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ABSTRACT

Published: 30.03.2025

This experimental investigation deals with the mechanical and tribological characteristics of biocomposite material
made from polylactic acid (PLA), kenaf fiber (KF) and nano chitosan particles (nCp) through injection moulding approach
for possible applications in biodegradable packaging, tissue engineering, wound dressing, and interior components of
automobiles. Varying proportions of nCp (extracted from the crab shell) viz., 0, 1, 2, 3, and 4 wt.% are added in PLA matrix,
strengthened with 30% of KF. The prepared composites are characterized as per the ASTM standard. Research indicates that
incorporating 3 wt.% nCp into PLA-KF composites, produces noticeable improvements in mechanical strength. nCp acts as
an effective interfacial agent, improving the bonding between PLA and KF leading to better stress distribution and higher
mechanical performance. However, higher concentrations of nCp result in diminishing properties due to agglomeration or
phase separation. nCp acts as a filler or surface modifier that enhances the composite's ability to withstand wear and reduce
friction between surfaces in contact. Higher nCp addition (4 wt.%) results in poor dispersion, resulting in uneven stress
distribution and weaker bonding of fiber with matrix, surface defects and accelerated material degradation occurs during use.

Keywords: PLA; Kenaf fiber; Chitosan; Injection moulding; Tensile Strength; Tribological properties.

1. INTRODUCTION

Biodegradable polymer composites reinforced
with natural fibers are an emerging class of sustainable
materials designed to reduce environmental impact while
providing functional properties suitable for wvarious
applications. These composites are typically made from
decomposable polymers viz., polyhydroxyalkanoates
(PHA), poly lactic acid (PLA), or starch-based plastics,
combined with natural fibers such as flax, kenaf, hemp,
jute, or sisal. The natural fibers serve as reinforcement,
refining the mechanical strength, durability, and
toughness of the polymer matrix while maintaining
biodegradability. ~ These resources bid several
advantages, including a lower carbon footprint, reduced
necessity on petroleum-based plastics, and the ability to
decompose naturally, minimizing long-term waste.
Biodegradable polymer composites with natural fibers
are increasingly used in packaging, automotive
components, construction, and biomedical devices, as
they align with the growing demand for eco-friendly,
sustainable alternatives in material science and
manufacturing.

Biodegradable polymer composites reinforced
with chitosan derived from crab shells represent an
innovative and eco-friendly material solution with
significant potential across various industries. Chitosan,
a biopolymer extracted from chitin found in crab shells,

offers unique features like  biodegradability,
antimicrobial activity, biocompatibility, and good
mechanical ~ strength.  When  combined  with

biodegradable PLA, polycaprolactone (PCL), or starch-
based plastics, chitosan enhances the composite’s
strength and barrier properties while maintaining its
environmentally friendly nature. These composites are
especially valuable in medicinal uses in the fields of
wound care, tissue engineering, and drug administration,
as well as in packaging and agriculture, where their
antimicrobial properties help extend product shelf life
and reduce contamination. The use of chitosan from crab
shells also supports waste valorization, as it transforms
crustacean shell waste into high-value materials,
contributing to sustainability and circular economy
initiatives.

Composites using kenaf fibers (KFs) and a PLA
resin of the emulsion type were created to be
biodegradable in both directions. The flexural strength of
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the unidirectional fiber-reinforced composites was 254
MPa and the tensile strength was 223 MPa; both values
grew proportionally up to a fiber proportion of 50%.
Composting kenaf/PLA composites for a period of four
weeks causes a 91% drop in tensile strength and a 38%
drop in weight as the composites decompose (Ochi et al.
2008). The kenaf/PLA composites' mechanical as well as
thermal characteristics were found to be improved by
chemical changes. An increase in the kenaf loading
fraction is associated with improved degradation of the
composites (Khan et al. 2023). Various fiber ratios were
experimentally studied to determine their effect on both
the thermal and mechanical attributes of PLA-KF
composites. Woven KF has enhanced the composites'
flexural, impact, and tensile strengths. With a tensile
strength of 61 MPa, flexural strength of 62 MPa, and
impact strength of 48 kJ/m?, the WK40 produced the
highest results. However, after adding 40% WKF, the
composites' flexural modulus was marginally lowered by
6.7%. Thermogravimetric testing revealed that the WK40
sample produced the most residue and improved the heat
resistance and stability of the composites (Nor et al.
2022). After the fibers were chemically treated, PLA-KF
composites were manufactured via melt compounding
and compression molding. The flexural strength was
significantly improved by around 27% at a concentration
of 1.0M thanks to the fiber surface treatment. Compared
to their untreated counterparts, treated KBC and KCC
exhibited better impact characteristics. According to
(Surip et al. 2017), the flexural strength of KCC1.0 was
43.4% higher than that of KCCO.5.

Kumar and Srinivasan reinforced chitosan
particles (Cp) in basalt fiber reinforce PLA matrix using
injection moulding. The proportion of crystallinity and
the glass transition temperature both rise with increasing
amounts of fiber and filler. To improve the composites'
physical and thermal stability, the ideal weight
proportion of basalt fiber was determined to be 25% and
that of chitosan to be 10% (Arul and Srinivasan, 2016).
Researchers used compression molding and melted
mixing to create PLA-Cp composite. Tensile testing on
dried samples revealed a 2% increase in tensile strength
and a 14% increase in tensile modulus compared to pure
PLA, which had 2.5 php of Cp added to it. The thermal
study revealed that neat PLA's crystallinity proportion
was 51% higher with a chitosan loading rise of up to 10
php, whereas water intake increases with Cp loading
(Kamaludin et al. 2021). Development of PLA-Cp
scaffolds using fused filament fabrication (FFF) was
done. Because the inclusion of Cp introduces
abnormalities in the polymeric chains, the tensile
strength falls as the weight portion of chitosan rises. As
the infill density increased, TS was able to rise. Since the
composite material achieves a higher density as the Cp
fraction grows, the compressive strength also increases.
Similar to tensile, flexural strength exhibits a mix of
brittle and ductile ruptures because the material is subject
to both tensile and compressive pressures simultaneously
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(Singh et al. 2020). Biocomposite of PLA/cellulose
nanofibers (CNF) improved by the using amphiphilic
chitosan synthesized by substitution process. A
biocomposite of PLA, chitosan, and CNF demonstrated
improved mechanical, thermal, and miscibility
characteristics without agglomeration. Compared to
clean PLA, the composite exhibited less hydrophobicity
in the wettability test (Nasution et al. 2021).

The formulation of chitosan and natural fiber-
blended bio-composites introduces several innovative
aspects that significantly advance environmental
sustainability. Chitosan, derived from chitin found in
crustacean shells, is biodegradable, renewable, and
exhibits natural antimicrobial properties, making it an
eco-friendly alternative to petroleum-based polymers.
When combined with natural fibers (kenaf, vetiver, aloe
vera, hemp, flax, or jute), the composite gains strength,
flexibility, and thermal stability, which enhances its
suitability for a wide range of applications, from
packaging to automotive parts. This blend reduces
reliance on synthetic materials and curbs plastic
pollution, as it breaks down naturally in the environment,
mitigating waste accumulation. Additionally, the
sourcing of both chitosan and natural fibers is generally
low-energy and generates fewer greenhouse gas
emissions compared to traditional plastic production.
Thus, these bio-composites provide a sustainable
alternative with a reduced environmental footprint,
contributing to the circular economy by enabling
materials that are renewable, biodegradable, and
potentially recyclable.

From the literature, it was found that no studies
were performed on the combination of PLA-KF-Cp
subjected to mechanical and wear analysis. The
incorporation of nano Cp (nCp) can enhance the
mechanical strength of the biodegradable nanopolymer
composites along with improved thermal stability.
Hence, this study's originality lies in performing
mechanical tests on the newly developed PLA-KF-nCp
composite from injection moulding following the
guidelines set forth by the ASTM. Also, wear analysis
was done on the fabricated composite to understand its
mechanism of wear for suitability in lightweight
automotive applications.

2. MATERIALS AND METHODS

PLA is a biodegradable and bio-based polymer
known for its favorable physical and mechanical
properties and its wide range of applications. Physically,
PLA is a thermoplastic with a density of about 1.25
g/cm3, a melting point ranging from 160°C, and a glass
transition temperature of 55 °C. PLA has good tensile
strength (65 MPa) and modulus (3 GPa) and is widely
used in packaging (films, bottles, containers), biomedical
devices (sutures, implants, drug delivery systems), 3D
printing filaments, and disposable products like utensils
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and bags. Its biodegradability makes it a sustainable
alternative to petroleum-based plastics, especially in
industries focused on reducing environmental impact
(Ranakaoti et al. 2022).

Kenaf fiber (KF) is a natural plant-based fiber
that is lightweight, with a density ranging from 1.3 g/cmg3.
They have a high cellulose content (approximately 65—
75%), contributing to their strength and durability
(Rahman et al. 2024). The fibers are relatively long, with
lengths up to 2.5 meters, and exhibit good moisture
absorption. KFs exhibit impressive tensile strength (270—
930 MPa) and Young’s modulus of around 14-53 GPa,
which makes them comparable to traditional synthetic
fibers like glass fibers. KFs are commonly used in
automotive components (e.g., door panels, dashboards)
due to their lightweight and high strength, which help
improve fuel efficiency (Bhambure et al. 2023).

A natural biopolymer known as chitosan is
produced by deacetylating chitin, an ingredient present in
crustacean shells such as crabs. Because of its non-
toxicity, biocompatibility, and biodegradability, chitosan
finds extensive use in the fields of medicine,
pharmaceuticals, and ecology (Hisham et al. 2024). It
also exhibits antimicrobial and antifungal properties.
Chitosan exhibits moderate tensile strength (20-50
MPa), depending on its molecular weight and form, and
a Young's modulus in the range of 0.5-2 GPa, making it
strong yet flexible (Alemu et al. 2023). The density of
nano chitosan nanoparticle (nCp) is 0.3 g/cm?, procured
from Intelligent Materials Private Limited, India.

Fig. 1: (a) PLA pellets (b) Raw KF and (c) Chitosan
nanopowder
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Fig. 2: Chitosan nanoparticle SEM and KFs before and after
NaOH treatment
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Figure 1 presents the PLA pellets procured from
Natur Tec India Pvt Ltd, Chennai, KF from Go Green
Products, Chennai and nCp from Intelligent Materials
Private Limited, Punjab, India. The KFs (30 wt.%) were
cut into smaller pieces and is mixed well with the PLA
pellets along with the required quantify of nCp (0, 1, 2,
3, and 4 wt.%) termed as PKCO, PKC1, PKC2, PKC3,
and PKC4 and blended in a twin-screw extruder, which
is then sent to the injection moulding machine, set at a
temperature of 180 °C, for complete melting and flow of
PLA pellets for better moulding behaviour
(Vasanthkumar et al. 2022). The moulded part is then
ejected from the die after cooling. Figure 2 presents the
SEM image of the nCp and the KF before and after
chemical treatment. The 6 wt.% of NaOH treatment on
KF eliminates impurities such as lignin, hemicellulose,
and waxes on the surface of KFs, resulting in a cleaner
and rougher texture. This roughness improves the fiber's
interfacial bonding with matrices in composite materials
(Kumar et al. 2022).

Blending chitosan  with  natural KFs
significantly enhances both the mechanical and
biodegradable properties of bio-composites, making
them superior to many traditional materials. Chitosan
contributes to the bio-composite's structural integrity and
antimicrobial qualities, while KFs, known for their high
tensile strength and low density, reinforce the composite
matrix, resulting in increased durability, flexibility, and
impact resistance. This combination offers mechanical
strength comparable to synthetic composites but with the
added advantage of being lighter and biodegradable.
KFs, derived from renewable plant source, also improve
water resistance and overall stability of the composite,
complementing  chitosan’s natural  degradability.
Together, these materials decompose more efficiently
under natural environmental conditions, thus reducing
long-term waste and contributing to a sustainable
lifecycle. This synergy between chitosan and KFs
provides a renewable alternative that lessens
environmental impact, addressing both mechanical
performance and biodegradability in a way that
traditional, petroleum-based materials cannot.

3. RESULTS AND DISCUSSIONS

After fabricating the composite, scanning
electron microscope (SEM) images were captured to
identify the distribution of KFs and nCp in the matrix of
PLA. Figure 3 presents the SEM of the composite. In the
preparation of a biocomposite material using injection
molding, KFs and nCp are uniformly distributed within a
PLA which enhances the mechanical and thermal
properties. The uniform dispersion ensures that the
material's stress is dispersed uniformly, which increases
its overall strength and decreases the probability of weak
spots, stiffness, and durability of the composite (Han et
al. 2012). The injection molding process, with its precise
control over temperature and pressure, facilitates the
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even distribution of KFs and nCp within the PLA matrix,
resulting in a high-quality biocomposite (Rabbi et al.
2021).

Chitosan-KF bio-composites possess unique
functional properties, including inherent antimicrobial
activity and enhanced water resistance, which set them
apart from other biodegradable materials. Chitosan
naturally exhibits strong antimicrobial properties against
arange of bacteria and fungi, making the composite ideal
for applications where hygiene is essential, such as in
packaging, medical devices, or food storage. This
antimicrobial quality is a significant advantage over other
biodegradable materials that lack this functionality,
reducing the need for additional chemical treatments.
Additionally, the inclusion of KFs improves the bio-
composite's structural stability and water resistance,
helping it withstand moisture and mechanical stress
better than many other bio-based composites. This water-
resistant capability stems from KFs natural
hydrophobicity and reinforces the composite's resilience
in humid environments. Together, these properties create
a durable, hygienic, and sustainable material that is
especially useful in industries seeking green alternatives
without compromising on functional performance,
distinguishing  chitosan-KF bio-composites in the
landscape of biodegradable materials.

Adding nCp up to 3% in a PLA matrix
reinforced with 30% KF improves the tensile strength
through enhanced bonding at interfaces of PLA and KFs,
and nCp as seen in Figure 4. At this optimal
concentration, the nCp effectively fills the gaps between
the PLA and KF surfaces, improving stress transfer and
reinforcing the composite. However, beyond 3%, a
decline in tensile strength is observed, likely due to
agglomeration of the excess nCp. When nCp clusters,
they create localized stress points and hinder the even
distribution of load within the matrix (Torres et al. 2018).
This disrupts the polymer-fiber bonding, resulting in poor
mechanical performance and decreased tensile strength.
Thus, excessive nanoparticle loading reduces the
composite's structural integrity instead of enhancing it.
The KFs, with their high strength and stiffness, enhance
the tensile properties by effectively transferring the load
from the weaker PLA matrix to the stronger fibers,
allowing the composite to withstand higher tensile forces
before breaking (Ochi et al. 2008; Gunasekar et al. 2024).
When compared with PKCO, the PKC3 had an improved
tensile strength by 18.65%, but comparing the PKC3 with
PKC4, the tensile strength decreased by 2.31%.
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The fractured surface of PLA reinforced with 30
wt.% KFs and different proportions of nCp after a tensile
test typically exhibits a rough and fibrous appearance, as
seen in Figure 5. The fracture surface reveals regions
where the KFs have pulled out, indicating poor fiber-
matrix adhesion, and areas where fibers have fractured,
showing that some fibers carried substantial loads before
failure (Suzuki et al. 2013). The matrix material (PLA)
surrounding the fibers often shows signs of plastic
deformation, such as crazing or micro-cracks. In some
cases, voids or gaps between the fibers and the matrix
may be visible, suggesting debonding or insufficient
wetting in the course of making composites. Overall, the
fracture pattern is a mix of brittle fracture in the PLA and
fiber pull-out or breakage, with the failure mode
reflecting the balance between the matrix's brittleness
and the reinforcing role of the KFs (Singh et al. 2024).

Figure 6 presents the impact strength of the
fabricated BPNC, the strength increases until 3%
addition of nCp, after which a decreasing trend is seen as
depicted. The PLA+30%KF+3%nCp enhances the
impact strength due to the improved energy absorption
and distribution capabilities of the composite (Sathish et
al. 2024). The reinforced nCp acts as a toughening agent,
filling micro-voids and improving the interaction among
KFs and PLA, resulting in better resistance to sudden
impacts (Zakaria et al. 2013). The nCp helps dissipate the
impact energy more effectively, reducing the likelihood
of crack initiation and propagation. However, beyond the

3% threshold, a decreasing trend in strength is seen due
to the nCp agglomeration, hindering the uniform load
distribution and weakening the interfacial strength
among PLA and KFs. The reinforced KFs absorb and
dissipate energy during impact, reducing the brittleness
of PLA and increasing the material's toughness (Ozturk
et al. 2010; Tharazi et al. 2023). The PKC3 produced a
maximum impact strength of 45.85 kJ/m?, which is
26.34% higher than the PKCO composite strength. With
PKC4, the impact strength is lowered by 8.05% as
compared with PKC3 composite.

PKCO PKC1 PKC2 PKC3 PKC4

Biodegradable Polymer Nanocomposite
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Fig. 4: Tensile strength of BPNCs
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Fig. 6: Impact strength of BPNCs

The flexural strength of BPNCs evaluated is
shown in Figure 7. The addition of nCp up to 3% in a
PLA+30%KF composite enhances the flexural strength
because of higher interfacial bonding and better stress
transfer among KFs to PLA. The nCp fills voids and
enhances the adhesion between PLA and the KFs,
resulting in a stiffer composite that can resist bending
forces more effectively. At this optimal concentration,
the composite's ability to bear and distribute flexural
loads improves, leading to higher flexural strength
(Rajamuneeswaran et al. 2015). However, beyond 3%,
flexural strength lowers as the tendency of nCp to
agglomerate, creating localized stress points and
disrupting the uniform distribution of load across the
matrix (Li et al. 2004). This results in a reduction in
tensile strength, as the composite becomes more prone to

failure under tensile stress despite the initial
improvement in flexural strength.
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Fig. 7: Flexural strength of BPNCs
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Additionally, the incorporation of KFs improves
the flexural strength by providing structural
reinforcement, allowing the composite to resist bending
forces more effectively. The fibers act as bridges that
restrict crack propagation and provide stiffness under
flexural loads, resulting in a composite that is stronger
and more resilient across multiple mechanical properties
(Atigah et al. 2024). With a flexural strength of 96.85
MPa, the PKC3 sample had an increased flexural strength
by 14.72, as compared with PKCO composite, whereas
with further addition of nCp (PKC4) a 3.93% reduction
in flexural strength is seen.
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Fig. 8: Hardness of BPNCs
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Fig. 9: Wear loss of BPNCs

Figure 8 presents the shore D hardness obtained
for different BPNCs. The addition of 3 wt.% nCp in
PLA+30%KF matrix increases the Shore D hardness due
to the enhanced stiffness and rigidity of the composite.
An improved interaction among PLA and KFs, along
with the filling of micro-voids inside the matrix by the
nCp, leads to a denser and better compact structure. This
increased structural integrity enhances the composite's
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resistance to surface indentation, reflected in the
improved Shore D hardness (Hui et al. 2023). However,
beyond 3 wt.% of nCp, a decrease in Shore D hardness is
observed due to clustering and agglomeration of nCp.
This decline is attributed to the agglomeration of excess
nano chitosan particles. These agglomerates create weak
points in the composite structure, reducing the overall
density and uniformity. As a result, the composite
becomes less rigid and more prone to surface
deformation, leading to a reduction in Shore D hardness
(Senthilkumar et al. 2024). The shore D hardness
obtained by the PKC3 composite is 10.26% higher than
the PKCO counterpart, whereas a decrease in hardness is
noticed with PKC4 composite (1.16%).

The nCp acts as a lubricant and reinforces the
composite's structure by filling voids and strengthening
the adhesion between the PLA and KFs thereby lowering
the wear loss of BPNCs (Kumar et al. 2020) as depicted
in Figure 9. This leads to a more uniform and compact
surface, which resists abrasion and wear more
effectively, reducing material loss during frictional
contact (Navarro et al. 2012). As more nCp (4 wt.%) are
added, they tend to cluster, leading to poor dispersion and
creating weak zones in the composite structure. These
agglomerates can act as stress concentrators, promoting
uneven wear and increase the roughness of the surface.
This undermines the integrity of the composite and
makes it more susceptible to material degradation during
friction, ultimately resulting in higher wear loss (Arul et
al. 2018). The wear resistivity of PKC3 is higher than all
the other combinations, producing a wear loss of 0.028g,
which is 22.22% lower than the PKCO sample. But higher
addition of nCp (PKC4) there is an increase in wear loss
by 10.71% due to poor bonding.

Formulating  chitosan-KF  bio-composites
through injection molding presented several technical
challenges, primarily due to the differences in thermal
stability and flow properties between chitosan and
natural fibers like kenaf. Chitosan’s sensitivity to high
temperatures made it prone to degradation during the
molding process, which typically requires sustained high
heat to ensure proper flow and form within the mould. To
address this, processing conditions were carefully
optimized, including adjusting the injection temperature
and pressure to prevent chitosan from degrading while
still achieving effective molding. Additionally, KFs,
being prone to uneven dispersion under pressure,
required specific modifications to ensure a uniform
blend; this included surface treatment of the fibers to
improve their compatibility with the chitosan matrix and
incorporating low-impact additives to enhance flow
without ~ compromising  biodegradability.  These
adjustments allowed the composite to maintain structural
integrity and biodegrade efficiently, supporting
environmental sustainability by reducing the reliance on
petroleum-based polymers and enabling production of a
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consistent, renewable bio-composite material suitable for
various applications.

Incorporating 3% chitosan into PLA-KF
composites optimizes the mechanical performance by
enhancing both the strength and flexibility of the
composite matrix. At this concentration, chitosan
effectively strengthens the bonding interface between
PLA and KFs, improving stress transfer and creating a
more integrated and resilient composite structure. Higher
or lower amounts of chitosan tend to disrupt this balance:
too much chitosan can lead to agglomeration, causing
weak points and reducing uniformity, while too little
chitosan does not sufficiently improve fiber-matrix
adhesion. The 3% chitosan level achieves an ideal
synergy, where the material gains toughness without
compromising PLA's biodegradable properties. This
composition enhances the tensile strength, impact
resistance, and ductility of the composite, making it
better suited for structural applications while maintaining
environmental sustainability. This precise balance
between performance and eco-friendliness makes the 3%
chitosan content particularly advantageous for high-
performance, biodegradable composites.

4. CONCLUSION

The injection moulded PLA+30%KF+x%nCp
samples containing alkali treated KFs were subjected to
mechanical and wear tests and the findings obtained are
as follows.

e SEM images show that KFs and nCp are
uniformly distributed within a PLA, which
enhances the mechanical and thermal properties
as stresses will be evenly distributed throughout
the material, reducing the weak points and
enhancing the durability and strength of the

composite.

Increased interfacial bonding among the KFs and
3 wt.% of nCp in the PLA matrix increases the
tensile, impact, and flexural strength of the
composite as the nCp effectively fills the gaps
between the PLA and KF surfaces, improving
stress transfer and reinforcing the composite.

A higher addition of nCp (PKC4) shows a
decrease in mechanical and wear resistance due to
the clustering of nCp paving the way for lower
interfacial bonding and strength.

The fracture surface reveals regions where the
KFs have pulled out, indicating poor fiber-matrix
adhesion and that some KFs carried substantial
loads before failure. The PLA surrounding the
fibers shows signs of plastic deformation and
micro-cracks.



M. Ramamurthy et al. / J. Environ. Nanotechnol., Vol. 14(1), 104-112 (2025)

e The self-lubricating characteristics of nCp lowers
the wear resistance of the BPNCs, but higher
addition (PKC4) leads to poor wear behaviour due

to clustering of nCp and poor bonding.

The tensile, impact, flexural and shore D hardness
of PKC3 is increased by 18.65, 26.34, 14.72, and
10.26% when compared with PKCO. But the wear
loss is lowered by 22.22%, showing higher
durability. With PKC4, the properties tend to
lower.

FUNDING

This research received no specific grant from
any funding agency in the public, commercial, or not-for-
profit sectors.

CONFLICTS OF INTEREST

The authors declare that there is no conflict of
interest.

COPYRIGHT

This article is an open-access article distributed
under the terms and conditions of the Creative Commons
Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/).

(OMOM

REFERENCES

Atigah, A. A. F.,, Tharazi, I., Bakar, S. A., Che, O. R,
Muhamad, N., Mechanical durability and degradation
characteristics of long kenaf-reinforced PLA
composites fabricated using an eco-friendly method,
Eng. Sci. Technol. an Int. J. 57, 101820 (2024).
https://doi.org/10.1016/j.jestch.2024.101820

Alemu, D., Getachew, E. and Mondal, A. K., Study on
the Physicochemical Properties of Chitosan and their
Applications in the Biomedical Sector, Int. J. Polym.
Sci. 2023, 1-13 (2023).
https://doi.org/10.1155/2023/5025341

Arul, J. K. A. and Srinivasan, V., Thermal characteristics
of chitosan dispersed poly lactic acid/basalt hybrid
composites, Mater. Express, 6(4), 337-343 (2016).
https://doi.org/10.1166/mex.2016.1310

Arul, J. K. A. and Srinivasan, V., Wear Behavior of
Chitosan-Filled Polylactic Acid/Basalt Fiber Hybrid
Composites, Adv. Polym. Technol., 37(3), 898-905
(2018).
https://doi.org/10.1002/adv.21735

111

Ashothaman, A., Sudha, J. and Senthilkumar, N., A
comprehensive review on biodegradable polylactic
acid polymer matrix composite material reinforced
with synthetic and natural fibers, Mater. Today Proc.,
80, 2829-2839 (2023).
https://doi.org/10.1016/j.matpr.2021.07.047

Bhambure, S. S., Rao, A. S., Senthilkumar, T., Analysis
of Mechanical Properties of Kenaf and Kapok Fiber
Reinforced Hybrid Polyester Composite, J Nat
Fibers.
https://doi.org/10.1080/15440478.2022.2156964

Han, S. O., Karevan, M., Sim, I. N., Bhuiyan, M. A,
Jang, Y. H., Ghaffar, J. and Kalaitzidou, K.,
Understanding the Reinforcing Mechanisms in Kenaf
Fiber/PLA and Kenaf Fiber/PP Composites: A
Comparative Study, Int. J. Polym. Sci., 2012, 1-8
(2012).
https://doi.org/10.1155/2012/679252

Hisham, F., Maziati, A. M. H., Ahmad, F., Ahmad, K.
and Samat, N., Biopolymer chitosan: Potential
sources, extraction methods, and emerging
applications, Ain Shams Eng. J., 15(2), 102424
(2024).
https://doi.org/10.1016/j.asej.2023.102424

Hui, 1., Pasquier, E., Solberg, A., Agrenius, K,
Hékansson, J. and Chinga-Carrasco, G.,
Biocomposites containing poly(lactic acid) and
chitosan for 3D printing — Assessment of mechanical,
antibacterial and in vitro biodegradability properties,
J. Mech. Behav. Biomed. Mater., 147, 106136 (2023).
https://doi.org/10.1016/j.jmbbm.2023.106136

Kamaludin, N. H. 1., Ismail, H., Rusli, A., Ting, S. S.,
Thermal behavior and water absorption kinetics of
polylactic acid/chitosan biocomposites, Iran. Polym.
J., 30(2), 135-147 (2021).
https://doi.org/10.1007/s13726-020-00879-5

Khan, A., Sapuan, S. M., Siddiqui, V. U., Zainudin, E. S.,
Zuhri, M. Y. M., Harussani, M. M., A review of
recent developments in kenaf fiber/polylactic acid
composites research, Int. J. Biol. Macromol. 253,
127119 (2023).
https://doi.org/10.1016/j.ijbiomac.2023.127119

Kumar, R. S., Muralidharan, N. and Sathyamurthy, R.,
Optimization of Alkali Treatment Process Parameters
for Kenaf Fiber: Experiments Design, J. Nat. Fibers,
19(11), 4276-4285 (2022).
https://doi.org/10.1080/15440478.2020.1856276

Kumar, S. and Singh, K., Tribological behaviour of fibre-

reinforced thermoset polymer composites: A review,

Proc. Inst. Mech. Eng. Part L J. Mater. Des. Appl.,

234(11), 1439-1449 (2020).

https://doi.org/10.1177/1464420720941554

L., Ding, S. and Zhou, C., Preparation and

degradation of PLA/chitosan composite materials, J.

Appl. Polym. Sci., 91(1), 274-277 (2004).

https://doi.org/10.1002/app.12954

Li,


http://creativecommons.org/licenses/by/4.0/

M. Ramamurthy et al. / J. Environ. Nanotechnol., Vol. 14(1), 104-112 (2025)

Senthilkumar, N., Deepanraj, B., Dhinakarraj, C. K. and
Yuvaperiyasamy, M., Characterization Studies on
Vetiveria Zizanioides Natural Fiber and Graphene
Filler Reinforced Nano Polymer Composite Material,
J. Environ. Nanotechnol., 13(2), 214-219 (2024).
https://doi.org/10.13074/jent.2024.06.242561

Nasution, H., Olaiya, N. G., Haafiz, M. K. M., Abdullah,
C. K., Bakar, S. A., Olaiya, F. G., Mohamed, A. H. P.
S., A. K., The role of amphiphilic chitosan in hybrid
nanocellulose-reinforced polylactic acid
biocomposite, Polym. Adv. Technol. 32(9), 3446-
3457 (2021).
https://doi.org/10.1002/pat.5355

Navarro, C. H., Moreno, K. J., Arizmendi-Morquecho,
A., Chavez-Valdez, A. and Garcia-Miranda, S.,
Preparation and tribological  properties  of
chitosan/hydroxyapatite composite coatings applied
on ultra high molecular weight polyethylene
substrate, J. Plast. Film Sheeting, 28(4), 279-297
(2012).
https://doi.org/10.1177/8756087911434183

Nor, M. A. M., Sapuan, S. M., Yusoff, M. Z. M. and
Zainudin, E. S., Mechanical, Thermal and
Morphological Properties of Woven Kenaf Fiber
Reinforced Polylactic Acid (PLA) Composites,
Fibers Polym., 23(10), 2875-2884 (2022).
https://doi.org/10.1007/s12221-022-4370-2

Ochi, S., Mechanical properties of kenaf fibers and
kenaf/PLA composites, Mech. Mater., 40(4-5), 446—
452 (2008).
https://doi.org/10.1016/j.mechmat.2007.10.006

Ozturk, S., Effect of Fiber Loading on the Mechanical
Properties of Kenaf and Fiberfrax Fiber-reinforced
Phenol-Formaldehyde Composites, J. Compos.
Mater., 44(19), 2265-2288 (2010).
https://doi.org/10.1177/0021998310364265

Gunasekar, P., Anderson, A., Saravanakumar, S., Suresh
Kumar, R., Yuvaperiyasamy, M. and Sabari, K.,
Synergistic Effects of Bamboo and Jute Fiber
Integration in Geopolymer Composites, J. Environ.
Nanotechnol., 13(2), 115-126 (2024).
https://doi.org/10.13074/jent.2024.06.242629

Rabbi, M. S., Islam, T., Islam, G. M. S., Injection-molded
natural fiber-reinforced polymer composites—a
review, Int. J. Mech. Mater. Eng. 16(1), 15 (2021).
https://doi.org/10.1186/s40712-021-00139-1

Rahman, M., Islam, M. N., Ara, M. A, Habib, M. A. and
Parvez, M. M. H., Mechanical properties of Kenaf
and Palmyra Palm leaf stalk fiber reinforced
composite, Results Surf. Interfaces, 15, 100229
(2024).
https://doi.org/10.1016/j.rsurfi.2024.100229

Rajamuneeswaran, S., Jayabal, S., Kalyana Sundaram,
S., Balaji, N. S. and Ramkumar, P., Effect of Chitosan
Particle Addition on the Tensile and Flexural Strength
of Coir Fiber Reinforced Polyester Composites, Appl.
Mech.  Mater.,, 813-814, 30-33  (2015).
https://doi.org/10.4028/www.scientific.net/ AMM.81
3-814.30

112

Ranakoti, L., Gangil, B., Mishra, S. K., Singh, T.,
Sharma, S., llyas, R. A. and El-Khatib, S., Critical
Review on Polylactic Acid: Properties, Structure,
Processing, Biocomposites, and Nanocomposites,
Materials  (Basel)., 15(12), 4312 (2022).
https://doi.org/10.3390/mal15124312

Singh, J. I. P., Sharma, V., Singh, S., Dhawan, V.,
Belaadi, A., Kumar, R., Sharma, S., Kumar, A,
Awwad, F. A, Khan, M. I. and Ismail, E. A. A,
Impact of Molding Temperature, Fiber Loading and
Chemical Modifications on the Physicomechanical,
and Microstructural Morphology Properties of
Woven Kenaf Fiber/PLA Composites for Non-
Structural Applications, J. Nat. Fibers, 21(1), 1-
23(2024).
https://doi.org/10.1080/15440478.2024.2326586

Singh, S., Singh, G., Prakash, C., Ramakrishna, S.,

Lamberti, L. and Pruncu, C. I, 3D printed
biodegradable composites: An insight into
mechanical properties of PLA/chitosan scaffold,
Polym. Test., 89, 106722 (2020).

https://doi.org/10.1016/j.polymertesting.2020.106722
Surip, S. N., Wan, J. W. N. R. and Bonnia, N. N., Flexural
Impact Properties of PLA/Kenaf Fibers Bio-
Composites, Mater. Sci. Forum, 894, 29-33 (2017).
https://doi.org/10.4028/www.scientific.net/MSF.894.29
Suzuki, K., A Study on Mechanical Properties of Short

Kenaf Fiber Reinforced Polylactide (PLA)
Composites, J. Solid Mech. Mater. Eng., 7(3), 439—
454 (2013).

https://doi.org/10.1299/jmmp.7.439

Sathish, T. and Saravanan, R., Investigation on
Mechanical Properties of Kevlar Fiber and Al203 —
SiC used Nano-polymer Composite, J. Environ.
Nanotechnol., 13(2), 154-159 (2024).
https://doi.org/10.13074/jent.2024.06.242641

Tharazi, 1., Abdul, A. F. A., Muhamad, N., Hui, D,
Sulong, A. B. and Gaff, M., Effect of fiber orientation
and elevated temperature on the mechanical
properties of unidirectional continuous kenaf
reinforced PLA composites, Rev. Adv. Mater. Sci.,
62(1), 20220275(2023).
https://doi.org/10.1515/rams-2022-0275

Torres, H. Y. G., Ortega, D. G. M., Téllez, J. L,
Castrejon, J. N. S., Altamirano, T. A., Garcia, P. B. E.
and Balmori, R. H., Biological Compatibility of a
Polylactic Acid Composite Reinforced with Natural
Chitosan Obtained from Shrimp Waste, Materials
(Basel)., 11(8), 1465 (2018).
https://doi.org/10.3390/mal1081465

Vasanthkumar, P., Balasundaram, R., Senthilkumar, N.,
Palanikumar, K., Lenin, K. and Deepanraj, B.,
Thermal and thermo-mechanical studies on seashell
incorporated Nylon-6 polymer composites, J. Mater.
Res. Technol., 21, 3154-3168  (2022).
https://doi.org/10.1016/j.jmrt.2022.10.117

Zakaria, Z., Islam, M. S., Hassan, A., Mohamad, H. M.
K., Arjmandi, R., Inuwa, I. M. and Hasan, M.,
Mechanical ~ Properties and  Morphological
Characterization  of  PLA/Chitosan/Epoxidized
Natural Rubber Composites, Adv. Mater. Sci. Eng.,
2013, 1-7 (2013).
https://doi.org/10.1155/2013/629092



