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ABSTRACT

Pandanus atrocarpus, Pandanus amaryllifolius, and Ananas comosus plants are abundantly found
in Malaysia. This study reports on the water retting extracting leaf fibres method, the morphology,
chemical structure (functional groups), thermal stability, and dielectric properties of the P. atrocarpus,
P amaryllifolius, and A. comosus leaf fibres. Morphological analysis showed that the average
diameter of leaf fibres is 445.5 pm for P. atrocarpus, 226.3 um for P. amaryllifolius, and 311.2 pm
for A. comosus. The presence of hemicellulose, cellulose, and lignin in the leaf fibres was detected
in Fourier transform infrared (FTIR) spectra. Thermogravimetric analysis (TG) indicates that the
leaf fibres are thermally stable up to a temperature of 220°C. Differential thermogravimetric (DTG)
and differential scanning calorimetry (DSC) curves revealed a consistent thermal behaviour of the
leaf fibres, where hemicellulose and cellulose decomposed at 275.0 and 355.3°C, respectively.
Incorporation of the leaf fibres from P. atrocarpus, P. amaryllifolius, and A. comosus into epoxy
composites enhanced the dielectric properties performance of epoxy. Overall, the findings from this
study suggest that the leaf fibres from P. atrocarpus, P. amaryllifolius, and A. comosus are potentially
useful for diversifying polymerisation for high-frequency applications.
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fibres consist of cellulose and amorphous constituents such as hemicelluloses, lignin,
and impurities on the surface of the fibre, like pectin, waxes, and greases (Rana et al.,
2021; Rao et al., 2023; Weerappuliarachchi et al., 2020). Cellulose is composed of linear
macromolecular glucose chains in the form of microfibrils arranged in the plant cell wall.
Hemicellulose contains microfibrils, which strengthen the fibres’ structure, whereas lignin
provides rigidity and decay resistance (Banagar et al., 2024; Diyana et al., 2024; Feng et al.,
2024). There are four classifications of lignocellulosic fibres, namely leaf fibre, bast fibre,
seed fibre, and agricultural residues. Incorporating lignocellulosic fibres has improved the
strength and durability of composite materials, adsorbent fibres, and textile fibres (Diah
et al., 2024; Elfaleh et al., 2023; Habibi et al., 2020; Meng et al., 2019; Owonubi et al.,
2021; Yadav & Singh, 2022).

Pandanaceae family includes about 600 species and grows throughout the tropics of
Asia. Pandanus atrocarpus (known as screw pine) and Pandanus amaryllifolius (known as
fragrant pandan) are easily found and grow abundantly in Malaysia. Pandanus atrocarpus
naturally grows in swampy and riverbank habitats. It has long, narrow, and sheathing
leaves with parallel veins structure and spiny edges. Pandanus atrocarpus leaves have
been widely used as thatching roofs and producing handicrafts. Pandanus amaryllifolius
is widely planted at home as its scented leaves are commonly used in food and beverage
flavouring (Azahana, Wikneswari, Noraini, Nordahlia et al., 2015; Hamdan et al., 2018;
Hashim et al., 2023; Mohamed et al., 2018b). It has a similar long, narrow and parallel
vein structure of leaves. In contrast, Ananas comosus (pineapple) is a fruit-bearing plant.
Despite belonging to Bromeliaceae family, it shares similar leaf characteristics with both
P. atrocarpus and P. amaryllifolius, but it has waxy leaf surface. Traditionally, fibres are
extracted from pineapple leaves to produce rope and textiles (Sethupathi et al., 2024).

Natural fibres can be incorporated as reinforcement in polymer composites, enhancing
their tensile strength and thermal stability. Recent research emphasises the significance
of P. amaryllifolius and A. comosus leaf fibres compared to P. atrocarpus. Diyana et
al. (2021, 2024) reported that P. amaryllifolius fibres contain high cellulose content
(48.79%). Its fibres have been incorporated into polymer composites and yield impressive
tensile strength up to 45.61 MPa (Diyana et al., 2021, 2024; Sari et al., 2019). Similarly,
A. comosus fibres exhibit excellent tensile strength (up to 1620 MPa) and thermal
stability, which have been commercially used as reinforcement in composites and the
textile industry (Gaba et al., 2021; Hamzah et al., 2021; Mohd Ali et al., 2020; Neves
etal., 2023; Prado & Spinacé, 2019; Santos et al., 2021; Sethupathi et al., 2024; Todkar
& Patil, 2019). In contrast, the current research of P. atrocarpus leaf fibres primarily
reports on their mechanical properties (Chin et al., 2018; Kuan et al., 2017; Mohamed
et al., 2018a; Mohd Zain et al., 2024). It is essential to broaden the investigation on the
characteristics of fibres extracted from P. atrocarpus leaf.
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Natural fibres extracted from plants are potentially useful as conductive fillers for
dielectric material. Dielectric material is used in high-frequency applications, commonly
wireless and satellite communications, to suppress electromagnetic interference (EMI).
Practically, metal is utilised to suppress EMI, but it is heavy, costly, and prone to corrosion,
thus limiting its practical application. Consequently, polymeric-based dielectric material
or conducting polymer is preferred as an alternative dielectric material to metal in EMI
suppression. Polymeric-based dielectric material exhibits advantages such as being
lightweight, highly flexible, and having excellent corrosion resistance (Wei et al., 2020;
Yao et al., 2021; Zhang et al., 2018). However, it has low thermal conductivity, which
causes poor heat dissipation efficiency (Chen et al., 2024). Polymer typically exhibits a
single polarisation orientation within its molecules. To improve its thermal conductivity,
conductive fillers such as metal, ceramic, and carbon are incorporated into polymer
composites. The interaction of the conductive filler particles and polymer matrix facilitates
polarisation behaviour, thus improving the overall dieclectric properties and thermal
conductivity (Gong et al., 2019; Kwon et al., 2021; Vallés et al., 2019; Wang et al., 2021;
Yao et al., 2021; Zheng et al., 2024).

Natural fibers like P. atrocarpus, P. amaryllifolius, and A. comosus could serve as
alternative conductive fillers to enhance the flow of electrical charges in the polymer
composites for high-frequency applications (Al-Oqla et al., 2015; Tang et al., 2024). It is worth
highlighting that while natural fibres can modify the properties of the polymer composites,
they cannot entirely substitute polymer as the matrix. Studies have reported that natural fibres
can be used to partially substitute the polymer matrix to reduce cost and enhance the properties
of polymer composites. Polymer matrix has excellent adhesiveness and is generally used as
a binding agent in composites, while natural fibres are used as fillers (Alazzawi et al., 2024;
Elfaleh et al., 2023; Hao et al., 2018; Khalid et al., 2021; Sahari et al., 2013).

Since the species and growing environment may contribute to a diverse range of
properties in the natural fibres, characterisation is crucial to investigate the quality and
performance of the fibres. In this study, characterisation of the extracted fibres from
the mature leaves of P. atrocarpus, P. amaryllifolius, and A. comosus was performed.
The water retting method was carried out to extract the leaf fibres from the plants. The
morphological properties, functional structure, and thermal properties of the extracted leaf
fibres were analysed using scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR), simultaneous thermogravimetric analyser (STA), and differential
scanning calorimetry (DSC). An open-ended coaxial line method was used to measure
the dielectric properties of the epoxy composites incorporated with extracted leaf fibres.
Notably, the micromechanical characterisation is excluded in this study as the emphasis
was placed on dielectric properties, as these parameters are crucial for high-frequency
dielectric applications (Reddy et al., 2022; Singh et al., 2024; Xiong et al., 2025).
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MATERIALS AND METHODS
Collection of Fibres

The collection of P. atrocarpus, P.
amaryllifolius, and A. comosus leaves was
conducted based on the maturity, age, and
size in Kuala Nerus (Terengganu, Malaysia),
as shown in Figure 1. It can be observed
that P. atrocarpus and P. amaryllifolius
leaves have parallel veins, while A. comosus
has waxy surface leaves. The leaves of
these plants were harvested from mature
plants aged around 1 to 2 years, measuring
approximately 5 cm in width.

Extraction of Leaf Fibres Using Water
Retting

The water retting method was performed
to extract the fibres from P. atrocarpus, P.
amaryllifolius, and A. comosus leaves. The
water retting method introduces moisture
and natural enzymatic reaction that results
from rotting bacteria and fungi for fibre
extraction from the leaves. Water retting is
a standard and preferred for its effectiveness
in producing high-quality fibres (Diyana et
al., 2021; Feleke et al., 2023; Plakantonaki

Figure 1. (a) Pandanus atrocarpus plant and its leaf

et al., 2024). The stalks of P atrocarpus . aliel veins); (b) Pandanus amaryllifolius plant

and P. amaryllifolius leaves were separately  and its leaf (parallel veins); and (c) Ananas comosus
plant and its waxy surface leaf

(©

soaked in stagnant water to undergo the
water retting process at a room temperature
of 20-25°C for 8 weeks (56 days), whereas the water retting process of 4. comosus leaves
was carried out for 4 weeks (28 days). The stagnant water emitted an unpleasant odour,
and clean water needed to be replaced frequently (approximately every 2 to 3 days) during
the water retting process. During the entire procedure, it became evident that the water
retting process caused the soft tissue or gummy elements in the leaf stalk to dissolve and
break down. The degumming of fibres from the retted leaf stalk is shown in Figure 2(a).
This, in turn, facilitated the manual extraction of fibres by scraping and peeling them from
the retted stalk of leaves, as shown in Figure 2(b). The extracted fibres were cleaned to
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remove impurities and allowed to dry in a dehydrator at a temperature of 70°C for 12 hours.
The extracted P. atrocarpus, P. amaryllifolius, and A. comosus leaf fibres are presented in
Figures 2(c), 2(d), and 2(e), respectively.

In this study, water retting at standard room temperature (20-25°C) was found to
be less efficient than at the optimal range of 30-32°C, slowing microbial activity and
requiring longer stagnant time. However, extending the stagnant time can yield high-
quality fibres. Conversely, water retting at 30-32°C produced fibres that were light, hard,
and less durable (Aisyah et al., 2016; Rozanska et al., 2023). Pandanus atrocarpus and P.
amaryllifolius leaves require a longer stagnant time to dissolve the gummy elements of
the leaves than A. comosus leaves. This is due to the structural differences in the leaves.
The parallel vein structure of the P. atrocarpus and P. amaryllifolius leaves strengthens
their durability. In contrast, 4. comosus leaves have a less robust structure. Additionally,
the sample collection involves mature and non-decorticated leaves, thus increasing the
duration of stagnant water required to soften and dissolve the elements of the leaves
during the water retting process.

Pandanus atrocarpus Pandanus amaryllifolius Ananas comosus

© (d) (e)

Figure 2. (a) Degumming the fibres from retted leaf stalk (Pandanus atrocarpus); (b) peeling of fibre;
(c) extracted P. atrocarpus leaf fibres; (d) extracted Pandanus amaryllifolius leaf fibres; (e) extracted
Ananas comosus leaf fibres
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Fibre Morphology and Diameter

The longitudinal fibre morphology and diameter of the leaf fibres were observed using Thermo
Scientific Quattro Environmental Scanning Electron Microscope (ESEM, USA). The sample
fibres were coated with a layer of 8 nm platinum using a G20 lon Sputter Coater (GSEM
Co., Ltd., South Korea) prior to characterisation to avoid electrostatic charges. The samples’
fibres were observed at a magnification of 100x. The average diameter was randomly
measured at different positions of each image, and the average value was determined.

FTIR Spectroscopy Analysis

The infrared spectrum with percentage transmittance (%T) versus wavelength (cm™) was
obtained by using a PerkinElmer Spectrum Two™ FTIR Spectrometer (USA) in attenuated
total reflectance (ATR) mode within the range of 4000-450 cm™.

Thermogravimetric Analysis (TGA) and Derivative Thermogravimetry (DTG)

The thermal stability of the leaf fibres was analysed through TGA and DTG using
NETZSCH STA 2500 Regulus Simultaneous Thermal Analyser (Germany). Samples of
10 mg were scanned from 30 to 600°C. The heating rate temperature was 10°C/min with
a constant nitrogen flow of 50 ml/min to avoid thermal oxidation.

DSC

NETZSCH DSC 3500 Sirius DSC (Germany) was used to scrutinise the thermal transitions
of the samples. Samples with a weight of 5-10 mg were heat scanned at a temperature
range of 30—-600°C under 40 ml/min nitrogen airflow and 10°C/min heating rate.

Open-Ended Coaxial Line Method

An open-ended coaxial line method was used to measure the dielectric constant, dielectric
loss factor and electrical conductivity over a wide microwave frequency range of 300
MHz-20 GHz at room temperature. For the open-ended coaxial line method, the dimension
of the materials under test (MUT) must be > 20 mm and infinite thickness < 5 mm to
meet the requirement of open-ended coaxial probe dielectric properties measurement, to
minimise the fringing field effect. The measurement apparatus includes an open-ended
coaxial probe, an Agilent 85070E Dielectric Probe Kit (USA) and an Agilent E8362B
PNA Series Network Analyser (USA). The MUTs were prepared by mixing the sample
fibres with D.E.R.™ 331 epoxy resin and hardener (Euro Chemo-Pharma Sdn. Bhd.,
Malaysia). The extracted fibres were ground into short fibres using an IKA A10 Analytical
Mill (Germany). It is recommended to ensure the fibre size is below 500 pm to minimise
the risk of agglomeration and ensure better dispersion within the resin matrix (Callister
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& Rethwisch, 2011). The composition of the MUT is 10% fibre
to 90% matrix to avoid agglomeration, and is fabricated in a 50
mm diameter disposable petri dish with a thickness of 5 mm.
Figure 3(a) presents the P. atrocarpus composite, Figure 3(b)
shows the P. amaryllifolius composite, and Figure 3(c) displays
the 4. comosus composite, respectively.

The dielectric properties are presented in the form of

complex permittivity (&), dielectric constant (&), and dielectric
loss factor (¢”), where ¢ = ¢’ + &”. &’ refers to the material’s

capacity to store electromagnetic (EM) energy, whereas ¢”
indicates the ability to convert the stored EM energy into heat
dissipation (heat loss). ¢ is always greater than zero and is much
smaller than ¢’. The ratio of heat dissipation to stored EM energy
in a lossy material is known as the dissipation factor or tangent
delta (tan J), where tan J = ¢/ ¢’ (Keysight Technologies, 2016).

Dielectric loss in materials measures energy dissipation

(b)

as heat when an alternating electric field is applied. This loss
is influenced by the material’s dielectric properties and its
conductivity. The relationship between dielectric loss and
conductivity is ¢ = 2nfe, ¢ ”, where ¢ is the conductivity (S/m),
&, is the free space permittivity (8.854 x 102 F/m), f'is the
frequency (Hz), ¢ is the dielectric loss factor (Bouaamlat et al.,
2020; Mittal et al., 2016). Materials with high conductivity will
have higher dielectric losses, leading to more heat dissipation.
This is crucial in applications like EMI shielding, where both the

(©
Figure 3. (a) Pandanus

. ] i - ] ) atrocarpus composite, (b)
dielectric properties and conductivity of the material determine  Pandanus amaryllifolius

its effectiveness in absorbing and dissipating EM energy. composite, and (c) Ananas
comosus composite

RESULTS AND DISCUSSION
Fibre Morphology and Diameter

Samples of P. atrocarpus, P. amaryllifolius, and A. comosus leaf fibres were picked randomly
to observe the longitudinal fibre morphology and to determine the average fibre diameter.
It was observed that there is a presence of longitudinal streaks in the P. atrocarpus, P.
amaryllifolius, and A. comosus leaf fibres’ structure. The longitudinal fibre morphology
showed that these fibres exhibit an arrangement of vertical alignments that follow the direction
of the fibre axis, attributed to the compactly aligned microfibrils bonded together by lignin,
pectin, and other non-cellulosic materials (Azahana, Wickneswari, Noraini, Nurnida et
al., 2020; Donaldson et al., 2016; Hashim et al., 2023). The vascular bundle structure in
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P atrocarpus and P. amaryllifolius fibres can be easily detected and observed at 100x and
300x magnification, appearing as rectangular arrangements in the leaf fibres, contributing to
the hydrophilic behaviour in the cellulosic fibres. It was observed that P. atrocarpus leaf fibres
have a rougher surface texture than P. amaryllifolius and Ananas comosus leaf fibres. The
fibre diameter of P. atrocarpus ranges from 421.0 to 458.7 um, with average fibre diameter
of 445.5 um; whereas for P. amaryllifolius, the diameter ranges from 194.3 to 291.6 um,
with average fibre diameter of 226.3 um; and for 4. comosus, the diameter ranges from 258.5
to 393.9 um, with average fibre diameter of 311.2 um. The fibre diameters were measured
randomly to account for the natural variability and irregularities in the fibres. The measured
diameter of the natural fibres sample in this study aligns with findings from other research,
supporting the consistency of these findings (Diyana et al., 2024; Gnanasekaran et al., 2022;
Mohamed et al., 2018a; Neves et al., 2023; Kuan & Lee, 2014). The fibres’ morphology of
P, atrocarpus, P. amaryllifolius, and A. comosus leaves are presented in Figure 4.
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Figure 4. Scanning electron microscopy view of leaf fibres morphology (100x and 300x magnification)
and diameter: (a) Pandanus atrocarpus, (b) Pandanus amaryllifolius, and (¢) Ananas comosus
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FTIR Spectra Analysis

The FTIR spectra depicted in Figure 5 have been attributed to the lignocellulosic-based
materials and verified the existence of cellulose, hemicellulose, and lignin in the P,
atrocarpus, P. amaryllifolius, and Ananas comosus leaf fibres. The presence of the O-H
stretching vibrations was observed at broad absorption peaks of 3330.88, 3340.21, and
3334.08 cm!, respectively, for P. atrocarpus, P. amaryllifolius, and A. comosus leaf fibres,
which correlates to the hydrophilic hydroxyl group (OH) in cellulose, hemicellulose and
lignin (Diyana et al., 2021; Shaker et al., 2020). The existence of cellulose and hemicellulose
was confirmed by the absorption peaks observed at 2916.80, 2917.19, and 2916.53 cm™,
corresponding to the alkanes C-H stretching (Ikhuoria et al., 2017; Ilyas et al., 2019; Yew
etal., 2019). The sharp and intense C-H stretching peak observed in P. atrocarpus leaf fibre
FTIR spectra implies that cellulose and hemicellulose are most dominant in P. atrocarpus
leaf fibre compared to P. amaryllifolius and A. comosus leaf fibres (Md Salim et al., 2021).

The absorption peaks observed at 1731.20, 1729.51, and 1726.40 cm™ correspond
to carbonyl C=O0 stretching vibrations of aliphatic carboxylic acids, acetyl and ketone
groups in cellulose, hemicellulose and lignin (Alemdar & Sain, 2008; Diyana et al., 2021;
Salem et al., 2021; Sheltami et al., 2012). The vibration of aromatic C=C further identifies

T T T N T T T N T N T T T
Pandanus atrocarpus
r =  Pandanus amaryllifolius 1
Ananas comosus
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Figure 5. Fourier-transformed infrared spectra of the sample fibres
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the presence of lignin rings functional groups detected at peaks 1631.86, 1635.27, and
1632.65cm™! (Shi et al., 2019). The aromatic ester linkage CO stretching vibration in ferulic
carboxylic group, phenylpropanoids and p-coumaric acids in lignin and hemicellulose were
observed at the absorption peaks of 1243.32, 1241.26, and 1239.65 cm!. The existence of
C-O stretching corresponds to xylan-rich polysaccharide in cellulose and hemicellulose
was further confirmed with the appearance of peaks at 1033.70, 1034.38, and 1030.33cm’!
(Banagar et al., 2024; Diyana et al., 2021; Gaba et al., 2021).

Thermal Analysis
TGA and DTG

The thermal decomposition of natural fibre involves the dehydration, emission of volatile
components, and weight loss due to lignocellulosic components degradation (Azwa et
al., 2013; Yew et al., 2019). The degradation takes place in the following sequences:
hemicellulose, cellulose, lignin, and the rest of the constituents (Tamanna et al., 2021).
Figures 6(a) and 6(b) present the TG and DTG curves of the P. atrocarpus, P. amaryllifolius,
and A. comosus leaf fibres. The curves showed that these samples’ fibre degrade through
four distinct stages in the following ranges: (I) from 30 to 120°C, (II) 120 to 220°C, (III)
220 to 390°C, and (IV) 390 to 600°C.

From Figures 6(a) and 6(b), the initial degradation occurs at range I, which marks the
beginning of the weight loss in the sample fibres as the fibres were heated. The weight
loss was attributed to the hydrophilic behaviour of the sample fibres, where evaporation
of moisture and volatile contents occurred. The volatile contents tend to migrate to the
fibre surface along with the movement of the water molecules from the internal parts to the
outer surface of the fibre during the evaporation process. The moisture of the sample fibres
was completely evaporated around 120°C with low mass loss of 7.27, 7.32, and 6.54%,
respectively, for P. atrocarpus, P. amaryllifolius, and A. comosus leaf fibres.

The second stage of thermal degradation (Range II) started at temperatures above
120°C and was thermally stable until 220°C for all leaf fibres, where no significant peak
of degradation is observed in both TG and DTG curves (Diyana et al., 2021; Ilyas et al.,
2019; Ishak et al., 2012). At this stage, the average weight loss is about 0.6%, which
is induced by the removal of impurities, waxes and inorganic components of volatile
extractives from the fibres.

The third stage of thermal decomposition occurs at range III (200 to 390°C),
corresponding to the degradation of hemicellulose and cellulose, resulting in significant mass
loss up to 72%. As can be observed for P. atrocarpus and P. amaryllifolius fibres, two DTG
peaks were observed on range III, which correspond to the degradation of hemicellulose
that took place between 220 and 320°C. In contrast, the sharp DTG peaks can be observed
at 320 to 390°C, corresponding to the degradation of cellulose. Hemicellulose structure is
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Figure 6. (a) Thermogravimetry thermogram of weight loss as a function of temperature, and (b) derivative
thermogravimetric curve of the rate of weight loss as a function of time

amorphous, which is less thermally stable and easily degrades to a volatile state at lower
temperatures compared to cellulose. Cellulose structure is highly crystalline and thermally
stable due to its microfibril chain cell wall. The highest peak of decomposition temperature
in DTG occurred at 359.0, 355.9, and 344.2°C for P. atrocarpus, P. amaryllifolius, and A.
comosus leaf fibre, respectively, attributed to the cellulose degradation.

The fourth stage decomposition that occurs up to 600°C at range IV corresponds to
the degradation of lignin and the rest of the constituents in the sample fibres. The final
residual is carbonaceous impurities, known as char. Char residue is 16.44, 22.26, and 14.04%
respectively for P. atrocarpus, P. amaryllifolius, and A. comosus leaf fibres. The amount of
residual weight obtained at the end of the combustion process in P. amaryllifolius was greater
than that of P. atrocarpus and A. comosus leaf fibres. This indicates the highest thermal
stability, attributed to a higher composition of char, suggesting improved fire resistance
capability of the fibre, thus providing insulation against further thermal degradation.
Furthermore, the char residue formation could be attributed to the presence of inorganic
materials and silicon dioxide within the natural fibre. These components only degrade at
extremely high temperatures exceeding 1,500°C (Diyana et al., 2024; Sahari et al., 2013).

DSC Analysis

Natural fibre constituents (hemicellulose, cellulose, and lignin) are sensitive to temperature.
When these fibre constituents are subjected to heat, separate peaks of decomposition
can be detected. DSC is useful in assessing the thermal stability and composition of the
natural fibres. DSC measures the temperature at which decomposition occurs. Higher
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decomposition temperatures indicate better thermal stability and resistance to degradation,
thus higher quality fibres (Acharya et al., 2024; PerkinElmer, 2011). Figure 7 shows the
DSC curves of fibres from P. atrocarpus, P. amaryllifolius, and A. comosus leaves upon
heating. The DSC curves clearly showed three distinct peaks. The presence of each peak
represents the temperature at which the maximum rate of weight loss occurs, indicating
the critical temperature at which the fibre composition decomposes.

The DSC curves showed a large and broad endothermic peak at the temperature
range of 30-120°C (Range 1), which indicates the removal of moisture by evaporation
(volatilisation) in the intercellular region of the P. atrocarpus, P. amaryllifolius, and A.
comosus leaf fibres. At the temperature range of 220-390°C (Range III), there were two
peaks detected in the DSC curves. The exothermic peaks at a temperature range of 220—
320°C represent the degradation of hemicellulose, where hemicellulose decomposed and
produced char residue. Hemicellulose is an amorphous structure constituent that tends to
absorb water as it consists of hydroxyl groups, which degrade earlier than cellulose and
lignin. Cellulose is a crystalline structure constituent that possesses higher thermal stability
than hemicellulose; thus, it exhibits higher degradation temperature. The endothermic
peaks at a temperature range of 320-390°C represent the degradation of cellulose with
the formation of volatiles. The extended temperature ranges from 390 to 600°C (Range
IV) signifies the presence of lignin. The lignin curve showed a broad exothermic peak.
Lignin possesses aromatic rings with many chemical branches. As a result, degradation
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Figure 7. Differential scanning calorimetry curves of Pandanus atrocarpus, Pandanus amaryllifolius, and
Ananas comosus leaf fibres
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of lignin occurs over a broad temperature range. It might be attributed to the cracking of
some functional groups in cellulose residue.

The DSC curves of the three leaf fibres corresponded well with their DTG curves.
Hemicellulose and cellulose peaks in DSC curves appeared at around 275.0 and 355.3°C,
respectively. The highest peak of decomposition temperature in DTG curves occurred at
359.0, 355.9, and 344.2°C for P. atrocarpus, P. amaryllifolius, and A. comosus leaf fibres,
respectively, attributed to the cellulose degradation. These findings from the DSC curves
in Figure 7 align with the DTG curves shown in Figure 6(b), where similar temperatures
were observed for hemicellulose and cellulose.

Dielectric Properties

Figure 8(a) presents the dielectric constant, ¢’, of the epoxy and composites filled with the
sample fibres. It can be observed that over a wide range of frequencies up to 20 GHz, the ¢’
of all composites is inversely proportional to the frequency at room temperature, with the
¢ trend decreasing as the frequency of the electromagnetic field increases. The ¢’ is more
significant at lower frequencies because the dipoles within the material have ample time to
align with the alternating electric field, resulting in a higher dielectric constant. Conversely,
at higher frequencies, the rapid oscillations of the electric field prevent the dipoles from
fully orienting, thus leading to a decrease in the ¢’ (Hassan & Ah-yasari, 2019). Figures
8(b)-(d), respectively, present the graphs of dielectric loss factor (¢”), dissipation factor
(tan 0), and conductivity (¢) versus frequency for all epoxy composites. Similar trends in
the behaviour of ¢ 7, tan d, and ¢ were observed. At lower frequencies, the mechanism of
energy dissipation in the epoxy composites increases with frequency as the polarization
of the dipoles in the material is more effective in the electromagnetic field. This leads to
higher energy dissipation as the dipoles continuously reorient themselves with the changing
field, which increases the dielectric losses and conductivity, thus dissipating more heat. At
higher frequencies (7.5 GHz onwards), the rapid oscillations of the electric field prevent
the dipoles from fully aligning, leading to a decrease in these parameters. As a result,
the ability of the dipoles to reorient decreases, leading to lower energy dissipation and a
decrease in the ¢ ”.

The comparative analysis using a two-sample t-test reveals statistically significant
differences in the dielectric properties between the composites of P. atrocarpus, P.
amaryllifolius, and A. comosus and epoxy. The p-values for all comparisons are less than the
significance level of 0.05, and the t-scores are beyond the critical value of +£1.96, indicating
that the results are statistically significant at the 95% confidence level. From the comparative
analysis, epoxy without natural fibre filler shows slightly poorer dielectric properties
compared to composites filled with P. atrocarpus, P. amaryllifolius, and A. comosus leaf
fibres. While the relative differences indicate that epoxy has a higher dielectric constant in
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each case (2.03% for P. atrocarpus composite, 1.92% for P. amaryllifolius composite, and
3.43% for A. comosus composite), these relative differences reflect that epoxy has better
insulating properties, thus resulting in a higher dielectric constant in terms of heat storage.
Consequently, its ability to dissipate heat is poorer, leading to a lower ¢”, tan 9, and o.
When natural fibre fillers are added to epoxy, their chemical composition, which includes
hemicellulose, cellulose, and lignin, captures and attracts charges due to interactions of
polar molecules and displacement currents in the electromagnetic field. Hemicellulose
contributes to flexibility and bonding within the epoxy composite, allowing the flow of
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displacement currents through the amorphous regions. The molecular structure of cellulose
contributes to orientation polarization, thereby enhancing the material’s ability to store
and dissipate energy when subjected to an electromagnetic field. Lignin, with its complex
aromatic structure, contributes to char formation and improves thermal stability, providing
insulation against further thermal degradation (Rowlandson et al., 2020). Together, the
fibres from P. atrocarpus, P. amaryllifolius, and A. comosus improve the overall dielectric
behaviour of the epoxy composite by increasing orientation polarization, capturing charges,
and promoting interaction with the electromagnetic field. It was observed that A. comosus
composite exhibits higher relative differences in dielectric properties than P. atrocarpus
and P. amaryllifolius composites. This can be attributed to the thermal stability of the A.
comosus fibres that decompose more readily under thermal conditions, as confirmed by
lowest mass residue and sharp peaks in TG and DSC curves, The differences in thermal
stability between the natural fibres can influence the composite’s overall dielectric response,
as materials with different thermal stability can exhibits different polarization behaviours
when subjected to an electromagnetic field (Airinei et al., 2021; Neto et al., 2021; Neves
et al., 2023; Yusof et al., 2023).

CONCLUSION

The leaf fibres extracted from P. atrocarpus, P. amaryllifolius, and A. comosus plants,
exhibit potentially useful characteristics for a variety of high frequency applications as
dielectric material for antennas, microwave circuits, and in electromagnetic interference
(EMI) suppression to remove noise and improve signal quality. The fibres exhibit unique
morphological features determined via SEM analysis. FTIR spectra reveal the existence
of hemicellulose, cellulose and lignin constituents. Thermogravimetric analysis indicates
that the fibres possess thermal stability up to 220°C. The consistent thermal behaviour
was observed in both DTG and DSC curves, which further highlights the decomposition
temperature peaks for hemicellulose and cellulose. The dielectric properties of the epoxy
composites filled with natural fibres demonstrate better performance compared to epoxy.
The addition of the P. atrocarpus, P. amaryllifolius, and A. comosus leaf fibres in the
composites facilitates polarizations in the polymer composites. This approach aligns well
with Sustainable Development Goals (SDGs) by encouraging innovation in sustainable
materials by reducing the dependency on polymers (SDG 9), promoting greener and
environmentally friendly materials (SDG 12), minimizing carbon footprint (SDG 13). To
effectively use these natural fibres as fillers for polymer composites, it is crucial to address
further their limitations on thermal stability, moisture resistance, and compatibility with the
polymer matrix. This can be achieved through chemical treatments, surface modifications,
or hybridization with compatibilizers to enhance the properties of natural fibres.
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