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ABSTRACT: Currently, biotransformer oil (BTO) is in high iy : » _
demand due to the increasing level of electrical power consumption Q "o wo o 0w
and environmental policy. Hence, this research aimed to prepare a “~
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highly stable BTO via basic transesterification of palm oil methyl 9 _

ester (POME) and ditrimethylolpropane (Di-TMP) catalyzed by HA-\O/C", BTO (DI-TMPTTE structure)
sodium methoxide (NaOCH,). Under the optimal conditions Beesl l
(POME/Di-TMP molar ratio = 5.0/1.0, NaOCH, loading = 8 mol R S

% based on the Di-TMP content under 3.5 mbar, and 300 rpm at
160 °C for 2 h), the POME conversion level and POME-Di-
TMPTTE selectivity reached 90.3% and 96.6%, respectively. The
obtained BTO with a high POME-Di-TMPTTE portion exhibited
greater oxidation stability with a higher flash point and breakdown
voltage in accordance with the IEC 62770 specification. A techno-
economic analysis revealed the possibility of POME-Di-TMPTTE as a commercial BTO for its competitive cost and profit based on
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the current commercial price of BTO.

1. INTRODUCTION

The ongoing climate change has largely been caused by the
overconsumption of fossil fuels and massive carbon dioxide
(CO,) emissions for centuries. The substitution of electrical
power for the conventional combustion of fossil fuels is one
solution toward achieving the net-zero CO, emission goal.
Consequently, the global demand for electricity consumption is
expected to continuously increase by 30% in the next decade."”
Thus, a large number of electrical transformers for electricity
distribution are required. An electrical transformer generally
consists of three parts: a core, windings, and insulating materials,
including paper and a transformer oil (TO). The role of the TO
is to ensure the dielectric strength of the gaps between active
components, in collaboration with solid materials such as paper
and pressboard. In addition, TO improves the dielectric strength
of the solid insulation and also works as a cooling medium for
the transformer.’ The market size of electrical transformers and
TO will likely be expanded by 4.6%/y" and 8%/y,” respectively,
by 2030.

Mineral oil (MO) has been applied as TO since 1890.°
However, MO is highly flammable (low flash point and fire
point), nonbiodegradable, and poisonous.s‘7 Thus, TO derived
from biobased hydrocarbons, such as tri%cheride-based oils
obtained from plants,(”8 synthetic esters,”'" and natural esters
including the liquid insulators produced from gas-to-liquid
(GTL) technology,'”"" is expected to replace MO for a higher

© 2024 The Authors. Published by
American Chemical Society

7 ACS Publications

42396

safety, sustainability, cleanliness, and environmental compati-
bility.>*~"" Among triglyceride-based oils, palm oil (PO) is a key
competitor due to its high productivity'>'* and low price."*
Moreover, its high flash point (>250 °C) and fire point (>270
°C) give PO a high potential for application as lubricants and
synthetic esters.”> However, the presence of C=C bonds in the
triglyceride structure is susceptible to degradation. Similarly, the
oxygen atoms in the ester molecules significantly diminish their
thermal and hydrolytic stability compared to MO."

These drawbacks can be solved by replacing the glycerol with
neo-polyols to form polyol esters (POEs). This technique can
provide POEs with a higher molecular chain length and ester
branches resulting in the desired properties, such as eco-
compatibility with a greater thermal and oxidative stability than
the inherent vegetable oils."” Moreover, the pour point and
cloud point of POEs are dependent on the degree of ester
branches. Typically, POEs can be synthesized via ring opening of
epoxidized fatty acids, transesterification, and esterification in
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Table 1. Previous Studies Involving Transesterification of PO Derivatives and Neo-polyols

PO
derivatives  neo-polyols catalyst conditions
POME TMP 0.6 wt % O/A%=4.0/1.0 T=120°CP = 10 mbar,
NaOCH,  t=15h SR”= 400 rpm
POME PE 1.19 wt % O/A=45/10T=158°Ct=1h,
NaOCH; SR = 700 rpm
high oleic PE 1.25 wt % O/A=4.5/1.0 T =160 °C P = 1 kPa,
POME NaOCH, t=2h SR =900 rpm
palm Di-TMP 1.7 wt % O/A=16/10T=150°Ct=4.6h
kernel oil H,SO,

product results ref

TMPTE selectivitypyprg = 73% yieldpyprg = 46 wt % 20

PETTE selectivitypgrrg = 55% yieldpprrg = 37.56% FP =302 21
°C PP =< ~20°C

PETTE selectivitypprrg = 54% yieldpgrrg = 36% 22

Di-TMPTTE  selectivityp; pyprre = 91% yieldp ryprre = 78% 23

FP =365 °C PP = —6 °C T, = 199.7 °C

“O/A = mole ratio of PO derivatives/neo-polyol. bSR = stirring rate. “FP = flash point. 4pp = pour point. “Detected by TGA.

the presence of an enzymic, acidic, or basic catalyst."*'” Salih et
al.'® prepared POE from the ring opening of epoxidized
ricinoleic acid. They observed that the POE having a tetra-ester
structure had the lowest pour point and cloud point of ca. —44
and —41 °C, respectively. However, this process required
sulfuric acid (H,SO,) in the triester and tetra-ester formation
step, which could corrode the equipment. Considering
esterification and transesterification, the raw materials used in
esterification are fatty acids, while transesterification can use
either triglyceride or fatty acid methyl esters. These materials are
then reacted with neo-polyols to form the POEs.

With the growing trend of electric vehicles, PO methyl ester
(POME) as biodiesel will be in excess in the market. Thus,
POME is an attractive feedstock for POE production to
maintain the biodiesel industry and PO prices as well as to
support a clean and sustainable electrification policy. Several
forms of POEs derived from the transesterification of POME or
PO derivatives and neo-polyols, such as trimethylolpropane
(TMP), pentaerythritol (PE), and ditrimethylolpropane (Di-
TMP), to obtain the trimethylolpropane triester (TMPTE),
pentaerythritol tetra-ester (PETTE), and ditrimethylolpropane
tetra-ester (Di-TMPTTE), respectively, are shown in Table 1.
Under the given reaction conditions, the use of TMP and PE
provided TMPTE and PETTE yields of less than 50 wt %.>°~**
However, the existence of the tetra-ester species increased the
flash point of the obtained POEs to 302 °C, so they could be
used as lubricants for applications requiring a high resistance to
thermal degradation. In the case of Di-TMP, Bahadi et al?®
reported that the transesterification of palm kernel oil and Di-
TMP gave a 78% Di-TMPTTE yield with a high flash point of
365 °C and a quite low pour point of —6 °C. However, this
system used H,SO, as the catalyst, which hence required plenty
of water for neutralizing the obtained product. This raises not
only environmental concerns, but the use of an acid-catalyzed
process is rarely commercialized due to ca. 4000 times slower
reaction rate than when using a basic catalyst.”* Normally, the
methoxide ion (CH;07) generated from sodium methoxide
(NaOCH,;) is applied as the catalyst for transesterification to
avoid soap formation, which generally occurs in systems
catalyzed by hydroxide ions derived from potassium hydroxide
or sodium hydroxide.*®

According to the benefit of using Di-TMP alcohol and a basic
catalytic process for the production of POEs as outlined above,
this research aimed to prepare a highly stable BTO via
transesterification from POME and Di-TMP catalyzed by
NaOCH; and to investigate the optimal conditions (reaction
time, catalyst concentration, POME/Di-TMP molar ratio,
reaction pressure, reaction temperature, and stirring rate) to
provide the highest Di-TMPTTE selectivity. Moreover, the
important properties of the obtained BTO, such as its kinematic
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viscosity, flash point, pour point, oxidation stability, and
dielectric breakdown voltage, were reported as a function of
the Di-TMP ester portion and compared to a commercial BTO
(Envirotemp FR3) and MO. With respect to commercial-scale
production, the techno-economic analysis (TEA) of this process
was also elucidated.

2. EXPERIMENTAL SECTION

2.1. Materials. The POME and refined-bleached-deodor-
ized PO (RBDPO) were purchased from Patum Vegetable Oil
Co., Ltd. (Pathum Thani, Thailand). A commercial BTO under
the trade name of “Envirotemp FR3” manufactured by Cargill
Industrial Specialties was obtained from a local transformer
company in Thailand. The Di-TMP, 99% methyl oleate (MeO),
N-methyl-N-trimethylsilyl triftuoroacetamide (MSTFA) used as
the derivatizing agent, GC-grade ethyl acetate, and anhydrous
NaOCH; were purchased from Sigma-Aldrich (Singapore).

2.2. Preparation of BTO via Transesterification of
POME and Di-TMP. The procedure for transesterification of
POME and Di-TMP was adapted from previous literature.”**’
The reaction was conducted in a 500 mL three-neck round-
bottom flask equipped with a condenser connected to a vacuum
pump, a thermocouple, a vacuum screw additional funnel, and a
magnetic stirrer bar. A relief valve was installed between the
condenser and the vacuum pump to adjust the vacuum pressure
to the desired point. This apparatus was then placed in a heating
mantle equipped with a stirring mode (Figure S1). The Di-TMP
was mixed with 4—8 mol % NaOCH; based on the Di-TMP
content and filled in the vacuum screw addition funnel. The
POME/Di-TMP molar ratio was controlled in the range of 4.0/
1.0 to 8.0/1.0. After loading the POME into the reactor flask, the
pressure and temperature in the reactor were adjusted to 3.5
mbar and 100 °C overnight under an agitation speed of 600 rpm
to eliminate moisture in the POME. Before ramping to the
desired reaction temperature (140—170 °C), the vacuum
pressure of the system was adjusted to the target point (3.5—
10.0 mbar) and the mixed solid chemicals (Di-TMP and
NaOCH;) were then gradually released from the vacuum screw
additional funnel at a feed rate of 0.5 g/min. The reaction was
allowed to proceed for 2—12 h under an agitation rate of 200—
600 rpm. When the reaction was ceased, the collected liquid
product was cooled down to room temperature under vacuum
before filtering using Whatman paper no. 1 to separate out the
solid residue. The resultant liquid product was then transferred
to a rotary evaporator at 180 °C under 0.5 mbar to remove
unreacted POME in the BTO before being kept in an amber
bottle and stored in a dry place.

2.3. Product Analysis. 2.3.1. Structural Characterization
of BTO. After the evaporation step, the chemical structure of the
obtained BTO was characterized using attenuated total
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Figure 1. Representative FTIR spectra of (a) Di-TMP, (b) POME, (c) BTO at 61.3% POME conversion (21.0% selectivity to POME-Di-TMPTTE),
and (d) BTO at a 90.3% POME conversion (96.6% selectivity to POME-Di-TMPTTE) (where R is the fatty acid chain).

reflectance—Fourier-transform infrared spectroscopy (ATR—
FTIR; PerkinElmer Infrared Spectrophotometer) within the
range of 500—4000 cm™". Both 'H- and "*C nuclear magnetic
resonance (NMR) analyses were applied to confirm the ATR—
FTIR results, using a JEOL-ECP 400 spectrometer at 400 MHz
(*H) and 100.61 MHz (**C). Deuterated chloroform (CDCI,)
was used as the solvent for POME and BT O, while Di-TMP was
dissolved in deuterated methanol (MEOD).

2.3.2. Determination of the Levels of POME Conversion
and Selectivity to POME-Di-TMP Esters in BTO. The esters in
the obtained crude BTO before evaporation were distinguished
as monoester (POME-Di-TMPME), diester (POME-Di-
TMPDE), triester (POME-Di-TMPTE), and tetra-ester
(POME-Di-TMPTTE) using gas chromatography with a
flame ionization detector (GC-FID; GC-2010, Shimadzu) and
equipped with a DB-SHT (1S m X 0.320 mm X 0.10 ym)
column. The detail of the condition applied for GC-FID analysis
is given in Supporting Information A.

Due to the lack of commercial standards for all Di-TMP esters
produced in this system, the yield of each Di-TMP ester could
not be directly calculated using calibration curves from standard
references. To express the amount of ester products, the term
“selectivity to ester” was used to represent the fraction of each
Di-TMP ester in the resulting BTO. This was calculated from
the GC-FID chromatogram as the ratio of the peak area of the
specified ester to the total peak area of ester products, as shown
in eq 2, assuming that the response factor of each ester was equal.
To identify each ester in the obtained BT O, the Di-TMP esters
prepared from transesterification of MeO and Di-TMP adapted
from a previous research work™” were used as reference materials
in this research. Details on the preparation of MeO-Di-TMP
esters (MeO-Di-TMPE) and the range of retention times in the
GC-FID chromatogram (Figure B1) used to specify each ester
are provided in Supporting Information B. The levels of POME
conversion and selectivity to each ester in the obtained BTO
were calculated following eqs 1 and 2,> respectively

Mynreacted POME

POME conversion (%) = [1 - X 100

Nfed POME

(1)

area of i g, ] % 100

Y area of i

ester

selectivity to ester (%) = (
2)

where #1,,.,ced pomz (mol) is obtained from the calibration curve
of the POME concentration (Figure Al in Supporting
Information A), and #gq pome (mol) is the initial POME
content applied to the system. The average molecular weight
(M,,) of POME, calculated from the mass fraction of fatty acids
that appeared in POME (Table S1), was ca. 283, and the area of
iester Was the peak area of the GC-FID chromatogram for the
specified ester (i) in the BTO.

2.4. Physical, Electrical, and Thermal Properties of the
BTO. The physical and electrical properties of the BTO were
attested following The International Electrotechnical Commis-
sion 62770 standards (IEC 62770)>° for evaluation of kinematic
viscosity at 40 °C (ISO 3104), flash point (ISO 2719), pour
point (ISO 3016), and dielectric breakdown voltage (IEC
60156). The BTO used for these analyses was obtained from an
evaporation step to reduce the amount of the unreacted POME
to <1 wt %. The oxidation stability of the BTO was also analyzed
following the Rancimat method (EN15751) using a Metrohm
743 (Rancimat, Herisau, Switzerland).”” Briefly, the sample (7.5
g) was added into the Rancimat flask and then analyzed under a
controlled airflow rate of 10 L/h at 110 °C. The oxidation
stability was then determined from the increasing water
conductivity as the induction period (calculated by the
Rancimat software) in hours. For the measurement of the
dielectric breakdown voltage, the sample was dried in a vacuum
oven at 60 °C for 24 h to reduce the water content to below 50
ppm before testing. All analyses were performed in duplicate and
reported as the average values.

The thermal degradation temperature of POME and BTO
was also measured using thermogravimetric analysis (TGA;
TGA/SDTA 851e; Mettler Toledo) at a heating rate of 10 °C/
min from 30 to 800 °C under a nitrogen atmosphere at a flow
rate of 10 mL/min. The onset (T,,..) and the endset (T.,4cec)
degradation temperatures were obtained from the intersection
of two tangents at the initial and the final stages of the
thermogravimetric curve. The maximum decomposition tem-
perature (T,), reflecting the degradation temperature at the
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Figure 2. Representative "H NMR spectra of (a) POME, (b) Di-TMP, (c) BTO at 61.3% POME conversion (21.0% selectivity to POME-Di-
TMPTTE), and (d) BTO at 90.3% POME conversion (96.6% selectivity to POME-Di-TMPTTE) (where R is the fatty acid chain).

maximum weight-loss rate, was measured at the peak of the
derivative thermogravimetric curve.

2.5. Process Feasibility Assessment Using TEA. The
economic viability of the process design was evaluated using
TEA. The case exhibiting the optimal condition obtained from
Section 2.2 was used as the example for calculating the material
and energy balance of the BTO production via trans-
esterification of POME and Di-TMP. The details of material-
energy balance, process investment, and operating cost were
estimated using the Aspen Plus V9 simulation software with the
PENG-ROB property. This method is appropriate for hydro-
carbon processing applications. The stoichiometric reactor
model was also used for the simulation according to the
experimental results. For the other unit operations, the
simulation model was selected based on their function under a
real process operating condition. When the laboratory-scale
model was simulated and validated, the scale-up model was then
performed and used to find the process feasibility via TEA. The
final obtained result was compared to the commercial BT O price
(Envirotemp FR3).

3. RESULTS AND DISCUSSION

3.1. Structural Characterization of BTO. The chemical
structure of BT O derived from transesterification of POME and
Di-TMP for 2 h at 160 °C and 3.5 mbar with a S/1 POME/Di-
TMP molar ratio and 8 mol % NaOCH; (based on the Di-TMP
content) and constant stirring at 300 rpm was analyzed by
ATR~FTIR and 'H- and *C NMR spectroscopy.

For the FTIR spectra, peaks at 1740 and 1161 cm™,
attributed to C=0 (ester carbonyl) and C—O (ester group
stretching), respectively,” were found in POME (Figure 1b)
and BTO (Figure 1c ,d). Moreover, the FTIR spectra of BTO
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indicated a new peak at 1114 cm™' assigned to C—O—C
aliphatic ether,”® which was also found in the Di-TMP structure
(Figure 1a). It was observed that the peak of the hydroxyl group
associated with the Di-TMP structure at 3298 cm™ in BTO
became smaller as the POME conversion level reached 61.3%
and eventually disappeared at a 90.3% POME conversion level
with a 96.6% selectivity toward POME-Di-TMPTTE. This
indicated the complete consumption of Di-TMP during
transesterification, leading to the production of BTO as
POME-Di-TMPTTE.

The chemical structures of POME and BTO obtained from
the same reaction conditions as described above were also
examined by 'H NMR and "*C NMR (Figures 2 and 3). In
Figure 2a, the '"H NMR spectra of POME show the characteristic
peaks at 3.63 and 2.27 ppm attributed to the protons in the
methoxy group (CH;—O—) and the methylene protons of —
CH,—C=0, respectively. Moreover, chemical shifts at 5.25
ppm, assigned to the olefinic proton (—C=C—H), and at 1.4—
1.6 ppm, which corresponded to the proton of the methylene
group [-(CH,),—] in the POME structure, were observed.”’
Figure 2b exhibits the 'H NMR spectra of Di-TMP, which
showed characteristic peaks at 3.5, 3.3, 1.4, 0.8, and 4.8 ppm that
correspond to the protons of —H,C—OH (1), —H,C—0—
CH,- (2), —C—CH,—-C- (3), —CH, (4), and —OH (5),
respectively. After transesterification, the 'H NMR spectra of the
obtained BTO with a 61.3% POME conversion level (Figure 2c)
showed a new peak at 3.97 ppm, which corresponds to the
protons of —H,C—O—C— (6), whereas the intensities of the
peaks at 3.5 and 4.8 ppm were smaller. This indicated that the
hydroxyl group (—OH) of Di-TMP was reacted with POME to
form ester (—O—C=0).”" When the level of POME
conversion reached 90.3%, the 'H NMR spectra of the obtained
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Figure 3. Representative >C NMR spectra of (a) POME, (b) Di-TMP, (c) BTO at 61.3% POME conversion (21.0% selectivity to POME-Di-
TMPTTE), and (d) BTO at 90.3% POME conversion (96.6% selectivity to POME-Di-TMPTTE) (where R is the fatty acid chain).

BTO with 96.6% Di-TMPTTE selectivity (Figure 2d) showed
higher peak intensities at 5.25, 3.97, and 2.27 ppm that
correspond to —C=C-H, —CH,—C=0, and —H,C-0-C,
respectively, with disappearance of the peaks at 3.5 and 4.8 ppm.
This suggested that the hydroxyl groups in Di-TMP were
completely reacted with POME to produce POME-Di-
TMPTTE.”

The *C NMR spectra of the obtained BTO showed that the
peak at $1.2 ppm attributed to —O—CH,*’ in POME (Figure
3a) became smaller (Figure 3c) and disappeared (Figure 3d)
when the level of the POME conversion increased. Figure 3b
depicts the signals at 72 (2), 64 (1), 42.9 (3), 22 (4), and 7.2
ppm (5) assigned to C—O—C, —H,C—O0, quaternary carbon, —
CH,—, and —CHj;, respectively, which belonged to Di-TMP.
After transesterification, the signals at 72 and 42.9 ppm of C—
O—C and quaternary carbon in Di-TMP were shifted to 71 and
41.5 ppm, respectively, in the obtained BTO (Figure 3c,d).
Moreover, the peak intensity of the carbon ester carbonyl (C=
0) located at 173.5 ppm (6) in BTO was higher. The formation
of these peaks indicated the successful transesterification of
POME and Di-TMP to form the ester-based BTO.

The POME conversion level and selectivity to each ester
(POME-Di-TMPME, POME-Di-TMPDE, POME-Di-
TMPTE, and POME-Di-TMPTTE) in the BTO were
quantified by GC-FID chromatography (Figure 4). The BTO
was prepared via transesterification at 160 °C using a 5.0/1.0
POME/Di-TMP molar ratio and 8 mol % NaOCHj, (based on
the Di-TMP content) under 3.5 mbar for 1 and 2 h. Before
transesterification, the GC chromatograms of POME and Di-
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TMP showed their characteristic peaks at a retention time in the
range of 2—16 min (Figure 4a) and 10.4 min (Figure 4b),
respectively. After the reaction, the GC chromatogram of the
BTO obtained from 1 h reaction time (Figure 4c) showed the
existence of unreacted POME with the disappearance of Di-
TMP. This suggested that Di-TMP was completely reacted with
POME to generate BTO containing various POME-Di-TMP
esters. The above condition resulted in a 61.3% POME
conversion level with a 52.4% POME-Di-TMPTE selectivity
as the dominant ester product in the obtained BTO. The lower
amount of Di-TMPTTE produced reflected the effect of steric
hindrance of the POME-Di-TMPTE structure, which inhibited
the reaction with new POME molecules to form POME-Di-
TMPTTE.>* When the reaction time was increased to 2 h, a
90.3% POME conversion level with a remarkably higher POME-
Di-TMPTTE selectivity of 96.6% was obtained with smaller
peaks of unreacted POME and POME-Di-TMPTE (Figure 4d).
The peaks of POME-Di-TMPME and POME-Di-TMPDE also
disappeared from the obtained BTO structure.

3.2. Effect of Reaction Parameters on Levels of POME
Conversion and Ester Selectivity. To investigate the effect of
the reaction parameters used in the transesterification of POME
and Di-TMP on the POME conversion level and the selectivity
to different esters in the obtained BTO, six important
parameters, the reaction time, catalyst dosage, POME/Di-
TMP molar ratio, reaction temperature, reaction pressure, and
stirring rate, were explored.

3.2.1. Effect of the Reaction Time and Proposed Reaction
Mechanism. The mechanism of transesterification of POME

https://doi.org/10.1021/acsomega.4c05987
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and Di-TMP was proposed through the reaction time when the
system was operated in the presence of a 4.5/1.0 POME/Di-
TMP molar ratio and 4 mol % NaOCH, (based on the Di-TMP
content) under S mbar and a 300 rpm stirring rate at 160 °C.
Samples were collected at the given time intervals (15 min—12
h). The results in Figure 5 showed that the POME conversion
level increased to 75% within the first 15—60 min of the reaction
course and then gradually increased to 93% at 6—8 h onward.
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Figure S. Profiles of the POME conversion and selectivity to esters in
the BTO obtained from transesterification of POME and Di-TMP
(condition: POME/Di-TMP molar ratio = 4.5/1.0; NaOCH; content
=4 mol % (based on Di-TMP), stirring rate = 300 rpm, pressure = S
mbar, and temperature = 160 °C).

For the selectivity to each ester, POME-Di-TMPTE was the
main product over the first hour (44%) followed by POME-Di-
TMPDE (ca. 31%) and POME-Di- TMPTTE (<19%) with a
very low selectivity of POME-Di-TMPME (<10%). The
selectivity to POME-Di-TMPTE was slightly increased to 45%
after 4 h and then declined to less than 27% at longer reaction
times of 8—12 h. During the same period, the POME-Di-
TMPTTE selectivity increased and reached almost the same
selectivity as that for POME-Di-TMPTE (42%) at 4 h. It then
became the dominant fraction in the product and attained 70%
selectivity when the reaction time was 8—12 h. In contrast, the
selectivity to POME-Di-TMPDE and POME-Di-TMPME
declined to <3% at 8 and 4 h, respectively.

According to the information presented above and that in the
previous literature,”® the reaction mechanism for the trans-
esterification of POME and Di-TMP in the presence of the
NaOCH]; catalyst is proposed in Figure 6. This system was first
activated by the reaction of Di-TMP and NaOCH,j; to form Di-
TMP alkoxide (Di-TMP ion) and methanol. The Di-TMP
alkoxide then reacted with the carbonyl group of POME to
instantaneously produce POME-Di-TMPME as the first
intermediate and release NaOCHj;, which subsequently reacted
with Di-TMP again.zo Further, POME molecules would then
replace the existing hydroxyl groups in the POME-Di-TMPME
structure, following the same procedure, to sequentially form
POME-Di-TMPDE, POME-Di-TMPTE, and last POME-Di-
TMPTTE. The reactions that occurred in this system are
presented in eqs 3—6

Di-TMP + 1POME < POME-Di-TMPME + 1MeOH
(©)
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POME-Di-TMPME + 1POME POME-Di-TMPDE + 1POME
< POME-Di-TMPDE + 1MeOH (4) < POME-Di-TMPTE + 1MeOH ()
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POME-Di-TMPTE + 1POME
< POME-Di-TMPTTE + 1MeOH (6)

Since the 2 h reaction time was the initial point to enhance the
POME-Di-TMPTTE selectivity in the obtained BTO (Figure
5), this reaction time was selected for further studies on the
effects of the other parameters on the POME conversion level
and selectivity to each ester (Figure 7).

3.2.2. Effect of the Catalyst Dosage. The effect of the
NaOCH,; catalyst dosage (3—10 mol % based on the Di-TMP
content) on the transesterification of POME and Di-TMP is
shown in Figure 7a. The reaction was conducted for 2 h at 160
°C by using a 4.5/1.0 POME/Di-TMP molar ratio under 5 mbar
with a stirring speed of 300 rpm. The use of 3 mol % NaOCHj;
(based on the Di-TMP content) was insufficient to activate the
reaction. Increasing the NaOCH; content to 4 mol % markedly
enhanced the level of POME conversion to 76.0%, but the
POME-Di-TMPTTE selectivity was only 23.5%. Thereafter,
both the POME conversion level and POME-Di-TMPTTE
selectivity increased when increasing the catalyst dosage to 8
mol %, giving a POME conversion level and a POME-Di-
TMPTTE selectivity of 94.2% and 72.1%, respectively, and then
leveled off when a 10 mol % NaOCH; catalyst dosage was
applied. This reflects that 10 mol % NaOCH; was excessive and
so gave no improvement in the POME conversion level and
POME-Di-TMPTTE selectivity due to the steric hindrance of
the produced intermediates.”” Thus, the appropriate catalyst
content provided a sufficient concentration of Na*—OCHj; to
facilitate the formation of Di-TMP alkoxide, which reacted with
POME to produce Di-TMP esters as proposed in the reaction
mechanism shown in Figure 6. Herein, an 8 mol % NaOCHj,
catalyst dosage (based on Di-TMP content) or 0.27 wt % based
on the POME content was deemed to be optimal even though it
was less than that used in previous studies for producing tetra-
esters. For example, Bahadi et al.”* used 1.7 wt % H,SO, for the
acid-catalyzed transesterification of crude palm kernel oil and
Di-TMP to give a 79% yield and 91% selectivity of the tetra-
ester. Idrus et al*® applied 1.25 wt % NaOCH; for the
preparation of PE tetraoleate esters via transesterification of
POME and PE.

3.2.3. Effect of the POME/Di-TMP Molar Ratio. The molar
ratio of reactants is one of the important parameters affecting
transesterification.’*> From the overall process, the stoichio-
metric POME/Di-TMP molar ratio was 4.0/1.0. However, an
excess amount of POME could enhance the forward reaction
and hinder the backward reaction.*” In this research, the effect of
the POME/Di-TMP molar ratio on the POME conversion level
and selectivity to POME-Di-TMP esters was evaluated over a
range from 4.0/1.0 to 8.0/1.0 (Figure 7b). The reaction was
performed at 160 °C, S mbar, and an agitation rate of 300 rpm
for 2 h in the presence of 8 mol % NaOCH, (based on Di-TMP
content). When the stoichiometric POME/Di-TMP molar ratio
was 4.0/1.0, the levels of POME conversion and POME-Di-
TMPTTE selectivity were 82% and 62%, respectively. These
values were then improved to 94% and 83%, respectively, when
the POME/Di-TMP molar ratio was slightly increased to 4.5/
1.0 and 5.0/1.0, respectively, suggesting that the higher POME
content promoted the forward reaction following Le Chatelier’s
principle.”> Above this point, the POME conversion level
decreased to 41% when the POME/Di-TMP molar ratio was
8.0/1.0 due to the excessive POME content providing a high
amount of unreacted POME in the system. However, the high
selectivity to POME-Di-TMPTTE remained at ca. 87%. To

achieve a high POME conversion level and selectivity to POME-
Di-TMPTTE in the produced BTO, the optimal POME/Di-
TMP molar ratio was thus selected as 5.0/1.0 for further study.

3.2.4. Effect of the Reaction Temperature. To avoid Di-
TMP sublimation (215 °C) and POME vaporization (180
°C),”” the reaction temperature was varied in the range of 140—
170 °C to study its influence on the transesterification of POME
and Di-TMP. The other reaction parameters were kept constant
at a 5.0/1.0 POME/Di-TMP molar ratio, 8 mol % NaOCH;
based on the Di-TMP content, 5 mbar, and a 300 rpm stirring
rate for 2 h. Increasing the reaction temperature from 140 to 160
°C enhanced the POME conversion level and POME-Di-
TMPTTE selectivity from 48.1% to 86.1% and from 63% to
89%, respectively (Figure 7c). However, they were both
drastically decreased when the reaction temperature was further
increased to 170 °C due to the partial vaporization of POME,
which was removed together with the methanol from the system.
This result was consistent with previous reports on the
preparation of PE tetraoleate esters via transesterification of
POME and PE** and the transesterification of POME and TMP
for producing Di-TMPTE.***

3.2.5. Effect of the Vacuum Pressure. To avoid the backward
reaction (eqs 3—6) due to the buildup of methanol generated
during the reaction, the transesterification of POME and Di-
TMP needs to be performed under low pressure. Thus, the effect
of the vacuum pressure on the transesterification was evaluated
by controlling the vacuum pressure in the range of 3.5—10.0
mbar. The POME/Di-TMP molar ratio and the NaOCHj,
content were kept constant at 5.0/1.0 and 8 mol % based on
the amount of Di-TMP, respectively, and the reaction was
operated at 160 °C for 2 h under 300 rpm agitation. The results
(Figure 7d) indicated that the highest POME conversion level
(90.3%) and POME-Di-TMPTTE selectivity (96.6%) were
obtained at 3.5 mbar. Above this point, both values tended to
decrease and reached a 58% POME conversion level and a 31%
POME-Di-TMPTTE selectivity when the system was operated
at 10 mbar. Thus, a low operating pressure was important to
eliminate the methanol and so prevent the backward reaction
between methanol and POME-Di-TMP esters.””***® There-
fore, the optimum pressure of 3.5 mbar was selected for the
transesterification of POME with Di-TMP operated at 160 °C.

3.2.6. Effect of the Stirring Rate. The proper mixing of the
solid Di-TMP to be well dissolved in the POME phase is
essential to obtain a homogeneous solution for inducing
molecular interactions among the reactants in the given reaction
time.”> Accordingly, the stirring speed played an important role
in accelerating the reaction. At 160 °C for 2 h and 3.5 mbar in the
presence of 5.0/1.0 POME/Di-TMP molar ratio and 8 mol %
NaOCH; based on the Di-TMP content, Figure 7e shows that
increasing the agitation rate from 200 to 300 rpm significantly
enhanced the POME conversion level and POME-Di-TMPTTE
selectivity in the obtained BTO from 68.6% to 90.3% and from
76.7% to 96.6%, respectively. This was due to the increased
contact between POME and Di-TMP resulting from a
homogeneous mixture.”’ However, increasing the stirring rate
further to 900 rpm decreased both the POME conversion level
and POME-Di-TMPTTE selectivity to 58.8% and 69.3%,
respectively. It was possible that the severe stirring rate created
turbulent mixing, which decreased the mixing efficiency due to
the higher inertial-convective mixing effect.*”

3.3. Properties of the Prepared BTO. Since the BTO
prepared from the transesterification of POME and Di-TMP was
expected to replace the conventional MO used in electrical
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Table 2. Comparative Properties of POME, FR3, MO, and BTO Containing Different Proportions of POME-Di-TMP Esters

property testing method  limited value” POME proportion of esters in BTO” FR3 MO
0/10/20/70  0/4/16/80 0/1/9/90 0/1/2/97
oxidation stability (h) EN15751 14.3 13.0 18.7 24.3 49.6 13.9 168
breakdown voltage (kV) IEC 60156 >S50 32.7 9§ 97 100 100 81.3 67.9
flash point (°C) 1SO 2719 >250 180 238 242 254 310 252 150
kinematic viscosity at 40 °C (mm?/s) ISO 3104 <S50 4.46 94.9 95.3 95.7 96.7 332 8.1
pour point (°C) 1SO 3016 <=10 12 10 16 17 17 -20 —40

“Following the IEC 62770 standard, except for the oxidation stability, we used the Rancimat method for evaluation. bProportion of esters =
POME-Di-TMPME/POME-Di-TMPDE/POME-Di-TMPTE/POME-Di-TMPTTE.
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Figure 8. Comparative (a) TG and (b) DTG curves of POME, FR3, MO, and BTO (POME-Di-TMPME/POME-Di-TMPDE/POME-Di-TMPTE/

POME-Di-TMPTTE = 0/1/2/97).

transformers, several properties of the obtained BTO were
measured according to the IEC 62770 standard (the kinematic
viscosity at 40 °C), flash point, pour point, and dielectric
breakdown voltage—as a function of the POME-Di-TMP esters
in the obtained BTO (POME-Di-TMPME/POME-Di-
TMPDE/POME-Di-TMPTE/POME-Di-TMPTTE = 0/10/
20/70, 0/4/16/80, 0/1/9/90, and 0/1/2/97), with the results
shown in Table 2. Moreover, the oxidation stability was
evaluated by the Rancimat method and is reported in Table 2.
These properties were compared to those of the commercial
BTO (FR3) and MO.

The oxidation stability is an important property to determine
the degree of oxidation resistance of lubricants. Generally, the
ester group has a high resistance to oxidation, so its presence can
enhance the stability of the adjacent carbon atoms.” The
oxidation stability of POME (14.3 h) was improved after
transesterification and depended on the proportion of POME-
Di-TMPTTE in BTO (Table 2). It was observed that BTO
containing the POME-Di-TMPTTE fraction above 70 wt %
showed greater oxidation stability than the commercial FR3
(13.9 h). The oxidation stability of BTO increased with an
increasing proportion of POME-Di-TMPTTE. The maximum
oxidation stability (49.6 h) was found when BTO had a POME-
Di-TMPTTE portion of 97 wt %. Thus, the obtained BT O with
a lower content of —OH groups was more difficult to oxidize to
carboxylic acid.** The synthesized BTO also mainly consisted of
C16:0 and C18:1 as the major structures at 43.6 and 39.6 wt %,
respectively (Table S1). These long-chain fatty acids formed a
high ester linkage in the POME-Di-TMPTTE structure, and
their saturated composition led to superior oxidation
stability.'®*” In the case of FR3, it is derived from soybean
oil*" and contains C18:2 as the main composition (52.0 wt %)
and 83.1 wt % unsaturated composition (Table S1). According
to the higher degree of unsaturation of FR3, it was easily
deteriorated by oxidation to form free radicals,'®** which
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resulted in its lower oxidation stability than the as-prepared
BTO of this study. However, the oxidation stability of MO was
much higher at 168 h (Table 2) since its structure generally
consists of paraffin, naphthenic, and cyclic hydrocarbons,””’
which impart high oxidation stability.

The thermal stability of BT O was also investigated using TGA
and compared with that of MO, POME, and FR3 (Figure 8 and
Table 3). The Typeety Tendsew and T, of POME were 199, 244, and

nset

Table 3. Thermal Degradation Temperature of POME, FR3,
MO, and BTO

sample thermal degradation temperature (°C)
Tonget Tendset T,
POME 199 244 237
BTO“ 434 460 454
FR3 376 446 41S
MO 207 259 253

“Portion of esters POME-Di-TMPME/POME-Di-TMPDE/
POME-Di-TMPTE/POME-Di-TMPTTE = 0/1/2/97.

237 °C, respectively. After transesterification with Di-TMP, the
obtained BTO with POME-Di-TMPME/POME-Di-TMPDE/
POME-Di-TMPTE/POME-Di-TMPTTE at 0/1/2/97 showed
improved thermal decomposition temperatures of 434, 460, and
454 °C for Tyyeepp Tendsew and T}, respectively, due to its higher
M,, structure.”” These thermal decomposition temperatures of
BTO were higher than those of FR3 and MO, reflecting that the
synthesized BTO was more thermally stable than FR3 and MO
due to the absence of f-hydrogen in the polyol esters of BTO.>
This implied that BTO containing a high POME-Di-TMPTTE
proportion could be applied in warm regions.

Dielectric breakdown voltage is another important electrical
property for evaluating the tolerance level of a lubricant to an
electrical charge. A high dielectric breakdown voltage is required
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Figure 9. Process flowsheet developed in Aspen Plus V9 for the transesterification of POME and Di-TMP.

to allow safe operation. This value is dependent on the amount
of moisture in the lubricant, where an increasing moisture level
reduces the dielectric breakdown voltage.® According to the IEC
62770 standard, the dielectric breakdown voltage of the liquid
insulator used in transformers should be higher than 50 kV.
However, the dielectric breakdown voltage of POME was only
32.7 kV, and so it could not be directly applied as a TO without
any modification. After transesterification of POME with Di-
TMP, the obtained BTO containing various POME-Di-
TMPTTE contents had a dielectric breakdown voltage in the
range of 95—100 kV, above the minimum requirement
according to the IEC 62770 standard and even higher than
that for FR3 (81.3kV) and MO (67.9 kV). The higher dielectric
breakdown voltage of the obtained BTO with a higher ester
structure reflected the higher resistance against the moisture
content.”

The flash point is the lowest temperature at which a liquid
forms a vapor in the air near its surface before ignition when
exposed to an open flame. Thus, a high flash point is required for
safe operation with a minimum volatilization at the maximum
operating temperature.** According to the IEC 62770 standard,
the flash point of liquid insulators for use in a transformer should
be above 250 °C. Without modification, POME had a flash point
at 180 °C, which was lower than the specification. However,
after transesterification of POME with Di-TMP, the flash point
of the obtained BTO increased to within the range of 238—310
°C as the proportion of POME-Di-TMPTTE in the BTO
increased from 70 to 97 wt % (Table 2). This was due to the
higher M,, and the number of ester groups in the BTO.* At a 90
wt % POME-Di-TMPTTE proportion, the flash point of the
BTO was higher than that for FR3 (252 °C) and MO (150 °C).
The BTO with higher contents of POME-Di-TMPDE and
POME-Di-TMPTE fractions had lower flash points due to the
weaker intermolecular bonding that resulted in the easier
vaporization of smaller molecules.***

The properties in terms of pour point and kinematic viscosity
reflect the molecular structure of materials.”” The pour point
and kinematic viscosity at 40 °C of POME were 12 °C and 4.46
mm?/s, respectively, as seen in Table 2. These values were
dramatically increased to 17 °C and 96.7 mm?/s, respectively,
after transesterification with Di-TMP to provide the BTO
containing 97 wt % POME-Di-TMPTTE. However, these
properties were over the upper limitation of the IEC 62770
standard (the pour point and kinematic viscosity at 40 °C should
be less than —10 °C and 50 mm?/s, respectively). This was due
to the high degree of saturation and the large molecules of
POME-Di-TMPTTE, which could induce stronger covalent
intermolecular attractive forces between the fatty acid chains.
This led to easier crystallization and higher flow resistance of
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BTO. In contrast to the prepared BTO, the pour point and
kinematic viscosity at 40 °C of FR3 were —20 °C and 33.2 mm?*/
s, respectively, meeting the IEC 62770 specification. This was
due to its higher total unsaturation level (83.09 wt %; Table S1),
where cis double bonds in C18:2 and C18:3 prevent the tight
packing together of the fatty acid chains.*® In the case of MO, its
pour point (—40 °C) and kinematic viscosity (8.1 mm?/s) were
qualified for IEC 62770 because it contained medium-chain-
length hydrocarbons in a branch or cyclic structure.”®” Thus,
these properties of the BT O derived from transesterification of
POME and Di-TMP need further improvement to reduce the
flow resistance and so result in higher heat dissipation in
electrical transformers during operation. Based on the properties
shown in Table 2, the prepared BTO from this system could
potentially be applied in the transformers used in warm regions
according to its high viscosity and pour point. To apply BTO
across all areas, the cold flow properties of the prepared BTO
derived from transesterification of POME and Di-TMP may be
improved by blending MO and prepared BTO at an appropriate
MO/BTO ratio to achieve the desired properties.”” Addition-
ally, the cold flow improver additives or nanoparticles, such as
polymethyl acrylate and titanium dioxide, can be applied to
further improve the cold flow properties of BTO.***

3.4. Evaluation of the Process Feasibility Using TEA.
The TEA and process feasibility for transesterification of POME
with Di-TMP to produce BTO at a laboratory scale was
evaluated using the Aspen Plus V9 simulation software. The
material and energy balance of this process was calculated under
the following assumptions: (1) raw material quantities were
determined based on laboratory-scale data; (2) the reaction was
operated under the optimal condition (5.0/1.0 POME/Di-TMP
molar ratio in the presence of 8 mol % NaOCHj; based on the
Di-TMP content under 3.5 mbar and 160 °C with a stirring rate
of 300 rpm for 2 h to achieve a 90.3% POME conversion with a
96.6% selectivity to POME-Di-TMPTTE); (3) the duration of
each batch in the entire BTO production process was 6 h (4
batch/d); and (4) a complete Di-TMP conversion was applied.

The simplified process flow diagram illustrating BTO
production at the laboratory scale is depicted in Figure S2.
The process involved drying POME in a dryer (DRYER) at 0.1
bar and 100 °C to remove moisture. The dehydrated POME was
then fed to a stirring reactor (REACTOR). After mixing the Di-
TMP and NaOCHj catalyst in a screw mixer (MIXER), they
were transferred into the REACTOR and transesterification was
activated at 160 °C under 3.5 mbar for 2 h to produce BTO. A
vacuum pump was also connected to the REACTOR to
eliminate the methanol generated during the reaction. The trace
of unreacted POME in the obtained BTO was separated using
an evaporator operated under 3.5 mbar at 200 °C. Using the
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previously detailed assumptions, the overall process diagram for
simulating the mass and energy requirements of this process is
shown in Figure 9 and summarized in Tables 4 and S,

Table 4. Comparative Mass Balance between Experimental
and Simulated Data

stream mass flow (g/d) difference (%)
simulation experiment
BTO1 257.5
BTO2 235.8
BTO3 235.8 235.4 0.17
BTO4 211.3
BTOS 211.3 211.6 0.12
DI-TMP 40.0 40.0 0.00
METOHL 21.7
METOHV 21.7
MIX 40.7
MOIST 2.0
NAOCH3 0.7 0.69 0.23
POME1 218.9 216.6 1.03
POME2 216.8
UNPOMEL 24.5 24.1 1.43
UNPOMEV 24.5

Table 5. Energy Consumption in Each Unit Used in the
Transesterification of POME and Di-TMP Evaluated Using
Aspen Plus V9

unit duty (kJ/d)
DRYER 38.4
EVAP 65.8
METSEP 29.1
MIXER 0.00
PRESS1 0.00
PRESS2 0.00
PRESS3 0.00
PRESS4 0.00
REACTOR 139.4

respectively. The resulting BTO, methanol, and unreacted
POME were assumed to be collected at atmospheric pressure in
the open vessels named PRESS4, PRESS1, and PRESS2,
respectively.

A comparison of the mass balance results obtained from the
experimental and simulated data (Table 4) revealed a difference
of less than 2% in all streams, confirming the validity of the
simulation in estimating the process. To assess the energy
consumption in each piece of equipment, the simulation results
(Table S) revealed that the REACTOR consumed the highest
amount of energy at 139.4 kJ/d, followed by EVAP (65.8 kJ/d),
DRYER (38.4kJ/d), and METSEP (29.1 kJ/d). Meanwhile, the
MIXER, used for preparing the Di-TMP and NaOCH; solid
mixture, and the pressurized vessels (PRESS1—PRESS4) were
categorized as energy-unconsumed equipment at the laboratory-
scale stage.

The process capacity was then scaled up to evaluate the
feasibility for commercialization. The TEA for BTO production
via transesterification of POME and Di-TMP was conducted
using the Aspen Plus V9 software, guided by the following
assumptions: (1) a BTO production capacity of 10,000 tons/y;
(2) the BTO plant was assumed to operate 300 days/y for 20 y;
(3) all chemical costs, such as raw materials, catalysts, and

products, were in USD (Table 6); (4) the selling price of the
BTO product was the same as that of Envirotemp FR3; (5) the

Table 6. Comparison of Chemicals and Electricity Costs for
BTO Production vs Envirotemp FR3 Price

item price source
Chemicals
POME 1120 USD/ton S0
Di-TMP 5000 USD/ton S1
NaOCH; 2500 USD/ton 52
methanol 360 USD/ton S3
commercial BTO (Envirotemp FR3) 14,400 USD/ton 54
Utility
electricity 0.15 USD/kW h S5

process was conducted at the optimal operating condition as
described earlier; and (6) the complete conversion of Di-TMP
was assumed. These assumptions facilitated the estimation of
mass streams in each piece of equipment, as depicted in Figure 9
and detailed in Table S2. Economic data were thoroughly
evaluated and are summarized in Table 7. The primary expenses

Table 7. Economic Data of the Simplified Process for BTO
Production via Transesterification of POME and Di-TMP

economic information value
total product sales (USD/y) 131,731,000
total cost

19,473,288 (14.78%)"
20,734,400 (15.74%)
6,787,470 (5.15%)
1,052,900 (0.80%)
162,000 (0.12%)

total operating cost (USD/y)
total raw materials cost (USD/y)
total capital cost (USD)
total installed cost (USD)
total equipment cost (USD)
total utilities cost (USD/y) 73,700 (0.06%)
profit (USD/y) 83,447,242 (63.35%)
desired rate of return (%/y) 20
payout period (y) 323
“The number in the parentheses is the percentage based on the
product’s selling price.

consisted of operating costs, followed by raw material costs and
capital costs, accounting for 14.78%, 15.74%, and 5.15% of the
product selling price, respectively. The total cost was 36.65%,
while the marginal profit was 63.35% based on setting the
product’s sale price to be the same as that for Envirotemp FR3.
The cost of utilities contributed only ca. 0.06%, indicating that
energy consumption was not the primary cost determinant. The
TEA estimated an investment return rate of 20%/year, with a
payout period of 3.23 y. Consequently, the production of BTO
via the transesterification of POME and Di-TMP demonstrates
the feasibility for commercialization. However, the other costs,
such as the maintenance and replacement costs, were not
accounted for in this study, and these will lower the profit of the
production process.

4. CONCLUSIONS

A highly stable BTO in the form of a tetra-ester was successfully
prepared via transesterification of POME and Di-TMP in the
presence of NaOCH; as the basic catalyst. The optimum
reaction condition was identified as a 5.0/1.0 POME/Di-TMP
molar ratio in the presence of 8 mol % NaOCHj, (based on the
Di-TMP content) under 3.5 mbar with a stirring rate of 300 rpm
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at 160 °C for 2 h. This process resulted in a 90.3% POME
conversion level and 96.6% POME-Di-TMPTTE selectivity.
The properties of the prepared BT O containing various POME-
Di-TMPTTE proportions (70—97%) were compared to those
of the IEC 62770 specification and Envirotemp FR3, a
commercial BTO. The results showed that the BTO with a
higher POME-Di-TMPTTE proportion exhibited superior
oxidation stability, dielectric breakdown voltage, and flash
point compared to Envirotemp FR3. However, the prepared
BTO had a high kinematic viscosity at 40 °C (94.9—96.7 mm?/
s) and a high pour point (10—17 °C) that both exceeded the
limitation of the IEC 62770 specification. This was attributed to
the long-chain saturated fatty acids with a high molecular weight
in the POME-Di-TMPTTE structure. The TEA revealed that
the transesterification of POME and Di-TMP to produce BTO
with a high proportion of POME-Di-TMPTTE showed
promising potential for commercialization due to its competitive
cost and profit margins relative to the selling price of Envirotemp
FR3.
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Bl ABBREVIATIONS

ATR-FTIR attenuated total reflectance—Fourier-
transform infrared spectroscopy

BTO biotransformer oil

Di-TMP ditrimethylolpropane

Di-TMPTTE ditrimethylolpropane tetra-ester

FFA free fatty acids

FP flash point

GC-FID gas chromatography with a flame ioniza-
tion detector

MeO methyl oleate

MeO-Di-TMPE Di-TMP esters prepared from trans-
esterification of MeO and Di-TMP

MO mineral oil

MSTFA N-methyl-N-trimethylsilyl trifluoroace-
tamide

NMR nuclear magnetic resonance

O/A mole ratio of PO derivative/neo-polyol

PE pentaerythritol

PETTE pentaerythritol tetra-ester

PO palm oil

POEs polyol esters

POME palm oil methyl ester

POME-Di-TMPDE  diester derived from transesterification
of POME and Di-TMP
POME-Di-TMPME monoester derived from transesterifica-
tion of POME and Di-TMP

triester derived from transesterification
of POME and Di-TMP
POME-Di-TMPTTE tetra-ester derived from transesterifica-

tion of POME and Di-TMP

POME-Di-TMPTE

PP pour point

RBDPO refined-bleached-deodorized palm oil
SR stirring rate

TEA techno-economic analysis

TGA thermogravimetric analysis

TMP trimethylolpropane

TMPTE trimethylolpropane triester

TO transformer oil
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