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ABSTRACT: In recent years, the intensification of global climate change and the increased severity of water pollution
have led to the explosive proliferation of microalgae, particularly Chlorophyta, significantly impacting the ecological
environment. This study developed a novel adsorption hydrogel using extracellular polysaccharides (EPS) from
green algae and acrylamide (AM) based on free-radical graft copolymerization technology, achieving the resource
utilization of green algae. Using the swelling ratio (Sr) as the evaluation metric, the effects of the solid-to-liquid
ratio, sodium persulfate (SPS), AM, N, N’-methylenebisacrylamide (MBA), and polymerization temperature on the
hydrogel’s swelling properties were systematically investigated. The optimal preparation conditions for the EPS/AM
hydrogel were determined using response surface methodology, and the composition, structure, and morphology of
the hydrogel were characterized using scanning electron microscopy. The results showed that the Sr of the green algae
polysaccharide-based hydrogel reached its maximum of 35,541.34% under the following conditions: a solid-to-liquid
ratio of 1:100, 0.1 g of SPS, 1.2 g of AM, 0.034 g of MBA, and a polymerization temperature of 80 °C. This study
provides an innovative paradigm for the high-value utilization of functional polysaccharides, opening new pathways
for the large-scale application of environmentally sensitive hydrogel materials through a closed-loop transformation
model of “waste-to-functional materials”.
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INTRODUCTION

The rapid industrialization of China has led to in-
creasing scarcity of non-renewable resources (coal, oil,
natural gas) and environmental challenges, spurring
interest in renewable biomass resources [1]. Oceans,
covering 71% of Earth’s surface, offer vast potential
for sustainable development [2]. Green algae (GA),
abundant along China’s coast [3], are often wasted
due to inefficient treatment methods, resulting in the
loss of valuable components (60% polysaccharides,
15–25% proteins) and the release of methane, which
exacerbates the greenhouse effect [4].

Polysaccharides have become key biomaterials in
medicine, food, and environmental engineering. GA
contains > 60% polysaccharides rich in functional
groups (−OH, −SO4, −COOH) with bioactive prop-
erties (antioxidant, immunomodulatory, antibacterial)
[5]. Recent studies have further demonstrated the
biomedical potential of plant-derived polysaccharides
as bioactive compounds, such as their protective effects
in disease-related models [6]. Their flexible chains,
water solubility, and reactive sites enable molecular
modifications and interactions [7], making them ideal
for functional gels and high-value applications.

Hydrogels are 3D cross-linked networks of poly-
mers and water, known for their excellent water ab-
sorption and retention [8, 9]. GA polysaccharides, with

functional groups (−OH, −COOH, −NH2), can form
hydrogels through interactions like hydrogen bonding
and electrostatic forces [10, 11]. Their biocompatibil-
ity enables diverse applications: Stan et al [12] devel-
oped Alg/PVA wound dressings with 264% swelling,
while Ren et al [13] created UC-DPA-Ag hydrogels
for diabetic wounds, achieving over 2,314% swelling.
However, limited swelling performance hinders their
application in wastewater treatment and controlled
drug delivery [14]. Therefore, developing high-
performance GA polysaccharide-based hydrogels with
enhanced swelling capacity remains a key challenge for
efficient utilization of algal resources.

In this study, extracellular polymeric substances
(EPS) extracted from GA via microwave-alkaline treat-
ment were polymerized into EPS-based intelligent hy-
drogels (EPSH) through free-radical copolymerization.
Response surface methodology (RSM) was employed
to optimize the swelling performance, and comprehen-
sive characterization using SEM, FTIR, and XRD con-
ducted to elucidate the structure-property relationship
of the GA-EPS hydrogels.

MATERIALS AND METHODS

Materials

Sodium hydroxide (NaOH, ⩾ 96%), acrylamide
(monomer, AM, 99%), N, N’-methylenebisacrylamide
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Fig. 1 Basic principle and process of hydrogel preparation.

(crosslinking agent, MBA, 99%), sodium persulfate
(initiator, SPS, 99%), and anhydrous ethanol (C2H6O,
98%) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd., Shanghai, China.
All reagents were of analytical grade and used without
further purification. Deionized water was used
throughout the experiments.

Preparation of EPSH

GA-EPS was extracted using microwave-assisted al-
kaline treatment [15, 16]: 1.0 g algal powder in
100 ml 0.6 M NaOH, microwaved (560 W, 20 s;
Midea EM7KCGW3-NR), then centrifuged (4,000 rpm,
15 min) to obtain EPS. EPSH was synthesized via
radical graft copolymerization [17]: EPS was dispersed
(75 °C, 15 min; HSJ water bath), followed by sequen-
tial addition of AM (10 min reaction), MBA (5 min),
and SPS. After 1 min reaction, the mixture was formed
using residual heat, then washed three times. The
synthesis route is shown in Fig. 1.

Determination of swelling property of EPSH

Using the most common tea bag method to determine
the swelling rate of hydrogels [18], the experimental
accuracy can reach 3.5%. The swelling performance
of EPSH was evaluated using Eq. (1) [19].

Sr =
We −Wd

Wd
×100% (1)

where We and Wd are the mass (g) of dry hydrogel and
hydrogel after swelling equilibrium, respectively, Sr is
the maximum swelling rate of hydrogel (%).

Single factor experimental design

In this study, EPS solution was extracted from GA using
a microwave-assisted alkaline method. C@EPSs and
NaOH with varying material-to-liquid ratios were used
as the solution carrier. AM was used as the monomer,
SPS as the initiator, and MBA as the crosslinker, with

different reaction temperatures (T). In each single-
factor experiment, only one variable was changed,
while the remaining synthesis conditions were kept at
their optimal baseline values to ensure comparability
of results. The synthesis conditions of EPSH were first
optimized by single factor experiments (SFE), followed
by response surface optimization to develop a high-
swelling hydrogel, achieving the value-added utiliza-
tion of GA. The SFE factors are shown in Table S1.

Optimizing experimental design

Based on the SFE, the data were analyzed using Design
Expert 13.0 software to eliminate interactions between
factors. Variance analysis assessed model performance
and statistical validation, with response surfaces and
contour plots visualizing factor interactions. Coeffi-
cient significance was determined by p-values and F -
values. The independent variables for optimization are
material-liquid ratio (A), AM amount (B), and MBA
amount (C), with Sr as the response. Factor coding
levels are shown in Table S2.

Characterization of raw materials and hydrogel
morphology

The morphology of GA and hydrogels was character-
ized using SEM (Zeiss Sigma 300). Samples were
prepared by freeze-drying GA and swelling hydro-
gels to equilibrium in deionized water before freeze-
drying (LGJ-100, 24 h) to preserve pore structure [20].
Samples were gold-sputtered prior to SEM imaging
to analyze surface morphology and internal porosity.
FTIR spectra were recorded using an IRTracer-100
spectrometer (Shimadzu, Japan) over the range of
4,000–500 cm−1 with a resolution of 4 cm−1. XRD
patterns were collected on a D8 ADVANCE diffractome-
ter (Bruker, Germany) using Cu Kα radiation (λ =
1.5406 Å) over a 2θ range of 5–80° with a step size
of 0.02° and a scanning rate of 2°/min.
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Fig. 2 Effect of (a) solid-liquid radio, (b) AM dosage, (c) MBA dosage, (d) SPS dosage, and (d) temperature on hydrogel
swelling rate.

RESULTS AND DISCUSSION

Effect of material-liquid ratio

An appropriate solid-to-liquid ratio promotes thorough
interaction between GA and the extraction solution;
ratios that are too high or too low will reduce polysac-
charide extraction rates. This ratio is a key factor
influencing EPSH swelling capacity. In this section,
experiments were conducted using five different solid-
to-liquid ratios (1:90, 1:100, 1:110, 1:120, 1:130),
while other parameters were maintained at constant
levels. Specifically, the AM dosage was 1.3 g, SPS
dosage was 0.10 g, polymerization temperature was
75 °C, and MBA dosage was set to 0.04 g [21]. Fig. 2(a)
shows that the solid-liquid ratio influences polysac-
charide dissolution and hydrogel swelling through hy-
drophilic interactions between EPS functional groups
(−OH/−COOH) and water [22]. The optimal 1:100
ratio achieved maximum swelling (27,385.08%), bal-
ancing polysaccharide content and network porosity.
Higher ratios caused network densification that lim-
ited water diffusion despite increased hydrophilicity,
leading to swelling saturation [23]. Thus, 1:100 was
selected as optimal.

Effect of AM dosage

AM forms a covalent crosslinked network structure
under the initiation of SPS, which is a key factor influ-
encing the swelling properties of EPSH. In this section,
experiments were conducted at five equal gradient
AM dosages (1.00 g, 1.10 g, 1.20 g, 1.30 g, 1.40 g),
with all other parameters held constant. Specifically,
the solid-to-liquid ratio was 1:100, SPS dosage was

0.10 g, polymerization temperature was 75 °C, and
MBA dosage was set to 0.04 g. As shown in Fig. 2(b),
at low AM concentrations, the limited incorporation
of AM monomers into the polymer matrix leads to a
loosely crosslinked network with high porosity, which
facilitates water uptake and enhances the swelling ca-
pacity [24]. In contrast, when the AM dosage exceeds
1.20 g, the increased availability of AM chains between
MBA crosslinking points effectively elevates the overall
network density and reduces the free volume, resulting
in a more compact structure that restricts water diffu-
sion [25]. The reduced free volume also impairs water
retention, ultimately decreasing swelling performance.
Therefore, 1.20 g AM was selected as the optimal
condition.

Effect of MBA dosage

The dosage of crosslinking agent MBA is a key factor
influencing hydrogel crosslinking density and effective
chemical crosslinking points. In this section, exper-
iments were conducted at five equal-gradient MBA
dosages (0.032 g, 0.034 g, 0.036 g, 0.038 g, 0.040 g),
while all other parameters were maintained at con-
stant levels. Specifically, the feed solution ratio was
1:100, the SPS dosage was 0.10 g, the polymerization
temperature was 75 °C, and the AM dosage was set
to 1.20 g. MBA serves as both a crosslinker and
a participant in intermolecular interactions with AM,
influencing hydrogel swelling by modulating crosslink-
ing density. Fig. 2(c) shows hydrogel swelling initially
increased then decreased with MBA content, peaking
at 28,270.05% (0.034 g MBA). Optimal crosslinking is
crucial for 3D network formation – insufficient MBA
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yields weak structures [26], while excess creates rigid
networks that hinder water absorption [27]. Thus,
0.034 g MBA was selected as the optimal condition.

Effect of SPS dosage

SPS serves as an initiator in hydrogel synthesis, with
its core function being the generation of sulfate rad-
icals through pyrolysis, thereby triggering the radical
polymerization of AM monomers. In this section,
experiments were conducted at five equal-gradient SPS
dosages (0.06 g, 0.08 g, 0.10 g, 0.12 g, 0.14 g),
with all other parameters held constant. Specifically,
the feedstock-to-solvent ratio was 1:100, the MBA
dosage was 0.034 g, the polymerization temperature
was 75 °C, and the AM dosage was set to 1.20 g.
SPS free radicals initiate polymerization with AM and
MBA, forming varying polymer chain lengths that in-
fluence the hydrogel’s 3D network stability and water
absorption. Fig. 2(d) shows the swelling rate initially
increased with SPS amount, peaking at 30,953.84%
(0.10 g SPS), then decreased at higher dosages. At low
SPS dosages, insufficient free radicals reduce monomer
conversion and hinder chain initiation [28]. Increasing
SPS boosts 2 SO–

4
• radicals, enhancing AM-EPS poly-

merization and AM self-polymerization by generating
more hydroxyl radicals on EPS chains. However,
excess SPS accelerates 2 SO–

4
• and S2O2–

8
• decomposi-

tion (Eq. (2)), causing rapid radical quenching [29].
This surge in active centers accelerates chain termina-
tion, shortening polymer chains and reducing hydrogel
molecular weight, ultimately diminishing swelling per-
formance.

S2O2−
8 → 2SO−4 • (2)

Effect of temperature

Temperature plays a crucial regulatory role in the
swelling properties of hydrogels. In this section, ex-
periments were conducted at five equal-gradient poly-
merization temperatures (65 °C, 70 °C, 75 °C, 80 °C,
85 °C), with all other parameters maintained at con-
stant levels. Specifically, the feed ratio was set at
1:100, with 0.034 g of MBA, 0.10 g of SPS, and 1.20 g
of AM. EPSH forms a 3D network through crosslinking
polymerization under heat, and reaction temperature
may affect its swelling properties. Fig. 2(e) shows
that higher temperatures accelerate molecular thermal
motion and radical collisions, affecting water molecule
diffusion in hydrogels. At low temperatures, slower
diffusion allows stable hydrogen bonds between water
and hydrophilic groups, enhancing water absorption
[30]. Above 80 °C, faster diffusion increases water loss,
reducing absorption capacity. Although high tempera-
ture speeds up water movement, hydrogel swelling is
limited by high crosslinking density and poor water re-
tention [31]. Additionally, elevated temperatures may
degrade functional groups, particularly temperature-
sensitive hydrophilic groups in GA-EPS, further impair-
ing swelling performance.

RSM analysis
The central composite design of design expert was
used to optimize the optimal conditions for hydrogel
preparation. The material-liquid ratio (a), AM (b) and
MBA (c) were selected as the investigation factors.
The factor design level of the experiment is shown in
Table S2. The second-order model analysis method
was used to analyze and fit the data according to the
regression equation, and the quadratic regression sur-
face equation was established. The surface equation is
shown in Eq. (3).

Sr =−1.81×106+1.08×104×A+1.06×106×B+3.98×107×C

−25.99×A× B−7.23×104 ×A× C −5.45×106

−41.78×A2 −3.63×105 × B2 −3.89×108 × C2 (3)

The analysis of variance (Table 1) shows that F =
45.28, p ⩽ 0.05, with a mismatch p value of 0.6347
(> 0.05), indicating significant model fitting. The
determination coefficient R2 = 0.9831, adjusted R2 =
0.9614, and variation coefficient = 2.21%, signifi-
cantly lower than 10%. The signal-to-noise ratio of
16.42, greater than 4, confirms high experimental
accuracy and feasibility, with small prediction errors.
The effects of solid-liquid ratio, AM dosage, and MBA
dosage on Sr are well simulated.

Fig. 3 shows maximum Sr occurs near optimal fac-
tor values, confirming prediction accuracy and signifi-
cant factor interactions. Analysis reveals that adjusting
liquid-solid ratio, AM, and MBA content effectively
enhances EPSH swelling (Fig. 3(a,b)). Optimization
experiments (Fig. 3(c–f)) identified ideal conditions:
1:100 liquid-solid ratio, 1.204 g AM, and 0.034 g MBA,
achieving peak Sr of 35,541.34%. Verification tests
showed < 10% error between predicted and actual Sr
values, validating the model’s accuracy.

To evaluate the accuracy and deviation of the opti-
mized experimental data, three groups of experiments
were randomly selected for verification, as shown in
Table 2. This Table demonstrates that the predicted
values of the three experimental models align well with
the actual values, with relative errors less than 10%,
indicating the model’s high reliability and suitability
for high experimental accuracy.

Characterization

SEM analysis

To explore the mechanism of hydrogel with high
swelling property, the GA and EPSH samples were
characterized by SEM, and the results are shown in
Fig. 4. GA shows a compact, low-porosity structure
with no visible pores (Fig. 4(a,b)) [33]. In con-
trast, freeze-dried EPSH exhibits a porous 3D net-
work (Fig. 4(c,d)), formed through crosslinking of GA
polysaccharide functional groups. This structure pro-
vides water storage space and facilitates rapid water
penetration [34], while hydroxyl/carboxyl groups on
pore walls maintain structural stability through hydro-
gen bonding with water molecules.
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Fig. 3 Three-dimensional response surface and contour plots: (a), (d) AM content and liquid-to-solid ratio; (b), (e) MBA
content and liquid-to-solid ratio; (c), (f) AM and MBA content.

Table 1 Analysis of variance of the equation.

Source Sum of Degree of Variance F -value Prob > F Significance
variance squares freedom

Model 1.89×108 9 2.10×108 45.28 < 0.0001 Significant
A 2.18×105 1 2.18×105 0.4703 0.5149
B 8.59×105 1 8.59×105 1.85 0.2154
C 5.93×106 1 5.93×106 12.79 0.0090
AB 2,887.29 1 2,887.29 0.0062 0.9393
AC 6.86×106 1 6.86×106 14.80 0.0063
BC 5.08×106 1 5.08×106 10.96 0.0129
A2 6.87×107 1 6.87×107 148.40 < 0.0001
B2 4.55×107 1 4.55×107 98.11 < 0.0001
C2 9.55×106 1 9.55×106 20.61 0.0027
Residual 3.24×106 7 4.63×105

Anomalistic term 1.04×106 3 3.46×105 0.6268 0.6347 Not significant
Pure error 2.21×106 4 5.51×105

Total deviation 1.92×108 16

FTIR analysis

To investigate whether crosslinking occurred in the
hydrogel, FTIR analysis was performed on GA-EPS
and the resulting EPSH, with the results shown in
Fig. 5. The raw material GA-EPS exhibits characteristic
peaks at 1,560, 1,395, and 1,312 cm−1 corresponding

to −NH bending vibrations (amide II band), −COO–

symmetric stretching, C−H bending, and C−N/C−
stretching vibrations, respectively [35, 36]. However,
compared to GA-EPS, the intensities of these absorp-
tion peaks in EPSH were significantly weakened, and
some peak positions shifted slightly, indicating that
these functional groups underwent chemical changes

Table 2 Validation of experimental data.

Serial Material-liquid AM MBA Sr measured Sr predicted Inaccuracy
no. ratio dosage (g) dosage (g) value (%) value (%)

1 1:100 1.10 0.036 31,104.91 30,194.01 −3.02
2 1:100 1.30 0.036 29,993.84 28,658.21 −4.66
3 1:90 1.20 0.032 31,113.52 29,418.52 −5.76
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Fig. 4 SEM images: (a) and (b) GA; (c) and (d) EPSH hydrogel.

Wavenumber

Fig. 5 FTIR spectra of GA-EPS and EPSH.

during the polymerization reaction. Specifically, the
reduction in the 1560 cm−1 peak indicates that−NH or
−COO– groups participated in cross-linking reactions
with acrylamide.

The attenuation of the 1,395 and 1,312 cm−1

peaks suggests altered chemical environments for
C−N, C−O, and −OH groups, potentially forming new
amide bonds or hydrogen bond networks. Concur-
rently, the persistence of the C−O−C stretching vibra-
tion peak at 1045 cm−1 indicates that the polysaccha-
ride backbone structure remains largely intact [37].
Collectively, the overall weakening and shift of char-
acteristic peaks in EPSH conclusively demonstrate that
the active functional groups in GA-EPS have partici-
pated in radical grafting and cross-linking reactions,

In
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b

. u
.)

Fig. 6 XRD pattern of GA-EPS and EPSH.

thereby constructing a stable three-dimensional net-
work structure [38].

XRD analysis

As shown in Fig. 6, GA-EPS exhibits a broad, low-
intensity peak at 2θ ≈ 20°, indicating an overall
amorphous structure [39]. Additionally, the signal
corresponding to the 26.62° peak aligns with the SiO2
diffraction position in the PDF#89-1961 standard card,
suggesting this diffraction peak primarily originates
from naturally occurring minerals within the algal
body or residual silica from the extraction process [40].
In contrast, the EPSH sample exhibits several distinct
diffraction peaks at 2θ ≈ 22.85°, 31.90°, and 48.47°,
which show good agreement with the PDF#78-1883

www.scienceasia.org

http://www.scienceasia.org/
www.scienceasia.org


ScienceAsia 51 (6): 2025: ID 2026007 7

(Na2SO4) standard card. This indicates these peaks
originate from Na2SO4 crystals, a byproduct formed
during the decomposition of SPS in the polymerization
reaction [41]. Given the hydrogel matrix’s highly
crosslinked amorphous network structure, these sharp
peaks result not from polymer crystallization but from
precipitated residual inorganic salts. This further con-
firms that SPS decomposed during initiation, releasing
free radicals that participated in the grafting reaction
between EPS and AM.

Combined with the FTIR analysis showing weak-
ened absorption peaks for functional groups such as
−NH, −OH, and −COOH, it can be inferred that the
formation of EPSH involves chemical cross-linking and
structural rearrangement. GA-EPS has been success-
fully transformed from a natural amorphous polysac-
charide into a hydrogel material with a functionalized
network structure.

CONCLUSION

In this study, GA polysaccharides were extracted by a
microwave-assisted alkaline method and polymerized
into high-swelling hydrogels. The effects of key prepa-
ration parameters on swelling behavior were investi-
gated, and the optimal conditions were determined
using RSM, under which a maximum swelling ratio of
35,541.34% was achieved. Statistical analysis showed
that the swelling performance was mainly affected by
MBA dosage, followed by AM dosage and material-to-
liquid ratio. SEM revealed a porous interconnected
network structure, while FTIR and XRD analyses con-
firmed the successful formation of a cross-linked hy-
drogel with a predominantly amorphous structure.
These results indicate that GA polysaccharides are
promising renewable resources for high-swelling hy-
drogel preparation. Future work will focus on im-
proving mechanical properties while maintaining high
swelling performance.

Appendix A. Supplementary data

Supplementary data associated with this article can be found
at https://dx.doi.org/10.2306/scienceasia1513-1874.2026.
007.
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Appendix A. Supplementary data

Table S1 SFE experimental factors and levels.

Parameter Unit Level

1 2 3 4 5

Material-liquid ratio 1:90 1:100 1:110 1:120 1:130
AM dosage g 1.00 1.10 1.200 1.300 1.400
SPS dosage g 0.06 0.08 0.100 0.120 0.140
MBA dosage g 0.032 0.034 0.036 0.038 0.040
Temperature (T) °C 65.00 70.00 75.00 80.00 85.00

Table S2 Boundary conditions of independent variables in response optimization.

Variable Unit Coding level

−1 0 +1

A: Material-liquid ratio g/ml 1:100 1:90 1:110
B: AM dosage g 1.100 1.200 1.300
C: MBA dosage g 0.032 0.034 0.036
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