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Abstract: Oil palm empty fruit bunch (OPEFB) single fibers and reinforced composites were
comprehensively characterized through tensile tests to assess their performance as potential reinforcing
materials in polymer composites. The performances of OPEFB single fibers and reinforced composites
with untreated and treated fibers conditions were compared. The fibers were variously treated with 3%
sodium hydroxide, 2% silane, 3% sodium hydroxide mixed with 2% silane, and 3% sodium hydroxide
prior to 2% silane for 2 hours soaking time. The highest toughness of the single fibers test was then
selected to proceed with composites fabrication. The OPEFB composites were fabricated in 90:10,
80:20, 70:30, and 60:40 epoxy-fibre fractions. The result shows that the selected treated fiber composite
exhibits better performance. The selected treated fiber composite increased the highest ultimate tensile
strength by 145.3% for the 90:10 fraction. The highest Young’s Modulus was increased by about
166.7% for 70:30 fraction. Next, the highest toughness was increased by 389.5% for the 30:70 fraction.
The treated fibers provided a better interlocking mechanism between the matrix and fibers in reinforced
composites, thus improving their interfacial bonding.

Keywords: natural fiber; oil palm empty fruit bunch fibers; alkaline treatment; tensile properties;
volume fraction.
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1. Introduction

There has been an escalating interest in finding alternative fibers for effective and
inexpensive energy-absorbing composites in recent years. Among the available possibilities is
to use natural fiber to produce polymer composite since it is eco-friendly, abundant, and
renewable naturally. In addition, natural fibers offer many advantages, for example,
affordability, biodegradability, low density with acceptable specific properties, good insulating
and thermal properties, low energy consumption during processing, etc. [1-4]. At present,
among the natural fibers that are frequently investigated to form polymer composites are flax,
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jute, cotton, kenaf, hemp, and basalt. These natural fibers are usually applied with polymer
matrices, i.e., epoxy and polyester, to provide better specific tensile and flexural properties,
stiffness, and elongation at break [5-15]. Examples of widely employed matrices include
thermoplastic polymer: polypropylene (PP); polyvinyl chloride (PVC); polyethylene (PE); and
polystyrene (PS), thermosets polymers: phenolics; epoxies; isocyanates, and unsaturated
polyesters.

The oil palm empty fruit bunch (OPEFB) is a promising natural fiber to be explored
[16]. OPEFB is categorized as an oil palm industry biomass waste that is generated from the
oil extraction mills process. Literature-wise, plenty of studies have been conducted to make
OPEFB polymer composite characteristics even better [1,3,7-11]. Nevertheless, the effect of
volume fractions between the OPEFB fiber and matrix as well as the effect of alkaline treatment
has not been sufficiently investigated.

Malaysia is among the most important oil palm producers in the world and experiencing
a robust development in new oil palm plantations and palm oil mills through giant government-
linked companies (e.g., FELDA, FELCRA, SALCRA, SLDB, KESEDAR, PKEINK, and
RISDA) and private estates (e.g., Guthrie, 10l Plantations, Genting Plantations, and Sime
Darby). The total area of oil palm cultivations in 2018 is about 5.85 million hectares, in which
the bigger percentage are from private estates contribution at 71.6% [8-15].

In the oil palm industry, the existing biomass wastes are generated by two processes
[33]. The first is from plantation routines involving pruning and re-plantation, where it
generates wastes such as fronds and trunks, whereas the second is from the oil extraction mills
where wastes such as oil palm empty fruit bunch (OPEFB) and mesocarp fiber are produced.

As the oil palm industry becomes bigger and wider in Malaysia, many oil palm leftovers
are produced, causing an excess of waste products. After the palm oil extraction process, the
waste by-product could exceed 80 million tons per annum [34]. This problem tends to burden
the operators with disposal difficulties and escalates the operating cost. In addition, these
wastes contribute to environmental problems because most of the OPEFB were burned in the
open [5,18]. Furthermore, the production of OPEFB in the last 20 years has shown an apparent
increasing trend from 2.8 - 3 million tones in the year 1997 [1], 7 million tons in 2009 [33],
22.43 million tons in 2016 [34], and approximately 24.66 million tons in 2018.

Hence, an effort has been made in the present work to investigate the mechanical
characterizations of OPEFB fibers reinforced composites in various epoxy-fiber fractions with
and without alkaline treatment. The purpose of this study is to explore the potential of the
OPEFB fiber composite to be converted into some forms of beneficial products. The composite
is fabricated by a hand lay-up technique to characterize the tensile mechanical behaviors.

2. Materials and Methods

2.1. Preparation of OPEFB fibers.

The United Oil Palm Industries, Nibong Tebal, Penang, had supplied the OPEFB for
this research works. Following the water retting process, the fibers were manually extracted.
The water retting took about a week to remove the residual oil and cleaned using distilled water.
Next, the fibers were dried under the sun to ensure the removal of their moisture content. The
extracted fibers are shown in Figure 1.
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Figure 1. The extracted OPEFB fibers.

2.2. Chemical treatment of OPEFB fibers.

The OPEFB fibers were treated with four different methods of alkaline treatments:
NaOH (3%), silane (2%), mixed NaOH (3%) + silane (2%), and multistage NaOH (3%) - silane
(2%). All the treatments were soaked for about two hours at room temperature, and the liquor
ratio was maintained at 40:1. Finally, the fibers were cleaned using distilled water and
subsequently dried at room temperature.

2.3. Preparation of composites.

The epoxy resin used in this research is EpoxAmite 100 and 103 with slow hardeners
as a curing agent. The extracted natural fibers were subsequently compressed using a cold
press, and the hand-lay-up method was adopted to fill up the prepared mold with the appropriate
amount of resin mixture that was evenly distributed. The lid was then placed on top of the
fibers to help form the composite shape. The curing process was done at room temperature,
which took approximately 24 hours.

2.4. Tensile test.

The single fiber tests were performed according to ASTM D3822-07 standard using the
INSTRON micro tester. All single fiber tests were carried out at a rate of 0.5 mm/min using a
10 N load cell. On the other hand, the tensile properties of the composite were determined
through the tensile testing method in accordance with ASTM D3039 [36]. The tensile tests for
the composites were carried out on a calibrated SHIMADZU testing machine at a rate of 1.00
mm/min with a 250 kN load cell.

2.5. Surface morphology.

The untreated and treated OPEFB fiber strands' surface morphology was examined
using an SEM (HITACHI Model TM3000) with a magnification of 100X. The layers were not
surface coated prior to scanning.

3. Results and Discussion

3.1. Single fiber test.
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Single fiber properties are crucial to determine the efficiency of fibers and their quality.
The stress-strain responses for the selected untreated and multiple treated OPEFB single fibers
are presented in Figure 2. It can be seen that the treated fibers appear to have the tensile strength
to be significantly increased and prolong the elongation at break in comparison to those of the
untreated fibers. Moreover, the treated fibers have better ductility behaviors in contrast to the
untreated fibers. Nevertheless, all the tested fibers are still considered brittle when observing
the stress-strain responses as they experienced the sudden break upon reaching their ultimate
tensile strength. From Figure 2, it can also be seen that the tensile strength of OPEFB fibers
has been notably improved when treated by NaOH (3%) compared to other alkaline treatments.
The ultimate tensile strength for the OPEFB fibers employed in this study is given in Figure 3,
where the highest is for the NaOH (3%) treated at 82 MPa, followed by NaOH (3%) + silane
(2%), silane (2%), NaOH (3%) — silane (2%) and untreated fiber at 61.5 MPa, 54.3 MPa, 42.1
MPa, and 40 MPa respectively. This corresponds to an improvement by about 105%, 53.8%,
35.8% and 5.3% for the NaOH (3%), NaOH (3%) + silane (2%), silane (2%) and NaOH (3%)
—silane (2%) treated fibres against the untreated specimen.

The previous study has also proven that the 3% of NaOH was the ideal concentration
to optimally modify the strength of OPEFB fibers [37]. The critical surface modification done
by the NaOH (3%) treatment is the disruption of hydrogen bonding in the fiber’s structure, thus
increasing the surface roughness. The NaOH (3%) treatment also changes the certain lignin
and hemicellulose amount and removes wax and residue oils covering the external surface of
the OPEFB fiber cell wall, similar to other typical natural fibers behavior as presented
previously by other researchers [38]. Furthermore, previous experimental works based on the
alkaline based treatment had reported that there were two major effects caused by this type of
treatment on most of the natural fibers; better mechanical interlocking due to the increment of
the surface roughness and the rises of the cellulose amount exposed to the surface of the fiber,
which increases the number of possible reaction sites [39]. However, better interlocking due to
the changes in surface roughness of OPEFB fibers does not improve the ductile behavior
compared to the untreated. The change of cellulose fraction seems only likely to increase the
strength but tended the strain slightly in close position compared to untreated. This indicates
that the stronghold of the fibers due to better interlocking and the increases of cellulose amount
could only be sustained in a short elongation and could not withstand the significant stroke
during the tensile test.

Meanwhile, previous studies have suggested using 2% concentration as a benchmark
for the silane treatment for natural fibers [40]. The silane treatment was used as a coupling
agent to allow the glass fibers to adhere to a polymer matrix to stabilize the composite material.
Recently, silane treatment was applied to the natural fibers to form stable covalent bonds on
the cell wall chemisorbed onto the fiber surface, experiencing fiber swelling by creating a
crosslinked network [41]. Apart from changing the cellulose, hemicellulose, and lignin
fractions, the silane molecules also act as a surface coating on the fiber and react with the
cellulose to form a strong chemical bonding with fiber constituents, as reported in [42].
Critically, past studies have shown that the natural fibers reactions on the silane treatment can
cause the cellulose and hemicellulose to increase and couple together to establish a unique
bonding [42]. However, the increase of cellulose and hemicellulose constituents of the OPEFB
fibers is unable to significantly improve the ultimate tensile strength, in contrast to the NaOH
(3%) treatment. Nevertheless, the coating effects on the OPEFB fiber constituents have
tremendously increased the strain. This shows that the coating effects from silane (2%)
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treatment can remarkably prolong the elongation of the fibre, which in turn improving the
ductility of the OPEFB fibres.
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Figure 2. Stress-strain curves of untreated and treated OPEFB fibers.

The NaOH (3%) — silane (2%) treated fiber exhibits the closest value compared to
untreated fiber. However, incremental ultimate strength and strain are not much different. This
result contradicts hemp fibers, whereby a previous study claimed that the performance of
multistage NaOH and silane treated was similar with single NaOH treated [42].
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Figure 3. Ultimate tensile strength of untreated and treated OPEFB fibers.

This disagreement is believed to be due to the differentiation of cellulose,
hemicellulose, and lignin fractions and the soaking time between these two fibers set. The
cellulose fractions of OPEFB and hemp fibers are 49.6% and 86.6%, respectively. On the other
hand, the hemicellulose fractions of OPEFB and hemp fibers are 29.2% and 6%, respectively,
while the lignin fractions are 21.2% and 7.4%, respectively [5,25]. The poor results of OPEFB
fibers in NaOH (3%) - silane (2%) treated is due to low fractions of hydrophobic and high
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fractions of hydrophilic elements in the fibers (i.e., more moisture is trapped in the fiber
structure). Furthermore, a double stage with a different chemical to increase the cellulose
fraction is suspected of having damaged the fiber constituents. Also, the coating effects of
silane (2%) for post-NaOH (3%) were unable to prolong the strain significantly.

Nevertheless, the mixture of NaOH (3%) + silane (2%) treatments presented different
results. The ultimate tensile strength is slightly increased when compared to untreated and even
better when compared to single silane (2%) treatment. This treatment method is thought to
change the surface roughness, raise the cellulose and hemicellulose fraction, and coat the fibers
simultaneously. In terms of fiber performance, it is found that the effects of NaOH (3%) are in
contrast to silane (2%). The highest ultimate tensile strength was achieved after single NaOH
(3%) treatment, as did the strain. The strain of the fibers was unable to be turned into better
results due to the coating effects of silane (2%). Simultaneously, the coating effects on the fiber
resulted in a decrease in fiber strength. The most important finding is that both chemical
substances could not adapt by the fibers to modify constituents to obtain better properties due
to an uncertain reaction for NaOH (3%) and silane (2%) when mixed directly in one treatment
solution.

Figure 4 shows the average Young’s modulus of the untreated and multiple treated
OPEFB fibers. Upon comparison with untreated fibers, Young’s modulus of the fibers was
markedly increased by the chemical treatments except for the NaOH (3%) — silane (2%). The
decreasing of Young’s modulus on NaOH (3%) — silane (2%) treated is believed due to the
damage caused by a treatment mixture and method change, causing the cellulose in the fiber to
partially change from crystalline cellulose I into amorphous cellulose 1l [43]. In addition, this
decreasing behavior is also induced by the degree of degradation of cellulose chains upon
treatment [44]. A maximum Young’s modulus of 1.05 GPa was achieved with the silane (2%)
treated fibers. Young’s modulus slightly increased from 0.82 GPa for the untreated fiber to
1.05 GPa for silane (2%) treated fiber, which is an increment of 28%. This is followed by
NaOH (3%) treated, NaOH (3%) + silane (2%) treated, untreated, and NaOH (3%) — silane
(2%) treated at 0.94 GPa, 0.87 GPa, 0.82 GPa, and 0.79 GPa respectively. Except for the NaOH
(3%) — silane (2%) treated that displays a 3.7% decrease in Young’s modulus, the NaOH (3%)
and NaOH (3%) + silane (2%) treated are increased by about 14.6% and 6.1% respectively.

The highest Young’s modulus for the silane (2%) treatments corresponds with the
highest fiber strain before breaking. Moreover, it is found that the higher strain experienced the
fibers' higher elastic and plastic characteristics. As silane (2%) treatment reactions, the
increasing fractions of cellulose and hemicellulose and coating effects have caused the increase
in the elastic and plastic region of the fibers. Hence, this proves that the silane (2%) treated
fiber has a stable covalent bond to the chemisorbed cell wall onto the fiber surface, as claimed
by Godara [41].

Figure 5 exhibits the average toughness of the untreated and multiple treated OPEFB
fibers. The toughness of the fibers determines the balance between ultimate tensile strength
and strain at break, which is a brittle-ductile indicator. The NaOH (3%) presents the highest
toughness at 5.4 MJ/m?® and increases by 157.1% compared to untreated fibers. This is followed
by silane (2%), NaOH (3%) + silane (2%), NaOH (3%) — silane (2%), and untreated for 5.2
MJ/m3, 3.3 MJ/m3, 2.2 MJ/m3, and 2.1 MJ/m? respectively. Notably, the toughness of the fibers
due to silane (2%), NaOH (3%) + silane (2%), and NaOH (3%) — silane (2%) treatment have
increased by 147.6%, 57.1%, and 4.8% respectively in comparison against untreated fiber.
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Figure 4. Young’s modulus of untreated and treated OPEFB fibers.

Next, the ultimate tensile strength of the NaOH (3%) treated fibers is highest compared
with the untreated and other multiple treated fibers, although the strain at break exhibits small
changes. On the other hand, silane (2%) treated fibers give a higher toughness value due to
significant strain changes. Despite having the maximum toughness, the NaOH (3%) treated
fibers are considered brittle, whereas the silane (2%) treated fibers are exceptionally ductile.
Both treated fibers have good energy absorption during a tensile test, although distinct
behaviors are contradicted.

7

6 A

Toughness MJ/m3

Untreated NaOH 3% Silane 2% NaOH 3% + Silane NaOH 3% - Silane
2% 2%

Types of treatment
Figure 5. Toughness of untreated and treated OPEFB fibers.

This condition gives a selection for future application, whether one is inclined to tough-
brittle or tough-ductile characteristics. The NaOH (3%) + silane (2%) treated fibers exhibit
moderate toughness, and NaOH (3%) - silane (2%) treated and untreated fibers display poor
toughness due to poor strain at breaking point. In general, a single chemical treatment can
increase the toughness of the OPEFB fibers due to changes to the fiber’s physicals and
constituents. However, the multiple chemical treatments were unable to increase the toughness
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into significant value, although the same chemical substances were employed. It is suspected
that these chemical treatments reacted rather inefficiently compared with their single reaction
on the fibers.

3.2. Morphology analysis.

The surface morphological study of the fibers is important to observe the changes that
occurred on the surface of OPEFB fiber caused by multiple treatments. Figure 6 exhibits the
surface morphologies for untreated and multiple-treated OPEFB fibers. The untreated fibers
display the fairly smooth surface roughness and the impurities present on the fiber surface, as
shown in Figure 6(a). Figure 6(b-d) shows the morphology image of the NaOH (3%), silane
(2%), and NaOH (3%) + silane (2%) treated fiber. The damaged textures on the surfaces of the
fibers can be observed. The NaOH (3%) treated fiber demonstrated a rougher surface than
silane (2%) and NaOH (3%) + silane (2%) treated fiber. These rough surfaces would be
believed to promote good interfacial bonding between fibers and the matrix when used as
reinforcement materials in composites [45-48]. However, if these rough surfaces exceed the
desired stage, it could interrupt the mechanical properties of the fibers [33,34]. Figure 6(e)
shows the NaOH (3%) — silane (2%) treated fiber. It can be observed that the surface roughness
is identically smooth on the fiber surfaces compared to untreated fiber. The smooth surface
roughness is believed to be due to the coating effect of silane (2%) treatment after NaOH (3%)
treatment subsequently.

Based on the OPEFB single fiber test result and morphological study, the OPEFB fibers
will be treated using NaOH (3%) prior to composite fabrications. The main selection factors
are the ultimate tensile strength, toughness, and surface roughness of the fibers. Higher ultimate
tensile strength of the fibers is required to ensure the fibers bond adequately with the matrix
and be able to withstand high resistance to break during load exertion. The high resistance to
breakage of the fibers promotes a good strength of the composite structure. Meanwhile, the
toughness presents the ability of the fibers to absorb the energy during the load exertion and is
expected to complement the composite bonding. Furthermore, the surface roughness of the
fibers is believed to influence better interfacial bonding between fibers and matrix in composite
reinforcement.

3.3. Composite test.

Figure 7 shows the stress-strain responses for selected untreated and treated OPEFB
based fiber composites with various fiber/epoxy fractions. The ductility of the treated
composites seems to have increased for all fiber/epoxy fractions. The ductility is identified
based on a higher strain value that a specific composite can sustain during the tensile test, while
a lower strain value could be considered brittle. As for the treated composites, the 40:60
exhibits the most ductile fiber/epoxy fraction, followed by 30:70, 20:80, and 10:90.

https://biointerfaceresearch.com/ 6155


https://doi.org/10.33263/BRIAC125.61486163
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC125.61486163

RN A Paci el
e s R~

- ——

(a) Untreated (b) NaOH (3%)

(c) Silane (2%) (d) NaOH (3%) + Silane (2%)

(e) NaOH (3%) - Silane (2%)

Figure 6. Surface morphologies for untreated and multi-treated OPEFB fibers.
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Meanwhile, the untreated composites with 40:60 fiber/epoxy fraction demonstrate the
highest ductility, followed by 20:80, 30:70, and 10:90. The ductility of the treated composites
40:60, 30:70, 20:80, and 10:90 fiber/epoxy fractions have increased by about 64.7%, 171.7%,
42%, and 160.3%, respectively when compared against untreated composites.
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Figure 7. Stress-strain curves of untreated and treated OPEFB fibers reinforced composite in various
fiber/epoxy fractions.
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Figure 8. Ultimate tensile strength of untreated and treated OPEFB fibers reinforced composite in various
fiber/epoxy fractions.

The ultimate tensile stress of treated composites also increases when compared to
untreated composites. The treated composite with 20:80 fiber/epoxy fraction demonstrates the
highest tensile stress, 33.3 MPa, which is an increase of 30.5% compared to untreated
composite, 25.5 MPa. The 10:90 fiber/epoxy fraction shows the most significant improvement
in which both treated and untreated composites are at 23.8 MPa and 9.7 MPa, respectively.
This corresponds to an increase of about 145.3%. Meanwhile, the treated and untreated
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composites of 30:70 fiber/epoxy fraction are at 24.2 MPa and 15.5 MPa, respectively, with
approximately 56.1% increments from the untreated specimen. The untreated and treated
composites of 40:60 fiber/epoxy fraction achieved 27.4 MPa and 24 MPa, respectively. It
shows a 14.2% improvement of ultimate tensile stress for the treated composite. Figure 8
illustrates the detailed observation of the average ultimate tensile stress for various fiber/epoxy
fractions.

Furthermore, there is a clear increment in Young’s modulus average for the treated
composites, as shown in Figure 9. The highest Young’s modulus of 1.9 GPa was achieved by
the treated composites of 20:80 fiber/epoxy fraction while the untreated composite is at 1.4
GPa, which was an increment of 35.7%. However, the most significant increment was the 30:70
fiber/epoxy fraction with an approximate gain of 166.7%. The Young’s modulus of this fraction
for untreated and treated composites was 0.6 GPa and 1.6 GPa, respectively. The treated
composite of 40:60 fiber/epoxy fraction achieved 1.5 GPa, which is an increase of about 87.5%
compared with untreated composite, 0.8 GPa. The treated composite of 10:90 fiber/epoxy
fraction had also demonstrated a significant increment in Young’s modulus value by about
83.3% compared to untreated composite.

3

N
1

N
1

Young's Modulus (GPa)

=
1

10:90 20:80 30:70 40:60
Fibre/Epoxy Fractions

---m-- Untreated —=— Treated

Figure 9. Young’s modulus of untreated and treated OPEFB fibers reinforced composite in various fiber/epoxy
fractions.

Moreover, the 40:60 fiber/epoxy fraction composites display the most significant
toughness average, as illustrated in Figure 10. The toughness of treated and untreated
composites for this fraction is 805 kJ/m? and 333 kJ/m?, respectively, increasing about 141.7%.
Then, it is followed by 30:70 fiber/epoxy fraction, 465 kJ/m?, and 95 kJ/m? for treated and
untreated composites, respectively, with a significant increase of about 389.5%. The toughness
of the 20:80 fiber/epoxy fraction for treated composite (343 kJ/m?) has improved by 88.5%
over the untreated composites (182 kJ/m?). The 10:90 fiber/epoxy fraction, on the other hand,
presents the lowest toughness with the treated and untreated composite values of 214 kJ/m?
and 68 kJ/m®. Nevertheless, it shows that the treated composite has improved its toughness by
214.7% over the untreated composite.

Overall, the treated OPEFB fibers reinforced composites demonstrate better ultimate
tensile strength, strain to failure, Young’s modulus, and toughness in all-fiber/epoxy fractions.
These improvements are believed to be due to changes in the fiber cellulose crystallinity, and
the treated process involves removing the weak amorphous component, thus enhancing the
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bonding with the matrix [28,29]. Hence, this enables the fibril to rearrange more compactly
and enhances the tensile properties [49]. Besides, the treated fibers are presumed to provide a
better interlocking mechanism between the matrix and fibers in reinforced composites that
improve their interfacial bonding [28,31]. Furthermore, previous studies have also proved that
the treated fibers composite promotes high resistance to continuous elongation increase in
Young’s modulus as well as overall improvement in other mechanical properties [21,32]. Also,
the treated composites significantly increased the tensile properties due to better fiber surface
impurities and surface roughness that promote better bonding with the matrix [52].
Additionally, the 3% NaOH treatment removes the lignin and cellulose layer around the fibers,
decreasing the fiber wettability and thus increasing the overall surface area of interaction
between fiber and matrix, resulting in better bonding strength and tensile strength [53].
Moreover, the treated fibers tend to take out a certain portion of hemicellulose and lignin
covering the fiber surface, exposing the cellulose structure to better adhesion with the matrix
[42].

1000
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Toughness (kJ/m3)

10:90 20:80 30:70 40:60
Fibre/Epoxy Fractions
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Figure 10. Toughness of untreated and treated OPEFB fibers reinforced composite in various fiber/epoxy
fractions.

Based on the observation, the ultimate tensile strength, Young’s modulus, and
toughness of different fiber/epoxy fractions are varied. The difference in fiber content in the
composite reveals different performances, and there is a fluctuating pattern between the
fractions. In general, although higher fiber content is desired to achieve higher performance,
other factors such as the types of fiber, types of fiber treatments, arrangement of fibers, and
methods of composites fabrication are also crucial [52]. Furthermore, the previous natural fiber
composite studies have demonstrated that the presence of fiber in the polymeric matrix at an
acceptable percentage increases composite strength and modulus, although there is no distinct
increasing or diminishing pattern [54]. Besides that, past research has found that treatment
effects on certain fiber constituents, specifically the proportion of cellulose, hemicellulose, and
lignin, were variable, resulting in an inconsistent pattern of performance between fiber/matrix
fractions [42]. Therefore, the amount of cellulose, hemicellulose, and lignin in the fiber will
profoundly impact the bonding strength with the matrix.

Referring to the ultimate tensile strength and Young’s modulus results, the 20:80
fiber/epoxy fraction of OPEFB composites presents the highest values for both parameters.
This fraction promotes the optimum bonding between fibers and matrix for good strength and
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elasticity. The presence of 20% fibers in the composite improves the brittleness and strength
of the epoxy. This is due to the excellent adhesive between the fibers and epoxy, as the epoxy
volume is significant. However, it is found that the increment of fiber volume depicts the
decreasing of the strength and Young’s modulus. The increment of fibers is presumed to have
weakened the adhesive between fibers and epoxy. The lower volume of epoxy was unable to
bind the fibers properly, hence generating voids in the composite. Compared to the 10:90
fiber/epoxy fraction, its strength and Young’s modulus is the lowest due to the inadequate
presence of fibers to reinforce the matrix.

Meanwhile, the 40:60 fiber/epoxy fraction achieves the maximum toughness of 805
kJ/m3, demonstrating lower strength and Young’s modulus compared to the 20:80 fiber/epoxy
fraction. It shows that a higher presence of fibers has increased the strain of the composites
hence notably improving its ductility. Further, the 40% fibers content contributes to the balance
between strength and ductility of the composites. Thus, it helps the composite in absorbing
energy during load exertion. The higher presence of fibers in the composite causes the energy-
absorbing characteristics of the fibers to dominate the brittleness characteristics of epoxy and,
at the same time, maintain its strength.

4. Conclusions

The effects of multiple chemical treatments of OPEFB fibers and various fractions of
OPEFB fibers reinforced composites on mechanical properties were investigated. The fibers
were treated using NaOH (3%), silane (2%), NaOH (3%) + silane (2%), and NaOH (3%) —
silane (2%) prior to the tensile test. Meanwhile, the reinforced composites were fabricated in
10:90, 20:80, 30:70, and 40:60 fiber/epoxy fractions using selected treated fibers. Based on the
results of both studies, the following conclusions can be drawn:

1. The maximum ultimate tensile strength for the single fiber test was recorded for the
NaOH (3%) treatment which is 82 MPa. This treatment experienced better mechanical
interlocking due to increases in the surface roughness and the amount of cellulose exposed on
the fiber surface, thus increasing the number of possible reaction sites.

2. The highest Young’s modulus for the single fiber test is 1.05 GPa using the silane
(2%) treatment. Silane (2%) treatment increases the fractions of cellulose and hemicellulose
and the coating effects on the fiber constituents. These reactions are believed to have increased
the area of the elastic and plastic regions of the fibers. The treated fiber using silane (2%) was
also found to have a stable covalent bond to the cell wall that is chemisorbed onto the fiber
surface.

3. The NaOH (3%) and silane (2%) treated fibers revealed the highest toughness of 5.4
MJ/m?3 and 5.2 MJ/m?3, respectively. It can be concluded that a single chemical treatment is able
to increase the toughness of the OPEFB fibers due to changes to the fiber physicals and
constituents. Meanwhile, multiple chemical treatments were unable to increase the toughness
into significant value, albeit using the same chemical solution. This could be because the
combined chemical treatment reacted inefficiently with the fibers compared to the solo
chemical treatment.

4. The treated 20:80 fiber/epoxy fraction of OPEFB fibers composite displayed better
ultimate tensile strength and Young’s modulus compared to other fractions at 33.3 MPa and
1.9 GPa, respectively. The treated fiber composite retains the crystalline components and
enhances bonding with the matrix. Besides that, the treated fiber composite was presumed to
provide a better interlocking mechanism between the matrix and fibers in reinforced
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composites, thus improving their interfacial bonding. Also, the treated fibers composites have
significantly increased the tensile properties due to better fibers surface impurities and surface
roughness, promoting better bonding with the matrix. Furthermore, the treated composite with
20:80 fiber/epoxy fractions demonstrated the optimal fiber and matrix mixture balance. The
strength of the fibers is well blended and complimented the strength of the epoxy.

5. The 40:60 fibers/epoxy fraction of treated OPEFB fibers composite, on the other
hand, exhibited the maximum toughness of 805 kJ/m®. The higher fibers content causes better
energy absorption compared to other fractions. This is due to the excellent balancing between
strength and ductility of the composites.
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