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Hydrogel Nanocomposite Adsorbents and Photocatalysts

for Sustainable Water Purification
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Hydrogels have been employed for water purification applications, but their
performance and strength are unsatisfactory for widespread adoption. Recently,
hydrogel nanocomposites have been proposed to resolve the inherent chal-
lenges faced by hydrogels for water treatment. This review comprehensively
analyzes hydrogel nanocomposites for water treatment using adsorbent and
photocatalysis techniques. The structure, classification, and tunable synthesis
methods of hydrogels are explained. Further, how hydrogels can be incorpo-
rated with functional nanoparticles (NPs) and can be used as templates/pre-

Anthropogenic actions, environmental
catastrophes, urbanization, population
growth, and industrialization generate
toxic pollutants in water bodies. The most
pollutants are heavy metals and metal-
loids, dyes, volatile organic compounds,
pharmaceuticals, pesticides, radionuclides,
aromatic hydrocarbons, oils, polycyclic
aromatic hydrocarbons, microbes/patho-
gens, and microplastics that can be in

cursors for developing advanced 3D architectures, including the formation of
hydrogel nanocomposite beads and 3D printing objects are discussed. Finally,
the structure-property relationships of hydrogel nanocomposites are critically
reviewed by considering introductory gelation chemistry, such as swelling char-
acteristics, mechanical properties, stimuli-responsiveness, and ionic/electronic
conduction. The extensive cross-linking of polymer chains with NPs offers

high mass/charge transport, high surface areas, and enhanced polymer-water
interactions to achieve high-performing adsorbents and photocatalysts. Several
motivating examples of emerging NP-containing hydrogel nanocomposites

for use in adsorbents and photocatalysis have been discussed. Such efforts
validated the excellent technological potential held by hydrogel nanocompos-
ites for water purification applications. Finally, future directions of hydrogel
nanocomposites for sustainable water treatment are proposed.

1. Introduction

The availability of clean water is the uppermost requirement
for the survival of humankind and all ecosystems. However,
based on the 2014 Global Water Intelligence Report, over 1.2
billion people are currently affected by the severe shortage of
direct access to clean, drinkable water due to uncontrollable
water pollution and physical or economic water scarcity.?

different forms and concentrations.’=!
Globally, approximately 2 million tons
of pollutants from agriculture, indus-
trial, and sewage waste are released into
water streams, which pose severe health
risks and cause the deaths of more than
1400 people every day.l®! Thus, developing
efficient, economical, environmental-
friendly, and scalable technologies for the
purification of wastewater and seawater is
urgently required. To fulfill the shortage
of clean water, affordable technologies
can be used to transform unconventional
water reserves (such as wastewater, rain-
fall, seawater, and brackish water) into
potable water. Recently, numerous water
treatment technologies, including coagula-
tion/flocculation, filtration, chemical pre-
cipitation, aerobic/anaerobic processing, biological treatment,
electrochemically precipitation, advanced oxidation processing,
membrane separation, ion-exchange, adsorption, solar/thermal
distillation/evaporation, crystallization, and photocatalysis, have
emerged to offer practical solutions to water pollution manage-
ment."™ Among them, adsorption and photocatalysis tech-
nologies have garnered significant attention from the research
community due to their cost-effectiveness, high performance,
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Figure 1. Summary of water pollution and available treatment technologies.
B) Various types of water pollutants. C) Primary, secondary, and tertiary water treatment practices to eliminate inorganic, organic, and

Report, 2014).
biological contaminants from wastewater.

and simple operation without requiring complex infrastruc-
ture.>V] Figure 1 summarizes the global consequences of
water pollution and scarcity, various water pollutants, and
developed water purification technologies used at different
treatment stages.

Although several nanomaterials-based adsorbents and
photocatalysts have been developed recently, searching
for ideal materials for water-treatment applications is still
ongoing. The development of new sustainable materials with
high performance and low cost is greatly desired to advance
photocatalytic- and adsorption-based technologies toward prac-
tical operation. In particular, hydrogel-based materials have
shown great potential for effective water treatment.

Hydrogels are macromolecular hydrophilic polymeric gels with
cross-linked 3D structures that can easily entrap water molecules
in their pores or interstitial spaces to swell up while remaining
insoluble.'® Hydrogels exhibit high structural flexibility, chem-
ical stability, elasticity, and permeability, enhancing their water
absorption capability.') Hydrogels consist of several hydrophilic
groups, such as carboxylic (—COOH), amide (—CONH,), amino
groups (—NH,), sulfonic acid (—SO;H) and hydroxyl (—OH),
which provide ample active space to accommodate foreign mate-
rials that are adsorbed on the surface of hydrogels.?” Several
natural polysaccharide polymers, such as chitin, gum, cellulose,
alginate, starch, and proteins, have been used to prepare various
hydrogels, which elevates their popularity due to the availability of
renewably-sourced precursors.?!! In the last two decades, natural
hydrogels, or a combination of natural and synthetic monomeric
hydrogels have increasingly replaced synthetic hydrogels. The
cross-linked structure of the polymeric chains provides visco-
elastic or elastic behavior and mechanical properties.

Moreover, copolymerization using more than one type of
monomer during hydrogel synthesis can effectively introduce
more functional groups to improve desired characteristics for
efficient pollutant removal.l?23l In wastewater treatment, the
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A) Worldwide water pollution and water scarcity (Global Water Intelligence

biocompatibility, abundant surface functional groups, high
surface-to-volume ratio, fast diffusion process, controllable pore
structures, water holding capacity, permeability, and swelling
and deswelling reversibility characteristics of hydrogels allow
the adsorption of several inorganic and organic pollutants from
wastewater with high adsorption capacities that rival that of
conventional water adsorbents.?*2% In addition, several hydro-
gels exhibit good recyclability for numerous successive cycles
without reducing adsorption capacity, which promotes the eco-
nomical and sustainable use of hydrogels in water treatment.l?’]

The performance of hydrogels in water treatment can be
enhanced by modulating their polymer networks with nano-
materials, resulting in hydrogel nanocomposites. The mechan-
ical strength, swelling characteristics, and recovery/reusability
of the hydrogels can be improved by impregnating hydrogels
with organic/inorganic nanomaterials such as carbonaceous
materials (viz., graphene and carbon nanotubes (CNT5)), metal
chalcogenides, metal oxides/sulfides, magnetic materials,
metals, nanoclays, layered double hydroxides (LDHs), MXenes,
metal-organic frameworks (MOFs), and nanocellulose.[?#-3% The
addition of nanomaterials to hydrogels decreases the mesh size
(open space in the networks) by extensive cross-linking of the
polymer chains with nanomaterials, yielding a large number
of interconnected pores and increased mass/charge transport,
high surface areas, and enhanced polymer-water interactions
to achieve high performing adsorbents and photocatalysts. In
addition, nanomaterials and polymer networks enable syner-
gistic surface functionality, making hydrogel nanocomposites
excellent materials for water treatment. Furthermore, hydrogel
nanocomposites are potent photocatalysts because their high
porosity and specific surface area afford many available active
sites for the adsorption of reactants.***!l In addition, it is often
challenging to separate pristine nano-photocatalysts from the
reaction medium following photocatalysis, leading to secondary
contamination and poor reusability.*”! Hydrogels could be
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Figure 2. Histograms showing the number of publications based on the use of hydrogel nanocomposites in A) and B) water treatment applications
(2008-2022). Data were obtained from a Web of Science search (30th April 2022).

used as attractive support materials for these photocatalysts to
achieve efficient photocatalytic systems by providing adsorption
sites, good environmental compatibility, and improved recy-
cling characteristics.

A primary focus of this review is the latest developments
in inorganic and organic hydrogel nanocomposites for water
treatment. There is growing interest in developing hydrogel
nanocomposites for water treatment and numerous other
applications, as illustrated in Figure 2. Several reviews have
been published on hydrogels and other 3D materials used in
medical, environmental, energy, and other applications.[#-¢l
However, only a few reviews have been published specifically on
the water treatment applications of hydrogels.?**34 1 In addi-
tion, most recent reviews concerned only one type of hydrogel,
for example, chitosan*>% or graphene-based hydrogels,?**! one
class of pollutants, such as dyes!”! or heavy metals,>™ or one
type of water treatment method, such as adsorption/?3#4 or
photocatalysis.?* After considering the various applications of
hydrogel nanocomposites for wastewater treatment via adsorp-
tion and photocatalysis, we have explored the limitations of
parent hydrogels in water treatment. Except for graphene-based
hydrogels or the removal of dyes, only a limited number of
reviews focus on the use of hydrogel nanocomposites for pho-
tocatalytic applications or the removal of organic contaminants.

Moreover, none of the reviews are solely dedicated to
hydrogel nanocomposites. Therefore, a summary of published
applications of hydrogel nanocomposites to remove organic and
inorganic water contaminants is warranted. This review pro-
vides a brief overview of the classification, synthesis, properties,
and applications of hydrogels and hydrogel nanocomposites in
the adsorptive and photocatalytic removal of aqueous organic
and inorganic pollutants. The sustainable application of hydro-
gels in water treatment will face significant challenges related
to recovery and reusability. The adsorption mechanism of
hydrogels is also discussed. Finally, the remaining challenges
are discussed and future directions of hydrogel nanocompos-
ites for sustainable water treatment are proposed.

2. Hydrogels: Structure and Classification

Hydrogels are 3D network structures comprising chemically
or physically cross-linked polymer chains with absorbed water
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molecules. Each hydrogel offers a characteristic mesh size
(microscopic pores) depending on polymer concentration and
cross-linking density. Various characteristics of hydrogels are
summarized in Figure 3. Based on their formulation, hydro-
gels exhibit porous or nonporous structures. At the molecular
level, mesh size and the molecular weight of the polymer
chain between the crosslinks are the most critical features of
polymer networks, which control the state and transport of
water in the hydrogels.”” The cross-linking of hydrogels can
be achieved by physical (entanglement/H-bonding) and chem-
ical (covalent bonding) crosslinks. The swelling properties of
hydrogels are attributed to hydrophilic functional groups in
polymer chains, such as —COOH, —CONH,, —NH,, —SOH,
and —OH. Water molecules can be bound to functional groups
of polymers via noncovalent interaction, including electrostatic
interactions and hydrogen bonding (H-bonding).®! Based on
the water-polymer interaction, the imbibed water in hydrogels
can be described as free, bound, and intermediate water.[*’]
Bound water has strong interactions with polymer function-
alities, while intermediate water has weak interactions with
polymer functionalities and neighboring water molecules. In
contrast, free water is equivalent to bulk water, indicating min-
imum interactions with polymer functionalities. The swelling
of hydrogels depends on the cross-linking density and polymer
concentration; for example, a high degree of cross-linking den-
sity decreases the swelling ratio, but it increases the brittleness
of the hydrogel.

Moreover, the well-defined shape of hydrogels can be fab-
ricated from miniaturized building blocks via spontaneous
assembly. The miniaturized building blocks of microgels
with intrinsic morphological configurations self-assemble to
produce bulk forms under the synergic influence of surface
tension, external energy, and gel dimensions at liquid-liquid
interfaces.l® To stabilize the bulk structure of hydrogels, micro-
gels may undergo further cross-linking. Various shapes and
sizes of hydrogels can be fabricated, such as spheres, sheets,
rods, cubes, films, and hollow tubes, by passing fluidic gel
(low viscosity) into a template of the desired shape.l” Various
well-defined forms of the hydrogel are shown in Figure 4.
Hydrogels with irregular surfaces (e.g., a surface with rods
or pillars) can be fabricated using templates with specific hol-
lows or cavities. Various shapes of hydrogels have also been
obtained using 3D printing (including nozzle-based and
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Figure 3. Structural characteristics of a hydrogel and its interaction with water molecules. Noncovalent interactions between functional groups of
polymer chains and water molecules are responsible for the swelling attributes of the hydrogel.

stereolithography) and 4D bioprinting.®%®y These printing

methods produce hydrogels with defined architectures, multi-
plexed materials, and high spatial resolution. Hydrogel beads
can be fabricated using metallic cross-linking (e.g., with CaCl,)
during synthesis.[4 Furthermore, hydrophobic hydrogels
can also be prepared by introducing a stabilizing layer of hydro-
phobic substances on the surface of regular hydrogel, making
them floatable on aqueous media.[!

Hydrogels can be categorized in many ways based on the
physical, biological, or chemical response, mode of prepara-
tion, physical state, origin, nature of swelling, ionic charge,
size, nature of cross-linking, and rate of biodegradation.[®8l
Figure 5 shows a general overview of the classification of hydro-
gels. Based on their composition or the preparation method,
hydrogels can be divided into four types, namely homopolymer
(consisting of a single monomer), copolymer (comprising

Figure 4. Various shapes of hydrogel: A) thin film (200 um thick), B) sheet (30 mm thick). Reproduced with permission.>l Copyright 2011, Springer
Nature; C) Donut with a smooth surface 3D printed in highly deformable gelatin methacrylate hydrogel. Reproduced with permission.l®l Copyright
2019, American Association for the Advancement of Science. D) 3D printed cup and E) solid cube of chitosan and diacrylated Pluronic F-127 derived
hydrogel. Reproduced with permission.’”] Copyright 2019, Wiley. F) Complex flower morphology constructed by biomimetic 4D printing, with time-lapse
changes of the flowers during the swelling process (bottom panel). Reproduced with permission.®l Copyright 2016, Springer Nature. G) Photographs of
carmine-colored poly[(N-vinylformamide)-co- (butylenebis-N-vinylacetamide)] (PNB) precursor hydrogel beads and target dithiocarbamate-decorated
poly(vinyl amine) hydrogel beads (DTC-Fe;0,@PVAM) beads. Reproduced with permission.[l Copyright 2018, Springer Nature.
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Figure 5. General classification of hydrogels.

two types of monomers), semi-interpenetrating (semi-IPN)
network, and IPN network. Homopolymers and copolymers
yield single hydrogel networks. Multiple functional groups can
be achieved for a copolymer by selecting two distinct mono-
mers, such as conductive and nonconductive or hydrophilic
and hydrophobic monomers. A semi-IPN network is formed
when one component with a linear structure penetrates the
cross-linked network of another. It is a simple way to function-
alize cross-linked polymers and improve their properties. In
IPN networks, one polymer is a pre-crosslinked hydrogel that is
immersed in a solution of an initiator and the monomers of the
second polymer. The two polymer networks are interconnected,
forming an IPN structure that is a relatively dense and compact
matrix with enhanced mechanical properties.[®”!

In terms of sources, hydrogels are divided into natural (bio-
logical), synthetic, and semi-synthetic (hybrid) hydrogels. Natural
hydrogels are derived from natural resources, such as insects
(e.g., chitosan and chitin), plants (e.g., alginate, cellulose, agarose,
and gums), and mammalian extracellular matrix (e.g., fibrin, col-
lagen, and hyaluronate)."”l These natural polymers are either
protein or polysaccharides with comparatively weak mechanical
strength. Various strategies have been developed to improve the
mechanical and desired properties, such as combining natural
hydrogels with synthetic hydrogels to produce hybrid or double-
network hydrogels and introducing dual chemical and physical
cross-linking in a single network. Synthetic hydrogels can be
inorganic or organic. Inorganic hydrogels can be further divided
into metal- and non-metal-based. Cyanogels are examples of
metal-based hydrogels that are prepared by ligand-substitution
reactions between the main polymer backbone or noble-metal
chloride/chlorometallates (Sn, In, Sb, Pd, Pt, and Rh) and
transition-metal cyanometallates (Fe, Co, and Ni)."!l The inter-
connected porous structure with heterometallic elements ena-
bles effective mass and charge transport for energy storage and
conversion applications. Moreover, hygroscopic hydrogels are
prepared using nonstoichiometric amorphous Zn or ZnO com-
pounds, which offer unusual swelling and electrical and electro-
chemical properties.”?) Non-metal-based hydrogels are primarily
composed of carbon materials, including CNTs, graphene, gra-
phene oxide (GO), and reduced graphene oxide (rGO).

Adv. Mater. Interfaces 2023, 10, 2201375 2201375 (5 of 50)

Synthetic organic hydrogels are derived from synthetic
polymers such as poly(vinyl alcohol) (PVA), poly(2-hydrox-
yethyl methacrylate), poly(ethylene oxide) (PEO), and
poly(ethylene glycol) (PEG) (M,, < 100k). Due to high solu-
bility in water and organic solvents, PEO and PEG are
ideal materials to produce hydrogels for potential energy
storage and water purification applications. PVA is also
commonly used to create stable and elastic synthetic hydro-
gels using freezing/thawing and cross-linking of aldehydes
(e.g., glutaraldehyde and formaldehyde). Synthetic organic
hydrogels can also be prepared using synthetic conductive
polymers. The electrical properties of conductive polymers
are ascribed to delocalized 7 electrons in their backbones.
Common examples of conductive synthetic polymers that
have been used to form hydrogels are polythiophene (PTh),
poly(3,4-ethylenedioxythphene), polyaniline (PANI), polya-
cetylene (PAc), and polypyrrole (PPy)."3-7°]

Furthermore, ionic hydrogels are divided into cationic, ani-
onic, and neutral hydrogels. They are prepared using polymer
chains that have chemically bonded ions in their chains in the
form of a pendant or enchained. Hydrogels with both cationic
and anionic ions are called ampholytic hydrogels. Ionic poly-
mers are labeled polyelectrolytes when they carry counter-ions
to neutralize bound ions. Polyionic hydrogels can be weak or
strong based on their degree of ionization. For example, the
quaternary NR;* cation (R = organic group) is stronger than
the amine (NH3") cation, and the carboxylate (RCOO") anion is
weaker than the sulfonate (RSO;") anion.

The physical-state category of hydrogels is subdivided based
on phase characteristics into solid, semi-solid, and liquid
hydrogels. Biodegradable and non-biodegradable hydrogels are
divided based on the rate of degradability. Macrogels, microgels,
and nanogels are three classes of hydrogels based on the size
of the hydrogels.l'® Based on their configuration, hydrogels can
be classified as amorphous, crystalline, and semi-crystalline.
However, the most popular classification of hydrogels is based
on the cross-linking behavior of polymers: a) physically cross-
linked (self-assembly) hydrogels and b) chemically cross-linked
hydrogels.”®! Cross-linking approaches will be considered in
more detail in the next section.
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Figure 6. Tunability of hydrogel nanocomposites from the molecular to the macroscopic scale for the rational design of hydrogel materials for water

treatment.

Hydrogel materials can be tailored at multiple scale levels to
achieve various physicochemical properties by tuning polymer
functional groups/monomers, cross-linking density, functional
additives, synthesis environment (e.g., pH, ionic strength, and
temperature), and others. Figure 6 shows the rational design
of various hydrogel materials used for water treatment. At the
molecular level, the hydrogel building element (monomer/
polymer backbone) defines essential characteristics, such as wet-
tability, conductivity, and viscoelasticity, based on the interactions
between the polymer networks and water/solvent. The function-
alities (e.g., —COOH, —CONH,, —OH, —NH,, and —SO;H) on
polymer chains determine the chemical interactions (e.g., elec-
trostatic, hydrogen linkage, metal coordination, and chelating
linkage) between polymer chains and surrounding matter (e.g.,
water, solvent, and nanomaterial additives). Additional func-
tional groups can be introduced to gels using two or more dis-
tinct monomers or polymers (e.g., synthetic and natural).”” The
choice of solvent or aqueous medium (acidic, alkaline, neutral)
during synthesis controls the gelation chemistry and is respon-
sible for the unique properties and structures of the obtained
hydrogels.”®l Moreover, water-polymer interactions affect the
extent of swelling and bound water, which can be regulated at the
molecular level via different factors.””! By judiciously selecting
functional/semiconducting nanomaterial additives and hydro-
philic polymer networks, synergistic intrinsic attributes result in
highly effective hydrogel nanocomposites for water treatment.

The cross-linkers, polymer networks, and functional addi-
tives determine the mesh size, degree of networks, and porosity
of hydrogels. A hydrogel can comprise more than one network,
forming a double or IPN network system. The mesh size of
hydrogels depends on cross-linking density, backbone concen-
tration, and cross-linking type. High-density cross-linkers and
high backbone concentrations produce hydrogels with a dense

Adv. Mater. Interfaces 2023, 10, 2201375 2201375 (6 of 50)

network (i.e., small mesh size), resulting in nonporous or low-
porosity structures. By selecting cross-linkers appropriately,
mechanically tough®! and self-healing hydrogels®# can be
rationally designed for various applications. Furthermore, the
microscopic tuning results in distinct structural and surface
properties. The freeze-casting approach is commonly used to
introduce differently shaped pores and channels by changing
the solvent, temperature, and sequence of events. Aligned pore
walls can be obtained when the hydrogel undergoes directional
freezing and thawing in a salt mixture.

In contrast, non-directional freezing produces hydrogels with a
nanofibril network.®*l Hydrogels with a larger surface area and a
porous structure can be formed by employing supercritical drying.
The surface properties of hydrogels can be tailored by grafting
functional moieties during post-treatment or during the gelation
step via a templating process.®¥ Additionally, surface modifica-
tions/topographies can add various properties that a polymer net-
work does not carry, such as antifouling,’®! anti-dehydration, !
hydrophobicity,©>#] and antireflection.®® The morphological ver-
satility of hydrogels further confers extra features to their practical
applicability. Different shapes (such as beads, film, sheets, cubes,
and hollow structures) can be fabricated using a molding method
or 3D/4D printing. Owing to their tunability across multiple
scales, ranging from adaptable synthesis to numerous post-syn-
thetic modifications, multi-functional hydrogels can be produced
to fulfill most of the requirements for effective adsorptive/photo-
catalytic removal of toxic pollutants from water.

3. Synthetic Approaches

3D hydrogel polymeric networks can be prepared using
synthetic polymers (such as PEO, poly(acrylic acid) (PAA),
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polypeptides, poly(vinyl pyrrolidone) (PVP), PVA, and their
derivatives/copolymers), natural polymers (including starch,
gelatin (Gel), collagen, agarose, alginate, and gums), or combi-
nation of both as starting materials. They differ in their proper-
ties due to different chemical structures, cross-linking, swelling
tendency, and preparation techniques. Innovative materials can
be achieved by a change in chemical composition or a slight
change in one of the synthesis parameters, such as cross-
linking agent, cross-linking method, reaction conditions, and
preparation time. Various synthesis approaches for the prepa-
ration of hydrogels and their nanocomposites are discussed in
this section.

3.1. Synthesis of Hydrogels

Any method that is suitable for the production of cross-linked
polymers can be utilized to synthesize a hydrogel. Chemical and
physical cross-linking, free-radical polymerization, free-radical
or graft copolymerization, and irradiation cross-linking of poly-
mers are commonly used methods for preparing hydrogel by
mixing hydrophilic polymers with various functional group-
carrying cross-linkers.3%688991 The primary constituents of
hydrogel synthesis are the monomer, initiator, cross-linker, and
solvent. For example, a biopolymer-based hydrogel has been pre-
pared by free-radical graft copolymerization using acrylamide
(AAm) and acrylic acid (AA) as monomers, N,N’-methylenebis
(acrylamide) (MBA) as cross-linker, and the ascorbic acid/
potassium persulfate redox pair as initiator.33l The amount of
water and the process of binding the polymer backbone in the
gel network played crucial roles in synthesizing the hydrogel.
The swelling characteristics or water absorption capacity of a
hydrogel depend on the type of monomer used and the density
of the backbone polymer.”?l The following sub-section provides
a brief outline of physical and chemical cross-linking polymeri-
zation for the preparation of hydrogels.

3.1.1. Chemical Cross-Linking

Permanent covalent cross-linking between the monomeric
units yields chemically cross-linked hydrogels that are stable
against degradation. The excellent mechanical characteristics of
chemically cross-linked hydrogels make them viable candidates
for applications in industries such as pharmaceuticals,
food, agriculture, and cosmetics. Chemical cross-linking
polymerization approaches for synthesizing hydrogels can be
described as follows.

Chain-growth polymerization involves free-radical polymeri-
zation, which proceeds in initiation, propagation, and termina-
tion steps. Hydrogels prepared by these methods generally use
hydrophilic monomers with unsaturated bonds.”! Initiation
reactions in chain-growth polymerization can be achieved by
using different kinds of initiators, such as various chemicals,
electron beams, heat, light (photo-initiator), and y radiation.¥
Hydrogels obtained by chain-growth polymerization have
diverse network structural properties. This method is versatile
and can be employed in suspension, solution, or grafting to
support the synthesis of hydrogels of various structures.
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In solution polymerization, the reaction starts with a high
monomer concentration and minimum initiator, solvent, and
catalyst concentrations. Then, the solvent is added to control
the viscosity, and the concentrations of the catalyst and/or ini-
tiator are adjusted to control the reaction rate. In this method,
the initiator, monomer, and formed polymer are soluble in the
solvent or solvent mixture. The added solvent acts as a heat
sink, which is the primary benefit of solution polymerization
over bulk polymerization. Solution polymerization is broadly
used for hydrogel preparation owing to its excellent polym-
erization rate and safe handling and can be performed under
ambient conditions.’!

Suspension polymerization or inverse-suspension polym-
erization requires both hydrophilic and lipophilic suspending
agents and constant agitation. In this method, the initiator and
monomers are dispersed as a uniform mixture in an organic
phase. This means that the reaction mixture is suspended as
tiny droplets in a continuous aqueous phase, and each droplet
behaves as a miniature bulk reactor. The suspension gelation
method yields hydrogel powders or microspheres (beads).
In addition, this process produces macroporous polymeric
hydrogels.[’!

The photo-polymerization process facilitates the in situ prep-
aration of cross-linked hydrogel networks. In this approach,
free-radical polymerization is carried out by an initiator and
broad-spectrum light irradiation spanning ultraviolet (UV) and
visible to infrared wavelengths.®®! For example, Reeves et al.*’!
prepared stable cross-linked carboxymethyl cellulose (CMC)
hydrogel by employing a photo-initiator, viz., UV radiation.

Grafting is an essential technique to enhance the mechan-
ical properties of hydrogel networks. This method involves
attaching the hydrogel to more robust support. A typical reac-
tion involves the formation of free-radicals on the more stable
support. The monomers are then polymerized directly onto the
support, resulting in a covalently attached hydrogel. Various
polymeric supports have been used to prepare hydrogel via the
grafting method.[100-102]

Irradiation polymerization involves using energy-intensive
radiations such as gamma rays and electron beams as ini-
tiators to polymerize unsaturated substances for hydrogel syn-
thesis.31% Hydrophilic polymers can be easily converted into
hydrogels using different kinds of irradiation. During irradiation
of the polymeric solution, numerous active sites are produced
on the polymer chains, which results in extensive cross-
linking.'%%l Irradiation polymerization produces residue-free,
sterile, and highly pure hydrogels. Swelling factors (viz., pore
size and cross-linking) of hydrogels can be readily regulated
using this method by changing the radiation exposure.[%¢1%7]
Compared to chemical cross-linking, this method requires no
additional catalysts or chemicals to modify the materials.%!

Step-growth polymerization occurs via the reaction of dis-
tinct functional groups of the monomer molecules to form new
covalent bonds.l""%1% This method is governed by a single reac-
tion mechanism. The hydrogels prepared by this approach are
homogeneous because they are synthesized by mixing at least
two monomers with equally reactive functional moieties. The
presence of reactive groups in each monomer acts as cross-
linking points. For example, Lin et al." used step-growth
polymerization to produce chemically cross-linked hydrogels
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Figure 7. Schematic presentations of the preparation methods of hydrogels. Different cross-linking of hydrogels: A-D) Physical cross-linking and
E) chemical cross-linking. Reproduced with permission.l®l Copyright 2016, American Association for the Advancement of Science.

using a four-arm PEG norbornene monomer and dithiol-con-
taining cross-linkers. Figure 7A-E shows commonly used syn-
thesis routes of the hydrogel.

3.1.2. Physical Cross-Linking

The spontaneous self-organization of monomers allows phys-
ical cross-linking via intermolecular interactions, resulting
in self-assembled hydrogels.">!3] In physical cross-linking
polymerization, the interactions between the monomers can be
interrupted by controlling environmental conditions, including
ionic strength, temperature, presence of solutes, temperature,
and stress, resulting in the reversible nature of the physically
cross-linked hydrogels.''?l Physically cross-linked hydrogels
exhibit entangled polymeric chains due to H-bonding, crys-
tallite formation, or hydrophobic interactions that are not
permanent. The application of physically cross-linked hydro-
gels has received much attention owing to the advantages of
not requiring harmful cross-linking agents and the ease of
preparation. Traditional hydrogel synthesis is complex due to
the inability to control chain lengths, sequence types, and 3D
arrangements and the need to check for side reactions. Gen-
erally, physically cross-linked hydrogels are prepared using
multiblock or graft copolymers.[®® Polysaccharides are typical
examples of graft copolymers that exhibit water-soluble polymer
backbones attached to hydrophobic units. Reported physical
cross-linking hydrogel synthesis methods include self-assembly,
H-bonding/freeze-thawing, ionic gelation, electrostatic inter-
action, hydrophobic interactions, stereo-complex formation,
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thermal condensation, photo-induced gelation, and protein
interactions cross-linking.*®’%™ Due to their reversible nature,
these interactions can be interrupted by varying physical condi-
tions or stress."! Figure 8 summarizes the various preparation
methods of hydrogels and hydrogel nanocomposites.

3.2. Synthesis of Hydrogel Nanocomposites

Hydrogel nanocomposites have been prepared through the
addition of a broad range of nanomaterials, such as metallic
NPs, metal oxide/sulfide NPs, polymeric NPs, carbonaceous
nanomaterials, and other 2D nanomaterials.34116-1201 The
combination of hydrogel and nanomaterials produces nano-
composite with multi-functional characteristics, which provide
hydrogel with better swelling characteristics, mechanical sta-
bility, and hydrophilicity for water treatment and several other
applications. Five approaches can be employed to integrate
the nanomaterials into hydrogels to yield hydrogel nanocom-
posites (Figure 8): i) formation of hydrogel in NPs suspen-
sion, ii) physically mixing of the NPs into hydrogel matrix
after gelation, iii) In situ synthesis of NPs within the hydrogel,
iv) using NPs as a cross-linkers to form a hydrogel, and v)
nanocomposite formation using NPs, distinct gelators, and
polymers. For example, Sershen et al.'?!l used the first approach
to prepare AuNPs- containing hydrogel nanocomposite by
mixing AuNPs suspension into a solution of N-isopropylacryla-
mide (NIPAm)/AAm (monomer), followed by the addition of
ammonium persulfate (initiator) and tetramethylethylenedi-
amine (accelerator). However, the formation of hydrogel in NPs
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Figure 8. Summary of the various preparation methods of hydrogels and hydrogel nanocomposites.

suspension has a few drawbacks, such as the leaching of NPs
from the hydrogel matrix when the cross-linking density is low.
A second approach was later introduced to prepare a hydrogel
by incorporating Au NPs into a polyacrylamide (PAAm) gel
after electro-polymerization.'?2l This approach involves the
separate synthesis of the NPs and hydrogel, and then physically
combining the two components. To further simplify the syn-
thesis route of hydrogel nanocomposites, Langer et al.l'?3 dem-
onstrated a third approach, which entails the addition of NP
precursors into a hydrogel to prepare hydrogel nanocomposite
in situ, rather than synthesizing NPs separately. The hydrogel
nanocomposite prepared using this method exhibit uniformly
distributed NPs. Functional groups in the polymer branch, for
example, catechol side-chain in NIPAm, help to reduce the
Au precursor to AuNPs to prepare NIPAm/Au hybrid hydro-
gels.'? The fourth approach uses functional groups of NPs as
cross-linker or initiators to develop hydrogel nanocomposites.
For example, Prestwich et al.'”’! utilized the thiophilicity and
multivalent nature of Au NPs to cross-link thiolated hyaluronic
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acid into extrudable, printable, and biocompatible hydrogels.
In another study, in situ copolymerization of 2-acrylamido-
2-methylpropane sulfonic acid (AMPS) and AA was carried
out using Al,O; NPs as the cross-linker to form the stretchable
and self-healing poly(AA-co-AMPS)/Al,0; hydrogel nanocom-
posite.'2%l In the fifth approach, a hydrogel nanocomposite is
prepared using NPs, distinct gelator molecules, and polymers.
For example, Wu et al.'”’] used in situ polymerization to pro-
duce a hydrogel framework consisting of SiO, NPs coated with
the conducting polymer PANI for applications as anodes. They
performed solution-phase synthesis by mixing aniline, Si NPs,
and phytic acid (used as gelator) in water, followed by the addi-
tion of ammonium persulfate (used as oxidizer).

3.2.1. Synthesis of Hydrogel Nanocomposite Beads
Numerous synthesis strategies have been developed to prepare

hydrogel nanocomposite beads using various cross-linkers,
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Figure 9. Synthesis of hydrogel nanocomposite beads. A) Preparation steps of the PVA-coated copper ferrocyanide-embedded magnetic hydrogel
beads (PVA-CuFC-MHBs) for removal Cs from water. Reproduced with permission.* Copyright 2019, Elsevier Science Ltd. B) Schematic shows
the preparation of PAA—AO—PEI nanocomposite beads a) synthesis of the aqueous phase, b) O/W emulsification and initiation of polymerization,
c) beads formation via O/W/O sedimentation polymerization, d) purified PAA-AO nanocomposite beads, ) soaking of beads in EDC solution, and
f) PAA-AO-PEI nanocomposite beads. Reproduced with permission.*8 Copyright 2021, American Chemical Society. C) Synthetic process for PDMA/g-
C3N4 microgel beads via inverse suspension photopolymerization. Reproduced with permission.** Copyright 2020, American Chemical Society. CMp,
phenol-modified g-C3N,; PDMA, poly (N,N’-Dimethylacrylamide); N-(3-(dimethylamino)propyl)-N’-ethylcarbodiimide hydrochloride, EDC.

polymer systems, and nanostructured materials for effective  for hydrogel beads are NaOH 2130 NH,OH, [ CaCl,,10>13%]
water treatment.18128-133] A summary of various methods that ~ MgCO3,3¢ FeCl,,'1 CuSO,,*! and ZnCl,.°? For example,
have been used for the synthesis of hydrogel nanocomposite ~ Lee et al.® demonstrated the preparation of PVA-coated
beads is shown in Figure 9. Commonly used cross-linkers copper ferrocyanide-embedded magnetic hydrogel beads
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(PVA-CuFC-MHBs) for the removal of Cs from water. The syn-
thesis processes are depicted in Figure 9A. Firstly, CuSO, 5H,0
and K,Fe(CN)4 3H,0 were added to a PVA solution to produce
PVA-CuFC. The cross-linkers FeCl, 4H,0 and FeCl; were then
added to the PVA-CuFC mixture to cross-linking the polymer
chains. Finally, the reaction mixture was added dropwise to
an NH,OH solution (pH = 11.2) to yield PVA-CuFC-MHBs. In
another study, hierarchically porous poly(acrylic acid)-alumina
(Al,0;) nanocomposite (PAA-AO nanocomposite) beads were
fabricated by solidifying droplets of emulsions co-stabilized
using a surfactant (Triton X-405), co-surfactant (PVA), and Al,0,
NPs, as described in Figure 9B.1*8 To improve the mechanical
properties and surface positive charge, the PAA-AO nanocom-
posite beads were further modified by hyperbranched polyeth-
ylenimine (PEI) via initial treatment with N-(3-(dimethylamino)
propyl)-N-ethylcarbodiimide hydrochloride to produce PAA-
AO-PEI nanocomposite beads. Phenol-modified g-C3N, has
also been investigated®! as a water-dispersible photo-initiator
for the synthesis of poly (N,N’-Dimethylacrylamide)/g-C;N,
microgel beads using MBA as cross-linker and cyclohexane
as a continuous oil phase (Figure 9C). Furthermore, Bandara
et al.'? reported a simple approach to synthesizing chitosan-
polyethylenimine-graphene oxide (CS-PEI-GO) hydrogel beads
to effectively remove Se from polluted water. A homogenized
CS-PEI-GO solution was added dropwise to a 1.5 M NaOH solu-
tion using a 10 mL syringe with a 23G needle to produce CS-
PEI-GO hydrogel beads.*” In a similar approach, CS/AgCl/
ZnO NC beads were prepared using a 0.5 NaOH solution for
the photodegradation of methylene blue (MB) dye.!'?°!

3.2.2. Scalable Production of Hydrogel Nanocomposites

Large-scale hydrogel nanocomposites are necessary to attain
their full potential in various industrial applications, including
sprayable carriers, hydraulic or injection fluids, complex vis-
cosity modifiers, tissue engineering scaffolds, wound healing,
and water treatment. Recently, scalable routes to produce
hydrogel nanocomposites at a large scale have been demon-
strated."-%3] Figure 10 presents various scalable manufac-
turing processes of hydrogel nanocomposites. For example,
Yu et al.'l reported a scalable route for the preparation of
biomimetic polymer NP-based hydrogels via the self-assembly
(involving noncovalent interactions) between colloidal SiO,
NPs and environment-friendly and renewable polysaccharides
hydroxyethyl cellulose (HEC) and methylcellulose (MC). The
developed method could be easily scaled up linearly from 0.5 mL
to over 15 L without compromising the mechanical character-
istics of the hydrogel (Figure 10A). Another study developed a
scalable method to produce micrometer-sized core-shell micro-
gels (CSMG) as a solid powder.' Hydrophobic SiO, NPs and
an aqueous solution of gel precursors (AAm (monomer), potas-
sium persulfate/NaHSOj; (initiator), and MBA (crosslinker))
were mixed in a domestic mixer at 22 000 rpm for 90 s to yield
a dry water system, which was heated at 38 °C for 4 h under
nitrogen to produce the CSMG. Compared to solution-phase
polymerization methods, the solid microgel could be easily
obtained with a high yield (96%) and without any purification
steps. This scalable dry water method produced a microgel with
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core-shell morphology comprising hydrophilic cores (hydrogel)
and porous hydrophobic shells (SiO, NPs), enabling the ability
to absorb both oil and water. Furthermore, Rutgeerts et al.'*4
used a solvent-free ball-milling approach to produce supramo-
lecular hydrogels using bis-urea derivatives.

Recently, 3D printing (also known as additive manufacturing)
has emerged as a continuous industrial technique to produce
prototypes, find design variations to improve yield, and verify
the scalability of a process. Using this technology, 3D objects
can be rapidly fabricated via a layer-by-layer deposition. 3D
printed hydrogels have been manufactured and employed in
numerous applications, such as electronics, food production,
and tissue engineering,>"¥] and have recently garnered much
attention for fast and effective water treatment.[7145148-151 For
example, a highly stretchable in situ synthesized MOF-hydrogel
nanocomposite was 3D printed using a combination of pre-
polymers of a double network hydrogel (AAm and sodium
alginate (SA)), a shear-thinning agent (HEC), ligands for the
HKUST-1 MOF (trimesic acid (H3;BTC)), and a deprotonating
agent (triethylamine), Figure 10B.2l MBA and Irgacure 2959
were used as crosslinker and photo-initiator, respectively. UV-
curing (365 nm UV LED) was applied to produce a primary
polymer network of PAAm, which was immersed in a Cu(NO;),
water/acetone solution (1:1 ratio) solution to produce a sec-
ondary polymer network of Cu**cross-linked SA. Concurrently,
the copper ions were coordinated by the BTC ligands to in situ
synthesize the MOF and, finally, form the HKUST-1 hydrogel
nanocomposite. Different hydrogel structures (i.e., dumbbell,
grid, and pyramid) have been designed using SolidWorks (Das-
sault Systemes) for the efficient absorption of dye. For example,
Baniasadi et al.’™! illustrated the use of direct ink writing
(a 3D printing technique) for the preparation of bio-hydrogels
that consist of aloe vera/TEMPO-oxidized cellulose nanofibril
(TEMPO = (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl). In addi-
tion, electron-beam irradiation was used to cross-link alginate,
nanoclay, and AA to prepare a nanocomposite ink-based suspen-
sion.® The suspension was introduced to an extrusion-based
3D printer to successfully fabricate a superabsorbent hydrogel
for the removal of heavy metal ions from contaminated water.

4. Properties of Hydrogels-Based Materials

Hydrogels are cross-linked polymers with high elastic and
swelling characteristics and are used in various applications,
including water treatment. Combining hydrogels with other
nanomaterials elevates the advantages of the components
through synergetic effects while counteracting the disadvan-
tages of each. The excellent swelling properties, mechanical
strength, and ionic and electronic conduction of hydrogel-
based nanomaterials have helped to advance several fields. The
following sections thoroughly explain the inherent properties of
hydrogel-based materials.

4.1. Swelling Characteristics
The swelling behavior of hydrogel-based materials is a very crit-

ical feature, which promotes their potential use in numerous
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Figure 10. Scalable manufacturing of hydrogel nanocomposite. A) Polysaccharides (HEC and MC) on mixing with SiO, NPs yield robust PNP hydrogels.
Reproduced with permission.[% Copyright 2016, United States National Academy of Sciences. B) The graphic illustrates the three critical steps in the
3D printing process: printing, UV curing, and ionic cross-linking. Various shapes (dumbbell, pyramid, and grid) of 3D printed MOF-hydrogel could be
obtained using a 0.8 mm diameter nozzle. Reproduced with permission.® Copyright 2020, American Chemical Society.

applications. The swelling properties of hydrogels are accred-
ited to the presence of several hydrophilic functional groups,
such as —OH, —CONH,, —CONH—, and —SO;H.'> The
weight ratio of a hydrogel in a swelled and deswelled state
defines the swelling ratio and quantifies the swelling capacity
of a hydrogel. Hydrogel-based materials with large swelling
capacities are also called super-absorbents. They are widely
used in environmental remediation applications,>® while
those with low swelling capacities are used in gas capture and
catalysis.™! Several factors affect the swelling ability of hydro-
gels, such as the skeleton structure, the chemical structure
of repeating units, the quality and concentration of solvent,
the cross-linking ratio, and the specific stimuli. The hydro-
philic functional groups on the hydrogel skeleton significantly
impact the swelling capacity of the hydrogel. For example, Xu
et al.®®¥ have found that fabricating GO with a poly(acrylic
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acid-co-acrylamide) (P(AA-co-AM)) hydrogel enhances the
swelling characteristics of the hydrogel.™® The swelling
capacity of the P(AA-co-AM) hydrogel improved from 757 to
1094 g/g after adding a low quantity (0.10 wt.%) of GO sheets.
The noteworthy improvement of the swelling capacities of the
GO/P(AA-co-AM) hydrogel nanocomposite was ascribed to the
presence of functional groups, such as —OH, —C=0, —COOH,
and —C—0—C—, on the GO surface.

The swelling characteristics of a hydrogel can be easily tuned
by altering the pH or salt concentration of a solution. The ion-
ization state of functional groups of the hydrogel is sensitive
to the influence of pH and ionic strength of the solution and
affects the swelling capacity. It has been found that the swelling
capacity of the sodium alginate-g-poly(acrylic acid-co-acryla-
mide)/clinoptilolite hydrogel nanocomposite increases with an
increase in pH from 2 to 10 but declines when pH > 10.1°% At
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pH 10, the —COOH groups on the hydrogel nanocomposite are
converted to —COO™ and the hydrogel shows a high swelling
capacity due to anion-anion repulsion. However, the —COOH
groups are protonated at low pH, preventing efficient anion-
anion electrostatic repulsion. Additionally, at pH > 10, the
swelling ratio of hydrogel is reduced due to the presence of
Na* from NaOH, which shields the —COO~ groups and pro-
hibits anion-anion repulsion. Similarly, the ionic strength of
the solution also exhibits an influence on the swelling char-
acteristics of a hydrogel. With increasing NaCl concentration
in the solution, cationic hydrogels show a significant decline
in swelling capacity.') However, hydrogels with zwitter-ionic
monomers usually show an increased swelling ratio with
increasing NaCl concentration.[161162]

The cross-linking of the polymer backbones in hydrogel also
affects their swelling characteristics. Under appropriate reac-
tion conditions (such as temperature and pressure), increased
cross-linking density results in a denser network, negatively
impacting swelling capacity. In addition, a high concentration
of cross-linking agents also impedes swelling properties. The
presence of cross-linkers with long spacers strongly reduces
the swelling properties of hydrogels. As the cross-linker con-
centration increases, the mechanical stability and rigidity of
the hydrogel network also increase, which has adverse effects
on swelling.'¥l Furthermore, the swelling characteristics of
hydrogel nanocomposites increase with increasing tempera-
ture. However, some hydrogels may exhibit the separation of
polymer chains at high temperatures, resulting in collapsing or
shrinkage.[164

Swelling and deswelling of hydrogels cause reversible
volume changes and, thus, affect their mechanical properties,
structure, and surface morphologies.'® Hoshino et al.'¢%
performed experimental and theoretical investigations of the
relationship between the swelling ratio and Young's modulus
of tetra-PEG-based hydrogels. They found that Young's mod-
ulus of the hydrogel decreases with an increasing swelling
ratio. Knowledge of the relationships between the moduli and
swelling ratio of a hydrogel is valuable for designing hydrogel-
based materials with strong mechanical strength and large
swelling ratios for environmental remediation applications.
Swelling and deswelling also induce structural changes in the
hydrogels. By controlling the swelling process of a hydrogel
material, various surface patterns can be obtained.'™”) These
surface patterns are stable in both dry and swollen states and
enhance the potential of hydrogels for multiple applications.

4.2. Mechanical Properties

Hydrogels exhibit excellent elasticity, flexibility, and self-healing
properties, making them suitable candidates for several appli-
cations, including biomedical engineering, energy storage, and
environmental remediation. Self-healing properties enable the
self-repairing of cracks that form in hydrogels during opera-
tion, which is desirable in wearable energy storage and conver-
sion devices. Self-healing is a reversible process and promotes
the lifetime and durability of devices composed of self-healing
hydrogel materials. Self-healing is introduced to hydrogels
through physical interactions, such as H-bonds, electrostatic
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interaction, metal coordination, or chemical bonds.®! Covalent
bonds, such as disulfide, imine, boronate ester, and acylhy-
drazone bonds, aid in the chemical self-healing of hydrogels.
Wearable electronics require materials that can work under
uninterrupted bending, stretching, and twisting conditions and
must have high strength and elasticity. Unfortunately, several
hydrogels demonstrate poor stretchability and elasticity despite
good mechanical properties, which are unsuitable for prac-
tical applications. Therefore, hydrogels that exhibit exceptional
elasticity and high compressive and tensile strength should
be developed. The most common approach to designing such
hydrogels is to employ double-network hydrogels and hydrogel
nanocomposites.68!

Hydrogel nanocomposites are a popular route to enhance
the properties of hydrogels. Several nanomaterials, such as
graphene-based materials, CNT, clay, silica, metals, and metal
oxides, have been employed to strengthen the polymer matrix
of hydrogels. Yin et al.ll%! reported the graphene oxide/sodium
alginate/polyacrylamide (GO/SA/PAAm) hydrogel nanocom-
posite with enhanced mechanical strength and demonstrated
dye adsorption.®] Figure 11A shows the effect of pressure
on these hydrogels. Parts (a) to (c) of Figure 11A show that a
PAAm-based hydrogel was damaged under pressure, whereas
the GO/SA/PAAm (GSP) hydrogel nanocomposite delivers out-
standing performance in ductility and was not damaged under
pressure, as shown in parts (d) to (f) of Figure 11A. The GSP
hydrogel nanocomposite quickly recovered its original shape
after removing the pressure, which demonstrates the flexibility
and elasticity of the hydrogel nanocomposite. The mechanical
characteristics of a hydrogel can be measured using the fol-
lowing parameters: tensile modulus, storage, and loss modulus,
compression modulus, fracture energy, and fracture stress and
tension. Figure 11B,C shows the mechanical properties of the
pure SA/PAAm and GSP hydrogels, revealing that the compres-
sive and tensile strengths of the GSP hydrogel nanocomposite
are significantly higher than those of the SA/PAAm hydrogel.
The introduction of GO and SA to the hydrogel matrix provides
strong interfacial interactions with PAAm polymer chains and,
thus, enhanced the mechanical properties of the hydrogel.

4.3. Stimuli-Responsiveness

Stimuli-responsive hydrogels can undergo exceptional changes
in response to external stimuli, such as pH, ionic strength,
humidity, temperature, light, solvent, electric field, magnetic
field, and pressure, as illustrated in Figure 12. Stimuli-respon-
sive hydrogels are also called intelligent hydrogels and have
garnered much attention in biomedical (such as drug delivery,
tissue regeneration, and gene delivery), energy, and environ-
mental applications.”7%72l The utility of several materials for
various applications can be enhanced through the integration
of stimuli-responsive hydrogels that can easily adjust their
shape and size under external stimuli. External stimuli can
be distinguished to be physical or chemical. Physical stimuli
include magnetic and electric fields, mechanical forces, light,
and pressure,73 with the temperature being the most exten-
sively investigated.”7 Stimuli-responsive hydrogels provide
an alternative prospect to enhance the removal efficiency of
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Figure 11. A) Photographs of a—c) PAm hydrogel and d—f) GSP hydrogel nanocomposite under pressure. B) Compressive strengths and elastic moduli
of SP and GSP hydrogels. C) Tensile strengths and modulus of SP and GSP hydrogels. Reproduced with permission.['®® Copyright 2013, Royal Society

of Chemistry.

wastewater contaminants: following the removal of contami-
nants through adsorption, reversible desorption can be induced
by simply altering environmental conditions. Responsive mate-
rials are introduced into the 3D gel network to bestow stimuli-
responsive behavior to hydrogels.

Poly(N-isopropylacrylamide) (PNIPAm) is highly sensitive
to temperature and is one of the most widely used thermo-
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Figure 12. Graphic illustration of stimuli-responsive characteristics of hydrogels.
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Q Pressure

responsive polymers. It can quickly transform from a hydro-
philic hydrated state to a dehydrated state at temperatures below
its lower critical solution temperature, that is, 32 °C."7 Saad
et all”® fabricated PNIPAm hydrogel-functionalized polyvi-
nylidene fluoride membranes for the adsorption and desorption
of perfluorooctanoic acid (PFOA) from water via temperature-
responsive behavior.”®l The adsorption of PFOA was efficient
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Figure 13. A) Water uptake percentage of the hydrogel at different medium pH. B) Effect of pH on the KG-cl-poly(AA-co-NVI) hydrogel and C) The value
of point of zero charges (pH,,.) of the pH-sensitive hydrogel with changing in pH value. Reproduced with from.[78 Copyright 2018, Elsevier Science Ltd.

at 350 °C and 3.5 bar. However, desorption of PFOA took place
when pure water was passed through the membrane at 20 °C
and 3.5 bar pressure. The adsorption capacity remained approxi-
mately constant during cycling experiments. An electric field
is another effective external stimulus to induce a response in
responsive hydrogels. Electric responsive hydrogels can readily
transform their shape and size by swelling and deswelling
under the influence of an electric field.'””? PPy is a popular
electric-responsive polymer that can transform under electro-
chemical activation.

In addition to physical stimuli, chemical stimuli, including
solvent composition, pH, and concentration, can also sig-
nificantly impact the performance of hydrogels. For example,
a pH-responsive dual hydrogel based on katira gum and
poly(acrylic acid-co-N-vinyl imidazole) (KG-cl-P(AA-co-NVI))
exhibit enhanced adsorption characteristics for water-soluble
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dye molecules in wastewater treatment.”®l Figure 13A shows
the pH-responsive water uptake capacity of KG-cl-P(AA-co-NVI)
hydrogel. The maximum water uptake was obtained at pH 4.5
and 9, which might be due to the pH-responsive functional
groups on hydrogel, as shown in Figure 13B. The hydrogel sur-
face charge at different pH is depicted in Figure 13C. The water
uptake of the hydrogel is governed by the presence of imida-
zole groups and the secondary amide. In acidic conditions, the
imidazolic nitrogen is protonated and generates more space
through steric repulsion between polymeric chains, resulting in
enhanced swelling characteristics and an increase in the adsorp-
tion of water (Figure 13C). In contrast, at neutral pH (pH = 5-8),
the carboxylic acid dissociates into carboxylate ions (RCOO"),
resulting in electrostatic attraction between the carboxylate
groups and positively charged imidazole rings and reducing the
water uptake. However, upon increasing the pH further (=9), all
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the carboxylic acid groups are converted into RCOO™ ions and
generate more intramolecular space due to electrostatic repul-
sion, thus enhancing the water uptake capacity. At higher pH
(pH = 9-13), the electrostatic repulsion between the RCOO™ ions
decrease as a result of the formation of RCOO™Na* ionic pairs,
and, thus, the water uptake is decreased. Moreover, at low pH
(<5), the protonated hydrogel favors the adsorption of anionic
dyes, and at higher pH, it supports the elimination of cationic
dyes. Therefore, the KG-cl-P(AA-co-NVI) hydrogel can be used
for the pH-dependent selective adsorption of different dyes.

4.4. lonic Conduction in Hydrogels

Hydrogels can also be used as quasi-solid-state electrolytes and
have performed well in flexible aqueous batteries and other
electronics due to their outstanding durability.7?! A hydrogel
should exhibit high ionic conductivity, low resistance, and
excellent chemical stability to be used as an electrolyte. Ionic
conductive hydrogels are generally transparent and demonstrate
high potential for practical applications, such as skin-contact
electrodes, by enabling visualization of internal settings or con-
ditions of electronic devices and skin. Therefore, the research
on ionic hydrogels is growing exponentially. The conductivity
of hydrogels is generally improved through functionalization
with a conductive polymer backbone, active electrode materials,
metal cross-linkers, and solid electrolyte particles.

In contrast to traditional conductive materials, the conduc-
tivity of ionic conductive hydrogels is due to free-moving ions.
Incorporating aqueous electrolytes into hydrophilic hydrogels
significantly improves ionic conductivity because hydrophilic
functional groups in hydrogels can retain a high-water con-
tent.[19°] Aqueous electrolytes generally exhibit charges (cationic
or anionic) and can easily solvate in the water because water
molecules also possess Lewis acidity and basicity.'® Further-
more, the low viscosity of water also facilitates the mobility of
ions and enhances the conductivity of hydrogel.

Recently, transporting Li* ions has become a popular option
for ionic conductive hydrogels. Zhang et al.'®! fabricated an
ionic conductive hydrogel based on a PAAm-PVP dual net-
work with Li* (LiCl) as an electrolyte.'®! The conductivity of
the hydrogel increased with an increasing amount of LiCl. For
example, the highest conductivity (2.0 S m™) was observed
with 31.8% LiCl. Similarly, a hydrogel nanocomposite was
constructed by photo-initiated cross-linking a PAAm skeleton
with a bio-inspired agar into a dual network with Li* as con-
ductive ions.'®2 The ionic hydrogel nanocomposite was found
to exhibit high stretchability (approx. 1600% extension), high
mechanical strength, toughness, and transparency. These and
other ionic-conductive hydrogels show promise for applications
in flexible electronic devices, such as robots, sensors, actuators,
and luminescence displays.

4.5. Electronic Conduction in Hydrogels
The high demand for smart wearable devices requires effi-

cient conductive materials for outstanding performance and
durability. Hydrogels based on conductive polymers have
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garnered much interest due to advantages such as high con-
ductivity, large surface area, facile synthesis, and flexible modi-
fication.’®3-85] The high electronic conductivity of conductive
polymers is mainly attributed to delocalized 7 electrons.!'8¢
Conductive polymers that are commonly used in hydrogels
include PAc, PANI, PPy, PTh, and their derivatives. Further-
more, the electronic conductivity of conductive hydrogels can
be enhanced through the incorporation of dopants into the
hydrogel matrix.'¥”] For example, the use of acids (H,SO,, HCI,
HCIO,) as dopants in PAAm/PANTI hydrogels resulted in a sig-
nificantly enhanced electrical conductivity.'®®¥ The highest and
lowest electrical conductivity was obtained for the H,SO, and
HClO,-doped PAAm/PANI hydrogels, respectively.

In addition to the conductive polymer backbone, conduc-
tive fillers, such as carbonaceous materials, MXenes conductive
polymers, and metal-based NPs, can be introduced to hydrogels.
Certain conductive fillers can act as multifunctional additives to
enhance the conductivity and improve other functionalities of
the hydrogel. For example, Li et al.'®"] constructed a selfhealing,
strain-sensitive, and conductive hydrogel nanocomposite of
poly(vinyl alcohol)-polydopamine-partially reduced graphene
oxide (PVA-PDA-pRGO) by the self-polymerization of dopamine
and borax into the PVA network, followed by impregnation with
pPRGO.I¥I pRGO acted as a nano-reinforcer and conductive com-
ponent and improved the mechanical and conductive properties
of the hydrogel material. Jing et al.'% fabricated a self-healing,
biocompatible, conductive, and highly stretchable hydrogel nano-
composite composed of PAA and rGO for sensor applications.
He et al.®! introduced tannic acid-carbon nanotubes (TA-CNTs)
into the matrix of a PVA hydrogel. The TA coating on the CNTs
enhanced the dispersion of the nanocomposite in an aqueous
medium. In contrast, the addition of CN'Ts enhanced the mechan-
ical and conductive characteristics of the parent PVA hydrogel.

Several hydrogels also exhibit dual ionic and electronic con-
ductivity, which is useful for several electrochemical devices. A
dual ionic-electronic conductive hydrogel nanocomposite can
be prepared by immersing an electronic-conductive hydrogel
in an aqueous electrolyte. For example, the electronic conduc-
tivity of PANI is enhanced with increased humidity in ambient
air, which might be due to the higher ionic conduction in the
wet state.'”2) A PANI hydrogel film immersed in 1 m H,SOyq
electrolyte exhibit a conductivity of =10* S cm™131 However,
the electrical conductivity of the PANI film is in the range
of 107 to 10° S cm™, while the conductivity of 1 M H,SOy4q
is =107! S cm™. Therefore, the significant increase in the con-
ductivity of PANT in 1 m H,SOy,q cannot be solely ascribed to
the combination of PANT and 1 m H,SOyq), and the weakly
bound protons in PANI helped increase electronic conductivity
through a synergistic mixed ionic-electrical conductivity effect.
However, the main challenge regarding mixed ionic-electronic
conductivity is to explore the impact of each component (viz.,
polymer chain, dopants, functional groups, and additives) on
the conductivity of a hydrogel nanocomposite. Nevertheless,
mixed ionic-electrical conducting hydrogels are gaining atten-
tion and have been investigated as electrodes in batteries,
conductive additives, and polymer binders. Hydrogels with
appropriate mechanical strength, swelling properties, and
enhanced conductivity harbor great potential for various energy
and environmental remediation applications.
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Figure 14. Pollutants can be adsorbed on hydrogel-based materials via various interactions based on the physiochemical attributes of individual

pollutants.

5. Mechanisms of Adsorptive and Photocatalytic
Removal of Pollutants by Hydrogels

To improve the adsorption performance, a complete under-
standing of the adsorption approach and removal mechanism
of different contaminants in hydrogels is crucial. The adsorp-
tion of pollutants onto hydrogel-based materials could occur
via one or many mechanisms. The mechanisms involved in
the adsorption can be found in Figure 14, such as electrostatic
interactions, H-bonding, hydrophobic interactions, intermo-
lecular interactions, 77 bonding, ion-exchange, complexation/
coordination/chelation, and ion/molecules diffusion in inter-
and intra-fibrillar pores/capillaries.l,’¥l Several of these types
of adsorption interactions are greatly dependent on the func-
tionalities present in hydrogels (e.g., —COOH, —OH, —H3PO,,
—NH,, —SH), the chemical composition of contaminants,
adsorbent properties, and experimental factors, including solu-
tion pH, initial pollutant concentration, ionic strength, and
co-existence of multiple pollutants.?!l Electrostatic interactions
are considered to be the most common mechanism for elimi-
nating inorganic and organic contaminants by hydrogel nano-
composites. However, the synergic combination of electrostatic
interactions with other interactions has also been demonstrated
in numerous adsorption studies.33*197198] The possible types
of mechanisms can be predicted based on the result obtained
from various characterization techniques, such as transmission
electron microscopy (TEM), Fourier-transform infrared spec-
troscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and
X-ray diffraction (XRD).?3] Overall, hydrogel-based adsorbents
with extensive functionalities and high porosity are ideal mate-
rials for removing pollutants from wastewater.

The photocatalytic degradation of water pollutants on
hydrogel nanocomposites can be explained by the following
steps:199-201 §) Light absorption: a semiconductor material in
hydrogel absorbs the photons. ii) Excitation and separation:
when the wavelength of photons is equal to or greater than the
band-gap of the semiconducting material in the hydrogel, and
the photo-induced electrons are excited from the fully occupied
valence band to the unoccupied conduction band. iii) Charge
migration: the photo-generated electrons and holes migrate to
the surface of the hydrogel. iv) Surface reactions: the photo-
generated holes participate in surface oxidation reactions,
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whereas photo-generated electrons participate in surface
reduction reactions. Figure 15 shows the working principle of
the photocatalytic degradation of pollutants on hydrogel-based
materials. Simultaneously, the recombination of separated
holes and electrons takes place at the surface and in the bulk
of hydrogels, which is accompanied by the release of heat or
light. The fast recombination of photogenerated charge car-
riers in hydrogels is unfavorable and decreases the surface
redox reaction and, consequently, the efficiency of a photo-
catalyst. Several strategies have been employed to improve
the photocatalytic performance of semiconducting materials,
including doping, heterostructures/heterojunctions, the addi-
tion of cocatalyst, the addition of another light harvester (viz.,
dye sensitization and surface plasma resonance), and crys-
talline phase or morphological control.#2200.2021 [, addition
to semiconducting materials and their dispersion, the light
source and its distance from the photocatalyst are critical
to the overall performance of hydrogel nanocomposites. It
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Figure 15. Schematic shows the working principle of photocatalytic
degradation of pollutants on hydrogel-based materials.
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has been reported that the larger the distance between the
hydrogel/photocatalyst and the light source, the greater the
illuminated area, but the lower the light intensity. The highest
light intensity is achieved when the emission angle becomes
zero with respect to the light source.?%3!

Furthermore, the 3D network structure of hydrogels is excel-
lent support for semiconducting photocatalysts because of its
high surface area and porosity, which expose a large number
of reactive sites, resulting in enhanced surface photocatalytic
reactions.*!! In hydrogel-based photocatalysis, contaminants are
first adsorbed onto the interconnected hydrogel structures, then
adsorbed contaminants undergo in situ reduction or oxidation
via photocatalysis. The 3D interconnected framework also pre-
vents the stacking/aggregation of nano-sized photocatalysts,
which further improves their structural stability. Moreover,
these photocatalysts offer more efficient light-harvesting capa-
bility due to easy light distribution through the multiple reac-
tions within the interconnected structures. Therefore, the high
adsorption capacity, high pollutant retention ability, large sur-
face area with accessible pores, and environmentally-friendly
nature of hydrogel-based materials make them attractive for
water and wastewater treatment.

6. Adsorptive and Photocatalytic Performance
of Various Hydrogel Nanocomposites for Water
Treatment

Hydrogels and hydrogel nanocomposites have been proven to
be successful candidates in numerous multidisciplinary fields
of research, such as biomedical engineering, agriculture, the
food industry, and environmental remediation.?2%" In waste-
water purification, hydrogels effectively remove a broad class of
water pollutants through adsorption and photocatalysis. Hydro-
gels have attracted much attention for purification applications
owing to their low-cost, high-water retention, large surface
area, high porosity, ease of modification, insolubility in water,
rapid swelling kinetics, fast diffusion process, permeability, and
hydrophilicity.**?%] However, investigations regarding the recy-
cling of hydrogel adsorbents are rare, which limits their use in
a more economical approach.

To overcome this issue, various hydrogel nanocompos-
ites have been synthesized to improve their separation from
aqueous solution after wastewater treatment and recycling.
In the following sub-sections, the use of the most important
hydrogel nanocomposites in wastewater treatment for the
removal of a wide range of organic, inorganic, and biological
water contaminants is discussed.

6.1. Metallic Nanoparticles-Based Hydrogel Nanocomposites

Various inorganic/organic NPs are being studied to eliminate
organic and inorganic pollutants from wastewater. This is pos-
sible due to significant features, such as high surface area, good
porosity, small size, and maximizing interactions with pollutant
molecules by providing several reactive binding sites, which
increases adsorption efficiency by several-fold. Recently, in
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polymer chemistry, metallic NPs incorporated in hydrogel play
a significant role in various applications.

Among all metal NPs, Ag NPs are the most explored in devel-
oping hydrogel nanocomposites for wastewater treatment appli-
cations due to their advanced biological properties (e.g., antibac-
terial and cytotoxicity) and nontoxicity to normal human cells.?9-
21 Babaladimath et al.?!Zl described the preparation of Ag NPs
embedded in a pectin-based hydrogel using microwave synthesis.
In this process, pectin is polymerized by free-radical polymeriza-
tion using MBA, ammonium persulfate, and AMPS. The silver
nitrate (Ag precursor) and trisodium citrate (reducing agent)
were used to incorporate Ag NPs into the parent hydrogel. The
Ag NPs impregnated pectin-grafted-poly(2-acrylamido-2-methyl-
propanesulfonic acid) hydrogel-silver NPs nanocomposite (Pec-g-
PAMPS-SN) was used to remove MB dye. The parent gel (Pec-
g-PAMPS) shows a maximum adsorption capacity of 62 mg g7/,
while Pec-g-PAMPS-SN exhibited a higher adsorption capacity of
89 mg g! for MB uptake. The results revealed that MB uptake
on hydrogel was a heterogeneous process and controlled mainly
by electrostatic interactions. Thermodynamic studies investigated
spontaneous and exothermic adsorption. The adsorption iso-
therm and kinetics indicated that adsorption followed the Freun-
dlich and pseudo-second-order kinetic models.

In another study, Ag NPs were fabricated in poly(acrylic
acid)/guar gum (GG/PAA/AgNPs) for MB dye removal from
wastewater.?¥]  The preparation of the AgNPs/GG/PAA
hydrogel nanocomposite involved a two-step process of free-
radical graft copolymerization of GG (biopolymer) with AA
(monomer), followed by instantaneous cross-linking and in
situ embedding with Ag NPs. The hydrogel nanocomposite
exhibits excellent adsorption efficiency (833 mg g™') for MB,
which might be due to the enhancement in active surface area
and reactive binding sites upon introducing NPs to the hydrogel
matrix. The adsorption mechanism of MB dye on AgNPs/GG/
PAA hydrogel is shown in Figure 16A. In an alkaline medium,
the AgNPs/GG/PAA nanocomposite surface becomes nega-
tively charged due to deprotonation and successfully adsorbs
the cationic dye via electrostatic interactions. Additionally, the
hydroxyl and carboxylic groups on the surface of the hydrogel
nanocomposite strongly interact with the electronegative atoms
of the MB dye via H-bonding. The thermodynamic study indi-
cates that dye adsorption onto AgNPs/GG/PAA hydrogel is a
spontaneous, endothermic, and favorable process. Similarly, Ag
NPs were also incorporated using the co-precipitation method
into a polymer matrix consisting of different molar ratios of
AA, MBA, and 2-hydroxyethyl methacrylate in the presence of
SA in water.2 The prepared hydrogel nanocomposite showed
very high adsorption capacity and removal% (>95%) of brilliant
cresyl blue dye in a batch study, which reduced significantly in a
fixed bed column study (=25-30% removal). The nanocomposite
also showed excellent regeneration ability without any measur-
able change in the morphology and adsorption efficiency.

The photocatalytic degradation ability of an Ag-incorporated
hydrogel nanocomposite has also been investigated. The intro-
duction of noble metals such as Ag notably improves visible-
light absorption via surface plasmonic effects and enhances
photocatalytic performance. Tang et al. prepared a Ag@
AgCl containing cellulose hydrogel for the photo-degradation
of methyl orange (MO) dye.? The Ag@AgCl-containing
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Figure 16. A) Adsorption mechanism of MB dye on AgNPs/GG/Poly(AA) hydrogel nanocomposite. Reproduced with permission.?3 Copyright 2021,
Springer Nature. B) Ag@AgCl-contained cellulose hydrogels preparation and application in MO dye photocatalytic degradation. Reproduced with

permission.?” Copyright 2018, Elsevier Science Ltd.

cellulose hydrogel was prepared by mixing the dried cel-
lulose hydrogel in an AgNO; solution and kept in the dark
for 48 h. Figure 16B shows the formation of Ag@AgCl con-
taining cellulose hydrogel nanocomposite and its application
to the photocatalytic degradation of MO dye. The Ag@AgCl
cube-like particles were found well-dispersed on the hydrogel
matrix. Furthermore, the MO photocatalytic degradation was
performed without Ag@AgCl-loaded cellulose hydrogel photo-
catalyst under visible light, also reported in Figure 16B. Without
a photocatalyst, negligible photo-degradation of MO dye was
observed. However, under similar conditions, in the presence
of Ag@AgCl loaded cellulose hydrogel nanocomposite, 93%
MO dye was degraded within 70 min of visible light exposure.
To investigate the reusability of the Ag@AgCl loaded cellulose
hydrogel nanocomposite, the hydrogel nanocomposite was
used for ten consecutive cycles, revealing only a slight decrease
in the photocatalytic performance. This indicates the potential
of the Ag@AgCl-loaded cellulose hydrogel nanocomposite for
sustainable water purification applications.

In addition to adsorption and photocatalytic reduction, Gao
et al. reported the catalytic hydrogenation of p-nitrophenol
(PNP) using 3D silver/poly(ethylenimine)/alginate hydrogel
beads (Ag@PEI@AHB) prepared by a facile one-pot assembly
method.?!l The experimental results show that the 20% silver-
loaded Ag@PEI@AHB catalysts can exhibit 90% PNP conver-
sion at 298 K (120 s) under fixed-bed conditions. The catalytic
conversion follows the pseudo-first-order kinetic. The 20%
Ag@PEI@AHB showed better conversion due to higher silver
content, indicating that the PEI hydrogel not only enhanced the
ability to reduce silver ions but also improved the silver loading,
which greatly enhanced the catalytic activity of the catalyst and
expedited the reaction process. A regeneration study revealed a
negligible loss in catalytic efficiency after ten cycles, which con-
firmed the long-term stability of the Ag@PEI@AHB catalysts.
In another study, biosynthesized Ag NPs were incorporated into
2-hydroxypropyl-S-cyclodextrin/alginate to yield the HPCD/
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Alg/AgNPs hydrogel nanocomposite, which was investigated
for the photo-degradation of contaminants such as PNP, MO,
and rthodamine B (RhB) using NaBH, as reductant.?"] Ag NPs
were prepared using an aqueous extract of Jasminum subtriplin-
erve leaves. The nanocomposite showed a high crystallinity with
an average diameter of 13.5 nm. AgNPs/HPCD/Alg could com-
pletely degrade the studied organic pollutants in 22-25 min by
the electron transfer mechanism. The catalytic activity of the
nanocomposite was very fast, with pseudo-first-order rate con-
stants ranging from 1.51 x 1073 t0 2.23 x 1073 s™.

Not many metals other than Ag metal have been combined
with the polymeric hydrogel matrix and evaluated for waste-
water treatment efficiency. Wang et al.?® studied the Pd-sup-
ported nanocellulose-alginate hydrogel beads (PANPs@CNCC-
AHB) for catalytic MB dye degradation. Within 5 min of intro-
ducing PANPs@CNCC-AHB to the MB aqueous solution in the
presence of NaBH,, the solution became discolored and was
observed by UV-vis spectroscopy at 664 nm. The mechanism
behind the catalytic reduction of the MB dye can be explained in
two steps: initially, the cationic MB dye is successfully adsorbed
on the negatively charged CNCC-alginate hydrogel matrix, fol-
lowed by the catalytic borohydride reduction of the MB dye by
Pd NPs located on the hydrogel surface.

In summary, although Ag is most frequently used as metallic
NPs, several metals have been explored as the co-adsorbent/co-
catalysts in various hydrogel nanocomposites for the removal
of organic/inorganic water pollutants. They have shown an
effective response in wastewater treatment. Therefore, there
is ample scope to explore the effect of several other metals in
hydrogel matrix for wastewater treatment.

6.2. Metal Oxides-Based Hydrogel Nanocomposites
Metal oxide nanostructured materials are of consider-

able interest in various applications due to their unique
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Figure 17. Photo-degradation of CR dye using Ba/Alg/CMC/TiO,
hydrogel composite under visible light irradiation. Reproduced with per-
mission.[34 Copyright 2016, Elsevier Science Ltd.

characteristics and abundant availability.?*l The high surface
energy and large active surface area of metal oxide-based nano-
materials enhance the uptake of organic/inorganic sorbates.
Therefore, metal oxide-based NPs are versatile materials that
show excellent proficiency in cleaning wastewater as quick
adsorbents or photocatalysts.?20-2221 However, there are several
challenges to using metal oxide nanomaterials in water appli-
cations. For example, reducing the size of metal oxides to the
nanoscale may increase the surface area of the material. Still,
it also makes the material unstable and more susceptible to
aggregation, which affects the mechanical strength, selectivity,
adsorption capacity, and quantum yield of the material. To over-
come this issue, the metal oxide can be immobilized onto other
supports, for example, polymers.?2}l Therefore, metal oxide
hydrogel nanocomposites are suitable for wastewater treatment
with high efficiency.

TiO, is a commonly used chemically inert metal oxide with
broad-ranging applications, including wastewater treatment as
a standalone or nanocomposite photocatalyst.224226] However,
the ease of agglomeration, wide band gap, and photosensitivity
only to UV light are major drawbacks of TiO, for wastewater
treatment applications. Modifying TiO, with biopolymers (e.g.,
chitosan, gum, and starch) to form TiO,-hydrogel nanocompos-
ites reduces aggregation and enhances the functional character-
istics of the nanocomposite material.l??’] TiO, is one of the most
extensively investigated metal oxides that have been embedded
into hydrogel matrices for wastewater treatment, with many
reports on the utilization of TiO,-based hydrogel nanocompos-
ites as photocatalysts.??6233] Thomas et al.?* demonstrated
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Congo red (CR) dye degradation by a Ba?"-crosslinked-alginate/
carboxymethyl cellulose with embedded TiO,-NPs- hydrogel
nanocomposite (Ba/Alg/CMC/TiO,) under sunlight. The Ba/
Alg/CMC/TiO, hydrogel nanocomposite was prepared by a
dissipative convective approach and dried by the freeze-drying
method. Figure 17 shows scanning electron microscopy (SEM)
images of Ba/Alg/CMC/TiO, hydrogel nanocomposite.

The hydrogel nanocomposite consists of ordered capillaries
50-100 pm in diameter with apertures of 5-20 um. The
hydrogel nanocomposite was investigated for the photo-degra-
dation of CR dye under solar light irradiation by varying reac-
tion parameters. The photocatalytic reaction begins with the
absorption of solar light irradiation by TiO,, which generates
photo charge carriers, active species, and radicals (Figure 17).
The radicals degraded the dye molecules into intermediates
that are converted into ammonium ions, nitrate ions, water,
and carbon dioxide. To evaluate the role of TiO, in the hydrogel
nanocomposite, photo-degradation of CR was also evaluated for
Ba/Alg/CMC. CR dye was only degraded by 51% and 55% in
the absence of the nanocomposite and by Ba/Alg/CMC, respec-
tively, under solar irradiation, whereas 91.5% was degraded
using Ba/Alg/CMC/TiO, under identical conditions.

Neeraj et al.?*! proposed a circulatory concept for water puri-
fication using TiO, nanorods incorporated gum ghatti (Gg)
hydrogel bio-nanocomposite (TGB) (Figure 18A). According to
this concept, the secondary waste generated from any water
process is considered a resource for a new approach unless the
used material properties deteriorate entirely. A schematic pres-
entation of the formation of the hydrogel bio-nanocomposite is
shown in Figure 18B. The free-radical graft copolymerization
method was used to prepare the hydrogel (Gg-cl-(AAM-co-AA))
from AAm, AA, and Gg in the presence of an initiator and
MBA (cross-linking agent). To introduce TiO, into the matrix,
an aqueous TiO, nanorod dispersion was added to the above
mixture. The TGB-hydrogel was used for the adsorption of toxic
brilliant green (BG) dye, exhibiting a maximum adsorption
capacity 740.9 mg g~! at 30 °C. Figure 18C also shows the pos-
sible interactions and interaction sites for the uptake of BG dye
by the TGB-hydrogel. Electrostatic interaction, hydrogen bonds,
and 77 interactions are the driving interaction forces for the
removal of BG dye.

Furthermore, the BG-adsorbed TGB-hydrogel was used to
photodegrade the antibiotic ciprofloxacin (CIP). Before being
used in photocatalysis, BG-adsorbed TGB-hydrogel was heated
in a furnace at 550 °C for 3 h to produce C-TiO, active sites.
The C-TiO, successfully degraded the CIP in 180 min under
visible light illumination (Figure 18C). The high photocata-
Iytic performance was ascribed to the presence of TiO, NPs
on the activated hydrogel, which delayed the recombination of
electron-hole pairs and produced large reactive sites for photo-
degradation. In another study, TiO, was incorporated into the
SA-crosslinked poly(acrylic acid) hydrogel (SA-cl-PAA-TiO,)
and evaluated for the removal of MB dye from water.?** The
hydrogel was fabricated via graft copolymerization of SA with
AA with the assistance of a free-radical initiator and a cross-
linking agent and impregnated with TiO, NPs. The fabricated
SA-cl-PAA-TiO, hydrogel nanocomposite exhibited a high
swelling ratio of 412.98 g g% The adsorption of MB dye on
the hydrogel nanocomposite followed the Langmuir isotherm
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sion.3 Copyright 2018, American Chemical Society.

equation (R? = 0.998) and pseudo-second-order kinetics. The
hydrogel nanocomposite exhibited an excellent MB adsorption
capacity of 225736 mg g}, making it can be an appropriate
material for water purification.

Zarrini et al.'?! investigated the photocatalytic potential of
zinc oxide (ZnO)-based hydrogel for the photocatalytic degra-
dation of MB under visible light illumination. Chitosan/AgCl/
ZnO (CS/AgCl/ZnO) hydrogel beads were added to an MB
aqueous solution at pH 11 and irradiated with visible light.
For comparison, MB dye was also treated under dark condi-
tions with CS/Ag/Cl and under visible light irradiation using
CS, CS/AgCl, CS/ZnO, and CS/AgCl/ZnO hydrogel beads.
Complete decolorization was obtained only with CS/AgCl/ZnO
under visible light illumination. The incorporation of the semi-
conductor ZnO onto the hydrogel improved the photocatalytic
performance by producing various highly active species on the
surfaces. The photocatalyst was also recovered and reapplied
with high efficiency observed for consecutive cycles.

In addition to photocatalysis, hydrogel nanocomposites
embedded with metal oxide nanomaterials have also been uti-
lized in water purification via adsorption.[3¢2¥] Mittal et al.l?3®!
reported the synthesis of a gum karaya (GK)-based hydrogel by
grafting GK with copolymerized poly(acrylic acid-acrylamide) in
the presence of MBA (cross-linker) and a mixture of potassium
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persulfate and ascorbic acid (redox initiator). The hydrogel
nanocomposite of GK-cl-P(AA-co-AAM) with nanosilica was
prepared by water condensation reactions of tetraethylortho-
silicate in an aqueous dispersion of the parent hydrogel GK-cl-
P(AA-co-AAM) at 50 °C for 12 h. The surface area of hydrogel
significantly increased upon producing the nanocomposite with
nanosilica. The high adsorption efficiency (96%) was obtained
for the removal of MB dye from water at a low adsorbent dose
(0.2 g LY. The hydrogel nanocomposite exhibits exceptionally
high adsorption capacity (1408.67 mg g™!) due to the increased
surface area and porosity of the hydrogel and the dispersed SiO,
NPs in the polymer matrix. The abundant functionalities of the
polymer network and the —OH functional groups of SiO, likely
contribute the most to the adsorption of MB. The hydrogel
nanocomposite exhibited good regeneration ability by desorp-
tion of MB in an acidic medium followed by alkaline treatment
to restore the binding sites and was effectively employed over
three adsorption-desorption cycles.

The same group also demonstrated the removal of MB dye
using a TiO, NPs-embedded polyacrylamide-grafted gum ghatti
(PAAmM-g-Gg) hydrogel nanocomposite.?*! The MB adsorp-
tion by the hydrogel nanocomposite was performed in batch
experiments. It was observed that dye adsorption depended on
adsorbent dosage, ionic strength, temperature, and solution
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pH. The hydrogel nanocomposite demonstrated a high max-
imum adsorption capacity of 1305.5 mg g~! for MB, following
the Langmuir adsorption isotherm and pseudo-second-order
kinetic rate model. In addition, the hydrogel nanocomposite
exhibited higher performance cationic dyes (e.g., MB, RhB,
malachite green (MG), and methyl violet (MV)) than anionic
dyes (e.g., MO and CR) due to the overall negative charge on
the adsorbent surface. The hydrogel nanocomposite could be
recovered and regenerated for five adsorption-desorption cycles
without losing its initial adsorption capacity. In summary, these
hydrogel nanocomposites display significant potential for elimi-
nating toxic cationic dyes from industrial wastewater.
ZnO-based hydrogel nanocomposites also show high adsorp-
tion capacity toward water contaminants.?3.2424 Alhassan
et al.?"l proposed the preparation of ZnO NPs using the
polyacrylamide-grafted Gum Arabic (GA-cI-PAAm) hydrogel.
The prepared GA-cl-PAAm/ZnO hydrogel nanocomposite
was used to remove the MG dye from the wastewater. Dif-
ferent mechanisms for the adsorption of MG on GA-cl-PAAm/
ZnO are illustrated in Figure 19. The electrostatic interaction
between the MG dye and GA-cI-PAAm/ZnO hydrogel nano-
composite is particularly strong. The composite exhibits a
negative charge at high pH, and the cationic dye can readily
be adsorbed. Another major interaction between the dye and
composite is H-bonding, which is facilitated by hydroxyl groups
present on ZnO. At low pH, the polar N atom of the dye mol-
ecule interacts with the hydrogel composite via H-bonding
with carboxylate groups. The third adsorption mechanism is
the pore diffusion mechanism. The hydrogel nanocomposite
exhibits interconnected capillary channels, through which MG
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dye molecules can diffuse and adsorb on the hydrogel via pore
diffusion or capillary condensation.

Furthermore, the adsorption selectivity of GA-cl-PAAm/ZnO
hydrogel nanocomposite towards anionic and cationic dyes was
also investigated. Figure 19 shows that the hydrogel nanocom-
posite more easily adsorbs the cationic dyes than anionic dyes.
In addition, the hydrogel nanocomposite efficiently adsorbs
MG from a mixture of MO and MG dyes (Figure 19), which is
ascribed to the strong electrostatic interaction between MG dye
and the hydrogel nanocomposite.

Similarly, many hydrogel nanocomposites based on other
metal oxides, such as MnO,,[?362% Cu0Q,*¥ NiO, and
Al,0;,] have been employed for the adsorption of water
pollutants. Tables 1 and 2 summarize various metal oxide-
based hydrogel nanocomposites for wastewater treatment as
adsorbents and photocatalysts, respectively. While metal oxide
hydrogel nanocomposites are well-studied for the adsorption
of water contaminants, their photocatalytic efficiency has only
been extensively investigated for various other applications. In
particular, only TiO, and ZnO-based hydrogel nanocomposites
have been widely explored as photocatalysts for wastewater
treatment. Thus, there is a need to investigate the photocata-
Iytic potential of other metal oxides-based hydrogel nanocom-
posite materials for the photo-degradation of water pollutants.

6.3. Magnetic Nanoparticles-Based Hydrogel Nanocomposites

The efficient recovery of any adsorbent or photocatalyst after
being used in wastewater treatment is essential and chal-
lenging. The magnetic-separation method of a material is an
economical and straightforward approach. Functionalization of
magnetic NPs (generally iron or iron oxide) into organic/inor-
ganic materials enhances the water contaminant removal effi-
ciency of the composite material. It enables the easy separation
process of material from the aqueous solution using an external
magnet.*>8! Magnetic hydrogels, also known as ferrogels, can
effectively remove many aqueous cationic and anionic pollut-
ants.?>! Zero-valent iron and iron oxide (Fe?* or Fe**) NPs have
been integrated into several hydrogels to impart magnetic char-
acteristics and have been applied in wastewater treatment as an
adsorbent or photocatalyst.[260-262]

Mainly magnetite (Fe;0,4) or %Fe,05 has been integrated into
the hydrogel matrices for water treatment applications. %Fe,0;-
based magnetic cationic hydrogel has been proven to be an effi-
cient adsorbent for various pollutants. Fe;O-incorporated chi-
tosan-Fe(III) hydrogel shows high efficiency in the adsorption
of a variety of anionic dyes.?*’ Figure 20A illustrates the cycle
of fast adsorption of dye using the chitosan-Fe(III) hydrogel,
followed by desorption of the dye, regeneration of the hydrogel,
and reuse for the adsorption of dye. The rapid adsorption of
dye (within 10 min) using chitosan-Fe(III) is due to the high
density of active sites on the hydrogel surface. Under alkaline
conditions, the free amino groups of pristine chitosan are not
protonated and, therefore, cannot participate in the adsorption
of anionic dye via electrostatic interactions. However, in the
chitosan-Fe(III) complex, negative groups in the dye molecule
readily replace water molecules to chelate to Fe(IIl) centers in
the hydrogel, resulting in fast adsorption.
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Table 1. Various metal oxide-based hydrogel nanocomposites are employed as adsorbents for the removal of water contaminants from water.

Metal oxide based hydrogel Water pollutant Experimental conditions Adsorption capacity [mg g7] Ref.
3D MnO, modified biochar-based porous polyacrylamide hydrogel Cu (I Temp: 25 °C 84.76 [236]
Pb(l1) Time: 72 h 70.90
pH: 6 & 4
3D MnO; nanotubes@rGO hydrogel Pb(l1) Temp: RT 356.37 [242]
Time: 12 h
pH: 5
Chitosan/poly(vinyl alcohol) /CuO Pb(Il) Temp: 323K 116.8 [243]
Time: 60 min
pH: 5
Al,0;/GO cellulose Fluoride Temp: 30 °C 5.34 [245]
Time: 120 min
pH: 5
ZnO/Alginate MB Temp: 50 °C 2.543 [237]
Time: 90 min
pH:7
ZnO/gum arabic grafted polyacrylamide MG Temp: 25 °C 766.52 [247]
Time: 60 min
pH:7
ZnO —clay- Alginate CR Temp: 30 °C 546.89 [246]
Time: 120 min
ZnO/Chitosan Reactive Black 5 (RB-5) Temp: 40 °C 189.44 [240]
Time: 360 min
pH: 4
Sodium alginate poly(acrylic acid) @ZnO MB Temp: 30 °C 1529.6 [247]
Time: 40 min
pH: 6
GK-cl-P(AA-cl-AAM) /SiO, MB Temp: RT 1408.67 [238]
Time: 90 min
pH:7
Gum tragacanth cross-linked 2-hydroxyethyl methacrylate-co- Hg? Temp: 25 °C 154.8 [248]
acrylamide/ZnO [GT-cl-(HEMA-co-AAm) /Zn0O)] Time: 400 min
pH: 3.2
Xanthan gum grafted poly(acrylic acid-co-itaconic acid) /ZnO MB Temp: RT 212.8 [249]
[XG-cl-p(AA-co-IC) /Zn0O] Time: 70 min
Sodium alginate cross-linked poly (N,N-dimethyl Acrylamide- MB, Temp: 27 °C 403.2 [250]
co-2 acrylamino-2-methyl-1-propane sulfonic acid) /TiO, Carmosine-A (CR-A) Time: 90 min 106.2

[SAG-cl-poly(N,N-DMA-co-AMPS) /TiO,]

pH:7

Lu et al.?® immobilized Fe;O, NPs in the chitosan/PEI
hydrogel to prepare the magnetic hydrogel beads (MBHI),
followed by the covalent functionalization with gallic acid to
form MBH?2 hydrogel beads for Cr(VI) removal. This hydrogel
could successfully adsorb Cr(VI) and reduce it into less toxic
Cr(III). The mechanism of adsorption and reduction of Cr(VI)
is depicted in Figure 20B. Cr(VI) absorption is achieved
via electrostatic interactions between the protonated amine
groups at low pH (pH 2.0). A significant amount of Cr(VI) is
reduced by electron donors on MHB2, whereas the grafted
gallic acid further accelerates the reduction of Cr(VI). More-
over, the chitosan/PEI hydrogel captures Cr(IlI) via a chelating
mechanism. MHB2 exhibits exceptionally high adsorption
capacity (476.2 mg g!) for Cr(VI) at low pH and could be used
in successive cycles after regeneration.

In another study, the poly(x-carrageenan-co-PVA)/Fe;0,
magnetic hydrogel nanocomposite was fabricated by integration

Adv. Mater. Interfaces 2023, 10, 2201375 2201375 (23 of 50)

of PVA, magnetic Fe;O, NPs, and k-carrageenan (x-C), and
showed high adsorption capacity for crystal violet (CV) dye
removal from water.?%’l Fe;0, NPs were synthesized via an
in situ co-precipitation method in the presence of xC and
PVA (Figure 20C). A thermodynamic study revealed that the
adsorption of CV on the hydrogel nanocomposite occurred
spontaneously. The maximum adsorption capacity achieved
was 79 mg g! for the adsorption of CV dye, and the adsorp-
tion isotherm followed the Langmuir model. The adsorption
of CV decreased by integrating Fe;0, NPs and was increased
by increasing the concentration of x-C. The reduction in the
adsorption capacity of hydrogel with Fe;O, NPs can be attrib-
uted to the reduction in the weight ratio of anionic xk-C centers
and the lower degree of swelling of the hydrogel nanocomposite.

Furthermore, an increase in xC content of the hydrogel
nanocomposite enhanced the swelling characteristics and, there-
fore, increased the adsorption of CV. The adsorption of CV on
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Table 2. Various metal oxide-based hydrogel nanocomposites are employed as photocatalysts for the photodegradation of water pollutants.

Metal oxide-based hydrogel Water pollutant Experimental Conditions % Degradation Ref.
TiO,/Chitosan MO UV light 100 [257]
Alizarin red S (ARS) Temp =RT 100
Time=3-6h
TiO,/chitosan/ poly(N-isopropylacrylamide) Acid fuchsin (AF) UV light 90.5 [252]
Temp =25 °C
Time =160 min
TiO,/Chitosan Amoxicillin UV light 100 [253]
Temp =24 °C
Time =2h
Cu,O/Cu/rGO@ carbon/ sodium alginate p-nitrochlorobenzene (p-NCB) Visible light 96.35 [254]
Temp =RT
Time =150 min
TiO,/MgO/ Chitosan MO UV light 82.4 [255]
ARS Temp =RT 41.8
Time =90 min
AgCl/ZnO/ Chitosan MB Visible light 100 [129]
Temp =25 °C
Time =135 min
Alginate/ carboxymethyl cellulose/TiO, CR Sunlight 91.5 [234]
Temp =RT
Time = 240 min
Ce0,/TiO, MO 125 W Hg lamp 95.27 [256]
Temp =RT
Time = 90 min
PAA/15-CuZnO MB Sunlight 100 [257]

Temp =RT
Time =60 min

the hydrogel nanocomposite was followed by intraparticle diffu-
sion and electrostatic interactions. To regenerate hydrogel nano-
composite, dye-adsorbed poly(x-C-co-PVA)/Fe;0, was treated in
different solutions (Figure 20C). The desorption of the dye was
most efficient in a 0.5 M KCI ethanol/water solution. The regen-
erated poly(x-C-co-PVA)/Fe;0, was used in consecutive cycles
and showed a slight decrease in the adsorption efficiency.

Sharma et all?® reported the synthesis of a pectin-
crosslinked guar gum/superparamagnetic iron oxide nano-
composite (Pec-cl-GG/SPION) hydrogel via a co-precipitation/
polymerization method using MBA as cross-linker and uti-
lized the hydrogel for the adsorption of the organic pollutants
m-cresol (mC) and o-chlorophenol (OCP). The adsorption of
organic contaminants on Pec-cl-GG/SPION was improved at
low pH (pH < 3). mC and OCP are both good nucleophiles. At
low pH, the surface of Pec-cI-GG/SPION is positively charged,
accelerating the interaction between the adsorbate and adsor-
bent. The adsorption capacity of Pec-cl-GG/SPION towards mC
and OCP was 176.1 and 75.6 mg g\, respectively. The adsorp-
tion of mC was more favorable than OCP, which might be due
to the difference in the nucleophilicity of the pollutants. The
superparamagnetic iron oxide in the hydrogel nanocomposite
acted as an active magnetic material and simplified the separa-
tion process.

In another study, Fe NPs were introduced into the poly(vinyl
alcohol/acrylamide) matrix along with Ag particles. The pre-
pared P(VA/AAm)-Fe-Ag hydrogel nanocomposite was evaluated
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for the adsorption of heavy metal ions (viz., Cu(Il)) and dyes
from the wastewater (viz., MB and MG).2%?) A high pH of the
aqueous medium favors the swelling behavior of P(VA/AAm)-
Fe-Ag hydrogel nanocomposite. For Cu(Il) removal, P(VA/
AAm)-Fe-Ag shows quick adsorption behavior and reaches max-
imum adsorption within 30 min. The rapid adsorption of Cu(II)
might be due to the 3D structure of P(VA/AAm)-Fe-Ag, which
exhibits several super-hydrophilic hydroxyl and amide groups,
facilitating the adsorption of heavy metal ions. In contrast, the
maximum adsorption of dyes was reached after 5 h.

Apart from Fe;0,, other iron derivatives, such as Fe,O;,
BFeOOH, and zero-valent Fe, have also been used in magnetic
hydrogel matrices to enhance wastewater treatment efficiency.
Wang et al.l?! reported the fabrication of SFeOOH @tunicate
cellulose hydrogel nanocomposite and their application to the
photodegradation of MB. The B-FeOOH@tunicate cellulose
hydrogel nanocomposite was prepared by the in situ growth of
S-FeOOH NPs in the cellulose hydrogel matrix. The f-FeOOH
NPs were uniformly dispersed and strongly anchored in the
hydrogel matrix (Figure 21A). Within 30 min of exposure to
visible light irradiation, S-FeOOH@tunicate cellulose could
degrade 99.89% MB. Figure 21A displays the possible photo-
catalytic MB dye degradation mechanism. Under visible light
illumination, charge pairs are generated from the excited
B-FeOOH NPs. The excited electron jumped from the lowest
unoccupied molecular orbital of the dye molecule to the con-
duction band of the f-FeOOH, which resulted in the reduction
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Figure 20. A) The cycle of anionic dye adsorption, dye desorption, regeneration, and reuse of hydrogel. Reproduced with permission.[263l Copyright 2011,
Elsevier Science Ltd. B) Best possible mechanism for Cr(VI) adsorption and reduction to Cr(l1l) using magnetic chitosan/poly(ethylenimine) hydrogel.
Reproduced with permission.[4 Copyright 2021, Elsevier Science Ltd. C) Representation of Poly(k-carrageenan-co-PVA) /Fe;O, synthesis; regeneration
of poly(x-carrageenan-co-PVA) /Fe;O, after dye adsorption in various solutions and recyclability of Poly(x-carrageenan-co-PVA)/Fe;O, hydrogel nano-
composite. Reproduced with permission.?55 Copyright 2014, Elsevier Science Ltd.

of Fe** to Fe?*.[267268] Subsequently, in the presence of H,0,
and Fe?, the -OH radicals and Fe*" are generated. Finally, - OH
and charge holes react with MB for mineralization, and Fe**
regenerated. The effect of scavengers was also investigated to
understand the most reactive species for dye degradation. The
decreased degradation efficiency in the presence of triethanola-
mine and tert-butylalcohol confirmed that the -OH radical and
holes are the primary active species for dye degradation.?%%l The
hydrogel nanocomposite also shows excellent durability and
stability for five successive cycles, maintaining 96% dye degra-
dation efficiency.

Duan et al.?”’ reported the green synthesis of a multifunc-
tional 3D AgNPs@MIL-100(Fe)/GG hybrid hydrogel by the
blending and self-cross-linking processes and the efficient deg-
radation of MB dye. To prepare the hydrogel nanocomposite,
Ag NPs were dispersed onto the MOF MIL-100(Fe), followed by
ultra-sonication of AgNPs@MIL-100(Fe) and the GG hydrogel.
As shown in Figure 21B, the AgNPs@MIL-100(Fe) /GG hydrogel
nanocomposite exhibited excellent photocatalytic MB degrada-
tion ability and could degrade 100% MB within 100 min upon
exposure to visible light irradiation. UV-vis absorbance spectra
of revealed the continuous decrease of the absorption peak at
664 nm (characteristic peak of MB) with increased irradiation
time and confirmed complete degradation. Figure 21B also
shows a comparison of the adsorption and photocatalytic poten-
tial of MIL-100(Fe), GG, and MIL-100(Fe)/GG, revealing the
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enhanced performance of AgNPs@MIL-100(Fe)/GG. The high
photocatalytic degradation ability of the hydrogel nanocomposite
was due to the synergistic adsorption and photocatalysis of dye
molecules. The possible mechanism is depicted in Figure 21B.
Firstly, the dye molecules are adsorbed onto the nanocomposite
surface. Then, charge carriers are generated under light illumi-
nation, and the Ag NPs accept the e, which effectively delays
the recombination of e~ and holes. During the reaction, H,0
molecules and holes generated -OH radicals and e~ react with
oxygen to produce superoxide ions (-O?7). -O% further reacts
with H,0, to produce OH™ ions, which are also converted into
-OH. These -OH radicals react with dye molecules for minerali-
zation. It was reported that the Ag NPs present in the hydrogel
enhanced both photocatalytic and antibacterial activity.
Zero-valent iron has also been incorporated in a GG cross-
linked soya lecithin nanocomposite hydrogel (Fe®@GG-cl-SY
NCH) via the ultrasonication method and used for the MV
dye photocatalytic degradation.”’!! Fe’@GG-cl-SY NCH could
successfully degrade 81% MV in 120 min in the presence of
H,0, under natural sunlight irradiation. High adsorption effi-
ciency and photo-response characteristics of the hydrogel nano-
composite facilitate the photocatalytic degradation of the dye
molecules. The degradation of dye was also studied with and
without H,0,. The maximum photo-degradation of MV (81%)
was observed in the presence of H,0,, whereas Fe?@GG-cl-
SY NCH could degrade only 68% of the dye molecule in the
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Figure 21. A) Schematic representation of S-FeOOH @tunicate cellulose hydrogel nanocomposite fabrication; mechanism of MB dye photocatalytic

degradation using f-FeOOH@tunicate cellulose; effect of scavenger on

MB photo-degradation and recyclability of f-FeOOH@tunicate cellulose

hydrogel nanocomposite. Reproduced with permission.?l Copyright 2020, Elsevier Science Ltd. B) UV-vis absorbance spectra of MB dye photo-
degradation and percentage of remaining MB dye in solution after visible light illumination using Ag NPs@MIL-100(Fe)/GG as photocatalyst with
different time intervals; mechanism of MB dye adsorption and photocatalytic degradation in the presence of Ag NPs@MIL-100(Fe)/GG hydrogel
nanocomposite. Reproduced with permission.’% Copyright 2020, Elsevier Science Ltd.

absence of H,0,. In the MV photocatalytic degradation process,
dye molecules are initially adsorbed on the hydrogel nanocom-
posite surface. Under sunlight irradiation, electrons and holes
are generated, which initiate the formation of free radicals. The
addition of H,0, further improved photo-degradation by gener-
ating more free radicals.

There are several other magnetic hydrogel nanocomposites
that have been used as adsorbents in wastewater treatment.
Table 3 lists the application of various magnetic hydrogel nano-
composites to remove several types of water pollutants. Thus,
apart from the removal of water contaminants from wastewater,
the incorporation of iron and iron oxide in hydrogel nanocom-
posites ease the recovery of nanocomposite via the application of
an external magnetic force. Integration of iron oxide NPs with
several other hydrogel nanocomposites to improve the recovery,
reusability, and performance can be studied for wastewater
treatment via enhanced adsorption as well as photocatalysis.

6.4. Metal Sulfide-Based Hydrogel Nanocomposites

Metal sulfides, such as Mo$,,29>2%¢1 CdS 2971 Zn§,[2%8] Fe§[299:300]
and NiS,*¥ are semiconductor materials that are incorporated
with hydrogels to enhance the visible light adsorption proper-
ties and improve other hydrogel nanocomposite characteristics,
such as mechanical strength, selective adsorption, and ease the
separation. However, little work has been done in this direc-
tion. MoS, is actively being used in wastewater treatment as an
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adsorbent and photocatalyst.?*13% Wang et al.3%! fabricated
a MoS,-embedded smart PNIPAm hydrogel nanocomposite
using NIPAm monomers via a simple photo-initiated polymeri-
zation for selective Ag™ adsorption. In a photo-initiated polym-
erization process, photo-initiators adsorb a particular frequency
of light to initiate the polymerization process by producing free
radicals.%l The MoS,-PNIPAm hydrogel nanocomposite mate-
rial was added to an aqueous solution containing several ions
(Ag', Ca?*, Cd*, K, Zn?*, and Mg?") and showed high selec-
tive adsorption towards Ag®. The high affinity of sulfur atoms
(soft base) in MoS, nanosheets towards Ag* (soft acid) pro-
motes this selective adsorption according to the hard-and-soft-
acids-and-bases) principle.?*! MoS, nanosheets and PNIPAm
polymer exhibit noncovalent interactions, enabling direct heat
transfer from MoS, to the polymer chains under photo-thermal
induction. Therefore, the MoS,-PNIPAm hydrogel nanocom-
posite quickly shrinks following a burst release of Ag* after
adsorption under near-infrared (NIR) laser irradiation (808 nm)
and is effectively regenerated for use in several cycles success-
fully. The MoS, nanosheets ease the desorption process by
“squeezing out” activity under NIR irradiation.

The photo-regeneration of an adsorbent can also be
achieved by degrading the adsorbed pollutant molecule under
light irradiation, which offers an economical approach to
hydrogel nanocomposites in wastewater treatment. Porous
MoS,-hydroxypropyl  cellulose (HPC) (MoS,-HPC/HPC)
hydrogel nanocomposite was fabricated for the adsorption
and photo-degradation of water-soluble dyes.*>! Figure 22A
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Table 3. Various magnetic hydrogel nanocomposites as adsorbents for the removal of several organic/inorganic water pollutants.

Magnetic hydrogel Water pollutant Experimental conditions Adsorption capacity [mg g7'] Ref.
NCHG (Fe;0,/polystyrene-co-polymethacrylic acid/co Cs(l) T=25°C 66.12 [272]
(sodium styrene sulfonate — acrylic acid) /PAM) Co(ll) time=2h 96.95
Sr(ll)y pH=4 76.25
Chitosan-Fe(lll) Acid Red 73 T=25°C 294.5 [264]
time = 30 min
pH=12
1-Fe,0; based magnetic cationic hydrogel Acid Red 27 T=22°C 833 [273]
Acid Orange 52 time =5 min 1430
pH=55-7.5
Fe,03/xylan/poly(acrylic acid) MB T=25°C 438.6 [263]
time=48 h
pH=38
Chitosan/alginate/Fe;0, @SiO2 Pb(Il) T=20°C 234.77 [274]
time =480 min
pH =42
Polyacrylamide/ chitosan/Fe;O, MB T=25°C 1603 [275]
time =120 min
pH=7
Lignin derivate magnetic hydrogel microspheres MB T=RT 43 [276]
MO time=24h 39
MG pH =37 155
Pb(I1) 33
Hg(I1) 55
Ni(l1) 23
Magnetic hydrogel beads (MHB2) Cr(VI) T=25°C 476.2 [264]
time=24h
pH=2
Magnetic PVA/sodium alginate/laponite RD bovine serum albumin (BSA) T=25°C 127.3 [277]
time=24h
pH =45
Magnetic rGO-loaded PEGDMA MB T=25°C 19 [278]
Cr(VI) time=12h 313
pH=748&4
Magnetic polyvinyl alcohol/laponite RD (PVA-mLap) Cd(Ir) T=293K 908 umol g™ [279]
time=10h
pH=2
Magnetic PVA/chitosan Co(ll) T=30°C 14.39 [280]
time=18h
pH=6
Lanthanum-loaded magnetic cationic hydrogel F- T=25°C 136.78 [287]
time=5h
pH=7
carboxymethyl starch-g-poly(vinyl imidazole/ PVA/ cv T=25°C 91.58 [282]
Fe;04(CMS-g-PVI/PVA/Fe;0,) CR time=0.5-24h 93.66
Pb(I1) pH=2-8 65.00
Cu(l) 83.60
cd(i 532
Fe;0,@Si02/GO v T=RT 769.23 [283]
time =120 min
pH=7
Fe;0,NPs/CS/glyoxal Cr(vI) T=25°C 55.8 [284]
time =110 min
pH=4
Gg-cl-PAA/Fe;0, MB T=25°C 671.14 285]
time=24h
pH=7
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Magnetic hydrogel Water pollutant Experimental conditions Adsorption capacity [mg g7] Ref.
Fe,O; based Magnetic hydrogel Cr(VI) T=22°C 205 [286]
time = 240 min
pH=4.2
Poly (vinyl acetate-co-maleicanhydride) /melamine /Fe;O,. CR T=25°C 43.6 [287]
time = 60 min
pH=5
Gum Acacia /polyvinyl pyrrolidone/SiO, Fuchsine basic (FC) Temp: 25 °C 91.49 [288]
MO Time: 300 min 36.41
pH:11& 5
Alg/Fe;0,@C@TD Tetracycline (TC) Temp: 25 °C 476.19 [289]
Amoxicillin (AMX) Time: 32 h 416.67
pH:5&7
#Methacryloxypropyl trimethoxysilane (KH570)-modified Pb(I1) Temp: RT 450 [290]
magnetic hydrogel Time: 120 min
pH:4.5
Arabic gum-g-polyamidoxime/CuFe,O, Chlorpyrifos Temp: 25 °C 769.23 [297]
Time: 20 min
pH: 6
Chitin/egg shell membrane @Fe;O, Pb(Il) Temp: 20 °C 0.079 mmol g™ [292]
Time: 24 h
pH: 5
Chitosan/polypropenoic acid/ethylenediamine/ magnetite Astrazon blue Temp: RT 193.21 [293]
(Cs/PPA/EDA/Fe;0,-NPs) Lerui Acid Brilliant Blue Time: 24 h 51.9
pH:10& 3
CMC-Fe;0, MB Temp: 25 °C 6.13 [294]
Time: 240 min
pH: neutral

summarizes the preparation of the MoS,-HPC/HPC hydrogel
nanocomposite and its application to MB dye adsorption and
photo-induced regeneration. To regenerate the hydrogel nano-
composite after the adsorption process, MB adsorbed MoS,-
HPC/HPC was exposed to sunlight for the photo-degradation of
MB and regeneration of MoS,-HPC/HPC for successive cycles.
The regeneration potential of 5% MoS,-HPC/HPC hydrogel
nanocomposite is far better than that of the HPC hydrogel
following absorption of MB. Moreover, the MoS,-HPC/HPC
hydrogel could also be used to adsorb and catalyze the degrada-
tion of other organic dyes.

Chen et al.%l prepared the MoS,-GO-based hydrogel (MGH)
via hydrothermal synthesis for the photodegradation of MB dye.
GO assists as an outstanding charge carrier for semiconductor
materials and delays the recombination of e /h* to enhance
photocatalytic characteristics.22l MGH exhibits a higher photo-
catalytic degradation ability (99% degradation of MB in 60 min)
than the pristine GO hydrogel, which might be due to the
increased light adsorption and the delayed photo-induced e”/h*
recombination of the semiconductor during photocatalysis.[3%!
MoS,-rGO hydrogel nanocomposites have also been studied for
the catalytic reduction of PNP in an aqueous solution.l3%]

CdS is another popular metal sulfide semiconductor material
for the fabrication of hydrogel nanocomposites to enhance the
adsorption and photocatalytic potential. Torkaman et al.3%! pre-
pared a CdS quantum dots-based nanocomposite hydrogel (CdS
QD-NCH) via in situ cross-linking copolymerization of AA and
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&-C using MBA as a cross-linking agent, followed by the embed-
ding of CdS QDs. Figure 22B shows the proposed synthesis
route of CdS QD-NCH. CdS QD-NCH was employed for the
adsorption and photocatalytic removal of water-soluble cationic
dyes, that is, CV and MG. CdS QD-NCH successfully adsorbs
the CV and MG dyes and achieves adsorption-desorption
equilibrium in 120 and 75 min, respectively. The results
reported in Figure 22B suggest that electrostatic interactions
are the main driving force for the adsorption of dyes by the
hydrogel nanocomposite.

Furthermore, the photocatalytic degradation of adsorbed dye
on CdS QD-NCH was performed under visible light in 60 and
30 min for CV and MG, respectively. The regenerated hydrogel
nanocomposite could be successfully used for several cycles.
The generation of the hydroxyl radical was considered as the
main active species for the degradation of the dyes. Similarly,
CdS QDs were embedded in the cross-linked polymer chains
of CMC and PAMPS to form a hydrogel nanocomposite for the
adsorption of RhB dye.?'% The equilibrium swelling capacity of
the CdS QD-NCH was observed to be higher than that of the
pure hydrogel, which might be due to the higher surface area
of CdS QDs. The adsorption of RhB on the CdS QD-NCH could
be fitted by the pseudo-second-order kinetics and Langmuir iso-
therm models. In addition to cationic dyes, CdS-incorporated
hydrogel nanocomposites have also been used for the removal
of anionic dyes from wastewater.}!! CdS NPs were depos-
ited on the semi-IPN hydrogel network of the AAm-grafted
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Figure 22. A) Schematic illustration of fabrication, MB dye absorption, and photo-induced recycling of the MoS,-HPC/HPC hydrogel nanocomposite;
5% MoS,-HPC/HPC hydrogel for MB and other different dyes. Reproduced with permission.?%’l Copyright 2017, Elsevier Science Ltd. B) In situ prepa-
ration of CdS quantum dots in a hydrogel network; Adsorption of MG and CV dye with contact time; Possible electrostatic interactions between CdS
QD-NCH hydrogel nanocomposite and dye. Reproduced with permission.”] Copyright 2019, Springer Nature.

xanthan-agar hybrid. The hydrogel nanocomposite effectively
adsorbs the anionic dyes eosin yellow and eriochrome black-T,
following a Langmuir isotherm, and could be regenerated for
successive batches.

On the other hand, Kumar et al.’}¥ showed that the nickel
sulfide (NiS/Ni3;S,) NPs incorporated PAAm-grafted GK
hydrogel bio-nanocomposite (BioNC) is an excellent choice for
the adsorption of RhB dye from the wastewater. The promi-
nent interaction forces between cationic dye and BioNC were
identified as van der Waals forces, H-bonding, and electrostatic
interactions. The maximum adsorption capacity of BioNC
for RhB adsorption was 1244.7 g L°\. The RhB adsorption on
BioNC followed the Langmuir isotherm and pseudo-second-
order kinetics rate model. BioNC also showed excellent reus-
ability following easy separation. The photo-degradation of RhB
dye was also efficiently achieved using the CuS@corn starch/
chitin hydrogel nanocomposite.’'?l Under NIR irradiation, CuS
promotes the formation of hydroxyl radicals from H,0,, which
directly degrades the RhB dye. Another CuS-based 3D hydroxy-
ethyl acrylate/N-methyl maleic acid hydrogel nanocomposite
(P(HEA/NMMA)-CuS) also showed high photo-degradation
efficiency for the antibiotic sulfamethoxazole under visible
light.133) Initially, the adsorption of sulfamethoxazole on the sur-
face of P(HEA/NMMA)-CuS followed a Langmuir adsorption
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and pseudo-second-order kinetic model. The adsorbed sul-
famethoxazole was photodegraded, following pseudo-first-order
kinetics. The generation of active hydroxyl radicals was proven
for the photo-degradation of sulfamethoxazole, and complete
degradation was achieved by the formation of eight primary
intermediates of sulfamethoxazole. Panchal et al.?*®! prepared
a sodium alginate/gelatin-based ZnS-hydrogel nanocomposite
(SA-Gel-cl-PAAmM/ZnS) for the removal of dyes via adsorption.
SA-Gel-c-PAAm/ZnS could efficiently remove 95.26% and
91.68% of the biebrich scarlet and CV dyes, respectively. The
removal of biebrich scarlet followed the Langmuir isotherm
and pseudo-first-order kinetics. In contrast, the removal of CV
was followed by the Freundlich isotherm and pseudo-second-
order kinetics. Desorption of dyes from the hydrogel nanocom-
posite was performed by treating the adsorbent in a 0.1 NaOH
and 0.1 HCI solution, and it could be reused for several cycles.
The  excellent regeneration ability of  hydrogel
nanocomposites enhances their potential for use as an envi-
ronmentally friendly and efficient material for the removal of
water pollutants from industrial wastewater. In summary, the
most explored metal sulfide-based hydrogel nanocomposites
for wastewater treatment involve MoS,. However, there is a
broad scope to examine the efficiency of several combinations
of metal sulfides and hydrogels for wastewater treatment. Metal
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sulfides are also known for their photocatalytic activity. There-
fore, there is a need to study various metal sulfide and hydrogel
nanocomposites for wastewater treatment as photocatalysts.

6.5. Graphene and Graphene Oxide-Based Hydrogel
Nanocomposites

Graphene and its derivatives have been studied in various appli-
cations due to their outstanding characteristics.?"*315 However,
graphene sheets are hydrophobic, and the strong 77 interac-
tions between the graphene sheets lead to aggregation, which
makes graphene sheets less ideal for direct application due to
their poor stability. Therefore, much interest has been devoted
to developing graphene-based nanocomposite materials for
various applications.?193  Graphene-based nanocomposite
materials can be easily synthesized and fabricated either by
chemical functionalization or noncovalent modifications.20-321]
Constructing 3D graphene macroscopic structures, such as
graphene-based hydrogels consisting of a porous structure
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embedded with graphene sheets, can partially overcome the
intrinsic 77 interactions. 3D graphene-based hydrogels have
great potential in various applications, including wastewater
treatment, by enabling the diffusion of water pollutants into
the 3D macroscopic structural network.1322324 These nanocom-
posites exhibit enhanced adsorption efficiency due to increased
surface area, improved mechanical strength and stability,
thermal stability, high negative charge density, recyclability, and
avoiding agglomeration of nanomaterials."® Owing to the high
negative charge density and hydrophilic moieties in the GO
skeleton, it is easy to disperse GO in polymer systems.
Graphene/alginate-based hydrogel nanocomposites have
been actively used to remove various contaminants from
wastewater.325327-331 Tuo et al.??®! prepared a Y-immobilized-
graphene oxide-alginate hydrogel nanocomposite (Y-GO-SA)
for the simultaneous adsorption of heavy metal ion As(V)
and antibiotic tetracycline (TC) from the wastewater. The co-
adsorption of As(V) and TC was pH-dependent and showed
the highest adsorption at pH 5 and 8, respectively. Figure 23A
illustrates all the possible interactions for the adsorption of TC

1
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Figure 23. A) Schematic illustration of As(V) and TC co-adsorption mechanisms onto Y-GO-SA hydrogel nanocomposite; effect of pH on co-adsorption
of TC and As(V) in binary system and recyclability of Y-GO-SA hydrogel nanocomposite for As(V) and TC removal for four cycles. Reproduced with
permission.32%] Copyright 2020, Elsevier Science Ltd. B) The stepwise synthetic procedure, TEM image and photocatalytic efficiency of PANI-TiO,/rGO

hydrogel; photocatalytic mechanism of RhB in the presence of PANI-TiO,/rGO hydrogel under visible light irradiation. Reproduced with permissio

Copyright 2020, Elsevier Science Ltd.

Adv. Mater. Interfaces 2023, 10, 2201375 2201375 (30 of 50)

n.1326]

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U017 SUOWILIOD BAIER.D 8|qedt|dde 8Ly Aq peusenob ae seppie YO ‘88N JO Se|ni 1oy Ariq178UIIUO AB]1A UO (SUORIPUOD-PUB-SWBIALI0D A8 |IMAeIq U1 [UO//:SANY) SUORIPUOD PUe SWIB | 3u18eS *[£202/TT/0] uo AriqiTauluo A8IM ‘AseAIUN 81SeoMeN AQ §2ET0ZZ02 ILPe/Z00T OT/I0p/Woo" A3 1M AReid 1 puluoy//Sdiy woly pepeojumod ‘2 ‘€202 ‘0SEL96TZ



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

and As(V) on Y-GO-SA. The adsorption of TC was higher than
that of As(V) on Y-GO-SA. This was ascribed to the presence of
amino and hydroxyl groups on TC, which can easily form stable
complexes with Y-GO-SA via multiple H-bonds, 77 electron-
donor acceptor interaction between TC and GO, n-7 electron
donor-acceptor interaction between TC and SA.

Additionally, at pH 5, TC exists in a neutral or cationic form,
which could bind to the adsorbed negatively charged As(V)
through anion-z interactions through multilayer adsorption.
As(V) adsorption was ascribed to H-bonding and ion exchange.
Therefore, in the binary system, the adsorption of TC sup-
pressed the adsorption of As(V) by occupying the active sites.
In contrast, the adsorption of As(V) promoted the adsorption
of TC via the formation of a sorbent-As-TC complex through
anion-7 interactions. The Y-GO-SA hydrogel also exhibits excel-
lent reusability.

It has been noted that GO-based hydrogels are usually
prepared via physical cross-linking approaches.*3? The absence
of chemical cross-linkers also reduces the potential risk of
toxicity. The primary interactions between the GO and polysac-
charides in hydrogels are electrostatic forces. GO nanosheets
and chitosan chains are cross-linked via electrostatic inter-
actions between positively charged chitosan and negatively
charged GO to form a chitosan/graphene oxide (GC) hydrogel
network structure. A GC hydrogel column has been used to
clean dye-contaminated wastewater, showing excellent adsorp-
tion potential toward cationic (MB and RhB) and anionic (MO
and CR) dyes.’33l The hydrogel composite could easily be
regenerated for successive adsorption cycles with retention of
high adsorption efficiency.

A GO-impregnated chitosan-PVA hydrogel (GC-PVA) was
prepared and evaluated for the adsorption of the CR dye under
different experimental conditions from wastewater.**¥ The
adsorption of the CR dye was significantly improved after
impregnating the chitosan-PVA hydrogel with GO. This might
be due to the improved porosity and stability of the hydrogel
nanocomposite following GO-impregnation.

Shen et al.1** designed a highly porous and reactive hydrogel
composed of live Shewanella xiamenensis BCO1 bacteria encap-
sulated within an rGO network for the adsorption and biodeg-
radation of the CR and MB dyes. Owing to synergetic effects,
BC01-BCH showed exceptional decolorization performance
and degraded the CR and MB dyes up to 99.8% and 97.3% in
55 h, respectively. Several graphene-based hydrogels have been
studied as suitable adsorbents for the removal of water pollut-
ants. Table 4 summarizes the adsorption efficiency of different
graphene-based hydrogel nanocomposites employed for the
removal of several water pollutants.

In addition to adsorption, graphene-based hydrogel nano-
composites are also employed as efficient photocatalysts for
the degradation of organic water pollutants. Ma et al.32%] pre-
pared the PANI-TiO,/rGO hydrogel nanocomposite via in situ
polymerization of aniline on the surface of TiO,/rGO. They
observed excellent photocatalytic RhB degradation and H, evo-
lution under visible light irradiation. A schematic presentation
of the formation of PANI-TiO,/rGO is presented in Figure 23B.
PANI-TiO,/rGO could effectively photodegrade 90.5% RhB
within 90 min under visible light irradiation, which is signifi-
cantly higher than pristine TiO, (24.7%). To achieve an effective
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photo-degradation, the loading of PANI was varied and
optimized in the PANI-TiO,/rGO hydrogel. As shown in
Figure 23B, under light irradiation, TiO, and PANI generated
e and h* charge carriers that were rapidly separated due to
the rGO nanosheets, which restricted their recombination and
promoted the photocatalytic reaction.

Similarly, Liang et al.3*! used the metal-free g-C;N,@PPy-
rGO hydrogel as a photocatalyst to adsorb and photodegrade
Cr(VI) and phenol from wastewater. The PPy and rGO in the
hydrogel skeleton consist of a 77 conjugation system, which
improves the separation of photo-generated charge carriers,
alters the valence band edges of the g-C3N,, and enhances
the photo-oxidation stability of the hydrogel nanocomposite
material. Upon visible light exposure, g-C3N, is excited and
generates charge carriers, while rGO transfer the e” to photo-
reduce Cr(VI), and PPy transfer the holes to photo-oxidize the
phenol. The synergic adsorption and photocatalysis degradation
of water pollutants was achieved in situ, avoiding the compli-
cated operation needed to recover and regenerate the catalyst
following the reaction. The recyclability of g-C3N,@PPy-rGO
hydrogel was maintained for ten consecutive cycles. Table 5
summarizes the use of various graphene-based hydrogel nano-
composites for the photo-degradation of water pollutants. As
evident from the ample number of examples, graphene-based
hydrogel nanocomposites are one of the most widely explored
classes of hydrogel nanocomposites as adsorbents as well as
photocatalysts in water treatment applications. The ease of
functionalization and excellent characteristics of graphene
make it a popular choice for several applications. However, the
photocatalytic applications of graphene-based hydrogel nano-
composites are scarce. In addition, there is a need to study
various metallic/non-metallic/metal oxide NPs incorporated
graphene-based hydrogel nanocomposites as photocatalysts for
the treatment of wastewater.

6.6. CNTs and Other Carbonaceous Materials-Based Hydrogel
Nanocomposites

Apart from graphene, other carbonaceous materials (e.g., CN'Ts,
carbon spheres, carbon quantum dots, g-C3N,, and carbon
nanofibers) have also been physically or chemically combined
with hydrogel matrices and applied in various applications,
including water treatment.6-360]

Most recently, CNTs-based hydrogels have been utilized in
wastewater treatment as adsorbents and photocatalysts.361:362]
Sun et al.B% prepared an organic-inorganic hemicellulose-g-
poly(methacrylic acid)/CNT composite hydrogel to adsorb the
MB dye from the water. Various adsorption parameters, such
as the effect of adsorbent amount, initial concentration of dye,
contact time, and salt concentration, were also thoroughly
investigated to optimize the adsorption conditions. 98% MB
dye was successfully adsorbed from the contaminated water
using 6 g L' hemicellulose-g-poly(methacrylic acid)/CNT
hydrogel. FTIR was performed before and after adsorption to
analyze the adsorption mechanism, and the results are shown
in Figure 24A. The extra vibrational signatures that appear in
the FTIR spectrum of the hydrogel following MB adsorption
correspond to the functional groups of MB, confirming the
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Table 4. Adsorption Capacity of various graphene-based hydrogels for water contaminants.

Graphene-based hydrogel Water pollutant Experimental conditions Adsorption capacity [mg g7] Ref.
3D graphene (3DQ) MB T=RT 310 [336]
t =270 min
GO-loaded agarose hydrogel beads (GO-AgarBs) RhB T=RT 3217 [337]
Orange G T=5-12h 1321
Aspirin 196.4
Cellulose nanowhisker GO (GO/CNW) hydrogel MB T=298K 122.5 [338]
RhB pH=7 62
time =20 & 40 min
[-cyclodextrin/chitosan functionalized GO MB T=298K 134 [339]
(3D-GO/CS/B-CD) time = 240 min
pH=12
Prussian blue functionalized graphene (PB/rGOH) Cs T=298K 58.82 [340]
time=72h
3D yttrium based-graphene oxide-sodium alginate F T=20°C 289 [331]
(Y-GO-SA1.0) time=48 h
pH=4
GO/Chitosan—PVA CR T=RT 12.386 [334]
time =150 min
pH=2
rGO-SA hydrogel microspheres Phenol, Bisphenol A (BPA) T=31515K 26.12 [330]
tetracycline time=4h 17.31
pH=6 14.12
GO/Chitosan MB T=318K 275.5 [347]
time=48 h
pH=7
Y-GO-SA As (V) T=RT 274 325]
TC time = 90 min 478
pH=5
Alginate/graphene double network (GAS) TC T=298K 247 [329]
Alginate/graphene double network (GAD) TC time=20h 290
pH=28
Lignosulfonate-modified graphene hydrogel (LGH) Cr(VvI) T=328K 1743.9 [342]
time=18h
pH=2
Chitosan—polyethylenimine-GO (CS—PEI-GO) Se T =298K 1.62 [130]
time=24h
pH=3
GO-poly(2-hydroxyethyl methacrylate) MB T=318.15K 39.41 [343]
time =45 min
pH=7
PVA/CMC-B@GO/Fe304/GQD MB T=313K 1000 [344]
time=4h
pH=28
Bacterial Cellulose/Polyvinyl Alcohol/Graphene Cu(ln T=RT 150.8 [345]
Oxide/Attapulgite (BC/PVA/GO/APT) Pb(Il) time = 360 min 217.8
pH=5&6
GO Reinforced Alginate/PVA Double Network MB T=298K 480 [327]
Hydrogels time=15h
pH=6.5
3D RGO Naproxen (NPX), T=RT 357 [346]
Ibuprofen (IBP) time=1h 500
Diclofenac (DFC) pH = neutral 526
GO-starch nanocomposite (GO-HES) MG T=RT 57.5 [347]
time=30h
pH =45
CaCO3/PAN-PPy-modified GO/alginate Cu(ln T=298K 291.2 [348]
time=24h
pH=5
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Table 5. Photocatalytic degradation of various water pollutants using graphene-based hydrogels.

Graphene-based hydrogel Water pollutant Experimental Conditions % Degradation References
g-C3N,/GO/ polyacrylic acid (CGP) MB Visible light 98 [350]
RhB Temp =RT 70.1
time = 30 min
rGH-AgBr@rGO BPA Visible light 914 [357]
time = 60 min
PANI-TIO,/rGO RhB Visible light 90.5 1352]
time =90 min
Poly(vinyl alcohol) /poly(acrylic acid)/TiO,/GO  Coomassie brilliant blue R-250 UV light 88 [353]
(CBB) pH=10 95
MB time = 200 min
TiO,/graphene MB UV light 100 [354]
time = 30 min
P25-graphene MB UV light 96 [355]
time = 60 min
N-doped graphene Acridine orange (AO) Visible light 70 [356]
time=5h
ZnO/rGO-rGH hydrogel Bisphonol A UV lamp (250 W Hg) 100 [357]
Temp=25+2°C
Time = 20 min
3D TiO,-graphene hydrogel Cr(VI) UV lamp (250 W Hg) 100 [358]
Temp=25+2°C
Time =30 min
3D Ag;PO,-graphene hydrogel Bisphenol A Visible light (250 W metal halide) 100 [359]
Temp=25+2°C
Time =12 min
MoS,-GO composite hydrogel MB Solar light 99 [308]
Temp =RT

Time = 60 min

adsorption of the MB dye on the hydrogel nanocomposite.
Additionally, the pH of the solution was reduced from 5.3 to
3.35 after the adsorption of MB, suggesting that the adsorp-
tion took place via ion-exchange, as depicted in Figure 24A.
The adsorption of MB followed the Freundlich isotherm and
pseudo-second-order kinetics. In another study, CNTs were
impregnated into chitosan hydrogel beads (CSBs), following
four strategies: by dispersing CNTs in a) a chitosan solution
(CSBN1), b) a sodium dodecyl sulfate (SDS) solution (CSBN2),
c) a CS solution containing cetyltrimethylammonium bromide
(CTAB) (CSBN3), and d) an SDS solution with CTAB and CS
(CSBN4), and compared the adsorption of CR dye by each.3¢4
The Sips model was used to calculate the maximum adsorption
capacity, and CSBN4 showed the largest (375.94 mg g), while
CSBN3 showed the lowest (121.07 mg g') adsorption capacity
for CR.

Baruah et al.’®! studied a carbon dots-chitosan hybrid
hydrogel (CS-NaSOs;-CDs) for water remediation. The carbon
dots in the hydrogel effectively improved the mechanical sta-
bility, water swelling characteristics, and adsorption of ions
and water pollutants.?*! The CS-NaSO;-CDs hydrogel nano-
composite film successfully adsorbs up to 94% Ca?" and 70.8%
Mg?*, whereas the pristine CS-film could adsorb only 32.9%
Ca?*.13%] The adsorption of metal ions followed an ion-exchange
mechanism for Na*. Table 6 lists notable carbon-based hydrogel
nanocomposites as potential adsorbents for water pollutants.

Adv. Mater. Interfaces 2023, 10, 2201375 2201375 (33 of 50)

Graphitic C;N, (g-C3N,) is an attractive member of the car-
bonaceous materials family. It is frequently used as a metal-free
photocatalyst due to its tunable electronic structure, excellent
response to visible light, and chemical stability.*”*3% How-
ever, the low surface area, fast recombination of photo-induced
electron-hole pairs, and difficulty in recycling limit the applica-
tion of pristine g-C3N,. However, the construction of 3D struc-
tured g-C3N, nanocomposites promotes charge separation,
enhances the adsorption efficiency, and improves the surface
area to expose more active sites.*81382 Additionally, the sepa-
ration of g-C;N, hydrogel nanocomposites after the application
is straightforward. Shafiee et al.l’”’] studied the adsorption-
assisted photocatalytic potential of the g-C3N,/Co30,/MWCNT
nanocomposite stabilized in resorcinol formaldehyde hydrogel
towards organic pollutant (RhB) degradation in water. They
compared the surface area of all synthesized nanocompos-
ites (hydrogel, g-C3N, in hydrogel, Co;0, in hydrogel, g-C3N,/
Co30, in hydrogel, and g-C3N,/Co;0,/MWCNT in hydrogel).
They found that g-C3N,/Co30,/MWCNT in hydrogel exhibit
the highest surface area. Figure 24B shows the removal effi-
ciency of RhB under dark and light conditions, revealing that
using all the prepared nanocomposites exhibit efficient cata-
lytic efficiency toward the degradation of RhB. However, owing
to its high active surface area, g-C3N,/Co30,/MWCNT adsorb
and degrade the most dye under dark and light conditions.
Figure 24C shows the preparation of the PAAm/g-C;N,/PAA
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Figure 24. A) IR spectra of hydrogel nanocomposite (a) before and (b) after MB dye adsorption and most probable mechanism for MB adsorption on
hemicellulose-g-poly(methacrylic acid)/CNT hydrogel nanocomposite. Reproduced with permission.l Copyright 2014, Wiley. B) Comparison of sev-
eral hydrogel nanocomposites to remove RhB from wastewater. MWCNT/Co30,/g-C3N, shows the highest RhB removal percentage. Reproduced with
permission.”’1 Copyright 2019, Springer Nature. C) Schematic representation of the stepwise preparation of PCH20 and the RhB photo-degradation
under solar light; PL spectra of all samples; effect of pH and photocatalytic performance of all samples on photodegradation of RhB; reusability char-
acterization of PCH20 for five cycles. Reproduced with permission.®l Copyright 2020, Elsevier Science Ltd.

hydrogel composite (PCH20) and its application in the photo-
degradation of RhB dye.[”! To prepare the PCH hydrogel, AA
was polymerized under an inert atmosphere and UV irradia-
tion, and g-C3;N, was added to the PAA film. The PAA/g-C3N,
composite was immersed in an AAm solution under visible
light irradiation and nitrogen atmosphere to form PCH. The
degradation of RhB was performed under solar light irradia-
tion using PCH as a photocatalyst. The adsorption of RhB by
PCH was ascribed to electrostatic interactions between car-
boxylate groups and RhB. Subsequently, g-C3N, induced the
photo-charge carriers to produce active species, which com-
pletely oxidized the RhB dye into CO, and H,0 (Figure 24C).
The photodegradation is highly pH-dependent, as depicted in
Figure 24C. Higher degradation was observed at pH > 5.6. As
shown in Figure 24C, the photoluminescence spectra of all the
synthesized materials suggest that introducing PAA into g-C3N,
or PAAm into PAA/g-C;N,, significantly increased the charge-
carrier mobility and reduced the rate of charge-pair recombina-
tion. PCH was also found to be excellent recyclability for five
cycles without compromising the photocatalytic activity.

Adv. Mater. Interfaces 2023, 10, 2201375 2201375 (34 of 50)

In summary, it can be concluded that, in addition to gra-
phene-based hydrogel nanocomposites, the study of carbon-
based hydrogel nanocomposites in water treatment is sparse
and need to be analyzed. CNT-based hydrogel nanocomposite
is rarely investigated as a photocatalyst in water purifica-
tion. Other carbon derivatives, such as quantum dots, carbon
spheres, and carbon nanofibers, should also be incorporated
into various hydrogels and investigated for water treatment.

6.7. Clay/LDHs-Based Hydrogel Nanocomposites

Clays are naturally occurring layered silicates of fine-sized par-
ticles with metal oxides and organic matter in trace amounts.
Generally, natural clay consists of sheets of silicon and alu-
minum oxide in different ratios, for example, kaolinite (1:1),
vermiculite and montmorillonite (2:1), and chlorite (2:2). The
application of clay in water treatment is invaluable, because
they are affordable, environmentally friendly, reliable, abun-
dantly available, and exhibit good wettability. However, the poor

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U017 SUOWILIOD BAIER.D 8|qedt|dde 8Ly Aq peusenob ae seppie YO ‘88N JO Se|ni 1oy Ariq178UIIUO AB]1A UO (SUORIPUOD-PUB-SWBIALI0D A8 |IMAeIq U1 [UO//:SANY) SUORIPUOD PUe SWIB | 3u18eS *[£202/TT/0] uo AriqiTauluo A8IM ‘AseAIUN 81SeoMeN AQ §2ET0ZZ02 ILPe/Z00T OT/I0p/Woo" A3 1M AReid 1 puluoy//Sdiy woly pepeojumod ‘2 ‘€202 ‘0SEL96TZ



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

INTERFACES

www.advmatinterfaces.de

Table 6. Adsorption of water contaminants using various carbon-based hydrogels.

Carbon-based hydrogel Water pollutant Experimental conditions Adsorption capacity [mg g™] Ref.
Chitosan impregnated with CNT CR Temp 30 °C 450.4 [367]
Time=24h
pH 5
Carrageenan/MWCNT cv Temp 30 °C 18 [368]
Time=24h
pH 5
Tragacanth gum/carboxyl-functionalized CNT MB Temp 40 °C 647 [369]
Time =40 min
pH 11
Chitosan/CNT Phenol Temp 30 °C 404.2 [370]
Time =120 min
pH 6.5
Carbon dot cross-linked polyvinylpyrrolidone MG Temp RT 20.16 [371]
cv Time=12h 231
Eosin Y pH 8 30.45
CNT/GO/sodium alginate CIP Temp 25 °C 181 [372]
Time=60h
pH4-6
Chitosan/CNT CR Temp 30 °C 423.34 1373]
Time=24h
pHS5
Lignin/cellulose fibers/carbon dots Cr(VI) Temp RT 599.9 [374]
Time =200 min
Cellulose nanofibrils/ carbon dots Fe(ll1) Temp 25 °C 769, [375]
Ba(ll) Time =100 min 212,
Pb(Il) 2056
Cu(ln) 1246
CNT/Chitosan CR Temp 30 °C 375.4 [364]
Time=24h
pH 5
g-CsN,@SBC/CMC MB Temp 25 °C 362.3 376]
Time =120 min
pH 8

regeneration and low adsorption capacity demote the use of
natural clays as adsorbents to clean the water. At the same time,
the fabrication of clay into the polymer matrix as clay-based
hydrogels is an advanced class of adsorbent materials, which
can successfully remove contaminants from wastewater.}®%l In
clay-based hydrogels, the introduction of clay into the polymer
matrix enhances the mechanical strength, water wettability, pH
sensitivity, active surface area, easy regeneration, and reduces
the cost. Moreover, the choice of clay and polymer matrix in
hydrogel can be utilized to fabricate pollutant-specific adsor-
bents with high adsorption capacity.

The structure of clay generally exhibits negative charges.
Therefore, clay-modified hydrogels have been used to
remove cationic contaminants from wastewater.33380
Mahdavinia et al.3% demonstrated the use of k:carrageenan-
g-poly(acrylamide) /sepiolite hydrogel nanocomposite for the
removal of CR dye from wastewater. Nano sepiolite clay was
used as filler in the hydrogel matrix without any chemical
modification. The dye adsorption capacity of the hydrogel with
sepiolite clay was higher than that of pristine hydrogel without
clay. The same group also observed similar results upon using

Adv. Mater. Interfaces 2023, 10, 2201375 2201375 (35 of 50)

a sodium montmorillonite nanoclay embedded in a hydrogel
for the removal of CV.38338¢ The inclusion of nanoclay enhances
the negative charge density in a hydrogel and, thus, increases
the adsorption capacity of cationic dyes. The adsorption of CV
using sodium montmorillonite nanoclay-modified hydrogel
followed the Freundlich isotherm and pseudo-second-order
kinetics.?%%] Recently, Qi et al.’®! employed a PDA/montmo-
rillonite (MMT)-embedded pullulan hydrogel nanocomposite
for the adsorption of CV dye. The hydrogel nanocomposite
exhibited a high adsorption capacity (112.45 mg g7}), following
the Langmuir isotherm and pseudo-second-order kinetics.
Figure 25A shows that PDA and MMT clay alone form a sludge
in the water after the adsorption of CV dye and are hard to
separate. However, co-doping PDA and MMT on the pullulan
hydrogel improves the separation after the adsorption process
and avoids secondary waste generation. The adsorption of CV
on the hydrogel nanocomposite primarily involves electrostatic
interactions between MMT and cationic CV dye and 77 interac-
tion between the aromatic rings of the adsorbate and adsorbent
(Figure 25A). The selectivity of the clay-based hydrogel towards
cationic dyes was also investigated. As reported in Figure 25A,
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the PDA/MMT-embedded pullulan hydrogel efficiently adsorb
the cationic dyes (CV, MB) but failed to remove the anionic dye.
In addition to cationic pollutants, clay-based hydrogels have
also been employed for the removal of anionic contaminants
in wastewater. Ray et al.3%¥l synthesized a series of clay-based
PEG/PAA hydrogels with different loadings of nano bentonite
clay (0.5 wt.%, 1.0 wt.%, and 1.5 wt.%) as filler for the adsorp-
tion of CR and MV dye from wastewater. Figure 25B shows the
synthesis of the PEG/PAA/nano bentonite clay-based hydrogel
and its application in dye removal via adsorption. A crosslink
co-polymerization was initiated in an aqueous PEG solution
with AA using MBA as a crosslinker via free-radical polymeriza-
tion. The concentration of PEG and MBA was varied to prepare
a series of hydrogels. The best results were obtained for the
hydrogel consisting of 6 wt.% PEG and 1 wt.% nano bentonite
clay, showing adsorption capacities of 2227 and 1927 mg g™! for
CR and MV, respectively. A bentonite clay-incorporated cellu-
lose-based hydrogel exhibited enhanced adsorption capacity
toward anionic azo dyes.?®] The adsorption capacity reached
45.77mg g' and the adsorption mechanism was governed by
physisorption. Table 7 summarizes the adsorption of various
cationic pollutants using clay-based hydrogel nanocomposites.
LDHs, known as hydrotalcite, are synthetic clays with anionic
layered exchange materials. They can be represented using the
general formula [M";,_M",(OH),[**(A™),,, mH,0), where M"!
and M are divalent and trivalent metallic cations, respectively,
which are octahedrally coordinated to hydroxide anions.[*02 A"~
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are the replaceable interlayer anions in the LDH, which can be
NO;~, CI, or CO;%, and water molecules are intercalated in the
hydroxide layers of LDH. The value of x varies in the range of
0.2-0.33. LDH structures can easily be tuned during the syn-
thesis for a targeted application. LDHs are a versatile class of
2D materials with distinct features, such as low cost, easily
tunable structure, replaceable intercalated anions, high surface
area, non-toxicity, and multiple chemical functionalities. These
outstanding characteristics make LDHs popular in various
applications, such as catalysis,[ "% fuel cells,** adsorption,“0?
super-capacitors,*®l CO, capture,*® and drug delivery.[*]
LDHs are also conducive to adsorbents for wastewater treat-
ment due to their high surface area, tunable architecture, non-
toxicity, low cost, and exchangeable anionic features.[*0840]
Generally, in addition to adsorption via interactions with the
functional groups on LDHs, contaminants intercalate into the
layered structure of LDHs, which aids in the removal of water
contaminants. However, LDHs exhibit low hydraulic conduc-
tivity, which makes them less suitable for water application.’!
Therefore, to avoid this issue, LDHs can be combined with
other materials. LDHs-based hydrogels are also well-suited for
water treatment applications.

Shan et al.l embedded different amounts of calcined
LDH (CLDH, 0-10%, w/v) into alginate hydrogel beads to
prepare hydrogel nanocomposite beads and investigated the
suitability of the CLDH-alginate beads for the removal of
PNP and p-aminophenol (PAP) from the water. Figure 26A
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Table 7. Application of various clay-based hydrogel nanocomposites as adsorbents for organic/inorganic water pollutant removal.

Clay-based hydrogel Water pollutant Experimental conditions Adsorption capacity [mg g™] Ref.
Sodium alginate-g-poly(sodium acrylate-co-styrene)/ MB Temp = 30, 40, and 50 °C 1843.46 [390]
organo-illite/smectite Time: 180 min
pH=4
Alginate-montmorillonite Polychlorinated biphenyl (PCB) Temp =25 °C 0.332 [397]
Time: 6 h
Poly (B-cyclodextrin-co-citric acid)/ bentonite MB Temp =25 °C 806.45 [392]
Time: 4.5 h
pH=6
Polyvinyl alcohol/carboxymethyl cellulose (CMC)/graphene MB Temp =30 °C 172.4 [393]
oxide/ bentonite Time: 240 min
pH=38
Montmorillonite supported-poly (acrylamide-co-acrylic acid) MB Temp =30 °C 717.54 [394]
Time: 20 min
pH=28
Chitosan—halloysite MB Temp =30 °C 270.27 [63]
MG Time: 120 min 303.03
Cellulose / Montmorillonite MB Temp =30 °C 782.9 [395]
Time: 40 h
pH=7
TiO, @ CMC- chitosan/montmorillonite MB Temp =0, 30, and 60 °C 283.9 [396]
Time: 120 min
CMC-cl-pAA/Fe;0,-C30B MB Temp = 25 and 45 °C 1081.60 397
Time: 85 min
pH=7
PVA/ Chitosan/ Agar-agar @ Cloisite30B /Fe;O, RhB Temp =298 K 780 [398]
MB Time: 40 min 800
pH=7
Poly(N-isopropylacrylamide) (PNIPAm)/lithium magnesium Amaranth dye Temp =25 °C 1.33 [399]
silicate hydrate (LMSH) Time: 24 h
pH=2
Egg white/PVA/montmorillonite (EW/PVA/MMT) MB Temp =37 °C 24 [400]
Time: 720 min
pH=9
SAlg/dextrin-cl-PAA/bentonite Paraquat Temp =25 °C 90.9 [401]
Time: 260 min
pH=10
shows the removal of PNP and PAP using the various load-  persulfate as redox initiator (Figure 26B)."2 The hydrogel forma-

ings of CLDH in CLDH-alginate beads. It is evident that the
adsorption efficiency of alginate is significantly improved by
the addition of CLDH, and CLDH?-alginate beads could adsorb
98.23% PNP and 36.46% PAP from the wastewater, mainly via
H-bonding and anionic exchange. To understand the complete
mechanism of PNP and PAP adsorption, DFT theoretical cal-
culations were also performed. Figure 26A shows that the
theoretical binding distances for the oxygen atoms in PNP
with hydrogen atoms of CLDH are closer than those of the
nitrogen and oxygen atoms of PAP. Furthermore, the bond
formation between PNP and CLDH is stable, which promotes
the adsorption of PNP rather than PAP by the CLDH-alginate
hydrogel beads.

A LDH/PAAm hydrogel nanocomposite was prepared via in
situ free-radical polymerization using various Co/Al LDH load-
ings as crosslinkers (0.105%, 0.210%, 0.420%, 0.630%, 0.840%,
1.05%), AAm as monomer, and a NaHSO; and ammonium
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tion was governed by the coordination and H-bonding interac-
tions between the amide groups on AAm and hydroxyl groups
on Co/Al LDH nanosheets. These LDH-based hydrogels showed
a good affinity toward the adsorption of the anionic MO dye.
Owing to the positive charge of Co/Al LDH, the adsorption of MO
dye was initially fast, and the adsorption capacity of the hydrogel
increased with increasing Co/Al LDH loading. The adsorption
followed the Langmuir adsorption isotherm and pseudo-second-
order kinetics. Moreover, the adsorption of the anionic MO dye
was four times higher than that of the cationic MB dye using the
Co/Al LDH/PAAm hydrogel (Figure 26B), suggesting that the
positively charged Co/Al LDH in the hydrogel skeleton played a
vital role in the adsorption of water contaminants.

An Agarose/LDH hydrogel nanocomposite exhibited high
adsorption capacity of several anions (viz.,, SO, 17, and
HPO,*) at room temperature.] The adsorption of anions
was governed by the ion-exchange mechanism with LDH in
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Figure 26. A) Effect of CLDH amount in CLDH-alginate hydrogel beads for PNP and PAP removal; Optimized geometrical structures of the PNP and
PAP adsorption on CLDH. Reproduced with permission.l*"l Copyright 2018, Elsevier Science. B) Schematic illustration of Co/Al-LDH/PAM NC hydrogel
preparation through in situ polymerization and MO dye adsorption; the effect of Co/Al-LDH contents in Co/Al-LDH/PAM NC hydrogels for adsorption
of MO and MB using Co/Al-LDH/PAM in the binary system. Reproduced with permission.'3 Copyright 2019, Elsevier Science Ltd.

the hydrogel nanocomposite. However, the hydrogel nanocom-
posite lacked selectivity. Recently, chloride-containing LDH-
based superadsorbent was prepared by immersing PAA in an
aqueous suspension of LDH particles.™ Two types of LDHs
were employed: chloride-containing LDH prepared by the co-
precipitation method without further treatment (COP-LDH)
and hydrothermally treated COP-LDH (HYD-LDH). Both LDH-
based hydrogel nanocomposites were used for the adsorption
of SO, anion from wastewater. During hydrogel formation,
LDH particles were trapped between the macroscopic gaps
within the polymer and improved the swelling properties of
the hydrogel. Although the carboxylate group of the polymer
had a negative effect on the adsorption of anions via electro-
static repulsion, the HYD-LDH-based hydrogel successfully
adsorbs 86% of the SO,* anion from water. Therefore, it can
be concluded that clay/LDH-based hydrogel nanocompos-
ites are highly efficient adsorptive materials and successfully
adsorb both cationic and anionic contaminants. The low cost
and abundant availability of clay/LDH make them desirable
materials in water treatment applications. However, clay/LDH-
based hydrogel nanocomposites have only been studied as
adsorbent materials. Therefore, their potential as photocatalyst
is yet to be explored.

6.8. MXene-Based Hydrogel Nanocomposites

Apart from the discussed materials, several other nanomaterials
have been incorporated into hydrogels and used as adsorbents
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and photocatalysts to remove water contaminants. Still, they
have not been explored much to the same extent. MXenes are a
member of the 2D nanomaterial family and have been utilized in
hydrogel matrix nanocomposites to enhance the water contami-
nant removal efficiency of hydrogels.*>*#7] MXenes exhibit the
general chemical formula, M, ;X T,, where M is an early transi-
tion metal (e.g., Mo, Nb, Ti, and V), X is carbon and/or nitrogen,
T, represents surface functional groups (e.g., —OH, —F, and —0),
and n can be any number between 1 and 4.48420 The formula-
tion of MXenes into a hydrogel matrix allows the preparation of
MXene-based soft nanocomposites with tailorable properties. In
addition, it enhances the stability of both nanocomposites, over-
coming a common factor for their limited application.

Yang et al.® immobilized Ti;C,T, powder on SA to form
SA-Ti3C,T, hydrogel beads and investigated its capability for
the adsorption of MB dye from water solution. The effect of
the mass ratio of Ti;C,T, and SA was also analyzed to opti-
mize the adsorption of MB. As the MXene hydrogel content
increased, the MB adsorption also increased. Ti;C,T,/SA-30%
showed the highest adsorption (98.04%) under the test condi-
tions, while pristine SA could adsorb 45.51% MB. This MXene-
based hydrogel could also be regenerated easily and used in
successive cycles. The adsorption was observed to be well-fitted
with pseudo-second-order kinetics and the Langmuir iso-
therm. The adsorption process was driven by both internal and
external diffusion. Lu et al.*"] used the PAAm/MXene hydrogel
nanocomposite for the removal of MB dye. The adsorption is
mainly attributed to the electrostatic interaction between the
cationic water pollutant and the negatively charged hydrogel
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Figure 27. A) Optical microscopic images of Ti3C,T,-SA4:20 (A) hydrogel (=3 mm), (B) after vacuum freeze-drying (=2 mm), (C) cross-sectional
view, and (D) core of Ti;C,T,-SA4:20 spheres; SEM images of Ti;C,T,-SA before and after drying; Illustration of Hg?* ions uptake onto Ti;C,T,-SA4:20;
Adsorption of Hg?* using several hydrogel beads and adsorption of metal ions in the multi-component system using Ti;C,T,-SA4:20. Reproduced with
permission.t*?!l Copyright 2019, Elsevier Science Ltd. B) Fabrication process and HRTEM image of RTiC/EY hydrogel; Comparison of RTiC/EY powder
and hydrogel for Cr(V1) and p-nitroaniline photocatalytic conversion; Mechanism of photocatalytic conversion of Cr(VI) and p-nitroaniline using RTiC/
EY in the presence of visible light illumination. Reproduced with permission.*2Zl Copyright 2018, American Chemical Society.

nanocomposite, which promoted the multi-layer adsorption of  Ti;C,T,-SA hydrogel spheres revealed that the spheres are
MB dye in the pores of the hydrogel. =3 mm in diameter in wet form and =2 mm in diameter in dry

In another study, Ti;C,T,-SA hydrogel spheres were pre- form (Figure 27A). In contrast, SEM images indicated a core-
pared for the removal of mercury ions.*?!l Optical images of  shell structure. Ti;C,T,-SA absorbed Hg(II) with outstanding
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adsorption capacity (932.84 mg g}), representing 100% removal
efficiency. This adsorption efficiency of Ti;C,T,-SA was substan-
tially higher than that of pristine SA and GO/SA (Figure 27A).
After Hg(Il) adsorption, the hydrogel spheres were regener-
ated in an acidic medium and used for consecutive cycles. This
hydrogel nanocomposite was also employed for the removal of
several other toxic metals. It could remove Cr, Co, Ni, Cu, and
Zn with 90% removal capacity and Pb, Hg, and Cd with 80%
removal capacity (Figure 27A). The mechanism of toxic metal
adsorption involves complex formation between [Ti—O]—H*
and Hg?*, electrostatic interactions, and ion exchange between
Ca?" and Hg?".

MXene-based hydrogels have also been explored for photo-
catalytic degradation. Chen et al.l*??l developed an organic-free
synthetic strategy to construct the Ti;C,T,-based hydrogel (RTiC)
based on a GO-assisted self-convergence process, as reported
in Figure 27B. Furthermore, the Ti;C,T,-based hydrogel
was integrated with photosensitizer (Eosin Y) (RTiC/EY)
and used to photodegrade Cr(VI) and p-nitroaniline in water.
Under visible light illumination, the RTiC/EY hydrogel nano-
composite photocatalytically reduced Cr(VI) into Cr(III) with
99.3% efficiency in 10 min, whereas RTiC/EY powder could
reduce only reduce 41.6%. Similarly, the RTiC/EY hydrogel
nanocomposite catalyzed the photocatalytic hydrogenation of
p-nitroaniline into p-phenylenediamine with 97% efficiency in
5 min. In comparison, the RTiC/EY powder could reduce only
79% under similar conditions (Figure 27B). Because structure
dictates the characteristics and application of a material, the
interconnected porous system of the RTiC/EY hydrogel plays
a vital role in improving photocatalytic efficiency. The RTiC/
EY hydrogel exhibits a high surface area (approximately twice
that of the RTiC/EY powder), which improves the adsorp-
tion of the reactant and facilitates the interaction between the
adsorbed reactant and photo-generated charge pairs for pho-
tocatalytic degradation. Despite several advantages, MXenes-
based hydrogel nanocomposites are a sparsely explored class of
hydrogel nanocomposites in wastewater treatment.

6.9. MOFs-Based Hydrogel Nanocomposites

MOFs are an emerging class of materials suitable for var-
ious applications, including wastewater treatment.*?*! The
outstanding characteristics of MOFs, such as high surface
area, tunable porosity, various functional groups, and ease of
modification without altering the framework topology, make
them popular candidates as an adsorbent and catalyst in water
purification. However, MOFs have several challenges to their
practical applications, such as high rigidity, brittleness, and
less-than-satisfactory processability.?¥ Therefore, designing
stable and flexible MOF-based nanocomposites represents a
significant step toward improving the practical performance
of MOFs. Hydrogels based on MOFs have traditionally been
considered one of the most effective methods to enhance the
stability and utility of MOFs. Although MOF-based hydrogels
have been explored for wastewater treatment, it is still a rela-
tively unexplored material class for environmental remediation.

The 3D network of a hydrogel promotes the dispersion of
the crystalline MOF material, which enhances the potential of
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nanocomposite in water purification. Controlling the diffusion
kinetics and sustaining the hierarchical porosities of MOFs in
hydrogel nanocomposites is one of the significant challenges for
the practical handling of the material. Entrapping the MOFs in
the hydrogel is one solution to address this limitation. Polymers
have also been widely used to grow and disperse MOFs due to
their adjustable functionalities. Recently, a MOF-based hydrogel
was prepared in situ by using a zinc hydroxide PAAm com-
posite as the precursor gel.”’l The prepared ZIF-8-PAAm MOF-
hydrogel nanocomposite could efficiently remove humic acid
from contaminated water, exhibiting a maximum adsorption
capacity of 111.5 mg g~%. The nanocomposite exhibited the high
porosity of ZIF-8 and swelling characteristics of the hydrogel.

Zhu et al.*?® reported a straightforward in situ growth
method to prepare a MOF-alginate nanocomposite, which was
used to remove RhB dye via adsorption from contaminated
water efficiently. Shi et al.3®l reported a one-step synthesis
method to prepare alginate-based Co-MOF hydrogel nanocom-
posite to adsorb TC from wastewater. The one-step synthesis
strategy involved the concurrent gelation of the hydrogel matrix
and the formation of the MOF via the simultaneous chelation
of CO%*" with alginate and 2-methylimidazole (ligand). The
MOF-based hydrogel showed excellent adsorption character-
istics towards TC (adsorption capacity of 364.89 mg g7!) and
favorable reusability. Electrostatic interactions were the driving
force between the negatively charged adsorbate and positively
charged adsorbent.

3D printing technology is a fascinating approach to creating
innumerable high-resolution structures from digital models.[*?’!
This technique has been widely used to tailor the shapes of
composite materials for various applications, including bio-
medicine and catalysts.*?3429 [t is also a promising strategy
to assemble MOFs into hydrogels. Zhan et al.**% 3D printed
MOF-based hydrogel for water remediation. Figure 28 shows
the preparation technique of 3D printed MOF-based hydrogel
and its application in wastewater purification. To prepare the
hydrogel, the synthesized MOF (Cu-BTC) was mixed with the
polymer solution (SA and gelatin) and used as ink in the 3D
printing. Three different shapes (i.e., square, hexagonal, and
circle) of the hydrogel material were printed and crosslinked
with CaCl,, which further enhanced the mechanical stability
(Figure 28A). The hydrogel nanocomposite was used to adsorb
five organic dyes (i.e., MB, RhB, MG, MV, and auramine O).
Upon introducing the 3D printed MOF-based hydrogel nano-
composite to the dye-contaminated water, it rapidly absorbed
the water and dye and swelled to a large extent (Figure 28B).
The adsorption of cationic dyes in the hydrogel was mainly gov-
erned by electrostatic forces and van der Waals attraction. The
swelled 3D printed hydrogel could be easily regenerated in HCI
and reused several times. Among the five dyes investigated, the
3D printed MOF-based hydrogel showed excellent potential for
the adsorption of MB and MV dyes.

Another 3D printed MOF-based hydrogel was prepared using
HKUST-1 and SA-based hydrogel and used for the removal
of the dyes MB and Rhodamine 6G (R6G)."? The printed
MOF-based hydrogel exhibits high mechanical strength and
could be stretched up to 453% of its original length and could
adsorb 96.3% and 33.3% of the MB and R6G dyes, respec-
tively. One of the major advantages of 3D printed hydrogels
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is the ability to generate a diverse range of shapes with low
waste. Graphene-based MOF hydrogels have also been explored
to remove water contaminants. One-step synthesis of a highly
porous MOF@rGO hydrogel composite was reported for the
removal of organic pollutants from wastewater via adsorption
and photo-degradation.® MOF NPs are decorated on the
rGO walls by metal-oxygen covalent bonding and robust elec-
trostatic interactions. The prepared hydrogel nanocomposite
could adsorb oil, heavy metal ions, and organic dye from the
wastewater and degrades the MB dye under UV irradiation.
Analogous MOF-based hydrogels are promising materials for
environmental remediation with a wide range of options in
shapes, functional groups, high mechanical strength, and excel-
lent regeneration ability. Therefore, there is a need to explore
MOF-based hydrogel nanocomposites in water treatment and
investigate the effect of their shapes and functional groups on
their efficiency as adsorbents and photocatalysts.

7. Conclusion and Future Directions

Hydrogels and their nanocomposites in wastewater purifica-
tion/treatment are proven to effectively remove a broad class
of water pollutants through adsorption and photocatalysis.
Many hydrogel properties, such as high-water retention, fast
swelling kinetics, fast diffusion process, large surface area,
high porosity, ease of modification, permeability, hydrophilicity,
and insolubility in water, are conducive to their application in
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water purification applications. Furthermore, incorporating
nanomaterials into hydrogels enhances their overall perfor-
mance towards eliminating pollutants and improves recycla-
bility and reusability, which improves their applicability in
industrial applications. This review encompassed fundamental
aspects of hydrogels, gelation chemistry, and the prepara-
tion of hydrogel nanocomposite, and discussed the improve-
ment of properties upon the incorporation of nanostructured
materials into hydrogels. Additionally, an overview of the most
important literature in water treatment using hydrogel nano-
composite as adsorbents and photocatalysts is provided and
critically assessed. Various aspects are discussed, such as the
recovery and reusability of the hydrogel and adsorption/photo-
catalytic mechanisms. Among different hydrogel nanocompos-
ites, carbonaceous (e.g., graphene, GO, and CNTs) hydrogels
are the most explored adsorbents for effective water treatment
due to their large surface area, high porosity, unique surface
properties, high chemical stability, easy modification, simple
regeneration, and reusability. Magnetic hydrogel nanocom-
posites are also popular due to their straightforward recovery.
At the same time, naturally occurring polysaccharides, such
as cellulose (including HEC, MC, and nanocellulose), gums
(viz. GG, Gg, and GK), chitin, chitosan, and alginate, were com-
monly employed to fabricate hydrogel nanocomposites due to
high adsorption performance, fast kinetics, and reusability. For
photocatalysis, semiconductor metal oxides (viz. TiO,), g-C3N,,
CuS, CdS, and graphene-based hydrogel nanocomposites are
mainly implemented for photocatalytic degradation of organic

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U017 SUOWILIOD BAIER.D 8|qedt|dde 8Ly Aq peusenob ae seppie YO ‘88N JO Se|ni 1oy Ariq178UIIUO AB]1A UO (SUORIPUOD-PUB-SWBIALI0D A8 |IMAeIq U1 [UO//:SANY) SUORIPUOD PUe SWIB | 3u18eS *[£202/TT/0] uo AriqiTauluo A8IM ‘AseAIUN 81SeoMeN AQ §2ET0ZZ02 ILPe/Z00T OT/I0p/Woo" A3 1M AReid 1 puluoy//Sdiy woly pepeojumod ‘2 ‘€202 ‘0SEL96TZ



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

L i
Advanced = ke

Characterization, 1 d
ol
i~

Computational Modeling Sl A
-
® '
®_ Llarge-scale Production, =i a=.
3D/4D Printing & - 3
Technology Integration %

() !
y& Additional functions, “ %.,0

Pre-and post Treatments
66

INTERFACES

www.advmatinterfaces.de

@,
o ®
- 6" 6%
4 °
»  Industrial Applications,
g Integrated Approaches,

Extended Applications

Environmental
Safety& @
Sustainability

Separation, @

Regeneration& g

- Valorization

@ &
Multi-pollutant ®
Removal Method

Figure 29. Challenges and opportunities of hydrogel nanocomposites as emerging materials for water treatment applications.

and inorganic contaminants in water treatment due to high
surface area, high ionic conduction, and high photogenerated
charge carriers. Based on the studied literature, the following
reaction scopes and directions are recommended to address
current limitations in hydrogel nanocomposite-based waste-
water treatment technologies to achieve their full potential and
utilization in large-scale water treatment (Figure 29).

Despite being well-studied materials, the interactions
between hydrogel and H,0, solvent molecules, or nanomate-
rials are not entirely understood on a fundamental level. There
is a need to fully elucidate the factors that control these inter-
actions by tailoring the constituents of hydrogels. Advanced
characterization techniques/tools should be implemented
to investigate the polymer-matter interactions and hydrogel-
interface interactions with solvents, light/phonon, and electric
charge carriers. Additionally, advanced characterization would
be helpful in predicting a more precise adsorption/photoca-
talysis mechanism on hydrogels. Furthermore, the properties
prediction using computational modeling based on different
polymer backbone interactions with water/solvents is relatively
under-explored, possibly owing to the formidable complexity of
modeling large molecules such as a polymer.

The cost of hydrogel nanocomposites is a serious challenge
that impedes the commercialization of these potent mate-
rials for water treatment. Affordable large-scale production of
hydrogel materials would reduce the overall cost of the pro-
cess. Furthermore, 3D printing of hydrogels has emerged as a
promising method for developing custom-optimized, bio-based,
reusable, and scalable water purification objects (filters, meshes,
and membranes). 3D or 4D printing of hydrogel materials pro-
vide various surface functionalities with different topographies
and morphological shapes that will further enhance perfor-
mance and ensure their applicability on a large scale. However,
very few studies have been conducted on 3D-printed hydrogels
for water purification. Thus, more dedicated research is needed
to develop intelligent water technologies at an affordable cost.
Additionally, the advanced technology integration in the pro-
duction process would make it a continuous process, reducing
costs.

Most of the investigations for water treatment using hydrogel
nanocomposites involve lab-based synthetic polluted water con-
sisting of a single pollutant, rather than industrial wastewater
with multiple contaminants, such as salts, inorganic ions, and
surfactants, besides the primary pollutant. The lab approach
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may not be able to develop effective adsorbents/photocatalysts
to resolve the pollutant problem of real industrial wastewater.
Therefore, pilot-scale remediation studies are required to treat
mimic industrial water with multiple pollutant systems to vali-
date the knowledge gained for the industrial scale.

Adsorption has been recognized as an effective method for
water treatment, but it results in secondary environmental
waste. Most of the reported studies investigate the removal of
pollutants with little effort dedicated to separating, regener-
ating, and valorizing the spent adsorbents. Adding magnetic
materials to hydrogels is advantageous for saving energy, time,
and cost to separate the material after adsorption/photocatal-
ysis. The efficient regeneration/recovery of spent adsorbents
depends on the selection of regeneration methods, stability of
sorbent materials, type of eluents, and recycling times while
ensuring the stability and reusability of the materials. To reduce
the environmental footprint, the best way to valorize the sec-
ondary waste is to apply it directly/indirectly in sensors, energy,
and photocatalysis/catalysis applications and as feed additives,
soil conditioners, bioactive, and antibacterial compounds./3%
Moreover, a circular approach could also be used by combining
two or three different applications to reduce secondary waste
to a minimum.**l However, smart strategies are still needed to
solve the issue of secondary waste in adsorption processes. On
the other hand, effective photocatalysis does not produce sec-
ondary environmental waste as it completely degrades the pol-
lutant into water and carbon dioxide.

Many hydrogel nanocomposites do not demonstrate high
adsorption capacity after regeneration. The pre-treatment,
chemical, and physical modifications (with polymers or
inorganic materials) of a hydrogel can improve the overall
adsorption/photocatalysis performance, regeneration, and
recyclability. Pre- and post-treatment of hydrogel materials
could introduce additional functions that would synergistically
enhance the functionalities for water purification and allow
them to be explored in various emerging applications.

Hydrogel nanocomposites with high thermal/mechanical
stability and increased swelling capacity are required for waste-
water treatment at the high-temperature conditions of the
industrial waste stream—repeated swelling-deswelling results
in a decrease in mechanical strength and, consequently, loss
of performance. Chemical cross-linking enhances mechanical
stability and performance. Moreover, it is further necessary
to explore new ways to improve the mechanical resilience of
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composites with, for example, improvement in self-healing
capability after a swelling. The problems associated with pH
sensitivity, chemical/thermal stability, and swelling ratio still
need to be addressed for the full-scale implementation of
hydrogel nanocomposites.

Moreover, it is challenging to transfer results from labora-
tory batch studies to industrial water treatment plants due to
up-scaling constraints. This can be solved by integrating data
science/machine learning into water treatment technology.
Furthermore, the performance of an adsorbent/photocatalyst
is greatly affected by the complexity of water elements in real
wastewater. Applying advanced machine learning models to
batch-study performance data and characteristics of materials
could quickly predict the practicability of a material based on the
kind of targeted water-effluent system. Thus, technology inte-
gration offers a rapid and higher water technology transfer suc-
cess rate for real-world applications. Furthermore, the economic
feasibility of a process is equally vital for large-scale operations.

The utilization of nanomaterials for environmental applica-
tions has been an ongoing concern and the subject of debate
over environmental safety and potential risks. It has been noted
that the incorporation of nanomaterials into nanocomposites
could reduce their toxicity.?3l Herein, developing hydrogel
nanocomposites with biocompatible polymers and nanomate-
rials via transforming the nanomaterials suspension/powder
to 3D interconnected macroscopic polymers could prevent the
leakage of nanomaterials, promoting water protection and sus-
tainability. Furthermore, hydrogel nanocomposites have been
proven as valuable materials for water purification, but more
research should be conducted on their toxicity to elucidate the
potential risks and toxicological effects on human health and
the environment.

Despite recent progress, photocatalysis based on hydrogel
nanocomposites is still in the budding phase of development.
Many hurdles remain to enhance photocatalytic performance
and stability to fulfill the requirement of pilot-scale/industrial
operations. Besides having high surface area, exposed active
sites, and high adsorption capacity, the efficiency of hydrogel
nanocomposite-based photocatalysts is not highly satisfactory,
possibly due to the high recombination of photo-generated
charge carriers and several thermodynamic constraints. Most
reported studies focused on casual co-mixing of semiconductor
photocatalysts and gel networks, which restricts the ample
exposure of photo-catalytically active sites. Hydrogel dryness
is a serious problem, resulting in complicated operation, dif-
ficult separation, and secondary waste due to catalyst leakage.
Therefore, innovative strategies are needed to improve the
photocatalytic performance of 3D hydrogel nanocomposites for
effective water treatment. To solve the drawbacks of existing
hydrogel-based photocatalysts, pre-treatment, such as interfacial
modification of polymer monomers and photocatalytic
materials and modulation of the gel matrix, would be beneficial
for obtaining effective performance and recyclability of photo-
catalytic hydrogels.

Furthermore, the photoelectric synergy may enhance photo-
catalytic efficiency as the electric field would boost the charge
separation and migration in an interconnected 3D network and
resolve the problem of thermodynamic constraints. Moreover,
combined integrated hydrogel technologies may be developed
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using the concept of adsorption synergized photocatalysis
to overcome issues of water treatment and CO, capture and
conversion. Hydrogel materials can also be implemented in
seawater desalination, atmospheric moisture harvesting, anti-
biofouling/microbial treatment, and solar water evaporation to
resolve the scarcity of clean water.

Overall, this review encourages more scientific interest in
the tailorable synthesis of hydrogel and hydrogel nanocompos-
ites for applications in water and wastewater treatment using
adsorption and photocatalysis. It would also inspire researchers
to apply hydrogel nanocomposites in energy applications (e.g.,
batteries, supercapacitors, and electro-/photo-catalyst for energy
production), wearable electronics, and biomedical applications
due to their versatile properties and flexibility.
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