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Abstract: Superabsorbent polymers are new functional polymeric materials that can absorb and retain
liquids thousands of times their masses. This paper reviews the synthesis and modification methods
of different superabsorbent polymers, summarizes the processing methods for different forms of
superabsorbent polymers, and organizes the applications and research progress of superabsorbent
polymers in industrial, agricultural, and biomedical industries. Synthetic polymers like polyacrylic
acid, polyacrylamide, polyacrylonitrile, and polyvinyl alcohol exhibit superior water absorption
properties compared to natural polymers such as cellulose, chitosan, and starch, but they also
do not degrade easily. Consequently, it is often necessary to modify synthetic polymers or graft
superabsorbent functional groups onto natural polymers, and then crosslink them to balance the
properties of material. Compared to the widely used superabsorbent nanoparticles, research on
superabsorbent fibers and gels is on the rise, and they are particularly notable in biomedical fields
like drug delivery, wound dressing, and tissue engineering.
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1. Introduction

Superabsorbent polymeric materials were first synthesized by employing acrylic acid
(AA) and divinylbenzene in aqueous solutions in the 1840s [1]. In the 1860s, Fanta et al.
grafted acrylonitrile onto starch. Subsequent research revealed that superabsorbent poly-
mers derived from starch exhibit exceptional water absorption capabilities and retain their
properties when subjected to pressure [2—4]. In the 1870s, scientists developed superab-
sorbent polymers by grafting hydrolyzed acrylonitrile onto starch molecules to help plants
grow in desert environments [5]. In 1978, superabsorbent polymers were commercially pro-
duced in Japan for use in feminine products. This innovation has enabled the production of
more efficient and effective feminine hygiene products. This technology was soon adopted
by other countries and has since become an industrial standard. In the 1880s, France and
Germany developed superabsorbent polymers synthesized from polyacrylic acid (PAA)
blended with cellulose-based fillers. The resulting product was utilized in baby diapers,
which increased their absorbency and minimized the quantity of superabsorbent polymers
required [6]. After ARCO Chemical developed a highly absorbent fiber in 1890s, and the
USDA developed starch-grafted crosslinked polyacrylate polymers that could absorb more
than 400 times their own weight in liquid, polyacrylate-based superabsorbent polymers
quickly captured a large share of the market [7,8]. Although PAA-based superabsorbent
polymers exhibit excellent properties, they are not biodegradable. As concerns about plastic
pollution continue to grow worldwide, researchers have begun to focus on the variety of
natural superabsorbent polymers, often considered green, that achieve superabsorbent
properties by grafting AA onto the polymer backbone [9-11].
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Superabsorbent polymers are three-dimensional organic materials with moderately
crosslinked structures that swell in aqueous solutions, absorb more than 1000 times their
dry weight in liquids, and do not release absorbed liquid under pressure [12,13]. The
main reason for the water absorption is the osmotic pressure and the presence of numer-
ous hydrophilic functional groups in the molecular chain [14,15], Their water absorption
mechanism follows Flory’s network theory, in which the osmotic pressure difference drives
the water absorption and expansion [16]. Water absorption by superabsorbent polymers
is a physicochemical process, in which the capillary adsorption and polymer network
first absorbs part of the water and in a short time reaches the saturation state of physi-
cal adsorption. Subsequently, due to the influence of water, the ionic groups within the
polymer chain transform into anions and cations. This transformation, coupled with the
electrostatic interactions between these ions, causes the molecular chain to expand and
unfurl. At this stage, the ion concentration within the polymer is significantly greater than
that outside, leading to an osmotic pressure that drives water from the exterior to penetrate
the interior until an equilibrium is reached between the internal and external osmotic
pressures. The duration of this process will be longer than the physical adsorption. Simulta-
neously, the polymer chemical water absorption and swelling reaches equilibrium and can
be maintained under a certain pressure for a considerable period. The water absorbency
of superabsorbent polymers is typically influenced by the pH and ionic concentration of
the solution [17]. An increase in the ionic concentration results in a significant decrease
in the water absorption capacity and to a greater extent in the case of multivalent cations.
This may be because of the chelating effect of the multivalent cations with the polymer
functional groups, causing the loosely packed polymer network to become tightly packed
through ionic crosslinking and making it extremely difficult for water to re-enter [18,19]. In
a strongly acidic environment, H+ replaces cations in the molecular chain, causing the os-
motic pressure difference to be greatly reduced. More hydrogen bonds are formed, causing
the network structure to become more compact, limiting the movement and relaxation of
the molecular chain, and leading to less water absorption. As pH increases, ionization is
enhanced, causing the breaking of hydrogen bonds, electrostatic repulsion between poly-
mer chains, and expansion of the polymer network structure, allowing more water to enter.
As the water absorption increases, the osmotic pressure decreases, the traction between
the polymer networks gradually increases, the water absorption rate reaches equilibrium
and stabilizes, and any further increase in pH leads to the structural disintegration of the
polymer networks, which will leads to a decrease in water absorption capacity.

Superabsorbent polymers are widely used in various fields owing to their distinctive
characteristics [20]. In agriculture, superabsorbent polymers can be used to control the
release of water, fertilizers, pesticides, herbicides, etc., and to protect the soil from the
impacts that cause it to harden [21,22]. Industrial applications include the adsorption and
filtration of toxic heavy metals or dyes in industrial wastewater [23], treatment of radioac-
tive uranium ions [24], dewatering of coal [25], and food packaging [26]. In the biomedical
field, superabsorbent polymers are used in tissue engineering [27], biosensing [28], drug
delivery systems, and wound dressings [29-35]. Superabsorbent polymers also play a
significant role in secondary energy storage, thermal energy storage, and artificial snow-
making [36-38]. The most commonly used superabsorbent polymers and their applications
are listed in Table 1, along with the corresponding physical and chemical properties and
water absorption ability of the materials.

This article will provide a comprehensive overview of existing studies on superab-
sorbent polymers, focusing on their types, morphology, and applications. The article delves
into the multifunctional applications of superabsorbent polymers while addressing the
relationship between composition, structure, and performance of superabsorbent polymer
materials, offering insights into new design strategies for innovative functional materials.
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Table 1. Superabsorbent polymers and their applications.
. Molecular Weight . Water Absorbency . c .
Material (Monomer) Physical Property (e/g) Water Holding Rate Application Hydrophilic Group Reference
Polyacrylic acid 7 Colorless./ hght 59 ~90% Horticulture, ggrlculture, _COOH [39,40]
yellow liquid drug delivery
Polyacrylonitrile 53 White opaque powder 95 85% Drug f:lehvery, Constructhn work, -CH3;NO,—-COOR [41-43]
oil and water separation
Polyvinyl alcohol 44 Flocculent, granular, 74 93% Cement, adsorption of alkali ~COOH [44-47]
powdery white solid metals, cardiac tissue engineering
Cellulose 162 Macromolea'llar 119 61% Soil water retention conditioning -COOH [48-50]
polysaccharide
White or off-white, Soil water retention, isolated
Chitosan 161 semi-transparent, flaky 670 56% T -SOzH [51-53]
. lysozyme, wound dressings
or powdery solid
Soil water retention, flexible
Starch 162 White powdery solid 343 80% batteries, controlled -OH, -COOH [54-57]
release fertilizers
A macromolecule Hveiene products
Protein 75-240 consisting of n 860 30% ygiene p ' -CO-NH [58-60]
. . hemostatic agents
peptide chains
Amino acid 75-240 White crystals 590 5% Viral diagnostic monitoring, ~CO-NH [61-63]
wound dressing, drug delivery
Alginate 176 White or light 1700 70% Dye adsorption, water-absorbent _COONa,-OH [64-66]

yellow powder

fabrics, concrete anti-cracking
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2. Superabsorbent Polymers
2.1. Synthetic Superabsorbent Polymers

There are two major categories of superabsorbent polymers: synthetic and natural.
Synthetic polymers include PAA [67], polyacrylamide [68], polyacrylonitrile [69], and
polyvinyl alcohol (PVA) [70].

2.1.1. Polyacrylic Acids

PAA is the most commonly used superabsorbent. Potassium acrylate and acrylamide
can polymerize and crosslink to form acrylic superabsorbent polymer network structures
under the action of the initiator potassium persulfate (K;S,Og) and the crosslinker N,
N-methylene bisacrylamide (MBA). Various potential reaction principles occur in the free
radical polymerization of acrylates, as shown in Figure 1A [71]. Figure 1B illustrates
the reaction mechanism for the formation of crosslinked acrylic hydrogels via radiation-
induced graft polymerization [72]. The molecular weight of the crosslinked PAA main
chain can reach 107 g/mol, and the content of water-absorbing groups is much higher than
that of other polymer materials, such as polyvinyl alcohol and modified polyacrylonitrile,
which provides a very high water-absorbing and long-lasting water-retaining capacity [73].
Acrylics dominate the superabsorbent market owing to their relatively inexpensive raw
materials and ease of synthesis from high-molecular-weight products [74].
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Figure 1. (A) Potential reactions during free radical polymerization of acrylates [71]. Copyright 2018,
reproduced with permission of Elsevier. (B) Acrylic Graft Copolymerization [72]. Copyright 2022,
reproduced with permission of Elsevier.

The type and amount of initiator used in the synthesis process have a strong influ-
ence on the water absorption properties of polyacrylate-type polymers. When benzoyl
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peroxide is used as the initiator, the water absorption of PAA, PVA/AA copolymers, and
carboxymethyl cellulose (CMC)/AA copolymers increase with increasing amounts of the
initiator. Other studies have shown that when ammonium persulfate is used as an initiator,
the water absorption rate first increases and then decreases with increasing initiator content
(Figure 2A) [75,76]. The water absorption rate of the material increases with increasing
dosage at a low initiator dosage when the conversion rate of the monomer is high; an initia-
tor dosage that is too high will increase the collision of monomer free radicals, increasing
the soluble portion of the polymer and decreasing the water absorption capacity [77].
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Figure 2. (A) Effect of initiator dose on polymer swelling ratio [75,76]. Copyright 2021, reproduced
with permission of John Wiley and Sons. Copyright 2002, reproduced with permission of Elsevier.
(B) Effect of crosslinker content on polymer water absorption [78]. Copyright 2018, reproduced
with permission of Elsevier (C) Effect of crosslinking at different Temperatures on CRC and AUL of
polymers [79]. Copyright 2021, reproduced with permission of MDPL

Figure 2B shows the effect of different amounts of crosslinker on the water absorption
rate [78]. The water absorption rate of the superabsorbent polymers tended to increase and
then decrease with increasing crosslinker content. When the crosslinker content was low, the
reaction system could not form a desirable three-dimensional crosslinked network, and some
monomers did not form crosslinks, resulting in a lower water absorption rate. When the
content of crosslinking agent is too high, the crosslinking density is also too high, and although
the molecular chain can expand smoothly, the intermolecular space is too small for water
molecules to enter; thus, the water absorption of the superabsorbent polymers decreases.

Figure 2C shows the centrifuge retention capacity (CRC) and absorption under load
(AUL) of water-absorbent polymers after the crosslinking reaction at different temper-
atures [79]. The CRC of the polymers gradually decreases as the reaction temperature
increases; however, the AUL shows a different trend, increasing with the reaction tempera-
ture but decreasing again at 160 °C. This is mainly due to the dehydration of the carboxylic
acid groups at 160 °C [80].

Because of the high stability, very high molecular weight, and low water solubility
of polyacrylates, which result in the inability of microorganisms to degrade them and a
tendency to cause environmental pollution problems, the materials need to be modified [81].
The most common method is to add inorganic additives to the material to improve solubility
and strength [82,83]. As shown in Figure 3A, the swelling rate of the superabsorbent
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composites was highest at a sodium bentonite content of 2 wt% and gradually decreased as
the content of sodium bentonite increased to 8 wt%. This is because the number of water
molecules that could enter the pores decreased, and the excess sodium bentonite filled the
internal space of the polymer and reduced the proportion of hydrophilic groups per unit
volume. Figure 3B shows the relationship between the content of calcium alginate, another
inorganic additive, and the water absorption rate of the superabsorbent composite. The
addition of an appropriate amount of calcium alginate increases the number of hydrophilic
groups in the polymer network and improves the water absorption rate [55]. As shown
in Figure 3C,D, when superabsorbent composites with different proportions of semi-tar
shale were added to soil, the water-holding capacity of the superabsorbent materials and
the water retention rate of the soil gradually increased with an increase in the content of
semi-tar shale [84].
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Figure 3. (A) Effect of sodium bentonite content on water absorption of materials. (B) Effect of
calcium alginate content on water absorption of polymers [55]. Copyright 2022, reproduced with
permission of Elsevier Effect of semi-tar shale addition on soil (C) water content and (D) water
retention [84]. Copyright 2022, reproduced with permission of Elsevier.

2.1.2. Polyacrylonitrile

PAA-based superabsorbent polymers can agglomerate after absorbing water, resulting
in hindered water absorption. Thus, polyacrylonitrile fiber superabsorbent materials were
developed in the 1980s; fibers are mainly produced by spinning or stretching processes, and
after post-processing, polyacrylonitrile fibers can be obtained with the desired properties.
Because the nitrile group in polyacrylonitrile is electronegative and cannot easily absorb
water, it must be hydrolyzed by adding alkali to change the hydrophobic group into an
alkali metal carboxylic acid group to obtain the ability to absorb water, after which the
hydrophilic group in the three-dimensional network locks the water into the pores of the
network by hydrogen bonding. Using polyacrylonitrile semi-finished fibers as raw material
for alkaline hydrolysis reaction, and then through esterification in glycerol aqueous solu-
tion, super-absorbent polyacrylonitrile fibers can be prepared; the water absorption rate
reaches 42 g distilled water/g fiber. Again, the water absorption is good, but the mechani-
cal properties of the fiber will be slightly reduced [85]. The effects of alkali concentration,
hydrolysis time, and hydrolysis temperature on the water absorption rate are similar. When
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the alkali concentration is low or the hydrolysis time is short, the degree of hydrolysis of
the fiber is relatively low after hydrolysis, and the number of hydrophilic groups will be
relatively small if the water absorption of the crosslinked network structure does not open
easily, thus leading to a low water absorption rate. An appropriate increase in alkali con-
centration, hydrolysis time, and hydrolysis temperature may result in complete hydrolysis
of the nitrile group [86]. Hydrolysis changes the chemical structure and surface structure of
the fiber, resulting in the appearance of a loose porous fiber surface phenomenon, further
increasing the contact area of the fiber and water. Improving the fiber water absorption
rate and water absorption multiplier has a promoting effect, but will lead to a decrease in
mechanical properties [87].

2.1.3. Polyvinyl Alcohol

PVA is not as absorbent as PAA-based superabsorbent polymers but is biodegradable.
PVA is a hydrophilic polymer with multiple hydroxyl groups, which have good water
absorption and water retention capacities after crosslinking. PVA becomes a non-toxic,
colorless, odorless, and transparent solution after dissolving in water because it is water-
soluble. However, it cannot absorb large amounts of water, and carboxyl groups can be
introduced into PVA molecules by direct chemical modification of the super-absorbent
fibers. Superabsorbent PVA fibers have a large specific surface area, and the existence of a
variety of hydrophilic groups in the molecule leads to its hydrophilicity being very strong
and having low crystallinity; in the reaction of a low molecular crosslinking agent into the
amorphous region and the hydroxyl group in the PVA crosslinking grafting reaction, a
crosslinked network structure is formed. PVA has certain processing abilities, including
pH strength, temperature stability, biocompatibility, and non-toxic biodegradability, and in
the field of pharmaceuticals, it has a wide range of applications [88]. Figure 4 summarizes
some of the crosslinking reactions of PVA [72].
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Figure 4. Polyvinyl alcohol crosslinking reaction [72]. Copyright 2022, reproduced with permission
of Elsevier.

2.2. Natural Superabsorbent Polymer

In recent years, natural polymers, especially polysaccharide-based superabsorbent poly-
mers, have garnered significant attention due to their non-toxicity and good hydrophilicity,
biocompatibility, and biodegradability compared with synthetic polymers. The main mate-
rials used for superabsorbent polymers are natural polymers, such as cellulose [48-50,89],
chitosan [51-53,90], starch [54-57,91], proteins [9,58—60], amino acids [61-63,92], and algi-
nate [64-66,93].

2.2.1. Common Natural Polymers

Natural superabsorbent polymers usually require extraction from various raw materi-
als via various means and crosslinking treatments to form a network structure. Cellulose
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is widely available in nature, as shown in Figure 5A, which shows the various raw plant
materials that can be used to extract cellulose in order of their cellulose content [94]. In the
industrial field, different cellulose and its derivatives can be obtained through different
extraction processes. Generally, the more polar hydrophilic groups the cellulose and its
derivatives contain, the stronger their water absorption performance becomes. A variety of
bacteria and fungi exist in nature that can secrete cellulase enzymes to degrade cellulose.
Thus, cellulose-based materials are considered environmentally friendly substitutes for
synthetic polymers. Cellulose usually exists in the form of fibrous strands with a large
number of intramolecular and intermolecular hydrogen bonds. The fibrous strands are
converted into cellulose nanofibers and nanocrystals by physicochemical treatments with
abundant hydroxyl groups for crosslinking (Figure 5B). Sodium or potassium salts are
usually synthesized when CMC is used to obtain better water absorption, whereas the
addition of HEC promotes intermolecular crosslinking, thus improving the poor crosslink-
ing properties of CMC. Cellulose can also be crosslinked with other polysaccharides via
irradiation or chemical crosslinking agents [95].
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Figure 5. (A) Cellulose raw materials [94]. (B) Cellulose to nanocellulose processing [94]. Copyright
2023, reproduced with permission of Elsevier. (C) Chitosan extraction process [96] Copyright 2022,
reproduced with permission of Elsevier. (D) Protein-based bio stimulants [97]. Copyright 2022,
reproduced with permission of MDPL

Starch, the most prevalent polysaccharide in plants [98], has two main structures,
straight-chain starch and branched-chain starch [99], both of which are readily hydrolyzed
by enzymes or microorganisms into glucose, which is then metabolized into carbon dioxide
and water [100]. Starch is rich in hydroxyl groups; therefore, it can be used to prepare
superabsorbent materials, is widely available, is easy to modify at low cost, and has good
processing properties. There are two main methods for preparing polysaccharide-based
superabsorbent polymers: (1) direct crosslinking of polysaccharides and (2) grafting vinyl
monomers onto polysaccharides and then crosslinking to form a network structure.

Chitosan is the second most abundant naturally occurring macromolecule after cellu-
lose [101], has a linear polysaccharide structure, and is commonly found in fungi, arthropod
exoskeletons, and molluscan teeth [102]. The general chitosan extraction process is shown
in Figure 5C [96]. Due to their strong hydrogen bonding, chitosan molecules exhibit poor
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solubility, whereas derivatives such as carboxymethyl chitosan and quaternary ammonium
salt chitosan demonstrate better solubility [103]. Chitosan can be degraded by lysozyme
and is also considered an environmentally friendly polymer [104,105]. Chen et al. [106]
prepared a novel superabsorbent polymer by grafting copolymerization of sodium acrylate
and 1-vinyl-2-pyrrolidone onto the chain of N,O-carboxymethyl chitosan; the measured
water absorbency was 1268 g distilled water/g. Quaternary ammonium salt chitosan
exhibits excellent antimicrobial properties [107].

The molecular weights and amino acid compositions of different proteins exhibit
significant variations [108]. The carboxyl and hydroxyl groups in the molecule can be
used to regulate hydrophilicity [109]. Protein materials are widely used in the field of
biomedicine [110]. Figure 5D shows some existing applications of protein superabsorbent
materials and their prospects for future applications [97]. Collagen, gelatine, and oleoresin
are commonly used to produce polymeric superabsorbent materials.

Amino acids are used as monomer units to form polymers with hydrophilic groups
that can absorb water, and polyamino acids can be directly crosslinked to obtain a network
structure. Materials prepared by crosslinking exhibit excellent water absorption properties.
The maximum water absorption capacity of polyaspartic acid can reach 1100 g distilled
water/g [111]. Kunioka [112] crosslinked polyglutamic acid using a high dose of y-radiation
and obtained a product with an excellent water absorption capacity (3500 g distilled
water/g) but very poor mechanical properties, in addition to the fact that the production of
this material, although biodegradable, has not been studied.

Alginates are naturally occurring anionic polymers that are widely used in biomedical
and industrial applications owing to their good biocompatibility, low toxicity, and low
cost [113]. As the most commonly used type of alginate, sodium alginate has a large
number of hydrophilic groups and is suitable for use as a wound dressing material [114].
The carboxyl groups on the alginate backbone can be crosslinked by divalent metal ions,
or a stabilizing network structure can be created using a crosslinking agent after graft
copolymerization with vinyl monomers. The water absorption properties of alginate-based
materials exhibit significant variations [115,116], ranging from dozens to thousands, yet
they demonstrate commendable biodegradability [117].

2.2.2. Modified Natural Superabsorbent Polymer

Natural superabsorbent polymers have lower water absorption properties than syn-
thetic superabsorbent polymers, although they are more environmentally friendly. There-
fore, the modification of natural superabsorbent polymers has been developed to obtain
higher water absorption properties, and existing modification methods usually involve
graft copolymerization of polymers rich in hydrophilic groups.

Acrylic polymers are often grafted onto cellulose to enhance its water absorption
capability while preserving its biodegradability [118,119]. As shown in Figure 6, the
superabsorbent polymer prepared from AA and alkylated cotton stalk cellulose exhibits
an excellent absorption capacity of 1125 g distilled water/g. A biodegradation test in soil
with 20% w/w moisture showed 46.7% weight loss of the material after 150 days [120]. By
grafting acrylic acid or polyacrylamide onto starch, its water absorption capability can be
enhanced [121-123].

The amino groups on chitosan are less hydrophilic than the carboxyl or hydroxyl
groups on cellulose and starch [124], and thus the water absorption capacity of pure
chitosan is only 0.9 g distilled water/g. Therefore, physical or chemical modifications are
required to improve the water absorption capacities of chitosan and its derivatives. Wang
et al. [125] prepared chitosan films with interconnected pores via a ternary solvent system,
which improved the water absorption capacity physically. Additionally, the presence of
amino groups on the chitosan molecule facilitates the introduction of additional hydrophilic
vinyl monomers via graft copolymerization under reactive conditions [126]. Most chitosan-
based superabsorbent polymers are chemically modified by introducing hydrophilic groups
and constructing crosslinked network [127]. Tang et al. [128] reported a material made of
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chitosan and carboxymethylcellulose with epichlorohydrin as the crosslinking agent, which
had a water absorption capacity of 1300 g of distilled water/g and could be degraded in soil.
For proteins with low water absorption [129], the most effective method of modification
remains the introduction of hydrophilic acrylic acid units [130]. Pourjavadi et al. [131]
grafted AA and AM onto a collagen matrix, followed by further crosslinking, and the
composite exhibited high water retention capacity under load. In addition, the absorption
capacity of proteins can be improved by chemical functionalization [132,133].
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Figure 6. Dissolution kinetics of superabsorbent polymers (A) in distilled water and 0.9% NaCl solution;
(B) degradability in soil burial [120]. Copyright 2014, reproduced with permission of Elsevier.

3. Forms of Superabsorbent Polymers

Superabsorbent polymer materials are usually prepared in different forms, depending
on the application scenario. Superabsorbent polymer particles are the most common and
widely used form and are generally prepared by solution or emulsion polymerization,
lyophilization, or spray-drying. They can be used in cosmetics, agricultural water retention
materials, and industrial adsorbents. Superabsorbent polymers can also be prepared in fiber
form by spinning or melt-stretching and can be used in medical dressings, hygiene products,
filtration materials, etc. [134-136]. Superabsorbent polymer gels are usually polymerized
by ionic monomers and are slightly crosslinked. Dry gels or aerogels can be obtained by
removing aqueous substances by various means and can be used in hygiene products, drug
delivery, water collection, and water purification. In addition, superabsorbent polymers
can be produced in the form of films via solution casting and melt-calendaring for use as
waterproofing and packaging materials.

3.1. Superabsorbent Polymer Particles

As shown in Figure 7A, Fujita et al. [137] prepared superabsorbent polymer particles
that could be used as air fresheners and horticultural water retention agents, using CMC
as the raw material and ethylene glycol diglycidyl ether as the crosslinking agent. Maijan
etal. [138] prepared a highly absorbent material by the radical polymerization of acrylamide
via doping of vinyl-functionalized silica core-shell particles (Figure 7B), which increased
the thickness of the core layer and caused agglomeration of the particles. The size of
superabsorbent polymer particles has been extensively studied to increase their ultimate
water absorption capacity. Yang et al. found that samples with larger agglomerate sizes
had higher water absorption rates, but samples with smaller aggregate sizes took less
time to reach water absorption equilibrium [139]. Arpit Sand [140] studied the effect of
reaction parameters on the water absorption of itaconic acid particles during the synthesis
of itaconic acid by reverse suspension polymerization. The viscosity of the organic medium
significantly influenced the shape and absorbency of the prepared particles. A viscosity
that is too low results in irregularly shaped particles, while an excessively high viscosity
results in an unstable suspension with lower water absorption. The addition of a surfactant
also has an effect on particle size and water absorption; increasing the concentration of
the active agent decreases the particle diameter, and smaller particles increase the surface
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area, which increases the water absorption. However, too high a concentration decreases
the water absorption when the hydrophilic part of the surfactant undergoes chain transfer,
resulting in a low molecular weight polymer, and the hydrophobic part prevents water
penetration. In general, the higher the mixing speed, the more uniform the particle size
distribution to achieve higher absorption, and excessive shear leads to the degradation of
the polymer chains’ ability to reduce water absorption.

() “Aqueous phase” Biodegradable
Carboxymethyl superabsorbent polymer

cellulose

“Qil phase” 10 mm

Liquid paraffin v' Spherical shape

v High water absorbency

Figure 7. (A) Schematic of the synthesis of superabsorbent polymer particles [137]. Copyright 2022,
reproduced with permission of MDPI. (B) Superabsorbent core-shell particles without crosslinker
(left) and with 0.5% crosslinker (right) [138]. Copyright 2020, reproduced with permission of John
Wiley and Sons.

The absorption capacity and rate of superabsorbent nanoparticles are related to chemi-
cal factors such as composition of monomer, degree or type of crosslinking, and polymer-
ization process, which are also affected by particle size [141] and aggregate size [142]. Most
commercial superabsorbent polymers are in the form of particles that retain more fluid
when mechanically compressed. Increasing the particle size results in a large increase in
the water absorption capacity but a decrease in the water absorption rate. However, if the
particle size is considerably small, it will have more limitations in practical applications. For
example, the pore space of the coating material should not be too large; otherwise, particles
will leak out easily, and the particles, after absorbing water, will come into contact with the
skin and other parts of the body, resulting in a poor experience of use [143]. In addition,
the shape of the particles [144] has a significant impact on their absorption properties and
mechanical strength; angular particles have a larger surface area and poorer mobility than
spherical particles.

3.2. Superabsorbent Polymer Fibers

Superabsorbent fibers are prepared by dry spinning [69], wet spinning [145], and
electrostatic spinning [146], which can be combined with conventional spinning techniques
(Figure 8A) to prepare nanoscale superabsorbent fibers [147-149]. Chen et al. [150] in-
vestigated the fractal dimension of the pore area of superabsorbent polymer fibers, and
the results indicated that the larger the pore area, the stronger the adsorption capacity
and the higher the water absorption rate. Vasilyev et al. [151] prepared electrostatically
spun nanofibers using straight-chain starch and branched-chain starch (Figure 8B) and
investigated the impact of polysaccharide types and proportions on the morphology and
performance of fibers. The results revealed that the fiber morphology was relatively uni-
form. The fibers enriched with amylose exhibited higher strength, stiffness, and ductility,
whereas those enriched with amylopectin were weaker and more brittle. Giiler et al. [152]
prepared polyvinylpyrrolidone (PVP) and PAA nanofibers by electrostatic spinning under
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optimal process parameters and analyzed and compared the water absorbency properties
of the two types of fibers. The absorbency of the PVP nanofibers was higher than that
of PAA; however, the PAA nanofibers had higher absorbency than the PAA nanofibers,
but the PAA nanofibers had higher absorbency. This is mainly because PVP fibers have
a finer diameter and higher porosity, with a larger surface area of nanofibers providing
more water absorption sites, which is conducive to the penetration and adsorption of water,
and therefore have a higher absorption rate than the PAA fibers. However, the PAA fibers
contain a larger number of water-absorbing groups and therefore have a higher water
absorption capacity.
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Figure 8. (A) Electrostatic spinning technique [147]. Copyright 2022, reproduced with permission
of Elsevier. (B): (a) Branched fibers at high magnification; (b) branched fibers at low magnification;
(c) pure straight-chain starch fibers; (d—f) fibers containing 28%, 50%, and 70% AM, respectively. Scale
bar = 500 nm. [151]. Copyright 2019, reproduced with permission of Elsevier. (C) Comparison of
the water uptake capacity of electrostatically spun PVP and PAA nanofibers [152]. Copyright 2021,
reproduced with permission of Institutional National de Cercetare-Dezvoltare Pentru Texttile Pielarie.

The hydrophilic modification of fibers is currently the most commonly used method
for producing superabsorbent fibers, in which normal fibers are physically or chemically
treated to improve their water absorption [153,154]. Physical modifications involve blend-
ing normal fibers with water-absorbent fibers, adding water-absorbent powder to normal
fibers, or coating fibers with a solution of superabsorbent resins to increase water ab-
sorption. Conversely, chemical treatment involves reacting normal fibers with reactive
substances to obtain highly absorbent fibers.

3.3. Superabsorbent Polymer Gels

Polymers undergo crosslinking to directly form hydrogels, which involves chemical
reactions or physical interactions (e.g., ionic interactions and hydrogen bonding) [155]. As
shown in Figure 9A, a superabsorbent gel with the water uptake of 1914 g/g has been
synthesized using monomers of 2-acrylamido-2-methyl-1-propanesulfonic acid and AA [156].

In addition, studies have shown that gels prepared using different polymerization meth-
ods exhibit different water absorption properties. Zhai et al. [157] used a combination of foam-
ing and back-surface crosslinking of a novel porogenic agent, 2,2’-azino bis(2-amidinopropane)
dihydrochloride (AIBA), to prepare fast-swelling porous PAA /PVA high absorbency hydro-
gels with high pressurized brine absorption and investigated the impact of AIBA content
on hydrogel water absorption (as shown in Figure 9B). Olad et al. [158] synthesized highly
absorbent hydrogel composites based on starch-grafted PAA polyacrylamide/poly(vinyl
alcohol) and cellulose using a radical water polymerization method, and the composite gels
exhibited a higher equilibrium swelling rate than pure hydrogels (772.4 g/g) (921.8 g/g), as
shown in Figure 9C.
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Figure 9. (A) Schematic of the synthesis process of highly absorbent polymer gel for kale [156].
Copyright 2021, reproduced with permission of Elsevier. (B) SEM of porous hydrogel and the effect of
porogenic agent on water absorption [157]. Copyright 2023, reproduced with permission of Springer
Nature. (C) TEM image and swelling rate of composite hydrogel material [158]. Copyright 2020,
reproduced with permission of Elsevier.

Freeze-drying of hydrogels results in aerogels with ultrahigh porosity and ultralow
thermal conductivity, enabling them to provide more water absorption space and channels,
thereby increasing water absorption [159].

4. Applications of Superabsorbent Polymers
4.1. Industrial Applications

High-performance concrete inevitably cracks due to aging and degradation, and
several studies have shown that the addition of superabsorbent polymers to cement can
promote its “self-healing”. Figure 10A shows the self-healing mechanism of concrete which
superabsorbent polymers assist in. On one hand, it continually hydrates the unhydrated
cement particles. On the other hand, the Ca?* present in the concrete matrix chemically
reacts with the available CO3%~ in water or CO; in the air, resulting in the formation of cal-
cium carbonate, which deposits itself on the crack surface [160]. Superabsorbent polymers
can also serve as internal curing agents, effectively mitigating the autogenous shrinkage
of high-performance concrete, fostering cement hydration, and enhancing compressive
strength. As shown in Figure 10B, Liu et al. [161] developed an ultrafine superabsorbent
polymer powder and found that reducing the particle size of superabsorbent polymers
resulted in reduced spacing in the cement paste. This is conducive to internal curing,
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but a diameter of less than 10 um prevents the improvement of internal curing owing to
agglomeration of superabsorbent polymer particles.

(A)
Physical | Chemical i Mechanical
Processes | Processes ; Processes
| i ' Fine particles
sweling | Continued i Calcium carbonate | from cracking |  Debrisin
| Hydration |  precipitation | the water
Water
Mi:rocrac
ater
(B)eo 120

@3d 87d B828d

s

g

:

Compressive strength (MPa)

Autogenous shrinkage (pm/m)
g

g

LT T T T
LT T T T T T
L T T O T T TR

LU
ANSANNSNSNNNNANNNNNNSNSN
AL

o

oo QLT T TV TTTTTTTTTITIS

2 EESSSSSSSSSSSERTERNRRY

T T T T T T T T
0 8 16 24 32 40 48 56 64 72
Time (h)

=
A
=
S
”
[
@
£
©»
«»
)
@»
©»
-

Figure 10. (A) Main mechanism of self-healing [160]. Copyright 2018, reproduced with permission of
John Wiley and Sons. (B) Changes in self-shrinkage and compressive strength of cement pastes with
different particle sizes of SAP powders [161]. Copyright 2023, reproduced with permission of John
Wiley and Sons.

Rapid industrialization and a large population increase have caused serious water pol-
lution, and research on wastewater treatment using superabsorbent polymer membranes
has attracted increasing attention in recent decades. Feng et al. [162] prepared a super-
absorbent polymer for adsorption of dyes, which possessed strong mechanical stability
and excellent adsorption capacity. Zhang et al. [163] prepared superabsorbent hydrogel
beads with sodium alginate and carboxymethyl chitosan with a maximum MB adsorption
capacity of 2518 mg/g.

4.2. Agricultural Applications

Superabsorbent polymers have also been used as water-saving materials and soil con-
ditioners. The expansion and contraction of superabsorbent polymers during water cycling
improve the porosity of clayey soils, thereby mitigating the adverse effects of drought
conditions on plant growth. Zhang et al. [164] developed a superabsorbent polymer for use
in saline soils, which showed excellent stability under high-salt conditions and extended
water retention time up to 28 days. As shown in Figure 11A, the superabsorbent polymer
extended the water retention time of the mixed saline solution by 20 h, and the soil with
the superabsorbent polymer extended the water retention time to 28 days compared with
the blank control. Ayoub et al. discovered that sodium alginate-based hydrogel mitigates
the adverse effects of water scarcity on various growth parameters [165]. In addition to im-
proving the soil water-use efficiency, superabsorbent polymers are used for the controlled
release of fertilizers. Since nitrogen and phosphorus in fertilizers are highly soluble in
water and tend to diffuse and volatilize, resulting in inadequate uptake by crops, loading
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fertilizers into superabsorbent polymers not only improves the efficiency of fertilizer use
but also avoids unnecessary contamination. Insecticides or herbicides can also be loaded
onto superabsorbent polymers for controlled release to avoid environmental pollution
caused by the misuse of pesticides. A highly absorbent, water-retentive, and biodegradable
superabsorbent material which can slowly release nitrogen fertilizers was prepared by
copolymerization of carrageenan, AA, MBA, urea, and APS as raw materials [166], as
shown in Figure 11B. Jancar et al. [57] optimized the nitrogen release profile by loading
urea onto a superabsorbent starch polymer, as shown in Figure 11C.
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Figure 11. (A) Water retention time and water retention characteristics after mixed salt adsorp-
tion [164]. Copyright 2023, reproduced with permission of Elsevier (B) Nitrogen release characteris-
tics [166]. Copyright 2023, reproduced with permission of Elsevier. (C) Nitrogen release curves [57].
Copyright 2023, reproduced with permission of John Wiley and Sons.

4.3. Biomedical Applications
4.3.1. Drug Delivery

Because hydrogels are sensitive to environmental conditions, the controlled release of
drugs can be achieved by loading them onto superabsorbent polymer hydrogels [31,167-169].
Hosseinzadeh et al. [170] prepared hydrogels based on AA and methacrylic acid 2-hydroxyethyl
ester copolymers grafted with cellulose for controlled release of the drug ceftriaxone. The
mechanism of hydrogel formation is illustrated in Figure 12A. Evidently, pH had a strong
influence on the swelling behavior of the hydrogel, reaching a maximum swelling ratio
of 92 g/g at a pH of 8. Figure 12B shows a graph of the in vitro release of 5-fluorouracil
(5-FU) [171], which clearly shows the difference in release pattern according to pH, indicating
that the prepared hydrogel exhibited pH-dependent swelling properties and that neutral pH
showed a significant increase in the rate and amount of drug release under acidic conditions.
Bakravi et al. [172] enhanced the mechanical properties of gelatin-based hydrogels with copper
oxide nanoparticles and tested the drug delivery properties of the composites using cefadroxil
as a model drug. Figure 12C shows the release profiles of model drugs under various pH
conditions. At a pH of 7.4, more drug was released from the hydrogel nanocomposites than at
a pH of 1.2 due to greater swelling. There is a direct relationship between drug release and
swelling. When a hydrogel swells, it undergoes a transition from a dry to a swollen state,
which greatly increases the mobility of drug molecules in the softened matrix and leads to
drug release. Thus, the drug release mechanism was controlled by solubilization.
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Figure 12. (A) Mechanism of superabsorbent hydrogel formation [168]. Copyright 2019, reproduced
with permission of John Wiley and Sons. (B) Cumulative release of 5-FU from hydrogels at 37 °C [171].
Copyright 2021, reproduced with permission of MDPI. (C) Drug release behavior of gelatin-hydrogel
nanocomposites [172]. Copyright 2018, reproduced with permission of John Wiley and Sons.

In addition, combining drugs with superabsorbent polymer solutions for electrostatic
spinning and varying the polymer type, environmental parameters, equipment control
parameters, and solution parameters can yield nanofibers with different diameters and mor-
phologies, resulting in personalized drug release profiles and improved pharmacokinetic
parameters [173-175].

4.3.2. Wound Dressing

Electrostatically spun superabsorbent polymer nanofiber membranes have an ex-
tremely high specific surface area, which can provide more cell adhesion and growth
sites [176,177]. Moreover, they can better mimic the size and structure of the protein
collagen fibers present in the extracellular matrix of natural skin organoids, creating a
microenvironment that promotes wound healing and skin regeneration [178,179] Super-
absorbent nanofiber membranes prepared by electrostatic spinning have high porosities
and small pore sizes, which can effectively block the invasion of external pathogens and
provide good air and moisture permeability [180,181]. The nanofibers can also be loaded
with various bioactive and therapeutic agents by electrostatic spinning to improve wound
healing efficiency [182,183].

Lalani et al. [184] prepared electrospun poly (sulfobetaine methacrylate) fibrous mem-
branes for wound dressings using a three-step polymerization—electrostatic spinning—
photo-crosslinking method. As shown in Figure 13A, the prepared nanofibrous membranes
exhibited antibacterial activity against both Staphylococcus epidermidis and Pseudomonas
aeruginosa; the surface of the prepared nanofibrous membranes was resistant to protein
adsorption, and cells could not adhere to the surface. Electrospun fiber membranes have
superior water absorption and repeated water absorption compared to hydrogel poly-
mers and are highly resistant to protein adsorption, cell adhesion and proliferation, and
bacterial adhesion. Other researchers have promoted wound healing by loading bioac-
tive agents onto superabsorbent nanofiber membranes. Gaydhane et al. [185] prepared
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multilayered electrospun PVA/cellulose acetate nanofiber mats loaded with curcumin
and honey for wound dressing. The multilayered PVA/CA nanofiber membrane could
maximize the rapid absorption of wound fluid and maintain a wet state without deforma-
tion. The curcumin and honey encapsulated in the fibers could be released in a controlled
manner to produce synergistic antioxidant, antibacterial, and anti-inflammatory effects to
control wound development and promote healing. Gao et al. [182] developed dimethyl
oxaloacetylglycine (DMOG) nanofiber wound dressings to inhibit hypoxia-induced wound
growth and healing through its sustained release. DMOG inhibits the degradation of
hypoxia-inducible factor 1« and subsequently improves diabetic wound regeneration by
accelerating re-epithelialization, angiogenesis, and wound closure. Varshney et al. [186]
used a physically crosslinked, highly absorbent poly(vinyl alcohol) /soybean isolate protein
hydrogel as a dermal wound dressing and investigated the healing of excisional wounds in
a rat model over 15 days, as shown in Figure 13B. The samples exhibited significantly less
adhesion to the wound bed, and histological staining showed that the sample group exhib-
ited wound re-epithelialization and collagen deposition in the dermis, suggesting that this
hydrogel promoted wound healing. Schneider et al. [176] loaded epidermal growth factor
(EGF) onto sericin protein nanofibrous membranes via electrostatic spinning, as shown in
Figure 13C. Then, 24 and 48 h after wounding, the tissue was analyzed morphologically
with hematoxylin and eosin, and wound closure was assessed by measuring the distance
between the wound edges and the tip of the epithelial tongue as a percentage of wound
closure. The wounds covered with fibrous membranes containing the growth factor EGF
showed longer epithelial tongues at 24 h, and the results at 48 h were similar to those at
24 h, suggesting that EGF can be released from the nanofibrous membrane and consistently
promote wound healing.
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Figure 13. (A) Zone of inhibition of (a) Staphylococcus epidermidis and (b) Pseudomonas aeruginosa
by fibrous membrane [184]. Copyright 2012, reproduced with permission of American Chemical
Society. (B) Schematic of wound healing in mice [186]. Copyright 2012, reproduced with permission of
American Chemical Society. (C) H&E staining of wounds after 24 h and 48 h. Scale bar = 500 nm. [176].
Copyright 2009, reproduced with permission of Elsevier.

Superabsorbent polymer materials, such as wound dressings, can rapidly absorb wound
fluid to keep the wound moist and its environment conducive to healing without causing
secondary damage to the wound due to polymer dissolution. Such materials can also be
loaded with a variety of drugs for antibacterial and anti-inflammatory purposes to prevent
wound infection and promote rapid wound healing [187]. The wide use of superabsorbent
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polymer materials in wound dressings is mainly due to the following advantages: (1) high
absorbency and ability to remain intact after dissolution equilibrium, (2) biocompatibility,
(3) ability to create an osmotic gradient, (4) ability to form a gel, (5) ability to trap harmful
ions, and (6) ability to absorb and trap fluids, bacteria, etc., in the dressing [188,189].

4.3.3. Tissue Engineering

Scaffolds made of superabsorbent polymer materials are used to deliver drugs, genes,
cells, or implants into the human body [190-192]. These materials should have good
mechanical properties, and superabsorbent polymer hydrogels should not rupture when
stretched under significant strain compared to conventional polymer hydrogels.

Wojcik et al. [193] prepared superabsorbent hybrid bioscaffolds from agarose and
chitosan and obtained foamy microstructures with a high water absorption capacity by
lyophilization. As shown in Figure 14A, the material has a spongy structure in a dry state,
whereas wetting biomaterials have hydrocolloidal properties that produce a very smooth
and soft gel that easily adheres to the wound bed. Chen et al. [194] used a combination of
electrostatic spinning and freeze-drying techniques to prepare 3D nanofibrous scaffolds
with a structure similar to that of collagen in the ECM, as shown in Figure 14B. In the
scaffolds, obvious cellular structures such as circles, ovals, triangles, and other irregular
shapes were observed. The pores with diameters of about 100-500 pum can be attributed to
cryosolvent crystals formed during freeze-drying. Yang et al. [195] used maleic anhydride
to graft glucose to improve its mechanical properties and electrospun it with gelatin to
obtain photo-crosslinked composite fibers which have good biocompatibility and can be
applied in tissue engineering. Sartore et al. [196] incorporated sodium polyacrylate particles
as fillers into the PLA matrix to obtain superabsorbent composites. The addition of sodium
polyacrylate, which swells in an aqueous environment and leaches out of the matrix to
produce a very high porosity, improves the mechanical properties while maintaining its
high water absorption capacity. Mahmoodzadeh et al. [197] synthesized a novel highly
absorbent material by combining a silica aerogel and calcium chloride-modified CMC-Na
and hydroxyl ethyl cellulose using both chemical and physical crosslinking methods,
which can be used to produce highly absorbent materials by inducing the accumulation of
erythrocytes and platelets at the bleeding site to form a fibrin network to control massive
bleeding. As shown in Figure 14C, on Day 1, the polymer lost its normal state and turned
yellow. By day 3, a large amount of gel was absorbed. On day 14, the gel structure degraded
and was absorbed by the rats, except at the incision site, which was completely improved,
with only a partially viscous state existing under the skin. The results showed that the
novel highly absorbent material not only controlled massive bleeding at the wound site
but also degraded directly in the organism. Chen et al. [198] prepared porous 3D scaffolds
with gelatin and PLA and crosslinked them with hyaluronic acid to improve cartilage
repair (Figure 14D). The in vivo cartilage regeneration of 3D scaffolds was investigated in
rabbits using an articular cartilage injury model. These scaffolds exhibited excellent water
absorption and cytocompatibility. In vivo studies have demonstrated that scaffolds can
enhance cartilage repair.

In the biomedical field, when working with superabsorbent polymers, it is crucial to
consider not only biocompatibility but also stability. However, many electrospun nanofiber
scaffolds are less stable in aqueous environments because they swell and collapse into thin
films upon contact with water. This results in a large reduction in the pore number and thick-
ness, which hinders the spreading of cells and limits their use in biomedical applications [199].
In contrast to 2D nanofibrous scaffolds, 3D nanofibrous scaffolds are more similar to the
in vivo environment in which cells survive while regulating their physiological responses to
cell growth, migration, differentiation, and mechanistic remodeling [200]. Currently, the study
of the in vivo degradation of superabsorbent polymers remains a hot topic.
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Figure 14. Images of gellan gum/agarose and gellan gum/chitosan biomaterials in their dry and wet
states. (A) Matl (curdlan/agarose) and Mat2 (curdlan/chitosan) biomaterials in a dry and wet state:
macroscopic and stereoscopic visualization [193]. Copyright 2021, reproduced with permission from
Elsevier). (B) Digital camera images of 3D scaffolds and SEM images at different magnifications [194].
Copyright 2016, reproduced with permission of Elsevier. (C) Images of rat back wounds at 1, 3, 7, and
14 d of evaluation, respectively [197]. Copyright 2021, reproduced with permission from Elsevier).
(D) Porous 3D scaffolds of electrospun gelatin/PLA nanofibers for cartilage tissue regeneration.
Photographs showing the scaffold shape recovery after water absorption (3DS-2). (a—c) showed
rectangular scaffold; (d—f) showed quinquangular scaffold. [198]. Copyright 2016, reproduced with
permission from the American Chemical Society.

5. Conclusions and Outlook

Superabsorbent polymers have superabsorption abilities and specific retention ability
for water or other body fluids. Their main forms are particles, fibers, gels, and films,
which are widely used in many fields. PAA polymers are the most common synthetic
superabsorbent polymers. The initiator, crosslinking agent, and temperature during the
synthesis process affect the water absorption properties of PAA polymers. As the degrada-
tion performance of polyacrylate is poor and prone to causing environmental pollution,
inorganic additives are added to PAA polymers to increase their solubility and improve
degradation performance. In addition, after the hydrolysis of polyacrylonitrile with an
alkali, the hydrophobic group is transformed into an alkali metal carboxylic acid group
that enhances the water-absorbing ability of PAN. Furthermore, the biodegradation per-
formance of PVA can be enhanced after chemical modification. Cellulose, chitosan, starch,
and alginate also have certain superabsorbent properties and can be modified by grafting
to improve their water absorption capacities. Superabsorbent polymers can be used as
additives in concrete materials to promote internal curing, as adsorbents for removing pol-
lutants and toxic heavy metals from wastewater, as soil conditioners to reduce the adverse
effects of drought on plant growth, and as corrosion inhibitors for underground cables, coal
dewatering, and food preservation. Innovations in the design of functional materials have
advanced the research on superabsorbents in biomedical applications. Studies have shown
that superabsorbent polymers can be used as carriers for drug delivery, wound dressings,
tissue-engineered scaffolds, etc.

The perspectives of superabsorbent polymers lie mainly in the following three aspects.
The first one is the continuous synthesis of new types of superabsorbent polymers, and
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endowing them with better compatibility, easier processability, and greater absorbability.
Among those polymers, superabsorbent hydrogel should be a brilliant star due to its
broad potential biomedical applications [56,94,201]. The second one is to convert the
superabsorbent polymers into a suitable format to take advantage of their desired functions.
Among various formats, electrospun fibrous film is the most anticipated one. Over the past
several decades, electrospinning has moved forward from the single-fluid process [202-204],
to coaxial [205-207], triaxial [208,209], side-by-side [210], and combination(s) thereof [211].
The resultant multi-chamber fibrous structures would provide powerful support platforms
for the new functional products. The third one is expanding new kinds of functional
applications that can better people’s lives, such as the maintenance of home humidity,
biomedical devices, and moisture removal for storage of food. Certainly, with further
refinement and in-depth research, the range of applications of superabsorbent polymers
will continue to expand.
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