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ARTICLE INFO ABSTRACT

Keywords: Biopolymers such as lignin are gaining renewed appeal due to the need for sustainable materials. Herein, we used
Lignin chelator-mediated Fenton (CMF) chemistry to oxidize Kraft lignin to develop sustainable super absorbent ma-
Polyacid

Super absorbent material

terials. The CMF chemistry adds oxygen, opens aromatic rings and increases COOH content, producing hydro-
philic lignin without depolymerization. UV absorption, molecular weight, elemental analysis, and titration were

used to study the chemical compositions of CMF-processed lignin. Then the chemically modified hydrophilic
lignin was used to produce lignin-based hydrogels utilizing an aqueous polymerization and cross-linking reaction
that enabled tunable properties. The resulting lignin hydrogels absorbed water up to 96% and swelled up to
2400%, as well as being re-swellable in water. These lignin-based hydrogels may be applicable in water-
absorbing products in consumer goods and agriculture.

1. Introduction

Lignocellulose has been cited as the most abundant and bio-
renewable natural resource on Earth for manufacturing of sustainable
chemicals, polymers and materials [1-4]. The natural polymer, lignin, is
a major component of this polymeric mixture and comprises 20-30 wt%
of its dry weight [5]. Therefore, much effort has been applied to
developing functional materials from lignin, including its use in com-
posite applications [6-8], thermosets [9-11], hydrogels [12,13], to
mention just a few. Due to its lower cost, biodegradability, and vast
availability, the development of lignin-based materials can help mitigate
environmental and economic challenges [14-16]. Lignin is composed
mainly of oxygenated phenyl propane monomers, namely guaiacyl (G),
syringyl (S), and p-hydroxyphenyl (H) structural units, where the S/G
ratio varies with plant type [17-22]. Its poor solubility in water, when
the phenolic hydroxyl moieties remain protonated at pH below 10,
limits it processability and broad applications [23-25].

To overcome these limitations, a common approach is to cleave ether
bonds to depolymerize lignin into a mixture of oligomeric and polymeric
fractions, which may undergo additional reactions to yield a broad range
of derivatives [26]. The diversity of breakdown products poses a
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challenge for generating specific low molecular weight products or in-
termediates. Another approach is to derive value from the lignin poly-
mer using chemical modifications such as oxidations to increase
functionality. In that regard, Fenton-type oxidation procedures have
been developed, which lead to a significant increase in hydrophilicity of
the natural polymer by increasing hydroxylation of aliphatic and aro-
matic moieties, and, under more extensive oxidation, opening aromatic
rings and generating carboxylic acid groups [27,28]. The effectiveness
of Fenton-type oxidized lignin was recently exemplified by Passauer’s
work with lignin-based hydrogels, where significantly increased
swelling capacity was observed when substituting unmodified lignin
with Fenton-type oxidized lignin in hydrogel formation [22,27]. In that
case mild Fenton oxidation resulted in large increase in carbonyl and
phenolic hydroxyl groups, with a small increase in aliphatic OH and
carboxyl groups, and only a small degree of aromatic ring opening.
Recent work has shown that chelator-mediated Fenton (CMF) reactions
can lead to extensive aromatic ring opening, higher carboxylic acid
content, and greater water solubility [28]. Introducing more functional
groups such as carboxylic acid on lignin makes it versatile for further
chemical modification in pursuing valuable end products.

Hydrogels are three-dimensional, hydrophilic polymer networks
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capable of holding large amounts of water [29,30]. These properties
have enabled the application of hydrogels in many areas, including
personal care products, medical applications, batteries and agricultural
products for water retention [13,31-34]. Most polymer hydrogels are
derived from petroleum chemicals [35], and there is a need for the
development of hydrogels from renewable resources [36]. Lignin has
been investigated as a class of low-cost renewable polymers for use in
water-absorbing value-added materials [37]. However, the fabrication
of lignin-based hydrogels usually involves harsh chemical conditions
and the use of organic solvents due to the hydrophobicity of lignin,
which pose a challenge for large scale production processes. Moreover,
little is known about lignin-based hydrogels on water-absorbent prop-
erties compared to other commercial superabsorbent hydrogels [38].
Therefore, it is necessary to study lignin-based hydrogels to determine
their potential as water-absorbing materials.

Herein, a facile method was developed to produce lignin-based
hydrogels in aqueous solutions. We present a strategy that targets
theggner generates abundant carboxylic acid groups on CMF modified
lignin for imide formation with acrylamide (AAm). When the imide-
decorated lignin is subjected to further chemical modification via
radical polymerization and crosslinking chemistry, superabsorbent
hydrogels can be obtained with tunable properties. The resulting lignin-
based hydrogels were analyzed to tailor material properties regarding
the swelling ability, extensibility and reprocessability.
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2. Results and discussion
2.1. Kraft lignin modification via chelator-mediated Fenton reaction

Kraft lignin (Indulin AT, abbreviated as IND) was oxidized using
CMF reaction to yield a water-soluble polyacid material (Fig. 1A). This
efficient CMF process chemically opens the aromatic rings of lignin and
results in an increase in carboxylic acid groups. The process, described in
the Methods section, avoids costly separation and concentration steps of
a previously-reported CMF process [28]. Attenuated-total reflection
infrared (ATR-IR) spectroscopy was used to quantify the aromatic con-
tent after CMF reaction. Fig. 1C shows the IR spectra of IND and partially
ring-opened lignin (IND-CMF) after the CMF reaction. The aromatic
band at 1512 cm ™! was strongly reduced after the reaction, whereas the
bands at 1600 cm ™! and at 1400 cm™! both increased strongly during
the reaction and were believed to be due to asymmetric and symmetric
C-0 carboxylate stretching, respectively [39]. The percentage of aro-
matic rings remaining after the reaction was estimated from the ratio of
the height of the aromatic band at 1512 cm™ to either the band at 1600
em™! or the band at 1400 cm ™! (R1510/1400 or 1600)- TO estimate the
percent of aromaticity remaining using IR peak ratios, it is required to
have the ratio for the case of 0% aromaticity. We were not able to
approach 0% aromaticity using the present method, so the value of the
ratio for 0% aromaticity was obtained using a reaction procedure re-
ported previously [28] (Fig. 1B). In that case, the spectrum shows
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Fig. 1. (A) Schematic illustration of the lignin processibility into water-soluble derivatives via CMF process and functional materials. ATR-IR spectra of (B)
Reference measurement for 0% aromaticity and of (C) IND and IND-CMF, and (D) Molecular weight distribution of IND and IND-CMF. Molecular weight distri-
bution was obtained using SEC at pH 11. The peak at low molecular weight for IND is likely due to low molecular weight material generated by the high pH required

to solubilize Indulin AT.
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complete absence of the aromatic band at 1512 cm ™. The following
equation (Eq. (1)) waswas used to calculate the aromaticity. The same
value for the percentage of aromaticity remaining after reaction (13%
aromaticity, Table 1) resulted from using 1512/1600 or 1512/1400.

(R151(1/14(10 or 1600)1N07CMF - (R1510/1400 or lct)tl)mfmm

Aromaticity (%) = x 100

(R15|o/14oo or 1600),ND - (R15|0/1400 or moo)mfmm
(€Y

The molecular weight distributions of IND and IND-CMF were
characterized by aqueous phase Size Exclusion Chromatography (SEC)
with UV detection at 210 nm. Fig. 1D indicates that the CMF conditions
used here resulted in a shift of the peak in the distribution to higher
molecular weight. This is consistent with prior reports of increased
molecular weight for lignosulfonates processed with Fenton reactions
under suitable conditions [40,41]. The mobile phase pH 11 was chosen
since lignin has better solubility at higher pH, allowing a more accurate
molecular weight estimate. The pre- and post-reaction samples shown in
Fig. 1D were treated in the same way and so these data demonstrate a
significant increase in molecular weight post-reaction. The difference is
far outside the small variation that may occur on the timescale of days
for lignin samples at pH 11.

Table 2 presents the elemental compositions for IND and IND-CMF,
showing that the CMF reaction results in increased oxygen content.
Furthermore, titrations were carried out simultaneously for carboxyl
group and phenolic hydroxyl group quantification [42]. This method
utilizes a combination of aqueous conductometric titration and
acid-base titration. A back titration with HCl was carried out after
deprotonation of all phenolic hydroxyl and carboxylic acid groups,
which occurs upon addition of NaOH to pH > 11.5. Fig. 2 shows the
conductometric titration curves in IND and IND-CMF samples. Vi, Va,
and V3 correspond to the end of the neutralization of excess NaOH
available in the medium, pH 7, and complete protonation of all phenolic
hydroxyl and carboxylic acid groups by HCI, respectively. The pK, of
most carboxylic acids is above 4.5, and the phenolic hydroxyl group in
lignin has a pK, up to 11.5 [43]. Therefore, the titration of phenolic
hydroxyl group occurs between V; and Vs, and the carboxyl groups are
protonated between V; and V3. To estimate the phenol and the carboxyl
group content, the following equations (Eqgs. (2) and (3)) werewe used.

mmol HCI (M)
Ph— OH =(V, -V, 2
< g ) (V2 1) X weight of ash free lignin 2
mmol HCI (M)
COOH(——) = (V5 =V, 3
( g > (V3 2) weight of ash free lignin &)

The results are given in Table 2. Lower phenolic hydroxyl group
content and higher carboxyl group content were observed in the IND-
CMF sample. A higher carboxyl content increases the hydrophilicity of
IND-CMF, allowing it to be processed for crosslinking in aqueous
solution.

2.2. Synthesis and characterization of lignin-based hydrogels

Our objective was to identify a synthetic method to form lignin-based
hydrogels with the use of carboxylic acid groups after CMF reaction. We
initially employed poly(ethylene glycol) diglycidyl ether (PEGDGE) to
crosslink with IND or IND-CMF following the work by Nishida et al.

Table 1
Absorbance of IND, IND-CMF, and reference at ~1400 cm ™}, ~1512 cm ™}, and
~1600 cm ™! from ATR IR spectra.

Peaks (cm ™) Absorbance
IND IND-CMF Reference (0% aromaticity)
~1400 0.030 0.032 0.065
~1512 0.046 0.022 0.036
~1600 0.030 0.045 0.102
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Table 2
Chemical compositions of IND and IND-CMF. (The total percentage is not added
up to 100% here, because there are other elements (e.g., sulfur) in ash not
tested).

Lignin samples Elemental analysis (%) Content amount by titration (mmol/g)

C o H COOH Aromatic OH
IND 61.84 2554 581 1.3 2.76
IND-CMF 48.7 31.80 4.33 1.91 1.4

[44] and Passauer et al. [27]. We expected that IND would be more
likely to form a gel than IND-CMF by this method, due to higher phenolic
hydroxyl content of IND. However, the gel formed from IND became
completely dissolved once immersed in water. Only IND-CMF formed a
stable hydrogel but demonstrated weak and brittle properties. The
increased amount of COOH groups after the CMF reaction encouraged us
to attempt a different chemical modification approach in which we used
the COOH groups on IND-CMF for crosslinking.

The carboxylic acid groups on IND-CMF were first targeted for the
formation of imide bonds with AAm, followed by the addition of an
initiator in which IND-CMF is crosslinked during polymerization
(Fig. 3). In the first step (Fig. 3B), AAm forms an imide bond with a
carboxylic acid on IND-CMF by using 1-ethyl-3-(3'-dimethylamino-
propyl)carbodiimide hydrochloride (EDC-HCI) in 2-(N-morpholino)
ethanesulfonic acid (MES buffer). Acidic MES buffer was employed to
prevent the regeneration of the carboxyl group via a nucleophilic attack
by water on an activated ester. To examine the imidation of IND-CMF
with AAm, IND-CMF and AAm with a weight ratio of 1:3 were reacted
through EDC in the absence of the crosslinker N,N’-methyl-
enebisacrylamide (MBA), and analyzed by Fourier-transform infrared
(FTIR). In the FTIR spectra of AAm-reacted lignin (Fig. 4), a new peak at
~1680 cm™! for imide groups appears, and a peak at ~1640 em™?,
which is related to carboxyl groups from IND-CMF, decreases. This in-
dicates new bonds formed between -COOH groups of IND-CMF and
-NH; groups of AAm.

In the second step, ammonium persulfate (APS) as an initiator, and
N,N,N,N-tetramethylethylenediamine (TEMED) as a crosslinking accel-
erator, were mixed to prepare covalently crosslinked polyacrylamide
(PAAm) with IND-CMF in the presence of the crosslinker MBA. At room
temperature, a gel was formed within a few minutes. The main goal of
this work is to use lignin as a renewable resource. Therefore, lignin
materials should be used as much as possible, but at the same time, they
must form a hydrogel. To explore the maximum amount of lignin that
can form a hydrogel, lignin-based hydrogels were prepared from
different weight ratios of lignin to AAm with various crosslinking den-
sities. The prepared lignin-based hydrogels are referred to as lignin/
PAAm-x:y-z, where x:y is the feed weight ratio between lignin and AAm,
and z is the crosslinker (MBA) concentration in mol% with respect to
AAm. After the formation of the lignin/PAAm hydrogels, thermal sta-
bility studies were conducted. Differential thermogravimetric data
(DTG) revealed that the hydrogel (lignin/PAAm-1:3-0.1 as an
example) has a two-step degradation profile between 250 and 450 °C,
while the sum of IND-CMF and PAAm has three degradation peaks
(Fig. 5B). IND-CMF exhibits a two-step degradation at 170-340 °C and
580-740 °C, and PAAm exhibits only one major degradation peak be-
tween 310 and 410 °C. The reduced number of degradation peaks from
the hydrogel qualitatively supports the gel formation from the two
components, IND-CMF and AAm. However, the unmodified IND sample
failed to form a hydrogel because of its insolubility in water.

A standard calibration curve of IND-CMF at A = 280 nm was used to
determine the conversion of IND-CMF into the hydrogel (Fig. 6). Most of
the prepared hydrogels showed nearly 90% conversion of IND-CMF,
which indicates the high efficiency of reaction in the gel formation.
Water swelling properties of lignin/PAAm hydrogels with various
crosslinking densities (z = 3.9, 1.0, 0.5, and 0.1) are shown in Fig. 7A. As
expected, increasing the amount of crosslinker decreased the swelling.
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In particular, lignin/PAAm-1:3-0.1 and lignin/PAAm-1:3-3.9
exhibited swelling ratios at 2400% and 600% (Fig. 7A), respectively.
However, decreasing the amount of AAm in the feed ratio from lignin/
PAAm-1:3-0.1 to lignin/PAAm-1:2-0.1 and to lignin/PAAm-1:1-0.1
reduced the degree of crosslinking between -NH; from AAm and -COOH
from IND-CMF, resulting in unstable hydrogels. lignin/PAAm-1:2-0.1,
lignin/PAAm-1:1-0.1, lignin/PAAm-1:1-0.5, and lignin/PAAm-
1:1-1.0 did not form hydrogels, suggesting the need for higher cross-
linking densities. Thus, for these higher lignin/PAAm ratios, a higher
crosslinking density improves the gel formation, as observed in lignin/
PAAm-1:2-0.5 and lignin/PAAm-1:1-3.9. All prepared hydrogels
exhibited 85 to 96% water uptake (Fig. 7C). As lignin/PAAm-1:3-z was
successful in forming hydrogels with all four crosslinker densities, we
further examined the porosity of the swollen lignin/PAAm-1:3-z with
Scanning Electron Microscope (SEM) (Fig. 8). SEM images reveal that
due to less crosslinking of lignin with MBA, lignin/PAAm-1:3-0.1 has a
larger average pore size (the average diameter about 1400 um) than
lignin/PAAm-1:3-3.9 (about 500 pm).

To investigate the swelling kinetics of the prepared hydrogels, each
gel was immersed in deionized water and swelling was measured at each
time interval (Fig. 9). The swelling of the gels increased quickly initially

and then slowed down till it reached equilibrium. In regard to the
reusability of hydrogels as water-absorbing products, it is important to
characterize the reswelling capability. The swelling and water uptake
behaviors of the prepared hydrogels at each consecutive swelling/dry-
ing cycle are shown in Fig. 7B and D. In ten swelling/drying cycles, the
swelling ratio and the water uptake were nearly constant foreach
consecutive cycle. This indicates efficient crosslinking between lignin
and PAAm, making the porous structure resilient such that the structure
is largely unchanged after several swelling/drying cycles. In all prepared
hydrogels, lignin/PAAm-1:3-0.1 exhibited the highest swelling ratio
with good reusability. Thus, lignin/PAAm-1:3-z was used in the sub-
sequent studies.

The mechanical properties of lignin/PAAm-1:3-z hydrogels cross-
linked at various crosslinking densities were examined to explore which
composition would lead to gels that are stronger and have greater
extensibility. After polymerization, the gel was taken out and glued to
two thick papers with 22.5 x 7.5 x 2.3 mm specimens for tensile tests.
All mechanical tests were performed in air, at room temperature. The
strain (or stretch ratio), A, is defined as the ratio of the stretched distance
to its initial length. Lignin/PAAm-1:3-0.1(4 = 10.5) has much higher
strain at break and lower modulus than lignin/PAAm-1:3-0.5 (1 =1.3),
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lignin/PAAm-1:3-1.0 (4 = 0.6), and lignin/PAAm-1:3-3.9 (1 = 0.3)
(Fig. 10). The crosslinking density affects the mechanical behavior of the
resultant hydrogels. Highly crosslinked hydrogels show higher tensile
strength but lower strain at break than the loosely crosslinked hydrogels.

3. Conclusions

In summary, we developed CMF lignin-based hydrogels with tunable
properties. We first examined two chemically different lignin samples
(IND and IND-CMF) by UV absorption, molecular weight, elemental
analysis, and titration to study the chemical compositions. The CMF
process provides a simple route to improve the processability of lignin
into high-performance materials. This process increased the hydrophi-
licity and COOH functionality and also increased the molecular weight.
To develop functional materials using lignin, we developed a simple
aqueous method to synthesize lignin/PAAm hydrogels with tunable
properties depending on the crosslink density. The carboxylic groups on
IND-CMF were first linked to AAm, and then a hydrogel was formed in

which covalent bonds were formed with PAAm. The resulting lignin
hydrogels absorbed water up to 96% and swelled up to 2400%, with
good repeatability for cycles of drying and re-swelling in water.
Swelling/drying cycles did not degrade their performance even after ten
cycles. Depending uponupon desirable properties, the modulus and
elongation at break can be tuned by adjusting the gel compositions. The
facile processibility and tunability of properties may allow these new
materials to be used as superabsorbent products for broad applications.

4. Experimental section
4.1. General methods and materials

All reagents were used as received unless otherwise stated. Ferric
sulfate, 1,2-dihydroxybenzene, poly(ethylene glycol) diglycidyl ether
(M,=500 g/mol, PEGDGE), acrylamide (AAm), N,N’-methyl-
enebisacrylamide (MBA), and N,N,N,N-tetramethylethylenediamine
(TEMED) were purchased from Sigma-Aldrich. 1-Ethyl-3-(3'-
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dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI), ammo-
nium persulfate (APS), and 4-morpholinoethanesulfonic acid hydrate
(MES) were purchased from Fisher Scientific. Kraft lignin (Indulin AT)
was provided by Ingevity Corporation. All other chemicals were from
commercial sources and used as received.

UV-vis spectra were recorded on a SpectraMax M5 Multimode
Microplate Reader (Molecular Devices) using water as solvent. Infrared
analysis was carried out using solid samples with the aid of a Perki-
nElmer spectrum 100 FTIR spectrometer. Thermal degradation studies
were analyzed with thermogravimetric analysis (TGA) using a TGA
Q5000 system. (TA Instruments), ramping from 60 to 800 °C at a heating
rate of 10 °C/min under nitrogen atmosphere, and the weight loss was
recorded as a function of temperature.

Chelator-mediated Fenton reaction. First, 20 g of Indulin AT lignin
(IND) (Ingevity), was mixed with 1.35 g ferric sulfate pentahydrate
(Acros), 0.40 g 1,2-dihyroxybenzene (Sigma-Aldrich), and 38.25 mL of
water. The contents were stirred at room temperature with a magnetic
stir bar and the pH was adjusted to 6.0 with 50% sodium hydroxide. To
initiate the reaction 8 mL of 35% H0, (Fisher) was slowly added over a
period of 80 min. The pH dropped as the reaction proceeded and was
periodically increased to 6.0. The viscosity of the slurry also decreased
as the reaction proceeded. Peroxide test strips were used to monitor the
progress of the reaction by the decrease in HyO4 concentration. When >
90% of the HyO, was consumed, an additional 10 g of IND was added to

the reaction. Then 8 mL of 35% H20 was slowly added over a period of
80 min. The pH was again periodically increased to 6.0 and the HyO9
concentration was monitored until > 90% consumed. This process of
adding 8 mL of 35% H0,, periodically adjusting pH to 6.0, and moni-
toring the HyO2 concentration until > 90% consumed was repeated 5
additional times such that the total amount of 35% H50, added was 56
mL. When > 90% of the HyO, was consumed after the final addition, the
pH was adjusted to 6.0 a final time. Samples (IND-CMF) were taken for
analysis by attenuated-total reflection infrared (ATR-IR) and size
exclusion chromatography (SEC).

Size Exclusion Chromatography (SEC). Molecular weight distri-
butions were determined using an Agilent 1260 HPLC system with PL
Aquagel-PH30 and PL Aquagel-OH 50 columns in series and UV detec-
tion at 210 and 270 nm. Samples were diluted to 1~5 mg/mL by
addition of water and the pH was adjusted to 11 by addition of NaOH.
The solutions were centrifuged prior to injecting into the HPLC system.
The HPLC system contained an in-line filter in front of the analysis
column and guard column. The eluent was 1 mM phosphate buffer at pH
9. Polystyrene sulfonate standards (246-280,000 g/mol) were used for
calibration. Molecular weights outside this range were obtained by
extrapolation. Since pH 11 can cause a chemical change in the material
over time, we performed the analysis soon after preparing the samples.

Attenuated Total Reflection Infrared Spectroscopy (ATR-IR).
Samples for analysis were prepared by evaporating reaction liquids onto
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Fig. 7. (A) Swelling ratios and (C) water uptake of lignin/PAAm-x:y-z hydrogels. (B) Swelling capacity and (D) Water uptake of lignin/PAAm-x:y-z hydrogels

during consecutive swelling and drying cycles.

Fig. 8. SEM images of lignin/PAAm-1:3-0.1 (the average diameter of pores: ~ 140 um), lignin/PAAm-1:3-0.5 (~ 110 ym), lignin/PAAm-1:3-1.0 (~ 100 pm),

and lignin/PAAm-1:3-3.9 (~ 50 um) from left to right, respectively.

Teflon substrates and then drying the films in vacuum. IR spectra were
collected with a Bruker LUMOS ATR-FTIR microscope using a germa-
nium probe tip contacting the film. For each sample three spectra were
collected and averaged. Each spectrum consisted of 16 averaged scans at
a resolution of 4 cm background spectrum collected with no sample
present and an atmospheric correction was applied to remove vapor
contributions from water and CO».

Phenolic hydroxyl group and carboxyl group determination.
Simultaneous conductometric and acidic-base titration by pH was
evaluated to provide the phenolic hydroxyl and the carboxyl content
amount [42]. 1.0 g of the lignin sample (IND or IND-CMF), 500 mL of
deionized water, and 8 mmol of NaOH solution were added and stirred
until all dissolved (pH of the mixture was above 11.3). Then, the mixture
was titrated with 0.5 M HCl using an auto titrator and the pH was

measured at the same time with a pH meter. The titration rate was 4
mL/min of 0.5 M HCI.

Preparation of lignin hydrogels with PEGDGE. 150 mg of IND or
IND-CMF was dissolved in 0.3 mL of 3.3 M NaOH aqueous solution and
stirred overnight. 0.075 mmol of PEGED was added dropwise to the
dissolved lignin mixture and left overnight.

Preparation of lignin/PAAm-x:y-z hydrogels. Using the lignin/
PAAm-1:3-0.1 sample as an example, 25 mg of IND-CMF, 75 mg of AAm,
0.2 mg of MBA (0.1 mol% with respect to AAm), and 10.1 mg of
EDC-HCI (5 mol% with respect to AAm) were added into 669 uL of MES
buffer (87 wt%). After stirring for 1 hour at room temperature, 2.4 mg of
APS (1.0 mol% with respect to AAm) and 2.1 pl of TEMED (1.3 mol%
with respect to AAm) were added to the reaction vial under nitrogen
atmosphere. The obtained hydrogels were immersed in DI water for a
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Photographs of lignin/PAAm-1:3-0.1 hydrogel before and after the gel was stretched to 10.5 times its initial length by a tensile machine.

week to remove unreacted monomers. Fresh water was replaced every
day.

Characterization of Lignin/PAAm-x:y-z hydrogels. The compo-
sitions of hydrogels were characterized by measuring the UV-vis ab-
sorption of IND-CMF at 280 nm. After the gel formation, the prepared
gels were immersed in DI water for a week. The water was changed
every day with fresh water. Total water solution was collected, then
diluted for UV-vis measurement. A standard curve for the water-soluble
lignin was established using a series of monomer solution (0.15 mg/mL,
0.08 mg/mL, 0.04 mg/mL, 0.02 mg/mL, and 0.01 mg/mL). The water-
soluble lignin conversions (%) in the lignin/PAAm-x:y-z hydrogels
were calculated according to the following equation (Eq. (4)).

my—c, XV

Conversion (%) = x 100 (€]

my
where my indicates the initial amount of IND-CMF, V is the volume of
the diluted solution, and c; is the concentration of the diluted solution,
which was obtained from the UV-vis absorption spectra.

Swelling Studies. Hydrogels were dried fully after washing. The
dried gels were measured with the initial mass and were then immersed
in deionized water until they reached equilibrium. The water content
(%) of hydrogels was assessed by comparing weight of the swollen
sample (m,) and dried sample (my) and calculated according to the
following equation (Eq. (5)).
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water content (%) =
mW

The swelling ratio (%) of hydrogels was calculated according to the
following equation (Eq. (6)).

My — Ma % 100 6)

swelling ratio (%) = -
a

Scanning Electron Microscopy (SEM). The samples were dried
using a freeze dryer, then coated with gold using Denton Desk II sputter
Coater for 60 s and observed by Tescan Vega-3 SBU SEM.

Consecutive Swelling and Drying Cycle. The prepared hydrogels
were initially freeze dried. When the gels were completely dried, the
weight of the samples were recorded. Then the samples were soaked in
DI water. When they reached equilibrium, the weights of the swollen
samples were recorded. The swelling and drying cycle was repeated a
total of 10 times.

Mechanical Test. Tensile tests were carried out with an Instron
5543A. The lignin/PAAm-x:y-z hydrogels were freshly prepared in a
mold (25 x 25 mm) before test. The prepared gels were taken out from
the mold and glued to two thick papers with specimens of 23 x 7.5 x 2.3
mm for the mechanical test. A crosshead speed of testing was 7.5 mm/
min.
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