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Abstract
Palm fatty acid distillate is a processing by-product resulting from physical refining of crude palm oil products. Producing 
renewable fuels and biodegradable ester-based biolubricants using saturated palm fatty acid distillate (SFA) is one of environ-
mentally friendly and an efficient way to reuse such by-product for the production of feasible high-end products. This study 
was carried out to synthesize and determine the optimal conditions for the esterification of Malaysian SFA with high degree 
polyhydric alcohols (trimethylolpropane, TMP; di-trimethylolpropane, Di-TMP; pentaerythritol, PE; and di-pentaerythritol, 
Di-PE) in the presence of sulfuric acid as catalyst. The esterification reaction parameters involved such as amount of catalyst, 
effect of reaction temperature (°C) and time (h), and effect of different alcohols, and molar ratio used was investigated. The 
results showed that the ester yield percentages varied with the corresponding reaction parameters and chemical structure of 
the alcohol used. The resultant esters with small-branched hydrocarbon chain alcohol produced the highest yield percentage 
for the SFA-TMP tri-ester (89 ± 3%) followed by the SFA-Di-TMP tetra-ester (87 ± 4%), SFA-PE tetra-ester (83 ± 5%), and 
SFA-Di-PE hexa-ester (77 ± 4%), respectively. The results showed the reaction temperature has more significant effect on 
the esterification reaction yield as compared to other parameters. The lubrication properties of the synthesized polyol esters 
indicated their appropriateness to be used as grease and bearing lubricant application.
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1  Introduction

The plant oil finds various industrial and technology appli-
cations to replace existing petroleum-based products such 
as in coatings and polymers, printing inks, lubricants, cos-
metics/pharmaceuticals, leather processing, surfactants, sol-
vents, hydraulic fluids, pesticide/herbicide adjuvants, glyc-
erin (glycerol), and as fuels [1–4]. Plant oils are superior 
in terms of biodegradability, especially when compared to 
mineral oils. Attention has been focused on technologies that 

incorporate plant oils as biofuels and industrial lubricants, 
due to the fact that they are renewable and non‐toxic. Plant 
oils have different unique properties compared to mineral 
oils due to their unique and simple aliphatic chemical struc-
ture. Plant oils have a greater ability to lubricate and higher 
viscosity indices. Superior anti-corrosion properties are 
observed in plant oils and are induced by a greater affinity 
for metal surfaces [5]. High flash points over 300 °C classify 
plant oils as non‐flammable liquids. However, the applica-
bility of plant oils in lubrication is partly limited, as these 
oils tend to show low oxidative stability and higher melting 
points. Chemical modification of plant oils is an attractive 
way of solving these problems [6–8].

The palm oil tree produces the highest yield of oil per 
unit area of cultivated land, an estimated 58.431 million 
metric tons per year [9, 10]. Palm oil is extracted from the 
fresh fruit bunches of palm oil, which have various applica-
tions in the oleochemical industry and food. There are two 
kinds of oil from the palm fruit flesh mesocarp, known as 
crude palm oil (CPO), while from the seed known as the 
crude palm kernel oil (CPKO) [11, 12]. The production of 
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Malaysian CPO rose from 11.2 million tonnes in 2002 to 
16.9 million tonnes in 2019, making Malaysia one of the 
world’s largest suppliers of palm oil. Acording global oils 
and fats export volume, even though Indonesia is the big-
gest producer of palm oil, its palm oil export is only 68% 
compared with 88% of Malaysia in 2011 [13, 14]. As of 
2015, 5.642 million hectares of land in Malaysia is under oil 
palm cultivation with CPO and CPKO production reaching 
19.961 and 2.276 million tons, respectively. Consequently, 
Malaysia is considered a leading producer and exporter of 
palm oil worldwide, with its production comprising 27% of 
fat and oil exports and contributing an estimated 12% of the 
world’s fat and oil production.

Palm fatty acid distillate (PFAD) is a by-product from 
refine palm oil product production. In the process of refin-
ing CPO, the free fatty acids (FFA) from the crude oil must 
be removed as PFAD. The amount of free fatty acids in the 
palm fruits is determined by how much of the oil in the 
fruit has been degraded by enzymes after harvest. The oil 
breakdown process is halted by sterilization of the fresh fruit 
bunches (FFB). PFAD has a lower market value than palm 
oil (currently ~ 85% lower); therefore, the palm oil producers 
attempt to minimize the accumulation of FFA in the FFB. 
Enzymes can degrade the oil in the fruit after harvest, so the 
percentage of FFA varies based on this factor. Fruit bunches 
can be sterilized to prevent the breakdown of oil into FFA 
[15]. The concentration of FFA in the crude palm oil is typi-
cally less than 10%. This is distilled out in the refining pro-
cess, and thus the output of the refining process is usually 
containing less than 5% FFA and 95% refined, bleached and 
deodorized (RBD) palm oil. The RBD palm oil may then be 
further fractioned into RBD Olein (80%) and RBD Stearin 
(20%) [5, 9–13]. Compared to other refined oil, PFAD is 
much lower in price than other refined oils currently used 
as animal feedstock.

Although the PFAD is a cheap non-edible by-product 
from the palm oil production, PFAD has considerable value. 
It is used as feedstock for many different products for ani-
mal feeds, laundry soaps, the oleochemical industry, and 
combustion for local power/process heat. PFAD is also a 
source of vitamin E, squalene, and phytosterols—substances 
valuable for the nutraceutical (dietary supplements and func-
tional foods) and cosmetic industries. These substances may 
be extracted and isolated from PFAD [13].

PFAD comprises palm free fatty acids mixture mainly 
with saturated palmitic and unsaturated oleic acids as the 
major fatty acid composition. The remaining components 
are partial glycerol and unsaponifiable matters, vitamin E, 
sterols, squalenes, and volatile substances [10]. Surveys on 
the characteristics and properties of PFAD from Malaysia 
refineries have been conducted by Ping and Yusof (2009) 
[16] who showed that PFAD consists of more than 80% 
free fatty acid and comprises saturated fatty acids (SFA) of 

C14:0 (1.2%), C16:0 (46.9%), C16:1 (0.15%), and C18:0 
(4.3%); unsaturated fatty acids (USFA) of C18:1 (36.7%), 
C18:2 (9%), C18:3 (0.3%), and C20:0 (0.2%); and others 
(0.1%). The rest is 15% mono- and dicylglycerols, volatile 
components, 14.4% glycerols, and 5% unsaponifiable com-
ponents, e.g., 0.5% vitamin E, 0.8% squalene, 0.4% sterols, 
and squalene and 2.2% others [16, 17]. Recent findings by 
Jumaah et al. [18] and Baharudin et al. [19] seem to be in 
agreement with previous report that palmitic acid (47.1%) 
was the dominant fatty acid in the Malaysian PFAD, fol-
lowed by oleic acid (36.6%) and linoleic acid (9.6%). These 
cheap and non-edible fatty acids become increasing of many 
researchers’ interest to be used for the formulation of feasi-
ble high-end products with viable separation method. Sev-
eral techniques have been used to separate saturated palm 
fatty acid distillate (SFA) and unsaturated palm fatty acid 
distillate (USFA) from PFAD [18, 20–23]. Green and low-
cost separation methods are of researchers’ interest to sepa-
rate SFA and USFA from PFAD. By using methanol solvent 
low temperature crystallization, Jumaah et al. reported that 
the composition of separated saturated palm fatty acid distil-
late (SFA) in the solid fraction contained 88.5% of palmitic 
acid (C16:0) as a major saturated fatty acid, 5.8% of stearic 
acid (C18:0), 1.6% of myristic acid (C14:0), and 3.6% Oleic 
acid (C18:1), respectively. These important SFA can be used 
as low-cost starting materials to produce high-end esters 
products such as biolubricants [18].

Saturated fatty acid-based biolubricants have shown 
good lubrication properties such as high oxidative stabil-
ity and flash point [5, 12]. This is due to the properties of 
saturated fatty acids with long chain aliphatic carbon chain 
which have a well-structured arrangement in its crystal pack-
ing array that contributes high oxidative stability and flash 
point. Taking to the point, study on the used SFA separated 
from PFAD to produce polyol-based ester biolubricants is of 
researchers’ interest. Several possible types of esters (mono-, 
di-, tri-, tetra-, penta-, hexa-, poly-, and complex esters) 
might be classified as biodegradable lubricants [6, 15]. How-
ever, there is no comprehensive study on polyhydric alcohol-
based esters from SFA. Many researchers have recognized 
the need to establish the role of polyhydric alcohol-based 
esters in the field of industrial application biolubricants. The 
work on the synthesis of saturated palm fatty acid distillate, 
SFA–based polyol esters, was carried out. The aims of this 
work are to discuss on the optimization of the esterification 
process between SFA and polyhydric alcohols such as tri-
methylolpropane (TMP), di-trimethylolpropane (Di-TMP), 
pentaerythritol (PE), and di-pentaerythritol (Di-PE). The 
effect of the esterification parameters such as the reaction 
temperature, reaction time, substrate molar ratio, amount of 
catalyst that produce the highest esters yield will be deter-
mined. The effect of alcohols chemical structures used on 
the resultant ester yield was also studied.
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2 � Materials and methods

2.1 � Materials

In this study, PFAD was obtained from a local refinery, 
Sime Darby Plantation Berhad (647,766-V), located at Sel-
angor, Malaysia. Saturated palm fatty acid distillate (SFA) 
is represented by palmitic acid; 88.5% was separated from 

PFAD using low-temperature methanol crystallization 
method [18]. Polyhydric alcohols, toluene, sulfuric acid 
(97%), sodium bicarbonate, ethyl acetate, sodium chlo-
ride, and anhydrous sodium sulfate were purchased from 
Sigma-Aldrich (Steinheim, Germany). All the chemicals 
used in this study were either analytical grade or high per-
formance liquid chromatography (HPLC) grade and used 
directly without further purification.
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Fig. 1   Esterification reaction to form TMP tri-palmitate (SFA-TMP ester)

Fig. 2   Ester conversion profile 
to form TMP tri-palmitate 
(SFA-TMP ester)
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2.2 � Esterification reaction

Four saturated palm fatty acid distillate–based polyol 
esters were synthesized from esterification reaction 
between SFA with various high degree polyhydric 
alcohols according to Nor et al. [24]. Both reactants 
were overnight dried by using unhydrated sodium sul-
fate (Na2SO4) and filtered off. In a flask with a reflux 
condenser and three necks, SFA fatty acid (0.037 mol; 
104.7  g) was mixed with 1  mol trimethylolpropane 

(0.037 mol; 5 g) at mole ratio of 3.5:1 in Dean-Stark 
distillation unit. The esterification was carried out at 
reaction temperature between 110 and 200  °C in oil 
bath equipped with stirrer magnetic heater. At required 
temperature, 1–5% concentrated H2SO4 (as a percentage 
of the weight of SFA) was added at specific reaction 
time. About 20–30 mL of toluene as azeotrope distil-
lation agent for water removal improvement was then 
slowly added to the mixture during the esterification 
process. After the reaction end at 6 h, the f lask was 
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allowed to cool at room temperature, followed with 
the removal of toluene by using rotary evaporator at 
100 °C. The reaction product was dissolved into 100 mL 
of ethyl acetate and transferred into a 150-mL separa-
tion funnel. About 30 ml of saturated sodium bicarbo-
nate (NaHCO3) was added to the separation funnel and 
shaken for neutralization of the remaining SFA and acid 
catalyst. The funnel separator was left until two layers 
formed. The aqueous layer at the bottom was removed, 
leaving the organic layer. The organic layer was fur-
ther washed three times with NaHCO3 solution. Sub-
sequently, the organic layer was washed with 20 mL of 
26% saturated sodium chloride (NaCl) and 20 mL of 
distilled water twice to avoid formation of emulsion. 
Once the two layers were formed, the bottom aqueous 
layer was removed. The washing process was repeated 
until the organic layer with pH 7 was obtained. Then, 
the sample was poured into a round flask and connected 
to a rotary evaporator apparatus (90–100 °C) to remove 
any excess toluene and unreacted alcohol. The remain-
ing water in the sample was absorbed by sodium sul-
fate (Na2SO4) overnight and filtered off. The organic 
product was rotary-evaporated to remove ethyl acetate 

at 80 °C, giving a viscous semi-solid polyolester. The 
esterification was performed in triplicate.

2.3 � Instrumentation

The analysis of synthesized ester compound was per-
formed to confirm and determine the optimized ester struc-
ture and determine the composition of ester. In the first 
step, Nuclear Magnetic Resonance (NMR) and Fourier 
Transform infrared spectroscopy (FTIR) were employed; 
FT-NMR (1H and 13C NMR) analysis was recorded on 
JEOL-ECP 400 spectrometer using CDCl3 as the solvent. 
The FTIR spectra were recorded on Perkin Elmer Infrared 
Spectrophotometer within the range 500 to 4000 cm−1. GC 
instrument model Shimadzu GC-17A was used for ester 
composition determination. Gas Chromatography (DB-
5HT (30 m × 0.25 mm × 0.25 µm) equipped with a Flame 
Ionization Detector (GC-FID) was used in the second step. 
The sample preparation involved the addition of exactly 
0.5 mL ester to a vial of 10 mL capacity, after which the 
mixture was diluted using GC grade ethyl acetate (5 mL). 
An initial temperature of 100 °C was set for the oven, and 
then kept constant for 1 min. Then, the temperature was 
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increased to 380 °C by a step increment of 5 °C/min and 
then kept constant for 25 min. The column temperature 
was adjusted at 100 °C and increased to 380 °C with a 
temperature rate increase of 5 °C/min and step increase 
of about 1 °C. The temperature was then kept constant for 
20 min upon reaching 380 °C. Temperatures of 380 and 
400 °C were set as the injector and detector temperatures, 
respectively. The carrier gas for the GC system Helium 
was used with a flow rate of 0.3 ml/min. The parameters of 
GC were carried out according to Nowicki et al. [25]. The 
peaks were identified by comparing the retention times to 
authentic standards. Fatty acid composition in ester was 
determined by using GC-FID with nonpolar DB-5 column 
according to Jumaah et al. [18]. All the measurements 

were performed in triplicate and the data was reported as 
a mean ± SD of triplicate determinations.

3 � Results and discussion

3.1 � Esterification reaction of SFA

The initial free fatty acid of PFAD raw material consists 
of 52.8% saturated fatty acids and 47.2% unsaturated fatty 
acids. The saturated fatty acid portion comprises mainly 
myristic acid (1.18%), palmitic acid (48.91%), and stearic 
acid (2.7%), whereas oleic acid (37.4%) and linoleic acid 
(9.7%) are the main components of the unsaturated fatty acid 
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portion [18]. The saturated palm fatty acid (SFA) fraction 
was separated from PFAD by using low-temperature meth-
anol crystallization method. The SFA is best represented 
by dominated composition of palmitic acid (88.5%). Other 
components were 1.6% of myristic, 5.8% of stearic, 3.6% of 
oleic, and 0.5% of linoleic, respectively. The water content 
of SFA and polyhydric alcohols was in the range of 0.01 to 
0.03 wt.%. Saturated palm fatty acid distillate (SFA) was 
mixed separately with four high degree polyhydric alcohols 
at different molar ratios such as SFA: TMP (3:1), SFA: Di-
TMP (4:1), SFA: PE (4:1), and SFA: Di-PE (6:1) during the 
esterification process. Four SFA polyol-based esters known 
as SFA-TMP ester, SFA-Di-TMP ester, SFA-PE ester, and 
SFA-Di-PE ester were produced.

3.1.1 � SFA‑trimethylolpropane ester

Figure  1 shows the esterification reaction between 
3 mol of SFA and 1 mol of trimethylolpropane (TMP) 
in the presence of H2SO4 (2%) as a catalyst at 150 °C 
for 6 h. The palmitic was chosen on the representative 
of SFA PFAD fatty acids due to its dominant compo-
sition, palmitic: stearic: myristic acids (88.5:5.8:1.6). 
The reaction product was TMP tri-palmitate (SFA-TMP 
ester) and water molecules (by-products). The water 
was removed during reaction steps. It was observed that 
esterification proceeded stepwise. Initially, SFA-TMP 
mono-ester (ME), which was a single branch polyol 
ester, was formed as an intermediate during the reaction. 
The increasing amount of ME, however, would imme-
diately undergo conversion to form SFA-TMP diester 
(DE), which would further react with SFA to produce 
SFA-TMP tri-ester (TE). The concentration of SFA-
TMP tri-ester would rise with the decrease of DE and 
ME concentrations. The yield percentage of pure TMP 
tri-palmitate was 86 ± 3% and tri-ester composition was 

90 ± 4%. The ester conversion profile graph is shown 
in Fig. 2.

3.1.2 � SFA‑di‑trimethylolpropane ester

Figure 3 shows the esterification reaction between 4 mol of 
SFA and 1 mol of di-trimethylolpropane (Di-TMP) in the 
presence of H2SO4 (2%) as a catalyst at 150 °C for 6 h. The 
resultant ester, Di-TMP tetra-palmitate (Di-TMP tetra-ester), 
and water molecules (by-product) were produced. The water 
was removed during the reaction. The yield percentage of 
pure Di-TMP tetra-palmitate was recorded as 82 ± 4% and 
tetra-ester composition was 84 ± 5%. The ester conversion 
profile graph is quite similar as in Fig. 2 except the reaction 
response values are different and the final product was SFA-
Di-TMP tetra-ester.

3.1.3 � SFA‑pentaerythritol ester

Figure 4 shows the esterification reaction between 4 mol of 
SFA and 1 mol of pentaerythritol (PE) in the presence of 
H2SO4 (2%) as a catalyst at 200 °C for 6 h. The reaction 
products were Di-TMP tetra-palmitate (SFA-PE tetra-ester) 
and water molecules (by-products). The water was removed 
during the reaction steps. The obtained yield percentage of 
pure Di-TMP tetra-palmitate was 78 ± 5% and tetra-ester 
composition was 81 ± 5%. The ester conversion profile graph 
is quite similar as for SFA-Di-TMP with difference in the 
reaction response values.

3.1.4 � SFA‑di‑pentaerythritol ester

Figure 5 shows the esterification reaction between 6 mol of 
SFA and 1 mol of di-pentaerythritol (Di-PE) in the pres-
ence of H2SO4 (2%) as a catalyst at 200 °C for 6 h. The 
reaction products were of Di-PE hexa-palmitate (SFA-Di-PE 

Fig. 6   Ester conversion profile 
to form Di-PE hexa-palmitate 
(SFA Di-PE hexa-ester)
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hexa-ester) and water molecules (by-products). The water 
was removed during reaction step. The yield percentage of 
pure Di-PE hexa-palmitate was 70 ± 4% and hexa-ester com-
position was 77 ± 5%. The ester conversion profile graph is 
shown in Fig. 6.

3.2 � Ester structural characterization

The chemical structure of synthesized SFA-polyol esters 
after optimization was verified using FTIR and NMR 
(1H and 13C) spectroscopy and high temperature col-
umn GC-FID. FTIR analyses were carried out to verify 

the ester functional group and confirm the success of the 
esterification reaction. The FTIR spectra of SFA polyol 
esters (SFA-TMP, SFA-Di-TMP, SFA-PE, and SFA-Di-
PE) were similar due to their chemical functional groups. 
Strong band intensities were observed corresponding to 
stretching vibration of the ester carbonyl group (C = O) 
and C-O stretching bands for aliphatic esters are present 
in the wave number range from 1732 to 1740 cm−1 and 
1172–1240  cm−1, respectively [26, 27]. On the other 
hand, the carboxylic acid carbonyl group C = O stretch-
ing vibration presented in wave numbers ranges from 
1690 to 1725 cm−1. From the FTIR spectra, the stretching 

Fig. 7   FTIR spectra of SFA and 
synthesized SFA polyol esters
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vibration of the carbonyl group (C = O) for aliphatic esters 
is in wave number 1732, 1738, 1737, and 1740 cm−1 for 
SFA-TMP ester, SFA-Di-TMP ester, SFA-PE ester, and 
SFA-Di-PE ester, respectively. It can be observed that 
the unreacted alcohol and SFA were not detected in the 
final ester products. The FTIR spectra showed no stretch-
ing vibrations of both functionals alcohol (OH) and band 
stretching of carboxylic acid (− COOH) as shown in Fig. 7.

The 1H spectrum of SFA-TMP ester is shown in Fig. 8 
and corresponding band assignments for SFA and SFA-TMP 
esters are tabulated in Table 1. The disappearance of the 1H 
chemical shift of the proton (H) of the carboxylic acid group 
(− COOH) at 11.0 ppm, and for the alcohol group (− OH) 

at 4.7 ppm, confirmed the success of the esterification reac-
tion [26]. 1H chemical shift ranges for aliphatic protons 
(− CH2) were detected, normally at about 1.25–1.56 ppm. 
However, the two protons of the − CH2-O-C = O ester group 
shift appeared at about 3.80–4.01 ppm [26]. The saturated 
fatty acid mixture of palmitic acid, stearic acid, and myristic 
acid composes the SFA-TMP ester. Alkene functional group 
was used to identify the presence of unsaturated fatty acids 
in the mixture. The spectrum shows no methylene proton 
signal (− CH = CH-) which was observed at 5.32–5.38 ppm, 
signifying that the unsaturated fatty acids were absent in 
SFA-TMP ester [26]. Other SFA ester compounds of SFA-
Di-TMP, SFA-PE, and SFA-Di-PE have shown nearly the 

Fig. 8   1H NMR spectrum of SFA-TMP ester

Table 1   Band assignment of 
1H NMR spectra of SFA and 
synthesized SFA polyol esters

Note: TPTMP, tripalmitate TMP.

Assignment Chemical shift δ (ppm)

SFA TPTMP 
(standard)

SFA-TMP SFA-Di-TMP SFA-PE SFA-Di-PE

 − CH3 terminal 0.91 0.89 0.89 0.88 0.89 0.87
 − (CH2)n - 1.30 1.28 1.28 1.28 1.28 1.28
 − CH = CH-CH2 2.07 n/a n/a n/a n/a n/a
 − CH2-COOR 2.35 2.36 2.35 2.34 2.35 2.33
 − CH2 –COOH 2.79 n/a n/a n/a n/a n/a
 − H2C-O 4.02 4.0 4.03 4.01 4.03 4.02
 − HC = CH- 5.34 n/a n/a n/a n/a n/a
 − OH 11.02 n/a n/a n/a n/a n/a
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same band assignment position due to their same palmitate 
saturated acyl groups present as indicated in Table 1.

The 13C NMR spectrum of SFA-TMP ester is shown 
in Fig. 9 and corresponding band assignments for SFA 
and SFA-TMP esters are tabulated in Table 2. The sig-
nal at 171.09–174.07 ppm indicates the carbon ester car-
bonyl (C = O) in SFA-TMP ester and followed by a peak at 
60.32–64.14 ppm attributed to − C-O- group of ester qua-
ternary carbon [26]. These confirm that the ester product 
has been formed. A signal at 40.57–42.44 ppm was found 
to correspond to the carbon atom in TMP (− CH2-COOR). 
The methyl carbon atoms of − CH2- were identified from the 
peaks at 22.16–36.46 ppm, denoting saturated alkyl chain, 
a common indication of the presence of these carbon long 

chain compounds [28, 29]. The terminal methyl (− CH3) 
peak appeared at 14.04–14.08 ppm. In general, other SFA 
ester compounds SFA-Di-TMP, SFA-PE, and SFA-Di-PE 
have shown nearly the same band assignment position due 
to their same palmitate saturated acyl groups present as indi-
cated in Table 2.

3.3 � Optimization process

Four SFA esters known as SFA-TMP ester, SFA-Di-TMP 
ester, SFA-PE ester, and SFA-Di-PE ester were produced. 
The optimal value of a particular parameter in the esterifica-
tion process was obtained by conducting a series of experi-
ments with different values of that particular parameter 

Fig. 9   13C NMR spectrum of SFA-TMP ester

Table 2   Band assignment of 
13C NMR spectra of SFA and 
synthesized SFA PFAD–based 
esters

Note: TPTMP, tripalmitate TMP.

Assignment Chemical shift δ (ppm)

SFA TPTMP 
(standard)

SFA TMP SFA-Di-TMP SFA PE SFA-Di-PE

 − CH3 terminal 14.12 14.13 14.15 14.21 14.24 14.25
 − CH = CH-CH2 22.71 23.0 23.9 24.0 23.8 24.0
 − (CH2)n - 29.05 29.5 30.5 30.8 30.6 31
 − C-O, –COOR n/a 64.5 65.1 65.3 64.8 65.5
 − HC = CH- methylene 130.25 129.3 129.5 130.0 129.8 130.2
 − C = O, –COOR n/a 174.5 174.5 174.5 174.5 174.5
 − C = O, –COOH 180.54 n/a n/a n/a n/a n/a



1929Biomass Conversion and Biorefinery (2024) 14:1919–1937	

1 3

and keeping the other parameters constant at any random 
value. Once the optimal value was attained for that particular 
parameter, that value was fixed constant for the optimiza-
tion of the other parameters [30, 31]. Five foremost reaction 
parameters such as molar ratio of SFA to alcohol, quantity 
of catalyst, reaction temperature, reaction time, and type of 
alcohol used were considered for optimization in the esterifi-
cation process. The optimization of the esterification process 
was first investigated by the amount of H2SO4 catalyst used 
in the range of 1 to 3% weight of the reactants. The other 
reaction parameters were fixed at specific reactants molar 
ratio used, 150 °C, for 4-h reaction time. Figure 10 exhibits 
the effect of the catalyst used on the esterification process to 
produce these esters. The results show that the yields of the 
esters increase as the amount of the catalyst increases and 
reached a maximum of 83 ± 3% of SFA TMP at 2% catalyst. 
This fact can be attributed to a higher number of molecules 
of substrate activated by the polarization of carbonyl, in 

presence of catalyst. Thus, the nucleophilic attack by alco-
hol becomes more favorable and, consequently, an increase 
on the formation of ester was observed [32]. However, the 
yield % did not increase with the further increasing amount 
of catalyst. This was due to water produced from the esteri-
fication reaction could show the negative effects. In a strong 
acid catalyst, where a fast interaction between the water is 
produced during the esterification, catalyst dilution occurred 
and thus reduces the rate of reaction. The same yields trend 
for other resultant esters.

Figures 11, 13, and 14 exhibit the effect of other optimi-
zation parameters of the esterification reaction yields. For 
the yield of SFA esters for SFA esterification reaction with 
different temperatures used at 4 h, 2% of acid catalyst and fix 
reactants molar ratio were studied (Fig. 11). As can be seen, 
temperatures have a large effect on the esterification reac-
tion. The maximum yield of ester TMP and Di-TMP of ester-
ified SFA appeared in the temperature of 150 °C. A reaction 

Fig. 10   The effect of catalyst (H2SO4) amount used on the yield of the esterification process for SFA-TMP ester (3:1) (a), SFA-Di-TMP ester 
(4:1) (b), SFA-PE (4:1) (c), and SFA-Di-PE ester (6:1) (d) at 4 h and 150 °C
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temperature of 150 °C gave approximately 83 ± 3% conver-
sion to ester TMP and 78 ± 4% of ester Di-TMP. The maxi-
mum yield of ester PE and Di-PE of 72 ± 5% and 63 ± 4% 
appeared in the temperature at 200 °C, respectively. As the 
reaction temperature increases, the yield percentage of prod-
uct increases. Increasing the temperature of a reaction gener-
ally speeds up the process (increases the rate) because the 
rate constant increases according to the Arrhenius reaction 
rate theory. The esterification of SFA was further performed 
in different reaction time of 4, 5, 6, 7, and 8 h to determine 
the reaction time effect at fix reaction conditions.

As seen in Fig. 12, by increasing the reaction time, ester 
yield % will steadily increase until 6 h time. The SFA-
TMP ester was achieved at highest yield 86 ± 3%, while 
82 ± 4% for SFA-Di-TMP ester, 78 ± 5% of SFA-PE ester, 
and 70 ± 4% of SFA-Di-PE ester, respectively. Further 
increase reaction time after 6 h, the ester yields were slowly 
decreased. As the reaction further proceeds, the substrate 

concentration slowly decreases, which leads to a fall in the 
degree of saturation of the catalyst with the substrates. As 
a result, the optimum time for the esterification process to 
obtain higher conversion SFA to polyol esters was estab-
lished at 6 h.

Figure 13 shows the yield percentages vary according to 
the chemical structure of alcohol used. Among the branched 
alcohols used in this study, alcohols with small-branched 
hydrocarbon chains such as TMP produced higher yields of 
SFA-TMP ester compared to the high-branched alcohols of 
Di-TMP, PE, and Di-PE. These results may be due to the fact 
that the small-branched hydrocarbon chain in TMP exhibits 
less steric hindrance and thus enhanced the rate of esteri-
fication. The higher rate of the reactions produced higher 
ester yield percentages [33]. Other reasons to have a lower 
percentage yield when more branches of alcohol are used 
may be due to the physical properties of those alcohols. A 
less molar number of OH functional group amount in TMP 

Fig. 11   The effect of esterification temperature on yield of SFA esters at 4 h and 2% H2SO4 for SFA-TMP ester (3:1) (a), SFA-Di-TMP ester 
(4:1) (b), SFA-PE (4:1) (c), and SFA-Di-PE ester (6:1) (d)
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molecule (3 mol) as compared to other polyhydric alcohols 
used in this study (more than 3 mol) increases the higher 
chance of the OH to be protanated by acid catalyst. There-
fore, increase in the rate of the esterification process thus 
increases the yield percentage.

The effect of the reactant’s molar ratio of SFA: alcohols 
were also studied. Figure 14 shows the effect of the molar 
ratio of SFA, alcohol used on the reaction yields. When 
the reactant molar ratio was varied in three different molar 
ratios for each all alcohols, the amounts of esters formed 
from each slightly varied from 85 to 89% (SFA-TMP), 82 
to 87% (SFA-Di-TMP), 78 to 83% (SFA-PE), and 70 to 
78% (SFA-Di-PE), respectively. It also indicated that ratio 
of 3.5:1 (SFA:TMP), 4.5:1(SFA:Di-TMP and SFA:PE), 
and 6.5:1 (SFA:Di-PE) are the optimum molar ratios since 

the amounts of esters decrease when molar ratio further 
increased to 4:1 (TMP), 5:1 (Di-TMP and PE), and 7:1 (Di-
PE), respectively.

The esterification processes were then repeated at least 
for three times at their optimal conditions to verify the ester 
yield percentages. The optimal conditions for SFA:TMP 
ester were at mole ratio of 3.5:1, H2SO4 (2%), 150 °C for 6 h, 
and mole ratio of 4.5:1 for SFA:Di-TMP ester and SFA:PE 
ester was at mole ratio of 4.5:1, H2SO4 (2%), 200 °C for 
6 h; SFA:Di-PE ester was at mole ratio of 6.5:1, H2SO4 
(2%), 200 °C for 6 h, respectively. The results showed that 
the resultant products were yielded 89 ± 3% for SFA-TMP, 
87 ± 4% for SFA-Di-TMP, 83 ± 5% for SFA-PE, and 78 ± 4% 
for SFA-Di-PE esters at their esterification optimal condi-
tion, respectively.
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Fig. 12   The effect of esterification time on SFA ester yield (%) using 2% H2SO4 of SFA-TMP ester (3:1) at 150 °C (a), SFA-Di-TMP ester (4:1) 
at 150 °C (b), SFA-PE (4:1) at 200 °C (c), and SFA-Di-PE ester (6:1) at 200 °C (d)
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The esterification between SFA and TMP was produc-
ing the SFA-TMP tri-ester. The final resultant tri-ester 
was then determined by using high temperature column 
GC-FID (DB-5HT). The terminology used in fat and oil 
analysis was referred to identify the tri-ester peaks by 
carbon number of attached alkyl group [33]. The TMP 
skeleton-backbone was replacing the oil glycerol back-
bone. The tripalmitate TMP (PPP TMP, TE54) with peak 
retention time (Rt) at 51.8 min has been used as authentic 
standard compound for the identification of TMP tri-ester 
product. Figure 15 shows GC chromatogram of SFA-TMP 
tri-ester product where the peaks starting to appear at Rt 
of 51.20 min for TE52 tri-ester are represented by di-
palmitoyl-myristate TMP (PPM TMP), followed by TE54 
(Rt = 51.8 min) of tripalmitate TMP (PPP TMP), TE56 
(Rt = 52.4 min) of di-palmitoyl-stearate TMP (PPS TMP), 
and TE56 (Rt = 53.8 min) of di-palmitoyl-oleate TMP 
(PPO TMP). The results showed the resultant product 
composed about 99.0 ± 3% tri-ester as a major composi-
tion. This indicates the successful conversion of SFA and 
TMP to TMP tri-ester product. For further confirm which 
fatty acid composition was successfully converted to SFA-
TMP tri-ester, the resultant product was analyzed for its 
fatty acid methyl ester (FAME) composition by GC-FID 
with nonpolar DB-5 column.

Figure 16 shows GC chromatogram of FAME compo-
sition in SFA-TMP tri-ester. The result showed that SFA-
TMP tri-ester was composed by 88.6 ± 3% of palmitic 
acid (C16:0) as a major saturated fatty acid, 3.9% of stearic 
acid (C18:0), 4.6% oleic acid (C18:1), and 1.7% of myristic 
acid (C14:0). The result shows that the same dominated 
and composition saturated fatty acid of palmitic fatty acid 
composing the SFA-TMP tri-ester as compared to other 

saturated fatty acid composition in SFA [18]. This con-
firms the correct selection of palmitic acid as a theoretical 
representative of SFA in the esterification chemical reac-
tion involved. The yield percentage of resultant SFA-TMP 
tri-ester was expected to increase after the optimization 
employed.

3.4 � Lubrication property

The lubrication property summary of the synthesized SFA-
PFAD esters is shown in Table 3. These results appeared 
to show that the lubrication properties of the SFA-PFAD 
esters depend on the chemical structure and weight of alco-
hols used. It is pronounced that SFA-PFAD esters with high 
molecular weight have the most promising criteria to be used 
as a biolubricant with high kinematic viscosity and VI and 
high FP, OST, and PP values as compared to other synthe-
sized ester dodecanedioate ester (DHD) and commercial 
lubricant PAO6 [33]. SFA-PFAD esters with high branched 
carbon chain also showed high VI and FP and inversely 
reduce the PP and OST values [34].

The efficiency of the biolubricant in reducing friction 
and wear is greatly influenced by its viscosity. Biolubricants 
must reduce friction between moving components regard-
less of whether during application either during cold or hot 
season at temperatures of up to 200 °C [35]. The viscosity 
index (VI) highlights how the biolubricant viscosity changes 
with the variation in temperature [33]. A low VI represents 
relatively large changes of kinematic viscosity induced 
by changes in temperature. On the other hand, a high VI 
indicates that kinematic viscosity is largely constant over a 
wide temperature range [36]. As the synthesized SFA-PFAD 
esters have shown high VI values in the range of 115 ± 3 to 

Fig. 13   The effect of different 
polyhydric alcohols on SFA 
PFAD esters yield (%). Note: 
SFA-TMP, molar ratio of 4:1, 
H2SO4 (2%), 150 °C for 6 h; 
SFA-Di-TMP, molar ratio of 
5:1, H2SO4 (2%), 150 °C for 
6 h; SFA-PE, molar ratio of 5:1, 
H2SO4 (2%), 200 °C for 6 h; 
and SFA-Di-PE, molar ratio of 
7:1, H2SO4 (2%), 200 °C for 6 h
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135 ± 5, they can be classified as high VI semi-solid base 
esters. In general, the VI values of the SFA esters are high 
as compared to the commercial lubricants (PAO6) which 
VI of 132 ± 3.

The minimum temperature at which the biolubricant 
oil will pour or flow when it is cooled is defined by pour 
point (PP). The PP should be low enough to ensure that the 
biolubricant is pump-able when the equipment is initiated 
at extremely low temperatures. At the same time, indus-
tries are using moderate PP esters to formulate grease, 

as gear and bearing lubrication [6]. Most of saturated 
branched esters with relatively poor flow characteristics 
at low temperatures particularly blend well with additive 
and thickener for grease lubricating applications. The PP 
of SFA-PFAD esters in this work, SFA-TMP, SFA-Di-
TMP, SFA-PE, and SFA-Di-PE shows PP of 35 ± 2, 30 ± 2, 
33 ± 2, and 25 ± 2 °C, respectively. The SFA-Di-PE ester 
has a high degree of branched carbon chain which shows 
lower PP among the synthesized esters. Increasing carbon 
chain branched at a constant carbon chain number will 
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Fig. 14   The effect of molar ratios of SFA and different alcohols on SFA ester yield (%) at 6 h, 2% H2SO4, and 150 °C for SFA-TMP (a) and 
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decrease the PP of the ester [37]. Cermak et al. found that 
linear carbon chained esters have higher PP compared to 
branched esters [38]. This is because crystallization is pre-
vented by a steric barrier around the individual molecule, 
owing to the presence of a large branching point in the 
SFA esters, thus decreasing its PP. Most liquid lubricants 
require pour point depressant (PPD) molecules to reduce 
its PP at their low attempted lubrication temperature 

application. The existing PPD in the market such as chlo-
rinated paraffins and naphthalene polyacrylates, copoly-
mers of ethylene and vinyl esters, copolymers of a-olefins 
and maleates, poly-α-olefin and polymethacrylate are 
petroleum based [39]. However, due to the environmen-
tal concern, PPD derived from plants and animals is of 
interest of concern for many researchers. PPDs such as 
diisopropyl azelate (DIAZ) are among of them [40]. How-
ever, the synthesized esters in this study are semi-solid and 
plausible to be used in formulate grease lubricant for any 
gear and bearing operating application.

The lowest temperature at which a biolubricant will form 
a vapor in the air near its surface that will briefly ignite, on 
exposure to an open flame, is describe by its flash point (FP). 
Biolubricant should have high FP to allow safe operation and 
minimum volatilization upon maximum operating tempera-
ture [36, 41]. From this study, it was known that the values 
of FP increase with the molecular weight of the esters. SFA-
Di-PE (793.1 g/mol) and SFA-Di-TMP (789.2 g/mol) have 
the highest FP value at 310 ± 4 and 290 ± 5 °C, respectively, 

Fig. 15   Tri-ester composition of 
SFA-TMP ester

Fig. 16   Fatty acid composition 
of SFA-TMP tri-ester

Table 3   Lubrication properties of SFA-PFAD–based esters

Note: PAO6, polyalphaolefin lubricant.

Esters VI PP (°C) FP (°C) OST (°C)

SFA-TMP 115 ± 3 35 ± 2 270 ± 3 322 ± 6
SFA-Di-TMP 125 ± 4 30 ± 3 290 ± 5 260 ± 2
SFA-PE 122 ± 4 33 ± 3 275 ± 5 300 ± 4
SFA-Di-PE 131 ± 2 25 ± 2 310 ± 4 251 ± 3
PAO6 132 ± 3  − 50 ± 2 227 ± 3 210 ± 3
Dodecanedioate ester 181 ± 3 18 ± 2 200 ± 5 201 ± 2
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among other SFA-PFAD esters, while SFA-TMP (673 g/
mol) and SFA-PE (675  g/mol) have FP of 270 ± 3 and 
275 ± 5 °C, respectively. The high FP of SFA-esters makes 
it suitable to be used for aviation jet engine gear and bearing 
system [21]. All the prepared esters have higher FP than the 
commercial PAO6 lubricant with FP of 226 ± 3 °C. These 
esters still maintained good lubrication properties even at 
high temperatures.

Biolubricant oxidative stability is another important 
property which determines the degree of the resistance of 
the biolubricant to oxidative degradation. Biolubricant 
must have long lifespan, especially if used in heat trans-
fer units, transformers, turbines, and hydraulics applica-
tion. The potential esters that are used as biolubricants 
must be resistant to oxidition during the operational. The 
higher its oxidative stability temperature (OST) value 
shows the more stable biolubricant. A rather unexpected 
outcome was discovered, when SFA-TMP and SFA-PE 
appeared with the highest OST values among the synthe-
sized esters with 322 ± 6 °C and 300 ± 4 °C, respectively, 
while OST values of SFA-Di-TMP and SFA-Di-PE were 
260 ± 2 °C and 251 ± 3 °C, respectively. Numerous pos-
sible aspects could be explained from its hydrocarbon 
chain chemical composition [8]. SFA-TMP with less 
branching and uniform structure is thermodynamically 
stable than others [42]. Despite having a more carbon-
hydrogen bond with higher molecular weight, the OST 
value of SFA-Di-PE is insignificant compared to other 
SFA-esters. This finding is somewhat counterintuitive 
and might be due to a negative effect from the increase 
of branching in SFA-Di-PE against the OST value. This 
finding trend was in agreement with report claiming that 
the OST decreases with the increasing in branching of 
the esters [43]. In general, all the synthesized product 
of SFA-esters showed high OST values at the range of 
251–322 °C, which is higher than the commercialized 
lubricants. This indicated their suitability to be used as 
a commercial grease and bearing lubricant application.

4 � Conclusion

The esterification reaction of SFA with four different 
types of alcohols TMP, Di-TMP, PE, and Di-PE was 
successfully carried out to produce in high yield pol-
yol esters. The optimization process has successfully 
increased the polyol ester yield and ester selectivity. 
Reaction temperature has significant effect on the esterifi-
cation reaction yield. The optimal yield of SFA-TMP and 
SFA-Di-TMP esters appeared at temperature of 150 °C 
while the optimal yield of SFA-PE and SFA-Di-PE esters 
appeared at 200 °C. Polyhydric alcohol with low-branched 
hydrocarbon chains endorses the esterification process as 

compared to high-branched alcohols. The study concludes 
that polyol SFA-TMP ester shows the highest ester yield 
and ester selectivity. Whereas, polyol SFA-Di-PE was 
produced at lower yield and hexa-ester selectivity. The 
results showed that the high end SFA–based polyol esters 
can be produced through the esterification method, which 
is cost-effective polyol ester production from palm oil 
processing by-product. The lubrication properties of the 
synthesized polyol esters indicated their appropriateness 
to be used as grease and bearing lubricant application.
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