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Abstract: Studies on dispersing nanoparticles in base fluid to elevate its essential and critical proper-
ties have evolved significantly in the recent decade. Alongside the conventional dispersion techniques
used for nanofluid synthesis, microwave energy at 2.4 GHz frequency is irradiated onto the nanoflu-
ids is experimented with in this study. The effect of microwave irradiation on the electrical and
thermal properties of semi-conductive nanofluids (SNF) is investigated and presented in this article.
Titanium dioxide and zinc oxide are the semi-conductive nanoparticles used for this study to synthe-
size the SNF, viz., titania nanofluid (TNF) and zinc nanofluid (ZNF). Flash and fire points are the
thermal properties verified, and dielectric breakdown strength, dielectric constant (εr), and dielectric
dissipation factor (tan δ) are the electrical properties verified in this study. AC breakdown voltage
(BDV) of TNF and ZNF is improved by 16.78% and 11.25%, respectively, more than SNFs prepared
without microwave irradiation. Results justify that the synergetic effect of stirring, sonication, and
microwave irradiation in a rational sequence (microwave synthesis) exhibited better electrical and
unaltered thermal properties. This microwave-applied nanofluid synthesis could be a simple and
effective route to prepare the SNF with improved electrical properties.

Keywords: semi-conductive nanofluid; dielectric properties; titanium dioxide nanoparticle; zinc
oxide nanoparticle; microwave synthesis

1. Introduction

The concept of nanofluids has found a broad range of applications ever since its concep-
tion by Choi [1], while many experimental studies and investigations in various fields have
justified its effectiveness in performance improvement of nanofluid systems [2–6]. Rafiq [7]
has produced a thorough review of transformer oil-based nanofluids, which included several
attributes such as types of nanoparticles, base fluids and nanofluids, types of synthesis and
dispersion techniques, and its electrical, thermal, and physiochemical properties. Yu [8] has
made an effective review of the recent progress, underlying mechanisms, characterization
techniques, research challenges, and strategies in improving the dispersion stability of the
water- and oil-based nanofluids used in thermal conductivity applications. The major chal-
lenge in nanofluid synthesis lies in dispersing the nano-sized solid particles in the base fluid to
attain a homogeneous colloid, to ensure its long-term stability. A well-dispersed nanofluid is
an essential prerequisite that decides its added functionalities, improvised properties, and en-
hanced performances. However, fluid stability is a fundamental, long-standing issue yet to be
addressed to realize its potential for industrial-scale real-time applications.

To overcome the dispersion stability issue to a certain extent, several researchers
used conventional dispersion techniques like mechanical stirring, ultrasonic treatment,
and chemical methods of surface modification either separately or combined. Asif et al. [9]
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presented a detailed review that consolidated the research on various metal oxides and
carbon nanotube (CNT) nanofluids and that experimented with the effect of sonication
duration on its thermo-physical properties. This review found that an optimum sonication
duration yields a better dispersion of nanoparticles with reduction in particle sizes, con-
sequently leading to enhanced nanofluid stability and other thermo-physical properties.
Several types of research were reported to achieve an effective dispersion of functionalized
nanoparticles through ultrasonic probe sonication combined with stirring [10–13].

Transformer oil-based nanofluid synthesis is mainly focused on enhanced electrical
and thermal properties with the conservative usage of dispersion techniques like stirring
and ultrasonic homogenization. Yu-zhen Lv investigated the effect of dispersion techniques
on the stability of functionalized TiO2 nanoparticles in transformer mineral oil and pro-
posed the combination of stirring and bath sonication found to have an efficient dispersion
with the maximum value of dielectric breakdown strength. Despite the higher sonication
energy, the ultrasonic probe immersed in the fluid is reported to affect the adsorption
balance of the surfactant oleic acid [14]. The synthesis procedure of titania-based trans-
former nanofluid through mechanical stirring and probe sonication was performed with
the optimized levels of TiO2 and surfactant cetyl trimethyl ammonium bromide (CTAB)
dispersed in transformer mineral oil. The quantity of titania nanoparticles and surfactant
loading in mineral oil was optimized systematically by verifying its superior values of
corona inception voltage and the AC and DC dielectric breakdown voltage [15]. Aside
from the application type and user’s awareness of combining the techniques, no standards
have yet been defined to realize the optimal combination to attain the superlative dielectric
BDV values with an elated dispersion strength.

Research has revealed that the microwave route of nanoparticle synthesis ensures a bet-
ter dispersion in comparison to the conventional methods such as sol-gel, chemical vapor
deposition, hydrothermal, solvothermal, etc. Accelerated reaction rates and altered synthe-
sis yields such as particle size reduction [16], particle distribution [17,18], and enhanced
purity [19] and physiochemical properties [20] have been observed in microwave-assisted
synthesis. Such improved parameters of microwave heating compared to the conventional
heating processes at similar temperatures have led to speculations about the existence
of non-thermal effects in microwave synthesis chemistry [21]. Apart from reducing the
processing time from hours to minutes with rapid and uniform heating, this microwave
irradiation has proven to be a simple and effective method to synthesize nanostructures,
with the commonly used operating frequency being 2.45 GHz [21–24].

Such attractive features of the microwave-based method in nanoparticle synthesis
caused the authors to investigate the same in nanofluid synthesis. Based on that, the mi-
crowave irradiation in the nanofluid synthesis process is experimentally investigated in
this work in order to verify the enhancement of the dielectric and thermal behavior of trans-
former oil-based nanofluids. Hence, the objectives studied are: 1. To recognize an effective
synthesis procedure with the application of microwaves to prepare the semi-conductive
nanofluids (SNF), with the superlative combination of dispersion techniques in a rational
sequence. 2. To investigate the electrical and thermal properties of SNF prepared through
the microwave synthesis procedure. The electrical properties of an insulating liquid can
be addressed by its dielectric behavior, hence the dielectric breakdown strength, dielectric
permittivity, and dielectric dissipation factor of the TNFs are investigated in this work.
Flash point and fire point are the physical property of an insulating liquid that determines
its thermal volatility, hence it is verified for TNFs in this work.

2. Material, Methods, and Experimental Setup

For experimentation purposes, the commercially available TiO2 nanoparticles (Anatase,
spherical, average particle size 10–20 nm) and zinc oxide nanoparticles (10–40 nm) were
purchased from Nano Research Lab (NRL) India. Analytical grade cationic surfactant CTAB
and non-ionic surfactant Span80 (sorbitan monooleate) were procured from Sisco Research
Laboratories (SRL), India. Commercial purpose transformer mineral oil was procured from
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APAR Industries, India. The solvent cyclohexane (for HPLC, 99.9%) used for mineral oil
and other SNF samples, was procured from SRL, India, for the ultraviolet-visible (UV-Vis)
spectroscopy studies.

The nanofluid samples used in this study for experimentation purposes were prepared
by the two-step method of nanofluid synthesis, as shown in Figure 1. Initially, the semi-
conductive nanoparticles (TiO2/ZnO) were dried in a heating chamber for about 3 h to
eliminate moisture. Before it was dispersed in mineral oil, the surfactant CTAB/Span80 was
mixed with mineral oil by mechanically stirring it in a magnetic stirrer for 30 min. Later,
the nanoparticles were added to it through mechanical stirring for 30 min and subsequently
dispersed using the ultrasonic homogenizer probe (750 W, 20 KHz, Sonics Vibra-cell) for
about 2.5 h. It was then irradiated with microwave energy at 2.45 GHz frequency in a com-
mercial microwave oven to progress to the microwave synthesis. The process flow of the
microwave nanofluid synthesis procedure is shown in Figure 2 as a pictorial representation.

Figure 1. Two-step nanofluid synthesis procedure.

The UV-Vis absorption spectrum was verified for evaluating the dispersion strength of
the prepared SNF samples. Spectroscopy studies were carried out using a UV-Vis double-
beam spectrophotometer (Analytical Technologies). Cyclohexane was used as the solvent for
the oil samples and as a reference solution in the quartz cuvettes of the spectrophotometer,
respectively.

The dielectric breakdown strength, dielectric constant, and dielectric dissipation factor
of the SNFs were investigated in this work to evaluate the electrical properties of SNF
samples, whereas the flash point and fire point were measured to assess the thermal
volatility of SNF samples.

Figure 2. Process flow-diagram of microwave nanofluid synthesis.

The AC breakdown voltage test was performed using the Motorized Oil Breakdown
Voltage Test System (LOBDV-100, Power Electronical, India), which has an AC high-voltage
(maximum up to 100 KV) generating unit and an oil test cell as per IEC 60156 standards.
Hemisphere electrodes with 2.5 mm spacing were used in the test cell. The dielectric
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constant and tan δ of the oil samples were measured using the automatic dielectric constant,
tan delta, and resistivity test set (ADTR-2K PLUS, Eltel Industries, India). The oil sample
was filled in a three-terminal test cell (IEC-60247 standards), and the test was performed
under a pre-programmed test sequence. Flash point and fire point of the oil samples were
measured in a Pensky–Martens flash point apparatus as per ASTM D971 standards, with a
temperature increase rate of 5 to 6 degrees Celsius per minute.

3. SNF Synthesis

The SNF samples were prepared by dispersing the optimized quantity of titania/zinc
oxide nanoparticles and surfactant CTAB/Span80 in mineral oil used for insulation and
cooling the transformers in high voltage applications. As previously studied [15], 0.05 g/L
of titania nanoparticle and 0.5 mg/L of CTAB were identified as optimal quantities based
on the higher dielectric BDV obtained, and the same quantity was used in this work for
TNF synthesis.

To synthesize ZNF in this work, the quantity of ZnO nanoparticles and Span80 had
to be optimized systematically at first. Therefore, a series of samples were prepared with
different concentrations of ZnO nanoparticles ranging from 0.02 g/L to 0.09 g/L. A two-
step synthesis procedure as shown in Figure 1 was used to prepare the samples, and their
dielectric BDV values were tested and shown in Table 1 and Figure 3a.

Table 1. AC BDV value of sample series with different ZnO concentrations.

S. No.
Quantity of ZnO

Nanoparticles Dispersed in
Mineral Oil (g/L)

Mean AC BDV with
Standard Deviation (KV)

BDV Enhancement
(in %)

1 0 22.07 ± 3.75 0
2 0.02 24.75 ± 4.23 12.14
3 0.03 28.5 ± 3.72 29.13
4 0.04 30.06 ± 2.28 36.20
5 0.05 27.5 ± 3.89 24.60
6 0.06 25.65 ± 2.78 16.22
7 0.075 20.9 ± 2.86 −5.3
8 0.09 16.17 ± 5.1 −26.73

The sample with the highest BDV value was chosen as the optimum quantity of ZnO
nanoparticle to be dispersed in mineral oil. From the 7 samples prepared with different ZnO
weights of 0.02, 0.03, 0.04, 0.05, 0.06, 0.075, and 0.09 g/L, the 0.04g/L ZnO exhibited the
highest BDV magnitude enhancement of 36.2%. With that quantity being fixed as optimum,
the next series of samples (ZNFs) were prepared with different Span80 concentrations of 4,
8, and 12 µL added. The dielectric BDV values were verified for the same and are shown in
Table 2 and Figure 3b.

Table 2. AC BDV value of sample series with different Span80 concentrations.

S. No.
Quantity of Surfactant Span80

with 0.04 g/L ZnO Nanoparticles
Dispersed in Mineral Oil (µL/L)

Mean AC BDV with
Standard Deviation

(KV)

BDV Enhancement
(in %)

1 0 µL/ L 30.06 ± 2.28 0
2 4 µL/ L 36 ± 2.03 19.76
3 8 µL/ L 31.23 ± 3.83 3.89
4 12 µL/ L 28.5 ± 4.26 −6.99
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Figure 3. (a) BDV of ZO for different concentrations of ZnO nanoparticles, (b) BDV of SZO for
different quantities of surfactant Span80.

The AC breakdown voltage test was conducted as per IEC 60156 standards with
10 breakdowns for each sample. Discarding the two lowest and the two highest values,
the remaining six values were used to calculate the mean AC breakdown voltage of the
samples. The sample that exhibited the highest BDV value was considered as the optimum
concentration of ZnO nanoparticles and Span80 for the ZNF synthesis in this work. Hence,
0.04 g/L of ZnO nanoparticles and 4 µL of surfactant Span80 were fixed as the optimum
quantities for this part of the study.

The different types of TNF and ZNF samples prepared for this study and the naming
conventions used in this manuscript are listed in Table 3.

Table 3. Naming conventions for the TNF and ZNF samples used.

Name of Sample Sample Type

MO Virgin mineral oil
TO Virgin mineral oil + TiO2 nanoparticles
CTO Virgin mineral oil + surfactant CTAB + TiO2 nanoparticles
CTMW Microwave-irradiated CTO
ZO Virgin mineral oil + ZnO nanoparticles
SZO Virgin mineral oil + Span80 + ZnO nanoparticles
SZMW Microwave-irradiated SZO

The sample type TO was prepared by dispersing 0.00562 wt.% (0.05 g/L) of TiO2
nanoparticles in mineral oil through magnetic stirring for 30 min and then sonication for
2.5 h with the help of an ultrasonic probe homogenizer. In the case of CTO, the surfactant
CTAB with 1% weight titania (0.5 mg/L) was mixed with mineral oil through stirring for
30 min, before adding TiO2 nanoparticles into it. The obtained nanofluid was irradiated
with microwave energy at 2.45 GHz frequency in a commercial microwave oven to prepare
the CTMW sample. A similar pattern was followed for ZNF synthesis, with 0.04 g/L of
ZnO nanoparticles and 4 µL of surfactant Span80 dispersed in mineral oil.

Research into microwave-assisted synthesis has revealed that microwave irradiation
duration has a certain impact on nanoparticle synthesis yield, such as particle size and its
dispersivity while preparing nanofluids [25]. Hence, the authors intended to identify the
optimal irradiation time through verifying the dispersivity of TNF for different microwave
irradiation times. A series of CTMW samples were prepared with different irradiation
times of 60, 90, 120, 180, and 240 s, keeping in mind that the temperature of the sample did
not exceed the transformer’s top oil temperature of 65 ºC. For all CTMW samples prepared
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at different time durations, the microwaves were applied intermittently onto the sample,
with 60 s ON time and 20 s OFF time to avoid rapid heating of the sample.

4. Dispersivity Evaluation

As mentioned earlier, dispersion studies were conducted with the help of a UV-Vis
double beam spectrophotometer. Dispersion strength of the nanofluid was evaluated by
analyzing the UV-visible absorption spectrum of TNF samples prepared in this work. UV-
visible spectral analysis is a simple, reliable, and widely used technique to analyze nanofluid
dispersion. The optical absorption intensity of the sample when diluted appropriately with
a suitable solvent is linear to the nanoparticle concentration in the fluid, and the absorption
peak decreases correspondingly as the fluid becomes destabilized.

The UV-visible spectra of the effect of microwave irradiance duration on CTMW
samples are shown in Figure 4a. It can be seen that all the CTMW samples exhibit their
characteristic spectra with a typical absorption peak at the wavelength of 275 nm. It can
also be observed that the higher the irradiation time, the higher the intensity of the ab-
sorbance peak, which could be a measure of observing the dispersion process. A substantial
increase in the UV absorbance observed as the irradiance time changes from 60 s to 240 s
demonstrates a better dispersion of nanoparticles in the colloid [6,26–28]. Therefore, it is
inferred from the results that the longer duration of microwave irradiation leads to an
enhanced homogenized suspension, and hence better homogeneity is achieved with 240 s
of microwave irradiance.

Figure 4. (a) UV-visible spectra of CTMW samples for different irradiation times, (b) UV-visible
spectra comparison of CTO and CTMW samples.

A comparison of absorption spectra of the 240 s CTMW sample and the CTO sample
is shown in Figure 4b. The significant difference in the absorbance peaks implies that
the particles are well-dispersed in TNF irradiated with microwaves. This ascertains the
difference in the dispersion strength of the CTO and CTMW samples and establishes the
conclusiveness of the microwave effect on the nanofluid dispersion process. Therefore, the
UV-Vis absorption spectra of these two samples provide a better realization of the impact
of microwaves in the dispersion process and their potential as an effective dispersion
mechanism for nanofluid synthesis.

Along with the dispersivity evaluation results discussed above, it was further decided
to verify the microwave effect on the dielectric permittivity of the CTMW sample. A series
of CTMW samples were prepared by irradiating microwaves for different time durations
of 120, 180, 240, and 300 s, and the dielectric permittivity was measured. A certain modifi-
cation in dielectric constant values was observed in the CTMW samples as the duration
of microwave irradiation increased. The observations were plotted, and the graph plot is
shown in Figure 5.
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Figure 5. Permittivity of CTMW samples for different microwave irradiation times.

5. Results and Discussion
Dielectric and Thermal Studies

The experimentally generated values of breakdown voltage, dielectric constant, (tan δ),
flash point, and fire point obtained for the SNF samples are presented together in Table 4,
and their respective graphs are plotted separately and shown in Figures 6–9. Figure 6
shows the graph plotted for the AC BDV magnitudes of the titania and zinc nanofluids.
The experimental results show that both SNFs exhibit the maximum value of dielectric BDV
when irradiated with microwaves. It also shows that the BDV magnitudes obtained for the
TNF and ZNF with microwave irradiation are 16.78% and 11.25%, respectively, higher than
that of the SNFs prepared without microwave irradiation.

Table 4. Dielectric and thermal properties of the SNF samples used.

Name of Sample

Dielectric Properties Thermal Property

Breakdown Voltage (kV)
Relative Permittivity Tan Delta Flash Point (ºC) Fire Point (ºC)

Mean SD

MO 22.07 3.75 2.034 0.00006 177 182
TO 29.4 3.57 2.04 0.00018 – –

CTO 32 2.3 2.044 0.00033 186 194
CTMW 37.75 3.65 2.048 0.00023 186 195

ZO 30.06 2.27 2.039 0.00015 – –
SZO 36 1.03 2.042 0.00068 182 188

SZMW 40.05 3.85 2.046 0.00059 182 188

The BDV magnitude is enhanced with the addition of TiO2/ZnO nanoparticles in MO
and further improved with the addition of the surfactant CTAB/Span80 into it. The higher
BDV value of the SNFs is attributed to the suppression of corona discharge inception and its
propagation in the fluid. Yuefan Du et al. proposed that the semi-conductive nanoparticles
dispersed in the mineral oil trap the fast-propagating electrons from the streamer, which
triggers the insulation breakdown to form the current conduction path between electrodes.
These electrons are trapped at the molecular level of the nanostructures and then get
converted into slow-moving negative charges by losing their kinetic energy. This molecular
level of electron trapping in the semi-conductive nanoparticles happens in the energy states
that are created in the bandgap edges, called shallow traps. A schematic of the electrons
trapped in the shallow trap sites is shown Figure 7. This type of charge transport process
is a predominant mechanism observed with the semi-conductive nanoparticles that aids
in BDV magnitude enhancement [29–32]. Further improvement of BDV is observed in
the results with the addition of surfactant CTAB and Span80 along with the TiO2 and
ZnO nanoparticles, respectively. According to Mansour et al., the surfactant molecules
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with the hydrophilic head and hydrophobic tail encapsulate the nanoparticles dispersed
in mineral oil. With the molecule head being attracted to the particle surface, its tail is
projected normally in an oil medium, forming an intact zone at the oil–particle interface.
The electrons lose their energy through this zone, which results in an increased BDV
magnitude [33].

Figure 6. (a) Dielectric breakdown voltage of different titania nanofluid samples, (b) Dielectric
breakdown voltage of different zinc nanofluid samples.

Figure 7. Schematic of the electron shallow trap sites.

The dielectric permittivity values of the different TNF and ZNF samples are shown in
Figure 8. The results show that the permittivity values of the TO and ZO samples are higher
than those of virgin mineral oil and that the main contribution is the permittivity of the
nanoparticles dispersed in it. Electric permittivity holds the information on the polarization
of a dielectric material that is correlated with the number of electric dipoles and the
molecular polarizability of the medium [34]. A nanoparticle dispersed in dielectric liquid
will acquire a charge through different mechanisms and form an EDL around the particle
surface. Jin et al. proposed that the nanofluid attains three kinds of polarization in its
medium when supplied with an external electric field that increases the overall polarization
of the bulk fluid. Polarization of oil molecules, the nanoparticle’s inner polarization, and the
orientation of the charged nanoparticles are the major polarization mechanisms that occur.
Therefore, the net charge created in the particle fluid interface increases the polarisation
of bulk fluid, and hence the dielectric permittivity [35,36]. According to Sima et al., this
interfacial polarization modifies the electrodynamics of the SNF medium and leads to the
formation of the potential well around the particle surface. It traps the fast-propagating
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ions and electrons and converts them to slow charges, leading to the enhanced BDV of
SNFs [37,38].

Microwaves irradiated on the dielectric medium do have a microscopic level of inter-
action with their constituent atoms, and free electrons induce polarization mainly due to
the orientation of their dipoles and free electrons [27]. This results in a dielectric constant
improvement that could further impact the enhancement in BDV magnitude, as discussed
earlier. This is evident from the experimental results, which verified the enhanced dielectric
permittivity and BDV for the microwave-applied samples (CTMW and SZMW). With the
addition of surfactant, the slight increment observed in the dielectric constant of the CTO
sample is caused by polarization due to surfactant encapsulation. Farade et al. [39] proposed
the relative permittivity model of the nanofluid system, with the surfactant contributing
the orientation polarization of the nanoparticle and hence the dielectric permittivity.

Figure 8. (a) Dielectric permittivity of different titania nanofluid samples, (b) Dielectric permittivity
of different zinc nanofluid samples.

Figure 9 shows the tan delta values of the various TNF and ZNF samples. It can be
noted that the dielectric dissipation factor of TO and ZO samples is higher than that of
MO and is subsequently increased by adding surfactant CTAB and Span80 respectively.
Ming dong et al. indicated that the addition of nanoparticles and the presence of EDL
contribute slightly to the conductivity of mineral oil and further increase with the increase
in nanoparticle concentration. Under the applied electric field, the charged nanoparticle
and its surrounding ion cloud of EDL undergoes the electrophoresis effect and forms
electrophoresis conductivity, which depends on the base fluid’s viscosity [35]. Such an
enhanced conductivity with the addition of nanoparticles would slightly increase the
dielectric loss of nanofluid medium.

According to Mahidhar et al., the increment in the tan delta value for the surfac-
tant addition in SNFs is attributed to the interfacial layer that it normally forms on the
oil molecules. Figure 10 shows the surfactant encapsulated nanoparticle dispersed in
oil molecules with tails projected normally, forming the ‘stiff to polarize’ zone. The oil
molecules present in this zone are rigid enough to become polarized by the externally
applied voltage. Therefore, the torque created from the electric field required to orient
the dipole moments of oil molecules present in this ‘stiff to polarize’ layer is a bit larger.
Thus, higher potential energy is required to orient these dipole moments of the interfacial
layer. More energy lost in the medium causes the increment in the tan delta values [40,41].
However, in the case of microwave-irradiated SNFs, the obtained experimental results have
slightly decremented tan delta values compared to CTO and SZO, but they are still higher
than TO and ZO.

Figure 11 shows the flash point and fire point temperature values of the oil samples.
It shows higher values for the TNF and ZNF when compared with virgin mineral oil
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and remains unchanged for the microwave-irradiated sample. Enhancement in thermal
characteristics for the addition of TiO2/ZnO nanoparticles is attributed to the heat trans-
port mechanism through phonons, which is created within the nanostructures due to the
Brownian motion of oil molecules. The flash point and the fire point remain unchanged
for the CTO and CTMW, as the Brownian motion of oil molecules tends to disrupt the
polarization effect induced by microwaves [32,42].

Figure 9. (a) tan δ value of different titania nanofluid samples, (b) tan δ value of different zinc
nanofluid samples.

Figure 10. Stiff to polarize zone of the surfactant encapsulated nanoparticle.

Figure 11. (a) Flash point and fire point temperatures of different titania nanofluid samples, (b) Flash
point and fire point temperatures of different zinc nanofluid samples.
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6. Conclusions

The microwave route of the nanofluid synthesis procedure has been experimented
with in this work for semi-conductive nanoparticles like titania and zinc oxide. The major
conclusions derived from this study are as follows:

• The dispersing quantity of ZnO nanoparticles and surfactant Span80 for ZNF prepara-
tion are optimized systematically based on BDV enhancement. MO dispersed with
0.04 g/L of ZnO nanoparticles and 4 µL/L of surfactant Span80 provided 63.12% of
BDV enhancement compared to mineral oil and is considered an optimal concentration
from this study.

• A dispersion study was conducted for the CTMW sample to verify and fix the mi-
crowave irradiation time on the nanofluids. From the higher absorption peak of
the UV-Visible absorption spectra of five CTMW samples with different irradiation
times, the 240-s sample was inferred as providing a better dispersion; therefore, this
measurement was fixed as the optimal irradiation time.

• Dielectric and thermal properties were investigated for the SNFs with and without
applying microwaves. TNF and ZNF irradiated with microwaves for 240 s improved
their BDV by 16.78% and 11.25%, respectively, which is attributed to their improved
dielectric permittivity. Permittivity enhancement is explained in terms of polarization
phenomena induced by the microwaves interacting with the dielectric medium.

• From the conducted experiments, the flash point and fire point temperature values of
the TNF and ZNF did not show any modification with the irradiation of microwaves.

• Increased tan delta values of the SNF with the surfactant addition were slightly
reduced with the application of microwaves. However, the modification in tan delta
values requires a clearer study owing to the inconsistency in the reported results from
various research studies.

The proposed microwave synthesis procedure is verified for its good dispersivity and
incremented dielectric behavior for the semi-conductive nanoparticle-based nanofluids.
Therefore, this microwave route could effectively contribute to framing a standard two-step
procedure for nanofluid synthesis.

Author Contributions: Conceptualization, Methodology, S.R. and G.K.; Writing—Original draft
preparation, S.R.; Writing—Review, Editing, Supervision, G.K. and M.E.; All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Choi, S.U.; Eastman, J.A. Enhancing Thermal Conductivity of Fluids with Nanoparticles; Argonne National Lab.(ANL): Argonne, IL,

USA, 1995.
2. Taghizadeh-Tabari, Z.; Zeinali Heris, S.; Moradi, M.; Kahani, M. The study on application of TiO2/water nanofluid in plate heat

exchanger of milk pasteurization industries. Renew. Sustain. Energy Rev. 2016, 58, 1318–1326. [CrossRef]
3. Huang, Z.; Li, J.; Yao, W.; Wang, F.; Wan, F.; Tan, Y.; Mehmood, M.A. Electrical and thermal properties of insulating oil-based

nanofluids: a comprehensive overview. IET Nanodielectr. 2019, 2, 27–40. [CrossRef]
4. Li, Y.; Zhou, J.; Tung, S.; Schneider, E.; Xi, S. A review on development of nanofluid preparation and characterization. Powder

Technol. 2009, 196, 89–101. [CrossRef]
5. Saleh, R.; Putra, N.; Wibowo, R.E.; Septiadi, W.N.; Prakoso, S.P. Titanium dioxide nanofluids for heat transfer applications. Exp.

Therm. Fluid Sci. 2014, 52, 19–29. [CrossRef]
6. Yang, L.; Du, K.; Niu, X.; Li, Y.; Zhang, Y. An experimental and theoretical study of the influence of surfactant on the preparation

and stability of ammonia-water nanofluids. Int. J. Refrig. 2011, 34, 1741–1748. [CrossRef]
7. Rafiq, M.; Shafique, M.; Azam, A.; Ateeq, M. Transformer oil-based nanofluid: The application of nanomaterials on thermal,

electrical and physicochemical properties of liquid insulation-A review. Ain Shams Eng. J. 2021, 12, 555–576. [CrossRef]
8. Yu, F.; Chen, Y.; Liang, X.; Xu, J.; Lee, C.; Liang, Q.; Tao, P.; Deng, T. Dispersion stability of thermal nanofluids. Prog. Nat. Sci.

Mater. Int. 2017, 27, 531–542. [CrossRef]

http://doi.org/10.1016/j.rser.2015.12.292
http://dx.doi.org/10.1049/iet-nde.2018.0019
http://dx.doi.org/10.1016/j.powtec.2009.07.025
http://dx.doi.org/10.1016/j.expthermflusci.2013.08.018
http://dx.doi.org/10.1016/j.ijrefrig.2011.06.007
http://dx.doi.org/10.1016/j.asej.2020.08.010
http://dx.doi.org/10.1016/j.pnsc.2017.08.010


Micromachines 2023, 14, 1194 12 of 13

9. Afzal, A.; Nawfal, I.; Mahbubul, I.M.; Kumbar, S.S. An overview on the effect of ultrasonication duration on different properties
of nanofluids. J. Therm. Anal. Calorim. 2019, 135, 393–418. [CrossRef]

10. Ghadimi, A.; Metselaar, I.H. The influence of surfactant and ultrasonic processing on improvement of stability, thermal
conductivity and viscosity of titania nanofluid. Exp. Therm. Fluid Sci. 2013, 51, 1–9. [CrossRef]

11. Wei, B.; Zou, C.; Li, X. Experimental investigation on stability and thermal conductivity of diathermic oil based TiO2 nanofluids.
Int. J. Heat Mass Transf. 2017, 104, 537–543. [CrossRef]

12. Lv, Y.; Rafiq, M.; Li, C.; Shan, B. Study of Dielectric Breakdown Performance of Transformer Oil Based Magnetic Nanofluids.
Energies 2017, 10, 25. [CrossRef]

13. Mukherjee, S.; Mishra, P.C.; Chakrabarty, S.; Chaudhuri, P. Effects of Sonication Period on Colloidal Stability and Thermal
Conductivity of SiO2–Water Nanofluid: An Experimental Investigation. J. Clust. Sci. 2022, 33, 1763–1771. [CrossRef]

14. Lv, Y.z.; Li, C.; Sun, Q.; Huang, M.; Li, C.R.; Qi, B. Effect of Dispersion Method on Stability and Dielectric Strength of Transformer
Oil-Based TiO2 Nanofluids. Nanoscale Res. Lett. 2016, 11, 515. [CrossRef]

15. Raja, S.; Koperundevi, G. Titania-based transformer nanofluid: A study on the synthesis for enhanced breakdown strength and
its humidity ageing. IET Nanodielectr. 2020, 3, 138–146. [CrossRef]

16. Moumen, A.; Halim, W.; Jaffal, S.; Abderrafi, K.; Eddahbi, A.; Sebti, S.; Ouaskit, S. Microwave Assisted Synthesis of Palladium
Nanoparticles in an Aqueous Emulsion of Copolymer: Application to Catalysis. J. Clust. Sci. 2017, 28, 2817–2832. [CrossRef]

17. Saloga, P.E.J.; Kästner, C.; Thünemann, A.F. High-Speed but Not Magic: Microwave-Assisted Synthesis of Ultra-Small Silver
Nanoparticles. Langmuir 2018, 34, 147–153. [CrossRef] [PubMed]

18. Shakibaie, M.; Riahi-Madvar, S.; Ameri, A.; Amiri-Moghadam, P.; Adeli-Sardou, M.; Forootanfar, H. Microwave Assisted
Biosynthesis of Cadmium Nanoparticles: Characterization, Antioxidant and Cytotoxicity Studies. J. Clust. Sci. 2022, 33, 1877–
1887. [CrossRef]

19. Phalswal, P.; Khanna, P. Novel one-pot microwave assisted synthesis of MoO2 nanoparticles. Mater. Lett. 2021, 302, 130445.
[CrossRef]

20. Barani, H.; Mahltig, B. Microwave-Assisted Synthesis of Silver Nanoparticles: Effect of Reaction Temperature and Precursor
Concentration on Fluorescent Property. J. Clust. Sci. 2022, 33, 101–111. [CrossRef]

21. Motshekga, S.C.; Pillai, S.K.; Sinha Ray, S.; Jalama, K.; Krause, R.W.M. Recent Trends in the Microwave-Assisted Synthesis of
Metal Oxide Nanoparticles Supported on Carbon Nanotubes and Their Applications. J. Nanomater. 2012, 2012, 691503. [CrossRef]

22. Tsuji, M. Microwave-Assisted Synthesis of Metallic Nanomaterials in Liquid Phase. ChemistrySelect 2017, 2, 805–819. [CrossRef]
23. Onwudiwe, D.C. Microwave-assisted synthesis of nanostructures. Heliyon 2019, 5, e01413. [CrossRef] [PubMed]
24. Mayandi, J.; Atchudan, R.; Jayabal, P.; Sasirekha, V.; Pearce, J. Effect of microwave power irradiation on TiO2 nano-structures and

binder free paste screen printed dye sensitized solar cells. Ceram. Int. 2018, 45. [CrossRef]
25. Sreeju., N.; Rufus, A.; Philip, D. Microwave-assisted rapid synthesis of copper nanoparticles with exceptional stability and their

multifaceted applications. J. Mol. Liq. 2016, 221, 1008–1021. [CrossRef]
26. Shnoudeh, A.J.; Hamad, I.; Abdo, R.W.; Qadumii, L.; Jaber, A.Y.; Surchi, H.S.; Alkelany, S.Z. Chapter 15—Synthesis, Char-

acterization, and Applications of Metal Nanoparticles. In Biomaterials and Bionanotechnology; Tekade, R.K., Ed.; Advances in
Pharmaceutical Product Development and Research; Academic Press: Cambridge, MA, USA, 2019; pp. 527–612. [CrossRef]

27. Stuerga, D. Microwave-Material Interactions and Dielectric Properties, Key Ingredients for Mastery of Chemical Microwave
Processes. In Microwaves in Organic Synthesis; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2006; Chapter 1, pp. 1–61. [CrossRef]

28. Ulloa, R.Z.; Santiago, M.G.H.; Rueda, V.L.V. The Interaction of Microwaves with Materials of Different Properties. In Electromag-
netic Fields and Waves; Yeap, K.H., Hirasawa, K., Eds.; IntechOpen: Rijeka, Croatia, 2019; Chapter 6. [CrossRef]

29. Katiyar, A.; Dhar, P.; Nandi, T.; Das, S.K. Effects of nanostructure permittivity and dimensions on the increased dielectric strength
of nano insulating oils. Colloids Surf. A Physicochem. Eng. Asp. 2016, 509, 235–243. [CrossRef]

30. Du, Y.; Lv, Y.; Li, C.; Chen, M.; Zhong, Y.; Zhou, J.; Li, X.; Zhou, Y. Effect of semiconductive nanoparticles on insulating
performances of transformer oil. IEEE Trans. Dielectr. Electr. Insul. 2012, 19, 770–776. [CrossRef]

31. Zhou, T.c.; Chen, G.; Liao, R.j.; Xu, Z. Charge trapping and detrapping in polymeric materials: Trapping parameters. J. Appl.
Phys. 2011, 110, 043724. [CrossRef]

32. Farade, R.A.; Wahab, N.I.B.A.; Mansour, D.E.A.; Azis, N.B.; Jasni, J.; Banapurmath, N.R.; Soudagar, M.E.M. Investigation
of the Dielectric and Thermal Properties of Non-Edible Cottonseed Oil by Infusing h-BN Nanoparticles. IEEE Access 2020,
8, 76204–76217. [CrossRef]

33. Mansour, D.E.A.; Elsaeed, A.M.; Izzularab, M.A. The role of interfacial zone in dielectric properties of transformer oil-based
nanofluids. IEEE Trans. Dielectr. Electr. Insul. 2016, 23, 3364–3372. [CrossRef]

34. Alafogianni, P.; Dassios, K.; Farmaki, S.; Antiohos, S.; Matikas, T.; Barkoula, N.M. On the efficiency of UV–vis spectroscopy in
assessing the dispersion quality in sonicated aqueous suspensions of carbon nanotubes. Colloids Surf. A Physicochem. Eng. Asp.
2016, 495, 118–124. [CrossRef]

35. Dong, M.; Dai, J.; Li, Y.; Xie, J.; Ren, M.; Dang, Z. Insight into the dielectric response of transformer oil-based nanofluids. AIP Adv.
2017, 7, 025307. [CrossRef]

36. Miao, J.; Dong, M.; Ren, M.; Wu, X.; Shen, L.; Wang, H. Effect of nanoparticle polarization on relative permittivity of transformer
oil-based nanofluids. J. Appl. Phys. 2013, 113, 204103. [CrossRef]

http://dx.doi.org/10.1007/s10973-018-7144-8
http://dx.doi.org/10.1016/j.expthermflusci.2013.06.001
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.08.078
http://dx.doi.org/10.3390/en10071025
http://dx.doi.org/10.1007/s10876-021-02100-w
http://dx.doi.org/10.1186/s11671-016-1738-5
http://dx.doi.org/10.1049/iet-nde.2020.0014
http://dx.doi.org/10.1007/s10876-017-1259-0
http://dx.doi.org/10.1021/acs.langmuir.7b01541
http://www.ncbi.nlm.nih.gov/pubmed/29215896
http://dx.doi.org/10.1007/s10876-021-02107-3
http://dx.doi.org/10.1016/j.matlet.2021.130445
http://dx.doi.org/10.1007/s10876-020-01945-x
http://dx.doi.org/10.1155/2012/691503
http://dx.doi.org/10.1002/slct.201700011
http://dx.doi.org/10.1016/j.heliyon.2019.e01413
http://www.ncbi.nlm.nih.gov/pubmed/30976689
http://dx.doi.org/10.1016/j.ceramint.2018.11.157
http://dx.doi.org/10.1016/j.molliq.2016.06.080
http://dx.doi.org/10.1016/B978-0-12-814427-5.00015-9
http://dx.doi.org/10.1002/9783527619559.ch1
http://dx.doi.org/10.5772/intechopen.83675
http://dx.doi.org/10.1016/j.colsurfa.2016.09.015
http://dx.doi.org/10.1109/TDEI.2012.6215079
http://dx.doi.org/10.1063/1.3626468
http://dx.doi.org/10.1109/ACCESS.2020.2989356
http://dx.doi.org/10.1109/TDEI.2016.005697
http://dx.doi.org/10.1016/j.colsurfa.2016.01.053
http://dx.doi.org/10.1063/1.4977481
http://dx.doi.org/10.1063/1.4807297


Micromachines 2023, 14, 1194 13 of 13

37. Sima, W.; Shi, J.; Yang, Q.; Huang, S.; Cao, X. Effects of conductivity and permittivity of nanoparticle on transformer oil insulation
performance: Experiment and theory. IEEE Trans. Dielectr. Electr. Insul. 2015, 22, 380–390. [CrossRef]

38. Primo, V.A.; García, B.; Burgos, J.C.; Pérez, D. AC breakdown voltage of Fe3O4 based nanodielectric fluids. Part 1: Analysis of
dry fluids. IEEE Trans. Dielectr. Electr. Insul. 2020, 27, 352–359. [CrossRef]

39. Farade, R.A.; Wahab, N.I.A.; Mansour, D.E.A.; Azis, N.B.; Jasni, J.B.; Veerasamy, V.; Vinayagam, A.; Kotiyal, B.M.; Khan, T.M.Y. The
Effect of Interfacial Zone Due to Nanoparticle–Surfactant Interaction on Dielectric Properties of Vegetable Oil Based Nanofluids.
IEEE Access 2021, 9, 107033–107045. [CrossRef]

40. Mahidhar, G.D.P.; Sarathi, R.; Taylor, N.; Edin, H. Dielectric properties of silica based synthetic ester nanofluid. IEEE Trans.
Dielectr. Electr. Insul. 2020, 27, 1508–1515. [CrossRef]

41. Amalanathan, A.J.; Sarathi, R.; Harid, N.; Griffiths, H. Investigation on flow electrification of ester-based TiO2 nanofluids. IEEE
Trans. Dielectr. Electr. Insul. 2020, 27, 1492–1500. [CrossRef]

42. Abid, M.A.; Khan, I.; Ullah, Z.; Ullah, K.; Haider, A.; Ali, S.M. Dielectric and Thermal Performance Up-Gradation of Transformer
Oil Using Valuable Nano-Particles. IEEE Access 2019, 7, 153509–153518. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1109/TDEI.2014.004277
http://dx.doi.org/10.1109/TDEI.2019.008277
http://dx.doi.org/10.1109/ACCESS.2021.3098758
http://dx.doi.org/10.1109/TDEI.2020.008646
http://dx.doi.org/10.1109/TDEI.2020.008540
http://dx.doi.org/10.1109/ACCESS.2019.2948959

	Introduction
	Material, Methods, and Experimental Setup
	SNF Synthesis
	Dispersivity Evaluation
	Results and Discussion
	Conclusions
	References

