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Advances in chitosan-based superabsorbent
hydrogels

Baoxiao Cheng, Boying Pei, Zhengke Wang ‘2 * and Qiaoling Hu

Superabsorbent hydrogels (SHs) have been used in many fields in recent years. Also chitosan-based
superabsorbent hydrogels have attracted great attention because of the excellent properties of chitosan
such as biocompatibility, biodegradability and antibacterial properties. This review focuses on the recent
progress in chitosan-based superabsorbent hydrogels, providing a brief overview of the preparation
approaches, the effects of preparation conditions on the structures and water absorbency performance,
chitosan-based composite hydrogels comprised of inorganic fillers, other natural polymers as well as
their derivatives, and promising applications for biomedical and personal hygiene, agriculture and water

rsc.li/rsc-advances treatment.

1. Introduction

Superabsorbent hydrogels (SHs) are three-dimensional (3D) and
highly hydrophilic networks of polymer chains which imbibe
more than 100 times their dry weight of water." The excellent
water absorbency of these materials results from the presence of
a great number of hydrophilic groups on the polymer chains
such as carboxyl, amino, amide, hydroxyl and sulfonic.? Due to
these functional groups, the water absorbency behaviour of SHs
is often sensitive to the pH and ionic strength of the swelling
solution. Thus, they can respond to the stimuli of the
surrounding environment. Therefore, these good properties
have drawn significant attention for applications in personal
hygiene,® agriculture,** construction and building,*” water
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purification,® drug delivery and controlled release,”™ and
biomedical applications."

Currently, most of the commercially available and dispos-
able superabsorbent products such as baby diapers are made
from petroleum-based vinyl monomers, and thus they are poor
in degradability and environmental friendliness. With the
concept of environmental protection and the rising of green
chemistry, materials’ biodegradability has been widely
focused on.™ Therefore, utilization of biodegradable and
renewable polymers has drawn much attention owing to their
abundant resources, low production cost and biodegrad-
ability. Recently various natural polymers are used to develop
eco-friendly superabsorbent hydrogels, such as starch,*
cellulose,™ chitosan, cashew gum,"” konjac glucomannan,*®
rice husk,” raw bran,””*' xyloglucan,” tulips,” and even
yeast.”

Chitosan (CS), a derivative obtained by the partial deacety-
lation of the N-acetyl group from chitin which is the second
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most abundant natural polysaccharide. It is a linear copolymer
composed of B;_, linked N-acetylglucosamine (GLcAc) units and
glucosamine (GLcN) units, with the similar molecular structure
as cellulose and chitin.**** CS can differ in degree of deacety-
lation (DD) and molecular weight. The DD of CS is determined
by two-abrupt-change potentiometric titration method and
calculated using the eqn (1)*

Av X Craon X 1072 x 16

bb = m x 0.0994

x 100% (1)

where Cnaon and Av stand for the concentration and volume of
NaOH consumption between the two abrupt changes of pH,
respectively, m is the dry weight of a CS sample. Since the
multiple hydrogen-bonds between macromolecular chains, CS
cannot be directly dissolved in water or organic solvent. But it is
soluble in dilute acetic acid aqueous solution as used mainly
solvent for CS due to the protonation of the amino groups at low
pH. It is important to note that CS can also be dissolved in
LiOH/urea aqueous solution via the freezing-thawing
process.”®

CS has good antibacterial property, biocompatibility and
biodegradability.?” It has reactive amino (-NH,) and hydroxyl
(-OH) groups that are convenient for graft polymerization of
hydrophilic vinyl monomers under mild reaction condi-
tions.”® Due to the existence of amino groups, chitosan-based
SHs not only possess a good water absorbent, but also has
antibacterial activities.”® With these outstanding features,
chitosan-based SHs may have more potential applications in
the future.

2. Preparation methods

The networks of superabsorbent hydrogels can be achieved by
covalent bonds, ionic or strong physical interactions.** We
classify these cross-links into two types: chemical cross-linking
methods and physical cross-linking methods.
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2.1 Chemical cross-linking methods

Chemical techniques, such as aqueous solution polymerization,
suspension polymerization, are commonly used for the prepa-
ration of chitosan-based superabsorbent hydrogels. According
to the reaction mechanism, this review classifies the chemical
methods into the following two types: free radical inducing
polymerization and non free radical polymerization.

2.1.1 Free radical inducing polymerization. Free radical
inducing polymerization is a typical and extensively used
approach for the preparation of SHs. The majority of the
recently studied chitosan-based superabsorbent hydrogels are
based on cross-linked poly(acrylic acid), poly(acrylamide) or
other hydrophilic vinyl monomers via this method because it is
convenient, highly efficient and easily polymerized to form
a higher molecular weight polymer.*! The prominent induction
method is chemical induction, such as thermal initiators (e.g.
ammonium persulfate),'**>* redox induced systems,**” Ce(v)
induction®?* and photoinitiator.”® In addition, physical
induction methods like Co-60 y radiation,**** electron beam
irradiation*® and photo-induction with UV light**** are also
employed.

A large number of researches have elaborated the process of
free radical induced polymerization of chitosan-based grafting
polymers as the following: the chitosan backbone produces
chitosan-substrate free radicals by initiators, and then the
macro-radicals initiate the vinyl monomers to copolymerize to
form the grafting copolymers, and 3D network structure is
formed in the presence of cross-linkers. The self-polymerization
of monomers and cross-linking reactions between monomers
and cross-linkers can take place at the same time. Therefore, the
grafting product is a mixture including chitosan-g-PAA, PAA and
cross-linked PAA. Although most of these reported articles
proposed the similar process, they failed to further demonstrate
the grafting mechanism by any convincing experiment or
characterization. For example, G. R. et al.*® proposed the reac-
tion process of chitosan-g-poly(acrylic acid-co-acrylamide)
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superabsorbent hydrogels by free radical polymerization in
Fig. 1. First of all, potassium persulfate, as an initiator,
produced the initial free radicals under heating, and then these
radicals extracted hydrogen from the hydrogen groups of the
chitosan backbone to form alkoxy radicals on the substrate. So,
this persulfate-saccharide redox system results in active centers
on the substrate to radically initiate polymerization of acrylic
acid (AA) and acrylamide (AAm) led to a graft copolymer. Since
the presence of N,N-methylenebisacrylamide (MBA) as cross-
linker, the grafting copolymer forms a cross-linked structure.
The preparation process mainly proceeds in acetic acid aqueous
solution to dissolve chitosan. Also, CS can be dissolved in LiOH/
urea aqueous solution and the inducing process is similar to the
acid solvent system.*®

Preparation conditions during free radical polymerization
significantly affect the structure of the superabsorbent hydro-
gels and their water absorption properties.***”*® For instance,
the effects of conditions are mostly investigated such as reac-
tion temperature, reaction time, neutralization degree of AA,
the amount ratio of AA to chitosan, the pH of external solution,
and the amount of initiators, cross-linkers and mono-
mers.'>14649-55 And a 2*7! fractional factorial design is used to
evaluate the effects of these parameters.***” As the amount of
initiators increases, the macro radicals increases, and thus
more acrylic acid are grafted onto the chitosan, which means
that the average kinetic chain length of PAA becomes shorter,
and this improves the water absorbency. However, if the
amount of initiators increases further, more radicals will
accelerate the terminating step via bimolecular collision, and

(1) Initiators produce free radicals
I]—>1T

(2) Chitosan produces macro free radicals by initiators

R A te

Chitosan

(3) Macro radicals initiate vinyl monomers to polymerize

RO™ \/lk \)I\ ROW
COOH CONH,

A Chitosan-g-poly(AA-co-AAm)

CONH,
COOH

H,NOC

Cross-linking network of Chitosan-g-PAA-co-PAAm

Fig. 1 General mechanism for radical graft polymerization of
acrylamide and acrylic acid onto chitosan in the presence of MBA as
cross-linker. Reproduced from ref. 16. Copyright (2004), with
permission from Elsevier.
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the molecular weight of the branch chain will decrease. As
a result, the water absorbency of the product decreases.*® It is
worth noting that the persulfate initiators can not only initiate
the grafting copolymerization, but also give rise to degradation
of chitosan backbone greatly in a very short time when KPS is
added to the chitosan solution at 70 °C, which has been
demonstrated by Hsu et al.*® It is considered that the anionic
free radicals, ‘SO, attack at the C-4 or C-1 atoms of the back-
bone rings, then cause breakage of the adjacent C-O-C glyco-
sidic bonds in the main chain and creates free radicals at the
chain ends which can polymerize with other monomers to form
a block copolymer shown in Fig. 2. To solve this problem,
superabsorbent hydrogels of chitosan-g-polyacrylamide can be
prepared via UV irradiation or microwave irradiation in the
absence of any initiator. For example, a hydrogel is obtained by
UV irradiation without photoinitiator, and owing to the absence
of any initiator, this hydrogel is completely transparent and free
from any impurities.*> And without any free radical initiators,
a more efficient grafting in the synthesis of chitosan-graft-
poly(acrylonitrile) under microwave irradiation is observed
compared with conventional grafting copolymerization using
redox initiator. A possible and reasonable grafting mechanism
under microwaves in the absence of initiators was proposed
in Fig. 3.%°

In addition to the initiator, cross-linkers play the major role
in the formation of hydrogels and their performance such as

(1) Thermal dissociation of KPS

S08% ——> 250,

(2) Persulfate ion was attracted to the cationic amino group and free radical was transferred to
the C-4 carbon

OH OH

N ¢} o) _
o . t SOt ——
oH NH; OH  NHj
OH OH
Q *
Hs OH NH3 oH NH3
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Fig. 2 The proposed mechanism for the degradation of chitosan by
KPS free radical. Reproduced from ref. 59. Copyright (2006), with
permission from Elsevier.
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Grafted at OH groups of chitosan
Microwave
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(\‘_O' + M, - (\_OMn'
(\‘—OM,; + C‘—OM,; — Grafted polymer1

Grafted at NH, groups of chitosan
(O—NH, + M ——— (O—NH+ M

(\‘—NH'+ M, —_— (\—NHI\/In'

(\‘—NHM; + (\‘—OM; — Grafted polymer2

(\‘ = chitosan

Fig. 3 Grafting mechanism of chitosan under microwave irradiation.
Reproduced from ref. 60. Copyright (2004), with permission from
Wiley-VCH.

M = Monomer

water absorbency and mechanical strength. The weak
mechanical properties of chemical cross-linked hydrogels are
due to the inhomogeneous network structure generated during
the polymerization, which are demonstrated by spatially non-
uniform cross-linking densities and randomly distributed
chain lengths between the cross-links."*** The cross-linking of
SHs is mostly achieved by multifunctional vinyl monomers such
as MBA. Their reactivity ratio affects the amount of soluble
polymer and the uniformity of network formed during the
polymerization.®>®* If the reactivity of the cross-linker is lower
than the monomers, a uniform network can be formed.
Otherwise, a heterogeneous network and more soluble polymer
are obtained. It is due to the cross-linker with higher reactivity is
more likely to be incorporated in the network in the early period
of polymerization and consumes rapidly resulting in high
crosslinking densities, and then less is left which will be
incorporated in the network in the late polymerization. There-
fore, the late formed hydrogel has low crosslinking densities
meanwhile many soluble polymer are not connected to the
polymer network which make the hydrogel sticky.**** Some
attempts have been done to achieve more uniform network
structures of hydrogels. For example, a hydrogel which is
formed through the self-crosslinking ability of N,N-dimethyla-
crylamide in the absence of conventional crosslinker, can
imbibe up to 3000 times their weight in water and be stretched
up to 1350%." By introducing slide-ring polyrotaxane cross-
linkers into the polymer network, the resulting hydrogels are
greatly stretchable and tough, and can absorb up to 620 times.*
These reports provide us new routes to design chitosan-based
superabsorbent hydrogels of high performance in the future.
Besides, the dewatering methods for the products also affect
the water absorbency greatly.”® The superabsorbent material
dewatered with organic agents such as methanol, ethanol and
acetone, or freeze dried has much higher water uptake capacity
than that of oven drying as a result of the contribution of

This journal is © The Royal Society of Chemistry 2017
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organic agents or freeze-drying on porous structure of the
product.®¢-%®

The majority of conventional superabsorbent hydrogels are
based on poly(acrylic acid) partially neutralized either before or
after the polymerization step, or poly(acrylamide) then hydro-
lyzed to greatly enhance the water absorbency and their pH-
sensitivity swelling behavior.'****>¢*7® During the hydro-
lyzation, carboxylic acid and amide groups are converted to
carboxylate salt'® shown in Fig. 4. The -COO™ groups of the
partially neutralized product can convert to -COOH groups, and
the hydrogen bonds can be formed between -OH and ~-COOH of
the chitosan-based hydrogels in the acid solution, which is
responsible for the small swelling ration when pH < 5.0. As pH
is increased to higher than 7, most of -COOH groups changes
into -COO™ groups and the hydrogen bonding is dissociated,
and its swelling capacity is enhanced due to electrostatic
repulsion from these carboxylate groups as the main driving
forces. Furthermore, the cooperation of sodium carboxylate and
carboxylic acid groups in a suitable ratio when acrylic acid is
partially neutralized can produce higher water absorbent
capability.” In terms of the structure, they are polyanionic
polymers. However, chitosan-based polyampholyte superab-
sorbent hydrogels show different pH-dependent swelling
behaviour compared with the conventional polyanionic poly-
mers (Fig. 5a).>® The carboxymethyl chitosan-g-poly(acrylic acid-
co-dimethyldiallylammonium chloride) polyampholyte shows
two swelling peaks not a single peak over the entire pH
(Fig. 5b).”> Besides the pH sensitivity, amphoteric poly-
electrolyte hydrogel also displays an electrical sensitive
behaviour.’*”?

Free radical polymerization is a very convenient and handy
approach for preparing SHs. However, it is very difficult to
control the forming of network structure and the products tend

- -
n m n m
N\
HNT O O J—NH, 0 o NH,
NHy) O 0

Ca
Fig. 4 Schematic representation of alkaline hydrolysis mechanism of
amide sides group in polyacrylamide. Reproduced from ref. 16.
Copyright (2004), with permission from Elsevier.
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Fig. 5 Water-absorbency of superabsorbent hydrogel dependence
on pH: (a) hydrolytic chitosan-g-polyacrylonitrile. Reproduced from
ref. 38. Copyright (2003), with permission from Wiley-VCH. And (b)
carboxymethyl chitosan-g-polyacrylic acid-co-dimethyldiallylammo-
nium chloride. Reproduced from ref. 52. Copyright (2010), with
permission from Elsevier.
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to have inhomogeneous networks which give rise to the
decrease of swelling ability and strength. Therefore, it is
necessary to develop new methods for the preparation of
superabsorbent hydrogels with high performance in the future.

2.1.2 Non free radical polymerization. Apart from the free
radical induced polymerization, chemical cross-linking can also
be achieved through non free radical polymerization. As
mentioned above, chitosan has reactive amino (-NH,) and
hydroxyl (-OH) groups which make it possible to achieve
crosslinking through the reaction between the reactive groups
and carboxylic acids groups by a condensation reaction. A novel
superabsorbent material is synthesized successfully through
the crosslinking of chitosan with EDTA-urea adduct
without free radical initiators.>® The product has a much higher
water uptake (570 g g~ ') than a commercial diaper material
(238 g g ). Additionally, the amino group of chitosan can also
react with acrylic acid by the Michael addition.””* H. Ge et al.
successfully prepared N-carboxyethyl grafted and amide-linked
chitosan-acrylic acid superabsorbent hydrogels by the thermal
reaction in the absence of initiators and cross-linkers.”® It is
shown in Fig. 6 that chitosan is cross-linked through the
Michael addition among chitosan, monomer and the dimer of
acrylic acid formed under high temperature. Furthermore, it
has an equivalent water absorbency to the radical induced

Hp
H,C——=CH + H,C—=CH A HZC:T—C —CH,
COO- CO0- COO0- CO0-
OH OH
o o O
(0] + 0
(o}
o NH OH NH

A o-
HyC
OH OH

\ﬁ
o

juny

[e) =z
o

I

Fig. 6 Chitosan—poly(acrylic acid) superabsorbent prepared by
Michael addition method through thermal reaction. Reproduced from
ref. 52. Copyright (2010), with permission from Elsevier.
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polymerization products. It is important to note that a novel
chitin-based SHs has been successfully prepared by cross-
linking chitin and carboxymethylcellulose in NaOH/urea
aqueous solution at low temperature with epichlorohydrin,”
which provides a green pathway to prepare chitosan-based SHs.
Glutaraldehyde can also cross-link chitosan, carboxymethyl
chitosan or starch to form a hydrogel.*”¢7

2.2 Physical cross-linking method

The agents used in the chemical method are often toxic and the
residual cross-linkers must be removed before use in biomed-
ical applications. Physically cross-linking such as ionic cross-
linking is an efficient route to prepare three dimensional
network polymers without using toxic chemical agents.

Cao et al.”® synthesized complex gel beads with the water
absorbency up to 3675 g g ' composed of hydrolyzed poly-
acrylamide (HPAM) and chitosan through the electrostatic
interactions among AI’**, -NH;* and -COO™~ in a two-stage
crosslinking process shown in Fig. 7. The swelling ratio of the
hydrogel is much higher than that most of chitosan-based
superabsorbent polymers grafted with poly(acrylic acid)™ or
polyacrylamide by chemical crosslinking. This is possibly due to
the porous structure on the surface of the complex. Wang et al.™*
prepared a composite hydrogel bead composed of chitosan-g-
poly(acrylic acid), attapulgite and sodium alginate crosslinked
by Ca*" as drug delivery matrices. The composite hydrogels have
good pH sensitivity. In addition, G. R. et al. greenly prepared
a chitosan/k-carrageenan hydrogel through the electrostatic
interactions between positively charged amino groups on chi-
tosan and negatively charged sulfate groups on k-carrageenan
without any toxic agents (Fig. 8).”°

Commonly, unmodified chitosan does not have enough
water absorbency to be used as superabsorbent material.
However, a pure chitosan film with high water uptake perfor-
mance was fabricated without any additives such as initiators,
vinyl monomers or crosslinkers by dissolving chitosan in
a ternary solvent system composed of acetic acid, dioxane and
DMSO, and then was freeze dried. It is demonstrated that the
solvent system endowed the chitosan film micropores structure
which promoted the water absorbency and swelling rate
significantly.®® Due to its excellent water capability and non-
toxicity, the as-chitosan film offers a very promising application
in the biomedical field.

HPAM-AI gel beads

w525 Hpam 555 chitosan

HPAM droplet HPAM-chitosan gel beads
= Al

Fig. 7 Schematic representation of the formation of hydrolyzed
polyacrylamide (HPAM)/chitosan gel beads. Reproduced from ref. 78.
Copyright (2010), with permission from Wiley-VCH.
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Fig. 8 Scheme for the preparation of magnetic carrageenan/chitosan
complex. Reprinted from ref. 79. Copyright (2017), with permission
from Elsevier.

3. Chitosan-based superabsorbent
composites

Superabsorbent composites are hydrogels complex based on
natural inorganic clay minerals, natural resources such as
polysaccharides, and synthetic polymers bonding together by
physical interactions. Owing to cheaper in price, and possess
superior mechanical properties than non-composite counter-
parts. The hydrogels derived from grafting of vinyl monomers
from chitosan suffer from inferior mechanical integrity.
However, hydrogels with high mechanical strength are required
in some applications, which can be achieved by introduced
inorganic or organic compositions.

3.1 Inorganic—chitosan composites

Inorganic fillers such as clays, have been extensively used in the
preparation of hydrogel composites due to their availability,
inexpensiveness and hydrophilic nature to improve swelling
properties, enhance hydrogel strength, reduce production cost
and impart other excellent properties of corresponding super-
absorbent materials.®*

In recent years, making nanocomposite is an efficient
method for enhancing mechanical strength of hydrogels. Wang
et al.*®* prepared chitosan-g-poly(acrylic acid)/montmorillonite
(MMT) superabsorbent nanocomposites through in situ inter-
calative radical graft polymerization, and then studied the effect
of one-step method and two-step method on the water absor-
bency and pH-responsivity (Fig. 9). They developed a convenient
and time-saving approach to incorporate more montmorillonite
into the composite and improve the swelling ability. Further-
more, Ferfera-Harrar et al® found the introduction of

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Preparation of poly(AMPS)/chitosan/MMT nanocomposite
hydrogels: (a) intercalation reaction, (b) crosslinking polymerization.
Reproduced from ref. 83. Copyright (2009), with permission from
Wiley-VCH.

montmorillonite enhanced the thermal stability and antibac-
terial properties of chitosan-g-poly(acrylamide)/
montmorillonite composites and generated a loose and more
porous surface. Afterwards, K. Prasanna et al.®* studied the
effect of nanoclay content on the swelling behavior of the
chitosan-based composite hydrogels. It was found that the
swelling capability increased with the addition of nanoclay no
more than 5% because incorporation of modified nanoclay
could increase the surface area and allow water to diffuse easily,
and at higher contents of nanoclay beyond 5% the ratio of
hydrophilic groups reduced, therefore reducing the swelling
capacity. Moreover, Kourosh et al. incorporated the chitosan-
intercalated montmorillonite into the polymerization of 2-
acrylamido-2-methylpropane-1-sulfonic acid (AMPS) in the
presence of a macro-crosslinker to prepare super-swelling
nanocomposite hydrogels (Fig. 9).** Likewise, the swelling
capacity, thermal stability and rubbery modulus were improved
compared with those of the clay-free counterpart.

Zhang et al® prepared a chitosan-g-poly(acrylic acid)/
attapulgite superabsorbent composite through the free radical
graft polymerization of chitosan, acrylic acid and attapulgite in
aqueous solution using APS as initiator and MBA as crosslinker.
It was found that the introduction of attapulgite endowed the
composite a loose and more porous structure and improved the
thermal stability of the chitosan-g-PAA hydrogels. Furthermore,
they studied the effect of the molecular weight of chitosan and
dewatering solvent on water absorbency, as well as the effect of
the reaction conditions, for example the amount of initiator and
crosslinker, monomer concentration, reaction temperature and
ration of AA to chitosan. Vermiculite, a layered aluminium
silicate, can be modified with chitosan and acrylic acid in
aqueous solution to form the chitosan-g-poly(acrylic acid)
superabsorbent composites which presents a loose and porous
structure.®® This structure contributes to the high water uptake
capacity and fast swelling rate.

Krishna Rao et al.®* prepared polyelectrolyte complexes of
hydroxyapatite and chitosan-g-poly(acrylamidoglycolic acid),
the equilibrium swelling of hydroxyapatite polyelectrolyte
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complexes with different contents of hydroxyapatite show
a general trend: when the weight percentage of hydroxyapatite
increases, equilibrium swelling increases linearly for the first
200 h in phosphate-buffered saline. The introduction of inor-
ganic additives can impart the composites new properties.
Interestingly, rice husk ash, a rice burnt industrial waste, is
mainly composed of SiO, (94 wt%) and abundant inorganic
elements such as potassium, calcium, and phosphate contrib-
uting to plants growth. Therefore, Vaz et al.>” prepared chitosan-
g-poly(acrylic acid)/rice husk ash hydrogel composites which
showed excellent adsorption capacity for methylene blue.

It can be employed in the water purification of methylene
blue-contaminated waste water. Moreover, the superabsorbent
composites containing rice husk ash exhibit a potential use of
fertilizer.®

3.2 Organic-chitosan composites

Currently, the incorporation of natural polymers in the super-
absorbent hydrogels formulation has been employed in order to
improve applicability, biocompatibility and biodegradability.*

Sodium humate is composed of multifunctional aliphatic
components, aromatic constituents, and a great deal of func-
tional groups, which can improve soil cluster structures, regu-
late plant growth, accelerate root development, and benefit the
absorption of nutrient elements.*® It is reported the water
absorbency of superabsorbent composite of chitosan-g-poly(-
acrylic acid)/sodium humate enhanced after the introduction of
sodium humate and display slow release properties for the
fertilizer.®® Starch, another abundant natural polymer, can form
a semi-IPN superabsorbent hydrogel with chitosan cross-linked
by glutaraldehyde shown in Fig. 10. It is found that starch
increases swelling rate and ratio by increasing the hydrophilic
parts and hydrogen bonds of the hydrogel with water mole-
cule.”® Carboxymethylcellulose (CMC) is a representative water-
soluble cellulose derivate with many hydrophilic groups.
Ferfera-Harrar et al. elaborated superabsorbent composite-type

OH

Starch

Fig. 10 Scheme of formation of chitosan/starch semi-IPN hydrogel by
crosslinking reaction. Reproduced from ref. 76. Copyright (2010), with
permission from Springer.
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semi-IPNs composed of grafted network chitosan-graft-poly-
acrylamide as a matrix and carboxymethylcellulose as entrap-
ped soluble polysaccharide.® The presence of CMC in the
composites affected the enzymatic degradation rates in both
lysozyme and active slurry solutions.

It is well-known that nanofibers play a very important role in
the reinforcement of hydrogel. Hence, Zhou et al.*” prepared
chitosan nanofibers and then synthesized polyacrylamide/
chitosan nanofibers composite hydrogels by free radical poly-
merization. The products are more resilient compared with
pure polyacrylamide and polyacrylamide/chitosan semi-IPN
hydrogels as expected. Moreover, cellulose nanofibrils are
good reinforcing fillers. The introduction of cellulose nano-
fibrils increases the swelling rate and capacity of the hydrogel
composites based on cellulose nanofibrils, chitosan and acrylic
acid via free radical polymerization using KPS as initiator and
MBA as cross-linker.”” In addition, poly(vinyl alcohol) is intro-
duced into chitosan-g-poly(acrylic acid) to form a semi-IPN
superabsorbent hydrogels to improve the swelling rate and
PH stability.*®

4. Chitosan derivatives
superabsorbent hydrogels

Although chitosan has many excellent properties, such as
biodegradability, antibacterial activity, nontoxicity, the appli-
cations of chitosan are still restricted due to its poor water
solubility. Therefore, a lot of chitosan derivatives such as car-
boxymethyl chitosan,"*>**#* have been fabricated to solve this
problem.

Carboxymethylchitosan is a well-known water-soluble deriv-
ative of chitosan. Chen et al. prepared a novel superabsorbent
polymer from carboxymethylchitosan through free radical graft
polymerization of acrylic acid onto its backbone and simulta-
neous cross-linking.* Likewise, they investigated the effects of
reaction conditions on the water absorbency and proposed
a reasonable preparation process. Furthermore, they conducted
a preliminary study on the swelling kinetics, and demonstrated
that the swelling behavior of the polymers fits the process of
first dynamics. Afterwards, it is reported that superabsorbent
hydrogels prepared by graft copolymerization of sodium acry-
late and 1-vinyl-2-pyrrolidone, a nonionic monomer onto the
chain of N,O-carboxymethyl chitosan exhibit a good water
uptake ability in different solutions respectively 1268 g g~ * of
distilled water, 165 g g~ of normal saline, 112 g g~ " of artificial
blood and 121 g g~ " of artificial urine. In addition, a hydrogel
can be obtained from cross-linked carboxymethyl chitosan by
the addition of glutaraldehyde as a cross-linker.***® Bidgoli
et al.* further studied the effect of three different parameters of
the carboxymethylation conditions on the water absorbency of
final superabsorbent product.

Quaternary ammonium chitosan, another derivative of chi-
tosan, has good water solubility and also improves the anti-
bacterial action.®>*> The hydrogels of quaternary ammonium
chitosan-g-poly(acrylic acid-co-acrylamide) have good antibac-
terial activities (Fig. 11).”® The effects of reaction factors, such as

This journal is © The Royal Society of Chemistry 2017
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Chitosan

HACC ™. MBA —

P(AA-co-AM) N\ N

Fig. 11 Preparation of quaternary ammonium chitosan-g-poly(acrylic
acid-co-acrylamide) superabsorbent hydrogels. Reprinted from ref.
93. Copyright (2017), with permission from Elsevier.

2-hydroxypropyltrimethyl ammonium chloride chitosan (HACC),
initiator and cross-linker contents are investigated on the
swelling behavior and antibacterial activity. And it is found that
the water absorbency increased first and then decreased with the
increasing of the content of reaction factor gradually. The
increasing of HACC content made the antibacterial activity
improve against Escherichia coli and Staphylococcus aureus but
weaken with excessive HACC.

The superabsorbent hydrogels which are prepared by the
chemical cross-linking of the conventional multifunctional
vinyl monomers, such as MBA, are poor in degradability. So,
some chitosan derivatives modified with vinyl groups can be
used as macromolecular crosslinker to improve biodegrad-
ability of the superabsorbent materials. For example, N-maleyl
chitosan as cross-linker in the preparation of poly(acrylic acid-
co-acrylamide) superabsorbents which has a high swelling
under the optimal condition was 1812 g g~ in distilled water.
Glycidyl methacrylated chitosan, a non-toxic and biocompatible
derivative is synthesized by functionalized chitosan with
glycidyl methacrylate.®* Owing to non-toxicity, it is often used as

This journal is © The Royal Society of Chemistry 2017
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cross-linker in place of glutaraldehyde in biomedical applica-
tions,”*® which can provide us a crosslinking method to
prepare chitosan based SHs.

5. Application fields
5.1 Biomedical and personal hygiene

Since their ability to absorb and retain large amounts of
secreted fluids such as urine and blood, superabsorbent mate-
rials are mainly used in the fields of personal hygiene such as
disposable diapers, female napkins, as well as in biomedical
fields for instance, wound dressing, drug delivery and
controlled release.

Diapers are sophisticated, well-engineered commercial
products, and the SAP production for baby diapers accounts for
about 80% of the overall superabsorbent production.”” It is
important to consider the safety of the superabsorbent mate-
rials. Kosemund et al® provided a systematic, stepwise
approach to evaluate the safety of baby diapers. It has been
reported previously that sap from chitosan has antibacterial
activities and could be used in infant diapers, feminine hygiene
products.®®

Also, chitosan-based superabsorbent hydrogels can be used
for the controlled release of drug. Mahdavinia et al.” developed
a pH-responsive and magnetic green carriers for controlled
release of methotrexate anticancer drug using k-carrageenan/
chitosan complexes. The release of the loaded methotrexate at
pH 5.3 for about 50% within 4 h is slower than that at pH 7.4 for
nearly 68% during 4 h.” Shahzad et al.”® synthesized a sustained
release superabsorbent particles to minimize the local irritating
effect of risedronate sodium. Sohail et al.*® developed chemi-
cally crosslinked chitosan-co-poly(AMPS) hydrogel based on low
molecular weight chitosan for pH-responsive and controlled
drug delivery of a model drug. Samanta et al'® prepared
composite hydrogels for the release of tinidazole and theoph-
ylline. It was found that release profile of the two drugs from the
hydrogels showed close fitting to Korsmeyer-Peppas model.

5.2 Agriculture

As is well known, water and fertilizer are essential for plant
growth. However, most of water and fertilizer can not be used
fully and are lost to the surroundings, which is not economical
and environment friendly. Superabsorbents with slow release
properties for the fertilizer have received much more attention,
especially in the arid and desert environment.

Wu et al.** developed a three-layer structure in which core is
fertilizer and inner coating was chitosan and then coated with
poly(acrylic acid-co-acrylamide) (P(AA-co-AM)) superabsorbent
polymer to control release fertilizer and water absorbency.
Furthermore, a novel multifunctional controlled-release of
fertilizer with double-layer coating was prepared.'” Addition-
ally, Noppakundilograt et al.'®* synthesized a tri-layer-coated
NPK (nitrogen, phosphorous, potassium) fertilizer hydrogel
with PVA and chitosan using the in situ inverse suspension
copolymerization. Sabadini et al'® obtained a gellan gum-
chitosan  superabsorbent. = Sodium  humate in the
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superabsorbent composites can enhance the water retention in
soil, which may be used in desert and drought areas.* Jam-
nongkan et al. prepared fertilizer controlled release hydrogel
which exhibited the equilibrium swelling ratio in the range 70-
300% and increased the water retention ability of the soil.””

5.3 Water treatment

Recently, the rapid development of industry led to more and
more serious environmental problems for example water
pollution. Consequently, we are facing the great challenge of the
deficiency of clean water resource. So it is imperative for us to
develop novel technique to treat the waste water.

A selective and high uptake adsorbent for Hg** made of
crosslinked chitosan-g-poly(maleic acid) was prepared by Ge
et al.' It was found that the material exhibited a selective
sorption for Hg>" from some heavy metal ions such as Cu*,
Cd**, Co**, Pb>" and Hg**. Therefore, the chitosan-g-poly(maleic
acid) polymers can be used to deal with the certain waste water
containing Hg>". Apart from the heavy metal ion pollution,
some industrial used synthetic dyes such as methyl violet and
malachite green are carcinogenic and mutagenic. Therefore,
Bhattacharyya et al.'”” prepared a chitosan-based superabsor-
bent composite filled with micro- and nano-sized bentonite
clay. The hydrogels present high adsorption and removal of
both malachite green and methyl violet dyes from water.
Chitosan-based superabsorbent material has great potential for
the waste water purification.?

6. Conclusions and outlook

Chitosan-based superabsorbent hydrogels can be prepared in
chemical methods including conventional free radical poly-
merization of AA and AAm, and non-free radical cross-linkings
such as Michael addition reaction between -NH, groups of
chitosan and -COOH of AA, Schiff base reaction between dia-
ldehyde and amine. The preparation mechanisms are discussed
in the present review. Furthermore, incorporation of chitosan
derivatives, inorganic fillers and other natural polymers, such
as cellulose, starch reduces the cost, promotes the mechanical
and antibacterial properties, and water absorbency. Owing to
the excellent properties, chitosan-based SHs are widely used in
biomedical field, agriculture and water treatment.

However, there are still great challenges to prepare super-
absorbent hydrogels of excellent performance. On the one
hand, hydrogels with both high strength and good water
absorbency are difficult to achieve, which limits their practical
use. Most of researches are focusing on the water absorbency
and developing new preparation methods, few studies focus on
the relationship between the network structure and properties
of superabsorbent hydrogels, which can help us to design
hydrogels in terms of structures. On the other hand, most of
superabsorbent materials absorb much less water in salt solu-
tions than in distilled water which exhibits poor salt resistance.
In fact, in the practical application, external surrounding solu-
tions mostly are not distilled water but contain some inorganic
ionic salts such as urine. In the future, we can pay more
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attention to developing salt resistant superabsorbent hydrogels
to extend their practical usage.
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