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Natural fiber-reinforced hybrid bio-composites are emerging as sustainable alternatives to traditional
composites due to their environmental benefits and desirable properties. However, the interfacial
interaction between natural fiber and polymer matrix is very weak. Thus, this study looks into the
effect of maleic anhydride (MAH) coupling agents on the performance of natural fiber-reinforced
hybrid biocomposites. The bio-composites were prepared using jute fiber, kenaf fiber, and polylactic
acid (PLA) through the hot compression method. We treated both natural fibers with MAH coupling
agents before using them in the production of biocomposites. Comprehensive characterization
techniques, including tensile strength, modulus, and impact strength, were employed to evaluate the
mechanical properties of the composites. The mechanical results indicated a significant improvement
in mechanical properties for the bio-composites treated with coupling agents. The tensile strength of
bio-composites increased by 35%, tensile modulus by 15%, and impact strength by 20% after
modification with MAH coupling agents. The surface morphology and chemical interactions between
the fiber and polymer matrix were investigated using SEM and FTIR studies. The FTIR result reveled
that the intensity of C=0 peaks enhanced after MAH treatment. Moreover, SEM images exposed
better fiber dispersion and adhesion, corroborated by FTIR spectra showing enhanced chemical
bonding where MAH reacted with the cellulose backbone of the fibers and formed fiber cellulose ester.
Furthermore, TGA results revealed that adding MAH coupling agent to the fiber increased the thermal
stability of biocomposites.

1. Introduction

Natural fibers like jute and kenaf have gained significant attention in the search for sustainable material
alternatives [1]. Their inherent properties make them promising candidates for composite materials,
particularly in applications where eco-friendliness and performance are essential [2—6]. Despite their potential,
the practical use of these fibers in composite materials frequently faces challenges due to compatibility issues
with matrices, which in turn limits the ability to achieve the desired mechanical and structural properties [7, 8].
Addressing these challenges necessitates exploring effective strategies to optimize the performance of jute and
kenaf fiber in composite materials [9, 10]. Due to their numerous benefits, such as greater strength, lower
density, renewability, biodegradability, reduced health hazards, and cost and weight reduction, they are ideal
candidates for inclusion in composite materials [11, 12]. The carbon emissions from burning plastics will be
decreased by using biodegradable sources in polymer products [13, 14].

PLA is an adherent of the aliphatic polyester family and is thought to be biodegradable and compostable,
meaning thatit can produce carbon dioxide and biomass when microorganisms operate on it in a humid

© 2025 The Author(s). Published by IOP Publishing Ltd
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environment [15]. PLA is a thermoplastic polymer characterized by its notable strength and modulus, which
may be derived from annually renewable resources to produce goods for the biocompatible medical device as
well as the industrial packaging sector [16, 17]. However, PLA exhibits lower mechanical strength and thermal
stability compared to other polymers [18, 19]. These drawback properties can be enhanced by incorporating
natural fiber as reinforcement [20].

Despite offering commendable strength and facile processing capabilities in the majority of equipment, this
polymer is costly and requires additional modifications to be suitable for numerous practical applications [21].
Therefore, an effective strategy for enhancing and reducing the cost of the material is to incorporate natural
fibers, which have acquired popularity as a substitute for synthetic fibers [22]. As aresult, it is important to
incorporate these inexpensive natural fibers into biodegradable polymer (PLA) so as to effectively decrease
manufacturing costs by substituting a portion of the costly PLA with these economical fibers without
compromising the matrix polymer’s biodegradability [23, 24].

Within the composite sector, the utilization of matured kenaf as fiber reinforcements in different forms has
been seen. Research has demonstrated that the incorporation of kenaf fibers has resulted in enhanced
mechanical characteristics of pristine polymers [25, 26]. The primary components of kenaf consist of cellulose
(45%—57% by weight), hemicelluloses (21.5% by weight), lignin (8%-13% by weight), and pectin (3%-5% by
weight). Kenaf fibers exhibit superior thermal and mechanical characteristics in comparison to varying natural
fibers when they are combined with appropriate polymers [27]. Kenaf fiber exhibits promise as a filler for
reinforcement in polymer matrix composites [28, 29].

Jute and kenaf fibers are increasingly used in the production of natural fiber-reinforced hybrid PLA
biocomposites due to their excellent mechanical properties and biodegradability [30]. Jute fibers are known for
their high tensile strength and modulus, making them ideal for reinforcing polymer matrices. Similarly, kenaf
fibers exhibit high specific strength and stiffness, contributing to the overall structural integrity of bio-
composites. The hybridization of jute and kenaf fibers in PLA matrixes can enhance the mechanical
performance, providing a balance of strength and flexibility [31]. This synergy between jute and kenaf fibers
leads to improved impact resistance and toughness in the resulting biocomposites. Additionally, both fibers have
low density, which helps in producing lightweight composites suitable for automotive and construction
applications. The integration of jute and kenaf fibers into PLA bio-composites offers a promising route for
developing high-performance, sustainable materials [32—34].

The mechanical characteristics of composites composed of natural fiber plastic can be enhanced through
hybridization [35]. Composites made of natural fiber and biodegradable polymers can benefit from
hybridization in terms of mechanical properties [36]. The natural fiber-reinforced hybrid bio-composites,
which combine two or more natural fibers into one matrix, have special qualities that are hard to obtain in
polymers reinforced with different kinds of single fibers [37, 38]. Compared to composites made solely of coir or
oil palm fiber, hybrids of these fiber-reinforced composites have better tensile and flexural characteristics [39].

Despite many advantages, natural fibers exhibit high hydrophilicity, and inherent incompatibility with
hydrophobic matrices often leads to interfacial adhesion issues, compromising the mechanical and thermal
characteristics of hybrid fiber composites [40]. One promising avenue for enhancing the characteristics of these
hybrid composites involves the use of coupling agents. Coupling agents typically contain functional groups that
can interact with both fibers and matrix [41]. The fibers contain hydroxyl (-OH) groups, whereas the matrix
typically consists of non-polar groups, such as hydrocarbons [42]. Coupling agents with one end that can
hydrogen bond with the hydroxyl groups on the fibers and the other end that can cooperate with the non-polar
groups in the matrix effectively bridge the gap between the two materials, leading to improved interfacial
adhesion. Implementations of coupling agents have shown significant potential in enhancing the mechanical,
thermal, and structural characteristics of composite materials. By promoting a stronger bonding between the
fibers and polymer matrix, coupling agents have the capacity to bolster the overall performance of jute/kenaf
fiber-reinforced hybrid composites. Maleic anhydride (MAH) and silane coupling agents exhibit promising
potential as suitable candidates for enhancing the overall characteristics of composites. Maleic anhydride
(MAH) coupling agents are widely used to enhance the performance of natural fiber-reinforced biocomposites
[43]. MAH acts by grafting onto polymer matrices, creating strong covalent bonds with hydroxyl groups present
on the surface of natural fibers [44]. This chemical bonding significantly improves the interfacial adhesion
between the fibers and the polymer matrix, leading to better stress transfer. As a result, bio-composites modified
with MAH exhibit increased mechanical properties, such as tensile, flexural, and impact strengths. The
improved interfacial bonding also enhances the thermal stability of the composites [45].

Additionally, MAH treatment helps in reducing water absorption by the fibers, which is crucial for
maintaining the mechanical integrity of bio-composites in humid environments. This reduction in water
absorption is due to the hydrophobic nature of the grafted polymer chains, which shield the fibers from
moisture. The compatibility between natural fibers and polymer matrices is also enhanced by MAH, enabling
the development of composites with more uniform and consistent properties. Consequently, the use of MAH
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Table 1. Formulations of natural fibers reinforced hybrid bio-composites.

Types composites PLA (wt%) Jute (wt%) Kenaf (wt%)
PLA 100 — —
Jute/PLA 50 50 —
Kenaf/PLA 50 — 50
Jute/Kenaf/PLA 50 25 25
Jute/Kenaf/MAH/PLA 50 25 25

Note: Jute/Kenaf/MAH = Maleic anhydride treated Jute and Kenaf fibers.

coupling agents in natural fiber-reinforced bio-composites not only improves their performance but also
broadens their applicability in various industrial sectors. This makes MAH play a crucial role in driving the
advancement of sustainable, high-performance biocomposites [46].

Natural fibers with polymers are becoming more and more in demand in the market nowadays, which is
drawing significant interest from numerous industries. The creation of hybrid natural fiber composites has been
the issue of extensive investigation. However, no research has been done on how coupling agents change the
properties of natural fiber-reinforced hybrid bio-composites made from PLA, kenaf fiber, and jute fiber
[4, 14, 32]. Therefore, this study investigates the critical role of coupling agents in enhancing the characteristics
of jute/kenaf fiber reinforcement hybrid bio-composites. The goal of this research is to present a novel,
previously unexplored combination of natural fibers composites. It explores the use of MAH coupling agents
that improve fiber-matrix interfacial bonding and overall structural integrity efficiently, leading to enhanced
mechanical and thermal properties. Unlike previous research, this work targets a unique aspect of
comprehensive evaluation, covering mechanical, thermal, water absorption, and morphological properties,
providing a more holistic understanding of hybrid biocomposite performance. This research also proposes a
pathway to creating green composite with high-performance materials and is significant for its potential to scale
for industrial applications, contributing to more sustainable manufacturing practices.

2. Materials and methods

2.1. Materials

The chemicals utilized in this research comprised analytical reagents (AR Grade, 99.9% purity). The pelletized
variant of the PLA used in this study, namely NatureWorkTM PLA 3001D, was acquired from NatureWork”
LLC, Minnesota, United States. The material demonstrates a particular density of 1.24 gcm > and a melt flow
index (MFI) of g/10 min (190 °C/2.16 kg) when subjected to a temperature of 190 °C and aload of 2.16 kg. The
coupling agent utilized in this investigation was maleic anhydride (MAH), and the catalyst was sodium
hydroxide (NaOH), obtained from Sigma Aldrich. Two natural fibers, namely jute (Corchorus olitorius) and
kenaf (Hibiscus cannabinus L), serve as reinforcement for biodegradable PLA matrixes. Kenaf and jute fibers are
collected from Malysia and Bangladesh.

2.2. Fibers treatment with coupling agents

Both fibers were cut to alength of ~2 mm using a Ring Knife Flaker. These chopped fibers were then manually
sieved through a sieve (0.5 mm) to obtain a homogeneous size of fiber. The fibers were dried in an oven at 60 °C
temperature for 2 h. After that, these dry fibers were soaked and left in a 5% maleic anhydride (MAH) solution
(water solvent) for an hour with a catalyst 0of 0.5% NaOH. The ratio of maleic anhydride to fibers was 1:20
(wt/wt). After 2 h of drying in a hot air oven set at 60 °C, the treated fibers are ready to be used.

2.3. Bio-composites preparation

The fibers and polylactic acid (PLA) particles were thoroughly and uniformly combined using Brabender Mixer
Machine. Different weight fractions were designed for the jute and kenaf fibers (treated and untreated) and PLA.
The sample formulation is shown in table 1. The mold manufacturing and the desired composite thickness. A
hot-pressing technique was utilized to create the composite materials. The mold was heated for five minutes at a
temperature of 160 °C on both the upper and lower heaters, and the pressure was 1000 psi. To avoid any
shrinkage during the composite extraction process, the mold was allowed to cool for approximately five
minutes. The hot press and Brabender machines are shown in (figure 1).
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Figure 1. Bio-composites fabrication machine of (a) Hot-press machine and (b) Brabender machine.
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Figure 2. Dumbbell-shape specimen for tensile test.

2.4. Characterization

The morphology, mechanical and thermal properties of green composites were characterized by the following
methods. The interaction between fiber and chemical (MAH) were evaluated using Fourier Transform Infrared
(FTIR) spectroscopy. FTIR test was conducted within the range of 4000 cm ™' t0 400 cm ™. SEM analysis
examination was conducted on the morphological and structural characteristics of fractured surface composites
utilizing a scanning electron microscope (JSM-5510, JEOL, and Japan). For the tensile test was conducted
according to ASTM 638 and 790 standards. A dumbbell-shaped sample was prepared using a cutter machine
(Machinery Industry Co. Ltd). The thickness and width of the specimen were measured using a digital
micrometer. The sample sheets were cut in form of dumbbell specimen for tensile measurement as shown in
figure 2.

Each sample was cut into seven pieces for the tensile strength test according to the ASTM. To investigate the
mechanical characteristics of the samples, an Instron Tensile Machine type 4032 was employed. The procedure
described in ASTM D638 was followed. In order to ascertain the tensile strength measurements of the
composites, namely the maximum load, load at break, maximum strain, maximum displacement, maximum
percentage of strain, and young modulus, the average value of the five most favourable readings was obtained
and computed.

2.4.1. Impact test

The dimension of the specimen is 80 x 15 mm in thickness. The impact energy of the generated data is
quantified in Joules (J) by dividing the impact energy in joules by the area under the notch, so establishing the
measure of impact strength. The materials are tougher when the resulting number is higher.

2.4.2. Thermogravimetric analysis (TGA)

The thermal stability of developed green composites was examined using a Perkin Elmer Thermogravimetric
Analyzer (TGA 7) device. Under a nitrogen environment, sample weights weighing approximately 8 mg were
heated with a rate of 10°C min~' from 30 °C to 700 °C. According to ASTM D 3850-2000, the weight loss of the
composites was calculated.

2.4.3. Water absorption test
A rectangular size specimen with dimensions of 39 mm x 10 mm x 4.1 mm were considered from each of the
composite’s samples for the determination of water absorption properties. The samples were properly dried for

4



Mater. Res. Express 12 (2025) 035504 AAlietal

OH

o 0\ r 4 %
/ -+ \ 0 B — c\ /;//H"
/I 0 (
==
2 0 % — A
o
5
g =S o (I e : o it
i Cellulose structure of fiber |+ : MAH — > ' Fiber-cellulose ester 1

Figure 3. Interfacial bond between the fibers and the polymer matrix.

an hour at 80 °Cin an oven, then allowed to cool outside before being promptly weighed. Following the
guidelines outlined in ASTM D 570-99, the specimens, which had been weighted and dried, were immersed in
distilled water for a duration of two hours. Periodically, the specimens were taken from the water, dried off with
tissue paper to eliminate any remaining water, weighed again, and then immersed into the water immediately.
The provided formula was utilized to calculate the absorption of water.

W, — W

1

Water absorption(%) = x 100% )
Where, W, and W, are the specimen weight that taken before and after soaking in water.
The average of five tests of same specimens were taken as the result.

3. Results and discussions

3.1. FTIR result

The FTIR method is employed to investigate the chemical reaction between cellulose fiber and MAH (Maleic
anhydride) coupling agent. The FTIR spectra of MAH treated and untreated fibers are depicted in (figure 4). The
presence of -OH groups is indicated by the broad peaks observed in the range of 36003070 cm ™" across all
spectra. Additionally, the C—H stretching is responsible for the peak at 2946 cm ™ [47, 48]. The absorption peaks
at 1740 cm ™' and 1622 cm ™ indicate the presence of the C=O stretch band and C=C, respectively. It is worth
noting that the intensity of C=0 peaks enhanced after MAH treatment which proves the addition of carbonyl
group in the fiber surface. This band also indicates that the MAH has successfully grafted onto the cellulose
chains of the fibers. Moreover, the —OH group peak intensity was also reduced after MAH treatment (figure 4).
Other new absorption bands observed in the FTIR spectra of MAH-treated fibers include a peak at around

1490 cm ™', which is related with the C=C stretching vibration of the ester linkage of maleic anhydride, and a
peak at approximately 1270 cm ™' and 1000 cm ™!, which relates to the C-O stretching vibration of the ester
linkage of maleic anhydride [47]. The other minor peaks found at around 1454 cm ™ 'and 1421 cm ™' are ascribed
to the C-H bending from lignin. The presence of these new absorption bands confirms that the MAH has
successfully reacted with the cellulose backbone of the fibers. This led to the formation of fiber cellulose ester,
which significantly improved the interfacial bond between the fibers and the polymer matrix in the composite
(figure 3). All of these, as stated early, validate the subsequent reaction (figure 4).

3.2. Scanning electron microscopy (SEM)

In order to study the surface morphology of fabricated composites, SEM test was employed in this study. The
morphology of each phase can be important in evaluating the overall characteristics of the material. (Figure 5)
displays SEM distribution of various splintered surfaces of bio-composites (MAH treated and untreated).
(Figures 5(a) and (b)) shows the SEM images of jute/kenaf composites and jute/kenaf/PLA hybrid composites
without coupling agent treatment. From these images, it can be found that the fibers are not well dispersed in the
matrix, and there are large gaps between the fibers and the matrix for the single fiber and hybrid fiber
composites. This observation suggests that there is a lack of strong bond among fibers and polymer matrix,
perhaps resulting in the formation of weak composites. However, it is evident from the analysis of (figure 5(c))
that a smooth surface is generated following the MAH treatment. This observation indicates a favorable bond

5



I0OP Publishing Mater. Res. Express 12 (2025) 035504 AAlietal

120

—Raw Kenaf Fiber =——MAH Treated Kenaf fiber

Transmitance (%)

4000 3500 3000 2500 2000 1500 1000 500 0
Wavenumbers (cm™ )

Figure 4. FTIR spectra of MAH treated and untreated jute fiber.

Figure 5. SEM images of bio-composites of (a) jute/PLA, (b) jute/kenaf/PLA and (c) jute/kenaf/MAH /PLA. Arrow indicates micro-
cracking and gaps between fiber and PLA of composites.

between jute and kenaf fibers and PLA matrix. The enhancement of mechanical properties in composites is
strongly influencing the effective bond among fiber and polymer matrix. Finally, it is worth mentioning that the
good wettability features given by the addition of two fibers can limit the void formation at the fiber-polymer
interface and result in high stiffness and strength composites, which in turn lead to high impact strength values
[2,47]. All of this indicates that the fibers and PLA matrix were more attracted to each other owing to the
coupling agent, which may result in stronger composites.

3.3. Thermogravimetric analysis (TGA)

The thermal stability of composites consisting of jute/PLA, jute/kenaf/PLA, and jute/kenaf/MAH /PLA was
evaluated and presented in (figure 6). A three-step deterioration process was visible in the TGA thermograms of
the jute/PLA and jute/kenaf hybrid composites without coupling agent treatment. This first step starts at about
100 °C and leads to the loss of water. When hemicellulose breaks down at about 250 °C, the second step takes
place. The third step occurs at around 350 °C and is due to the degradation of cellulose and lignin [49]. The TGA
thermogram for the jute/kenaf hybrid composites with coupling agent shows a similar three-step degradation
process. However, the temperatures at which the degradation steps occur are slightly higher for the composites
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Figure 6. TGA thermograms of bio-composites of (a) Jute/PLA, (b) Jute/Kenaf/PLA and (c) Jute/Kenaf/MAH/PLA.
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Figure 7. Tensile strength of various composites with and without coupling agent treatment.

with coupling agent. This means that coupling agent has made composites more stable at high temperatures.
Additionally, the TGA thermograms reveal that at 800 °C, the composites with coupling agent have a
sophisticated residual weight than the composites without coupling agent. This suggests that the coupling agent
has decreased the char formation of the composites [49].

3.4. Mechanical properties

Bio-composites made from MAH-treated and raw jute and kenaf fibers are shown in (figures 7 and 8) along with
their tensile strength and tensile modulus. Natural fiber-reinforced hybrid composites can have higher tensile
strength and modulus when MAH coupling agents are used to modify the surfaces of the fibers [50]. MAH
coupling agent enhances the adhesion and interaction between two distinct materials [51]. In the context of
jute/kenaf hybrid composites, the utilization of MAH coupling agent serves to enhance the interfacial bonding
and adhesion between fibers and PLA-matrix. (figure 7) clearly depicts the influence of MAH coupling agents on
the tensile strength of jute/kenaf hybrid bio-composites. The modification of natural fibers by MAH coupling
agents led to a notable increase in their tensile characteristics compared to unmodified ones. The addition of a
coupling agent improves adhesion between fibers and the PLA-matrix, resulting in composites with increased
strength. The tensile strength of bio-composite increased by 35% after modification with MAH.

The effect of MAH coupling agent on the tensile modulus of jute/kenaf hybrid bio-composites is seen in
(figure 8). The tensile modulus of the composites treated with a coupling agent exhibits a notably greater value
compared to tensile modulus of the composites without treatment. The observed trend in (figure 8) shows that
the composites’ tensile modulus increases (15%) with the coupling agent modification. Furthermore, we can
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Figure 8. Tensile modulus of various composites treated with and without coupling agents.
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attribute the enhancement in stiffness of the composites to the effect of the coupling agent treatment. MAH
coupling agents can modify fiber surfaces to improve jute/kenaf hybrid composites’ tensile strength and tensile
modulus. The aforementioned attribute makes composites a more suitable choice for applications that require
heightened degrees of strength and stiffness [47, 52].

We evaluated the impact strength of jute/kenaf hybrid bio-composites in relation to the surface
modification of fibers using MAH coupling agents. (Figure 9) illustrates the impact strength of the composites
treated and untreated treated with coupling agents. The chemical modification of fibers surface with MAH
coupling agent results in a significant enhancement of their impact strength in comparison to the composites
without modification. Treatment of fibers with MAH coupling agents increased the impact strength of bio-
composites by 20%. The enhancement of impact strength in jute/kenaf-reinforced hybrid composites could be
achieved through the surface modification of fibers using a coupling agent [52—54]. MAH is an effective coupling
agent that enhances the adhesion between two substances. Within utilization of a coupling agent serves to
augment the adhesive interaction between the jute fibers and kenaf fibers, as well as between these fibers and the
matrix, within the context of jute/kenaf-reinforced hybrid composites. The enhanced adhesion between the
matrix and the fibers, a direct result of the coupling agent, facilitated the significant improvement in impact
strength of the composites. By enhancing adhesion between fibers and matrix, the coupling agent enhances the
impact resistance of jute/kenaf-reinforced hybrid bio-composites. This increases the fibers’ stress-transfer
capability to the matrix, thereby preventing composite failure. Furthermore, the coupling agent has the potential
to enhance the matrix’s resilience. This increases the matrix’s resistance to fracture, thereby contributing to the
overall improvement of the composite’s impact strength.
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3.5. Water absorption analysis
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Figure 10. Water absorption of various composites with and without coupling agent treatment.
The results of water absorption for a variety of bio-composites, both treated and untreated with MAH, are
depicted in (figure 10). According to the data in the (figure 10), water absorption increased during the first few
days before progressively decreasing. However, the modification of maleic anhydride (MAH) as a coupling agent
greatly reduces water absorption in hybrid composites.

In order to adequately seal the interface and stop water intrusion, the MAH molecules make covalent
interaction with the active sites on the matrix as well as the hydroxyl groups on the fibers. Furthermore, coupling
agents have the ability to improve the interfacial tensions and uniform fiber dispersion within the matrix by
enhancing the compatibility among the fibers and matrix. This adds even more to the decreased absorption of
water [6, 55]. With this it can be assumed that coupling agent modification offers a promising approach to
mitigating water absorption in jute/kenaf fiber reinforced hybrid bio-composites. By improving interfacial
adhesion, imparting hydrophobicity, reducing fiber swelling, and enhancing matrix compatibility, coupling
agents can significantly improve the water resistance and long-term performance of eco-friendly composites.
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4, Conclusions

A Promising advance in the field of sustainable composite materials have been demonstrated by the effective
preparation of natural fiber hybrid biocomposites by coupling agent modification. The reaction between fibers
and coupling agents was confirmed through FTIR results. In addition, there were significant changes observed in
the SEM micrograph of coupling agent-treated composites in contrast to composites made without treatment.
The smoother surface observed upon the MAH used in the hybrid fiber composites. The use of MAH coupling
agent to jute/kenaf/PLA hybrid bio-composites resulted in an increase in mechanical characteristics, including
by means of tensile strength, modulus, and impact strength, when compared to both single composites and
hybrid composites. The tensile strength increased by 35%, while the tensile modulus and impact strengths
improved by 15% and 20%, respectively. For the coupling agent treatment, the thermal stability of composites
was further improved. When compared to a single composite, water absorption of the composites treated with
MAH was dramatically decreased. Because of the reduction of hydrophilic behavior of natural fiber. FTIR and
SEM confirmed that the strategic use of coupling agents significantly enhanced the interfacial bond between the
fibers and polymer matrix. The observed enhancements in mechanical and thermal stability signify the efficacy
of MAH coupling agent modification in enhancing the composites performance. The successful integration of
jute and kenaf fibers not only demonstrates the feasibility of employing agricultural waste in composite
manufacturing but also underscores the potential for creating durable, eco-friendly composite materials. The
results advocate for further exploration and optimization of this hybridization technique to meet the
multifaceted demands of various industries. The findings also highlight the potential of MAH-treated natural
fibers to enhance the mechanical and thermal properties of PLA-based composites, opening avenues for broader
applications in industries like automotive, construction, and packaging. Despite many property improvements,
the coupling agent may degrade the fiber structure for higher concentrations. Therefore, future research
directions might investigate deeper into optimizing the coupling agent’s composition, refining manufacturing
processes, and exploring wider applications across industries. Finally, this study demonstrates that MAH
coupling agent modification is an effective method to enhance the performance of natural fiber-reinforced
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hybrid bio-composites, potentially expanding their application in various industries seeking sustainable
material solutions.
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