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ABSTRACT: Superabsorbent hydrogels made from agro waste materials have the potential to promote sustainable agriculture and
environmental sustainability. These hydrogels not only help reduce water consumption and increase crop yields but also contribute
to minimizing waste and lowering greenhouse gas emissions. Recent research on superabsorbent hydrogels derived from agro wastes
has focused on the preparation of hydrogels based on natural polymers isolated from agro wastes, such as cellulose, hemicellulose,
and lignin. This review provides an in-depth examination of hydrogels developed from raw agro waste materials and natural polymers
extracted from agro wastes, highlighting that these studies start with raw wastes as the main materials. The utilization strategies for
specific types of agro wastes are comprehensively described. This review outlines different methods utilized in the production of
these hydrogels, including physical cross-linking techniques such as dissolution-regeneration and freeze−thawing, as well as chemical
cross-linking methods involving various cross-linking agents and graft polymerization techniques such as free radical polymerization,
microwave-assisted polymerization, and γ radiation graft polymerization. Specifically, this review explores the applications of agro
waste-based superabsorbent hydrogels in enhancing soil properties such as water retention and slow-release of fertilizers for
sustainable agriculture.
KEYWORDS: agricultural waste, physical cross-linking, chemical cross-linking, slow-release fertilizer, soil conditioner, plant growth

1. INTRODUCTION
Sustainable development is a crucial global objective, and
agriculture plays a vital role in reaching this goal as the world’s
population continues to grow, leading to greater demand for
food production and clean water.1,2 Agriculture consumes
more than 70% of freshwater resources, and climate change is
reducing water availability and adversely affecting crop yields,
particularly in drought-prone arid and semiarid regions.3,4

Sustainable agriculture can be achieved by adopting practices
that conserve natural resources and protect the environment,
such as using farming techniques to increase water-use
efficiency, reduce chemical use and utilize renewable
resources.5−8

1.1. Superabsorbent Hydrogels Derived from Agro
Waste Materials. Superabsorbent hydrogels (SAHs) offer a
promising solution for sustainable agriculture.9,10 These
hydrogels are materials that can absorb and retain hundreds
of times their own weight in water and are then gradually
released into plants over time. Using these hydrogels in
agriculture could reduce the reliance on irrigation and ensure
that crops receive a steady supply of water even during periods
of drought. Agro waste materials such as wheat straw,11 tree
branches,12 rice husk,13 cotton stalks,14 corn stover,15 sugar
cane bagasse,16,17 and soybean residue18,19 possess properties
such as high cellulose, hemicellulose, and lignin contents,
which make them ideal for hydrogel preparation. The
biodegradability and high availability of these materials also
contribute to their suitability for hydrogel synthesis, providing

a sustainable and eco-friendly option for agricultural
applications.

SAHs derived from agro waste materials have the potential
to simultaneously contribute to sustainable agriculture and
environmental sustainability.20 First, the use of these hydrogels
could enable more sustainable agricultural practices by
reducing water usage and increasing crop yields, whereas the
use of agro waste materials as a source for hydrogel production
could reduce waste and promote a circular economy.21 Second,
the use of AW-SAHs can reduce the need for petroleum-based
materials commonly used in hydrogel production, which can
minimize greenhouse gas emissions and thus have a positive
impact on the environment.22

In recent years, several studies and reviews have focused on
the preparation of agricultural waste-based polymers and
hydrogels, highlighting their potential in sustainable agricul-
ture.23−40 Moreover, these hydrogels have shown promise in
improving soil moisture retention and nutrient delivery, which
are critical for enhancing crop growth and resilience. Interest in
these materials for applications such as wastewater treatment,
energy storage, and biomedical fields is also growing due to
their biocompatibility and environmental benefits.41−64
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1.2. Scope of This Review. Many recent reports have
focused on the isolation, extraction methods, and processing of
cellulose, hemicellulose, and lignin from various natural
resources.25,65−69 Cellulose, hemicellulose and lignin can be
extracted from lignocellulosic biomass using a variety of
methods, such as acid hydrolysis, alkali extraction, and
enzymatic hydrolysis.65,70,71

The process of extracting cellulose, hemicellulose and lignin
involves isolating these components from agricultural waste
material and using them as building blocks for hydrogel
synthesis.72,73 For instance, microcrystalline cellulose and
lignin extracted from rice straw have been used as raw
materials for the synthesis of hydrogels, employing methods
such as dilute acid pretreatment and alkaline hydrolysis.74

Some studies have developed efficient separation methods,
such as the use of freeze−thawing, which provides physical
channels for the effective penetration of p-toluenesulfonic acid,
thereby improving the separation efficiency and selectivity of
bagasse lignin extraction.16

It is widely reported that superabsorbent hydrogels can be
synthesized from biopolymers extracted from agro waste
materials, such as corncob lignin,75 millet straw cellulose,76

wheat straw cellulose,77 bagasse cellulose,17 and cotton stalk
cellulose.78 These hydrogels have been used in various fields,
including agriculture and dye/metal pollutant removal. These
studies show that natural polymers extracted from agro waste
materials can be effectively converted into valuable hydrogels
using different synthetic techniques.
However, the extraction of polymers faces environmental

challenges, as the use of acids and bases is generally not
considered eco-friendly in these studies. Furthermore, current
reviews have not comprehensively covered the utilization
strategies of agro waste materials and synthetic techniques for
directly using raw waste materials, which can help avoid harsh
conditions and be more environmentally friendly.
When utilizing raw waste materials, the process usually

involves converting agro waste materials into suitable forms for
use in hydrogel synthesis. For instance, fresh okara, a
byproduct of soybean curd production, was homogenized
and then used directly for hydrogel synthesis.79

This review summarizes recent scientific reports on synthetic
techniques for developing SAHs derived from raw agro waste
materials and natural polymers extracted from agro wastes,
emphasizing that these studies began with raw wastes as the
foundational materials. The utilization strategies for specific
agro waste types are comprehensively described. Additionally,
this review addresses the specific applications of AW-SAHs in
sustainable agriculture as soil conditioners and slow-release
fertilizers (Figure 1), providing insights into their production
methods, properties, and potential benefits.

2. AGRO WASTE MATERIALS: CHEMICAL
PROPERTIES AND UTILIZATION STRATEGIES

Agro waste materials usually refer to the residues or byproducts
generated during agricultural operations, such as growing
crops, processing and consuming agricultural products.80 Some
examples of agro waste materials include agricultural crop
residues (e.g., wheat straw, rice straw/husk, tree branches, dry
leaves, cotton stalks, corn straw/stover/cob, sugar cane
bagasse),11−17,74,81 and food wastes/byproducts (waste vege-
tables, fruit peels, and soybean wastes).82−84 The abundantly
available agro residues or byproducts are inexpensive carbon-

based materials that can be used as feedstocks for the
production of renewable products.85−87

2.1. Chemical Properties. Understanding the chemical
properties of agro waste materials is crucial for developing
strategies to modify and convert them into value-added
products. The composition and chemical structures of agro
waste materials have been extensively studied, and a number of
related research papers and review articles have been published
on this topic.33,88,89 Most agro waste materials are cellulosic
and lignocellulosic biomasses, which are mainly composed of
three types of natural polymers: cellulose, hemicellulose and
lignin.20,90

Cellulose is the most abundant linear polysaccharide that
provides structural support to plants.91 It consists of a long
polymer chain of hundreds to thousands of glucose
monosaccharide units joined by β-acetal linkages. Cellulose
contains three hydroxyl groups per glucose monosaccharide
unit, and the abundance of hydroxyl groups makes cellulose a
good candidate for modification via various physical/chemical
reactions.92,93

Hemicellulose consists of a group of polysaccharides that are
commonly branched, including xylans, xyloglucans, and
mannans.67 The composition and structure of hemicellulose
from different biomass sources are different, and the
hemicellulose extracted from different parts of the same raw
material or via different extraction methods is also different.
Hemicellulose contains large amounts of active hydroxyl and
carboxyl groups for physical/chemical reactions.68

Lignin is a highly branched cross-linked macromolecule with
a high molecular weight.25 The basic phenylpropane units of
lignin (mainly p-hydroxy phenol, guaiacyl, and syringyl) are
bonded together by carbon−carbon bonds or ether linkages to
form a complex matrix.94 Lignin is rich in aromatic subunits, so
it is relatively hydrophobic. This aromatic polymer can also be
modified into useful functional materials by appropriate
reactions, such as oxidation reactions on the aromatic rings

Figure 1. Schematic diagram of the development and application of
AW-SAHs in sustainable agriculture.
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of lignin and reactions with hydroxyl (alcohol and phenolic)
groups.89,95,96

Here, we classify these agro waste types on the basis of their
characteristics and generation processes, and delve into their
chemical properties to understand their potential for hydrogel
synthesis and applications in sustainable agriculture. Addition-
ally, we discuss how to deal with these specific waste types for
effective waste utilization.
2.2. Utilization Strategies for Specific Agro Waste

Types. 2.2.1. Wheat Straw, Rice Straw, and Rice Husk.
Wheat straw, rice straw, and rice husk are agricultural residues
remaining after wheat and rice are harvested, respectively. The
common practice of in situ burning of these residues creates
numerous ecological, environmental, health, and economic
issues.97 However, these residues are highly nutritious
biomasses composed of high concentrations of cellulose,
hemicellulose, and lignin.98 For example, the contents of
cellulose, hemicellulose and lignin in rice straw are reported to
be approximately 40%, 18%, and 5.5%, respectively.99,100

Huang et al.101 estimated the lignocellulosic composition of
the rice straw to be approximately 42.2% cellulose, 24.3%
hemicellulose, and 20.8% lignin. The composition of the rice
hull was found to be approximately 32.9% cellulose, 23.6%
hemicellulose, and 26.2% lignin.
Researchers have investigated various utilization strategies

for wheat straw, rice straw, and rice husk. One study explored
the use of wheat straw to create hydrogels for soil conditioning.
In this study, wheat straw was chopped and subjected to ball
milling for five minutes at a speed of 20 rpm, which reduced it
to a median particle size of 43 μm. This processed straw was
then used to prepare the hydrogel.102 Similarly, another study
involved washing wheat straw, drying it at 70 °C, and then
crushing and sieving it to prepare it for further use.103

In another study, rice husk was examined both in its natural
form and after chemical treatment to remove lignin and
hemicelluloses. The chemical treatment involved soaking the
rice husk in sodium hydroxide for 24 h, rinsing it with distilled
water until a neutral pH was achieved, and then drying it. The
dried husk, both untreated and treated, was then crushed and
sieved. Researchers have assessed the water absorption
properties of composites made with both treated and untreated
rice husk.104

Further research focused on isolating cellulose from rice
straw using chemical pulping and bleaching methods. The
chemical composition of the isolated fibers was analyzed, and
the cellulose, lignin, and ash contents were determined
according to TAPPI standards.105

Additionally, rice husk has been utilized to produce ash.106

The husks were washed thoroughly with distilled water to
remove any adhered materials, dried and crushed. The crushed
husks were calcined before being used to synthesize the
hydrogel composites.107

2.2.2. Tree Branches. Pruning activities in orchards and
landscape maintenance produce tree branches as byproducts.
Over the past few decades, the amount of urban green waste
has increased with the expansion of urban green spaces
globally. Research has focused on assessing the potential of this
waste as a biomass resource.108,109 Tree branches, which are
rich in lignocellulosic fibers, are suitable for structural
applications such as particleboard and paper production.110

Additionally, researchers are exploring ways to transform these
wastes into eco-friendly fillers for biocomposites.111

A study reported that mulberry branches contain approx-
imately 37% cellulose, 27% hemicellulose, and 20% lignin. In
this research, the branches were first cleaned, cut, and dried.
They were then smashed and sieved to obtain particles
between 100 and 200 mesh. These processed particles were
used to create a slow-release urea fertilizer. The cellulose
content was determined using the Kurschner-Hoffer method,
whereas the hemicellulose and lignin contents were measured
according to TAPPI standards.112 The same research team
applied this method to produce a urea-loaded superabsorbent
composite from mulberry branches.113

In another study, peach branches were crushed, sifted to 80
mesh, stirred, heated, bleached, and treated with sodium
hydroxide to remove impurities.12 The solids were then
washed and dried to create nanofiber reinforcers for the
hydrogel.

In a more eco-friendly approach, Xu et al. developed a
method to coat waste sea buckthorn branches, which consist
mainly of crude fiber (64.7−78.96%), with a dopamine
solution.114 They created a superabsorbent composite by
grafting poly(acrylic acid) (PAA) onto dopamine-coated
branches. This method enhances the use of renewable sea
buckthorn branches, simplifies the process, avoids environ-
mental pollution, and reduces production costs.

2.2.3. Corn Straw, Stalk, and Cob. Corn residues, including
straw, stalks, and the central part of the maize ear (the cob),
are left in fields after harvest. These materials are significant
sources of cellulose, hemicellulose, and lignin. Corn straw
contains approximately 25%-40% cellulose, 20%-30% hemi-
cellulose, and 10%-20% lignin.115 Corn stalks are composed of
35%-50% cellulose, 20%-30% hemicellulose, and 10%-20%
lignin.116,117 The composition of the entire corn cob is
approximately 30%-45% cellulose, 25%-35% hemicellulose, and
15%-20% lignin.86,118,119 A different study focused on corncob
residues from furfural production reported that these residues
contained 42.0% cellulose and 43.7% lignin (comprising both
acid-soluble and acid-insoluble lignin).120

Researchers typically either grind residues into fine powders
or extract natural polymers before further processing and
utilization. For instance, corn stalks are initially crushed using a
disintegrator and then ground to a particle size of 100 mesh to
produce a corn stalk-composite superabsorbent.121 Similarly, in
another study, corncobs were dried, ground into fine powders,
and sieved through 100 mesh sieves for hydrogel synthesis.122

In another study, chemically treated corn straw and raw corn
straw were compared. The chemical treatment process can be
briefly described as follows: corn straw was ground and sieved.
The straw was treated with NaOH solution, oxidized, bleached
with H2O2, dried, and ground to produce cellulose. This
cellulose was further processed with NaOH, neutralized,
filtered, and dried to obtain alkaline fibers. SEM images
revealed that, initially, the corn straw fibers were tightly packed
with closed micropores. After NaOH and H2O2 treatment, the
fibers become loose with increased surface area and visible
micropores, reducing crystallinity.123

2.2.4. Fruit Peels. Fruit peels, a common agricultural
residue, are often discarded as waste but possess valuable
properties that make them suitable for sustainable applica-
tions.124 These peels are generated as byproducts during the
processing of fruits for various products, such as juices, jams,
and salads. They are notable sources of cellulose, a key
component in many industrial applications. For instance,
pineapple peels, which are left after the fruit is processed,
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contain 20−25% cellulose42 alongside hemicellulose, lignin,
and pectin.125 Lemon peels, which are generally discarded and
allowed to biodegrade, also contain more than 20% cellulose.44

Banana peels are particularly rich in cellulose and hemi-
celluloses, with approximately 50% of their composition being
cellulose.126,127

Cellulose extraction is a prevalent method for transforming
fruit peels into valuable materials, especially for applications in
hydrogel synthesis. This process utilizes various fruit peels,
such as banana and pineapple peels, which are rich in cellulose.
For instance, cellulose nanofibers can be isolated from banana
peels through a combination of chemical treatments, including
alkaline treatment, bleaching, and acid hydrolysis, followed by
mechanical processing.126 Similarly, cellulose from pineapple
peels undergoes a detailed extraction process involving
washing, pulping, delignification, and hemicellulose removal
to yield a purified product.
Fruit peels are also reported to be incorporated into polymer

gels in their natural form after simple processing. For example,
an orange peel was washed with water and a dilute acid
solution and then dried, smashed and sieved to obtain particles
with a size of 260−600 μm.128 The inclusion of orange peels
enhances the mechanical properties of materials without
affecting their loading or release performance. Furthermore,
in a recent study, orange peel was added to agar-based
hydrogels to potentially increase plant disease resistance.30

Various pretreatments of orange peels were tested to
determine the best method for combination with agar. The
orange peel particles were either acid hydrolyzed, treated with
ultrasound, or simply added to hot water before being mixed
into the agar solution.

2.2.5. Sugar Cane Bagasse. Sugar cane bagasse is the
fibrous residue remaining after sugar cane stalks are crushed to
extract juice. It is abundant in cellulose (30−45%), hemi-
cellulose (20−35%), and lignin (15−35%).129,130 For example,
sugar cane bagasse obtained from Tamil Nadu Pulp and Paper
Mills, India, contains approximately 43% cellulose, 30% xylan
(a type of hemicellulose), and 20% lignin.131

Like other agricultural residues, sugar cane bagasse can be
used for hydrogel synthesis either in its natural form after
simple processing or in the form of natural polymers after
extraction.132−134 For instance, in one study, sugar cane
bagasse was dried and ground into a fine powder, which was
sieved through 250 mesh sieves for hydrogel synthesis.135

Different physical, chemical, and biological methods are
employed to extract natural polymers from sugar cane
bagasse.129,130,136 In one approach, cellulose was effectively
purified from sugar cane bagasse using gamma irradiation. This
process decreased the crystallinity of the cellulose. A composite
of irradiated cellulose fibers and polyacrylamide hydrogel was
subsequently created.137

3. SYNTHESIS OF AGRO WASTE-BASED
SUPERABSORBENT HYDROGELS (AW-SAHS)

Superabsorbent hydrogels (SAHs) are a class of hygroscopic
materials capable of absorbing hundreds of times their own
weight in water or aqueous solutions.138−143 With the growing
emphasis on environmental sustainability, there is a new trend
to reduce the reliance on nonrenewable synthetic petroleum-
based materials and instead look for more environmentally
friendly biobased materials to develop superabsorbent hydro-
gels.144,145 In recent years, great efforts have been made to
develop innovative agro waste-based hydrogels.74,92,146

There are two main synthetic methods that can be used to
produce SAHs from agro waste materials: physical methods
and chemical methods.27,28,147,148 Since agro waste materials
are mostly lignocellulosic biomass, the main components of
cellulose, hemicellulose and lignin are rich in active hydroxyl
and carboxyl groups, which can form physically cross-linked
hydrogels through physical interactions such as hydrogen
bonds and ionic bonds or chemically cross-linked hydrogels
through covalent linkages.149 Both the raw waste materials and
the extracted components (cellulose, hemicellulose and lignin)
can be used to synthesize AW-SAHs.
3.1. Physical Cross-Linking Methods. Physical cross-

linking methods for synthesizing AW-SAHs involve physical
interactions, such as hydrogen bonding, ionic bonding, and
hydrophobic forces, to form networks within the hydro-
gel.28,150 Some of the common physical cross-linking methods
used include dissolution-regeneration methods and freeze−
thawing techniques.44,150 Some recent studies related to AW-
SAH synthesis via physical cross-linking are summarized in
Table 1. The table underscores the prevalent focus on
extracting primary polymer components (i.e., cellulose, hemi-
celluloses, and lignin) from lignocellulosic biomass, which
often necessitates harsh separation and multiple purification
procedures. Conversely, relatively few studies have explored
the direct use of raw waste. While the direct use of waste raw
materials can circumvent these rigorous processes, they often
exhibit lower reactivity and may contain impurities, posing
challenges for hydrogel formation.66

For instance, in one study, a cellulosic composite hydrogel
was crafted using cellulose extracted from coffee pulp
biomass.151 The process involved suspending coffee pulp
powder in a HCl/KCl buffer solution and centrifuging it to
isolate the alcohol insoluble fraction (AIF). Subsequently,
insoluble dietary fiber was extracted from AIFs using
ammonium oxalate. The resulting soluble fractions were
combined and dried to obtain coffee pulp pectins. Further
purification was achieved by removing lignin from the
remaining fraction through treatment with hydrogen peroxide
and sodium borohydride. After washing and drying, the
resulting precipitate yielded cellulose from the coffee pulp.

A study attempted to use lignocellulosic raw materials as a
whole, starting with the deconstruction of sisal lignocellulosic
fibers in lithium chloride/dimethylacetamide (LiCl/DMAc)
and using the resulting solution as the hydrogel precursor.152

Physically cross-linked hydrogels were prepared from dissolv-
ing biomass sorghum, poplar wood or cellulose/xylan/lignin
using ionic liquids and regenerated in ethanol/water followed
by pure water.153 Another study used raw lemon peel (LP)
together with its isolated microcrystalline cellulose to fabricate
hydrogels by a dissolution-regeneration method. The hydrogel
preparation process used the ionic liquid 1-butyl-3-methyl-
imidazolium chloride (BmimCl) and water as the solvent and
regeneration solvent, respectively. The isolated microcrystal-
line cellulose was used as the structural backbone to strengthen
the hydrogel network, and the polymer components in the LP
were used as structural modifiers.44

Ionic liquids can dissolve lignocellulosic biomass by breaking
down hydrogen bonds between its components, which can
then be reformed into physical hydrogels in antisolvents (such
as water and ethanol) by disrupting the hydrogen bonds
between the lignocellulosic biomass and the ionic liquid. A
physically cross-linked cellulose hydrogel was prepared via a
dissolution−regeneration method in which an ionic liquid was
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mixed with dimethyl sulfoxide (DMSO) via the following
process. Cellulose with a concentration of 6−20 wt% was
completely dissolved in a 1-butyl-3-methylimidazolium acetate
([BMIm][OAc])/DMSO mixed solution, and then the
prepared cellulose solution was placed in a mold and immersed
in DI water to replace the mixed solvent to form a hydrogel.154

The mechanism of the dissolution-regeneration method
using other solvents, such as LiCl/DMAc and N-methyl-
morpholine-N-oxide (NMMO), is similar to that using ionic
liquids. By dissolving lignocellulose in an NMMO solvent
system and controlling the lignin content, lignocellulose
hydrogels with tailorable microscopic morphologies and
physical properties can be fabricated.155 It has also been
reported that cellulose extracted from rice straw can be
dissolved in LiCl/DMAc and converted into a physically cross-
linked hydrogel via phase inversion in ethanol. Physical cross-
linking was achieved through noncovalent interactions of
hydroxyl groups via complex hydrogen bonding. Compared
with other alkaline concentrations, the 6% NaOH treatment
resulted in higher purity cellulose, and the regenerated
hydrogels presented greater tensile strength due to enhanced
hydrogen bonding interactions.146

Freeze−thawing is another commonly used technique for
the synthesis of physical hydrogels. In one study, freeze−
thawing was chosen as the cross-linking method to prepare
physically cross-linked PVA-lignin hydrogels.156 To find the
optimal lignin and PVA concentrations and improve synthesis
efficiency, researchers have tested six different synthesis
pathways with various cross-linking and curing methods. In
another study, two types of lignins extracted from almond and
walnut shells were synthesized into lignin/poly(vinyl alcohol)
physical hydrogels. The properties of the resulting physical
lignin hydrogels were found to be influenced by the type and
source of lignin due to their different hydrogen bonding

interactions with the matrix polymer.150 Freeze−thawing
techniques have also been used to prepare hydrogels based
on poly(vinyl alcohol) (PVA) and cellulose nanocrystals157

and hydrogels based on pineapple peel cellulose and PVA.158

Other physical cross-linking methods, such as hydration,
sonication, heating, and coagulation, have recently been
reported.159 In a study by Wu et al., composite hydrogels
made from okara cellulose nanofibers (CNFs) and carrageenan
were fabricated using this methodology. This technique,
notable for its efficiency, allows simple and rapid fabrication
without the need for harsh chemicals. Moreover, researchers
have explored the effects of chemically modifying okara CNFs
via TEMPO oxidation. The results revealed that TEMPO
oxidation led to notable enhancements in various properties of
the composite CNF-carrageenan hydrogels, primarily attrib-
uted to increased interactions, including ion bridging and/or
hydrogen bonding among the ionic (-COO− and -OSO3

−) and
polar (-OH) groups on the okara cellulose nanofibers and
carrageenan molecules subsequent to TEMPO oxidation.

Hydrogen bonding is one of the most common interactions
in the formation of physically cross-linked hydrogels, but other
noncovalent interactions such as electrostatic interactions and
hydrophobic interactions also contribute to hydrogel for-
mation, sometimes through multiple interactions simultane-
ously. For example, a lignosulfonate (LS)/polyvinylpyrrolidone
(PVP) complex (LPC) adhesive hydrogel with a noncovalent
network structure was developed through a simple and
ultrafast pH-induced gelation process. The LPC hydrogel
demonstrated self-healing ability and strong adhesion to
various substrates due to multiple noncovalent interactions,
including hydrogen bonding and hydrophobic interactions.160

Another method for preparing physically cross-linked
hydrogels involves electrostatic interactions. For instance,
electrostatic forces exist between the ionic charges of

Table 2. Summary of Recent Studies Related to AW-SAH Synthesis Using Chemical Cross-Linkers

Chemically cross-linked hydrogels Precursors derived from agro waste materials Chemical cross-linkers Authors Year

Cellulose nanofibers/carboxymethyl
cellulose hydrogels

Cellulose from pine wood scraps Epichlorohydrin Jha et al.39 2024

Cellulose/Zeolite hydrogels Cellulose from rice husk Epichlorohydrin Lunardi
et al.46

2024

Cellulose hydrogel Cellulose from jute sticks Epichlorohydrin Ahmed
et al.165

2023

Lignin/PVA hydrogel Lignin from poplar wood Epichlorohydrin; PEG/ECH;
Epoxide-terminated PEG

Shen et al.166 2016

Cellulose hydrogel Cellulose from poplar wood Epichlorohydrin Shen et al.167 2016
Cellulose hydrogel Cellulose from rice straw Epichlorohydrin Kadry

et al.168
2023

PVA/lignin hydrogels Lignin from corncob Epichlorohydrin Wu et al.169 2019
Hydroxyethylcellulose/PVA/lignin
hydrogels

Lignin from corncob Epichlorohydrin Huang et al.75 2019

PVA/GA/cellulose hydrogels Cellulose from sugar cane bagasse Glutaraldehyde Ban et al.134 2022
PVA/GA/okara hydrogels Soybean meal (okara) Glutaraldehyde Songsrirote

et al.170
2017

Microcrystalline cellulose/lignin hydrogels Microcrystalline cellulose (MCC) and lignin from rice
straw

Glutaraldehyde/
epichlorohydrin

Kaur et al.74 2023

Nanocellulose/wood ash-reinforced
starch-chitosan hydrogels

Cellulose from sugar cane bagasse Citric acid Iqbal et al.35 2024

PVA/CMC-HEC/whey-based hydrogels Cellulose derivatives (carboxymethylcellulose sodium
(CMCNa) and hydroxyethylcellulose (HEC))

Citric acid Fabian
et al.171

2024

Chitosan/cellulose/poly(acrylic acid)
hydrogels

Cellulose Thiourea formaldehyde resin Essawy
et al.172

2016

Sisal-based hydrogels Lignocellulosic sisal fibers Polymeric methylene diphenyl
diisocyanate

Queiroz
et al.173

2023

Liquefied corn stover/Chicken feather
protein/poly(acrylic acid) hydrogels

Liquefied corn stover Isocyanate Yang et al.174 2013
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carboxymethyl cellulose polymer chains and the multivalent
cation Ca2+.161 In another case, solid-state NMR confirmed the
interaction between the chitosan polycation and alkali lignin,
whereas pH, solubility, and electrokinetic studies further
validated the ionic cross-linking nature of these two
constituents.162

3.2. Chemical Cross-Linking Methods. The chemical
cross-linking methods used to synthesize AW-SAHs usually
involve the formation of covalent cross-linking bonds within
the hydrogels. The covalent cross-linking can be formed by
direct cross-linking of agro wastes or by graft polymerization of
monomers to agro wastes with cross-linkers. Chemical cross-
linking agents, such as glutaraldehyde or epichlorohydrin, can
form covalent bonds between polymer chains to create a stable
three-dimensional hydrogel network.163 Graft polymerization
involves creating covalent cross-linking bonds between
monomers to form polymer chains, whereas cross-linkers act
as bridges between polymer chains to form a three-dimensional
network structure.27

3.2.1. Direct Cross-Linking of Agro Wastes with Cross-
Linkers. Several chemical cross-linking agents can be used for
AW-SAH synthesis, including epichlorohydrin, glutaraldehyde,
formaldehyde, and isocyanate.163 The cross-linking agents for
AW-SAH synthesis should have reactive functional groups and
high reactivity toward the lignocellulosic biomass polymers
that can react with the polymer chains to ensure efficient cross-
linking. The choice of cross-linking agent depends on factors
such as the specific agro waste material being used, the desired
properties of the SAH, and the intended application of the final
products. Table 2 summarizes some recent studies that used
cross-linkers to synthesize chemically cross-linked AW-SAHs.
Epichlorohydrin (ECH) has an epoxy group (C-O-C) that

can react with the hydroxyl (-OH) groups of lignocellulosic
biomass polymers to form cross-links.46,164,165 The reaction
occurs through an opening of the epoxy ring, resulting in a
covalent bond between the epoxy carbon and the hydroxyl
oxygen. In a recent study, a urea-loaded cellulose nanofiber/
carboxymethyl cellulose hydrogel was crafted through an eco-
conscious method using pine wood scraps.39 This hydrogel,
which was cross-linked with epichlorohydrin and enriched with
carboxymethyl cellulose, demonstrated increased water ab-
sorption. Its efficacy as a gradual-release fertilizer for nurturing
plant growth has been successfully confirmed. Shen et al. used
ECH to cross-link lignin or cellulose extracted from wood
biomass to form hydrogels, but the lignin-based hydrogels
obtained via direct reaction with ECH were poor in terms of
water absorption, whereas the hydrogels obtained by cross-
linking with epoxy-terminated polyethylene glycol (ETPEG)
lignin exhibited improved water absorption.166,167 Epichlor-
ohydrin can also be utilized in conjunction with polymerization
processes. Hydrogels featuring cellulose and cellulose/poly-
(acrylic acid) and boasting superabsorbent properties were
prepared from cellulose extracted from rice straw. These
cellulose-based hydrogels, which exhibit improved swelling
ratios and water retention capacities, were synthesized through
solution polymerization and chemical cross-linking. Potassium
persulfate acted as the initiator, whereas ECH served as the
cross-linker.168

In one study, Lignin-PVA SAHs were synthesized by
increasing the lignin concentration within a conventional
PVA hydrogel matrix using ECH as a cross-linker. This study
employed alkali lignin as the primary raw material, integrating
it with PVA as the matrix template and employing ECH as the

cross-linker for the synthesis of Lignin-PVA hydrogels.
Notably, the swelling ratio of these hydrogels increased
markedly, increasing from 92 g/g to 456 g/g as the lignin
concentration increased from 0% to 5%.169 The same research
team also developed hydrogels with excellent swelling
properties (swelling ratio of 1220 g/g in alkaline aqueous
solution) by using ECH to cross-link PVA, hydroxyethylcellu-
lose, and lignin. The hydrogels exhibited greater swelling when
the starting lignin molecules had a medium molecular weight
and higher phenolic hydroxyl content. The authors demon-
strated that hydrogels can absorb many positively charged
dyes, which is expected to have promising applications in both
agriculture and dye pollutant removal.75

Glutaraldehyde (GA) has two aldehyde functional groups
(-CHO) that can react with hydroxyl groups in lignocellulosic
biomass polymers through a cross-linking reaction.134 The
aldehyde groups can undergo nucleophilic addition reactions
with the hydroxyl groups in cellulose, hemicellulose, and lignin
to form covalent bonds, making the polymers cross-linked into
hydrogels.

GA was mixed with PVA to produce PVA/GA/okara-based
hydrogels for plant growth applications. As the reaction of PVA
with GA occurs through the formation of acetal bridges
between the pendant hydroxyl groups of the PVA chains in the
presence of GA, higher concentrations of GA lead to fewer
hydroxyl groups in the hydrophilic part of the hydrogel,
resulting in reduced water swelling. However, when the
concentration of GA (5.0 mM) was too low, the gel could
not maintain its shape after swelling, and 10.0 mM GA was
selected for this study.170

In a recent study, glutaraldehyde and epichlorohydrin were
used together as cross-linking agents, and polyvinyl alcohol was
used as a matrix template to cross-link microcrystalline
cellulose (MCC) and lignin extracted from rice straw into
chemically cross-linked hydrogels.74 Citric acid, a nontoxic
alternative, has also been employed as a cross-linker.35 When
exposed to high temperatures, citric acid reacts with the
hydroxyl groups on adjacent polymer chains, forming cross-
links.171 Other cross-linking agents, including thiourea form-
aldehyde resin,172 polymeric methylene diphenyl diisocya-
nate,173 and isocyanate,174 have also been reported to cross-
link lignocellulosic biomass to form hydrogels, and some of
these hydrogels have been used for the controlled release of
fertilizers.

A promising alternative strategy for preparing chemically
cross-linked AW-SAHs involves converting lignocellulosic
biomass into functionalized cross-linkers. Hydroxyethylcellu-
lose (HEC) from processed pineapple peel residue was
oxidized to form aldehyde groups, which then reacted with
the amino groups of carboxymethyl chitosan to form a
hydrogel.42 This approach might be more sustainable than the
use of traditional cross-linkers such as glutaraldehyde, which
can have negative impacts on human health and the
environment.

3.2.2. Graft Polymerization of Monomers with Cross-
Linkers. Free radical polymerization is a key synthetic route for
producing SAHs derived from agro waste materials, where a
free-radical initiator or radiation initiates the graft polymer-
ization reactions of monomers with cross-linkers, to convert
lignocellulosic biomass into a three-dimensional hydrogel
network. Various chemical induction systems can be used to
generate free radicals to initiate polymerization.175 For
example, thermal initiators generate free radicals via thermal
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decomposition,176 photoinitiators generate free radicals when
exposed to light (usually UV or visible light),78,177 and redox
initiators generate free radicals via decomposition of an
oxidizing agent (usually a peroxide).17 Polymerization
techniques commonly used in the synthesis of AW-SAHs
include γ radiation graft copolymerization and microwave-
assisted polymerization, in which microwave radiation can
accelerate chemical reactions.
Vinyl monomers such as acrylic acid (AA) and acrylamide

(AAm) are commonly used for copolymerization with
lignocellulosic biomass to form SAHs via free radical graft
copolymerization. Bifunctional cross-linking agents such as
N,N′-methylenebis(acrylamide) (MBA), which contain two
vinyl groups and a methylene bridge, can easily undergo free
radical polymerization with these vinyl monomers to form a
3D hydrogel network. Generally, the polymerization mecha-
nism for preparing a lignocellulosic biomass hydrogel grafted
with acrylic acid and acrylamide involves three
steps:28,148,178,179 (1) Initiation: In this step, an initiator
undergoes homolytic cleavage or redox reactions to form free
radicals. Some of the hydroxyl groups (-OH) of lignocellulosic
biomass polymers are converted into macroradicals in contact
with the produced free radicals. The macroradicals are formed
by the abstraction of a hydrogen atom from the -OH group by
a free radical, resulting in the formation of a new -O• radical
on the lignocellulosic biomass polymer. Free radicals and
macroradicals initiate the polymerization reaction. (2)
Propagation: Free radicals and macroradicals attack vinyl
monomers to form copolymer chains. (3) Termination: A 3D
hydrogel network is formed in the presence of cross-linkers.
Termination occurs when free radicals and macroradicals are
consumed, either by reacting with each other or with other
species in the system.
An example is shown in Figure 2 to illustrate the process of

preparing a biomass okara-based hydrogel grafted with acrylic
acid and acrylamide via free radical graft copolymerization.79

First, an ammonium persulfate (APS) initiator is added to
okara, and heat causes the initiator to form free radicals, which
react with the -OH in okara to form macroradicals. The
macroradicals then react with the monomers AA and AAm,
leading to the formation of polymer chains.19 In this process,
macroradicals act as initiators of graft copolymerization so that
the polymer chains are grafted onto the okara. The cross-
linking agent MBA reacts with the polymer chain to form a 3D
network structure to obtain the final Okara-P(AA-AAm)
hydrogel. The carboxyl or amide groups in the AA and AAm
monomers can provide hydrogen bonding sites to interact with
water molecules and improve the water absorption capacity of
the prepared AW-SAHs.
This free radical graft copolymerization technique has also

been widely used to develop SAHs derived from other agro
waste materials. Bagasse-based superabsorbents, including

sugar cane bagasse/P(AA-co-AAm),180 sugar cane bagasse-
PAA,181 sugar cane bagasse-g-PAAm/attapulgite,135 and
bagasse cellulose/P(AA-co-AAm)/nano-CaCO3,

17 were pre-
pared using a similar initiator/monomer/cross-linker system,
in which attapulgite or nano-CaCO3 was used as a second
cross-linked network in addition to MBA to further increase
the gel strength. Other superabsorbents prepared using this
polymerization technique include rice straw cellulose-g-
PAA,105 rice husk ash-P(AA-co-AAm),182 pineapple peel
carboxymethyl cellulose-g-poly(AA-co-AAm)/graphene
oxide,183 pineapple peel carboxymethyl cellulose-g-poly(AA-
co-AAm)/carclazyte,184 passion fruit peel pectin-PAA,125 and
raw corn straw-PAA.115

Microwave-assisted polymerization is another technique that
can be used to initiate free-radical polymerization to synthesize
AW-SAHs. This method can use various types of initiators,
such as thermal or redox initiators. The basic mechanism of
microwave-assisted polymerization is similar to that of
conventional free radical graft polymerization in that both
processes use free radicals to initiate and propagate polymer-
ization. The main difference between the two methods is the
method used to initiate the polymerization reaction. In
conventional free radical graft polymerization, the polymer-
ization reaction is typically initiated via heat, light (usually UV
or visible light), or a redox system. In microwave-assisted
polymerization, the polymerization reaction is initiated via
microwave energy. An example is shown in Figure 3 to
illustrate the process of preparing a corncob-based hydrogel for
slow-release nitrogen fertilizer (SRF) via microwave irradi-
ation.122 The microwave energy caused the initiator potassium
persulfate (KPS) to decompose into free radicals, which
reacted with the -OH in the corncob to form macroradicals.
The macroradicals then initiated the monomers AA and
acrylamide (produced by AA reacting with parts of urea),
leading to polymer chain propagation and the generation of
grafted copolymers. In addition, owing to the presence of the
cross-linking agent MBA, a cross-linked 3D network structure
can be formed.

In microwave-assisted polymerization, the reaction mixture
is exposed to microwave radiation, which generates heat and
accelerates the reaction rate, thereby achieving advantages such
as a faster reaction rate, shorter reaction time, and higher yield.
The polymerization of the corncob-g-PAA/bentonite/PVP/
urea (CC-g-PAA/Bent/PVP/urea) hydrogel shown in Figure 3
was completed by irradiation of the reaction mixture for 4.5
min. Wen et al. also prepared cotton stalk-based SRFs via
microwave irradiation for 3−3.5 min.14,185 A recent study
reported the etherification of cotton-derived microcellulose via
microwave irradiation, followed by the preparation of hydro-
gels via microwave-assisted radical polymerization, and the
polymerization was completed under 400 W of microwave
irradiation for 2 min.186 PVA/GA/okara-based hydrogels were

Figure 2. Synthetic route for the preparation of biomass-based Okara-P(AA-AAm) superabsorbent hydrogels.79
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prepared in a previous study via microwave-assisted heating.
Compared with conventional hotplate heating, the hydrogel
could be fabricated with 100% replacement of starch by okara
via microwave irradiation, while at least 50% starch was
required in the latter.170 Another study revealed that a
carboxymethyl cellulose-g-2-acrylamido-2-methylpropanesul-
fonic acid hydrogel synthesized through a microwave-assisted
technique has a higher gel content than that obtained through
conventional methods.187 Even when the reaction time in the
conventional water bath heating method was extended to 180
min, the gel content was still lower than the optimal time of
14.60 min in the microwave-assisted method. Thus, the
microwave-assisted method offers advantages over the conven-
tional method in terms of faster hydrogel formation and a
higher yield of the product.

γ Radiation graft copolymerization uses γ radiation to initiate
the grafting of monomers onto lignocellulosic biomass. Like
other free radical polymerization reactions, this mechanism
involves three steps: initiation, propagation, and termination.
An example is shown in Figure 4 to illustrate the synthesis of
hydrogel composites composed of guar gum-pectin/PAAm/
ZnO via gamma irradiation.188 In this study, guar gum and
pectin were irradiated with γ radiation, which led to the
formation of macroradicals that initiated the polymerization of
the AAm monomer to form a 3D hydrogel network. This
polymerization technique has also been used to develop

hydrogels such as carboxymethyl cellulose/PAAm189 garlic
straw-derived composite hydrogels190 and agro waste/PAA
superabsorbents based on agricultural residues, including rice
straw, soft coconut shells, palm fruit bunches, water hyacinth
and sugar cane.191

4. APPLICATION OF AW-SAHS IN SUSTAINABLE
AGRICULTURE

SAHs are widely used in agriculture, mainly for the
management of water and nutrients, the two key factors
affecting crop production.33,148 In early years, many studies
explored the application of conventional petroleum-based
SAHs in agriculture, but their practical application in
agriculture was limited because of their high cost and
environmental concerns associated with their production and
disposal.192 In contrast, the advantages of using waste-derived
SAHs in agriculture are more obvious, and the application of
AW-SAHs in agriculture is gradually increasing. Since these
hydrogels are made from abundant agricultural waste materials,
they not only reduce waste disposal problems but also make
the production of AW-SAHs more sustainable and cost-
effective.21,193

4.1. AW-SAH-Based Slow-Release Fertilizer (SRF). One
of the main uses of SAHs in agriculture is as carriers for slow-
release fertilizers (SRFs).194 After fertilizers are incorporated
into the hydrogel matrix, they can be slowly released over time,
providing plants with a sustainable source of nutrients. The use
of slow-release fertilizer hydrogel (SRFH) prevents fertilizer
leaching and runoff, reduces the fertilization frequency, and
improves plant growth.195

There are several methods for the preparation of AW-SAH
based SRFs, among which the following three methods are

Figure 3. Preparation of a corncob-based hydrogel for slow-release
nitrogen fertilizers (SRFs) via microwave irradiation.122

Figure 4. Synthesis of hydrogel composites composed of guar gum-
pectin/PAAm/ZnO via gamma irradiation.188
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commonly reported in the literature.196,197 (1) Hydrogel/
fertilizer solution mixing method: In this method, the dried
hydrogel is immersed in the fertilizer solution, and the swollen
hydrogel is then dried to form the SRFH. (2) In situ
polymerization method: This method involves the direct
polymerization of monomers in the presence of fertilizer to
form SRFH. (3) Coating method: In this method, the solid-
form fertilizer is coated with a layer of hydrogel, which acts as a
slow-release matrix, and the coated fertilizer is dried to form
the SRFH.
Compared with the in situ polymerization method, the

advantage of the hydrogel/fertilizer solution mixing method
offers better control over SRFH formation, as it loads the
fertilizer after the hydrogel is prepared, avoiding the side
reaction of adding all the materials together. It is usually
conducted in four steps: hydrogel synthesis, hydrogel drying,
fertilizer loading and SRFH drying. AW-SAHs, which include

wheat straw-g-poly(acrylic acid),198 carboxymethyl cellulose-g-
poly(acrylamide)/montmorillonite,199 sugar cane bagasse-g-
poly(acrylamide)/attapulgite,135 cellulose nanofibers/metal−
organic frameworks (MOFs)/sodium alginate,200 and carbox-
ymethylcellulose/graphite oxide,201 have been used to load
urea via this method. Another study also used cellulose-based
hydrogels to load KNO3 fertilizer by immersing the dried
hydrogel in KNO3 aqueous solution, followed by swelling and
drying to prepare SRFH.202

The advantage of the in situ polymerization method is its
simplicity, as it requires fewer steps and is more cost-effective
due to reduced drying costs. Figure 5 shows an example of the
synthesis of corn stalk fiber/loess-based geopolymer (CoSP/
LoGP)-based SRFs (N@ CoSP/LoGP) via an in situ
polymerization method.203 Urea was mixed with all the raw
materials for polymerization, including the CoS fiber/LoGP,
monomer AA, cross-linker MBA, and initiator KPS, to form the

Figure 5. Procedure for the synthesis of corn stalk fiber/geopolymer-based SRFs via an in situ polymerization method.203

Figure 6. (a) Fabrication routes of the urea coating process via the coating method and digital photographs of the coated SRFs,208 (b) schematic
diagram of swollen coated monoammonium phosphate fertilizer (MAP) granules209 and (c) schematic illustration of the effect of the degree of
cross-linking of the coating on the diffusion of nutrients.209
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SRFH. The AW-SAH-based SRFs demonstrated a remarkable
improvement in nitrogen utilization efficiency, promoting corn
growth with the sustained release of 60.6% of nutrients within
45 days. Urea was also incorporated as a source of nitrogen via
in situ polymerization in a carboxylated cellulose nanocrystal-
reinforced sodium alginate (SA)-g-P(AA-co-AAm) hydrogel204

and a leftover rice-g-PAA/montmorillonite AW-SAH.205 In
addition to urea, the method has also been applied to load
nitrogen (N), phosphorus (P), and potassium (K) (NPK)
fertilizer compounds into a maize bran-g-P(AA-co-AAm)/
montmorillonite hydrogel206 and a sulfonated-carboxymethyl
cellulose (SCMC)-PAA/PVP/silica hydrogel.207

The coating method allows for precise control over the
release rate of nutrients, which can be adjusted by altering the
physical/chemical properties (such as hydrophilicity/hydro-
phobicity and cross-linking density) of the coating materials
and the thickness of the coating layer. An example is shown in
Figure 6a to illustrate the fabrication routes of the urea coating
process via the coating method.208 Solid urea prills were coated
with cassava starch (CSt)-g-PAA/natural rubber/PVA semi-
IPN hydrogel by gradually injecting the hydrogel solution onto
the surface of urea at 70 °C within 1 min, followed by curing at
the same temperature for 10 min. Any cracks or flaws on the
coating surface were sealed with a wax solution to produce the
final coated SRF product, as shown. Kassem et al. developed an
all-cellulose hydrogel formulation using CMC/hydroxyethyl
cellulose/regenerated cellulose, which was applied as a coating
material for monoammonium phosphate fertilizer (MAP) in a
rotating pan to produce coated SRFs varying in thickness and
degree of cross-linking (Figure 6b-c).209 This study revealed
that coating thickness and cross-linking conditions can affect
the properties of coated products. Increasing the coating
thickness and highly cross-linked networks resulted in a higher
hardness and slower release rates (12 h in water and 19−20
days in soil). Thicker coatings also resulted in better water
holding and retention capacities. It was also found that cross-
linking influenced the degradation of the coating material in
the soil, with a higher cross-linking density resulting in slower
decomposition (63.15% loss after 24 days). Other coating

methods, such as using AW-SAHs as an inner coating or outer
coating in double-coated multifunctional SRFs,174,210,211 and
wrapping waste mulberry branch-based SAHs in the “egg-shell”
structure of sodium alginate/Ca2+ have also been reported.112

4.2. Characteristics of AW-SAHs for Soil Condition-
ing. Another major use of AW-SAHs in sustainable agriculture
is as a soil conditioner to increase the water holding capacity of
the soil.102 These hydrogels can absorb and retain large
amounts of water and nutrients, which are then slowly released
to plants over time to increase plant growth and yield.148

Figure 7 illustrates the phenomenon of water leaching and
nutrient loss caused by the repeated watering of plants growing
in bare soil, while water and nutrients are retained in the soil
supplemented with SAHs and then slowly released for plant
growth. In bare soil, water and fertilizers need to be applied
frequently, as excess water drains out of the soil, leaching
nutrients along with it. This leads to nutrient loss and the
inefficient use of water resources. Conversely, when SAHs are
added to the soil, they absorb and retain water, creating a
reservoir that can slowly release water to plant roots over time.
This reduces the frequency of watering and fertilization
needed, which in turn reduces water leaching and nutrient loss.

AW-SAHs are usually characterized by their swelling
capacity, water holding and retention in soil, mechanical
properties, and biodegradability, among other properties, to
evaluate their suitability for application as a soil conditioner.212

Research in the field often focuses on producing AW-SAHs
with high swelling capacity, good water holding and retention
capacities in soil, good mechanical properties, the incorpo-
ration of relatively high levels of low-cost waste.104,213

Researchers can tune the properties of AW-SAHs by strategies
such as changing the chemical composition and functional
groups of the hydrogel, optimizing the synthesis parameters
(such as the concentration and feed ratio of the raw materials)
and reaction conditions, and incorporating nanomaterials or
other fillers.214

The swelling behavior of SAHs can be characterized by
measuring their swelling capacity and swelling kinetics.215 The
water swelling capacity is the amount of water absorbed by the

Figure 7. Illustration of (a) water leaching and nutrient loss caused by repeated watering and fertilization of plants growing in bare soil and (b)
water and nutrient retention and slow release for plants growing in soil supplemented with superabsorbent hydrogels.
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hydrogel per unit weight, and it can be determined by
immersing a known weight of dry hydrogel in water and
measuring the weight gain after equilibrium is reached.84

Swelling kinetics are the rate at which a hydrogel swells and
can be determined by measuring the weight of the hydrogel at
various time intervals after immersion in water.83 The swelling
properties can be improved by adjusting the polymerization
parameters, including the monomer concentration, initiator
concentration, feed ratio of the raw materials and cross-linking
density.216 Several techniques, such as the incorporation of
nanoclay fillers217 and plasma modification,15 were also found
to be useful for improving the swelling properties of SAHs.
The water-holding capacity or water-retention performance

effectiveness of AW-SAHs in soil is very important to prove
that AW-SAHs can be used as a soil conditioner for improving
soil quality.102,197 To improve the water holding and retention
properties of AW-SAHs in soil, various strategies can be
employed, such as changing the hydrogel composition and
cross-linking density.218 One common approach is to
introduce hydrophilic functional groups or monomers such
as AA and AAm into the hydrogel network, which can increase
the affinity of the hydrogel for water.219 Our group introduced
AA and AAm into the biomass of okara to form okara-P(AA-
AAm) and okara-PAA hydrogel networks.79,84 The hydrogels
were demonstrated to enhance vegetable growth by improving
the water holding and retention properties of soils. The water
retention capacity of the same material in different soils also
varies. Compared with the nutrient-rich pot mixture, the okara-
PAA hydrogel supplement improved the water holding and
retention capacity of the sand and mixed soils more
significantly.84 Optimization of the hydrogel synthesis
parameters and reaction conditions can also lead to improved
water holding and retention properties.
Improving the mechanical strength of SAHs can usually

improve their water-holding and water-retention properties in
soil.220,221 The mechanical strength of a hydrogel refers to its
ability to resist deformation or breakage under an applied
force. A hydrogel with greater mechanical strength will be
more resistant to compression and maintain its structure for a
longer time, which can lead to improved water holding and
retention properties. The mechanical strength of a hydrogel
can be improved by strategies such as increasing the cross-
linking density of the hydrogel, blending hydrogels with
polymers that can strengthen interactions, and incorporating
fillers. For example, the addition of kaolin was found to
improve the mechanical properties of soybean residue-g-
poly(acrylic acid)/polyethylene glycol 2000/kaolin/urea hy-
drogels by forming a dense and rigid network.177 Wei et al.
used peach branch-cellulose nanofibers as reinforcing agents to
enhance the mechanical performance and adsorption capacity
of hydrogels.12

Compared with conventional petroleum-based hydrogels,
which can persist in the environment for a long time, AW-
SAHs generally have better biodegradability because they are
made from biodegradable biomass materials that can easily
decompose in the environment.145 The use of AW-SAHs in
agriculture can therefore reduce the accumulation of non-
degradable materials in the environment and promote
sustainable agricultural practices.
4.3. Application of AW-SAHs for Enhanced Plant

Growth. The use of AW-SAHs or AW-SAH-based SRFs in
soil has shown promising results in promoting plant growth. By
increasing the water holding capacity and nutrient retention of

soil, AW-SAHs can increase plant growth, especially under
water-limited or drought conditions.79 Several studies have
reported improvements in plant growth, yield, and water use
efficiency when crops such as leafy vegetables,222 beans,223

cucumbers,224 corn,11 wheat,76 and maize225 are grown in soil
supplemented with AW-SAHs. However, the effectiveness of
AW-SAHs as soil supplements may vary depending on factors
such as the application rate, soil type, and crop species.

For example, the effects of different concentrations of okara-
P(AA-AAm) hydrogel on the initial growth of the Asian leafy
vegetable choy sum were studied by our group.79 It was found
that the initial growth of the choy sum seedlings was not
adversely affected by the addition of 0−2% hydrogel to the
potting mix. The study revealed that seeds grown in a water-
saturated pot with 2% hydrogel had a 100% survival rate after
12 days without the addition of water after sowing, whereas no
plants survived beyond 9 days without the hydrogel.
Compared with those mixed with 1% or less okara-P(AA-
AAm), those mixed with 2% okara-P(AA-AAm) hydrogel
presented better drought tolerance. Using the hydrogel as a
soil supplement for plant growth led to more than 80% growth
enhancement in terms of shoot fresh weight and leaf area
under water-limited conditions. The addition of the okara-
P(AA-AAm) hydrogel significantly improved the growth and
yield of choy sum, reduced leaching and watering frequency by
half, increased irrigation water-use efficiency (>80%), and
prevented excessive nutrient leaching.9 Okara-based SAHs can
also be applied under field conditions to keep plants hydrated
for longer periods of time, potentially reducing the need for
frequent watering.222 A field study revealed that the okara-
based hydrogel amendment retained more soil nutrients, and
the use of the 0.2% (w/v) hydrogel increased choy sum and
pak choi vegetable growth by 35−60% and increased water use
efficiency by 30−60%. These findings suggest that okara-based
SAHs have potential for plant growth applications, particularly
in situations with limited availability of irrigation water.

In addition, the efficacy of AW-SAHs can vary depending on
the soil type. In one study, an okara-PAA hydrogel was
evaluated in three different types of soils, namely, lawn sand,
mixed soil, and potting mix.84 While the hydrogel enhanced
the survival of choy sum seedlings in mixed soil, there was only
a slight difference in the survival of seedlings grown in pots
supplemented with or without the hydrogel. Thus, compared
with other soil types, supplementation with the okara-PAA
hydrogel is more beneficial for choy sum in mixed soil under
drought conditions. Calcagnile et al.202 conducted a study on
tomatoes and chicory using a poly(lactic acid)/cellulose-based
superabsorbent hydrogel in two different soil types: red soil (a
sandy soil) and white soil, which is composed of a certain
amount of clay. The results showed that the hydrogel material
improved the water retention capacity of the soil, particularly
in red soil. Furthermore, increasing the amount of hydrogel in
the system led to higher fruit yields than those in the control
case.

The application of AW-SAHs for improving plant growth
has been reported in a wide variety of crop species. In pot
experiments with wheatgrass, the use of zinc-loaded carbox-
ymethyl cellulose/carrageenan hydrogels had positive effects
on plant growth. Compared with those in the control group,
the height of the treated plants increased, the number of
germinated seeds increased, and the total fresh and dry weights
increased.226 The addition of wheat straw cellulose-based
hydrogels to the soil improved the soil water holding capacity,
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resulting in improved corn germination and seedling growth, as
evidenced by significant increases in the germination index and
overall plant growth.11 Similarly, a stalk fiber-based SRFH
greatly improved soil fertility, promoting corn germination and
growth.203 The application of millet straw-based SRFH in soil
for wheat growth resulted in a significant delay in phosphorus
and nitrogen release rates, promoting the growth indices and
yields of wheat.76 The application of rice straw-based hydrogels
significantly improved the growth of monocot (wheat) and
dicot (moong bean) plants by increasing their height, total
biomass, and leaf area and prolonging their survival time, and
these plants performed well under stress conditions compared
with the control.74 In a field experiment, the effects of rice
straw-based hydrogels combined with agricultural fertilizer and
effective microorganisms on fava bean production and their
ability to alleviate salinity stress were investigated. The analysis
revealed that all amendments had significant effects on bean
growth parameters, in terms of seed yield, seed nutrient
content, irrigation water use efficiency, and economic water
productivity.223

Thus, AW-SAHs offer substantial agronomic benefits by
increasing soil water and nutrient retention, which is
particularly valuable under drought or water-limited con-
ditions. These hydrogels improve soil moisture retention,
reduce the frequency of irrigation and increase water-use
efficiency. By acting as water and nutrient reservoirs, AW-
SAHs ensure a steady supply of essential nutrients to plants,
minimizing nutrient leaching and promoting better plant
growth and higher yields. Crops such as corn, wheat, and leafy
vegetables have shown significant growth improvements and
yield increases when grown in soil supplemented with AW-
SAHs. The enhanced nutrient and water retention capabilities
of these hydrogels also lead to more efficient nutrient
management, reducing the need for external fertilizers and
irrigation inputs, lowering production costs, and mitigating
environmental impacts by decreasing water and nutrient
runoff. Furthermore, AW-SAHs support sustainable agriculture
by enhancing the soil structure, increasing the organic matter
content, and fostering beneficial microbial activity, contribu-
ting to long-term soil fertility and productivity. The use of
agricultural waste-derived hydrogels aligns with circular
economy principles by recycling waste materials into valuable
agricultural inputs, further enhancing farming sustainability
and resilience.

5. CHALLENGES, OPPORTUNITIES, AND
PERSPECTIVES

The integration of AW-SAHs into sustainable agriculture
presents both significant challenges and promising oppor-
tunities. Derived from agro waste materials rich in natural
biopolymers such as cellulose, hemicellulose, and lignin, AW-
SAHs utilize various physical and chemical cross-linking
methods essential for their synthesis. Physical methods such
as dissolution-regeneration and freeze−thawing establish
networks through hydrogen bonding, ionic bonding, and
hydrophobic forces. Chemical cross-linking, involving agents
such as epichlorohydrin and glutaraldehyde, and advanced
polymerization techniques such as free radical graft polymer-
ization, offer enhanced functionality but introduce complexities
related to reaction conditions and environmental safety.
Despite their potential, AW-SAHs face several challenges.

The variability in the quality and properties of agro waste
materials can affect the consistency and performance of the

hydrogels. The economic feasibility of large-scale production
and application is a major concern, as well as addressing
environmental issues related to the biodegradability and
potential toxicity of some hydrogel components.

On the positive side, AW-SAHs offer significant oppor-
tunities for enhancing sustainable agriculture. They improve
soil moisture and nutrient retention, leading to more resilient
cropping systems, especially in arid and semiarid regions. The
use of waste materials for hydrogel production aligns with
circular economy principles, reducing agricultural waste and
promoting resource efficiency. Advances in materials science
and biotechnology could further increase the efficiency and
environmental friendliness of these hydrogels.

Moving forward, it is crucial to standardize production
processes for AW-SAHs to ensure consistency and quality.
Research should also focus on understanding the long-term
effects of AW-SAHs on soil health and crop productivity.
Integrating AW-SAHs with other sustainable practices, such as
precision agriculture and organic farming, could create more
holistic and resilient farming systems. Collaboration among
researchers, industry stakeholders, and policymakers will be
essential to overcoming current barriers and realizing the full
potential of AW-SAHs in promoting sustainable agriculture.

AW-SAHs have several innovative applications beyond their
primary use as slow-release fertilizers and soil amendments.
With respect to seed coating, SAHs enhance germination and
seedling establishment by protecting seeds from environmental
stresses and pathogens while delivering essential nutrients and
growth promoters directly to the seeds.227 This technique has
shown promise in improving crop yields and reducing the need
for external inputs. However, reports on coatings with AW-
SAH are still limited compared with those with petroleum-
based polymers, or alginate and starch.228−231 Additionally,
AW-SAHs can be integrated into controlled-release pesticide
systems, enhancing pest management and reducing chemical
leaching, although precise formulations are needed to avoid
unintended environmental impacts.232,233 In hydroponic and
greenhouse cultivation, AW-SAHs could be developed into
soilless substrates to increase water and nutrient delivery,
potentially improving plant growth and resource effi-
ciency.40,234,235 Adapting these hydrogels to various growth
conditions and scaling up their application remains a challenge.

While these applications offer substantial benefits, address-
ing challenges such as cost-effectiveness, scalability, and
compatibility with diverse agricultural systems is essential.
Ongoing research and technological advancements will be
pivotal in overcoming these obstacles and maximizing the
potential of AW-SAHs in advancing sustainable agricultural
practices.
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