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Abstract: This century is experiencing a generation of nanotechnologies that makes use of the remark-
able properties of nanofluids in applications such as electrical systems, industrialization, and others. In
this paper, mineral oil (MO) and palm oil (PO), with multi-walled carbon nanotube (CNT), have been
synthesized for use in oil-filled transformer applications. This research aims to use Raman characteriza-
tion to assess the feasibility of CNT nanofluids samples at 0.02 g/L and 0.03 g/L concentrations. The
chemical structure bonding that exists in the Raman band between 700 cm ! and 3100 cm™! regions
is identified and analyzed, accordingly. After baseline removal and normalization, the precision band
location and intensity of oil samples are fitted with a Gaussian profile. It was discovered that the peak
at ~1440 cm~! has the highest intensity for six oil samples, which is attributed to the (C—H) methylene
scissors vibration of the CH, group. Based on the FWHM profile and integrated area under the curve of
PO, it was discovered that CNT contributes to the structural stability defect of PO. Principal component
analysis (PCA) is also used in this study to classify different samples based on chemical composition
and identify the spectral characteristics with the highest degree of variability.

Keywords: carbon nanotube; mineral oil; nanofluid; palm oil; Raman spectroscopy; transformer

1. Introduction

Recently, there has been a rising interest in expanding the use of biodegradable veg-
etable oils in transformer applications, mostly due to environmental as well as health and
safety concerns that have arisen as a result of changes in economic and supply constraints.
Because of its non-toxicity, biodegradability, resource renewability, affordable cost, and
high viscosity index, many researchers have discussed the use of palm oil (PO) as insulating
oil [1-4]. As the world’s second-largest manufacturer behind Indonesia, PO production is
critical for the Malaysian economy. Palm oil plants were originally introduced to Malaysia
at the beginning of the 1870s, and the PO industry has since broadened its export market to
more than 140 nations [5]. Existing technologies have extended product yields and allowed
trade to traverse borders, particularly between Malaysia and other nations.

Several studies have recently been conducted by dispersing various types of nanopar-
ticles in insulating oil for transformer applications known as nanofluid [6-8]. For example,
Ram A. et al. investigated the electrical efficiency of two nanoparticles (AlO3 and ZnO)
following dispersion in three different kinds of vegetable oil (sunflower oil, rice bran oil,
and corn oil) at varied volume concentration ratios and discovered that both nanoparticles
react positively and effectively [9]. Furthermore, Asse et al. [10] investigated the effect of
FeOj3 on the breakdown voltages of palm kernel oil methyl esters in 2022, resulting in a
40% improvement in AC breakdown voltage when compared to conventional transformer
oil. Vegetable oil is a better option for transformer mineral oil since it has higher oxidation
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stability and less gas generation during the reaction, as well as improved dielectric and
thermal properties. Hence, the suspension of nanoparticles is expected to provide better
insulation and cooling attributes than conventional transformer oil. Besides, nanofluids
are recognized in the dielectric community as a potential replacement liquid insulation
for transformers.

Therefore, in this study, multi-walled carbon nanotubes (CNT) are dispersed in con-
ventional transformer oil, petroleum-based mineral oil (MO), and proposed vegetable
oil; palm-based oil (PO), respectively. CNT, which was discovered by Sumio lijima in
1991 [11], has received the interest of researchers due to its hexagonal lattice, exceptional
durability, tuneable electrical behavior, ballistic electron transport, excellent field emission,
current carrying capacity outweighing superconductors, and many more. According to
previous literature, CNT has a clear and consistent potential to improve MO in aspects of
AC breakdown voltage and lightning impulse performance [12,13]. CNT has proven to be
a one-of-a-kind system for analyzing spectra in one-dimensional systems, while Raman
spectroscopy has developed immensely effective equipment for the characterization of the
sample’s molecules. Many features in the Raman spectra of CNT can be identified with
specific phonon modes and Raman scattering processes that contribute to each feature.

2. Materials and Methods
2.1. Materials

For the purpose of the research, Hyrax petroleum-based mineral oil (MO) and refined,
bleached, and deodorized palm oil (PO) from Aliff manufacturers were used as the main
oils, to which CNTs were added in this study. For each oil, two concentrations of CNT,
0.02 g/L and 0.03 g/L were dispersed, measured, and analyzed accordingly.

2.2. Preparation of Nanofluids

The purification process is a compulsory requirement before dispersing or testing
oil for transformer application. The purification procedure began with the filtering of
MO and PO three times with a Nalgene Rapid-Flow disposable filter with a pore size of
0.2 um. Filtering is a critical step for eliminating solid particles, and failure to do so can
lead to future transformer defects such as arcing, overheating, corona discharges, and other
complications. Following the filtration procedure, the CNT was weighed at 0.02 g/L and
0.03 g/L concentrations and added to the oil samples. The o0il-CNT mixture was swirled for
30 min at room temperature with 520 rpm agitation using a magnetic stirrer. The resultant
mixture was then put in a Q700 sonicator with 40% rated power, 20 kHz capability, and a
power rating of 700 W for 120 min. During the preparation of nanofluids, most researchers
utilized magnetic stirring techniques in conjunction with the sonication process to produce
a homogeneous dispersion and prevent cluster formation, respectively. The mixture, also
defined as a CNT nanofluid, was heated and degassed for 24 h in a vacuum drying oven
adjusted to 60 °C and 10 Mbar after the sonication process [12,13]. Drying and degassing
methods effectively remove moisture from the oil, which prevents oxidation, dissolved
combustible gas, and physical contamination during testing.

2.3. Raman Spectroscopy Analysis

In general, Raman spectroscopy is a measurement technique that utilizes a laser
light source that illuminates a sample to observe and identify the vibrational structure of
molecules. When a photon resonates with the functional groups of a sample molecule,
Raman scattering generally occurs, and when a high-powered laser is used as the light
source, the component of interest can indeed be positioned further away than the one
with proximity spectroscopy. Raman spectroscopy is a low-cost detection system that is
much cheaper than DGA analysis for diagnosing faults in transformer oil. Raman is also
a sensitive method for detecting changes in transformer oil components. Furthermore,
Raman can help determine the structural stability of liquid after being modified with
nanomaterial [14]. Therefore, Raman spectroscopy is a promising approach and technique



Energies 2022, 15, 1534

30f13

for determining the precise structural parameters of oil samples. Besides, Raman spec-
troscopy is extensively utilized in many disciplines of research to analyze and identify the
components of a material. Several studies on molecular or component identification have
previously been conducted, such as quantitative aging diagnostics of oil-paper insulation,
assessing insulation performance, and others [15-19].

In the insulation world, researchers typically used Raman to detect furfural dissolving
in transformer oil because multiple materials can be detected simultaneously using a single-
frequency laser. Prior to qualitative and quantitative analysis, Chen et al. [17] extracted
the vibrational modes of furfural molecules in 2016. Somekawa et al. [18] also performed
Raman spectroscopy to diagnose faults in transformer oil that would otherwise require
complex and time-consuming procedures. The Raman peak assigned by Somekawa et al.
isat 1612 cm~!, 1478 cm~! and 1573 cm~! (C=C stretching mode), 1660-1715 em~! (C=0
stretching mode), 1372 cm~! (H-C-C/O bending mode), and 1398 cm ! (C-C stretching
mode) respectively. The aromatic content and acidity of transformer oil increase as it
ages, giving rise to C=0 and C=C bonds. Dehydrogenation of naphthenic compounds
results in the formation of conjugated C=C double bonds. Therefore, Section 2 of this paper
addresses the nanofluid sample preparation method and Raman spectroscopy measurement
procedure, while Section 3 addresses the results and discussion.

The Raman Spectrometer Microscope utilizes the inelastic scattering of light to analyze
the chemical composition and energy band gap of the molecule. It is a highly successful
technique for determining the detailed structure of bonding quality for oil samples under
diverse circumstances. Renishaw Raman instruments, including an In Via confocal Ra-
man microscope, a combination/hybrid system (SEM-Raman and SPM/AFM-Raman), a
portable Raman analyzer (RA100 fiber probe device), and Renishaw’s WiRETM (Window-
based Raman Environment) software is implemented in this study to provide specific data
processing and analysis tools.

For experimental set-up, 785 nm laser excitation sources with 1200 lines/mm grating,
10 s time of exposure, and 1% laser power were applied in this research. Once monochro-
matic light (laser) interacts with the target sample, the interaction between photons and
the composition of oil sample molecules scatters the incident light, resulting in Raman
scattering. The amount of energy transmitted indicates the vibrational and/or rotational
energy of the molecular bonds in the sample. Each Raman data extract from oil samples is
analyzed using WiRE™ and Origin2021 specialized software, which includes denoising,
baseline correction, and multiple peak curve fitting analysis. Principal component analysis
(PCA) was performed using the SIMCA 17 multivariate data analysis software.

3. Results
3.1. Raman Optical Images

The optical images of oil samples measured by Raman microscope are equipped with
bright-field illumination and some imaging techniques (fluorescence imaging and scanning
electron microscopy) to obtain a fast-optical sample overview. The laser of Raman also
assists in illuminating a circular region on the sample. Hence, it could produce a 2D
dimensional Raman image, as shown in Figure 1.

Referring to Figure 1a,b, it is clear that there are no additional or black particles visible
in the optical image. While Figure 1c,d present some obvious black particles, which might
represent CNT particles. In comparison to Figure 1c,d, the presence of CNT is quite high
in Figure le,f. PO samples may have native CNT agglomeration, while MO consists of
the positive detectable distribution of CNT. The hydrophobic patch on the MO surface
may interact with the hydrophobic sidewall of the intact CNT, facilitating CNT adsorption
in MO solution [20]. Section 3.2 proceeded over the chemical and structural information
extracted from Raman data in a wider context.
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Figure 1. Optical images of (a) mineral oil, (b) palm oil, (c) mineral oil with 0.02 g/L CNT, (d) mineral
oil with 0.03 g/L CNT (e) palm oil with 0.02 g/L CNT, (f) palm oil with 0.03 g/L CNT.

3.2. Qualitative Detection of CNT Nanofluids

Raman spectroscopy involves the interaction of laser light with molecular vibrations,
which causes the energy of the laser photons to be shifted up or down (e.g., Raman shift).
The energy shift provides useful information about the system’s vibrational modes and
can be used to specify the type of bonds present in the compound. Raman spectroscopy
examines a compound’s chemical structure which depicts data on the identification of
chemical bonds, contamination, and impurities.

Initially, samples may exhibit Raman spectra with varying degrees of fluorescence or
thermal background, as shown in Figure 2a. Hence, the Raman spectra are pre-processed
to remove spikes and undesirable backgrounds, as well as a baseline adjustment for
fluorescence correction. The second-derivate (zeroes) method is used to determine the
specific point of baseline shape. Furthermore, the adjacent-averaging smoothing is applied
to the data with a ‘10’ smoothing window ‘0.05’ threshold value. As can be seen in
Figure 2b, this process improves the signal-to-noise ratio. Figure 3 presents the stacked plot
of Raman data for oil samples after the normalization process from 700 cm~! to 3100 cm ™!
wavelengths. To easily compare the sample’s condition, the min—-max normalization
method is performed from 0 to 1 value in this study.
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Figure 2. Raman spectrum of oil sample (a) before the pre-processed (b) after the pre-processed operation.
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Figure 3. A stacked plot of Raman spectrum after normalization process.

The normalized spectra of MO and MO with CNT deviate significantly from the
spectra of PO and PO with CNT, as shown in Figure 3. From 1600 cm~! to 1800 cm !, there
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is a slight additional band compared to the MO and MO with CNT samples. Analyzing from
1200 cm ™! to0 1400 cm ™1, the intensity of the MO and MO with CNT are also relatively lower
than other samples. However, it can be observed that all samples have similar bands around
~1060 cm~1, ~1448 cm~1, ~2858 cm !, and ~2918 cm~! Raman shift. For most studies of
spectral diagnosis, bands below 1500 cm ! are dominated by bending, deformation, and
ring vibration of the molecules. Bands within the range of 1500 cm~! to 4000 cm ™! are
characterized by various stretching modes of functional groups of molecules [21]. The
precision in-band region and intensity might improve, respectively, on the condition that
the observed bands are adapted with the appropriate profile, which will be discussed in

Section 3.3.

3.3. Multiple Peak Fitting Analysis

Most of the Raman-active samples provide more than one representative band, some
of which may be partially overlapped or isolated yet close to one another, necessitating
group fitting. Fitting overlapping or proximate, multiple bands appropriately and precisely
is often complicated. This is because, on the one hand, these Raman peaks generally have
diverse peak shapes and widths, and it is preferable to fit each peak with an individual peak
shape and width. Curve fitting calculates high accurate values for sample and complex
bands system that overlap. To measure multi-component peak regions of samples, all
Raman shifts from 700 cm ! to 3100 cm~! were fit into a Gaussian function as shown in
Equation (1) with a 10% threshold height. Figure 4 shows the sample curve model of a
Gaussian function calculated based on the fitting peak (Equation (1)) accordingly.

74lr\(2)(x7xc)2
Ae w?
y=yot+——F——. @

T
\/ In(2)

( Xe, yc)

FWHM, w
(ye-y0)/2 Area

Yo

Xo
Figure 4. The Gaussian function is used for multiple peak fitting in Raman spectra.

Figure 5 shows the results of multiple peak fitting of oil samples loaded with CNT
after baseline correction. It can be observed that as CNT dispersed in MO, the number
of peaks identified decreases from 11 to 9 peaks at 0.02 g/L concentration and 8 peaks
at 0.03 g/L concentration. This can be explained by the significant changes in the MO
structure of the C network caused by these functional groups, which hinders the resonant
Raman processes. In the case of PO, there is an extra peak approximately at 1120 cm ™!
(shown by a blue circle) which corresponds to the C-N group after dispersing some CNT.
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Figure 5. Multiple peak fitting of (a) mineral oil, (b) palm oil, (c) mineral oil with 0.02 g/L CNT,
(d) mineral oil with 0.03 g/L CNT, (e) palm oil with 0.02 g/L CNT, (f) palm oil with 0.03 g/L CNT.

Focusing on Figure 5b,c, there are two missing bands around 800 cm~! (shown by
red circles) compared to Figure 5a, which indicate the existence of low frequency (C-O-
C) vibrations that disappear after adding some CNT. It can also be observed that after
dispersing 0.03 g/L concentration of CNT nanofluid in MO, bands at 1156 cm ™!, 1375 cm !,
and 1599 cm ™! are also missing compared to MO and MO with 0.02 g/L CNT concentration.
The band at 1156 cm ™! is attributed to in-phase (C-C) stretching vibrations of the polyene
chain [22], while bands at 1375 cm~1 and 1599 em 1! attributes to the (H-C—C/O) bending
mode and (C=C) aromatic stretching mode, which describes the characteristic of diamond
and graphite. If higher concentrations of amorphous carbon are present, those two peaks
can be observed respectively [23]. The Raman band at region 1060 cm ™! usually indicates
the phosphate unit, while bands around 1300 cm~! and 1352 cm ™! region attributed to the
CH,; twist in the fatty acid [24].

For the palm oil (PO) spectra in Figure 5d, the bands at 848 cm 1, 872 ecm~!, and
1083 cm ! correspond to the vibration of the (C-C) of proline, (C-C) stretching vibrations
of amino acids (hydroxyproline) and (C-C) stretching vibration of the (CHy), group, and
the band approximately at 1269 cm ™! refers to the (=C-H) deformation of cis (R-HC=HCR).
The stronger bands at 1306 cm~! and 1448 cm™! region indicate the (C-H) bending twist of
the CH, group and (C-H) scissoring of the CH, group. The peak at the 1658 cm ™! region
indicate (C=C) and cis (C-H) groups of unsaturated fatty acids, while the peak at 1749 cm !
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is (C=0) stretching vibration of ester bond carbonyl [25-27]. The C=O0 stretching vibration
indicates the presence of ketones and aldehydes.

Focusing on the stronger bands centered at ~1440 cm~! region as shown in Figure 6a,b
indicates (C—H) methylene scissors vibration of CH; group, which peaks near this frequency
are indicative of alkanes and cycloalkanes (CgHjy) [18,28]. By comparing the carbon—
hydrogen C-H bonding and carbon—carbon C-C bonding structure, it can be observed
that the C-H structure tends to have a higher frequency. This is mainly because of the fact
that hydrogen atoms are significantly lighter than carbon atoms [25-27,29]. Aside from
observing the Raman shift’s intensity data, the full-wave at half maximum (FWHM) of the
dominated peak is also estimated in this study. FWHM is the diameter of a peak at half
of its intensity height which reflects the structural distribution [30]. The concentrations of
MO with 0.02 g/L and 0.03 g/L CNT show the lowest FWHM with only 2.62% and 1.66%
difference when compared to the MO sample. In contrast to the PO condition without any
CNT, PO with 0.02 g/L and 0.03 g/L CNT yield increment for about 9.71% and 8.43%,
respectively. Lower FWHM signifies the highest structural stability and has the potential to
be used as insulation oil in transformer applications. In contrast, a high defect density and
local compositional variations might cause a broadening peak of PO.
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Figure 6. The Raman spectra at 1448 cm™! region for (a) mineral oil and mineral oil with 0.02 g/L
and 0.03 g/L CNT, (b) palm oil and palm oil with 0.02 g/L and 0.03 g/L CNT.
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It is also noticed that as more CNTs are dispersed in the PO (i.e., high CNT concen-
tration), the strong intensity peak tends to shift to the lower band, which is attributed to
molecules with longer chemical bond lengths. The reduction or elongation of the bond
length is a result of the alteration in inter-particle interactions. It also can happen due to
the increasing size of particles in PO molecules. This result might correlate with the optical
image behaviour of PO after mixing with CNT as depicted in Section 3.1.

The Raman spectra of the oil samples from the 2800-3000 cm ! region can be seen
in Figure 7. Two strong spectrum peaks can be observed, which resemble saturated
hydrocarbon composition representing the diversity of CH, CHy, and CHj groups [31]. The
vibrational modes of this spectral region can be defined as an alkyl C-H stretch. However,
it is possible that a ring NC(H)NCH stretching can be assigned to one of them, as reported
in one study. However, the peak at areas ~2858 cm ™! and ~2900 cm ™! are assigned as CH,
asymmetric and symmetric stretching modes [32]. Focusing on PO samples, after adding
CNT, it is observed that the integrated area under both two peaks increased tremendously.
This proved that the effects of increasing disorder open more channels for the inelastic
scattering process, thus increasing the integrated area under the PO sample [33].
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Figure 7. The Raman spectra of the oil samples from the 2800-3000 cm ! region.

Theoretically, the Raman spectroscopy analysis of oil samples can be split into a first-
order (700-1800 cm ') and second-order (2300-3300 cm™!) region. The only Raman-active
band predicted by group theory in the first-order region is the G band at ~1580 cm~!,
which is described as in-plane atomic displacements. However, the G band only exists in
mineral oil and MO with 0.02 g/L CNT sample. All other bands derive from the existence
of deformities such as point defects (vacancies, impurities) or planar defects (crystal edges,
stacking faults) that cause “disorder” in the lattice and intensify double-resonant scattering
denominated as D bands. Because the D bands developed from a resonant mechanism,
these bands are dispersive and their position, shape, and intensity differ with the energy of
the exciting laser. Referring to the Raman spectra in this study, the D band (~1350 cm~!) is
observed at MO and MO with CNT sample [34].
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In the second-order region, overtones or bands due to combination scattering also
appear as a result of double-resonant processes and are commonly labeled “G” bands. The
most intense and perhaps most interesting one is the G’ band at ~2700 cm ! region. The G/
and G” bands are fundamental for analyzing the behavior of each graphitic material. It
was noticed that oil sample peculiarities detected a higher intensity of G’ and G” bands
(Figure 7, which shifted to ~2850 cm~! and ~2900 cm ™!, respectively. The ratio of six oil
samples’ intensities, as shown in Table 1, are smaller than 1. Some authors attributed that
G’ band represents an interconnection with boundary phonon, which is also correlated
with the D band, while the G’ band corresponds to the number of states that electrons
are allowed to occupy at a specified energy level [33-35]. In particular, deficiencies in
the graphitic structure are highly vulnerable to infrared excitation, resulting in significant
variation in the intensity of bands D and G bands.

Table 1. Raman spectra information on two strong peaks at second order region.

Oil Samples Peak 1 FWHM Area Peak 2 FWHM Area Ig'Ng"

Mineral Oil 2858.43 41.6049 649,083 2918.19 69.5214 1,022,056  0.9795
0.02 g/L CNT + MO 2857.81 41.3858 447,516 2917.83 70.4247 729,016 0.9794
0.03 g/L CNT + MO 2858.66 41.4006 385,985 2918.40 69.2314 612,169 0.9795

Palm Oil 2855.80 19.3357 63,697 2902.48 82.2877 279,042 0.9839
0.02 g/L CNT + PO 2852.80 19.4551 149,480 2900.26 84.4675 693,816 0.9836
0.03 g/L CNT + PO 2850.46 19.3156 148,536 2897.26 84.5314 698,162 0.9838

3.4. Principal Component Analysis

Following normalization, a multivariate data analysis named principal component
analysis (PCA) is applied where eigenvalue decomposition of descriptive data covariance
is performed to automatically analyse the Raman spectrum and highlight the spectral
differences of the samples [36]. The relative intensities between 700-1800 cm ! consist of
some interesting characteristics for the oil samples, hence that range is utilized as the data
source for PCA analysis.

Figure 8a present the PCA score plot of the first two principal components (PC) of
Raman data sets for six oil samples, where no outliers have been identified within the data
set. The score plot provides a map of how the structural data of Raman relate to each other.
Each of the mean spectra is represented by a dot, as shown in Figure 8b. The loading graph,
as shown in Figure 8c,d, identifies the major contributing factors for the pattern seen in the
PCA model. The contribution rates of the principal component (PC1) explained 72.60% of
the variance and the second (PC2) is 25.20%, respectively. The total variance explained by
the first two PC was 97.80%. This result implies that the PCA model accurately represents
the majority of the information in the original data.

The first PC (PC1) was dominated by a positive loading coefficient centered on char-
acteristic mineral oil Raman bands; 1609, 1454, 1380, 1356, 1161, 1050, and 773 cm™!
(Figure 8c). Observed can be that the palm oil after being dispersed with 0.02 g/L and
0.03 g/L concentration of CNT is located at the upper left area and clustered together,
which represents a similar structure profile and positively correlated to each other. Both
concentrations depict a negative score for PC1 but a positive score for PC2 (Figure 8a).
This is because of characterization caused by the intense band at the 1650 cm~! region,
which represents higher content of C=C stretching vibration compared to the palm oil
after being dispersed with CNT. The application of PCA combines distinct spectral areas
and allows additional information to be retrieved from the spectral data, which leads to a
comprehensive study concerning independent datasets.
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Figure 8. Principal component analysis model of the data set for six oil samples; (a) Score plot,
(b) loadings scattered plot in PC1 and PC2, (c) loadings in PC1, (d) loading in PC2.

4. Conclusions

In this report, structural and chemical properties of synthesized multi-walled carbon
nanotube (CNT) with conventional transformer oil, mineral oil and vegetable oil, and palm
oil was thoroughly investigated. Raman spectroscopy indicated a few significant differences
of spectra before and after dispersing 0.02 g/L and 0.03 g/L CNT concentration in MO and
PO. However, it can be observed that all samples have similar peaks around ~1060 cm~!
(phosphate unit), ~1448 em~ ! (C-H bending twist), ~2858 em ™V and ~2918 em~! (C-H
stretching) Raman shift. The highest bands centered at ~1440 cm ™! region represents (C-H)
methylene scissors vibration of CH, group, which peaks around this wavelength signifying
alkanes and cycloalkanes (CgHjy). It can also be observed that the C-H structure has a
significantly higher intensity than the C—C bonding structure. This is attributed to the
hydrogen atom, which is much lighter than the carbon atom. When compared to the MO
sample, MO with CNT concentrations of 0.02 g/L and 0.03 g/L CNT seemed to have the
lowest FWHM with just 2.62 and 1.66% differences. In comparison to the PO characteristics,
0.02 g/L and 0.03 g/L CNT nanofluid-based PO yield increases of 9.71 and 8.43%, respectively.
Alower FWHM indicates the maximum structural stability and the possibility for application
as insulation oil in the transformer. Raman methods coupled with PCA analysis are suggested
for nanofluid characterization detection and quantification for future study.
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