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Abstract

Natural fibers have attracted growing attention due to their sustainability, low cost, and low density, yet their hydrophilic
nature limits compatibility with polymer matrices and constrains broader applications. To overcome this challenge,
diverse surface modification techniques-including chemical, enzymatic, and physical treatments- have been developed
to improve fiber—matrix interfacial adhesion. These modifications are crucial for significantly enhancing the mechanical
performance and environmental robustness of the resulting composite materials.This review critically evaluates
established and emerging strategies, highlighting their effectiveness, advantages, and limitations. Among the various
approaches, alkali treatment remains the most widely adopted, demonstrating consistent improvements in composite
performance through impurity removal, enhanced surface roughness, improved fiber—matrix adhesion, and superior
load transfer capabilities.
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1. Introduction

The growing popularity of natural fibers is driven by
increasing environmental awareness among consumers
and industries, which has fueled demand for sustainable
alternatives to synthetic materials!'”). Natural fibers, shown
in Figure 1, offer biodegradability and often require less
energy and water for production compared to their synthetic
counterparts, aligning with global efforts towards a circular
economy'*!. Their application spans a diverse range of areas,
from automotive components and construction materials to
marine structures and sporting equipment™!, In the automotive
sector, for instance, natural fiber composites are being
explored as lightweight alternatives to traditional materials,
contributing to fuel efficiency® 7\ In civil engineering,
they offer sustainable options for reinforcing concrete and
other building materials®®'%. Within the marine industry,
they provide environmentally friendly alternatives for boat
hulls and other structural elements!''?1.

Natural fibers offer several significant advantages,
including sustainability, low density, resulting in comparable
specific mechanical properties to E-glass fibers!'*'*), desirable
damping characteristics!'*'* and acoustical propertiest'**").
However, a range of inherent disadvantages limits their
wider adoption. The hydrophilic nature of natural fibers
renders their physical and mechanical properties susceptible
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to fluctuations in environmental conditions, especially
temperature and humidity*?'¥, This moisture sensitivity
leads to dimensional instability, swelling, and reduced
mechanical strength, particularly in humid environments.
Furthermore, their poor compatibility with hydrophobic
polymer matrices hinders the formation of strong interfacial
bonds in composite materials>.

The high hydrophilicity of natural fibers, a consequence
of the numerous hydroxyl groups present in cellulose and the
carboxyl acid groups within hemicellulose™*!], contributes
to increased water absorption and accelerated degradation, a
key disadvantage compared to synthetic reinforcing fibers.
However, synthetic fibers, typically hydrophobic polymers,
exhibit significantly lower moisture absorption and are thus
less susceptible to degradation in humid environments. This
difference in hydrophilicity is a major factor limiting the
widespread application of natural fibers in certain composite
applications.

The surface chemistry of natural fibers plays a crucial
role in fiber-matrix interaction, as effective adhesion is a
function of interfacial adhesion, chemical bonding, and
mechanical interlocking®?. While most natural fibers share
common constituents such as cellulose, lignin, hemicellulose,
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pectin, waxes, and ash?’], the relative proportions of these
substances vary significantly depending on the fiber. For
instance, flax fibers are characterized by a high wax and
pectin content, whereas jute fibers exhibit a greater lignin
content and lower pectin levels*l. The presence of certain
surface substances, such as waxes and oils, can hinder
effective interaction with the matrix and thus necessitate
their removall®*, Given the distinct surface chemistry
profiles of different fiber types, treatment techniques must
be tailored to both the specific fiber and the chosen matrix.
This targeted approach ensures optimal interfacial bonding
and, consequently, enhances the mechanical properties of the
resulting composite material. Furthermore, understanding
these surface chemical variations is essential for developing
effective surface modification strategies that promote stronger
interfacial adhesion and improved composite performance.
Numerous surface treatments, broadly categorized as
chemical, enzymatic, and physical, have been developed.

29]

Figure 1. Classification of plant fibers*-
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Each of these categories includes a range of techniques that
have been the subject of extensive research and schematic
illustration of some of these techniques applied to natural
fibers is depicted in Figure 2. This study aims to review
recent advancements and discuss their implications for
tailoring surface treatments to achieve optimal natural fiber
reinforced composite performance.

2. Chemical Treatments

The presence of hydroxyl groups on natural fibers
renders them susceptible to chemical modification>="..
These hydroxyl groups can participate in intramolecular
hydrogen bonding within cellulose, activating existing
groups, or serve as reactive sites for the introduction of
new chemical species that promote effective interlocking
within the fiber structure. Chemical modification can thus
be employed to tailor fiber surface characteristics, including
wettability, adhesion, surface tension, and porosity***’\. Such
modification can tailor the fibers interaction with different
matrices, depending on their molecular affinity.

Poor interfacial bonding, a consequence of the
incompatibility between hydrophilic natural fibers and
hydrophobic matrices, is a major challenge in composite
manufacturing. Chemical treatments aim to mitigate these
issues by reducing fiber hydrophilicity. By chemically
removing water from the fibers, these treatments enhance
fiber-matrix compatibility, leading to improved interfacial
bonding and enhanced composite performance!*”.

2.1 Acetylation

The presence of hydroxyl (OH) groups in the cellulose
and lignin components of natural fibers renders susceptible
to moisture absorption. Acetylation, through reaction with
acetyl (CH,CO) groups removes moisture by reacting with
these hydroxyl groups. Tserki et al.l*!! studied the effect of
acetylation and propionylation treatments on hemp, flax and
wood fibers. The results demonstrated that both treatments
resulted in the removal of non-crystalline components, such
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Figure 2. Graphical representation outlining several treatment techniques performed on a fiber.
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as waxy substances, from the fibers and induced changes in
surface topography. Furthermore, the observed reduction in
moisture adsorption suggests that esterification diminished the
hydrophilicity of the materials. In another study conducted by
Tserki et al.*” suggested that acetylation and propionylation
treatments resulted in improved stress transfer efficiency at
the interface after optimization. Khalil et al.l**! studied effect
of acetylation on interfacial shear strength (ISS) of oil palm
empty fruit bunch (EFB) and coir fibers. Authors reported that
acetylation of such fibers increased hydrophobicity, which
in turn led to a significant improvement in ISS compared to
unmodified fibers. This improved bonding is likely due to the
altered fiber surface morphology caused by the acetylation
process. The resulting hydrophobicity positively improved
the compatibility with matrix materials. Zaman and Khan!*!
studied the effect of acetylation treatment on the mechanical
and dynamical properties of matted banana empty fruit bunch
fiber (BBF), including tensile, flexural and impact strengths.
It was concluded that acetylation-treated BBF reinforced
composites exhibited reduced water absorption compared to
both alkali-treated and untreated controls. Bledzki et al.l*”]
investigated the influence of acetylation on the structure and
properties of flax fibers and their polypropylene composites.
Acetylation resulted in a remarkable improvement in both
the surface morphology and moisture resistance properties
of flax fibers. It was claimed that depending on the degree
of acetylation, flax fiber acetylation can reduce moisture
absorption by up to 50%. The degree of acetylation was
reported to have contrasting effects on the mechanical
properties of the composites, increasing tensile and flexural
strengths but decreasing Charpy impact strength.

2.2 Alkali treatment

This process uses concentrated alkaline solutions, such
as sodium hydroxide, to treat natural fibers, removing
waxes, oils and other surface impurities from the fibers,
thus increasing surface roughness that enhances mechanical
interlocking!*), and enhancing mechanical bonding with
the polymer matrix!*’**l. This process also reduces lignin
and hemicellulose resulting in higher cellulose content and
a cleaner fiber surface. However, optimal fiber properties
depend on carefully controlling mercerization parameters,
including alkali concentration, immersion time, temperature,
and the specific type of fiber being treated’l. Excessive
sodium hydroxide (NaOH concentrations and prolonged
exposure times can lead to the disintegration and dissolution
of cellulose crystals!*’.

Litaiff et al.s>” explored the utilization of mallow fibers
as reinforcement in sustainable polymeric composites
fabricated from bi-axially oriented polypropylene (BOPP)
waste streams. To enhance interfacial bonding and mechanical
performance, the authors subjected the fibers to alkali
treatment. This surface modification proved highly effective,
resulting in a substantial improvement in the fibers’ tensile
characteristics: the treated fibers achieved a tensile strength
of 1039.45 MPa, marking a significant increase over the
447.76 MPa exhibited by the untreated fibers, concurrent
with a measured increase in the modulus of elasticity.

Vishnu Vardhini et al.’! investigated the influence of
alkali treatment on the mechanical and impact properties
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of banana fiber-reinforced polypropylene composites.
Specimens were treated with sodium hydroxide (NaOH)
solutions at concentrations of 10%, 15%, and 20% to assess
the impact of varying alkali concentrations on composite
performance. Analysis of tensile properties revealed that all
NaOH treatments positively influenced both tensile strength
and tensile modulus. However, an optimal concentration
of 15% NaOH was observed, beyond which (20% NaOH)
a decrease in these properties was noted. Despite this
decline at the highest concentration, specimens treated with
20% NaOH still exhibited superior tensile performance
compared to those treated with the 10% solution. A similar
trend emerged in impact testing, with specimens treated at
15% NaOH demonstrating the highest impact resistance,
followed by those treated at 20% and 10%, respectively.
This suggests that while increasing alkali concentration
initially enhances impact properties, exceeding the optimal
15% concentration leads to a reduction, albeit not below
the baseline established by the 10% treatment. In contrast
to the tensile and impact behavior, flexural testing revealed
a different trend. While the 15% NaOH treatment again
yielded the highest performance, specimens treated with 10%
NaOH exhibited superior flexural properties compared to
those treated with the 20% solution. This indicates that for
flexural properties, exceeding the optimal 15% concentration
has a more detrimental effect, reducing performance below
that achieved with the lowest concentration tested.

Alkali treatment substantially improves the compatibility
of coir fibers with polyvinyl alcohol/polyethylene glycol
polymer blends, facilitating the production of composite films
exhibiting superior mechanical properties®”. Chamath et al.
1531 claimed that removal of lignocellulosic constituents
such as oil and wax, from the fiber surface increased with
increasing alkali concentration. However, concentrations
exceeding 4% NaOH induced surface damage, highlighting
the critical balance required in alkaline treatment processes.
Furthermore, improved thermal stability was observed in
fibers treated with alkali concentrations up to 4% NaOH;
beyond this threshold, further increases in concentration led
to a reduction in thermal stability. These findings underscore
the necessity for careful optimization of alkaline treatment
parameters to achieve desired fiber properties. Consequently,
a 4% NaOH concentration was determined to be optimal.
The effect of alkaline treatment on the properties of bamboo/
coconut husk hybrid fibers was investigated by subjecting
the fibers to NaOH solutions at concentrations ranging
from 2% to 10%, the optimum concentration of NaOH was
determined to be 8%,

Hafidz et al.’) investigated the influence of alkaline
treatment on the hygroscopic behavior of palm oil fibers and
kenaf fibers reinforced unsaturated polyester composites,
specifically examining water absorption and thickness
swelling. They investigated the influence of 5% NaOH
treatment on the water absorption characteristics of palm oil
fiber/polyester and kenaf fiber/polyester composite samples at
varying fiber volume fractions. In palm oil fiber composites,
the 5% NaOH treatment resulted in a reduction in water
absorption only at a 30% fiber volume fraction. At higher
fiber volume fractions of 40% and 60%, the treatment did
not yield any discernible improvement in water absorption
behavior. In contrast, the kenaf fiber composites exhibited
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improved water absorption performance following the
5% NaOH treatment at both 30% and 40% fiber volume
fractions. However, similar to the palm oil fiber composites,
no improvement in water absorption was observed at the
60% fiber volume fraction.

The influence of alkali treatment with a Swt% NaOH
for 30 minutes was investigated on linen, flax and bamboo
fabric reinforced epoxy composites. Alkaline treatment
resulted in substantial improvements in the tensile and flexural
strength and modulus of all fabric-reinforced composites
investigated. In contrast, the tensile and flexural strain of
these composites increased only marginally, suggesting that
the treatment primarily enhanced stiffness and load-bearing
capacity rather than ductility or flexibility>®).

Prome et al.’"! investigated the optimization of natural
fiber composites through a comparative study involving
five distinct chemical treatments: Alkaline NaOH, Benzoyl
Peroxide, Sodium Chlorite, Stearic Acid, and Potassium
Permanganate. This methodology was applied to both
banana fiber and JUCO (jute/cotton blend) composites.
Significantly, the NaOH treated JUCO specimens demonstrated
superior performance, achieving the highest recorded tensile
strength 70.86 MPa and flexural strength 88.7 MPa under
dry conditions.

The dominant effect of NaOH treatment on jute fibers
within epoxy composites was reported as fiber shrinkagel*®.
This shrinkage was likely due to the removal of hemicellulose
and other non-cellulosic components from the fiber structure
during alkaline treatment, leading to a reduction in fiber
diameter and potentially affecting fiber packing within
the composite. The treatment also influenced the tensile
properties and fracture mechanisms of the fibers, possibly
through changes in cellulose crystallinity or microfibril
orientation. However, despite these modifications to the fibers,
no improvement in fiber-matrix adhesion was observed®..
This lack of enhancement at the interface could be due
to several factors, such as insufficient chemical bonding
between the modified fiber surface and the epoxy matrix or
the creation of a weak interfacial layer due to the removal
of fiber components.

2.3 Silane treatment

While silane coupling agents are extensively employed
to enhance interfacial adhesion and mechanical properties
in glass fiber-reinforced compositest®*", their application

to natural fiber composites, including those reinforced with
flax and kenaf fibers also demonstrated promising results('.
The improvement in flax fiber-matrix compatibility achieved
through silane treatment is attributed to the formation of
hydrogen or covalent bonds between hydrolyzed silanol
groups and the hydroxyl groups on the fiber surface. This
enhanced interfacial bonding contributes to improved
mechanical properties and reduced moisture sensitivity.
However, the effectiveness of silane treatment is influenced
by factors such as the specific silane chemistry, fiber surface
pretreatment, and processing conditions, which should be
carefully considered for optimal performancel® . The
potential chemical coupling of GPS and PLA is shown
in Figure 3. Various techniques for silane application to
natural fibers have been documented. These techniques
can be broadly classified into two categories: fiber surface
treatment, which focuses on modifying the outer layer of
the fiber, and cell wall modification, which targets deeper
structural changes within the fiber!®l.

The application of silane treatment to natural vegetable
fibers yielded enhancements in both Young’s modulus and
tensile strength. Additionally, a reduction of approximately
60% in the moisture absorption of the resulting composites
was observed®®., Silane treatment also improves the
compatibility between hydrophilic fibers and hydrophobic
polymer matrices by modifying the fiber surface with
silane coupling agents. However, silane coupling agents are
more expensive than common NaOH for alkali treatment
and can be more expensive than plasma treatment in large
scale manufacturing. Its effectiveness is also dependent
upon factors such as the specific silane agent used and its
concentration!®”,

Rothenhdusler et al.’! investigated the influence of
various treatments, namely: Sodium hydroxide (NaOH)
(alkali), silane and siloxane treatments. Flax fiber-reinforced
composites manufactured with alkali treated fibers outperformed
all other modifications examined, including composites
reinforced with untreated flax fibers. This enhancement
in mechanical properties is attributed to the alterations in
fiber composition, coupled with improved fiber-matrix
adhesion. The improved adhesion was achieved through
the removal of the thermoplastic binder and the creation
of a rougher fiber surface. Conversely, neither silane nor
siloxane modifications yielded improvements in composite
tensile properties relative to untreated controls. Another

(3-glycidyloxypropyl) trimethoxysilane - GPS

(0]
O'Sli—/\/o\/é\o
Fibre< (l) O (0]
O-S:i\/\o/\‘/\o)‘\( \”)\O OH
o OH O
PLA

I

Figure 3. Potential chemical coupling of GPS and PLAF.
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study demonstrating the ineffectiveness of silane treatment
on the natural fibers was published by John and Naidu!®”)
who investigated effect of alkali and silane treatments on the
flexural properties of hybridized sisal and E-glass fibers. The
results indicated that silane treatment did not significantly
affect the flexural properties, whereas alkali treatment led
to a marginal improvement in these properties.

2.4 Benzyl treatment

Benzoylation is another method used to increase the
fiber’s affinity to non-polar resins, thus enhancing adhesion.
The interaction between the hydroxyl functionalities of the
cellulose fiber and benzoyl chloride, resulting in a specific
chemical reaction, is depicted in Figure 4. Zulyadain et al.l’"}
prepared composites from PLA and benzoylated sugarcane
bagasse at different loads of treated and untreated fiber loads.
Their results showed improvement in tensile strength and
elongation, notably between 5 and 10% fiber loading. The
modulus at break was more consistent for the treated fibers,
but at fiber loads below 15%, the modulus was lower than
the untreated fibers. The impact performance was overall
higher for the treated fibers.

Jiyas etal.’? studied the effect of different benzoylation
reaction times on bamboo fibers. They compared the results
with untreated fibers and those only treated with NaOH.
Though not in a composite system, their work showed
that benzoylation improved the fibers’ properties. The best
improvements were progressive up to 15 min reaction time.
At 20 min, all the properties were lower than 15%. This
behavior was shown in water content, water absorption,
tensile stress and tensile modulus.

Izwan et al.l’*) prepared polypropylene composites
with small (0.1 to 0.5 mm) benzoylated kenaf and sugar
palm fibers. In their study, a hybrid system was created by
adding 10% of a mixture of the two fibers (3:7, 5:5 and 7:3).
These fiber loadings were compared to the same loadings of
untreated fibers. Treated fibers showed higher glass transition
temperatures and melting points, especially for 5:5. However,
the addition of small fibers to polypropylene reduced the
flexibility and damping capacity of the composites. Sahu et al.
BIstudy showed that benzoylation yielded the highest content
of cellulose and lowest content of hemicellulose and lignin in
Bauhinia vahlii fibers. Benzoylated fibers also presented the
highest tensile strength, Young’s modulus and crystallinity
index. They concluded that benzoylation was the preferred
method when comparing to alkali and bleaching treatments.

A research conducted by Dipta et al.’ focused on
statistically characterizing the ultimate tensile strength of
Talipot Palm Fiber (TPF), thereby addressing the inherent
mechanical data scatter common in natural reinforcements.
The experimental regime involved subjecting the fibers to

NaOH

Fibre=0OH +
Cl

benzyl chloride

Figure 4. Reaction scheme of a benzoylated fiber!"'.
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three distinct chemical modifications- alkalization NaOH,
acetylation, and benzylation-each systematically evaluated
across three concentration levels (5%, 10%, and 15% by
weight). All treatments significantly enhanced the ultimate
tensile strength compared to the raw fibers, a finding
supported by XRD and FTIR analyses that confirmed the
successful removal of amorphous hemicellulose and lignin.
The optimal enhancement was achieved using the 10%
NaOH concentration, which yielded the highest recorded
tensile strength of 462.47 MPa, whilst the 5% benzylated
Talipot Palm Fiber exhibited the lowest ultimate tensile
strength. Crucially, the study observed that concentrations
exceeding this 10% threshold resulted in diminished tensile
strength, indicating that excessive chemical exposure induced
structural degradation of the cellulosic crystalline chains.

2.5 Maleated coupling agents

Maleation treatment involves the application of a coupling
agent to both the fiber surface and the polymer matrix. This
process typically involves grafting maleic anhydride onto the
polymer to enhance compatibility between the coupling agent
and the matrix!””). The incorporation of maleic anhydride is
crucial for improving interfacial adhesion between the fiber
and the matrix. During the grafting process, maleic anhydride
reacts with hydroxyl groups present on the fiber surface,
effectively reducing their availability for other interactions!®!.
The interaction between the anhydride groups of maleated
coupling agents and the hydroxyl groups present on natural
fibers effectively addresses the issue of incompatibility,
leading to enhanced tensile and flexural strengths in natural
fiber thermoplastic composites!’’l. Maleated polypropylene
(MAH-PP) reacts with the hydroxyl groups significantly
enhanced the composites’ mechanical properties under both
tensile and flexural stress. This improvement is attributed
to covalent bonding between the natural fibers’ surface
hydroxyl groups and the maleic anhydride in MAH-PPU®.,

El-Sabbagh!! investigated the optimum maleic anhydride
polypropylene (MAPP) ratio to natural fibers; namely flax,
hemp and sisal fibers. Fibers were pretreated by NaOH at
various ratios. The optimal ratio of MAPP for natural fibers
varied between 10% and 13.3%, depending on both the
specific MAPP source and the type of natural fiber used,
as well as the mechanical property being evaluated namely,
stiffness, impact and strength!”").

3. Enzyme Treatments

Avariety of enzymes can be used in enzyme treatment,
but cellulase, xylanase, and pectinase are particularly prevalent
due to their effectiveness in modifying plant-based materials.
Enzymatic treatment effectively removes hygroscopic pectic

o) + Na*Cr
Fibre”
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and hemicellulosic substances, resulting in more uniform
fiber surfaces with enhanced thermal properties. Enzymes
improve the thermal stability of natural fibers by selectively
removing less stable pectic and hemicelluloses!*’.. Flax
and hemp fibers were treated with five different enzymes,
namely: xylanase, xylanase+cellulase, polygalacturonase,
pectinmethylesterase and laccase. Enzymatic treatment was
more efficient on flax fibers than on hemp fibers due to flax
fibers’ greater surface areal®’).

Jute fibers were treated with enzymes (pectinase, laccase,
xylanase, and cellulase) to assess the impact of enzymatic
pretreatment on the mechanical properties of jute/polyester
composites!*!). Enzymatic treatment caused fabric fibrillation
and yarn opening, resulting in a hairier fabric due to the
removal of adhesive substances such as hemicelluloses,
lignin, pectin, and oils. This increased surface area led to
a stronger fiber-matrix interaction and improved adhesion
with the polyester matrix(®!l,

Natural fibers are not only utilized in composite materials
but also in clothing, and textiles. Similar enzyme treatments
are employed to achieve different objectives. For instance,
enzymatic treatments can enhance the whiteness of fiber
surfaces, improving their aesthetic appeal. However, this often
involves a trade-off: while desired physical characteristics,
such as increased brightness or improved dyeability, are
achieved, the fiber’s mechanical properties, such as tensile
strength or flexibility, may be compromised.

Enzyme concentration had a pronounced effect on both
the mechanical and physical attributes of jute fiberst’.
Specifically, increasing the enzyme concentration weakened
the flexural rigidity, likely due to the enzymatic breakdown
of structural components. Conversely, this increase in the
enzyme concentration enhanced physical properties related
to appearance, such as brightness index, whiteness index,
and reflectance, potentially by removing impurities or
surface coatings.

In a study by Zwane et al.[**), investigated the impact of
enzymatic treatment on the tensile strength and morphology
of'sisal fibers. Their goal was to explore hemicellulose, an
enzyme derived from Aspergillus niger, as an alternative
method to hydrolyze the cementing layers within sisal
fibers. Conversely, their findings diverged from previous
studies on natural fibers, which often report positive effects
of enzymatic treatment. Zwane et al.l**) observed that both
sodium hydroxide (NaOH) and enzymatic treatments resulted
in a decrease in the tensile properties of the fibers.

Vishnu Vardhini et al.’! investigated the influence
of enzymatic treatments on the tensile strength, flexural
strength, and impact resistance of banana fiber/polypropylene
composites. The enzymes employed were laccase and
xylanase, applied at concentrations of 10%, 15%, and 20%
to assess the impact of varying enzyme concentration on
composite mechanical properties. Regarding tensile properties,
xylanase treatment exhibited a more pronounced effect
than laccase. A maximum increase of approximately 70%
in tensile strength was achieved with xylanase at the 20%
concentration, representing the highest value observed across
all xylanase concentrations tested. Laccase treatment, at the
same 20% concentration, resulted in an approximate 56%
increase in tensile strength. A similar trend was observed in
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flexural properties. Xylanase treatment induced an increase
of over 100% in flexural strength at the 20% concentration,
while laccase treatment at the same concentration yielded
an 86% increase. This again demonstrates the superior
effect of xylanase treatment on the flexural behavior of
the composites. The impact of xylanase treatment was
particularly notable in terms of impact strength, achieving
an improvement exceeding 120%. While laccase-treated
samples also demonstrated substantial improvement, they
achieved a slightly lower increase of approximately 114%.
This further reinforces the observation that xylanase treatment
had a greater positive impact on the mechanical properties
of the banana fiber/polypropylene composites compared to
laccase treatment under the conditions investigated.

4. Physical Treatments

A variety of physical modification techniques have
been documented, aimed at altering the surface properties
of materials. These methods can be broadly classified into
radiative and electrical discharge approaches. Radiation
methods, including X-rays, ionizing radiation, gamma
radiation, induce surface modifications by altering the
chemical composition and morphology through high-energy
interactions®**1, Electrical discharge methods, such as
plasma, corona discharges and so on.

4.1 Corona discharge

Corona discharge treatment has emerged as a promising
alternative to conventional pretreatment methods due to its
environmentally friendly nature and suitability for industrial
processes, offering economic advantages®***’l. This method
modifies plant fiber surfaces by activating the constituent
polymers, which leads to improvements in both wettability
and adhesion strength!®l. Corona pretreatment enhances
fiber-matrix adhesion by activating the fiber surface and
increasing its roughness. The surface activation is likely a
result of the corona discharge generating reactive species that
interact with the fiber surface, potentially creating carboxyl,
hydroxyl, or other polar functional groups. These newly
formed groups can then form stronger chemical bonds with
the matrix, while the increased surface roughness provides
additional sites for mechanical interlocking, leading to
improved overall adhesion!*.

Corona discharge treatments enhanced the fiber-matrix
adhesion of jute/polyester composites”’), however, the
application of corona discharge treatment to jute fibers resulted
in a reduction in tensile strength, which ultimately led to a
decrease in the mechanical performance of the jute fiber/
epoxy composites®. Corona discharge treatment constitutes
a vital step in textile processing!’'\. The widespread adoption
of this technique is largely attributable to its economic
feasibility, stemming from its low energy demand and
inherently low operational cost.

4.2 Plasma treatment

Plasma treatment is a versatile technique capable of
generating both rough and smooth surface morphologies.
Furthermore, it allows for the modification of the substrate’s
chemical composition through the introduction of diverse
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functional groups. This dual capability makes plasma
treatment a powerful tool in various applications, including
enhancing adhesion in composite materials, improving the
wettability of surfaces for coating applications””. Plasma
surface modification offers both economic and ecological
advantages!” by eliminating the need for water and
chemicals”. A significant benefit of plasma processing is
the substantial reduction in pollutant generation, leading
to a corresponding decrease in effluent treatment costs™.
Consequently, plasma treatment can be considered an
environmentally friendly technology. Plasma treatment
physically modifies the fiber surface, creating roughness
through a sputtering process™. This surface roughening
increases the contact area available for interaction with the
polymer, resulting in enhanced interfacial friction.

The mechanical properties of jute fibers and their PLA
composites were studied as a function of plasma treatment
exposure time!”!. Plasma treatment proved highly effective in
enhancing the mechanical properties of jute fiber-reinforced
composites. Significant increases were observed across all
measured properties: tensile strength increased by 28%,
Young’s modulus by 17%, and flexural strength by 20%.
Notably, the flexural strength of the treated composites
exceeded that of the untreated composites by over 20%. This
substantial improvement in flexural performance, along with
the gains in tensile strength and modulus, suggests a marked
enhancement in interfacial adhesion between the jute fibers
and the PLA matrix due to the plasma treatment. Following
plasma treatments, significant changes were observed in the
surface chemistry of the flax fibers, including alterations
in functional group composition and an increase in surface
roughness®’l. The most notable observation was the generation
of new functional groups, indicating a chemical interaction
between the plasma and the fiber surface.

5. Discussion and Conclusion

The increasing utilization of natural fiber-reinforced
composites offers a promising avenue for significant
enhancements in component quality across multiple critical
dimensions. Specifically, these materials present substantial
advantages with respect to environmental impact, offering the
potential for reduced reliance on non-renewable resources.
Furthermore, their economic viability is emphasized by the
potential for lower raw material costs and reduced energy
consumption during processing in certain applications. From
a technical feasibility standpoint, these composites can
provide tailored mechanical properties, including acceptable
strength-to-weight ratios and damping characteristics,
making them suitable for a widening range of engineering
applications. However, their inherited limitations keep them
away from a wider range of use in multiple industries. Surface
treatments play a crucial role in enhancing the performance
of natural fibers in advanced composites by addressing
their inherent limitations of high moisture absorption
and poor dimensional stability. The principal mechanistic
underpinnings of the current treatment methodologies can
be summarized as follows:

- Acetylation effectively mitigates the inherent moisture
sensitivity of natural fibers by chemically substituting
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the hydrophilic hydroxyl groups within cellulose and
lignin, thereby reducing the fiber hydrophobicity.

- Alkali treatment stands out as a vital surface modification
technique for natural fibers. It optimizes composite
performance by purifying and etching the fiber surface,
thereby promoting superior fiber-matrix adhesion, efficient
stress transfer, and enhanced mechanical properties.

- Silane treatment enhances flax fiber-matrix compatibility
by fostering interfacial hydrogen or covalent bonding
between hydrolyzed silanol and fiber surface hydroxyl
groups. This improved interfacial adhesion consequently
leads to enhanced mechanical performance and reduced
moisture sensitivity of the resulting composites.

- Benzoylation represents an effective chemical modification
strategy for enhancing the interfacial adhesion between
cellulose fibers and non-polar resin matrices. This
improvement is achieved through a specific chemical
reaction, namely the esterification of the fiber’s hydroxyl
functionalities by benzoyl chloride, thereby increasing
the fiber’s affinity for the hydrophobic resin.

- Maleation treatment, employing a coupling agent on both
the fiber and polymer matrix, typically involves grafting
maleic anhydride onto the polymer to enhance matrix
compatibility. This incorporation of maleic anhydride is
critical for improving fiber-matrix interfacial adhesion
by reacting with hydroxyl groups on the fiber surface
during the grafting process, thereby modulating their
reactivity.

- Enzymatic treatment effectively enhances the thermal
properties of natural fibers by selectively removing
hygroscopic pectic and hemicellulosic components,
resulting in more uniform surfaces and improved thermal
stability.

- Corona treatment is shown to bolster fiber-matrix adhesion
via dual mechanisms: the generation of polar functional
groups on the fiber surface enhances chemical bonding,
and roughening improves mechanical interlocking with
the matrix.

- Plasma treatment stands as a versatile methodology,
enabling precise control over both surface topography
and chemical functionality. This dual capability positions
plasma technology as a powerful and adaptable tool
across a spectrum of applications, enhancing interfacial
adhesion in composite systems and optimizing surface
wettability for coating processes.

Finally, this review highlighted the main strategies
currently employed for natural fiber treatments; nevertheless,
alternative techniques remain underexplored and deserve
further attention in future studies.
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