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Abstract- In this study, recycled polyethylene
terephthalate nanofibers (r-PET NFs) are produced
from waste drinking plastic bottles via
electrospinning technique to fabricate cost-
effective and environment-friendly insulating
material for electrical transformer. Nanofibers have
the advantage of high surface area with low volume
that enhances the insulating property of the
material. Nanofibers have an advantage of high
surface area that enhance the insulating property of
the material. The insulating property of the r-PET
NFs alone and oil-impregnated r-PET NFs were
investigated using di-electric strength.
Additionally, impedance  spectroscopy  was
employed to optimize the insulation property of
neat r-PET NFs and oil-impregnated r-PET NFs.
The prepared r-PET NFs showed a maximum
dielectric strength of 65 kV/mm for samples with
thicknesses of 150 um and 160 pm. When r-PET
NFs impregnated with oil, resultant dielectric
strength of 70 kV/mm at maximum thickness is
achieved. The prepared r-PET NFs were more
characterized by  Fourier-transform infrared
spectroscopy (FTIR), water contact angle (WCA),
X-ray diffraction (XRD), thermogravimetric
analysis (TGA) Scanning Electron Microscope
(SEM),) and tensile test. The r-PET NFs showed
excellent morphological, chemical, and mechanical
properties to use as insulating material.
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|. INTRODUCTION

Transformers are among the most crucial
components of power networks. The performance
of the transformers is essential for the power
system to operate safely and steadily [1]. The life
expectancy of a transformer is up to 25 years if it is
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operated in temperature range of around 65-95°C.
In transformers, insulating oil is poured over dry
paper to enhance its dielectric strength and cool the
windings. [2].

In the 1940s, kraft paper was the only choice as a
dielectric material for high voltage transformers. In
the late 1950s, synthetic dielectric materials were
introduced to replace the cellulose insulators.
Currently, a blend of cellulose and synthetic
materials is used for transformer insulation
application [3]. Various insulating structures and
composites have been developed. Aliphatic
polyketone fibers exhibit excellent abrasion
resistance, chemical resistance, heat resistance, low
dielectric properties, and low water absorption [4].
The remarkable progress of nanotechnology in
numerous industrial fields has greatly motivated
researchers to develop advanced nanomaterials to
enhance the performance and reliability of
conventional materials. Currently, comprehensive
research is focused on the application of
nanotechnology for insulating materials in
electrical transformers [5].

In this regard, nanofibers with outstanding
performance can be a good candidate in this field.
Power transformers with solid insulation were best
served by cellulose insulation. In fact, it is not the
best option, but its availability from natural
renewable sources made it the preferred material
[3]. So, if we find a material that is available and
has plenty of sources, we can replace the cellulose
with that material. Keeping, the excellent process
ability and availability of  polyethylene
terephthalate (PET) has widened the scope of its
use as insulators in shape of nanofibers, sheets, and
films in various industrial applications. Nowadays
PET is also used in health care applications like
artificial blood vessels and heart valves [4]. All
plastic products like plastic bottles, toys, and
packaging materials are manufactured from PET.
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The total consumption of products made from PET
reach around 13 million tons [6]. PET products are
economical and easily available, but PET products
lead to environmental pollution. Many researchers
are trying to change PET waste into products [7].
Zander et al fabricate PET nanofibers and used it as
a water filter [8].

This research attempts to fabricate the more
economical insulation material and reduce the time
and energy through electrospinning of r-PET NFs.
PET bottles were collected from waste drinking
water bottles. Using r-PET NFS for electrical
insulation applications will diminish waste disposal
issues and subsequently provide a clean
environment. This research analyzes the dielectric
strength of r-PET NFS web to maintain neat and
clean environment nanofibers for insulating
material use. The polymer of polyethylene
terephthalate for r-PET NFS was recycled from
PET based drinking bottles and nanofibers were
fabricated via the electrospinning technique. The
physical, mechanical, and chemical properties of r-
PET NFS webs were characterized using SEM,
tensile machine, TGA, FTIR, and XRD.

H Dielectric Measurements of r-PET NFS
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Figure 1. (A) Fabrication steps of r-PET NFS (B)
Dielectric Measurements (C) Dielectric results.

I1. EXPERIMENTAL

2.1 Materials

Recycled PET bottles without further purification
are directly used to get r-PET NFs. Trifluoracetic
Acid and Chloroform were acquired from Sigma
Aldrich USA. Transformer oil was collected from
Thermal power plant Jamshoro, Pakistan. Without
additional purification, all materials were used.

2.2 Method

2.2.1 Fabrication of r-PET NFs

The process of electrospinning was used for the
synthesis of the r-PET NFs. For this purpose, little
pieces of PET (about 1 x 1 cm2) were cut, and then
the pieces were dissolved in a 1:1 ratio of TFA to
Chloroform to create a 15% w/w solution. The
electrospinning was done using a high-voltage
power source (Har - 100 * 12, Matsusada Co.;
Japan). with a voltage supply of 15-20 kV and an
interior diameter of 0.6 mm. The prepared solution
was put into a syringe that had a capillary tip
attached to it. Peeling off the r-PET NFS after
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electrospinning, they were let to dry overnight.
Various thicknesses were achieved according to
requirement.

2.2.2 SEM

The physical morphology of the pristine r-PET
NFs, r-PET NFs after dielectric, and r-PET NFs
submerged in oil were

seen using scanning electron microscopy (SEM)
operating at a high voltage of 30 kV.

2.2.3FTIR

The determination of chemical structural changes
in neat r-PET NFS, r-PET NFS after dielectric, and
oil immersed r-PET NFs, respectively. The samples
were examined by Shimadzu, Japan, utilizing FTIR
on IR prestige - 21.

2.2.4 XRD

The crystallinity of the neat r-PET NFs, r-PET NFs
after dielectric and oil-immersed r-PET NFs were
analyzed the high energy x-ray diffraction
respectively at wide-angle x-ray diffractometer
(WAXD). The apparatus was run with nickel-
filtered CuKa radiation at 40 kV and 300 mA. At a
scanning speed of 4°/min, the diffraction patterns
were evaluated in the 10° to 60° degree range.

2.2.5 Di-electric Strength

The dielectric breakdown measurements were
conducted according to the ASTM 149 standard
and using Kyonan Elec. Co., Ltd, Japan device as
shown in Figure 02. The test was performed under
alternating current with boot speed of 0.1 kV per
tap and frequency was set at 50 Hz. The voltage
increased from zero onwards until the breakdown
strength of the sample was achieved. The
measurements were performed without oil and
using mineral oil as a surrounding medium. To
analyze the effect of thickness on breakdown
strength variation, five different thicknesses of r-
PET NFs were used to analyze breakdown strength.
For every sample break down strength was
calculated by equation (1).

E=V/t 1)

ST 0o\

HAVCPower
Supply

Dielectric HV

Material Electrode
ineral Ol
Ground
Electrode

Figure 2. Diagram of Dielectric Electrodes

Stainless steel
Box

[




Technical Journal, University of Engineering and Technology (UET) Taxila, Pakistan

Vol. 29 No. 4-2024

ISSN:1813-1786 (Print) 2313-7770 (Online)

Where E is dielectric strength and t is the thickness
of the sample and V is the breakdown voltage.

2.2.6 Impedance Spectroscopy

Dielectric properties of r-PET NFs with different
thickness were measured by dielectric instrument
analyser at room temperature. Dielectric instrument
was attached with 1296 dielectric interface
(solatron Analytical) and data extracted by
computer and analyzed by Zview software. The
variation in frequency was set from 10-1 to 106 Hz.

2.2.7TGA

The rate of thermal degradation of neat r-PET NFs,
r-PET NFs after dielectric and oil immersed r-PET
NFs were performed with thermogravimetric
analysis using thermo plus (TGA). The analysis
was carried out in an air atmosphere with a heating
rate of 10 °C/min and a temperature range of 0 C to
500C

2.2.8 Tensile Strength

The mechanical properties of the neat r-PET NFs,
r-PET NFs after dielectric and oil immersed r-PET
NFs were examined by Titan Universal Tester 3-
910 Company Ltd, Germany. The ASTM D-638
standard was followed in measuring the tensile
strength. The test was conducted at a speed of 5.0
mm/min. The values of young’s modulus and
stress-strain curves was calculated by equations (2),
(3) and (4) accordingly [9-10].

£=Al/l 2)
c=F/A (3)
E=0c/€ (4)

2.2.9. Shrinkage Test

The shrinkage test was analyzed by taking r-PET
NFs sample’s size 5 cm2 with constant mean
thickness 160pum at 90 °C and the length of the r-
PET NFs was compared before and after
temperature, respectively. The shrinkage of r-PET
NFs in both sides after temperature was calculated
by using equations (5).

Shrinkage (%) = (L_1-L_2)/L_1 x100 (5)

Where, L1 is the length of the fabric in each side
before heat treatment and L2 is the length of the
sample after heating.

I11. RESULTS AND DISCUSSION

3.1 Scanning Electron Microscopy

To determine the surface morphology before and
after the di-electric process of neat r-PET NFs, r-
PET NFs subjected to a dielectric process, and oil-
immersed r-PET NFs have been analyzed by
Scanning Electron Microscopy (SEM). The
diameter of each sample was investigated via
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ImageJ software. The SEM images (Figures 2A
and 2B) show that the neat r-PET NFs exhibit a
bead-free, smooth morphology with an average
nanofiber diameter of 800 nm. The nanofibers
appear well-formed with no visible defects. r-PET
NFs After the Dielectric Process, the r-PET NFs
retained their flat and smooth morphology, as
illustrated in Figures 2C and 2D no noticeable
changes in the surface structure or diameter were
observed, with the average diameter remaining at
800 nm. This suggests that the dielectric process
did not affect the physical integrity of the
nanofibers. Oil-Immersed r-PET NFs displayed a
significant increase in nanofiber diameter, reaching
an average of 1000 nm (Figures 2E and 2F). The
SEM images reveal that the nanofibers absorbed
substantial amounts of oil, which contributed to the
increased diameter. Despite the absorption, the
nanofibers maintained their overall smooth
morphology  without  signs  of  structural
degradation. SEM results highlight the structural
stability of r-PET NFs under dielectric processing
and their high absorption capacity in an oil-rich
environment.

No. of Fibers

&0 80 1000 120

No. of Fibers

1400
o) 0 00 120 140

Diameter, nm

0 1000

Figure 3. SEM images of (A) neat r-PET NFs (B)
histogram of neat r-PET NFs A (C) SEM image of
r-PET NFs after dielectric, (D) histogram of r-PET
NFs after dielectric, (E) SEM image of ail
immersed r-PET NFs (F) histogram of oil
immersed r-PET NFs
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3.2. FTIR Analysis of r-PET Nanofibers

The FTIR of the r-PET nanofibers (NFs) were
analyzed under three conditions: (1) neat r-PET
NFs, (2) r-PET NFs subjected to a dielectric
process, and (3) oil-immersed r-PET NFs. The
results of these evaluations are presented in Figure
4. The characteristic peaks of r-PET NFs were
observed within the range of 2000-500 cm™,
consistent with the expected diagnostic region for
these r-PET NFs. These peaks confirmed the
presence of the inherent functional groups in the r-
PET structure. Following oil immersion, new peaks
were identified at 2924 cm™, corresponding to the
aliphatic C—H stretching vibrations of the oil. This
observation indicates that the oil molecules
interacted with the nanofiber surface. However,
these interactions did not alter the fundamental
chemical structure of the r-PET NFs, as no
significant shifts or changes were detected in the
primary characteristic peaks. This stability of the r-
PET NFs’ chemical structure despite the oil
immersion demonstrates their robustness and
compatibility for applications where exposure to
oils or similar substances is expected.

—— r-PET NFS-oil o o 1
— r-PET NFS-DE ¢ o 0
— Neat r-PET NFS [ 1 1

3500 3000 2500 2000 1500 1000
1
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Figure 4. Chemical structure of neat r-PET NFs, r-

PET NFs after dielectric, and oil immersed r-PET
NFs

3.3. XRD Analysis of r-PET Nanofibers

The X-ray diffraction (XRD) patterns of neat r-PET
NFs, r-PET NFs subjected to a dielectric process,
and oil-immersed r-PET NFs—are shown in Figure
5. The XRD patterns of both neat and dielectric-
processed r-PET NFs exhibit an intense peak at
20.1°, corresponding to a d-spacing of 4.6 A. This
peak is indicative of the crystalline structure
inherent to r-PET. For the oil-immersed r-PET
NFs, the primary peak at 20.1° remained
unchanged, suggesting that the crystalline structure
of r-PET was retained. However, a new peak was
observed at 57.7°, which corresponds to a d-
spacing of 5.2 A. This additional peak is attributed
to the presence of oil within the r-PET NFs,
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suggesting that oil molecules may have interacted
with the material at the molecular level.

The XRD results also reveal a trend where a
decreasing diffraction angle corresponds to an
increase in the distance between molecules in the
chemical bonds. This indicates that the oil's
interaction with the r-PET NFs leads to slight
structural modifications without disrupting the
crystalline integrity of the material. These XRD
results demonstrate the resilience of r-PET NFs in
maintaining their structural properties even when
exposed to oil, making them suitable for electrical
insulation applications.

— r-PET NFS-oil
—— r-PET NFS-DE
—— Neat r-PET NFS

°1'0C

Intensity [a.u.]

20]
Figure 5. XRD patterns of neat r-PET NFS, r-PET
NFS after dielectric and Oil Immersed r-PET NFS.

3.4. Dielectric Strength

Various samples of r-PET NFS were prepared with
different thicknesses i.e. (50, 70, 140, 150, 160
um,) to investigate the dielectric breakdown
strength of the electrical insulation system. From
Figure 6, thickness is the main parameter for
insulation property. The increase in the thickness
leads to higher dielectric breakdown strength and
hence electrical insulation. The breakdown strength
of different oil-immersed r-PET NFS with the same
thicknesses was also measured at room
temperature. The variation of the breakdown
strength of oil-immersed r-PET NFS is shown in
Figure 6B. It was shown that the breakdown
strength of oil-immersed r-PET NFS was higher
than that of non-immersed r-PET NFS. The
comparison between Figures 6 A and B
demonstrated that r-PET NFS gives more
insulation and withstands high voltage when
nanofibers are immersed in the oil. The recycled
PET nanofibers (r-PET NFs) exhibited a maximum
dielectric strength of 65 kV/mm for samples with
thicknesses of 150 pum and 160 pum. However,
beyond 160 um, the dielectric strength plateaued
and showed no further improvement. When
impregnated with oil, the r-PET NFs achieved an
impressive dielectric strength of 70 kV/mm at
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maximum thickness. This increase in dielectric
strength highlights the excellent compatibility
between r-PET NFs and oil. SEM analysis
confirmed that the oil impregnation did not
negatively impact the physical or mechanical
properties of the r-PET NFs. Additionally, water
contact angle measurements indicated that the
hydrophobic nature of the r-PET NFs remained
intact, with no damage caused by the oil. These
findings demonstrate the robust performance of r-
PET NFs, even in the presence of oil, making them
highly suitable for advanced applications.
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Figure 6. A Dielectric strength of r-PET NFS at
different thickness. B Dielectric Strength of oil
immersed r-PET NFS at different thickness

3.5 Impedance Spectroscopy

Relative permittivity was measured for nanofibers
of different thicknesses at opposed frequencies at
room temperature. Figure 7 (A) and (B) show the
relative permittivity spectrum of the nanofibers.
The frequency varies from 10-1 Hz to 106 Hz. In
the given test ranges, it was observed that the high-
thickness  nanofibers have higher relative
permittivity than those of small thicknesses.
Furthermore, the relative permittivity of oil-
impregnated nanofibers was also checked at the
same frequency variations at room temperature.
From Figure 7 B, the oil impregnation of the
nanofibers did not affect the relative permittivity.
Since the power transmitted and distributed
globally is either 50Hz or 60Hz, this study also
determines relative permittivity at a specific
frequency.
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Figure 7. (A). Variation in relative permittivity of
r-PET NFS with different thicknesses. (B).
Variation in relative permittivity of oil-immersed
r-PET NFS at different thickness

3.6. Water Contact Angel

The dynamic hydrophobic properties of neat r-PET
NFS, r-PET NFS after dielectric and oil immersed
r-PET NFS were analyzed by using dropping
method with a contact angle as shown in Figure 8.
r-PET NFS-oil

Neat r-PET NFS r-PET NFS-DE

0.5 Sec

45 Sec

R N
P-P-F-
ol

1.5 min

Figure 8. Results of dynamic contact angle of neat
r-PET NFS, r-PET NFS after dielectric and oil
immersed r-PET NFS

The water contact angle fulfils in time frame from
0.5 seconds to 1.5 minutes and it shows dynamic
hydrophobicity between water and nanofiber
membrane up to 130" at 1.5 minutes, it is due to
superhydrophobic nature of r-PET NFS. As shows
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in figure 8 the dynamic hydrophobic contact angle
property also examined for oil immersed r-PET
NFS which revealed up to 120° at same time,
respectively. In the view of above results r-PET
NFS extremely recommended insulation material
for transformer due to its superhydrophobic nature
and mechanical strength

3.7. Thermal Gravimetric Analysis

The thermal gravimetric analysis of neat r-PET
NFS, and oil immersed r-PET NFS were performed
as shown in Figure 9. Probably due to adsorbed
water and solvent molecules the initial weight loss
is up to 350°C. The maximum weight loss occurred
in the range of 370-4380C, which is related to the
thermal degradation of nanofibers. Dry-type and
liquid-filled transformers come in standard rises of
150 and 65 °C, respectively [12]. As the
decomposition temperature is much higher than the
temperature of the transformer so, the prepared
nanofibers with oil and without oil have great
thermal stability and can be used as an insulator in
transformer.

100 4
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——r-PET NFS-DE
—— r-PET NFS-oil
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0 100 200 300 400 500
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Figure 9. The thermal gravimetric analysis of neat
r-PET NFS, and oil immersed r-PET NFS

3.8. Tensile Strength

Figure 10 A shows the mechanical strength of neat
r-PET NFS, and oil-immersed r-PET NFS. The
higher tensile strength belongs to the neat r-PET
NFS. However, a small amount of the maximum
load is lost while applying the oil. This may be
because the oil causes greater slippage between the
fibers, which lowers the load capacity by
decreasing friction between the nanofibers. [13].
The mechanical characterization of r-PET NFS
reveals that Young’s modulus increases from 1.0
MPa to 1.2 MPa and remains unaffected on r-
PETN NFS after being oil-immersed. This result
shows excellent stability with heating in the
transformer and oil as a surrounding medium to r-
PET NFS. The results showed that the tensile
strength did not significantly alter, indicating the
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high stability of the oil-impregnated nanofibers in
the transformer as a surrounding medium.
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Figure 10. stress — strain curve and Young’s
Modulus of the neat r-PET NFS, and oil immersed
r-PET NF

3.9. Shrinkage Test

Shrinkage values were determined using Equations
1 and 2. Table 1 presents the shrinkage parameters
of r-PET nanofibers (NFs) subjected to dielectric
testing and oil-immersed r-PET NFs. For the study,
each sample was prepared with dimensions of
3x3cm?,

Table. 1. Shrinkage study of r-PET nanofibers
and r-PET nanofibers with oil

Shrinkage | r-PET NFS-DE | r-PET NFS-oil
Lengthwise 11% 13%
widthwise 9% 10.5%

@ Shrinkage study was calculated by using eq. (1)
and (1)

Significant shrinkage was observed in the samples
when exposed to temperatures up to 120°C. The
highest shrinkage was recorded in oil-immersed r-
PET NFs, with a reduction of approximately 13%
in length and 11% in width. In comparison, r-PET
NFs tested after dielectric exposure exhibited
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relatively lower shrinkage, around 10%. These
results suggest that both elevated temperatures and
transformer oil can significantly impact the
dimensional stability of r-PET NFs

3.10. Comparative Study

The comparative analysis  highlights  the
exceptional performance of r-PET NFs as an
insulation material. With a dielectric strength of 70
kV/mm (with oil) and 65 kV/mm (without oil), r-
PET NFs outperform traditional materials such as
Polyimide (7 kV/mm), PET Film (8 kV/mm), and
even high-performance options like Ceramic (35
kV/mm). Despite their superior electrical insulating
properties, r-PET NFs are the most economical, as
they are derived from recycled drinking water
bottles, significantly reducing material costs and

promoting environmental sustainability.
Furthermore, their comparable thermal
conductivity (0.20 W/m-K) reinforces their

versatility for electrical applications. This makes r-
PET NFs a promising candidate for addressing both
performance and waste disposal challenges in
insulation technology. The proposed r-PET NFs
exhibit superior dielectric strength and the lowest
cost among the materials, demonstrating significant
potential as an economical and high-performance
insulation material
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Figure 11. Comparative study of r-PET NFs and
oil-immersed r-PET NFs with previously reported
materials

IVV. CONCLUSION

The r-PET NFS was successfully fabricated
via electrospinning process and used as electrical
insulation material for electrical transformer
windings. The dielectric strength of r-PET NFS
was investigated at different r-PET nanofiber
thicknesses. It was also noticed that the immersion
of r-PET NFS in oil increased the dielectric
breakdown strength. The breakdown voltage of oil
immersed nanofibers reached to 73.1 kV when the
thickness reached to 180 um. r-PET NFS showed
good mechanical strength up to 0.8 Mpa.
Furthermore, thermal degradation rate of r-PET
NFS was 370C and r-PET NFS is a hydrophobic
material; hence it will not absorb humidity which
leads to improve the break down strength and
lifetime of transformer. The results of present work
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show the development of a new generation of
insulation for transformers thereby reducing the
consumption of cellulose paper wused in
transformers. Furthermore, application of recycled
PET to produce the nanofibers is environment-
friendly and good for earth
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