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ABSTRACT

Today, global freshwater resources are increasingly threatened by rapid population growth and intensified in-
dustrial activity, which contribute significantly to the discharge of untreated wastewater into surrounding en-
vironments. Rapid urbanization and large-scale industrial expansion have markedly reduced the availability of
clean freshwater, elevating water pollution to a major global challenge and further aggravating water scarcity.
Polyacrylamide-based hydrogels have attracted significant attention from the scientific community as versatile
materials for wastewater treatment, thanks to their promising properties. This review presents a comprehensive
overview of recent progress in the synthesis, modification, and environmental applications of polyacrylamide-
based hydrogels for the elimination of toxic metal ions and dyes from aquatic systems. Various synthesis ap-
proaches, including free radical polymerization & crosslinking, controlled/"living” polymerizations (CRP),
(RAFT, ATRP), and grafting techniques, in-situ formation of nanocomposite hydrogels, electrospinning and fiber
fabrication, and post-polymer modification (functionalization, anchoring), are critically examined. Also, recently
published works on incorporated polyacrylamide-based hydrogels with functional materials, as an effective
strategy to improve selectivity, sorption capacity, and reusability, are highlighted. Finally, current challenges
and future perspectives related to mechanical and structural, selectivity, reusability and regeneration, envi-
ronmental risks, and production and scalability are discussed. Overall, this review provides critical insights to
direct the rational design of high-performance polyacrylamide-based materials hydrogel adsorbents for sus-
tainable water treatment and environmental remediation.

1. Introduction

(HG), have attracted attention and become of high interest owing to
their unique characteristics. Hydrogels are three-dimensional (3D)

Recently, the employment of polymeric materials across various in-
dustrial fields has attracted significant attention [1]. Various types of
polymeric materials, e.g., conducting polymers, microgels, magnetic
hyperbranched polymers, cryogels, and hydrogels, have been utilized on
a large scale for different applications [2]. Recently, soft crosslinked
polymeric networks with a hydrophilic nature, known as hydrogels
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porous matrices containing a variety of functional groups and exhibit
excellent water-swelling capabilities, durability without dissolving in
different solutes, good mechanical strength, biomimetic design, and
remarkable cyclic performance [3-7]. In general, hydrogel materials
have advanced significantly, moving from first-generation chemically
crosslinked networks to third-generation hydrogels, distinguished by
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multifunctional integration [7]. In recent years, the promising proper-
ties of hydrogels have attracted considerable attention from researchers
worldwide, leading to the publication of numerous review articles
highlighting the significance of hydrogels and functionalized
hydrogel-based materials across a wide range of applications, notably in
the fields of energy and water sustainability [8,9]. Therefore, hydrogels
can be considered among the most important polymeric materials. These
hydrophilic material chains are characterized by multifunctional inte-
gration groups, such as hydroxyl (-OH), amide (-CONH), sulfate
(SO3H-), carboxyl (-COOH), and amino (-NHj), which can be used in
various applications [6]. Generally, hydrogels are classified as synthetic
and natural categories [1]. Raw organic materials are the main source of
natural hydrogels, while synthetic hydrogel materials are fabricated in
chemical and polymer laboratories [1]. On the other hand, they can be
classified into biopolymer and copolymer groups [1]. Remarkably, the
advent of third-generation hydrogels, driven by nanotechnologies, 3D
printing, and biomimetic strategies, has overcome the mechanical lim-
itations of earlier generations and introduced sophisticated functions
including self-healing, adaptive responsiveness, and anisotropic
behavior [7]. Scheme 1 represents the most important applications of
hydrogels. PAm is one of the most interesting polymers discussed in this
field, a synthetic polymer with an amide side group, a water-soluble
linear macromolecule, and one that can be functionalized or copoly-
merized. PAm-based hydrogels are highly cross-linked polymeric net-
works comprising 2.5%-5% PAm and 95%-97.5% intermolecular water.
Also, they are biocompatible, non-toxic, exhibit considerable mechani-
cal properties, and widely used in various applications [10-12]. Poly-
acrylamide polymers are swellable and high molecular weight
water-soluble polymers synthesized from acrylamide or by a combina-
tion of acrylamide with acrylic acid monomers [12-16]. Its structural
flexibility permits chemical modifications, including hydrolysis or
copolymerization with various functional monomers [12,16].

Scheme 2 represented the two mainstream composite synthesis-
routes and the role of PAm which is strongly dependent on the com-
posite fabrication route. In copolymerization systems, PAm is incorpo-
rated into the hydrogel network through covalent bonds and dominates
structural stability. In contrast, in physical mixing systems, PAm pro-
vides functional sites through non-covalent interactions and primarily
contributes accessible amide functionalities and interfacial compati-
bility. Consequently, PAm serves as a network-forming structural
component in copolymerized composites and acts as a functional/
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adsorptive modifier that enhances adsorption performance in physically
mixed systems.

With its remarkable flocculation, adhesion, and thickening proper-
ties, PAm has emerged as a material of great interest for diverse appli-
cations, including papermaking, food processing, textiles, and
petroleum [15]. The inherent shortcomings of conventional Poly-
acrylamide (PAm), particularly its insufficient stability in extreme
reservoir environments, have driven the development of new, multi-
functional materials. Nanomaterial-polymer hybrids have emerged as a
promising strategy, exploiting the distinctive properties of nanoparticles
to markedly enhance the perf

Ormance of PAm-based systems [12]. Therefore, PAm-based nano-
materials have gained significant importance in various applications,
such as water treatment, and have attracted scientists’ interest due to
their low-cost fabrication, eco-friendliness, tunability, high
water-holding capacity, chemical infusion with compounds and ele-
ments, and biocompatibility [16]. Among various hydrogel types,
polyacrylamide (PAm)-based hydrogels are widely used across a range
of potential applications [17].

1.1. Biopolymers and copolymers

Establishing and scientifically grounded distinction between bio-
polymers and copolymers is important in the fabrication of advanced
hydrogel-based adsorbents for water treatment. Biopolymers, including
cellulose, alginate, and chitosan, are naturally abundant derived mac-
romolecules and characterized by a high density of functional groups (e.
g., -NHp, -OH, and —-COOH) in addition to ability to interact with
different contaminants by H-bonding, coordination interactions, and
other attraction mechanisms [1-5]. Despite these advantages, bio-
polymers suffer from inherent limitations which restrict their practical
applicability [6-8]. On the other hand, copolymers, especially poly-
acrylamide (PAm)-based systems, are synthetically fabricated materials
composed of two or more monomers, enabling greater control over
polymer composition, functional group density, and network structure
through well-established polymerization strategies such as free-radical
polymerization, grafting, and crosslinking [9-12]. This level of struc-
tural tunability governs critical physicochemical properties such as
swelling behavior, surface charge characteristics, and porosity, which
are known to influence adsorption performance, kinetics, and reus-
ability [13-15]. In advanced hydrogel systems, the integration of

Biomedicine

Water Treatment

Agriculture

...;\‘r' .

3D Printing

=

Hydfogels

€ E@\fé

ic Design

gy

Scheme 1. Common applications of hydrogels.
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Scheme 2. Scientific comparison of copolymerization vs physical mixing methods.

biopolymers with copolymers (e.g., CTS/PAm and SA/PAm) was
investigated to yield hydrogel systems, where the biopolymer act as
sources of active binding sites and contribute functional adsorption sites,
while the synthetic copolymer network (e.g., PAm backbone) provides
mechanical integrity, structural stability, controllable physicochemical
properties, and improve durability during repeated adsorp-
tion—desorption cycles [16,17]. Accordingly, the synergistic combina-
tion of biopolymer functionality with copolymer tunability represents
an effective strategy for developing high-performance hydrogel-based
adsorbents for water treatment applications.

1.2. Selection of PAm-based hydrogels in water/wastewater treatment
applications

Due to the promising properties of hydrogels, various hydrogels-
based materials have gained considerable attention in water/waste-
water treatment. Owing to their tunable surface chemistry, rich func-
tional groups, high water uptake capacities, and 3D-crosslinked
structure, hydrogels based-materials can be utilized as effective adsor-
bent materials to eliminate different types of pollutants from aqueous
media, including organic dyes and heavy metal ions. among hydrogels
based-materials, such as chitosan (CTS)-, poly(vinyl alcohol) (PVA)-,
poly(acrylic acid) (PAA)-, and natural polysaccharide-based hydrogels,

have specific advantages in addition other disadvantages that reduce
their practical applicability. Table (1) represents comparative analysis
between PAm-based hydrogels and other widely investigated materials
based-hydrogels systems utalized for water treatment, For example,
CTS-based hydrogels, despite their abundant amino and hydroxyl
functional groups which facilitate electrostatic interactions and H-
bonding with contaminants but often suffer from their poor mechanical
robustness, batch variability limit their performances adsorp-
tion—desorption recycles, which can be restrict their practical applica-
tions. Also, PVA-based hydrogels, although mechanically robust,
typically require additional modification to achieve high adsorption
efficiency. On the other hand, PAA-based hydrogels which characterized
by rich -COOH functional groups that improve their affinities toward
various types of pollutants, can exhibit excessive swelling due to their
high ionization degree and strong ionic sensitivity may compromise
structural integrity and reusability. Similarly, although the promising
advantages of natural polysaccharide based-hydrogels, including
biocompatibility and sustainability, they often suffer from limited
structural controllability and reproducibility, which may hinder scale-
up. In contrast, due to the well-established free-radical polymerization
and controllable network architecture of PAm-based hydrogels, they can
offer a uniquely balanced platform that integrates mechanical robust-
ness, structural tunability, physicochemical and aqueous stabilities, as
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well as their engineering scalability. Also, the existence of various
functional active groups, such as amide groups (-CONHy), can partici-
pate in H-bonding, coordination interactions, and chemical modification
reactions and provides moderate polarity and enhance interactions with
different types of contaminants, and enabling further functionalization
via copolymerization. Moreover, PAm-based hydrogels exhibit consid-
erable reproducibility, processability, and cost-effectiveness compared
with other various hydrogels-based materials, making them more
attractive for water treatment applications. Accordingly, PAm-based
hydrogels systems are selected in this study and strategically justified
as a versatile and robust platform for integrating multiple functional
components and offering an optimal balance between scalability,
structural stability, functional adaptability, and modifiability. These
characteristics make PAm-based hydrogels particularly attractive can-
didates for advanced water treatment applications, thereby highlighting
their distinct research value and practical applications in water treat-
ment systems.
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On the other hand, to the best of our knowledge, the recent reviews
in this area are very limited and have not covered many relevant con-
cepts. Few published reviews explain and summarize the synthesis,
modifications, and applications of PAm-based hydrogel materials.

During the last years (2020-2025, with 2025 representing partial
data), treatment of water by PAm-based hydrogels and other hydrogel-
based materials has attracted rapidly increasing attention. A recent
bibliometric analysis based on the Web of Science Core Collection and
Scopus databases was collected and restricted to English-language arti-
cles and reviews using predefined keywords combination related to
hydrogels, polyacrylamide, and water treatment applications, as repre-
sented in Scheme 3. In this Scheme bibliometric indicators, including
annual publications output, citation frequency, and country-level con-
tributions, were extracted and analyzed. The obtained data revealed a
clear and continuous increase in both research activity output and
citation impact of hydrogel-based materials for water treatment from
2020 to 2025, indicating that hydrogel-based materials have become a
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rapidly expanding research area within environmental and materials
science. PAm-based hydrogels exhibited a similar growth trend,
reflecting their emerging importance in advanced water treatment ap-
plications. The distribution of publications related to hydrogel-based
materials for water treatment across multiple leading countries further
highlights the widespread relevance of this research field. Despite these
progresses, extensive academic development and practical imple-
mentation remain limited, and the predominance of laboratory-scale
studies suggests a gap between research development and large-scale
application, underscoring the need for further work on scalability and
practical implementation.

Accordingly, this review highlights recent advances in fabrication
techniques and functionalization methods, the advantages of PAm-based
hydrogel materials, and their applications in various fields. Also, it aims
to provide a roadmap for researchers and engineers.

Also, the perspectives and current challenges in the fabrication of
PAm-based materials and hydrogels, and their applications for waste-
water treatment, are emphasized. In addition, this review highlights the
challenges associated with the application of these materials in water
treatment and ways to overcome them.

2. Overview and recent advances of fabrication strategies of
polyacrylamide-based hydrogel materials

Recently, hydrogels have gained geat attention and are widely rec-
ommended as adsorbent materials due to their considerable advantages
over other adsorbents, include adjustable dimensions, cost-
effectiveness, easy handling, high porosity, significant affinity for
water, reusablilty and eco-friendly [3,4]. Hydrophilic groups, such as
-COOH, -SOsH, -NH; and -OH, in their polymeric chains allow them to
capture huge amounts of water and various types of pollutants via
different interactions, include chelation/coordination, ion exchange,
surface complexation, n-r interactions, electrostatic, and H-bonding [3,
4,18].

In recent years, several synthesis routes have been investigated to
synthesize hydrogels. In this work, the fabrication techniques will be
classified into commonly used categories and highlighted, with recent
improvements. Hydrogels are fabricated through chemical and physical
processes, and their properties and functionalities differ depending on
the chosen fabrication approach.

In this section, the most common fabrication techniques of PAm-
based hydrogel materials are summarized, including CRP, (RAFT,
ATRP), and grafting techniques, in-situ formation of nanocomposite
hydrogels, electrospinning and fiber fabrication, and post-polymer
modification (functionalization, anchoring).

2.1. Free-radical polymerization & crosslinking of polyacrylamide-based
hydrogel materials

Over the last few decades, PAm-based hydrogel materials have been
successfully fabricated by classical free-radical polymerization [19]. It is
one of the most common techniques for preparing PAm-based hydrogels
due to its scalability and simplicity, and it involves three major steps:
initiation, propagation, and termination [20,21]. PAm-based hydrogels
are predominantly fabricated via free-radical polymerization, which can
be initiated thermally with agents such as ammonium persulfate or
photochemically with UV-responsive initiators. These initiators
generate macroradicals, which are the nucleus of chain propagation, and
then interact with crosslinkers, leading to the formation of a stable 3D
network [22]. Photopolymerization provides precise spatial control,
enabling complex patterning and the fabrication of microstructured
hydrogels. Alternatively, ionic crosslinking exploits electrostatic forces
between PAm derivatives and oppositely charged ions, yielding revers-
ible gels with environmentally responsive swelling properties. Ther-
mosensitive variants, created by grafting N-isopropylacrylamide
(NIPAm) or similar responsive groups onto PAm, exhibit
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temperature-dependent sol-gel transitions. Advances in click chemistry,
especially azide-alkyne cycloaddition, have introduced fast, selective,
and biocompatible crosslinking pathways, greatly enhancing the
versatility of PAm-based materials and hydrogel architectures [22-27].
Physically cross-linked PAm hydrogels can be efficiently optimized at
both the molecular and microstructural levels through a simple thermal
engineering approach. By applying thermal dehydration followed by
rehydration, the PAm hydrogels demonstrated significant mechanical
enhancements, with tensile strength increasing 11-fold and toughness
improving 60-fold [28].

PAm-based hydrogels are widely recognized for their strong affinity
for water and their capacity to retain more than 90 wt % of it, resulting
in soft, elastic materials with mechanical properties resembling those of
natural tissues. This high-water content supports molecular diffusion
and nutrient transport. The mechanical behavior of PAm-based hydrogel
materials, ranging from soft and pliable (<10kPa) to rigid and strong
(>100KkPa), is determined by the crosslinking degree and the length of
the polymer chain. Their chemical inertness under physiological con-
ditions, combined with resistance to protein adsorption, makes them
stable and less prone to nonspecific biological interactions.

While pure PAm is not degradable, its chemical structure can be
modified through copolymerization with degradable segments or by
introducing enzymatically cleavable crosslinkers to achieve controlled
biodegradation. Furthermore, surface modification with ionic or
bioactive groups enables precise adjustment of the gel's swelling rate,
charge characteristics, and cellular affinity, making PAm-based hydro-
gel materials adaptable to a broad spectrum of biomedical and techno-
logical applications [22-28].

Generally, crosslinkers, such as N,N'-methylene bisacrylamide, pro-
duce hydrogels whose pore structure is tuned by the monomer/cross-
linker ratio, temperature, and initiator system. Inverse emulsion
polymerization enables the dispersion of water-soluble PAm particles in
oil (for beads/nanospheres). Improvements include control of particle
size via surfactant templating and optimized emulsification processes to
achieve narrower dispersity [29].

Overall, the investigated standardized chemical reaction equations
for core reaction principles for free-radical polymerization & cross-
linking approaches can be summarized as follows:

Initiation: (NH4)2S20s = 2 SO%~
Primary radical attack: SO~ + CH,=CHCONH; — CH3CHCONH,

Propagation: CH3>-CHCONH; + n(CH=CHCONH,) — [-CH,-CH
(CONH)-15

Crosslinking (MBAA): Poly® + CH,=CH-CONH-CH>-NHCO-CH=CH3—
covalent 3D network

Termination (combination): Poly® + Poly® — Poly-Poly

Termination (disproportionation): Poly® + Poly® — saturated + unsatu-
rated chains

(conditions: APS/TEMED redox system, aqueous medium, inert atmo-
sphere, controlled temperature).

2.2. Controlled/"living” polymerizations (CRP), (RAFT, ATRP), and
grafting techniques of polyacrylamide-based hydrogel materials

CRP has recently emerged as a useful strategy for modifying
numerous nanomaterials [30,31]. Stimuli-responsive CRP methods,
which can be activated by photochemical, thermal, or electrochemical
cues, have attracted widespread interest for their ability to switch
polymerization “ON” and “OFF reversibly. In particular, photo-radical
polymerization approaches such as photoinduced electron trans-
fer-atom transfer radical polymerization (PET-ATRP) and photoinduced
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electron transfer-reversible addition—fragmentation chain transfer
(PET-RAFT) [30-34] have received growing attention for offering
exceptional spatial and temporal control over polymer growth.

RAFT and ATRP approaches provide precise molecular weight con-
trol, block architectures, and functional chain ends, enabling the for-
mation of PAm brushes, block copolymers, and grafted architectures on
nanoparticle surfaces. These methods allow fine-tuning of hydrophilic-
ity, stimulus responsiveness, and anchor points for further conjugation
(drugs, targeting moieties, or inorganic nanoparticles). Recent works
have emphasized RAFT- and ATRP-derived multifunctional PAm-based
hydrogel materials for biomedical and other applications [30,35-42].

Generalized chemical reaction equations for core reaction principles
of the RAFT technique can be investigated as follows, in which RAFT
involves reversible chain-transfer processes mediated by a thio-
carbonylthio compound.

Initiation)initiator(AIBN — 2 R*® (heat, inert atmosphere)
Propagation: R® + nM — P"*

Chain transfer: P"* + Z-C(=S)-S-R = P"-S-C(=S)-Z + R*
Re-initiation: R* + nM — new poly chain

Equilibrium ensures uniform chain growth and narrow dispersity
(conditions: RAFT agent (dithioester/trithiocarbonate), organic/
aqueous solvent, heat).

On the other hand, standardized chemical reaction equations for core
reaction principles of ATRP processes can be investigated as follows;

Activation: R-X + Cu(I)/L — R®* + Cu(IDX/L
Propagation: R® + nM — P™
Deactivation: P™ + Cu(IDX/L — P™X + Cu(I)/L

Dynamic equilibrium maintains low radical concentration (condi-
tions: CuBr/ligand (bipyridine/PMDETA), heat, oxygen-free
environment).

Also, the standardized chemical equations for core reaction princi-
ples for graft polymerization approach can be investigated as follows,

Backbone activation: Substrate-H + initiator (APS/Ce*") — Substrate®
Graft growth: Substrate® + CH,=CHCONH; — Substrate-g-PAm

Propagation continues to form side chains (conditions: aqueous
medium, redox initiator, controlled temperature).

2.3. In-situ formation of polyacrylamide-based materials hydrogels

PAm-based hydrogel materials exhibit significant promise in
numerous fields, especially with the development of metallohydrogels
[43]. Over the last few years, various publications and reviews have
demonstrated the remarkable potential of modified PAm-based mate-
rials during hydrogel polymerization by embedding nanoparticles (such
as magnetic nanoparticles, metal oxides, MOFs, silica, GO, MWCNTs,
and TiO3) to enhance their unique properties for various applications.

Fabricated nanocomposite hydrogels exhibit various desirable
properties, such as enhanced mechanical properties, additional
adsorption sites, catalytic activity, and magnetic responsiveness [8,
43-55]. In-situ reduction or nucleation within the PAm network results
in stronger interfacial bonding and a more uniform dispersion than
post-mixing.

Generally, one of the most important properties of nanocomposite
hydrogel networks is their capacity to support both in situ and ex situ
nanoparticle synthesis. The distinct nanoscale voids within the polymer
framework, known as nanoscopic domains, enable nanoparticles to
grow extensively while minimizing aggregation. Such hydrogel net-
works efficiently accommodate metal and metal oxide nanoparticles,
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thereby stabilizing them, shielding them from oxidation, and enhancing
their toughness, conductivity, and adsorptive performance [49].

In summary, the standardized chemical equations for core reaction
principles for the in-situ formation of polyacrylamide-based materials
hydrogels approach can be investigated as follows,

Simultaneous polymerization: AAm + MBAA + initiator — crosslinked
hydrogel network.

Occurs  inside
nanoparticles).

matrix/template  (e.g., pores, membranes,

(conditions: APS/TEMED, ambient-70 °C, confined environment).

Scheme 4(3) represents the proposed interaction mechanisms be-
tween nanofillers (GO, Fe3O4, MOFs, TiO3) and the Polyacrylamide
(PAm) matrix, resulting in enhanced dispersion, structural integrity, and
functional performance. and reinforces the nanocomposite structure.

2.4. Electrospinning and fiber fabrication of polyacrylamide-based
materials hydrogels

Over the years, various techniques, including electrospinning, have
been developed to produce hydrogel-based materials with unique
properties and functionalities to fulfill the needs of specific applications.
Hydrogel-fiber composites fabricated by this technique combine the
properties of electrospun nanofibers and hydrogels into a unified
structure, forming a multifunctional system that leverages the strengths
of both materials while mitigating their drawbacks [56]. It is also
increasingly recognized as a straightforward technique for producing
one-dimensional fibrous membranes [57]. On the other hand, the
excellent properties of different polymer nanofibers render them suit-
able for diverse applications [58].

Overall, the standardized chemical equations of core reaction prin-
ciples for electrospinning and fiber fabrication of polyacrylamide-based
materials hydrogels approach can be investigated as follows,

Poly solution — nanofibers under high voltage
Jet stretching + solvent evaporation — fiber formation
Post-crosslinking: fibers + crosslinker/heat — stable hydrogel fibers

(conditions: controlled humidity, voltage, and flow rate).

2.5. Post-polymer modification (PPM) - strategies of polyacrylamide-
based hydrogel materials

Recently, the incorporation of PAm hydrogel matrices with nano-
materials has led to a new generation of functional hybrid networks with
promising physicochemical properties, suitable for applications such as
catalysis, environmental science, sensing, and biomedicine. Therefore,
post-polymer modification (PPM) strategies (defined as any chemical or
physical modification approaches applied after hydrogel network for-
mation) have emerged as key tools for tailoring PAm-based nano-
composite hydrogels, enabling structural and functional refinements
that overcome the limitations of conventional polymerization routes and
provide an efficient process to upgrade PAm hydrogels into multifunc-
tional PAm-based nanocomposite materials. In addition to PPM-
techniques provide several benefits such as (a) introducing reactive
functional groups for further bioconjugation, (b) adjusting the ionic
nature of the fabricated hydrogels (for adsorption or swelling control),
(c) improving nanoparticle immobilization or interfacial compatibility,
and (d) impart spatially defined functionality via surface-selective
treatments (e.g., photopatterning or plasma) [59,60]. PPM approaches
are especially attractive when the target functionality cannot withstand
in-situ polymerization conditions, such as delicate biomolecules or
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fabricated nanoparticles, or when modification of surface selectivity is
required [59,60]. In chemical modification techniques, partially hy-
drolyzed polyacrylamide (HPAm) can be produced by alkaline hydro-
lysis, which converts amide groups (-CONHy) into carboxylate groups
(-COOH/-COQ"). These modification approaches enhance the
metal-binding capacities, ionic characters, and swelling behavior while
providing reactive sites for further covalent coupling. Hydrolysis degree
must be tightly controlled; excessive hydrolysis weakens the network.
Studies on HPAm-based nanocomposite hydrogels have shown
improved adsorption performance and enhanced nanoparticle in-
teractions [8,12,45,51,60-63]. Also, transamidation and amide substi-
tution are important strategies for introducing amine-based
functionalities into pre-formed PAm systems to form HPAm-based
nanocomposite hydrogels. Recently, publications reported that trans-
amidation processes are feasible in aqueous solutions, though catalysts
and temperature must be optimized to prevent gel degradation [64-66].
On the other hand, carbodiimide (EDC) and N-hydroxysuccinimide
(NHS) mediated polymerization (EDC/NHS) coupling chemistry is
widely used in the formation of an amide bond by linking carboxyl
groups (from HPAm or acrylic-acid comonomers) to primary amines
through an intermediate step involving carbodiimide activation to form
stable amide bonds [37,67]. (EDC/NHS) Reactions are important pro-
cesses for surface biofunctionalization of hydrogels and require careful
purification, but are sometimes superseded by thiol-based or click ap-
proaches for biocompatibility [37,67,68]. Scheme 5 (a-c) illustrates
stepwise post-polymer modification of amide groups in PAm hydrogels,
which can be systematically modified through alkaline hydrolysis,
transamidation, and click chemistry, generating -COO-, -NH,, and
tailored functional groups at specific sites along the polymer network,

oA T .-

A Alkallne Hydro|y5|s (Amide «# Carboxylate /Amlne)
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thereby governing the material's adsorption performance and structural
properties.

Generally, the standardized chemical equations of core reaction
principles for the PPM strategy can be investigated as follows,

Alkaline hydrolysis: -CONH; + OH™ — —-COO™~ + NH3
(conditions: NaOH solution, heat, time-dependent conversion)
For EDC/NHS Coupling (Amide Bond Formation),

EDC activation: R-COOH + EDC — O-acylisourea intermediate
NHS stabilization: intermediate + NHS — R-CO-NHS

Amide coupling: R-CO-NHS + R'-NH,; — R-CO-NH-R' + NHS

(conditions: pH 4.5-7.5 buffer, aqueous medium).

Overall, Scheme 4 summarizes a comprehensive, mechanism-
oriented visualization of the four principal fabrication strategies
employed in advanced design and engineering of functional polymer-
based materials and nanocomposites (see Table 1). Also, Table 2 high-
lights the direct correlation between fabrication conditions, structural
evolution, and adsorption mechanisms. The data obtained revealed that
the adsorption behavior of the fabricated PAm-based hydrogels is
controlled by the interplay between these parameters.

Click and bio-orthogonal chemistry, involving CuAAC, SPAAC, thiol-
ene, thiol-yne, tetrazine-norbornene, and oxime/hydrazone ligations
reactions, offers high selectivity, yield, and compatibility with aqueous
conditions [69-74]. Recently published works emphasized click chem-
istry as an enabling technology for functionalized and injectable PAm
hydrogels [69,71,75-77].
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Table 1
Comparative analysis of mainstream hydrogels systems for water treatment [1-16].
Hydrogel Functional Adsorption Mechanical Swelling Reusability ~ Key Advantages Limitations Ref.
Groups Capacity Strength Behavior
PAm-based ~CONH, Moderate-High Good-High High High Tunable structure, Requires [7-16]
hydrogels (modifiable to (tunable) (adjustable via (controllable) balanced functionalization for
-COOH/-NHy) crosslinking) performance, high optimal adsorption
scalability
CTS-based -NH,, -OH Moderate-High Low-Moderate Moderate (pH- Moderate Strong metal Poor mechanical [1-10]
hydrogels sensitive) affinity (chelation), stability, sensitive to
biocompatible acidic conditions
PVA-based -OH Low-Moderate High Moderate High Excellent Low intrinsic [1-8]
hydrogels mechanical adsorption capacity
integrity, stable
network
PAA-based -COOH/-CO0O" High Moderate Very high (ionic Moderate High affinity for Excessive swelling, [6-12,
hydrogels swelling) cationic pollutants reduced structural 16]
stability
Natural —OH, -COOH, Moderate Low-Moderate Moderate-High Moderate Renewable, eco- Limited [1-9]
polysaccharide- -NH, friendly materials reproducibility and
based hydrogels structural control
Table 2
Influence of reaction conditions for the studied strategies on the fabrication of polyacrylamide-based hydrogel materials [22-60].
Fabrication Strategy Key Reaction Structural Parameter  Structure Evolution Dominant Adsorption Effect on Adsorption Ref.
Variable (Condition — Functional Mechanism Performance
Structure) Groups/Features
Free-radical Crosslinker dosage Crosslink density; 1 Crosslinker — -CONH,, -COOH H-bonding; High density improves [22-26]
polymerization & pore size 1 network density — electrostatic stability but may limit
crosslinking | pore size diffusion at excessive
levels.
Initiator Chain length 1 Initiator — —CONH, H-bonding; Faster gelation but [27-30]
concentration between crosslinks 1 radical flux — dipole reduced flexibility and
(Mc) | chain length (Mc) interaction accessibility
Reaction Network 1 Temperature — Distributed Indirect (affects Influences the [31,32]
temperature homogeneity faster kinetics; functional groups all mechanisms) uniformity of
excessive — adsorption sites
heterogeneous
network
CRP (RAFT/ATRP) CTA/initiator Molecular weight; Controlled radical Tailored -COOH, Electrostatic; Improved selectivity [33-36]
& grafting ratio; catalyst dispersity concentration — —NH,, -SO3H chelation; H- and functional group
system uniform chain growth bonding accessibility
Grafting conditions  Graft density; chain Grafting increases to High-density Electrostatic; Increased active sites; [37-40]
(time, monomer length an optimum, then is pendant groups chelation; ion excessive grafting
conc.) limited by exchange causes steric hindrance
termination
Reaction Chain-end fidelity 1 Temperature — Functional end Indirect Affects the precision of [41]
temperature reduced control groups functionalization
In-situ composite Filler loading and Interfacial structure; 1 Filler — 1 interfacial ~-OH, -COOH, H-bonding; Synergistic adsorption; [42-46]
hydrogels dispersion pore morphology interaction; excessive metal sites, chelation; n-m; aggregation reduces
— aggregation aromatic domains electrostatic accessibility
Water content Pore size; porosity 1 Water — larger Exposed functional Electrostatic; H- Improved diffusion; [47,48]
(porogen effect) pores and an open groups bonding reduced strength if
network excessive
Polymerization Network Fast reaction — non- Non-uniform sites All mechanisms Reduced adsorption [49]
rate homogeneity uniform filler affected efficiency
distribution
Electrospinning & Polymer Fiber diameter; 1 Concentration — Surface -CONH,, Surface High surface area [50-53]
fiber fabrication concentration; surface area 1 fiber diameter; low —COOH adsorption; H- improves adsorption
viscosity — bead formation bonding; kinetics
electrostatic
Post-curing Internal crosslink 1 Curing - Fixed functional Electrostatic; H- Improved stability; [54,55]
(crosslinking) density 1 stability — groups bonding reduced accessibility if
| swelling excessive
Post-polymer Temperature; pH; Functional group 1 Temperature/pH/ -COO0’, -NH, Electrostatic; Increased charge [56-60]
modification time conversion time — 1 hydrolysis — chelation; ion density enhances the
(PPM) (hydrolysis degree) -CONH; — —-COO" exchange adsorption of cationic
species
Reagent Degree of 1 Reagent — Functionalized Electrostatic; Increased active sites; [61-63]
concentration functionalization 1 substitution up to groups chelation; H- excessive modification
saturation bonding reduces stability

Symbols: 1 increase; | decrease; — indicates causal progression between reaction condition and resulting structural parameter.
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Recently, other physical and surface-selective modification tech-
niques have been investigated, such as post-loading of nanoparticles of
PAm hydrogels [38,78-80], layer-by-layer (LbL) coatings onto PAm
hydrogel surfaces [12,81-84], and double- and
interpenetrating-network (DN/IPN) formation, which exhibit excep-
tional mechanical performance and functional integration [85-92].In
addition to other important strategies, such as enzymatic and biocom-
patible conjugation approaches, nanoparticle surface modification for
hydrogel integration, and photochemical and plasma-based surface en-
gineering, nanoparticle surface modification for hydrogel integration
was reported.

Scheme 6 summarizes the most common fabrication strategies
widely employed in the design of advanced polyacrylamide-based
hydrogels matrix. Where free-radical polymerization forms stable 3D
crosslinked networks, In-situ nanocomposite formation integrates
nanoparticles into the polymer frameworks, PPM introduces specific
active functional groups into polymer chains, and IPNs combines two
interlaced polymer frameworks, providing improved mechanical resil-
ience, swelling control, and multifunctional performance for water pu-
rification applications.

Overall, Table 3 presents the principal fabrication strategies, their
advantages and disadvantages, applicable systems, product perfor-
mance, and potential scalability.

3. Applications for water treatment and pollutants removal
Over the last decades, industrial growth and the accelerating pace of

urbanization have sharply reduced the supply of clean water, elevating
water contamination to a pressing global challenge [48]. Daily, large
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amounts of various organic and inorganic contaminants resulting from
human and industrial activities are discharged into surrounding water
bodies and other water ecosystems. Such hazardous materials pose a
serious threat to water security and water scarcity, as well as to human
health and the ecological environment [93]. As reported recently, nearly
half of the world's

Population lacks reliable access to safe, clean water. If existing pat-
terns continue till 2050, when the global population is anticipated to
reach 10 billion, these numbers may increase threefold [5].

Generally, real wastewaters are complex, variable mixtures of trace
elements, minerals, vitamins, and organic compounds that can serve as
carbon sources for biological processes, unlike synthetic wastewater,
which has a limited, well-defined composition. Additionally, the prop-
erties of real wastewater, such as salinity, competing ions, and pH, vary
depending on its source. Heavy metals and organic dye compounds are
examples of toxic substances that pollute water and continue to pose a
serious environmental challenge [11]. Therefore, scientists worldwide
have extensively evaluated various eco-friendly materials and a range of
chemical, physical, and biological techniques for treating wastewater
contaminated by such pollutants. Numerous sectors, such as households

And industries (mining, paint, plastics, textiles, paper, food pro-
cessing, fertilizers, pesticides, cosmetics, pharmaceuticals, electronics,
plating, woodworking, and leather manufacturing), generate substantial
wastewater. Scheme 7 represents the most common applications of
hydrogels in the elimination of pollutants from water.

Conventional water treatment techniques, such as coagulation/
flocculation, membrane filtration, and adsorption, were extensively
examined to remove various pollutants, including heavy metal ions and
dyes, from wastewater. Table 4 represents the advantages and

2. Interfacial Bonding in In-Situ Nanocomposites
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Table 3
Comparative Summary between the Fabrication Strategies studied 19-81.
Synthetic method Advantages Disadvantages Applicable systems Product performance Scalability References
potential
Free radical Simple, low-cost, widely Limited control over PAm hydrogels; Good swelling, High [19], [21], [42],
polymerization used; flexible formulation structure; possible lignin-PAm; bulk hydrophilicity, tunable [64], [72]
(FRP) heterogeneity adsorbents composition
Controlled radical Precise control; advanced Complex synthesis; Grafted PAm; surface- Improved structural Moderate [311, [33], [34],
polymerization functional design higher cost; catalysts modified systems; CNT- precision and [35], [36], [38],
(CRP) required based materials tunability [39], [40], [41]
In-situ composite Simultaneous network Dispersion and GO/PAm; clay/PAm; Enhanced mechanical Moderate-High [51], [52], [53],
formation formation and filler compatibility TiO,/PAm; cellulose/ and adsorption [54], [62], [63],
incorporation challenges PAm properties [681, [74]1, [75],
[80], [81]
Electrospinning/fiber ~ High surface area; porous Low throughput; Nanofiber membranes; Rapid adsorption Low-—Moderate [45]
fabrication structure; fast mass specialized equipment  fibrous adsorbents kinetics; high

transfer needed
Post-polymerization Targeted Multi-step; possible
modification (PPM) functionalization; structural alteration

Functionalized PAm;
grafted systems

accessibility
Improved adsorption
selectivity

Moderate

[43], [46], [58],
[61], [73]

improved selectivity

Sorption

l'iiﬁu’% L

Filtration

Catalysis

Scheme 7. Applications of hydrogels in wastewater treatment.

disadvantages of the most common techniques that are more commonly
applied for wastewater treatment [1,3-8,16-18,93-95]. Among the
innovative materials under intense investigation, polymers and
polymer-based materials that help address limitations of conventional
water treatment techniques, hydrogels represent a specialized class with
structural and functional features. Polyacrylamide-based and PAm
nanocomposite hydrogels provide a flexible platform that can be engi-
neered for targeted removal of pollutants, including dyes and heavy
metals, improved operational efficiency, reusability, and integration
into advanced water treatment systems, highlighting PAm-based
hydrogel materials as promising materials for next-generation sustain-
able water purification.

3.1. Removal of heavy metals

Heavy metal contamination from industrial activities, including
chemical processing, textile production, battery manufacturing, smelt-
ing, and mining, has become a major global environmental challenge
affecting aquatic ecosystems [95,96]. Recently, heavy metal pollution
levels in surface and groundwater have continued to increase, posing
extreme risks to aquatic organisms and human health [95,96].
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Therefore, the researchers found that it is crucial to direct their work
toward investigating and developing renewable, efficient, and envi-
ronmentally friendly materials, such as (PAm)- and (PAm)-based
nanomaterials and hydrogels, for the remediation of heavy metal ions
from wastewater bodies. In this review, we will disscus a wide range of
works published in this field over the past few years. In addition to
highlighting emerging trends, unresolved challenges, and the overall
progression of knowledge within the domain, it provides a compre-
hensive perspective on current advancements and future research di-
rections. Table 5 summarizes the applications of polyacrylamide and
polyacrylate-based nanohydrogel materials in the elimination of
different metal ions from aqueous media 97-154.

The chemical behavior of anionic PAm hydrogel was investigated
with respect to swelling, which was found to be related to the initial
concentrations of Ni and Co ions [97].This work demonstrates that
polyacrylamide is a promising and reliable adsorbent for removing
metal ions from aqueous media and provides valuable insights into the
governing mechanisms and key factors that influence its performance.
[97]. On the other hand, a series of hydrogels (Radix Isatidis residue/-
polyacrylic acid (RIR/PAA4), Radix Isatidis residue/polyacrylamide
(RIR/PAm), and Radix Isatidis residue/acrylic acid-co-acrylamide) as a
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Table 4

Advantages and disadvantages of conventional water treatment techniques [1,

3-8,16-18,93-95].

Technique Advantages Disadvantages
Coagulation/ - High effectiveness for -Excessive sludge generation
Flocculation colloidal organics, turbidity, -Low efficiency for trace
and suspended materials. contaminants and organic
- -Simple and widely used in pollutants.
conventional water plants. -Depending on type and dose
of the coagulant and precise
pH,
Membrane -Highly effectiveness to -Membrane fouling (organic/
Filtration remove particulate, inorganic deposits) reduces
microorganisms, and flux and increases
macromolecule. maintenance
-Highly water quality can -High energy demand and
obtain (especially NF/RO). operational costs.
-Modular systems with small -contaminants do not degrade
footprints and scalable design.  but concentrates them into a
retentate phase.
Adsorption -High flexibility and wide -Selectivity and regeneration

applicability to various
contaminants.

-Low operational complexity.
-Can be effectiveness for
contaminates of lower
concentrations.

of some adsorbents can be
challenging.

-Adsorbent efficiency can be
reduced by competing ions
and natural organic matter.
-Adsorption performance

depending on properties of
media.

considerable biosorbent hydrogel material for uptake of (Pb(II), Cu(Il),
and Cd(ID)) ions were fabricated by Radix Isatidis residues functional-
ized through grafting with acrylamide and acrylic acid, as illustrated in
Fig.1a, [96]. The researchers explained that the synthesized hydrogel
materials functioned as highly effective biosorbent for the elimination of
metal ions from aqueous media. This approach offers a promising way to
develop biosorbent materials and enable the cyclic utilization of Chinese
herb residues [96]. The redox method was investigated for the prepa-
ration of Poly(acrylonitrile-co-acrylamide) [poly(AN-coAm)] using so-
dium bisulfite and potassium persulfate as initiators. Then, the obtained
copolymers were treated with hydroxylamine hydrochloride to produce
amidoxime terminal groups in the polyacrylonitrile (PAN) chains. The
amidoxime group was shown to form a complexing ion-exchange
network based on acrylonitrile for the removal of Cu(Il) ions
(111 mg g’l) from aqueous solution [99]. Also, a free radical
co-polymerization reaction approach was investigated to prepare
polyacrylamide-based cryogels (macroporous polyacrylamide gel
(MPAmG)) called cryogels to remove lead ions (Pb%*") from aqueous
media [100]. In this process, MPAmMG were fabricated for 1.0 hat —12°C
by reacting acrylamide (Am), allyl glycidyl ether (AGE), and N,
N-methylene-bis (acrylamide) (MBAAm) with epoxy functional groups
(epoxy-PAm) at a concentration of 7.5%. Thereafter, MPAMG was
reacted with tris(2-aminoethyl)amine (TREN) ligand groups, followed
by bromoacetic acid (BA). The introduction of amide and carboxyl
groups in the cryogels structure enabled the removal of lead from
aqueous solutions. Under optimal conditions (pH 5 for 30 min), the
MPAmG-TBA exhibited a lead removal capacity of 10.78 mgg~* [100].
A modified macroporous polyacrylamide-based monolith was prepared
as a new sorbent material to interact with Pb(II), Cd(II), and Cr(III) in
aqueous media [102]. In this study, a microporous
polyacrylamide-based monolith was modified with vinylsulfonic acid to
introduce a negative surface charge, enabling the formation of com-
plexes with heavy metal ions in aqueous media [102]. Fig. 1b repre-
sented the removal of concentrated industrially significant positive and
negative heavy metal ions (Zn, Cu, Ni, and (Cr207)2’) using ionized
acrylamide-based copolymer/terpolymer hydrogels [103]. In this work,
the hydrogel materials were prepared using the ionized polymer based
on Acrylamide (Am, polymer backbone) grafted with co-monomers so-
dium p-styrenesulfonate (SS) and N, N-dimethylaminopropyl
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acrylamide (DMAPAm). They found that the SS:DMAPAm ratio signifi-
cantly increased the adsorbent's adsorptive capacity. At a high SS ratio,
leading to enhanced adsorption of the cationic metal ion. On the other
hand, using a high DMAPAm ratio enhances the recovery of anionic
metal ions. While using equal ratios, the removal of both cationic and
anionic metal ions declined due to the counteractive nature of these
co-monomers. Additionally, the capture ability of the hydrogels was
noted to be directly proportional to their swelling efficiency. For
regeneration and separation of cations and anions from the adsorbent,
NaOH solutions were followed by HNO3 [103]. A simple one-step syn-
thesis method was investigated as a preparation process to fabricate a
novel, low-cost, and green sodium alginate-polyacrylamide (Alg—-PAm)
composite aerogel for high-efficiency sorption of Pb(II) [104]. The
synthesized Alg-PAm composite aerogel achieved 99.2% Pb(II) uptake
and a high removal capacity of 252.2mgg~'. Alg-PAm has broad po-
tential for treating wastewater contaminated with heavy metal ions.
Another  sodium  alginate/cellulose = nanofiber/polyacrylamide
(SA/CNF/PAm) composite hydrogel microspheres were investigated for
the removal of Pb(II) from wastewater [105]. In which sodium alginate
was incorporated with cellulose nanofibers applying microfluidic strat-
egy to form porous SA/CNF hydrogel microspheres, followed by grafting
with polyacrylamide (PAm) to produce (SA/CNF/PAm) microspheres
composite hydrogel. The presence of PAm enhanced the adsorption ef-
ficiency compared with original SA/CNF microspheres, with a
maximum adsorption capacity of 676.97 mg/g for Pb[II] [105]. A free
radical polymerization approach was investigated to prepare
SA-PAm/GO hydrogel composites for the adsorption of Cu(II) and Pb(II)
from water bodies, as demonstrated in Fig. 1c [106]. Under optimal
parameters, the highest capture abilities for Cu(II) and Pb(II) were 68.76
and 240.69 mg g}, respectively. In addition, the SA-PAm/GO adsorbent
maintains appropriate adsorption capacity after 5 cycles of
adsorption-regeneration [106]. Also, the free radical solution and bulk
polymerization approach were investigated to design a low-cost bio-
composite SA-g-poly(AAm)/HL-CoFe;04 hydrogel to remove Ni(Il)
heavy metal ions from aqueous medium [107]. The prepared bio-
composite hydrogel was synthesized through grafting of polyacrylamide
(PAm) onto sodium alginate (SA) and addition of a magnetic composite
recognized as HL-CoFe304 (HL: hydrolyzed Luffa Cylindrica) [107]. The
experimental results illustrated considerable removal efficiency of Ni
onto the composites (follow for SA-g-PAm) (70.09), SA-g-PAm/HL
(90.25%), and SA-g-PAm/HL-CoFe304 (93.83 %) with maximum inter-
action capacities of SA-g-PAm. (31.37mg g’l), SA-g-PAm)/HL
(43.15mgg 1), and SA-g-PAm/HL-CoFe;O4 (45.19mgg™1). On the
other hand, the removal efficiency of Ni suffers from a decrease in the
presence of Ca?" and Na™ in aqueous solution. Furthermore, after 8
cycles, the efficiency remained stable [107]. Fig. 2a shows the fabrica-
tion scheme of SA/sodium humate @ PAm (SA/SH@PAm) hydrogel
beads by employing SA as the encapsulant, SH as the filler, and PAm as
the outer layer to remove Cu(Il) using batch and continuous in-
vestigations [108]. The experimental results revealed that ion exchange
and chelation of Cu(Il) by various functional groups (-COOH, -CO-NH,
etc.) are the main adsorption mechanisms. Finally, the SA/SH@PAm
showed excellent regeneration and selectivity properties [108]. The
results reported for alginate/PAm systems [104-108] revealed that PAm
plays avital role in construction of a stable and flexible 3D network that
reinforces alginate that improves the interfacial adhesion and structural
integrity of the hydrogel. In addition to the introduction of amide
(—~CONHy) groups of PAm act as active binding sites which are beneficial
to adsorb heavy metal ions [104,106]. Also, strong hydrogen bonding
between PAm and alginate improves interfacial adhesion with the
alginate matrixes and contributes to significantly enhancing swelling
and adsorption performances with considerable mechanical stability.

A new bio-based, bilayer hydrogel composite composed of carbox-
ymethyl cellulose (CMC) and PAm was investigated for heavy-metal
wastewater purification, as represented in Fig. 2b [109].

The fabricated CMC/PAm composite hydrogel demonstrated high
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Table 5
Applications of polyacrylamide and polyacrylate-based hydrogel materials in the removal of heavy metals.
Adsorbent Pollutants Q, (mg/g) Condition Adsorption-Regeneration Ref.
APAm Ni 230 t=180min, pH=6, T=50°C “ 97
Co 210
Polyacrylamide hydrogels Pb 442 t=180min, pH=4, T=50°C 5 98
0.1M of HCl
96.5%
poly(AN-coAm) Cu(ID) 111 t=240min, pH=5, T=25°C “ 99
MPAmMG Pb(ID) 10.781 t=30min, pH=5, T=24.5°C “ 100
Anionic polyacrylamide uog+ 111 t=24h,pH=4, T=45°C a 101
Polyacrylamide-based monolith Cd(n 22.8 t=24h,pH=4, T=25°C a 102
Pb(ID) 33.3
Cr(IID) 66.7
DMAPAm Ni(ID) “ a 3M HNO3/NaOH 103
Cu(II) Zn(II)
(Cr;07)*
Alg-PAm Pb(ID) 252.2 t=24h,pH=3,T=25°C 5 104
0.05M HNO3
97%
SA/CNF/PAm Pb(1) 676.97 a a 105
SA-PAm/GO Cu(D) 68.76 t=150min, pH=5, T=25°C 5 106
Pb(ID) 240.69 1M HCL
80%/60%
SA-g-PAm) Ni 31.37 t=100min, pH=6, T=25°C 8 107
SA-g-PAm)/HL 43.15 1.1 M HCl
SA-g-PAm/HL-CoFe304 45.19 >70 %
SA/SH@PAm Cu 134.65 t=2800min, pH=5, T=25°C 10 108
1.2 mol/L HCI
~70%
CMC/PAm Cu(ID) “ t=7h, pH=5.5,T=25°C 3 109
Pb(1I) EDTA solution (10 mL,
cddn 0.1M)
67.1%, 83.3%, and 63.3%
CTS/PAmgel cdn 86.00 t=6h, pH=5/6, T=25°C 5 110
Cu(ID) 99.44 1M HC/0.1 M NaOH
Pb(ID) 138.41 90.7%, 91.1%,
and 88.4%
CTS/PAm/OP gel Cr(VD) 80.43% t=240 min, pH=4/5, T=28°C 0.1 M HCl, 0.1 M EDTA, and 111
Cu(ID) 82.47% 0.1 M HNOj; eluents
AM/AO/AEBI-CTS Cu(ID) 190.7 t=6h, pH=5,T=25°C 5 112
Ni(1I) 128.9 1 M HClI solution,
90 %
CTS-gP(CMC-co-Am) cd 37.3 t=90min, pH=10, T=20°C a 113
Fe304 modified with PAm Cu(ID) 454.5 t=90 min, pH=6, T=25°C a 114
Ni(I) 222.2
Co(ID) 3125
cdn) 526.3
GG/PAm/RH/Ulva Cu(ID) 50.25 t=2h, pH=4/4/9, T=25°C 4 115
Pb(ID) 45.24
MB 51.54
GG/PAm/RH/Sarg Cu(ID) 73.52 t=2h, pH=4/4/9, T=25°C 4 115
Pb(ID) 52.63
MB 68.02
(CAA-Ca(I)-FeS) hydrogel Cd (ID 494.30 a a 116
Cu(1D) 374.00
Pb(ID) 783.20
TOCNF-TMPTAP-APAm Cu 240 t=50min, pH=6, T=25°C 10 117
0.2 M of EDTA-2Na
80%
HPAMF Cu 2.33mmol g ! a a 118
PEI-PAmCF Cr(Vl) t=12min, pH=3 5 119
90%
RIR/AA-co-AM hydrogel Pb(ID) 655.4 t=120min, pH=5, T=25°C 120
cd(n) 367.2
Cu(In) 290.5
PAm@TP hydrogel Pb 27.3 t=180min, pH=4.5 1 mol L' HCI 121
BSG-g-PAm Cu(ID) 95.12% t=70,70, and 95 min, pH = 4.0, “ 122
Cd(n 87.45 % 4.9 and 5.0, T=50°C
Pb(ID) 84.65%
PAm-CG composite Pb(ID) 0.622 mol/kg “ a 123
PAm/Na-MMT Ni(II) 99.3% t=24h, pH=6,T=45°C “ 124
Co(ID) 98.7%
Z-g-PAm Cr (II) 44 a a 125
Pb(ID) 345
Zn(1I) 1046

13

(continued on next page)
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Table 5 (continued)
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Adsorbent Pollutants Q, (mg/g) Condition Adsorption-Regeneration Ref.
CTMAB-PAm Pb(ID) 184.88, t=24h, pH=7,T=27.5°C “ 126
Cr(VD) 64.13 t=24h, T=27.5°C

Ppolyacrylamide-polystyrene/bentonite Mg 84.2% t=12h, pH=6, T=45°C a 127

PAm-K uo3* 0.0656 mol kg ! pH=4.5T=25°C 128

HBP Pb(ID) 2.8950 2.6170 t=24h, pH=5.6 and 9, T=25°C “ 129

Ni(II) 2.6136
cd(n
PAm/HA-ATP Ni(II) 64.3 t=350min, pH=6 and 9, 5 130
T=25°C methanol + 0.1 mol/L NaOH
(1:1, v/v)
70%
Ha-Am-PAm-Sep Cu(ID) 244 t=60min, pH=5, T=45°C 4 131
Ni(ID) 250 0.1 mol 17" solution of HCl
70%
Phy-PAm-Sep Cu(ID) 256.4 t=60min, pH=5, T=45°C 4 131
Ni(II) 277 1.1 mol 17! solution of HCI
70%
PAm-PMC Cu(ID) 500 t=60min, pH=6.5, T=50°C 3 132
0.05 mol/1 of HCI
89%
g-PAm/OVerm Pb(ID) 219.4 t=6h, pH=5.5,T=30°C 5 133
1M HCl
90%
SP-C Cd 211.86 t=1h, pH=6.5, “ 134
PAGSPs Ni(II) 75.18 a a 135
Cr(VD) 125
MO 32.25
QY 55.55

S-PEMR Ni 42.06 % t=6h, pH=5.5,T=30°C 4 136
Cu 93.14 %
Cd 89.68%
Pb 77.02 %

PHPAm/Fe30,@SiO2-SH Hg(I) 256.41 t=120min, pH=6.3 a 137
Pb(ID) 227.27

Fe304-PS-acrylic acid/acrylamide Cu(In 128 t=120min, pH="7 3 138
Pb(ID) 122 1IN HCL

PAm/FMWCNTs Cu(In) 385.44 t=120 min, pH =4-6 0.1 M HCl 139
97.1%

UiO-66-NH,-PAm-PET Pb(ID) 711.99 t=240min, pH=5 6 140
methyl alcohol and 1 mol L-1
hydrochloric
88%

graphene/polyacrylamide Ni(ID) 110.25 t=60min, pH=7, T=25°C a 141

PAO-GO/PAm hydrogels vo3* 396.82 t="70min, pH=6, T=30°C “ 142

Nanocomposite based on chitosan-polyethylene oxide/poly Cu (I 92% t=120min, T=25°C a 143

(acrylamide-co-acrylic acid)
MoS,@CPAmMA Cr (VD) 800 t =50 min, pH =2 “ 144
MoS, 237.1

Zn-MOF-74/rGO/PAm As(IIT) 282.4 t=15min, pH=10, T=25°C 4 145
0.1M NaOH
75.6%

PAm/PAA/PDMTM Cu(ID) 92.33, 110.08 =15min, pH=5, T=25°C 5 146

Ccdan 200.97
Pb(ID)
PAC@Fe304 Pb(1D) 313.02 pH=5, ! 147
Ni(II) 219.33 pH=4,
Cu(1D) 210.71 pH=5
Fe-PGSH cadmium 33.34 148
semi-IPN/PAm Pb(I) 340.45 t=30min, pH=4, T=27°C 5 149
Cd(n 287.38 1M HCI
84.1%, 70.7%
(PVA/PAm/PAA)/AC Eu(Ill) Sm 173.24 t=180min, pH=4 a 150
(1) 160.41

@ Not Detected.

affinity toward Cu(Il), Pb(Il), and Cd(II) ions, as well as multi-ion
absorbability. Besides, the adsorbed Cu(Il) ions in the hydrogel were
in situ reduced to form uniform, dispersed Cu nanoparticles (NPs), and
the resulting Cu-NPs-CMC/PAm hydrogel was used to reduce 4-nitro-
phenol to  4-aminophenol [109]. A  double network
EDTA-functionalized chitosan/polyacrylamide hydrogel prepared via a
two-step strategy was investigated for wastewater treatment to elimi-
nate Cd(II), Cu(ll), and Pb(II) [110]. In the first step, ethyl-
enediaminetetraacetic acid (EDTA)- cross-linked chitosan was followed
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by N, N-methylenebis(acrylamide) (MBA)- cross-linked polyacrylamide
to form a CTS/PAm gel used for the removal of metal ions. The
CTS/PAm gel exhibited a suitable maximum adsorption capacity of
86.00, 99.44, and 138.41 mg g’1 for Cd(II), Cu(Il), and Pb(II), respec-
tively. Additionally, the results showed that the CTS/PAm hydrogel
exhibited acceptable mechanical strength and good recyclability [110].
For the investigated CMC/PAm hydrogels [109,110], the published
works illustrated that PAm contributes to form a high density of
cross-links, a 3D, sponge-like, and highly microporous morphology
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Fig. 1. (a) The preparation process of RIR/AA-co-AM hydrogel [96] (This figure has been adapted/reproduced from Ref. [96], with MDPI permission, copyright
2022), (b) Outlines of adsorption experiments of heavy metals by (AAm-SS-DMAPAm) terpolymer hydrogel [103] (This figure has been adapted/reproduced from
Ref. [103], PLoS ONE permission, copyright 2024), and (c) Scheme of the fabrication of SA-PAm/GO hydrogel composites (106) (This figure has been adapte-

d/reproduced from Ref. [106], Elsevier permission, copyright 2020).

reinforcing the fabricated hydrogels matrixes and providing these
hydrogels with high mechanical strength as well as reduces excessive
swelling or dissolution of CMC comparing with those of the pristine
CMC-hydrogel [109,110]. The presence of amide groups of PAm func-
tionalities increases the density of active sorption sites alongside with
CMC's —-COOH groups which allow the transportation of various mole-
cules like H,O and heavy metal ions across the hydrogels structural
[109]. Also, they facilitate H-bonding and electrostatic interactions with
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CMC chains, promotes a uniform and cohesive network which leads to
improve interfacial compatibility. In addition to PAm promotes hydro-
gel's density, swelling kinetics, and diffusion pathways, thereby opti-
mizing adsorption performances.

Another novel fabricated CTS-BENT-g-AM/OP + MBA hydrogel
composite, prepared by chemical cross-linking of radical chitosan with
polyacrylamide and N, N'-Methylene bisacrylamide, and mixed with
orange peel, was investigated for the removal of Cr(VI) and Cu(Il) ions
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Fig. 2. Scheme of the fabrication of (a) SA, SA/SH, SA/SH@PAm [108] (This
figure has been adapted/reproduced from Ref. [108], Springer permission,
copyright 2024), (b) CMC/PAm composite hydrogels, sorption of Cu(Il), for-
mation of Cu@NPs in network of hydrogel, and the catalytic reactions of 4-NP
into 4-AP [109] (This figure has been adapted/reproduced from Ref. [109],
Elsevier permission, copyright 2019), and (c) CTS-BENT-g- AM/OP + MBA
hydrogel composite (112) (This figure has been adapted/reproduced from
Ref. [111], Elsevier permission, copyright 2020).

from wastewater, as shown in Fig. 2¢ [111]. The findings showed that
the fabricated biosorbent -based hydrogel composite is cost-effective
and promising hydrogel to eliminate heavy metal ion-contaminated
water. Also, the free radical polymerization approach was used to
prepare.

Amidoxime-modified chitosan (CTS) (AM/AO/AEBI-CTS) with a
porous structure containing imidazoline groups through amidoximation
of cyano groups, and cross-linked CTS was obtained by crosslinking
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imidazoline-modified polyacrylamide and CTS [112]. The experimental
results showed that the AM/AO/AEBI-CTS exhibited good water
wettability and excellent selectivity for Cu(II) over Ni(Il). The experi-
mental data showed that the fabricated material is a promising sorbent
for removing heavy metals from wastewater [112].
Polyacrylamide-functionalized Fe3O4 nanoparticles are among the most
attractive magnetic nanoparticles fabricated by the hydrothermal
strategy, which develop a carbon-covered layer and polyacrylamide
functionality to adsorb Cu(Il), Ni(II), Co(II), and Cd(II) [114]. The sta-
bility of the prepared adsorbent in acidic solution may be due to the
carbon coating and PAm surface functionalization. Moreover,
PAm-coated Fe3O4 showed a higher removal percentage than the un-
modified one, with the largest capture efficiency for Cu(II), Ni(II), Co(II),
and Cd(II) [114].Recently, an innovative process was investigated and
developed to remove hazardous contaminants, such as Pb(II), Cu(Il),
and methylene blue (MB), from aqueous media [115]. Green hydrogel
composed of guar gum/polyacrylamide (GG/PAm) grafted with rice
husk core (GG/PAm/RH) was prepared, thereafter mixed with Ulva
fasciata (GG/PAm/RH/Ulva) and Sargassum dentifolium green algae
(GG/PAm/RH/Sarg), as shown in Fig. 3a, [115]. Recyclability studies
showed that the prepared hydrogels successfully removed the contam-
ination over four adsorption-desorption cycles [115]. Fig. 3 b represents
the synthesis and adsorption mechanism of a recent high-efficiency
sorption process of Cu(II), Cd(II), and Pb(II) by a novel FeS-modified
poly(acrylamide-co-2-acrylamido-2-methylpropane sulfonic acid)-g-
carboxymethylcellulose-Ca(II) hydrogel (CAA-Ca(I)-FeS) [116]. A
novel FeS-hydrogel was fabricated for the remediation of multiple heavy
metals, with high selectivity and capacity. The overall results revealed
that the prepared CAA-Ca(ll)-FeS-hydrogel is a promising sorbent and
provides an effective solution for removing heavy metals from complex
contamination media.

Newly, owing to their sustainability, biocompatibility, eco-friendly
nature, wide availability, and versatility in fabrication and chemical
modification, naturally derived cellulose-based composite adsorbents
have been recognized as suitable candidates for wastewater treatment
applications [117-119]. Among them, cellulose nanofibers (CNFs) offer
distinct advantages over other nanofibers, including high mechanical
strength comparable to that of inorganic fibers, high transparency, low
density, and outstanding physicochemical properties [117,118].
Consequently, CNFs have attracted considerable attention as effective
reinforcing agents for polymer hydrogel composites, where they can
synergistically enhance overall material performance [118]. So, a
fabricated 3D lamellar porous cellulose nanofiber/polyacrylamide
composite aerogel, prepared via a simple in-situ physical/chemical
combination of anionic polyacrylamide and carbonylated cellulose
nanofibers, followed by freeze-drying, was used for the removal of Cu
(II), as shown in Fig. 3c [117]. In the TOCNF/PAm systems, the in-
teractions are mainly controlled by inter/intrachain H- bonding in-
teractions between the carboxylate groups (-COO") of TOCNF and the
amide groups (-CONH;) of PAm, with additional weak electrostatic
interactions [117]. FTIR spectra confirms that PAm is successfully co-
valent crosslinked with TOCNF via TMPTAP crosslinking agent. Where
FTIR spectra revealed that the bands of -OH groups in the
TOCNF/TMPTAP/PAm spectra will be shifted to lower wavenumbers
attribute to the formation of H-bond interactions between PAm and
TOCNF in addition to the peaks of carboxylate groups (-COO") also
decreased. In addition to, new bands ascribed to -COOH and amino
functional groups appeared, respectively, approving the strong in-
teractions between TOCNF, PAm and TMPTAP [117]. Therefore,
abundant -COOH and amino functional groups were introduced to
TOCNF structural, leading to improve adsorption active sites for heavy
metals ions. On the other hand, chemical cross-linking double networks
and H-bonding between PAm and TOCNF enhanced its underwater
mechanical compressibility and water-stability [117]. The prepared
aerogels exhibited high thermal stability, water stability, and an
adsorption capacity of 240mgg~'. The adsorption mechanism is
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Fig. 3. Scheme of the preparation of (a) GG/PAm/RH/Ulva [115] (This figure has been adapted/reproduced from Ref. [115], Spriner permission, copyright 2024),
(b) CAA-Ca(Il) (CAA-Ca(Il)-FeS hydrogels and sorption mechanism [116] (This figure has been adapted/reproduced from Ref. [116], Elsevier permission, copyright
2025), and (c) the facile fabrication of 3D lamellar porous TOCNF-TMPTAP-APAm aerogels to remove Cu(Il) and regeneration (118) (This figure has been adap-
ted/reproduced from Ref. [117], Elsevier permission, copyright 2022).
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explained in terms of electrostatic attraction, chelation, and complex
formation between the active sites and Cu(II) ions. Moreover, the aer-
ogel possessed removal efficiency above 80% after 10 reuse cycles
[117]. On the other hand, the incorporation of cellulose nanofiber (CNF)
into HPAm hydrogels to fabricate novel classes of all physically
cross-linking composite hydrogels to polyacrylamide/cellulose nano-
fiber (HPAmMF) was investigated, comparing with the HPAm hydrogels,
to uptake Cu(Il) from aqueous media [118]. The addition of (2 wt%)
CNF (2 wt%) leads to improved tensile strength by 632% compared to
CNF-free hydrogels, besides enhancing the sorption capacity towards Cu
(I1) (2.33 mmol g’l) about 86% over the pure hydrogel [118]. Another
cellulose-based composite hydrogel (PEI-PAm-CF) was synthesized by
simple cross-linking of polyethyleneimine/polyacrylamide (PEI/PAm)
and cellulose with epichlorohydrin as the cross-linker and used for the
adsorption of Cr(VI) [119]. It possessed a double-network structure and
emitted blue fluorescence. Compared to (PEI-CF and PAm-CF), the
PEI-PAm-CF displayed an interaction synergy effect to remove Cr(VI).
Moreover, the adsorption process was not significantly affected by the
presence of anions (NO3, Cl~, HoPOj, and CH3COO-) and cations (Na™,
K', Mg?", Ca?t, and Cr®"), except SOF~. Additionally, the removal
performance only decreased by 7% after five adsorption/desorption
cycles [119]. Summarily, PAm plays a dual role in CNF/PAm hydrogels
matrixes as a hydrophilicity enhancer and networks stabilizer. Also,
PAm constructs supportive 3D networks that support the rigid cellulose
nanofiber frameworks, significantly improving the structural cohesion
and mechanical strength of the prepared hydrogels. In addition, the
hydrophilic amide groups of PAm contribute to enhanced swelling ca-
pacity and additional active adsorption sites for metal ions alongside the
abundant carboxyl groups of CNF and improve interfacial compatibility
through H- bonding with hydroxyl and carboxyl groups on CNF. Also,
the hydrophilic nature of PAm significantly improves swelling perfor-
mance, diffusion properties, and adsorption kinetics of the fabricated
hydrogels [117-119].

Also, a series of 3D hydrogels with high porosity structure, Radix
Isatidis residue/acrylic acid-co-acrylamide (RIR/AA-co-AM), Radix Isa-
tidis residue/polyacrylamide (RIR/PAm), and Radix Isatidis residue/
polyacrylic acid (RIR/PAA4) were prepared for the removal of heavy
metal ions Pb(II), Cu(II), and Cd(II) [120]. The findings revealed that
RIR/PAA4 exhibited the highest swelling rate (9240%). At the same
time, the RIR/AA-co-AM hydrogel showed the highest removal capac-
ities of 655.4, 367.2, and 290.5 mg g’1 for Pb(II), Cd(I), and Cu(Il),
respectively. Recently, various eco-friendly, effective, and inexpensive
adsorbents fabricated from natural waste materials grafted with poly-
acrylamide were investigated for the uptake of metal ions from aqueous
media [121-123,152]. Polyacrylamide/Rice Husk hydrogel to remove
Cd ions from aqueous solutions [152], a novel effiecient adsorbent
Polyacrylamide@Tangerine Peel composite hydrogel to adsorb Pb(II)
from wastewater [121], polyacrylamide grafted brewer's spent grain
(BSG-g-PAm) as inexpensive sorbent material to eliminate heavy metals
ions such as Cu(Il), Cd(II) and Pb(II) from polluted streams [122], and
the fabrication of effective and cost-effectiveness PAm-CG composite
using in situ polymerization approach to eliminate Pb(II) from aqueous
media [123]. Also, different preparation approaches were investigated
to graft polyacrylamide with nanoclay [124], zeolite [125,153],
bentonite [126,127], kaolinite [128], humic acid-bentonite [129],
Attapulgite [130], sepiolite [131], pumice [132], vermiculite [133],
silica [134]. These recent fabricated PAm-based materials were used to
remove Co(II) and Ni(II) [124], Cu(II), Ni(II), and Zn(II) [153], Cr(III),
Pb(II), and Zn(II) [125], Pb(II), Cr(VI) [126], Mn(II) [127], UO%" [128],
Ni(I), Cd(II) and Pb(II) [129], Ni(Il) [130], Cu(Il) and Ni(I) [131], Cu
(ID) [132], and Pb(II) [133,134] from aquatic media.

Despite the rapid expansion of nanomaterial-based adsorbents, the
search for efficient, practical materials for water-treatment applications
remains a significant challenge [154]. Therefore, the development of
high-performance, sustainable, and economic materials has gained
considerable attention to facilitate the practical deployment of
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adsorption technologies. Hydrogel-based materials have received great
attention in this regard due to their strong potential for water purifica-
tion applications [154]. Modifying the polymeric networks of hydrogels
with nanomaterials to form hydrogel nanocomposites can substantially
improve their promising performance and enhance essential properties,
including mechanical integrity, swelling behavior, and regenerative
capability [154]. These improvements are typically achieved through
the incorporation of a variety of nanomaterials derived from different
sources, such as waste foundry sand particles [135], manganese residues
(EMR) silicate minerals [136], Fe3O4-magnetic nanoparticles [137],
magnetic nanoparticles then blende with polystyrene waste [138],
multiwalled carbon nanotubes [139], UiO-66-NHy on modified PET
nonwoven fabric [140], graphene [141], ethylene diamine-reduced
graphene oxide [142], chitosan—polyethylene oxide nanofibers [143],
molybdenum disulphide (MoSy) [144], zinc based metal-organic
framework (Zn-MOF-74) [145],

PAm/PAA/PDMTM [146], and (PAC@Fe304) nanocomposite [147],
into the hydrogel framework. In this regard, a new polyacrylamide
grafted with waste foundry sand particles (PAGSPs) was investigated
and developded to remove Ni(II) and Cr(VI) metal ions from water with
adsorption capacities of 75.18 and 125 mg g*l for Ni(II) and Cr(VI),
respectivelly, in addition to adsorption of organic dyes such as methyl
orange (MO) and quinoline yellow (QY) [135]. Also, a novel composite
(S-PEMR) based on electrolytic manganese residues (EMR) silicate
minerals-and polyacrylic acid-polyacrylamide double-network hydro-
gels was fabricated, as illustrated in Fig. 4a, to remove Ni (II), Cu(Il), Cd
(1), and Pb(II) [136]. The adsorption mechanism may involve chelation
or coordination, ion exchange, interactions of O and N functional
groups, and Si-O and Al-O interactions with the metal ions [136]. Fig. 4b
represented the preparation of a novel thiol-rich PHPAm/Fe304@-
SiO2-SH nanocomposite hydrogel using partially hydrolyzed poly-
acrylamide (PHPAm) as a selective magnetic nanoadsorbent for
effective removal of Hg(II) and Pb(Il) from wastewater. The adsorption
experiments showed that the prepared hydrogel can adsorb 256.41 mg
Hg(II) and 227.27 mgPb(Il) [137]. Another smart nanoadsorbent,
Fe304-PS-acrylic acid/acrylamide nanocomposite hydrogel, was syn-
thesized with high saturation capacities for Cu(II) and Pb(II), and the
hydrogel achieved the minimum magnetite content [138]. On the other
hand, gamma radiation was applied as an initiator to prepare poly-
acrylamide/functionalized multiwalled carbon nanotubes
(PAm/FMWCNTs), which were used to adsorb Cu(Il) ions from waste-
water [139]. Also, a practical and facile method was investigated to
grow highly renewable UiO-66-NHy-PAm-PET as MOF composite
adsorbent materials to eliminate Pb(II) from water with excellent reus-
ability and splendid stability [140]. Recently, other synthesized
PAm-based nanomaterials were utilized to remove Ni(Il) by graphe-
ne/polyacrylamide network hydrogel (GO-PAm) hydrogel [141], U(VI)
Photothermal composite polyamidoxime-graphene oxide/polyacryla-
mide hydrogel (PAO-GO/PAm) [142], Cu(II) by chitosan—polyethylene
oxide nanofibers and polyacrylamide-co-acrylic acid hydrogel [143], Cr
(V) by MoS;@CPAmA [144], As(Il) by (Zn-MOF-74/rGO/PAm)
nanocomposites [145], Cull), Cd(II) and Pb(II) by PAm/PAA/PDMTM
[146], and Pb(II), Ni(Il), and Cu(Il) from wastewater by (PAC@Fe304)
nanocomposite  [147].  Also, an iron-incorporated  poly-
acrylamide-grafted shellac (Fe-PGSH) was prepared to eliminate Cd(II)
from wastewater as a saturated monolayer, with an adsorption capacity
of 33.34mgg™! [148]. A recent sustainable and efficient
semi-interpenetrating polymer network (semi-IPN) structure based on
Acorus calamus leaf lignin and acrylamide (AM) hydrogel as an
eco-friendly adsorbent was fabricated to eliminate Pb(II) and Cd(II) ions
[149]. The adsorption process is explained in terms of electrostatic in-
teractions and chelation between metal ions and -OH and -NH groups
[149]. Also, activated carbon (AC) derived from Sewage sludge of the
wastewater treatment plant, activated with ZnCl, and finally, thermally
exposed at 550°C. Then, the prepared (AC) was modified with a
terpolymer hydrogel of polyvinyl alcohol/polyacrylamide/polyacrylic
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Fig. 4. Scheme of the fabrication of (a) S-PEMR hydrogel [136] (This figure has been adapted/reproduced from Ref. [136], Elsevier permission, copyright 2024), and
(b) (1, 2) PHPAm/Fe304@SiO,-SH nanocomposites and (3) adsorption mechanism of Hg(II) and Pb(II) by PHPAm/Fe30,4@SiO»-SH nanocomposites [137] (This
figure has been adapted/reproduced from Ref. [137], Springer permission, copyright 2022).

acid (PVA/PAm/PAA) using y-irradiation for the sorption of Eu(IIl) and
Sm(II) ions from aqueous solutions. They noted that 1.0g of the
(PVA/PAm/PAA)/AC composite can absorb 35 g of water, 173.24 mg of
Eu(Ill), and 160.41 mg of Sm(III). Moreover, the hydrogel composite
exhibited excellent selectivity for Eu(IlI) and Sm(III) ions at pH 4 in the
presence of cations such as Cd(II), Co(II), Sr(1I), and Cs(I) [150]. Overall,
PAm acts as a dispersion regulator and mechanical stabilizer in GO/PAm
hydrogels systems. It forms a flexible and continuous polymeric frame-
work that suppresses graphene oxide sheet aggregation and ensures
their uniform dispersion within the hydrogels systems. The amide
groups of PAm contribute additional interaction active sites such as
coordination and H- bonding for metal ions. Moreover, PAm improves
the dispersion and compatibility of GO within the hydrogels and en-
hances mechanical durability, adsorption performance, and reusability
of the investigated hydrogels.

The data in Table 6 reveals a clear performance of PAm-based
hydrogels through multiple synthesis routes, which introduce multi-
functional active sites such as silicate, sulfonate, carboxylate, amide,
amine, and hydroxyl, significantly enhancing adsorption performance.
Overall, this data confirms that adsorption behavior is governed by the
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functionalization and hybridization strategies between polymer system
and introduced functional entities, which are critical for optimizing
PAm-based adsorbents.

3.2. Removal of dyes

Currently, the consequences of water pollution severely impact hu-
manity, including contamination from plastics, heavy metals, and dyes.
Among these, textile industry dye contamination is the primary
pollutant with the worst effects [2,3]. Over 100,000 commercial dyes
are in use globally, resulting in an estimated 700 million to 1.0 billion
kilograms produced each year. It's estimated that 10 to 15% of these
dyes are lost during production, entering effluents that may contaminate
drinking water sources. These contaminants pose significant health
risks, including pronounced physiological toxicity and significant
disruption of reproductive systems. [3]. Furthermore, both flora and
fauna are adversely impacted, as the presence of dyes disrupts water
reoxygenation and reduces light penetration, critical factors for main-
taining biological activity in natural ecosystems [3]. Accordingly, ef-
fluents from textile industries should undergo proper treatment to
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Table 6
Overview of the PAm-based hydrogels and hybrid composites systems invstigated to remove heavy metal ions from aquatic media.
adsorbent Composite type Mass ratio Functional group Ref
Polyacrylamide hydrogels Copolymer - Carboxylate, amide 98
Poly(AN-coAm) Copolymer 2.0 g poly(AN-co-AM): Amidoxime, carboxyl, hydroxyl, 99
3.0 g hydroxylamine hydrochloride and amide
MPAmMG Copolymer 7,6 g Am: 3.2 g of MBAAm:1.0 ml AGE: 190 pl Carboxyl, hydroxyl, and amide 100
TEMED:152.6 mg APS
Anionic polyacrylamide Copolymer vinylsulfonic acid (0, 80, 100, 200, 500 and 600 Sulfonate, carboxyl, hydroxyl, and 101
pL; 25% w/v) amide
Polyacrylamide-based monolith Copolymer (0.3 g N-tert butylacrylamide/3.0 g Sulfonate, carboxyl, hydroxyl, and 102
methylated b-cyclodextrin) with 100 pL of 25% (w/v)  amide
VSA, 0.5g PDA, 0.2 g MA, 0.2 g AS, 20 L of 20% (w/
v) APS, and 20 pL of 20% (v/v) TEMED in 0.1 M
aqueous phosphate buffer
DMAPAm Copolymerization 500 mM Am: 200 mM SS: Sulfonate, acrylate, carboxyl 103
12.3mM NMBA: 2.5 mM APS amine
Alg-PAm Grafting 2.0g SA: 2.0g PAm Carboxyl, hydroxyl, and amide 104
SA/CNF/PAm Grafting ° Carboxyl, hydroxyl, and amide 105
SA-PAm/GO Free radical a Carboxyl, hydroxyl, and amide 106
polymerization
SA-g-PAm/HL-CoFe;04 Grafting 1:2 HL-CoFe,04 ((2.5-20 wt%) Hydroxyl and carboxyl, 107
SA/SH@PAm Grafting 0.5g SA: 0.15 g SH: 80 mL PAm Carboxyl, hydroxyl, and amide 108
CMC/PAm Free radical 3% CMC: 0.7g PAm Carboxyl, amine and carbonyl 109
polymerization
AM/CMC/AMPS Free radical 1.0 g AM: 0.5 (2%) mL CMC: 0.24 g AMPS Carboxyl, Sulfonate, amine, 151
polymerization amide, and carbonyl
CTS/PAm gel Free radical 0.5 CTS:1.0 PAm Carboxyl, amine, and carbonyl 110
polymerization
CTS/PAm/OP gel Grafting 0.12g CTS: 7.2g AM: 0.072 g OP Carboxyl, amine, amide, and 111
carbonyl
AM/AO/AEBI-CTS Free radical 3.0g AM: 2.0 g AN: 0.2 g AEBI:1.0 g CTS Amidoxime, amide, imidazoline 112
polymerization ring, and hydroxyl
CTS-gP(CMC-co-Am) Grafting 0.5g CTS: 0.5g CMC: 6.0 a.m. Carboxyl, hydroxyl, amine, and 113
carbonyl
Fe304 modified with PAm Nanocomposite 0.05 g Fe304 : 0.5g PAm Hydroxyl, amine, and carbonyl 114
GG/PAm/RH/Ulva Free radical “ Hydroxyl, amine, silicate, and 115
polymerization carbonyl
(CAA-Ca(II)-FeS) hydrogel Grafting a Carboxyl, hydroxyl, amine and 116
carbonyl
TOCNF-TMPTAP-APAm Grafting 1.2 wt% TOCNF: 5.0 wt% APAm: 5 wt% TMPTAP Carboxyl, carboxylate, hydroxyl, 117

HPAmF

PEI-PAMCF
RIR/AA-co-AM hydrogel

PAm/RH
PAm@TP hydrogel

BSG-g-PAm
PAm-CG composite

PAm/Na-MMT

zeolite-g-PAm
Z-g-PAm

Ppolyacrylamide—polystyrene/bentonite
PAm-K

HBP

PAm/HA-ATP

Ha-Am-PAm-Sep

PAm-PMC

g-PAm/OVerm

In situ polymerization

Physical mixing
Grafting

Free radical
polymerization
Grafting

Grafting

In-situ

polymerization

Free radical
polymerization
Nanocomposite
Radiation-induced graft
polymerization

In situ polymerization

In situ polymerization
US Patent No. 19,1992
Free radical
polymerization
Grafting

Free radical

polymerization
Grafting

0.1 wt% CNF: 2.82 wt% SMA: 20 wt% AM
5.0 g PEL: 0.4g PAm: 10 mL CF

2.0mL AA: 2.0 g AM:

0.2 g MBA

10g:1.05M

1.0gTP: 1.0 g PAm

10%BSG: 0.30 mol. PAm
0.3 g BSA: 3g AA: 1.0 g CG: 400 mg PER

2.0g PAm: 0.5 g Na-MMT, 1, 0.5: 2g

a

2.0 g NZ:40 %w/w PAm
1.0 g bentonite,: 1.0 g PAm
2.0 g Am:1.0 g kaolinite

85% HB5:15% PAM

1.4216 g Am: 0.1517 g ATP

20g Am:10 g Sep

1.5g Am: 0.45 g PMC

2.0g OVerm: 0.6 g Am

20

amine, amide

Carboxyl, carbonyl, hydroxyl, 118
amide

Carboxyl, hydroxyl, amide, amine 119
Carboxyl, hydroxyl, amide, and 120
amine

Hydroxyl, amine and carbonyl 152
Carboxyl, carbonyl, hydroxyl, 121
amide, and amine

Hydroxyl, amine and carbonyl 122
Methylene, methyl, carboxylate, 123

hydroxyl, amide

Alcohol, hydroxyl, amine, amide 124
and silicate

“ 153
Silicate, amide, hydroxyle, and 125
carbonyl

Carbonyl polyacrylamide, silicate, 127
amide, hydroxyle, amine

Silicate, amide, hydroxyle, amine 128
and carbonyl

Silicate, aluminate, amide, 129
hydroxyle, amine, carboxylate,

and carbonyl

Hydroxyl, amide, sulfonate, 130
phenolic, carboxylate, and

carbonyl

Silicate, phosphate, amide, 131

hydroxyle, amine, carboxylate,
and carbonyl

Silicate, amide, hydroxyle, 132
carboxylate, and carbonyl
Silanol, thiol, amide, hydroxyle, 133

carboxylate, and carbonyl

(continued on next page)
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adsorbent Composite type Mass ratio Functional group Ref

SP-C Nanocomposite 0.5g AS: 4g Am Silanol, amide, hydroxyle, and 134
amine

PAGSPs Nanocomposite “ “ 135

S-PEMR Copolymer 2.0g EMR: 1.12 g AM: 4.48 mL AA: 0.03 g MBAm Silicate, aluminate, amide, 136
carboxyl, hydroxyl, and amine

PHPAm/Fe;0,@SiO»-SH Nanocomposite “ Thiol, mercapto, amide, hydroxyl, 137
and amine

Fe304-PS-acrylic acid/acrylamide Nanocomposite (0.5, 1, and 2%) Fe304.0.50gPS: 50g AA: 5.0g Am  Hydroxyl, amide, and carboxyl 138

PAm/FMWCNTs Nanocomposite ° Hydroxyl, amide, and carboxylate ~ 139

Graphene/polyacrylamide Nanocomposite 1.8 g Am: 5.0 mg TA: 4.0 mg GO Carboxyl, hydroxyl, amine, ester, 141
amide, carbonyl, eopoxy

PAO-GO/PAm hydrogels Nanocomposite (0.5-2.0gL™"): 500 mg Amidoxime, carboxyl, epoxy, and 142
hydroxyl

Nanocomposite based on chitosan—polyethylene Nanocomposite “ -N"(CHs)3 143

oxide/poly(acrylamide-co-acrylic acid)
MoS,@CPAmMA Nanocomposite 0.9073 g Na;Mo0,4-2H0: 1.7127 g (CN2H4S): 0.5g Quaternary ammonium, hydroxyl, 144
MoS, CPAmMA amide, and carboxylate

Zn-MOF-74/rGO/PAm Nanocomposite 125 mg Zn-MOF-74:125 mg rGO: 0.7 g Am Amine, carbonyl, hydroxyl, and 145
amide

PAm/PAA/PDMTM Copolymer 0.50 g DMTM: Thiol, amide, carboxyl, carbonyl, 146

1.0 g AM: 0.50 mL AA: 6.0 mL DMTM: 50 mg APS: hydroxyl, and amine
50 mg MBA

PAC@Fe304 Nanocomposite 7.5 g cell@Fe304: 0.05 g AIBN: 5.0 g Am Carboxyl, amine, carbonyl, 147
hydroxyl, and amide

Fe-PGSH Copolymer ‘ a 148

semi-IPN/PAm Copolymer “ Carboxyl, amine, carbonyl, 149
hydroxyl, and amide

(PVA/PAm/PAA)/AC Copolymer 150

2 Not Detected.

eliminate toxic dyes before discharge into water bodies. The successful
removal of dyes from aqueous media using hydrogels has attracted
considerable interest due to their reusability, effective adsorption,
recyclability,  operational  simplicity, eco-friendliness, = and
cost-effectiveness [155,156]. Many recent publications provide
comprehensive studies of the progress made in investigating and
developing neat and composite bio-based or synthetic polymeric
hydrogels, such as polyacrylamide and polyacrylamide-based materials,
as efficient candidates for removing diverse dye molecules from aqueous
media [115,135,155[116,139,155,157-233. Table 7 presents applica-
tions of polyacrylamide-based hydrogel materials for the elimination of
dyes from aqueous media [155, 257-233]. Recently, organically
cross-linked PAm/hBN nanocomposite hydrogels were fabricated as
effective adsorbents for methylene blue (MB), phenol red (PR), and
methyl orange (MO) fromaqueous media [155]. In this respect, in the
presence of hBN at 150°C and for 8.0 h, organic cross-linkers (as N,
N'-methylene bisacrylamide (MBS)) were reacted with PAm molecules
[155].

Also, another promsing polyacrylamide basd hydrogel was investi-
gated as superoleophobic membranes and synthesized by free radical co-
polymerization via incorporating acrylic acid and p-cyclodextrin as
monomer and crosslinking with MBS [156]. The fabricated underwater
superoleophobic hydrogel membrane illustrated considerable adsorp-
tion performance for MB dye with effectively separated oil/water mix-
tures [156]. PAm hydrogel was also investigated to adsorb another
cation dye, safranine (SF), from aqueous media [158]. Suggested
mechanism of the adsorption of SF molecules onto the surface of
PAm-hydrogel was demonstrated, as illustrated in Fig. 5a, [158]. In this
suggested mechanism, the most impactful attraction forces between
SF-species and the PAm-surface are attributed to electrostatic in-
teractions. Also, this can be due to the electrostatic attractions between
(+) charged available on PAm surfaces, such as amino groups (-NHj)
and (=0) groups, and (—) charged groups of SF species, in addition to
n-n interactions and H- bonding [158].

A novel, efficient adsorbent, pentaazatetraethylene-sulfonated
polyacrylamide (PAm-SO3-Ns), was prepared to remove calmagite
from aqueous media. The results showed that the largest equilibrium
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elimination of PAm-SO3-Ns for calmagite was 1732.5 mg g~ eventually,
after recycling the adsorbent for 7 runs, adsorption of the calmagite dye
showed no significant loss [159]. Recently, bio-based hydrogel adsor-
bents have attracted significant attention due to their highly favorable
properties, including high adsorption efficiency, well-interconnected
porous structures, and large specific surface areas, all of which collec-
tively enhance adsorption capacity and kinetics. Sodium alginate (SA) is
among the most readily available biopolymers and is an excellent
candidate for the fabrication of bio-based bioadsorbents [161]. SA is a
naturally occurring polysaccharide polymer with non-toxicity, good
biocompatibility, and degradability in addition to containing abundant
functional groups, particularly hydroxyl (-OH) and carboxyl (-COOH)
groups [162,166]. Structurally, it consists of linear copolymeric blocks
of p-1,4-D-mannuronic acid (M units) and «-1,4-L-guluronic acid (G
units), linked via 1-4 glycosidic bonds in different ratios [163]. Never-
theless, SA-based adsorbents remain suffering from limited adsorption
capacity and prolonged adsorption times. These limitations necessitate
the development of SA-based bioadsorbents with enhanced adsorption
capacity and faster adsorption kinetics for practical applications.
Therefore, many recent works have focused on modifying SA via phys-
icochemical processes to incorporate additional functional groups,
thereby enhancing its durability, mechanical stability, and adsorption
capacity. Also, recent studies have investigated the fabrication of
SA/PAm-based hydrogels using various approaches to remove different
types of dyes [160-166]. Fig. 5b schematically illustrates the prepara-
tion of PAm/SA hydrogels via free-radical solution polymerization of
acrylamide (AAm) in the presence of sodium alginate and the crosslinker
PEGDMAs5(0 [161]. The adsorption capacity of the fabricated PAm/SA
hydrogels with various SA contents was compared with that of the PAm
hydrogel for MB adsorption. The results of swelling experiments showed
that the fabricated PAm/SA hydrogels have a swelling range
(12.72-25.52 gyater gErly gel) in water, which is higher than that of the
PAm hydrogel (8.5 gwater g&rly gel). Moreover, the highest saturation ca-
pacity of PAm/SA hydrogels towards MB was 90.90 mg/g, compared
with 23.20 mg/g for PAm [161]. New biobased interconnect polymer
network (IPN)-structured, extra-water-content (83%) crosslinked
SA-PAm hydrogels were prepared to remove MB-dye from aqueous
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Table 7
Applications of polyacrylamide and polyacrylate-based hydrogel materials to remove various types of organic dyes from aqueous media [155. 257-233].
adsorbent pollutants Qo (mg/g) condition adsorption-regeneration reference
Neat-PAm MB 11.1 t=10min, T=25°C 155
PR 10.8
MO 10.2
PAm/hBN Nanocomposite MB 13.5 t=10min, T=25°C 5 155
Hydrogel PR 13.1 D.L water and ethanol
MO 12.8
PVA-g-PAm MB 703 t=20h, pH=6, 5 157
cv 863 T=25°C 23%
CR 174 30%
13%
PAm SF 640 t=3h, pH=5, “ 158
T=25°C
PAm-SO3-Ns calmagite 1732.5 t=30min, pH=5.8, 7 159
T=25°C 0.1 mol/L HCl
SAG-g-PAm MB 69.13 t=_8h, pH=10, a 160
T=25°C
PAm/SA MB 90.90 t=28h, pH=7, “ 161
23.20 T=25°C
SA-PAm MB 43.1 “ 4 162
SA-PAm-CNC 44.1 distilled water
SA-PAm-BC 47.1 55%
SA-PAm-TOCN 57.1
PAm/SA/Fe304@ZIF-8-8 CR 234.69 t=600 min, pH =6, 5 163
T=40°C ethanol
80%
SA-g-P(AA-co-AmPS)/KL MV 1361.1 t=24h, pH=7, a 164
R6G 1627.8 T=25°C
AK 563.5
X0 312.4
hydrogel Ccv 98.51 % t=_80min, pH=38, 8 165
hydrogel/Hap 98.46 % T=25°C 1M HCl
hydrogel/HAp/Cu-Fe LDH 98.72 % 94%
CPAm-Dia/SA-La AB 113 2907 t=60min, pH=2, 3 166
CR 1578 T=25°C EDTA and La(III) solutions
99.7%, 88.5%, and 66.5%
Pcn-g-P(Am-co-SA) hydrogel MG 5000 t=6min, pH=7, 11 167
T=20°C
CMC-g-poly(AAm) MV 76.09% t=60min, pH=9, 2 168
CMC-g-P(AAm)/CL MB 83.11% T=25°C
CMC-g-P(AAm)/CL-Fe304 MV 85.91%
MB 92.89%
MV 90.11%
MB 95.01%
HG MB 12.3 t="70min, pH=8, “ 169
HG/BC 14.2 T=25°C
HG/MTWBC 20.79
Hyd MB 85.74% t=50min, pH =10, 6 170
Hyd/WS 91.74% T=25°C 0.1 M HNO3
Hyd/WS/CoFe;04 95.83%
Hyd/WS/CoFe;04/ZIF-67 97.72%
PAm/CMC/MHNT hydrogel MB 50.5 t=120 min, pH =11, 5 171
T=25°C 0.1 M HCl
81.58%
AM-AC/CMC-Ca ST 1558.52 t=60min, pH=7.6, 6 172
T=25°C H,0, NaOH, and HCI 0.1 M
88%
PAm/CMC-CuS RhB 19.86 “ 5 173
NR 208.33 Ethanol
kC-g-PAm/bentonite MB 156.25 t=60min, pH=11.6, 5 174
T=25°C Acetone
94%
kC-g-P (AAc-co-AAm)/Kaolin MG 118.42 t=180min, pH =6, 5 175
T=25°C 0.1M HCI (67.27%)
0.1M NaOH (27.8%)
APAm/DTPA-CTS/GO MB 652.99 t=100min, pH=7, 6 176
T=30°C 91%
g-CCTS MB 79.09 pH=12,T=20°C 5 177
76.64%
(CTS/AM-CA) composite hydrogel. MO 1080 a 5 177
MG 1030
VSi-CTS-g-PAm MB 68.02 t=24h, pH=12, “ 178
T=50°C
PAm/chitosan hydrogel MO 62.5 t=10min, pH=3, “ 179
T=25°C

(continued on next page)
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adsorbent pollutants Qo (mg/g) condition adsorption-regeneration reference
PAm/CTS X0 177.5 t=48h, pH=2, 5 180
PAm 20.52 T=35°C 83.29%
CTS/PLA MO 769.23 t=30min, pH=7, 7 181
CTS/PAm 303.03 T=45°C 1M NaOH
15/10%
TiO,-PAmMCTS Sirius yellow K-CF 1000 t=90min, pH=2, 6 182
T=40°C HCI (0.1 M)
4.86%
CH-PAm-ZnO Sirius yellow K-CF 149.9 t=90 min, pH =2, a 183
T=40°C
Jh-g-(PAm-co-PVAc) Ccv 70.5 pH=9.2,T=30°C 5 184
25%
CNF-PAmM5% MB 172.08 t=60min, pH=7 4 185
85%
PAm/CNCs microspheres MB 490.12 t=120min, pH="7 5 186
0.1M HCl
90%
PAm/CG/FE MB 48.30 t=_80min, pH=8 4 187
PAm 56.17 0.05M of HCI
9%
30%
PAm/BC/KIF MB 60 t=24h, pH=10 3 188
hemi-g-PAm MB 2300 t=40min, pH > 4, ° 189
T=25°C
CMC-CPAm-TA Cu(ID) 669.8 t=60min, pH=6 5 190
RhB 202.2 t=90min, pH=5 D H,0
79% Cu(I) 63% RhB
SG@AA-co-AM VGB 159.9 t=30min, pH=3_§, 5 191
T=25°C 0.1 M HCl
3.9%
St-g-poly(AAM) MG 5.9 t=60min, T=25°C 5 192
St-g-poly(AA) 47.2 1M HNO3
St-g-AA(L)-AAM 59.5 84.54%
St-g-AA(H)-AAM 52.6
St-co (PAm/PAA) MB 1700 t=120min, pH=7, 4 193
T=25°C 0.1 mol/L HCl
77%
St-30/ZnO hydrogel composite MB 993 t=4h, pH=6, 8 194
cv >90% T=25°C 0.5M NaOH solution
CR <72% 83%
RO 12%
PUL/PAm/AC MB 591.4 t=120min, pH =8, a 195
T=25°C
PUL/PAm/GO MB 438.7 t=140min, pH =8, 5 196
T=25°C 5%HCl
62.4%
GG-g-poly (AC-co-PAm) MV 998 t=1h,pH=7, 4 197
T=25°C HCl
77.75
XG/AA/AAm/GO MB 1008 t=1h, pH=7, 5 198
XG/AA/AAm 730.7 T=25°C 1.1 M HCl
86%
GA-cl-poly(Am) cv 90.90 t=90min, pH=09, 6 199
T=35°C 67%
GK-PAm R6G 1244.71 a a 200
PAm, Basic fusion 33.22 t=150min, pH=11, 5 201
(GG-co-PAm)-10%, 30.21 T=35°C Acetone
(GG-co-PAm)-20% 18.11 85%
V20s-Gum Ghatti-Cl-Poly (AM-co-MAA MB 35.21 t=100min, pH=09, a 202
T=25°C
XG-g-PAm hydrogel ARS8 177 t=20min, pH=1, 5 203
T=20°C 1M HCl
71.3 %
Fe304@SF-PAm MB 2025 “ 5 204
90%
PAm-g-gelatin CcvV 35.45 t=60min, pH=09, 10 205
PAm-g-gelatin/AC 39.865 T=25°C acetone/ethanol
PAm-g-gelatin/ACL/Mg-Fe LDH 44.952 90%
PAm/PA/PDA MB 350.67 t=60min, pH=4.5, 7 206
MYB 350.67 T=45°C pH 2.0 for cationic dye (NR, MV, and YMB) and
MV 625.97 t=60min, pH=10, pH 11.0 for anionic dye
NR 584.58 T=45°C (MB)

t=60min, pH =10,
T=45°C
t=60min, pH=>5.5,
T=45°C

23

(continued on next page)
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adsorbent pollutants Qo (mg/g) condition adsorption-regeneration reference
(GA/AAm)-ES/GO AR 313.3 t=480min, pH=9 4 207
58.78%
Alg-g-poly(AAm)/CB nanocomposite MB 24.56 t=60 min, pH=6.0, a 208
hydrogel T=25°C
PVA/PHPAm/GO semi-IPN MB 714.8 “ 5 209
nanocomposite hydrogel t=180 min, pH=7, 0.1M HClL
T=30°C
PVA/PHPA MB 293 t=180min, pH=7, 5 209
T=30°C 0.1M HClL
Pn-g-PAm MG 120.772 t=30min, pH=7, “ 210
T=25°C
CPAmMPEI/GO MO 677.55 t=1110min, pH=3, 6 211
T=30°C 0.1 mol/L NaOH
19.45%
P(NIPAm-coAAc)/MoS, MB 1258 t=6h, T=40°C a 212
PAm/PAA/CHN hydrogel MB 1056 t=3 days, pH=7, 5 213
T=25°C HCl & DH,0
96%
(PAA-coPAm)-DPNR/Ag-TiO2 MB 206.42 t=24h, pH=7, 5 214
T=25°C 0.5M NaOH
90%
CMC-g-P(AAm)/MMT MG 158.1 t=24h, pH=7.6, 5 215
172.4 T=25°C
poly(GG-co-AAm-co-MAA) hydrogel MV 233 t=60min, pH=7.0, 5 216
FB 200 T=30°C aceton
80% MV
86% FB
AAc-coAM)/AC BB 114.4 t=30min, pH=7, “ 217
T=40°C
PAm RO-20 216.919 t=95/65min, pH=3/ B 218
PAA 50.582 2
PAm DR-31 155.279 t=90/60 min, pH =3/ a 218
PAA 143.884 1.5
AA/AMA Direct Brown 2 100% t=45min, pH=3 @ 219
PAm-Agar/Clay@r-GO nanocomposite MB 189 t=5h, pH=10, 4 220
hydrogel RhB 186 T=40°C 2(M) HCl, 1 M NaOH 85%
MO 110.3 t=5h, pH=10,
T=40°C
t=12h, pH=10,
T=40°C
zeolite hydrogel composite (ZHC) based MB 682.67 pH=7,T=45°C 6 221
on j-carrageenan 100%
(KC) and AQSOA-Z05
Fe304/PAm/LMSH cvV 5.05mg/g t=10h, pH=7, “ 222
Nanocomposite Hydrogel MO 0.72mg/g T=25°C
t=2.5hr, pH=7,
T=25°C
PAm-talc MB 0.0104 mol kg’1 pH=5.2, T=25°C “ 223
talc 0.0124 mol kg ~*
poly(MAA-co-AAm)/Cl30B MB 98.57% 97.65% t=_80min, pH=38, “ 224
poly(MAA-co- AAm) T=25°C
HPAm/Si0,@XG Ccv 342.19 t=180min, pH=7, 5 225
T=30°C 0.1 M HCl
71.5 %
PAm/MXene MB 282.29 t= 360 min a 226
PAm@TiO, cv 38.9 t=24h, pH=6.9, a 227
T=25°C
Ce/Ti-NRs/CMC/PAm CR 22.44 t=90, pH=2.0, a 228
T=25°C
GO/PAm Drimarene Brilliant 1000 t=24h, pH=8 5 229
Blue K-4BL 4% HCI in 50/50 water/ethanol (v/v)
40%
Hyd/CB MB 27.32 t=60,pH=7, 4 230
T=25°C 1M HNO3
71.65%
Polyacrylamide and graphene oxide MG 274 t=24h a 231
nanocomposite
ZMC oG 142.76 t=60min, pH =2, 20 232
T=25°C 0.01M NaOH
79.25%
PAm/B/CN TC t=240 min, pH=2, “ 233

T=25°C

2 Not detected.
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Fig. 5. Scheme of the (a) possible interactions mechanism of SF adsorption on PAm [158] (This figure has been adapted/reproduced from Ref. [158], Elsevier
permission, copyright 2021), (b) Fabrication of PAm/SA hydrogels and mechanism of sorption of MB species onto PAm/SA hydrogel [161], (This figure has been
adapted/reproduced from Ref. [161], Springer permission, copyright 2021), (c) fabrication process of crosslinked SA-PAm hydrogels [162], (This figure has been
adapted/reproduced from Ref. [162], Elsevier permission, copyright 2018), and (d) fabrication magnetic PAm/SA/Fe304@ZIF-8 hydrogel beads [163](This figure
has been adapted/reproduced from Ref. [11], Springer permission, copyright 2024.
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Fig. 5. (continued).

media [162]. As shown in Fig. 5c, the fabricated hydrogels were pre-
pared via crosslinked polyacrylamide (PAm) with polyelectrolyte so-
dium alginate (SA) and then dispersed cellulose nanocrystals (CNCs),
bacterial cellulose fibers (BCs), and 2,2,6,6-tetramethylpiperidine-1-oxy
radical (TEMPO)-oxidized cellulose nanofibers (TOCNSs) in the SA-PAm
gel matrix [162]. The addition of BC enhances the compressive strength
of the SA-PAm-BC hydrogel by 6.59-fold more than pure SA-PAm. While
TOCNSs will improve the adsorption capacity due to the existence of a
carboxyl group, the adsorption capacity of SA-PAM-TOCN (57.1 mgg 1)
is more than 1.3-fold that of SA-PAm (43.1 mg g’l). Moreover, the
adsorption percentage decreases with each regeneration cycle and re-
mains at 55% of its initial capacity after 3 cycles [162]. Recently,
magnetic  (PAm/SA/FesO4@ZIF-8) hydrogel beads with a
semi-interpenetrating polymer network (SIPN) structure were investi-
gated to combine the properties of both PAm/SA hydrogel and
Fe304@ZIF-8 for the elimination of CR-dye species, as shown in Fig. 5d
[163]. The addition of Fe304@ZIF-8 improves the adsorption behavior
of PAm/SA of CR-dye to reach its maximum capacity of 234.69 mg g~ _.
This is attributed to the involvement of multiple adsorption mecha-
nisms: metal coordination, electrostatic attraction, H-bonding, and n-n
stacking. Additionally, PAm/SA/Fe304@ZIF-8 showed high selectivity
for CR-species adsorption and cyclic regeneration, with CR-dye uptake
exceeding 80% of the initial removal efficiency [163]. During the last
decade, various works were investigated to fabricate grafted poly-
acrylamide by sodium alginate to remove various types of dyes species
from aqueous solutions, such as SA graft poly(acrylic
acid-co-2-acrylamide-2-methyl-1-propanesulfonic acid)/kaolin (SA-g-P
(AA-co-AMPS)/KL) hydrogel to remove methyl violet (MV), rhoda-
mine 6G (R6G), acid chrome blue K (AK) and xylenol orange (XO) [164],
hydrogel/HAp/Cu-Fe LDHto adsorb crystal violet (CV)-dye [165], green
macroparticle composite (CPAm-Dia/SA-La) to eliminate AB 113 and
CR-dye [166], and Pcn-g-P(Am-co-SA) hydrogel to adsorb malachite
green (MG) species from aqueous Media [167].

For the studied SA/PAm hydrogels systems, PAm forms a reinforcing
3D network that improves the mechanical stability of the alginate sys-
tems and introduces amide functionalities (-CONHj) groups that
enhance the adsorption of dyes through H-bonding and electrostatic
interactions. Moreover, PAm can improve polymer—polymer compati-
bility and limiting phase segregation, in addition to regulating swelling
behavior and adsorption capacity of the investigated dyes.

Another of the most recent attractive approaches to the character-
ization of polyacrylamide hydrogel is the use of carboxymethyl cellulose
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(CMC) [168-173]. CMC is a functional cellulose derivative with excel-
lent biodegradability, cost-effectiveness, and biocompatibility, making
it attractive for diverse applications, including wastewater treatment.
Owing to the presence of abundant (COO™) and (OH™) groups along its
polymeric structure, CMC can effectively interact with pollutants
through electrostatic forces, hydrogen bonding, and n—n interactions. To
enhance the adsorption performance and mechanical strength of
CMC-based hydrogels, a range of synthetic monomers, including acrylic
acid, acrylamide, N-isopropylacrylamide, and itaconic acid, as well as
their corresponding copolymers, may be grafted onto the biopolymer
backbone via appropriate polymerization strategies [168]. In this re-
gard, a free radical polymerization process was used to fabricate a novel
sorbent CMC-g-P(AAm)/CL and CMC-g-poly(AAm)/CL-Fe304 as a novel
magnetic biochar nanocomposite hydrogel sorbent to remove MB-dye
and MV-dye species in a single and simultaneous state from aqueous
media [168]. The proposed mechanisms of adsorption of MB-species and
MV-species onto the fabricated nanocomposite hydrogel sorbents are
depicted in Fig. 6a [168]. Another novel CMC-grafted poly(acryl-
amide)/magnetic biochar HG/MTWBC nanocomposite hydrogel was
fabricated to eliminate MB species from aqueous solutions [169]. Also,
the free radical polymerization method was applied to prepare a poly
(AAm)-grafted CMC hydrogel (Hyd/WS/CoFey04/ZIF-67) adsorbent
for the removal of MB from aqueous media, and the possible mecha-
nisms of the investigated adsorption processes are shown in Fig. 6b
[170]. A free-radical polymerization approach was used to fabricate a
novel PAm/CMC/MHNT hydrogel [171]. The prepared poly-
acrylamide/sodium carboxymethyl cellulose/magnetic halloysite
nanotube hydrogel is a cost-effective adsorbent for removing MB dye
from wastewater [172].

Prepared bio-adsorbent by mixing of acrylamide (AM) reaction with
a polysaccharide carboxymethyl cellulose (CMC)-modified activated
carbon (AC) and final Ca(II) cross-linking polymerization to form mac-
roparticle (AM-AC/CMC-Ca) hydrogel biocomposite was investigated to
remove of Safranin T (ST) cationic dye with high swelling efficiency
3500% in distilled water and maximum adsorption capacity
1558.52mgg ! for ST dye [172]. Also, fabrication of floatable poly-
acrylamide/carboxymethyl cellulose-copper sulfide (PAm/CMC-CuS)
hydrogels was investigated for selective capture of cationic dyes,
Rhodamine B (RhB) and Neutral red (NR), from mixed solutions con-
taining anionic dyes [173]. In addition, PAm/CMC-CuS hydrogel ex-
hibits a higher removal rate and greater capture capacity than
PAm/CMC hydrogel. Moreover, the PAm/CMC-CuS hydrogel



A.A. Nayl et al. Polymer Testing 160 (2026) 109234

®  (CL-Fe,0,

/\_/ €MC-g-Poly(AAm)

Fig. 6. Scheme of the (a) possible mechanisms of adsorption of MB-species and MV-species onto CMC-g-P(AAm)/CL-Fe304 nanocomposite hydrogels [168] (This
figure has been adapted/reproduced from Ref. [168], Elsevier permission, copyright 2025), (b) possible mechanisms of adsorption of MB-species by Hyd/WS/Co-
Feo04/ZIF-67 [170] (This figure has been adapted/reproduced from Ref. [170], Royal Society of Chemistry permission, copyright 2025), (c) fabrication route of
APAm/DTPA-CTS/GO composite aerogel [176] (This figure has been adapted/reproduced from Ref. [176], Elsevier permission, copyright 2023), and (d) fabrication
of CMC-CPAm-TA and sorption mechanisms for Cu(II) ions and rhodamine B [190](This figure has been adapted/reproduced from ref: 190, Springer permission,
copyright 2024.
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Fig. 6. (continued).

demonstrated suitable reusability and stability over 5 cycles [173].

Overall, PAm reinforces the prepared hydrogels in studied CMC/
PAm systems by forming stable 3D frameworks. The presence of amide
(-CONHy) functional groups of PAm and CMC's carboxyl groups
enhancing synergistic adsorption interactions with different dye species.
Additionally, PAm improves interfacial compatibility and dispersion
and contributes to controlled swelling kinetics and adsorption rates
[168-173].

On the other hand, kappa-carrageenan (xC) is one of the most
important natural components that can be used to graft polyacrylamide
hydrogel onto fabrics to fabricate superabsorbent materials for
removing dye species from aquatic media [174,175].
Kappa-carrageenan is a naturally derived, biodegradable and renewable
polysaccharide extracted from red seaweeds and is extensively utilized
as a gelling agent and viscosity modifier. Its wide range of industrial
applications is primarily attributed to its remarkable gel-forming capa-
bility. Structurally, k-carrageenan is composed of linear chains of
alternating D-galactose and 3,6-anhydro-D-galactose residues, featuring
variable sulfate group substitution. These sulfate groups endow the
polymer with a pronounced anionic nature, which plays a key role in its
physicochemical behavior [175]. Recently, a free-radical
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polymerization approach was applied to prepare a series of superab-
sorbent composite hydrogels, porous kC-g-PAm/bentonite, for adsorb-
ing MB species [174], and porous kC-g-P(AAc-co-AAm)/kaolin for
removing malachite green (MG) [175].

Chitosan (CTS) is a widely abundant natural amino-polysaccharide
that is inexpensive, alkaline in nature, and characterized by high
biocompatibility, non-toxicity, and hydrophilicity. In addition, its
polymeric backbone is rich in amino (-NHjy) and hydroxyl (-OH) func-
tional groups, which enhance its strong interaction ability with metal
ions and dyes through H-bonding and chelation mechanisms. As a result,
CTS is widely considered an eco-friendly and cost-effective functional
material, and its abundant reactive sites enable it to be engineered into a
variety of functional derivatives, making it highly effective for treating
diverse industrial wastewater effluents [176—185]. Nevertheless, similar
to many naturally derived polymers, CTS suffers from poor chemical
stability, limited mechanical strength, and unsatisfactory adsorption
capacity. Therefore, improving its properties through cross-linking is
necessary to overcome these intrinsic limitations. Recently, a facile
method was used to fabricate an efficient and recyclable adsorbent, the
APAm/DTPA-CTS/GO composite aerogel, for the removal of MB-dye, as
shown in Fig. 6¢ [176]. The prepared aerogel exhibited a high
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adsorption capacity for MB (652.99 mg g~ * at 303 K), owing to multiple
interaction mechanisms (electrostatic, H-bonding, and n-n conjugation).
Moreover, the aerogel maintained a high adsorption capacity
(600mgg~!) even after 6 runs [176]. A magnetite chitosan/poly
(acrylamide-co-crotonic acid) hydrogel was also recently synthesized
via a one-pot free-radical polymerization process as a promising adsor-
bent for the eco-friendly removal of MO-dye and MG-dye species from
wastewater [177]. During the last years, novel
polyacrylamide-modify-chitosan adsorbent materials, such as
VSi-CTS-PAm [178], PAm/chitosan hydrogel [179], PAm/CTS [180],
Pcn-g-P(Am-co-SA) [181], TiO2-PAm-CTS [182], CH-PAm-ZnO [183],
and Jh-g-(PAm-co-PVAc) [184] hydrogel, to remove MB-species [178],
MO- dye [179], XO-dye [180], MO-dye [181], K-CF dye [182,183], and
CV-dye [184], respectively, from aqueous media.

Among naturally occurring biopolymers, cellulose is the most
abundant renewable polymer, widely distributed across living organ-
isms and distinguished by its high content of (-OH) groups. Its renewable
origin, biodegradability, non-toxic nature, low cost, and outstanding
biocompatibility make cellulose an attractive platform for adsorbent
fabrication. Consequently, it has attracted considerable interest in
chemical modification, primarily due to the abundance of reactive hy-
droxyl groups along its molecular backbone. These structural features
enable the grafting of diverse functional groups, including amino,
amide, carboxyl, and carbonyl sulfide groups, onto the cellulose surface
via different modification approaches [185-190]. Therefore, recent
work has reported significant progress in the fabrication and charac-
terization of polyacrylamide-based cellulosic materials as green, effi-
cient, multifunctional wastewater treatment agents, especially for
various types of dyes [185-190]. Synthesis of nanocellulose (CNF) and
polyacrylamide (PAm) gel network was investigated through a one-step
synthesis and followed by modification with NaOH to eliminate MB-dye
from aqueous media [185]. The fabricated CNF-PAm5% exhibits
favorable adsorption behavior toward MB-dye species, with increasing
NaOH concentration, reaching 172.08 mg g_l, and maintaining 85%
adsorption efficiency after 4 reuse cycles [185]. A reversed-phase sus-
pension strategy was applied to prepare cellulose composite micro-
spheres through the addition of cellulose nanocrystals (CNCs) into
polyacrylamide (PAm), followed by partial hydrolysis to fabricate
CNC-APAm composite microspheres [186]. The adsorption experiments
showed that the prepared CNC-APAm composite microspheres exhibit
excellent adsorption performance toward MB dye, which follows the
quasi-secondary kinetic model and the Langmuir adsorption model
[186]. Another eco-friendly, reusable, biodegradable, cost-effective, and
nontoxic adsorbent, polyacrylamide/cellulose hydrogel incorporated
with fuller's earth (PAm/CG/FE), was investigated using a free-radical
polymerization approach for the removal of MB-dye. The addition of
cellulose and fuller's earth to polyacrylamide clearly improved struc-
tural stability, thermal stability, and adsorption performance for MB
species [187]. The development of a bio-composite hydrogel based on a
mixture of polyacrylamide (PAm), bacterial cellulose (BC), and keratin
intermediate filaments (KIF) derived from human hair was studied and
used for the adsorption of MB-dye from aqueous solutions [188]. The
addition of 2% KIF hydrogel will achieve an optimized compressive
strength of 0.4 MPa. Batch adsorption experiments presented an
adsorption capacity of 60mgg~! for methylene blue over 12h.
Adsorption was fitted to the pseudo-second-order and the Freundlich
isotherm models, suggesting a heterogeneous mechanism driven by
electrostatic interactions and n-n stacking [188]. The fabricated
hydrogel offers an eco-friendly solution for the continuous removal of
dye species and  wastewater treatment. Also, recent
hemicellulose-graft-polyacrylamide (hemi-g-PAm) hydrogel [189] and a
novel carboxymethyl cellulose/cationic polyacrylamide/tannic acid
(CMC-CPAm-TA) [190] were synthesized and used as effective adsor-
bents to remove MB-containing wastewater [189], Cu(Il) ions, and
rhodamine B (RhB) [190] from aqueous media. Fig. 6d illustrates the
fabrication process of CMC-CPAm-TA and sorption mechanisms for Cu
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(II) ions and RhB-dye onto the prepared adsorbent [190]. As reported in
the literature, PAm acts as hydrophilicity enhancer and network regu-
lator in CNF/PAm hydrogels and forms interpenetrating networks with
CNF matrixes. Its amide (-CONH;) groups interact synergistically with
the carboxyl groups of CNF to enhance the adsorption of dyes through
H-bonding and dipole-dipole interactions, and significantly improves
swelling performance, pore accessibility, and diffusion kinetics
[185-190].

Starch is another promising naturally occurring, biodegradable
polysaccharide composed of linear amylose and branched amylopectin,
sourced from a wide range of plants. Its abundance, low cost, and
hydroxyl-rich molecular framework make starch a highly attractive
precursor for the fabrication of renewable, biodegradable hydrogels. In
addition, its non-toxicity, environmental compatibility, renewability,
and ease of availability further support its use in sustainable material
design. Despite these advantages, the direct use of starch as an adsorbent
is constrained by inherent limitations, including poor mechanical
strength, limited chemical stability, and challenges with separation and
reuse. Copolymerization of starch with petroleum-based polymers has
been proposed as an effective strategy to achieve both environmental
and economic benefits; however, further performance enhancement is
often required. Consequently, a variety of modification techniques have
been investigated, among which chemical modification is the most
prevalent, owing to its ability to improve starch solubility, swelling
capacity, and adsorption efficiency. In recent years, copolymerization
strategies that integrate natural starch with hydrophilic synthetic
polymers have emerged as a promising solution to these limitations. This
approach enables the formation of copolymers with tailored and
improved properties by synergistically combining the strengths of both
polymer types. While hydrophilic synthetic polymers impart enhanced
water absorption, mechanical robustness, and structural stability, starch
contributes biodegradability and environmental sustainability, resulting
in materials well-suited for advanced adsorption applications
[191-194]. So, free radical polymerization approaches were used to
fabricate a novel sorbent material, starch grafted polyacrylic acid
copolymer polyacrylamide (SG@AA-co-AM), for adsorbing Victoria
green B (VGB) dye from wastewater [191]. The fabrication and
adsorption mechanisms are as follows: starch-based free radicals un-
dergo free-radical copolymerization with acrylic acid (AA) and acryl-
amide (AM), yielding the graft copolymer sorbent SG@AA-co-AM. In
this process, AA and AM are grafted onto the starch backbone via the
hydroxyl groups at C-2, C-3, and C-6. The incorporation of these func-
tional groups increases the availability of active sorption sites within the
SG@AA-co-AM structure, thereby enhancing its effectiveness to remove
VGB-dye from aqueous media [191]. Also, new renewable and
eco-friendly polysaccharide hydrogels, St-g-AA(L)-AAM and St-g-AA
(H)-AAM, were fabricated via aqueous solution polymerization by
grafting polyacrylic acid and acrylamide to remove Malachite Green
(MG) dye [192]. The negative functional groups, such as —COOH,
—COO—, and —-CONHy, on the surface of the prepared hydrogels play a
vital role in improving separation efficiency through electrostatic in-
teractions with the positively charged MG-species [192]. Another recent
novel adsorbent material was fabricated, such as St-co (PAm/PAA)
[193] and St-S30/ZnO hydrogel composite [194] for the efficient
removal of (MB) [194], MB-dye, CV-dye, reactive orange (RO), and
congo red (CR) [194], respectively, from aqueous solutions.

Similarly, polysaccharides are naturally occurring macromolecules
and constitute one of the most extensive classes of natural compounds.
They are distinguished by their excellent biological and physicochem-
ical properties, including biocompatibility, biodegradability, non-
toxicity, and effective adsorption capacity. Nevertheless, the direct use
of unmodified polysaccharides is often limited by inherent constraints.
Consequently, chemical modifications have become a key approach to
addressing these limitations and enhancing the applicability of poly-
saccharides. Through techniques such as grafting and cross-linking,
polysaccharides can be converted into a wide range of material forms,
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including composites, fibers, membranes, and hydrogel networks. Pul-
lulan (PUL) is an inexpensive and readily available polysaccharide that
has gained considerable attention due to its excellent biocompatibility
and environmentally friendly characteristics. The presence of abundant
hydrophilic functional groups, together with its inherent structural
stability, makes PUL a promising candidate for hydrogel fabrication.
Furthermore, PUL-based materials are considered pollution-free and
have been widely investigated owing to their superior biodegradability
and significant promise for advanced material applications [195,196].
In recent years, a simple synthetic approach was investigated to fabri-
cate composite hydrogels, such as pullulan polysaccharide/
polyacrylamide/activated carbon (PUL/PAm/AC-composites) [195]
and another PUL/PAm/GO composites [196] to adsorb methylene blue
(MB) from water. In the PUL/PAm/AC hydrogel composites, PAm acted
as a hydrogel matrix, the PUL (improved the mechanical strength) and
the activated carbon AC, promoted extra active sites and enhanced the
adsorption processes of MB-species from water. The PUL/PAm/AC
provided the highest MB uptake capacity, 591.4 mg/g at 298 K, pH 10,
and a PUL: AC ratio of 6:1 [195]. Also, the prepared hydrogel PUL/-
PAm/GO composites consisted of PAm as the carrier, mixed with PU,
and loaded with GO to remove MB-dye. The results demonstrated that
the rate of uptake of MB-species by PUL/PAm/GO was 83.2% within
140 min, and the saturation ability was 438.7 mgg~! [196]. Similarly,
other polysaccharide-based natural polymers, including guar gum, gum
ghatti, and xanthan gum, are among the most widely employed raw
materials in various applications. The favorable characteristics of these
materials, such as economic viability, environmental safety,
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biodegradability, and renewability, have attracted considerable
research attention compared with many synthetic or composite poly-
mers, leading to growing research interest. Despite these advantages,
natural gums in their pristine form suffer from several shortcomings,
including low specific surface area, poor thermal stability, processing
challenges, insolubility in most common organic solvents, and insuffi-
cient mechanical strength, which collectively limit their broader utili-
zation. Consequently, chemical modification through graft
copolymerization has emerged as an effective approach to enhance their
physicochemical properties. Grafted biopolymers typically exhibit
improved mechanical performance, biocompatibility, and greater
structural flexibility compared with their unmodified forms, making
them promising candidates for addressing the challenge of toxic
wastewater effluents. These modifications significantly improve both
the structural integrity and chemical functionality of the biopolymers,
thereby enhancing their performance and establishing them as versatile
and efficient materials for advanced environmental and industrial ap-
plications [197-203]. GG-g-poly(AC-co-PAm) hydrogel was fabricated
by a free radical strategy using methyl violet (MV) dye from aqueous
media, where guar gum (GG) was blended with copolymer mixture of
polyacrylamide (PAm) and acrylic acid (AA), using potassium persulfate
(KPS) (initiator) and N, N-methylene diacrylamide (MBA) (crosslinker)
[197]. Also, the free radical polymerization approach was investigated
to synthesize (XG/AA/Aam/GO) hydrogel nanocomposite [198], con-
sisting of xanthan gum(XG), acrylic acid, acrylamide, and graphene
oxide, as shown in Fig. 7a, for the adsorption of (MB)-dye removal.
Suggested  chemisorption mechanism of MB-species onto
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Fig. 7. Scheme of the (a) fabrication of XG/AA/Aam/GO nanocomposite hydrogels [198] (This figure has been adapted/reproduced from Ref. [198], Elsevier
permission, copyright 2025) and (b) fabrication of XG-g-PAm hydrogel by microwave-assisted synthesis process [203] (This figure has been adapted/reproduced

from Ref. [203], Springer permission, copyright 2025).
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XG/AA/Aam/GO hydrogel nanocomposite involves covalent and
hydrogen bonds [198]. A novel nanohydrogel GA-cl-poly(AAm)NHG
adsorbent nanomaterial consisted of gum Arabic (GA) with poly
(AAm)) was also fabricated for the adsorption of CV-dye from aqueous
medium and the possible interactions between GA-cl-poly(AAm)NHG
and CV-species [199]. Other types of gum were grafted with poly-
acrylamide by various technique to prepare promising effectiveness
hydrogel adsorbents, such as gum karaya (Gk) with polyacrylamide
(PAm) to form hydrogel polymer followed by in-situ dispersion of nickel
sulphide nanoparticles to adsorb rhodamine 6G dye (R6G) [200], gellan
gum/polyacrylamide(GG-co-PAm) hydrogel via free-radical polymeri-
zation, grafting different doses of gellan gum as a biopolymer backbone
for removal basic fuchsin dye [201], Core-shell V50Os- grafted Gum
ghatti mixed with poly(acrylamide-co-methacrylic acid) to form
(V205-Gum Ghatti-Cl-Poly (AAM-co-MAA) adsorbent to eliminate
MB-dye from water [202], and fabrication of XG-g-PAm hydrogel by
microwave assisted approache using xanthan gum (XG) grafited poly-
acrylamide with MBA as a crosslinker and KPS as an initiator to elimi-
nated Acid red 8 dye (AR8)-dye from aqueous from an aquatic
environment [203].

In recent years, the grafting of polyacrylamide onto biomaterials
such as silk fibroin (SF), gelatin, and phytic acid has attracted consid-
erable attention for the development of eco-friendly adsorbent materials
to remove organic dyes from aquatic media. This prominence is attrib-
uted to their abundance, environmental friendliness, biodegradability,
biocompatibility, and nontoxic characteristics. Recently, a novel mag-
netic hybrid hydrogel (Fe304@SF-PAm) was fabricated via a combina-
tion of free radical polymerization and in situ co-precipitation to remove
cationic dyes, including MB, CV, and Rhodamine B. The prepared
hydrogel can be reused for 5 cycles, with elimination percentage for MB
species exceeding 90% [204]. Also, the free radical polymerization
method was used to prepare a promising, effective
PAm-g-gelatin/ACL/Mg-Fe LDH composite hydrogel adsorbent bioma-
terial to eliminate CV species from wastewater [205]. Another 3D
porous polyacrylamide/phytic acid/polydopamine (PAm/PA/PDA)
hydrogel was synthesized to remove either anionic or cationic dyes, such
as MB-dye, YMB-dye, MV-dye, and NR-dye [206]. The fabricated
PAm/PA/PDA  hydrogel showed high removal capacities
(>350.67 mg g—1) for the selected dyes due to strong n-r stacking and
anion-cation interactions, in addition to its easy recovery from water
after the adsorption process and regeneration by adjusting solution pH
values [206].

While hydrogels possess considerable potential for removing diverse
organic dyes from aqueous solutions, their widespread application in
wastewater treatment is restricted by poor mechanical stability and slow
adsorption kinetics, leading to prolonged equilibrium periods. To
overcome these limitations and challenges and improve their applica-
bility, the development of hybrid and nanocomposite hydrogels has
gained significant attention. The introduction of various fillers (e.g.,
graphene oxide (GO), clays, and related nanomaterials), a second
polymer, or a combination of both into the hydrogel framework results
in composite systems with significantly improved thermal stability,
mechanical strength, chemical resistance, and adsorption performance
and adsorption capacity. Moreover, nanocomposite hydrogels typically
exhibit higher surface area and larger hydrodynamic radii than neat
polymer hydrogels. These property enhancements are largely attributed
to strong synergistic interactions between the polymer matrix and the
incorporated nanofillers. Among the different fabrication routes, semi-
interpenetrating polymer network (semi-IPN) nanocomposite hydro-
gels are considered particularly effective. To improve the handling and
recyclability of polyacrylamide-based hydrogel nanocomposites, several
recent studies have been published. Gamma radiation-induced copoly-
merization and crosslinking approaches were investigated to prepare a
copolymer hydrogel based on (Gum Acacia/Acrylamide)-calcinated
Eggshell/Graphene oxide (GA/AAm)-ES/GO for adsorption of cationic
dye Astrazon red 6B (AR) from an aqueous media with adsorption ability
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of 313.3mgg ! and good recyclability over three rounds [207]. Also,
free radical polymerization process was utilized to fabricate novel
alginate (Alg) based nanocomposite hydrogels for the adsorption of
MB-species from aquatic media [208]. The fabricated hydrogel matrix
(Alg-g-poly(AAm) hydrogel) was embedded with different concentra-
tions (0-12.5wt%) of carbon black (CB) nanoparticles, forming
Alg-g-poly(AAm)/CB nanocomposite hydrogel, which has a consider-
able adsorption performance, thermal stability, roughness, and surface
area compared to Alg-g-poly(AAm) hydrogel [208]. Likewise,
semi-interpenetrating polymer network (IPN) nanocomposite hydrogels
are investigated as compatible blends of two polymers, with only one
component chemically cross-linked. Simultaneously, the second
component integrates into the network via non-covalent interactions,
without forming covalent bonds between the two polymers. Accord-
ingly, an eco-friendly PVA/PHPAmM/GO semi-interpenetrating polymer
network (semi-IPN) nanocomposite hydrogel was synthesized as an
efficient adsorbent for methylene blue (MB) from aqueous solutions
[209]. This hydrogel comprises poly(vinyl alcohol) (PVA) chains and
graphene oxide (GO) nanosheets embedded within a cross-linked,
partially hydrolyzed PAm network, and synthesized through a
one-step internal ionic gelation process in an aqueous medium [209].
Compared with empty hydrogels, the swelling ability, thermal stability,
and adsorption efficiency of the PVA/PHPAm/GO semi-IPN nano-
composite hydrogel were improved due to the incorporation of GO
[209].

Over the past few years, increasing attention has been directed to-
ward natural polysaccharide-based materials, such as pine gum (Pn)-
based hydrogels [210] and Nicandra physaloides (L.) Gaertn seed gum
(NPG)-based hydrogels [211], owing to their effectiveness as adsorbents
for wastewater treatment. These natural polysaccharides are abundant,
biodegradable, cost-effective, and eco-friendly, and they are decorated
with various active groups that are advantageous for wastewater
remediation applications. Notably, the excitance of COOH and C=C
groups enables facile chemical functionalization through reactions with
various agents, rendering these polysaccharides an ideal backbone for
the fabrication of hydrogel adsorbent materials. Consequently, pine gum
(Pn) and Nicandra physaloides (L.) Gaertn seed gum (NPG) has emerged
as a promising candidate for wastewater purification, in line with rising
interest in developing adsorbents derived from sustainable natural re-
sources. Polysaccharide-based hydrogels exhibit several desirable
characteristics, such as facile synthesis, high water uptake, high
porosity, ease of operation, and diverse morphologies, all of which
contribute to efficient pollutant mitigation. NPG is structurally
composed of galactose, glucose, galacturonic acid, and rhamnose units.
During gel formation, its spherical molecular units align end-to-end to
form chain-like structures with branching nodes. This network can be
further chelated with other substances, resulting in a three-dimensional
porous architecture. Therefore, significant research efforts have focused
on enhancing the adsorption performance of these hydrogels by incor-
porating nanomaterials or chemically modifying natural polymers to
improve dye removal [210,211]. A free radical polymerization approach
was used to prepare a novel (Pn-g-PAm) hydrogel, with Pn as the
backbone and PAm as the monomer, for the removal of Malachite green
(MG) dye. The fabricated hydrogel achieved high swelling efficiency
(1325 %), high specific surface area (34.973 m? g_l), pore volume
(0.104cc g 1), and maximum adsorption capacity (120.772mg/g)
[210]. Also, an amino-functionalized CPAm/PEI/GO composite was
fabricated using a mild strategy by reacting acrylamide (AM), meth-
acryloxyethyltrimethyl ~ammonium chloride, polyethyleneimine
ethoxylated (PEI), and graphene oxide (GO) for the adsorption of the
MO-dye from aqueous media, with a high adsorption capacity of
677.55mgg ! [211].

Polyacrylic acid (PAA) is a hydrophilic, cost-effective polymer with
good mechanical stability and high sensitivity to external stimuli.
Accordingly, considerable efforts have been devoted to fabricating
hydrogels based on PAm and PAA systems. The copolymerization of
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PAm with PAA yields a functional copolymer capable of chelating a wide
range of pollutants, thereby exhibiting superior adsorption properties.
This capability is attributed to the ionizable and hydrophilic- COO-,
-COOH, and other groups present in the AAc units, which serve as effi-
cient chelation sites. Consequently, the synthesized composite hydrogel
exhibits improved swelling behavior, adsorption capacity, pH respon-
siveness, and overall performance compared with single-component
hydrogels [212-219]. A free-radical polymerization approach initiated
by ultraviolet light was investigated to prepare a P(NIPAm-co-AAc)/-
MoS; composite hydrogel as a suitable sorbent for MB species in aquatic
media [212]. P(NIPAm-co-AAc)/MoS; composite hydrogel was fabri-
cated by polymerization of N-isopropylacrylamide (NIPAm), acrylic acid
(AAc) (monomers), N, N-methylenebisacrylamide (MBA) (cross-linking
agent), and molybdenum disulfide (MoS5) (functional particles) [212].
Also, the free-radical polymerization technique was employed to fabri-
cate a PAm/PAA/CHN hydrogel adsorbent by copolymerizing acryl-
amide acid and acrylic monomers with inorganic CHN as crosslinkers to
adsorb MB species from wastewater [213]. Another adsorbents hydro-
gels synthesized through the copolymerization of PAm with PAA to
eliminate various dyes species were developded and fabricated recently,
such as PAA-coPAm)-DPNR/Ag-TiO; for adsorption of MB-dye [214],
CMC-g-P(AAm)/MMT copolymer hydrogel to remove MG-species [215],
poly(GG-co-AAm-co-MAA) hydrogel to eliminate MV- dye and FB-dye
[216], (AAc-co-AM)/AC hydrogel to adsorb BB-dye [217], poly-
acrylamide (PAm) and polyacrylic acid (PAA) hydrogels to remove
RO-20 and DR-31dyes [218], and poly(AA-co-AMA) copolymer for
adsorption removal of azo dyes [219] from aqueous solutions.

In recent years, numerous adsorbents, particularly various types of
clay minerals, have been widely explored for the removal of dyes from
aqueous solutions. Clays possess a strong capacity to adsorb heavy metal
and organic dye pollutants due to their advantageous physicochemical
properties, including a layered morphology, a high specific surface area,
and an elevated cation-exchange capacity. As a result, incorporating
clay-based fillers into hydrogel polymer matrices not only enhances the
structural and functional properties of the hydrogels but also substan-
tially increases their adsorption efficiency. The use of nanosized clay
fillers to reinforce polymer networks yields hydrogel nanocomposites
with superior adsorption performance [220-224].

Therefore, an in situ free radical polymerization approach was
investigated to fabricate PAm-Agar/Clay@r-GO nanocomposite hydro-
gel via incorporating the nanoclay modified by GO (Clay@GO) within
the (PAm-Agar) double network hydrogel [220]. The prepared nano-
composite hydrogel demonstrates excellent removal efficiency for both
anionic and cationic dyes, achieving rapid adsorption equilibrium
[220]. Additionally, graft copolymerization was used to synthesize a
zeolite hydrogel composite (ZHC) based on AQSOA-Z05 and
k-carrageenan.

(KC) as a potential sorbent for adsorbing cationic dyes from
contaminated wastewater [221]. Another magnetic Fe304/PAm/LMSH
nanocomposite hydrogel was prepared via in situ free-radical polymer-
ization to remove CV-dye and MO-dye from aquatic media [222]. Talc is
another important naturally occurring hydrated magnesium silicate
mineral with the chemical formula MgsSi4O19(OH),. Structurally, pure
talc is composed of a central brucite-type (MgO-H,0) layer positioned
between two tetrahedral silica (SiO3) sheets, resulting in a distinctive
layered configuration [223]. Therefore, it is used to form a new adsor-
bent material, polyacrylamide (an inert polymer)-talc (PAm-talc), for
the adsorption of MB from aqueous media [223].

Another clay recognized as a promising adsorbent is montmorillonite
(MMT). It is a low-cost adsorbent with a high cation-exchange capacity,
enabling effective adsorption of cationic pollutants due to its substantial
negative surface charge. Cloisite 30B is a naturally derived MMT clay
whose surface has been organically modified with quaternary ammo-
nium salts [224]. Therefore, the adsorption performance of Cloisite 30B
grafted poly(methacrylic acid-co-acrylamide) prepared by the radical
polymerization method was investigated to prepare (poly
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(MAA-co-AAm)/CI30B) nanocomposite hydrogels [224]. Poly
(MAA-co-AAm)/CI30B hydrogel is a promising adsorbent for MB spe-
cies and is recommended for the treatment of colored wastewater [224].

To significantly improve the adsorption capacity and mechanical
performance of polymer-based hydrogels, nanomaterials are commonly
incorporated into their flexible polymeric frameworks. Among these
systems, nanocomposite hydrogels have emerged as particularly effec-
tive adsorbents due to the persistent synergistic interactions between
nanofillers and the polymer matrix. These interactions impart superior
thermomechanical properties and a higher hydrodynamic radius than
those of pristine polymer hydrogels. In addition, nanoscale adsorbents
typically exhibit enhanced performance compared to micron-sized ma-
terials, owing to their high specific surface area and reduced internal
diffusion limitations. Novel polymer architectures can be developed by
blending natural and synthetic polymers with complementary charac-
teristics. The successful fabrication of such binary blends relies heavily
on the careful selection of compatible polymer pairs. In this regard, the
availability of suitable functional groups that serve as effective binding
sites is essential for efficient dye adsorption and for maintaining poly-
mer compatibility, thereby facilitating network formation through
strong physical intermolecular interactions [225-229]. Therefore,
considerable effort has been devoted to enhancing the adsorption ca-
pacity and mechanical performance of polymer-based nanocomposite
hydrogels for the removal of dyes from aqueous media [225-233].
Recently, a novel HPAm/SiO>,@XG multifunctional self-assembling
nanocomposite hydrogel was rationally designed and synthesized
through an environmentally benign gelation process in water, without
the incorporation of any chemical crosslinkers. The formation of the
hydrogel network is dominated by multiple hydrogen-bonding in-
teractions between xanthan gum (XG), partially hydrolyzed poly-
acrylamide (HPAm), and the silanol groups present on silica
nanoparticles. The resulting material exhibits enhanced adsorption of
CV species. This can be attributed to the increased surface area resulting
from the uniform distribution of SiO, nanoparticles, along with the
enhanced density of reactive functional groups within the blended
HPAm/XG polymer matrix [225]. A sol-gel approach was applied to
fabricate a 3D porous structure (PAm/MXene) composed of 3% wt
polyacrylamide (PAm) and TigC,Tx-MXene nanosheets to eliminate MB
species from aqueous solutions [226]. PAm/MXene hydrogel exhibited
excellent sensitivity to an electric field and high cyclic
compression-resilience, with considerable electrosorption saturation of
MB-dye species reaching 282.29 mg/g [226].

Also, a crosslinking process was applied to prepare a polyacrylamide-
titanium dioxide (PAm@TiO2) nanocomposite to eliminate CV-dye from
water, as shown in Fig. 8a [227]. The adsorption mechanism of CV
species onto the PAm@TiO; nanocomposite can be explained as a
two-step process. Initially, CV molecules migrate from the bulk solution
to the adsorbent's outer surface. This is followed by diffusion through
the boundary layer and into the internal pores of PAm@TiO2 nano-
composite. Electrostatic interactions are the main factor governing the
adsorption process, while hydrogen bonding and n—r interactions also
play supportive roles in the overall mechanism [227]. A novel
Ce/Ti-NRs/CMC/PAm hydrogel was developded and investigated in
photocatalytic degradation of CR-dye [228]. The fabricated hydrogel
illustrates considerable degradation capacity and ability to simulta-
neously adsorb-degrade the dye via the PAm/CMC crosslinked hydro-
gels networks with photocatalytic degradation driven by embedded
cerium titanate nanorods, showing superior simultaneously
adsorb-degrade photo catalytic activity up to 91.68% with adsorption
capacity of 22.44mg g~! [228]. Also, free radical polymerization was
investigated to prepare a series of GO/PAm composite hydrogels for the
uptake of Drimarene Brilliant Blue K-4BL molecules from wastewater.
The experimental results demonstrate that Polyacrylamide hydrogels
reinforced with graphene oxide (GO) nanoparticles exhibit improved
thermo-mechanical stability and increased their adsorption capacity by
approximately tenfold compared to an unmodified polyacrylamide
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Synthesis of PAA@TiO, nanocomposite
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Fig. 8. Scheme of the fabrication of (a) PAm@TiO, nanocomposite hydrogels [227] (This figure has been adapted/reproduced from Ref. [227] Springer permission,
copyright 2024), (b) polyacrylamide and nanocomposite hydrogels [231] (This figure has been adapted/reproduced from Ref. [231] Springer permission, copyright
2022), and (c) PAm/bentonite/g-C3N4 3D-hydrogel [233] (This figure has been adapted/reproduced from Ref. [233], Elsevier permission, copyright 2018).

hydrogel [229]. Also, a novel CMC-grafted poly(acrylamide) nano- saturation ability of 27.32 mg g~! [230]. On the other hand,

composite hydrogel was fabricated via free-radical graft polymerization, polyacrylamide-grafted graphene oxide and carbon nanotubes (CNTs)
with acrylamide grafted onto the carboxymethyl cellulose backbone (GO@PAm) nanocomposite hydrogels were fabricated via in situ poly-
(Hyd), for the adsorption of MBdye from aqueous medium, with a merization, as shown in Fig. 8b, to remove MG molecules from aqueous
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solutions [231]. Over the last few years, the surface of PAm was modi-
fied with ZnO nanorods (ZNR) to form a ZNR-modified composite PAC
(ZMC) for studying its adsorption behavior of Orange G (OG) [232]. The
prepared gel showed higher removal efficiency than PAm. The ZMC
achieved a maximum capture efficiency of 142.79mgg ! for OG and
could be reused 20 times, retaining 80% of its initial performance [233].
A facile technique was investigated as a green process for the synthesis
of a series of inexpensive, separation-free PAm/B/CN 3D-hydrogels, as
shown in Fig. 8c, which conform to the subject of clean production
[233].

Table 8 represents a summary table for the studied polyacrylamide
(PAm)-based hydrogel materials investigated in this review for the
adsorption processes of dyes from aqueous solution. The data highlights
the composite types, mass ratio, and their corresponding functional
groups. It is clear that, the synergistic modification processes of PAm
significantly enrich surface chemistry and play a critical role for
designing multifunctional polyacrylamide (PAm)-based hydrogel ad-
sorbents with enhanced adsorption performance.

Generally, as reported in the pervious works, PAm can be described
as a matrix former and dispersion facilitator in the studied GO/PAm
hydrogels systems and forms a continuous polymeric network embed-
ding GO nanosheets. It provides additional adsorption active sites for via
amide groups alongside GO's oxygenated functionalities and improves
interfacial dispersion and stability of GO. Moreover, it contributes to
enhanced mechanical strength, elasticity, and accessibility of adsorption
active sites for the investigated dye molecules.

Overall, the published works confirm and highlight the vital role of
synergism of pure PAm hydrogel with other investigated materials to
form hydrogel-based materials and improve their performances, as
represented in Table 9 18-68,85-92. The enhancements in the perfor-
mance reported to the studied hydrogel-based materials are not only
attributed to the added components, but rather to the synergistic
interplay between them and the PAm network. The improvements
observed can be attributed to the reinforced structures, additional
functional groups, and multi-interaction mechanisms introduced by
secondary materials in addition to the hydrophilic, high swelling ca-
pacity, and flexible network of PAm hydrogel. It is important to note that
PAm hydrogel remains the fundamental structural and functional plat-
form, and the design of high-performance hydrogel systems should be
viewed as cooperative interactions rather than independent contribu-
tions of additives to fabricate promising hydrogel-based materials.

3.3. Investigated adsorption mechanisms of pollutants by PAm-based
hydrogels

The adsorption performances of PAm-based hydrogels do not arise
from by a single mechanism, but rather by a synergistic combination of
mechanisms that can be systematically discussed based on the nature
and transformation of their functional groups such as amide (-CONHy),
carboxylate (-COOH/-COOQ"), and amine (-NHj;) functionalities which
can form specific interactions pathways with various types of pollutants.
Scheme 8 represented the most common adsorption mechanisms of
PAm-based hydrogels for heavy metal ions and dyes. Chelation/coor-
dination interactions is the predominant mechanism for adsorption of
heavy metal ions, arising from the interactions of metal ions with
electron-donating atoms (N and O) in amide, amine, and carboxyl
groups to form stable complexes involving lone pair electrons of N and O
atoms in -CONHj,, -COO’, and —-NHj groups, and can be verified by FTIR
spectral shifts (amide and carboxyl bands) and XPS binding energy
changes (N 1s and O 1s) which approve the formation of metal-ligand
complexes. On the other hand, electrostatic interactions primarily gov-
erning the adsorption of charged dyes, particularly in the presence of
COO~ or protonated -NH3 groups, with Zeta potential measurements
demonstrating pH-dependent surface charge variation. Hydrogen
bonding contributes as complementary mechanisms, improving the af-
finity toward polar organic pollutants through interactions with
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Overview of PAm-based hydrogels and hybrid composites investigated to

remove various types of dyes from aqueous solutions.

adsorbent Composite type ~ Mass ratio Functional group  Ref
PAm/hBN Nanocomposite 200 mg PAM Carbonyl, amine, 155
(4.0 wt%): amide,
0.01 wt% (of
total weight of
the gel) hBN
PAm based Copolymer 0.24 g (B-CD): Vinyl, hydroxyl, 156
hydrogel 7.76 g Am: carboxylate,
incorporating 2.0mL AA: amide, and
p-cyclodextrin 0.01 g MBA: carbonyl
and 0.05 g APS
acrylic acid
PVA-g-PAm Copolymer AM: PVA (0wt Silanol, 157
%, 25 wt%, carboxalic,
50 wt%, 75 wt hydroxyl, amide,
%, and 100 wt and carbonyl
%)
PAm Copolymer o Hydroxyl, 158
carboxylate,
amide, and
carbonyl
PAm-SO3-Ns Physical 4.27 g Am: Sulfonic, 159
Mixing 1.46 g AAMPS: hydroxyl,
1.46 g MBA: carboxylate,
75 mL EtOH amide, and
carbonyl
SAG-g-PAm Copolymer 1.0 g SAG: 6.0- Hydroxyl, 160
10.0M Am (in carboxylate,
10 mL) amide, and
carbonyl
PAm/SA Free radical 1.0gAm: 1.0g Carboxyl, amide, 161
SA hydroxyl, and
carbonyl
SA-PAm-TOCN Nanocomposite 0.6 g SA:3.6g Hydroxyl, 162
AM carboxyl, amino,
and carbonyl
PAm/SA/ Free radical 0.5g Am: 0.05g  Hydroxyl, 163
Fe304@ZIF-8- SA: 0.05 MBA: carboxyl, amide,
8 0.03 g APS carboxylate
SA-g-P(AA-co- free radical 0.36g SA:7.2g Carboxyl, 164
AmPS)/KL AA:0.72g sulphonic, amide
AMPS: 0.42
KLg
HAp/Cu-Fe LDH  Nanocomposite 0.5gSA:1.0g Carbonate, 165
(AM): 0-10 wt phosphate,
% Cu-Fe LDH amide, hydroxyl,
and carboxyl
CPAm-Dia/SA- Copolymer 8 g/L CPAM- Hydroxyl, 166
La Dia: carboxyl,
20 g/L SA: carboxylate,
40 g/L
La(NO3)3
Pcn-g-P(Am-co- Copolymer 1.0 g Pen:1.0- Carboxyl, 167
SA) hydrogel 6.0g Am: 0.3g hydroxyl, amide,
KPS and sulfonate
CMC-g-poly Nanocomposite 2.5 g of CMC:X Carboxyl, 168
(AAm)/CL- g Am: 10 wt% hydroxyl, amide,
Fe304 CL-Fe304 and carbonyl
HG/MTWBC Nanocomposite ~ 0.33 g CMC: Carboxyl, 169
1.2g Am: 10wt  hydroxyl, amine,
% MTWBC and carbonyl
Hyd/Ws/ Nanocomposite ~ 0.33 g CMC: Carboxyl, 170
CoFe,04/ZIF- 1.2gAm: 0.3 g hydroxyl, amine,
67 KBS: 0.03 g and carbonyl
MBA
PAm/CMC/ Nanocomposite ~ 0.33 g CMC: Aluminosilicate, 171
MHNT 1.0g Am: silicate, carboxyl,
0.03 g MBA: hydroxyl, amide,
2.5-20 wt% and carbonyl
MHNT
AM-AC/CMC-Ca  Nanocomposite  (0.01-0.05g) Carboxyl, 172
AC: (0.1-0.59) hydroxyl, amine,
Am: amide, and
(0.10-2.08) carbonyl

(continued on next page)
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Table 8 (continued)

Table 8 (continued)
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adsorbent Composite type ~ Mass ratio Functional group ~ Ref adsorbent Composite type ~ Mass ratio Functional group ~ Ref
CMC: SG@AA-co-AM Copolymer 1.0g SG: Carboxyl, 191
(10-40g/L) 0.216 g KPS hydroxyl, amide,
CaCl, 2.536 mL AA: carboxylic ester,
PAm/CMC-CuS Copolymer o Carboxyl, 173 2.627 g Am and carbonyl
hydroxyl, amide, St-g-(AA-AAM) Copolymer 45gSt:X¢g Hydroxyl, amide, 192
and carbonyl (AA + Am + carboxyl, and
kC-g-PAm/ Copolymer 1.0-3.0g xC: Silicate, 174 MBA) carbonyl
bentonite 2.0 g Am: 3.0- sulfonate, St-co (PAm/ Copolymer 0.5g CMC: Carboxyl, 193
1.0 g bentonite hydroxyl, amide, PAA) 0.3 g PAm: hydroxyl, amide,
and carboxylate 0.67 g AA: and carbonyl
«C-g-P(AAc-co- Copolymer 0.1-1.0g Hydroxyl, amide, 175 0.015g MBA
AAm)/Kaolin Kaolin: 2- carboxyl, and St-30/ZnO Copolymer 7.5 g PAm: 7.5 Hydroxyl, amide, 194
10 mL AAc: carbonyl g (St + PVA): sulfonate,
2.0-6.0 g Am: 0.1 g (SiO,- silanol, Carboxyl,
0.01g-1.0¢g coated ZnO) and carbonyl
KPS PUL/PAm/AC Physical 0.5gPUL: X g Carboxyl, 195
APAm/DTPA- Copolymer 1.0g Am: Amine, hydroxyl, 176 mixing (AM, BIS, hydroxyl, amide,
CTS/GO 7.32 g DTPA: carboxyl, and KPS) and carbonyl
2.0g CTS: 2.0 hydroxyl, and PUL/PAm/GO Physical 0.5gPUL:2.5g  Carboxyl, 196
AA:5.56¢ amide mixing Am: X g GO: hydroxyl, amide,
DTPA-CS: 01lg and carbonyl
5.0mg/mL GO BIS:0.125 g
g-CCTS Grafting 0.5mL AA: Amine, amide, 177 KPS
0.2gAm:1.0g and carboxyl GG-g-poly (AC- Grafting 1.0gGG:05¢g Carboxyl, 197
g-CTS: 0.2g co-PAm) (Am + AC): hydroxyl, amide,
MBA 0.05 g KPS: and carbonyl
VSi-CTS-g-PAm Physical 10 mL VSi: Amine, amide, 178 0.08 g MBA
mixing 4.0g CTS: (0.3-  hydroxyl, and XG/AA/AAm/ Nanocomposite 0.1 g XG: Carboxyl, 198
0.9g) Am carbonyl groups GO 2.0 mL AA: hydroxyl, amino,
PAm/chitosan Nanocomposite 1.441 g PAm: Hydroxyl, amine, 179 2.0mL Am: sulfur, amide,
hydrogel 0.144 g CTS amide, 0.053 g ABS: and carbonyl
carboxylate, and 0.0932 g MBA
nitrile GA-cl-poly Nanocomposite 5% GA: 0.2M Carboxyl, 199
(PAm/CTS) Nanocomposite  (0.1-0.8) g Amine, amide, 180 (AAm) Am hydroxyl, amide,
CTS: 2.9g Am: carboxyl, and imine, and
0.1 g MBAA: carbonyl carbonyl
0.1g SDS GK-PAm Nanocomposite 1.0 g GK: (0.5- Carboxyl, 200
Pcn-g-P(Am-co- Copolymer 6.0g Am:0.3 g Carboxyl, amine, 181 1.5) g Am hydroxyl, amide,
SA) KPS: 1.5g AA: hydroxyl, amide, and carbonyl
5.87 g SA: sulfonate: and GG-co-PAm Copolymer 0.2gGG: 0.11 Carboxyl, 201
0.0316 g MBA carbonyl MBS: 2.0g Am:  hydroxyl, amide,
TiO»-PAmM-CTS Nanocomposite ~ 0.5g APS: 7.5g  Amine, hydroxyl, 182 0.05 APS and carbonyl
Am: 1.0 g TiOy: amide, and V,05-Gum Copolymer 1.0gV;05:X g Carboxyl, 202
1.0g MBA carbonyl ghatti poly GG: 30mg KPS:  hydroxyl, amide,
CH-PAA-ZnO Nanocomposite ~ 2.5g CTS: 0.5 Hydroxyl, amine: 183 (AAM-co- 20 mg ABC: and carbonyl
ABS: 7.5g Am: and amide MAA) 50 mg MBA:
0.6 g Zn (NO3)2 1.0g Am:
Jh-g-(PAm-co- Copolymer 0.2 g Jh gum: Acetate, 184 2.0 mL MAA
PVAc) 0.00562 M/L carboxyl, amine, XG-g-PAm Grafting (1.0-10) g Carboxyl, 203
Am: hydroxyl, and Am:1.0 XG: hydroxyl,
0.3699 mM/L amide 0.3 g KPS methyl, amide,
KPS: 0.0464 M/ and carbonyl
L Vac: Fe304@SF-PAm Grafting 0.2g SF: 0.5g/ Amine, hydroxyl, 204
0.324 mM/L mL Am: 50 mL amide, and
MBA Fe304 carboxyl
CNF-PAm Copolymer 278 Carboxyl, amine, 185 PAm-g-gelatin/ Copolymer 1.0gAm: 0.5¢g Amine, hydroxyl, 205
Am:0.0224 g hydroxyl, and ACL/Mg-Fe grlatin: 0.15 g amide, and
APS: 0.01¢g amide LDH ACL/Mg-Fe carbonyl
MBA LDH: 0.033
PAm/CNCs Physical 6.0 g CNCs: Salfonic ester, 186 KPS
microspheres mixing 10g Am hydroxyl, amide, (GA/AAm)-ES/ Nanocomposite  ES or ES/GO Vinyl, epoxy, 207
and carbonyl GO (1:1) with (GA/  hydroxyl, amide,
PAm/CG/FE Physical 20gAm: 0.6g Hydroxyl, amide, 187 AAm) (3/7) wt and carbonyl
mixing CG: 0.4g FE and carbonyl %
KIF/BC/PAm Physical 0.5-2.0 (w/v) Hydroxyl, amide, 188 PVA/PHPAm/ Nanocomposite ~ 37.5mg PVA: Amine, epoxide, 209
mixing KIF: 0.3gBC: 5 thiol, carboxyl, GO semi-IPN 87.5 carboxylate,
% (w/v) Am and carbonyl mg PHPAm: hydroxyl, amide,
hemi-g-PAm Physical 1.0 g EIHs: Acylamino, 189 10 mg GO and carbonyl
mixing 5.0gAm: 0.1g carboxyl, Pn-g-poly(AAm)  Grafting 0.5wt % Carboxyl, 210
MBA: hydroxyl, amide, Pn:1.4g Am: hydroxyl, amide,
and carbonyl 0.013 g MBA: and carbonyl
CMC-CPAm-TA  Physical 1.0 CPAm: 2.0 Amino, amide, 190 0.005 g APS
mixing CMC: 1.0gTA hydroxyl, CPAmPEI/GO Physical 1.0gAM: 5 Ester, carboxyl, 211
carboxyl, and mixing mg/ amine, hydroxyl,
carbonyl sulfide mL GO: 20mg/  amide, and
mL APS: carbonyl
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Table 8 (continued)
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Table 8 (continued)

adsorbent Composite type ~ Mass ratio Functional group  Ref adsorbent Composite type ~ Mass ratio Functional group  Ref
20 mg/mL (0.05g/10mL) carboxyl, amide,
MBA: 2.0g Ce/Ti-NRs: 1, and carbonyl
METAC: 1.5g/ 0.12 g APS:
mL PEL 0.12g MBA
P(NIPAm-co- Copolymer 1.0g Carboxyl, 212 GO/PAm Nanocomposite  0.2g GO: 2.0g Hydroxyl, 229
AAc)/MoS, NIPAM:0.1g hydroxyl, amide, PAm: 0.02 carboxyl, amide,
AAc: 0.025g and carbonyl MBSA: 0.02 and carbonyl
MoSs ABS
PAm/PAA/CHN Copolymer 6.0 mL AA: Carboxyl, 213 Hyd/CB Nanocomposite 1.0 g CMC: Amine, 230
0.2g Am: hydroxyl, amide, 0.1gKPS: X g sulphonic,
0.03g APS and carbonyl Hyd: X g CB hydroxyl, amide,
(PAA-co-PAm)- Copolymer X g (PAA-co- Carboxyl, 214 carboxyl, and
DPNR/Ag- PAM): 1% w/v hydroxyl, amide, carbonyl
TiO, AgNOs: 10%w/  and carbonyl PAm/B/CN Physical 2.0g o 233
v TiO, mixing bentonite:20 g
CMC-g-P Copolymer 1.0g CMC: Vinyl, carboxyl, 215 Am: 40 mg
(AAm)/MMT 0.43 g/ml Am: hydroxyl, amide, MBA: X g g-
(0-20 wt%) and carbonyl C3Ny
MMT: —
poly(GG-co- Copolymer 0.4gGG:2.0g Carboxyl, 216 X g unkowm amount, ** Not Detected.
AAm-co- Am: 2.0 mL hydroxyl, amide,
MAA) MAA and carbonyl
(AAc-co-AM)/ Nanocomposite 5.0mL AAc: Carboxyl, 217 . . .
AC 1.0gAm: 0.1g  hydroxyl, amide, —CONH,;, and —~COOH groups and approved by broadening and shifting in
AC: 0.003 g and carbonyl FTIR stretching bands. Moreover, ion exchange mechanisms play sig-
&1?;00088 nificant roles in partially hydrolyzed PAm hydrogels systems through
PAm Physical oy Carboxyl, 218 r(.ever‘s1b1e 1n'terac't10ns b‘etween —CQO groups and dissolved 10n1c.s.pe-
PAA mixing hydroxyl, amide, cies in solution, improving adsorption performance and recyclability.
and carbonyl Additionally, n—= stacking become significant interactions may occur in
AA/AMA Copolymer AA/AMA (25/  Amine, vinyl, 219 composite hydrogels incorporating carbon-based nanomaterials (e.g.,
75,50/50,and  amide, and GO or CNTs) further enhancing the adsorption affinity of aromatic dyes.
75/25): carbonyl o 1L th hani f ad . in PAm-based hyd
0.0001 mmol verall, the mechanisms of adsorption Pr(?ce.sses in PAm-based hydro-
AIBN gels systems are governed by a synergistic interplay of these mecha-
PAm-Agar/ Nanocomposite ~ 0.87 M Am: Silanol, 220 nisms, functional group density, and solution conditions. Where
Clay@r-GO 0.3g Agar: hydroxyl, amide, chelation governing metal ions adsorption performance and electro-
-, 9 . . . . . “ e .
Eéigysgéggt. ’ E;;I;Zf;l and static interactions controlling the adsorption affinity of dyes, as consis-
0.7 mM MBA tently supported by FTIR, XPS, and Zeta potential analyses in previously
zeolite hydrogel ~ Copolymer 100 mg APS: Sulfat, Silanol, 221 reported PAm-based systems [12,16,45,51,60-63].
composite 150 mg MBA: hydroxyl, amide,
ZHC) based 1.0g AM:0.2 carboxyl, and . . .
fmj_) M Af\ & Carbo?yll 4. Challenges and future perspectives of fabrication and
carrageenan applications of polyacrylamide-based hydrogels in water
(KC) and treatment
AQSOA-Z05
3 k¥ ek
Fezﬁ"s/:Am/ Nanocomposite 222 Although hydrogel-based adsorbents have demonstrated promising
PAm-tale Physical 2.0g Am: Siloxane, 293 performance and significant potential in wastewater treatment, PAm-
mixing 0.4 g MB: hydroxyl, based hydrogels limitations should be discussed and evaluated in com-
1.0mL carboxyl, amide, parison with other hydrogel-based materials systems. Compared with
?Epf/égo WL and carbonyl natural-polymer-based hydrogels, PAm-based hydrogels are widely
poly(MAA-co- Nanocomposite 2.0 g Am: Siloxane, ester, 294 rfzc.ognlzed for their tungble. swellmg behgwor, pronounced hydrophi-
AAm)/CI30B 0.02g MBA: vinyl, hydroxyl, licity, controllable crosslinking density, highly tunable network struc-
4.8 mL MMA: amide, carboxyl, ture, and higher structural uniformity which collectively contribute to
0.1g PPS and carbonyl efficient pollutant removal. On the other hand, in comparison with
. . o .
HPAm/ Nanocomposite 150 mg Silanol, carboxyl, 225 advanced hydrogel systems such as double-network, nanocomposite, or
Si0,@XG (HPAM): 150 hydroxyl, amide, 1 1 h 1 . 1 b ial i
mg (25wt% of  and carbonyl supramolecular hydrogels, conventional PAm-based materials often
HPAM) exhibit inferior mechanical stability, particularly under repeated reus-
Si0.@XG ability, and limited resistance to cyclic deformation, particularly under
PAm/MXene Physical 4.0 Am: Hydroxyl, amide, 226 harsh physicochemical conditions (e.g., wide pH variations, high ionic
mixing 4.5mg/mL florate, carboxyl, strength). In contrast, double-network or nanocomposite hydrogels re
MXene: 0.2 wt and carbonyl g e X ? W . X P Y g
%APS: 0.4 ml ported in the literature generally exhibit resistance to deformation and
TMEDA superior mechanical strength. The major challenges, along with pro-
PAA@TIO, Nanocomposite ~ 2.0g AA:1.0g  Amine, hydroxyl, = 227 spective future directions to address them, are outlined below.
TiOz: 0.2 g amide, and
MBSA: 200 uL carbonyl
gglED: 1.08 4.1. Mechanical and structural limitations
Ce/Ti-NRs/ Copolymer (2g/100 ml) Sulfonic, 228
CMC/PAm CMC: (2g/ hydroxyl, Conventional PAm-based hydrogel materials show insufficient me-
100 mL) PAm: chanical strength, particularly under certain conditions, which are
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Table 9
Comparative Performance of Pure PAm Hydrogels and other investigated composite hydrogels systems 18-68,85-92.
System Adsorption Mechanical Strength Swelling Reusability ~ Key Performance Driver References
Capacity Behavior
Pure PAm Moderate Moderate (flexible High Moderate Amide groups (-CONHy), 3D [97,98,155,158]
hydrogel network) network
GO/PAm High Improved Controlled/ Improved n-7 interaction, oxygen groups, [106,142,145,147,176,196,198,207,
hydrogel moderate surface area 211,220,222,225,231]
Cellulose Moderate-high High High-very high Good Hydrogen bonding, nanofiber [105,117-119,185,186]
(TOCNF)/PAm reinforcement
Metal oxide/PAm  High Moderate-high Moderate High Coordination, electrostatic [137,138,140,163,168,170,182,183,
interaction 194,202,204,214,225,228]
DN/IPN PAm Moderate-high Very high Controlled High Interpenetrating network [85-92,149,162,209]
hydrogel
Post-modified High Moderate Tunable Good Increased charge density [59-68,102]
PAm (-COO0’, -NHy)

= Adsorption Mechanisms of PAm-Based Hydrogels for Metal lons and Dyes
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Scheme 8. The most common adsorption mechanisms of PAm-based hydrogels for heavy metal ions and dyes.

as high pressure, agitation, high flow, as well as repeated swel-
ling—deswelling cycles. Such limitations lead to loss of structural integ-
rity during use, fragmentation, deformation, and reduced adsorption
efficiency. To overcome such challenges, further work is needed to
improve durability underflow and mechanical stress by incorporating
promising nanoparticles and other suitable materials. Also, adjusting the
density, selecting a suitable crosslinker, and controlling rehydration/
dehydration can improve strength, toughness, robustness, and elasticity.

4.2. Selectivity limitations

Real wastewater/water contains various species of pollutants such as
metal ions, dyes, and other species, which can compete with the active
sites, leading to a significant reduction in sorption ability and selectivity.
This is a major limitation of PAm-based hydrogels, which often exhibit
non-specific removal behavior. Therefore, many of the fabricated PAm-
based materials require modification with specific functional groups
(depending on the type of pollutant), or the synthesis of hybrid PAm-

based materials,
hydrogels.

or the embedding of selective sorbents within

4.3. Reusability and regeneration challenges

Due to the presence of various species of contaminants and species in
the wastewater/water systems, the competition for active adsorption
sites of various types of PAm-based hydrogel materials accelerated ca-
pacity decline. Most of these active sites in hydrogel remain saturated
and lose their capacity to adsorb pollutants after a certain number of
reusability and regeneration cycles. To overcome these challenges and
extend their lifespans, the fabricated PAm-based hydrogels must be
modified with suitable pre- and post-treatment units.

4.4. Environmental risks

One of the most critical challenges limiting the application of
polyacrylamide-based hydrogels in water treatment technologies,

37



A.A. Nayl et al.

especially for potable water and environmentally sensitive systems, is
the potential release of toxic species. In particular, residual acrylamide
monomers from fabrication processes, as well as monomers or degra-
dation by-products released during operation or disposal, are neurotoxic
and pose a serious threat to ecosystems and public health. Therefore,
many recommendations should be taken into account to control all of
these environmental risks, such as the fabrication of hydrogels within
suitable supporting materials to eliminate the leaching hazard, mini-
mizing free acrylamide monomers during fabrication and purification
processes, in addition to developing standardized protocols and regu-
latory frameworks governing the safe disposal and sustainable recovery
of such hazardous polymeric materials.

Another critical environmental risk associated with the synthesis and
applications of PAm-based hydrogel materials is the potential leaching
of embedded nanoparticles. The release of nanoparticles from these
systems poses substantial concerns in environmental, biomedical, and
water-treatment applications, as it may compromise material safety,
functionality, and regulatory acceptance. The risks arising from nano-
particle leaching can be systematically classified into environmental,
human health, performance-related, and regulatory categories.

To overcome these challenges, several strategies have been investi-
gated, including covalent or ionic immobilization of nanoparticles onto
the PAm backbone via appropriate surface functionalization, as well as
in situ nanoparticle generation within the hydrogel network to enhance
physical confinement. Additional approaches involve surface modifica-
tion and optimization of cross-linking density to limit excessive swelling
and reduce leaching propensity. Finally, comprehensive leaching and
aging studies conducted under realistic operational conditions are
essential to ensure long-term stability, safety, and regulatory compli-
ance of PAm-based nanocomposite hydrogels.

From a regulatory perspective, the ongoing tightening of legislation
governing the discharge of nanomaterials into water bodies and the
environment may significantly constrain the commercial implementa-
tion of nanocomposite hydrogels. Public and regulatory apprehension
regarding “nano-pollution” further limits their adoption, particularly in
high-sensitivity applications such as potable water treatment and
biomedical devices. Moreover, the end-of-life disposal or gradual
degradation of nanoparticle-containing hydrogels may trigger unin-
tended and uncontrolled nanoparticle release, thereby amplifying po-
tential ecological and toxicological impacts.

4.5. Production and scalability gap challenge

Scaling up the synthesis of PAm-based hydrogel materials from
laboratory to industrial scale for water treatment remains a significant
economic challenge, owing to higher fabrication costs and the need for
specialized equipment. Therefore, scaling the preparation processes of
uniform, high-performance PAm-based hydrogels from bench to indus-
trial volumes remains challenging, owing to manufacturing complexity,
quality control, and the prohibitive costs without process innovation. To
overcome this important challenge, hydrogels can be fabricated in
various shapes, such as granules, beads, or monoliths, depending on
their applications. Developing energy-efficient, scalable preparation
strategies suitable for large-scale industrial manufacturing processes,
and integrating the prepared hydrogels into hybrid treatment systems
combining different processes, is also important. Furthermore, most
published works rely on model pollutant systems, underscoring the need
for studies that employ real wastewater matrices and continuous-flow
treatment processes.

To address and avoid all these challenges and disadvantges, future
research related to fabrication and applications of PAm-based hydrogel
materials should focus on the following targeted optimization strategies,
such as.
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- developing and investigating greener fabrication strategies of PAm-
based hydrogel materials and minimizing residual acrylamide con-
tents through inclusive purification protocols.

improving the adsorption capacity and performance with maintain
regeneration and recycability efficiencies of PAm-based hydrogel
materials by introducing new functional groups and/or hybrid
components.

reducing the environmental risks of PAm-based hydrogels without
compromising their performance by integrating and modifying PAm
networks with biodegradable or partially bio-based components.
enhancing mechanical strength and reusability performance of PAm-
based hydrogels through designing reinforced or double-network
structures and incorporating nanofillers.

Overall, while PAm-based hydrogels offer notable advantages and
remain highly promising hydrogel-based materials due to their adsorp-
tion performance and structural versatility, their practical deployment
requires targeted advancements addressing mechanical durability, long-
term reusability, their future development should focus on overcoming
their mitigating environmental risks, reusability, mechanical stability
limitations to translate these promising hydrogels from lab-scale works
to sustainable real-world water treatment approaches.

In summary, PAm-based hydrogels facing different challenges which
can be systematically reorganized into three categories, including
intrinsic network, composite-induced, and engineering applications
limitations, as shown in Scheme 9, Therefore, proposed solutions are
required to bridge the gaps between laboratory performance and large-
scale water treatment applications. Accordingly, the proposed solution
includes network system optimization (crosslink density control, DN/
IPN architectures, and dynamic crosslinking), improved composite
design (filler functionalization, in situ incorporation, and enhanced
interfacial compatibility), and process-level strategies (scalable fabri-
cation, structured forms, and continuous-flow operation).

5. Conclusions

Generally, this review article provides a comprehensive overview of
the fabrication and applications of polyacrylamide-based hydrogels for
the elimination of heavy metal ions and dye molecules from aquatic
systems. Polyacrylamide-based hydrogels offer a promising class of ad-
sorbents for the effective adsorption of heavy metal ions and dyes from
contaminated water, owing to their high swelling capacity, adjustable
network structure, and abundance of functional groups. The recently
reviewed works demonstrate that the fabrication of a polyacrylamide-
based hydrogel network architecture and the incorporation of func-
tional materials, biopolymers, inorganic fillers, and nanomaterials have
markedly improved mechanical stability, sorption performance, and
reusability, in addition to demonstrating superior removal efficiencies
through synergistic interactions between polyacrylamide chains and
embedded functional materials.

Despite these advances, challenges such as mechanical and struc-
tural, selectivity, reusability and regeneration, environmental risks, and
production and scalability continue to limit large-scale application.
Moreover, most studies remain limited to laboratory-scale in-
vestigations, underscoring the need for pilot-scale testing and real-world
wastewater evaluations. Future research should prioritize green fabri-
cation strategies, designing multifunctional hydrogel materials to
enhance selectivity toward targeted pollutants, improving recyclability,
and comprehensively assessing the life-cycle and environmental risks
associated with polyacrylamide-based hydrogels that leach from fabri-
cation processes, as well as residual monomers or degradation by-
products released during operation or disposal. Addressing these limi-
tations will facilitate the transition of polyacrylamide-based hydrogel
materials from lab-scale research to industrial scale, providing sustain-
able solutions for water treatment and environmental remediation.
Overall, continued innovation in the fabrication and functionalization of
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Scheme 9. Challenges and solutions for PAm-based hydrogel systems from fabrication to application scale.

polyacrylamide-based hydrogel materials is expected to play a vital role
in advancing sustainable and efficient water treatment technologies.
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List of Acronyms and Full Names (Alphabetical)
AA Acrylic Acid

AAm Acrylamide
AEBI 2-Aminoethylbenzimidazole

AK Acid khaki
Alg Alginate
AM Acrylamide
AR Acid red

APAm  Anionic Polyacrylamide

ARGET ATRP Activators Regenerated by Electron Transfer Atom
Transfer Radical Polymerization

ATRP Atom Transfer Radical Polymerization

BB Brilliant blue

CAA Citric Acid-Acrylamide
kC kappa-carrageenan

CF Carbon Fiber

CMC Carboxymethyl Cellulose

CNF/CNC Cellulose nanofibers/Cellulose nanocrystals
CNTs Carbon Nanotubes

CPAm  Cationic Polyacrylamide

CR Congo red

CRP Controlled/Living Radical Polymerization
CTS Chitosan

Ccv Crystal violet

DMAPAm N, N-Dimethylaminopropylacrylamide
DTPA  Diethylenetriaminepentaacetic Acid

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
EDTA  Ethylenediaminetetraacetic Acid

FB Fast blue

Fe304 Magnetite

GG Guar Gum

GO Graphene Oxide

rGO Reduced graphene oxide
HG Hydrogel

HL Halloysite

HPAm  Hydrolyzed Polyacrylamide
HPAmF Hydrolyzed Polyacrylamide Fiber
LDH Layered double hydroxide

MA Methacrylic Acid

MB Methylene Blue

MG Malachite green

MHNT  Magnetic Halloysite Nanotubes
MO Methyl orange

MOFs Metal-Organic Frameworks
MRI Magnetic Resonance Imaging
MV Methyl Violet

MWCNTs Multi-Walled Carbon Nanotubes

NIPAm N-Isopropylacrylamide

NHS N-Hydroxysuccinimide

NR Neutral red

oP Orange Peel

PAm Polyacrylamide

PAA Poly(acrylic acid)

PET-ATRP Photoinduced Electron Transfer Atom Transfer Radical
Polymerization

PET-RAFT Photoinduced Electron Transfer Reversible
Addition-Fragmentation Chain Transfer

PEI Polyethyleneimine

PPM Post-Polymer Modification

RAFT Reversible Addition-Fragmentation Chain Transfer
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RH Rice Husk

RhB Rhodamine B

SA Sodium Alginate

SH Thiol

TA Tannic Acid

TiO4 Titanium Dioxide

TOCNF TEMPO-Oxidized Cellulose Nanofibers
uv Ultraviolet

X0 Xylenol orange

ZIF Zeolitic Imidazolate Framework
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