites (LDHs) to CS hydrogel with GA as a crosslinking agent. Pd NPs with sizes
of about 2–5 nm were formed in situ during the gelation process. It is noteworthy that
palladium precursor (Na2PdCl4) was added at the CS solution preparation stage, while
GA and other components (GO, CNTs or LDHs) were added later. Obtained catalysts were
tested in a modelled reaction of 4-NP hydrogenation and exhibited promising catalytic
activity. Highest reaction rate constant (0.218 min−1) was found for CS–CNT–PdNPs.

The green synthesis of magnetically separable hybrid metal nanobiomaterials (Fe3O4@CS–
MeNPs; Me = Au and Pd) was reported [161]. The magnetic NPs (about 35 nm in diameter)
were synthesized using the biomineralization process and coated with CS, followed by
binding and reduction of metal ions. CS-encapsulated magnetic NPs (Fe3O4@CS) were
prepared using the water-in-oil emulsion method with span-80 as surfactant. Samples of
Fe3O4@CS decorated with Au and Pd NPs were synthesized using a microwave-mediated
in situ reduction of Au(III) and Pd(II) ions (Figure 21).
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The as-synthesized hybrid nanobiomaterials were tested for several model reactions
such as photocatalytic reduction of dye (MB), hydrogenation of 4-NP and Suzuki cross-
coupling in aqueous solution. At ambient temperature, Fe3O4@CS–AuNPs (5.6 wt.%
Au) and Fe3O4@CS–PdNPs (2.6 wt.% Pd) took only1min under UV light to complete the
reduction of MB with kapp of 4.0 min−1 and 5.0 min−1. The 4-NP hydrogenation reaction
was completed within 3–14 min depending on the MeNPs on the hybrid nano-biomaterial
and reaction temperature. The catalytic behavior of Fe3O4@CS–PdNPs in the C–C bond
formation (Suzuki reaction) of phenylboronic acid (1.5mmol) and p-iodoacetophenone
(1 mmol) in aqueous solution was explored under various conditions. It was found that,
when the Suzuki reaction was carried out in the normal laboratory condition at 50 ◦C,
98% yield (TON = 50,256 and TOF = 16,752) was found after 3 h. In addition, the hybrid
nanobiomaterials demonstrated excellent recyclability and reusability without significant
loss of catalytic activities [161].

Khan et al. [149] reported the formation of Ag NPs in CS hydrogels. Briefly, CS
solutions with the addition of crosslinking agent (formaldehyde) were poured into plastic
tubes and kept for 24 h, and then the obtained hydrogels were washed with NaOH solution
and water. CS hydrogels were immersed in an aqueous solution of AgNO3 (10 mM) for
3 days at room temperature, allowing for the formation of Ag NPs. No reducing agents
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were used. Synthesized Ag–CS samples were tested in a hydrogenation of 2-NP and AO
using NaBH4 as a reducing agent. Both reactions proceeded at high rate constants of
0.260 min−1 and 0.253 min−1 for 2-NP and AO, respectively.

Ultrafine nitrogen-doped TiO2 NPs were formed on the surface of hollow quater-
nized CS by electrostatic self-assembly, providing a unique core–shell structure (QCS@N–
TiO2) [148]. Then, Ag NPs were deposited on the surface of QCS@N–TiO2 via a simple
photodeposition process. Thus, QCS@Ag–TiO2 multifunctional catalytic materials were
fabricated (Figure 22).
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QCS@Ag–TiO2 allowed for the catalytic degradation of SDBS under visible light: 96.4%
of SDBS conversion was achieved within 180 min. The excellent degradation characteristic
was ascribed to a large number of active sites and adsorption sites on the surface of the
quaternized CS, effective separation of electron–holes in N–TiO2 and surface plasmon
resonance and photothermal effect of Ag NPs [148].

As previously mentioned, CS-based materials can be used not only for stabilization of
catalytic metal NPs, but also for metal ions.

A CS-based, magnetically recoverable and recyclable catalyst, MCS–GT@Co(II), was
developed for the highly efficient and green synthesis of 2,4,5-trisubsituted and 1,2,4,5-
tetrasubstituted imidazoles [137]. The catalyst was prepared by immobilization of CS
onto Fe3O4 using GA as crosslinker followed by Co(II) ion immobilization (see Figure 23).
Fe3O4 NPs were prepared using the coprecipitation method and added to CS acid solution.
The resulting mixture was crosslinked with GA (designated as MCS–GT NPs). Resulting
MCS–GT NPs (with sizes of about 20 nm) were treated with cobalt acetate solution (MCS–
GT@Co(II) NPs).
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MCS–GT@Co(II) NPs were tested in one-pot three- and four-component condensa-
tion reactions to synthesize 2,4,5-trisubstituted and 1,2,4,5-tetrasubstituted imidazoles of
biological and pharmaceutical importance. The MCS–GT@Co(II) catalyst allowed high
yields (in most cases 90–99%) and purity of products, short reaction time, atom economy,
easy and environmentally benign work-up procedure, clean and mild reaction conditions,
use of various substituted aldehydes and amines, easy separation of catalyst by applying
an external magnet, recyclability and reusability of the catalyst and no use of column
chromatography for the purification of products [137].

Photolatent heterogeneous Cu(II) precatalyst supported by CS powder (CuBP–CS)
was developed and tested in copper-catalyzed azide–alkyne cycloaddition [138]. The
benzophenone (BP) photosensitizer was employed in catalytic amount, i.e., 10 mol% with
respect to the Cu(II) ions, to effectively promote the Cu(II) to Cu(I) photoreduction process
(Figure 24). This allowed for the effective synthesis of a range of triazoles, in particular those
bearing sugar moieties, under light illumination and sodium ascorbate-free conditions.
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The catalytic activity of CuBP–CS was shown to be effectively switched on when
illuminated with a low intensity UVA-emitting lamp. The catalyst could be recovered
and reused several times with no appreciable decrease in catalytic activity. As a practical
application of the procedure, the anticonvulsant drug rufinamide was isolated at 82% yield
on a 10 mmol-scale synthesis [138].

CS-supported copper catalysts were synthesized [139] using a simple procedure:
different Cu(II) and Cu(I) salts or Cu powders were added to a CS suspension. Series
of CS@copper catalysts were obtained and tested in the synthesis of alkyl/aryl-mixed
phosphates by conversion of P–N bonds into P–O bonds through a nucleophilic substi-
tution reaction under aerobic conditions. The deaminated esterification was conducted
underrelatively mild conditions, generating nitrogen gas as a byproduct. The developed
methodology enabled the preparation of mixed phosphates in moderate-to-excellent yields
(up to 94%). However, the decreased copper content of the recovered catalyst indicated
that active species were leaching during the reaction or workup procedure and might have
been responsible for the loss of activity.

CS-supported CuSO4(CTS–CuSO4) and CS-supported Cu NP/Cu2O microcrystal
(CuNP/Cu2OMCs)-heterogeneous catalysts were developed [140] using CS powder with-
out any additional shaping or crosslinking.

Different crystal structures of Cu2OMCs were obtained in combination with Cu NPs
through the chemical reduction of CuSO4 using ascorbic acid as a reducing agent [140].
These composites were applied for the synthesis of bis(indolyl)methanes under mild
solvent-free conditions (80 ◦C). Depending on the aldehyde, in most cases, an yield of the
target products from 15% up to 100% was achieved using the catalyst with the highest
CuSO4 content (78.2 wt.% CTS–CuSO4). In was also found that CTS–CuNP/Cu2OMC
catalyst was an effective alternative to CTS–CuSO4 in the synthesis of bis(indolyl)methanes
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when aliphatic aldehydes were used. Reusability of the obtained catalysts was up to five
catalysis/recovery cycles.

Cu-containing, CS-based catalysts can be also used for the oxidation of sulfides
into sulfoxides, which are versatile synthetic intermediates [145,146]. Naghipour and
Fakhri [145,146] reported the synthesis of magnetically separable catalysts via anchoring of
a CS–Schiff’s base complex (CS was functionalized with 5-bromosalicylaldehyde [145] or
picolinaldehyde [146]) to the surface of Fe3O4 NPs (with an average size of 20 nm) with
subsequent metalation with Cu(II) acetate. Fe3O4–CS–Schiff’s base Cu complexes catalyzed
the oxidation of sulfides to sulfoxides with 100% selectivity in all cases under green reaction
conditions and excellent yields. Moreover, easy recovery and reusability up to four cycles
without noticeable loss of catalytic activity was found.

One of the interesting directions is the synthesis of aerogels from CS for different
applications (drug delivery, biomedicine, environmental protection (purification of gases
and liquids), thermal insulation and catalysis) [153,154,162–164]. Aerogels can be obtained
from different CS-containing composites consisting of other natural/synthetic polymers
and inorganic materials (metals, oxides, GO, etc.). The procedure of CS-based aerogel
synthesis includes several steps: (i) preparation of CS solution; (ii) gelation (a large variety
of gelating agents can be used); (iii) pretreatments before drying (solvent exchange or chem-
ical modification); (iv) drying, resulting in the formation of a porous solid (supercritical
drying or freeze drying); (v) post-drying treatment (second drying step) [164].

Takeshita et al. [164] classified the catalytic activity of CS aerogels in three categories:
(i) direct organocatalysis of NH2 as a Brønsted base and/or hydrogen bond; (ii) use of
NH2 as a support of organocatalysts through chemical modifications; and (iii) supports of
inorganic materials, such as metal NPs and oxides.

Le Goff et al. [153] synthesized secondary amino CS derivatives by reacting CS aerogels
with arylaldehydes under heterogeneous conditions. CS aerogels were prepared in the
form of beads. CS beads were obtained via common dripping of CS acidic solution into
sodium hydroxide solution and then dehydrated using successive immersion in a series
of water–ethanol baths of increasing alcohol concentration. Finally, CS beads were dried
under supercritical CO2 conditions to provide aerogel material. CS aerogels were treated
with several aldehydes to reach a high degree of substitution during the imineformation
process. Then, the reduction of CS–Schiff’s base derivatives succeeded using NaBH3CN,
and a high reduction ratio (>80%) was achieved (Figure 25). Textural analyses showed that
successive heterogeneous chemical modifications to CS aerogels do not lead to a collapse
of the structure and aerogels keep a surface of about 250 m2/g with a distribution of
mesopores centered at 23 nm.
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A phosphine-based CS aerogel was used as a phosphorylated ligand in the Pd-
catalyzed allylic substitution—one of the most important reactions for carbon–carbon
and carbon–heteroatom bond formation. The allylation reaction between (E)-1,3-diphenyl-
3-acetoxyprop-1-ene and dimethyl malonate using N,O-bis(trimethylsilyl)acetamide as
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base was selected as a model reaction. The reaction was completed after 24 h at 20 ◦C,
affording the expected allylated malonate in good 76% yield [153].

One of the recent studies on CS-based metallic aerogels was carried out by Shen
et al. [154], who applied an unusual approach for the fabrication of metallic aerogels—
pyrolysis of xerogels derived from CS–metal (M = Fe, Co, Ni) hydrogels. Metallic aerogels
were synthesized using the following steps: (i) CS–metal complexes were formed by the
addition of metal salts to acidic CS solutions; (ii) NaOH was added to the resulting mixtures
undervigorous stirring that resulted in hydrogel formation; (iii) the metallic hydrogels
were freeze-dried; (iv) the dried metallic hydrogels were calcined at a defined temperature
(800, 1200 or 1300 ◦C) for 2 h. Thus, metal NPs were formed and encapsulated ingraphite
shells. It was shown that the resulting metallic aerogels are highly stable, efficient and
selective nanocatalysts towards the hydrogenation of different nitroarenes to amines at low
catalyst loading (1.2 mol.%). Using Fe⊃ ⋂

C-1300, more than 99% yield of target products
was achieved in THF–water mixture (1:1) at 130 ◦C and 5 MPa for 48 h. This catalyst could
be reused for more than 30 runs without obvious loss of activity and selectivity. These
distinguished performances were attributed to the graphitic shells formed during pyrolysis,
which hampered the possible aggregation of metal NPs, prevented metal leaching and
increased their stability.

Functionalization of CS with phosphine groups is a promising approach for the devel-
opment of Pd-containing catalysts intended for cross-coupling reactions, which proceed via
a homogeneous mechanism. For example, de Souza et al. [155] developed CS functionalized
with diphenylphosphine (PPh2) and crosslinked with GA (Figure 26). CS–PPh2 was used
to immobilize Pd NPs with a size of about 4 nm, active in Heck cross-coupling (yield of
reaction products 80–89%). The CS–PPh2–Pd catalyst could be recycled up to three times
with negligible Pd-leaching. Moreover, Pd-loading was decreased down to 0.1 mol.% with
no significant yield losses.

Catalysts 2023, 13, x FOR PEER REVIEW 31 of 55 
 

 

 
Figure 26. Scheme of CS–PPh2 (based on Ref. [155]). 

Different catalytically active oxides (ZnO, MgO, Cu2O, CuO, Fe3O4) can be stabilized 
with CS [133,158–160]. For example, Bashal et al. [133] synthesized CS–ZnO composite 
films containing ZnO NPs (30–32 nm) with a variation in ZnO content (5–25 wt.%). It was 
found that CS–ZnO nanocomposite film (20 wt.%) could be a viable, effective, recyclable 
(for more than three uses) and heterogeneous base catalyst in the synthesis of different 
thiazoles with high yields (up to 93%). Catalytic systems based on CS functionalized with 
IC and Cu2O or CuO NPs were obtained [158] for the click reaction and CO2 fixation with 
high efficiency. Riyadh et al. [159] prepared a composite CS–MgO film serving as an ef-
ficient and ecofriendly basic catalyst, allowing for the synthesis of two novel series of 
5-arylazo-2-hydrazonothiazoles and 2-hydrazono [1,3,4] thiadiazoles, incorporating a 
sulfonamide group, under microwave irradiation. Yields of target products exceeded 
80% depending on started compounds. The average size of the MgO particles was found 
to be approximately 6–11 nm for 10 wt.% and it was found that the particles’ size slightly 
decreased with increasing magnesia content. The CS–MgO nanocatalyst could be easily 
recovered and reused many times without loss in its catalytic activity. Saba et al. [160] 
synthesized Schiff’s base of Fe3O4@CS with 4,4′-diselenobisbenzaldehyde (Fe3O4@CSSe) 
composite and used it as a catalyst for the oxidation of sulfides in the presence of H2O2 at 
room temperature. The yield of sulfoxides was found to depend on the amount of H2O2, 
catalyst loading and solvent nature. For example, oxidation of dibutyl sulfide was ob-
served in asolvent-free condition with ayield of 94% in the presence of 20 mg Fe3O4@CSSe 
and 0.5 mL H2O2. 

Bimetallic NPs stabilized with CS are rarely reported. One of the recent studies was 
reported by Puthukkara P et al. [165], who synthesized CS-stabilized bimetallic 
iron/nickel (CS-Fe/Ni) NPs using a chemical reduction of metal precursors with NaBH4 in 
CS solution. No crosslinking agents were used. The average size of the NPs was below 15 
nm. CS–Fe/Ni was used for the removal of dyes (MG, MB) at various NP dosages, contact 
times and the initial concentrations of the dyes. At the chosen conditions (50 mg/L of dye 
solution (40 mL) and 2 g/L of the adsorbent; contact time 180 min), CS–Fe/Ni NPs re-
vealed high removal efficiency: 99% and 88% of dye removal for cationic dye (MG) and 
anionic dye (MB), respectively. 

Recently, Bumagin et al. [166] reported the synthesis of polymetallic ferromagnetic 
Pd–Fe–Co–Ni–CS composites for the Heck reaction in aqueous media in the presence of 
an ionic liquid. Synthesis of the composite was carried out by mechanochemical activa-

Figure 26. Scheme of CS–PPh2 (based on Ref. [155]).

Different catalytically active oxides (ZnO, MgO, Cu2O, CuO, Fe3O4) can be stabilized
with CS [133,158–160]. For example, Bashal et al. [133] synthesized CS–ZnO composite
films containing ZnO NPs (30–32 nm) with a variation in ZnO content (5–25 wt.%). It was
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found that CS–ZnO nanocomposite film (20 wt.%) could be a viable, effective, recyclable
(for more than three uses) and heterogeneous base catalyst in the synthesis of different
thiazoles with high yields (up to 93%). Catalytic systems based on CS functionalized with
IC and Cu2O or CuO NPs were obtained [158] for the click reaction and CO2 fixation
with high efficiency. Riyadh et al. [159] prepared a composite CS–MgO film serving as
an efficient and ecofriendly basic catalyst, allowing for the synthesis of two novel series
of 5-arylazo-2-hydrazonothiazoles and 2-hydrazono [1,3,4] thiadiazoles, incorporating a
sulfonamide group, under microwave irradiation. Yields of target products exceeded 80%
depending on started compounds. The average size of the MgO particles was found to
be approximately 6–11 nm for 10 wt.% and it was found that the particles’ size slightly
decreased with increasing magnesia content. The CS–MgO nanocatalyst could be easily
recovered and reused many times without loss in its catalytic activity. Saba et al. [160]
synthesized Schiff’s base of Fe3O4@CS with 4,4′-diselenobisbenzaldehyde (Fe3O4@CSSe)
composite and used it as a catalyst for the oxidation of sulfides in the presence of H2O2 at
room temperature. The yield of sulfoxides was found to depend on the amount of H2O2,
catalyst loading and solvent nature. For example, oxidation of dibutyl sulfide was observed
in asolvent-free condition with ayield of 94% in the presence of 20 mg Fe3O4@CSSe and
0.5 mL H2O2.

Bimetallic NPs stabilized with CS are rarely reported. One of the recent studies was
reported by Puthukkara P et al. [165], who synthesized CS-stabilized bimetallic iron/nickel
(CS-Fe/Ni) NPs using a chemical reduction of metal precursors with NaBH4 in CS solution.
No crosslinking agents were used. The average size of the NPs was below 15 nm. CS–Fe/Ni
was used for the removal of dyes (MG, MB) at various NP dosages, contact times and
the initial concentrations of the dyes. At the chosen conditions (50 mg/L of dye solution
(40 mL) and 2 g/L of the adsorbent; contact time 180 min), CS–Fe/Ni NPs revealed high
removal efficiency: 99% and 88% of dye removal for cationic dye (MG) and anionic dye
(MB), respectively.

Recently, Bumagin et al. [166] reported the synthesis of polymetallic ferromagnetic
Pd–Fe–Co–Ni–CS composites for the Heck reaction in aqueous media in the presence of an
ionic liquid. Synthesis of the composite was carried out by mechanochemical activation
by grinding CS powder with corresponding metal salts with subsequent treatment with
reducing agent (NaBH4). Additionally, the resulting composite was coated with palladium
(Pd–Fe–Co–Ni–CS@Pd). The obtained catalysts were tested in Heck cross-coupling between
different aryl bromides and iodides, allowing for a high yield of reaction products (93–98%)
in the presence of 0.5 mol.% of Pd. Thus, the following intermediate conclusions can be
pointed out:

(i) The ability of CS to effectively adsorb both organic and inorganic compounds can be
used for the development of catalytic systems, in which the inorganic part, entrapped
by CS, is in catalytically active phase while organic adsorbate is the subject of catalytic
transformation;

(ii) In spite of vast experience in the field of absorbent development, researchers working
in catalysis seem to rarely use all the accessible achievements. For example, crosslink-
ing agents are typically not used, as well as certain shaping at macro-level of the
resulting catalytic material that could be useful in continuously operating reactors.
Adsorption of metal cations was found to proceed more effectively while using CS
grafted with different functional groups (see Section 3); hence, it is surprising that in
many reported studies devoted to the use of metal ions as catalysts, native CS without
any modifications was applied. Thus, there is room for further improvement;

(iii) Magnetically separable catalysts obviously have the advantage of easy separation
from the reaction mixture, but these catalysts have a limitation—sensitivity to low pH,
since CS itself cannot prevent the dissolution of magnetic NPs. Thus, CS crosslinking
and coating of magnetic NPs with a protective shell (carbonaceous or oxide), resistant
to low pH, is a promising approach.
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4.2. Chitosan-Containing Composite Biocatalysts

CS is widely used for the immobilization of enzymes as a part of support for covalent
binding or encapsulation [167–172]. The ability of CS to shape beads/microspheres, mi-
crocapsules, fibers, membranes, coatings, sponges and gels has expanded its applicability
as a support for the immobilization of a wide range of biomolecules and enzymes [173].
However, despite the advantages of using CS as a support for enzyme immobilization, CS
beads and fibers are quite fragile and mechanically unstable [174,175].

As previously mentioned, the mechanical properties of CS-based materials can be
increased via covalent crosslinking (i.e., with GA or ECH). However, the cytotoxicity of the
aforementioned crosslinking agents may hinder the use of CS hydrogels for pharmaceutical
and biomedical applications. Thus, in contrast to CS-based adsorbents and metal-containing
catalysts, toxic GA is replaced with the safer TPP at the crosslinking stage. For example,
Ji et al. [176] used CM prepared by dripping of CS acid solution in the solution of sodium
TPP (crosslinking agent) for further co-immobilization of 7α- and 7β hydroxysteroid
dehydrogenases (HSDH). It is noteworthy that the immobilization of these enzymes was
carried out by preliminary activation of CM with GA that is common for enzyme deposition
on heterogeneous supports. CM-immobilized HSDHs were used for the conversion of
taurochenodeoxycholic acid (a component of chicken bile). The catalytic reaction reached
equilibrium within 4 h. The yield of reaction product (tauroursodeoxycholic acid) was
about 62% after equilibrium and the content of tauroursodeoxycholic acidin the reaction
product was as high as 33.16% [176]. A similar procedure was applied by Singh et al. [177]
for the immobilization of extracellular inulinase from Kluyveromyces marxianus on CS beads.
Under the optimized conditions, a maximum yield 65.5% of immobilized inulinase was
obtained. The maximum hydrolysis of inulin—84.5%—was observed at 125 rpm after 4 h
using an immobilized enzyme. The developed immobilized biocatalyst was successfully
used for the hydrolysis of inulin for 14 batches.

An unusual approach was proposed by Manan et al. [178], who synthesized ahybrid
support consisting of CS and chitin nanowhiskers (CNWs). CNWs were introduced into
CS solution in 2% acetic acid containing tannic acid as a crosslinking agent, and then the
obtained mixture was dripped into NaOH solution. The resulting CS/CNWs beads were
treated with 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide (EDAC) hydrochloride and
N-hydroxysuccinimide (NHS) for further immobilization of Rhizomucor miehei lipase (LIP).
The LIP loading of 2 mg/g was achieved, corresponding to the specific and residual activity
of 537 U/g and 137%, respectively. Immobilized LIP was used for synthesis of eugenyl
benzoate with the highest yield of 56.3% achieved for 5 h using 3 mg/mL of LIP–CS/CNWs
with a molar ratio of eugenol:benzoic acid of 3:1.

De Freitas et al. [179] immobilizedβ-galactosidase produced by the yeast Kluyveromyces
lactis NRRL Y1564 and delivered an enzymatic activity of 4418.37 U/gcell after 12 h of pro-
cessing on the CS particles without any crosslinker (CS was dissolved in 2% acetic acid,
and then coagulating agent (KOH) was added during stirring). After coagulation, CS
particles were activated with GA, ECH or glycidol. GA was chosen as an optimal activating
agent. The biocatalyst obtained by immobilization in CS–GA allowed for the effective
hydrolyzation lactose of milk (42.8% of conversion) and produced lactulose (17.32 g/L).

Okura et al. [180] prepared GA-activated CS hydrogel (anacidic solution of CS was
dripped into NaOH solution), which was further treated with glycine solution (CS–GA–
Gly). The obtained CS–GA–Gly was used for the immobilization of the LIP from Ther-
momyces lanuginosus (TLL). CS–GA–Gly–TLL was ~four times more active than CS–GA–
TLL in both olive oil emulsion hydrolysis and alkyl palmitate synthesis via esterification.
Isoamyl palmitate synthesis in isooctane at 50 ◦C using CS–GA–Gly–TLL provideda maxi-
mum conversion of 85% after 90 min of reaction. After nine consecutive runs, the biocatalyst
retained 34% of its initial activity.

Aggerwal et al. [181] immobilized tripsin on the surface of GA-activated ZnO/CS
nanocomposite through covalent attachment via Schiffbase linkages. GA–ZnO/CS nanocom-
posite was synthesized using arelatively simple procedure including the following steps:
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(i) synthesis of ZnO NPs; (ii) addition of ZnO NPs to CS solution; (iii) addition of NaOH
solution to suspension of ZnO NPs to form ZnO/CS nanocomposite; (iv) activation of
ZnO/CS with GA. Optimal immobilization conditions (incubation time (16 h), enzyme
concentration (1.8 mg/mL) and pH (7.8)) were investigated to obtain the maximum activity
of the immobilized trypsin. The immobilized trypsin exhibited optimum catalytic activity
at pH 8.5 and 60 ◦C. Immobilized trypsin preserved 67% of initial activity at 50 ◦C during
2 h of incubation and sustained nearly 50% of catalytic activity until the 9th repeated cycle
of utilization. Moreover, the immobilized trypsin retained 50% of its enzymatic activity
after 90 days of storage at 4 ◦C.

Aman et al. [182] studied the immobilization of dextransucrase produced by an
indigenously isolated strain of Leuconostoc mesenteroides AA1 on CS beads, which were
crosslinked and activated with GA. Immobilized dextransucrase exhibited higher catalytic
performance in a broader range of pH than the soluble form. The immobilized version
worked better at lower pH values of 4.0 and 4.5 and exhibited approximately 75.0% and
82.0% of relative activity compared to that of the soluble form, respectively.

Bôa Morte et al. [183] developed a magnetically separable biocatalyst based on
amano LIP immobilized on Fe3O4 NPs (nanomagnetine (nM)) either modified with 3-
aminopropyltriethoxysilane (APTES) or stabilized with oleic acid (OA) (Figure 27) and
then modified with CS (nM–OA–CS). For the modification of nM–OA with CS, nM–OA
particles were dispersed in acidic solution of CS and then dripped in NaOH solution. The
nM–APTES and nM–OA samples disclosed crystal sizes of 8.07 and 8.69 nm, respectively.
The nM–OA–CS displayed an average particles size of 918.6 nm. Lip was immobilized by
covalent binding with GA on both nM–APTES–GA and nM–OA–CS–GA supports with
different surface/volume ratios. The catalytic activity of nM–APTES–GA–LIP (85%) was
higher than that of nM–OA–CS–GA–LIP (46%), which reflected the correlation between en-
zyme loading efficiency on the magnetic nanosupports and their relative activity, essential
to potential use in a magnetically stabilized fluidized bed reactor.
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A two-step approach was proposed by Wang et al. [184] for the synthesis of a novel
type of bio-friendly composite membrane of poly(methyl acrylate-co-acrylic acid) and
CS (PMA-co-PAA@CS), which served as a support for the immobilization of horseradish
peroxidases (HRP). A composite membrane was obtained by the following steps:

(i) The PMA-co-PAA membrane was obtained using the electrospinning method;
(ii) Carboxyl groups of PMA-co-PAA were activated with EDAC/NHS;
(iii) The activated membrane was immersed in CS solution in 0.2 M acetic acid.
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Then, PMA-co-PAA@CS was treated with GA and HRP was immobilized.
Immobilized HRP (about 110 mg/g) revealed noticeably higher thermal (25–60 ◦C),

pH (4–10) and storage stabilities compared to native HRP. Moreover, the PMA-co-PAA@CS–
HRP was demonstrated to be an active and recyclable biocatalyst for the catalytic oxidation
of 4-NP over 10 cycles. The activity of PMA-co-PAA@CS–HRP reached maximum at
a concentration of 4-NP of 100 mg/L, allowing 86% removal efficiency. The improved
performance of the immobilized HRP was attributed to CS, which provided not only a
hydrophilic environment but also multiple binding sites for the HRP [184].

Costa-Silva et al. immobilized LIP of Cercospora kikuchii [185] on CS beads, which were
prepared using a generally accepted method and were activated with sodium metaperio-
date, ECH or GA. Among the chosen activating agents, GA allowed the best immobilized
enzyme for all the analyzed parameters, mainly LIP activity retention, which represented an
improvement of 46.5% on the free LIP. It is noteworthy that CS beads underwent fluidized
bed drying that provided excellent features (low moisture content (3.84% w/w) and water
activity (~0.10)) for LIP application in organic media for the esterification/transesterification
process. The obtained immobilized LIP system was used [185] to catalyze the synthesis of
butyl butyrate with high yield (98.96%).

A further improvement of the biocatalyst preparation procedure was the applica-
tion of the magnetic separation principle and spray drying method [186]. Fe3O4–CS–LIP
microparticles were prepared by mixing magnetic NPs (Fe3O4/CS ratio was 1/4 w/w)
and enzyme solution (LIP of Candida rugosa) with CS solution in acetic acid. Optionally,
activating agents (e.g., GA) were added. The resulting mixture was either dripped to the
solution of sodium TPP or, alternatively, underwent spray drying. It was found that all the
immobilized derivatives retained between 73.6% and 84.6% of initial enzyme activity in
the reaction of isoamyl caprylate synthesis. Long-term storage (6 months) at 5 ◦C revealed
that the immobilized derivatives retained more than 70% of their activity. For comparison,
free LIP retained only 18.3% of its activity. The immobilization process also made LIP reuse
possible: composite materials retained between 40% and about 60% of their initial activity
after ten reuse cycles.

Apriceno et al. studied the immobilization of laccase (LAC) from Trametes versicolor
on CS-based supports [187,188]. CS beads were prepared and crosslinked with GA or
ECH and used for LAC immobilization (CS–GA–LAC or CS–ECH–LAC). Moreover, for
the immobilization of LAC, for the first time, the direct conjugation of the enzyme was
applied through the interaction between the carbonyl group, formed after the periodate
oxidation of the LAC carbohydrate portion, and the amino groups of CS (CS–LAC). All
the three methods were reliable for the immobilization of LAC. However, the CS–LAC
system revealed higher storage stability: it retained initial activity for 30 days in the
oxidation reaction of 2,2′-azino-bis-(3-ethyl-benzothiazoline-6-sulfonic acid) (ABTS) to
its cation radical ABTS+. On the contrary, CS–GA–LAC and CS–ECH–LAC showed a
decrease inactivity of 50 and 40%, respectively [187]. Another catalytic system used for
LAC immobilization was based on manganese iron oxide (MnFe2O4) magnetic NPs coated
with CS using two methods: (i) after the formation of magnetic NPs; (ii) during the synthesis
of magnetic NPs (in situ). Both methods, in general, followed the well-known procedures
described in previous sections of this review. LAC was covalently bonded to the resulting
composites with GA. It was found that both CS-based supports possessed more specific
activity against ABTS than the naked magnetic NPs, which exhibited not-Fenton-type
intrinsic activity, attributed to the Fe3+ surface ions. The potential oxidant activity of
the developed biocatalytic systems was tested for the degradation of diclofenac at room
temperature in the presence of ABTS as a mediator. It was shown that in contrast to the
free LAC, the enzyme immobilized on magnetic supports possessed both good resistance
to temperature denaturation and storage stability for 30 days. The most promising system,
based on the in situ-formed magnetic NPs covered with CS, showed adiclofenac removal
efficiency of 78%, higher than that of the free enzyme (70%). Almost no decrease in catalytic
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activity was found for this system due to the active conformation assumed by the covalently
immobilized enzyme and to the contribution to the activity of the CS-coated support [188].

A magnetically separable, CS-based material was applied for immobilization of LIP
from Candida antarctica by Ariffin et al. [189]. For the synthesis of composite support,
maghemite NPs (2–3 nm) were placed into CS solution in 1.5% acetic acid. Then, the
excess CS was removed by washing the solution with deionized water and separated
with an external magnet. The resulting material was dispersed into asolution of sodium
TPP to form a maghemite/CS/TPP composite. For the immobilization of LIP, GA was
applied. Optimization of the conditions for LIP immobilization allowed for the selection
of the process variables: 9 h incubation time, 55 ◦C incubation temperature and 12% (v/v)
GA content. The optimized immobilized LIP activity was 1.8 U for the p-nitrophenyl
palmitatehydrolysisreaction.

Carli et al. [190] immobilizedβ-glucosidase from Humicola insolens (Bglhi) and endoglu-
canase from Scytalidium thermophilum (Egst) on Fe3O4 NPs derivatized with CS/GA/N-
(5-amino-1-carboxy-pentyl) iminodiacetic acid (AB–NTA) and functionalized with NiCl2
using the procedure developed by Carneiro et al. [191]. Briefly, CS solution in acetic acid
was added to asuspension of Fe3O4 NPs and then CS-covered magnetic NPs were treated
with crosslinking agent (GA). After removing the excess of GA, composite NPs were treated
with AB–NTA and NiCl2. Immobilization of Bglhi and Egst proceeded withthe coordina-
tion of the imidazole group of a 6-histidine tag added to either the N-terminal (in the case
of Bglhi) or C-terminal (in the case of Egst) of the protein with the Ni2+ coordinated with
NTA group of NPs. The immobilization yields were about 20% for Bglhi and Egst with
efficiencies of 132% and 115%, respectively. The two enzymes were also co-immobilized
with a yield ofabout 49%. The optimal temperatures of the immobilized enzymes were
70 ◦C and 55 ◦C for Egst and Bglhi, respectively. The individually immobilized enzymes,
when combined, showed a synergistic effect on the substrates tested (p-nitrophenyl-β-D-
glucopyranoside for Bglhi and carboxymethylcellulose for Egst) and similar action when
compared to the co-immobilized enzymes.

Core–shell CS beads (CSBs) and dried CS beads were synthesized by Charoenwongpai-
boon et al. [192]. DBs were obtained using thetypical procedure with slight modifications:
CS was dissolved in a mixed acid solution containing acetic acid, lactic acid and citric acid
and then dripped into NaOH solution, washed and dried at 60 ◦C. For CSB preparation,
dried CS beadswere soaked in a 0.5% acetic acid solution for 60 s and then neutralized by
the addition of an equimolar amount of NaOH. CSBs were found to be an effective support
for immobilization of recombinant inulosucrase (INU) from Lactobacillus reuteri 121 (GA
was used as an activating agent). INU–CSBs were used for the synthesis of inulin-type
fructooligosaccharide and revealed a higher optimum temperature (60 ◦C) compared to free
INU (50 ◦C). Moreover, the pH stability and thermostability of the INU–CSBs improved
significantly. After being reused for 12 cycles, the INU–CSBs retained about 45% of their
initial activity. The inulin-type fructooligosaccharide was also continuously synthesized in
a fixed-bed bioreactor for at least 30 h using INU–CSBs.

Crosslinked enzyme aggregates (CLEAs) are an alternative to carrier-bound enzymes,
allowing for the immobilization of enzymes in their own macromolecular matrix. Sev-
eral enzymes were crosslinked using a bifunctional reagent (e.g., GA) and exhibited 10
to 1000 times higher specific activity (IU/gcatalyst) than their carrier-bound enzyme coun-
terparts [193]. Co-immobilization of different enzymes (combi-CLEAs) allows cascade
reactions to be carried out; however, the small and variable particle size of combi-CLEAs
(5–50 µm) remains as a problem. Thus, Tavernini et al. [193] entrapped combi-CLEAs of
β-D-glucosidase (βG) and α-L-arabinofuranosidase (ARA) in CS beads. The beads were
obtained by dripping the mixture of solutions of combi-CLEAs and CS into sodium TPP
solution. The resulting biocatalyst beads (average diameter 1.24 mm) retained full activity
after 91 days of incubation under winemaking conditions, having specific activities of 0.91
and 0.88 IU/g βG and ARA, respectively. Such characteristics make them suitable for
aroma enhancement in wines.
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Some researchers proposed the use of genipin (GP) extracted from the fruits Genipa
americana and Gardenia jasminoides Ellis as a crosslinking reagent (Figure 28) [194–197]. GP
is 5000–10,000 times less cytotoxic than GA. Hyun et al. [198] suggested a new anodic
catalyst consisting of CNTs, 4-nitrobenzoic acid (4-NBA), CS, GP and glucose oxidase (GOx)
to promote glucose oxidation and the performance of an enzymatic biofuel cell. The new
CNT/4-NBA/[CS/GOx/GP] catalyst contained a large amount of GOx (17.8 mg/mL)
and produced a high anodic current (331 µA/cm2 at 0.3 V vs. Ag/AgCl) with low onset
potential (0.05 V vs. Ag/AgCl).
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Figure 28. Crosslinking of CS with GP [198].

Ma et al. [199] used GP for the activation of CS beads prepared using typical dripping
of CS acidic solution into NaOH solution and immobilization of LAC (Figure 29) from
white rot fungus Trametes pubescens for removal of different dyes including CR, MB, etc.
Maximum immobilization was obtained with 0.10% (v/v) GP and 4.0 U mL−1 of enzyme
solution after activation and contact for 14 h and 6 h, respectively. Improved pH, thermal
and storage stabilities of the immobilized LAC were obtained when compared with the
free counterpart. The CS–LAC system exhibited a residual activity of >55% after 11 cycles,
demonstrating better durability than the free LAC. The activity loss of CS–LAC after
30 days of storage at 4 ◦C was 42.86%.
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Figure 29. Activation of CS with GP and further immobilization of LAC [199].

Klein et al. [200] immobilized β-D-galactosidase from Aspergillus oryzae on CS particles,
which were obtained by dissolution of CS in acidic medium with subsequent dripping into
NaOH solution. After the enzyme adsorption, GP was applied as crosslinking agent. β-D-
galactosidase–CS–GP particles were applied for the synthesis of galactooligosaccharides at
a different variation of the initial lactose concentration, pH and temperature, and yields
of 30% were achieved. β-D-galactosidase immobilized using GP had higher activity than
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the biocatalyst prepared using GA. The immobilized enzyme maintained 100% of its initial
activity after 25 batches of lactose hydrolysis.

The biotechnological route of utilizing Rhizomucor miehei LIP conjugated to a magnetite
support was proposed by Rahman et al. [201] to produce pentyl valerate—a fuel additive.
Magnetic Fe3O4 NPs were added to a suspension of chitin in CS solution in the presence of
mineral oil and Tween 80. This mixture was treated with GA and then the pH was adjusted
to 10 with NaOH solution. The resulting magnetically separable composite material was
separated using an external magnetic field, washed and dried, and, after activation with
EDAC/NHS, used for immobilization of LIP. The highest yield of pentyl valerate (96%)
was reached under an optimized condition (50 ◦C, using a valeric acid/pentanol molar
ratio of 1:2, with a LIP loading of 1.5 mg/mL and incubation time of 3 h). The immobilized
LIP retained 90% activity after 40 days of storage and leached an initial 3.5% of the LIP,
likely due to insufficient rinsing during preparation.

Saikia et al. [202] immobilized inulinase from Aspergillus niger on CS-coated magnetic
NPs. Magnetite NPs were prepared using theco-precipitation method and placed into
CS acidic solution. Further addition of NaOH solution allowed for the formation of CS
gel with the entrapped Fe3O4 NPs. CS-based magnetic composite was activated with
EDAC/NHS for immobilization of inulinase. Hydrolysis of 5% inulin using immobilized
inulinase (2.5 U/mg) led to a fructose release of 35.8 g/L at pH 6.0 and a temperature of
60 ◦C in 3 h. Obtained fructose was further used to produce hydroxymethylfurfural over
TiO2magnetic silica spheres. The immobilized inulinase was recycled with up to 10 cycles
of inulin hydrolysis with 9.2 g/L of fructose released at the 10th cycle.

Medium-chain, oleic (18:1n-9) and medium-chain fatty acid structured lipids were
produced by Akil et al. [203] via acidolysis reaction in solvent-free medium with capric
(10:0) and lauric (12:0) free fatty acids and triolein or olive oil using Yarrowia lipolytica LIP
as a biocatalyst. This LIP was immobilized by microencapsulation in CS–alginate beads,
which were produced by ionotropic gelation of CS with SA. Prior to gelation, SA was
solubilized in the enzyme extract. The resulting mixture was dripped into a solution of
calcium chloride and CS, resulting in the formation of microcapsules. The immobilized LIP
resulted in a similar incorporation efficiency for lauric acid with olive oil triacylglycerols
and this reaction could be performed for fivecycles without catalytic activity loss.

Co-immobilization of LAC and ABTS was carried out [204] for removal of 2,4-dichlorophenol,
bisphenol A, indole and anthracene. LAC was immobilized on magnetic CS NPs modified
with amino-functionalized ionic liquid containing ABTS (MACS–NIL) based on Cu ion
chelation (MACS–NIL–Cu–LAC). First, CS was modified with NIL, and then the obtained
CS–NIL was dissolved in acetic acid and added dropwise to the suspension of Fe3O4 NPs
containing ABTS. After that, a solution of NaOH was added, resulting in the formation
of MACS–NIL. The MACS–NIL NPs were activated with Cu(II) and then the LAC was
immobilized (Figure 30).
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MACS–NIL–Cu–LAC revealed enhanced activity (1.7-fold more than of free LAC),
improved pH and temperature adaptability, and increased thermal and storage stability.
The MACS–NIL–Cu–LAC had good removal efficiency with 100% for 2,4-dichlorophenol in
water at 25 ◦C, even when the concentration reached 50 mg/L. The reusability study showed
that after six catalytic runs, the removal efficiency of 2,4-dichlorophenol using MACS–NIL–
Cu–LAC could still reach 93.2%. Moreover, the MACS–NIL–Cu–LAC exhibited higher
catalytic efficiencies with 100%, 70.5% and 93.3% for bisphenol A, indole and anthracene,
respectively [204].

Ospina et al. [205] carried out a one-pot immobilization of β-galactosidase using the
silica sol–gel encapsulation process combined with metal chelation using CS and Ca(II),
Zn(II) or Cu(II). Briefly, sodium silicate and CS solutions in acetic acid were mixed (pH = 6),
salt solution (500 mM CaCl2, ZnCl2 or CuCl2) was added and then the enzyme was added
(100 IU/mL). No additional crosslinking agents were used. Metal chelation was proposed
to play an important role in the encapsulation process. It was found that the presence
of cations does not affect encapsulation efficiency (81%) and has positive effects on the
maximum catalytic potential. However, depending on the metal type, at 60 ◦C, different
thermal behavior was observed: Ca(II)—hyperactivating (1.6 times higher activity com-
pared to the soluble enzyme)/stabilizing; Zn(II)—hyperactivating/non-stabilizing; and
Cu(II)—non-hyperactivating/non-stabilizing effects. As a result, hydrolytic and transgalac-
tosylation activities of the enzyme (33.6–57.4% total lactose conversion) were higher than
thosereported with analogue biocatalysts.

Cai et al. [206] developed a promising strategy for LIP immobilization based on the mag-
netic microspheres functionalized with hyaluronic acid (HA) and CS (Fe3O4@SiO2@{CS/HA}3).
First, Fe3O4 magnetic microspheres and the core–shell were synthesized using ahydrother-
mal reaction and the sol–gel method, respectively. Then, a layer-by-layer assembly of HA
and CS on the surface of the Fe3O4@SiO2 microspheres was carried out. LIP was cova-
lently bonded on the surface of the resulting microspheres using EDAC/NHS to produce
Fe3O4@SiO2@{CS/HA}3@LIP. Fe3O4@SiO2@{CS/HA}3@LIP showed good thermal and
long-term stability (after storage for 30 days at 4 ◦C Fe3O4@SiO2@{CS/HA}3@LIP retained
78% of the initial activity), reusability (85% of initial activity was retained after nine consec-
utive cycles) and catalytic activity for the synthesis of the structured lipid of 1,3-dioleoyl-2-
palmitoylglycerol—healthy component of food, oil and pharmaceutical intermediates.

Olshannikova et al. [36] synthesized CS modified with 4-acetylsulfanilchloride (see
Figure 2) for the immobilization of proteases (ficin, papain and bromelain). Enzyme immo-
bilization was carried out by complexation via the addition of modified CS to an enzyme
solution having pH = 9 or 10. No additional shaping or crosslinking was applied. It was
found that the hydroxy, thionyl and amino groups of 2-(4-acetamido-2-sulfanilamide)CS
were involved in the complexation process. The immobilized papain (protein content
was about 12 mg/gsupport) was more active compared to other immobilized proteases.
Moreover, the total and specific proteolytic activities of immobilized papain were higher
(122% and 102%, respectively) compared to the native enzyme due to hyperactivation.

Moreover, Ol’shannikova et al. [207] and Red’ko et al. [208] synthesized a series of
nano- and microparticles of CS with the addition of ascorbic acid for further immobilization
of papain and bromelain. CS particles were prepared by dissolving CS in acetic acid
solution with the subsequent addition of NaOH under constant stirring. Ascorbic acid
was added to the CS solution before gelation. The immobilized papain exhibited 40% of
its catalytic activity after incubation for 168 h in Tris–HCl buffer (0.05 M, pH 7.5) at 37 ◦C,
while the free enzyme retained only 15% of its activity [207]. The free bromelain retained
13% of its activity after incubation for 168 h, while the immobilized enzyme exhibited
between 33% and 39% of its activity depending on the molecular weight of the CS and its
particle sizes [208].

A novel organic–inorganic hybrid nanoflower was obtained by Xu et al. [209] via the
CS-regulated biomimetic mineralization of calcium phosphate (CaP) to immobilize sucrose
phosphorylase (SPase) via self-assembly (CS–CaP@SPase). CS was dissolved in acetic acid
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with a subsequent addition of TPP aqueous solution duringstirring. Then, CaP and SPase
were added. The obtained CS–CaP@SPase exhibited excellent pH, byproduct and organic
solvent (acetonitrile) tolerance, and storage stability. CS–CaP@SPase maintained about
70% of relative activity, while free SPase retained only 5% at 60 ◦C. The CS–CaP@SPase
activity reached its maximum at pH = 8; at pH = 7 it retained 90% of relative activity, while
the free SPase retained 65% of relative activity. It was proposed that the active groups on
the CS–CaP surface could interact with H+, which could reduce the effects of H+ on the
activity of SPase. Moreover, the relative activity of CS–CaP@SPase was still retained at
about 80% after 10 cycles and maintained 75% after 15 days.

Gu et al. [210] developed bienzyme biocatalysts by co-immobilization of HRP and GOx
on DA-modified cellulose–CS composite beads via covalent binding (cellulose–CS@DA/HRP–
GOx) (Figure 31). To produce cellulose–CS@DA/HRP–GOx, cellulose and CS were dis-
solved in the ionic liquid ([Emim][OAc]); then, the resulting solution was added dropwise
into ultrapure water to obtain cellulose–CS composite beads. The cellulose–CS composite
beads and a certain amount of DA were placed in Tris–HCl buffer solution (pH 8.5) and left
to react. Then, cellulose–CS@DA beads were used as a support for the co-immobilization
of HRP and GOx at different ratios (3:1, 2:1, 1:1, 1:2 and 1:3).
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Cellulose–CS@DA/HRP–GOx beads showed good ability to catalytically degrade
acridine in wastewater. The highest degradation rate of acridine (99.5%, 8 h) was found at
anHRP-to-GOx ratio of 2:1. For comparison, the degradation rate of acridine in the case of
cellulose–CS@DA/HRP and cellulose–CS@DA/GOx was 93.8% and 15.8%, respectively,
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for 8 h. Additionally, the developed bienzyme biocatalyst maintained a degradation rate of
61.2% after six cycles of acridine degradation [210].

HRP was immobilized with 90% efficiency on the agarose–CS hydrogel (ACS–HRP)
using NHS as a mild chemical crosslinker [211] and used for degradation of reactive blue
19. CS was dissolved in 1% acetic acid and then added to agarose aqueous solution under
continuous mixing. After that, freshly prepared NHS solution was added to the agarose–
CS solution. This mixture was used to incorporate HRP; the resulting suspension was
poured in sterile glass plates and placed at 4 ◦C for 1 h to solidify the gel matrix completely.
ACS–HRP preserved higher activity under acidic environments with a pH of 4.0 (38 vs.
5.9%), and well stabilized under alkaline conditions, retaining 3.9-fold greater activity than
free HRP at pH 10. Using ACS–HRP, 1.6- and 4-fold greater activity was achieved at 50
and 70 ◦C, respectively, compared to the free enzyme. After 5 and 10 cycles of use, the
ACS–HRP retained above 90% and 60% of original activity, respectively.

Pereira et al. [212] reported the microencapsulation of LIP from Yarrowia lipolytica
IMUFRJ 50,682 with ionotropic gelation of CS with SA. Briefly, SA was dissolved in LIP
enzymatic extract, and then microcapsules were formed by dripping in calcium chloride
and CS solution (CS was preliminarily dissolved in acetic acid). Microcapsules remained in
the CaCl2 solution for a determined time at pH = 7 and were then lyophilized. The catalytic
activity of the immobilized LIP was estimated using p-nitrophenyl laurate as a substrate.
The optimum parameters of immobilization were found (3.1% (w/v) SA, 0.2% (w/v) CS,
0.14 M CaCl2 and 1 min complexation time) allowing for high immobilization yield (99.8%)
and 150.7 U/g of LIP activity. Microcapsules containing LIP from Y. lipolytica were more
stable at 37 ◦C than the free enzyme and retained 50% of activity after the second reaction
cycle and could be used for five reactions with 20% of initial activity.

A biocatalyst for the continuous production of gluten-reduced beer was developed
by Benucci et al. [213] based on immobilized prolyl endopeptidase from Aspergillus niger
(AN–PEP). AN–PEP was immobilized on CS beads, which we obtained by common drip-
ping CS acidic solution into NaOH solution and then functionalized with a polydialde-
hyde starch crosslinker. The maximum specific activity of the immobilized enzyme was
0.016 IU/mgBSAeq. (BSA (bovine serum albumin) was used as standard protein). The im-
mobilization increased the thermal stability of AN–PEP, which showed similar catalytic
properties in synthetic beer (toward the synthetic substrate Z-Gly–Pro–pNA) when it was
applied at 20 ◦C or at 50 ◦C. The continuous treatment in a fluidized bed reactorallowed
for the reductionof the initial gluten content (65 mg/kg) in commercial beer from barley
malt, reaching 19 mg/kg after 9 h and 15 mg/kg after 10 h of treatment.

Chen et al. [214] reported the synthesis of a biocatalyst usingco-encapsulation of LAC
and a natural redox mediator soybean meal extract (SBE) on Ca-modified CS–alginate beads
(CA–Ca–SBE–LAC). SA was dissolved in SBE solution and then mixed with certain amount
of LAC. Then, an alginate–SBE–LAC mixture was slowly dripped into CS–CaCl2 solution in
acetic acid. The obtained CA–Ca–SBE–LAC beads were hardened at room temperature for
6 h and applied for degradation of phenanthrene. A high degradation efficiency of 94.4%
was achieved for 0.5 ppm phenanthrene aqueous solution for 20 min, which was 20–30%
higher than that of free LAC. The CA–Ca–SBE–LAC maintained high catalytic activities
over a wide range of pH values (from 4 up to 9) and remained stable during 10 cyclic runs
(the degradation efficiency of phenanthrene was 83.1%) and after 50 days of storage at 4 ◦C
(the degradation efficiency of phenanthrene was 92%). The contributions of the free radical
pathway and nonradical pathway to phenanthrene were 12.5% and 87.5%, respectively,
and achieved the maximum double synergy of the mediator and LAC.

Metal oxide NPs can benefit not only fromthe activity of inorganic catalysts, but also
biocatalysts. El-Shishtawy et al. [215] synthesized crosslinked CS/ZnO nanocomposite,
which was additionally improved by Fe2O3 NPs. ZnO NPs were suspended in CS acidic
solution followed by mixing different concentrations of Fe2O3 NPs. A CS/ZnO/Fe2O3
nanocomposite was washed with distilled water and dried at 80 ◦C. No shaping, crosslink-
ing or activation of CS/ZnO/Fe2O3 was carried out. The immobilization of catalase was
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provided by adsorption at room temperature overnight. The CS/ZnO/Fe2O3 achieved
an immobilization yield of 84.32%. After 10 repeated cycles, the remaining immobilized
catalase activity was 45%. After 60 days of storage at 4 ◦C, the remaining activity of the
immobilized enzyme was found to be 47%. Maximum activity immobilized catalase was
19.92 µmol/mL, which is nearly double compared to the free enzyme (10.45 µmol/mL).

Girelli et al. [216] developed ahybrid support using calcium ion as a linking agent
that coordinated the silanol and hydroxyl groups of CS. Silica was treated with Ca(NO3)2
and added to the CS solution. Then, the aqueous phase was removed with evaporation
under vacuum, while the solid phase was treated with methanol and KOH. The obtained
SiO2–Ca–CS (Figure 32) was used to immobilize LAC, which was preliminarily oxidized
with periodate (see also Ref. [187]).
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SiO2–Ca–CS–LACwas then packed in a column and used in a flow system for phenol
removal. Seven different phenolic compounds (catechol, 4-methylcathechol, tyrosol, phenol,
caffeic acid, vanillic acid, syringic acid, p-coumaric acid) were oxidized in a continuous
mode for 21 h. The SiO2–Ca–CS–LAC for allowed 90% of the phenols’ removal, showed
good storage stability (70% of activity in 70 days) and good reusability (90–50% of catalytic
activity at the 4th reuse depending on the CS type). The best performance was obtained with
the low molecular weight CS (50–190 kDa) at pH = 5 and with a flow rate of 0.7 mL/min.
In addition, when all the phenols were together, a general increase inthe phenols’ removal
was obtained in contrasttowhen they were alone [216].

Khan et al. [217] synthesized a biocatalyst based on β-galactosidase physically ad-
sorbed on PANI–CS or PANI–CS–Ag nanocomposites. PANI–CS was prepared by using the
copolymerization technique, according to which CS was added to aniline solution at 0–5 ◦C,
and then ammonium persulfate (APS) was added (typical conditions for PANI synthesis
via oxidative polymerization of aniline). Ag NPs were obtained separately and added to
the CS-containing aniline solution prior PANI synthesis. The resulting PANI–CS and PANI–
CS–Ag nanocomposites were used for deposition of β-galactosidase. The enhancement
in catalytic activity of the enzyme in the presence of silver by a factor of 1.23 was found
for the reaction of lactose hydrolysis. Both immobilized enzyme preparations exhibited
remarkably high stability against pH (2–9) and temperature (20–80 ◦C) compared to the
free form. PANI–CS–Ag-bound β-galactosidase was able to retain 94% of its initial activity
after ten repeated uses. It was underlined that both PANI–CS and PANI–CS–Ag-bound
β-galactosidase can serve as powerful recognition probes in biosensor applications for
lactose detection.

LIP from Mucor miehei was immobilized on CS hydrogels by Vassiliadi et al. [218]
without using any crosslinking or activating agents. CS was dissolved in acidic solution
(pH = 3), and then LIP solution was added. The obtained biocatalytic material was tested in
a model esterification reaction of propyl laurate synthesis. The immobilized LIP showed an
optimum operation temperature of 30 ◦C and maintained high catalytic activity in various
nonpolar organic solvents. The biocatalyst presented excellent reusability, with only 10%
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loss of activity after 12 uses, which was higher than that obtained fromLIP-containing CS
beads prepared with a crosslinker. The residual activity decreased to 62% of the initial one
after one day of storage, and to 42% after 4 days, remaining at the same level for about
month under freeze (−20 ◦C).

Some comparative characteristics of biocatalysts are presented in Table 2.

Table 2. Comparison of some recent biocatalysts based on CS-containing supports.

Enzyme Support Shape Crosslinking
Agent

Additional Activating
Agent

Recycling
Stability

Storage
Stability Ref.

LIP

CS/CNWs Beads Tannic acid EDAC/NHS Not indicated Not indicated [178]

CS–GA–Gly Beads No GA 34% of activity
after ninereuses Not indicated [180]

nM–OA–CS–GA NPs No GA Not indicated Not indicated [183]

CS Beads No GA 75.2% of activity
after 10 reuses

85.5% of activity
after 6 months at 5 ◦C [185]

Fe3O4–CS–GA Microparticles No GA 60% of activity
after 10 reuses

80% of activity
after 6 months at 5 ◦C [186]

Maghemite/CS/TPP NPs TPP GA Not indicated Not indicated [189]

Chitin/CS/Fe3O4 NPs GA EDAC/NHS Not indicated 90% of activity
after 40 days at 30 ◦C [201]

CS–alginate Microcapsules No No No loss of activity
after five reuses Not indicated [203]

Fe3O4@SiO2@
{CS/HA}3

NPs No EDAC/NHS 85% of activity
after 9 reuses

78% of activity
after 30 days at 4 ◦C [206]

CS–SA Microcapsules No No 20% of activity
after five reuses Not indicated [212]

CS - No No 90% of activity
after 12 reuses

42% of activity after 4 days
and more at −20 ◦C [218]

LAC

CS Beads No No 40% of activity
after five reuses

100% of activity
after 30 days at 4 ◦C [187]

CS–GA Beads GA No 20% of activity
after five reuses

50% of activity
after 30 days at 4 ◦C [187]

MnFe2O4–CS NPs No GA no loss of activity
after five reuses

No loss of activity
after 30 days at 4 ◦C [188]

CS Beads No GP >55% of activity
after 11 reuses

57% of activity
after 30 days at 4 ◦C [199]

MACS–NIL–Cu NPs - - 93.2% of activity
after fivereuses

95% of activity
after 30 days at 4 ◦C [204]

CA–Ca–SBE Beads No No 83.1% of activity
after 10 reuses

92% of activity
after 50 days at 4 ◦C [214]

SiO2–Ca–CS - No No
90–50% of activity
after four reuses
depending on CS

70% of activity
after 70 days at 4 ◦C [216]

β-galactosidase

CS Microspheres No GA Not indicated 100% of activity
after 105 days at 4 ◦C [179]

CS–GP Beads GP GP No loss of activity
after 25 reuses Not indicated [200]

SiO2–Me–CS - No No Not indicated Not indicated [205]

PANI–CS–Ag - No No 94% of activity
after 10 reuses

94% of activity
after 60 days at 4 ◦C [217]

β-glucosidase
Fe3O4–CS/GA/
AB-NTA-Ni2+

NPs GA
6-His tags of enzymes
interacted with Ni2+

40% of activity
after fivereuses Not indicated [190]

Endoglucanase NPs GA 10% of activity
after fivereuses Not indicated [190]

Catalase CS/ZnO/Fe2O3 - No No 45% of activity
after 10 reuses

47% of activity
after 60 days at 4 ◦C [215]

HRP

PMA-co-PAA@CS
fibers Membrane EDAC/NHS GA 70% of activity

after 10 reuses
80% of activity

after 35 days at 30 ◦C [184]

ACS Membrane no NHS >60% of activity
after 10 reuses Not indicated [211]

HRP&GOx Cellulose–CS@DA Beads no DA 61.2% of activity
after sixreuses

88.8% of activity
after 60 days at 4 ◦C [210]

SPase CS–CaP Nano-
flower TPP no 80% of activity

after 10 reuses
75% of activity

after 15 days at 4 ◦C [209]

7α-HSDH and
7β-HSDH CM Microspheres TPP GA >85% of activity

after sixreuses Not indicated [176]
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Table 2. Cont.

Enzyme Support Shape Crosslinking
Agent

Additional Activating
Agent

Recycling
Stability

Storage
Stability Ref.

Inulinase
CS Beads TPP GA 78.2% of activity

after ninereuses Not indicated [177]

CS/Fe3O4 NPs no EDAC/NHS 50% of activity
after 10 reuses Not indicated [202]

INU CSB Beads no GA 45% of activity
after 12 reuses Not indicated [192]

Tripsin GA–ZnO/CS NPs no GA 50% of activity
after ninereuses

50% of activity
after 90 days at 4 ◦C [181]

Dextran-
sucrase CS Beads GA GA 22% of activity

after 10 reuses
60% of activity

after 28 days at 4 ◦C [182]

βG and ARA
(combi-CLEA) CS Beads TPP No Not indicated 100% activity

after 91 days at 16 ◦C [193]

Based on the presented data, the following trends can be noticed, and brief conclusions made:

(i) There are four main approaches to thepreparation of CS-based supports for the
immobilization of enzymes: CS beads optionally crosslinked with different agents; CS
capsules typically formed by ionotropic gelation with SA; core–shell NPs consisting
of an inorganic core (usually magnetic) covered with CS; membranes;

(ii) Enzymes can be immobilized usingthe following general approaches: encapsulation
into CS-containing gel; covalent binding to the surface of a CS-based support; physical
adsorption on the support surface. Among the mentioned approaches, covalent
binding seems to be more promising for the development of sustainable biocatalysts,
allowing high reusability and storage stability. Though, at the same, it should be
noted that catalytic behavior strongly depends on the used substrate and the choice
of solvent that makes data comparison difficult;

(iii) In contrast to adsorbents, crosslinking of CS is rarely applied (typically in the case
of CS beads), though it can benefit the properties of the resulting biocatalytic system.
Among crosslinking agents, TPP and GP are prospective since they have low toxicity
compared to GA. However, GA is still the most widespread activating agent for the
covalent binding of enzymes;

(iv) Metal ions, while presented in catalyst composition, can increase the pHstability of
the biocatalyst and, in some cases, result in enzyme hyperactivation. Magnetic NPs
incorporated in a polymeric environment do not always have an obvious positive
impact on catalyst stability; however, they allow for an important advantage—the
simplicity of biocatalyst separation from the reaction mixture.

5. Conclusions

CS provides a number of opportunities for the production of environmentally friendly
adsorbents and catalytic supports due to the existence of functional groups andthe ability
to form different shapes (fibers, membranes, beads, NPs, etc.).

For adsorption purposes, the general trend is the use of crosslinking agents (preferably
covalent crosslinking) and grafting of functional groups, resulting in a noticeable increase
in thenumber of adsorption sites. However, this approach (CS modification) is rarely used
in catalysis, especially inthe development of biocatalysts, since the high adsorption ability
of CS with respect to both inorganic and organic components may have a negative influence
on the biocatalysts’ efficiency. Thus, in the case of biocatalysts, CS can be used as a surface
modifier of solid supports in an amount of less than 1 wt.%. This also contributes to the
maximum availability of active centers of the immobilized enzymes.

At the same time, in the case of metal-catalyzed catalytic reactions, the high adsorption
ability of CS can be used for the development of catalytic systems, in which the inorganic
part entrapped by CS is a catalytically active phase while organic adsorbate is the subject
of catalytic transformation. Thus, modified (grafted), CS-based materials are promising
catalytic supports. In the composition of catalytic supports, crosslinking agents are typically
not used, as well as certain shaping at a macro-level of the resulting catalytic materials.
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The use of CS in biocatalytic processes is based primarily on its excellent gel-forming
ability and the presence of amino groups available for interactions in its composition.
Thanks to gelation, it is possible to synthesize various stable forms of solid supports for the
immobilization of enzymes. Amino groups of CS are used for the covalent crosslinking of
enzymes via activating agents due to the formation of Schiff’s bases (GA) or amide bonds
(carbodiimides), as well as the crosslinking of CS itself in order to form particles of a certain
shape. The combination of these properties allows for the achievement of high activity
and the operational stability of synthesized biocatalytic systems. CS is most widely used
for the immobilization of oxidoreductases (peroxidases, LACs and GOxs) and hydrolases
(e.g., LIPs).

Magnetically separable catalysts/biocatalysts obviously have the advantage of easy
separation from the reaction mixture, but most of these catalysts have the limitation of
sensitivity to low pH. Thus, the further improvement of magnetically separable CS-based
composites is a promising area of research.
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Abbreviations

ABTS: 2,2′-azino-bis-(3-ethyl-benzothiazoline-6-sulfonic acid); AO: acridine orange; AR: acid
red; ARA: α-L-arabinofuranosidase; BDC: 1,4-benzenedicarboxylic acid; Bglhi: β-glucosidase from
Humicola insolens; CB: chitosan beads; CLEAs: crosslinked enzyme aggregates; CMS: chitosan-
based minispheres; CNTs: carbon nanotubes; CR: Congo red; CS: chitosan; CSBs: core–shell CS
beads; DA: dopamine; DD: deacetylation degree; DEO: 1,2,7,8-diepoxyoctane; DS: diclofenac sodium;
DVB: divinylbenzene; ECH: epichlorohydrin; EDAC: 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide;
Egst: endoglucanase from Scytalidium thermophilum; FA: formaldehyde; βG: β-D-glucosidase; GA: glu-
taraldehyde; GNPs: graphene nanoplates; GO: graphene oxide; GOx: glucose oxidase; GP: genipin;
GTMA: glycidyl trimethylammonium chloride; HA: hyaluronic acid; HRP:horseradish peroxidase;
HSDH: hydroxysteroid dehydrogenases; IC: indigo carmine; INU: inulosucrase; LAC: laccase;
LIP: lipase; MAH: maleic anhydride; MB: methylene blue; MCs: microcrystals; MG: malachite green;
MOFs: metal–organic frameworks; MPs: microparticles; NA: nitroaniline; 4-NBA: 4-nitrobenzoic
acid; NHS: N-hydroxysuccinimide; NIL: amino-functionalized ionic liquid; nM: nanomagnetine;
NPs: nanoparticles; 2(3,4)-NP:, 2(3,4)-nitrophenol; OA: oleic acid; OD: oxidized dextran; PAA: poly(acrylic
acid); PAHs: polycyclic aromatic hydrocarbons; PANI: polyaniline; PDA: polydopamine; PE: poly-
electrolyte; PEI: polyethylenimine; PFCs: perfluorinated chemicals; PFOA: perfluorooctanoate; PFOS:
perfluorooctane sulfonate; PMA: poly(methyl acrylate); PPIMB: 3,3-diphenylpropylimine methyl ben-
zaldehyde;RR: reactive red;SDBS: sodium dodecylbenzene sulfonate; SDS: sodium dodecyl sulfate;
SP: spermine; SPase: sucrose phosphorylase; TCS: thiolated CS; TPP: tripolyphosphate; ZF: zinc ferrite.
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