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Abstract

:

Increasing environmental demands influence the requirements for devices and materials used in the power industry. One example is a power transformer and an electro-insulating liquid used in it. In order to meet these requirements, electro-insulating liquids should be characterized by, inter alia, high biodegradability and good fire properties. One of such liquids is natural ester. However, its oxidation stability is low in comparison to mineral oil and demands improvement, which can be achieved by the addition of an antioxidant. The authors of this work used fullerene nanoparticles for that purpose. Pure natural ester samples were prepared, and samples with two concentrations of fullerene, 250 mg/L and 500 mg/L in natural ester. All these samples were aged in a thermal oxidation process. Thereafter, the aging properties of all the samples were compared to assess the oxidation stability of modified liquids. Moreover, the electrical properties of prepared insulating liquids were investigated to assess if fullerene deteriorates these properties after aging process. Based on the obtained results, it was proved that the aging process slowed down in the case of both fullerene concentrations in ester. The acid number of natural ester modified using fullerene was lower than in the case of pure liquid.
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1. Introduction


Insulating liquids play an important role in the operation of power transformers. Their main task is to ensure electrical insulation and cooling of transformer core and its windings. These tasks can be successfully performed if the liquid maintains its electrical and physicochemical properties during long-time operation. Apart from technical aspects, attention should be paid to the growing environmental requirements which force the use of liquids of high biodegradability. Biodegradability is defined as the biochemical ability of saprobionts (mainly fungi and bacteria) to decompose organic compounds in the natural environment, for example, an electro-insulating liquid after its leakage from a device. Moreover, another important factor is fire safety, which can be assured by electro-insulating liquid with a high fire point classified in group K [1] and a low net calorific value classified in class 2. High biodegradability and good fire properties are both ensured by natural esters. Their biodegradability reaches 98%, fire point exceeds 300 ℃ and net calorific value is lower than 42 MJ/kg, which classify these liquids in the K2 category [1,2,3,4]. Natural esters are an alternative to mineral oil. In the early 1990s, research began on the possibility of applying natural esters as electro-insulating liquids for transformers. A few years later, in 1996, the first distribution transformer filled with natural ester was manufactured. The stages of implementation of natural ester for transformer applications are listed in Table 1.



Natural esters are derived from oilseeds such as sunflower, soya, coconut, rape and linen. Commonly used are soybean oils, e.g., FR3 and MIDEL eN 1215 or rapeseed/canola such as Midel En 1204. They consist of triglyceride molecules based on glycerol and fatty acids. Fatty acids are incorporated in place of hydrogen from the OH group of alcohol and constitute the rest of the fatty acids. Finally, the molecule of natural ester reaches the formula presented in Figure 1.



R′, R″, R‴ are the residue of both saturated and unsaturated fatty acids. Unsaturated fatty acids have a double unsaturated bond between two adjacent carbons in their structure. There may be between 1 and 3 of such bonds in one acid residue. At the operating temperature of a transformer and when oxygen is available, the double bond is saturated in the oxidation process. The oxidation rate of natural esters is closely related to their chemical structure and the ratio of saturated to unsaturated fatty acids. The higher the proportion of unsaturated fractions in oil, the more susceptible they are to oxidation. Table 2 shows the share of individual acids in selected vegetable oils.



As a result of the oxidation process of natural esters, there is a reaction between free radicals such as O* or H* in a liquid and hydrogen atoms in unsaturated bonds between carbons in fatty acids. The linkage of free radicals at these points in the carbon chain results in the saturation of fatty acid, which changes its structure and properties. The oxidation process is associated with the generation of acidic by-products, which increase the acidity of natural esters to a much greater extent than in the case of mineral oil. As experience has shown, access to oxygen and the elevated operation temperature of esters result in their rapid oxidation [1,3,6]. The fact led mainly to their use in sealed transformers to prevent the oxidation of such liquids. In order to extend the use of natural esters, research started on the inhibitors, which would improve the oxidative stability of natural ester (NE). Many scientific reports describe the antioxidant properties of fullerenes but mainly in the medical context [7,8,9,10,11]. Fullerene C60 is the smallest and the most stable allotropic variety of carbon [12,13]. Apart from C60, there are also less stable structures such as C50, C70, C80, C84 [14]. A single molecule of fullerene C60 consists of 60 carbon atoms arranged in the structure of an empty ball composed of 20 hexagons and 12 pentagons, with each apex planted with one carbon atom. According to scientific reports, their internal hollow structure can absorb free radicals and thus contribute to slowing down the oxidation process. Therefore, fullerenes have great antioxidant potential. Just one molecule can neutralize more than 20 free radicals. Moreover, the antioxidant properties are caused by a large number of conjugated double bonds and a low lying unfilled molecular orbit that can absorb the electron [7]. Therefore, this enhances the antioxidant properties, which has made the C60 molecule a free radical absorbent sponge [15,16].



In [17] the effect of the addition of fullerene nanoparticles to vegetable oil was described. Before the investigations, fullerene nanoparticles were pretreated, i.e., dispersed in ethanol, and then stirred at temperature of 60 °C. In the next stage, oleic acid was added to such a mixture and it was ultrasonicated for 2 h. Fullerene nanoparticles were separated from the mixture by centrifugation and drying process. The authors did not specify the aim of surface modification of fullerene nanoparticles (NPs). After the NPs pretreatment, the samples of NF were prepared. The aging process of all the samples was performed according to IEC 61125A [18] for 4 different fullerene concentrations in vegetable oil. After 36 days of aging, the acid number for the highest concentration of 200 mg/L was 25% lower compared to unmodified natural ester.



The use of fullerenes as antioxidants for electro-insulating liquids was also described in [19], whose authors carried out the research on mineral oil with fullerene after its aging process. A positive effect of fullerene addition on electrical parameters and water content after the mineral oil aging process was shown. The only disadvantage of fullerene addition is a decrease in the resistivity of dielectric liquid.



As previously mentioned, the fullerene NPs are also used in medicine field. Many publications describe the biological activity of fullerenes as antioxidants such as antiviral [7], antibacterial, antioxidative and prooxidative, neuroprotective, cytotoxic, cytoprotective, and anticancer molecules [20]. In [21] fullerene NPs were used as suppressors of lipid oxidation and the authors reported that such C60 molecule might break the chain reaction of lipid oxidation.



It should be noted that the literature provides the results of studies on the influence of fullerene not only on the oxidation stability but also on the physico-chemical and electrical parameters of nanofluids. The authors of [17] observed that a small amount of fullerene (~100 mg/L) could improve the electrical properties of vegetable oil, e.g., the dielectric breakdown strength increased by 8.6%. As result of the data presented in [22], the fullerene addition to vegetable oil does not affect the acid number. In turn, the authors of [23] showed that the modification of natural ester with fullerene did not substantially influence the thermal parameters such as thermal conductivity, specific heat, density, kinematic viscosity, and thermal expansion. The changes in the heat transfer coefficient calculated based on these parameters do not exceed 1%.



The natural ester is also modified by NPs other than fullerene. For this purpose, the conductive (Fe3O4, Fe2O3, ZnO), semiconductive (TiO2, CuO, CuO2) and dielectric (Al2O3, SiO2, BN) nanoparticles are used [24,25]. In [26] the authors described the influence of titanium oxide NPs on the cooling and insulating properties of natural esters. According to their research results, the addition of these NPs has a negligible effect on the thermal conductivity and electrical parameters of the ester. The authors of [27] proved that the iron NPs in the hydrophobic carbon shell are able to increase the breakdown voltage of natural ester. They obtained the highest value of the breakdown voltage for the NPs concentration in the modified ester equal to about 0.005 wt%. For this concentration, the authors found an increase in the breakdown voltage of the ester by over 40%. In [28] the ester was also modified by Fe2O3 and SiO2 NPs. In the case of natural ester modified by Fe2O3 NPs, the addition caused an increase of breakdown voltage. In turn, the addition of SiO2 NPs reduced the electrical strength of natural ester. In [29] the influence of ZnO and TiO2 NPs on breakdown voltage of natural ester was investigated before and after the aging test. The authors concluded, that nanofluid with 0.04 wt% concentration of TiO2 showed a higher dielectric strength before and the after aging process compared to nanofluids with the same concentration of ZnO NPs. However, the effect of these NPs on slowing down the aging process was not demonstrated.



The authors of this paper investigated the possibility of applying fullerene as anti-oxidative nanoparticles for natural ester. The main aim of this study was to investigate the properties of natural ester modified with fullerene in comparison to pure ester. This comparison was conducted after the aging process of each sample. To assess the oxidative stability of modified ester the following parameters were investigated: acid number, interfacial tension, water content and kinematic viscosity. Moreover, the electrical properties such as breakdown voltage, electrical permittivity, volume resistivity, and dissipation factor were investigated to evaluate if fullerene deteriorates these properties after aging process.




2. Materials and Methods


Natural ester FR3 and fullerene C60 powder of 99.9% purity and a diameter of approximately 0.7 nm (CAS No. 99685-96-8) were used for the research. FR3 is described as tri-ester, which means it has three fatty acid groups in one molecule. In the first stage of the study, a solubility test of fullerene C60 in NE for the concentration of 500 mg/L (0.054 %wt) was performed. For this purpose, 50 mL of NE with 25 mg of C60 was prepared. Such a prepared sample was magnetic stirred to accelerate the dissolution process of fullerene in natural ester. During fullerene dissolution, the colour change of natural ester was observed (Figure 2).



Every 24 h, the stirring of nanofluid was stopped and after partial fullerene sedimentation the supernatant was taken and spectrophotometric analysis was performed to confirm the completion of the dissolution process. The absorbance was measured in UV-VIS range. The first absorbance measurement was made for the pure natural ester as a reference measurement (spectrum I in Figure 3). After finding no changes in two subsequent obtained spectra (V and VI), the last absorbance measurement was carried out. In this case, the sample was taken from the bottom of the bottle (absorbance spectra—VII). The both measured absorbance spectra (VI and VII) were the same what means the completion of the dissolution process of fullerene in natural ester. During the fullerene dissolution process, the absorbance band at 435 nm was observed, which, as the fullerene dissolved, assumed ever higher values. In accordance with [30], this band shows the presence of chemical bond between fullerene cage and fatty acids chains.



On the basis of the above described test, the completion of fullerene dissolution process was confirmed. Fullerene C60 in natural ester forms a stable solution pink in colour.



In the next stage of the research, test samples were prepared. Natural ester was poured into six bottles of 650 mL each. The half of the prepared samples were dedicated to the tests before aging and the second part was used for the investigations after the aging process. Two different concentrations of fullerene, i.e., 250 mg/L, 500 mg/L were prepared in four bottles, and two bottles contained pure natural ester only. The ester samples modified with fullerene were stirred at ambient temperature to dissolve added NPs. After 4 days, no further colour change of liquids was observed. Between day 4 and 12, a small amount of fullerenes particles was still visible to the naked eye at the bottle bottoms. After two weeks of stirring all fullerene NPs were completely dissolved in natural ester. The completion of dissolution process was confirmed by means of the spectrophotometry method. The time needed for total dissolution of fullerene in NE was similar to the time required for fullerene dissolution in mineral oil given by authors of [19].



In the next step, the prepared test samples were subjected to the aging process, which was conducted in accordance with the standard [31]. Each liquid was poured from its bottle into the vials and closed with aluminium caps. A total of 48 vials were prepared for all three liquid samples (pure NE, 250 mg/L, 500 mg/L). The volume of a single vial used was equal to 50 mL. Each of them contained a sample of 37.5 mL in order to ensure an appropriate air to liquid ratio of 1:3. An aging catalyst in the form of 67 × 7.5 × 0.5 mm copper strip was placed in each vial. The copper strips were polished with Silicon Carbide P220. Before starting the aging process, the water content in all samples was equal to about 150 ppm. The water content was measured using Karl Fischer titration method in accordance with the standard [32].



All vials were placed in a forced air convection oven to conduct the sample aging procedure. The samples were aged for 164 h at a temperature of 150 °C. After aging, the liquid from each vial was poured into the bottle and stirred for 24 h in order to align the properties of the aged samples.



After the aging process the properties of natural ester, non-modified and modified by means of fullerene NPs, were compared. The physico-chemical properties that best describe the aging degree of the natural ester were selected for the tests. Additionally, the electrical properties were investigated to assess if fullerene caused a deterioration of these properties before and after the aging process. All tested parameters and the standards used for their investigation are listed in the Table 3.



The acid number of natural ester dissolved in 2-propanol was measured with colorimetric titration. For the titration, an alcoholic potassium hydroxide solution (0.1 mol/L) was used. In turn, to determine the titer of alcoholic potassium hydroxide solution potentiometric titration was used.



The interfacial tension of each sample was measured by means of de Noüy ring method with a tensiometer model Attension Sigma 702ET (Biolin Scientific, Gothenburg, Sweden). In this method, a platinum ring is lifted through the water-oil interface. The natural ester stays on the water surface due to the density difference between these two liquids. Water has a higher surface tension than oil and therefore force is needed to detach the ring from the water surface. The force measured is used to calculate the interfacial tension (mN/m) between ester and water. The surface tension of used water (HPLC water Pol-Aura) was equal to about 71 mN/m.



The water content in ester was measured with coulometric Karl Fischer titration method using titrator model Metrohm 831 KF (Metrohm, Riverview, FL, USA) equipped with cell with diaphragm. For the research, the anolyte (Hydranal Coulomat Oil) and catholyte (Hydranal Coulomat CG) reagents were used. Moreover, to verify the correct operation of the measuring system the Hydranal Water Standard 1.0 was used.



The kinematic viscosity of natural ester was measured using Ubbelohde viscometer. The viscometer constant was equal to 0.12038. Viscosity was tested at temperature equal to 40 °C. The temperature was assured by putting the viscometer in a water bath.



The breakdown voltage was tested in a system of hemispherical electrodes spaced apart by 2.50 mm ± 0.05 mm. The speed of voltage increase during the test was 2.0 kV/s ± 0.2 kV/s. During the breakdown voltage measurements, the contact of tested samples with the atmospheric air was minimized. Six breakdown voltage measurements were performed for each sample.



Tests of the dissipation factor, electric permittivity and volume resistivity were performed in the same three-electrode system at a temperature of 50 °C. In the case of the dissipation factor and electrical permittivity, alternating voltage was used. The electric field intensity was equal to 0.07 kV/mm. In turn, the volume resistivity was calculated based on measured resistance and electrical capacity of a three-electrode system. The resistance was measured with a direct voltage applied for a time of 60 s. Electric field intensity was equal to 250 V/mm.



Acid number, interfacial tension, water content, and kinematic viscosity are the properties which are the most susceptible to the aging process. In particular, acid number should be lower after the aging process in samples modified with fullerene. The research results should confirm the correctness of the conducted aging process as well as the validity of natural ester modification with fullerene in order to limit the process of its aging.




3. Results and Discussion


The main aim of the research was to show higher oxidation stability of natural ester modified with fullerene in comparison to pure ester. For this purpose, four properties of the electro-insulating liquid were measured, as they are the best indicators of the aging degree of the natural ester, and these are acid number, interfacial tension, water content in oil and kinematic viscosity. Moreover, by subjecting a sample of pure natural ester to the aging process, it was possible to verify the correctness of the applied aging procedure proposed in [31].



Figure 4 shows acid number, interfacial tension, water content and kinematic viscosity of natural ester and nanofluids of different fullerene concentrations, before and after the aging process. Expanded measurement uncertainties for the confidence level of 95% were estimated for all the results. Their values are marked on the figures with error bars.



The parameter, which was influenced to a large extent as a result of the aging process, was acid number. The acid number for pure natural ester before the aging test was equal to 0.066 mg KOH/g, while in accordance with the data in [38] its value for unused natural ester is 0.060 mg KOH/g. After the aging process of pure natural ester, the acid number increased more than threefold and reached a value of 0.220 mg KOH/g. This fact confirmed, that the applied aging procedure was appropriate. In the case of natural ester modified with fullerene, the obtained acid number results were equal to about 0.190 mg KOH/g. Thus, the addition of fullerene to the natural ester limited the growth of acid number in natural ester by 20%.



The growth of fullerene concentration in the natural ester to the value of 500 mg/L did not result in greater oxidative stability than in the concentration of 250 mg/L. This phenomenon was probably affected by the fact, that in a higher fullerene concentration, its nanoparticles could interact with each other and, as a result, their ability to neutralise acidic compounds was lost. On the basis of the obtained results, it was not possible to confirm that the optimal concentration of fullerene NP in natural ester was equal to 250 mg/L. On the other hand, it can be concluded, that the optimal concentration of fullerene in NE is in the range of up to 250 mg/L.



The ability of fullerene to neutralize acidic compounds depends on its chemical structure. According to [15,39], the C60 molecule, owning to double bonds at the edges (6, 6), allows for the attachment of free radicals to its structure without affecting its stability. In this regard, C60 shows strong antioxidant properties and thereby is often described as “radical sponge”. However, the antioxidant potential of fullerene against some liquids is limited by the hybridization of individual carbons in one molecule. Hybridisation determines the mutual position of the atomic orbitals of each carbon molecule in fullerene, which in turn affects the arrangement of the electron cloud around each molecule. Carbon atoms in the fullerene molecule have sp2 and sp3 hybridization. Hybridization sp2 means that one carbon atom is bonded by two single bonds of the sigma type σ (C–C) with other carbon atoms and one double bond C=C, which consists of the sigma type σ bond (top line in C=C) and type π bond arranged parallel to it (bottom line in C=C). Because the π bond is de-localized [40], two electrons connected with bond π could be an element of the electron cloud around the fullerene particle and affect its properties. That fact causes, that fullerene particles are surrounded by a π electrons cloud, which are de-localized [41]. The presence of an electron cloud determines the electron affinity, i.e., acceptance properties [19,42]. It is possible that at a certain concentration of fullerene NE there is excessively intensive accumulation of electric charges around its molecule, which makes it difficult for free radicals to be absorbed by the empty structure of the fullerene molecule. This way it can be explained that there is no significant difference in the aging process between the nanofluids with two tested concentrations of fullerene in natural ester.



The next measured parameter was interfacial tension. IFT measurements are especially important, because they may be used for the prediction and explanation of C60 interaction with other materials. This parameter is defined as an interaction force between two different media and allows to determine the dynamics of molecular self-organization, surface wettability and adhesion [43]. The value of IFT was obtained in an automatic measurement using tensiometer and the accuracy of the measurement depends on the fluctuation of the force, density of the test sample, water and on the dimensions of the du Nuoya ring [34]. IFT measurement results make it possible to evaluate the presence of polar substances generated during the aging of electro-insulating liquid [33].



In the case of mineral oil, IFT decreases with the aging of the insulating liquid [44]. As it turned out, for all the aged samples of NE, IFT increased in comparison to the value of IFT measured for the pure natural ester before its aging process. The phenomenon of interfacial tension growth of pure natural ester after aging requires explanation. There was no significant difference (exceeding the measurement uncertainty) between interfacial tension for non-modified natural ester and that modified with fullerene after the aging process. It should be noted, that IFT (11.77 mN/m) for pure NE before the aging process differs from the value of 24 mN/m given in [38].



After the aging process, water content in all the aged samples was measured. The results of investigations showed a similar increase in water content in all the tested samples after the aging. The differences between water content results in the aged samples do not exceed the measurement uncertainty. Hence, it can be concluded, that fullerene nanoparticles have no impact on water content after the aging process. In general, fullerene nanoparticles are considered as non-polar molecules and thus unable to attract polar water molecules to their structure. Moreover, the aging process could damage the fullerene structure so that it turned into an open structure and was incapable of absorbing water into its interior.



The next analyzed parameter was kinematic viscosity. After the aging process, a slight increase in the kinematic viscosity of each liquid was noted. After aging, pure natural ester was characterized by viscosity at the level of 33.2 mm2/s. The presence of fullerene impaired this property to a small extent. For samples with fullerene concentration of 250 mg/L and 500 mg/L, kinematic viscosity was equal to 33.49 mm2/s and 33.43 mm2/s, respectively. All the obtained values were mainly affected by the error of measuring the time of liquid flow through the viscometer and the error resulting from slight fluctuations in the temperature of the water bath in which the viscosity was tested. A slight increase in kinematic viscosity of all samples after the aging test is caused by aging products such as ketones, aldehydes and organic acids.



Figure 5 presents the results of research on breakdown voltage, electrical permittivity, volume resistivity and dissipation factor of natural ester and nanofluids of different fullerene concentrations, before and after the aging process.



The tested electrical parameters such as breakdown voltage, volume resistivity and dissipation factor are very sensitive to contamination. The sources of ester contamination are aging products linked to its oxidation process. These products include, inter alia, water and acidic by-products, which was confirmed by research results of physico-chemical properties presented in this work.



After the aging process, deterioration of breakdown voltage, volume resistivity, and dissipation factor was observed compared to pure natural ester. It should be pointed out that in the case of nanofluid with the highest fullerene concentration (500 mg/L) the smallest breakdown voltage drop was observed. The breakdown voltage of this liquid was about 20% higher than the breakdown voltage of pure natural ester after its aging. As a consequence of the aging process the volume resistivity of pure natural ester decreased by about one order of magnitude. A similar drop in resistivity was also observed in the case of nanofluids of both fullerene concentrations. As regards the dissipation factor, approximately 4, 7 and 8-fold growth of this parameter was observed after aging process, respectively for pure natural ester, and nanofluids with a fullerene concentration of 250 mg/L and 500 mg/L. The electrical permittivity of natural ester was not influenced by the addition of fullerene. For the pure natural ester and NE with concentrations of 250 and 500 mg/L, the electrical permittivity, after the aging process was equal to 3.05, 3.05 and 3.06, respectively.



There are several papers available in the literature concerning the influence of fullerene on the aging process of electro-insulating liquids such as natural ester [17] and mineral oil [19]. However, making an exact comparison between their results is problematic due to the differences in the nanofluids preparation procedures and their aging parameters. The general conclusions of the articles [17,19] are similar. In essence, it has been shown that fullerene is a nanomaterial capable of slowing down the aging process in both natural ester and mineral oil. However, it should be emphasized that in comparison with [17], the authors of this paper used a simplified procedure for the preparation of fullerene, which did not require any modification of its surface, as well as they did not use sonication to dissolve fullerene in the natural ester. The aging procedure was consistent with the normative standard [31].




4. Conclusions


Fullerene C60 in natural ester forms a stable solution, pink in color. For the assumed experimental conditions, the time needed for a complete dissolution of fullerene in NE was equaled 14 days.



On the basis of the research results, it was concluded, that the modification of natural ester by fullerene caused a slight improvement of acid number and volume resistivity. The properties such as water content, interfacial tension, kinematic viscosity, and electrical permittivity have not changed significantly. In turn, the addition of fullerene caused slight deterioration of breakdown voltage and dissipation factor, but their values meet requirements for unused natural ester given by ester producer [38] and data available in the standard [45]. These results confirmed the expediency of the research concerning the oxidation stability of ester modified by fullerene.



As a result of the aging process of the natural ester, all the physico-chemical properties were increased, i.e., acid number, interfacial tension, water content and kinematic viscosity. The biggest change was observed for the acid number, the value of which increased more than threefold. This proves the correctness of the applied aging procedure to assess the oxidative stability of natural ester modified by means of fullerene, which was the main aim of the study.



Based on the research results of aged samples, it was found that the addition of fullerene had a positive effect on the oxidative stability of the natural ester. In the case of ester modified by fullerene, the increase of acid number as a result of the aging process was limited by about 20% compared to ester which was not subjected to such a modification. A similar effect of slowing down the aging process was observed both for samples with a concentration of fullerene in the ester equal to 250 mg/L and 500 mg/L. Therefore, the optimal concentration of fullerene in natural ester, due to the limitation of the aging process of the liquid, is in the range up to 250 mg/L.



In the case of other tested properties, i.e., interfacial tension, water content and kinematic viscosity, no significant (i.e., exceeding the measurement uncertainty of individual parameters) influence of fullerene on the change of these properties after the aging process was found. The increase of interfacial tension in natural ester after its aging, both in samples modified and unmodified with fullerene, requires additional explanation.



Apart from the dissipation factor, it was not found that fullerene caused a deterioration of natural ester after its aging. It should be pointed out that an elevated value of dissipation factor is characteristic for liquid dielectrics modified by nanomaterials [29] and does not indicate a deterioration of other parameters which are important from the point of view of operation, such as breakdown voltage. There is currently no regulation on the limits which natural ester used in a transformer in operation should meet.



The measurements of UV/VIS absorbance spectra have proven the fullerene solubility in natural ester. The evidence of this was overlapping of the nanofluid spectra measured at a time interval of 24 h for the sample taken both from the bottom and the top of the bottle. It should be highlighted that for nanofluid the absorption band at 435 nm was observed. This band is related to the 1,2 addition to the fullerene cage across a double bond. This indicates for dissolving of C60 in natural ester and also for the ability to addition of the fatty chain to the fullerene cage. Moreover, the additional two absorption bands for 380 nm and 405 nm were recognized. The origin of these bands will be the subject of further research.



Further research will include the determination of the optimal concentration of fullerene in the ester due to the slowing down of its aging process, expressed mainly by the acid number. For the concentration of fullerene in natural ester determined in this way, all the physico-chemical and electrical properties of such a liquid will be studied. Moreover, the risk of transformer failure due to electric breakdown of the natural ester modified with fullerene caused by the bridge effect will be assessed.
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Figure 1. Chemical structure of natural ester molecule, based on [1]. 
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Figure 2. The colour change of natural ester FR3 during fullerene dissolution process; I, II, III, IV, V, VI correspond with the absorbance spectra in Figure 3. 
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Figure 3. Absorbance spectra in UV-VIS range measured during fullerene dissolution in natural ester I—pure natural ester; II, III, IV, V, VI—the following stages of fullerene dissolution for the samples taken from the top of the bottle, VII—the samples taken from the bottom. 
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Figure 4. The results of acid number (a), water content (b), interfacial tension (c) and kinematic viscosity (d) of natural ester (NE) and nanofluids (NFs) of different fullerene concentrations before and after the aging process. 
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Figure 5. The results of breakdown voltage (a), electrical permittivity (b), volume resistivity (c), and dissipation factor (d) of natural ester (NE) and nanofluids (NFs) of different fullerene concentration before and after the aging process. 






Figure 5. The results of breakdown voltage (a), electrical permittivity (b), volume resistivity (c), and dissipation factor (d) of natural ester (NE) and nanofluids (NFs) of different fullerene concentration before and after the aging process.



[image: Energies 14 00490 g005]







[image: Table] 





Table 1. Progress in the development of natural ester as dielectric liquids, based on [1].
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	The Main Stages in the Development of Natural Esters for Transformer Applications
	Year





	Research beginnings
	1991



	Full-scale accelerated life tests
	1995



	First distribution transformers installed
	1996



	First distribution transformers retrofilled
	1997



	Transformers available commercially
	1999



	First new mobile substation
	2002



	ASTM natural ester standard
	2003



	100th power transformer installed
	2007
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Table 2. Content of fatty acids in vegetable oils, based on [5].
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Type of

Vegetable Oil

	
Saturated Fatty Acids

(%)

	
Unsaturated Fatty Acids (%)




	
Mono

	
Di

	
Tri






	
Canola

	
7.9

	
55.9

	
22.1

	
11.1




	
Corn

	
12.7

	
24.2

	
58

	
0.7




	
Soybean

	
14.2

	
22.5

	
51

	
6.8




	
Sunflower

	
10.5

	
19.6

	
65.7

	
-
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Table 3. Properties of the liquid selected for the tests.






Table 3. Properties of the liquid selected for the tests.





	Type of Research
	Normative Reference





	Acid number
	[33]



	Interfacial tension
	[34]



	Water content in ester
	[32]



	Kinematic viscosity
	[35]



	Breakdown voltage
	[36]



	Electrical permittivity
	[37]



	Volume resistivity
	[37]



	Dissipation factor
	[37]
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