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Abstract

A bisphenol-A-free lignin hydrogel platform with programmable network density is re-
ported. Lignin was crosslinked with poly(ethylene glycol) diglycidyl ether (PEGDGE)
and sorbitol polyglycidyl ether (SPE) via epoxide ring-opening to generate hydrogel net-
works spanning eleven PEGDGE/SPE ratios. A single compositional lever —the SPE frac-
tion—allowed the predictable densification of the network, translating into a monotonic
shift in swelling and viscoelastic/mechanical responses. Importantly, the well-performing
hydrogel (LSiP9) coupled swelling ratio with adsorption functionality, removing 72%
methylene blue from water under the tested conditions. This work positions lignin as
more than a passive filler: it serves as an active phenolic macromonomer for designing
sustainable, multifunctional hydrogels.

Keywords: polymers; PEGDGE; SPE; tunable mechanical property; MB adsorption;
crosslinking

1. Introduction

Hydrogels are hydrophilic polymers in a network structure [1-3]. Owing to their
high water uptake and ability to absorb and/or adsorb solutes such as dyes [4,5], hydro-
gels have been widely explored for applications including wastewater treatment and drug
delivery [6-9]. During the COVID-19 pandemic, an inhalable bioadhesive hydrogel was
developed to form a protective airway barrier and prevent viral infection in animal mod-
els [10]. Polymer-nanoparticle hydrogel systems have also been used for controlled vac-
cine release [11]. Common hydrogel components include poly(ethylene glycol) diglycidyl
ether (PEGDGE) [3,12], sorbitol polyglycidyl ether (SPE) [13], bisphenol A [14], chitosan
[15], and polyacrylamide [16]. Among these, PEGDGE is low-cost, non-toxic, and highly
water-soluble [17]. SPE, in addition to its use as a plasticizer [18], has recently been em-
ployed as a crosslinker for hydrogel formation [13,19,20]. Bisphenol A is widely used be-
cause it improves processability (processability means how easily a material can be man-
ufactured, for example, how well it flows, molds, extrudes, or forms during processing)
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[21]. However, the U.S. FDA has raised concerns about bisphenol A as an endocrine dis-
ruptor that may adversely affect reproductive, metabolic, and neurological systems, even
at low exposure levels [22]. Therefore, replacing bisphenol A with greener alternatives is
increasingly desirable.

Lignin has emerged as a promising bio-based substitute for bisphenol A in polymer
networks because it is non-toxic, sustainable, and rich in hydroxyl groups [23,24]. Nikaf-
shar et al. [25] demonstrated that organosolv corn stover lignin can completely replace
bisphenol A in solubilized epoxy resins while maintaining thermomechanical perfor-
mance. Xue et al. [26] partially replaced bisphenol A with lignin in a polyether amine (D-
400) crosslinked network, resulting a 239% increase in elongation. Oveissi et al. [27] re-
ported that incorporating 2.5 wt% lignin into polyether-based polyurethane hydrogels in-
creased the fracture energy from 1540 to 2050 ] m2 and increased the Young’'s modulus
from 1.29 to 2.62 MPa.

Lignin-based hydrogels can also adsorb dyes for wastewater remediation because
lignin contains abundant hydroxyl and phenolic groups [28-30]. Meng et al. [31] demon-
strated that aminated lignin alone removed 90% of Direct Blue 1 from aqueous solution.
Zhao et al. [32] developed a magnetic lignin-y-Fe20s nanoparticle composite adsorbent
that achieved up to 98% methylene blue in water. In this study, adsorbent hydrogels were
prepared from lignin, poly(ethylene glycol) diglycidyl ether (PEGDGE), and sorbitol pol-
yglycidyl ether (SPE). Eleven formulations with varying PEGDGE/SPE ratios were syn-
thesized and characterized using swelling measurements, rheology, and compression
tests. The results reveal clear structure—property relationships linking crosslinking density
to hydrogel performance. In addition, the hydrogels show dye adsorption capability, in-
dicating potential for wastewater treatment applications.

2. Materials and Methods
2.1. Materials

Lignin (Dealkaline) was purchased from TCI. Potassium hydroxide was purchased
from Aladdin. Sorbitol polyglycidyl ether (SPE, purity: 99%, epoxy value: 0.52-0.63 mol
100 g?) was obtained from the Jingmen Dongxin Biotechnology Company (Jingmen,
China). Poly(ethylene glycol) diglycidyl ether (PEGDGE, purity: 99%, epoxy value: 0.35
mol 100 g') was purchased from Guangdong Qianjin Chemical Reagent Company (Fo-
shan, China). The reagents are directly used without further purification unless stated.

2.2. Synthesis of LSnPn Hydrogels

In a 20 mL vial, SPE (amount in Table 1) was dissolved in 0.2 mL of DMF and shaken
until homogeneous. Then, 1 g of lignin, 2.8 mL of 3.3 M potassium hydroxide solution,
and a stir bar were added, and the mixture was stirred for 1 h to achieve homogeneity at
room temperature. Next, PEGDGE (amount in Table 1) was added. The reaction was
stirred to a homogeneous state and then placed in an oven at 40 °C for 12 h.

2.3. FTIR

FTIR spectra in transmission mode were acquired using an FTIR-600 spectrometer
(Agilent, Santa Clara, CA, USA) with a resolution of 4 cm™ over a wavenumber range of
4000 to 400 cm™. The hydrogel samples were freeze-dried for 24 h prior to testing.

2.4. Rheological Characterization Subsection

The rheological properties of the samples were evaluated using a Netzsch Kinexus
Lab+ rotational rheometer. All experiments were conducted with a 20 mm parallel-plate
geometry with a gap of 1 mm. Prior to the frequency sweep, an amplitude sweep was
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performed to define the linear viscoelastic region (LVR). Here, a stress sweep (0.1-100 Pa)
was conducted, and both the storage modulus (G') and loss modulus (G") remained es-
sentially constant over this range, indicating that the measurements were within the LVR.
Therefore, 5 Pa, which lies well within the identified LVR, was selected for the subsequent
frequency sweep. Therefore, dynamic shear tests were performed over a frequency range
of 0.1-20 Hz at 25 °C, and the G’ and G"” were recorded.

2.5. Swelling Tests

Swelling tests of hydrogels were carried out by completely immersing samples in
deionized water at room temperature for 24 h. The swollen hydrogels were weighed at
specific time points. The water content was calculated by the formula:

Ws _Wd

water content (%)= x100 (1)

Wa
where ws and wa are the weights of swollen sample and dry sample, respectively. Five
swelling tests were carried out for each sample, and the results of the five repetitions were
consistent.

2.6. Mechanical Properties

Mechanical properties were measured using a universal testing machine (AL-7000M,
Gotech, Zhuhai, China) equipped with a 10 kN load cell. The samples were prepared in
cylindrical shapes with a diameter of 12 mm and a height of 2 mm, which were then sub-
jected to compression tests. The samples were compressed at a rate of 0.4 mm min until
they reached 80% strain. Each condition was tested five times. The cyclic compression was
measured at 40% strain with five consecutive tests.

2.7. Dye Removal Experiments

The methylene blue (MB) dye adsorption ability of the synthesized hydrogels was
measured. Dry hydrogels were finely cut into small pieces (1.6242 g) and put into 500 mL
of aqueous solution of MB (30 mg L-). The adsorption was carried out on an orbital shaker
(90 rpm) at room temperature for 48 h. The absorbance of MB in the solution was meas-
ured at 665 nm using a UV-VIS spectrometer (Cary 60 UV-Vis, Agilent, Santa Clara, CA,
USA) at different time intervals. A calibration curve was plotted for the absorbance of MB
solutions at 665 nm against the known MB concentration. The removal efficiencies (R) and
adsorption capacities (ge) of MB were calculated using the following equations:

CO_Ce
L (G —CHxV
q.(mgg )=—( m)x )

where Co and Ce are the initial and final dye concentrations in the solution (mg L1), re-

spectively; V is the volume (L) of the dye solution; and m is the mass (g) of the adsorbent.

2.8. Adsorption Kinetics

The adsorption behavior of LS1Ps for MB was studied using the pseudo-first-order
and pseudo-second-order adsorption kinetic models. The adsorption process was carried
out in a MB solution (30 mg L), and the adsorption capacity was measured at regular
time intervals over a period of 48 h. The pseudo-first-order kinetic model was fitted using
Equation (4), and the pseudo-second-order kinetic model was fitted using Equation (5).
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where ge (mg g™) is the equilibrium adsorption capacity; q: (mg g™) is the adsorption ca-
pacity at time ¢; and k1 (min™) and k2 (g mg™' min') are the rate constants for the pseudo-
first-order and pseudo-second-order models. The kinetic adsorption capacities g+ are
measured in the same condition as those in Section 2.7.

2.9. Adsorption Isotherm

The adsorption behavior of MB onto LS1P was investigated using the Langmuir and
Freundlich adsorption isotherm models. The prepared hydrogels were immersed in MB
solutions with different concentrations for 48 h, and the equilibrium adsorption capacity
(ge) was calculated using Equation (3). The experimental data were fitted using the Lang-
muir isotherm model Equation (6) and the Freundlich isotherm model Equation (7).

_ qmaxKLCe
=74 K,C, ©)
1
qe = KFCen (7)

where gmax is the theoretical maximum adsorption amount (mmol g'), and Kr and Krare
the Langmuir constant and the Freundlich constant (mmol!-g-1-L).

3. Results and Discussion
3.1. Synthesis of Hydrogels

The hydrogels were synthesized from lignin, poly(ethylene glycol) diglycidyl ether
(PEGDGE), and sorbitol polyglycidyl ether (SPE) via an epoxide ring-opening in alkaline
aqueous solutions at 40 °C. Network formation yields ether linkages between lignin hy-
droxyl groups and the epoxide groups of PEGDGE and SPE. The stoichiometry was con-
trolled by fixing the hydroxyl-to-epoxide equivalent ratio (OH:epoxide) at 1:1.5, where
epoxide equivalents include contributions from both PEGDGE and SPE. For formulation
calculations, lignin was assigned an equivalent molecular weight of 178 g mol-! based on
an average of three lignin monomeric units (Ref. [33]). Figure 1 schematically summarizes
the synthesis strategy, and the mechanism is shown in Figure S1. Because SPE contains
four epoxide groups per molecule and PEGDGE contains two, the feed compositions were
calculated accordingly and are listed in Table 1.

Table 1. Compositions and corresponding sample names of the hydrogels.

SPE:PEGDGE Lignin SPE Mole SPE PEGDGE PEGDGE
Sample (Epoxy Ratio) ! Mole (mmol) 3 Amount Mole Amount
(mmol) 2 (g) (mmol) ¢  (g)
LP 0:10 5.62 0 0 4215 2.409
LS1Py 1:9 5.62 0.211 0.162 3.794 2.168
LS2Ps 2:8 5.62 0.422 0.324 3.372 1.927
LSsP7 3.7 5.62 0.632 0.486 2951 1.686
LS4Ps 4:6 5.62 0.843 0.648 2.529 1.445
LSsPs 5:5 5.62 1.054 0.811 2.108 1.204
LSePs 6:4 5.62 1.265 0.973 1.686 0.963
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LS7Ps 7:3 5.62 1.475 1.135 1.265 0.723
LSsP2 8:2 5.62 1.686 1.297 0.843 0.482
LSoP1 9:1 5.62 1.897 1.459 0.422 0.241
LS 10:0 5.62 2.108 1.621 0.000 0

! The molar ratio of hydroxyls from lignin to epoxy groups from PEGDGE and SPE was set at 1:1.5.
21 g lignin corresponds to 5.62 mmol hydroxyls according to the 178 g mol~ molecular weight from
reference [33]. 3 Each SPE molecule contains 4 moles of epoxy groups; the total epoxy amount from
PEGDGE and SPE is constant and 1.5 times 5.62 mmol. * Each PEGDGE molecule contains 2 moles
of epoxy groups; the total epoxy amount from PEGDGE and SPE is constant and 1.5 times 5.62 mmol.

ngmn—3<§§' l)/fol\}o + J ‘ ‘ .

PEGDGE SPE
Crosslinking i
-0
OH o

,\)‘OJ\/ ngnm

t [ Lignin
ngmn}" Ltgnln o
0'\)’° 09,
(5/\\,0 4 o
M

Lignir

Figure 1. Schematic representation of hydrogel synthesis. SPE is drawn in orange, and PEGDGE is

drawn in blue.

Lignin, PEGDGE, and the lignin-PEGDGE hydrogel (LP) were characterized by FTIR
in Figure 2a, and the enlarged spectra are shown in Figure S2. PEGDGE exhibited charac-
teristic absorption bands at 755 cm™ and 910 cm™!, which were assigned to the epoxy
groups. After crosslinking, these bands disappeared in LP, indicating consumption of the
epoxide groups. In addition, a band at 1100 cm™ appeared, consistent with the formation
of ether linkages. These results confirm successful crosslinking between PEGDGE and lig-
nin. Similarly, lignin, SPE, and the lignin-SPE hydrogel (LS) were analyzed by FTIR in
Figure 2b. SPE showed characteristic epoxide bands at 847 cm™ and 910 cm™!. After cross-
linking, these bands were absent in LS, suggesting that the epoxide groups were con-
sumed. Overall, the FTIR spectra confirmed that SPE can successfully crosslink with lignin.
Hydrogels containing both PEGDGE and SPE also showed successful crosslinking with
lignin.

https://doi.org/10.3390/polym18040489



Polymers 2026, 18, 489

6 of 13

3 3

s S

()] (]

Q &)

c c

s s

= =

= £

(2} [72]

c c

© ©

= = 910 847
epoxy

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™) Wavenumber (cm™)

Figure 2. FTIR spectra of (a) lignin, PEGDGE, LP; (b) lignin, SPE, LS.

3.2. Swelling Studies

The swelling ratios of the hydrogels were systematically investigated, as shown in
Figure 3. The swelling ratio decreased with increasing SPE content, because the higher
epoxide functionality of SPE produced a denser crosslinked network that restricted net-
work expansion upon hydration. These results indicate a clear relationship between cross-
linker composition and the equilibrium swelling ratio [28,34]. Among all samples, LP ex-
hibited the highest swelling ratio of 429.17%. The numerical values of swelling ratio and
gel fractions are shown in Table S1.

500
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_ 400} i
)
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= 300} EX
.
[=)]
é 200 | 181.87]
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9 400l 95.59
66.49 71-20
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Qegegegege 63 o o8 VY

v

Figure 3. Swelling ratio of the hydrogels.

3.3. Rheological Properties

The storage modulus (G') and loss modulus (G") were measured by oscillatory rhe-
ology. The comparison of G’ and G" for each sample is shown in Figure S3. For all samples,
G’ remained higher than G" across the entire frequency range (0.1-20 Hz). This behavior
indicates that the hydrogels were solid-like and predominantly elastic. Moreover, the tand
(G"/G') of eleven samples are shown in Figure S4, and all the numbers were lower than 1,
indicating elastic characteristics. In addition, no crossover between G’ and G" was ob-
served, suggesting that the networks were fully gelled and maintained elastic-dominated
behavior throughout the frequency sweep. The G’ of hydrogels are shown in Figure 4.
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Among the eleven samples, LS exhibited the highest G’, indicating the most compact net-
work structure and the highest crosslinking density. With the introduction of PEGDGE,
flexible chain segments were incorporated into the network, and G’ generally decreased
with PEGDGE increasing. This trend suggests that increasing PEGDGE reduces network
rigidity and strength, despite several formulations deviating to certain extents. The effect
of PEGDGE is also reported elsewhere [35].

10°

—=—1S G’

W+LSP G’
i R

——1S,P, G’
10°E ——LS.P, G'
LS.P, G’

M LS;P; G’

—a—LS,P, G’

v M 18,6
MJJ - LSZPS ¢’
—v—LS,P, G’

—a—LP G’

G'(Pa)

103 1 1
0.1 1 10

Frequency (Hz)

Figure 4. Frequency dependence of G’ for hydrogels.

3.4. Mechanical Properties

The mechanical properties were evaluated by compression tests. From the stress—
strain curves in Figure 5, the compressive strength at 40% strain, as well as toughness over
0-40% strain (calculated as the area under the stress—strain curve), were determined. Both
metrics increased with increasing SPE content. As SPE is a four-functional epoxide cross-
linker, higher SPE levels are expected to generate a denser network structure, thereby en-
hancing mechanical performance. At 40% strain, LSoP1 exhibited the best overall perfor-
mance, with a compressive strength of 3.66 MPa and a toughness 416.84 k]-m=. The LS
sample ranked second, followed by LSsP2. The numerical values are shown in Table 2.

12

-—
[=2) =) (=]
T T

Stress (MPa)
=Y

0 20 40 60 80
Strain (%)
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Figure 5. Compressive stress—strain curves of the hydrogels.

Table 2. Compressive strength at 40% strain, and toughness over 0-40% strain.

Sample Strength (MPa) Toughness (kJ-m-)
LP 0.0059 + 0.0054 0.39 £0.45
LS:Py 0.018 £ 0.011 2.66 +1.63
LS2Ps 0.049 £0.016 6.85 +2.63
LSsP7 0.047 £0.013 5.88 +1.09
LS4Ps 0.094 +0.049 12.53 +5.77
LSsPs 0.25+0.03 31.82£3.36
LSePs 0.43+0.16 45.01 +17.00
LS7Ps 0.62+0.13 68.33 +13.20
LSsP2 1.19 +0.45 122.74 + 56.55
LSoP: 3.66 +0.50 416.84 +62.85
LS 3.23+1.36 403.60 + 245.75

Cyclic compression tests were performed to further evaluate the mechanical perfor-
mance of the hydrogels. As shown in Figure 6, each sample was subjected to five loading—
unloading cycles. In the first cycle, the hydrogels were compressed to the 40% strain. Upon
unloading, the strain did not fully return to zero. For LS, LSoP1, LSsP2, and LS7Ps, this be-
havior was attributed to fracture or irreversible damage, as evidenced by the correspond-
ing stress—strain curves. This likely resulted from the high SPE content, which increased
crosslink density and led to a more brittle network. In contrast, hydrogels with lower SPE
content exhibited better recovery under repeated compression. With increasing cycle
numbers, the stress—strain responses gradually stabilized. By the fourth and fifth cycles,
the curves nearly overlapped, indicating that the mechanical response had reached a
steady state.

To facilitate comparison among the eleven formulations in this stabilized regime, the
fifth cycle is presented in Figure 7. The peak stress increased with SPE content, consistent
with the trend observed in the non-cyclic compression results in Figure 5.

12 12 12
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Figure 6. Cyclic compression stress—strain curves of hydrogels.
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Figure 7. The 5th cycle compression stress—strain curves of hydrogels.

3.5. Dye Adsorption Property

Since adsorption is related to swelling performance, and LSiPs had a good swelling
ratio of 305.40%, it was selected for the adsorption test. Adsorption was monitored over
0-2880 min. The relationship between contact time and MB removal efficiency is shown
in Figure 8. The removal efficiency exceeded 50% within 120 min and reached approxi-
mately 72% after 2880 min. The adsorption reached 99% equilibrium at 30 h. In addition
to removal efficiency, adsorption capacity is an important metric for evaluating adsorp-
tion performance. The equilibrium adsorption capacity (ge) of LS1Ps toward MB was 6.99
mg g'. This reported ge was not the best due to the low initial concentration and high
adsorbent dosage limitation. But we observed an increase in the initial concentration, or
reduced hydrogel made it harder to reach equilibrium. The adsorption isotherm is shown
in Figure S5. For comparison, lignosulfonate-based ionic hydrogels have been reported to
exhibit MB adsorption capacities of ge > 52 mg g-1[36], while starch-based hydrogels show
ge<2mg g1 [37].

To enhance mass transfer, the hydrogel was cut into small pieces (~5 mm x 4 mmx
1.5 mm) prior to adsorption. In contrast, a single intact cylindrical specimen (diameter 2.5
cm, thickness 1.5 cm) was also tested. The intact specimen achieved 45% removal after
2880 min, with an equilibrium ge of 3.53 mg g-'. The cut pieces provided a 77.6-fold higher
surface-area-to-volume ratio than the intact sample, enhancing external mass transfer.
Moreover, based on the characteristic diffusion—time relationship (txL?/Det), reducing the
characteristic length scale by cutting was expected to accelerate internal diffusion by ap-
proximately 100-278 times.
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Figure 8. MB removal efficiency and adsorption capacity of LS1Ps hydrogel.

3.6. Adsorption Kinetics

Adsorption kinetics were analyzed using the adsorption time-uptake data and the
equilibrium adsorption capacity ge. The kinetic raw data was carried in the exact same
condition as the experimental tests, including adsorbent mass, solution volume, initial
concentration, temperature, agitation, and hydrogel geometry. The pseudo-first-order
and pseudo-second-order kinetic models were applied, which are commonly associated
with predominantly physisorption- and chemisorption-controlled processes, respectively.
As shown in Figure 9 and Table 3, the pseudo-first-order kinetic model gave an R? of 0.976,
whereas the pseudo-second-order model yielded a higher R? of 0.998, indicating a better
fit. In addition, the equilibrium ge calculated from the pseudo-second-order model was
close to the experimental ge. Therefore, MB adsorption behavior was better described by
the pseudo-second-order kinetic model, suggesting that chemisorption played a domi-
nant role in the adsorption process [38].

71
6l
5}
Gl
R
o
21
= Experimental
1t Pseudo 1st order
ol —— Pseudo 2nd order

0 500 1000 1500 2000 2500 3000
Time (min)

Figure 9. Pseudo-first-order and pseudo-second-order kinetic models of MB adsorption kinetics.
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Table 3. Characteristic parameters of the adsorption kinetics.

R2 0.976

Pseudo-first-order k1 (min) 0.019
ge(cal) (mg g™) 6.382

R2 0.998

Pseudo-second-order k2 (g mg™ min") 0.004
ge (cal) (mg g™) 6.879

4. Conclusions

Sustainable lignin-based hydrogels were prepared by crosslinking lignin with
PEGDGE and SPE. Lignin and SPE functioned as crosslinking components, while
PEGDGE provides introduced ductile soft segments into network. Increasing crosslinker
content enhanced the mechanical properties of the hydrogels. Based on rheological and
compression measurements, LSoP1 exhibited the best overall mechanical performance,
with a compressive strength of 3.66 MPa and a toughness of 416.84 k]-m= at 40% strain.
The swelling test showed that lower crosslinker content led to higher equilibrium swell-
ing. Accordingly, LS:Py was selected for methylene blue adsorption from aqueous solu-
tion, achieving a maximum removal efficiency of approximately 72%. Kinetic analysis in-
dicated that the adsorption process followed a pseudo-second-order model, suggesting
that chemisorption was the dominant adsorption mechanism. Overall, these structure-
property-tunable lignin-PEGDGE-SPE hydrogels show potential for wastewater treat-
ment applications.
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synthesis mechanism of LP, LSnPr, and LS. Figure S2. Enlarged FTIR spectra of (a) lignin, PEGDGE,
and LP, and (b) lignin, SPE, and LS. Figure S3. Rheological properties of the hydrogels. Figure 54.
Frequency dependence of tan d (G"/G’) for the hydrogels. Figure S5. Langmuir and Freundlich iso-
therm models for MB adsorption. Table S1. Gel fraction and swelling ratio of the hydrogels. Table
S2. Characteristic parameters of the adsorption isotherms. Geometry-based analysis of mass-trans-
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