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Abstract: The use of nanofluids as dielectric liquids for transformer insulation has been widely
investigated during the last decade. A number of authors have performed extensive studies on
liquids produced from different types of nanoparticles and base fluids, providing evidence of their
good dielectric properties. Nevertheless, nanodielectric fluids are still at the research stage, and they
are far from being a solution that can be applied to real transformers. One of the aspects that might
be clarified is their compatibility with the rest of the materials present in the transformer and their
behavior throughout the life of the equipment. This paper studies the aging process of cellulose
impregnated with an ester-based nanofluid and compares it with the process that takes place when
the impregnation liquid is a natural ester. Accelerated aging experiments were performed, and
physical and chemical characterization of the process with several analytical techniques was carried
out. The mechanical degradation of the cellulose was studied in terms of tensile strength, and the
evolution of moisture in the paper and oil was monitored throughout the aging process. The study
was completed with FTIR and XPS tests aimed at studying the chemical changes of the materials
during the aging process. The experimental results suggest that the degradation rate of the cellulose
is not significantly affected by the presence of nanoparticles. However, the XPS study revealed that
the chemical reactions involved in the degradation processes of both types of insulation might differ.
Several mechanisms are proposed in this work.

Keywords: power transformers; dielectric nanofluids; oil-paper insulation; cellulose; aging; natural
ester; tensile strength; FTIR; XPS

1. Introduction

The insulation system is one of the most important parts of a power transformer;
failures in this system may lead to serious problems in transformer operation that could
compromise the stability of the power system [1,2]. The insulation of a transformer mainly
consists of kraft paper and pressboard [3], along with the liquid insulation that fills the
transformer tank and impregnates the solid insulation. The most commonly used liquid
insulation is mineral oil (MO), which is derived from petroleum, although in recent years,
natural and synthetic esters are becoming popular for transformer insulation purposes.

Another innovation that has recently been explored is the possibility of using nanoflu-
ids (NF) as liquid insulation in transformers. These liquids are produced by adding small
amounts of nanoparticles (NP) to a base fluid that can be an MO or a natural or synthetic
ester. NFs have attracted substantial attention, as they exhibit an improvement in some key
thermal or dielectric properties [4-6], which could lead to the design of smaller and more
efficient transformers in the future [7].

Several authors have conducted studies using different NPs dispersed in several base
fluids, observing improvements in AC breakdown voltage [8-10], thermal properties [11]
or even an improvement in the lightning impulse strength [12-14]

Despite of the large number of studies that have been published investigating the
properties of NFs as liquid insulation for transformers, not so many works have been
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conducted to analyze how these NFs interact with other elements of the machine. If NFs
were used inside a transformer, they would become part of a complex system in which
one of the main components are the kraft paper and pressboard that compose the solid
insulation of the transformer. The behavior of NF-cellulose insulation has been studied by a
few authors. Some works have analyzed the morphology of the cellulose insulation when it
is impregnated with NF [15-18]; in [18] the presence of NPs within the cellulose fibers was
proven by studying the NF-impregnated kraft paper with microscopy techniques. Other
authors have analyzed the dielectric properties of NF-cellulose composites for new and
aged cellulose materials, reporting a certain improvement in the breakdown voltage of the
paper under alternating current (AC) and impulse waveforms [19]. The influence of the NPs
on the dielectric response of the oil-paper insulation was researched by Potao et al. [20],
Liao et al. [17], and Pérez-Rosa et al. [21], who observed a significant variation in the values
of the permittivity and the dielectric losses of these materials. Finally, some publications
have investigated the aging process of cellulose in presence of NFs, which is the objective
of this work as well.

Cimbala et al. [22] studied the dielectric response of NF-paper system insulation after
a long aging process; they compared the results with those obtained with base oil and
observed better behavior for the NF-based system when moisture from the environment
or from the paper-liquid interface passes to the liquid insulation. They also observed the
end of NF stability during the aging process, which led to the aggregation of the NPs. The
surface discharge properties of aged kraft papers impregnated with MO and NF were
studied by Swati et al. [23], who concluded that NFs tend to accumulate a higher amount of
charge and dissipate it more slowly, although the authors did not observe chemical changes
in the FTIR spectrum of the samples. Another aspect that has been used to evaluate the
aging process in the presence of NFs is the tensile strength of aged paper samples. In [24],
the authors observed a higher tensile strength for samples of kraft paper impregnated
with NF. In another study, Maharana et al. [25] evaluated in depth the physico-chemical
properties of aged NF-impregnated paper, considering different NFs. Finally, Ibrahim
et al. [26] carried out accelerated aging tests of cellulose in the presence of an NF prepared
with ZnO NPs and MO, and studied the change in the dielectric properties of cellulose and
the moisture content in oil throughout the aging process.

In previous works, the authors studied how NPs interact with cellulose with a morpho-
logical analysis [18] through the analysis of the dielectric response of NF-impregnated kraft
paper [21], confirming that when cellulose is impregnated with NEF, there is an interaction
between NPs and cellulose fibers that modifies some properties of the solid insulation.
In the present paper, the study is extended to the evaluation of the impact of NPs in the
thermal aging process of cellulose.

The main objective of this paper is to gain insight into the aging process of kraft paper
impregnated with an ester-based NF. For this purpose, several physico-chemical techniques
have been used to identify differences in the aging processes of paper impregnated with NF
and with natural ester (NE). The techniques used to characterize the aging processes of the
samples were the tensile strength test, to determine the degree of mechanical degradation
of the insulation, and Karl Fischer titration, to characterize the evolution of the moisture
content of the paper and oil throughout the tests. Additionally X-ray Photoelectron Spec-
troscopy (XPS) and Fourier Transform Infrared Spectroscopy (FTIR) were used to identify
how NPs interact with the cellulose structure during the aging process. Aging of paper
samples was carried out at 110 °C, in order to guarantee adequate stability of the NF during
the entire test time. The tests were carried out at the end of the aging period of the samples.
The experiments provide a realistic view of the effect of the NPs on the aging process under
real transformer working conditions

2. Experimental Procedure

As explained before, the main objective of the experimental study was to evaluate
the effect of the NPs on the aging process of paper-impregnated insulation. Two kinds
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of samples were subjected to accelerated aging tests and further investigation: samples
composed of kraft paper impregnated and immersed in an NE, and samples of kraft paper
impregnated and immersed in an NF with the same NE as base fluid.

2.1. Preparation of the Samples

The commercial NE Bioelectra was used as the base fluid to prepare the NF charac-
terized in this work. The same liquid was used to prepare the control samples that were
used to compare results with those of NF-based samples. Bioelectra is manufactured by
the company Repsol (Repsol, Madrid, Spain), and it is composed of at least 99% vegetable
oils, mainly obtained from sunflower seeds, with no silicon and a total absence of halogen
compounds.

The NPs used in the NF were Fe;0,, with an approximate diameter of 10 nm. The
NPs were supplied by the company Magnacol Ltd. (Newtown, UK) as an NP suspension
in a hydrocarbon base at a concentration of 60% by weight (i.e., 600 g of NP in 1 kg of
dispersion).

NFs were prepared by mixing the NE with small amounts of Fe30, dispersion; the
concentration of NP in the obtained NF was 0.1 g/L. For the dispersion of the NPs in the
base fluid, ultrasound stirring was used. Batches of 500 mL of NE and NPs were subjected
to ultrasound treatments with wave intensity 268 W /cm? for two hours, with alternating
agitation periods of 30 s and pauses to prevent excessive heating of the mixture. The
prepared NFs presented fair stability at the temperature considered for the accelerated
aging tests (110 °C) for at least 8 weeks [27].

The cellulose insulation tested in the study was transformer kraft paper of grammage
0.75 g/cm? and thermal class 105 °C.

The aging vessels were 100 mL crystal vials with silicone septa.

In order to allow a statistical analysis of the results obtained and to guarantee a
sufficient quantity of samples to perform the tests, five strips of kraft paper with a total
mass of 0.03 g were introduced in each vial, as can be seen in Figure 1.

Figure 1. NF and NE aging test vials.

The vials with the paper samples were dried in two stages: first they remained under
vacuum at 60 °C for 48 h, then, the temperature was raised to 80 °C for 2 h. The NE and the
NF were also preconditioned before filling the testing vials. The process of fluid drying
was also performed in a vacuum oven, keeping the fluids at 60 °C for 48 h.

Once the paper and the two fluids were conditioned, the aging vials were filled with
NE or NF and sealed with silicone septa. Then, the vials were kept at room temperature
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for 2 days to allow the samples to stabilize. After the stabilization process, the vials were
treated by bubbling nitrogen in the NE or NF for 5 min. This nitrogen treatment was used
to avoid undesirable oxidation processes of the samples.

2.2. Accelerated Aging Tests

For the aging tests, the vials were kept in a temperature-controlled oven at a tempera-
ture of 110 °C for 60 days. The selected test temperature was 110 °C because the NE-based
NF used in this work showed good stability at this temperature for at least 60 days [27],
whereas for higher temperatures, stability problems were observed.

Throughout the tests, two vials, one of them filled with NE and the other one filled
with NF, were removed from the oven after 3, 6, 11, 16, 23, 30, 39, 50, and 60 days of testing.
Additionally, samples of both specimens not subjected to aging were fully characterized,
with these results considered as “fingerprints”. The evolution of the two insulating fluids
throughout the aging process can be seen in Figure 2. The coloration of the new NF samples
was darker than that observed in the NE samples; this effect is due to the black color of
the NP used in the experiment. The evolution of the colors as aging advanced was clear in
both experiments. As can be seen, both types of fluids became darker due to the aging of
the NE.
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Figure 2. NF and NE aged fluid at several points of the accelerated aging test.

2.3. Characterization of the Samples during the Aging Process

The control variables that were considered during the aging tests were the tensile
strength of the paper and the moisture content of paper and oil. Additionally, FTIR and
XPS analysis were carried out on the samples to gain insight into the chemical structure of
the materials.

2.3.1. Tensile Strength Measurements

Although the measurement of the polymerization degree (DP) is commonly acknowl-
edged as a more reliable parameter to assess the aging condition of paper, that technique
was not used in this work because NPs cannot be digested by the solvent that is used to
perform DP measurements; thus, their presence might lead to erroneous results. For this
reason, the aging condition of the paper samples at different stages of the aging tests was
characterized by tensile strength measurements (TS).

The TS of the new and aged paper samples was evaluated using an MTC-100 Vertical
Universal Tensile Tester (IDM). Five paper samples were prepared for each vial of the study
by cutting paper strips 15 cm long. Each of these strips was tested with the tensile strength
tester. The parameters used for the test were adjusted to the ASTM D828-97 standard [28].
Finally, the obtained TS data were statistically treated by discarding the outlier measures
and calculating the average value of the remaining values, as will be discussed in the results
section.

2.3.2. Moisture Content of Oil and Paper

The water content of the liquids and that of the cellulose samples was measured with
the Karl Fischer (KF) method, using a KF Coulometer Methrom 831 combined with a KF
Thermoprep oven. KF titration is a well-known method to determine water content in
transformer oil, and it is also widely used to determine moisture in paper samples. In the
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case of the samples of this study, the use of a Thermoprep oven was required to avoid
interference of the NPs in the KF measuring process.

2.3.3. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy was performed on some of the samples included in
the study to understand how the presence of NPs alters the chemical reactions involved
in the degradation process, and to investigate the changes in the chemical bonds that are
present in the oil-paper insulation as the aging process advanced.

The XPS measurements of the study, including the full width at half maximum
(FWHM), were performed using an energy analyzer PHOIBOS 150 9MCD (SPECS GmbH)
at the Institute of Catalysis and Petrochemistry of the Spanish Council for Scientific Re-
search (CSIC), Spain.

2.3.4. FTIR

FTIR spectra were performed on cellulose samples to compare how NF and NE affect
the degradation process of the cellulose immersed in each fluid during the accelerated
aging.

The reason for using both XPS and FTIR to gain insight into the aging process is that
each method is better suited to detect certain functional groups inside the molecules.

3. Results and Discussion

In this section, the results of the aforementioned tests on paper samples throughout
the aging process are presented. Additionally, the evolution of the moisture content of the
paper and fluid is analyzed in both cases: NF and NE.

3.1. Tensile Strength

Figure 3 shows the evolution of the TS of the kraft paper samples vs. aging time in
days. It can be seen that the results are quite scattered. The kraft paper strips are thin
and quite brittle, and tend to break inconsistently. It can be observed that the TS values
measured for the samples of paper immersed in NF are slightly lower than those of the
paper immersed in NE for the same aging times. As the aging advances, the results tend to
approximate.
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Figure 3. Tensile strength of paper vs. aging time.

The relationship between TS and DP of kraft paper was analyzed by Frimpong
et al. [29], who reported that, in the first stage of the aging process (i.e., DP above 600),
there is a drop in the paper DP that is not accompanied by a decrease of its TS [30]. This
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may be due to the fact that as long as the glucose chains are long enough, there is no clear
impact on the mechanical properties of the material.

The aging process of the same type of kraft paper used in this experiment immersed in
an NE was thoroughly analyzed by the authors in a previous work for longer aging times
and at several temperatures [31]. The evolution of the DP measured in this experiment is
shown in Figure 4.
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Figure 4. DP evolution vs. aging time of paper impregnated with NE. Taken from [31].

As can be seen, for the testing times of the last sample of the present study (60 days,
1440 h), Figure 4 shows a DP of about 670. The relation between DP and TS provided in
Figure 4 justifies the behavior of the TS observed in our test; as the TS remains almost
stable until the aging starts to degrade the cellulose fibers, the most important drop of
this variable starts when the DP of the samples is below 600. Thus, for a DP of 670, only a
slight decrease of the TS was observed. The main conclusion that can be extracted from the
analysis of the TS of the NF-based and the NE-based samples is that the TS of both types
of insulation behave similarly. Thus, a major effect of the NPs on the rate of loss of the
mechanical properties of the cellulose can be discarded.

3.2. Water Content Analysis

Figure 5 shows the evolution of the moisture content of the NE and the NF during
the aging process. Those measurements were taken on samples of fluid extracted from the
aging vials.

It is possible to observe two well-differentiated stages in the aging process: before day
30 and after day 30. In the first stage, the moisture content present in the NE and the NF
was almost the same. In the second stage, the trend of the moisture content in both fluids
diverged: while the moisture in the NF kept rising until the end of the experiment, in the
case of the NE it stabilized or even decreased.

The reduction of the moisture in the NE was reported before [31]. It is produced by
a chain of chemical reactions that take place when the NE begins to degrade as a result
of the aging process. The process of degradation of the fatty acids takes place through a
hydrolysis reaction (Figure 6), which consumes water molecules. Thus, as the experiment
advanced, the tendency was for a reduction of the moisture content of the dielectric fluid.



Energies 2022, 15, 1520

7 of 13

500 1
O N
a0l atural ester
O NFO0.1g/lL
400 - o
cE>_ 350
Z
o 300 - o
= o
= 250
C
o 8 o
= 200
2 o
R o
S 150 F o 8
= e O
100 ©
o]
50
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 10 20 30 40 50 60
Days

Figure 5. Moisture content in the fluid vs. aging time.

The presence of the free fatty acids produced in the hydrolysis reaction protects
cellulose from degradation, since fatty acids are able to bind the hydroxyl groups of
alcohols of cellulose chains, preventing the cellulose polymer from breaking down into
shorter chains. This reaction is called transesterification and is illustrated in Figure 7. The
transesterification reactions that occurred in the system NE-cellulose are shown in Figure 7.

H o
H—(l—o—|C|I—R H—<|:—0H Ho—<|:|—R
> o
—C—O—L|—R -+ 3H20 H—C—OH } Ho—<|:|—R
] \ o
H—C—O—(|3|—R H——C——OH Ho—l:|—R
H' H'
Trigliceride Water Glycerol Fatty Acids

Figure 6. Hydrolisis of an NE.

In the case of the NF-immersed cellulose, the NPs seemed to interfere with the previ-
ously described chemical reactions, meaning that the amount of water consumed was less
than in the case of the NE-immersed samples. This effect could be produced by the high
capacity of the NPs to trap water; if the water molecules are bound to the NPs, they will
not be available for other reactions such as the hydrolysis of ester. In addition, chemical
bonds might have been created between the NPs and the hydroxyl groups of alcohols of
the cellulose molecules [15], which would also inhibit the transesterification reaction that is
typically involved in the aging process of cellulose in the presence of ester [31,32].

Figure 8 shows the results of the moisture tests on the aged paper samples as the
experiment progressed. It is possible to see how moisture in the paper samples tended to
stabilize at a value around 1% of RH. This final value is quite similar to the value at the
beginning of the experiment. This effect, associated with the NE or NF moisture test, could
reveal that dielectric fluid tends to accumulate most of the water molecules present in the
system. This behavior has been observed previously by several authors [19,31].
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Figure 7. Transesterification reaction of cellulose.

3.3. X-ray Photoelectron Spectroscopy Analysis of the Samples
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Q
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Fatty Acids
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Water

For a deeper analysis of the chemical reactions that take place in the different types
of oil-paper insulation, an XPS analysis was carried out. Figure 9 shows the results of a
high-resolution XPS spectroscopy performed on two kraft paper samples; the first sample
was aged in presence of NE, and the second was aged in presence of NF. As can be observed,
Ols and Cls peaks are shifted around 2-3 eV from the results found by other authors [33].
The reason for this is that the samples are made of non-conductive materials. Since this
study compares the width of the peaks of both samples, the conclusions are not affected by

the shift.
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Figure 8. Moisture content in cellulose vs. aging time for NF- and NE-based insulation.
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Figure 9. High-resolution XPS spectra of the O 1s (left) and C 1s (right), performed on paper samples.

The XPS spectrum is sensitive to chemical changes related to the way carbon and
oxygen bond with various elements. These changes are observed in the binding energy of
the carbon and oxygen atoms: the shape of the spectrum is displaced to higher or lower
energies depending on the new bonds formed [33,34]. In Figure 9, it can be seen how
the chemical environment changes around the carbon and oxygen atoms when the paper
samples are aged in NE

The shape of the XPS spectrum of the oxygen 1s band is the contribution of the O~
bond energy and the O>~ bond energy, which are very close to each other. Therefore, a
widening of this area towards higher energies is an indication of the formation of chemical
compounds with a higher content of O>~ bonds. In our case, the signal of the oxygen
1 s band (shown in the figures at the left) was displaced to higher binding energies in
NF-immersed samples, as can be observed by the values of the FWHM of the O 1s band
that grows from 2.505 eV for the NE to 2.63 eV for the NF. The contribution of the oxygen
atoms as O?~ increases, making the O 1 s maximum wider. This 02~ contribution is related
to bonds that present a high polarization. The observed effect reflects the fact that NPs
have bonded to cellulose molecules by substituting H atoms, which form less polarized
bonds with oxygen than the hydroxyl groups of alcohols (OH).

The shape of the XPS spectrum of C at the 1s orbital is the contribution of the different
saturation grades of carbon bonds in the molecule (C1, C2, C3...) [35]. In the case of our
samples, the change was less noticeable in the carbon binding energies (figures on the
right); thus, the carbon bonds were not modified in the aging process.

These changes in the chemical structure of the cellulose are compatible with the
hypothesis that NPs bind to the cellulose molecules, preventing the degradation of NE and
hindering the advance of the transesterification. In Figure 10, a schematic representation
of the chemical interactions that are proposed to explain the interaction between NPs and
cellulose molecules within the kraft paper is shown. According to this explanation, the
Fe304 NPs may replace the hydrogen of the alcohol groups. These bonding mechanisms
were obtained based on the results of the performed XPS tests.
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Figure 10. Fe304 NP binding with cellulose molecules.

3.4. FTIR Analysis

The FTIR spectra of some of the NE- and NF-impregnated papers were analyzed
to identify the chemical products generated during the accelerated aging process and to
confirm the conclusions drawn from XPS tests. In order to compare the aging processes of
both types of samples and the influence of the NPs on the aging process, the FTIR spectra
of three samples of paper impregnated with NF aged for 6, 30, and 60 days, and equivalent
samples impregnated with NE are shown in Figure 11.

100

Transmittance (%)

NF 6 days

T ——NF 30 days
——NF 60 days
c-0 NE 6 days -

‘ ——-NE 30 days
——-NE 60 days

I I I I I I
40
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm ')

Figure 11. FTIR spectrum of cellulose impregnated with NF and NE, subjected to different aging
times.

The first important band that changes from one sample type to another is the one
centered around 3450 cm~!. This band corresponds to O-H bonds, mostly due to the
presence of water molecules and the hydroxyl groups of alcohols of the cellulose, and is
always present in cellulose FTIR spectra [36]. In order to improve the observation of the
main differences among the spectra of the six samples, a detail of the spectra centered
at 3350 cm ! is plotted in Figure 12. It is possible to observe how the NF-impregnated
samples aged for 30 and 60 days present a lower transmittance in this band; this fact is
related to the H,O molecules generated during the accelerated aging process, and agrees
with the observations on the moisture tests presented in Section 3.2. On the other hand,
the NE-impregnated samples present a higher transmittance and, in consequence, a lower
content of OH groups, which is in agreement with the hypothesis that water is consumed
during the aging process in the presence of NE.
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Figure 12. Details of FTIR spectrum of cellulose impregnated with NF and NE, subjected to different
aging times.

The band centered around 2800 cm ! represents the C-H functional groups. As can be
seen, the transmittance of the NF-impregnated samples in this band decreased as the aging
progressed; this fact is due to the products generated by the hydrolysis of the fatty acids [37].
For the NE-impregnated samples, the evolution was different; the transmittance rose after
30 days of aging and then, for samples of 60 days of aging, decreased to a value almost equal
to that of the 6-day aging sample. This fact is consistent with the results of the moisture
tests and with the mechanisms proposed in Figures 6 and 7. As the transesterification
progresses, it is more likely that water molecules and free fatty acids are consumed in the
NE-impregnated samples.

It is easier to differentiate variations in C-O and C=0 functional groups by means of
FTIR tests than with XPS tests. The band around wavelength 1700 cm~! corresponds to the
transmittance of the C=0O functional groups. In Figure 12, a zoom of the spectra centered at
1750 cm ! is plotted. It is possible to observe how the intensity of the band that represents
the C=0 functional groups changes as the aging progresses; this observation is related with
the degradation of fatty acids reported by Frimpong et al. [29]. It can be observed how the
NF-impregnated paper presented a lower increase of C=0 groups in this band as the aging
progressed compared with the NE-impregnated samples. This effect could represent better
conservation of the insulating system when the cellulose samples are impregnated with
NF. The changes of shape in this band also represent how free fatty acids bond to cellulose
molecules; this fact is in agreement with previous observations of XPS tests (Figure 9 left).

Finally, in the band around 1000 cm~!, the response of the two types of paper was
opposite to that analyzed in the 1000 cm ™! band, with the C-O groups turning into C=O
groups as the aging progressed.

4. Conclusions

In the present paper, a variety of tests were performed on samples of paper impreg-
nated with a Fe3O4-based NF.

As a first conclusion of the present study, it was observed that the TS of kraft paper
samples impregnated with NE and NF are very similar. The addition of NP does not affect
the rate of loss of mechanical properties of the cellulose, regardless of whether the samples
are fresh or aged.

When comparing the results of the moisture tests carried out on the different materials,
remarkable differences were observed between the behavior of NF-impregnated samples
and NE-impregnated samples. We conclude that the NPs interfere in the degradation
mechanisms of the NE and slow down transesterification reactions in the cellulose. This
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hypothesis was confirmed by the XPS and FTIR results, which clearly show a change in
the carbon-oxygen bonds of the NF-impregnated samples when compared with those
impregnated with the base oil.

We can conclude that NPs affect the aging process of both oil and kraft paper. Some
chemical reactions were proposed (mainly transesterification and hydrolysis), but we
cannot state which is the most predominant since the oil-paper system allows the mobility
of water molecules, meaning that water produced in the paper could be transferred to the
oil and trapped by the NPs.

The experimental study will be completed in the future to consider other factors that
can impact the aging process, such as the testing temperature, NP concentration, or the
base fluid and NPs used to produce the NF.
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