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Mineral oil is a type of transformer oil commonly used as a coolant and electrical 
insulator, playing a vital role in transformer performance. However, its low 
biodegradability and environmental toxicity have prompted research into 
alternative materials. Palm oil has emerged as a promising substitute due to its 
biodegradability, favorable electrical properties, and abundance. This study aims 
to evaluate the effect of Al2O3–SiO2 particles on the breakdown voltage (BDV) of 
palm oil as transformer oil. The particles were synthesized using the sol-gel 
method and characterized by FTIR, XRD, PSA, and SEM. They were then dispersed 
into palm oil at a concentration of 0.5 g/L. The BDV performance of Al2O3–SiO2 
was compared with that of single-component particles (Al2O3 and SiO2) to assess 
their differences. In addition to BDV, other parameters—including color scale, 
total acid number, density, kinematic viscosity, and functional groups—were 
analyzed and compared to the quality standards specified in ASTM D6871-17 and 
IEC 62270:2018. The results showed that Al2O3–SiO2 particles yielded higher BDV, 
moisture content, density, and viscosity, but a lower acid number in palm oil 
compared to single-component particles. Overall, palm oil with dispersed 
particles met the required quality standards for use as transformer oil.  

 

1. Introduction 

Transformer oil functions both as a cooling medium 
and an electrical insulator, making it crucial to 
transformer lifespan [1]. The type of transformer oil 
commonly used is mineral oil. Even though it is often used 
as transformer oil, mineral oil is non-renewable, with low 
biodegradability, and is toxic to the environment [2]. 
These aspects are leading to the need to find a substitute 
for mineral oil as transformer oil [1, 3]. 

An alternative to transformer oil that has been widely 
researched for its potential is vegetable oil (VO). VOs are 
obtained by extracting seeds, flowers, or fruits [4, 5]. 
Compared to mineral oil, VO is non-toxic with high 
biodegradability. Even though it is superior in several 
parameters compared to mineral oil, VO also has 
disadvantages, including the high content of unsaturated 
fatty acids, which makes the oil more susceptible to 
oxidation [4]. 

Thus, in order to improve the properties of VO, 
modifications are needed. One type of modification that 
can be applied is by adding filler to the VO. Single particle 
fillers such as TiO2, ZnO, SiO2, Al2O3, and Fe3O4 have been 
used and reported to improve the electrical properties of 
transformer oil [6]. Fillers can be added by synthesizing 
and dispersing the fillers in the VO simultaneously or by 
preparing the fillers first, followed by dispersing them in 
the VO [7]. 

The addition of fillers has been reported to improve 
the dielectric and physicochemical properties of VO. 
Saenkhumwong and Suksri [8] conducted research to 
compare the effects of ZnO and TiO2 fillers at various 
concentrations on the dielectric properties of palm ester. 
The research resulted in the breakdown voltage (BDV) of 
palm ester increasing as the concentration of TiO2 
(between 7% and 54%) and ZnO (between 6% and 44%) 
increased. Khaled and Beroual [9] also reported the BDV 
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increment by 28 to 109% on natural ester oil-based 
nanofluid with various concentrations of Fe3O4. 

Alumina (Al2O3) is a common filler used in 
transformer oil to improve the thermal and electrical 
properties [10]. Nevertheless, high dielectric constant (κ) 
material, such as alumina, presents some disadvantages, 
aggravated by lower thermal stability compared to 
conventional dielectrics such as SiO2 [11]. The electrical 
properties of insulating materials are correlated to their 
thermal stability. A low or decreased thermal stability of 
insulating material will lead to the deterioration of its 
electrical properties [12]. To improve the thermal stability 
of alumina, the incorporation of a suitable dopant is 
needed. SiO2 can be used as a dopant to enhance the 
thermal stability of alumina [13]. While having a relatively 
low permittivity (εr = 3.9), SiO2 is stable, has a very high 
band gap (Eg) of 9 eV, and has a low defect density, making 
it a good insulator with a high breakdown voltage [11]. 
Therefore, this research was conducted to synthesize 
hybrid Al2O3–SiO2 particles by sol-gel method and to 
observe their effects on physicochemical properties and 
BDV improvement compared to their single form as fillers 
for palm-based transformer oils. 

2. Experimental 

2.1. Materials 

The materials used in this research were palm oil, 
distilled water, AlCl3.6H2O (Pudak Scientific), tetraethyl 
orthosilicate (TEOS) (Merck), HCl (Merck, 37%), NaOH 
pellets (Merck), ethanol (Merck, 96%), phenolphthalein 
indicator, p-naphtholbenzein indicator, KOH pellets 
(Merck), Ba(OH)2 (Merck), isopropyl alcohol (Merck), 
toluene (Merck), and potassium hydrogen phthalate 
(Merck). 

2.2. Particle Synthesis 

Particle synthesis was referred to as the research of 
Wu et al. [14] and Tian et al. [15] with a slight modification. 
AlCl3.6H2O and TEOS were dissolved in 200 mL of ethanol 
solution (7:3) and homogenized. The total amount of 
AlCl3.6H2O and TEOS was 0.2 mol. The samples were 
labelled according to the molar ratios of AlCl3.6H2O: TEOS 
as Al2O3 (1:0), SiO2 (0:1), and Al2O3–SiO2 (1:1). The formed 
solution was then added with HCl until the pH of the 
solution reached 2. Once the solution was homogeneous, 
the solution was neutralized with NaOH (pH = 7) and left 
overnight. After that, the sample was centrifuged at 5000 
rpm for 15 minutes to obtain a solid sample. The solid 
sample was then dried overnight at 105°C and then cooled 
to be ground. The process ended with calcination at 600°C 
for 2 hours. 

2.3. Particle Characterizations 

The synthesized particles were characterized by their 
morphologies using Scanning Electron Microscope (SEM) 
Hitachi SU3500, crystalline phases using X-ray 
Diffraction (XRD) Bruker D8 Advance with 2θ range of 5-
90°, particle size using Particle Size Analyzer (PSA) 
Nanoplus Particulate Systems, and functional groups 
using Fourier Transform Infrared (FTIR) Shimadzu 
IRPrestige-21. 

 

Figure 1. Color chart of transformer oil based on ASTM 
D1500 standard [16] 

2.4. Synthesis of Palm-Based Transformer Oil 

Synthesis of transformer oil was referred to Raj et al. 
[17] with a slight modification. Transformer oils were 
synthesized by dispersing Al2O3, SiO2, and Al2O3–SiO2 into 
palm oil with a concentration of 0.5 g/L, and then were 
heated at 105°C for 12 hours. The synthesized transformer 
oils were cooled and then sonicated at 30 kHz for 2 hours 
[18, 19]. 

2.5. Determination of Oil Color Scale 

Color analysis of transformer oil was conducted 
based on the ASTM D1524-15 standard method by visually 
observing the oil’s appearance. The color was then 
matched to the ASTM D1500 color scale, where a color 
scale value of ≤1 indicates a bright, clear oil with no visible 
sediment. The color index results are shown in Figure 1. 

2.6. Determination of Oil Moisture Content 

Determination of moisture content followed the SNI 
7431:2022 standard method. The petri dish was heated in 
the oven at 105°C for ± 3 hours and placed in a desiccator 
for ± 30 minutes, then the petri dish was weighed to get 
the initial weight of the petri dish (W0). Next, 5 grams of 
the oil sample was added to the petri dish and weighed 
(W1). The petri dish was heated in the oven at 105°C for ± 
3 hours. Next, the petri dish was placed in a desiccator for 
± 30 minutes and then weighed (W2). The test was 
repeated in three replicates. The water content of oil was 
calculated using Equation (1). 

 Moisture content (%) = W1- W2 

W1-W0
 × 100% (1) 

2.7. Determination of Oil Acid Number 

Determination of the acid number in transformer oil 
followed the ASTM D974-21 standard method. 2 grams of 
oil were weighed, then 10 mL of titration solution (the 
solution was made by mixing toluene, distilled water, and 
isopropyl alcohol in a ratio of 100:1:99) was added, and 3 
drops of p-naphtholbenzein indicator were added. 
Titration was carried out by using alcoholic KOH 0.1 M, 
and the color changes from orange to brownish green. 
The blank titration was carried out with 10 mL of titration 
solution, and 3 drops of p-naphtholbenzein were added. 
The blank was then titrated with alcoholic KOH 0.1 M, and 
color changes from orange to brownish green. Then the 
acid number was calculated, and the test was done in 
three replicates. The acid number was calculated using 
Equation (2). 

 𝑇𝑜𝑡𝑎𝑙 𝑎𝑐𝑖𝑑 𝑛𝑢𝑚𝑏𝑒𝑟 (𝑚𝑔
𝐾𝑂𝐻

𝑔
) =

((𝐴−𝐵)𝑀×56.1)

𝑊
 (2) 

Where, A is the KOH required for sample titration, B 
is the KOH required for blank titration, M is the molarity 
of KOH, and W is the sample weight. 
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2.8. Determination of Oil BDV and Dielectric 
Enhancement 

Determination of BDV followed the IEC 60156:2018 
standard method using the HZJQ-1B Transformer Oil BDV 
Tester. The gap between the mushroom-shaped 
electrodes was set to 2.5 mm. The sample was 
homogenized before being transferred into the oil 
chamber. A total of 300 mL of the oil sample was 
introduced into the chamber at room temperature, which 
served as the test temperature. The electrode was then 
applied with a constant voltage rate of rise at 2.0 kV/s 
until the breakdown voltage occurred. The test was 
carried out by continuous stirring with a standing time of 
15 minutes, a pause time of 5 minutes, and a total test 
number of 6. The dielectric enhancement was calculated 
using Equation (3) [20]. 

𝐸𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 (%) = (
𝐵𝐷𝑉 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 𝑜𝑖𝑙 𝑓𝑜𝑟𝑚𝑢𝑙𝑎

𝐵𝐷𝑉 𝑜𝑓 𝑏𝑎𝑠𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 𝑜𝑖𝑙
− 1) × 100 (3) 

2.9. Determination of Oil Density 

Determination of density in transformer oil followed 
the SNI 7182:2015 standard method. The empty 
pycnometer was weighed. The oil was set at 20°C and then 
put into the pycnometer. The pycnometer was weighed 
again, and the test was repeated in three replicates. 
Density was measured using Equation (4). 

 𝜌 =
(𝑝𝑦𝑐𝑛𝑜𝑚𝑒𝑡𝑒𝑟 + 𝑠𝑎𝑚𝑝𝑙𝑒) − 𝑒𝑚𝑝𝑡𝑦 𝑝𝑦𝑐𝑛𝑜𝑚𝑒𝑡𝑒𝑟

𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒
 (4) 

2.10. Determination of Oil Viscosity 

Determination of density refers to research by 
Amelia and Akhyan [21] with a slight modification using a 
Brookfield viscometer (Ametek DVPlus). The sample was 
heated at a temperature of 40°C, then the viscosity was 
tested with an LV-2(62) spindle at a rotation speed of 100 
rpm. The value obtained was in the form of dynamic 
viscosity. The obtained dynamic viscosity was then 
converted into kinematic viscosity. Dynamic viscosity 
was obtained from the relationship between kinematic 
viscosity and density using Equation (5). 

 𝜇 = 𝑣 × 𝜌 (5) 

The kinematic viscosity was obtained through 
Equation (6). 

 𝑣 =
𝜇

𝜌
 (6) 

Where, µ is the dynamic viscosity (cP or mPa·s), v is 
the kinematic viscosity (cSt or mm2/s), and ρ is the 
density (g/cm3). 

3. Results and Discussion 

3.1. Physical and Chemical Characteristics of The 
Synthesized Particles 

3.1.1. Physical Appearance of Synthesized Particles 

Synthesis of three types of particles was conducted, 
namely SiO2, Al2O3, and hybrid Al2O3–SiO2. The 
synthesized samples were all in the form of white powder 
(Figure 2). The synthesized samples were then further 
analyzed for their phases, morphologies, and functional 
groups. 

 

Figure 2. Physical appearance of (a) SiO2, (b) Al2O3, and 
(c) Al2O3–SiO2 

 

Figure 3. XRD diffractogram of SiO2, Al2O3, and Al2O3–
SiO2 

 

Figure 4. SEM images of (a) SiO2 at 1000× and (b)10,000× 
magnifications, (c) Al2O3 at 1000× and (d) 10,000× 
magnifications, and (e) Al2O3–SiO2 at 1000× and 

(f) 10,000× magnifications 

3.1.2. XRD of Synthesized Particles 

The phases of the particles were analyzed by XRD. It 
can be indicated that all particles were amorphous (Figure 
3). SiO2 particle showed a diffractogram at 21.83°. The 
result was consistent with the research of Prasetyo et al. 
[22], who stated that the hump of amorphous SiO2 is 
between 15° and 35°. The synthesized Al2O3 particle 
exhibits peaks at 36.78°, 45.75°, and 67.09°, which are 
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assigned to the reflections of γ-Al2O3. The result was in 
accordance with the research of Selpiana et al. [23], which 
showed peaks at 2θ angles of 37°, 46°, and 67°, indicating 
the specific diffractogram pattern of γ-Al2O3. For the 
Al2O3–SiO2 particle diffractogram, two peaks were 
observed at 24.78° and 68.10° at low intensity. The hump 
at 24.78° is related to the amorphous SiO2, while the low 
intensity diffractogram at 68.10° is related to γ-Al2O3 [22, 
23]. 

3.1.3. SEM of the Synthesized Particles 

The morphologies of the synthesized particles were 
examined using SEM. Figure 4 shows the particle images 
at 1000× and 10,000× magnifications. All samples 
exhibited irregular shapes with low uniformity. In 
addition, their surfaces were covered with small 
aggregates. These observations are consistent with the 
XRD results, which indicate that the particles were 
amorphous. 

3.1.4. Particle Size and Polydispersity Index 

The average particle sizes of the synthesized 
particles are presented in Figure 5, and their 
polydispersity indices are shown in Figure 6. Based on 
Figures 5 and 6, the synthesized particles are in the 
microscale range, with polydispersity index (PI) values < 
1. Compared to the single fillers, the hybrid Al2O3–SiO2 
particles exhibit a larger particle diameter. According to 
Zhao et al. [24], the addition of additives at certain 
concentrations can lead to abnormal grain growth in 
particles. This suggests that the inclusion of SiO2 as an 
additive in the Al2O3 matrix at a 1:1 ratio may promote 
grain growth. 

Furthermore, the PI values of all formulations are 
below 1, indicating that the synthesized particles are 
homogeneously distributed. A PI value close to 0 reflects 
a uniform or homogeneous particle distribution, whereas 
a PI value close to 1 indicates a non-uniform or 
heterogeneous distribution [25]. 

3.1.5. FTIR of the Synthesized Particles 

FTIR analysis was aimed at identifying the functional 
group of the synthesized particles, and their 
interpretations can be seen in Table 1. The SiO2 particle 
showed absorption peaks at 1096, 808, and 464 cm-1, 
which are attributed to symmetric stretching (νs) of the 
siloxane (Si–O–Si) functional group. Wavenumber at 969 
cm-1 was also observed due to the presence of Si–OH 
bending (δ) vibration. However, SiO2 particles still 
showed some absorptions at wavenumber 3452 and 1634 
cm-1, which refer to the presence of stretching and 
bending hydroxyl (–OH) vibrations, respectively [26]. An 
absorption of Al2O3 particle was observed at 809 cm-1, 
which corresponds to Al–O–Al bending vibrations [27]. 
Nevertheless, the existence of the –OH functional group 
is still observed at 3524 and 1629 cm-1 [28]. 

The FTIR spectrum of Al2O3–SiO2 showed absorption 
at 1058 cm−1, which corresponds to asymmetric stretching 
(νas) of Si–O–T (T = Al or Si) functional group [29]. An 
absorption at low intensity at 809 cm−1 is identified as the 

occurrence of νs Si–O–Si or δ Al–O–Al vibrations [27]. 
There were also wavenumbers observed at 667 and 422 
cm−1 that are assigned to the stretching vibrations of Al–
O and Si–O–Si, respectively [26, 28]. Nonetheless, the –
OH functional group is detected at wavenumber 3458 and 
1630 cm−1 [28]. 

 

Figure 5. Particle size of SiO2, Al2O3, and Al2O3–SiO2 

 

Figure 6. Polydispersity index of SiO2, Al2O3, and Al2O3–
SiO2 

 

Figure 7. FTIR spectra of SiO2, Al2O3, and Al2O3–SiO2 
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Table 1. FTIR interpretation of the synthesized particles 

Compound 
Wavenumber (cm-1) 

Functional group 
This study Reference 

SiO2 3452 3456 [26] –OH symmetric and asymmetric stretching 

1634 1640 [26] –OH symmetric bending 

1096 1101 [26] Si–O–Si symmetric stretching 

969 950 [26] Si–OH bending 

808 810 [26] Si–O–Si symmetric stretching 

464 470 [26] Si–O–Si symmetric stretching 

Al2O3 3524 3427 [28] –OH symmetric and asymmetric stretching 

1629 1636 [28] –OH symmetric bending 

809 790 [27] Al–O–Al bending 

Al2O3–SiO2 3458 3427 [28] –OH symmetric and asymmetric stretching 

1630 1636 [28] –OH symmetric bending 

1058 1063 [29] Si–O–Al or Si–O–Si asymmetric stretching 

809 790 [27] Si–O–Si symmetric stretching or Al–O–Al bending 

667 660 [28] Al–O stretching 

422 470 [26] Si–O–Si symmetric stretching 

 

Figure 8. Physical appearance of (a) palm oil, (b) palm oil 
+ SiO2, (c) palm oil + Al2O3, and (d) palm oil + Al2O3–SiO2 

3.2. Physical, Chemical, and Dielectric Properties of 
Synthesized Transformer Oils 

3.2.1. Physical Appearance of Synthesized Oils 

The synthesized particles were dispersed in palm oil, 
sonicated for 2 hours, and heated at 105°C for 12 hours to 
obtain the palm-based transformer oil, as shown in 
Figure 8. The synthesized transformer oils were then 
compared based on their colors using the color scale from 
ASTM D1500. Overall, the dispersion of the particles did 
not change the colors of the synthesized transformer oils. 

3.2.2. Color Visualization of Synthesized Oils 

Color visualization was implemented to detect the 
degradation of the synthesized transformer oils [30]. 
Color reflects the quality of the transformer oil, which can 
indicate the occurrence of degradation, contamination, or 
oxidation. In addition, the color of transformer oil 
becomes darker when the degradation level of the 
transformer increases [31]. Based on Figure 8, all the 
synthesized transformer oils colors were ≤ 1 based on the 
color disc, which meets the ASTM D6871-17 standard 
with a maximum color value of 1. 

3.2.3. Moisture Content of Synthesized Oils 

Moisture content is a critical parameter in assessing 
the quality of transformer oil, as the presence of moisture 
can significantly affect its performance. Elevated 
moisture levels can increase the oil’s conductivity, 
leading to a reduction in its breakdown voltage. This 
decrease in insulation performance compromises the 
oil’s ability to withstand electrical stress, resulting in a 
faster occurrence of electrical breakdown [32, 33]. 

The presence of moisture also causes triglycerides to 
break down through hydrolysis into glycerol and fatty 
acids. The resulting fatty acids are more susceptible to 
oxidation compared to the stable triglycerides, impacting 
the quality of transformer oils. Therefore, it is crucial to 
minimize the moisture content of the transformer oils 
[34]. The moisture content analysis results of the 
synthesized oils were less than 200 mg/kg, which meets 
the ASTM D6871-17 standard. The reduction in moisture 
content in synthesized oils can be caused by the presence 
of SiO2 and Al2O3 particles, which have the ability to bind 
and absorb water in the oils [35, 36]. 

3.2.4. Total Acid Number of Synthesized Oils 

The total acid number is a crucial parameter in 
transformer oil, as it reflects the oil’s oxidation 
resistance. Acidity typically arises from oxidation and 
secondary chemical reactions. Increased acidity 
negatively impacts the dielectric performance of 
transformer oil by raising dielectric loss and reducing 
BDV [37, 38]. In natural-based transformer oils, the acids 
formed are usually high molecular weight compounds 
that can increase viscosity, resulting in slower coolant 
flow and reduced heat transfer efficiency—factors that 
may compromise insulation performance and overall 
system efficiency [34, 37]. 
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Figure 9. Moisture content of palm oil, palm oil + SiO2, 
palm oil + Al2O3, and palm oil + Al2O3–SiO2 

 

Figure 10. Total acid number of palm oil, palm oil + SiO2, 
palm oil + Al2O3, and palm oil + Al2O3–SiO2 

The acid number analysis showed that all 
synthesized oils met the ASTM D6871-17 standard, with 
values below 0.06 mg KOH/g. These results may be 
indirectly related to the moisture content, as the particles 
present in the oils can mitigate the aging process by 
adsorbing moisture, thereby suppressing acid formation 
and contributing to the lower acid numbers observed [39]. 

 

Figure 11. Density of palm oil, palm oil + SiO2, palm oil + 
Al2O3, and palm oil + Al2O3–SiO2 at 20°C 

 

Figure 12. Kinematic viscosity of palm oil, palm oil + 
SiO2, palm oil + Al2O3, and palm oil + Al2O3–SiO2 at 40°C 

3.2.5. Density of Synthesized Oils 

Although density is not the most critical parameter in 
determining transformer oil quality, it becomes 
important in lower temperature or cold climate 
conditions. Under such conditions, the formation of 
floating ice can occur, which may reduce the breakdown 
voltage (BDV) of the oil [12, 37]. The results of the density 
analysis indicated that the dispersion of particles into the 
oils led to an increase in their densities. Nevertheless, the 
densities of all synthesized oils remained within the 
acceptable limits defined by the ASTM D6871-17 
standard. 

3.2.6. Kinematic Viscosity of Synthesized Oils 

The viscosity of transformer oil affects coolant flow 
and heat transfer efficiency. Higher viscosity reduces 
fluidity, resulting in slower coolant flow and 
consequently lowering the transformer’s cooling 
performance [34, 37, 40]. Based on the results of 
kinematic viscosity analysis, it can be concluded that the 
dispersion of particles increases the kinematic viscosity 
of the synthesized oils. This phenomenon occurs due to 
the Van der Waals interactions between the particles and 
the oil, which restrict the molecular mobility of the oil 
[41]. Nevertheless, the viscosity increment of the 
synthesized oils still meets the standard of ASTM D6871-
17 with a maximum viscosity limitation of 50 mm2/s. 

3.2.7. BDV of Synthesized Oils 

BDV reflects the maximum voltage that can be 
applied in the oil without forming an electric arc [42]. The 
efficiency of transformer oil is primarily characterized by 
its breakdown voltage, a critical parameter for assessing 
its performance under electrical stress [37]. In a base oil, 
the electric field is uniform, allowing electrons to 
accelerate and initiate a breakdown more easily. However, 
when fillers are present, they disrupt this uniformity by 
scattering the electric field lines. As a result, electrons 
encounter a more complex path, which reduces the 
occurrence of a concentrated discharge [43]. 

This effect leads to an increase in the number of 
streamer branches while also decreasing their thickness 
and velocity. The slower, fragmented streamers require a 
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higher voltage to cause complete breakdown, thereby 
enhancing the insulation properties of the material [43]. 
Based on the BDV test results, all the synthesized oils have 
met the IEC 62270:2018 standard, with each BDV’s values 
over 35 kV. Additionally, Figure 14 illustrates the 
dielectric enhancement percentage of the synthesized 
transformer oils. The BDV increment of the synthesized 
oils was caused by the increase in trap sites originating 
from the dispersed particles [39]. However, compared to 
the single particle, the Al2O3–SiO2 particle shows the 
highest BDV improvement. The phenomenon may occur 
due to the synergy of the combined particles (Al2O3 and 
SiO2), which enhances breakdown performance, leading 
to a higher BDV [43]. 

3.2.8. FTIR of Synthesized Oils 

The FTIR spectra findings for palm oil and 
synthesized palm oil samples are shown in Figure 15, and 
the functional groups interpretation of each spectrum is 
shown in Table 2. The FTIR analysis of palm oil and 
synthesized palm oils revealed that there was no 
difference between any oils. Table 2 displays the spectra 
of the oils, with peaks at 3003, 2925, 2855, 1745, 1457, 
1369, 1235, 1163, 1106, and 722 cm−1, respectively. 

 

Figure 13. BDV of palm oil, palm oil + SiO2, palm oil + 
Al2O3, and palm oil + Al2O3–SiO2 

 

Figure 14. Dielectric enhancement of palm oil + SiO2, 
palm oil + Al2O3, and palm oil + Al2O3–SiO2 

 

Figure 15. FTIR spectra of the synthesized transformer 
oils 

The peak at 3003 cm−1 represents the C–H stretching 
of a cis double bond (=C–H). The peaks observed at 2925 
and 2855 cm−1 are attributed to the asymmetric and 
symmetric stretching vibrations of the CH2 aliphatic 
groups, which are characteristic of palmitic saturated 
fatty acids. Oleic acid may be indicated by the peak at 1745 
cm−1, which corresponds to the stretching (ν) of C=O 
groups related to ketones or esters. The transmittance 
peak at 1457 cm−1 is assigned to C–H bending, while the 
peak at 1369 cm−1 corresponds to the symmetric bending 
(δs) vibrations of CH2 and CH3 aliphatic groups, 
respectively [44, 45, 46]. The wavenumber at 1233 cm−1 is 
attributed to C–H bending, while the transmittance peaks 
at 1162 and 1106 cm−1 correspond to the stretching 
vibrations of C–O ester groups. Finally, the peak at 722 
cm−1 indicates cis C–H out-of-plane bending vibrations 
[45, 46, 47, 48]. 

Overall, the addition of fillers to the palm-based 
transformer oils did not introduce new absorption bands 
or cause noticeable peak shifts, indicating that the fillers 
do not significantly alter the chemical structure of the 
oils. Similar findings were reported by Mohamad et al. 
[49], who detected no observable shifts in palm oil after 
the addition of Al2O3 particles. 

Table 2. Functional groups interpretation of palm oil and 
synthesized palm oils 

Wavenumber (cm-1) 

Functional group Palm oil and 
synthesized 

palm oils 
Reference 

3003 3012 [44] C–H stretching  

2925 2922-2921 [45] 
C–H asymmetric 

stretching  

2855 2853-2852 [45] 
C–H symmetric 

stretching  

1745 1743-1742 [45] C=O stretching 

1457 1461 [46] C–H bending 

1369 1377 [44] 
C–H symmetric 

bending 

1233 1400-1200 [47] C–H bending 

1162 1160 [46] C–O stretching 

1106 1111 [45] C–O stretching 

722 715 [48] 
C–H bending out 

of plane 
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4. Conclusion 

Al2O3–SiO2 was successfully synthesized using the 
sol–gel method. Characterization results confirmed that 
the synthesized fillers were micro-sized and exhibited an 
amorphous phase. The particles were dispersed into palm 
oils and analyzed for their physicochemical and dielectric 
properties. Based on visual observation, particle 
dispersion did not alter the color of the synthesized oils. 
FTIR analysis also confirmed that the dispersion of 
particles did not modify the chemical structure of the 
palm-based transformer oils. Overall, all synthesized oils 
met the requirements of ASTM D6871-17 and IEC 
62270:2018. Compared to the single filler, the hybrid 
Al2O3–SiO2 dispersed in palm-based transformer oil 
produced more notable improvements, particularly in 
dielectric properties. This finding suggests that hybrid 
Al2O3–SiO2 offers superior physicochemical and dielectric 
performance as a filler for palm-based transformer oil. 
Furthermore, the results indicate the potential 
application of hybrid Al2O3–SiO2 in improving the 
dielectric properties of natural-based transformer oils. 
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