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Abstract. This study investigates the characteristic of the microcrystalline cellulose (MCC) isolated
from oil palm (Elaeis guineensis) fronds using acid hydrolysis method. The morphology and size of the
MCC were characterized using both Scherrer equations for X-ray diffraction (XRD) result and transmis-
sion electron microscopy. The thermal stability of MCC was determined from thermogravimetric analysis
(TGA) profiles, whereas Fourier transform IR (FTIR) spectroscopy was used to analyze the chemical
modifications that occurred under these conditions. The XRD results showed that the MCC isolated from
oil palm fronds (OPF-MCC) fibers had an average diameter and crystallinity index of 12.15 nm and
60.1%, respectively. Both FTIR spectroscopy and XRD indicated that lignin and hemicellulose contents
decreased, whereas the cellulose-I polymorph remained constant. TGA revealed that OPF-MCC had
higher thermal stability compared with the OPF fibers. The study revealed the potential applications of
the MCC isolated from the oil palm biomass as green reinforcement and/or fillers in the production of
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biodegradable biocomposite.
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INTRODUCTION

Over the last decade, there has been growing
interest of researchers in the use of natural fibers
(mineral fibers, animal fibers, vegetative fibers)
in polymer composites reinforcement. Of all the
classes of natural fibers, vegetative fibers (cot-
ton, jute, flax, ramie, sisal, hemp, etc.) have
been reported used in polymer composite rein-
forcement because of relatively low density
(Poletto et al 2010). Properties that influences
the use of vegetative fibers include, relatively
stiff and strength, natural fibers cellulose have
gained wide acceptability as fillers in polymer
composite (Kalia et al 2014). A wide variety of
different natural fibers which can be applied as
reinforcers or fillers consist of elongated cells
with relatively thick cell walls which make them
stiff and strong. Application of natural fibers
in composite reinforcement has been widely
accepted because of their: renewability, eco-
nomical, biodegradability, health advantages,
and recyclability (Hollaway 2010; Bhatia et al
2016; Zimniewska and Wladyka-Przybylak
2016). In automobile industries where weight
reduction is always an issue, natural fibers are
applied for most of the interior parts because of
their high specific modulus. As a result of the
economic advantage, replacement of glass fibers
with natural fiber-reinforced composites are
originally proposed. Health hazards such as skin
irritation, eye hitching, and lung cancer are

Oil palm fronds, microcrystalline cellulose, acid hydrolysis, biocomposite, transmission

prevented from the composite producers with
the use of natural fibers (Sanyang et al 2016).

In tropical countries like Malaysia, oil palm
fronds (OPF) are one of the main by-products
of the cultivation of oil palm trees (Elaeis
guineensis Jacq.) in oil palm industries. OPF is
available all year round because it is obtained
during pruning, harvesting, or replanting. The
large quantity of fronds produced by a plantation
each year makes this biomass very abundant
(Awalludin et al 2015). Majorly both OPF and
oil palm trunk are residues available in the oil
palm plantations. The total global oil palm har-
vested from 15 million ha in 2009 (FAO et al
2011) generated about 164 million tons dry mat-
ter (DM) of OPF (FAO et al 2011). In Malaysia,
26 million metric tonnes DM of OPF are pro-
duced annually during pruning. Chan et al (1980)
reported that about 24 fronds are pruned per
palm tree annually, and the weight of fronds
varies considerably with age of the palm, with
an average annual pruning of 82.5 kg of fronds/
palm/year (Zahari et al 2003; Sulaiman et al
2012). Most of the OPF are left rotting between
the rows of palm trees, mainly for soil con-
servation, erosion control, and ultimately for
the long-term benefit of nutrient recycling. The
chemical analysis of the OPF shows that the bio-
mass is rich in cellulose which make (99.7%
[w/w]) were purchased from Sigma-Aldrich Co.
(St. Louis, MO) it suitable as raw material for
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biodegradable reinforcement and green fillers
in polymer composite (Khalil et al 2007; Khalil
et al 2012). The recent global growing interest
in research and development of greener technol-
ogies have thrown lights into the use of abun-
dant agricultural biomass composite formulation
(Pandey et al 2015). Plant fibers have been
reported to be used as reinforcement in plastics
composite industry in place of inorganic and
synthetic fibers like clay, glass, aramid, etc.
(Fiore et al 2015; Jagadeesh et al 2015). Many
varieties of plant fibers used for this purpose
exist, they include plants fibers such as cotton,
kapok, flax, hemp, jute, ramie, sisal, henequen,
and coir, including empty fruit bunches (EFB)
that was recently reported as inclusion in the
array of the lignocellulose biomass. By far, the
most abundant are the wood fibers from trees;
however, other fiber types are emergent in use
(Bajpai 2015; Gurunathan et al 2015).

Microcrystalline cellulose (MCC) is an odorless,
tasteless, white powder, and moderately depoly-
merized cellulose prepared from o-cellulose by
acid hydrolysis. Battista et al in the 1950s pio-
neered the research work on MCC studies that
has led to the commercial production of MCC.
Basically, mineral acid hydrolysis of a-cellulose
from lignocellulose materials leads to dissolution
of the amorphous region of the cellulose chains
while leaving the crystalline part intact. The
MCCs are generally insoluble in water, dilute
acid, and most organic solvents. MCC has gained
wide acceptability in industries especially the
pharmaceutical industry as an inactive binder in
drug tablets. In addition, MCC is widely used in
fat-free food additives and suspension stabilizers
in the food and cosmetic industries. Depending
on geography location, wood is sometimes the
most abundant resources for commercial produc-
tion of MCC. Because of the increased cost of
production occasioned by the scarcity of wood
that is the major source of commercial MCC,
research studies on preparing MCC from ligno-
cellulose biomass has been growing (Ibrahim
et al 2013). Utilization of wood and agricultural
products depends on its fiber crystallinity because
of the influence of the fiber crystallinity on their
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physical, mechanical, and chemical properties. It
was reported that while the increase in the fiber
crystallinity enhances the properties such as ten-
sile strength, dimensional stability, and density,
increment in the fiber crystallinity reduces prop-
erties such as chemical reactivity and fiber swell-
ing. Among the frequently used techniques for
estimating cellulose crystallinity are X-ray dif-
fraction (XRD), solid state 13C cross-polarization/
magic-angle spinning, nuclear magnetic resonance
spectroscopy, Fourier transform IR (FTIR) spec-
troscopy, near-IR FT' Raman, and sum frequency
generation vibration spectroscopy (Agarwal et al
2012). The use of lignocellulose biomass such as
wheat straw (Alemdar and Sain 2008), rice straw
and baggase (Ilindra and Dhake 2008), and of
recent EFB (Haafiz et al 2013; Mdh et al 2015)
as fillers or reinforces in polymer composite has
been reported. Some of the properties of MCC
obtained from lignocellulose biomasses have been
reported comparable with those used commer-
cially in various industries. Growing interest on
the use of MCC powder in production of cellulose
nanocrystals because of its particulate nature has
also been reported (Zeni et al 2016).

The abundance of the raw material is also a con-
cern to the manufacturing industry, and the pres-
sures on it to use evermore “greener’”’ technologies
have made this area of research of worldwide
interest. Oil palm waste has been reported as
natural cellulose fibers containing high cellulose,
hence will significantly benefit agricultural use,
fiber resource, food, and energy needs (Ramesh
2016; Tye et al 2016). The conversion of all this
biomass to products useful in composite will help
the environment because the products are consid-
ered as sustainable green materials. Also, this
application will tackle the problem of oil palm
waste being left out in the field or burned, hence
contributing to the economy by turning it into
valuable products. Despite the report that wood,
cotton, and many lignocellulose biomass have
been major sources of MCC, but because of sus-
tainability, industrial ecology and eco-efficiency,
renewed and growing interest in the search for
alternative source of cellulosic raw materials has
been intensified. The high cellulose content of
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55.54% (Owolabi et al 2016) in OPF represents a
vast potential that could be exploited for high
value-added products via conversion into cellu-
lose derivatives, such as MCC which is the aim
of this investigation.

To the best of our knowledge, isolation and char-
acterization of MCC from OPF vascular bundles
has not been previously reported. The objective
of present study is to isolate MCC from OPF
fiber using hydrochloric acid hydrolysis for
future use as green filler in biocomposite manu-
facture. The isolated MCC was characterized
with respect to the morphology, thermal, crystal-
linity index.

MATERIALS AND METHODS
Materials

OPF was supplied from oil palm plantation Pulau
Pinang, Malaysia. The supplied OPF was cut into
about 2 cm and with the aid of a Willey Mill was
milled and sieved to 500 pm. the chemicals includ-
ing sodium hydroxide (NaOH) (97% [w/w]),
hydrogen peroxide (H>O,) (30% [w/w]), hydro-
chloric acid (HCI) (37% ACS reagent), sodium
chlorite (NaClO,) (80% [w/w]), and acetic acid
(CH5COOH) (99.7% [w/w]) were purchased
from Sigma Aldrich Co. and used without
further purification.

Extraction of Cellulose Fiber from OPF

The prepared OPF powder was first prehydro-
lyzed with water at 70°C for 30 min and drained
to evacuate the water soluble extractives. The
fiber was then subjected to alkaline hydrogen
peroxide at the hydrogen peroxide to alkali
ratio of (2.5:2.0 w/v H,O,:NaOH) treatment for
30 min followed by mechanical refining with
laboratory Buah refiner (Owolabi et al 2016).
The pulp slurry was washed screened and dried
to determine the yield. The obtained pulp is
further bleached using a totally chlorine-free
sequences of oxygen (O), peroxide (P) and per
acetic acid prepared in situ as described by
Behin et al (2008) with modification. The

263

bleached OPF extracted fiber was washed thor-
oughly before the acid hydrolysis.

Extraction of MCC from the Bleached
OPF Fiber

MCC from the bleached OPF fiber was prepared
according to the method described by (Haafiz
et al 2013) based on original procedures
described by (Battista 1950) with a slight modi-
fication. In brief, 30 g of the obtained bleached
OPF pulp was hydrolyzed with 13 mL-g~' of
37% HCI (w/w) with the acid hydrolysis carried
out at a solid-liquor ratio of 1:20 with reflux-
ing at 105 £ 2°C under constant agitation for
30 min. After the acid hydrolysis, the dis-
persed pulp slurry was washed and made three
cycles of centrifugation at 10,000 rpm. The
final wash was done by dialysis in membrane
of regenerated cellulose with distilled water
for 72 h until the pH achieves neutrality and
the residue obtained was filtered before air
dried. The powder OPF-MCC sample was
obtained by grinding the air-dried sample in a
ball mill and subsequently kept in a desiccator.

Characterization of MCC

Transform IR spectroscopy analysis. The
chemical changes on the isolated OPF-MCC
occasioned by the chemical treatment were mon-
itored using FTIR spectroscopy. The sample was
pelletized with KBr in the ratio of 1:100. The
pelletized sample was run on spectra analysis
performed on a Perkin Elmer 1600 IR spectrom-
eter FTIR spectra of a Nicolet AVATAR 360 at
32 scans (Perkin-Elmer, Foster City, CA) with a
resolution of 4 cm™ ' and within the wave number
range of 400-4000 cm ™.

Morphological Analysis

Field emission scanning electron microscopy.
Field-emission scanning electron microscope
(FESEM) was used to monitor the surface mor-
phological transformations of the OPF-MCC
sample. The analysis which were studied on
LEO Supra 50 Vp, were sputter-coated with
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gold to avoid charging. The OPF-MCC were
placed on gold-sputtered coater model Polaron
SC 515 = 20 nm and then projected on audio-
visual display unit.

Transmission electron microscopy. Trans-
mission electron microscopy (TEM) was used
to view and measure the structural dimension of
the OPF-MCC using a Philips CM 12 electron
microscope with an accelerating voltage of
80 kV. The OPF-MCC specimens were sonicated
and stained with a drop of 2% uranyl acetate
to improve the viewing contrast. The dispersed
OPF-MCC samples were dropped on copper
grids coated with a carbon support film for obser-
vation. The result of 20 OPF-MCC fibers was
reported as the mean value of the data from each
set of measurements.

Thermogravimetric Analysis

Thermogravimetric analyser, model Perkin-Elmer
TGA 7 was used to monitor the changes in weight
when the specimens were scanned from 30°C to
800°C at a rate of 10°C min~' under a nitrogen
gas atmosphere. The thermal stability data of
OPF-MCC samples were collected and reported.

XRD Analysis

The cellulose crystallinity of the OPF-MCC was
monitored using X-ray diffractometer with Ni-
filtered CuKo radiation (wavelength of 1.5406 A).
The operating voltage of the diffractometer was
40 kV voltage and current of 40 mA. The test
samples were scanned within a 20 angle range
from 5° to 60° at 2°/min with the operating volt-
age of diffractometer of 40 KV and 40 mA cur-
rent. The crystallinity index value was calculated
according to Segal et al (1959), Eq (1):

(Too2 — Iam)
002

Crl(%) = x 100 (1)

where Iy, and /,,, are the peaks intensity cor-
responding to crystalline and the amorphous
fraction, respectively.
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The average crystallite size was calculated from
the Scherrer Eq (2) based on the width of the
diffraction patterns obtained in the X-ray reflected
the crystalline region.

where k is the Scherrer constant (0.84), A is the
X-ray wavelength (1.54 nm), B in radians is the
full width at half of the peak an FWHM to
9.5mm of 002 diffraction peak, and 0 the cor-
responding Bragg angle.

RESULTS AND DISCUSSION
Thermal Properties

The result of the thermogravimetric analysis
(TGA) of the raw OPF and OPF-MCC sam-
ples are shown in Fig 1 whereas the derivative
thermogravimetric (DTG) curves are shown in
Fig 2. The summary of the various tempera-
tures at the corresponding weight loss is shown
in Table 1. The original weight loss of about
5% did not involve thermal degradation of the
MCC, but rather is the removal of MCC, and
was found to occur between 25°C to about
105°C. This small weight loss is characteristic
of moisture removal caused by evaporation of
loosely bound moisture on the surface of the
sample (Poletto et al 2010; French 2014). As
shown in Fig 1, the raw OPF sample initiates
a slightly more pronounced degradation pro-
cess from 245°C, whereas the more promi-
nent degradation observed at 290°C as shown
in Fig 2 is because of hemicellulose degrada-
tion (Nagalakshmaiah et al 2016) in the raw
sample. The onset temperature for the raw
OPF (245.73°C) lower than the OPF-MCC
(313.19°C) could be attributable to the pres-
ence of amorphous materials in the raw sample
that degraded early. The maximum thermal
diminution for the raw and the OPF-MCC were
341.38°C and 345.23°C, respectively, corre-
sponding to cellulose degradation (Jonoobi et al
2012). The cellulose diminution stage is occa-
sioned by the glycosidic bond cleavage resulting
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Waght
M=

Temperature o

Figure 1.

in the depolymerization of the polymer to the
formation of CO,, H,O couple with the formation
of variety of hydrocarbon derivatives (Poletto
et al 2010).

min

DTG %
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OPF-MCC
Raw-OPF

Thermogravimetric analysis curves of (A) raw oil palm fronds (OPF) fiber and (B) OPF-microcrystalline cellulose.

Generally, the chemomechanical treatment and
the acid hydrolysis, the thermal stability and
degree of crystallinity of the lignocellulosic
materials due to the removal of hemicelluloses

Raw-OPF

~ OPF-MCC

Temperature oC

Figure 2. Derivative Thermogravimetric analysis DTA curves of (A) raw oil palm fronds (OPF) fiber and (B) OPF-

microcrystalline cellulose (MCC).
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Table 1.
Sample

Thermal properties of the tested samples.
Residue %

13.11
22.47

T onsen T0%) T max)

OPF-MCC 313.19°C  327.67°C  345.23°C
OPF-Raw  245.73°C 257.17°C  341.38°C

OPF, oil palm fronds; MCC, microcrystalline cellulose.

reinforcement and lignin. OPF-MCC has a
higher decomposition peaks of 345°C than oil
palm empty fruit bunches (OPEFB)-MCC
(326 °C) as reported by Haafiz et al (2013) and
jute (316°C) as reported by Johar et al (2012).
Although the former could be attributable to the
effect of the alkaline hydrogen peroxide
prehydrolysis, the latter is because of the intro-
duction of sulfate groups into the outer surface
of the jute cellulose crystals during hydrolysis.

Further heating of the samples beyond 400°C
showed that raw OPF and OPF-MCC had
degraded by 70% and 85%, respectively. The
residual char obtained at the end of the heating
exercise were found to be higher in the raw-OPF
(22.47%) sample than the OPF-MCC (13.11%).
The formed char was ascribed to the combina-
tion of the residual lignin and ash in the samples
(Rosa et al 2012; Sonia and Dasan 2013). The
low residual char recorded in the OPF-MCC is
attributable to the effect of the acid hydrolysis
through the removal of the amorphous part of
the crystalline cellulose (Habibi et al 2010;

EHT = 10.00 kV'
WD = 9.0 mm

Signal A = SE1

Mag= 200X
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Mdh et al 2015). With high crystallinity index
and thermal stability, OPF-MCC is considered
suitable for green biocomposite production.

Field Emission Scanning Electron
Microscopy

The structural transformation of the prepared
OPF-MCC was monitored through FESEM. As
shown in the FESEM image, Fig 3a represents
the image of the OPF raw fiber, whereas Fig 3b
represents the image of OPF-MCC. The image
is characterized with unseparated fiber bundles
with the fibers stick together with traces of cra-
ters. The FESEM micrographs in Fig 3b repre-
sents the image of the OPF-MCC fibers. The
image reveals separated fibers indicating the
removal of the cementing amorphous substances
such as the hemicelluloses, lignin, and pectin
present in the raw OPF sample as a result of
the alkaline hydrogen peroxide AHP pretreat-
ment, bleaching, and hydrolysis. The FESEM
image revealed fragmented smooth-walled sepa-
rated fiber.

Transmission Electron Microscopy

TEM micrographs of the acid-hydrolyzed MCC
is shown in Fig 4. The image revealed that after
the acid hydrolysis, the isolated fiber undergoes

Figure 3.
microcrystalline cellulose at X500 magnification.

Field-emission scanning electron microscope images of (a) raw oil palm fronds (OPF) x200 and (b) OPF-
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Figure 4. Transmission electron microscope images of the
oil palm fronds—microcrystalline cellulose.

transverse cleavage of the amorphous region of
the microfibrils. This fragmentation in the cellu-
lose structure further incurred reduction in size
with the further breakage of the glycosidic bond
between the adjacent fibers. The TEM image
gave individual fibers of average fiber diameter
of 13.35 £ 0.47 nm. The fiber length was still
observed unchanged at the micron scale despite
the acid hydrolysis, which agrees with the result
reported in the literatures (Azizi Samir et al
2005; Johar et al 2012).

XRD of Sample

The effectiveness of the acid hydrolysis was
monitored with the determination of the crystal-
linity index (Crl) (Fig 5). The XRD pattern gave
a monoclinic sphenodic structure characteristic
of cellulose-1 polymorph. The similarity in the
two XRD patterns in Fig 5 shows that the treat-
ment of the raw biomass does not affect
the natural cellulose-1 polymorph structure of
the biomass. Table 1 gives the summary of the
values of the crystalline index and crystalline
sizes of the materials. The crystalline cellulose
was determined through the crystallinity index
which indicates that the crystallinity of the fiber
increased with the treatment of the raw OPF.
The crystalline size depicts the values obtained
from the Scherrer equation. Although crystal-
linity of a material depends on the raw bio-

Counts
i..%
—

OPF-MCC

RAW -OPF

........................................................................

Figure 5. X-ray diffraction patterns of (a) raw oil palm
fronds (OPF) and (b) acid-hydrolyzed OPF.

mass sources and the treatment, from Table 2,
the crystallinity of the biomass increased with
the chemical treatment. Crystallinity index of the
MCC from the OPF was 60%, which is lower
from the value obtained for eucalyptus (74.66%)
(Zeni et al 2016), OPEFB-pulp (80%), OPEFB-
MCC (87%), and commercial C-MCC (79%)
(Haafiz et al 2013). The -crystallinity sizes
increases with the acid hydrolysis, which reaf-
firms the removal of the noncellulosic amor-
phous portion of the cellulose structure with acid
hydrolysis. There is a slight difference in the
crystalline size obtained from the Scherrer equa-
tion and the direct measurement from the TEM.
The observed difference is attributable to the
thermal vibration of a lattice site in crystalline
structure as explained by Debye-Scherrer thermal
broadening (Lionetto et al 2012).

Fourier Transform IR Spectroscopy

The chemical modifications in the cellulose
structure after the chemical treatment of the raw
biomass was monitored with the aid of FTIR

Table 2. Crystallinity index and size of the microcrystal-
line cellulose from OPF.

Crystalline size
(Scherrer equation)

12.15 nm
7.28 nm

Crystallinity index

OPF-MCC 60.1%
Raw OPF 38.0%

OPF, oil palm fronds; MCC, microcrystalline cellulose.




268

spectroscopy. The FITR spectra of raw OPF and
OPF-MCC were presented in Fig 6 indicating
prominent spectra absorption peaks, whereas
the vibrational assignments are summarized in
Table 3.

The similarities of the peaks at the functional
group with insignificant differences in the
fingerprint section confirms the stability of the
cellulose-1 polymorphs of the raw biomass
despite the chemical treatments as equally shown
in the XRD pattern. From Fig 6, the broad peak
3300 and 3400 cm™' of the raw OPF and the
OPF-MCC, respectively, is ascribed to the
stretching vibration of O-H (hydroxyl) groups.
The peak at 2900 and 2928 cm' of the two
samples investigated are attributed to C-H
stretching of cellulose (Elazzouzi-Hafraoui et al
2007). Comparison of the spectra at the finger-
print region shows some slight shift coupled
with the appearance and disappearance of peaks.
The disappearance of the peak 1735 cm ™' present
in the raw OPF in the OPF-MCC characteristic of

WOOD AND FIBER SCIENCE, OCTOBER 2016, V. 48(4)

C=0 stretching is ascribed to unconjugated car-
bonyl group of the acetyl groups typical of hemi-
cellulose and further stress the hemicellulose and
lignin removal during the chemical treatment
(Adel et al 2010). This band is observed to disap-
pear in MCC, which is in agreement with the
DTG result (Section H). The presence the peak
at 1640 cm™ ' which becomes prominent after the
acid treatment is attributable to the bending mode
of the absorbed water. This observation is similar
to the result of the hydrochloric hydrolysis
of OPEFB as reported by Haafiz et al (2014).
Another prominent spectra peak of interest at the
fingerprint region are 1317 cm ™' and 879 cm ™!
ascribed to CH, wagging stretch and glycosidic
bond, respectively. The peaks are characteristic
cellulose-1 polymorph crystals of the OPF-MCC
(Habibi et al 2010; Lionetto et al 2012).

CONCLUSIONS

The study revealed the successful isolation of
OPE-MCC from waste OPF biomass, which is

W
Q
% !
= . OPF-MCC
= 110:
= : ] ‘
] i
= i
© 100~
— ]
£ \/
= i
o m_
o1 o-n C-H
704
607

/’\"‘\ -

1640 cm-1 \f\’/

2000 1500 1000 500

Wavenumbers {cm-1)

Figure 6.

Fourier transform IR spectra obtained from (a) raw oil palm fronds (OPF), and (b) OPF—microcrystalline cellulose.
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Table 3. Summary of the FTIR spectra analysis of the two biomass.
Wavelength

Raw OPF OPF-MCC Functional groups Assignment
3300 cm™! 3400 cm™! O-H groups Hydroxyl in cellulose
2900 cm ™! 2928 cm ™! C-H stretching Cellulose
1723 cm™! — C=O0 stretching Hemicelluloses/lignin
1640 cm™! 1640 cm™!
1510 cm™! 1426 cm™ C-C stretching vibrations Aromatic hydrocarbons of lignin

— 1317 cm™! CH, wagging Cellulose (crystalline) 1
897 cm ™! 897 cm ™! Asym. out of phase ring stretching B-Glycosidic linkage of cellulose

FTIR, Fourier transform IR; OPF, oil palm fronds; MCC, microcrystalline cellulose.

one of the most abundant biomass from oil
plantation in Malaysia yet to attract industrial
advantage. The value of the diameter of the OPF-
MCC from TEM analysis is 13.35 4+ 0.47 nm,
which is different from 12.15 nm obtained from
the Scherrer equation. This is attributable to the
thermal vibration of a lattice site in OPF-MCC
crystalline structure. The results of the OPF-
MCC characterization revealed an improvement
in the thermal stability, increased crystallinity,
and stability of the cellulose-1 polymorphs. The
effective reduction in the lignin content of the
OPF-MCC compared with the raw is exemplified
by the low char obtained from the char residue of
the thermal degradation of the OPF-MCC com-
pared with the value obtained from raw OPF
biomass. The high thermal stability couple with
the improved crystallinity qualifies the OPF-
MCQC as a potential material for reinforcing green
material in biocomposite formulation.
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