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Abstract

In this study, we synthesized a lignin-based superabsorbent hydrogel (LWR) to relieve
severe evaporation and structural degradation in inland saline-alkali soils. The LWR was
prepared via free-radical graft copolymerization of calcium lignosulfonate (CL) and acrylic
acid (AA), with its swelling performance optimized systematically. Fourier transform
infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) were used to char-
acterize its chemical and microscopic structure, and the soil column was exposed to three
drying-wetting cycles to explore the effects of hydrogel dosage on soil evaporation and
crack evolution. CL may graft into polyacrylic acid under optimal conditions (60% AA
neutralization, 4% CL, 1% initiator, and 0.03% crosslinker) to form a porous hydrophilic
3D network. Consequently, the optimized LWR achieved swelling capacities of 1480 g/g
and 122 g/g in deionized water and a 0.9% NaCl solution, respectively, showing high
water absorbency and salt resistance. During cyclic drying and wetting, soil evaporation
was first dominated by the hydrogel’s water retention capabilities; then, it was controlled
physically by soil surface cracks. A moderate LWR dosage of 0.3% was used to maintain
stable water retention in soil and the intact soil structure, which likely occurred due to its
strong water absorption and hypothesized calcium ion bridging anti-cracking interactions.
This work overturns the traditional view that a higher hydrogel dosage yields better water
retention. Instead, it highlights the importance of conducting a long-term joint evaluation
of the hydrogel’s water retention capacity and its resistance to soil dry—wet deformation
stress, thereby offering theoretical support for eco-friendly water retention agent design
and saline—-alkali land remediation.

Keywords: hydrogel; water retention; calcium lignosulfonate; evaporation; crack; drying—
wetting cycles

1. Introduction

Soil salinization is one of the major stress factors restricting global agricultural pro-
duction and sustainable ecological development [1,2]. Statistics show that the area of
saline-alkali soil worldwide exceeds 800 million hectares [3] and is expanding continu-
ously due to climate change, irrational irrigation, and other human activities [4]. High
concentrations of soluble salts, especially sodium ions, in saline-alkali soil raise its osmotic
potential, degrade its physical structure, and decrease nutrient availability, thereby severely
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inhibiting crop growth [5,6]. Among various governance methods, chemical improvement
and water management are the core links [7]. Specifically, salt accumulation in inland saline
soil can be reduced by decreasing evaporation, while inhibiting capillary rise can effectively
prevent saline groundwater from reaching the soil surface in coastal saline soils [8]. A
water retention agent is a type of functional material with high water absorption capacity.
It can absorb and slowly release water, improve soil water retention capacity, regulate the
water-salt balance in soil, and optimize the soil structure, thus playing a positive role in
improving saline—alkali land [9,10].

Conventional water retention agents comprise polyacrylamide (PAM)- and polyacrylic
acid (PAA)-based polymeric hydrogels. Additionally, owing to their three-dimensional
hydrophilic crosslinked networks, such materials possess an extremely high swelling
performance and are capable of absorbing hundreds to thousands of times their own
weight in deionized water [11-13]. However, their water absorbency decreases significantly
when cations are present in the solution [14]. Incidentally, saline-alkali soil contains
abundant soluble cations, especially sodium ions. Moreover, carboxylate ions (—COO™)
on the molecular chains of polymeric hydrogels are subject to the ion shielding effect,
which causes a significant decline in water absorption capacity. In addition, high salt
concentrations reduce the osmotic pressure difference inside the polymer network, further
shrinking the water absorption space [15]; this limitation causes the water absorption
capacity of many conventional polymeric hydrogels to drop sharply when applied in
saline—alkali land, greatly shortening their effective service life and even turning them into
potential microplastic pollutants in soil [16]. Therefore, improving the water absorption
performance of conventional polymeric hydrogels under salt stress has become a key issue
that urgently needs to be solved in this field [17].

In recent years, research on synthesizing composite hydrogels using natural renewable
biomass resources has attracted widespread attention [18]. As the second most abundant
natural polymer in nature, lignin contains various reactive functional groups, such as
complex phenolic hydroxyl, alcoholic hydroxyl, carboxyl, and sulfonic acid groups, and
features favorable water absorption capacity and biodegradability [19]. Recent advances
have demonstrated the potential of lignin-based hydrogels in addressing salt resistance
challenges. For instance, lignin-modified PAM hydrogels and fenton-oxidized lignin-based
hydrogels have been shown to improve the salinity resistance of polymer networks via
hydrogen bonding and molecular crosslinking, alleviating salt-induced performance degra-
dation. Additionally, lignin-modified composite hydrogels exhibit improved mechanical
properties [20-22]. Calcium lignosulfonate is a major by-product of the sulfite pulping
process. The sulfonic acid groups introduced into its molecules enhance water solubility,
while the presence of calcium ions endows it with ion exchange and cementing prop-
erties [23]. Thus, introducing calcium lignosulfonate into the polyacrylic acid network
system can not only partially replace petroleum-based monomers but also reduce material
costs. More importantly, lignin’s polyphenolic structure allows it to undergo complexa-
tion or ion exchange with cations in salts, thereby alleviating the ion shielding effect [24].
Meanwhile, existing studies indicate that lignin is capable of promoting the formation
and stability of soil aggregates via cementation effects under soil conditions, which may
synergistically suppress crack development in saline—alkali soil during cyclic drying and
wetting events [25,26]. Although existing studies have revealed lignin’s potential to en-
hance the salt resistance of hydrogels, further research is still required on the synthesis
optimization of calcium lignosulfonate to improve the salt resistance of polyacrylic acid
hydrogels. Furthermore, current research mainly focuses on the properties and structures
of hydrogel materials themselves while neglecting their regulatory effects on soil during
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drying—wetting cycles, particularly soil evaporation and crack development, which are
critical factors for the improvement of saline-alkali land.

This study aims to break through the salt resistance bottleneck of conventional poly-
meric hydrogels and proposes a novel multi-functional and eco-friendly composite hy-
drogel. Specifically, acrylic acid (AA) and calcium lignosulfonate (CL) were used as the
polymerization monomer and the functional skeleton material, respectively. Additionally,
a simple and efficient ultrasound-assisted aqueous solution polymerization method was
adopted in this work to prepare a lignin-based composite hydrogel (LWR). The ratios
of the preparation components were systematically optimized based on their swelling
performance in deionized water and a 0.9% NaCl solution, which were used as evaluation
indicators. Moreover, cyclic drying-wetting simulation experiments were conducted in
soil columns containing saline-alkali soil to compare the LWR under the optimal ratio
against a commercially available polymeric hydrogel (PWR). Unlike most existing studies
that only focus on material characteristics, this study innovatively focuses on investigating
the differences in the regulation effects of hydrogels on soil evaporation and crack devel-
opment during repeated drying—wetting cycles, which are key links to the improvement
in saline—alkali land. It also aims to determine the optimal application rate of the LWR
and its dual function of water retention and crack resistance in saline-alkali soil. The
results of this study will provide new ideas for material design and a theoretical basis for
developing multi-functional and eco-friendly water retention agents suitable for improving
saline—alkali land. Additionally, it will fill the research gap on the role of lignin-based
hydrogels in regulating saline—alkali soil evolution under cyclic drying-wetting.

2. Results and Discussion

2.1. Optimizing the Water Absorption Performance of the LWR
2.1.1. Effect of Neutralization Degree of Acrylic Acid (AA)

Figure 1a shows the effect of AA neutralization degree on water absorption perfor-
mance. Swelling capacity in deionized water (V4,,) and a 0.9% NaCl solution (Vna) rose and
subsequently declined with increasing neutralization, peaking at 60% neutralization with
Vaw = 1300 g/g and Vna = 90 g/g. Specifically, moderate neutralization enriches —COO™
to boost interchain electrostatic repulsion and hydration for improved water uptake, while
excess neutralization introduces abundant free K* that generates ion shielding, suppressing
network stretching and lowering absorbency [27,28].

2.1.2. Effect of Calcium Lignosulfonate (CL) Dosage

Within a 0-4% CL dosage range, Vg, increased from 360.67 to 1300 g/g, while Vp,
rose from 41.77 to 90 g/g (Figure 1b). Appropriate CL modifying supplies extra -SO3~
hydrophilic sites and rigid crosslink junctions to counteract the decline in osmotic pressure
induced by salt ions, thus improving the hydrogel’s hydration capacity and salt resis-
tance [29,30]. CL dosages exceeding 4% cause an overabundance of localized crosslinking
from bulky lignin macromolecules, shrinking the network’s free volume and reducing the
swelling capacity of pure water and saline [31].

2.1.3. Effect of Initiator Potassium Persulfate (KPS) Dosage

Figure 1c shows that the KPS dosage exerted a significant influence on the properties
of the LWR, which presented a trend of increasing first and then decreasing. Swelling
capacities (V4w /Vna) rose to peak values of 1480 g/g and 122 g/g at 1% KPS. Additionally,
a 1% KPS dosage produced balanced radical concentrations, which allowed homogeneous
polymer frameworks with ideal chain length for water permeation and retention to form.
In contrast, insufficient KPS yielded limited radicals, incomplete polymerization, and de-
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fective networks, while excess KPS induced rapid, premature chain termination, disrupting
network integrity and reducing absorbency [32,33].
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Figure 1. Effect of the synthesis parameters on the LWR'’s swelling capacity in deionized water (V)
and a 0.9% NaCl solution (Vpa): (a) acrylic acid (AA) neutralization degree; (b) calcium lignosulfonate
(CL) dosage; (c) potassium persulfate (KPS) dosage; (d) N,N’-methylenebisacrylamide (MBA) dosage.
Data are presented as the mean =+ standard deviation (SD) (n = 3).

2.1.4. Effect of Crosslinker N,N'-Methylenebisacrylamide (MBA) Dosage

As shown in Figure 1d, swelling increased then declined with rising MBA loading,
reaching maxima of 1480 g/g (deionized water) and 122 g/g (0.9% NaCl) at 0.03 wt%
MBA. At 0.09 wt% MBA, the values dropped sharply to 494 g/g and 68.78 g/g. Thus,
moderate MBA content resulted in uniform, flexible networks with ample swelling voids,
while excess MBA raised the crosslink density excessively, tightening the polymer matrix,
limiting chain extension, and hindering water ingress to lower swelling capacity [34,35].

2.2. Structure of the LWR

The optimized LWR, neat crosslinked polyacrylic acid (PAA), and pure calcium lig-
nosulfonate (CL) were characterized via FTIR (Figure 2a). Pure CL exhibits a broad —OH
stretching band originating from phenolic and alcoholic hydroxyl groups on lignin skele-
tons at 3410 cm !, as well as aliphatic C-H stretching at 2980 cm~!. Additionally, aromatic
C=C skeletal vibrations characteristic of lignin appear at 1450-1605 cm !, and the peak at
1040 cm ™! corresponds to symmetric stretching of sulfonate (—SO3 ™) groups [15,36]. Neat
PAA shows dominant absorption at 1705 cm ™! (carboxylic C=O stretching) and 1555 cm ™!
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(ionized —COO™), with a single hydroxyl band from hydrogen-bonded carboxyls and no
lignin-derived aromatic or aliphatic signals. The LWR'’s spectrum is not a simple linear
superposition of the two raw materials, thereby confirming potential chemical interactions
and covalent grafting rather than physical blending. The —OH band at 3410 cm~! broadens
drastically after copolymerization due to the overlapping hydroxyl signals of grafted lignin
and PAA carboxyl groups with altered intermolecular hydrogen bonding interactions. The
aliphatic C-H peak at 2980 cm ! is significantly intensified in the LWR, demonstrating
that acrylic acid polymerizes to form abundant saturated —CHj; backbones covalently
linked to lignin fragments. A distinct strong peak at 1705 cm ! inherited from PAA verifies
that massive hydrophilic carboxyl moieties are introduced into the composite network.
Meanwhile, lignin’s aromatic C=C vibration signals (1450-1605 cm ) are fully retained
but broadened and enhanced by the newly generated —COO~ band at 1555 cm~!. The
weakened intensity of the —SO3~ peak at 1040 cm ™! is potentially caused by spectral
shielding from densely entangled PAA graft chains and strong absorbance of carboxylate
side chains [18,32].

-OH !

— |_SO_
C=01 Arc=c: *

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Figure 2. Characterization of the LWR: (a) FTIR; (b) 200x SEM image; (c) 500x SEM image;
(d) 1000x SEM image. CL (pure calcium lignosulfonate), PAA (neat crosslinked polyacrylic acid).

Collectively, the coexistence of characteristic peaks from both CL and PAA with
obvious peak shape/intensity shifts confirms that calcium lignosulfonate macromolecules
are covalently incorporated into the crosslinked polyacrylic acid matrix via free-radical
grafting. Additionally, the integrated polar functional groups (—COO~, —SO3~, and —OH)
within the hybrid three-dimensional network lay a structural foundation for the LWR’s
high water absorbency and salt resistance.
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The micromorphology of the optimized LWR is displayed in Figure 2b—d. The overall
surface presents an intricate interwoven network structure constructed by abundant curly
fibrous polymer chains and stacked wrinkled lamellar fragments derived from grafted
calcium lignosulfonate segments. These dense, mutually entangled folds endow the mate-
rial with a highly rugged surface morphology. Moreover, abundant irregular pores with
diverse apertures are distributed throughout the intertwined network framework. These
interconnected voids form unobstructed transport pathways running from the exterior sur-
face into the inner matrix of the hydrogel. This hierarchical porous architecture may stem
from successful graft copolymerization between CL and PAA. Rigid lignin macromolecular
skeletons act as physical spacers that prevent excessive collapse and dense stacking of
PAA molecular chains during polymerization and drying, consequently reserving suffi-
cient open pore channels. Such structural characteristics bring two prominent advantages:
Firstly, the interconnected pore networks provide unimpeded diffusion channels for rapid
water infiltration and transport deep into the hydrogel interior, accelerating the water
uptake rate. Secondly, the wrinkled rough surface carries abundant exposed hydrophilic
functional groups (—COO~, —SO3;~, and —OH), as verified using FTIR analysis, which can
fully contact the aqueous solution and capture water molecules via hydrogen bonding and
electrostatic interactions. Moreover, the robust interlocked network structure can effectively
resist chain shrinkage induced by cation shielding in a saline environment, which lays a
solid structural foundation for the favorable water absorption capacity and salt resistance
of the LWR [20,37].

2.3. Effects of Hydrogels on Water Evaporation in Saline-Alkali Soil

Daily evaporation rates of the soil across three drying-wetting cycles are summarized
in Figure 3. Specifically, Figure 3a,b shows the variations in daily evaporation in Cycle 1.
CK (control treatment without hydrogel) showed wider evaporation fluctuation and higher
average evaporation than all hydrogel treatments. Group A (LWR) exhibited a narrower
data dispersion than Group B (commercial PWR), while an elevated LWR dosage lowered
the median evaporation and stabilized water release. Fitted evaporation slopes confirmed
that CK had a steep loss rate (slope = —0.6374), while all hydrogel groups displayed a
far milder decline (absolute slope: 0.00723-0.2135), with Group A consistently lower than
Group B across the test period. This indicated that LWR had a better water retention
effect than PWR. Specifically, in the intact initial soil structure, the LWR’s 3D hydrophilic
network and hydrophilic groups (Figure 2) converted free water to bound water, flattening
evaporation curves and cutting peak water loss [38].

Figure 3c,d show the variations in daily evaporation in Cycle 2. PWR (B1-B3) signifi-
cantly raised the average evaporation relative to CK, and the promoting effect strengthened
with dosage. High-dose LWR (A3) slightly increased evaporation; low-dose Al showed no
obvious difference from CK, whereas 0.3% LWR (A2) yielded the lowest evaporation. All
Group B slopes exceeded CK, and high initial evaporation kept the B treatments above CK
throughout the cycle. The absolute value of Group A’s slope also rose with the increase in
application rate, exceeding that of CK. However, owing to the low initial evaporation, the
daily evaporation of Group A gradually fell below that of CK as evaporation declined faster.
This trend was most pronounced for A2, whose daily evaporation was significantly inferior
to that of CK from the third day. This demonstrated that the 0.3% LWR application rate
can remarkably suppress soil water evaporation in the middle and later stages. The results
may be attributed to the damaged soil structure after Cycle 1, which gradually generated
cracks. Such cracks acted as a critical factor affecting soil water evaporation. Lastly, 0.3%
LWR achieved optimal water retention [39].
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Figure 3. Variations in daily soil evaporation under three consecutive drying—wetting cycles:
(a,b) Cycle 1, (c,d) Cycle 2, and (e,f) Cycle 3. CK (0% hydrogel), Al (0.1% LWR), A2 (0.3% LWR),
A3 (0.5% LWR), B1 (0.1% PWR), B2 (0.3% PWR), and B3 (0.5% PWR). In the boxplots (a,c,e), lines
inside the boxes represent medians, square markers represent means, and error bars represent the
standard deviation (S.D.) (n = 3). Different lowercase letters above the boxes indicate statistically
significant differences in the main effect of treatments evaluated using two-way repeated measures
ANOVA (p < 0.05) to account for non-independent repeated daily measurements from the same soil
columns. The shaded region in (b,d,f) represents the 95% confidence intervals.

Figure 3e,f show the variations in daily evaporation in Cycle 3. PWR and high-dose
LWR (A3) further accelerated evaporative loss compared with CK; only A2 maintained a
lower mean evaporation (3.47% reduction vs. CK). The B series and A3 shared high initial
evaporation and fast attenuation, but their daily loss remained higher than that of CK over
the whole cycle. Al showed similar evaporation trends to CK, with slightly higher values.
Despite the minor difference in cumulative evaporation between A2 and CK in the third
cycle, their evaporation behaviors differed markedly. A2 had the largest absolute slope
value with drastic evaporation attenuation. Its initial daily evaporation value exceeded
that of CK, yet its evaporative loss dropped rapidly over time, resulting in significantly
lower daily evaporation than CK and other treatments in the middle and later stages.
After two drying—wetting cycles, PWR and high-dose LWR treatments displayed similar
evaporation behaviors, while low-dose LWR and CK also shared comparable evaporation
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performance. This further revealed that recurrent drying and wetting diminished the
regulatory role of hydrogels in soil water evaporation. Additionally, the progressive
deterioration of the soil structure likely became the core factor modulating evaporation [25].
The 0.3% LWR amendment may have effectively alleviated structural damage in soils and
thus restrained water evaporation in saline—alkali soil [40].

2.4. Effects of Hydrogels on Crack Development in Saline—Alkali Soil

Crack evolution under cyclic drying-wetting is shown in Figure 4. Overall, the
initiation and propagation of soil cracks were random. As the number of drying—-wetting
cycles increased, surface cracks continuously developed and expanded in all treatment
groups. This revealed that cyclic swelling upon water uptake and shrinkage during
dehydration caused cumulative structural damage to the soil. Additionally, soil stress was
constantly released under multiple alternating drying and wetting processes, leading to a
gradual increase in soil cracks with the rise in cycle numbers. The blank CK reached a crack
area density of 2.32% after three cycles, reflecting the inherent cracking risk of saline-alkali
soil under cyclic wetting and drying.

LWR (Group A) effectively restrained crack propagation, while Al and A2 reduced
crack density by 63.36-85.42% and 79.31-92.71%, respectively, relative to CK across all cy-
cles. In contrast, high-dose A3 initially generated more cracks than CK but fell 24.14% below
CK after Cycle 3. This anti-cracking performance is possibly due to calcium lignosulfonate’s
hypothesized interparticle cementing effect. Excessive LWR aggravated volumetric fluc-
tuation and weakened soil stabilization under alternating drying and wetting events [26].
Collectively, moderate LWR incorporation can better preserve the structural integrity of
saline—alkali soils.

Conversely, commercial PWR (Group B) aggravated cracking in the order of
B3 >B2>B1>CK. Even 0.1% PWR produced a crack density 1.46-2.38 times that of
CK, and 0.5% PWR reached 4.18-8.15 times CK’s value. A plausible explanation for this
observation is the weak interfacial bonding between PWR and the surrounding soil parti-
cles, which may have led to isolated hydrogel aggregates being distributed within the soil
matrix. These aggregates swell upon hydration and shrink during dehydration. Thus, their
dramatic volumetric fluctuations may generate intense localized stress, which represents
a possible pathway driving the formation of crack initiation sites and fracture expansion
across the soil matrix. The crack-promoting effect of PWR is amplified as its incorpora-
tion dosage rises [41]. Thus, the incorporation of a hydrogel substantially modulated soil
cracking characteristics, with efficacy contingent upon its category and application dosage.

2.5. Correlation Between Water Evaporation and Crack Development

To further elucidate the regulatory mechanisms and patterns of LWR governing water
evaporation and crack evolution in saline—alkali soils, linear regression between crack
area density (X) and cumulative evaporation (Y) was conducted for each cycle (Figure 5).
For Cycle 1 (Figure 5a), the fitted regression line was nearly horizontal with a slope close
to zero, which was accompanied by a broad confidence interval (red shaded region).
Data points were concentrated at a crack area density of approximately 2%, whereas the
corresponding cumulative evaporation values scattered widely between 14.16 mm and
21.91 mm, yielding a coefficient of determination of R? = 0.0003. This result reveals that
crack density showed a negligible linear correlation with evaporation in Cycle 1. The
intact soil matrix maintained continuous capillary channels, and water evaporation was
dominated by capillary transport at this stage [25]. The hydrogels regulated water loss
mainly via internal water immobilization rather than crack control, and LWR outperformed
PWR in water retention due to its stronger water absorbency [15,17].
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Figure 4. Dynamic evolution of surface cracking in saline-alkali soil across three consecutive drying—
wetting cycles: (a) top-surface digital photos, (b) crack area density in Cycle 1, (c) crack area density
in Cycle 2, and (d) crack area density in Cycle 3. CK (0% hydrogel), Al (0.1% LWR), A2 (0.3% LWR),
A3 (0.5% LWR), B1 (0.1% PWR), B2 (0.3% PWR), and B3 (0.5% PWR). Crack area density values
are expressed as the mean =+ standard deviation (SD) (n = 3). Different lowercase letters indicate
significant differences at p < 0.05.
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Figure 5. Correlation between soil crack area density and cumulative evaporation under drying-
wetting cycles: (a) Cycle 1; (b) Cycle 2; (c) Cycle 3. The red solid lines denote linear fitted lines, and
red shaded regions represent the 95% confidence intervals (1 = 3, p < 0.05).
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In Cycle 2 (Figure 5b), the fitted regression line exhibited an upward trend with
a slope of 0.2199. The confidence interval narrowed substantially, and the coefficient
of determination (R?) increased to 0.7099. These results demonstrate that variations in
crack area density exerted significant linear control over soil evaporative loss, where
cumulative evaporation rose synchronously with increasing crack area density. The calcium
lignosulfonate fraction within LWR may reinforce interparticle bonding and limit crack
expansion. In contrast, PWR aggregates may induce heterogeneous deformation and
extensive macroscopic fractures [23,26]. Additionally, dense cracks increased the surface
area for evaporation and became the dominant water-loss pathway [39,41]. Thus, the
hydrogel type and dosage altered crack severity and final cumulative evaporation.

In Cycle 3 (Figure 5¢), the coefficient of determination (R?) of the fitted regression line
decreased to 0.3763 and was accompanied by a reduced slope of 0.1671. This result reveals
that the dominant control of crack area density over soil evaporative-mediated water
loss diminished substantially. Additionally, deep, continuous cracks prevented vertical
capillary transport, causing rewetting water to be trapped in deep soil layers and preventing
it from easily migrating upward [25,42]. This explains why the CK treatment exhibited
low cumulative evaporation despite extensive cracking, corresponding to several outlying
scattered data points in the figure. Meanwhile, Group B exhibited rising crack density but
declining evaporation increments. For Group A, its well-preserved soil structure combined
with the water retention capacity of the LWR facilitated moisture accumulation at the soil
surface and promoted evaporation, thereby yielding higher evaporative amounts for Al
and A3 than CK. After three cycles, A2 only maintained a crack density of 0.48%, and
its continuous soil matrix trapped water via the hydrogel’s superabsorbent networks to
suppress surface evaporation [17,21].

2.6. Discussion

In this LWR system, calcium lignosulfonate may covalently graft onto PAA chains
via free-radical copolymerization (Figure 2a). CL introduces two types of functional
groups absent in single PAA: aromatic-ring-linked sulfonate (—SO3; ™) and ion-exchangeable
Ca®*. Extra —SO3;~ groups increase the total negative charge density of the network,
compensating charge loss caused by Na* shielding. Dissociated Ca?* may act as ion
bridges to crosslink —COO~ (PAA) and —SO;~ (CL), forming a hybrid ionic—covalent
network skeleton. This hybrid structure is proposed to resist chain collapse under high salinity,
delivering 90 g/g of saline absorbency compared to the 42 g/g of PAA (Figure 1b) [15,29]. A
moderate neutralization degree, initiator, and crosslinking agent can form a uniform, stable,
and complete three-dimensional network structure (Figure 2b—d), which provides abundant
channels for rapid water infiltration and further enhances the water absorption performance
of the LWR [31-33]. Additionally, it has better water absorption performance (Vg4y, Vna)
compared with most reported lignin/biomass-modified hydrogels, as shown in Table 1.

Commercial PWR only relies on a single water retention mechanism without soil
structural modification, and its isolated swollen-shrunken aggregates generate local stress
to trigger massive soil cracks (Figure 4). In contrast, Ca* released from the LWR during
hydration creates hypothesized interparticle bridging between the negative sites in soil clay
minerals and lignin fragments [21,26]. Ca®* neutralizes the negative charges on the saline
soil clay’s surface, reducing electrostatic repulsion between mineral grains and promoting
microaggregate formation. The rigid aromatic backbones of CL embed into soil aggregates
to enhance tensile strength against drying shrinkage [23,25]. The moderate dosage (0.3%)
balances hydrogel volumetric fluctuation and the soil cementation effect, maintaining crack
density below 0.5% across three cycles, which is far lower than that of CK and all PWR
treatments (Figure 4).
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Table 1. Comparison of water absorption performance of different hydrogels in the literature.

Hydrogel Vaw (g/8) Vna (g/g) Reference
SAP 544.95 44.0 [28]
SL-P(AA-co-VA) 949 62 [29]
St-g-AA-AM 1098 82.1 [32]
SW-AA-AM 738.12 90.18 [43]
Hydroxyethyl starch/calcium
alginate-g-2-Acrylamido-2-methyl-1-propane 1484 121 [15]
sulfonic acid
TSG-g-P [AA-co-AMPS/PVA] 1295 116 [44]
Starch-g-poly (AA-co-AM)/NCNPs 390 202 [45]
Poly (acrylic acid-co-acrylamide)/semicoke 643.13 79.82 [46]
WS/PAA-PAM 273.54 4454 [47]
Calcium lignosulfonate composite hydrogel (LWR) 1480 122 This study

The dominant evaporation control factor switches gradually with cumulative soil
structural damage (Figure 5). In the initial stage with an intact soil structure, soil water
evaporation is entirely controlled by the chemical water-holding capacity of the hydrogel.
Specifically, unbroken capillary channels connect the topsoil to deep moisture. The LWR'’s
3D network converts free soil water into non-volatile bound water via hydrogen bonding
with the —COO~, —SO3~, and —OH groups, directly reducing daily evaporation peaks
without crack interference [38,41]. In Cycle 2, the initial shrinkage creates surface fractures
that multiply the effective evaporation area. The LWR’s calcium cementation restricts crack
expansion, lowering the total evaporative surface and suppressing water loss. PWR cannot
stabilize aggregates, so crack density and cumulative evaporation rise synchronously. The
crack’s physical effect becomes the dominant factor governing water evaporation. In Cycle
3, deep cracks prevent vertical capillary transport, so most of the water is trapped in the
subsoil and is unavailable for surface evaporation. Only 0.3% LWR simultaneously retains
the continuous topsoil matrix and maintains long-term water-locking capacity, resulting in
sustained evaporation reductions in the later stage of cyclic alternation. The soil’s water
evaporation is co-regulated by multiple factors, including capillary interruption induced
by structural cracking and the chemical water-locking effect of hydrogels [25,42].

In summary, the synergistic combination of a CL-derived salt-resistant hybrid network,
calcium-mediated soil aggregate cementation, and its water-locking capacity constitutes
the LWR'’s dual-regulation mechanism of cycle-dependent evaporation for saline-alkali
soil improvement. The schematic illustration of the mechanism is shown in Figure 6.

Unlike existing hydrogels, this study breaks through the salt resistance bottleneck
and proposes a novel multi-functional and eco-friendly composite hydrogel (LWR). The
LWR restrains soil surface cracks and evaporation, thereby realizing synchronous water
conservation and soil improvement rather than water absorption alone. Previous studies
focus on material characteristics and on evaluating its static water absorbency in a solution,
which ignores cyclic environmental stress in actual farmland. This study focuses on
the application effects of the LWR, which provides novel insight into dynamic water
regulation under drying-wetting cycles in saline-alkali soil. Furthermore, it identifies
the optimal application dosage as 0.3% and confirms that excessive application induces
additional soil stress due to the uneven swelling and shrinkage of the gel volume and
exacerbates cracking. This overturns the conventional belief that a higher dosage yields
better performance and provides a quantitative basis for precise field application. This work
provides innovative material design strategies and a theoretical basis for the development
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and engineering application of eco-friendly multi-functional water retention agents for
saline—alkali soil improvement.

Water evaporation suppression

@ 3D water retention network

® Calcium bridging cementation

LWR hydrogel Sulfonate and

%\ (Calcium lignosulfonate @Calcium ion N Carboxyl group /\/ hydroxyl groups ?Watermolecule T-Wa(ermlgranon
1

grafted polyacrylic acid)

(-C00") path (restricted)

(-SOy", -OH, etc.)

Figure 6. Schematic illustration of the saline-alkali soil improvement mechanism of the LWR.

2.7. Limitations and Prospects

Despite the promising findings obtained in this study, multiple aspects require further
exploration to comprehensively assess the practical applicability of the LWR in large-scale
agricultural engineering.

2.7.1. Environmental Safety and Biodegradability

Unlike a fully petroleum-based commercial polyacrylic acid hydrogel (PWR), which
is difficult to degrade and risks microplastic accumulation in soil, the LWR uses the in-
dustrial by-product calcium lignosulfonate as the main functional raw material. Based on
the existing literature, the lignin backbone can presumably be gradually decomposed by
soil lignin-degrading fungi and actinomycetes into small-molecular phenolic substances
within 1-3 years under natural soil conditions, which is expected to lower the risk of
persistent plastic residue pollution. The grafted polyacrylic acid segment combined with
lignin is reported to possess a higher biodegradation potential than the pure PAA hy-
drogel [19]. Meanwhile, the calcium ions released during degradation may supplement
soil calcium supply and alleviate soil sodification [23], implying favorable environmental
safety when applied to saline—alkali farmland. Nevertheless, systematic experiments on
the biodegradability and biosafety of LWR remain to be carried out in future research.

2.7.2. Long-Term Field Performance and Durability

The laboratory simulation in this work only set three drying—wetting cycles, which
cannot reproduce multi-year seasonal alternation, rainfall leaching, and crop root inter-
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ference in actual field saline-alkali soil. Thus, long-term field monitoring is needed to
clarify the service life of the LWR under continuous cropping conditions, as well as its
lasting regulation effect on soil evaporation and crack development after multiple years
of drying—wetting alternation. In addition, field trials are needed to quantify the interac-
tion between the LWR and salt leaching under natural rainfall to evaluate its long-term
water—salt regulation stability.

2.7.3. Economic Feasibility

Traditional superabsorbent polymers rely heavily on expensive, oil-derived monomers
such as acrylic acid and acrylamide. By incorporating up to 4% calcium lignosulfonate—a
low-cost industrial waste by-product—onto the synthetic polymer chain, the LWR may re-
duce the raw material cost per unit weight while maintaining high swelling ratios (1480 g/g
in HO and 122 g/g in 0.9% NaCl). Additionally, a moderate application dosage (0.3%) of
the LWR can result in simultaneous water retention and anti-cracking effects, which may
enhance the improvement effect compared with single-function commercial water retention
agents. Accordingly, LWR exhibits potential economic advantages. Additionally, further
research on the low-cost large-scale preparation of the LWR would be more economically
feasible and broaden its application potential in saline—alkali soil improvement.

2.7.4. Eco-Biological and Agronomic Responses

The present evaluations primarily centered on physical and hydraulic indices (e.g.,
evaporation dynamics, crack evolution characteristics, and water retention behavior).
Therefore, systematic measurements of soil pH, electrical conductivity (EC), exchangeable
sodium, particle size distribution and soluble ion composition were not completed within
this study. Subsequent work must systematically investigate eco-biological and agronomic
responses, such as soil pH, EC, exchangeable sodium, soluble ion composition, soil ag-
gregate stability, nutrient retention, rhizospheric microbial community structure, crop
growth status, root development and biomass accumulation to support its comprehensive
application as a soil quality improvement amendment.

In addition, this study aims to synthesize an integrated lignin—polyacrylic acid compos-
ite hydrogel (LWR) and systematically characterize its overall comprehensive performance
(salt resistance, water absorption, evaporation regulation, and crack resistance) under
drying-wetting cycles in saline-alkali soil, thereby demonstrating the advantages of lignin
composite modification in improving saline—alkali soil. Therefore, the insufficient mech-
anistic analysis constitutes an obvious limitation of this research. Future research will
build upon comprehensive characterization analyses of the LWR’s structure and properties
by designing single-component soil control experiments (soil + CL and soil + AA/PAA
treatments) in conjunction with microscopic soil interface characterization, with the aim of
fully elucidating the mechanisms of action, including calcium ion-mediated bridging and
cementation effects, along with the underlying mechanisms of saline—alkali soil improve-
ment. Meanwhile, further targeted experiments covering gradient soil types with varied
salinity and alkalinity will be carried out in our follow-up research to systematically clarify
the applicable threshold of LWR.

3. Conclusions

This work developed a calcium lignosulfonate-modified polyacrylic composite hydro-
gel (LWR) via ultrasound-assisted copolymerization, overcoming the poor salt resistance
and soil cracking defects of conventional petroleum-based water retention agents. Un-
der optimized synthesis parameters (60% AA neutralization, 4% CL, 1% KPS, and 0.03%
MBA), LWR forms a porous 3D network with abundant sulfonate and carboxylate groups,
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achieving swelling values of 1480 g/g and 122 g/g in deionized water and a 0.9% NaCl
solution, respectively, outperforming most reported lignin/biomass-modified hydrogels
and commercial PWR.

A core novel discovery is the dosage-dependent dual regulatory effect under repeated
drying—wetting cycles: a moderate 0.3% LWR application synchronously suppresses soil
evaporation and crack propagation via hypothesized Ca?* interparticle cementation, while
a high LWR or full PWR dosage aggravates soil fracture and water loss. Additionally,
correlation analysis further confirms that the dominant evaporation control factor shifts
from hydrogel-driven chemical water locking to crack-driven physical water loss as soil
structural damage accumulates across cycles, a mechanism rarely distinguished in prior
hydrogel-soil studies.

Compared with single-function conventional superabsorbents, the LWR integrates low-
cost biomass-based raw materials, potentially biodegradable skeletons, and soil structural
protection. It breaks the conventional assumption that a higher amendment dosage delivers
better water retention, thereby providing a targeted material strategy and theoretical
support for large-scale eco-friendly saline—-alkali land restoration.

4. Material and Methods
4.1. Materials

Acrylic acid (AA), calcium lignosulfonate (CL), N,N’-methylenebisacrylamide (MBA),
potassium persulfate (KPS) as well as potassium hydroxide and sodium chloride were
purchased from Macklin Biochemical Technology Co., Ltd., Shanghai, China. The commer-
cially available polymeric hydrogel (PWR) is known as “Linzhibao” and was produced by
Yida Agricultural Technology Co., Ltd., Handan, China. Its swelling capacity in distilled
water and a 0.9% NaCl solution was 630 and 57 g /g, respectively. The saline-alkali soil was
from Maozao, Shanxi Province, China, and was air-dried under natural conditions before
being sieved through a 5 mm mesh. The sampling site is widely distributed, with moderate
saline-alkali soil featuring obvious alkalization and salt accumulation phenomena. The
soil type is castanozem.

4.2. Preparation of the LWR

We pipetted 20 mL of acrylic acid (AA, density = 1.05 g/mL, corresponding
AA mass = 21.00 g) and performed partial neutralization by adding a 5 mol/L KOH aque-
ous solution dropwise at a rate of 1 mL/min under a 0-5 °C ice-water bath under continuous
magnetic stirring at 300 rpm. After titration, the mixed solution was continuously stirred
for 30 min to ensure a uniform pH distribution and complete the neutralization reaction.
Different neutralization gradients (50%, 55%, 60%, 65%, and 70%) were accurately obtained
by quantitatively adjusting the dosage of the KOH solution. The neutralization degree
was defined as the molar percentage of AA neutralized by KOH and calculated using the
following formula:

Neutralization degree (%) = (Moles of KOH)/(Total moles of AA) x 100%

The neutralized AA solution was blended uniformly with a pre-dissolved calcium
lignosulfonate (CL) aqueous solution. Next, we added the pre-dissolved initiator (KPS)
and crosslinker (MBA). Then, CL, KPS, and MBA were added at designated dosages, with
all percentage values of CL, KPS, and MBA based on the mass percentage relative to
the absolute mass of the AA monomer (21.00 g). The mixed precursor suspension was
continuously stirred for 5 min at room temperature; then, the beaker (250 mL capacity) was
tightly sealed with plastic wrap and placed into an ultrasonic reactor for polymerization.
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Ultrasonic treatment was conducted under fixed conditions: a constant ultrasonic power of
510 W, a frequency of 40 kHz, and under continuous non-intermittent ultrasonic output
mode. The temperature was raised from ambient (25 £ 1 °C) to 50 °C and maintained for
2 h to complete grafted copolymerization. After reaction termination, the product was
washed 2-3 times with 200 mL of 20 vol% dilute ethanol per cycle, followed by 15 min of
static soaking for each wash to extract unreacted AA monomers and soluble impurities and
3 additional rinsing cycles with 250 mL of deionized water per cycle for 30 min to remove
residual inorganic salts. The purified product was transferred to glass Petri dishes and
vacuum-dried at 110 °C under a vacuum pressure of —0.08 MPa until a constant mass was
reached (mass variation < 0.001 g within 2 h). The dried solid block was then crushed and
sieved through a 100-mesh standard screen to obtain a uniform LWR powder. Under the
optimal synthesis formula (60% AA neutralization, 4% CL, 1%KPS, and 0.03% MBA), the
average dry powder yield of the LWR reached 74.81% based on the raw material’s total solid
input mass. The component ratios of CL, KPS, and MBA were systematically optimized
based on their swelling performance in deionized water and the 0.9% NaCl solution, which
were used as evaluation indicators. The preparation process and mechanism are depicted
in Figures 7 and 8, respectively.

R 'd 4 'd
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Weighing Neutralizing AA — Aq4ing CL.  AddingKPS ~ Adding MBA
in an ice-water bath

K

Superabsorbent Ultrasonic treatment

Vacuum drying Washing polymer for 2 hours

Acrylic acid (AA), calcium lignosulfonate (CL), N,N'-methylenebisacrylamide (MBA), potassium persulfate (KPS)

Figure 7. Schematic illustration of the synthesis procedures of the LWR.

4.3. Determination of Water Absorption Performance and Structure

The water absorption performance of the LWR was evaluated based on its swelling
capacity in deionized water (V4,,) and the 0.9% NaCl solution (Vna, representing salt
resistance). Additionally, it was tested in strict accordance with the agricultural industry
standard NY /T 886-2022 [48] for agro-forestry superabsorbent polymers. Specifically, we
placed 1.00 g of the LWR into 1000 mL of deionized water and 500 mL of the 0.9% NaCl
solution, maintained at a constant temperature of 25 & 0.5 °C. The solutions were then
stirred for 5 min and left to stand for 30 min to allow the samples to fully absorb water
and swell. The swollen gel aggregates were then transferred into a pre-weighed 80-mesh
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standard test sieve, and natural gravity filtration was conducted for 10 min. Next, the sieve
was inclined, and residual free water was allowed to drain for another 10 min. We then
recorded the total mass of the sieve plus the swollen gel (m;), that of the blank sieve (my),
and that of the initial dry LWR (m). The swelling capacity V (g/g) is calculated via the
following formula:

V=(m; —mp)/m

Three parallel replicates were measured for each group to calculate the average swelling
value, and all swelling data were reported as the mean value £ standard deviation (SD).
Digital photos of the dry powder and water-swollen LWR are shown in Figure 9.
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Figure 8. Schematic illustration of the synthesis mechanism of the LWR.

Water

Swelling

Figure 9. Image of the LWR before and after water swelling.

The structure of the LWR was characterized using FTIR (Spectrum 3, PerkinElmer,
Waltham, MA, USA) and SEM (Sigma 300, ZEISS, Oberkochen, Germany).
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4.4. Drying—Wetting Cycle Experiments on Soil Columns

Each PVC column used in the experiment had a perforated bottom, a height of 20 cm
and an inner diameter of 25 cm, and was uniformly coated with a thin layer of Vaseline
on the inside to minimize sidewall flow. A total of 9.567 kg of air-dried saline—alkali
soil was passed through a 5 mm sieve. The soil was then homogenously blended with
2 wt% desulfurized gypsum powder and back-filled into PVC columns under controlled
compaction to maintain a fixed bulk density of 1.3 g/cm3. Then, the soil was irrigated
to field capacity. Water at field capacity was completely retained via soil matric suction
without free gravitational water; thus, no percolation or bottom drainage occurs despite
having a perforated base. The perforated bottom only allowed ventilation and did not
cause water loss. The 0-5 cm surface soil was taken out, air-dried, fully mixed with
corresponding mass fractions of the LWR or commercial PWR hydrogel powder, and
evenly refilled to restore the original 0-5 cm topsoil layer. All columns were irrigated a
second time to the identical field capacity to unify the initial soil water content across all
treatments. Seven experimental treatments were set up: CK (0% hydrogel), Al (0.1% LWR),
A2 (0.3% LWR), A3 (0.5% LWR), B1 (0.1% PWR), B2 (0.3% PWR), and B3 (0.5% PWR). Each
treatment included 3 independent parallel soil column replicates, and all soil columns were
placed in a controlled-environment chamber maintained at an ambient temperature of 25 °C
and 30% relative humidity, with a fixed photoperiod of 12 h of light and 12 h of darkness per
day. Rehydration irrigation was implemented once the volumetric water content of the soil
in the blank CK group declined to 60% of the field capacity. Three complete drying—wetting
cycles were carried out, with each single cycle lasting 6 days. In subsequent cycles, the
irrigation amount was supplied uniformly based on the field capacity of the initial CK
treatment. Since all irrigation events were controlled within the field capacity threshold, no
gravitational drainage was generated throughout the experiment. During the experiment,
soil columns were weighed at the same fixed time point (9:00 a.m.) every 24 h to calculate
the daily water evaporation loss. Additionally, clear top-surface digital photos of each soil
column were captured every 2 days for subsequent crack area quantification via Image J
1.54p software.

4.5. Data Analysis

Excel 2016 and SPSS 26 were used to analyze and calculate the experimental data, and
Origin 8.5 was applied for plotting. Image J 1.54p was adopted to measure the area of soil
cracks, and daily evaporation data based on repeated measurement data with temporal
autocorrelation were obtained from continuous in situ monitoring of identical soil columns.
A two-way repeated measures ANOVA (with treatment as the between-subject factor and
time as the within-subject repeated factor) was performed to test the main effects and
interaction effects, followed by post hoc tests for multiple comparisons (p < 0.05). All
experimental groups were carried out in triplicate (n = 3).

Author Contributions: Conceptualization, KW. and H.L.; Methodology, B.L. and X.G.; Validation,
B.L.; Formal analysis, B.L.; Resources, Z.Y.; Data curation, X.C. and B.L.; Writing—original draft, X.C.;
Writing—review & editing, X.C.; Project administration, X.C.; Funding acquisition, H.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Special Project of Scientific and Technological Cooperation
and Exchange of Shanxi Province (202404041101031), the Key Research and Development Program of
Shanxi Province (202402140601007), and the Shanxi Basic Research Project (202303021212119).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

https://doi.org/10.3390/gels12080734


https://doi.org/10.3390/gels12080734

Gels 2026, 12, 734 18 of 19

References

1. Zhao,].; Zhang, Q.X. Promoting plant yield and quality improvement in saline alkali land by using biomass organic fertilizer and
reducing chemical fertilizer measures. BMC Plant Biol. 2025, 25, 1525. [CrossRef] [PubMed]

2. Ma, X.Y,; Chen, B, Liang, J.; Shao, L.X; Xu, X.Y,; Qiu, H.; Cao, X.D.; Zhao, L. Beyond universal application: Dissecting the
differential amelioration and carbon sequestration performance of biochar in chloride-, sulfate-, and soda saline-alkali soils.
Geoderma 2026, 469, 117809. [CrossRef]

3. Alqgasemi, A.S.; Ibrahim, M.; Al-Quraishi, A.M.E; Saibi, H.; Al-Fugara, A.; Kaplan, G. Detection and modeling of soil salinity
variations in arid lands using remote sensing data. Open Geosci. 2021, 13, 443-453. [CrossRef]

4.  Hassani, A.; Azapagic, A.; Shokri, N. Global predictions of primary soil salinization under changing climate in the 21st century.
Nat. Commun. 2021, 12, 6663. [CrossRef] [PubMed]

5. Wang, C.L.; Wang, YM,; Cao, X.; Wu, C.Y.; Wei, X.T;; Jiao, P; Liu, S.Y.; Ma, Y.Y.; Guan, S.Y. Unraveling saline-alkali stress tolerance:
Contrasting morpho-physiological, biochemical, and ionic responses in maize (Zea mays L.) genotypes. Plant Physiol. Biochem.
2025, 229, 110349. [CrossRef] [PubMed]

6. Mao, B.W.,; Yang, Y.H.; Zhao, Y.C.; Ti, C.P; Ma, R.F,; Wang, M.L.; Shi, W.J. Spatially explicit assessment of wheat yield improvement
potential in saline-alkali soils. Agric. Syst. 2026, 235, 104714. [CrossRef]

7. Lei,S.;Jia, X,; Zhao, C.; Shao, M. A review of saline-alkali soil improvements in China: Efforts and their impacts on soil properties.
Agric. Water Manag. 2025, 317, 109617. [CrossRef]

8. Chen, Y,; Zhang, J.; Wang, Z.; Li, H.; Chen, R.; Zhao, Y,; Huang, T.B.; Luo, P.C. Influence of long-term mulched drip irrigation on
upward capillary water movement characteristics in the saline-sodic region of northwest china. Agronomy 2024, 14, 1300. [CrossRef]

9.  Elldrissi, A.; Channab, B.; Essamlali, Y.; Zahouily, M. Superabsorbent hydrogels based on natural polysaccharides: Classification,
synthesis, physicochemical properties, and agronomic efficacy under abiotic stress conditions: A review. Int. J. Biol. Macromol.
2024, 258, 128909. [CrossRef] [PubMed]

10. Xu, Y;; Gao, Y.; Li, W;; Chen, S.; Li, Y.; Shi, Y. Effects of compound water retention agent on soil nutrients and soil microbial
diversity of winter wheat in saline-alkali land. Chem. Biol. Technol. Ag. 2023, 10, 2. [CrossRef]

11.  Ma, X.; Wen, G. Development history and synthesis of super-absorbent polymers: A review. J. Polym. Res. 2020, 27, 136. [CrossRef]

12.  Guo, L.; Ning, T;; Nie, L.; Li, Z.; Lal, R. Interaction of deep placed controlled-release urea and water retention agent on nitrogen
and water use and maize yield. Eur. J. Agron. 2016, 75, 118-129. [CrossRef]

13.  Agbna, GH.D,; Zaidi, S.J. Hydrogel performance in boosting plant resilience to water stress-a review. Gels 2025, 11, 276. [CrossRef]
[PubMed]

14. Jiang, N.; Cai, D.Q.; He, L.L.; Zhong, N.Q.; Wen, H.; Zhang, X.; Wu, Z.Y. A facile approach to remediate the microenvironment of
saline-alkali soil. ACS Sustain. Chem. Eng. 2015, 3, 374-380. [CrossRef]

15.  Xiong, H.; Peng, H.; Ye, X.; Kong, Y.; Wang, N.; Yang, E; Meni, B.; Lei, Z. High salt tolerance hydrogel prepared of hydroxyethyl starch
and its ability to increase soil water holding capacity and decrease water evaporation. Soil Tillage Res. 2022, 222, 105427. [CrossRef]

16. Chen, J.; Wu, J.; Raffa, P; Picchioni, F.; Koning, C.E. Superabsorbent Polymers: From long-established, microplastics generating
systems, to sustainable, biodegradable and future proof alternatives. Prog. Polym. Sci. 2022, 125, 125. [CrossRef]

17.  Zhang, C.; Meza, ].V.G.; Zhou, K.Q.; Liu, ].Z; Song, S.X.; Zhang, M.; Meng, D.L.; Chen, ].H.; Xia, L.; Hu, X.H. Superabsorbent
polymer used for saline-alkali soil water retention. J. Taiwan Inst. Chem. Eng. 2023, 145, 104830. [CrossRef]

18.  Zhu, ].L.; Zhang, Z.X.; Wen, Y.T.; Song, X.; Tan, WK.; Ong, C.N,; Li, J. Recent advances in superabsorbent hydrogels derived from
agro waste materials for sustainable agriculture: A review. . Agric. Food Chem. 2024, 72, 22399-22419. [CrossRef] [PubMed]

19. Meng, Y,; Lu, J.; Cheng, Y,; Li, Q.; Wang, H. Lignin-based hydrogels: A review of preparation, properties, and application. Int. .
Biol. Macromol. 2019, 135, 1006-1019. [CrossRef] [PubMed]

20. Wang, K.Y,; Qiu, J.J.; Huang, W.Y.; Yuan, Z.Y.; Wei, B.; Wen, Y.B. Preparation of crosslinked lignin-polyacrylamide hydrogel with
high resistance to temperature and salinity. Int. J. Biol. Macromol. 2025, 296, 139730. [CrossRef] [PubMed]

21. Luwo, ZY,;Li, L.L; Zhang, Y.Q.; Liu, WW,; Liu, D.; Ren, Y.J.; Chen, T.Y,; Yu, J.F. Fenton-oxidized lignin-based hydrogel for sodium
ion adsorption in salt-affected soils. J. Indian Chem. Soc. 2026, 103, 102788. [CrossRef]

22. Dou, Y,; Wang, X.H.; Liu, Z.M.; Kong, F.G.; Wang, S.]. Effect of different modified lignins on the properties of xylan composite
hydrogels. J. Appl. Polym. Sci. 2024, 141, 54910. [CrossRef]

23. Kang, F; Meng, Y.S.; Ge, Y.N.; Zhang, Y.; Gao, H.X,; Ren, X.Q.; Wang, J.; Hu, S.W. Calcium-based polymers for suppression of soil
acidification by improving acid-buffering capacity and inhibiting nitrification. J. Environ. Sci. 2024, 139, 138-149. [CrossRef] [PubMed]

24. Xu, B.;Hou, Y,; Yang, Z.; Fang, ].; Wu, X,; Qi, J.; Li, H. Management of saline-alkali sandy soils by amphoteric lignin-based sand
fixation. Int. J. Biol. Macromol. 2025, 311, 144018. [CrossRef] [PubMed]

25. Feng, HX,; Xing, X.G.; Su, L.C.; Zhang, C.Z.; Wang, Y.B.; Li, Y.B.; Wang, W.H. Insights into saline soil cracking subjected to

drying-wetting cycles. Acta Geophys. 2025, 73, 619-633. [CrossRef]

https:/ /doi.org/10.3390/ gels12080734


https://doi.org/10.1186/s12870-025-07586-4
https://www.ncbi.nlm.nih.gov/pubmed/41204076
https://doi.org/10.1016/j.geoderma.2026.117809
https://doi.org/10.1515/geo-2020-0244
https://doi.org/10.1038/s41467-021-26907-3
https://www.ncbi.nlm.nih.gov/pubmed/34795219
https://doi.org/10.1016/j.plaphy.2025.110349
https://www.ncbi.nlm.nih.gov/pubmed/40782580
https://doi.org/10.1016/j.agsy.2026.104714
https://doi.org/10.1016/j.agwat.2025.109617
https://doi.org/10.3390/agronomy14061300
https://doi.org/10.1016/j.ijbiomac.2023.128909
https://www.ncbi.nlm.nih.gov/pubmed/38141703
https://doi.org/10.1186/s40538-022-00375-3
https://doi.org/10.1007/s10965-020-02097-2
https://doi.org/10.1016/j.eja.2016.01.010
https://doi.org/10.3390/gels11040276
https://www.ncbi.nlm.nih.gov/pubmed/40277712
https://doi.org/10.1021/sc500785e
https://doi.org/10.1016/j.still.2022.105427
https://doi.org/10.1016/j.progpolymsci.2021.101475
https://doi.org/10.1016/j.jtice.2023.104830
https://doi.org/10.1021/acs.jafc.4c04970
https://www.ncbi.nlm.nih.gov/pubmed/39215710
https://doi.org/10.1016/j.ijbiomac.2019.05.198
https://www.ncbi.nlm.nih.gov/pubmed/31154040
https://doi.org/10.1016/j.ijbiomac.2025.139730
https://www.ncbi.nlm.nih.gov/pubmed/39798770
https://doi.org/10.1016/j.jics.2026.102788
https://doi.org/10.1002/app.54910
https://doi.org/10.1016/j.jes.2023.05.025
https://www.ncbi.nlm.nih.gov/pubmed/38105042
https://doi.org/10.1016/j.ijbiomac.2025.144018
https://www.ncbi.nlm.nih.gov/pubmed/40345302
https://doi.org/10.1007/s11600-024-01375-7
https://doi.org/10.3390/gels12080734

Gels 2026, 12, 734 19 of 19

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Wang, Z.; Zhang, G.; Li, S.; Lu, X.; Zhou, W,; Lei, X,; Tian, Y.; Xu, K.; Dong, Z.; Yang, H.; et al. Calcium lignosulfonate-modified
soil-rock mixture: Research on mechanical properties and microscale mechanisms. Int. J. Biol. Macromol. 2025, 321, 146388.
[CrossRef] [PubMed]

Huang, L.J.; Yang, Y.; Cai, Y.Y,; Liu, M.; Xu, T.; Nong, G.Z.; Wang, S.F. Preparation of superabsorbent resin from carboxymethyl
cellulose grafted with acrylic acid by low-temperature plasma treatment. Bioresources 2014, 9, 2987-2999. [CrossRef]
Klinpituksa, P.; Kosaiyakanon, P. Superabsorbent polymer based on sodium carboxymethyl cellulose grafted polyacrylic acid by
inverse suspension polymerization. Int. J. Polym. Sci. 2017, 2017, 3476921. [CrossRef]

Hao, C,; Li, J.; He, Q.; Zhou, Z.L.; Guo, X.W.; Wang, X.H.; Gao, S.J.; Zhang, Y.K. Ultrasonic synthesis and properties of sodium
lignosulfonate-grafted poly (acrylic acid-co-vinyl alcohol) composite superabsorbent polymer. Aust. J. Chem. 2016, 69, 1155-1161.
[CrossRef]

Song, X.Y.; Chen, EG; Liu, S.J. A lignin-containing hemicellulose-based hydrogel and its adsorption behavior. Bioresources 2016,
11, 6378-6392. [CrossRef]

Zhang, W.X.; Wang, P; Liu, S.E; Chen, J.; Chen, R.; He, X.Y;; Ma, G.E; Lei, Z.Q. Factors affecting the properties of superabsorbent
polymer hydrogels and methods to improve their performance: A review. . Mater. Sci. 2021, 56, 16223-16242. [CrossRef]

Sun, Z.G.; Wang, H.L.; Wang, X.G; Li, ].L.; Lin, Q.H. A water superabsorbent resin synthesized by starch grafting acrylic acid
(AA) and acrylamide (AM) and its microstructure and physicochemical property analysis. Colloids Surf. A 2026, 739, 140049.
[CrossRef]

Chen, M.Y,; Ni, Z.W.; Shen, Y.; Xiang, G.H.; Xu, L.H. Reinforced swelling and water-retention properties of super-absorbent
hydrogel fabricated by a dual stretchable single network tactic. Colloids Surf. A 2020, 602, 125133. [CrossRef]

Kaith, B.S.; Singh, A.; Sharma, A K.; Sud, D. Hydrogels: Synthesis, classification, properties and potential applications—A brief
review. J. Polym. Environ. 2021, 29, 3827-3841. [CrossRef]

Idrissi, A.E.E.; Gharrak, A.E.; Achagri, G.; Essamlali, Y.; Amadine, O.; Akil, A.; Sair, S.; Zahouily, M. Synthesis of urea-containing
sodium alginate-g-poly (acrylic acid-co-acrylamide) superabsorbent-fertilizer hydrogel reinforced with carboxylated cellulose
nanocrystals for efficient water and nitrogen utilization. J. Environ. Chem. Eng. 2022, 10, 108282. [CrossRef]

Yu, K;; Liu, J.R; Li, H.T,; Li, B.; Guo, J.Z. Preparation and properties of super water-retaining agent with sulfonic acid and
carboxylic acid groups assisted by ultrasounds. Polym. Bull. 2024, 81, 13607-13627. [CrossRef]

Cheng, J.; Xiang, R.; Liu, ].; Yang, B.; Ma, X. Construction of pegmc copolymerized modified hydrogel and its mechanism for salt
retardation and nutrient immobilization in dryland soil. Gels 2026, 12, 595. [CrossRef] [PubMed]

Sa, Q.; Zheng, J.; Sun, Q.; Wang, Y. Effect of polyacrylamide-based water retention and brackish water mixed application rates on
soil evaporation characteristics. J. Irrig. Drain. Eng. 2025, 151, 05024005. [CrossRef]

Yang, T.; Xing, X.G.; Fu, W.; Ma, X.Y. Performances of evaporation and desiccation cracking characteristics for attapulgite soils.
J. Soil Sci. Plant Nutr. 2022, 22, 2503-2519. [CrossRef]

Guo, H.; Feng, H.X,; Xing, X.G. Plastic content and size together produce the dual effects on water loss and surface fissure for silt
loam. Eurasian Soil Sci. 2022, 55, 1741-1748. [CrossRef]

Bu, E; Liu, J.; Song, Z.; Sun, M.; Wang, Z.; Jing, M.; Qian, W. Enhancement of water-retaining property and cracking resistance
of soil under wetting-drying cycles: Synergistic effect of sisal fiber and polyacrylamide. Constr. Build. Mater. 2024, 435, 136841.
[CrossRef]

Bu, F; Liu, J.; Mei, H.; Song, Z.Z.; Wang, Z.; Dai, C.J.; Qian, W. Cracking behavior of sisal fiber-reinforced clayey soil under
wetting-drying cycles. Soil Tillage Res. 2023, 227, 105596. [CrossRef]

Zhang, M.; Zhang, S.; Chen, Z.; Wang, M.; Cao, J.; Wang, R. Preparation and characterization of superabsorbent polymers based
on sawdust. Polymers 2019, 11, 1891. [CrossRef] [PubMed]

Liu, X,; Feng, T.; Ding, W.; Zeng, W.; Wang, N.; Yang, F.; Yang, C.; Yang, S.; Kong, Y.; Lei, Z. Synthesis of tamarind seed gum-based
semi-IPN hydrogels with integration of fertilizer retention and anti-evaporation. J. Appl. Polym. Sci. 2023, 140, 53325. [CrossRef]
Motamedi, E.; Motesharezedeh, B.; Shirinfekr, A.; Samar, S.M. Synthesis and swelling behavior of environmentally friendly starch-
based superabsorbent hydrogels reinforced with natural char nano/micro particles. J. Environ. Chem. Eng. 2020, 8, 103583. [CrossRef]
Wang, Y.; Zhu, Y,; Mu, B,; Liu, Y.; Wang, A. From the waste semicoke to superabsorbent composite: Synthesis, characterization
and performance evaluation. J. Polym. Environ. 2021, 29, 4017-4026. [CrossRef]

Yang, C.; Wang, ].; Wang, Y.G.; Zhang, H.; He, P.C. Novel fabrication of biodegradable superabsorbent polymer from wheat stalk
for water holding and sustained fertilizer release. RSC Adv. 2025, 15, 9420-9429. [CrossRef] [PubMed]

NY/T 886-2022; Agro-Forestry Absorbent Polymer. Ministry of Agriculture and Rural Affairs of the People’s Republic of China:
Beijing, China, 2022.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ gels12080734


https://doi.org/10.1016/j.ijbiomac.2025.146388
https://www.ncbi.nlm.nih.gov/pubmed/40738433
https://doi.org/10.15376/biores.9.2.2987-2999
https://doi.org/10.1155/2017/3476921
https://doi.org/10.1071/CH16064
https://doi.org/10.15376/biores.11.3.6378-6392
https://doi.org/10.1007/s10853-021-06306-1
https://doi.org/10.1016/j.colsurfa.2026.140049
https://doi.org/10.1016/j.colsurfa.2020.125133
https://doi.org/10.1007/s10924-021-02184-5
https://doi.org/10.1016/j.jece.2022.108282
https://doi.org/10.1007/s00289-024-05347-1
https://doi.org/10.3390/gels12070595
https://www.ncbi.nlm.nih.gov/pubmed/42505278
https://doi.org/10.1061/JIDEDH.IRENG-10406
https://doi.org/10.1007/s42729-022-00823-x
https://doi.org/10.1134/S1064229322601536
https://doi.org/10.1016/j.conbuildmat.2024.136841
https://doi.org/10.1016/j.still.2022.105596
https://doi.org/10.3390/polym11111891
https://www.ncbi.nlm.nih.gov/pubmed/31731757
https://doi.org/10.1002/app.53325
https://doi.org/10.1016/j.jece.2019.103583
https://doi.org/10.1007/s10924-021-02171-w
https://doi.org/10.1039/d5ra00143a
https://www.ncbi.nlm.nih.gov/pubmed/40151528
https://doi.org/10.3390/gels12080734

	Introduction 
	Results and Discussion 
	Optimizing the Water Absorption Performance of the LWR 
	Effect of Neutralization Degree of Acrylic Acid (AA) 
	Effect of Calcium Lignosulfonate (CL) Dosage 
	Effect of Initiator Potassium Persulfate (KPS) Dosage 
	Effect of Crosslinker N,N'-Methylenebisacrylamide (MBA) Dosage 

	Structure of the LWR 
	Effects of Hydrogels on Water Evaporation in Saline–Alkali Soil 
	Effects of Hydrogels on Crack Development in Saline–Alkali Soil 
	Correlation Between Water Evaporation and Crack Development 
	Discussion 
	Limitations and Prospects 
	Environmental Safety and Biodegradability 
	Long-Term Field Performance and Durability 
	Economic Feasibility 
	Eco-Biological and Agronomic Responses 


	Conclusions 
	Material and Methods 
	Materials 
	Preparation of the LWR 
	Determination of Water Absorption Performance and Structure 
	Drying–Wetting Cycle Experiments on Soil Columns 
	Data Analysis 

	References

