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Abstract

This work investigates on the potential of coconut shell (CS), coir, sugarcane bagasse (SGB)
as bio-conductive fillers in epoxy composites. The elemental composition of the fillers was
examined using Carbon, Hydrogen, Nitrogen and Sulphur (CHNS) elemental analysis whereas
the morphology of the fillers was observed using scanning electron microscope (SEM).
Fourier Transform Infrared (FTIR) Spectroscopy Analysis was performed to examine on
the chemical structure of the fillers. The performance of the fillers in epoxy composites was
evaluated in term of dielectric properties using open-ended coaxial probe technique. CHNS
elemental analysis revealed that the fillers contain up to 48.37% of carbon, and presence
of macroporous structure was detected. The polar nature of the fillers was confirmed from
FTIR analysis with the presence of hydroxyl (OH) groups. For the dielectric properties
measurement, it was found that the fillers increase the dielectric constant (¢”), dielectric
loss factor (), dissipation factor (tan J) and electrical conductivity (o) of pure epoxy up to
15%, 42%, 32% and 42%, respectively. With enhancement that is < 50%, the performance
of raw natural fibres as bio-conductive fillers is considered as not prominent for microwave
heating application and activation process is necessary to improve their conductive behaviour.

Keywords: Bio-conductive filler; Epoxy; Dielectric properties; Electrical conductivity;
Microwave heating.

1. Introduction which will enhance the dielectric properties

The electromagnetic interference radiated  and the microwave heating ability. A poor
by communication devices and electronic  dielectric material such as polymer is
instruments is becoming a cause of concern ~ commonly filled with conductive elements
and it is important to recognize how to to improve its dielectric properties. The
weaken the electromagnetic energy (EM).  dielectric properties of dielectric material are
In general, a lossy dielectric material is used  presented in term of complex permittivity (¢),
for this purpose. Carbon black and carbon  as presented in equation (1).
nanotube are commercially available highly

conductive material that are commonly used Dielectric Properties, ¢ = &’+j&” (1)
as conductive element in lightweight shielding

material such as polymer, but these materials The ability of a material to absorb
are expensive. and store EM energy is represented by the

In dielectric material, conductive element  dielectric constant (¢”) whereas dielectric loss
is the factor that contributes to polarization,  factor (¢”) is responsible convert and release
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the stored EM energy into ohmic loss (heat
dissipation). The dissipation factor (tangent
delta) is presented in equation (2), which is
ratio of the dielectric constant (ohmic loss) to
the dielectric loss factor (energy stored), as.

Dissipation Factor,tand =¢” /¢ (2)
The ability of a material to dissipate the
ohmis loss is represented by the electrical
conductivity, as shown in equation (3). The
ohmic losses are proportional to the electrical
conductivity, i.e. dielectric materials with high
electrical conductivity dissipate more heat.

Electrical conductivity, c =2nfe,e” (3)

Where free space permittivity (¢,) is equal
to 8.854 x 1012 F/m, fis the frequency in hertz
(Hz) (Mittal et al., 2016).

In recent years, conductive elements
derived from natural fibres have been a
topic of interest to explore as bio-conductive
filler in dielectric-based polymer (Choh
et al., 2016; Huang et al., 2019; Elloumi
et al., 2021; Zwawi, 2021). Although the
effectiveness of the natural fibres is expected
to be poorer compared to commercially
highly conductive material, it is worth to
investigate how far these bio-conductive
fillers can perform. Natural fibres are rich
in hydroxyls (OH) group compound which
are responsible to induce orientation/dipole
polarization when a dielectric material is
subjected to EM field (Dungani et al., 2016;
Camargo et al., 2020; Yew et al.,2020;
Belgacem et al., 2021; Zwawi 2021). The
examples of the natural fibres that can be
abundantly found in Malaysia are from
coconut waste, sugarcane bagasse, rice

husk, banana waste and oil palm waste. In
this work, three types of locally found raw
natural fibres in Gong Badak, Terengganu,
which are coconut shell (CS), coir and
sugarcane bagasse (SGB) Malaysia were
selected as bio-conductive fillers. This is
the continuous improvement work reported
elsewhere (Ab. Jabal ef al., 2016; Yew
et al., 2016).

2. Material and Methods
2.1 Raw Materials

Locally found raw CS, coir and SGB were
collected, cleaned, and dried under sunshades
until completely dried. The raw materials
were pulverised into fine powder by using
Disk Mill. Epoxy resin (Epocast PT100) and
amine-based epoxy hardener (Epoharden
PT100S) were used as the matrix.

2.2 Composites Preparation

The epoxy composites filled with CS, coir
and SGB were prepared with the composition
presented in Table 1. The ratio of the epoxy
resin to hardener is 2:1. The curing process
of the epoxy composites took about 1
to 2 hours to completely curing at room
temperature. Disposable plastic petri dish
with diameter of 55 mm was used as mould.
In this work, the composites were fabricated
with thickness of 5 mm. The diameter of the
fabricated composites must be wider than the
diameter high temperature probe (diameter =
19 mm) that is used for dielectric properties
measurement and the samples surface must
be smooth to minimize fringing field effect
that may results in dielectric measurement
inaccuracy (Wang and Chung 2017).

Table 1. Bio-filler/epoxy weight percentage composition

Weight Percentage (wt%)

Material Pure CS/Epoxy Coir/ SGB/
Epoxy Epoxy Epoxy
Epocast PT100 100 100 100 100
Epoharden PT100s 50 50 50 50
Coconut Shell (CS) 0 45 0 0
Coir 0 0 45 0
Sugarcane Bagasse 0 0 0 45

(SGB)
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2.3 Carbon, hydrogen, nitrogen, and sulphur
(CHNS) elemental analysis

The CHNS elemental analysis was
performed to investigate the carbon elemental
composition in coconut shell, coir and
sugarcane filler. Carbon is the element that
can suppress and weaken the EM wave by
converting and dissipating the EM wave
into heat. The CHNS elemental analysis was
performed through Elemantar Germany vario
MICRO cube CHNS Analyser, which was
carried out at 23°C and relative humidity of
50% room condition.

2.4 Particle morphology

ZEISS Supra55 and JEOL JSM-6360LA
scanning electron microscopes were used
to observe the morphologies of the coconut
shell, coir, and sugarcane bagasse particles.
For specimen under test preparation, a small
amount of filler powder is dispersed on a
carbon adhesive tape that was placed on the
specimen stub. Rubber hand blower was used
to remove excess powder before the specimen
is coated with conductive layer (thin layer
of gold) by using sputter coater machine.
The particles morphology was observed at
magnification up to 2.0 KX with acceleration
voltage of 5-15kV.

2.5 Fourier transform infrared (FTIR)
spectroscopy analysis

The chemical structure of CS, coir and
SGB were analysed using Shidmazu/IRTracer
- 100 and PerkinElmer - Spectrum 100. The
FTIR spectra with percentage transmittance
(%T) versus wavelength (cm™) were recorded
within the scanning range of 650-4000 cm'.

2.6 Dielectric properties and electrical
conductivity

Open-ended coaxial probe technique was
used to determine the dielectric properties of
the epoxy composites at room temperature
over 200 MHz - 20 GHz. The apparatus of
the measurement method consists of high
temperature probe kit, Agilent E§362B PNA
series network analyser and Agilent 85070E
measurement software. The measurement
of the dielectric properties and electrical
conductivity was made by contacting the high
temperature probe kit on the flat surface of the
epoxy composites. Open-ended coaxial probe
technique is a simple, convenient, and non-
destructive testing method that most applicable
technique for dielectric measurements
over wide range of frequency (La Gioia
et al., 2018; Keysight Technologies 2019;
Saeidi et al., 2019; Maenhout et al., 2020).

3 Results and Discussion

3.1 Carbon, hydrogen, nitrogen and sulphur
(CHNS) elemental analysis of CS, coir, and
SGB fibres

The elemental composition of CS, coir
and SGB fillers is presented in Table 2. It was
examined that CS, coir and SGB fillers contains
48.37%, 46.73% and 43.69% carbon clement,
respectively. With up to 48% of carbon element,
these agricultural waste fillers are potentially
useful as conductive element for microwave
heating purpose (Vashisth et al., 2021). Microwave
heating is the ability of a conductive material to
suppress and attenuate the EM energy. When the
conductive material is subjected to EM fields,
the material is capable to absorb the EM energy,
convert and dissipate the energy into heat loss.

Table 2. Elemental composition of CS, coir, and SGB fillers

Elemental Percentage (%)

Filler Carbon Hydrogen Nitrogen Sulphur
© (H) M) )
Coconut Shell (CS) 48.37 6.313 1.62 0.306
Coir 46.73 6.232 1.57 0.378
Sugarcane Bagasse 43 ¢ 6.355 1.83 0.448

(SGB)
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3.2 SEM morphology of CS, coir and SGB
particles.

Figure 1 presents the SEM particle
morphologies of the CS, coir and SGB. It can
be observed that macropores with irregular
size in micrometer (SEM scale) were found
on in CS, coir and SGB particles. Macropores
referred to pores size that is greater to 50
nm (McCusker et al., 2001; Azman et al.,
2020). Material with porous structures is
capable to provide multiple paths for the
incident electromagnetic waves and greatly
decrease the reflectivity the electromagnetic
waves. With the porous structure, the contact
probability of the material and the incident
electromagnetic waves increase, which
increase the electromagnetic waves absorbing
bandwidth. Thus enhance the attenuation
ability of electromagnetic waves (Cheng
et al., 2020; Wei et al., 2020).

3.3 Fourier transform infrared (FTIR)
analysis of CS, coir and SGB fibres

Mag = 1200 KX EHT = 800KV s}

(a)

Mag= 200KX

EHT= 800KV H

(b)

Figure 2 presents CS, Coir and SGB
filler FTIR spectra of over the wavelength of
650 — 4000 cm™'. The absorption bands
at 3367.85, 3340.71 and 3320.61 cm’!
correspond to the hydroxyl group (OH)
in CS, coir and SGB fibres respectively
(Nascimento et al., 2018; Ismail et al., 2021).
The presence of the highly polar nature of
OH groups of the CS, coir and SGB fibres
attract charges resulted from the interaction
of displacement current in the electric field,
which induced orientation polarization
(Vilchevskaya and Miiller 2021). In general,
they are five types of polarization, namely
ionic, atomic, electronic, orientation (or
dipole), and interfacial (space charge). The
ionic, orientation and interfacial polarizations
interact strongly over microwave frequency,
which greatly increase the dielectric
behaviour of the material (Abdel-karim et
al.,2018; Elloumi et al., 2021). On the other
hand, the atomic and electronic polarizations
are almost lossless (Zangina et al., 2016; Yew
et al., 2020).

Mag= 200KX EHT= 800KV

(c)

Figure 1. SEM particles morphologies (a) Coconut Shell (b) Coir (c) Sugarcane Bagasse.
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Figure 2. FTIR spectra of coconut shell, coir, and sugarcane bagasse fillers.
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3.4 Dielectric properties and electrical
conductivity of epoxy composites with CS,
coir and SGB fillers.

As EM energy propagates through
a dielectric material, displacement and
conduction currents will be induced. The
dielectric constant (¢’) is dependent on the
induced displacement current, which is
responsible for polarization whereas dielectric
loss factor (¢”) is dependent on the induced
conduction currents that arises due to free
electrons movement, which is responsible for
heat loss (Zangina et al., 2016).

The dielectric properties of the epoxy
composites with CS, coir and SGB fillers
were measured over wide range of frequency
to observe the dielectric behaviour at lower
and higher frequency range. The dielectric
constant (&”) of the epoxy composites versus
the frequency range from 200 MHz to 20
GHz is presented in Figure 3 (a). It can be
observed that there was a decreasing trend of
the &’ against increasing frequency of all the
epoxy composites due to conductive impact
of microwave heating (Saeidi et al., 2019).
With the absence of conductive filler, the pure
epoxy molecules exhibit single polarization
orientation, which resulted in lowest average
&’. With the presence of CS, coir and SGB
fillers, the dielectric constant (&) of the epoxy
composites were increased up to 14% to 15%.
According to Rayssi ef al. , the dielectric
properties depend on chemical composition.
The presence of the CS, coir and SGB act as
conductive elements in the epoxy composites
contributes to an increase in dielectric constant
(&”). CS, coir and SGB fillers interact with the
incident electromagnetic waves and induced
displacement current in the epoxy composites.
Orientation and interfacial polarizations took
placed due to the alignment of hydroxyl group
dipole in the direction of applied electric field
and localized accumulation of charges (Rayssi
et al., 2018). Moreover, it can be observed
that at lower frequency, it is more prominent
to achieve complete dipole orientation that
was resulted from free charges accumulation
and contributes to the increased of dielectric
constant (¢’). However, at higher frequency,
the dielectric constant (¢") decreased rapidly
with the increase in frequency that is resulted
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from vigorous molecular vibrations, which
restricted the complete dipoles orientation,
thus decreased the dielectric constant (&)
(Hassan et al., 2019). There is also possibility
of random fluctuation that occurred during the
measurement which caused inconsistency on
the beginning and ending of each frequency
dependent permittivity graph.

Similarly for dielectric loss factor (&) that
is presented in Figure 3 (b), it can be observed
that the dielectric loss factor (¢”) show up to
43% improvement with the presence of CS,
coir and SGB fillers in the epoxy composites.
The dielectric loss factor (¢) for all the epoxy
composites show increasing trend with the
increase in lower frequency range from 200
MHz to 10 GHz. This indicates that the ohmic
loss within the epoxy composites were more
prominent at lower frequency range. The
ohmic loss or the heat dissipation is depended
on the movement of positive and negative
charges within a lossy dielectric material
which causes the polarization to switch
direction or moves in opposite directions
(Jambaladinni and Bhat 2021). However, from
frequency that is higher than 10 GHz up to 20
MHz, the diclectric constant (&') decreased
with increasing frequency. Similarly, this is
resulted by vigorous molecular vibrations that
restricted movement of charges in the epoxy
composites.

The dissipation factor (tan o) is dependent
of both ¢’ and &¢”, which is often used
to determine how lossy a material is for
microwave heating. In general, dielectric
material with high dissipation loss
indicates high heat loss, which reflects to
high electromagnetic waves attenuation
or microwave heating ability. Figure 3 (c)
presents the dissipation factor (tan J) over
the frequency. It can be observed that the CS,
coir and SGB fillers enhanced the microwave
heating ability of the epoxy composites up
to 32%, owing to the presence of carbon
elements in the agricultural waste filler. The
polar nature of the CS, coir and SGB also
enhanced the electrical conductivity (o) up
to 42% compared to pure epoxy, as shown in
Figure 3(d).

CS filler possess higher dielectric
properties (dielectric constant and dielectric
loss factor) and electrical conductivity



compared to coir and SGB fillers. As confirmed
by CHNS elemental analysis, the elemental
composition of carbon in CS (48.37%) is
slightly higher compared to coir (46.73%)
and SGB (43.69%) fillers. As the percentage
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of carbon composition is higher compared to
coir and SGB fillers, the tendency of CS filler
to dissipate EM wave to heat energy is better
than coir and SGB fillers (Menéndez et al.,
2010; Micheli et al., 2011; Cheng et al., 2020)
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Figure 3. (a) Dielectric constant (b) Dielectric loss factor (c¢) Dissipation factor (d)
Electrical Conductivity over 200 MHz to 20 GHz.

Table 3. Elemental composition of CS, coir, and SGB fillers

Average value (Enhancement

Dielectric properties Electrical . .
conductivity with respective to pure
Composite expoxy,%)
, tan , x 1010
» -10 9
& & 5 x 101°(S/m) € & tan 0 (S/m)
0.025 0.0103
Pure Epoxy 22591262 %()2651' - - 2,635  0.197  0.070 1.19
: : 0.089 2.58
CS/E 2.839-  0.168- 0'(35 0 0'0_3 36 3.050 0282 0093  1.69
POXY 3533 0.369 0.123 341 (15%)  (43%) (33%)  (42%)
Coir/E 2.827-  0.129- 0'(338 0'0_23 3 2994 0269  0.091 1.64
OWFEPOXY 3564  0.353 0.120 371 (14%)  (37%) (30%)  (38%)
SGB/E 2.816-  0.184- 0'(352 0'0_214 3.043 0280 0092 157
POXY 3587 0352 0118 320 (15%)  (42%) (31%)  (32%)
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4. Conclusion

The findings of this work indicated
that presence of the bio-based CS, coir
and SGB conductive fillers enhanced
the dielectric properties and electrical
conductivity of the epoxy composites.
However, the enhancement is considered
as insignificant, which is < 50%. These
bio-conductive fillers can be converted
into activated carbon to improve their
conductive behaviour, in which through
the activation process where the carbon
element of raw natural fibres is potentially
increase up to 85%. On the other hand,
chemical modification such as alkaline
treatment on natural fibres is not favourable
for conductive filler purpose as this process
tends to remove the hydroxyl groups in
the natural fibres, which affected the
polarization ability of the natural fibres
when subjected to electromagnetic field.
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