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Abstract The objective of this work was to isolate cellu-
lose nanocrystal (CNC) from oil palm fronds (Elaeis
guineensis) and its subsequent characterization. Isolation
involves sodium hydroxide/anthraquinone pulping with
mechanical refining followed by total chlorine free
bleaching (includes oxygen delignification, hydrogen per-
oxide oxidation and peracetic acid treatment) before acid
hydrolysis. Bleaching significantly decreased kappa num-
ber and increased a-cellulose percentage of fibers as con-
firmed by Technical Association of the Pulp and Paper
Industry standards. Transmission electron microscopy
(TEM), X-ray diffraction, Fourier transform infrared
spectroscopy and thermogravimetric analysis revealed that
acid hydrolysis along with bleaching improved crystallinity
index and thermal stability of the extracted nanocrystals. It
was observed that CNC maintained its cellulose 1 poly-
morph despite hydrolysis treatment. Mean diameter as
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observed by TEM and average fiber aspect ratio of
obtained CNC was 7.44 £+ 0.17 nm and 16.53 &+ 3.52,
respectively making it suitable as a reinforcing material for
nanocomposite.

Keywords Nanocrystalline cellulose - Total chlorine free
bleaching - Oil palm fronds - Thermal properties - X-ray
diffraction - Fourier transform infrared spectroscopy

Introduction

Recently non-conventional fiber plants such as lignocellu-
losic agricultural by-products are used for the extraction of
nano cellulose. Studies have been focused on such non-
conventional agricultural residues for nano cellulose pro-
duction with potential applications and this promotes the
exploitation of underutilized plant fibers such as oil palm
fronds. Global demand and supply of oil palm have dras-
tically increased in recent decades due to the rise of various
products among its chain of multiple uses [1]. In Malaysia
growth in oil palm plantation has resulted in corresponding
increase in the generation of oil palm biomass waste which
include oil palm trunk, oil palm empty fruit bunches, palm
oil mill effluent, and oil palm fronds (OPF) of which OPF
constitute 70 % (w/w) of total biomass waste [2]. The
continuous accumulation of this waste especially OPF at
plantation sites is a potential threat to our ecosystem due to
the production of greenhouse gases during microbial
degradation. Oil palm biomass has been extensively anal-
ysed in the context of its rich physicochemical properties,
economic advantage and enormous variety of biomass it
generates [3-5]. On the basis of all these attributes the
waste generated from oil palm biomasses are suitable for
use in pulp, paper and production of extracted fibers. They
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are also a source of raw materials to some small scale
industries which converts them into fertilizer, mattress
filling, medium density fibreboard and composite material
[6]. Recently, papermaking plant was commissioned in
Malaysia by Eko Pulp and Paper Industries in collaboration
with Forestry Research Institute Malaysia (FRIM) to pro-
duce printing paper from empty fruit bunches. However, of
all the biomass waste generated from oil palm plantation
sites industrial use of OPF has not been adequately
explored. OPF can be a good source of reinforcement in
bio-composite. Potential use of OPF as a source for natural
cellulose fibers will boost the economy of farmers and
eliminate the problem of massive biomass disposal. These
cellulose fibers can be used for the production of cellulose
nanocrystal (CNC).

CNC is biodegradable and gaining increasing interest in
bio-composite formulations because of its renewability and
ease of production. It can be used in nanocomposites as
fillers, reinforcing component or network matrix. CNC
makes tremendous impact on various properties of com-
posite material due to its ability to form stable cross linked
network in matrices [7]. Most commonly used procedures
for the production of CNCs are acid hydrolysis of micro-
fibrillated cellulose obtained from 2,2,6,6-tetram-
ethylpiperidine-1-oxyl radical (TEMPO) mediated oxidation
of fibrillated cellulose and ultrasonication of microcrystalline
cellulose. Acid hydrolysis of native cellulose involves the
cleavage of disordered or paracrystalline domains in cellu-
lose chains. This is ascribed to the kinetics dissimilarities of
hydrolysis of amorphous and crystalline realms [8]. It is well
known fact that the amorphous or paracrystalline domains
are more susceptible to acid attack in contrast to crystalline
regions. Acid hydrolysis is expected to generate homoge-
neous crystallites. Prior to hydrolysis samples are beached to
increase the crystallinity of cellulose by removal of amor-
phous hemicellulose from the biomass and thus improves the
quality of dissolving pulp used for CNC production [9].
There are various reports on isolation of CNC from non-
conventional agricultural waste which include pineapple leaf
fibers [10], Sweden root [11], grass [12], rice husk [13, 14],
rice straw [15] etc. Furthermore, the use of empty fruit
bunches for CNC has also been reported [16—18]. Recently,
Lamaming et al. 2015 [19] reported the isolation of CNC
from an oil palm trunk using chemo-mechanical process.
However, to the best of our knowledge no study on CNC
isolated from OPF has been published using total chlorine
free bleaching (TCF). The main advantage of TCF is that the
use of harmful chlorine is totally avoided for the production
of CNC thus turning the isolation procedure eco-friendly.

In present study CNC was isolated from OPF and its
subsequent morphology was evaluated through field
emission scanning electron microscope (FESEM) and
transmission electron microscope (TEM). In present study

chlorine free bleaching was used for CNC isolation to
reduce the environmental hazard. The screen yield (%),
kappa number, alpha cellulose and pulp viscosity were
obtained according to Technical Association of the Pulp
and Paper Industry (TAPPI) standard. Thermal properties
of isolated CNC were characterised using thermogravi-
metric analysis (TGA) and functional groups were deter-
mined by using Fourier transform infrared (FT-IR)
spectroscopy, however, crystallinity index was calculated
by X-ray diffraction (XRD) analysis.

Experimental
Sample Preparation

OPF were obtained from oil palm plantation in Balik Pulau
(Penang, Malaysia) and shredded followed by drying at
30 °C for 72 h. Dried fronds were cut into a size of
2 x 2 cm and subsequently grounded to smaller size using a
Willey Mill (IKA MFI10, Japan) and screened with a
500 pm aluminium sieve prior to storage in plastic bag. All
chemicals used including sodium hydroxide pellet (98 %),
sulphuric acid (98 %), hydrogen peroxide (30 %), acetic
acid (98 %) and anthraquinone (AQ) were of laboratory
grade.

Isolation of Cellulose Fiber

Isolation of cellulose commenced with the treatment of
OPF at 1:10 (w/v) fibre to water ratio in a locally fabricated
stainless steel 5 L cylindrical mini-digester at 160 °C for
30 min. Subsequently, soda-AQ pulping of 200 g of OPF
was carried out at liquid (aqueous solution containing 25 %
(w/w) soda concentration and 0.1 % (w/w) anthraquinone)
to fiber ratio of 7:1 (v/w) and temperature was set at 160 °C
for 120 min. Later, the obtained OPF pulp fibers were
disintegrated using locally fabricated 50 L stainless steel
hydro-pulper followed by washing and screening using 200
mesh screen size. Acquired pulp was subjected to
mechanical refining using sprout Bauer twin disc 10”
refiner subsequently dewatered and oven dried at 105 °C
for 1 h. Obtained dried pulped fiber was stored till further
analysis. Screen yield was determined gravimetrically and
kappa number was determined by TAPPI standard T236
om-85. Pulp viscosity and alpha cellulose was determined
by capillary viscometer method (TAPPI standard T230 om-
94) and TAPPI test method T203, respectively.

Total Chlorine Free (TCF) Bleaching

100 g of oven dried isolated pulped fiber was bleached. It
involves oxygen delignification, hydrogen peroxide
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oxidation and peracetic acid oxidation. Soda-AQ extracted
fibers undergone for oxygen delignification in a 5L
stainless steel oxygen delignification vessel equipped with
stirrer. OPF pulp was premixed with 1 % (w/v) MgSOy,
2.5 % (w/v) NaOH, 0.02 % (w/v) AQ and 1.5 % (w/v)
H,0, and charged into the bleaching chamber. Process
continued for 30 min at 95 °C and 80 Psi pressure.
Obtained pulp was thoroughly washed and drained fol-
lowed by second treatment using peracetic acid (PAA)
(prepared in situ). The in situ preparation of PAA involved
the combination of acetic acid and hydrogen peroxide in
ratio of 1:5 (v/v). This process involved the oxidation of
pulp using 0.5 mL of prepared PAA at 10 % (w/v) having
pH 5. The reaction mixture was packed into transparent
polyethylene bags and put into a water bath at 70 °C for
15 min with continuous kneading during the reaction. At
the end of the reaction pulps were washed thoroughly with
distilled water and drained. Finally the pulp was made to
pass through the third treatment. Sample was pre-mixed
with 1 % (w/v) MgS0Oy, 2.0 % (w/v) NaOH, 0.02 % (w/v)
AQ and 1.2 % (w/v) H,O, followed by feeding the mixture
into bleaching plant and the reaction was set at 95 °C for
30 min at 80 Psi pressure. The bleached pulp was washed,
drained and dried at 105 °C for 1 h.

Acid Hydrolysis

40 g of oven dried bleached OPF fibers were subjected to
acid hydrolysis by using 8.75 mL of a sulphuric acid per
gram of bleached pulp at 45 °C with continuous stirring for
15 min. Later 400 mL of cold distilled water was added
and mixture was kept overnight at 30 °C further the clear
supernatant was decanted. Hydrolyzed fibers were washed
with cold distilled water repeatedly until neutrality at
constant pH was reached. The acid was finally removed by
centrifugation at 4000 rpm at 30 °C for 10 min followed
by dialysis using membrane of regenerated cellulose with
distilled water for 72 h until pH of neutrality reached.
Prepared OPF-CNC was then homogenised by sonication
before analysis.

Surface Morphology Characterization

Surface morphology characterization of all samples was
carried out using FESEM. The structural transformation
was examined on Leo Supra 50 VP Field Emission
equipped with Oxford INCA-X energy dispersive micro-
analysis system (Carl Zeiss, Yokohama, Japan). Prior to
analysis each sample was gold-sputtered using sputter
coater model Polaron SC (Hertfordshire, England) with
515 £+ 20 nm sample size thickness..
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TEM Analysis

The structural dimensions of OPF-CNC were observed
under high resolution TEM using a Philips CM 12 (Japan)
electron microscope with an accelerating voltage of 80 kV.
A drop of 0.1 wt% of OPF-CNC suspensions was placed
on copper grids coated with a carbon support film for
observation. The specimens were stained with a small drop
of 2 % uranyl acetate to improve the viewing contrast
while excess liquid stain on the copper grid surface was
removed with a small piece of filter paper by lightly
touching the edge of copper grid. A total of 20 OPF-CNC’s
dimensions were measured and result was reported as the
mean value of data from each set of measurements.

FT-IR Analysis

Possible changes in functional group were monitored with
FT-IR spectroscopy. 1 mg of each sample was pulverised
and mixed with 99 mg of KBr and resultant mixture was
introduced into a hollow chamber and pressed to make a
small pellet. The pellet was run on a Nicolet infrared
spectrophotometer (Avatar 360 FT-IR E.S.P, Mas-
sachusetts, USA). The prepared pellet was scanned 64
times in spectra transmittance region between wave num-
bers 4000 to 500 cm ™" at 4 cm ™' resolution at 30 °C.

XRD Analysis

Crystallinity of the sample was monitored by XRD with
Ni-filtered CuKa radiation (wavelength of 1.5406 A). The
diffractometer was operated on 40 kV voltage and 40 mA
current. Samples were scanned at 2° per minute with a 26
angle range from 5° to 60°. The crystallinity index (Crl)
value was calculated according to Segal et al. (1959)
Eq. (1):

Crl(%) _ (IO()Z - Iam)

002

x 100 (1)

where Iyo, and I, are the peak intensity corresponding to
crystalline and the amorphous fraction of cellulose
respectively.

The average crystallite size was calculated from the
Scherrer Eq. (2) based on the crystalline region.

kA

Doz = Bogs cos 0 (2)
where Dy, represents the crystal size (nm) of cellulose I
structure in respect of (002) plane, k is the Scherrer con-
stant (0.84), A is the X-ray wavelength (1.54 A), B (in
radians) is full-width at half of the peak (FWHM) of Iy,
diffraction peak, and 0 is the corresponding Bragg angle.
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TGA

Thermogravimetric analysis (TGA) of the samples was
carried out on Perkin-Elmer TGA 7 (Massachusetts, USA)
with temperature ranging from 30 to 800 °C at a heating
rate of 10 °C/min. Heating of sample was carried out under
nitrogen atmosphere to prevent any thermoxidative degra-
dation. A 9 mg of the sample was loaded onto TGA to
determine its thermal decomposition. Furthermore, residual
char obtained at 500 °C.

Particle Size and Stability Measurement

The NCC suspension (0.05 wt%) was sonicated for 5 min
in an Grant Instruments MXB ultrasonic baths (UK)
equipped using 40 kHz of ultrasound frequency, 135 W
RMS power. Later, zeta potential was determined using a
Zetasizer Nano Z model ZEN 2600 (Malvern Instruments,
UK). The particle size was measured using the Smolu-
chowski algorithm. Each value was obtained by averaging
the measurements of three samples.

Elemental Analysis

The elemental analysis was carried out to investigate the
total content of elements in isolated CNC from OPF by
using CHNS-932 elemental analyser (LECO, USA). Car-
bon, hydrogen, nitrogen and sulphur content of nano cel-
lulose were measured independently.

Result and Discussion
Fiber Characteristics

Effect of bleaching on the properties of pulped OPF fibers
were presented in Table 1. It was observed that the
bleaching significantly increased o-cellulose content of
fibers as compared to pulped fiber (unbleached). Alpha
cellulose has the highest degree of polymerization and is
the most stable among all classes of cellulose. Observed
improvement in a-cellulose content was attributed to the
successive removal of all non-cellulosic materials from the
OPF biomass leaving pure cellulose behind after bleaching.
The kappa number estimates the amount of residual lignin

Table 1 Characteristic of pulped and bleached OPF fiber

Pulped OPF fibre Bleached OPF fibre

Kappa number (K,) 20.50 £ 0.4 7.58 £ 0.34
a-cellulose (%) 54.53 £ 0.4 96.50 £+ 0.3
Viscosity (cP) 16.17 £ 0.05 11.23 + 0.09

content in the pulp. Lower kappa number in bleached OPF
fiber than pulped fiber signifies the removal of non-cellu-
losic materials. Costa and Colodette [20] reported that as
the number of bleaching cycle increases Kappa number
reduces. Furthermore, elemental analysis was carried out to
and it was confirmed that the sulphuric hydrolysis resulted
in high percentage of observed sulphur concentration in
CNC (Table 2).

In TCF bleaching, oxygen bleaching was characterised
by oxidative degradation of phenolic lignin which resulted
in release of lignin—carbohydrate fragments [21-23] thus
increase in o- cellulose percentage and decrease in kappa
number was observed. Hydrogen peroxide which is site
specific reacted with chromophoric portion of OPF through
chemisorptions. However, in PAA oxidation reaction
electrophilic hydroxylation, quinone formation, lactones
and muconic acid formation occurred between lignin and
PAA [24]. The degree of polymerisation is determined by
the viscosity which decreased after bleaching. The reduc-
tion of viscosity from 16.17 £ 0.05 to 11.23 = 0.09 cP for
pulped and bleached OPF fibers, respectively, was attrib-
uted to secondary peeling in which alkaline hydrolyses the
glycosidic linkages. The peeling reaction basically involves
the decompression of carbohydrates from the aldehyde end
removing one terminal sugar molecule at a time [25].
Alkaline treatment resulted in random cleavage of glyco-
sidic bonds which led to lower the yield [26]. Screen yield
of obtained OPF fiber in present study was 45.31 %.

Microstructure Analysis

SEM image of raw, pulped OPF fiber and OPF-CNC are
displayed in Fig. 1. Raw fiber was composed of bundles
that are bound together by cemented components of lignin,
hemicelluloses and waxy materials which gave typically
rough and irregular surface to raw fibers (Fig. 1a). Soda-
AQ pulping led to removal of entire binding component of
biomass like hemicellulose, pectin and lignin [27] which
resulted in free cellulose fiber as shown in Fig. 1b.

Fiber morphology play important role in structural
properties of composite materials [28]. Diameter of fiber is
inversely proportional to its strength i.e. the smaller the
diameter the higher will be its strength [29]. Pre-treatments
like pulping, bleaching and acid hydrolysis significantly
influence the CNC’s dimensions [8]. TEM image revealed
the needle shape like nanocrystal (Fig. 2). The image of the
CNCs aqueous solution showed a cloudy or white sus-
pension which was colloidally stable (Fig. 2). TEM mea-
surement was used to determine the aspect ratio
(Iength/diameter) of CNC. Length and diameter of CNC
was found to be 106.33 =+ 1.24 nm and 7.44 &+ 0.17 nm,
respectively (Table 2). Furthermore, aspect ratio plays a
significant role in enhancing the chemical and physical
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Table 2 Size, elemental analysis, and zeta potential of CNC derived from OPF

TEM (nm) Aspect ratio Elemental analysis (W/w%) Zeta potential (mV)  Particle size (nm)
FL F.D Carbon  Hydrogen  Nitrogen  Sulphur
10633 £ 1.24 744 +£0.17 1653 £3.52  46.26 5.59 0.26 2.56 —32.73 £ 2.04 62.27 £+ 4.17

Signl)A=51
Mag= 200X

10m EHT = 10.00K/
H WD= 85mm

Signal A= SE1
Mag= 500X

EHT = 1500 kV
WD = 80mm

Fig. 1 Field emission scanning electron microscopy of a Raw OPF,
b OPF pulp fibre

performances of CNC based polymer composite materials
[30]. Higher aspect ratio resulted in better fiber-matrix
adhesion which leads to improved functional properties
[31]. The aspect ratio of obtained OPF-CNC was
16.53 &+ 3.52 which is comparable with other non-con-
ventional biomass based nano-materials. Aspect ratio of
CNC derived from rice husk was 18 and from cotton fiber it
was ranging between 10 to 14 [28, 32]. Thus it can be
concluded on the basis of high aspect ratio of extracted
CNC that it has the potential to be used as nanofiller for
polymer matrices.

Thermal Analysis
Thermal analysis of all the samples is presented in Table 3;

Fig. 3. It was observed that all the samples had initial
weight loss between 5 and 6 wt% attributed to moisture

@ Springer

loss. The second step of cellulose decomposition (Tqqser)
started at 202.83, 259.28 and 332.93 °C for raw fiber,
pulped fibers and OPF-CNC respectively. Furthermore, the
TGA results showed that the T, (peak degradation tem-
perature) of cellulose degradation for raw fiber, pulped
fiber and CNC was 327.67 °C, 318.06 °C and 359.29 °C,
respectively. It was observed that pre-treatments resulted in
improved thermal stability of pulped fibers and OPF-CNCs
as compared to raw fibers. Highest thermal stability of
CNC was attributed to the subsequent removal of amor-
phous fraction of cellulose which includes hemicelluloses
and lignin during soda-AQ pulping, bleaching and acid
hydrolysis. Residual char of 24.3, 19.29 and 9.31 % were
obtained for raw fiber, pulped fibers and OPF- CNC
respectively. The char residue at the end of the heating was
due to lignin [32]. Pre-treatment resulted in removal of
lignin thus the lowest char residuse was from CNC.

The DTG curves in Fig. 3 displayed the loss of moisture
or drying (denoted as “i”’) and active devolatization or loss
of volatiles (denoted as “ii”). DTG result showed the
presence of lower temperature peak at 290 °C for raw OPF
fiber (Fig. 3) which corresponds to the decomposition of
hemicellulose [33, 34]. Observed peak was shifted to
higher temperature and remained as a shoulder for pulped
fiber indicating partial removal of hemicellulose due to
soda—AQ treatment. However, this peak was entirely
absent in CNC indicating total removal of hemicellulose
due to bleaching and acid hydrolysis.

X-ray Diffraction Analysis

XRD patterns of pulped fibers and CNC showed two peaks
(marked as “i” and “ii”) having typical characteristics of
cellulose I polymorph (Fig. 4) [35]. Similarity in diffrac-
tion patterns of pulped fibers and OPF- CNC signifies the
preservation of natural cellulose structure despite bleaching
and acid hydrolysis. A sharp increase in intensity of OPF-
CNC peak observed at 22.3° (marked as “ii””) indicated an
increase in purity of nanocrystals after acid hydrolysis
(Fig. 4). Enhanced purity was a result of removal of non-
cellulosic materials from nano cellulose. Crystallinity
index of the pulped fibers and OPF- CNC were 70 and
78.5 % respectively. Increase in crystallinity was attributed
to the removal of amorphous regions of cellulose during
acid hydrolysis and subsequent hydrolytic cleavage of
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Fig. 2 TEM image of CNC
(inserted with CNC solution and
the measured image)

Solution

glycosidic bonds and releasing of individual crystallites
[2].

The diameter of CNC from direct TEM measurement
was found to be 7.44 + 0.17 nm while from the Scherrer
measurement it was 6.95 £ 0.17 nm. Both measurements
showed a significant difference in OPF-CNC size this could
be due to the thermal vibration of lattice sites in crystalline
structure as explained by Debye thermal broadening [36].

FT-IR Spectroscopy

FT-IR spectra of raw fiber, pulped fiber and CNC are
shown in Fig. 5. Observed spectra were dominated by a dip
in the region between 3404.69 to 3412.96 cm™' (marked as
“i”) which was assigned to stretching vibrations of -OH
groups. The OH peak reflected the hydrophilic nature of
major constituents of natural fibers such as cellulose,
hemicelluloses and lignin [37]. Aliphatic saturated C-H
stretching is indicated by the presence of another dip

.
' p 10986 n

between 2901.83 to 2899.63 cm ™' (marked as “ii”’) which
was assigned to methylene groups in cellulose [19].
Spectral band between 1734 to 1733 cm™' (marked as
“iii”) was characteristic of ester linkage of carboxylic or
acetyl and uronic ester groups. This peak was gradually
reducing due to bleaching and hydrolysis treatment.
Unique bands of ferulic and p-coumeric acids are found in
an unconjugated carbonyl group which is typical charac-
teristics of hemicelluloses [38]. This band (marked as
“iii”) was reduced after pulping and appeared as a shoulder
which eventually disappeared after acid hydrolysis. Peak
between 1432.34 to 1434.51 cm™' (marked as “iv”) cor-
respond to C-C stretching vibrations of aromatic hydro-
carbons of lignin ring [35]. Peaks from 1373.26 to
132522 cm™! (marked as “v”) were assigned to C-H
asymmetric deformation of raw and pulped fibers, respec-
tively. OPF-CNC sample demonstrated same peak at
1317 cm ™" which was attributed to CH, wagging cellulose
characteristic of crystallised cellulose I polymorph [39].

Table 3 Thermal degradation profile of raw fibres, pulped fibers and OPF-CNC

Samples Moisture removal Cellulose degradation Carbonic residue degradation Char yield %
Tonset Tinax Welght Tonset Tinax \Velght Tonset Trnax V\]elght
°C) (°C) loss (%) (°C) (°C) loss (%) (°C) (°C) loss (%)
Raw fibres 30.00 77.00 5.41 202.83 327.67 26.57 539.17 658.21 43.72 24.3
Pulped fibres 30.00 84.80 5.21 259.28 318.06 40.74 540 720 34.76 19.29
OPF-CNC 30.00 84.80 6.16 332.93 359.29 58.71 735 797.67 25.82 9.31

Tonset 1 onset temperature, Ty, is maximum degradation temperature
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Fig. 4 XRD pattern of OPF-CNC and pulped fibre

Shifting of this peak in pulped fiber and CNC towards right
as compared to raw fiber indicated the dissolution of lignin.
Absent of peak at 1247 cm™' in CNC (marked as “vi”

showed that hemicellulose was removed from the produced
nanocrystals. Observed transmittance band at 897.98 and
898.33 cm ™! (marked as “vii”) was attributed to the B-
glycosidic linkages of glucose units in cellulose and
hemicellulose [39]. This reveals that the pulped fiber and
CNC has high cellulose content. Intensity of this spectra
increases with pre-treatment due the delignification of
biomass as a result of soda-AQ pulping and bleaching. FT-
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IR analysis revealed the effectiveness of pre-treatment for
removal of hemicellulose and lignin from CNC.

Particle Size Measurement and Zeta Potential

Table 2 shows the surface charge determined by the zeta
potential and particle size of extracted nano cellulose. The
large amount of sulphur percentage (2.56 %) and high zeta
potential with a value of —32.73 £ 2.04 mV (Fig. 6) in
OPF-CNC indicates incorporation of negatively charged
sulphate groups into the cellulose chains during sulphuric
acid hydrolysis. The colloidal stability was confirmed by
analyzing zeta potential of CNC solution. The zeta poten-
tial value of colloidal dispersions if higher than 25 mV
then suspension is considered very stable thus OPF-CNC
suspension is considered stable [40].

Conclusion

This study demonstrated a novel method for obtaining CNC
from OPF which is one of the most abundant waste biomass
from oil plantation in Malaysia. Alkaline extraction of the
OPF fiber in conjunction with total chlorine free bleaching
resulted in higher crystallinity index, o-cellulose % and
thermal stability of CNC as compared to raw fiber. Observed
improvement was due to the various pre-treatment of raw
OPF fiber before hydrolysis. XRD analysis further revealed
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that these pre-treatments did not alter the typical character-
istics of cellulose I polymorph. The aspect ratio of the OPF-
CNC was 16.53 £ 3.52 which is comparable to already
published data and crystallinity index was 78.5 % shows
that the isolated nanocrystals has the potential to be used as a
reinforcing agent for bio based nanocomposites.
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