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Insolubility o f  cellulose in com m on solvent had been a challenge in generating cellulose hydrogels. In the 
present work, hydrogels from  sugarcane bagasse extracted cellulose and m odify  w ith  synthetic polymer, 
po ly  (v in y l a lcohol) (PV A ) and cross-linker, glutaraldehyde (G A ) was synthesize. Cellulose w as isolated 
from  sugarcane bagasse via pre-treatment w ith  4 vol% sulphuric acid (H 2SO4) and 10 wt% sodium hydrox
ide (NaO H ) solution. The cellulose extracted was dissolved in ZnCl2/CaCl2 solution at 65 °C to fabricate 
self-standing cellulose hydrogel w ithout cross-linker. Another cellulose hydrogel was generated and 
im m ersed into 5 wt% GA solution to cross-link the cellulose chains. To im prove the stability and swelling 
properties o f  cellulose, PVA was introduced into the hydrogel by using GA to cross-link cellulose chains 
w ith  PVA chains. The resulting hydrogels w ere characterized w ith  Attenuated Total Reflectance-Fourier 
Transform Infrared (ATR-FTIR) spectroscopy and solid state 13C Nuclear M agnetic Resonance (N M R ) spec
troscopy for structural determ ination. Three self-standing cellulose-based hydrogels, including regener
ated cellulose (RC), GA cross-linked cellulose (C-GA), fo llow ed by PVA and GA cross-linked cellulose (C- 
GA-PVA) w ere successfully generated from  ZnCl2/CaCl2 dissolution system and each hydrogel possessed 
different physical aspects. The occurrence o f  chemical cross-linking reaction betw een  cellulose, GA and 
PVA was further evidenced by the data analyzed from  ATR-FTIR and NMR spectra. The swelling degree 
o f  hydrogels generally increase after the addition o f  PVA and GA into cellulose suspension, showing 52 
% (RC), 80 % (C-GA) and 135 % (C-GA-PVA). C-GA-PVA possessed the best swelling capability and potential 
for possible application as w ater reservoir in agriculture.
©  2021 Elsevier Ltd. All rights reserved.
Selection and peer-rev iew  under responsibility o f  the scientific com m ittee o f  the 4th International Con
ference on Soft Materials. This is an open access article under the CCBY-NC-ND license ( http://creativecom- 
mons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Sugarcane bagasse is the waste generated by sugar manufac
tures after the extraction o f sugarcane juice. Accumulation o f large 
quantities o f  sugarcane bagasse as agriculture waste affords a com
plex waste problem, as only a few  commercial uses were initiated 
for those massive quantities o f wastes [1 ]. Sugarcane bagasse is 
made up o f about 40-50 % o f cellulose, 25 % o f hemicellulose, 
mainly constitutes o f glucose, galactose, xylose, arabinose and 
mannose, 25 % o f lignin and small portion o f mineral, wax and 
other compounds [2 ]. The cementing matrix o f hemicellulose and 
lignin diminish the accessibility to cellulose fibres and cause diffi
culty in cellulose isolation process. In order to isolate cellulose 
effectively and maximize the performance o f extracted cellulose,

*  Corresponding author.

E-mail address: kjuhanni@utm.my (K.J. Abd Karim).

lignin and hemicellulose must be removed [3 ]. Two-stage chemical 
pre-treatments, in which the combination o f alkaline pre
treatment and acid pre-treatment have been reported to exhibit 
high efficiency in the removal o f  hemicellulose and lignin contents 
[4 ]. Cellulose is the most abundant natural polymer, which is non
toxic, biodegradable, biocompatible, renewable and low  cost. It is a 
linear chain consists o f b-1,4-linked anhydro-D-glucose units, in 
which each unit is twisted 180° spirally with respect to its neigh
boring unit, and exhibits a degree o f polymerization ranging from 
several hundreds to over ten thousand. Furthermore, hydroxyl 
groups are found abundantly on the cellulose molecular chains. 
Due to this characteristic, cellulose can be modified easily to pro
duce improved and effective cellulose-based materials through 
physical or chemical cross-linking [5 ]. Hydrogel is polymeric mate
rial which made up o f three-dimensional network structure and 
hydrophilic polymer chains, that is capable to swell, absorb and 
retain a huge proportion o f water, saline or physiological solutions
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Scheme 1. Cross-linking reaction between cellulose and GA to produce cellulose-glutaraldehyde (C-GA) hydrogel.

within its structure [6 ]. The ability o f cellulose to swell in water is 
influenced by numerous factors, including crystallinity, amorphous 
regions, pore volume and total surface area. Cellulose hydrogels 
possessed major drawbacks such as moisture absorption, quality 
variations, low  thermal stability, and poor compatibility with the 
hydrophobic polymer matrix [7 ]. Gluteraldehyde (GA) consists o f 
di-functional group CcO within its structure and is commonly uti
lized as cross-linker for cellulose to give resiliency and dimensional 
stability as they are capable o f forming a three-dimensional hydro
philic network via covalent linkage to different cellulose molecules 
[8 ]. Addition o f synthetic polymers into cellulose hydrogel have 
been developed for different objectives, such as transparency, 
mechanical properties and swelling behaviour. Poly(vinyl alcohol) 
(PVA) is the largest synthetic polymer which is water soluble and 
biodegradable. As PVA possesses the compatible structure and 
hydrophilic properties due to the presence o f hydroxyl group, it 
is w idely employed in improving the mechanical strength o f films 
in industrial.

Pre-treatment o f sugarcane bagasse with H2S04 andNaOH

I ~

Preparation o f hydrogels in ZnCl2/CaCl2 solution

Regenerated Cellulose (RC) Cellulose-GA Cellulose-GA-PVA

Characterization by using FTIR and NM R spectroscopy

I
Swelling test

In this study, cellulose extracted sugarcane bagasse was synthe
sized and modified with synthetic polymer, PVA and cross-linked 
with GA. Acid and alkali pre-treatment were used to isolate cellu
lose from sugarcane bagasse and regeneration o f cellulose hydro
gels from CaCl2/ZnCl2 solvent system was studied. The reaction 
product was characterised using ATR-FTIR and NMR spectroscopy 
to confirm the modifications was successful. A  preliminary test 
on swelling properties o f each hydrogel was studied for 48 h by 
using tea-bag method to observe the effect o f cellulose modifica
tion. This study can further assist the material characteristic as to 
be apply in environmental applications.

2. Experimental

2.1. Isolation o f cellulose from  sugarcane bagasse

First, 10 g o f sugarcane bagasse was added into 300 mL o f 4 vol% 
H2SO4 aqueous solution at 90 °C, and stirred for 1.5 h [9 ]. Then, the 
acid treated sugarcane bagasse was filtered and washed with 
excess deionized water until neutral pH was achieved. The result
ing sugarcane bagasse was stirred in 300 mL o f 10 wt% NaOH aque
ous solution at 90 C for 12 h. By using excess deionized water, the 
remaining fibres were washed until neutral pH was achieved. Sub
sequently, the fibres were filtered and dried in vacuum oven at 
room temperature over-night.

2.2. Preparation o f regenerated cellulose (RC) hydrogels

For the preparation o f regenerated cellulose (RC) hydrogel, 
9.87 g o f ZnCl2 and 0.2 g CaCl2 were dissolved in 3.63 g o f distilled 
water at 65 C  for 15 min [10]. Meanwhile, 0.45 g o f pre-treated 
cellulose fiber was mixed with 1.05 g o f deionized water to pro
duce cellulose suspension. After that, ZnCl2/CaCl2 solution was 
poured into the cellulose suspension and stirred for 45 min. The 
resulting solution was then casted over a glass plate. Subsequently, 
the glass plate was fully immersed into 500 mL o f ethanol (EtOH) 
for 30 min to separate the hydrogel from the plate. The resulting
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cellulose hydrogel was fixed on a metallic frame and dried at 25 °C. 
The collected RC hydrogel was used for all synthesis here after.

2.3. Preparation o f cellulose-PVA hydrogels

A piece o f RC hydrogel was immersed into 5 wt% GA solution at 
70 C  for 2 h, subsequently dried at 25 C  and labelled as C-GA 
hydrogel. After that, the same procedure as o f RC hydrogel was 
repeated, except for the addition o f PVA solution (0.015 g o f PVA 
was dissolved in deionized water at 90 C  for 1 h) into the cellulose 
suspension in advance. The resulting C-PVA hydrogel was further 
soaked into 5 wt% GA solution at 70 C  for 2 h and dried at 25 C  
to impart C-GA-PVA hydrogel.

2.4. Characterization o f cellulose-PVA hydrogels

Sugarcane bagasse, cellulose, RC, C-GA and C-GA-PVA hydrogels 
were characterized by using Perkin-Elmer TM 400 ATR-FTIR Spec
trometer and Bruker Avance II NMR spectrometer.

2.5. Swelling test

o f hydrogels at time t was calculated by applying the following 
equation:

Swelling degree = (W2-W1-W0) x 100%

3. Results and discussion

Fig. 1 showed the physical images o f (a) untreated sugarcane 
bagasse, (b ) extracted cellulose, (c) regenerated cellulose (RC), 
(d ) cellulose-glutaraldehyde (C-GA) and (e) cellulose-glutaralde 
hyde-poly(vinyl alcohol) (C-GA-PVA) hydrogels. The images serves 
as preliminary observation for the modification done on the cellu
lose in every steps. The RC hydrogel obtained from extracted cellu
lose from sugarcane bagasse was 1.73 g in light brown colour 
product 1(c). Scheme 1 demonstrated the cross-linking reaction 
between cellulose and GA via the formation o f acetals. Chemical 
cross-linking o f cellulose hydrogel with GA (cross-linker) gave 
2.40 g self-standing translucent light yellow  colour membrane 1 
(d ) . Scheme 2 illustrated the reaction o f cellulose and PVA in the 
presence o f GA (cross-linker) which gave 0.43 g o f yellowish- 
white colour product 1(e). It is clearly observed that physical 
changes happened when GA and PVA was added to cellulose as 
backbone o f the material.

First, 0.01 g o f the dry hydrogel powder was weighed by using 
analytical balance and the weight was recorded as initial dry 
weight (W 0) [11 ]. Then, the hydrogel powder was placed into a 
tea-bag and the tea-bag was immersed into 100 mL distilled water 
for a prescribed period o f time t. After that, the tea-bag was 
removed from water, placed on a filter paper and gently wiped 
with another filter paper to remove excessive fluid and weakly 
bound liquid. The tea-bag was then weighed and recorded as W 2. 
The weight o f tea-bag was recorded at time t =1 , 2 ,  3, 4, 5, 6, 24 
and 48 h. The procedure was repeated for an empty tea bag, and 
the weight o f the tea bag was recorded as Wj. The swelling degree

3.1. Structure o f cellulose extracted from  sugarcane bagasse

For the molecular level observations, ATR-FTIR and 13C NMR 
were applied to confirm the reaction o f each steps. Fig. 2 is the 
ATR-FTIR spectra recorded for untreated sugarcane bagasse and 
extracted cellulose. Spectrum 2(a) o f sugarcane bagasse possessed 
a strong and broad absorption band centred at 3344.32 cm-1, cor
responded to hydrogen-bonded O-H stretching vibrations. The 
absorption band at 2899.34 cm-1 was attributed to the elongation 
o f aromatic sp3-hybridised C-H bonds o f lignin. Furthermore, the 
absorption band recorded at 1731.95 cm-1 was associated with

Scheme 2. Reaction o f cellulose, GA and PVA to produce cellulose-glutaraldehyde-poly(vinyl alcohol) (C-GA-PVA) hydrogel.
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Frequency (cnr

Fig. 2. ATR-FTIR spectra o f (a ) untreated sugarcane bagasse and (b ) extracted cellulose.

the C=O group o f hemicellulose and lignin. Another two bands 
recorded at 1627.98 cm-1 and 1512.78 cm-1 were attributed to 
the C=C bond o f the lignin aromatic ring. Spectrum 2(b) demon
strated all major absorption bands associated with cellulose. Obvi
ously, a strong and broad absorption band centred at 3332.29 cm-1 
was corresponded to hydrogen-bonded O-H stretching vibrations. 
Another absorption band at 2892.47 cm-1, related to sp3- hybri
dised C-H stretching vibration was also observed. Moreover, a 
weak absorption band at 1642.17 cm-1, corresponded to O-H 
bending vibrations was observed. A  strong absorption band at 
1027.62 cm-1, indicated the C-O-C pyranose ring skeletal vibra
tion. Another characteristic feature for cellulose was the weak 
absorption band at 896.00 cm-1, arising from p -glycosidic linkages 
between the glucose units in cellulose. The absorption band 
appeared at 1429.54 cm-1 was attributed to the CH2 bending 
vibration. In comparison, it was clearly to be observed that the 
pre-treatment techniques eliminated most o f the lignin polymers 
and hemicellulose due to the disappearance o f their corresponded 
infrared absorption bands at 1731.95 cm-1 (acetyl group),

1627.98 cm 1 and 1512.78 cm 1 (aromatic C=C) [12] in spectrum 
2 (b ).

Fig. 3 revealed the 13C NMR spectra recorded for both untreated 
sugarcane bagasse and extracted cellulose. Both spectra recorded 
the most intense signals in the region o f 50 ppm to 120 ppm, 
mostly originated from the cellulose carbons, but also contributed 
by the carbon from hemicellulose and lignin. According to spec
trum 3(a) o f untreated sugarcane bagasse, the chemical shift at
20.56 ppm was associated w ith the hemicellulose carbon only 
whereas at 55.21 ppm, it was corresponded to the aryl methoxy 
groups in lignin. Nevertheless, the absence o f the aforementioned 
chemical shift in spectrum 3(b) o f extracted cellulose gave ev i
dence to the almost complete removal o f hemicellulose and lignin 
after the pre-treatment with H2 SO4  and NaOH. In comparison, an 
improvement o f  the spectral resolution in the region o f 50 ppm 
to 120 ppm was clearly observed, as a result o f the removal o f 
hemicellulose signals within this region after the pre-treatment 
[13]. In spectrum 3 (b ), the chemical shift related to cellulose car
bon were observed at 61.69 ppm and 83.56 ppm, predominated

Fig. 3. Solid state 13C NM R spectra for (a ) untreated sugarcane bagasse (b ) extracted cellulose.

2570



Mei Teng Ban, N. Mahadin and Khairil Juhanni Abd Karim Materials Today: Proceedings 50 (2022) 2567-2575

(d) 101 $.40

4000 3500 3000 2500 2000 1500 1000 500

Frequency(cur1)

Fig. 4. ATR-FTIR spectra o f (a ) extracted cellulose, (b ) regenerated cellulose (RC), (c ) cellulose-glutaraldehyde (C-GA) and (d ) cellulose-glutaraldehyde-poly (vinyl alcohol) (C- 
GA-PVA) hydrogels.

by C6 and C4 respectively from amorphous cellulose, 64.18 ppm 
and 88.11 ppm, attributed to C6 and C4 respectively in crystalline 
cellulose.

3.2. Preparation o f regeneration cellulose modified PVA hydrogels

Solution o f ZnCl2 was capable to penetrate into the cellulose 
chains in which Zn2+ and Cl- ions broke the strong hydrogen bond 
formed between the hydroxyl groups and led to the dissolution o f 
cellulose. CaCl2 can effectively reduce the degrading effect o f cellu
lose dissolved in ZnCl2 solution due to the increase in viscosity o f 
the solution. Fig. 4 exhibited the ATR-FTIR spectra o f RC, C-GA 
hydrogel and C-GA-PVA hydrogels. Spectrum 4(a) o f RC hydrogel 
showed no significant difference from that o f the extracted cellu
lose as no new characteristic absorption band were observed, sug
gesting that no chemical changes taken place in the regenerated 
cellulose. However, some differences in the absorption frequency 
and intensity o f the band for certain functional group in extracted 
cellulose and the regenerated cellulose were observed. The absorp
tion band o f hydrogen-bonded O-H stretching vibrations in regen
erated cellulose (3342.19 cm-1) was shifted to higher frequency 
and was more intense than that o f extracted cellulose 
(3332.29 cm-1). Intermolecular hydrogen bonding in cellulose 
weakened the O-H bond, thereby shifted the band to lower fre
quency. Hence, indicates that there are less hydrogen bonding 
interaction reformed on regenerated cellulose [14]. A  weak absorp
tion band was recorded at 2890.15 cm-1, related to sp3-hybridised 
C-H stretching vibration in regenerated cellulose, which was 
slightly lower than that in extracted cellulose, showing 
2892.47 cm-1. A  medium absorption band at 1625.23 cm-1, asso
ciated with the O-H bending vibrations, may attributed to the 
hydroxyl group in regenerated cellulose and the chemically 
absorbed water. Moreover, the strong absorption band at 
1018.46 cm-1 was corresponded to C -O -C  pyranose ring skeletal

vibration in regenerated cellulose. Another weak absorption band 
attributed to b-glycosidic linkages between the glucose units in 
regenerated cellulose was recorded at 894.28 cm-1.

Spectrum 4(b) o f C-GA hydrogel revealed a strong and broad 
absorption band centered at 3361.54 cm-1, associated with O-H 
stretching vibration and a weak absorption band at 
2947.67 cm-1, was corresponded to sp3- hybridised C-H stretching 
vibration. Furthermore, a medium absorption band was recorded 
at 1626.43 cm-1, related to O-H bending vibrations. Two strong 
absorption bands were observed at 1053.89 cm-1and 
1020.61 cm-1, indicates the C-O stretching vibration, attributed 
to the C-O-C and C-OH in the pyranose ring, also the O-C-O linkage 
between GA and cellulose. A  weak absorption band was recorded 
at 901.12 cm-1, due to the p -glycosidic linkages between the glu
cose units in cellulose. In comparison with spectrum 4(a), a slight 
decrease in intensity for the hydrogen-bonded O-H stretching 
vibration (3361.54 cm-1) and O-H bending vibrations 
(1626.43 cm-1) for C-GA may due to the reduction o f hydroxyl 
group after cross-linking reaction to form acetal. During the 
cross-linking reaction, the aldehyde groups o f GA and hydroxyl 
groups o f cellulose were consumed. Thus, the cross-linked regener
ated cellulose may have less hydroxyl group as compared to regen
erated cellulose with no cross-linkers. The reduction o f hydroxyl 
absorbance indicated successful cross-linking reaction to form C- 
GA hydrogel via acetal linkage.

As compared to the spectra 4(a) and 4(b ), spectrum 4(c) o f C- 
GA-PVA hydrogel showed a drastic decrease in the band intensity 
for the hydrogen-bonded O-H stretching vibration 
(3335.11 cm-1) and O-H bending vibrations (1633.04 cm-1). The 
decline in intensity for O-H band may due to the reaction o f PVA 
w ith GA, and cellulose with GA, which consumed aldehyde group 
from GA and hydroxyl group from PVA and cellulose to form acetal 
bridges. It was observed that the absorption frequency for O-H 
stretching vibration decrease significantly. The decline in fre
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Fig. 5. Solid state 13C NMR spectra o f (a ) regenerated cellulose (RC), (b ) cellulose-glutaraldehyde (C-GA) and (c ) cellulose-glutaraldehyde-poly (vinyl alcohol) (C-GA-PVA) 
hydrogels.

quency confirmed the presence o f hydrogen bond between cellu
lose and PVA, which can be explained by the increase in the inter- 
molecular hydrogen bonding attributed to the interaction o f PVA 
with cellulose. Moreover, a weak absorption band at
1420.99 cm-1, corresponded to the -CH2 bending vibration experi
enced a decline in intensity. This band was also designated as the 
“crystallinity” absorption band in cellulose, therefore a decrease 
in its intensity indicated reduction in the degree o f crystallinity 
o f the hydrogel. A  slight increase in intensity for p -glycosidic link
ages (895.14 cm-1), also known as an ‘‘amorphous” absorption 
band, reflects extend o f the amorphous region in cellulose [15]. 
The absence o f characteristic absorption bands for aldehyde,

including C=O band at 1720-1750 cm-1 and doublet for C-H 
stretching at 2850 cm-1 and 2750 cm-1, suggested that excess 
GA had been eliminated after rinsing with distilled water.

Fig. 5 illustrated 13C NMR spectra recorded for RC, C-GA and C- 
GA-PVA hydrogels. Spectrum 5(a) o f RC hydrogel revealed the 
characteristic chemical shifts o f carbon in cellulose, including 
56.15 ppm and 61.54 ppm (C6 carbon), 74.69 ppm (C2, C3 and 
C5 carbon), 83.91 ppm, 84.31 ppm and 87.52 ppm (C4 carbon), 
104.18 ppm and 104.57 ppm (C1 carbon). These data indicated that 
cellulose hydrogel was successfully regenerated in CaCl2 and ZnCl2 
solution with no changes in the bonding o f the structure.
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Table 1
Physical appearance for regenerated cellulose (RC), cellulose-glutaraldehyde (C-GA), cellulose-glutaraldehyde-poly(vinyl alcohol) (C-GA-PVA), and poly(vinyl alcohol) (PVA) in 
dry state and swollen state at 48 h.

Types o f hydrogels Dry state(t = 0 h) Swollen state(t = 48 h)

Regenerated cellulose(RC)

Cellulose-glutaraldehyde(C-GA)

Cellulose-glutaraldehyde-poly (vinyl alcohol)(C-GA-PVA)

Poly(vinyl alcohol)(PVA)

Swelling degree = 0 % Swelling degree = 138 %

Spectrum 5(b) o f C-GA hydrogel showed the characteristic 
peaks for the different carbons present. In the region between 
15 ppm and 35 ppm, weak absorption peak for the CH2 group pre
sent in GA was observed. The chemical shifts related to carbon in 
cellulose was observed at 62.25 ppm (C6 carbon), 74.73 ppm (C2, 
C3 and C5 carbon), 83.85 ppm (C4 carbon), and 103.80 ppm

(anomeric C1 carbon). The broad peak observed at 103.80 ppm, 
which was corresponded to the O-C-O bond, also indicated the for
mation o f acetal. Moreover, the absence o f signals in the range o f 
180-220 ppm, where aldehyde function group (C=O ) usually res
onate, confirmed complete removal o f unreacted GA and also the 
occurrence o f cross-linking in cellulose chains [16].

0 1 2 3 4 5 6

Time (hours)

RC — C- GA —• —C-GA-PVA PVA

Fig. 6. Graph o f swelling degree against time for regenerated cellulose (RC), cellulose-glutaraldehyde (C-GA), cellulose-glutaraldehyde-poly (vinyl alcohol) (C-GA-PVA) and 
poly (vinyl alcohol) (PVA) at the first 6 h.
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Spectrum 5(c) o f C-GA-PVA hydrogel indicated that CH2 group 
from GA gave very weak absorption peak in the upfield region o f 
15-35 ppm. The signals at 62.34 ppm and 63.06 ppm were 
assigned to C6 carbon in cellulose and CH2  group from PVA. The 
four sharp peaks detected at 72.71 ppm, 73.05 ppm, 74.87 ppm 
and 76.64 ppm were attributed to HC-OH functional group in cel
lulose and PVA. The chemical shifts o f 84.22 ppm, 87.54 ppm and 
88.80 ppm were assigned to the C4 carbon in cellulose and the 
C-O bond in PVA. Finally, C1 carbon in cellulose together with O- 
C-O bond o f acetal appeared at 104.89 ppm and 107.23 ppm as 
sharp broad peak. No signal related to C=O in GA was observed 
in the downfield region o f 180-220 ppm confirmed the absence 
o f unreacted GA.

3.3. Swelling properties

All samples were dried before grounded and used for swelling 
tests. Table 1 showed the physical appearance o f RC, C-GA, C-GA- 
PVA, and PVA hydrogels in dry and swollen state. It was obviously 
observed that each hydrogel could swell and experienced changes 
in size in the swollen state at 48 h without dissolving or changing 
in original shape.

Fig. 6 revealed the graph o f swelling degree against time for 
each hydrogel. In general, different hydrogel swell at different ini
tial rate in the first six hours. Compared to the equilibrium swelling 
degree at 48 h for RC hydrogel (52 %), C-GA exhibited higher per
centage o f swelling (80 %) in distilled water. The increase in swel
ling o f GA-cross-linked cellulose hydrogel can be explained by the 
resulting cellulose hydrogel experienced a reduction in crys- 
tallinity after cross-linking reaction occurred and became more 
amorphous. Amorphous region o f cellulose absorbed more water 
and thus there was an increase in swelling degree o f C-GA hydrogel 
[17].

In comparison with C-GA hydrogel (80 %), C-GA-PVA revealed 
higher equilibrium swelling degree (135 %) in distilled water at 
48 h. The cross-linking reaction between cellulose and PVA in the 
presence o f GA can reduce the availability o f hydroxyl groups, 
which interact with water, due to the formation o f hydrogen bond
ing and lead to the lower swelling degree o f the hydrogel. On the 
other hand, an increase in swelling degree after introducing PVA 
into cellulose hydrogel was reported [18]. The increase in the 
porosity o f the hydrogels’ surface, hydrophilic capability o f the 
PVA and the reduction o f PVA crystallinity after the cross-linking 
reaction between PVA and cellulose can cause an increase in the 
swelling degree o f cellulose hydrogels. These should be further 
studied to determine the effect o f cross-linking reaction on the 
pore structure and crystallinity o f the hydrogels.

As compared to PVA (138 %), C-GA-PVA possessed lower equi
librium swelling degree (135 %) and slower rate o f water absorp
tion in distilled water. The decrease in swelling percentage after 
cross-linking reaction indicated the reformation o f strong inter- 
molecular hydrogen bonding between cellulose and PVA, and also 
the formation o f covalent bond between GA with cellulose and 
PVA. PVA had high water absorption rate and moisture sensitivity 
which caused the reduction o f its mechanical properties. Neverthe
less, by cross-linking the PVA chains, water absorption rate can be 
reduced and lead to more stable structure o f hydrogel for swelling 
without dissolution and degradation.

In the present study, C-GA-PVA hydrogel generated via cross
linking mechanism possessed increase swelling properties as com
pared to the RC hydrogel without cross-linker. Biodegradable cellu
lose hydrogel o f high swelling capability was desired to be utilized 
as water reservoir in soil, which could significantly increase the 
water retention capability o f the soil, and allow sustainable water 
supply to the plants for a prolonged time, without additional 
watering required. The swelling result o f this study suggested that

the obtained C-GA-PVA could be a promising method for optim iz
ing water management in agriculture, especially in the zone facing 
w ith severe water scarcity.

4. Conclusion

In conclusion, cellulose (2.84 g, yellowish-white) was success
fully isolated from sugarcane bagasse through pre-treatment with 
H2SO4 and NaOH. By comparing 13C NMR spectra recorded for sug
arcane bagasse and extracted cellulose, the removal o f hemicellu- 
loses and lignin from sugarcane bagasse was evidenced by the 
improve in resolution, the absence o f chemical shift at
20.56 ppm and 55.21 ppm and the occurrence o f characteristics 
peak for cellulose in the spectrum o f extracted cellulose. Self
standing regenerated cellulose (RC) hydrogel without cross-linker 
(1.73 g, light brown, opaque) was generated from sugarcane 
bagasse extracted cellulose in ZnCl2/CaCl2 dissolution system. 
The characteristic peaks for cellulose were observed in ATR-FTIR 
and 13C NMR spectra and the absence o f new absorption peaks con
firmed that RC hydrogel was successfully synthesized w ith no 
chemical changes or degradation o f structure taken place. Another 
two self-standing membrane, including GA cross-linked cellulose 
(C-GA), followed by PVA and GA cross-linked cellulose (C-GA- 
PVA) were successfully generated. It was further supported by 
the data interpreted from ATR-FTIR and 13C NMR spectra, which 
confirmed the formation o f acetal in the chemical cross-linking 
reaction. The equilibrium swelling degree o f hydrogel generally 
increase in the order, RC (52 %), C-GA (80 %) and C-GA-PVA (135 
%). C-GA-PVA has the best swelling performance as successful 
cross-linking between cellulose and PVA led to an increase in 
porosity and water absorption. The excellent swelling capacity 
showed potential for the possible use o f C-GA-PVA hydrogel as 
water reservoir in agriculture.
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