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Determining the Complex Permittivity of Oil Palm Empty
Fruit Bunch Fibre Material by Open-ended Coaxial Probe
Technique for Microwave Applications

Daw Mohammad Abdalhadi,®* Zulkifly Abbas,*® Ahmad Fahad Ahmad,®*
and Nor Azowa lbrahim ¢

A material description was established for oil palm empty fruit bunch
(OPEFB) fibre waste for microwave absorber applications by determining
its dielectric properties with respect to fibre size and frequency. The
proposed OPEFB material was studied at frequencies from 1 to 4 GHz.
The study was conducted using the open-ended coaxial probe (OECP)
HP85071C technique. The effect of microwave frequency on complex
permittivity properties for powdered OPEFB and compressed OPEFB
with different particle sizes (100, 200, 300, 400, and 500 um) were
investigated. Results showed that the microwave frequency and particle
size significantly influenced the complex permittivity (real and imaginary)
properties of the samples. Moreover, the complex permittivity decreased
as the powder fibre size increased. The complex permittivity of the
smallest and largest powder fibre sizes (100 and 500 ym) were (2.050 — j
0.197) and (1.934 - j 0.137), respectively; and the complex permittivity of
the smallest and largest compressed OPEFB fibre sizes (100 and 500
pm) were (3.799 - j0.603) and (3.326 - j0.486), respectively. The
compressed OPEFB complex permittivity was higher than that of the
OPEFB powder.
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INTRODUCTION

Material characterization for microwave applications has attracted attention due to
huge development of radiofrequency (RF) sources and rapid growth of communication
and electronic devices; these have led to an increase of dangerous electromagnetic
interference (EMI) issues (lwamaru et al. 2012). In developing microwave applications,
identifying a suitable material to meet the requirements is important. Many studies have
been focused on the suitability of agricultural waste materials for such applications
(Zahid et al. 2013), and whether they are fully biodegradable, environmentally friendly,
abundantly available, renewable, cheap, and of low density (Yaacoba et al. 2015).

Microwave heating is a potential technique for biomass treatment. Therefore,
investigating the temperature dependence of the dielectric behavior of the material before
exposing it to microwave radiation is imperative. The interaction of the material with
microwave radiation depends upon the material dielectric properties (Vassilev et al.
2015).

Omar et al. (2011) reported that characteristics of empty fruit bunch (EFB) are
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comparable to those of other biomass materials. The moisture was found to be
sufficiently high to reduce the caloric value, but the high volatility of the material
provided high reactivity. The oxygen content was found to be 50%, which gives a low
higher heating value (HHV). Moreover, it has been found that the dielectric constant of
EFB was proportional to the moisture content, which reaches 60% at 2.45 GHz. The loss
factor, however, plateaus above 30% moisture content at frequency below 2 GHz. At the
lowest moisture level, i.e. 20%, a slight decrease of dielectric constant was observed at
lower frequencies. Meanwhile, at above 2 GHz, the dielectric constants for all moisture
contents followed the trends of water but at lower values.

Salema et al. (2013) and Tripathi et al. (2016) studied the effects of microwave
frequencies on dielectric properties of oil palm shell (OPS) and oil palm fibre (OPF)
using varying frequency in the range 0.2 to 10 GHz. It has been found that the dielectric
constant decreased with increasing frequency while the loss factor had a vice versa effect
against the frequency. Moreover, the temperature dependence of the dielectric properties
of OPS and OPS char was reported for the first time. Knowing the temperature
dependence of the dielectric properties of a material is important in designing a
microwave processing system, because dielectric properties determine the microwave
material interaction and whether the dielectric properties change with temperature.
Moreover, these properties affect microwave material interactions. The difference in
biomass dielectric properties could be attributed to the biomass physical characteristics,
moisture content, and material density. The investigation of dielectric properties
confirmed the low loss dielectric results of OPS and OPF fibres that were prepared based
on the heating characteristics of oil palm biomass under microwave irradiation. On the
other hand, biochar is a high microwave absorber and can be used in various microwave
applications.

The dielectric properties of semisolid, powdered, or pulverized materials are
affected by the composition, including solid particles, air-filled voids that occupy the
small spaces between them, as well as material density; whereas permittivity is affected
by the wave absorption of the material (Baharudin et al. 2013). Moreover, the air
constituent that fills up the gap in the spaces between the solid particles of the pulverized
material tends to pull down the permittivity values to the permittivity of air. Thus, by
removing the air constituent, a permittivity value corresponding to the solid particle is
achievable.

Electrical properties, such as volume resistivity and dielectric strength of several
natural fibres and composites have been studied (Rana and Singha 2015). For microwave
absorbers, material characterization has continued to gather interest due to the vast
increase of RF sources and fast growth of electronic devices and communication; this has
led to an increase in various EMI issues (Stergiou and Litsardakis 2016; Xie et al. 2016).
Microwave absorbers can help reduce the signal reflections externally and eliminate
unwanted radiation that could interfere with the system operations. Hence, high-
performance microwave-absorbing materials with low density, reduced thickness,
flexibility, and wide bandwidth are needed (Qin and Brosseau 2012).

A suitable material is needed to improve microwave absorbers to meet these
requirements. Recently, researchers have focused on agricultural waste materials (Wei et
al. 2013). Oil palm empty fruit bunch OPEFB fibres are common in Malaysia, which is
considered the largest palm oil exporter worldwide. Malaysia’s OPEFB output alone
contributes to approximately 19.5 million tons annually (Omar et al. 2011). OPEFB is a
solid waste product from the oil palm milling process that is extracted from empty fruit
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bunches; OPEFB has a high moisture content of approximately 55% to 65% and high
silica content of approximately 25%. Therefore, the fibres must be cleaned of oil and dirt
(Fahad et al. 2015).

OPEFB-reinforcing materials can possibly reduce costs, improve stiffness,
enhance thermal stability, and improve the mechanical and dielectric properties of any
mixture. Methods for improving the interfacial interaction between fibres and other
materials, such as thermoplastics, already exist (Gupta et al. 2016). Moreover, studying
the dielectric properties of materials has applications in various fields, particularly
telecommunications and microwaves (Al-Ghamdi et al. 2016).

Several methods can be utilized to determine dielectric properties depending on
the material structure (Kundu and Gupta 2014). The coaxial probe technique involves
broadband measurement and is used for measuring the complex permittivity of liquids,
semi-solids, and powdered materials (Odelstad et al. 2014; Jiang et al. 2016). The aim of
the present study is to present a novel preparation approach for microwave absorbers of
compressed substrate and powdered fibre forms. The dielectric properties and complex
permittivity of both forms have been investigated using the open-ended coaxial probe
(OECP) HP85071C technique at 1 to 4 GHz frequency for different particle sizes (100 to
500 pum). Furthermore, the performance of powdered and compressed forms have been
compared.

When an electric field is applied across a dielectric material, three types of impact
occur. The first type is surface transmittance, the second type is energy absorbance, and
the last type is energy reflection. These impact types help indicate the material electrical
properties involved in relative permittivity. Complex permittivity measures the effect of
the material on the electric field (Baharudin et al. 2013). The mathematical expression of
complex permittivity is given by the following equation,

e¥=¢'—je" 1)
where &' is the dielectric constant, or the stored component, and &" is the loss factor, or the

dissipative component. The loss tangent (tano) is particularly important because it
explains the wave absorption of materials, and it is given by the following equation,

tano=¢"l¢' (2)
A greater loss tangent indicates a greater influence of the absorber (Chen 2013).

EXPERIMENTAL

OPEFB Sample Preparation

The OPEFB fibre was obtained from Ulu Langat Oil Palm Mill, Dengkil and
Selangor, Malaysia. The samples were prepared in three stages. First, the OPEFB fibres
were washed by soaking in distilled water for 24 h to remove the unnecessary wax and
other impurities. The fibres were then rinsed with hot water (60 °C) and acetone before
oven drying at 80 °C to reduce moisture. In the second stage, a crusher machine
(Mainland, Hunan, China) was used to crush the OPEFB fibre chains into powder, which
were then sieved through a laboratory test sieve (Endecotts Limited, London, England) to
(100, 200, 300, 400, and 500 um) and sheer each fibre size were placed in a container.
Finally, a hot press machine (Yangzhou Hi-tech, Jiangsu, China) was used to prepare a
thin sheet (compressed substrate) by placing 20 g (OPEFB) intermixture with polyvinyl
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chloride (PVC), which was purchased from Industrial Resin (M) Ltd, to make the sheets
easy to compress into rectangular shapes. The powder fibres were pressed with an upper
and lower plate temperature of 80 °C for 10 min at a pressure of 110 k/bar. The substrate
was left to cool at room temperature. Fig. 1(a, b, c, d) illustrates the OPEFB powder
preparation process.

Fig. 1. OPEFB fibre: (a) Dirty fibres, (b) Washed fibres, (c) Crushed fibres, and (d) Compressed
fibres

Measurements

Figure 2 illustrates the measurements for the complex permittivity of OPEFB
(powder and substrate) using the OECP HP85071C technique (Agilent, Santa Clara,
California). The measurement frequency ranged from 1 to 4 GHz at 25 °C room
temperature for the 201 frequency points to meet the sample requirement. The probe was
connected to the HP 8720B (VNA) Vector Network Analyzer through a high-precision
coaxial test cable (Rawat et al. 2015).

N

Coaxial probe —  °
OPEFB powder

The probe holder

OPEFB Substrate
b
E— a

Fig. 2. Complex permittivity measurement procedures: the probe was placed on the material
surface of the (a) powder OPEFB fibre, and (b) OPEFB substrate

Figure 3 illustrates the dimensions of the OECP HP85071C that was used in this
study. Its outer and inner diameters were 2a = 0.66 mm and 2b = 3.0 mm, and the
diameter of the probe flange was 19.0 mm (Komarov et al. 2016). Before the
measurement, an inclusive calibration for the complex permittivity measurement was
performed using the OPEN (air) SHORT (shorting block) LOAD (distilled water)
calibration module to ensure reliable results for complex permittivity for materials under
tests.

Abdalhadi et al. (2017). “Permittivity of OPEFB,” BioResources 12(2), 3976-3991. 3979



PEER-REVIEWED ARTICLE b | oresources.com

0.66mm
¢ 15.Smm_> ‘
’ — Inconel
\
17.4mm .
I
‘ 16.8mm | ~—
3.5mm
Connector 3.0mm
< 46.7mm 19.0mm

Vv

Fig. 3. Schematic diagram of the OECP HP85071C dimensions

Figure 4 illustrates the complex permittivity measurement results for distilled
water at 0 to 20 and 1 to 4 GHz at 25 °C, which are recommended for the procedure.
Moreover, one can observe that the real part (¢") of permittivity of water is decreasing
while the negative imaginary part (¢") is increasing against frequency. Both the decrease
of the real part and the increase of the negative imaginary part do not vary sharply with
changes in frequency, and this is due to the relatively small relaxation time.

The measurement results corresponded with literature review results, where the
real part began at 78.36 and reached 40.37 at 20 GHz. The imaginary part started from
0.19 and reached 36.56 at 20 GHz. This behavior was due to the dipolar relaxation
process, as detected in the liquid-crystalline phase (Francois-Moutal et al. 2016).
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Fig. 4. Complex permittivity of water against frequency

The OECP HP85071C, which measures complex permittivity, was placed on the
flat surface of the powder fibres with a width of 60 mm and a height of 55 mm. The fibre
thickness in the container was at least 15 mm. This procedure resulted in a field that
flowed to the end of the probe, to the fringe, and into the material, finally producing a
reflection that can describe the complex permittivity. The measuring equipment came
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with an installed software, which made complex permittivity determination easy.

The coaxial probe was placed on the flat surface of the substrate fibres with
dimensions (3.5 x 6.1 x 0.8) cm®. These dimensions were chosen to cover the entire probe
circumference and avoid any radiation scattering along the probe edges. For efficient
measurement, the manufacturer (Agilent) recommended a minimum thickness of 0.8 cm
when using the OECP HP85071C (Teppati et al. 2013). Thicknesses below 0.8 cm are
prone to uncertainties in dielectric measurement due to the effect of multiple reflections
in thin samples. Moreover, the sample must be thick enough and larger than the OECP
aperture diameter because this method assumes that the probe does not sense interactions
of the electromagnetic field with the sample boundaries.

RESULTS AND DISCUSSION

Complex Permittivity for OPEFB Powder

The electromagnetic wave behavior depends on the dielectric properties €', £, and
tand. The variations of the dielectric properties of the different-sized OPEFB fibre
powders at 100, 200, 300, 400, and 500 um within a frequency range of 1 to 4 GHz are
shown in Fig. 5 (a, b, ¢). The &', ¢", and tané of the samples decreased at high frequencies.
The maximum and minimum values of the &', ¢, and tand within 1 to 4 GHz for all of the
samples are listed in Table 1.

The changes in ¢, £, and tano for all samples gradually decreased until the lowest
values reached the highest frequency of 4 GHz. Moreover, Fig. 5a shows that the &'
decreased gradually when the frequency increased from 1 to 4 GHz. This decline was
caused by the material polarization because of the continuous divergent electric field.
This electric field or wave component caused the interaction between the materials and
electromagnetic waves (Kappe et al. 2012). The reduction of ¢' at high frequencies may
have been caused by the gradual decrease in the orientation change or dipole movement
at high frequencies. Furthermore, the rapid rotation of the dielectric polar molecules was
insufficient to attain equilibrium with the field (Raghu et al. 2013; Tong 2016).

Investigating the dielectric constant nature as a function of the frequency is
important because the dipole may not have enough time to reorganize if the user
frequency becomes too high or if it stratifies too fast at lower frequencies. Thus, no
heating may occur under these conditions (Kappe et al. 2012). In contrast, the wavelength
change may clarify the &' behavior. The dielectric constant changes may have been
caused by different physical properties, such as particle size and fibre density. In the
OPEFB fibres, a high &" caused high absorption loss; thus, the unbending absorptive
material was formed using the lowest OPEFB fibre size. Figure 5b shows a similar
variation of the ¢". The loss factor for all the fibre sizes had the highest values at the
lowest frequencies and smallest fibre size; moreover, these decreased gradually until the
lowest loss factors were obtained at 4 GHz and largest fibre size, as shown in Table 1.
This switchback-shaped line for the &" is visible in all fibre sizes but at various frequency
ranges.

Moreover, the tano of the OPEFB depended broadly on the &". The tand value is
the tangent of the angle (0) between the capacity vectors of the total and charging
currents (Gregory et al. 2016). Figure 5c illustrates the tano results calculated using Eq.
2. The tano of all the composites indicated that the same ordered behavior of the fibre
sizes was due to the increased frequencies and fibre particle rearrangement. The highest
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tand was obtained at the lowest frequency values and smallest fibre size, as shown in
Table 1.
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Fig. 5. Variations: (a) Dielectric constant (¢'), (b) loss factor (¢"), and (c) loss tangent (tand)
against frequency at different OPEFB powder particle sizes
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Table 1. Variations in &', €", and Tand at 1 and 4 GHz for Different OPEFB
Powder Particle Sizes

Fibre Size g &' tand
(Hm) 1GHz [4GHz | 1GHz | 4GHz | 1GHz | 4 GHz
100 2.111 | 2.004 | 0.246 | 0.127 | 0.117 | 0.063
200 2.082 | 1.975 | 0.225 | 0.106 | 0.108 | 0.054
300 2.037 | 1.953 | 0.206 | 0.087 | 0.101 | 0.045
400 2.007 | 1.921 | 0.200 | 0.081 | 0.100 | 0.042
500 1.972 | 1.903 | 0.182 | 0.082 | 0.092 | 0.043

Table 1 shows that the increased OPEFB fibre size resulted in a decrease of the ¢’,
¢", and tano of the fibre powder. Furthermore, 2.45 GHz is applied in industrial and
domestic microwaves (Singh et al. 2015). The dielectric properties for OPEFB powder at
2.45 GHz are shown in Table 2. These are evident in Table 2, wherein the results of the
¢, €", and tan ¢ for all fibre sizes had the highest values of ¢, ¢", and tan ¢ at the smallest
fibre size, and vice versa.

Table 2. Variations of ¢, ", and Tand at 2.45 GHz Frequency for Different
Particle Size of OPEFB Powder

Fibre Size (um) ¢ &' tand
100 2.043 0.201 0.098
200 2.014 0.180 0.089
300 1.974 0.161 0.081
400 1.948 0.155 0.079
500 1.929 0.139 0.072

The mean complex permittivity of different OPEFB powder particle sizes was
calculated using Eq. 1. Complex permittivity, at frequencies from 1 to 4 GHz, decreased
with increased fibre size. This conclusion is clarified and summarized in Table 3.

Table 3. Mean Complex Permittivity of Different OPEFB Powder Particle Sizes at
1to4 GHz

Fibre Size (um) Relative Permittivity
100 2.050-j0.197
200 2.021-j0.176
300 1.983-j0.157
400 1.956-j0.151
500 1.934-j0.137

The variations in the ¢, ", and tan o for different fibre sizes and several selected
frequencies (1, 2, 3, and 4 GHz) are shown in Fig. 6 (a, b, c). The dielectric properties &',
", and tano decreased linearly as the OPEFB fibre size increased for all frequencies.
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Fig. 6. Variations: (a) Dielectric constant (&), (b) loss factor (£"), and (c) loss tangent (tand)
against OPEFB powder particle sizes at different frequencies
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Fig. 7. Variations: (a) dielectric constant (¢'), loss factor ("), and (c) tand against frequency at
different particle sizes of OPEFB powder in substrate form

Abdalhadi et al. (2017). “Permittivity of OPEFB,” BioResources 12(2), 3976-3991. 3985



PEER-REVIEWED ARTICLE b | oresources.com

Complex Permittivity of the Substrate OPEFB at Different Particle Sizes

The dielectric properties at room temperature were measured using the OECP
HP85071C technique in the frequency range of 1 to 4 GHz, and the results are presented
in Fig. 7 (a, b, ¢). The compressed substrate of the OPEFB fibre was placed under the
probe without a gap to avoid influencing the dielectric value readings.

Figure 7a shows that the dielectric constant values decreased with as fibre
substrate frequencies increased; this is more apparent at lower frequencies. The
polarizability of the molecules relied on the dielectric constant of the material. A decrease
in the orientation polarization at high frequencies caused a decline in the dielectric
constant that corresponded to the frequency. At low frequencies, reorientation of the
whole direction of the molecule was possible, whereas at medium frequencies, only a
small period of time was allotted for orientation. The molecular orientation was
impossible at high frequencies.

The changing behaviors of the &" and tans for all samples were similar.
Seemingly, the tano of the OPEFB fibres largely depended on &' and &". The loss factor
for all of the samples was observed to increase at high frequencies until 1.45 GHz, but it
decreased as the frequency increased from 1.45 to 2.25 GHz. After that, the loss factor
increased until 4 GHz. These behaviors of loss factor and tangent were seen in all fibre
sizes but at different frequencies. The highest and lowest values of the &', ", and tan¢ at 1
to 4 GHz are listed in Table 4 for all of the OPEFB fibre sizes in substrate form.

Table 4. Variations of the (¢), (¢"), and Tané for all Particles Size of OPEFB Fibre
in Compressed Substrate Form

. . e &' tand
Fibre Size(um)

1GHz | 4GHz | 1GHz | 4GHz | 1GHz 4 GHz
100 3.933 | 3.643 | 0.565 0.606 0.148 0.166
200 3.715 | 3.517 | 0.503 0.558 0.135 0.158
300 3.585 | 3.411 | 0.485 0.528 0.135 0.158
400 3.497 | 3.296 | 0.469 0.507 0.134 0.154
500 3.455 | 3.175 | 0.456 0.491 0.136 0.154

Universally, industrial and domestic heating applications use the 2.45 GHz
microwave frequency. Hence, in Table 5, the dielectric properties of all particle sizes of
OPEFB in substrate form use this frequency. Moreover, this is evident in Table 6, where
the results of the ¢, ¢", and tan & for all fibre sizes showed the highest values at the
smallest fibre size, and vice versa.

Table 5. Variations of the (&), (¢"), and Tan? for all Particles Size of OPEFB
Fibre in Compressed Form at 2.45 GHz

Fibre Size (um) £ g tand
100 0.612 3.793 0.161
200 0.551 3.616 0.152
300 0.531 3.504 0.152
400 0.513 3.406 0.151
500 0.488 3.318 0.147

Abdalhadi et al. (2017). “Permittivity of OPEFB,” BioResources 12(2), 3976-3991. 3986



PEER-REVIEWED ARTICLE b | oresources.com

-e-1GHz -4-2GHz -+-3GHz 4GHz

a)4

38

(¥}

100 200 300 400 500
Fiber size (um)
b) —e-1GHz —-2GHz —&3GHz 4GHz
0.65
0.6
055
w
0.5
0.45
04
100 200 300 400 500
Fiber size (um)

—-1GHz —-2GHz —=—3GHz 4GHz

100 200 300 400 500
Fiber size( um)
Fig. 8. Variations: (a) Dielectric constant (&), (b) loss factor (¢"), and (c) loss tangent (tand)
against fibre sizes in substrate form
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In general, the increased OPEFB fibre size caused a decrease in all dielectric
properties of the substrates. In contrast, the ¢ for all samples decreased with higher
frequencies; moreover, the &" and tano for all samples increased with higher frequencies.
Thus, the average complex permittivity for OPEFB substrate could be calculated using
Eqg. 1. The mean values of complex permittivity for all fibre sizes at 1 to 4 GHz are
summarized in Table 6.

Table 6. Mean Complex Permittivity for all Particle Sizes of OPEFB in Substrate
Form at 1 to 4 GHz

Fibre Size (um) Relative Permittivity
100 3.799 - j0.603
200 3.623 - j0.536
300 3.519 - j0.523
400 3.409 - j0.503
500 3.326 - j0.486

To study the effects of substrate fibre size on the dielectric properties, Figs. 8 (a,
b, ¢) show the variations of &', ¢", and tand with fibre size at certain frequencies (1, 2, 3,
and 4 GHz) at room temperature. The &', ¢", and tano decreased as fibre size increased
due to the moisture absorption at the fibre interface. Notably, as frequency increased, the
dielectric constant decreased, which is expected OPEFB behavior (Hu et al. 2013).
Moreover, the effective dielectric constant possibly decreased with as fibre size increased
due to the increased interface volume when a smaller fibre was used for a given volume
fraction of filler. At a given volume fraction of fibre, a smaller particle size will have
higher interfacial polarization (Suresh et al. 2013).

CONCLUSIONS

1. The open-ended coaxial probe OECP HP85071C technique is simple and appropriate
for determining the complex permittivity of OPEFB fibres using the magnitude of the
reflection coefficient and phase measurement.

2. The powder experiments showed that the highest complex permittivity for the
smallest fibres was 2.050 - j 0.197 at 1 to 4 GHz, and the lowest complex permittivity
for the largest fibres was 1.934 - j 0.137 at 1 to 4 GHz.

3. The experimental results for the compressed substrate showed that the smallest fibres
in compressed form had the highest complex permittivity values 3.799 - j0.603 at 1 to
4 GHz; and the results showed that the lowest complex permittivity was found with
the largest fibres particle size, at a value of 3.326 - j0.486 at 1 to 4 GHz.

4. The results showed that the complex permittivity decreased as fibre size and
frequency increased due to the orientation polarization and high movement of the
polar molecular dipoles.
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5. The complex permittivity values of the fibre substrate are larger than those of fibre
powders due to homogeneity, particle adhesion, and minimal space between the
particles, which led to reduction of air molecules between fibres.
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