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Facile Fabrication of Lignin Crosslinked Hydrogel for
Cationic Dye Adsorption and Antioxidant

Min Soo Kim, Ji Won Heo, Qian Xia, Do Hun Oh, Ji Woo Kim, and Yong Sik Kim *

Lignin, renowned for its abundance of hydroxyl groups, was utilized in
three dimensions to fabricate a hydrogel matrix. In this study, the optimal
conditions for the preparation of a lignin-crosslinked hydrogel and its
potential for dye and antioxidant removal were investigated. The hydrogel
was synthesized through a cross-linking reaction, with varying amounts of
cross-linking agent (poly(ethylene glycol) diglycidyl ether) added to adjust
for the lignin content. Chemical structure analysis of the lignin-crosslinked
hydrogel was conducted using Fourier-transform infrared spectroscopy
and X-ray photoelectron spectroscopy, confirming successful hydrogel
formation. Additionally, thermal analysis revealed an increase in the
maximum thermal decomposition temperature with increasing cross-linker
content. The lignin cross-linked hydrogel demonstrated a significantly
higher swelling ability at pH 7 compared to pH 3. The dye adsorption
capacity of the lignin-crosslinked hydrogel, which was evaluated using
crystal violet (CV), showed a maximum adsorption capacity of 106 mg-g™.
The CV adsorption behavior followed Freundlich isotherms and pseudo-
first-order kinetics. Moreover, the lignin-crosslinked hydrogel exhibited
notable antioxidant activity, which was attributed to the phenolic hydroxyl
groups of lignin macromolecules. Therefore, lignin-crosslinked hydrogels
prepared using cross-linking agents have promising application potential
in various fields.
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INTRODUCTION

Lignin is an abundant component in the cell walls of plants. It is a complex organic
polymer formed of monolignol units. Currently, lignin is generated as a by-product in the
pulp and biorefinery industries. Its annual production reaches 100 million tons worldwide,
but most of this amount is used as a low-cost fuel (Chen et al. 2020). Lignin has beneficial
properties, such as antioxidant, antibacterial, biocompatibility, and UV protection (Koh et
al. 2017). Lignin has several functional groups, including as aliphatic and aromatic
hydroxyl, carboxylic acid, and ether bonds (Wang et al. 2014), and has a three-
dimensional, crosslinked network structure (Lv et al. 2022). Meanwhile, due to its
recalcitrance and complex structure, it is difficult to utilize compounds from lignin and to
use it as a polymer material (Ragauskas et al. 2014). In the past decade, the utilization of
lignin for value-added materials has been extensively sought after, since lignin valorization
represents one of the main challenging issues of the paper industry and lignocellulosic
biorefinery. In particular, the conversion of lignin into hydrogels shows great potential to
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enhance lignin into high value-added materials.

A hydrogel is a hydrophilic polymer forming a three-dimensional network through
the polymerization and crosslinking of one or more monomers (Akhtar et al. 2016; Rico-
Garcia et al. 2020). Hydrogels can retain a large amount of water in a swollen state within
their network from surface tension and capillary forces (Zainal et al. 2021). Water
adsorption by hydrogels depends on the functional groups and cross-linked network density
of the hydrogel (Lim et al. 2017; Mahmud et al. 2018). Hydrogels also can exhibit excellent
swelling capacity, shape, and compression resistance (Peppas et al. 2000). Hydrogels are
used in sanitary products such as contact lenses, tissue engineering, wound dressing, or
agriculture (Gennen et al. 2016). Synthetic polymers, formed by chemical reactions of
small organic monomers, have been widely utilized for the construction of hydrogels (You
et al. 2018). Although hydrogels based on synthetic polymers possess strong water
adsorption and outstanding mechanical performances, they can suffer from poor
biodegradability and potential toxicity (Zheng et al. 2017). In contrast, natural polymer-
based hydrogel are of great interest due to their low cost, good biocompatibility, and
biodegradability. In studies on biodegradable hydrogels, the primary raw materials include
polypeptides, lignin, proteins, chitin, cellulose, starch, hemicellulose, chitosan, and gelatin
(Cui etal. 2015, Murakami et al. 2010, Madl et al. 2016). Various technologies are required
to effectively produce hydrogels using natural polymers.

Physical crosslinked hydrogels generally are held together by weak interactions
such as hydrogen bonds (Dankers et al. 2005), ionic forces (Shim et al. 2005), hydrophobic
forces, or van der Waals interactions (Brizzolara et al. 1996; Chung and Park 2009; Carafa
et al. 2011). Physical crosslinked hydrogels have applications in a variety of fields.
However, their mechanical strength is often regarded as inferior to that of chemically
crosslinked hydrogels. Chemical crosslinked hydrogels are known to confer diverse
properties, including enhanced mechanical strength facilitated by covalent bonding and
crosslinking (Rico-Garcia et al. 2020). These hydrogels are initiated by covalent
crosslinking of polymer units by applying various strategies such as a low molecular weight
crosslinking agent (Mao et al. 2020), crosslinked hybrid network (Lin et al. 2019),
photosensitive crosslinker agent (Majcher et al. 2020), and so on. The crosslink points
between polymer chains promote 3D network formation that affects the various
physicochemical properties of the polymer incrementally by the crosslink density and the
crystalline nature of the formed hydrogel structure (Karoyo et al. 2021).

Currently, research leveraging lignin’s properties, such as its antioxidant and
adsorption capabilities, is becoming increasingly diverse, and significant efforts are being
made to explore the use of lignin in the development of hydrogels. Meng et al. (2019)
reported that the production of hydrogels using lignin, which has properties such as
antioxidant and biodegradability, can be used in various fields and has sufficient research
value. According to Morales et al. (2020), a physically cross-linked hydrogel was prepared
by adding lignin to PVA dissolved in NaOH solution and blending. From the viewpoint of
hydrogel processing of lignin-based materials, independent gelation is still difficult due to
the absence of an effective solvent system and the lack of rheological properties required
for gelation (Jiang et al. 2020). Therefore, most lignin-based composite hydrogels are
prepared through blending with various natural and synthetic polymers. Lignin,
characterized by its abundance of hydroxyl groups, holds significant potential for the
production of hydrogels through the use of epoxide-containing crosslinkers. Notable
examples of such crosslinkers include epichlorohydrin (ECH), poly(ethylene glycol)
diglycidyl ether (PEGDGE), and glycidyl methacrylate (Deng et al. 2008). Among these
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candidates, PEGDGE stands out as a particularly promising candidate for facilitating the
independent gelation of lignin. The gelation process involves the ring-opening reactions of
PEGDGE’s epoxy groups with the hydroxyl and carboxyl groups present in lignin, which
can occur in both acidic and alkaline environments. This reaction forms robust three-
dimensional networks. Nguyen et al. (2019) demonstrated that combining polyethylene
glycol with PEGDGE produces hydrogels with superior chemical and physical stability.
Therefore, the present work utilized PEGDGE, which contains diepoxide groups, to
construct the hydrogel structure of lignin.

In this study, a hydrogel was prepared using PEGDGE as a cross-linking agent for
the independent gelation of lignin. Additionally, the potential of the resulting lignin cross-
linked hydrogel as an antioxidant and dye adsorption material was investigated. The
chemical structure of the hydrogel was analyzed through Fourier-transform infrared
spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS), and the physical
properties were tested through thermogravimetric analysis (TGA). The swelling properties
of KLH were measured under conditions of pH 3 and pH 7. Additionally, the total phenolic
OH content was quantified using the Folin-Ciocalteu assay. Based on these results, the
antioxidant capacity was evaluated using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay.
The characteristics and performance of the microcrystalline cellulose-based hydrogel
(MCH) were then compared accordingly. Dye removal capacity was measured using a
cationic dye crystal violet (CV).

EXPERIMENTAL

Materials

Kraft lignin (KL, Mn = 6,500 and Mw = 16,000 by GPC analysis, hydroxyl content
= 4.2 mmol/g by 3P NMR analysis) was provided from Tiger Forest and Paper Group Co.,
Ltds. The obtained lignin underwent additional purification through washing with
deionized water (DW). The lignin was dewatered by filter-press and freezing drying. CMC
(Mw = 250,000 g/mol, substitution of 0.9), PEGDGE (Mn =500 g/mol), ECH, Folin and
Ciocalteu’s phenol reagent, DPPH and CV were purchased from Sigma Aldrich (USA).
Gallic acid, dimethyl sulfoxide (DMSO, 99.8%), methanol (99.9%) microcrystalline
cellulose (MCC), sodium hydroxide (NaOH), potassium hydroxide (KOH, 98.0%) and
urea were purchased Daejung Chemical (Korea). DW was prepared using a tertiary
distillation device (HIQ Il, Human Science, Korea). All purchased chemicals were used
without further purification.

Preparation of Hydrogel (KLH)

The lignin-crosslinked hydrogel was prepared as shown in Fig. 1. KL (1 g) and 4%
CMC solution (5 g) were placed in a 50 mL flask and sufficiently dispersed at room
temperature for 1 hour using a magnetic stirrer (SL.SMS03038, DaiHan Scientific, Korea).
Subsequently, 0.5, 1.0, 1.5, and 2.0 mmol of PEGDGE were added per 1 g of lignin,
respectively, and stirred with a magnet for 30 min. Following stirring, the solution was
transferred to glass vials and dried at 70 °C for 2 h using a drying oven (DH.SWOF07155,
DaiHan Scientific, Korea). The dried samples were then subjected to several washes with
2 M HCI to remove any unreacted KL. This hydrogel was named kraft lignin crosslinked
hydrogel (KLH). Based on PEGDGE dosage (0.5 mmol, 1.0 mmol, 1.5 mmol, and 2
mmol/g), the hydrogels were coded as KLH-1, KLH-2, KLH-3, and KLH-4, respectively.
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For comparative purposes, MCC crosslinked hydrogel was prepared. MCC (4g) and
NaOH/Urea solution were placed in a 100 mL flask with a magnetic stirring bar and
distributed sufficiently at room temperature for 30 min. After stirring, the sample was
completely frozen at 18 °C, followed by thawing. Then the sample were then thawed for
approximately 2 h. ECH was added to the solution and stirred magnetically for 10 min.
Subsequently, the solution was poured into glass vials and dried at 60 °C for 2 h.
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Kraft Lignin + CMC solution

Adding
PEGDGE

Stirring during 30 min

Drying at 60°C during 1 h/. . - -/
[

Fig. 1. Procedure for the preparation of KLH

Characterization of Hydrogel

In this study, lignin whose properties were analyzed through previous research was
used (Zhang et al. 2023). The chemical structures of the hydrogel samples were analyzed
by Fourier transform infrared (FT-IR) spectroscopy (Frontier, PerkinElmer, USA) in the
attenuated total reflection (ATR) mode. The samples were measured at 25 °C and a spectral
range of 4000 to 500 cm™ at a resolution of 4.0 cm™ with 64 scans (An et al. 2021b).
Surface elemental analysis of the hydrogels was performed using X-ray photoelectron
spectroscopy (XPS) (K-alpha+, Thermo Scientific, UK), and all samples were completely
dried and made into aerogel form and analyzed (Fan et al. 2019). Analysis conditions were
measured by scanning 30 times per sample with a dwell time of 30 ms and a passing energy
50 eV. Thermogravimetric analysis (TGA) for thermal properties of hydrogels was of
hydrogels were conducted using a TA instrument (SDT Q600, USA) in the temperature
range of 25 to 700 °C at a flow rate of 10 °C min in a nitrogen atmosphere (An et al.
2020). The rheological properties of hydrogels were analyzed using a rheometer (HAAKE
Viscostester iQ Rheometer, Thermo Fisher Scientific, Germany) with a parallel plate
geometry (diameter 25 mm). The test was conducted immediately after stirring solution
and adding the solution (0.5 mL) dropwise onto the plate. Before testing, hydrogel
specimens for rheological tests were prepared by transferring 0.5 mL of the reaction
mixture into a disk-shaped mold, heating to a temperature of 80 °C for 20 min, and then
cooling the gel in the mold to 25 °C for 20 min (Teng et al. 2017). The measurement was
performed to measure G” and G'” of the hydrogel with shear frequency in the range of 0.1
to 20 Hz at room temperature. To investigate the morphology, images were obtained using
a scanning electron microscope plus and energy X-ray spectroscopy (SEM-EDS) (EVO-
LS10, Zeiss, Germany).

To confirm the swelling characteristics of the prepared hydrogel, measurements
were conducted after adjusting the pH to 3 and 7 using HCIl and DW. Each sample was run
for a total 24 h. Before the swelling, each sample were dried in a freeze dryer (FDB-5503,
OPERON, Korea) at -50 °C to change aerogels. The swelling percentage was calculated
using Eq. 1 as follows:

Ws—Wg4
Wa

Swelling ratio (%) = %X 100 1)
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The weight of aerogels (Wd) was measured using a Sartorius balance. The wet weight of
samples (Ws) was measured at consecutive time intervals for 6 h. Before weighing, each
sample was dried by removing water from the surface using tissue paper.

To assess the degree of KL involvement in the cross-linking reaction relative to the
quantity of added PEDDGE, measurements were performed to determine the conversion
rate of KL and the cross-linking density of the prepared hydrogel. Each test was performed
in triplicate. The conversion efficiency was calculated using Eqg. 2 as follows,

Y% = (m; —m,,)/m; X 100 (2

where Y is the conversion efficiency of KL after the crosslinking reaction, mi is the initial
amount of KL added in the crosslinking reaction, and mw is the amount of KL in the
washing water (Teng et al. 2017).

A UV spectrometer was used to measure the residual KL in the washing water due
to its characteristic absorbance at a wavelength of 280 nm. Kraft lignin was dissolved by
concentration up to (4 to 20) ug -mL* using 3.3 M KOH. Lignin samples were measured
by UV spectrometer at different concentrations. A calibration curve was established using
the values measured at 280 nm and then used to calculate the mass of the residual KL in
the extraction water (Chen et al. 2016). The gel content was calculated using Eq. 3 as
follows,

X% =m,; —my X 100 3)

where X is the gel content of KL, ma is the weight of the aerogel after washing, and mp is
the weight of the aerogel before washing (Teng et al. 2017).

To assess the success of cross-linking between lignin and PEGDGE, total phenolic
hydroxyl group measurements were performed. The total phenolic content of the KLH
samples was determined as gallic acid equivalent using the Folin-Ciocalteu method. The
gallic acid in DMSO solution (with six different concentrations from 0 to 20 pg-mL1) was
used to construct a standard calibration curve (R? > 0.99). All solutions were freshly
prepared and immediately used. KLH samples were processed as follows. Each sample
was prepared at a concentration of 20 mg-mL™? by dissolving it in DMSO. Subsequently,
2 mL of KLH the solution, along with 2 mL of Folin-Ciocalteu’s reagent and 1 mL of
Na2COs (15% wi/v) were mixed and shaken for 60 min in darkness (An et al. 2021a). The
resulting mixture was diluted by bringing the volume to 10 mL with distilled water. The
absorbance of the solution was measured at 765 nm using a UV-Vis spectrometer. The
total phenolic OH content of the KLH samples was calculated based on the obtained
absorbance values (Zhang et al. 2023a).

To ascertain whether the free radical scavenging capability of lignin persists even
in the gel state, antioxidant evaluation was conducted using DPPH. The KLH samples were
dispersed in DMSO, followed by mixing the sample suspension with a 0.15 mM DPPH-
methanol solution in the same ratio in a tube. The tube was covered with aluminum foil to
protect against light penetration and then incubated in a shaking incubator (IST-4075, JEIO
Tech, Korea) at 200 rpm for 30 min with shaking at 25 °C. Subsequently, the absorbance
of the mixture was recorded at 517 nm using a UV-Vis spectrometer (UV-2550, Shimadzu,
Japan) (Heo et al. 2023). A minimum of three experiments was conducted for each sample
to calculate the mean and standard deviation. The radical scavenging capacity (RSC, %) of
the sample was calculated using Eq. 4 as follows,
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RSC (%) — Acontrol_iAsamplle_Ablank) X 100 (4)
contro
where Acontrol IS the absorbance of the equal-ratio mixture of DMSO and DPPH-methanol
solution, Asample IS the absorbance of the equal-ratio mixture of sample suspension and
DPPH-methanol solution, and Apiank is the absorbance of the equal-ratio mixture of sample
suspension and methanol (Heo et al. 2023).

To evaluate the cationic dye adsorption capacity of the prepared hydrogels,
measurements were performed using CV. Solution of CV with a concentration of 200
mg-Lt was prepared. KLH-2 (50 mg) was mixed with a dye solution (30 mL) in
Erlenmeyer flask, with different pH ranges of (3 to 10), and then dye adsorption was carried
out in a shaking incubator for different times (0 to 24 h) at 25°C. The concentration of CV
was confirmed with UV spectroscopy (UV-2550, Shimadzu, Japan) at a maximum
wavelength, respectively. (CV: 592 nm). The adsorption efficiency E (%) and adsorption
amounts Q (mg-g?) at equilibrium were determined according to the Egs. 5 and 6,
respectively,

E (%) = [(C; - Cf)/Ci] x 100 Q)
Q(mg-g™) =(C;—C)xV/M (6)

where Ci and Cr are the initial and final dye concentrations in the solution (mg-L™),
respectively; V' is the volume (L) of the CV solution, and M is the weight (g) of the
adsorbent (Heo ef al. 2022).

RESULTS AND DISCUSSION

Characterization of KLH
Chemical structures of KLH

The surface elemental composition and chemical structure of KL and KLH samples
were evaluated using XPS. Figure 2(a) presents the XPS survey scan spectra of KL and
KLH-4. In Fig. 2(a), two major peaks corresponding to C1s (283 eV) and O1s (531 eV)
were observed for all samples (Bafiuls-Ciscar et al. 2016). The C1s core-level spectra of
KL and KLH-4 are shown in Fig. 2(b-c), respectively. Two peaks can be deconvoluted at
283 and 285 eV, which account for the C-C/C=C and C-O bonds, respectively. In Fig.
2(c), the binding energies at 283, 285, and 287 eV belong to the C-C/C=C, C-0, and C=0
bonds, respectively, which indicates the formation of a cross-linked network in hydrogel
(Adolfsson et al. 2015).

The chemical functional groups of KLH were analyzed using FTIR analysis. The
FT-IR spectra of raw material and KLH are shown in Fig. 3(a-b). In Fig. 3(a), characteristic
peaks at 850, 1097, and 2868 cm™ corresponded to the -CH, C-O—C, and —CH bonds of
PEGDGE, respectively (Teng et al. 2017). In the other spectrum, characteristic peaks of
CMC were observed at 1588 cm™ (assigned to the O=C—-O—(H)), 1322 cm* (assigned to
the O-H bonding), and 1020 cm™ (assigned to the R—O-R). Additionally, characteristic
peaks of KL were observed at 3393 cm™ (assigned to the O—H bonding) and 1240 cm™
(assigned to the C—-O(H)). An aromatic ring peak was confirmed at 1400 to 1500 cm™ (Yue
etal. 2011).
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Fig. 3. (a) FTIR spectra of KL, CMC, PEGDGE and (b) FTIR spectra of KLH samples

In the FTIR measurement results after hydrogel preparation, Fig. 3(b), the
characteristic peaks at 2868, 1083, and 1030 cm™ corresponded to the C-H, C-O-C, and
C-O bonds of KLH, respectively. The increase in the peak that appears around 2800~2900
cm™? belongs to the C—H stretching of methylene in PEGDGE (Yoo et al. 2019)
Additionally, the presence of PEG segments in the hydrogel was supported by specific
peaks in KLH at 1084 and 1030 cm™ corresponding to C-O and C-O-C stretching
vibrations. Compared with the PEGDGE, the 843 cm™ peaks assigned to the epoxy group
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decreased in KLH. Simultaneously, the peak of KLH at 1240 cm™ which originated from
phenolic —OH stretching of pristine lignin also decreased. Through the results of specific
peaks, it was confirmed that the epoxide presents in PEGDGE reacted with the phenolic
OH of lignin through ring opening. The peak observed around 3400 cm™* was confirmed to
be the —OH peak present in KL, and the peak observed around 1500 to 1600 cm™ was
identified as the characteristic aromatic ring peak of KL. Additionally, it was confirmed
that the peak appearing at 1710 cm™ corresponds to the O=C—O—(H), which is one of the
specific peaks of CMC. The FTIR spectra illustrated the presence of KL or CMC in KLH
hydrogels and the successful preparation of KLH via the crosslinker PEGDGE (Dai et al.
2020).

TGA, Gel Content, and Rheological Properties of KLH

TGA was performed to determine the thermal properties of the KLH samples. TGA
curves and derivate thermogravimetry (DTG) of KLHs are shown in Fig. 4(a). In the DTG
graph, a three-stage decomposition was achieved (Li et al. 2018; Tian et al. 2018). The
slight weight loss observed below 100 °C in all the KLH samples was attributed to the
gradual evaporation of water. Decomposition of CMC used as an auxiliary agent occurred
in all KLH samples around 200 to 300 °C (Akar et al. 2012; Scarica et al. 2018). Over 300
to 400 °C, the decreases in mass showed the decomposition of crosslinked lignin by
PEGDGE (Guo et al. 2018). As the amount of PEGDGE added increased, the temperature
at which the KLH samples thermal decomposition increased (Cortés-Trivifio et al. 2018).
The introduction of the PEGDGE moiety into lignin was confirmed to enhance thermal
decomposition. As a result of checking the maximum thermal decomposition temperature,
KL was 264 °C, while KLH-4 exhibited an increase of 325 °C. These results confirmed
that the maximum thermal decomposition temperature of the KLH sample increased as the
amount of PEGDGE added increased. The maximum thermal decomposition temperature
and thermal stability increase as the amount of crosslinking agent added increases, due to
the enhancement of bonding and structural stability between lignin molecules. In addition,
it was confirmed that when PEGDGE was added above a certain level, the PEGDGE
moiety increased, and the amount of thermal decomposition increased.

Figure 4(b) shows the conversion of KL and gel content of KLH samples,
depending on the amount of cross-linker added. Gel content is one of the properties
required for hydrogel experiments because it can determine the crosslinking density of the
produced hydrogel. In addition, the amount of lignin used in the crosslinking reaction
during gel production was also measured. As a result of measuring the gel content, it was
confirmed that the KLH sample was generally more than 95%. As the amount of PEGDGE
added increased, the bonding between lignin molecules increased and the gel content
increased. In addition, the conversion of KL also showed a tendency to increase the amount
of KL used in the crosslinking reaction as the amount of PEGDGE added increased.

Figure 4(c-d) shows G’ (storage modulus) and G” (loss modulus) about KLH.
Rheological properties are crucial for the prepared hydrogel, and by measuring G’ and G”,
it is possible to determine the dominant viscoelastic behavior of the hydrogels. Both G" and
G” of hydrogels increased with vibration frequency but reached equilibrium above a certain
point, indicating typical viscoelastic behavior (Zerpa et al. 2018). G’ was higher than G”
over the whole range of frequencies, suggesting a general dominance of the elastic response
of the gels to deformation over a broad time scale (Passauer 2012; Zerpa et al. 2018). In
Fig. 4(c), KLH-2 showed the highest value. In the case of KLH-1 and KLH-2, G’ and G”
values tended to increase as the amount of PEGDGE added increased. KLH-3 and KLH-4
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showed lower results than KLH-1 due to the increased flexibility of the PEG chains from
higher PEGDGE ratio with the more crosslinking agent. As a result of comparing G’ and
G” values from the rheological properties, it was found that KLH is a hydrogel with
superior elastic properties over viscous properties.
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Fig. 4. (a) TGA and DTG curves of thermal decomposition for KL and KLH, (b) gel content and
conversion of KL, (c-d) storage modulus and loss modulus of KLH

Swelling and interior morphology of KLH

The swelling properties of hydrogels are an important parameter affecting the use
of hydrogels. The measurement data of the swelling rate for this are shown in Fig. 5.
Hydrogel can retain a large amount of water molecules when immersed in a water
environment regardless of pH. KLH shows a swelling degree of 220 to 250% at pH 3. On
the other hand, as pH increased, the swelling degree also increased, eventually reaching
250 to 310% at pH 7. The reason is the specific structure of lignin, which contains a large
number of polar groups such as aromatic and aliphatic hydroxyl groups (Ciolacu and
Cazacu 2018). In general, lignin possesses both aromatic and aliphatic hydroxyl groups,
resulting in a characteristic negative surface charge that increases with rising pH. The
negative charges generated by these properties induce repulsion between lignin particles,
leading to the expansion of the three-dimensional network and ultimately facilitating the
penetration of more water molecules. KLH-1 showed the best swelling rate in both pH 3
and pH 7, and the swelling rate tended to decrease as the amount of crosslinking agent
added increased.

Due to the small amount of cross-linking agent added to KLH-1, a higher
proportion of phenolic hydroxyl groups remain uncrosslinked compared to other samples.
These remaining phenolic hydroxyl groups result in electrostatic repulsion between lignin
particles and enhance the penetration of water molecules (Ciolacu et al. 2012; Thakur and
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Thakur 2015). As the amount of crosslinking agent increased, the swelling ratio decreased
due to reduced space for water molecules to penetrate, resulting from stronger binding
between lignin particles.

Based on the comprehensive analysis findings of KLH, it has been established that
KLH-2 embodied the optimal production conditions for lignin-crosslinked hydrogels.
KLH-1 had the highest swelling percentage but lacked shape retention compared to other
samples. In addition, KLH-3 and KLH-4 also had reduced swelling degree due to strong
crosslinking, and their rheological properties also showed lower values than KLH-1. In
conclusion, KLH-2 was judged to be the optimal production condition for lignin-
crosslinked hydrogel through chemical analysis, swelling, and rheological property
analysis.
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Fig. 5. Swelling ratio of KLHs with different pH conditions

Figure 6 shows the internal morphological structure of KLH. The images confirmed
that the KLH samples had a porous structure. The introduction of polyethylene glycol
segments into this configuration resulted in the formation of a porous structure, which can
be attributed to the establishment of a network structure or three-dimensional crosslinking.
In the KLH sample, an increase in the amount of crosslinking agent resulted in thicker
pore-forming regions. This phenomenon was attributed to the enhanced bonding between
lignin particles, leading to a denser network structure with the increased crosslinking agent.
However, it is difficult to control the size or shape of the pores inside the hydrogel.
Therefore, additional research is needed to control tunable or uniform pores.
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Fig. 6. SEM images of KLH samples

Total phenolic OH content and antioxidant of KLH

The measurement of total phenolic hydroxyl groups was conducted to ascertain the
success of cross-linking between lignin and PEGDGE, as well as its impact on antioxidant
properties. The phenolic OH content of the hydrogel varied depending on the degree of
crosslinking and is summarized in Table 1. The OH content in KL was initially the highest
and decreased with the increasing addition of the crosslinker. This observation confirmed
the successful cross-linking between lignin and PEGDGE, specifically indicating that the
phenolic hydroxyl group of lignin actively participates in the ring-opening reaction with
PEGDGE.

To evaluate whether the antioxidant properties of lignin, specifically its ability to
scavenge free radicals, are retained in the hydrogel state, an antioxidant assessment using
DPPH was performed. Figure 7 presents the antioxidant capacities of the KLH samples.
The antioxidant activity of KLH was found to be closely associated with the level of
phenolic hydroxyl groups, which play a critical role in this process (Piccinino et al. 2021;
Sheng et al. 2022). Among the samples, KLH-1 exhibited the highest antioxidant activity.
As the amount of cross-linking agent increased, a greater number of cross-linking reactions
occurred, leading to a reduction in the phenolic hydroxyl groups in lignin and a consequent
decrease in antioxidant activity. To provide a comparative analysis, an MCC-based
hydrogel was also prepared, and its antioxidant capacity evaluated. Compared to KLH-4,
which contained the highest amount of cross-linking agent, the MCC hydrogel exhibited
more than twice the reactive oxygen species scavenging ability. In conclusion, the
antioxidant properties of the KLH samples were confirmed, with an active oxygen removal
capacity exceeding 80%, indicating a significantly higher performance compared to the
MCC hydrogel.
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Table 1. Total Phenolic OH Content of KLH Samples and MCH

Phenolic OH content

Sample .
mmol-g
KL 1.283
KLH-1 0.343
KLH-2 0.127
KLH-3 0.069
KLH-4 0.066
MCH 0.011

Effect of Dye Adsorption of KLH
Effect of adsorption time and pH on the removal efficiency

The comparative adsorption capacities for the CV of each sample are shown in Fig.
S1. Among the samples, KLH-2 was confirmed to have the highest adsorption capacity.
Based on this result, subsequent adsorption capacity measurements were conducted
exclusively using KLH-2. Figure 8(a) shows various adsorption times with respect to CV
removal efficiencies of the KLH-2. The experiment was carried out from 0 to 1440 min,
adsorption amount gradually increased from 0 to 240 min, after 240 min, the equilibrium
was achieved to confirm the adsorption percentage of 90% or more. At 1440 min, an
adsorption of about 90% was confirmed, but a decreasing trend was confirmed.

pH is an important influencing factor in adsorption via the ionization of the dye or
the functional groups of the adsorbent. The adsorption with a KLH-2 sample from pH 2 to
10 are shown in Fig. 8(b). The adsorption rate of 90% or more appeared without significant
change depending on the pH. Because KLH samples is basic, the adsorption rate was
expected to increase as pH increased, but there was no significant change in the adsorption
rate despite the pH change.
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Analysis of CV Adsorption Isotherms and Kinetics
CV adsorption isotherms

Adsorption isotherms were obtained based on the effect of the initial adsorbent
concentration on the adsorption capacity. The adsorption experiment was fixed at pH 6 and
25 °C for each concentration. Langmuir and Freundlich adsorption isotherms were used to
match the adsorption isotherms. The nonlinear Langmuir and Freundlich equations are
represented by Eqgs. 7 and 8, respectively,

_ qmkLCe
qe - 1+k;Ce (7)
1
qe = kpCg (3)

where ge is the equilibrium adsorption capacity (mg-g™?), Ce is the concentration of the
adsorbate at equilibrium (mg-L™), gm is the maximum adsorption capacity (mg-g?), ke is
the Langmuir constant, ke is the multilayer adsorption capacity, and n is an empirical
parameter related to the intensity of adsorption (Chatterjee et al. 2010; Olusegun and
Mohallem 2020).
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Figure 8(c) shows the experimental data fitting for Langmuir and Freundlich
isotherm models. Related nonlinear equation parameters are listed in Table 2. KLH-2 had
a higher correlation coefficient of the Freundlich isotherm model than the Langmuir
isotherm model. The results confirmed that equilibriums were better described by the
Freundlich isotherm models at 25 °C.

Table 2. Characterization Parameters of Adsorption Isotherms for the Adsorption
of CV onto KLH

cv
Isotherms Parameters KLH-2

R? 0.75

Langmuir isotherm kL (L-mg™) 0.032
(m(cal) (mg gl) 106.82

R? 0.983

Freundlich isotherm ke (mg-g?) 17.95
n 0.307

CV adsorption kinetics

The adsorption kinetics were determined based on the effect of the adsorption time
on the adsorption capacity. The common mathematical models: pseudo-first- order and
pseudo-second-order kinetic models were used to fit the adsorption Kkinetics data. The
nonlinear pseudo-first-order and pseudo-second-order kinetics equations are given in EQs.
9 and 10, respectively,

qr = qe (1 —e7kat) )
2k t

where e is the equilibrium adsorption capacity (mg-g?), q: is the adsorption capacity
(mg-g™?) at time t (min), and k1 and k2 are the kinetics rate constants for pseudo-first-order
and pseudo-second-order kinetic models, respectively (Dinu and Dragan 2010; Zhang et
al. 2011).

Based on the experimental data obtained from the effect of the settling time on the
removal amount, the data were fitted using pseudo-first-order-and pseudo-second-order
dynamic models, as shown in Fig. 8(d). The equation parameters are listed in Table 3. The
coefficient of determination of the pseudo-first-order kinetic model was higher than that of
the pseudo-second-order kinetic model. Thus, KLH is more suitable for similar first-order
kinetics with adsorption to CV. This result determined that since KLH is in the form of a
hydrogel and crosslinking between lignin is formed, physical adsorption would be
performed rather than chemical adsorption, and the result was confirmed to be suitable.
Nguyen et al. (2022) utilized a gellan gum/bacterial cellulose gel to adsorb crystal violet
(CV) and reported an adsorption capacity of 17.6 mg/g. Similarly, Truong et al. (2019)
developed a cellulose-based hydrogel that adsorbed methylene blue, demonstrating an
adsorption capacity of 41.7 mg/g. Comparing these results with other studies on natural
polymer-based hydrogels, it was confirmed that the lignin cross-linked hydrogel prepared
in this study possesses sufficient functionality as an adsorption material.
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Table 3. Characterization Parameters of Adsorption Kinetics for the Adsorption

cv
Isotherms Parameters KLH-2
R? 0.994
Pseudo-first-order K1 (x10?) (g-mg*-min™?) 0.012
(e(cal) (mggl) 95.10
R? 0.983
Kz (x10®)(min) 1.51
Pseudo-second-order Qetean (Mg-0) 104.84
Qe(exp) (mgg'l) 114.42

Possible Mechanism

Lignin possesses numerous aromatic rings and a complex three-dimensional
structure. In this study, more network structures were constructed to utilize cross-linked
lignin-based hydrogels as superior adsorbents for cationic dyes. The adsorption mechanism
of crystal violet (CV) using KLH is depicted in Fig. 9.

Kraft lignin Carboxymethyl cellulose

0"
wN\;'ﬁ/O uo o

S0 Q

Fig. 9. Possible adsorption mechanism of CV on KLH

The KLH adsorbent effectively removes cationic dyes due to the chemical
characteristics of lignin. KLH exhibited a negative surface charge due to its phenolic
hydroxyl groups, resulting in electrostatic attraction with the cationic dye CV. The
chemical structures of CV and lignin include aromatic rings, facilitating the dye’s approach
to the adsorbent surface through n-m interactions (Heo et al. 2022). Additionally, the
network structure of KLH, with PEG segments between lignin molecules, increases the
number of reactive sites available for the dye and enhances adsorption efficiency. Thus,
KLH adsorbent exhibits a synergistic effect by promoting greater adsorption through
chemical interactions with the dye and the porous structure within the hydrogel.
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CONCLUSIONS

1. A lignin-based hydrogel was prepared using poly(ethylene glycol) diglycidyl ether
(PEGDGE) for independent gelation of lignin, and the change in physical properties
according to the amount of PEGDGE added was studied. It was confirmed that kraft
lignin hydrogel (KLH) was successfully manufactured through physical and chemical
analysis of KLH.

2. KLH exhibited predominant elastic properties, thereby ensuring the maintenance of
mechanical stability.

3. The antioxidant properties of KLH were found to be at least twice as effective as those
of the comparison group, microcrystalline cellulose hydrogel (MCH). This result
confirms the potential of KLH as an antioxidant material.

4. KLH was shown to be suitable for the Freundlich model and a pseudo-first-order
model, which means that KLH exhibits multilayer adsorption behavior. This
observation confirms the potential of KLH as an effective adsorption material.

5. In conclusion, this study demonstrated the feasibility of fabricating lignin-based
hydrogels with confirmed antioxidant properties and dye removal capabilities. It
suggests that lignin can be fully utilized as a hydrogel material with tailored properties,
highlighting its potential for high-value applications and its significant contribution to
research in this field.
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APPENDIX: SUPPLEMENTARY DATA
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Fig. S1. Effect of KLH samples on the removal efficiency of CV
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