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ABSTRACT

Alkyl ester derivatives of palm kernel oil have been prepared for use as bio-dielectrics in
oil filled HV electric equipment. Conduction and loss characteristics of the ester
derivatives were studied to understand the behaviour of the material under electric field.
Frequency response analyzer was used to study electrical conduction within the fluids
since dielectric loss occurring at low frequencies under AC condition is dominated by
mobile charge carriers. This is particularly important since power dissipation at power
frequency, 50 Hz, may lead to dielectric heating. The dielectric response analysis of the
samples with the range 10-3 - 104 Hz show a constant real relative permittivity at high
frequency region. As the frequency drops below 101 Hz, there is interfacial polarization at
the electrode-liquid interface, which results in a significant dielectric increment in the real
part of the relative permittivity at low frequencies with a negative slope greater than 1 and
a frequency independent conductance (εʹ slope = -1). This is an indication of Maxwell-
Wagner interfacial effect where electric double layer (EDL) is formed. The real part
acquired a slope of about -1 around frequency of 103 Hz. This suggests that the
establishment of the EDL may be tending towards steady state. This change in the low
frequency dispersion could be due to the ionic species undergoing interfacial
electrochemical processes, or ions of lower mobility may have contributed to the EDL
formation within the frequency region. This may have limited the effect of the strongly
divergent processes at the interface.

Original Research Article



British Journal of Applied Science & Technology, 4(2): 371-386, 2014

372

Keywords: Charge transport; dielectric loss; electric double layer; dielectric liquid; frequency
dispersion.

1. INTRODUCTION

An understanding of the dielectric behaviour of insulating liquid requires the study of the
dielectric response over a spectrum of frequency covering several decades and
temperatures. Interfacial polarization is known to dominate measurements at low
frequencies (frequency below 10-1 Hz); as a result such measurement may reveal useful
information about the charged particles in the liquid and their behaviour [1]. Since dielectric
loss occurring at low frequencies under AC conduction is dominated by mobile charge
carriers, the study of AC conduction within an insulating fluid is particularly important since
power dissipation at power frequency, 50 Hz, may lead to dielectric heating.

For a nearly perfect dielectric material, application of a sufficiently low alternative field
produces no detectable phase difference (δ) between the voltage gradient )(E and

displacement vector )(D . The ratio of the two vectors gives a real value constant referred to
as the permittivity. An ideal dielectric material has finite dielectric loss and in simple terms
can be said to behave like parallel RC circuit (Fig. 1). The values of R and C may be
frequency dependent and the relative permittivity of the material becomes a complex
quantity. The resistance R represents the lossy part of the dielectric which may result from
electronic and/or ionic conductivity, dipole orientation, and space charge accumulation on
the application of electric field. The storage capacity of the dielectric may be visualized as
the action of dipole chains which forms under the influence of the applied field and bind
counter-charges with their free ends on the surfaces of the plates [2].

Fig. 1. Parallel equivalent circuit of a dielectric

For a pure DC conduction in condensed matter, the real part of the relative permittivity, ε', is
close to zero and independent of frequency. Acquisition of slope by ε' at low frequency in the
log-log plot of real part, is due to polarizing species that is dominated by slowly mobile
charge carriers and the slope of the imaginary part, ε'', with an approximate value of -1 in a
log-log plot of the imaginary part, ε" vs ω, is an indication of a low frequency dispersion
(LFD). Low frequency dispersion can be volume or interfacial processes. While the presence
of interfacial barrier layer at the electrode-sample interface is sometimes referred to as
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interfacial LFD, volume LFD is distributed throughout the thickness of the material. The loss
in the material in this case is more than just a mere DC conduction. This type of response
seems to be the lowest-frequency process observed in frequency response of dielectric
material and has been termed the anomalous low-frequency dispersion (LFD) [3]. The strong
rise of ε' at low frequencies has a physical significance which indicates a finite and reversible
storage of charge in the bulk material or at the material-electrode interface [4]. The curves of
ε' and ε" cross over at ωc, the threshold frequency as shown in Fig. 2. At a frequency below
the threshold frequency, ωc, (ω < ωc), this response follows a fractional power law which is
expressed as:

         1
22

1 22 2/cos2/sin   nn ninAiA  (1)

In this low frequency region ε" > ε', the frequency response is due to highly lossy “drift like”
processes. The high frequency response, (ω > ωc) may follow a similar power law but with
the exponent equal to n1 as expressed below. This is due to a low-loss “polarization like”
process.

         1
11

1 11 2/cos2/sin   nn ninAiA  (2)

Where constant A is an empirical constant and n1 and n2 have value between 0 and 1 [5].

Fig. 2. Low frequency dispersion (LFD) process [4]

This paper concentrates on the study of conduction and loss characteristics of the ester
derivatives using dielectric spectroscopy with a focus on low temperature and low frequency
response. This is mainly to establish the dielectric behaviour of the material under electric
field and the influence of processing steps on the ester derivatives at varied frequencies. It is
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known that during oil synthesis, remnant of some chemicals used for the ester synthesis
were present in the ester sample. They remnants may undergo electrochemical processes
and could constitute impurities in the samples. Dielectric spectroscopy, in which the complex
impedance is measured over a wide range of frequencies, is known to be highly sensitive to
small changes in electrical properties. It was thought that dielectric spectroscopy would
provide a means of identifying the influence of synthesis steps in the dielectric properties of
the ester derivatives. Using dielectric spectroscopy it would be possible to establish whether
the impurities present in the samples could result in the dissipation of too much power,
causing overheating and premature failure of the ester fluids if used as dielectric fluids.

2. MATERIALS AND METHODS

2.1 Sample Preparation

An alkyl ester (PKOAE1) was synthesized from laboratory purified palm kernel oil by
transesterification. Epoxy alkyl ester (PKOAE2) was then synthesized by epoxidation of
PKOAE1 with an insitu peracetic acid [6]. Branched alkyl esters (PKOAE3 and PKOAE4)
were then prepared using an acid-catalyzed ring-opening reaction of PKOAE2 and acid
anhydrides in the presence of nitrogen [7]. Sample descriptions are summarized in Table 1.
The samples were dried by degassing at reduced pressure in a vacuum oven at temperature
of 85ºC for 2 hours.

Table 1. Sample description

Sample Description
PKOAE1 Palm kernel oil methyl ester
PKOAE2 Palm kernel oil epoxy methyl ester
PKOAE3 Palm kernel oil methyl ester with C-3 carbon side branched chain
PKOAE4 Palm kernel oil methyl ester with C-4 carbon side branched chain
BS148 Mineral Insulating Oil

2.2 Structural Identification

Natural ester consists of fatty acids of various chain lengths. The synthesis involves a
change in the chemical structure through modification of some of the fatty acids’ chains in
the ester. It is necessary to monitor the chemical reaction to know if the required products
are obtained and identify the functional groups in the synthesized esters. This was achieved
using Fourier Transform Infrared (FT-IR) Spectrometry. This analysis was performed using
Perkin Elmer Spectrum One FT-IR spectrometer. The spectrometer sample holder and the
cap were cleaned with methanol and acetone thoroughly. The cap was fixed and a
background scan was performed. A drop of the sample was placed on the spectrometer
measurement cell. The sample was scanned with infrared radiation through frequency of
4000 - 650 cm-1 to obtain the spectrum. The amount of radiation absorbed by the sample
was plotted as a function of the wave number of the absorbed radiation by a detector.  Each
spike (absorption bands) in the IR spectrum represents absorption of energy. The functional
groups of the samples were identified from the spectra.
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Fig. 3. FRA experimental system for dielectric liquid

2.3 Dielectric Response Measurements

The dielectric properties of the samples were measured in a bespoke test cell designed such
that the electrodes were suspended in the oil sample and had enough space to
accommodate sample expansion [8]. The dielectric response of the samples was measured
using a Solartron 1255 Frequency Response Analyzer and 1296 Dielectric Interface as
shown in Fig. 3. Dielectric measurements were taken over the frequency range10-3 Hz to
106 Hz and at number of fixed temperatures within the range 20˚C to 80˚C. The temperature
of the sample was varied to within 0.1˚C by placing the cell in a temperature-controlled oven.

3. RESULTS AND DISCUSSION

3.1 Structural Study

The FTIR spectra (Figs. 4 and 5) displayed the characteristic peak of some functional groups
common to the ester samples. PKOAE2 exhibits peaks around 844 cm-1 [9] due to the
presence of epoxy group in the palm kernel oil alkyl ester. These peaks are characteristic of
ester that has been epoxidized. These can be regarded as fingerprint of epoxy alkyl ester as
the peaks fall within the fingerprint region. The existence of the peaks at 844 cm-1 on the
PKOAE2 spectra shows that the transesterification reaction occurred without degradation of
the epoxy ring, which is needed for further modification of epoxy alkyl ester.

The reaction of the ester with butyric anhydride (PKOAE3) yields a FTIR peak at 1080 cm-1

as shown in Fig. 5, which is attributed to a grafted C-3 side branched hydrocarbon chain. If
instead propionic anhydride is reacted with the ester, the grafted C-4 side branched
hydrocarbon chain (PKOAE4) has a peak at 930 cm-1. These peaks can be considered as
fingerprints of the respective esters: they uniquely differentiate the two alkyl esters. These
peaks fall within the fingerprint region of FTIR spectra. These could be attributed to the
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fingerprint of the respective esters. The peaks are unique to the respective esters and they
differentiate the two alkyl esters.
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Fig. 4. FTIR spectra of PKOAE1 and PKOAE2
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Fig. 5. FTIR spectra of PKOAE1, PKOAE3 and PKOAE4

3.2 Frequency Response Analysis

Previous study on the palm kernel oil-based ester fluid shows that it has suitable properties
as alternative bio-based insulating fluid. The ester derivative possessed a flash point that
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satisfied the specified minimum flash point for mineral oil, higher thermo-oxidative stability,
and high and reliable breakdown strength from the distribution of breakdown data
(43 kV/mm) with melting temperature of about -7ºC [6,8]. Dielectric response of samples of
PKOAE1, PKOAE2, PKOAE3 and PKOAE4 were measured. The dielectric response of the
synthesized esters above the frequency of approximately 10-2 Hz shows that the real part is
constant (i.e. independent of frequency) and the imaginary part is inversely proportional to
frequency. This is symptomatic of a constant capacitance in parallel with a constant
conductance – that is, a constant electrical conduction mechanism dominates in this
frequency range. At lower frequencies, the real part acquires a negative slope greater than 1
at 10-2 Hz whilst the imaginary part still maintains a slope of -1. This is indicative of interfacial
polarization [10] with a more complex low frequency response. Temperature variations often
influenced the response of dielectric material on the application of electric field. This change
in temperature may lead to variation in the individual relaxation times. This will result in a
shift of the respective tanδ peak along the logarithmic frequency axis. The effect of
temperature on the characteristic frequency of the materials can be studied with a single
curve known as master curve. This curve is constructed by normalizing the data for different
temperatures. This is done by shifting the spectra for different temperatures into
coincidence. If there is more than one process, e.g. a DC conduction and an (AC)
polarization processes, and if this processes have different dependencies on temperature,
then it will only be possible to bring the part of spectra corresponding to one process into
coincidence using this process. A logarithmic shift was performed on the response of the
samples along the frequency axis by using DC conduction to bring the spectra into
coincidence. The spectrum at 20˚C was chosen as the reference while the spectra at other
temperatures were shifted towards it. The magnitude was invariant and as a result, the
logarithmic shift along the frequency axis was carried out with the relation:

    











iref

a
refiT TTk

Eafactorshift 11logloglog 
(3)

Where log aT is the logarithmic shift between any two frequencies, ωref and ωi along the
frequency axis corresponding to the same magnitude of the dielectric response function at
Tref and Ti. Ea is the activation energy.

Both real and imaginary parts are inter-dependent from Kramer Kronig relation; as a result
equation (3) was applied to both the real and imaginary part of the relative permittivity [10].
The dielectric spectra at 20ºC were made the reference spectra and the spectra at higher
temperatures were shifted to match the reference spectra to form the master curve. The
obtained master plots of the real and imaginary components of the relative permittivity as a
function of frequency (i.e. a Bode plot) of the alkyl esters of palm kernel oil are shown in
Fig. 6 through Fig. 9. The frequency response displayed a departure from simple Debye type
relaxation. The real part is constant (i.e. independent of frequency) above approximately
10-1 Hz, while the imaginary part is inversely proportional to frequency with a slope of -1.
This behaviour is an indication of a conduction mechanism dominating in this frequency
range.
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Fig. 6. Master curve for dielectric response of PKOAE1 (solid line is a trend line)

The master curve of the alkyl ester samples was constructed by matching the imaginary part
of the relative permittivity i.e. the DC conduction component. The low frequency wing of the
real part was found not to match with each other, suggesting a different temperature
dependent process. PKOAE1 has lower conductance compared with the other ester
samples. The conductance increased with processing steps. The charges responsible for
conduction in the liquid result from the dissociation of ionic and solid impurities in the liquid.
Impurities introduced into the sample during processing may have contributed to the
conduction current. At frequencies, below 10-1 Hz, the imaginary part maintains a slope of -1,
and the real part of the relative permittivity acquires a slope between -1 and -2. This is still
an indication of a strong dispersive behaviour (interfacial polarization), an effect arising from
the capacitive layer near the electrode.
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Fig. 7. Master curve for dielectric response of PKOAE2
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The ionic species in the fluid drifted to the electrode-liquid interface to accumulate near the
electrode surface. Reversal of the applied electric field leads to redistribution of the
accumulated charges near the electrode and setting up a new equilibrium. Under constant
electric field, a double layer is formed and is thought to be made up of several "layers". In a
liquid such as alkyl esters with low conductivity, it is assumed that two layers exist at the
electrode [11]. The closest layer to the electrode is referred to as the Stern layer. This is a
compact layer of ions next to the electrode. The double layer of the ester samples may have
contained the oil molecules and ionic species. Following the Stern layer is a layer of ions that
are distributed in a three dimensional region called the diffuse layer. This layer is also
referred to as Gouy Chapman layer (Fig. 10). This layer extends into the bulk liquid because
of the counter actions of electrostatic field and thermal agitation in the liquid. At higher
frequencies, the time scale was too short for the ions to align to form the electric double
layer (EDL) at the electrode liquid interface. As the frequency drops below 101 Hz, the ions
have much longer time to align themselves forming the EDL. The formed double layer
contributed a finite value that results in increase in the real part of the capacitance.
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Fig. 9. Master curve for dielectric response of PKOAE4

PKOAE2, PKOAE3 and PKOAE4 appeared to exhibit similar behaviour with PKOAE1. But a
close inspection of the spectra reveals that, the real part of dielectric response of the esters
undergoes a change below the frequency of 10-1 Hz. A very slow response was observed on
the real part of the relative permittivity with an approximate slope of -1. The low frequency
dispersion is equivalent to a dispersive barrier in series with the bulk conductance. However,
the dispersive barrier appeared to have a more complex behaviour compared with the
behaviour of PKOAE1 sample within the frequency range studied. At the onset of electrode
polarization phenomenon, the frequency dependence of the real relative permittivity is
proportional to ωn-1, where the value of n is between 0.45 and 0.65 for the three samples.
This slope gradually changes to about -1 at lower frequencies. This suggests that the
establishment of the EDL may be tending towards steady state. This change in the low
frequency dispersion could be due to the ionic species undergoing interfacial
electrochemical processes [4], or ions of lower mobility may have contributed to the EDL
formation within the frequency region. Variation in the thickness of the layer at the
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electrode-liquid interface may also have caused the change in the slope of the real part of
the dielectric response at lower frequencies.

Fig. 10. Model of electric double layer

3.3 Arrhenius Behavior of Frequency Response

Information on the influence of thermal energy on the behaviour of the double layer can be
extracted from the relaxation frequency. The influence of temperature on the characteristic
frequency was determined with equation 3. The plot of the characteristic frequency shift in
the dielectric response of PKOAE1, PKOAE2, PKOAE3, and PKOAE4 is shown in Fig. 11.

Fig. 11. Characteristic frequency shift of ester dielectric response on arrhenius axes
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The real and imaginary parts of relative permittivity of ester samples obey simple Arrhenius
behaviour with correlation coefficients (R2) ranging from 0.96 to 0.99. The ester samples
displayed systematic linear shift in the characteristic frequency as the temperature
increased. PKOAE1, PKOAE2, PKOAE3, and PKOAE4 possessed activation energies of
0.27, 0.18, 0.13, and 0.08 eV respectively. The single activation energy is an indication that
the double layer formation is a thermally activated process. The relaxation time of electrode
polarization expressed as [4];

kT
c

TEP exp1


(4)

decreases with increasing temperature; where c is a constant for a given liquid. The
systematic shift in the relaxation frequency towards higher frequency may be due to changes
in the relaxation time of electrode polarization with increasing temperature.

Fig. 12. Plot of electrical conductivity of ester samples on Arrhenius axes

Electrical conductivity, σac is related to the imaginary part of the relative permittivity, ɛ", with
the expression:

 ac (5)

where ω is the angular frequency. The AC conductivity of PKOAE1, PKOAE2, PKOAE3 and
PKOAE4 calculated using equation 5 is plotted on Arrhenius axes in Fig. 12. The electrical
conductivity was evaluated from the imaginary part of the frequency response data of the
samples within the temperature range of 20ºC to 80ºC. The straight lines obtained indicate
thermally activated transport mechanisms. The activation energies of PKOAE1, PKOAE2,
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PKOAE3 and PKOAE4 derived from this Arrhenius plot are shown in Table 2. The plot of
conductivity of the samples calculated from the imaginary part of the dielectric response data
shows single activation energies. This suggests that the ionic conduction loss may have
being influenced by thermally activated processes. The calculated conductivity increased
from PKOAE1 through PKOAE4. The conductivity is relatively constant with frequency as
was reported by Bartnikas for most insulating liquids [12].

Table 2. AC conductivity and activation energy

Samples σAC (S/m) Activation Energy for σAC (eV)
PKOAE1 5.72 × 10-10 0.27
PKOAE2 1.68 × 10-9 0.18
PKOAE3 2.95 × 10-9 0.13
PKOAE4 9.89 × 10-9 0.10

The dielectric response of the synthesized esters has LFD-type interfacial behaviour. The
viscosity of the samples increased with processing. The conductivity also increases with
processing. Since mobility decreased with increasing viscosity, it follows from the
conductivity expressed in equation 5 that an increased concentration of ions may be
responsible for the increase in conductivity. This increased concentration may have resulted
from impurities formed or introduced during the processing stages.

Fig. 13. Complex plane (Z'' vs Z' plot)

The dielectric dispersion of the oil increased with temperature due to change in viscosity that
accompanied the temperature variation. The decreasing viscosity enhanced the mobility of
the charged particles due to the viscosity dependence of mobility of charge carriers in liquids
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[12]. This ease in the mobility of more charge carriers results in more mobile charge carriers
contributing to the loss phenomena at higher temperatures. The effect leads to a gradual
increase in the conductivity of the oil as viscosity decreases.

The dispersive barrier formed in the ester samples appeared to have a complex behaviour.
The plot of the response of the ester samples in complex impedance plot is shown in Fig. 13.
It clearly displayed a separation of the bulk mechanism from the interfacial phenomenon.
The semicircular-like arc which occurs at high frequency region indicates that conductance is
the dominant process in the bulk material, while the spurs resulted from the interfacial
phenomenon which includes interfacial polarization and a suspected electrochemical or low
ionic mobility processes. This means that charge-transfer kinetics alone dictate the
conduction process at high frequency region. The area under the semicircular arc reduced
as the conductivity of the samples increases. To understand the physical interpretation of the
arc, let us consider parallel R-C for the bulk liquid, and the double layer to involve two
parallel processes that consists of the double layer capacitance, Cn and polarization
resistance, Rn. At very high frequency, the contribution of the double layer to the imaginary
part of the impedance is zero. As the frequency decreases, the contribution of Cn becomes
finite. Cn then gives a high reactance and the current passes predominantly through the bulk
conductance and polarization resistance. This overall effect is an increasing Z' and
diminishing Z". There exists a transition between the semicircular arc and the inclined spur
for the respective ester samples. The lowest value for the imaginary part of the impedance
corresponds to frequency of tanδ peak. This is the relaxation frequency for electrode
polarization ionic species and the corresponding relaxation time can be evaluated from it.
The frequency dependence of this region is only from interfacial polarization. At lower
frequencies when ω → 0, the electric double layer becomes dominant and low frequency
dispersion as indicated by a low frequency power law, played a significant role in the
dielectric response of the material. Interfacial dispersion may be responsible for the nature of
the response obtained for the alkyl esters. This response can be represented as a dispersive
barrier in series with parallel bulk R-C as shown in Fig. 14. The frequency dependent
dispersive barrier may be a set of series combination of polarization resistance, Rn (1/Gn)
and capacitance, Cn connected in parallel as shown in Fig. 14 [13,14].

G

Cinf
Disper sive Barrie r

Z

Dis pers iv e B arrier

Z
Gn

Cn

Fig. 14. Equivalent circuit for electrode polarization in alkyl ester

4. CONCLUSION

The dielectric characterization of the synthesized samples was performed over the
frequency range 10-3 - 106 Hz and at a number of fixed temperatures. The temperature
ranges from 20ºC to 80ºC at an interval of 10ºC. The measurements results presented on
master plots enabled the observation of the dielectric responses of the samples down to a
frequency of 10-4 Hz at 20ºC. Ion transport in the ester samples is a thermally activated
process with obtained activation energies that varied between 0.08 eV and 0.27 eV. The
activation energy decreased with processing steps. The esters displayed strong low
frequency dispersion (LFD). The impurity charge carriers in the fluids influenced the real part
of the relative permittivity, ε' at very low frequencies (< 10-1 Hz). Although the synthesized
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esters possessed low viscosity, they have higher conductivity compared with the existing
insulating fluids. This may have resulted from an increase in concentration of impurity
charges and/or high mobility due to low viscosity.
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