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Biodegradable materials made from cassava starch and kenaf fibers were prepared using a solution casting
method. Kenaf fibers were treated with NaOH, bleached with sodium chlorite and acetic buffer solution,
and subsequently acid hydrolyzed to obtain cellulose nanocrystals (CNCs). Biocomposites in the form of
films were prepared by mixing starch and glycerol/sorbitol with various filler compositions (0-10 wt%).
X-ray diffraction revealed that fiber crystallinity increased after each stage of treatment. Morphological

observations and size reductions of the extracted cellulose and CNCs were studied using field emission
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filler content was 6%.

scanning electron microscopy and transmission electron microscopy. The effects of different treatments
and filler contents of the biocomposites were evaluated through mechanical tests. Results showed that
the tensile strengths and moduli of the biocomposites increased after each treatment and the optimum

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Natural source based composites are considered to be promis-
ing substitutes or complements to their non-biodegradable
petrochemical-based counterparts (Siracusa, Rocculi, Romani, &
Rosa, 2008). The best known materials for making these green
materials are starch and cellulose (John & Thomas, 2008). Both
of these materials are renewable and can be obtained abun-
dantly from different sources. Furthermore, the lower costs and
the biodegradability of these resources have generated great inter-
est in terms of their use in packaging applications (Fama, Flores,
Gerschenson, & Goyanes, 2006; Petersson, Kvien, & Oksman, 2007;
Teixeira et al., 2009). Even so, a noble plastic made from plas-
ticized starch film can only be realized if the poor resistance to
humidity that causes the deterioration of its mechanical proper-
ties is overcome (Svagan, Hedenqvist, & Berglund, 2009). Previous
studies demonstrated that tailoring starch with cellulose helps to
minimize this problem and bring about an improvement in thermal
stability (Chen, Liu, Chang, Cao, & Anderson, 2009; Teixeira et al.,
2009).

Starch is a natural polymer consisting of amylose and amy-
lopectin. Among the major sources of starch are maize, cassava,
sweet potato, yam, corn, rice, oats, and peas (Chen et al., 2009;
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Galdeano, Mali, Grossmann, Yamashita, & Garcia, 2009; Van Beilen
& Poirier, 2007). In nature, starch can be solubilized in the pres-
ence of water and/or a plasticizer followed by heating and mixing,
which produces a substance known as thermoplastic starch (TPS)
(Cyras, Manfredi, Ton-That, & Vazquez, 2008; Schlemmer, Sales, &
Resck, 2009). When a starch suspension is heated, semicrystalline
TPS granules start to swell and absorb water, which is accompanied
by the destruction of hydrogen bonds between the macromolecules
(Che, Wang, Ozkan, Chen, & Mao, 2008; Yang, Yu, & Ma, 2006). In
recent years, starch has found use in the food industry, and its mod-
ified forms have been employed in industrial packaging materials,
disposable cups, and also in pharmaceuticals (Casas, Ferrero, de Paz,
& Jiminez-Castellanos, 2009; Schlemmer & Sales, 2010).

Cellulose, which is one of the main components in most natu-
ral fibers, is composed of repeating p-glucopyranose units. It is a
semicrystalline natural polymer that exhibits both amorphous and
crystalline phases. Siro and Plackett (2010) reported that the diam-
eter of celluloses fibril is between 5 and 10 nm while the length
is dependent on the source of the cellulose. Nowadays, it is com-
mon practice among researchers to use this linear semicrystalline
polysaccharide as a nano-reinforcer in composites. This is not just
because of the good mechanicals properties imparted by the nano-
sized cellulose but also due to its high aspect ratio (L/D) and its
ability to form continuous networks (Habibi, EI-Zawawy, Ibrahim,
& Dufresne, 2008; Li, Tabil, & Panigrahi, 2007; Svagan et al., 2009).
Lee et al. (2009) concluded that nano-sized cellulose has many
advantages owning to its high stiffness and high specific area.
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Table 1
Codification of materials.
Designation Materials
K Kenaf
KA Alkali treated kenaf
KB Bleached kenaf
CNCs Cellulose nanocrystals
CS Cassava starch
TPCS Thermoplastic cassava starch
TPCS-K Thermoplastic cassava starch/raw kenaf
TPCS-KA Thermoplastic cassava starch/alkali treated kenaf
TPCS-KB Thermoplastic cassava starch/bleached kenaf
TPCS-CNCs Thermoplastic cassava starch/cellulose nanocrystals

Kenaf or Hibiscus cannabinus is a natural tropical plant that is
grown commercially in many places around the world and is among
the crops that are a potential source of revenue for developing coun-
tries including Malaysia. Physically, kenaf stem has a cylindrical
structure consisting of two types of fibers, the core (internal fiber)
and the bark (outer fiber). The pith of kenaf fibers can be equated
with the fibers found in hard wood (Mohd Edeerozey, Md Akil,
Azhar, & Zainal Ariffin, 2007). It was reported that the lignin content
in kenaf ranges between 5.9 and 19% while that of hemicellulose
is between 15 and 23%. Cellulose constitutes the major content
and ranges between 44 and 63.5% (Jonoobi, Harun, Shakeri, Misra,
& Oksman, 2009; Sanadi, Hunt, Caufield, Kovascvolgi, & Destree,
2001; Zampaloni et al., 2007).

The objective of this investigation was to show the potential
of using multiscale kenaf fibers after alkalization, bleaching, and
hydrolysis treatments as a reinforcing agent in thermoplastic cas-
sava starch-kenaf biocomposites. In order to present comparable
results, the variation of filler loading for each treatment was used
to study the properties of the composites.

2. Experimental
2.1. Materials

Kenaf fiber was provided by Kenaf Fiber Industry Sdn. Bhd.
(Malaysia) and native cassava starch (CS) was supplied by Thye
Huat Chan Sdn. Bhd. (Malaysia). Sulfuric acid (98%), sodium hydrox-
ide (99%), sodium chlorite (80%), and glacial acetic acid (99.5%) were
purchased from SYSTERM-chemAR (Malaysia) and Sigma-Aldrich
(Germany). All of the chemicals were used without purification.
Laboratory grade sorbitol (98%, Sigma-Aldrich) and glycerol (99.5%,
SYSTERM-chemAR) were used as plasticizers for preparing the bio-
composites. Membranes 1inch x 10 feet (Carolina Dialysis Tubing,
NC) for dialysis were used as received. The abbreviations that are
used to designate the materials are shown in Table 1.

2.2. Preparation of cellulose nanocrystals from kenaf fibers

Cellulose nanocrystals (CNCs) from kenaf were prepared by
acid hydrolysis of the cellulose obtained as described elsewhere
(Kargarzadeh et al., 2012). Briefly, kenaf fibers were vigorously
stirred in a 4% alkali solution at 80°C for 3 h. This process was
repeated three times. Afterward, bleaching was performed three
times with 1.7% sodium chlorite solution and acetic acid buffer solu-
tion for 4 h at 80°C. Hydrolysis was conducted at 45 °C with 65%
sulfuric acid. The time for hydrolysis in this research was fixed at
40 min, which was found previously to be optimum (Kargarzadeh
et al., 2012). The process was terminated by placing the reaction
flask into an ice bath. The excess sulfuric acid was then removed by
repeated centrifugation at 10,000 rpm for 10 min. Following this,
the resulting suspension was dialyzed against distilled water using

a cellulose membrane for 2 weeks. The final suspension had a pH
of 6.

2.3. Preparation of composite films

Fabrication of thermoplastic cassava starch-raw kenaf (TPCS-
K), thermoplastic cassava starch-alkali treated kenaf (TPCS-KA),
thermoplastic cassava starch-bleached kenaf (TPCS-KB), and
thermoplastic cassava starch-cellulose nanocrystals (TPCS-CNCs)
biocomposite films was based on solution casting according to pre-
vious study with modifications (Fama et al., 2006). CS was first
mixed with sorbitol and glycerol (50:50) in distilled water and
heated at ~71°C under continuous stirring until the mixture had
gelatinized. After this, composites with different fiber loading (2%,
4%,6%, 8%, and 10 wt%; dry starch basis) were prepared by the addi-
tion of aqueous suspension. The final water content was adjusted
to 20 wt% (water + suspension on a dry starch basis) for all of the
samples. Each mixture was cast into a Petri dish and left overnight
in an oven before being kept at room temperature in a conditioning
desiccator at 30% relative humidity prior to testing. The thicknesses
of the processed samples were fixed to produce 250-300-wm-thick
plates.

2.4. Microscopic analysis

The morphology of the fibers after each treatment was inves-
tigated using a Zeiss Supra 55VP field emission scanning electron
microscopy (FESEM) at a magnification of 400x. The filler/matrix
interface was also studied using the same microscope. The com-
posite films were frozen in liquid nitrogen and broken into small
pieces. All the samples were mounted on aluminum stub by double-
faced tape, coated with gold before observation to prevent charging
with thickness around 0.01-0.1 wm (Sputter Coater model BioRAD,
2.2kV, 2min) and observed using an applied tension of 10 kV.

Transmission electron microscopy (TEM) was conducted using
a Philips CM30 microscope to investigate the morphology of the
hydrolyzed kenaf. A droplet of diluted suspension was deposited
onto a Cu grid covered with a thin carbon film. To enhance the con-
trast, the nanocrystals were negatively stained with 2 wt% uranyl
acetate (a heavy metal salt) solution in deionized water for 1 min
and then dried at room temperature. In total, 100 fibers from each
treatment were measured and the results were reported as the
mean value of the data for each measurement.

2.5. X-ray diffraction

The wide-angle-X-ray diffraction (XRD) patterns of K, KA,
KB, and freeze dried CNCs were recorded on a Bruker AXS X-
ray diffraction instrument using monochromatic CuKa radiation
(A=0.154nm) generated at 40kV and 40 mA. Scattered radiation
was detected in the range for Bragg’s angle 20 of 10-70°. The crys-
tallinity index (CrI) of each sample was determined using Eq. (1)

crl (%):M x 100 (1)
Ioo2

where I g5 is the maximum intensity of the (0 0 2) lattice diffraction

peak and I, is the intensity scattered by the amorphous part of the

sample.

2.6. Thermogravimetric analysis

Thermogravimetric analysis (TGA) and differential thermo-
gravimetry (DTG) were carried out with a Mettler Toledo
thermogravimetric analyzer (TGA/SDTA 85-F) in a nitrogen atmo-
sphere for each matrix and the optimum composite films from each
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set of treatments. The samples were heated from 25 °C to 600 °C at
10°C min~1.

2.7. Mechanical testing

The mechanical performance of the films was evaluated in terms
of tensile strength and tensile modulus using a universal testing
machine (Instron model 5566, USA) at room temperature accord-
ing to ASTM D882. A crosshead speed of 50 mm/min, initial grip
distance of 40 mm, and load cell of 50N were used for this test.
The film thickness was determined at five points using a digital
caliper (Mitutoyo, £1 wm). The average thickness of the samples
was 0.27 +0.02 mm. The samples were cut into a dumbbell shape
and the average value of seven replicates for each sample was taken.
The tensile test characteristics were calculated using Bluehill soft-
ware.

3. Results and discussion
3.1. Fiber morphology

Fig. 1 presents field emission scanning electron microscope
FESEM images of kenaf fiber after different stages of treatment. A
rough surface with impurities was clearly observed for the K fiber.
However, after alkalization the rough surface of the raw fibers was
destroyed. It was replaced by a smooth surface with relatively less
impurities due to the removal of most of the hemicellulose, some
lignin, and waxy materials that covered the peripheral surface of
the fiber cell wall (Li et al., 2007; Sgriccia, Hawley, & Misra, 2008).
In addition, the kenaf fiber bundle also started to separate into
thinner fibers. As discussed earlier, the alkalization not only elim-
inated the highly branched hemicellulose and some of the lignin
but also decreased the fiber dimension leading to produce finer
fibrillar structures. During hot alkaline treatment, hemicellulose
is hydrolyzed and part of the lignin undergoes depolymerization.
The morphology for KA was the same as that obtained by Kim and
Netravali (2010) through sisal alkalization.

For KB, more significant changes of the fiber surface were
observed. Further fibrilation of the fibers was seen due to the loss
of lignin that was left in the fibers. The use of the bleaching agent
NaClO, and acetic buffer solution eliminated the lignin by oxidizing
it, which led to its dissolution in alkaline medium and then fiber fib-
rilation (Bhatnagar & Sain, 2005; Keshk, Suwinarti, & Sameshima,
2006).

3.2. Cellulose nanocrystal morphology

Fig. 2 shows TEM images for the CNCs obtained after acid
hydrolysis under different magnifications. The hydrolyzed cellulose
resulted in needle-like shapes in agreement with previous studies
(Liu, Zhong, Chang, Li, & Wu, 2010; Oksman, Mathew, Bondeson, &
Kvien, 2006). This treatment dissolved the low lateral order amor-
phous domain, leaving the highly crystalline region intact. From
these images, we could see that most of the fibrils were separated
but that some were still agglomerated. In addition, there were also
clear spots that arose from uranyl staining. The diameter of indi-
vidual CNCs was 12 +3.4nm and the length was between 70 and
190 nm with an aspectratio (L/D) of 13.2 (Kargarzadeh et al., 2012).

3.3. Crystallinity

Fig. 3 shows the XRD patterns of original kenaf, KA, KB, and CNCs
obtained after sulfuric acid hydrolysis. The crystallinity index, (Crl)
were calculated as described in Section 2 and the results are shown
in Table 2. A gradual increase in crystallinity for the treated fibers
and CNCs was observed with CNCs having the highest Crl followed

i

Fig. 1. FESEM micrographs of raw kenaf (a), alkali treated kenaf (b), and bleached
kenaf (c).

by KB, KA, and K. The increasing trend was due to pre-acid treat-
ments that successfully eliminated the non-cellulosic materials in
the kenaf fibers, which existed in the amorphous regions, lead-
ing to realignment of the cellulose molecules (Li, Fei, Cai, Feng, &
Yao, 2009). Moreover, an increase in the ratio of crystalline regions
increased the rigidity of the cellulose fiber. According to Alemdar &
Sain (2008), the higher crystallinity of the chemically treated cel-
lulose fibers is associated with the higher tensile strength of the
fibers. The higher diffraction peak of the treated kenaf as compared

Table 2

Crystallinity index (Crl) of each sample.
Type crl (%)
K 60.8
KA 68.2
KB 72.8
CNCs 81.8
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Fig. 2. TEM micrographs of hydrolyzed kenaf under different magnifications:
13,000 (a) and 35,000 (b).

to that for the raw kenaf also indicates the higher crystallinity in
the structure of the treated fibers (Alemdar & Sain, 2008).

X-ray diffractometry profiles also illustrated that all of the fibers
had the same crystalline form of cellulose I with three well-defined
peaks at 260=16°, 22.5°, and 34.5°. KA showed a more intense
peak compared to K. The sharp peaks were mainly because of
the decrease in the interfibrillar regions due to the removal of
hemicellulose and some of the lignin during alkalization. Sharper
and higher peaks were observed for KB. This suggests that the
elimination of most lignin in the fiber after bleaching caused the
crystallinity to increase.

The intensities of the peaks for CNCs were still higher, show-
ing that the CNCs samples were more crystalline than K, KA, and
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Fig. 3. X-ray diffractograms of untreated and treated kenaf fibers.

KB. The high crystallinity index and peak intensity displayed by
CNCs was attributed to degradation of the amorphous domains
in the cellulose through acid hydrolysis. During hydrolysis, hydro-
nium ions penetrate into the amorphous regions of the cellulose,
promoting the hydrolytic cleavage of glycosidic bonds and subse-
quently releasing individual crystallites (de Souza Lima & Borsali,
2004). This result is consistent with previous research where
nanocellulose from cassava bagasse and cotton showed increas-
ing diffraction peaks compared to their untreated forms (Pasquini,
Teixeira, Curvelo, Belgacem, & Dufresne, 2010; Teixeira, Corréa, de
Oliveira, & Mattoso, 2010).

3.4. Morphological characterization of neat matrix and TPCS
composites

The FESEM micrographs of TPCS, TPCS-K, TPCS-KA, TPCS-KB and
TPCS-CNCs films with filler loading of 6 wt% are shown in Fig. 4. The
effects of the surface treatments could be identified by the differ-
ences in the morphology of the fracture surfaces of the composite
films. TPCS and TPCS-CNCs displays a relatively smoother surface
compared to the composites reinforced with K, KA and KB. Rough
surface displayed by these films are most likely due to the incor-
poration of the micro-scale fillers. As for TPCS, good interaction
between the plasticizers and starch contribute to the continuous
surface of the matrix. The smooth surface observed for TPCS-CNCs
compared to other composite films indicates that CNCs, with a
much smaller size, cannot be observed at this observation scale
and are probably homogenously dispersed within TPCS since no
aggregates can be seen. This fine dispersion of CNCs within the
polymer matrix would results in an improvement in the mechan-
ical properties of the nanocomposite compared to the TPCS and
other composites. For TPCS-K (Fig. 4b), it is clear that the interfacial
adhesion between the filler and matrix was poor. This can be read-
ily seen from the absence of any physical contact between both
components. The fibers are pulled out from the matrix and prac-
tically intact. Fracturing the sample did not lead to breaking the
fiber. In addition, holes and spacing occur along the fiber, result-
ing in poor contact and inferior interfacial stress transfer. On the
contrary, for TPCS-KA and TPCS-KB, the removal of hydrophobic
hemicellulose and lignin provided a good wetting of the fiber, which
can be observed from the near absence of holes around the fibers
and breaking of the filler during fracture. The major component sur-
rounding the fibers seems to be the continuous phase. Moreover,
reduction of size and defibrillation of fiber bundles after alkaliza-
tion and bleaching treatment allowed starchy materials to infiltrate
inside it. Especially, TPCS-KB showed good interaction between the
matrix and the fiber embedded and covered by the matrix and no
void is observed. Matrix covering fibers and significant reduction
of voids observed should result in improved mechanical properties
for TPCS-KA and TPCS-KB compared to TPCS-K.

3.5. Mechanical properties

3.5.1. Tensile strength

The tensile strength of the films was determined and the results
are plotted in Fig. 5(a). As shown, the film reinforced with treated
fibers had a higher tensile strength compared to the neat matrix
film, which had the lowest tensile strength (3.5 MPa). Compared to
the neat matrix, no improvement was observed for TPCS-K.

The 6% TPCS-CNCs showed the highest tensile strength at
8.2 MPaamong the composites for all of the fiber compositions. Acid
hydrolysis resulted in an enhancement of 91-134% in terms of ten-
sile strength compared to the control film. Even though there was
a slight decrease (or stabilization) at 8% CNCs loading, which was
most probably due to the aggregation of nanocrystals in the matrix
phase, its tensile strength was still higher compared to the others
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Fig. 4. FESEM micrographs of TPCS (a), TPCS-K (b), TPCS-KA (c), TPCS-KB (d), and TPCS-CNCs (e).

fillers. This significant improvement for TPCS-CNCs was mainly due of the nanofibers to restrict the matrix mobility also contributed to
to the high specific area and high L/D ratio, which provided better this improvement.

reinforcement capability. This also reflected the strong interfacial For TPCS-KA, and TPCS-KB, no significant evolution upon
interaction that occurred between starch and cellulose. The ability filler loading was observed but the tensile strength value was
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Fig. 5. Effects of fiber treatments on tensile strength (a) and tensile modulus (b).
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systematically higher than for the neat matrix. This improvement
was due to the strong interfacial interaction between starch and
fibers, which brings about good stress transfer. On the other hand,
the slight decrease for the composites at certain loadings was
mainly due to entanglement of the fibers inside the matrix phase.

The TPCS-KB composites showed better mechanical character-
istics compared to TPCS-KA. As seen in Fig. 1, the fibers were
separated individually due to removal of most of the lignin, which
led to good adhesion between the starch and the fibers. This effect
was again merely due to the strong interfacial interaction and adhe-
sion between the matrix and the fibers. This enhancement was also
related to the higher crystallinity as described by Johar, Ahmad,
and Dufresne (2012) who concluded that the increase in cellulose
fiber crystallinity increases their stiffness and rigidity, and there-
fore strength.

3.5.2. Tensile modulus

Fig. 5(b) shows the tensile modulus values as a function of fiber
loading. A clear tendency of increasing stiffness was observed for
all of the composites with increasing fiber content. The addition
of fibers contributed to reinforcement of the polymeric matrix and
this was reflected in the stiffness of the composite (Dias, Muller,
Larotonda, & Laurindo, 2011; Rezaur Rahman, Monimul Huque,
Nazrul Islam, & Mahbub Hasan, 2008). Furthermore, the signifi-
cant increase was attributed to the similarity between the chemical
structures of cellulose and starch (Fahma, Imamoto, Hori, Iwata, &
Takemura, 2011; Muller, Laurindo, & Yamashita, 2009). However,
no clear trend can be observed upon fiber treatment when com-
paring TPCS-K, TPCS-KA and TPCS-KB contrarily to tensile strength.
This is most probably due to the fact that the modulus is determined
from the linear behavior of the composite, i.e. under low strain, and
the interfacial adhesion is much less sollicitated.

For the TPCS-CNCs composites, an increasing trend in the elastic
modulus of the films was observed with the addition of nanocellu-
lose. It should be noted that TPCS-CNCs showed the highest stiffness
for all filler compositions with 326.1 MPa. Starting from 6 wt% CNCs
loading, the modulus tended to stabilize. Aggregates of CNCs in the
matrix contributed to this phenomenon and hence restricted filler
reinforcement.

For TPCS-CNCs, the increase in the tensile modulus may have
been related to the increased stiffness due to the addition of CNCs
(Lee et al., 2009). The high crystallinity of the CNCs as discussed
from XRD experiments led to more rigid materials in the case of
TPCS-CNCs and hence its high modulus. The high surface area dis-
played by this highly crystalline nanocellulose therefore increased
the surface interaction between the filler and the matrix and led to
mechanical improvement in term of its modulus.

3.6. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out to investi-
gate the thermal stability of starch, TPCS matrix, and the TPCS
composites. Fig. 6(a) presents the TGA experimental results. The
optimum sample from each set of treatments was studied and
compared to the pure matrix (4% for both TPCS-K and TPCS-KA,
10% and 6% for TPCS-KB and TPCS-CNCs, respectively). The evolu-
tion of the mass loss was similar for the CS, TPCS, and composites
with two major breakdowns being observed. Weight loss starting
from 50°C to 150°C was detected for the TPCS and TPCS com-
posites. The TGA thermograms also showed that the temperatures
of this thermal event for the matrix and composites were close
to each other. This thermal event corresponded to evaporation of
the water in the materials. Water absorption by the matrix and
composites was rather high because water can penetrate into the
H-bonding with OH groups of the glucosyl units along the polymer
chain (Schlemmer & Sales, 2010). The decline in the weight loss
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of the TPCS and the composites was related to evaporation of the
plasticizers.

For CS, its first degradation (room temperature until 110 °C) was
due to the removal of water and moisture in starch (Kaewtatip &
Tanrattanakul, 2008). Starch absorption of water and moisture are
related to the hydrogen bonding formed by the glucose hydroxyl
along the starch polymer chains (Schlemmer & Sales, 2010). Further
degradation of CS occurred around 273-335 °C which ascribed the
degradation of starch, due to random scission of the main chains
(1,4-B-p-glucospyranose). Similar observation was also reported
by Kaith, Jindal, Jana, and Maiti (2010) using corn starch as a matrix.
Above 335°C, the pyrolysis of starch occurred and the yield prod-
uct included carbon monoxide, volatile organic compounds, and
carbonaceous residues (Carvalho, Curvelo, & Agneli, 2001).

For the matrix and composites, the second thermal degradation
stage occurred from 280 °C to 385 °C. As seen in Fig. 6(a), starch bio-
composites after treatments have higher thermal degradation than
CS. From the thermogram, it was also found that TPCS-K compos-
ite degrade earlier at higher temperature compared to others which
could be explained by the low stability of hemicelluloses and lignin
which present in the fibers. The higher thermal stability of TPCS-KA
and TPCS-KB can be observed which is due to the removal of hemi-
cellulose and lignin in the fibers after treatment thus improving
its composite thermal stability compared to TPCS-K. As for TPCS-
CNCs composite, the shifting to higher temperature is due to good
interaction between CNCs and the matrix phase therefore helps to
increase its thermal stability (Chang, Jian, Zheng, Yu, & Ma, 2010).

4. Conclusions

Kenaf fibers were treated with alkali and bleaching agent, and
then acid hydrolysis was performed to obtain CNCs. The diameter
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and length of the CNCs observed by TEM were 12+3.04nm
and 70-190 nm, respectively. Cassava starch/kenaf biocomposite
films were prepared via solution casting with glycerol/sorbitol as
plasticizers. The reinforcing effect of the filler was investigated by
associating different treatments and loading (2%, 4%, 6%, 8%, and
10 wt%) with the matrix. It was found that by increasing the loading
composition, the mechanical properties were enhanced, with the
biocomposite having 6% TPCS-CNCs showing the highest tensile
strength at 8.2 MPa. This suggests the existence of good stress
transfer and interfacial interactions between the matrix phase
and the filler, which was related to the high L/D and efficiency of
the fiber treatments, especially for TPCS-CNCs. These results also
indicate that kenaf fibers are compatible with the matrix and can
act as good reinforcing particles in the starch phase. An increasing
trend of crystallinity for the fibers after the treatments was also
observed through XRD analysis.
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