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Abstract

:

This study uses natural fibre, which is moisture absorbent, as an innovative and economical filler for insulating oil. Rice husk (RH) is a natural fibre known to have water-absorbing properties and used as a supplementary cementitious material. This research utilises the water-absorbing properties of RH to improve the physicochemical and dielectric properties of insulating oil. RH was refined into a fine powder at a diameter of less than 63 µm. Palm oil (PO) was synthesised with RH at concentrations of 0 g/L, 0.01 g/L, and 0.1 g/L. The moisture-absorbent properties of RH were analysed by using Fourier-transform infrared (FTIR) spectroscopy. The particle size and distribution of RH in PO were also obtained using a scanning electron microscope (SEM) and a Zeta particle analyser. The breakdown voltage (BDV) strength of PO with RH was measured according to IEC 60156, and the dielectric frequency response was investigated in the range of 102–105 Hz. RH is proven to absorb moisture from PO, as the O–H band intensity at the 3350 cm−1 is increased from the experimental results. Therefore, the mean BDV and dielectric insulation properties of PO dispersed with RH also increased accordingly.
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1. Introduction


Mineral oil (MO) has been used as the dielectric liquid in transformers since 1899, for more than 75 years as a cooling agent, and to prevent internal short circuit [1]. However, it has many disadvantages, such as being unsustainable. It is also flammable, with a low flashpoint of 144 °C. When it leaks, it is very toxic to the environment and human health. Thus, natural ester (NE) has been studied as an environmentally friendly alternative to MO.



Sources of naturally occurring esters, or NEs, include fats and oils obtained from animals and plants. Oil is fat that has a melting point below room temperature, while solid fat has a melting point above room temperature [2]. Meat fats are obtained from three kinds of domesticated animals: lard from pigs, tallow from cattle and sheep, and milk fat or butter from cows. Oil from plants is recovered from oilseeds and oil-bearing fruits and nuts [3]. Plant-based NEs are more suitable than animal-based NEs in terms of production costs, and fewer processes are involved in obtaining plant-based NEs.



Natural esters (NEs) obtained from renewable sources such as vegetable oils have 95–100% greater biodegradability than mineral oils (MO), which are only 30% biodegradable [4]. In addition to being consumed as food, vegetable oils have been used as biodiesel since 2011 in Malaysia, with a 5% vegetable oil composition in diesel [5]. They have a high flashpoint of about 300 °C, so they are less flammable than MO [6]. Moreover, they have a BDV range of 49–97 kV, compared to MO, with a range of 45–85 kV [6].



Palm oil (PO) is a type of NE, of which Malaysia produced 26% of the global output in 2019, at 19 × 109 kg [7]. The viscosity of PO can be as high as 58 mm2/s at 40 °C, depending on the type of PO used [8]. The breakdown voltage of PO is around 31 kV [9]. PO is reported to have been used in transformers since 2009 [10], but only limited information is available. However, POs have disadvantages, such as higher viscosity than MO [8], being prone to oxidation, and readily absorbing moisture [1]. Thus, modifications are needed in order to improve the properties of PO further.



NEs can be modified by adding fillers. Two techniques are used to synthesize NEs with fillers: the one-step method and the two-step method [11]. The one-step method synthesises and disperses fillers in the NEs simultaneously. The two-step method is when the fillers and the base oil are prepared in two different steps. First, the fillers are prepared separately using the chemical or physical method; next, the fillers are dispersed in a base oil.



Fillers allow heat transfer out of the fluid to increase the conduction and convection coefficients [11]. Furthermore, fillers also increase the breakdown voltage (BDV) of the fluid. Another advantage of fillers is that their properties can be modified before they are added to oil. Fillers that have been studied in liquid dielectrics are in the form of nanoparticles—namely, iron oxide (Fe2O3), titanium dioxide (TiO2), and silica (SiO2) [12]. However, they are expensive to make and hazardous to human health.



Hussein et al. [13] studied the effect of the concentration of TiO2 on the thermal conductivity of PO. It was found that as the concentration of TiO2 increased to 9% of the nanofluid volume fraction, the thermal conductivity also increased by almost 9%. Mohamad et al. [11] studied the dielectric and physicochemical properties of PFAE-based oils prepared with three types of fillers: (1) conductive Fe3O4 nanoparticles, (2) semi-conductive TiO2 nanoparticles, and (3) insulating Al2O3 nanoparticles. For each sample, the concentration of the filler was 0.01 g/L. The BDV of PFAE-based oils with NPs increased from 27.5 kV to more than 35 kV, improving by 27%. Mohamad et al. deduced that conductive fillers acted as electron scavengers and slowed the negatively charged particles present in the oil, which also slowed the dielectric breakdown event. However, the viscosity of PFAE-based oils was independent of the presence of NPs. Saenkhumwong and Suksri [14] compared the effects of ZnO and TiO2 fillers at various concentrations (0.01 g/L, 0.05 g/L, 0.10 g/L, 0.15 g/L, and 0.20 g/L) on the dielectric properties of palm ester. From the study’s results, as the concentration of fillers increased, so too did the BDV of palm ester, with improvement of between 7% and 54%, and between 6% and 44%, for TiO2 and ZnO, respectively. In a study by Oparanti et al. [15], the BDV of palm kernel oil increased by 38%, from 21 kV to 29 kV, when Al2O3 was added at 0.6 wt%. When TiO2 at 0.6 wt% was added to palm kernel oil, the BDV increased by 33%, from 21 kV to 28 kV. Beyond 0.6 wt%, there was no further increment of the BDV.



Natural fibre may be a suitable filler candidate from renewable sources. Natural fibre contains cellulose, a linear natural polymer found in plant cell walls [16]. This can be extracted from the plant cell walls using harsh chemicals, specific enzymes, or intense mechanical forces, in order to be used as fillers. About 1015 kg of natural fibres are produced annually [17] as byproducts; hence, researchers have studied them for their usage, and to reduce natural fibre wastage. They can be applied as fuel substitutes for power generation [18], enhancement of mechanical properties [19], thermal conductivity, and high-voltage (HV) insulation [20]. Natural fibres have been used as fillers in lubricant oil to improve its physicochemical properties, such as viscosity [21]. However, there are not many studies on applying natural fibres as insulating oil fillers [20]. Natural fibres are naturally hydrophilic [21], so they also have potential as moisture absorbents in insulating oil.



RH is a natural fibre composed of cellulose (35%), hemicellulose (25%), lignin (20%), ash (17%) (94% silica), and moisture (~3%) by weight [22]. RH is mainly used for mechanical reinforcement, and as a supplementary cementitious material, because of its water-absorbing properties [19]. To improve the adhesion of RH to composites, RH is treated with an alkali (NaOH) between 2% and 10% to remove hemicellulose and lignin [23]. However, NaOH-treated RH would slightly reduce the ash content, which also contains silica. RH can be further synthesized to produce pure silica via acid leaching [19], but this would remove its natural fibre characteristics. To replace fillers such as Fe2O3, TiO2, and SiO2, the natural fibre candidate should improve the insulating properties of HV insulating oil. A new type of natural-fibre-based filler from RH can be made by taking advantage of the insulating enhancement properties of silica in RH.



Many studies on insulating oil with inorganic fillers have been published to improve its thermal properties [13] and breakdown voltage [11]. However, there is only one study by He et al. [20] that uses natural fibre for the dielectric enhancement of insulating oil, even though extensive studies on natural fibres have been conducted in various fields. Hence, natural fibre was chosen as the organic filler for insulating oil in this study. The effects of natural fibre on the physicochemical and dielectric properties are presented and discussed in this study. This paper is divided into five sections: Section 1 is the introduction, followed by Section 2, which describes the material used, sample preparation, and experimental setup. Section 3 and Section 4 analyse the experimental results, while Section 5 presents the conclusions.




2. Materials and Methods


2.1. Sample Preparation


The natural fibre filler was prepared from rice husk (RH) obtained from a local rice mill. The RH was washed with distilled water and filtered to remove dust and rocks. After the RH was air-dried, it was ground into a fine powder and sieved to obtain an average size of less than 63 µm.



The natural ester used in this study was refined palm oil (PO). The PO was dried in a Memmert UM400 drying oven at 80 °C for 24 h. Next, the PO was cooled at room temperature for 24 h. Using a two-step method, the filler (RH) was added to 500 mL of palm oil according to the composition, as shown in Table 1, and stirred using a magnetic stirrer. Then, the samples—PORH1 and PORH2—were sonicated in a Branson 5510 sonicator bath for 30 min at 24 °C to obtain homogeneous fluids. Four batches for each sample—PO, PORH1, and PORH2—were prepared, and then the samples were kept at room temperature.




2.2. Physicochemical Analysis


Fourier-transform infrared spectroscopy (FTIR) analyses were performed on PO, RH, and filtered RH suspended in PO (RH (filtered)) using a PerkinElmer 100 Spectrometer at a frequency between 400 cm−1 and 4000 cm−1 at room temperature, in order to confirm the moisture-absorbent properties of RH. RH (filtered) was prepared by filtering the RH suspended in PO using a micron filter paper.



Scanning electron microscopy (SEM) analysis was performed using a JEOL JSM-5610LV microscope to confirm the size of sieved RH—which was below 63 µm—and to analyse its morphology. The particle-size distribution (PSD) of PORH1 and PORH2 was obtained by using a Zetasizer Nano ZS. The sample preparation for PSD was the same as in Section 2.1. Next, 2 mL of each sample was transferred to a cuvette cell, and analysed with the Zetasizer Nano NS three times at room temperature. The three sets of PSD data were averaged and presented in a distribution graph.




2.3. Dielectric Properties


The breakdown voltage (BDV) test was conducted according to IEC60156 using a Megger OTS100AF Oil Tester. The gap between two mushroom-shaped electrodes was adjusted to 2.5 mm using the Megger Thickness Tool. The oil chamber was filled with the sample to 400 mL. Then, the breakdown voltage test was carried out, with a total reading of 18.



The impedance measurement of the samples was conducted by using electrochemical impedance spectroscopy (EIS). The measurement was obtained at a frequency range of 50–0.1 kHz at 0.4 Vrms at room temperature. Two stainless steel electrodes of similar size were used, with 30 mm diameter and 10 mm thickness. A 4 cm × 4 cm piece of Kraft paper with a thickness of 1 × 10−4 m was placed between the two electrodes. The electrodes and the Kraft paper were fully immersed in each sample.



The real (Z′) and imaginary (Z″) components at different applied frequencies were recorded via EIS. The impedance expression is described in detail in [24,25].



The complex permittivity (εr*) expression is given by:


εr* = ε′ + ε″



(1)




where ε′ is the real part of permittivity and ε″ is the imaginary part of permittivity. The real and imaginary parts of permittivity are calculated by using these formulae:


  ε ’ =     Z   ″   2 π   fC  0   Z 2     



(2)






  ε ” =     Z   ′   2 π   fC  0   Z 2       



(3)




where     Z ′   is the real component of impedance,   Z ″   is the imaginary component of impedance, f is the frequency of the electric field, and    C 0    is the free space capacitance between the electrodes as described in [24].





3. Results and Discussions


3.1. FTIR Results


Figure 1a,b shows the FTIR spectra of PO, RH, and RH (filtered). In Figure 1a, the FTIR spectra of RH and RH (filtered) are in good agreement with the results obtained by Choi et al. [17]. The absorption band at 3350 cm−1 in RH and RH (filtered) is assigned to the O–H stretching vibration of water molecules [18]. The presence of alky moieties of palmitic saturated fatty acid is substantiated by the absorption band at 2856 and 2926 cm−1 [26] in both samples. The absorption band at 1746 cm−1 in PO is assigned to C=O stretching, showing the presence of oleic acid [26]. The bands at the range of 1440–1480 cm−1 in PO are attributed to the O–H in-plane bending vibration intensity [27], while the wavenumber at 1164 cm−1 is assigned to C–O stretching, corresponding to the characteristics of an ester group [28]. The broad peaks at 458 and 1048 cm−1 are attributed to the stretching vibrations of the siloxane (Si–O–Si) groups [18] in RH and RH (filtered).



In Figure 1b, RH (filtered) is shown to have higher O–H intensity than RH. Suleiman et al. [27] reported the effect of moisture content—which is relative to the intensity of O–H stretching vibration intensity—on breakdown voltage (BDV). When the moisture content increased, the intensity of O–H would also increase, and reduced the BDV of the NE. In this experiment, it may be deduced that the presence of RH reduced the moisture content of PO, which, in turn, also improved the BDV of PORH1 and PORH2.




3.2. Particle Size Results


Figure 2 shows the SEM image of RH at 400× magnification. The RH particles in the SEM image are carbon-coated, and some of them are indicated by the green arrows. Each individual RH particle has a width of approximately less than 10 µm and a length of less than 50 µm. The SEM image confirmed that RH was successfully sieved at a micron size of less than 63 µm.



The particle-size distributions (PSDs) of PORH1 and PORH2 are shown in Figure 3. A relative intensity size distribution graph is suitable for detecting the smallest amount of aggregation [29]. In Figure 3, PORH1 consists of two different particle sizes, with approximately 1 nm and 900 nm. For PORH2, the two different particle sizes are approximately 50 nm and 1 µm. According to the SEM image, the size of RH may not be between 1 nm and 50 nm. It is more reasonable for RH sizes to be between 900 nm and 1 µm.



In a study by Abbasi and Baheti [30], agglomeration occurred in the wider particle size region. However, in this study, the wider particle size of RH in PSD was its actual size as confirmed in the SEM image, and not because of agglomeration. The small peaks in Figure 3 are probably due to contaminations in the cuvette cell, or to microbubbles [6] in the PO when transferring the sample into the cuvette cell.




3.3. BDV Results of PO


Table 2 shows the mean BDV of PO, PORH1, and PORH2. As stated in IEC 60156, 30 kV is the mineral oil’s standard BDV [31]. Mineral oil has a lower BDV than PO, according to the results. As seen in Table 2, unfilled PO has the lowest mean BDV compared to RH-filled PO. From Table 2, when the filler amount is 0.01 g/L or 0.1 g/L, the PO’s mean BDV improves by 20% and 37%, respectively. The silica content in the RH is associated with the BDV enhancement. In oil, silica becomes electron traps, limiting free electron flow [32]. RH could behave similarly to electron traps in this experiment due to the presence of silica which, under electrical stress, inhibits the free electrons’ movement. In a study by He et al. [20], cellulose-filled natural ester oil also improved the BDV; their findings show that the electrical conductivity of the natural ester oil decreases by 22% at 0.05 wt% of cellulose concentration. Hypothetically, in this experiment, by adding RH, the electrical conductivity of PORH1 and PORH2 was reduced, thus improving the BDV.



Additionally, silica is a hydrophilic material [32] that readily absorbs water or moisture from the PO. There is a possibility that, on the filler, an orderly water layer is formed, forming a conductive path across its surface. Therefore, the filler’s surface would have a more robust local conductivity, resulting in a high shallow trap density, collecting and releasing fast-moving electrons, delaying the movement of electrons in the oil, and preventing space charge accumulation in PO. The PO’s breakdown strength would be improved because of the reduced charge accumulation.



Figure 4 shows the mean and standard deviation (SD) of the BDV of PO, PORH1, and PORH2. As shown in Figure 4, PORH2 has the lowest SD of 3.8; however, PORH1 has the highest SD of 9.7. The coefficient of variance of BDV is 16.4%, 23.6%, and 8.1% for PO, PORH1, and PORH2, respectively. The statistical trend for the SD and the coefficient of variance is the same, confirming that PORH2 has the most stable BDV results compared to pure PO and PORH1. A statistical analysis by Rajeswari et al. [32] reported that corn oil without any filler has a higher coefficient of variance (6.13%) than corn oil with fillers (5.13–5.21%) under BDV testing at a 2.5-mm electrode gap distance. Based on the analysis carried out by Rajeswari et al., fillers can statistically improve the BDV results of natural ester oil.




3.4. Frequency Response Analysis Results of PO


The results of real permittivity (ε′) as a function of frequency and RH concentration are shown in Figure 5. For each PO sample, the permittivity of each sample showed similar characteristics, with different values in relation to frequency. The permittivity value for each sample is higher at a lower frequency. Subburaj et al. [8] stated that the high value of the dielectric constant of vegetable oil was because of its high moisture absorbance capability. Moisture that may still be present in the vegetable oil became free particles that could be easily polarized. By the addition of RH, the dielectric constant of PO was reduced. The RH particles may absorb moisture that is present in PO.



PORH1 has the lowest permittivity, followed by PORH2 and PO. RH is cellulosic, and acts as a polar species. As the quantity of RH increases, the polar species also increases in PO, which increases the value of permittivity.



The previous model is no longer valid at higher frequencies when the real permittivity remains constant after 104 kHz. Each sample shows a decreasing permittivity value because the dipole moments could not keep up in time with the increasing frequency to align their positive and negative charges.



The results of imaginary permittivity (ε″) as a function of applied frequency and RH concentration are shown in Figure 6. For each sample, imaginary permittivity shows similar characteristics, with different values in relation to frequency. PO shows higher imaginary permittivity than PORH1 and PORH2.



As the frequency increases towards 1 kHz, the imaginary permittivity of PO becomes larger before it drops. Free moisture molecules—which are polar—may be present in PO and increase the imaginary permittivity. However, as the frequency gets higher, the previous model is no longer valid when the imaginary permittivity remains constant after 105 kHz; the imaginary permittivity is influenced by the increment of frequency [9], and decreases.



The effect of the concentration of RH is shown in the BDV results in Table 2. BDV increases when more RH is added to the PO. A similar pattern can also be seen in that the imaginary permittivity decreases when more RH is added, showing that the improvement of BDV is correlated with the decrease in imaginary permittivity.





4. Discussions


The deterioration of BDV is mainly caused by the agglomeration of filler that exists in insulation oil at higher filler concentrations [20]. RH tends to agglomerate, especially when the concentration of RH is increased in a solid composite [22]. To prevent agglomeration, RH can be modified by a surface treatment method to improve the interfacial adhesion between the matrix of a base material and the natural fibre (RH) [23]. A commonly used surfactant for the surface treatment of filler is oleic acid (OA). In a study conducted by Li et al. [33], the concentration of OA on the surface of fillers would reach a constant, and it would not oversaturate over 20% proportion of OA to fillers, because OA can only bond to the surface of fillers. The TEM images of fillers without surfactant were agglomerated compared to fillers with surfactant [33].



The PO contains around 40% OA [9], which may act as a surfactant on the surface of RH. Although the size of RH is more than a thousand nanometres (<63 µm), in low volume, the surface of RH may be fully covered by OA. The effect of OA on RH is shown in Figure 3, where the particle size of RH is in the 1-µm region, as confirmed by the SEM image in Figure 2. Another peak should exist at particle size region wider than 1 µm if agglomeration existed in the RH-filled PO.



In a study carried out by Khor et al. [34], the dielectric permittivity of RH was more than 10, but when RH was added into a polymer composite, the dielectric permittivity of RH was less than 5 [22]. In this work, when RH was added at low volumes, the dielectric permittivity of RH and PO were totalled up, lowering the dielectric permittivity values of PORH1 and PORH2.



PO, a type of vegetable oil, contains O–H groups from its fatty acids, which can absorb water 20–50 times more than saturated hydrocarbons of mineral oil [35]. Hence, PO may absorb moisture when being transferred into the oil chamber. The relative permittivity of water is 80 [36], which could contribute to the higher permittivity of PO compared to PORH1 and PORH2, as shown in Figure 6. The effect of water molecules in PO is also apparent at a higher frequency. The higher imaginary permittivity value is also a measurement of the degree of moisture present in a dielectric insulating liquid [37].



RH may absorb the water molecules in the PO as a moisture absorbent, which is supported by the FTIR results shown in Figure 1b, since natural fibres are naturally hydrophilic [19] and reduce the imaginary permittivity of PORH1 and PORH2. The dependency of grain and seed permittivity on moisture content has been extensively reviewed by Nelson [38]; it was found that as the moisture content increases, the permittivity also increases. A study conducted by Jiang et al. [39] also discovered that the water content of cellulose impregnated with natural ester was higher than that of mineral oil. In a dielectric system with oil–natural fibre insulation, water is prone to migrating between oil and natural fibre in order to reach a relative moisture saturation equilibrium.



Dielectric relaxation processes occur for PO when the dielectric permittivity decreases, while the imaginary permittivity increases, as shown in Figure 6 between 102 and 103 Hz. The increase in imaginary permittivity may be due to the increase in conduction. When more moisture content is present, the ionization energy of ions is reduced, increasing the PO’s electrical conductivity [40].




5. Conclusions


In this paper, the effect of RH on the structures and dielectric properties of PO was evaluated. RH was shown to be water absorbent from the FTIR results, explaining the improvement in the BDV of PO by 27% and 44% when RH at 0.01 g/L and 0.10 g/L, respectively, were added. In contrast, the BDV improvement of natural ester oil with TiO2 at 0.6 wt% was 33%—lower than that of RH at 0.1 g/L. The dielectric permittivity of PO was also improved by adding RH. Overall, RH was proven to be a suitable natural fibre replacement for inorganic fillers in insulating oil.
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Figure 1. (a) FTIR spectra of PO, RH and RH (filtered) between 400 cm−1 and 4000 cm−1, and (b) expanded FTIR spectra of PO, RH powder, and RH (filtered) between 3000 cm−1 and 3750 cm−1. 
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Figure 2. SEM image of rice husk (RH) at 400× magnification. 
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Figure 3. Relative intensity distribution of RH size. 
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Figure 4. Breakdown voltage of PO, PORH1, and PORH2. 
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Figure 5. Real permittivity as a function of applied frequency and RH concentration. 






Figure 5. Real permittivity as a function of applied frequency and RH concentration.



[image: Energies 14 04921 g005]







[image: Energies 14 04921 g006 550] 





Figure 6. Imaginary permittivity as a function of applied frequency and RH concentration. 






Figure 6. Imaginary permittivity as a function of applied frequency and RH concentration.



[image: Energies 14 04921 g006]







[image: Table] 





Table 1. Weight fraction of NE formulation samples.
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	Sample Abbreviation
	Amount of Rice Husk [g/L]





	PO
	-



	PORH1
	0.01



	PORH2
	0.1
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Table 2. Mean breakdown voltage of PO samples.
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	Sample
	Breakdown Voltage [kV]





	PO
	32.7



	PORH1
	41.1



	PORH2
	46.8
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