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ABSTRACT: Hydrogels contain a large amount of water; thus, they
are jelly-like, soft, and fragile. Although hydrogels’ stiffness and strength
can be improved by introducing another network to form a double or
interpenetrating network, these mechanical properties are still not
enough as many applications demand even stiffer and stronger
hydrogels. Different methods of reinforcing hydrogels have been
proposed and published. In this research, cellulose microfiber isolated
from pineapple leaf was used as the reinforcement for hydrogels. The
reinforcing efficiency of the fiber was studied for both single and double
networks through the compression test. Other properties such as
morphology and swelling behavior of the reinforced hydrogels were also
studied. A synergistic effect of the second network and the fiber on the
reinforcement was observed. The improvement due to the effect of fiber
loading of only 0.6 wt % was found to be as high as 150%. This is
greater than that observed in some nanofiller systems. Thus, the fiber can be used as a green reinforcement for similar hydrogel
systems.

1. INTRODUCTION
Hydrogels are polymer networks containing large amounts of
water (∼90%).1,2 They provide many advantages, for example,
good biocompatibility, low toxicity, high flexibility similar to
that of natural tissue, and low cost. Hydrogels have been
widely applied in many fields, including drug delivery, tissue
engineering, wastewater treatment, superabsorbent, and so
on.1−4 Nevertheless, some applications might be highly limited
due to the poor mechanical properties of hydrogels.5 Over the
past decades, many attempts have been devoted to develop
hydrogels with improved mechanical strength, for instance, a
topological gel, a tetra-PEG gel, double network (DN) system,
and composite hydrogel.6−13 Among these types, the DN
system is very attractive. In 2003, Jian Ping Gong and
colleagues proposed the DN hydrogel consisting of two
networks as the strongest soft material with a large compressive
stress of 17.2 MPa at 92% strain.8 The improved strength of
the hydrogel is ascribed to the different structures of both
networks, of which the first one is a densely cross-linked rigid
structure and the other is a loosely cross-linked ductile one.14

During deformation, the rigid network will break into small
fragments to dissipate the energy and protect the second
network serving as “sacrificial bonds”. Until now, the
mechanical properties of many hydrogel systems have been
improved significantly by exploiting the DN concept.
One of the most DN systems studied is a combination

between sodium alginate (SA) and polyacrylamide (PAM). SA

is a linear polysaccharide that can be extracted from brown
algae. It has received much attention owing to its good
biocompatibility and biodegradability.15,16 PAM is a synthetic
polymer which, on the other hand, forms a loose cross-linked
structure considered as a good ductile network. PAM also
possesses biocompatibility, good flexibility, high stability, and
hydrophilicity.14 It is reported that the SA/PAM DN hydrogel
exhibited a higher fracture energy of approximately 9000 J m−2

than those of pure SN forms of alginate and PAM gels which
were approximately 25 and 150 J m−2, respectively.17

To further improve the mechanical properties, the DN
hydrogel was incorporated with many kinds of reinforcement,
especially inorganic materials, for example, multiwalled carbon
nanotubes (MWCNTs),18 nanoclays (NC),19 nanosilica
(NS),20 glass fibers,21 and cellulose.5,12,14,22 Among these,
cellulose fiber (CF), a green material derived from plants, has
drawn a lot of attention due to its low density, high surface
area, good biocompatibility, and remarkable mechanical
properties.12,23,24 The comparative studies of three different
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nanocelluloses, that is, cellulose nanocrystals (CNC), bacterial
cellulose (BC) nanofibers, and 2,2,6,6-tetramethylpiperidine-1-
oxy (TEMPO) radical-oxidized cellulose nanofibers (TOCN),
as reinforcing fillers for DN hydrogels were reported.14 It was
found that BC with a high aspect ratio can strengthen the DN
hydrogel almost 7 times higher than that of the neat one.
Besides the aspect ratio, the mechanical properties of natural
fibers mainly depend on the cellulose content and micro-
fibrillar angle.25 It was reported that the CF isolated from
pineapple leaf (known as pineapple leaf fiber, PALF) contains a
high cellulose content of 70−82% along with a very low
microfibrillar angle of 5.6−14°.25−27 PALF provides excellent
mechanical properties including high tensile strength of 413−
1627 MPa and Young’s modulus of 60−82 GPa.25,26 The high
content of hydroxyl groups on the PALF surface originated
from cellulose, a major component, as well as lignin and
hemicellulose, minor constituents, could facilitate strong
interaction between the polymer matrix and fibers. Thus, the
enhancement of mechanical strength can be expected. In
addition, Thailand is a top country cultivating pineapple with a
planting area of roughly 240,000 acres. Consequently, there is
an enormous pineapple leaf waste around 20,000−25,000
tons/acre after harvesting.28

The objective of this paper is to investigate the reinforcing
efficiency of natural fibers on DN hydrogels. Sodium alginate
and polyacrylamide were used to construct the DN hydrogel.
Cellulose microfiber extracted from pineapple leaf was used as
a green reinforcement fiber. The microfiber was obtained by
the defibrillation of large PALF bundles into a micron-size
constituent called as pineapple leaf microfiber (PALMF). This
provides the fiber with a much greater aspect ratio and hence
greater reinforcement. The effect of fiber content on the
compressive behavior and other properties of the hydrogel was
evaluated.

2. RESULTS AND DISCUSSION
2.1. Morphology of PALF and PALMF. Figure 1a,d

shows the photographs of PALF before and after alkaline
treatment combined with a mechanical force from a handheld
blender. The color of PALF changes from light brown to
almost white for the treated PALF, indicating the successful
bleaching process in alkaline solution. The morphology of both
untreated and treated PALF is displayed in the SEM images
(Figure 1b,e). PALF is clearly a fiber bundle composed of a lot

of elementary fibers with a rough surface. After the alkaline
treatment combined with mechanical shear force, the bundles
were totally defibrillated to elementary microfibers or PALMF.
Also, the surface of PALMF is much smoother than that of
PALF. As a consequence, the treatment with alkaline solution
could bleach and remove impurities or cementing substances,
that is, lignin and hemicellulose, that glue the elementary fibers
together to form fiber bundles.29,30 The average diameter of
PALMF measured from the SEM images is about 3.04 ± 0.65
μm, whereas the fiber length is 6 mm, equal to that of PALF.
Therefore, the aspect ratio (l/d) of PALMF is approximately
2000.

2.2. Chemical Composition of Fibers. The chemical
composition of the fibers was examined with ATR-FTIR
spectroscopy. As shown in Figure 1g, the strong peaks at
wavenumbers of 1054 and 1030 cm−1 are due to the C−O
stretching of aliphatic C−OH vibration and C−O−C
stretching of cellulose constituents, respectively.12,14,31 After
alkaline treatment, the chemical composition of the fiber
changed slightly. The peak at 1731 cm−1 belonging to C�O
stretching dramatically decreased, whereas the peak at 1244
cm−1 assigned to C−O stretching totally disappeared. Both are
the characteristic peaks of the acetyl groups of hemi-
cellulose.32,33 This result indicates that most of hemicellulose
has been removed. Our group has confirmed the extracted
material after alkaline treatment by precipitation with glacial
acetic acid and examined by FTIR spectroscopy.32 The
spectrum displays the characteristic peaks at 1163 and 1042
cm−1, attributed to the C−O−C vibration and C−O and C−C
stretching or C−OH bending of hemicellulose (Xylan).34

However, the treatment with alkaline solution could not
entirely remove lignin. The characteristic peak of lignin at 1317
cm−131 still appears in the PALMF spectrum. The remaining
lignin on the fiber surface was further confirmed by X-ray
photoelectron spectroscopy (XPS), as reported in a previous
study.30 The C/O ratio of PALMF was 0.50, close to that of
lignin (0.33).35,36

The chemical compositions of PALF and PALMF are shown
in Table 1. The major component of PALF is holocellulose
(85.49%) with a large cellulose proportion of 57.19%. In
agreement with ATR-FTIR results, hemicellulose is mostly
extracted after alkaline treatment, resulting in the increase in
the cellulose content. PALMF has higher cellulose and
holocellulose percentages of 92.16 and 96.09%, respectively,

Figure 1. Photographs and SEM images of (a,b) PALF and (d,e) PALMF, (c) PALF and (f) PALMF dispersion in sodium alginate solution, and
(g) ATR-FTIR spectra of fibers.
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and a smaller proportion of lignin (acid-insoluble and acid-
soluble fractions of 2.54 and 2.23%, respectively).

2.3. Fiber Dispersion. For the fiber to be appropriate for
hydrogel reinforcement, the fiber should remain well dispersed
in the matrix over the course of hydrogel preparation. To
check this, PALF and PALMF were separately suspended in
sodium alginate solution to monitor the dispersion behavior
and settling down of the fibers. After leaving for 1 h, PALF
completely settled down to the bottom, as displayed in Figure
1c. Unlike PALF, the microfibers remained suspended in the
solution and illustrated good dispersion (Figure 1f). It could be
noticed that although the alginate solution was relatively
viscous, it could not prevent the settling down of PALF. This
fiber settlement might be due to the sinking of large bundles of
PALF much faster than the microfibers. Moreover, according
to the alkaline treatment that removed the cementing materials
on the fiber surface, a large number of hydroxyl groups on the
surface of PALMF allow the formation of hydrogen bonds
between PALMF and alginate chains, resulting in good and
stable fiber distribution. Thus, PALMF is more suitable to be
used as a reinforcing material for the hydrogel system.

2.4. Network Formation of Hydrogels. The network
formation of SA/PAM hydrogels incorporated with PALMF is
described, as shown in Figure 2. The first network of
polyacrylamide (PAM) was obtained during the thermally
initiated free-radical polymerization of AM and MBA. The SA
chains remain entangled with PALMF in the single network
(SN) hydrogel. When the SN hydrogel was immersed in CaCl2
solution, the second network of SA was formed through the
ionic cross-link between the carboxylate (−COO−) groups
and Ca2+ ions. PALMF remained well dispersed in the DN
system and could interact with the polymer matrix via
hydrogen bonds.

2.5. Morphology of Freeze-Dried Hydrogels. The
morphology of freeze-dried PALMF-reinforced DN hydrogels

is observed with a scanning electron microscope, and the
images are shown in Figure 3a,b. All hydrogels illustrate the
interconnected porous network with varying pore size. It seems
that the hydrogels with higher fiber contents have smaller and
more uniform sizes. SPMF-0.2 has large pore sizes ranging
from 3 to 27 μm (X̅ = 10.46 ± 4.92 μm), whereas SPMF-0.6
possesses smaller pore sizes ranging from 3 to 15 μm (X̅ = 7.55
± 2.67 μm). The reduction in the average pore size is probably
due to PALMF behaving like a nucleating agent37 during
freezing in the freeze-drying process. The formation of ice
occurs on the fiber surface through heterogeneous ice
nucleation (HIN), followed by ice propagation.38,39 The
hydroxyl groups on the surface of PALMF facilitate ice
nucleation via hydrogen bonds between the −OH groups and
ice nucleus.40 Consequently, SPMF-0.6 with a higher fiber
content would have more ice nucleation, resulting in the
hydrogel after the drying process exhibiting a smaller pore size
than the others.

2.6. Chemical Composition of Hydrogels. Figure 3c
displays the ATR-FTIR spectra of PALMF along with different
freeze-dried hydrogels. SA shows strong peaks at 1600 and
1408 cm−1 ascribed to asymmetric and symmetric −COO−
stretching, respectively.14,41 For PAM, peaks at wavenumbers
of 3333 and 3187 cm−1 are attributed to the symmetric
vibration and asymmetric vibration of N−H, respectively.41
The absorption bands located at 1649 and 1420 cm−1 are
assigned to the C�O stretching and C−N stretching of
−CONH2, respectively.14,41 The characteristic peaks of
PALMF are interpreted in Section 2.2.
The spectra of SPMF hydrogels display broader bands

ranging from 3000 to 3650 cm−1 attributed to the overlap
between the −OH stretching of PALMF and SA and the N−H
vibration of PAM. The absorption band located at 3193 cm−1

is responsible for the intermolecular N···H stretching between
the N atom of PAM and H atom of SA.14 The characteristic
peak of C�O stretching is slightly shifted from 1649 to 1654
cm−1 owing to the intermolecular hydrogen bond between the
two polymers.42 Because of the large amount of fiber content,
the strong peaks of cellulose at 1054 and 1029 cm−1 appear in
the spectrum of SPMF-0.6. whereas SPMF-0.2 displays weaker
bands. There is no other observable new absorption band in
both the hydrogel spectra, indicating no new chemical bonds
were formed between PAM, SA, and PALMF.

Table 1. Chemical Composition of PALF and PALMF

chemical constituent (%) PALF PALMF

acid-insoluble lignin 7.82 2.54
acid-soluble lignin 2.61 2.23
holocellulose 85.49 96.09
cellulose 57.19 92.16

Figure 2. Schematic illustration of network formation in PALMF-reinforced DN hydrogels.
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2.7. Swelling Behavior. The swelling behavior of
unreinforced and PALMF-reinforced SN and DN hydrogels
was studied by immersing the hydrogels in deionized water for
100 h, and the results are shown in Figure 4. It is noticeable

that all SN hydrogels rapidly adsorb water, with high swelling
rates in the initial stage. Then, the swelling rate decreases and
reaches an equilibrium swelling ratio after soaking for 24 h or
slightly drops at a longer immersion time. SN hydrogels
containing PALMF demonstrate a lower swelling ratio, and the
greater the amount of PALMF, the lower is the swelling ratio.
The swelling ratio of SPMF-0.6 tends to decrease gradually and
reaches a stable value at a longer immersion time. This is due
to some weak bonds broken during excessive swelling, causing
some small molecules leaving from the matrix.43,44 DN
hydrogels display similar swelling behavior to SN hydrogels
but with a much lower swelling ratio. Unreinforced hydrogels
(SA/PAM) show the highest water adsorption, followed by
that reinforced with an increasing amount of PALMF. Unlike
SN hydrogels, none of the DN hydrogels display a drop in the
swelling ratio at long a immersion time.
Again, equilibrium swelling ratios (after 100 h) of SN

hydrogels are much higher than that of DN hydrogels, and the
swelling ratio decreases with the increasing fiber content. It is
likely that the introduction of PALMF into the system provides
additional hydrogen bonds between the fibers and the polymer
matrix, leading to a greater cross-link density. In a similar
manner, introducing a DN reduces the equilibrium swelling

ratio. The equilibrium swelling ratio of the unreinforced
hydrogel dropped from 122% for SN to 27% for DN, almost 5
times lower, and further decreased after being reinforced with
fibers. An increasing number of junction points in PALMF-
reinforced DN hydrogels could obstruct the diffusion of water
molecules, resulting in the lower swelling degree.3

2.8. Gel Fraction. The gel contents of unreinforced and
reinforced DN hydrogels were determined by immersing the
gel in three different pH media. In responding to media pH,
the functional groups of the hydrogel network could be
protonated or deprotonated depending on the pKa value of
that specific group.41 As a result, hydrogen bonds (between
different groups) and ionic bonds could either be weakened or
strengthened.27,41,45 When some bonds are weakened, parts of
the network could be released into the solution, giving low gel
fractions. It is found that gel fractions for the unreinforced
system (SA/PAM) are very similar in all pH media, that is,
57.78, 57.78, and 58.08% for pH 3, DI water, and pH 10,
respectively. There is a slight increasing trend with pH. The gel
fraction for the PALMF-reinforced system (SPMF-0.6) is
slightly higher than that of the unreinforced one. It is 58.13%
in acid, 58.96% in DI water, and 59.02% in base.

2.9. Compression Property. The mechanical properties
of unreinforced hydrogels and that reinforced with PALMF
were determined using the compression test, and the results
are shown separately for SN and DN systems in Figure 5. The

Figure 3. SEM images of freeze-dried DN hydrogels (a) SPMF-0.2 and (b) SPMF-0.6 and (c) ATR-FTIR spectra of PALMF, SA, PAM, and freeze-
dried DN hydrogels.

Figure 4. Swelling ratio of SN and DN hydrogels after immersion in
water for 100 h.

Figure 5. Stress−strain curves of SA/PAM and SPMF SN and DN
hydrogels.
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SA/PAM SN hydrogel exhibits a stress of 46 kPa at 75% strain,
and as the amount of PALMF increases, the stress increases.
Stresses obtained at the highest compression strain of 75% for
PALMF contents of 0.2 and 0.6 SN hydrogels are 99 and 130
kPa, respectively. It is obvious that the introduction of only 0.2
wt % reinforcing fiber can moderately improve the mechanical
properties of the SN hydrogel. The hydroxyl groups on the
surface of very stiff PALMF form hydrogen bonds with the
polymer matrix, leading to the enhancement of physical cross-
link density and subsequently leading to the higher hydrogel
strength.14

Effect of introducing the second network and PALMF will
now be considered. At a strain of 75%, the DN hydrogel
displays a stress of 465 kPa, which is 10 times higher than that
of the SN one, even though both contain SA inside the
structure. This result suggests that the significant increase of
compressive stress arose from the DN structure. Addition of
PALMF into the DN system caused a similar increase in the
stress, as seen in the SN system. At the strain of 75%, DN
hydrogels with 0.2 and 0.6 wt % PALMF show compressive
stresses of 718 and 1158 kPa, respectively. The effect of
PALMF in the DN hydrogel is much stronger than that seen in
the SN hydrogel, suggesting the synergistic effect of the second
network and the reinforcing fiber.
Different cellulosic materials, especially cellulose nanocryst-

als (CNC), have been used to reinforce hydrogels, and their
effectiveness will be compared with that of PALMF. The data
are shown in Table 2. There are, however, contradicting
evidences regarding the reinforcing effectiveness of CNC for
hydrogels. The very high surface area of CNC could be
expected to give very high reinforcement efficiency, and a small
addition of only 0.1 wt % has been reported to improve the
compressive stress significantly.14 However, for hydrogels
containing silica glass, the reinforcing efficiency of CNC
appeared not so good. A very high loading of 10 wt % CNC
provided a similar level of improvement, as 0.1 wt % in the
previous case.15 The possible reason for the low compressive
stress is the high viscosity of the solution mixture containing
silica sol−gel and CaCl2, together with the inadequate reaction
time, which could retard the mobility of certain molecules,
subsequently resulting in the slow polymerization of AM and
reduction in the cross-link density. As a consequence, the
mechanical property is not as high as expected. For oxidized
CNC, greater reinforcing efficiency could be anticipated, and
this is shown by the work of Tang et al.46 However, for a
similar level of reinforcement with unmodified CNC, about 0.6
wt % of PALMF is required. This could be attributed to the

very high aspect ratio of PALMF, which is about 2000
compared with that about 20−60 for CNC.15,19,46
It has been reported that although the DN structure can

enhance the mechanical properties of hydrogels, it is still
vulnerable to water swelling that could deteriorate the hydrogel
strength.47,48 In this study, this issue was alleviated by
reinforcing the DN hydrogel with PALMF. According to the
high cross-link density, the synthesized 0.6% PALMF-
reinforced SA/PAM DN hydrogel reveals a small volume of
water adsorption after soaking in water for 100 h. In other
words, the DN hydrogel incorporated with PALMF provides a
good swelling resistance in water. The introduction of PALMF
into the DN hydrogel also strengthens the mechanical property
with good compressive stress. Therefore, PALMF containing a
high cellulose content and possessing a high aspect ratio can be
used as a good reinforcing material for hydrogels. Furthermore,
considering the convenience and energy required for the
material preparation, PALMF provides a much more
convenient route with much less energy required.49

3. CONCLUSIONS
PALMF-reinforced SN and DN SA/PAM hydrogels were
prepared, and their mechanical behavior under compressive
force was investigated. Both the network type and PALMF
affect the mechanical behavior significantly. At the same level
of compressive deformation, the stress required to deform the
DN hydrogel is about 10 times (1000%) higher than that for
the SN hydrogel. With the addition of less than 0.6% of
PALMF, the corresponding stress increases further by about 3
times, indicating a synergistic effect of the microfiber and the
second network. Other properties are also affected but with a
much lower degree. This study provides an efficient method
for preparing stiffer and stronger hydrogels which can be
utilized in many applications.

4. EXPERIMENTAL SECTION
4.1. Materials. Ground pineapple leaf was prepared

according to the previously described method50 with slight
modifications. Briefly, mature pineapple leaves were cut into
small pieces of 6 mm in length across the leaf long axis. These
were then ground using a motorized stone grinder, and the
mash was dried under the sun. The ground materials were
received from pineapple plantation in Ban Yang District,
Phitsanulok, Thailand, and PALF was separated by simple
sieving. Acrylamide monomer (AM, ≥98.0%), sodium alginate
(SA, viscosity = 15−25 cP, 1% in H2O), and ionic cross-linker
calcium chloride (CaCl2, anhydrous) were purchased from
Sigma-Aldrich (China and United Kingdom). Potassium

Table 2. Comparison of Hydrogels Prepared from the SA/PAM System Reinforced with Various Materials on Compression
Propertya

hydrogel system reinforcement length diameter 60% strain 75% strain ref

source wt % (nm) (nm)
stress
(MPa)

%
improv.

stress
(MPa)

%
improv.

SA−PAM−CNC hydrogel CNC extracted from bleached
wood pulp fibers

0.1 176 10 0.44 52 ∼2.50 150 14

oxidized CNC-reinforced oxidized alginate
(Alg-CHO)/PAM hydrogel

oxidized CNC (CNC-CHO) 1.5 100 5 ∼0.12 300 ∼0.60 500 46

CNC-reinforced PAM/SA/silica glass hydrogel CNC extracted from MCC 10 40−
290

5−35 ∼0.13 63 15

PALMF-reinforced SA/PAM hydrogel PALMF 0.6 6 mm ∼3 μm 0.51 104 1.16 147 this
work

a%Improv. = % Improvement of stress compared with that of pristine hydrogel without the addition of reinforcement.
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persulfate (KPS, 97.0%) was obtained from Ajax Finechem
(Australia). N,N′-methylenebisacrylamide (MBA, ≥98.0%)
from Tokyo Chemical Industry Co., Ltd. (Japan) was used
as a cross-linker. All chemicals were used without purification.

4.2. Preparation of PALMF. The preparation process of
PALMF followed the method described by Surajarusarn et al.30

In brief, 100 g of short PALF with the length of 6 mm was
immersed in 3000 mL of NaOH solution (10% w/v) for 30
min. Then, the fiber suspension was treated with a handheld
high-speed food blender (Buono, China) for 30 min to break
down the fiber bundles into individual microfibers. The treated
fibers were then filtered and washed with tap water several
times until pH became 7, followed by drying in a hot air oven
at 70 °C overnight. The dried and entangled fibers were
loosened with a bladed high-speed beater, and this yielded very
soft and fluffy PALMFs.

4.3. Synthesis of DN Hydrogel Incorporated with
PALMF. A predetermined amount of PALMF (Table 3) was

suspended in 5 mL of solution containing 0.78 g of AM
monomer, 0.006 g of KPS initiator, and 0.003 g of MBA cross-
linker. Then, 0.2 g of SA was gradually added into the
suspension under vigorous stirring until a uniform mixture was
obtained. The mixture was then poured into a silicone mold.
Subsequently, this mold was placed in a hydrothermal reactor
and heated at 100 °C for 3 h in a hot air oven to initiate the
polymerization of acrylamide (AM). After heating, a network
of polyacrylamide (PAM) was formed as a SN hydrogel. The
unpolymerized AM was removed by washing with water. To
get a DN hydrogel, the SN gel was immersed in 15 mL of 0.5
M CaCl2 at room temperature for 12 h. The hydrogel was then
rinsed with water to remove the excess amount of Ca2+ on the
surface and blotted with a filter paper. The DN hydrogel
containing PALMF was obtained, designated as SA/PAM/
PALMF (or SPMF) hydrogel. The as-prepared hydrogel was
stored in a refrigerator to avoid water evaporation and placed
in ambient atmosphere until reaching room temperature before
analysis.

4.4. Characterizations. 4.4.1. Morphology. The mor-
phologies of fibers and hydrogels were observed with a
scanning electron microscope (SEM, JSM-IT500, JEOL,
Japan). Before examination, PALF and PALMF were dried in
a hot air oven at 60 °C for 24 h to remove moisture. For
hydrogels, the samples were freeze-dried for 24 h to remove
water inside the structure. All samples were coated with
platinum and mounted on an aluminum stub with a conductive
carbon tape.
4.4.2. Chemical Composition. To analyze the chemical

composition of PALF, PALMF, and hydrogels, an attenuated
total reflectance Fourier transform infrared spectrophotometer
(ATR-FTIR, Frontier, PerkinElmer) was used at room
temperature over a range from 4000 to 400 cm−1. All samples

were absolutely dried before analysis. The moisture of the
fibers was removed by drying in a hot air oven at 70 °C for 2 h,
whereas freeze-drying technique was used to remove water
inside hydrogels. Additionally, the chemical compositions in
terms of acid-insoluble lignin, acid-soluble lignin, holocellulose,
and cellulose in PALF and PALMF were determined using
standard methods.51−54

4.4.3. Swelling Behavior. The swelling behavior of the
hydrogel was evaluated by immersing the hydrogel in water for
a designated time at ambient temperature. The excess water on
the swollen hydrogel surface was blotted with a filter paper
before measurement to obtain the exact weight. After weighing,
the swollen hydrogel was put back in water again for further
adsorption. The examination was conducted until reaching
equilibrium. The swelling ratio was calculated using the
following equation:

= ×W W
W

Swelling ratio 100t o

o

where Wo is the weight (g) of the sample before swelling, and
Wt is the weight (g) of the swollen hydrogel after immersion in
water at time t.

4.5. Gel Fraction. The freeze-dried hydrogels were
immersed in three different mediums, namely, hydrochloric
acid (pH 3), DI water (pH 5−6), and sodium hydroxide (pH
10) at ambient temperature for 4 days. After immersion, the
hydrogels were freeze-dried again and re-weighed to estimate
the hydrogel mass. The gel fraction was calculated using the
following equation:

= ×W
W

Gel fraction 100f

i

where Wi and Wf are the weights (g) of the freeze-dried
hydrogels before and after soaking in the medium, respectively.

4.6. Mechanical Property. Hydrogel specimens of
cylindrical shape were prepared with diameters of approx-
imately 23−25 mm and height of 7−10 mm, depending on the
hydrogel type (SN or DN structure). The compression test
was carried out using a universal testing machine (Instron
Model 5566) with a 5 kN load cell. The measurement was
performed with a constant crosshead rate of 5 mm min−1. The
compression stress (σ) was calculated using the following
equation:

= F
r 2

where F is the load force and r is the radius of the specimen.
Compression strain (ε) is calculated according to the following
equation:

= ×h h
h

100%o

o

where h is the change in height, and ho is the original height.
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