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In this study, nanocellulose (NC) was produced chemically from rice husk (RH) by alkaline
extraction, bleaching, and acid hydrolysis. The effect of different sulphuric acid (H2SO4)
concentrations (8%, 10%, 12%, 14%, and 16%) on the yield of NC was examined. The
characteristics of NC were studied using Fourier transform infrared (FTIR) spectroscopy,
field emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), and
thermogravimetric analysis (TGA). The highest NC yield was obtained at 12% H>SO4. The FTIR
spectra of NC showed prominent peaks corresponding to cellulose. Based on FESEM analysis,
NC constituted a rod-like structure that was completely cleaved in a range of 12%—16% H>SOs.
The TEM analysis showed the NC fibre was found to be in the range of 8—50 nm. The XRD
analysis demonstrated that the crystallinity index and crystallite size of NC increased when the
H,SO4 concentration increased up to 12%. The primary XRD peaks at 26 = 18°, 22°, and 34°
were not affected during acid hydrolysis. The thermal degradation of all NC samples was higher
than the raw RH, showing that the NC was stable at high temperatures of more than 300 °C;
however, as H,SO4 concentration increased, the thermal stability decreased. Different H,SO4
concentrations give significant changes to the physicochemical properties of NC from RH.
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Rice husk (RH) is one of the agricultural wastes
obtained from rice milling industries in Malaysia,
which can be used as a source for cellulose extraction.
The annual worldwide rice paddy manufacturing is
741 million tons, producing approximately 148 million
tons of RH. Rice husk includes approximately 38%
cellulose, 25% hemicellulose, 20% lignin, and 17%
ash, of which 94% is silica. Rice husk is regularly left
as waste or burned for the use of crude supply of
energy, fertiliser, grain, and as an insulator in the
brick industry. Rice milling industries sometimes
dispose of RHs by open burning. This practice
raises environmental concerns and poses significant
risks, causing damage to the land and surrounding
environment [1]. Researchers are increasingly interested
in applying technology to reprocess agricultural
waste for a cleaner environment. Conducting research
using RH as a raw material is worthwhile as it
offers better dimensional stability in response to
moisture and exposure [2].

Cellulose is the most abundant biopolymer on
earth, and it is a renewable natural polymer that is
made up of polysaccharides containing a linear chain
of B-1,4 linked D-glucose of repeating units called
anhydroglucose units. Cellulose is packed inside

microfibrils' (diameter of 0.1-1.0 um) plant cell wall
that is held together by intra- and intermolecular
hydrogen bonds, as well as intermolecular van der
Waals forces. In addition, nanocellulose (NC) can be
further extracted from cellulose. The size range of
NC (10-70 nm) is much smaller than cellulose [3].
Nanocellulose can exist in the form of cellulose
nanocrystals (CNCs), which have a short and rigid
crystalline rod-like structure, and cellulose nanofibres,
which have a more entangled, long, and flexible
structure [4]. Nanocellulose is an outstanding material
that has a high aspect ratio, greater mechanical
properties, and is biodegradable. In addition, RH has
the potential to be a good feedstock for NC [1]. The
production of NC with a nano-scale size is what makes
NC a distinguished green material. Thus, NC is most
likely to be selected in this study over cellulose due
to the added value of NC and its properties. Such an
application would contribute to waste management of
the significant rice industry waste.

Efficient treatment methods are critical in
extracting NC from RH due to the presence of a great
number of impurities like dust [5]. Due to the high
energy consumption of mechanical techniques, acid
hydrolysis was used in this study to obtain NC as it is
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an easy operation technique [4]. Furthermore, by
dissolving the disordered part (i.e., amorphous
cellulose) in cellulose and the ordered part (i.e.,
nanocrystal cellulose) in the remaining part, acid
hydrolysis using sulphuric acid (H2SO4) can successfully
isolate nanocrystalline cellulose, producing a stable
colloid system due to the hydroxyl group esterification
by sulphate ions [6]. The primary influencing factor in
this study is applying different H.SO4 concentrations.
It results in different morphology and yield of the NC
obtained. Typically, NC is produced at high H2SO4
concentrations (50%—-64%), low temperature (45 °C),
and reaction time of 60 min. However, in this study,
lower H,SO. concentrations were employed at a
temperature of 45 °C, and the hydrolysis time was
set to 130 min. The bleaching process used hydrogen
peroxide (H202), which is more environmentally
friendly compared to sodium chlorite. The effect of
different H,SO4 concentrations on the yield and
physicochemical properties of NC from RH was
studied. Subsequently, the characterisation of
NC particles was conducted using field emission
scanning electron microscopy (FESEM), transmission
electron microscopy (TEM), X-ray diffraction (XRD),
Fourier transform infrared (FTIR) spectroscopy,
and thermogravimetric analysis (TGA).

EXPERIMENTAL
Chemicals and Materials

Rice husk was obtained from a local paddy field in
Perak, Malaysia. The RH was first washed six times
with distilled water and oven-dried for 12 h at 60 °C,
and then milled and sieved using a mill blade to
obtain particle sizes of 100-240 um. The sample
contained 48.93% cellulose, 21.09% hemicellulose,
19.97% Klason lignin, and 9.11% extractives. The
dried samples were kept in a tight container prior
to use. The chemicals used in this study were of
analytical grade unless otherwise stated.

Alkaline Treatment

Alkaline treatment using sodium hydroxide (NaOH)
was performed to isolate cellulose from RH by
removing lignin and hemicellulose, as reported by
Kaur [7] with some modifications. The milled and
sieved RH (approximately 30 g) was treated with
4% (w/v) NaOH in a water bath at 80 °C for 1 h
with a RH-to-NaOH solution ratio of 1:20 (w/v) and
subsequently stirred. The mixture was then vacuum-
filtered, and the filtrate was washed several times
using distilled water until a neutral pH was achieved.
Following that, the alkali-treated RH was oven-dried
for 2 h at 50 °C.

Bleaching Treatment

The chlorine-free method was employed to bleach
the alkali-treated RH, as reported by Benini [8]. The
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alkali-treated RH was bleached three times. The ratio
of RH to solution was 1:20 (g/mL), where 24% (v/v)
of H,O; and 4% (w/w) of NaOH (1:1 solution of H,0;
and NaOH) were used to bleach the RH at 50 °C under
constant stirring for 2 h. The residue was filtered
and washed several times with distilled water until
a neutral pH was achieved. The final product (cellulose)
was oven-dried at 60 °C for 48 h and stored for acid
hydrolysis treatment.

Acid Hydrolysis

Rice husk NC was extracted by acid hydrolysis via a
modified method [9-10]. First, 2 g of the cellulose
obtained from the bleaching treatment was hydrolysed
with four different H,SO4 concentrations (8% (v/v),
10% (viv), 12% (v/v), and 14% (v/v)) under magnetic
stirring (500 rpm) for 130 min in a water bath at 45 °C.
Afterwards, all mixtures were diluted with 500 mL of
distilled water to stop the acid hydrolysis process.
The suspensions were centrifuged at 4,000 rpm for
25 min at 10 °C to remove the remaining acids.
The resulting samples were dialysed in a dialysis
membrane tube using distilled water for more than
10 days to neutralise the suspensions by which
the water was changed daily. All samples were
collected only after the pH of the samples was
close to neutral. The samples were then sonicated
for 10 min at 25 °C.

The yield of RH nanocellulose of the samples
was calculated using Equation 1:

Yield of nanocellulose = % x 100% Equation 1

v

Where W, is the final weight of NC after
freeze-drying and W; is the initial weight of cellulose
subjected to acid hydrolysis.

Characterisation of RH Nanocellulose
Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectra were obtained
using a Perkin-EImer FTIR spectrometer (Perkin
Elmer, USA). The FTIR technique was used to
determine the presence of the functional groups of
raw RH and NC from different concentrations of acid
hydrolysis. The samples were finely ground and mixed
with potassium bromide (KBr) to form a KBr pellet
after compression. The wavenumber for the five
samples was set in the range of 400-4000 cm™! [7].

Field Emission Scanning Electron Microscopy

The treated samples were analysed using a field
emission scanning electron microscope (Zeiss, Merlin)
ata 30 kV acceleration voltage and 1.6 nm. An iridium
coating was applied to the sample using an ion sputter
coater prior to analysis.
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Transmission Electron Microscopy

The TEM analysis was performed using an FEI
Talos L120C transmission electron microscope
fitted with a 120 kV emission gun. The sample was
placed in ethanol and sonicated using a sonicator
probe to break down the bonds between particles
for 10 min. Approximately 100 pL of the sample
solution was dropped onto the carbon mesh formvar
copper grid in three drops and allowed to dry at room
temperature. The images were controlled using Velox
software (Thermo Fisher) and viewed using the bright-
field mode at 120 kV and magnification at 100 nm.

X-Ray Diffraction

The changes in the crystallinity of RH nanocellulose
at different H,SO4 concentrations were determined
by an XRD instrument (Malvern Panalytical, UK) with
Cu-Ka radiation generated at 45 kV and 40 mA. The
scanning range applied was 26 = 10-90° at a scanning
speed of 0.3°/s. The RH nanocellulose suspension
from different H,SO, concentrations was freeze-dried
at -30 °C to attain dry powder NC particles [9]. The
Segal equation in Equation 2 was used to calculate
the crystallinity index (CI) of every sample that
consists of different peaks in one diffractogram.

CI (%) = 100% X “";ﬁ

101

Equation 2

Where lip1 is the maximum intensity of the
principal peak (101) having a reference value of 26 =22°
and lam is the intensity of the amorphous peak between
crystalline planes (002) and (101) (26 = 18°). The
average crystallite size of NC (L) was determined using
the Scherrer's equation, as shown by Equation 3 [10].

L= K)\/BCose Equation 3

Where K is a correction factor with a value of
0.91, X is the wavelength of the X-ray source (0.154
A), 0 is the diffraction angle, and B is the full-width
at half-maximum of the peak corresponding to the
crystalline plane (002) (260 =22°).

Rice husk

Alkali extraction Bleaching
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Thermogravimetric Analysis

The thermal stability of RH nanocellulose was
measured using TGA (SETARAM, France). This
instrument was used to conduct the analysis that
utilises the nitrogen atmosphere. In this analysis, 10
mg of each RH nanocellulose sample was used for
the analysis at a constant heating rate of 20 °C/min
between 20 and 600 °C with a gas flow rate of 60
mL/min. The TGA thermal curve was displayed as
weight percent (%) versus temperature.

RESULTS AND DISCUSSION

After undergoing several chemical treatments including
alkaline treatment, bleaching, and acid hydrolysis,
the brownish colour of the RH changed to yellowish
white. Figure 1 illustrates the stages of converting RH
into NC. The yield of cellulose after alkali treatment
and bleaching was 64.11%. Table 1 shows the yield of
NC from RH under different H,SO4 concentrations.
The yield of NC increased as the concentration of
H2SOs increased. The highest yield of NC was 84.18%
when the H.SO4 concentration increased up to 12%.
However, with a further increase of H,SO4 concentration
from 12% to 14%, the yield gradually decreased. This
could be due to cellulose degradation into other
by-products. According to several previous studies,
hydrolysis proceeds more efficiently when acid
content, time, and temperature increase [11]. However,
if the acid concentration increases in a longer and
heated condition, it will cause further degradation of
cellulose into sugar, such as glucose, resulting in a
lower yield [12].

Nanocellulose conversion typically requires a
higher acid concentration to achieve a higher yield;
however, as RH has a lower lignin content compared
to other woody plants, a lower acid concentration is
appropriate for acid hydrolysis [13]. Rice husk with
low lignin content is easier to process because there
are fewer barriers to overcome, allowing for more
efficient extraction of cellulose into NC. However,
a longer reaction time is needed for acid hydrolysis
to maximise the cellulose conversion into NC [12].

Cellulose

Acid hydrolysis Nanocellulose

Figure 1. Visual states of RH during different stages of extraction.
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Table 1. Yield of RH nanocellulose at different H,SO4 concentrations.

Effect of Sulphuric Acid Concentration on
Nanocellulose Extraction from Rice Husk

Samples H>SO, concentration Nanocellulose Yield
(%oviv) (%)
8NC 8% 81.07+1.51
10NC 10% 82.61+1.94
12NC 12% 84.18 £+ 0.45
14NC 14% 81.56 + 1.15
16NC 16% 80.15+1.24

Characterisation
FTIR Analysis

An IR absorption spectrum identifies functional groups
based on absorbed bands, implying the chemical
structure of a molecule. The goal of the FTIR study
was to validate that lignin and hemicelluloses were
eliminated throughout the chemical modification
procedure. Initially, the bleaching treatment isolated
cellulose in NC production. The FTIR spectra of
raw RH and four different NCs are shown in
Figure 2. The peak in the FTIR spectra of raw RH
at 3400 cm! revealed the O—H stretching of cellulose
and hemicellulose hydroxyl groups, which had been
weakened by acid hydrolysis, suggesting the elimination
of hemicellulose. The peak intensity of cellulose and NC
at 3400 cm* was less intense. The strength of these
absorption peaks decreased which might be attributed to
the chemical reaction of exposed -OH groups with the
alkali, bleaching, and acid hydrolysis treatments. The peak
at 2925-2898 cm-? corresponds to the C—H stretching
of methyl cellulose and methylene groups, which
decreased after alkaline and bleaching treatments.

Wax and natural lipids that are represented
in the RH wall membrane are associated with the
carbonyl (C=0) vibration from the carboxylic
groups in the acetyl and uronic ester groups of
hemicellulose or to the bonds between the ester
groups of lignin or hemicellulose at 1635 cm™. The
peak intensity in this absorption vibration range
was shown to decrease after treatments, indicating
that the carboxyl groups present in lignin or
hemicellulose were removed [14]. Moreover, the
typical peak at 1515 cm™ in raw RH represented
C=C stretching, which was attributed to aromatic
lignin or xylan that diminished in intensity when
hemicellulose and lignin were removed by acid
hydrolysis [10]. Three distinct mechanisms may
occur during NC synthesis [15]. First, SO,? targets
C-6 of the cellulose pyranose ring because there is
less steric disruption at C-6 than at other carbon
ring sites. This is supported by an S=0O peak at
1205 cm™ as a result of increasing the H,SO4
concentration from 8% to 16%. The H* ions attack
the glycosidic linkages, causing the cellulose chains
to break down, resulting in NC production.
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Figure 2. The FTIR spectra of raw RH, cellulose, and four different NCs.
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Figure 3. FESEM morphology of a) cellulose, b) 8NC, c) 10NC, d) 12NC, €) 14NC, and f) 16NC.

Finally, hydrolysis might have occurred at
the C—O-C pyranose ring skeleton and ruptured the
cellulosic ring. The reduced intensity at the 1045 cm?
band revealed its occurrence at the C—O-C pyranose
ring. There were no significant differences in the
spectra corresponding to raw RH, cellulose, and all
NCs. The results revealed that the molecular structure
of cellulose and all NCs did not change much after
bleaching and acid hydrolysis. The chemical treatments
preserved the primary structure of the cellulose
backbone, and the finding is consistent with the
finding reported by other researchers [16-17].

Surface Morphology

The FESEM study revealed the surface morphological
features of NC. Figure 3 depicts the FESEM images
of cellulose and NCs at various H,SO. concentrations.
Some of the changes could be observed in the
characteristics and surface area from cellulose to NC
as the concentration of H,SO, increased (8%—16%).
The surface of cellulose (Figure 3(a)) after alkaline
treatment and bleaching exhibited a smaller layer of
fibrils and a well-arranged structure. The results of
NC (Figure 3(b—f)), which were obtained after acid
hydrolysis of cellulose, elucidated significant differences
between cellulose.

The morphology of all NCs showed irregular
surface of fibres. All these hydrolysis conditions
combined to form a network-like structure. This
network-forming capacity of NC is crucial as it is
associated with a strong reinforcement when utilised

in polymeric composites [7]. Additionally, 8NC and
10NC displayed partial cleaves of the fibre, indicating
that these conditions did not fully disrupt the cellulose
fibre structures. Meanwhile, for 12NC, 14NC, and
16NC, the fibre had been cleaved and could portray
the removal of the amorphous region, resulting
in the formation of separated fibrils. Based on the
observation, H* ions attack the glycosidic connections
of cellulose chains, causing the scissoring effect of
polymeric chains and the production of single fibre
structures of the NC [15]. The higher concentration of
acid used in extracting NC produced a less-arranged
fibril structure. The large surface area, fibrous
structure, and high porosity of NCs from the removal
of amorphous regions led to significant adsorption [18].

TEM Analysis

Figure 4 presents the TEM images of the NC obtained
from the hydrolysis of cellulose with different
H>SO4 concentrations. The TEM micrograph analysis
indicated that the aqueous suspension of NC fibres
comprised rod-like nanoparticles. Some nanoparticles
agglomerated in the form of bundles, while others
were found to be well-separated. The NC fibre was
found to be in the range of 8-50 nm, thus proving that
they are in nanoscale. Some locations in the TEM
images revealed stacking or blocking due to the high
specific surface area of NC and hydrogen bonding
between the hydroxyl groups on the molecular chains
[19, 20]. The morphology of the NC obtained in this
study is similar to the NC produced via acid hydrolysis
in a previous study [21].
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Figure 4. TEM morphology of a) 8NC, b) 10NC, c) 12NC, d) 14NC, and e) 16NC.

XRD Analysis

The X-ray diffractograms of raw RH, cellulose, and
NCs are shown in Figure 5. The samples depicted
peaks at 20 = 16°, 22°, and 34°, which could be
assigned to crystallographic planes (002), (101), and
(200), respectively. These three peaks with a major
peak at 26 = 22° represented cellulose I allomorphism.
A similar pattern was observed for the cellulose |
structure in another study [10]. The results obtained
were broad-humped and noisy diffractograms, which

showed that the RH sample was an amorphous
material. The removal of non-cellulosic components
during the extraction process might cause the XRD
peaks to shift. No shifting was observed in this study,
indicating that lignin and hemicellulose did not affect
the natural crystalline structure of cellulose in the RH
sample. Furthermore, no polymorphic alteration of
cellulose was seen during the extraction procedures,
suggesting that cellulose | remained stable throughout
the process. This proved that the chemical treatment
did not influence the cellulose structure.
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Figure 5. X-ray diffractograms of raw RH, cellulose, and NCs at different H,SO4 concentrations.
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Figure 6. Crystallinity index and crystallite size of raw RH, cellulose, and NCs at different H,SO4
concentrations.

The CI and crystallite size of raw RH,
cellulose, and NCs are shown in Figure 6. The Cl and
crystallite size of NC samples were analysed using
XRD analysis. The inter- and intra-hydrogen bonding,
as well as the van der Waals interaction between the
polymeric chains, contributed to the formation of the
NC crystalline form [15]. The raw RH had the lowest
Cl (42.90%) compared to cellulose and NC samples
(44.47%-60.82%). The peak intensity decreased
when H>SO4 concentration increased from 12% to
16%. Similar observations of CI were also made by
other researchers [10] during solvent extraction, alkali
treatment, bleaching, and acid hydrolysis of RH for
medium-sized grain at 44.23% (raw RH), 59.79%
(cellulose), and 62.32% (NC). Islam [22] reported that
the CI values for raw RH, delignified, bleached, and
NC of RH were 33.4%, 43.3%, 52.6%, and 61.6%,
respectively.

All findings exhibited similar results, where
acid hydrolysed would give the highest CI. This
distinction is attributed to the presence of embedded
amorphous lignin and hemicellulose in contrast to
crystalline cellulose. It was expected that the treated
RH (cellulose and NCs) would have higher crystallinity
than raw RH as more hydrogen bonding is present
in the samples. This made the treated RH to be more
densely packed with fibril linkages. Alkaline treatment,
bleaching, and acid hydrolysis resulted in partial
removal of lignin and hemicellulose during chemical
treatment, and this finding is in agreement with a study
by [23]. Instead of dissolving crystalline domains,
dilute acid treatment dissolved the amorphous region
of cellulose. Hydronium ions entered the amorphous
region of cellulose, allowing hydrolytic fragmentation
of glycosidic linkages and the production of individual
crystallites. The development and alignment of
monocrystals is consistent with cellulose crystallinity,

where a greater Cl resulted in a larger crystallite size.
The strength and rigidity of cellulose increased when
the crystallite size and CI increased. Moreover,
16NC showed the highest crystallite size of 17.31 nm
compared to the other nanocellulose. A study by [15]
reported similar results, where the CI increased as
the concentration of acid increased. The stiffness
and rigidity of cellulose increased when the crystallite
size and CI increased. The crystallite size for the
NC of medium grain from RH was determined as
14.54 nm [10].

Thermal Analysis

Thermogravimetric analysis provides information on
the thermal stability of raw RH, cellulose, and four
different NCs. The TGA thermogram is shown in
Figure 7. All samples exhibited initial weight loss
(first stage) between 60 and 140 °C regardless of their
treatment conditions. This is due to the vaporisation
of chemisorbed and intermolecular hydrogen-bonded
water [10]. In contrast to raw RH (280.2 °C), the
degradation of the treated RH occurred at higher
temperatures of 310.5 °C for cellulose and 325-
365 °C for NC samples (Table 2). This suggests that
the treated RH had improved thermal stability. From
the thermogram, it could be depicted that 16NC had
the lowest thermal degradation at 325 °C among other
NC samples. The thermal stability of 8NC to 16NC
decreased as H,SO4 concentrations increased from 8%
to 16%. Collazo-Bigliardi [24] reported that cellulose
decomposition primarily occurred between 275 and
350 °C, and they found that the thermal degradation
of untreated RH occurred at 247.6 °C (first stage)
and 301.8 °C (second stage), while the thermal
degradation of alkali-treated RH, bleached RH, and
CNC occurred at 263.0 °C, 292.4 °C, and 261.8 °C,
respectively.
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Figure 7. TGA curves of raw RH, cellulose, and NCs at different H,SO4 concentrations.

Table 2. Onset temperatures for the thermal degradation of raw RH, cellulose, and NCs at different H,SO.
concentrations.

Samples

260 — 400 °C

Tonset (°C)

Raw RH
Cellulose
8NC
10NC
12NC
14NC
16NC

280.2
310.5
365.0
360.0
345.0
342.0
325.0

A report by [15] indicated a similar
decomposition temperature with this study, where the
sample produced at the highest H.SO4 concentration
(78%) exhibited the lowest thermal stability (180 °C)
as the C-6 in glucose units reacted with SOs". Sulphate
groups (SOs’) were found on the outer surface of
NC cellulose chains after hydrolysis with H,SOa.
The inclusion of SOz significantly reduced thermal
stability via dehydration. As a result, 14NC and 16NC
with higher SO.% ratios decreased the thermal
degradation temperature.

CONCLUSIONS

The best H,SO4 concentration for hydrolysing
cellulose to NC is 12% H,SO4, resulting in an NC
yield of 84.18%. All samples were examined for
their functional groups, morphology, crystallinity,
and thermal stability. All samples exhibited similar
molecular structure, except the presence of S=0 in NC

samples and the diminished C=0 and C=C, indicating
the removal of hemicellulose and lignin. Different
chemical treatments resulted in distinguished physical
and chemical characteristics. TEM analysis proved
that all sample hydrolysed with different H2,SO4
concentration has a nano size. The image of 12NC
best depicts the optimum effect of H,SO,4 towards
the success of NC extraction. From crystallinity
analysis, the higher the concentration of H,SO,, the
higher the CI of NC samples. Lastly, 16NC had the
lowest thermal degradation at 325 °C among other
NC samples.
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