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Table 1 Phosphoric acid dosage and precipitation
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Figure 1 Influence of excess alkalinity on acid value and alkaline
refining conversion rate of oil samples
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Figure 2 UV-Vis spectra of waste oil after adsorption with
activated white clay at different temperatures
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Figure 3  UV-Vis spectra of waste oil after adsorption with

activated carbon at different temperatures
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Figure 4 Adsorption rate of pigments and impurities in waste oil
by activated carbon and activated white clay at different temperatures
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Figure 5 Relationship between adsorption time of activated carbon

on pigments and impurities in waste oil and decolorization rate
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Figure 6 Infrared spectrum of refined insulating oil
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Figure 7 '"H NMR spectrum of refined insulating oil sample
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Table 2 Experimental results of oxidation stability of insulating oil
samples

ZH gﬁzﬁg% DL/T 1811—2018 3k
SR /(mg KOH/g) 0.37 <0.6
A AR AE R $(90°C) 0.077 <0.5
2 B3 B N £ (40°C) 18% <30%

JE R AR (PDSC) & 462 % 4k
GREMERAME. PR RS ET, 2,6- = RT
Bt ARy (BHT) # # FHAE K IR BR 4 2 I P
3, e HPU AV R TR MR AR R
IitEAL T BHT J5, SRF PDSCIAREFL T 42k i
ARG . TEASE TN 1 MPay EATE N 160
ml/min. FHFE B Y 10°C/min, F7HE 2 300°C 1 5
PR, DR TR R S R e R, S5 R
9 510 Fram o il £ 1 48 25 3 75 I il B R 1
0.3% I BHT J&, #2246 A FE A 143.12°CH2 /= F
180.34°C, 4zt EfLRe I19 3 2 &5t m .
244 JRFiaE 5 H] & 28 % kM e AT EL AR E R A
AR PRI IE S A 5T BT ) % T 4 T 1 TR A

0 Ly EG S 143.12C

DSC/(mW/mg)
I
S

0 I5 1I0 1I5 ZIO
[} [i)/min
B9 R LSRR 5 1) PDSC 2 #T

Figure 9 PDSC analysis of refined insulating oil samples
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Table 3 Physical and electrical properties of waste grease
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Table 4 Physical and electrical properties of insulating oils
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Abstract: Traditional natural ester insulating oils are predominantly prepared from edible vegetable oils such as soybean and
rapeseed oil, which presents challenges including high production costs and the potential conflict with food resources
("competition with humans for grain"). China's catering industry generates a substantial quantity of waste cooking oil annually.
The resource utilization of this waste is of great significance for environmental protection, food safety, and achieving the "dual
carbon" goals. However, waste cooking oil is characterized by a high degree of degradation, complex impurity composition, and
high acid value, posing significant challenges for its use as a feedstock to produce high-performance insulating oil. This study
aims to develop an efficient multi-stage coupled refining process tailored for highly degraded waste cooking oil, enabling its
conversion into natural ester insulating oil that meets the quality standards for power transformer use. The influence of key
process parameters on the refining efficiency will be investigated, and the physicochemical properties, electrical characteristics,
and oxidation stability of the resulting product will be systematically characterized.

A multi-stage coupled refining process comprising "phosphoric acid degumming—alkali refining deacidification—adsorptive
synergistic decolorization/deodorization/dehydration—winterization" was constructed based on the characteristics of waste
cooking oil. Through designed parallel experiments, the key parameters of each step were systematically optimized: the effect of
phosphoric acid dosage (0—0.8%) on the amount of gum precipitate was investigated; the influence of different excess alkali
levels (0—1.2%) on the acid value after deacidification and the oil conversion rate was studied; the decolorization efficiencies of
activated carbon and activated white clay at various temperatures (60, 90 120°C) and durations were compared. Ultraviolet-
visible spectroscopy (UV-Vis) was employed to evaluate the decolorization effect, while Fourier transform infrared spectroscopy
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(FT-IR) and nuclear magnetic resonance spectroscopy (NMR) were used to confirm the chemical structure of the refined product.
Oxidation stability experiments were conducted in accordance with the NB/SH/T 0811 standard, and pressure differential
scanning calorimetry (PDSC) was utilized to assess the improvement in the initial oxidation temperature (IOT) of the oil upon
the addition of 2,6-di-tert-butyl-p-cresol (BHT).

The optimal process parameters were determined as follows: in the degumming stage, the addition of 0.6% phosphoric acid at
70°C yielded a gum precipitate amount of 440 mg/kg; in the alkali refining deacidification stage, the use of a 20% NaOH
solution with an excess alkali level of 1.2% reduced the acid value from an initial 21.04 to 0.024 mg KOH/g; in the
decolorization stage, activated carbon was selected as the preferred adsorbent, achieving a decolorization rate of 75.1% after
adsorption at 90°C for 60 min. Spectroscopic analysis confirmed that the refined product retained a complete triglyceride
structure with low impurity content. All indicators of the prepared natural ester insulating oil complied with the requirements of
the DL/T 1811—2018 standard: the appearance was clear and transparent; the power frequency breakdown voltage (2.5 mm)
reached 72 kV, significantly exceeding the standard limit (=40 kV); the dielectric dissipation factor (90°C) decreased to 0.0197,
outperforming the standard requirement (<0.04); the acid value was 0.024 mg KOH/g; the kinematic viscosity (40°C) was 29.62
mm?/s; the flash point was 292°C; the fire point was 329°C; and the pour point was —13°C. Oxidation stability tests revealed that
after the addition of 0.3% BHT, the initial oxidation temperature (IOT) of the oil increased from 143.12°C to 180.34°C. The
overall yield of the entire refining process was 43%.

This study successfully established a multi-stage coupled refining process tailored for high-acid-value waste cooking oil,
demonstrating the technical feasibility of converting highly degraded waste cooking oil into high-performance natural ester
insulating oil. The prepared insulating oil exhibited excellent performance in core properties such as breakdown voltage,
dielectric dissipation factor, and oxidation resistance, providing a new pathway for the high-value resource utilization of waste
cooking oil. However, the current chemical alkali refining process limits the yield due to saponification reactions. Future
research will focus on exploring physical refining technologies such as molecular distillation to improve the yield, and will
conduct in-depth investigations into the long-term aging characteristics of the oil-paper insulation system as well as economic
assessments for engineering applications.

Keywords: waste cooking oil; refining process; natural ester insulating oil; insulation performance



