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ABSTRACT: Oil palm fiber is a natural fiber derived from agricultural biomass and has gained significant attention
as an alternative reinforcement material in composite materials due to its abundance, renewability, and environmental
benefits. This review explores the various enhancement techniques applied to oil palm fiber to improve its properties
for composite material development. Key areas of focus include chemical treatments, physical modifications, and
hybridization with other fibers to improve fiber-matrix bonding, mechanical strength, and thermal stability. Integration
of nanomaterials and bio-based resins to enhance the performance and sustainability of oil palm fiber composites is also
discussed. Applications in industries such as automotive, construction, packaging, and consumer goods highlighted
the potential for these composites to replace traditional, non-renewable materials. Challenges such as fiber variability,
production scalability, and market adoption were examined, along with future directions in advancing oil palm
fiber-based composites.
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1 Introduction
Composite materials are formulated by merging two or more different constituents to create a material

with enhanced properties compared to its separate components. They are widely utilized in various industries
such as aerospace, automotive, building, construction, and packaging. They depend on synthetic fibers such
as glass fiber, carbon fiber, and aramid, which provide excellent performance but pose environmental issues
due to their non-degradable nature and significant energy usage during manufacturing. In recent years,
the need for sustainable materials has resulted in increased focus on natural fiber-reinforced composites as
environmentally friendly alternatives.

Natural fibers have emerged as sustainable alternatives in composite applications due to their com-
postability, renewability, and minimal environmental impact. Agricultural crops such as hemp, ramie,
flax, jute, kenaf, and bamboo are increasingly explored as reinforcement materials in bio-composites [1].
These fibers provide benefits such as low density, good mechanical properties, and potential for carbon
footprint reduction. However, challenges such as variability in fiber quality, moisture absorption, and fiber-
matrix adhesion must be addressed through various enhancement techniques [2]. The growing focus on
green materials and circular economy concepts has driven extensive research in optimizing natural fiber
composites for high-performance applications.
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Oil palm fiber has attracted significant interest among various natural fibers, due to its abundance
and potential for value-added products. The oil palm industry generates a large quantity of biomass from
both plantations and milling operations, which can be effectively processed into bio-composites, offering
a sustainable alternative for various industrial applications. These fibers exhibit promising characteristics
such as high cellulose content, good tensile strength, and lightweight properties [3]. Oil palm fiber-based
composites have been successfully applied in the construction sector, automotive interior parts, furniture
panels, packaging materials, and construction boards, demonstrating good dimensional stability, sound
absorption, and cost competitiveness compared to synthetic composites [4]. They have also been developed
into lightweight and biodegradable materials suitable for medium-load applications, such as building
partition boards, and show potential for technical textile applications, particularly as reinforcement agents
in composite structures [5,6].

However, their hydrophilic nature, residual oil content, and high lignin composition present challenges
in composite fabrication, affecting fiber-matrix adhesion and overall performance. To overcome these
limitations, various fiber treatment methods have been explored, including chemical, thermal, and biological
treatments, each aiming to reduce surface impurities and modify fiber surface properties. Hybridization with
synthetic or other natural fibers, as well as nano-integration using nano-materials, has also been employed
to improve the composite’s structural integrity. These strategies are particularly relevant in the development
of sustainable, high-performance materials for automotive, construction, and packaging applications.

This review aimed to explore improvements in oil palm fiber for bio-composite development through
enhancement techniques such as chemical modifications, thermal treatments, hybridization strategies, and
integration with nano-materials. Applications, challenges, and directions of oil palm fiber composites were
explored to offer a thorough understanding of their potential in sustainable material advancement. By
highlighting the innovations and addressing existing limitations, this review contributes to the efforts in
promoting oil palm biomass as a viable alternative for eco-friendly composite materials.

2 Types of Oil Palm Fiber
The oil palm sector in Malaysia is a major source of biomass production, accounting for more than

90% of the country’s total biomass output [7]. In 2024, with an overall planted area of 5.61 million hectares,
the oil palm industry generated approximately 91.04 million tons of lignocellulosic biomass, highlighting its
massive potential as a renewable resource for sustainable applications [8]. This massive biomass resource,
traditionally regarded as an agricultural by-product, holds significant potential for sustainable applications
in bio-composites, bio-energy, and bio-chemical industries. These biomass resources include empty fruit
bunches (EFB), oil palm trunks (OPT), oil palm fronds (OPF), mesocarp fiber (MF), and palm kernel
shell (PKS), which can be effectively utilized in value-added product development. Generally, oil palm
biomass can be categorized based on its source: plantation residues such as OPT and OPF, and milling
by-products including EFB, MF and PKS (Fig. 1). EFB and MF are particularly valued because of their
high cellulose content and fibrous structure, which make them ideal for fiber extraction and composite
applications. By harnessing the full potential of these biomass resources, the industry can enhance material
efficiency, promote sustainable production practices, and contribute to the advancement of biodegradable
and renewable materials.

The structural and compositional differences among oil palm fibers play a crucial role in determining
their suitability for composite applications. The EFB fibers, known for their highly porous morphology
and central lacuna, are exceptionally lightweight, making them ideal for reinforcement in composites
where weight reduction is a priority, such as in automotive and aviation applications [9]. Their porous
structure not only enhances their flexibility but also improves resin impregnation, which is beneficial for
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composite fabrication. In contrast, OPT fibers possess a denser and more compact structure, with vascular
bundles embedded in parenchymatous tissue, contributing to their superior mechanical strength and rigidity.
This higher density makes OPT fibers particularly suitable for load-bearing applications, where enhanced
durability and structural integrity are required [10]. The higher density of OPT fibers also rendered them
to be more compatible with certain polymer matrices that require stronger interfacial adhesion [11]. In
contrast, OPF fibers are shorter and more robust than EFB and OPT fibers, which impacts their mechanical
performance in composites [9,10]. The shorter length of OPF fibers can lead to poorer load transfer at fiber-
matrix interface, potentially compromising the overall mechanical properties of the composite. However,
their thickness may provide advantages in certain applications where higher fiber diameter is beneficial, such
as in thermoset polymer composites [12].

Figure 1: Sources of oil palm biomass from oil palm plantation and oil palm mill

The mechanical characteristics of oil palm fibers differ based on their source and processing conditions,
influencing their effectiveness as reinforcement materials in composite applications. EFB fibers are charac-
terized by moderate tensile strength and high elongation, making them appropriate for flexible composite
applications. However, their porous structure resulted in lesser tensile strength compared to OPT fibers,
limiting their suitability for high-strength applications [13]. In contrast, OPT fibers, with their denser and
more rigid structure, have significantly higher tensile strength and Young’s modulus, making them suitable
for load-bearing uses which require enhanced stiffness and durability [11]. OPF fibers, while generally weaker
than both EFB and OPT, provide benefits in terms of cost-effectiveness and ease of processing, making them
suitable for applications where mechanical performance is less crucial.

The impact strength and flexural properties of oil palm fibers are greatly affected by their structural
composition. Due to their porous morphology, EFB fibers tend to have lower impact strength, render-
ing them less appropriate for high-energy absorption applications [13]. However, OPT fibers, with their
compact and high-density structure, have superior energy absorption, which enhance their suitability in
impact-resistant composite applications such as automotive crash structures and protective panels [10,11].
Furthermore, anatomical features such as fiber length, lumen width, and microfibril orientation contributed
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to the reinforcement potential of oil palm fibers in composites. By understanding these mechanical charac-
teristics, researchers and manufacturers can optimize fiber selection and processing techniques to develop
high-performance oil palm fiber-based composites for diverse industrial applications.

Oil palm fibers are lignocellulosic materials primarily composed of cellulose, hemicellulose, and lignin,
each playing a vital role in determining their structural integrity and functionality. Understanding the
chemical composition of various oil palm biomass types is essential for optimizing their applications
in sustainable material production. EFB has the highest cellulose content among these fibers, making
it particularly valuable for reinforcing polymer matrices due to its excellent tensile strength and strong
interfacial bonding, as cellulose provides mechanical strength and stability [14]. In contrast, MF contains
lower cellulose but has higher concentration of extractives such as oil and wax, which can influence fiber-
matrix interactions [15]. OPF fibers, on the other hand, have higher hemicellulose content (34%–38%),
enhancing fiber cohesion and flexibility within composite structures [16]. The highest lignin content of PKS
(50%) enhances its durability, stiffness, and resistance to deterioration, making it ideal for applications like
biomass energy generation [17]. The unique chemical compositions of each type of oil palm fiber directly
affect key properties such as mechanical performance, moisture absorption, and compatibility with polymer
matrices [18]. Therefore, selecting the appropriate oil palm fiber for composite applications requires careful
consideration of its chemical and structural characteristics for optimal performance [19]. Table 1 summarizes
the structural features, mechanical properties, and possible applications of various oil palm biomass fibers,
emphasizing their suitability for different composite and sustainable material uses.

Table 1: Structural characteristics, mechanical properties, and applications of oil palm biomass

Fiber
type

Structural
characteristics

Mechanical
properties

Applications References

EFB Data Porous
morphology with

central lacuna,
lightweight structure,
high cellulose content

with oil residues

Lower density,
moderate tensile

strength, high
elongation

Lightweight composites,
asphalt mixtures,

biodegradable
packaging, pulp and

paper products,
insulation material

[20–23]

OPT Compact structure with
vascular bundles, higher

lignin content

Higher density, higher
tensile strength,

improved rigidity

Polymer matrices,
furniture panels,

wood-based boards,
thermal insulation

material

[24,25]

OPF Shorter and thicker
fibers, fibrous with

parenchymatous tissues

Moderate tensile
strength, larger fiber

diameter, lower
stiffness

Furniture, construction
material, polymer

composite

[26,27]

MF Fine, fibrous structure
with oil and wax

residues

Moderate tensile
strength, moderate

density

Board, concrete
reinforcement

[14,28]

PKS Hard, dense shell
structure, high carbon

content

High compressive
strength, excellent

durability

Bio-filler in composites, [29,30]
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Compared to other natural fibers such as hemp, flax, kenaf, jute, and bamboo, oil palm fibers offer both
unique advantages and certain limitations. Flax and hemp are well-known for their high tensile strength and
modulus, making them ideal for structural and high-performance composite applications [31,32]. Similarly,
kenaf and jute possess commendable strength and stiffness while being relatively easy to process into usable
forms [14]. In contrast, oil palm fibers, such as EFB and OPF, generally exhibit lower tensile properties, largely
attributed to their higher porosity and shorter fiber lengths. However, oil palm fibers present other favorable
characteristics. The high cellulose content in EFB, for instance, enhances its reinforcing potential, especially
in medium-load composite applications [19]. Additionally, the elevated lignin content in PKS and OPT
fibers contributes to improved thermal stability and rigidity, which is beneficial for applications requiring
dimensional stability and resistance to thermal degradation. Notably, EFB fibers demonstrate a relatively
high elongation at break, indicating good flexibility and energy absorption capability. These properties
may be advantageous in impact-prone applications where deformation without failure is desired. Therefore,
while oil palm fibers may not match the tensile performance of traditional bast fibers, their abundance,
biodegradability, and balanced mechanical-thermal properties make them highly attractive for sustainable
composite development. Table 2 provides a comparative summary of oil palm fibers and other commonly
used natural fibers.

Table 2: Comparison of oil palm fibers with other natural fibers [11,32–42]

Fiber Density
(g/cm3)

Tensile
strength
(MPa)

Young’s
modulus

(GPa)

Elongation
(%)

Cellulose
(%)

Hemicellulose
(%)

Lignin
(%)

EFB 1.5 150 2.9 30 38.3 35.2 22.1
OPT 1.2 300–600 8–45 5–25 34.5 31.8 25.7
OPF 0.37 20–200 2–8 3–16 30.4 40.4 21.7
MF – 80 0.5 17 33.9 26.1 27.7
PKS 1.58 – – – 20.8 22.7 –

Hemp 1.4 550–900 70 1.6 68 15 10
Flax 1.4 800–1500 60–80 2.7–3.2 71 18.6–20.6 2.2

Ramie 1.5 500 44 3.6–3.8 68.6–76.2 13–16 0.6–0.7
Kenaf 1.45 930 53 1.6 72 20.3 9
Jute 1.3 393–773 26.5 1.5–1.8 58–63 12 12–14

Bamboo 0.6–1.1 140–230 11–17 – 26–43 30 21–31
Pineapple 1.4 413–1627 34.5–82.5 2.0 81 – 12.7

Note: EFB = empty fruit bunch; OPT = oil palm trunk, OPF = oil palm frond, MF =mesocarp fiber and PKS = palm
kernel shell.

Oil palm fibers also present certain challenges, including high moisture content, varying density, and
water absorption, all of which significantly impact their durability and compatibility with polymer matrices.
The high moisture content of OPT fibers is due to their parenchymatous structure, necessitating thorough
drying and treatment to prevent degradation and dimensional instability during composite fabrication [18].
While EFB fibers have lower moisture levels, they still retain residual oils and silica bodies, which can hinder
fiber-matrix adhesion and compromise overall composite performance [19]. Additionally, the density of oil
palm fibers varies considerably, with OPT fibers being the densest and OPF fibers being the least dense,
directly influencing their mechanical behavior, processing requirements, and end-use applications [43]. The
high content of residual sugars and starches in oil palm boards also creates a conducive environment for
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fungal colonization and growth. To enhance their durability and resistance, antifungal treatments or thermal
modifications are often required before application in humid or biological exposure environments [44].

Water absorption is another critical factor influencing the suitability of oil palm fibers for composite
applications. Due to their high porosity, EFB fibers tend to absorb more moisture than OPT fibers, leading
to swelling, reduced mechanical integrity, and dimensional instability in humid environments [13,43]. This
limits their use in applications where moisture resistance is essential, such as outdoor structures and marine
composites. Conversely, OPT fibers, with their denser and more compact structure, demonstrate enhanced
dimensional stability and reduced water absorption rates, making them better suited for load-bearing and
moisture-resistant uses [10]. The suitability of oil palm biomass for fiber extraction depends on several
aspects, including fiber length, cellulose content, and ease of processing. EFB fibers, with their long structure
and high cellulose content, are the most extracted for composite applications due to their reinforcement
potential. Although OPT fibers offer superior mechanical strength, they require extensive processing due
to their high moisture content and complex structure. OPF fibers, despite their abundant availability, are
underutilized due to logistical challenges. The common practice is to leave them to decompose on-site [45].

To tackle these moisture-related issues, various fiber treatment and modification methods, including
chemical and thermal processes, are crucial for improving fiber performance and enhancing their compat-
ibility with polymer matrices. Maximizing the application of diverse oil palm biomass sources is crucial
for sustainable material development, reducing environmental impact, and supporting circular bioeconomy.
By optimizing fiber extraction and processing techniques, oil palm biomass can be converted into high-
performance composites for use in various consumer product industries. This approach not only enhances
resource efficiency but also supports the development of eco-friendly and renewable materials, aligning with
the growing demand for sustainable alternatives. However, several enhancement methods are necessary to
improve their mechanical performance, strength, and compatibility with polymer matrices to unlock the
potential of oil palm fibers in composite applications.

3 Enhancement Techniques for Oil Palm Fiber
Oil palm fibers possess promising characteristics for composite applications. However, their inherent

limitations require enhancement to enhance their compatibility with polymer matrices. Several methods,
such as chemical, physical, and hybrid treatments, as well as nanomaterial integration, had been employed to
modify the fiber structure, improve mechanical performance, and enhance durability. These modifications
optimize fiber-matrix bonding, reduce degradation in humid environments, and broaden the potential uses
of oil palm fiber composites. The following subsections detail the key enhancement techniques applied to
EFB, OPT, OPF, MF, and PKS fibers for composite production.

3.1 Chemical Treatments
Chemical treatments are widely used to alter the surface properties of oil palm fibers, enhancing their

interfacial adhesion with polymer matrices and improving mechanical, physical, thermal, and moisture
resistance properties. These treatments involved the use of acids, alkalis, coupling agents, and other chemical
modifiers to remove surface impurities, alter fiber composition, and improve compatibility with synthetic
and bio-based polymers. Alkaline treatment, also known as mercerization, is among the most frequently
used chemical treatments to improve fiber bonding in composites. The treatment involves immersing fibers
in sodium hydroxide (NaOH) solutions, which effectively removes hemicellulose, lignin, and residual oils,
thereby exposing the cellulose structure and increasing fiber roughness. Research has shown that alkali
treatment enhanced the mechanical properties of polylactic acid (PLA) materials strengthened with oil palm
fibers by enhancing the bonding between the fibers and the matrix. Specifically, treating oil palm fiber with
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10% NaOH for 20 min significantly improved the mechanical capabilities of PLA composites by enhancing
interfacial bonding, increasing the fiber’s aspect ratio, and roughening its surface [46].

Alkaline treatment using NaOH is one of the most widely adopted chemical methods to enhance
the performance of natural fiber composites, particularly oil palm fibers. The NaOH treatment effectively
removed lignin and the waxy cuticle layer from the oil palm fiber surface, contributing to better adhesion.
By breaking down hydrogen bonds in the fiber structure, alkali treatment also facilitates the disruption
of fiber bundles, allowing for individual fibrils to be more accessible for matrix bonding. The increased
aspect ratio and surface roughness likely enhanced the reinforcing efficiency of the fibers, leading to
superior composite performance. This roughened surface promotes better mechanical interlocking and
load transfer at the fiber–matrix interface. Studies have shown that alkaline-treated oil palm fibers remove
lignin, hemicellulose, and impurities, enhancing fiber crystallinity and interfacial bonding with the polymer
matrix. This improves thermal stability and mechanical properties by eliminating amorphous components,
leading to stronger composite materials. Setiawan et al. [47] reported that NaOH treatment increased the
tensile strength of oil palm fiber-reinforced composites from 12.4 to 19.6 MPa and the flexural strength
from 17.3 to 25.8 MPa. This improvement is attributed to better stress transfer between the treated fibers
and polymer matrix due to enhanced surface roughness and reduced fiber impurities. Similarly, NaOH-
treated OPF fibers had increased tensile strength and flexural modulus, which enhanced their mechanical
properties. Alkali treatment also reduced fiber bulk density with increasing NaOH concentrations, indicating
structural modifications. According to Yunus et al. [48], treating OPF fibers with 6% NaOH increased the
tensile strength of the resulting composites by approximately 32% and improved the flexural modulus by 28%
compared to untreated fibers. The fiber bulk density also decreased from 0.59 to 0.47 g/cm3 with increasing
NaOH concentration, confirming the effect of chemical modification on fiber morphology.

Sukmawan et al. [49] found that repeated alkali pretreatments and bleaching significantly enhanced
the fibrillation of EFB, resulting in stronger epoxy adhesive composites with increased tensile strength and
Young’s modulus. 12 cycles of alkali treatment improved fibrillation, boosting composite tensile strength by
3.6 times. This high level of fibrillation results in the separation of cell wall components into nanoscale fibrils,
improving the available surface area for stress distribution. The mechanism behind this enhancement lies
in the progressive removal of amorphous regions, which not only exposes the crystalline cellulose structure
but also improves the stiffness and dimensional stability of the fiber. Moreover, the progressive swelling and
delamination of the fiber walls during treatment increased the available surface area, further strengthening
interfacial adhesion. This enhancement was attributed to the gradual removal of the amorphous cellulose
fraction, which promoted fiber swelling, defibrillation, and fragmentation, ultimately improving composite
performance. Another study showed that EFB fibers treated with a 2 wt% NaOH solution for 1 h exhibited
significantly improved compatibility with the polyoxymethylene (POM) matrix [50]. The alkaline treatment
effectively removed surface impurities and increased the fiber’s surface roughness, promoting stronger fiber–
matrix interlocking. Consequently, the treated EFB-reinforced POM composites demonstrated enhanced
wear resistance and tribological performance, making them suitable for self-lubricating bearing applications.
Similarly, OPF fibers treated with 2% NaOH for 60 and 180 min were evaluated for their morphological
and acoustic properties in composite boards using urea-formaldehyde (UF) adhesive [51]. Prolonged alkali
treatment resulted in denser fiber structures, reduced void content, and rougher surfaces, which contributed
to improved sound absorption characteristics. Boards treated for 180 min achieved an absorption coefficient
(αn) above 0.99, classifying them as Class A sound absorbers and indicating their strong potential for
commercial sound insulation applications.

Acid treatments were used to break down amorphous components and increase cellulose accessibility.
This approach targets the partial hydrolysis of hemicellulose and lignin, promoting fiber surface purification
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and increasing the availability of hydroxyl groups for further functionalization. These treatments also
aim to modify the fiber’s chemical structure, enhancing its compatibility and performance in composite
materials. These treatments enhance the fiber’s hydrophobicity, which is beneficial in reducing moisture
absorption. Moreover, acid treatments help reduce the number of polar sites on the fiber surface, minimizing
water uptake and improving dimensional stability under humid conditions. Thermally treated EFB fibers,
combined with citric acid, enhanced the mechanical and moisture-resistant properties of starch-based
composite [52]. In this case, citric acid acted as a crosslinking agent, creating ester bonds between starch
molecules and EFB fibers, which improved tensile strength while reducing water solubility and swelling.
Higher citric acid concentrations (20–30 wt%) increased composite rigidity, but excessive amounts led to
brittleness. Specifically, composites with 20 wt% citric acid and treated EFB fibers showed an increase in
tensile strength from 2.6 MPa (control) to 5.1 MPa, while water solubility decreased by 42%. However, at
30 wt% citric acid, elongation at break dropped significantly, indicating increased brittleness due to excessive
crosslinking [53]. Citric acid is an effective binder for EFB-based particleboard through covalent crosslinking
with starch which enhanced adhesion and overall material performance [54]. Such organic acid treatments
represent a greener alternative to conventional chemical additives, aligning with the growing demand for
bio-based, non-toxic modification routes in composite manufacturing.

Silane coupling agents are frequently applied to oil palm fibers to enhance the compatibility between
the water-attracting (hydrophilic) fiber surface and water-repellent (hydrophobic) polymer matrices. Silane
treatments typically involve a hydrolysis-condensation mechanism, where the silane first hydrolyzes to
form reactive silanol groups that bond to the hydroxyl-rich fiber surface, followed by condensation with
polymer chains. Silane treatment introduces functional groups that chemically bond with both the fiber
and polymer, improving interfacial adhesion and mechanical properties. Abdullah et al. [55] showed that
alkaline and silane-treated EFB fibers enhanced the thermal stability of EFB-polypropylene (PP) composites,
improving their melting point and crystallinity level. The study highlighted the shear thinning behavior
of the composites, where complex viscosity reduced with rising angular frequency, and confirmed their
viscoelastic solid nature, with storage modulus exceeding the loss modulus. These findings suggested that
fiber treatments significantly improved the thermal stability and mechanical properties of EFB-PP compos-
ites, making them better suited for high-performance uses. Methacrylate silane-treated MF incorporated
into PLA/polycaprolactone (PCL) nanoclay hybrid composites increased flexural modulus by 13% and
impact strength by 48.43% at 10% fiber loading [56]. The flexural modulus increased from 1822 MPa
(untreated) to 2060 MPa after silane treatment, while the impact strength improved from 2.27 to 3.37 kJ/m2.
This enhancement is attributed to improved interfacial adhesion between the treated fiber and polymer
matrix, promoting efficient stress transfer and energy absorption. This improvement was also attributed
to better matrix-fiber adhesion due to silane coupling agents forming siloxane bridges and covalent bonds
with polymer matrices [57]. Furthermore, silane treatment decreased the hydrophilic character of the MF,
improving compatibility with hydrophobic polymer matrices and improving stress transfer efficiency. By
modifying the polarity of the fiber surface, silane treatment reduces interfacial tension, which facilitates
uniform dispersion of fibers and minimizes stress concentration points in the composite. In addition, the use
of different types of silanes, such as amino, methacryloxy and vinyl silanes, allows tailoring of fiber surface
properties to suit a range of thermoplastic or thermoset matrices. This versatility makes silane coupling a key
strategy in developing advanced fiber-reinforced composites with improved durability, processability, and
mechanical integrity.

Other chemical modifications, such as benzoylation, have been investigated to enhance fiber durability
and compatibility with polymer matrices. Zakaria and Pooh [58] reported that benzoylation significantly
improved the mechanical properties and interfacial adhesion of EFB fiber composites. This process involved
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treating EFB fibers with benzoyl chloride in the presence of NaOH, introducing ester groups that reduce
hydrophilicity and enhance fiber-matrix interactions with polymers such as poly (vinyl chloride) (PVC)
and polystyrene. The chemical reaction replaces hydroxyl groups on the fiber surface with bulky benzoyl
groups, improving thermal resistance and reducing moisture absorption. As a result, the tensile strength of
polystyrene-benzoylated EFB composites increased from 8.4 MPa (untreated) to 15.2 MPa, and the flexural
strength rose from 17.4 to 26.8 MPa. These improvements demonstrate the effectiveness of benzoylation
in enhancing load transfer and mechanical reinforcement in polymer composites [59]. This treatment also
improves dispersion of the fibers within hydrophobic matrices by minimizing polar–nonpolar incompatibil-
ity, leading to composites with better mechanical uniformity. Birnin-Yauri et al. [60] proposed aqueous borax
treatment as a safer and effective alternative to traditional fiber modification methods such as mercerization.
This eco-friendly approach enhanced the surface characteristics of EFB and MF fibers, resulting in cleaner
and rougher surfaces that improve interfacial adhesion with the PLA matrix. Borax interacts with hydroxyl
groups on cellulose chains to form stable crosslinked networks, which reinforce the fiber structure and
contribute to higher dimensional stability. Consequently, the treated fibers exhibited enhanced mechanical
performance, making them well-suited for composite applications. In contrast to more aggressive chemical
modifiers, borax treatment offers lower toxicity, simpler processing, and compatibility with biodegradable
matrix systems. Such environmentally conscious alternatives are increasingly favored due to growing interest
in green manufacturing and biodegradable composite materials.

Chemical treatments are essential in modifying oil palm fiber characteristics to improve compatibility
with polymer matrices in composite applications. The selection of an appropriate method depends on the
fiber type, targeted mechanical performance, and intended end-use, with goals such as enhancing tensile
strength, moisture resistance, and interfacial bonding. Techniques like alkaline, acid, silane, benzoylation,
and borax treatments each offer distinct benefits based on the desired interaction with specific polymer
systems. However, many of these conventional treatments involve the use of corrosive chemicals and
generate harmful byproducts, contributing to environmental and health concerns. As a result, research
is increasingly focused on eco-friendly alternatives such as enzymatic treatments, steam explosion, and
the use of bio-based agents like citric acid and aqueous borax, which offer safer and more sustainable
modification routes. Optimizing treatment parameters, such as concentration, duration, and temperature,
not only improves composite performance but also aligns with sustainable manufacturing practices aimed
at reducing the overall environmental footprint. The effects of these treatments are visually summarized
in Fig. 2, highlighting their influence on fiber structure, surface properties, and compatibility with different
polymer matrices.

3.2 Physical and Thermal Treatments
Physical and thermal treatments are employed to enhance oil palm fiber properties by modifying their

structural and morphological characteristics without altering their chemical composition. These treatments
primarily focused on improving fiber-matrix adhesion, reducing moisture content, and increasing thermal
stability. Drying is a fundamental physical treatment used to remove excess moisture from oil palm fibers,
which is essential for preventing microbial degradation and improving fiber-matrix compatibility. Various
drying methods, such as oven, solar, and freeze-drying, were studied for their effects on oil palm fibers.
Proper drying techniques are crucial, especially for OPT which have high initial moisture content due to
their parenchymatous structure. Controlled drying processes are crucial for preserving fiber integrity and
enhancing compatibility with hydrophobic polymer matrices. OPT underwent kiln drying for 15 days had
a moisture content of 13%–15% before resin impregnation. The impregnated OPT-polymer composites were
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then prepared using phenol formaldehyde (PF) and UF resins, ensuring effective resin stabilization and
improved composite performance [61].

Figure 2: Summary of chemical treatment effects on oil palm fibers for composite applications

Yoon et al. [62] showed that superheated steam-alkali treatment significantly enhanced the tensile
strength of MF/poly (butylene succinate) (PBS) composites by improving fiber-matrix interfacial bonding.
Superheated steam (190○C–230○C, 1 h) roughened the fiber surface and exposed the microfibers, which
enhanced mechanical interlocking, while subsequent alkali treatment (1%–5% NaOH, 1–4 h) removed lignin
and hemicellulose, increased fiber crystallinity and tensile properties. Similarly, Ahamad Nordin et al. [63]
reported that superheated steam treatment improved the properties of MF/polypropylene biocomposites,
increased the tensile strength by 25%, reduced water absorption by 31%, and enhanced thermal stability by
8%. Warid et al. [64] further confirmed that superheated steam treatment improved the tensile and flexural
properties of MF/PP composites by 9%–30% and 9%–12%, respectively, due to better fiber-polymer inter-
facial adhesion and reduced hemicellulose content. Steam treatment of EFB fibers significantly enhanced
tensile strength by 23.9% and 23.8% at 10 and 30 wt.% fiber loadings, respectively [65]. This treatment also
improved thermal stability, raising the degradation temperature from 276○C to 283○C. The removal of surface
impurities and hemicellulose during steam treatment enhanced fiber-matrix interaction, leading to superior
mechanical performance [66].

Overall, physical and thermal treatments provide effective solutions for improving the performance
of oil palm fiber composites. These methods are crucial in altering fiber surface morphology, removing
non-cellulosic materials, and increasing fiber-matrix compatibility. By optimizing these treatments, manu-
facturers can improve fiber durability, thermal stability, and interfacial adhesion, resulting in higher-quality
biocomposite materials. The effects of these physical and thermal processes are visually summarized in Fig. 3,
summarizing how structural changes at the fiber surface lead to enhanced composite integration and
long-term performance under environmental stress.

3.3 Hybridization with Other Fibers
Oil palm fiber hybrid composites are attracting interest due to their potential in enhancing mechanical,

thermal, and chemical properties of materials. These composites typically combine oil palm fibers with other
natural fibers or materials to create a hybrid structure that that controls the strengths of each component.
Hybrid composites incorporate oil palm fiber with synthetic or other natural fibers to achieve enhanced
mechanical and thermal properties [67]. The combination with glass or carbon fibers improved strength
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and stiffness, while blending with other natural fibers enhanced biodegradability and sustainability. Such
hybridization strategies expanded the application range of oil palm fiber composites as presented in Fig. 4.

Figure 3: Effects of physical and thermal treatment on oil palm fiber properties and their influence on composite
performance

Figure 4: Hybridization effects on oil palm fiber composites

Significant mechanical enhancements were observed on EFB hybrid composites with ramie fibers in
epoxy–carbon nanotube (CNT) matrix [68]. It was found that a 3:7 ratio of EFB to ramie fiber yielded the
highest tensile and flexural strength. This composition resulted in 127% increase in tensile strength and
83% improvement in flexural strength compared to pure ramie fiber composites. The enhancements were
attributed to alkali treatment, which removed impurities and improved fiber-matrix adhesion, while CNT
function further enhanced compatibility. These findings highlighted the potential of EFB–ramie hybrid com-
posites for load-bearing applications, offering superior mechanical performance and structural resilience.

Oil palm EFB–kenaf hybrid composites in epoxy matrix had superior thermal stability with breakdown
temperatures reaching 450○C, making them suitable for aerospace, automotive, and civil engineering
applications [69]. Angra et al. [70] studied a composite of EFB/Jute/EFB hybrid, which achieved tensile
strength of 28.72 MPa with low void content, ensuring structural integrity and superior chemical resistance
compared to pure fibers. This enhanced durability made the composite ideal for applications demanding
resistance to extreme environmental conditions. Meanwhile, Mawardi et al. [71] explored OPT–ramie hybrid
composites reinforced with tapioca starch, where pretreatment of oil palm wood particles and ramie fiber
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improved thermal stability to up to 358○C. This advancement highlighted their potential as environmentally
friendly materials for green building applications.

Hybridization of EFB and nettle fibers (NTF) in chemically functionalized high-density polyethylene
(CF-HDPE) composites demonstrates notable synergistic effects. The combination enhances both tensile
and flexural properties, with NTF/CF-HDPE composites showing the highest performance, achieving
64% and 83% improvements in tensile and flexural strength, respectively. EFB/CF-HDPE composites also
recorded substantial gains (40% tensile and 58% flexural), indicating effective stress transfer and interfacial
bonding [72]. These findings confirm that hybridizing different natural fibers can significantly optimize
composite performance for structural applications. A study by Raja et al. [73] on EFB in kenaf fiber–
reinforced basalt particulate hybrid composites provided valuable understandings of their mechanical
properties and dimensional stability. The addition of EFB and kenaf fibers enhanced composite performance,
thus broadening their potential applications. EFB as an additive improved interfacial bonding between kenaf
fibers, basalt particulates, and the polymer matrix by acting as natural plasticizer and hydrophobic agent.
This reduced moisture absorption in kenaf fibers and enhanced compatibility with hydrophobic polymer
matrices. The study identified the optimal EFB loading in hybridization that maximized strength and
durability while maintaining biodegradability, making these composites a promising material for sustainable
applications. Recent studies highlighted the potential of hybridizing bamboo and oil palm fibers in powder
form to enhance composite performance. Awad et al. [74] concluded that this hybridization improved
dimensional stability, thermal resistance, and mechanical properties by reducing moisture absorption and
enhancing hydrophobicity and interfacial bonding. Bamboo fibers provided high tensile strength, while oil
palm fibers contributed to the toughness and flexibility, creating a balanced synergy. This hybridization
resulted in superior mechanical properties compared to composites made solely from bamboo or oil palm
fibers, making them more versatile for various applications.

Hybridization with PKS enhanced the toughness of PKS/polyester (PE)/kenaf composites, leveraging
PKS’s high lignin content (~50%), which provided rigidity but also brittleness. The inclusion of kenaf fibers
improved flexibility and impact resistance, resulted in an 18%–25% increase in impact strength compared
to pure PKS composites [75]. This synergy effectively balanced strength and toughness, making the hybrid
composite more durable and suitable for structural applications. Rajest Jesudoss Hynes et al. [76] reported
that silica-treated mesocarp hybrid PP composites were well-suited for heat-resistant packaging applications.
The incorporation of silica improved the thermal stability and mechanical strength of the composite, making
it ideal for containers requiring durability under elevated temperatures.

3.4 Integration of Nano-Materials
Incorporation of nanomaterials, such as nanocellulose and nanofillers, significantly enhanced the

composite performance by improving load transfer efficiency, thermal and mechanical properties as shown
in Fig. 5. For instance, oil palm ash (OPA) nanoparticles integrated into PF resin enhanced the dimensional
stability of plywood by reducing water absorption and thickness swelling [77]. The hybrid plywood had
superior flexural, shear, and impact strength due to the effective stress distribution facilitated by OPA
nanoparticles. The presence of OPA nanoparticles improved the thermal stability of the plywood, rendering
it ideal for high-temperature applications. Rizal et al. [78] also explored the potential of OPA nanofillers
as effective reinforcements in epoxy-based composites. Incorporation of OPA nanoparticles significantly
enhanced tensile strength and modulus, with the highest tensile strength reaching 75 MPa at 4% loading. The
impact strength increased from 2.7 to 3.98 kJ/m2 at 3% OPA nanofiller loading. Fracture surface morphology
analysis confirmed reduced layer breakage and improved interfacial bonding, contributing to the composite’s
overall durability. Additionally, OPA nanofillers improved thermal stability, with epoxy nanocomposites
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showing increased decomposition temperature to up to 435○C. These enhancements made OPA-reinforced
epoxy composites promising for high-performance applications which require superior mechanical strength
and thermal properties.

Figure 5: Effects of nanomaterial integration on oil palm fiber composites

Oil palm fiber composites incorporating OPF, EFB, and nanofillers had higher degradation tempera-
tures which enhanced their thermal stability [79]. Nanoparticles improve interfacial adhesion, as evidenced
by micrograph images showing nanomodified matrix deposits around fiber bundles. The addition of coconut
shell nano powder significantly increased tensile strength (132.8–142.8 MPa), flexural strength, and hardness,
with 30% improvement over untreated composites. Hardness values rose due to uniform nanofiller disper-
sion, minimizing void formation. Fourier Transform Infrared Spectroscopy (FTIR) analysis confirmed the
enhanced chemical bonding with increased alcohol/phenol-OH stretches and reduced alkyl-CH stretches,
indicating improved compatibility.

The addition of oil palm cellulose nanofibrils (CNF) enhanced the green epoxy nanocomposites,
increasing tensile strength by 6.45% and hardness by 13.3% while also improving thermal stability through
higher decomposition temperature and heat resistance [80]. These improvements were attributed to CNF’s
high crystallinity and thermal conductivity. Rosamah et al. [81] observed that the density of hybrid PE
composites increased between 1.133 and 1.141 g/cm3 with the addition of oil palm shell (OPS) nanoparticles
as filler loading rose from 1% to 5%. Void content decreased from 5.143% to 4.933% at 3% loading, indicating
improved filler dispersion and reduced porosity, though it increased at 5% due to nanoparticle agglomera-
tions. Optimal mechanical properties were observed at 3% OPS loading, attributed to enhanced interfacial
adhesion of nanoparticles and the polyester matrix. Improvement in thermal stability was observed with
degradation temperatures rose from 240○C to 265○C with 3% nanofiller. Additionally, char residue increased
at 3% OPS loading, demonstrating enhanced thermal resistance and heat shielding properties.

4 Applications of Oil Palm Fiber Composites
Oil palm composites derived from EFB, OPF, OPT, MF, and PKS have diverse applications across indus-

tries due to their mechanical strength, thermal stability, and eco-friendliness. These materials are increasingly
used in construction, the automotive industry, furniture, packaging, and medical sectors, offering sustainable
alternatives to conventional materials. EFB fibers are incorporated into cement-based composites for
lightweight construction materials, providing enhanced flexural strength and thermal insulation [82]. OPT
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is processed into plywood, laminated veneer lumber (LVL), particleboards, and cement boards, serving
as a sustainable substitute for wood-based panels [83–87]. The properties of OPT-based composites are
comparable to rubberwood and are utilized in flooring, furniture, and structural applications [88–91]. Lee
et al. [92] also reported the development of thermally treated particleboards using OPT and rubberwood
particles. They found that higher treatment temperatures enhanced resistance to fungal attack. However,
rubberwood boards showed lower resistance compared to OPT board due to their higher hygroscopic nature
and lignin content, which favored fungal growth.

OPT biochar serves as a sustainable filler in rubber composites for tires, improving thermal stability,
modulus, and tear strength while reducing reliance on petroleum-based fillers in the automotive sector [93].
OPF fibers have also been optimized for automotive components such as bumpers due to their strength and
impact resistance [94]. Oil palm-based composites are also extensively used in furniture manufacturing,
with OPT being transformed into molded laminated veneer oil palm (MLVOP) for tables, chairs, cabinets,
and decorative items, with durability comparable to traditional wood veneer. Blends of EFB and OPT fibers
in particleboards improved flexural strength, screw withdrawal resistance, and dimensional stability [88].
The medium density fiberboard (MDF) produced from OPF and EFB showed comparable strength and
durability to conventional wood-based MDF [83,95]. In addition, Bubparenu et al. [96] reported that OPF
fiberboards with a density of 170 kg/m3 demonstrated superior sound absorption capacity, particularly at
higher frequencies.

MF fibers are integrated into biodegradable polymer matrices as sustainable packaging materials with
enhanced mechanical characteristics and composability in the packaging industry. Oil palm-based PLA
composites reinforced with EFB and cotton fibers are ideal for high-temperature food packaging [97], while
MF-reinforced PE composites provide biodegradable solutions for disposable cutlery and containers [98].
In the medical sector, OPF-derived nanocellulose is used in biomedical applications such as drug delivery
and tissue regeneration due to its biocompatibility and non-toxic nature [99]. PKS derivatives contain
antibacterial, antifungal, and antioxidant properties, making them suitable for drug formulations and
healthcare products [100].

The broad range of applications is visually illustrated in Fig. 6, highlighting the versatility of oil palm
fiber composites across construction, automotive, packaging, furniture, and medical fields. With ongoing
advancements, oil palm fiber composites continued to demonstrate significant potential for industrial
applications, reinforcing their role in promoting sustainability and resource efficiency.

Figure 6: Applications of oil palm fiber composites
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5 Applications of Oil Palm Fiber Composites
The development of oil palm fiber-based composites faced several challenges, primarily due to the

intrinsic properties of natural fibers. One of the main limitations is their high moisture absorption, which
impacts dimensional stability and mechanical properties. The hydrophilic nature of oil palm fibers resulted in
weak interfacial adhesion with hydrophobic polymer matrices, reducing overall composite performance [73].
Additionally, the presence of non-cellulosic components such as lignin and waxes further hinders fiber–
matrix interactions. Without adequate chemical or physical modification, these impurities act as barriers
to bonding, resulting in inferior mechanical strength and reduced durability, particularly under humid
conditions [101].

Another major constraint is the low thermal stability of oil palm fiber composites. Lignocellulosic fibers
degrade at elevated temperatures, restricting their applicability in high-temperature environments such as
automotive and aerospace sectors [69]. To overcome this, thermal stabilizers or hybridization with heat-
resistant fibers have been explored, though optimization remains challenging. Similarly, while hybridization
improves strength and durability, it introduces issues related to fiber dispersion, ratio optimization, and
interfacial compatibility, which must be carefully balanced to achieve consistent performance [70].

Variability in raw material properties also presents difficulties. Unlike synthetic fibers, natural fibers vary
in length, diameter, and chemical composition, resulting in inconsistencies in composite properties. This
heterogeneity highlights the urgent need for standardization in fiber extraction, treatment, and processing
procedures to ensure scalability and reproducibility [71]. To overcome scalability barriers, future strategies
should emphasize continuous processing methods such as extrusion and automated fiber alignment, which
can maintain fiber uniformity at large volumes. Establishing centralized pre-treatment facilities and adopting
modular manufacturing systems may also streamline industrial-scale production while reducing variability
and cost. Environmental durability poses another limitation where oil palm fiber composites are susceptible
to UV radiation, microbial attack, and weathering. Long-term exposure to ultraviolet radiation leads to
photo-oxidation, surface cracking, and gradual loss of mechanical strength. Similarly, prolonged humidity
cycles cause swelling, fiber debonding, and dimensional instability, while biological degradation by fungi and
bacteria further accelerates performance loss. These environmental stressors significantly limit the service life
of oil palm fiber composites, particularly in outdoor and structural applications. While protective coatings
and surface treatments can mitigate these effects, they increase processing costs and may raise environmental
concerns [69].

Economic and regulatory barriers further restrict large-scale adoption. Specialized processing
equipment and treatment technologies increase production costs, raising questions about economic com-
petitiveness compared to conventional composites [78]. Additionally, the absence of comprehensive testing
protocols, certification frameworks, and industrial standards limits market acceptance. Meeting strin-
gent requirements for mechanical, thermal, and environmental performance remains a prerequisite for
widespread commercialization [76]. Therefore, detailed techno-economic assessments of fiber treatment,
chemical modification, and large-scale processing are necessary to evaluate cost-effectiveness relative to
synthetic composites. Such analyses will help identify the most commercially viable approaches, balance
sustainability with profitability, and guide investment decisions for industrial adoption.

Addressing these limitations requires a many-sided approach that integrates material innovations,
processing improvements, and policy support. A key direction is the incorporation of nanomaterials such as
nanocellulose, nanoclays, and oxide nanoparticles (e.g., OPA), which can significantly enhance mechanical
strength, barrier properties, and dimensional stability [79]. Hybrid composite strategies, where OPF is
combined with high-strength fibers such as basalt, jute, or kenaf, offer another promising route to improve
tensile performance, thermal resistance, and impact strength, thereby expanding application potential.
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Emerging applications also present new opportunities for oil palm fiber composites. For example, addi-
tive manufacturing (3D printing) can utilize oil palm fiber-reinforced biopolymers to produce customized,
lightweight, and sustainable components for various industries [102,103]. In addition, their high strength-to-
weight ratio makes them attractive candidates for lightweight aerospace interior panels, where sustainability
and performance are both critical considerations.

Surface modification techniques also remain critical. Treatments such as alkali, silane, enzymatic
processing, and bio-based coupling agents have demonstrated the ability to reduce hydrophilicity, strengthen
fiber–matrix bonding, and improve durability while maintaining environmental compatibility [92]. In
parallel, the integration of bio-based and biodegradable polymer matrices could transform oil palm fiber
composites into fully sustainable, end-of-life-manageable materials without sacrificing essential perfor-
mance [92]. Processing innovations will play an important role in scaling up. Automated fiber alignment
and hybrid molding techniques can enhance fiber distribution, reduce waste, and improve reproducibility.
Furthermore, the development of fire-retardant treatments and inherently flame-resistant hybrid composites
will broaden their use in safety-critical sectors such as construction and transportation.

On a systemic level, stronger collaboration among academia, industry, and regulatory agencies is essen-
tial to establish standardized testing methods and certification guidelines. Such frameworks will accelerate
industrial adoption and strengthen confidence in oil palm fiber composites [76]. Finally, embedding oil
palm fiber composite development within circular economy models, through waste valorization, recycling
strategies, and integration of palm oil industry by-products, can enhance sustainability while reducing
environmental impact [78]. A visual overview of these barriers and strategies is presented in Fig. 7, which
summarizes the key challenges in oil palm fiber composites and potential future directions to overcome them.

Figure 7: Summary of key challenges in oil palm fiber composites and potential future directions

6 Conclusion
Development of oil palm fiber hybrid composites represents an important advancement in sustainable

materials, offering a viable alternative to conventional synthetic composites. This review highlighted the
diverse properties, processing techniques, and industrial applications of oil palm fiber composites, empha-
sizing their potential in composite industries. Combination of oil palm fibers with other reinforcements has
led to enhanced mechanical, thermal, and durability properties, making these composites suitable for various
engineering applications. However, challenges such as fiber-matrix compatibility, moisture absorption, and
processing optimization remained critical areas that require further research and technological improve-
ments. Chemical modifications, hybridization strategies, and advanced processing methods could potentially
address these limitations, paving the way for improved composite performance. Moreover, alignment of
oil palm fiber composite development with global sustainability initiatives, including the National Biomass
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Action Plan and Sustainable Development Goals (SDGs), highlights its importance in supporting circular
economy principles and minimizing environmental impact. Government policies, industry collaborations,
and research initiatives play crucial roles in accelerating the adoption of these composites. Moving forward,
continued innovations in fiber treatment, resin formulations, and manufacturing techniques will be essential
in overcoming existing limitations and expanding the application scope of oil palm-based hybrid composites.
By integrating sustainability-driven approaches with technological advancements, oil palm fiber compos-
ites can serve as a cornerstone in the transition towards greener and more resource-efficient materials,
contributing to a more sustainable future.
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CF-HDPE Chemically Functionalized High-Density Polyethylene
CNF Cellulose Nanofibrils
CNT Carbon Nanotube
EFB Empty Fruit Bunch
FTIR Fourier Transform Infrared Spectroscopy
LVL Laminated Veneer Lumber
MDF Medium Density Fiberboard
MF Mesocarp Fiber
MLVOP Molded Laminated Veneer Oil Palm
NaOH Sodium Hydroxide
NTF Nettle Fibers
OPA Oil Palm Ash
OPF Oil Palm Frond
OPS Oil Palm Shell
OPT Oil Palm Trunk
PBS Polybutylene Succinate
PCL Polycaprolactone
PE Polyester
PF Phenol Formaldehyde
PKS Palm Kernel Shell
PLA Polylactic Acid
POM Polyoxymethylene
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PP Polypropylene
PVC Polyvinyl Chloride
SDG Sustainable Development Goal
UF Urea Formaldehyde
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