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ABSTRACT

Background: With rapid development in agriculture and industry, water polluted with heavy metallic
ions has come to be a serious problem. Adsorption-based methods are simple, efficient, and broadly used
to eliminate heavy metals. Conventional adsorption materials have the problems of secondary environ-
mental contamination. Hydrogels are considered effective adsorbents, and those prepared from biopoly-
mers are biocompatible, biodegradable, non-toxic, safe to handle, and increasingly used to adsorb heavy
metal ions.
Aim of review: The natural origin and easy degradability of biopolymer hydrogels make them potential
for development in environmental remediation. Its water absorption capacity enables it to efficiently
adsorb various pollutants in the aqueous environment, and its internal pore channels increase the specific
surface area for adsorption, which can provide abundant active binding sites for heavy metal ions through
chemical modification.
Key scientific concept of review: As the most representative of biopolymer hydrogels, polysaccharide-
based hydrogels are diverse, physically and chemically stable, and can undergo complex chemical mod-
ifications to enhance their performance, thus exhibiting superior ability to remove contaminants. This
review summarizes the preparation methods of hydrogels, followed by a discussion of the main cate-
gories and applications of polysaccharide-based biopolymer hydrogels.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Rapid economic development in recent decades has resulted in
a number of issues, including environmental degradation and
water pollution. Industrial wastes are discharged into the environ-
ment during the production of fertilizers, metals, batteries, and
dyestuffs as well as during electroplating, resulting in heavy metal
pollution of water bodies [1,2]. Heavy metal ions in wastewater
enter the surroundings and ecological cycles in a variety of forms,
together with inorganic metal ions, hydrated metal ions, hydroxyl
complexes, carbonate complexes, and complexes mixed with nat-
ural matter, and are absorbed and enriched by aquatic plants, ani-
mals, and microorganisms (Fig. 1a). They may also interact with
more than a few inorganic colloids, organic colloids, and organic-
inorganic complexes in water or sediment and sooner or later
agglomerate to settle at the backside of the water body. Heavy
metal ions, including cadmium, copper, and nickel, accumulate in
aquatic organisms, and owing to their high toxicity, excessive per-
meability, and non-degradability, set off physiological and devel-
opmental disorders, eventually posing serious threats to human
fitness and ecosystems. The accumulation of heavy metal ions in
human organs can lead to illnesses such as cancer, hypertension,
and kidney failure. The outcomes of some of these heavy metal
ions on the human physique are listed in Table 1. Therefore, effec-
tive elimination of heavy metal ions is beneficial to the environ-
ment and human health [3].

Methods commonly used to deal with wastewater contain
chemical and biological processes, adsorption, membrane separa-
tion, chemical precipitation and ion exchange [4,5]. The majority
such strategies are costly, inefficient, and inclined to second-
hand contamination. Chemical precipitation, which coagulates
and flocculates contaminants such as heavy metal ions into coarse
precipitates for removal, can be a relatively simple process, but
requires the use of excess material and produces toxic solid waste
[6,7]. In contrast, adsorption-based methods are efficient, cost-
effective, and effortless to implement [8]. Moreover, adsorbents
are touchy to poisonous pollution and do not produce secondary
detrimental substances. Adsorption-based methods are exten-
sively used in water treatment and are regarded one of the most
cost-efficient techniques to remove heavy metal ions [9]. Adsorp-
tion is classified as chemical and physical adsorption; in each cat-
egory, adsorbents with desirable affinity for heavy metal ions are
used to eliminate these ions from water. The mechanisms of action
with heavy metal ions consist of ion exchange, electrostatic inter-
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Table 1
Harm to the human body from different heavy metal ions.
Heavy metal Harm
ion
Pb%* Causes reproductive system damage, brain tissue damage,
neurological toxicity
Ccu?* Cause anemia, liver damage, and intestinal damage
cré* Carcinogenicity, causing mutations and genetic defects
Hg?* Cause abdominal pain, diarrhea, muscle tremors, and mental
disorders
cd* Cause liver/kidney damage and joint pain
Ni%* Cause skin damage, acute gastroenteritis, and heart muscle

damage

action, metallic complexation, and -7 conjugation. Adsorbents are
categorized and chosen in accordance to the affinity of their active
sites for the heavy metal ion, thus attaining superb treatment.
Traditional adsorbents, which includes activated carbon, zeo-
lite, artificial resin, mesoporous zirconium phosphate, alumina, sil-
ica gel, diatomaceous earth, and algae, have restricted functions
owing to their low adsorption effectivity and bad regeneration per-
formance. Advanced adsorbent materials for treating water con-
taining heavy metal ions should be simple and efficient, have
high adsorption rates, be reusable and easily degradable with little
harm to the environment [10]. As rising adsorbents, hydrogels
have special physicochemical residences and notable ability to
remove a wide range of contaminants [11]; specifically, they are
tender polymeric substances comprising three-dimensional net-
works of physical or chemical crosslinks, which imparts flexibility,
elasticity, permeability, and the capacity to absorb massive quanti-
ties of water (hundreds of instances their dry weight) [12]. Hydro-
gels can be segmented into synthetic polymer hydrogels and
biopolymer hydrogels according to their raw materials. Biopoly-
mer hydrogels, additionally recognized as natural polymer hydro-
gels, are constructed from biopolymers; they are biocompatible,
degradable, non-toxic, and protected to handle, as a consequence
assembly the necessities of sustainability. Importantly, they have
promising applications in the treating of water which contains
heavy metal ions. Polysaccharide-based hydrogels, an important
subset of biopolymer hydrogels, include cellulose hydrogels, chi-
tosan hydrogels, agar hydrogels, and hyaluronic acid (HA) hydro-
gels. As shown in Fig. 1b, which shows the growth trend of
published articles about hydrogels as well as polysaccharide-
based hydrogels from 2016 to 2021, polysaccharide-based hydro-
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Fig. 1. (a) The sources of heavy metal ions and their harmful effects on the water environment. (b) Trends in the number of articles published on polysaccharide-based

hydrogels (a) and all types of hydrogels (b) from 2016 to 2021 (Web of Science).
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gels as a major category of hydrogels accounted for about 30% of
the total number of hydrogel articles published, and among the
articles about polysaccharide-based hydrogels, the number of chi-
tosan hydrogels was the largest. Composites of polysaccharide-
based hydrogels are characterised by chemical and physical stabil-
ity, clean surfaces, polymer community flexibility, reusability, and
multifunctionality [13]. Therefore, they exhibit excellent adsorp-
tion and removal of diverse kinds of pollutants, and their utility
in heavy metal ion removal is developing rapidly.

This review focuses on the rapid development of biopolymer
hydrogels in recent years. The preparation methods of hydrogels
and the main classifications of polysaccharide-based biopolymer
hydrogels are summarized. The applications of these hydrogels in
heavy metal adsorption and their adsorption mechanisms are dis-
cussed. Finally, the latest research on polysaccharide-based
biopolymer hydrogels and their unique prospects in heavy metal
adsorption are covered.

Synthesis of hydrogels based on crosslinking methods

Methods used to prepare hydrogels can be categorized into
crosslinking and initiation methods. The former can be further
divided into physical and chemical crosslinking preparations,
while the latter can be divided into chemical initiation, plasma ini-
tiation, and radiation initiation.

Physical crosslinking

Physically crosslinked hydrogels are normally organized with
the aid of crosslinking through polymer chain entanglement,
hydrogen bonding, ionic bonding, hydrophobic interaction, and
non-permanent forces, such as electrostatic gravitational force
[14]. The hydrogels prepared using this approach are dissolved or
melted at high temperatures, and the ensuing gel state disappears
when the prerequisites change; therefore, they are also referred to
as reversible hydrogels. Physical crosslinks are easy to prepare and
crosslinking agents can be avoided, so the organized hydrogels
gain from higher biocompatibility, low or even non-toxicity, and
convenient degradability, making them ‘green’ and non-polluting.
For example, crosslinking with different ions via inter-ionic inter-
actions can be used to form alginate hydrogels, while crosslinking
via hydrogen bonding between polymer chain segments is used to
structure agarose gels.

Nanocellulose hydrogels prepared using physical methods have
special functional groups, usually amino (—NH,) and carboxyl
(—COOH), which enables the formation of hydrogels with high
porosity and water absorption. Maiti et al. prepared a multicompo-
nent chitosan-based hydrogel using a physical crosslinking method
and found that the carbonyl group (C=0) of the introduced guar
oxide gum was involved in the crosslinking process (Fig. 2a) [15].
Polydopamine has exact biocompatibility and biodegradability,
and its functional groups, like amine, imine, and catechol, can be
used as binding sites. Hydrogels prepared by the way of physically
crosslinking polydopamine into the nanocellulose network not
only have improved strength but also respond to near-infrared
radiation and pH changes [16].

Fluorescent polymeric hydrogels (FPHs), a new research interest
in luminescent materials, which have tunable luminescence prop-
erties on top of a hydrogel structure formed by crosslinking a
hydrophilic polymer network [17]. Since FPHs are present as spe-
cial water-swollen quasi-solids, unlike conventional materials pre-
sent in a single form as solid or liquid, they have many hopeful
properties in both solid and solution conditions; therefore, they
are promising in a myriad of applications. Individual quantum
dot pairs are unable to specifically identify the target and can
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selectively detect various substances when combined with hydro-
gels [18]. Functionalized superabsorbent nanohydrogels prepared
by fluorescent semiconductor quantum dots immobilized in
polysaccharides from gum tragacanth (GT) can detect glucose
[19]. There are fewer studies on quantum dots embedded in natu-
ral polymer hydrogels, which deserve more exploration. Carbon
dots, also known as carbon quantum dots (CDs), have grown
quickly in recent years as new carbon-based fluorescent nanoma-
terials for heavy metal ions detection [20], biosensors, drug admin-
istration, and biological imaging due to their biocompatibility, low
toxicity, and fluorescence. On the other hand, CDs are chemically
inert and super-soluble in water with sizes smaller than 10 nm,
which are easy to combine for functionalization [21,22]. Hybrid
hydrogel membranes primarily based on CDs can both optically
detect and remove heavy metal ions. As a fluorescent probe, CDs
have been able to be chemically modified to obtain a specific struc-
ture and then crosslinked with other compounds to form a hydro-
gel. Carbon nanodots (CNDs) are nanomaterials with powerful
optical properties that have been extensively studied in the medi-
cal field and ion detection, with the advantages of low toxicity and
water solubility [23]. The high-strength fluorescent hydrogels pre-
pared by physically crosslinking CNDs with poly (vinyl alcohol)
have noticeably increased tensile and compressive properties and
desirable self-healing behavior and could be used for rapid heavy
metal ion detection [24].

Chemical crosslinking

Chemical crosslinking is the formation of chemical covalent
bonds in three-dimensional stable hydrogels, and it includes
copolymerization crosslinking, graft polymerization crosslinking,
interpenetrating network crosslinking, radiation polymerization
crosslinking, and enzymatic polymerization crosslinking [25].
Because these hydrogels do not disintegrate or melt when heated,
they are also known as perpetual hydrogels. Copolymerization
crosslinking is the direct crosslinking and polymerization of one
or more low molecular weight water-soluble comonomers in the
existence of a crosslinking agent by chemical or radiation initia-
tion. Graft polymerization crosslinking mostly results in a hydrogel
grafted to a carrier with a particular strength, which might
improve the original gel's performance and mechanical strength,
hence widening its application range. Interpenetrating network
crosslinking involves the utilization of two or more independently
crosslinked polymers or natural polymers to create an interpene-
trating network structure by crosslinking and interpenetration.

These chemically crosslinked hydrogels are simple to prepare
and have sturdy structures with suitable thermal and chemical sta-
bility. For example, acrylic acid and acrylamide can be selected as
raw materials to form hydrogels in the existence of a crosslinking
agent. Semi-interpenetrating network hydrogels can be prepared
from chitosan by free radical grafting and crosslinking; a
temperature-responsive hydrogel was prepared via the Michael
addition reaction of the thioglycolic group (from polypropylene
glycol-ethylene oxide) and the dopa-quinone structure (from chi-
tosan) [26]. The hydrogels prepared by physical crosslinking
method usually have the disadvantages of poor stability and easy
dissolution, and the stability of hydrogels can be obviously
enhanced by chemical crosslinking method. As shown in Fig. 2b,
Hu et al. utilized sodium alginate (SA) and carboxymethyl cellulose
(CMC) for the base materials, formed the inner core of polysaccha-
ride by physical crosslinking, and then introduced a more stable
synthetic polymer outer layer by chemical cross-linking, and suc-
cessfully prepared a bilayer hydrogel with distinct internal and
external structures, which improved the strength and stability of
the hydrogel while eliminating the swelling of the inner core and
the spreading of the inner content [27]. Zhao et al. prepared a mod-
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Fig. 2. (a) Schematic diagram of chitosan hydrogel prepared by physical crosslinking method [15]. (b) Schematic example of the process for preparing bilayer hydrogel by

chemical crosslinking method [27].

ified cellulose hydrogel as a biosorbent by blending and crosslink-
ing with acrylamide and acrylic acid, and the maximum adsorption
capacities of the modified hydrogel reached 157.51, 393.28 and
289.97 mg/g for divalent copper ion (Cu®*), divalent lead ion
(Pb?*) and divalent cadmium ion (Cd?*), respectively [28].

Synthesis of hydrogels based on initiation methods
Chemical initiation

Chemical initiation requires the addition of initiators, like like
potassium persulfate, ammonium persulfate and ammonium
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nitrate. The polymer chains are grafted and copolymerized with
monomers to form three-dimensional mesh hydrogels. Due to
the simplicity of operation and equipment, chemical initiation is
the most common method for preparing hydrogels.

A cellulose hydrogel capable of conducting electricity was suc-
cessfully synthesized by selecting ceric ammonium nitrate as ini-
tiator and accessing acrylamide and acrylonitrile copolymers on
the cellulose chain, which has the advantages of ultra-
stretchable, toughness, anti-freezing (Fig. 3a). As a result of the
dipole-dipole and various hydrogen-bonding interactions in the
three-dimensional crosslinked structure, this cellulose hydrogel
exhibited top properties, which were high elasticity (90%), ultra-



C. Zhao, G. Liu, Q. Tan et al. Journal of Advanced Research 44 (2023) 53-70

(a) 3

Ce4+

® 9
. i AM AN ; g
2 v : :
o : :
) H ﬁ i
/\_/ P(AN-CO-AM) Cellulose | gt T :I;’ °‘—*:”;%’
..... H-bond ‘ Dipole-Dipole interaction \‘ S,
9 Zn* g grafting points
(b) 0——SDEP (1 HO, eto); (1
G O—o CH; CH—»R —CH; ?H @

ooH COOH

(b)
00 + CH=CH ——O—o CH; CH _._.-.0,0+CH—CH-}-CH —CH,
(a) COOH

COOH COOH COOH

R—CH~CH + CH=CH :
i oo = R,—CH,—CIH—CHz—(llH - - - R,—{-CHZ—?H-};’CH;('IH;

COOH
®) COOH  COOH COOH  COOH 3)
CH=GH R,—CHZ—ﬁ':H
iy o
r\llH ']IH Radical combination
R, + ?HI e $H2 R, MBA
r]m TTIH
Cc=0 c 0o
CH2=éH R,—CH;(_)H
(MBA)

Grafted VMT = (—OH; Dispersed VMT = (QQ—OH; Rj=a,b,c.d; ==PAA;*= MBA.

CTS alkali/urea CTS hydrogel
c aqueous solution

(B oy

M\‘l —

\‘:':"/1 AMPS AAm and MBA \V1

immersed into

in situ free radical

p)

DN hydrogel

polymerization

4 freeze drying

o o o
\/u\ ></\\ <Y 9 \)I\ \)k )K/ ©  LiOH/KOH! lecul
(] A NH; 0 X u/\u P i 'urea molecule

Fig. 3. (a) Process diagram for the preparation of cellulose hydrogels in the presence of chemical initiators [29]. (b) Preparation of hydrogels by Glow-discharge-electrolysis
plasma [31]. (c) Process diagram of preparation of chitosan hydrogel by radiation-induced method [33].

57



C. Zhao, G. Liu, Q. Tan et al.

stretchability (1730%), excellent toughness (1074.7 kj/m?), excel-
lent tensile strength (160 kPa), and fatigue resistance properties
[29].

Plasma initiation

Plasma from a glow discharge can be used to form significant
amounts of free radicals, which then trigger the graft copolymer-
ization of monomers to form hydrogels [30]. Plasma polymeriza-
tion occurs without the addition of initiators, which has the
advantages of mild conditions, controllability, and environmental
friendliness. As an unconventional electrochemical process, glow-
discharge-electrolysis plasma (GDEP) can induce some unusual
chemical reactions, such as superficial modification and oxidative
degradation. In addition, GDEP can be used for the synthesis of
hydrogels. Fig. 3b illustrates a synthetic pathway for acrylic acid/
vermiculite (AA/VMT) hydrogels [31]. The formation of numerous
free radicals was achieved using GDEP, which led to a series of
reactions, and the AA/VMT hydrogel synthesized by this method
had an excellent thermal stability and remarkable adsorption
effect on cationic dyes. GDEP is now often applied to the treatment
of wastewater, and less research has been done on hydrogel syn-
thesis, so how to prepare hydrogels with better performance by
using GDEP deserves in-depth study.

Radiation initiation

Radiation initiation requires energy sources, such as high-
energy electrons, microwave-, ultraviolet-, and y-radiation, and is
used to prepare hydrogels in the absence of initiators and
crosslinking agents. The hydrogel prepared by radiation initiation
has higher purity and is more environmentally friendly than other
methods. However, it is only suitable for small-scale laboratory
preparation as the cost is expensive. The photo-crosslinked hydro-
gel is covalently crosslinked underneath ultraviolet or visible light
in the existence of photo-initiators, and visible light does not typ-
ically harm biological cells. Furthermore, photo-crosslinking for
the duration of bioprinting facilitates the instantaneous synthesis
of hydrogels with stable, well-defined architectures. Initiation
using visible light can additionally keep away from the toxicity
precipitated by using ultraviolet irradiation [32]. The network
structure of the hydrogels synthesized by the radiation initiation
method is greater homogeneous than those synthesized by con-
ventional chemical initiation methods due to the fact that the radi-
ation area of electron beam is wide and the penetrating power is
certain, which makes the free radical polymerization in the hydro-
gels more uniform and faster initiation. Liu et al. used electron
beam radiation to synthesize a new chitosan hydrogel, which has
low cost due to cheap raw materials and convenient radiation pro-
cess, and this double network structure hydrogel has high strength
and is physically and chemically stable (Fig. 3c) [33]. Tasdelen et al.
synthesized a new hydrogel composite for the removal of divalent
manganese ion (Mn?*) from aqueous solutions by gamma radiation
with an adsorption capacity of 18.23 mg/g using chitosan, hyaluro-
nic acid and itaconic acid as raw materials [34].

Classification of polysaccharide-based biopolymer hydrogels

Hydrogels are crosslinked polymers with a spatial network
structure; they can be swollen in water and other biological fluids
and retain a giant quantity of water without dissolution. Moreover,
they can be classified into synthesized polymer hydrogels and nat-
urally occurring polymer hydrogels according to their raw materi-
als [35]. Raw materials for synthetic polymer hydrogels consist of
acrylic acid, ethylene glycol, and vinyl alcohol. These monomers
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are notably derived from fossil resources. Synthetic polymer
hydrogels have structures and properties that can be regulated,
even though their degradation is slow. Compared with synthetic
polymer hydrogels, biopolymer hydrogels have higher biodegrad-
ability and biocompatibility and consequently larger advantages
for the treatment on heavy metal ions. Macromolecules from nat-
ural animals, plants, and microbes are usually known as natural
polymers or biopolymers, which can be used as raw materials for
biopolymer hydrogels. Macromolecules from plants include cellu-
lose, lignin, starch, and protein, while macromolecules from ani-
mals encompass chitosan, casein, HA, chitin, protein, and
dopamine. Macromolecules obtained from microorganisms are
mainly polysaccharides. Polysaccharide-based hydrogels are
broadly recognized as biomaterials owing to their remarkable bio-
compatibility, bioactivity, and biodegradability [36]; they are nor-
mally used as substances for drug delivery, wound dressing, and
antibacterial devices [37].

Cellulose hydrogels

Cellulose is one of the most plentiful sources of natural macro-
molecules and has a vast array of applicability as a biodegradable
hydrogel of biological origin [38]. As a typical linear polysaccha-
ride, it comprises p-glucosidic bonds linking dehydrated D-hexa-
cyclic glucose and is the foremost component of plants and natu-
rally occurring fibers, as in cotton and linen (Fig. 4a). Cellulose
and modified cellulose, e.g. by carboxymethylation and amination,
are available as raw ingredients for cellulose hydrogels [39]. Natu-
ral cellulose is extraordinarily tough to dissolve in water owing to
intermolecular hydrogen bonding, and its solubility in common
solvents is also low. The key to preparing cellulose hydrogels lies
in the technique used to dissolve cellulose, and new solvent sys-
tems, such as concentrated sulfuric acid/phosphoric acid, lithium
chloride/dimethylacetamide, strong base/urea, ionic liquids, and
N-methylmorpholine-N-oxide, which have been developed for cel-
lulose. Fig. 4b illustrates the cellulose solubilization in cold phos-
phoric acid and reproduction in aqueous solvent, where
phosphoric acid undergoes esterification reaction with the alcohol
group of cellulose to formate cellulose-phosphate ester. Further
addition of water causes a reverse (hydrolysis) response that can
be used to regenerate cellulose [40]. Cellulose ethers can be dis-
solved in water and cross-linked to obtain cellulose hydrogels,
which are readily available, inexpensive and environmentally
friendly, for example, methyl cellulose, hydroxypropyl methyl cel-
lulose, ethyl cellulose, hydroxyethyl cellulose (HEC) and CMC have
been extensively used in the preparation process [38].

Intramolecular and intermolecular hydrogen bonds easily form
in the case of the numerous hydroxyl groups in the cellulose mole-
cule, which can be functionalized using a range of chemical modi-
fications. The introduction of polymer polyethyleneimine (PEI),
which consists of a massive quantity of imine groups, into CMC
to prepare hydrogels can enhance the elimination of hexavalent
chromium ion (Cr%") through protonated imine and extend the
density of the cross-linked network of hydrogels, consequently
effectively enhancing the mechanical properties of hydrogels
(Fig. 4c) [4]. Hydrogels made from cellulose have large surface
areas and high porosity, and their surface functional groups can
adsorb both heavy metal ions in water via complexation and
methyl blue in dyes via electrostatic interactions. Therefore, they
can be utilized as adsorbents materials for water pollution. Fungi
and bacteria existing in air, water, and soil can degrade cellulose
and its derivatives and can additionally generate cellulose-
specific enzymes. Therefore, cellulose-based hydrogels are envi-
ronmentally friendly.

Highly absorbent cellulose-based hydrogels made from natural
cellulose are also smart owing to their responsiveness to a variety
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of stimulations and therefore have obtained considerable attention
(Fig. 4d) [41]. Cellulose-based hydrogels allow modification with
the aid of grafting chelating groups onto their structure to adsorb
particular heavy metal ions. In addition, acidolysis, enzymatic
digestion, and oxidation of cellulose can yield nanocellulose with
fibrous structures, and nanocellulose-based hydrogels prepared
by wusing physical and chemical crosslinking are three-
dimensional materials with pore constructions that promote super
water absorption, water retention, and certain swelling properties.

Most industrially produced hydrogels are synthetically pro-
duced acrylate-based polymers that degrade sluggishly and are
non-biodegradable, so they are deemed potential soil pollutants.
Inexpensive and non-toxic materials derived entirely from renew-
able biological resources, such as modified lignocellulosic materi-
als, have been developed and currently used in many functions
due to their sustainability and biodegradability. Compared with
acrylic-based hydrogels, those cellulose hydrogels are suitably
flexible, more absorbent, and more easily degraded. CMC is an
environmentally degradable polymer with many carboxyl groups
that enable it to be hydrophilic and soluble in water, making it
an ideal material for synthetic hydrogels with high absorption
capacity and sensitivity to ions and pH. Taking CMC and HEC as
raw materials and introducing acidic whey, Durpekova et al. syn-
thesized a novel, degradable, and reproducible cellulose hydrogel
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with citric acid as the crosslinking agent, which has a good swel-
ling potential to maintain soil quality and protect the aquatic envi-
ronment [42].

Chitosan hydrogels

Chitosan, (1,4)-2-acetylamino-2-deoxy-S-D-glucan, is the only
natural alkaline polysaccharide found in nature. It is the product
of chitin deacetylation and its repeat unit involves N-acetyl-D-
glucosamine and D-glucosamine connected by a p-(1-4) glycosidic
bond (Fig. 5a) [43]. Chitosan is a naturally occurring macro-
molecule which is biodegradable in biological organisms, and its
abundance is second only to cellulose. Chitosan is extensively
found in marine shellfish mollusks, cells of lower algae bacteria,
and arthropods (e.g., shrimps and crabs). Owing to their good bio-
compatibility and degradability, chitosan has been extensively
applied for drug release, tissue engineered, and skin repair [26].
According to the different needs, chitosan could be utilized in pow-
der or in other distinct forms (Fig. 5b) [44]. Chitosan is prosperous
in active groups, has appropriate adsorption, chelation, and
crosslinking effects, and it is effortlessly modified using special
chemical techniques [45]. In latest years, chitosan has attracted
tremendous interest as a raw material of biopolymer hydrogels
due to its broad availability, desirable biocompatibility, high
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Fig. 5. (a) Chemical structure of chitosan. (b) Different forms of chitosan [44]. (c) Diagram of chitosan-based double network hydrogel preparation [46].

adsorption capability, biodegradability, and non-toxic degradation
products. Because chitosan-based hydrogels and their derivatives
have a massive range of active amino and hydroxyl groups that
can dissociate cations, they can chelate with metallic ions and
therefore play a crucial role in the process of removing heavy metal
ions. Tang et al. prepared a novel chitosan-based double network
hydrogel by physical crosslinking method (Fig. 5c¢) [46]. This
hydrogel exhibits a porous structure, which gives it a larger specific
surface area and more binding sites, and is able to adsorb metal
ions such as Pb?*, Cu?* and Cd?" with a maximum removal capacity
of 176.50 mg/g, proving its excellent effect on the adsorption of
heavy metal ions.

During the forming of chitosan-based hydrogels, intra- or inter-
molecular interaction of chitosan molecules have to be strong
enough to form physical binding sites. In an alkaline environment,
hydrogen bonding between chitosan molecule chains is promoted,
leading to the formation of microcrystalline structures as physical
binding sites. Highly soluble halide salts, such as calcium chloride,
potassium chloride, and magnesium chloride, in the chitosan solu-
tion enhance the hydrophobic force between chitosan molecules
due to the strong salting effect, and aggregation of molecular
chains results in physical entanglement as physical binding sites.
Alternatively, polyvalent anionic salts, such as sulfate and citrate,
can be introduced to the chitosan solution to dehydrate the chi-
tosan molecules, and N-glucosamine forms ligand bonds with the
polyvalent anions, as a result forming an ionic crosslinked network
with ionic ligand bonds as the physical binding sites.

The amino and hydroxyl groups contained in chitosan facilitate
both physical and chemical crosslinking of chitosan, which has the
benefits of low cost, useful resource renewability, biocompatibility,
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biodegradability, and multifunctionality [47]. Echazu et al. pre-
pared pure chitosan physical gels by regenerating an aqueous acet-
ate solution of chitosan in an excess alkaline coagulation bath.
Recently, there has been an growing tendency to find out about
the structure and overall performance of smart polymer hydrogels
for specific applications [45]. Chitosan-based hydrogels have
proper electro-sensitive response, and carboxymethyl chitosan
hydrogels and chitosan/sodium carboxymethyl cellulose hydrogels
have network structures that bend and contract with pH changes.
Chitosan is only soluble in organic acid and inorganic acid solu-
tions while is insoluble in water and alkaline solutions. Reactive
groups that participate in hydrogen bonding have an effect on its
water solubility but also provide the possibility of chemical modi-
fication. When hydrophilic groups, such as carboxymethyl chi-
tosan, chitosan quaternary ammonium salt, chitosan
hydrochloride, and guanidine chitosan, are added to the active
groups of chitosan, chitosan derivatives with good water solubility
can be obtained.

Agar hydrogels

Extracted primarily from Gracilariaceae and Gelidiaceae, Agar is
a seaweed polysaccharide that undergoes gelation and is a compli-
cated combination of polysaccharides consisting of two main com-
ponents, agarose and agar pectin, as shown in Fig. 6a. The shape of
agar molecules is influenced by temperature. When the solution is
gradually cooled from higher temperatures, the two-dimensional
linear agar molecules form a three-dimensional structure under
the action of hydrogen bonds and the molecular form changes to
a double helix shape. When the temperature is further reduced,
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the aggregation of the double-helical agar molecules leads to the
transformation of the agar solution into a harder gel state. Depend-
ing on the transparency and strength of the formed hydrogel, the
use of agar varies, with stronger agar hydrogels being more wide-
spread [48].

A durable composite network hydrogel based on agar was pre-
pared by Zhang et al. The agar helical bundles form a three-
dimensional agar network under the action of hydrogen bonding,
while pAAEE (N-poly(acryloylaminoethoxyethanol)) is introduced
later (Fig. 6b) [49]. The pAAEE network gives the hydrogel higher
mechanical properties due to further chain entanglement. In addi-
tion, there is a dynamic/cooperative physical interaction between
the agar network and the pAAEE network as well as within their
respective networks, and this interaction also exists between the
whole and the surface, which ultimately manifests itself in the
strong reversible surface adhesion of this agar hydrogel and
improves its durability.

Among the modification techniques of agar, grafting and cross-
linking are two commonly used methods. The biosorbents pre-
pared from agar has fantastic hydrophilicity and high swelling rate,
and has functional groups that can be used to complex with metal
ions, which could be applied to adsorb heavy metal ions in water
bodies (Fig. 6¢) [50]. Yan et al. synthesized an agar-based double-
network hydrogel based on metal coordination chemistry with
an excellent chelating ability matrix, leading to a sequence of
metal-liganded double-network gels via spontaneously complex-
ing metal ions, which include most of the ions such as Cu?* and
trivalent chromium ion (Cr**) (Fig. 6d) [51].

Hyaluronic acid hydrogels

HA has significant biological functions and is a natural polyan-
ion and glycosaminoglycan, most abundant in bacteria and con-
nective tissues of higher animals [52]. It is composed of
alternating p-1,4-glucuronide and $-1,3-acetylamino glucosamine
bonded repeat units (Fig. 7a). Moreover, it is tasteless, odorless,
non-toxic, hydrophilic, and moisture-absorbing, and it has good
fluidity, lubricity, high viscoelasticity, and pseudo-plasticity,
accordingly promoting its use in eye and orthopedic surgical pro-
cedure to prevent post-operative adhesion [53,54]. It is also used
as a carrier for topical ophthalmic and dermal drugs, and it is
broadly used in cosmetics [55]. The dissolved HA hydrogels are col-
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orless, transparent gel-like solids; they are yellowish hard solids
after air-drying at room temperature and white sponge-like gels
after lyophilization. The volume of the dried gel is significantly
smaller than that of the originally prepared hydrogel due to shrink-
age of the gel by dehydration.

HA has tremendous biological and physicochemical properties,
such as biocompatibility, biodegradability, water retention, and
lubricity, which can be used to prepare biopolymer hydrogels.
Gao et al. successfully prepared N-hydroxy sulfosuccinimide acti-
vated hyaluronic acid (HA-sNHS) with tunable physical properties
from activated hyaluronic acid as the base material and without
the addition of crosslinkers or initiators [56]. The results proven
that HA hydrogels had desirable biodegradability and cytocompat-
ibility (Fig. 7b). The water content of hydrogels can be expanded
with the adding of HA. Biopolymer hydrogels prepared by using
solvent evaporation with HA, hydrolyzed collagen, and chitosan
as raw materials have remarkable properties. With the addition
of HA, the hydrogel surface is smoother and swelling is greater,
while the porosity is unchanged [57].

HA has hydrogen bonds between monosaccharides, and
hydrophobic hydrogen atoms form hydrophobic zones in the axial
direction, which locks water firmly inside—an amount up to 1000
times its weight. The interaction between the hydrogen bonds
and the hydrophobic zones in the molecule results in a net-like
structure with gel-like elasticity and liquid-like viscosity. The exis-
tence of a large amount of reactive groups, like primary hydroxyl,
secondary hydroxyl, carboxyl, and acetylamino groups, on the HA
molecular chains facilitates chemical modification explore a vari-
ety of derivative materials having enhanced properties. A thiol-
Michael addition reaction can occur among methacrylate groups
and thiol groups. Taking advantage of this mechanism, Coogan
et al. fabricated micro-porous HA hydrogels with hyaluronic acid
methacrylate (HAMA) and dithiothreitol (DTT) (Fig. 7c) [58], and
the degradation of micro-porous HA hydrogels was enhanced in
contract with nonporous HA hydrogels.

Gum tragacanth hydrogels

GT is a natural polysaccharide composed mainly of D-galactose,
D-galacturonic acid and rhamnose, with primary and secondary
hydroxyl and carboxylic acid groups present in the molecule, and
the precise microstructure of GT has not been widely achieved
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due to its structural diversity and complexity [59]. GT is stable over
a wide pH range, and the various groups present in the structure
provide the required sites for grafting different monomers with
functional chelating groups, making it easy to functionalize, for
example, polysaccharide hydrogels can be prepared by functional-
izing GT polysaccharides with sulfonic acid groups in the presence
of potassium persulfate as initiator [60]. GT is biocompatible and
functionalized GT hydrogels can be used to develop promising
biosorbents for water treatment by removing ions from water
through ion exchange mechanisms and electrostatic interactions
[61,62]. Masoumi et al. grafted polyacrylonitrile onto GT followed
by amidoxime oxidation to prepare a nanosized hydrogel with
amido-oxime functional groups, and this polysaccharide nanosized
hydrogel was able to remove metal ions from aqueous solutions
with maximum adsorption capacities of 100.0, 76.92, 71.42 and
66.67 mg/g for divalent cobalt ion (Co?"), divalent zinc ion (Zn?*),
Cr3* and Cd?", respectively [63].

Mechanisms of adsorption and detection
Internal structure and characteristics

Hydrogels are analogous to ion exchange resins in that they
remove contaminants from aqueous solutions by electrostatic
attraction. Due to the existence of functional groups like amino,
carboxyl, and hydroxyl groups in the molecular structure of hydro-
gels, their adsorption capacity is enhanced; therefore, they are
super-efficient adsorbents for the removal of contaminants [64].
Moreover, their unique three-dimensional structures promote
good swelling, mechanical properties, and reusability, which are
conducive to the removal and recycling of heavy metal ions.
Through modifying the functional groups, the structure and prop-
erties of the hydrogel could be purposefully altered [65].

The hydrogel skeleton contains a variety of hydrophilic groups
that can complex with and immobilize metal ions. Moreover, the
three-dimensional network structure of the hydrogel can ensure
that the metal ions are uniformly dispersed to prevent the aggrega-
tion and oxidation of metal ions [66]. The bound water in hydro-
gels provides support to maintain a certain shape; it also
provides nano-transport channels for the free diffusion of small
water-soluble molecules and can participate in hydrogen bonding,
thus serving as additional active sites for interactions between the
hydrogel and molecules in solution, which is suitable for adsorbing
heavy metal ions in the aqueous environment. The polymers that
make up hydrogels have diverse polar functional groups, including
oxhydryl (—OH) and —NH,, as well as amide group (—CONH,), and
sulfonyl group (—SOsH). There are physical or chemical interac-
tions between the polymer chains, such as hydrogen bonding,
covalent bonding, van der Waals forces, etc. This allows the hydro-
gel to maintain a more stable structure with a higher water con-
tent. This property makes the hydrogel to bind to heavy metal
ions by chelation and electrostatic attraction for effective removal
[11].

The strength of a hydrogel’s adhesion affects its effectiveness in
removing contaminants. Factors affecting this property include the
spatial environment to which the hydrogel is exposed and the
interactions between its internal components, such as the polymer
content. In air, hydrogels are more likely to adhere to hydrophilic
surfaces, but less likely to interact with hydrophobic surfaces.
Fig. 8a demonstrates the adhesion mechanism of hydrogels in dif-
ferent spatial environments [35]. When the hydrogel is in contact
with a hydrophilic surface in air, a water meniscus is formed at
the edge of the touching surface because of the wetting caused
by the water flowing out of the hydrogel, and the hydrogel adheres
well to the hydrophilic surface due to the intermolecular interac-
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tion with the contact area and capillary adhesion. In contrast, when
the hydrogel is submerged in an aqueous environment, the hydro-
gel surface is in full contact with water, and adhesion is formed
mainly by the interaction between the surface and the internal
polymer.

Introduction of different substances affects the hydrogel properties

Composite hydrogels have superior properties compared to sin-
gle polysaccharide-based hydrogels, and the introduction of differ-
ent compounds into the hydrogel can lead to additional physical
and chemical properties [67]. Fig. 8b demonstrates the interaction
mechanism between the hydrogel and heavy metal ions. The addi-
tion of cationic polymers to hydrogels can significantly remove
oxygen anions such as chromate, expanding the ability to adsorb
contaminants that can be used in water treatment. The content
ratios of the constituents of composite hydrogels also affect their
performance. Nanocomposite hydrogels based on protofibrillated
nanocellulose containing cellulose nanofibrillated (CNF) have an
increased number of intramolecular carboxyl groups as CNF
increases, thus improving the hydrogel swelling capacity and pro-
ducing greater thermal stability and chemical and mechanical sta-
bility, changes in these properties will affect their reuse times [68].
The addition of vinyl monomers to hydrogels gives them pH-
sensitive properties and the ability to remove heavy metal ions
from water, e.g., the use of glycidyl methacrylate (GMA) modified
hemicellulose can produce vinyl macromonomers on the basis of
which composite hydrogels are prepared that exhibit efficient
uptake of Cr®, Cu?*, and pentavalent arsenic ion (As®*) [69]. SA
from seaweed is a degradable biopolymer that exists in the anionic
form above pH 3.4-3.7, and the presence of carboxyl groups in its
molecular chain gives it good metal ion adsorption ability [70,71],
and the tensile properties of the composite polysaccharide-based
hydrogels incorporating SA are also significantly improved, main-
taining biocompatibility and swelling ability while improving the
deficiency point that most hydrogels are very brittle [72]. Gra-
phene oxide (GO) is a solid material containing hydrophilic oxi-
dized polar groups that can exchange ions with metal ions or
positively charged organic molecules, and binding to hydrogels
can improve the adsorption performance of adsorbents [73]. The
chemical stability, swelling properties and adsorption performance
of the GT/GO composite hydrogels prepared under the condition of
cerium ammonium nitrate as initiator were improved, and the
adsorption amounts of Pb?*, Cd** and monovalent silver ion (Ag")
reached 142.50, 112.50 and 132.12 mg/g, respectively |74]. Ferro-
ferric oxide (Fes04) nanoparticles have high specific surface area
and mechanical strength, which can improve the thermal and
chemical stability of the hydrogel after embedding, in addition,
the adsorption properties of the hydrogel are enhanced due to
the improved electrostatic interactions [75]. More importantly,
the composite hydrogel embedded with nanoparticles has the
advantage of easy collection, recovery and no pollution under mag-
netic field due to the unique magnetic properties of Fe304 [76].
Sahraei et al. prepared a novel magnetic polysaccharide-based
hydrogel microspheres from GT, polyvinyl alcohol (PVA) and GO
doped with Fes04 nanoparticles. The laminar structure, high speci-
fic surface area and the presence of a large number of hydrophilic
polar groups within the molecule of GO improved the swelling,
mechanical strength and adsorption capacity of the hydrogel
microspheres, and the addition of Fe;04 promoted the separation
of the beads from the solution and further improved the adsorption
capacity of the hydrogel microspheres under electrostatic interac-
tion, and the adsorption of Pb?>* and Cu?" reached 81.78 and
69.67 mg/g, respectively, which still exhibited high activity after
three recycling cycles [59].
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Applications of polysaccharide-based biopolymer hydrogels

Industrial development and human activities have brought a lot
of pollution to the environment, among which water pollution
caused by heavy metal ions is one of the most serious problems
[77]. Heavy metal ions are often produced during industrial pro-
duction, and some of them are very toxic and can cause serious
harm to aquatic ecosystems when they enter by industrial
wastewater [78]. For example, in the production of stainless steel
can cause chromium pollution, including Cr>* and Cr®*, the former
is almost inactive and less hazardous, however, the latter is toxic

and easily soluble, harmful to the environment, but also lead to
cancer and other diseases threatening people’s health (Fig. 8c).
To date, various techniques, consisting of reduction, adsorption
photocatalysis, and membrane separation, have been investigated
to get rid of hexavalent chromium from wastewater [78]. As an
excellent adsorbent material, novel hydrogels with high selectivity
for pollutants in water have been developed and used to eliminate
heavy metal ions [79]. For example, carboxymethyl cellulose/poly-
ethyleneimine hydrogel was synthesized using a facile one-step
way; its protonated imine groups first adsorbed hexavalent chro-
mium through electrostatic interactions and its oxidizing hydroxyl
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groups subsequently reduced Cr®" to Cr** (Fig. 8d). Moreover, triva-
lent chromium generated in situ was immobilized thru coordina-
tion with nitrogen and oxygen and removed via precipitation [11].

Polysaccharides are natural, biodegradable and relatively low
cost polymers that can adsorb heavy metals from contaminated
aquatic environments [80]. Polysaccharide-based hydrogels are
derived from biopolymers such as cellulose and chitosan and are
highly efficient adsorbents [81,82]. The different types of
polysaccharide-based hydrogels and their preparation for the
adsorption or detection of heavy metal ions are given in Table 2.

Lead damages the human central nervous system and is toxic to
kidney and brain function. Pb?* in wastewater in general comes
from the battery industry, electronic manufacturing, mining,
smelting, painting, and fertilizers [83]. Using modified biopolymer
materials, Pb?* can be removed from aqueous solutions by reactive
functional groups on their surfaces [84]. Wang et al. prepared a
chitosan-2D montmorillonite hydrogel with high specific surface
area and porous structure for the adsorption of Pb%* in water,
and the adsorption capacity reached 76.74 mg/g [85].

Copper is also a common heavy metal contaminant, and it is
often used in the manufacture of paper and pigments. Excessive
accumulation of copper in the human body can cause immunotox-
icity and anemia, as well as damage to the kidneys and liver. The
composite hydrogel obtained from chitosan-based preparation
can adsorb Cu?* from sewage, and its reusability without signifi-
cant loss of initial properties was demonstrated with three adsorp-
tion-desorption cycles; notably, the environmental impact of this
adsorbent is minimal [86].

Hydrogels containing magnetite have been synthesized to
adsorb Cu?*. The greatest benefit of polysaccharide-based hydro-
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gels containing magnetite is that the adsorption can be activated
by applying an external magnetic field [87]. Thus, adsorption and
recovery of both hydrogel and adsorbate can be achieved without
using chemicals such as hydrogen chloride (HCl) or nitric acid
(HNO3). Paulino et al. used chitosan-based hydrogels containing
magnetite to remove Pb%*, Cd?*, and Cu?* ions from water, and both
the magnetic hydrogel and adsorbed metal ions were readily
recovered by the application of an external homogenous magnetic
field [87]. Chitosan-iron(Ill) hydrogel, synthesized by chelating chi-
tosan and ferric salt, is cost-effective and environmentally friendly,
and it can remove dyes rapidly and successfully in alkaline condi-
tions [88].

Mercury binds to proteins containing sulfhydryl and selenium
groups and enters the cell matrix, thereby impairing its normal
function. Exposure to high doses of mercury can cause severe dam-
age to the brain, central nervous system, kidneys and other related
organs, leading to multi-organ failure [89,90]. Lone et al. prepared
a composite hydrogel using gelatin and chitosan cross-linked,
which was able to selectively adsorb divalent mercury ion (Hg?")
in water with a removal rate of 98% [91].

Cadmium and nickel, commonly used in batteries, coatings and
metalworking industries, are toxic contaminants that can accumu-
late in the human body in organs such as the liver and kidneys and
even cause cancer [92-95]. Kundu et al. prepared a novel compos-
ite hydrogel based on CMC, microcrystalline cellulose and xylan in
alkaline medium for the adsorption of Cd®" and divalent nickel ions
(Ni%*) from aqueous solutions using glycol diglycidyl ether as a
cross-linking agent, with maximum adsorption capacities of
61.44 and 55.85 mg/g, respectively [96].

Table 2
Adsorption and detection of heavy metal ions by different polysaccharide-based hydrogels.
Adsorbent Preparation method Adsorbed or detected  Adsorption References
heavy metal ions capacity (mg/g)
magnetic sodium alginate/carboxymethyl co-precipitation and subse- Mn?*, Pb?*, and Cu?* 71.83+89.49 and [98]
cellulose quent freezing-thawing 105.93
fluorescent lignin-based hydrogel with cellulose chemically initiated free radical polymerization cré* 599.9 [99]
nanofibers and carbon dots
hydrogel based on methacrylated microwave-assisted hydrothermal carbonization Cu®* 145 [100]
carboxymethyl cellulose and lignosulfonate
cellulose nanofiber and sodium alginate Physical crosslinking Pb?* 318.47 [101]
carbon dots/cellulose hydrogel hydrothermal reaction Hg* - [102]
Carboxymethylcellulose/hydroxyethyl cellulose citric acid as a non-toxic crosslinking agent cd* 126.58 [103]
hydrogel films
carboxymethyl cellulose-graft-poly(acrylic acid) N,N’-methylenebisacrylamide as a crosslinking-agent Ni%* 366.11 [104]
hydrogel
chitosan/orange peel hydrogel Ceric ammonium nitrate as initiator, N,N'-methylenebis- ~ Cr®" and Cu?* 178.34 and [105]
acrylamide as crosslinker 181.88
carboxylated chitosan/carboxylated physical crosslinking Pb?* 334.92 [106]
nanocellulose hydrogel beads
Spherical-shaped graphene oxide-embedded glutaraldehyde as crosslinker Pb?*, Cd?*, Hg?*, and - [107]
chitosan/gelatin hydrogel it
thiophene-chitosan hydrogel Schiff base condensation strategy Hg?* 20.53 [108]
calcium alginate/carboxymethylated chitosan/ 4-phenylsemicarbazide as a modifier Ni%* 159 [109]
Na-bentonite
polyvinyl alcohol/chitosan/ polydopamine- instantaneous gelation method Cu?*, Pb?* and Cd?** 210.94, 236.20 [110]
functionalized graphene oxide hydrogels and 214.98
chitosan/hyaluronic acid /itaconic acid hydrogel ~gamma radiation Mn?* 18.23 [34]
diethylaminoethyl dextran hydrogel Epichlorohydrin as crosslinker Zn?*, Mn?*, Pb?* and 509.83, 132.60, [111]
cd** 34.29 and 2.51
sodium alginate/polyethyleneimine composite ~ chemical crosslinking Cu?* and Pb?* 322.6 and 344.8 [112]
hydrogel
gum tragacanth-cl-N,N-dimethylacrylamide N,N’-methylenebisacrylamide (NMBA) and potassium Hg?* and Cr®* 666.6 and 473.9 [113]
hydrogel persulfate (KPS) as cross-linker and initiator
chitosan/gelatin fluorescent hydrogel maleic acid as a cross-linking agent cré* - [114]
DNA-chitosan hydrogel electrostatic cross-linking Hg?*, Pb**, Cd**,and - [115]
Cu2+
chitosan/calcium alginate/bentonite composite  physical crosslinking Pb?*, Cu?* and Cd?** 434.89, 115.30 [116]

hydrogel

and 102.38
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Degreasing cotton is a product obtained from cotton through a
series of chemical treatments, which has the characteristics of non-
pollution, soft and thin fiber, and easy delamination. As degreasing
cotton is widely used in the medical industry, it produces a large
amount of waste degreasing cotton, which is easy to cause waste
of resources. Degreasing cotton is mainly composed of cellulose,
hemicellulose and lignin and is rich in polysaccharides. Fan et al.
prepared a novel chitosan/ethylenediaminetetraacetic acid biochar
acrylic-based hydrogel using waste degreasing cotton to realize the
reuse of degreasing cotton. The hydrogel was able to adsorb heavy
metal ions efficiently, and the adsorption capacities of Pb®* and
Cu?* reached 1105.78 and 678.04 mg/g, respectively, moreover,
the adsorption capacity and recovery of heavy metal ions of the
adsorbent remained at a high level after five cycles [97].

Conclusion and future trends

With rapid progress in industries and technologies and con-
comitant rise in living standards, water pollution has emerged as
a serious problem. Wastewater containing various pollutants is
discharged into rivers to enter the ecosystem cycle, causing irre-
versible damage to the environment. In addition to water pollution
caused by textile dyes and pharmaceutical industries, for example,
heavy metal ions from industrial processes are also a major source
of water pollution. Various heavy metal ions, such as Pb?* and Co?*,
accumulate in living organisms and cannot be excreted through
metabolism, eventually causing serious harm to human health
through the food chain cycle. Most of the heavy metal ions are tox-
ic, and apart from direct damage to organs, they can cause muta-
tions and are carcinogenic. Therefore, the elimination of such
pollution from wastewater and the surroundings is of great signif-
icance, especially for potable water, and deserves immediate
attention.

Hydrogel is a polymeric substance with high water absorption
capacity, the form of which is between solid and liquid, and its
internal structure is a three-dimensional network with tough char-
acteristics. Hydrogel is hydrophilic and insoluble in water, so it can
exchange water between its internal and external water phases
that come into contact with it, and the solute molecules contained
in external water can thus enter the hydrogel. As a result, it can be
used for treatment of wastewater containing heavy metal ions.

Polysaccharide-based biopolymer hydrogels have a remarkable
ability to remove metal ions owing to their diverse functional
groups, such as amino, carboxyl, hydroxyl, and epoxy groups. The
efficiency of hydrogels in removing metal ions is mainly attributed
to these functional groups and their surface chemistry. In addition
to their superior adsorption capacity, biopolymer hydrogels are
flexible and can be reused after the adsorbed pollutants are
removed, which renders them both environmentally friendly and
economically efficient. Therefore, biopolymer hydrogels have
attracted research attention and have good prospects in the area
of heavy metal adsorption. Biopolymer hydrogels are non-toxic
and stable in a variety of acidic and alkaline environments and
therefore have become the preferred material for heavy metal
removal.

Polysaccharide-based biopolymer hydrogels prepared using a
single natural raw material are often unstable; therefore, compos-
ites are often used in practical applications. In the preparation of
polysaccharide hydrogels, the structure of natural polysaccharide
molecules will be damaged, which will affect the performance of
the hydrogels. In order to expand the performance and usage of
polysaccharide-based hydrogels, chemical modification of single
polysaccharide hydrogels is often carried out to introduce func-
tionalized groups, and the final composite hydrogels obtained are
greatly enhanced in mechanical strength and adsorption proper-
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ties, in addition to making up for some defects. The composite
polysaccharide-based hydrogel, as an efficient adsorbent, can
adsorb heavy metal ions rapidly and in large quantities, and is
easily recoverable and reusable. By combining with other compo-
nents, hydrogels with unused efficacy can be obtained, and
polysaccharide-based hydrogels with more stability, specificity
and adsorption capacity have been developed for wider applica-
tions in water treatment.

Biomaterial-based hydrogels have superb physical properties,
chemical properties, degradability, low toxicity, and easy availabil-
ity, making them a promising material for decontamination. This
paper provides an overview of latest advancements in
polysaccharide-based hydrogels with favorable adsorbability and
selectivity for the treatment of wastewater contaminated with
heavy metal ions.
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