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n fillers from oil palm trunk (Elaeis
guineensis) on the thermal stability, tensile
performance and morphological properties of
reinforced epoxy composites

Mohamad Nurul Azman Mohammad Taib

This study was done to investigate the effects of the addition of different green nanofillers as reinforcement

materials, whichwere cellulose nanocrystals (CNCs) derived fromoil palm trunk and extractive-free oil palm

trunk (OPT), on the mechanical and thermal properties of epoxy composites. CNCs were extracted from oil

palm trunk and oil palm trunk after extractive removal was used as green fillers, and 5% of both the fillers

were incorporated into epoxy to create epoxy composites. TEM and XRD analyses were employed to

characterize OPT and CNCs. The mechanical performance was evaluated using a tensile test by

measuring the tensile strength, modulus of elasticity, and elongation at break. TGA was employed to

evaluate their thermal stability. TEM results revealed a rod-like shape for the CNC sample, with

a crystallinity value of 52.74%, as obtained by XRD. SEM results revealed the good bonding of CNC with

epoxy, with the existence of a sharp intensity peak at 921 cm−1 that corresponded to the epoxide ring

vibration from epoxy. This was followed by peaks at 2950 cm−1 and 2857 cm−1. Thus, the tensile

properties of the 5% CNC–epoxy composite were enhanced, with strength and stiffness increasing by

32% and 12%, respectively. TGA results revealed the higher thermal stability of the 5% CNC–epoxy

composite, with degradation onset obtained at a higher temperature (338 °C) than that of neat epoxy

(334 °C), indicating almost a 1% increment. Thus, CNC–epoxy can be used for paneling and composite

applications.
1. Introduction

In recent decades, the extraction of nanocellulose from biomass
has gained increasing signicance. The increased interest in
natural bers as alternatives is due to several factors, such as
availability, cost-effectiveness, biodegradability, and environ-
mental friendliness.1 The oil palm tree, with the scientic name
Elaeis guineensis, is one of the main commodity crops in
Malaysia and Indonesia that signicantly contributes to the
growth of the economy in both countries. Currently, Malaysia is
the second largest producer and exporter of palm oil aer
Indonesia, claiming 24% of the global market of palm oil
production.2 In this country, oil palm trees are planted in 5.9
million hectares of land. It is anticipated that palm oil
production will surpass 20 million tons by 2024, aer having
reached 19.14 million tons in 2020.3 Due to the harvesting and
pruning processes, numerous waste products are generated in
addition to the crude palm oil used for cooking.4 The highest
volumes of waste generated from oil palm trees are oil palm
trunks (OPT) from logs, which make up more than 37 t ha−1 to
ersity of Malaya, 50603 Kuala Lumpur,

the Royal Society of Chemistry
75.5 t ha−1 of wastes that are generated.5 Generally, OPT is only
utilized until a tree reaches the age of twenty or more years, at
which point oil production is deemed to be unproductive.6 Out
of this waste, only 23% is used to produce products having
added value. The remaining 77% is thrown away, burned, or
disposed of in landlls, which causes more environmental
issues.7 The chemical composition of OPT is 65–80% of hol-
ocellulose (a-cellulose and hemicellulose), 18–21% of lignin,
and some amount of starch.8 This high cellulose content makes
it perfect for use in the large-scale manufacturing of cellulose
nanocrystals, which are produced from cellulose that is broken
down to the nanoscale.9

Cellulose is the most abundantly available carbohydrate
polymer and the main polysaccharide found in plants, wood,
and other biomass resources.10 This carbohydrate polymer
represents about one-third of plant tissues and can be formed
by the photosynthesis process.11 Cellulose consists of b-(1-4)-D-
glucopyranose units.9 Cellulose is considered an environmen-
tally friendly green material that is renewable and have favor-
able mechanical properties. The mechanical properties of
cellulose are dependent on the type of cellulose. Cellulose can
be classied into I, II, III, and IV, with cellulose type I being the
most prominent and abundantly found in nature or plants,
RSC Adv., 2025, 15, 45061–45070 | 45061
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which has great mechanical properties.12 Cellulose is typically
used in different industries, such as textile, pharmaceutical,
food, and paper industries.13–16 Cellulose nanocrystal or CNC is
a material constructed from nanoscale particles made of
cellulose. CNCs are a built-up form of amorphous and crystal-
line structures. The amorphous part is isotropic in nature and is
responsible for exibility, and the anisotropic crystalline part
gives rigidity and material resistance to CNCs.17 Strong mineral
acids, such as hydrochloric acid (HCl), sulfuric acid (H2SO4),
hydrobromic acid (HBr), and phosphoric acid (H3PO4), are
typically used in the extraction process of CNCs.18 Excellent
suspension stability can be achieved by using the H2SO4 acid;
however, the presence of negative charged sulfate groups
introduced by the esterication process on the OH groups of the
cellulose structure affects the nal properties of the material,
especially its thermal stability and mechanical performance.19

This means that CNCs produced by using H2SO4 have poor
thermal properties, including heat transfer.20 HCl hydrolysis of
CNCs does not cause esterication of the CNC hydroxyl groups
and is thus not detrimental when exposed to heat.18 The
stability of CNCs depends on a few factors, such as the presence
of surface charges, the addition of surfactant, and the solution
pH and temperature.21 Moreover, the use of HCl for the
hydrolysis of CNCs appears to be a good choice for the
improvement of other properties, such as mechanical perfor-
mance, thermal properties, morphology and crystal structure.
This will have a good reinforcement effect on thematrix, such as
a polymer. Cellulose is the main component in CNCs and is
considered the most widely used biopolymer in nature due to its
excellent properties, such as renewability, degradability, and
surface functionality.22 The rich hydroxyl groups on the cellu-
lose structure contribute to the establishment of multiple
hydrogen bonds between CNCs and the polymer matrix.22

Epoxy is a thermosetting polymer matrix that is widely used
to develop advanced composite materials. Due to its great
properties, such as high rigidity, low cost, ease of processing,
chemical resistance, and good adhesion with different
substrates, it is commonly used in electronics, semiconductor
encapsulation, and electronic devices, as well as coatings and
adhesives for ooring.23 However, epoxy, like other commonly
used polymers, has poor thermal stability and re resistance,
and hence is vulnerable to melting when exposed to re or
heat.24,25 This thermosetting polymer with compact crosslinks
can, however, be reinforced with different nanosized llers for
improving its properties. Using a relatively low-weight fraction
of llers, properties such as tensile strength, modulus, thermal,
and viscoelasticity can be enhanced through improvement in
interfacial shear and interfacial bonding between the matrix
and llers. Various types of nanollers, such as cellulose
nanocrystals (CNCs),26 carbon nanotubes (CNTs),27 graphene
oxide (GO),28 nano clays,29 and nano silica30 have been used in
the epoxy thermosetting matrix.

In the literature, the majority of studies concentrate on using
H2SO4 to create CNCs, while studies devoted to enhancing the
thermal stability and mechanical properties with the addition
of CNCs using HCl hydrolysis are limited. To the best of our
knowledge, no research has been done on CNCs isolated from
45062 | RSC Adv., 2025, 15, 45061–45070
OPT using HCl. The aim of this study was to investigate the
properties of CNCs obtained from OPT as reinforcements in
epoxy composites, focusing on their role in improving the
mechanical properties and thermal stability. To achieve this,
cellulose nanocrystals (CNCs) were extracted using the HCl
hydrolysis technique and then further added to epoxy
composites using the hand lay-up method. TEM and XRD were
used to assess the characteristics of CNCs. Furthermore, their
mechanical characterization was done using a tensile test, and
the thermal stability was investigated by means of TGA. More-
over, the chemical properties and interactions of the polymers
were assessed by FTIR. The morphological study was conducted
using SEM.
2. Materials and methods
2.1 Materials

The oil palm trunk was supplied by the Malaysia Palm Oil Board
(MPOB) from Bangi, Malaysia. OPT was extracted using a rener
to get small ber sizes of around 1–2 cm. In this study, a prox-
imate analysis was conducted. The composition (% w/w) of the
oil palm ber was approximated to a holocellulose content of
78.18% ± 1.35%, 60.65% ± 2.14% a-cellulose, and 17.62% ±

0.50% lignin. The procedure described in TAPPI T 222 cm-02
(Klason lignin content) was used to determine the lignin
content. For estimating the holocellulose and cellulose content,
the procedure specied in TAPPI T203 cm-74 was adopted.
Chemicals, namely hydrochloric acid (95%), mono ammonium
phosphate (MAP), ethanol (CH3CH2OH), glacial acetic acid
(CH3COOH), sodium hydroxide (NaOH), and bisphenol A-
(epichlorohydrin) as the epoxy and N(3-dimethylaminopropyl)-
1,3-propylene diamine as the hardener, were used to fabricate
the epoxy composite and nano epoxy composites. All these were
obtained from local suppliers. All reagents were analytical grade
and used without further purication. In addition, a cellulose
dialysis membrane with a molecular weight cut-off of 14 000 Da
was also bought from a local supplier and used.
2.2 Preparation of oil palm trunk cellulose nanocrystals

Initially, a pulverizingmachine was used to crush the OPT bers
into a powder with a mesh size of 50, which was subsequently
screened using a sieve machine. Five grams of the OPT powder
were placed in a cotton thimble and subsequently placed in
a Soxhlet extractor equipped with a condenser to initiate the
isolation of CNCs. The Soxhlet extraction procedure was
employed using 300 mL of toluene/ethanol (v/v 2 : 1) to get rid of
the extractive content from raw OPT. The lignin and hemi-
cellulose components were subsequently removed from the
extractive-free ber by treating it with a 4% sodium hydroxide
(NaOH) solution at 80 °C. Aer a duration of 30 minutes, the
mixture was vacuum ltered using a Buchner lter. This
procedure was conducted three times to ensure the total
removal of all components (lignin and hemicellulose), leaving
only cellulose. Subsequently, the remaining bers were sub-
jected to a bleaching process using 1 g of sodium chlorite
(NaClO2) in 125 mL of DI water, creating an acidic solution with
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07482g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

7:
21

:1
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
an approximate pH of 4. The experiment was conducted for 2 h
at a temperature of 70 °C. Upon completion, 50 mL of distilled
water was added to the mixture, followed by the collection of
OPT cellulose using vacuum ltration and subsequent washing
with distilled water. The OPT cellulose was subjected to drying
in an oven at 50 °C overnight. Then, 2.0 g of the dried OPT
cellulose was hydrolyzed in a 250 mL solution of 5 M hydro-
chloric acid (HCl) with vigorous agitation at ambient tempera-
ture for 45 minutes to extract nanocellulose. The reaction was
immediately stopped by adding cold water. The precipitate was
obtained aer centrifugation for 15 minutes at 4500 rpm. Later,
it was dialyzed until a neutral pH was attained (pH 7). The ob-
tained CNCs were subsequently freeze-dried for further char-
acterization and composite fabrication.
2.3 Epoxy composite fabrication

The hand lay-up and solution casting methods were used to
prepare the epoxy composites. Firstly, the 5% CNC, epoxy, and
hardener weremixed in a beaker by stirring. Then, the solution was
poured into a silicon mold with dimensions of 100 × 100 × 30
mm3 and le overnight to cure. The procedure was repeated for the
5% OPT epoxy composite. The samples are denoted as neat epoxy,
5% CNC–epoxy, and 5% OPT–epoxy composites, respectively.
Fig. 1 TEM micrograph of cellulose nanocrystals (CNCs) after
hydrolysis (500 nm). The inset represents the magnified TEM image
(100 nm).
2.4 Characterization

2.4.1 Transmission electron microscopy (TEM). Initially,
the CNC sample was diluted to 0.1% using DI water. Aer that,
a plastic dropper was utilized to deposit one drop of this solu-
tion onto a copper grid. Then, the sample was negative-stained
using a 2 wt% uranyl acetate solution. This solution was drop-
ped onto the sample and allowed to dry at ambient temperature.
The excess solution was then removed by using a piece of lter
paper. A TEM microscope (Zeiss Libra 120, Carl Zeiss NTS
GmbH) at an accelerating voltage of 120 kV was used to capture
images to determine the sample size and structure.

2.4.2 X-ray diffraction (XRD). A PANalytical X'PERT PRO
MRD PW 3040/60 device operated at 40 kV and 35 mA current,
using monochromatic Cu Ka (l = 1.54 Å), was employed to
analyze the crystallinity index of the OPT and CNCs via X-ray
diffraction (XRD). The diffractogram intensities were
measured at a rate of 0.05° per minute, achieving a resolution of
0.25° within the range of 5 < 2q < 40.

The Segal equation (eqn (1)) was used to calculate the CrI of
all samples.31 The analysis and peak determination were carried
out using the PANalytical HighScore Plus 3.0d soware.

CrI ¼ I200 � Iam

I200
� 100% (1)

whereas I200 is the intensity of the main peak corresponding to
(200) lattice diffraction (at I200, 2q = 22.5° for cellulose I).32 Iam
refers to the intensity of diffraction of the amorphous part of
cellulose (at 2q = 18° for cellulose I).33

2.4.3 Fourier transform infrared (FTIR). The FTIR spectra
were measured by the attenuated total reection (ATR) method
using a PerkinElmer Fourier transform infrared (FTIR) spec-
trometer equipped with an ATR attachment. A total of 16 scans
© 2025 The Author(s). Published by the Royal Society of Chemistry
were conducted at a scanning resolution of 4 cm−1, covering an
infrared range from 4000 cm−1 to 600 cm−1.

2.4.4 Tensile properties of nanocomposites. The Universal
Testing machine (model MTS Systems Corp., USA) was used for
the tensile test to assess the elongation at break, Young's
modulus, and tensile strength. A strain rate of 5 mmmin−1 was
used. The ASTM-D638 Type IV standard was followed for per-
forming the tensile test.

2.4.5 Scanning electron microscopy (SEM). The
morphology of the cross sections of the neat epoxy, 5% OPT–
epoxy and 5% CNC–epoxy composites was observed by using
a scanning electron microscope (SEM) (SU3500, Hitachi, Tokyo,
Japan) at an accelerating voltage of 20 kV. All the samples were
gold-coated prior to SEM imaging.

2.4.6 Thermogravimetry analysis (TGA). The thermal
behavior and properties of each sample were evaluated using
a PerkinElmer SDTA 6000 thermogravimetric analysis (TGA)
instrument. The thermogravimetric analysis (TGA) was con-
ducted at a heating rate of 10 °Cmin−1 and a nitrogen ow rate of
50mLmin−1. A temperature range of 25 °C to 700 °C was used for
the TGA analysis. The thermal stability, onset degradation, and
peak degradation temperature were measured for each sample.

3. Results and discussions
3.1 Transmission electron microscopy (TEM)

The size and diameter of the CNCs were observed and calcu-
lated. The TEM micrograph shown in Fig. 1 discloses that the
effect of chemical hydrolysis and extraction resulted in a rod-
like shape in the form of a network of cellulose nanocrystals.
The average diameter was observed to be in the 5–15 nm range.
This outcome is consistent with previous studies by Barbash
RSC Adv., 2025, 15, 45061–45070 | 45063
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Fig. 2 Schematic of the mechanism of cellulose nanocrystal
extraction.

Fig. 3 XRD patterns of extractive-free oil palm trunk and cellulose
nanocrystals.
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et al.34 and da Silva et al.35 Fig. 2 shows the mechanism of CNC
hydrolysis and extraction, starting with cellulose from OPT,
which goes through the hydrolysis process with HCl acid. The
HCl acid hydrolyzes the glycosidic bond in the amorphous
region of cellulose. Then, the protonation of glycosidic oxygen
occurs along with the cleavage of b-1,4-linked D-glucopyranose
bonds to give monomers, and the crystalline region remains
intact and contributes to the rod-like shape.
3.2 X-ray diffraction (XRD)

The XRD analysis was utilized for studying the crystallinity of
the sample. Moreover, XRD could evaluate the relationship
between the crystal structure and its properties. Typically, the
cellulose molecular structure is constituted partially by crys-
talline and amorphous parts, which means the polymerized
chains are bonded by H-bonding in the region of the crystalline
(ordered) part and there is no H-bonding in the disordered
region or amorphous part.36 The crystallinity of CNCs was
determined by the extraction method and surface modica-
tion.36 The XRD patterns of raw OPT and CNCs from OPT are
displayed in Fig. 3. Both samples exhibited peaks at 2q = 18°,
22.5° and 34.5° for the (110), (200) and (004) planes, respec-
tively. These peaks are characteristic of cellulose type I, which is
native to plants and biomass sources.37 The high intensity of the
2q peak at 22° indicated the presence of cellulose crystallinity.38

The crystallinity index was calculated based on the Segal
equation, which showed that the value for raw OPT was 31.05%
and that for CNCs was 52.74%.
Fig. 4 FTIR spectra of the neat epoxy, 5% OPT–epoxy and 5% CNC–
epoxy composites on their fracture surfaces. The inset represents the
magnified FTIR spectrum of neat epoxy (3000–2500 cm−1).
3.3 Fourier transform infra-red (FTIR) spectroscopy

The FTIR spectra of neat epoxy and epoxy composites are
depicted in Fig. 4. The neat epoxy sample displayed O–H group
45064 | RSC Adv., 2025, 15, 45061–45070 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Proposed mechanism of CNC interaction with epoxy.
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stretching vibrations, which appeared as a broad peak from
3000 cm−1 to 3600 cm−1 in all samples.39 This was contributed
mostly by the free hydroxyl groups and moisture content. The
stretching vibration of C–O bonds in the cellulose backbone was
observed as peaks within 1730–1700 cm−1.40 The peak at
1505 cm−1 corresponded with the stretching of nitro
compounds.41 The peak at 1013 cm−1 is attributed to the C–O–C
stretching bands of the furan ring.42 The main functional groups
of cellulose are the O–H stretching vibrations, C–H stretching,
and the b-glucose peak at 921 cm−1.43 These peaks overlapped
with the addition of llers in the epoxy matrix. The 5% CNC
epoxy and 5% OPT epoxy composites showed C–O stretching
peaks that aligned with the existing peak at 1029 cm−1.43 The
peaks at 1604 cm−1 and 1505 cm−1 corresponded with amine
compounds that existed in OPT in the form of its lignin
component.44 The 5% CNC epoxy composite displayed nearly the
same spectra as the 5% OPT epoxy composite. A strong broad
peak was observed in the region from 3000 cm−1 to 3600 cm−1

due to the stretching of O–H. The peak at 921 cm−1 is present in
the FTIR spectra of all samples, which corresponded to epoxide
ring vibration from the epoxy.45 This was followed by the exis-
tence of double peaks at 2950 cm−1 and 2857 cm−1 arising from
the methyl (CH3) and methylene (CH2) groups.46 Both peaks are
common in organic compounds, including epoxy and the green
llers. The appearance and enhancement of these groups aer
Table 1 Tensile properties of epoxy control, 5% OPT–epoxy and 5% CNC–epoxy (N-3)a

Type of sample Epoxy control 5% OPT–epoxy 5% CNC–epoxy

Tensile strength (MPa) 14.0187 � 0.6652a,b 13.1463 � 0.6734b,a 14.4284 � 0.9786c
Elongation at break (%) 7.4727 � 1.3809a,b 11.6723 � 0.6846b,a 3.1017 � 0.5840c
Young's modulus (MPa) 15 733.40 � 707.6755a 13 269.67 � 1202.4559b 19 598.67 � 1749.7226c

a Group with the same letter indicates there is no signicant different at p < 0.05.
© 2025 The Author(s). Published by the Royal Society of Chemistry
the addition of green llers (CNC and OPT), together with the
increase in OH groups, suggest chemical interactions and that
the ller effectively integrated with the epoxy matrix, indicating
interfacial bonding between both materials. Fig. 5 displays the
schematic of the proposed mechanism of CNC interaction with
epoxy. It can be seen that the OH groups are responsible for rst
bonding with the epoxy matrix.
3.4 Mechanical properties of composites

The mechanical properties, especially tensile properties, are
crucial in determining the nal application scope of composite
materials. The tensile properties of the neat epoxy, 5% CNC–
epoxy, and 5% CNC–epoxy composites are listed in Table 1,
including tensile strength, Young's modulus, and elongation at
break. The tensile strength for 5% CNC-epoxy was higher (4.6%)
as compared to exoxy control (Fig. 6(a)). This was due to the
strong hydrogen bonding between the CNCs and the physical
bonding between the CNCs and the epoxy polymer chains.
Another reason might be the intermolecular force, leading to
the promotion of a slight increase in the tensile strength of the
5% CNC–epoxy composite. An increase in hard segment content
and more energy dissipation during the tensile phase were
caused by denser inter-chain hydrogen bonding.47 The addition
of 5% OPT–epoxy was observed to show no signicant differ-
ence in the tensile strength compared with the epoxy control;
this is probably due to the bulky effect and inhomogeneous
mixing between OPT bers, which contribute to the weakening
of the bonding with the matrix.48 The elongation at break was
observed to be higher for the 5% OPT–epoxy composite than for
the other samples (Fig. 6(b)). This was due to the existence of
different components such as lignin, hemicellulose, and wax in
OPT.49 Lignin plays an important role as a natural adhesive to
bind the plant structure. Lignin also contributes to the plant's
rigidity.50 This could be the main reason why the addition of 5%
OPT to epoxy increased the elongation at break by up to 79%
higher than the addition of 5% CNC–epoxy. The high crystal-
linity of CNCs makes them more brittle; thus, the addition of
CNCs into epoxy imparts brittleness, which contributes to early
fracture with minimal deformation. In other words, the crys-
tallinity from CNCs contributed to the overall crystallinity of the
composites. When the addition of CNC was too high, it
destroyed the structure of the composite, causing the elonga-
tion at break to decrease. Moreover, the reduction in elongation
at break is also caused by the strong hydrogen bonding
interactions.

The tensile strength and Young's modulus of neat epoxy
were found to be 14.0 ± 0.6 MPa and 15 733.40 ± 707.7 MPa,
RSC Adv., 2025, 15, 45061–45070 | 45065
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Fig. 6 Tensile test data: (a) tensile strength, (b) elongation at break and
(c) Young's modulus of neat epoxy, 5% OPT–epoxy and 5% CNC–
epoxy composites.
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respectively (Table 1). The addition of 5% CNC into epoxy
increased the tensile strength. This was due to good hydrogen
bonding between CNCs and the physical interaction between
45066 | RSC Adv., 2025, 15, 45061–45070
the CNCs and epoxy polymer chains. This was in line with
a study by Wongjaiyen et al.;51 in their study, the nanocellulose
was extracted and reinforced with epoxy, and a tensile test was
performed. They found that the strength and stiffness were
increased by 32% and 12%, respectively, with the addition of
CNFs up to 5.0% wt. This resulted from the physical interaction
exhibited by well dispersed CNFs within the epoxy matrix.
However, the elongation at break was reduced for 5% CNC–
epoxy (Fig. 6(b)). This is because the addition of rigid CNCs to
epoxy restricts the motion of polymer chains and thus decreases
the elongation at break.52 The incorporation of relatively stiffer
CNCs led to an improvement in tensile strength and tensile
modulus. The added CNCs were found to have absorbed the
molecular chains from the polymer matrix, leading to the
formation of additional entanglement points that hinder the
mobility of the polymeric chains.53 For 5% OPT–epoxy, the
tensile strength and Young's modulus were decreased while
elongation at break was increased compared with 5% CNC–
epoxy (Fig. 6(a–c)). The incorporation of OPT bers into the
epoxy matrix leads to epoxy dilution, which can be attributed to
the hydrophilic nature and residual moisture in the bers,
which hinder interfacial adhesion and interrupt the epoxy
crosslinking network, thereby compromising the overall
mechanical integrity of the composites. The adsorption of
specic curing components onto the surfaces of the nanobers
may be a reason for the decreased crosslinking density in the
matrix aer the addition of nanobers.54
3.5 Fracture morphology

Fig. 7 displays the morphology of the fracture surfaces of epoxy
and the epoxy composites. Fig. 7(a) shows that neat epoxy had
a clean and smooth surface with tiny voids. The CNCs were
uniformly embedded in the epoxy matrix with no CNC pullout,
which conrmed the good interaction of CNCs and the epoxy
matrix due to strong physical bonding and hydrogen bonding
between the OH groups of the CNCs, as evidenced by FTIR
(Fig. 4). The fracture morphology of 5% CNC–epoxy showed that
CNCs and the epoxy matrix adhered quite well without any
pores, as shown in Fig. 7(c). Microcracks and microvoids were
observed at the interface of 5% OPT epoxy composite, leading to
lower tensile strength (Fig. 7(b)). Thus, 5% CNC–epoxy had the
highest value compared with the others.

As seen in Fig. 7(b), aer 5% OPT loading in epoxy, there was
a decline in structural destabilization. This can be explained by
the weak compatibility between epoxy and the OPT particles, as
well as the agglomeration of OPT. Strong hydrogen bonding
between the OPT particles cause them to agglomerate and
a weak spot is obtained on the epoxy structure. The voids and
particle aggregates formed within the epoxy matrix act as
concentration sites and cause cracking under applied stress.55

In mechanical testing, the fractures break the material, and the
aggregates act as weak spots that initially cause the composites
to rupture or fail. Once the OPT particles agglomerate, the
interaction between the particles is stronger than that between
the particles and the epoxy resin, which in turn reduces the
mechanical properties.55 The presence of OPT agglomeration
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM micrographs of fractured (a) neat epoxy, (b) 5% OPT–
epoxy, (c) 5% CNC–epoxy.
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may result in a non-uniform distribution of OPT in the
composite material and create blank spaces or voids within the
polymer matrix, resulting in poor particle dispersion. This is in
line with the study conducted by Taib et al.,56 who observed
agglomeration due to the addition of CNCs at higher loading in
an elastomer matrix. As seen in Fig. 7(c), the fracture surface
showed no visible agglomerates. A minimal amount of CNC
loading improves the CNC interconnections. This behavior
explains how the loading quantity affects the interaction of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
nanoparticles, improving their mechanical characteristics.57

This improvement may be attributed to the better dispersion of
CNCs without nanoparticle agglomeration. The crack lines for
5% CNC-epoxy were stopped by the well-dispersed CNC llers
and prolong the rupture to occur.
3.6 Thermal behavior of cellulose nanocrystal (CNC)–epoxy
composites

The composition of the OPT–epoxy and CNC–epoxy composites
has an impact on and is crucial to their thermal stability. The
TGA curves of all composites, as seen in Fig. 8(a), exhibited the
same pattern, with a weight loss region below 100 °C due to
moisture or water content.58 The degradation onset temperature
was observed at 334 °C for neat epoxy, with a weight loss of
around 87%. This increased by 4 °C for 5% CNC epoxy
composite, with a weight loss of 74% at 338 °C. The addition of
5% OPT epoxy composite reduced the degradation onset
temperature to 327 °C, with a weight loss of around 62%. A
higher rate of onset degradation is the result of improved CNC
crosslinking with the epoxy matrix.59 The dispersion of the
nano-sized CNC particles functioned as a thermal barrier to the
epoxy matrix, hence increasing the temperature.59 The higher
amount of area exposed to OPT may have caused a decrease in
thermal characteristics for the onset of degradation. Moreover,
the decrease can be the result of a lack of ber–matrix adhe-
sion.60 The type and percentage of ller have a signicant
impact on the degree of compatibility and interfacial adhesion.
The interfacial adhesion would be decreased by a higher
percentage of ber weight, which subsequently decreases the
thermal stability of the composite material.45 This is followed by
an increase in the polymeric chain mobility in the OPT–rein-
forced epoxy composite due to the increased ber percentage.
In the tested temperature range, the 5% CNC epoxy composite
and 5% OPT epoxy composites showed signicant weight losses
of 74% and 62%, respectively. This is likely due to the elimi-
nation of carbohydrate-related groups before reaching a stable
temperature and the beginning of initial degradation.

The peak degradation temperature (Tp), which indicates the
degradation of the cellulosic backbone in CNC and OPT, was
also found to vary signicantly, as seen in Fig. 8(b). The
degradation below the temperature of 100 °C is due to the
removal of moisture or water content, and the highest value was
recorded for the 5% OPT epoxy composite sample. OPT
contains hemicellulose, cellulose, and lignin, which contribute
to high moisture content,49 whereas the 5% CNC epoxy
composite mainly contains the cellulose component with
several OH groups. All samples exhibited two Tp peaks. The neat
epoxy showed two peaks at 190 °C and 389 °C; the rst was due
to the slight removal of epoxy components and volatile
components, and the latter was due to epoxy decomposition.
This is in agreement with the study by Xu et al.,59 who observed
two peaks for neat epoxy that contribute to the decomposition
of epoxy components. For the 5% OPT epoxy composite, two
peaks were found at 227 °C and 373 °C, respectively. This is due
to the degradation of carbohydrate components in OPT, which
later decreases the temperature for epoxy decomposition.61 For
RSC Adv., 2025, 15, 45061–45070 | 45067
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Fig. 8 (a) TGA and (b) DTG curves of neat epoxy, 5% OPT–epoxy and
5% CNC–epoxy composites.
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the 5% CNC epoxy composite, two peaks were seen at 270 °C
and 400 °C, respectively. The former is due to the degradation of
the CNC component, largely contributed by cellulose content,
and the latter is due to a slight increase in the epoxy decom-
position temperature. The thermal barrier caused by the good
dispersion of CNCs in the epoxy matrix may contribute to the
increase in the maximum temperature of epoxy decomposition.
This is also in agreement with a previous study by Yusuf et al.,62

which stated that at low loading, the increased nano-level
dispersion of CNF particles would act as a heat barrier for the
polymer matrix.
4. Conclusions

Green nanoller-reinforced epoxy composites were fabricated
using 5% CNCs extracted from oil palm trunk and 5% of
extractive-free OPT via a hand lay-up method. The TEM results
showed a rod-like shape for CNCs, with dimensions between 5
and 15 nm. The XRD results showed that the highest crystal-
linity of up to 52% was obtained for CNCs. The FTIR showed
strong hydrogen bonding between the CNCs and physical
bonding between the CNCs and the epoxy polymer chains. The
5% CNC-incorporated epoxy composite outperformed neat
epoxy in terms of exural strength and modulus of elasticity.
Good thermal stability was also observed with the addition of
5% CNCs to epoxy, with an improvement in the onset of
45068 | RSC Adv., 2025, 15, 45061–45070
degradation (338 °C) compared with neat epoxy (334 °C).
Moreover, the SEM analysis demonstrated a strong interfacial
interaction between the CNCs and the epoxy matrix, demon-
strating its robust structural uses and a high degree of
compatibility. Finally, in a nutshell, the 5% CNC–epoxy
composite displayed exceptional thermal and exural proper-
ties due to the strong interaction between the OH groups of
CNCs and the epoxy resin. This research paves the path towards
utilizing bio-based, renewable resources for lightweight struc-
tural applications. Moreover, this work proves that CNCs can be
prepared from OPT using the HCl acid hydrolysis method and
can be scaled for mass production for different industrial
applications.
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