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This study presents a novel biolubricant synthesis method using infrared heating to produce biolubricant from a
blend of used cooking oil and Calophyllum inophyllum oil (UCOCI). Response Surface Methodology was applied to
optimize the polyesterification process, varying reaction time, ethylene glycol (EG) to UCOCI methyl ester ratio,
and sodium methoxide concentration. The predicted biolubricant yield was 94.30 %, closely matching the
experimental yield of 94.03 %. The quadratic response model demonstrated a strong fit (R* = 0.9979). Physi-
cochemical and tribological properties were evaluated and compared to SAE 15-W40 lubricant. UCOCI bio-
lubricant showed an acid value of 0.46 mg KOH/g, viscosities of 83.46 cSt at 40 °C and 13.2 ¢St at 100 °C, and a
viscosity index of 216.32. Friction coefficients of UCOCI biolubricant blends (Bioll0 to Biol50) ranged from
0.1091 to 0.071, all lower than SAE 15W-40. The wear scar diameters for these blends (0.140 to 0.100 mm) were
also significantly smaller than SAE 15W-40 (0.549 mm). The superior lubricating properties suggest UCOCI
biolubricant’s potential for use in heavy-duty engines and as a natural additive.

1. Introduction alternative energy that is extensively studied and developed is

biolubricants.

Today’s primary global energy comes from fossil fuels that gradually
replete and will soon be exhausted. According to statistical data from the
Energy Institute, 81.47 % of the global energy is derived from fossil fuels
and while 18.53 % is derived from renewable sources [1]. In Indonesia,
87.7 % of fossil fuel energy constitutes the total primary energy sources
in 2021, where the fossil fuel energy is dominated by coal (42.38 %),
followed by petroleum (31.40 %), and natural gas (13.92 %) [2].
Increasing the use of fossil fuels will increase local and global air
pollution and exacerbate the issue of global warming due to release of
carbon dioxide emissions (COj) into the atmosphere. Moreover, the
global energy crisis, marked by rising oil prices, has prompted scholars
and the industry to shift their energy sources to more environmentally
friendly, renewable, and sustainable energy sources. One of the forms of
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Biolubricants are derived from renewable sources (including vege-
table oils and animal fats), serving as alternative lubricants and superior
substitutes or additives for conventional petroleum-derived lubricants
[3-6]. Biolubricants are an excellent alternative to conventional
petroleum-derived lubricants. The consumption of the global lubricant
industry is projected to significantly increase, reaching a compound
annual growth rate (CAGR) of 3.8 %, from USD 139.44 billion in 2023 to
USD 180.21 billion by 2030 [7]. Every year, 40 million metric tonnes of
lubricant are produced worldwide, and about half of that is discharged
into the environment, with devastating impacts on the environment
such as water and soil pollution [8,9].

The disposal of commercial lubricants is detrimental to the envi-
ronment, and therefore, many scholars are exploring environmentally
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friendly biolubricant raw materials such as inedible raw materials [10,
11], including used cooking oil (UCO) [6,12], Calophyllum inophyllum oil
(CIO) [13], Jatropha curcas oil [14], rubber seed oil [15], and kapok oil
[9]. The use of edible oils such as crude coconut oil for biolubricant
production will increase the price of the crude oil owing to the compe-
tition between the use of edible oils for food and lubricant production
[16]. Consequently, the cost of biolubricant production will increase by
a factor of 4-15 compared with the cost of conventional mineral lubri-
cant production [17].

In the commercialization of biodiesels and biolubricants, the main
problem is the price of raw materials, especially vegetable oils [18].
Therefore, the production of biolubricant from used cooking oil (UCO) is
a cost-effective option, which can also address the problem of UCO
disposal. From 2023 to 2030, the compound annual growth rate (CAGR)
is projected at 4.8 %, with the global UCO market anticipated to increase
from USD 7.29 billion in 2022 to USD 10.61 billion by 2030 [19]. In
2023, Indonesia’s palm oil production was estimated at approximately
46.98 million metric tonnes, showing a consistent upward trend. The
production saw a significant growth of 7.15 % from the previous year,
which was attributed to favourable weather conditions and an expan-
sion of plantation areas. The high potential of palm oil in Indonesia
produces large amounts of UCO that can be potentially used as a raw
material for biolubricants. Converting UCOs into biolubricants or other
bioproducts will not only reduce the adverse impacts of UCO on the
environment, but it will also prevent illegal UCO recycling as fake palm
oil [17,20]

UCO has poor oxidation stability and low viscosity, necessitating
further research to improve its physicochemical properties [21]. The
kinematic viscosity and oxidation stability are important properties of
lubricants [22]. Different oil blends have been investigated for biodiesel
production and it has been shown that the type of oil blend plays an
important role in improving the physicochemical properties of the bio-
diesel such as kinematic viscosity and oxidation stability [22]. CIO is one
of the inedible raw materials that can improve the physicochemical
properties of UCO. Based on gas chromatography-mass spectrometry
measurements, CIO contains stearate acid (43.33 %) and linoleic acid
(31.18 %). The total saturated and unsaturated fatty acids are 58.77 and
41.24 %, respectively [23]. Based on its fatty acid composition, it is
expected that CIO is capable of enhancing the physicochemical prop-
erties when it is blended with UCO.

It is essential to evaluate biolubricant production technology to
reduce production costs. Various methods have been used to synthesize
biolubricants such as conventional [6,24], microwave [25-27], ultra-
sound [28,29], and supercritical fluid [30] methods. Numerous studies
have reported that the transesterification of vegetable oil triester with
trimethylolpropane (TMP), neopentyl glycol (NPG), ethylene glycol
(EG), and pentaerythritol (PET) as polyols to produce biolubricants
using conventional reactors requires 4-6 h [5,10,25,31-34]. This is
important because long reaction times translate to higher energy con-
sumption and production costs. The intensification process is a chemical
process that is more sustainable, improves performance, and reduces
costs [28]. Infrared heating is one of the most efficient methods to
intensify chemical reactions [35]. In an infrared irradiation-assisted
reactor with an infrared energy within a range of 0.001-1.7 eV, the
infrared radiation can penetrate deeper into the reaction mass and be
intensively absorbed [20].

However, to date, there are limited reports on the synthesis of bio-
lubricant from a blend of UCO and CIO using infrared irradiation-
assisted reactor. The objective of this study is to produce high-quality
UCOCI biolubricant using this novel synthesis method and charac-
terize its physicochemical properties and tribological characteristics.
Furthermore, the process variables of the UCOCI biolubricant produc-
tion process assisted by infrared irradiation was optimized using
response surface methodology (RSM) based on the Box-Behnken design.
RSM is an empirical model that uses mathematical and statistical tech-
niques to link input variables (factors) to the response variables [36].
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RSM has been effectively used to optimize parameters in research, en-
gineering, and technology [5,21,37-40].

Therefore, RSM was used in this study is to optimize three process
variables of the polyesterification process: (1) reaction time, (2) ratio of
EG to UCOCI methyl ester, and (3) sodium methoxide catalyst concen-
tration. The process variables were optimized to maximize the UCOCI
biolubricant yield and minimize the energy consumption of the bio-
lubricant production process. In addition, the physicochemical proper-
ties of the biolubricant were compared with those of the SAE 15W-40
commercial synthetic lubricant as well as those specified in other
lubricant standards. Subsequently, the UCOCI biolubricant and its
blends were tested to determine their tribological characteristics to
assess the viability of the UCOCI biolubricant as an alternative lubricant.

2. Materials and methods
2.1. Materials

The feedstocks used in this study were UCO obtained from a city farm
and CIO from Central Java, Indonesia. The reagents used in this study
were methanol (Merck, purity > 99.9 %), sulphuric acid (Merck, purity
> 98.9 %), orthophosphate (Merck, purity > 85 %), potassium hy-
droxide (KOH) pellets (Merck, purity > 99 %), sodium methoxide
(CH3ONa) pellets (Pallav, purity > 98 %), phenolphthalein solution (1 %
in ethanol), and Shell SAE 15W-40 synthetic lubricant. For the tribo-
logical tests, the materials used were a cleaning solvent (acetone), a
rinser (n-heptane), and a chromium alloy steel test ball with a diameter
of 12.7 mm (0.5 in.), Grade 25 EP (extra polished) and Rockwell C
hardness of 64-66.

2.2. Experimental set-up

The infrared irradiation-assisted reactor used for biolubricant pro-
duction consisted of 500 mL of transparent borosilicate glass (without a
jacket and with a thickness of 5 mm) equipped with infrared light (input
speed: 100 W, voltage: 220 V, frequency: 50 Hz) to produce infrared
energy in the range of 0.001-1.7 eV Infrared radiation was used to
accelerate the process of esterification and transesterification. A 100-W
infrared light was placed inside the 500-mL glass reactor connected to a
magnetic mixer. The magnetic mixer was used to ensure homogeneous
mixing of the reaction mixture in the borosilicate reactor. Fig. 1 shows
the schematic of the experimental set-up used for biolubricant synthesis
assisted by infrared irradiation. This experimental set-up was used for
acid-catalysed esterification and alkaline-catalysed transesterification.

2.3. Pre-treatment and selection of oil blend for biolubricant production

In the first stage, the collected UCO was filtered using a filter paper to
remove food residues from the oil. Next, the UCO was heated to a
temperature of 100 °C for 60 min to minimize the water content of the
oil. Pre-treatment was carried out due to the high acidity of the UCO and
CIO. This procedure facilitates the elimination of particles or contami-
nants present in the oil during extraction or due to atmospheric expo-
sure. Contaminants may present a challenge during the esterification
and transesterification processes, which can reduce the quality of the
biolubricant. Therefore, it is imperative to perform the pre-treatment at
high temperatures. First, 1 kg of CIO was measured and poured into a
beaker placed on top of the heating element. Subsequently, the CIO was
heated at 100 °C, the CIO was stirred for 1 h at a stirring speed of 500
rpm, the CIO was left to cool for 15 min, and subsequently, the CIO was
filtered to eliminate solid impurities. [41]. After pre-treatment of the
UCO and CIO, the UCO and CIO were mixed at a volume ratio of 70:30,
producing the UCOCI oil blend. The oxidation stability, acid value, and
free fatty acid content of pure UCO (UCO100), pure CIO (CIO100), and
their blends are summarised in Table 1. It can be seen that the oxidation
stability, acid value, and free fatty acid content increased with an
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Fig. 1. Infrared irradiation-assisted reactor for biolubricant synthesis.

Table 1
Properties of pure UCO, pure CIO, and their blends.
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Property Units Raw oil blend

UCo100 CIO100 UC90CI10 UC80CI20 UC70CI30 UC60CI40
Oxidation stability min 77.6 588.34 98.6 128.1 207.27 258.23
Acid value mg KOH/g 2.21 62.23 7.98 13.95 18.94 28.72
Free fatty acid content % 1.17 29.72 3.91 6.982 9.83 13.64

increase in the percentage of CIO in the blend.

It is evident from Table 1 that the oxidation stabilities of the
UC90CI10 and UC80CI20 blends were relatively low, and thus, these oil
blends were not explored further. In contrast, the oxidation stabilities
were higher for the UC70CI30 and UC60CI40 blends, and therefore,
these blends appeared to be promising for biolubricant production.
However, the acid values for the UC70CI30 and UC60CI40 blends were
high, with a value of 18.94 and 28.72 mg KOH/g respectively. The
UC60CI40 blend required a double esterification process, which would
increase the cost of biolubricant production. Hence, the UC70CI30 blend
was selected for biolubricant production in this study by esterification
and double transesterification using infrared technology.

2.4. Biolubricant production

2.4.1. Degumming process

Degumming process was conducted on the crude oils to improve
their oxidation stability. Crude oils typically contain various quantities
of phosphatides (gums), which must be eliminated from the oils before
the transesterification process. The process of separating gums consist-
ing of phosphatides, protein residues, carbohydrates, water, and resins is
called degumming. In this stage, the UCOCI oil blend was inserted into a
double jacketed reactor added with 5 % (v/v) of 20 % (v/v) phosphoric
acid (H3POy) heated at a temperature of 60 °C, and stirred at a stirring
speed of 800 rpm for 30 min [21]. Following this, filtration was carried
out on the UCOCI oil blend using a separatory funnel for 2-4 h, resulting
in the accumulation of phosphatides at the base of the funnel. The
resultant UCOCI oil blend was then washed with warm distilled water at
45-50 °C 2-3 times. The degumming process was similar to the pro-
cedure performed by Milano et al. [21].

2.4.2. Acid-catalysed esterification

It is necessary to minimize the free fatty acids of the crude oil blend
because a high acid value can result in significant saponification. The
high FFA content of the UCOCI oil blend was reduced by esterification
with methanol using sulphuric acid as a catalyst [16]. The trans-
esterification reaction cannot be catalysed by a homogeneous alkaline
catalyst when the FFA content is greater than 3 % [16]. To address this
problem, acid-catalysed esterification was carried out on the UCOCI oil
blend.

In this process, 500 mL of UCOCI oil blend was mixed with a solution
containing 1 % (v/v) of sulphuric acid (H2SO4) and a 20 % (v/v) of
methanol. Next, the mixture was moved into infrared irradiation-
assisted reactor. The UCOCI oil blend was stirred at a temperature of
60 °C and stirring speed of 500 rpm for 60 min. To facilitate the sepa-
ration of impurities from the UCOCI oil blend, the UCOCI oil blend was
poured into a separatory funnel once the reaction was complete and left
for 2 h The esterified UCOCI oil blend was then collected and placed in a
rotary evaporator under vacuum and heated at 80 °C for 30 min. The
main purpose of this was to get rid of any remnants of methanol in the
esterified UCOCI oil blend. The details of the acid-catalysed esterifica-
tion are similar to those of other studies [11,16,21,29].

2.4.3. Alkaline-catalysed transesterification

In this stage, alkaline-catalysed transesterification was carried out on
the esterified UCOCI oil blend, which already had a low acidity. Excess
methanol (99.9 %) was required to drive the transesterification reaction
forwards, producing UCOCI methyl ester and glycerol [42]. The esteri-
fied UCOCI oil blend was mixed with 1 % (w/w) of KOH catalyst and 25
% (v/v) of methanol (CH3OH). The transesterification was conducted at
a temperature of 60 °C and stirring speed of 500 rpm for 60 min. The
alkaline-catalysed transesterification was similar to those of other
studies [11,16,21,29,42].
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After the transesterification process was complete, sedimentation
was carried out over a certain period to separate the glycerol from the
UCOCI methyl ester. The upper layer consisted of the UCOCI methyl
ester, while the lower layer was a mixture of glycerol and other de-
tergents removed from the splinter. The UCOCI methyl ester was washed
with warm water several times and then poured into a vacuum evapo-
rator set at a temperature of 70 °C to remove moisture and excess
methanol. Lastly, the UCOCI methyl ester was filtered. The UCOCI
methyl ester is shown in Fig. 2.

2.4.4. Polyesterification

In this stage, polyesterification was carried out on the UCOCI methyl
ester, which had a low acid value. Polyesterification is also called
second-stage transesterification. Polyesterification is the process of
synthesizing the UCOCI methyl ester with EG and sodium methoxide
(CH3ONa) catalyst [42]. The EG and sodium methoxide catalyst were
mixed with 400 mL of UCOCI methyl ester. The following poly-
esterification process variables were varied according to the
Box-Behnken experimental design: (1) reaction time: 30, 75, and 120
min, (2) ratio of EG to UCOCI methyl ester: 20, 30, and 40 % (v/v), and
(3) sodium methoxide concentration: 0.5, 1, and 1.5 % (w/w). The
temperature and stirring speed of the infrared irradiation-assisted
reactor were set at 125 °C and 300 rpm, respectively. After the poly-
esterification process was complete, separation was carried out over a
certain period to separate glycerol from the UCOCI biolubricant. After
the removal of by-products and sodium methoxide catalyst from the
lower layer, the UCOCI biolubricant was washed with distilled water at
40 °C to remove any remaining contaminants. The UCOCI biolubricant
was subsequently evaporated using a rotary evaporator under vacuum at
70 °C, followed by filtration using Whatman 541 filter paper. The details
of the biolubricant production are described in previous studies [26,38,
39,42,43]. The biolubricant yield was determined using Eq. (1):

Biolubricant yield (%(w /w)) =

_ Weight of UCOCI biolubricant obtained (g)

Weight of UCOCI methyl ester used

2.4.5. Optimization of the polyesterification process variables by RSM
RSM based on Box-Behnken experimental design was adopted in this
study maximize the UCOCI biolubricant yield. Design-Expert® version
13.0.1.0 software was employed to optimize the polyesterification
process variables, namely, (1) reaction time (x3), (2) ratio of EG to
UCOCI methyl ester (x3), and (3) sodium methoxide catalyst concen-
tration (x3). The UCOCI biolubricant yield served as the dependent
variable (response variable), whereas the polyesterification process
variables served as the independent variables (factors). The UCOCI
biolubricant yields obtained for different process variables were

Fig. 2. UCOCI methyl ester.
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Table 2
Selected polyesterification process variables and their coded levels according to
the Box-Behnken experimental design.

Symbol  Independent variable Unit Coded levels
-1 0 1
X1 Reaction time min 30 75 120
X2 Ethylene glycol concentration % (v/Vv) 20 30 40
X3 Sodium methoxide catalyst % (w/ 0.5 1 1.5
concentration w)

compared. Each independent variable was coded as —1, 0, and +1, as
presented in Table 2.

Based on Table 2, 17 experimental runs were necessary to examine
the interaction effects of the independent variables. The Box-Behnken
experimental design encompassed all combinations of independent
variables at every level in a perfectly randomized sequence [44].
Analysis of variance (ANOVA) was then carried out to determine the
statistical significance of the independent variables and their
interactions.

2.5. Characterzsation of the UCOCI biolubricant

Evaluation of the physiochemical properties of SAE 15W-40 lubri-
cant and UCOCI biolubricant

The density, kinematic viscosities at 40 and 100 °C, and viscosity
index (VI) of the UCOCI biolubricant and SAE 15W-40 commercial
synthetic lubricant were measured using a viscometer in accordance
with the ASTM D7042 standard. High-viscosity lubricants are deemed to
be suitable for extreme environments, such as hydraulic and automotive
applications. Conversely, low-viscosity lubricants are recommended for
small equipment such as pumps and chainsaws. The VI indicates the
extent to which the viscosity of the lubricant is altered in response to

x 100 (@)

changes in temperature. For industrial applications and extreme envi-
ronments, a high VI is necessary. The acid value, flash point, and
oxidation stability of the lubricants were evaluated according to the
ASTM D664 and ASTM D93 standards.

2.5.1. Tribological characteristics of the UCOCI biolubricant and its blends

The tribological characteristics (coefficient of friction and wear scar
diameter) of the UCOCI biolubricant and its blends were measured using
a four-ball tribotester, as shown in Fig. 3. Five UCOCI biolubricant
blends were produced, namely, Bioll0 Biol20, Biol30, Biol40, and
Biol50, containing 10, 20, 30, 40, and 50 % of SAE 15W-40 synthetic
lubricant, respectively. Prior to the tribotests, the four new balls, ball
pots, ball locking rings, bearing plates, and collets were thoroughly
cleaned using n-heptane and then left to dry. Following this, one ball
was pressed into the ball collet using the ball inserter or ejector mounted
on the test rig base plate and the collet was inserted into the spindle. The
ball pot assembly was placed on top of the base plate slot. The locking
ring was lifted, the three clean balls were inserted into the cavity, the
locking ring was lowered to hold the ball in position, and the locking nut
was locked using the specified torque value.

According to the ASTM standard, the recommended value of torque
should be 68 Nm or 50 ft-l1bs. The lubricant sample was filled above 3
mm of the ball surface. The loading arm was lifted, the loading lever was
held, and the ball pot assembly was placed on top of the anti-friction
disc, ensuring that the anti-friction disc was properly aligned over the
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Fig. 3. Four-ball tribotester used to evaluate the tribological characteristics of the UCOCI biolubricant and its blends.

thrust pad. A thin layer of lubricant sample was applied over the anti-
friction disc and the loading lever assembly was lowered. By removing
the loading arm holder and connecting the heating cable to the ball pot,
it is important to ensure that the loading lever arm is lowered slowly
without any impact on the ball surface. The pan weight loading arm die
was set according to the value recommended in the ASTM standard
d4172. After performing the load release test, the loading arm was lifted
and locked, the acrylic door was opened, and the anti-friction disc was
removed. After welding was done, the ball pot remained attached to the
collet. The collector extractor was inserted into the spindle slot. The ball
pan was held, and the extractor was pressed down to release the heating
cable and collet, ensuring that the ball pot assembly was kept in the ball
pot slot on the base plate. The assembly was allowed to cool, the collet
was pulled using a pair of pliers, the lock nut was unscrewed, the
lubricant sample was removed, and the ball pot was cleaned for further
testing. If welding had not yet occurred, the ball pot assembly was
removed after disconnecting the heating cable, stored in the ball pot slot
in the base plate, and left to cool.

Four-ball wear tests were carried out on the lubricant sample ac-
cording to the ASTM D4172-94 standard with a test duration of 3600 s
at a temperature of 75 °C, spindle speed of 1200 rpm, and load of 40 kg.
The four-ball wear test procedure was also adopted in other studies [34,
45,46]. The coefficient of friction was determined by multiplying the
mean friction torque by the spring constant. Consequently, the frictional
torque on the lower ball can be determined from the following equation:

T /6

_ux 3W xr _
N H=3w x r

V6

where p is the coefficient of friction, r is the distance from the centre of
the contact surface on the lower balls to the axis of rotation (which is
3.67 mm), T is the frictional torque (kg-mm), and W is the applied load
(kg). The wear scar diameter was measured and analysed using an image
acquisition system.

T

@

Table 3
Box-Behnken experimental design of the infrared irradiation-assisted sodium methoxide-catalysed polyesterification process.

Experimental A: Reaction time B: Ratio of EG to UCOCI C: Sodium methoxide catalyst Experimental UCOCI Predicted UCOCI
run (min) methyl ester (% (v/v)) concentration (% (w/w)) biolubricant yield (%) biolubricant yield (%)
15 120 20 1 83.8906 83.83318

4 30 20 1 84.7191 84.66956

3 75 20 1.5 86.7580 87.14138

16 30 30 0.5 79.5290 79.85026

14 120 30 0.5 81.7130 82.04917

17 75 30 1 94.0208 94.30179

6 75 30 1 94.1900 94.30179

8 75 30 1 94.1907 94.30179

11 75 30 1 94.2808 94.30179

9 75 30 1 94.8080 94.30179

13 30 30 1.5 78.8830 78.55517

12 120 30 1.5 78.9618 78.64889

10 75 40 0.5 87.6670 87.29151

5 30 40 1 80.4233 80.48930

7 120 40 1 83.5598 83.61832

2 75 40 1.5 88.3147 88.58827
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3. Results and discussion
3.1. Optimization of the polyesterification process variables by RSM

As mentioned in Section 2, RSM based on the Box-Behnken design
was used to optimize the infrared irradiation-assisted sodium
methoxide-catalysed polyesterification process variables to maximize
the UCOCI biolubricant yield. The experimental design consisted of 17
trials, each with three process variables (reaction time, ratio of EG to
UCOCI methyl ester, and sodium methoxide catalyst concentration) and
three levels. The UCOCI biolubricant yields obtained from the experi-
ments are summarised in Table 3 and were compared with the predicted
UCOCI biolubricant yields.

Based on the results shown in Table 3, the UCOCI biolubricant yield
varied from 78.883 % to 94.808 %. The UCOCI biolubricant yield (Y)
can be predicted from the reaction time (A), ratio of EG to UCOCI methyl
ester (B), and sodium methoxide catalyst concentration (C) using the
following quadratic equation:

Y = 94.24 + 0.5877A — 1.17B — 0.8731C + 0.9787AB — 0.5027AC
+2.4 BC — 10.67A% — 0.4544B2 — 3.87C>

Results in Engineering 24 (2024) 103343

Normal Plot of Residuals

99—
— ]
95 4
90 3 »
E n
2 80- o
| 70- - -
Q
<] ]
& 50 [ ‘
: i
©
E 30 L
S |
zZ 20 = =]
3 |
103 &
5
. [}
1—
3) | [ [ I [ I [
3.00 2.00 1.00 0.00 1.00 200 3.00

Eq. (3) delineates the quadratic response surface model used to
predict the UCOCI biolubricant yield based on the parameters of the
polyesterification process (uncoded independent variables). The UCOCI
biolubricant yields predicted using this model are tabulated in Table 3. It
is apparent that the UCOCI biolubricant yields obtained from experi-
ments conformed well with those predicted by the quadratic response
surface model.

ANOVA was used to assess the validity of the quadratic response
surface model, and the results are presented in Table 4. It can be seen
that the quadratic response surface model had a large F-value (375.27)
and low p-value (p < 0.0001) at 99 % confidence interval, indicating
that model was statistically significant. Based on the results, factors A, B,
C, AB, AC, BC, A% B2 and C? were significant model terms since the p-
values were <0.05. If the p-value of the model term is greater than 0.05,
the model term is not statistically significant.

Fig. 4 shows the normal probability plot of the externally studentized
residuals and it is evident that the residuals were well-behaved, where
the residuals were close to the diagonal line, suggesting that the model is
valid. Fig. 5 shows the comparison between the predicted and experi-
mental UCOCI biodiesel yields and it can be observed that the values
showed good agreement. In addition, the coefficient of determination
(R?) of the model exceeded 90 %, indicating the high significance of
each model term [47]. The R? value is a statistical measure that shows
how well the predicted values of the model are in line with the actual
values observed [47]. It can be seen from Table 4 that the R? value of the

Externally Studentized Residuals

Fig. 4. Normal probability plot of externally studentized residuals.

model was 0.9979, signifying that 99.79 % of the variability in the
response variable (UCOCI biolubricant yield) is explained by the vari-
ability in the independent variables (reaction time, ratio of EG to UCOCI
methyl ester, and sodium methoxide catalyst concentration). The high
R? value indicates that the model effectively explains most of the vari-
ability in the UCOCI biolubricant yield. An R? value close to 1 indicates
that the values predicted by the model are close to those obtained from
experiments [48] The high R? value indicates the reliability of the RSM
adopted in this study and shows that the model is very consistent with
the data and can be trusted to predict the results under optimal condi-
tions [5]. Silitonga et al. [16] validated the response surface model and
produced Reutealis trisperma methyl ester (RTME) by intensification
process assisted by infrared radiation using process variables optimized
by RSM. The experiment was performed three times and the average
RTME yield was determined to be 97.78 %, which was close to the
predicted RTME yield of 98.39 %.The coefficient of variation (CV) is the
standard deviation divided by the mean. The higher the CV, the higher
the dispersion around the mean, and therefore, a low CV indicates that
the experiment has high dependability and precision [40]. In this study,
the CV was 0.4815 %, indicating that the experiment has substantial
reliability and precision. The adequate precision (signal-to-noise ratio)

Table 4
ANOVA results for the quadratic response surface model used to predict the UCOCI biolubricant yield.
Source Sum of squares Degree of freedom Mean square F-value p-value
Model 592.84 9 65.87 375.27 < 0.0001 Significant
A-Reaction time 2.61 1 2.61 14.88 0.0062
B-Ratio of EG to UCOCI methyl ester 9.68 1 9.68 55.17 0.0001
C-Sodium methoxide catalyst concentration 11.02 1 11.02 62.8 < 0.0001
AB 3.93 1 3.93 22.39 0.0021
AC 1.11 1 1.11 6.31 0.0403
BC 13.28 1 13.28 75.67 < 0.0001
A? 438.62 1 438.62 2498.83 < 0.0001
B? 3.75 1 3.75 21.35 0.0024
(& 78.58 1 78.58 447.65 < 0.0001
Residual 1.23 7 0.1755
Lack of fit 0.8683 3 0.2894 3.21 0.1446 No significant
Pure error 0.3604 4 0.0901
Cor total 594.07 16

CV = 0.4815 %; R? = 0.9979; R?Adj = 0.9953; Predicted R? = 0.9757; Adeq Precision = 49.004.
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Fig. 5. Comparison between the experimental and predicted UCOCI bio-
lubricant yields.

was also assessed in this study, and a ratio over 4 is preferred. It can be
seen from Table 4 that the adequate precision was 49.00, indicating
adequate model discrimination. The residual is the discrepancy between
the observed value and estimated value. Each observation in the dataset
has a residual. The estimated residuals follow a Gaussian distribution if
the experimental error is random. Hence, it is crucial to evaluate the
adequacy of the quadratic response surface model to determine if the
residuals conform to a normal distribution.

3.2. Optimization of the infrared irradiation-assisted polyesterification
process using RSM

As discussed earlier, RSM was used to optimize the process variables
of the infrared irradiation-assisted sodium methoxide-catalysed poly-
esterification process. The optimum reaction time, ratio of EG to UCOCI
methyl ester, and sodium methoxide catalyst concentration were 77.438
min, 23.448 % (v/v), and 1.02 % (w/w), respectively. Using the
quadratic response surface model (Eq. (1)), the predicted UCOCI bio-
lubricant yield was 95.150 %, obtained using the optimum process
variables.

It can be deduced that the use of infrared radiation facilitates the
conversion of free fatty acids into methyl ester. The infrared energy
(photons with energy levels of 0.001-1.7 eV) corresponds to the range of
energy that separates the molecular vibration’s quantum state. As a
result, the infrared radiation can penetrate deeper into the reaction mass
compared with visible radiation. Furthermore, more intense infrared
radiation is absorbed compared with conventional microwaves and
thermal energy [16,43]. Numerous studies have reported that the
transesterification of vegetable oil triester with TMP, NPG, EG, and PET
as polyols for average biolubricant synthesis using conventional reactors
requires a reaction time of 4-6 h [5,10,25,31-34]. Infrared radiation
interacts with the molecules of the reaction mass, putting them into
vibration mode and causing severe molecular collisions. In contrast with
conventional reactors, infrared irradiation-reactors can improve the
direct transfer of heat energy to the reactant molecules, thereby sub-
stantially augmenting the activation of their active species [49]. Sili-
tonga et al. [16] obtained an average RTME yield of 97.78 %, indicating
that infrared irradiation-assisted transesterification has many advan-
tages, such as lower energy consumption due to the deeper penetration
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of the infrared radiation into the reaction mass, which can increase mass
transfer between non-mixable reactants, thereby improving the bio-
diesel quality. Therefore, it can be deduced that the infrared
irradiation-assisted sodium methoxide-catalysed polyesterification pro-
cess is efficient and suitable to produce biolubricants, and the bio-
lubricant yield can be boosted by using the optimum process variables.

3.3. Effects of polyesterification process variables on the UCOCI
biolubricant yield

Three-dimensional response surface plots were constructed to anal-
yse the effects of the process variables (reaction time, ratio of EG to
UCOCI methyl ester, and sodium methoxide catalyst concentration) on
the UCOCI biolubricant yield. The plots help identify the process vari-
ables that have a more substantial effect on the UCOCI biolubricant
yield.

3.3.1. Effects of ratio of EG to UCOCI methyl ester and reaction time

Fig. 6 shows the effects of the ratio of EG to UCOCI methyl ester
(20-40 % (v/v)) and reaction time (30-120 min) on the UCOCI bio-
lubricant yield. The optimum ratio of EG to UCOCI methyl ester was
within a range of 20-40 % (v/v). The reversible nature of the trans-
esterification reaction [36] and the diffusion of the reaction mixture
[42] results in a reduced conversion of free fatty acids into triesters as
the volumetric ratio of EG increases [24]. The disparity in the concen-
trations of UCOCI methyl ester and EG in contact generates a driving
force that accelerates the mass transfer rate of the UCOCI biolubricant.
This is also confirmed by Ifeanyi-Nze et al. [42], who found that the ratio
of EG to fatty acid methyl ester had a direct impact on the triester polyols
that produced the biolubricant, where an increase in the ratio of EG to
fatty acid methyl ester increased the conversion of free fatty acids into
triesters, increased the molar ratio of the reactants above the stoichio-
metric value, and improved the output of the biolubricant. The ratio of
EG to fatty acid methyl ester plays a vital role in the transesterification
process to produce biolubricant [50]. Fig. 6 shows that the optimum
reaction time that maximized the UCOCI biolubricant yield was 73 min.
The red region of the response surface plot indicates the optimum
UCOCI biolubricant yield.

3.3.2. Effects of sodium methoxide catalyst concentration and reaction time
Fig. 7 shows the effects of reaction time (30-120 min) and sodium
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Fig. 6. Response surface plot showing the effects of the ratio of EG to UCOCI
methyl ester and reaction time on the UCOCI biolubricant yield.
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Fig. 7. Response surface plot showing the effects of sodium methoxide catalyst
concentration and reaction time on the UCOCI biolubricant yield.
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Fig. 8. Response surface plot showing the effects of sodium methoxide catalyst
concentration and ratio of EG to UCOCI methyl ester on the UCOCI bio-
lubricant yield.

methoxide catalyst concentration (0.5-1.5 % (w/w)) on the UCOCI
biolubricant yield. The UCOCI biolubricant yield increased as the re-
action time increased from 60 min to 90 min, followed by a gradual
decrease thereafter. This indicates that the reaction time plays a pivotal
role in accelerating or decelerating the polyesterification reaction.
Infrared irradiation is perceived to enhance the thermal energy of re-
actants during the transesterification reaction with alkali catalyst that
facilitate the synthesis of methyl ester [16,51].

3.3.3. Effects of sodium methoxide catalyst concentration and ratio of EG
to UCOCI methyl ester

Fig. 8 shows the effects of sodium methoxide catalyst concentration
(0.5-1.5 % (w/w)) and ratio of EG to UCOCI methyl ester (20-40 % (v/
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v)) on the UCOCI biolubricant yield. The UCOCI biolubricant yield only
exhibited a marginal increase as the sodium methoxide catalyst con-
centration increased from 0.75 % (w/w) to 1.2 % (w/w), suggesting that
the concentration of sodium methoxide catalyst can enhance the UCOCI
biolubricant yield only to a limited extent. The UCOCI biolubricant yield
decreased at sodium methoxide catalyst concentrations of >1.2 % (w/w)
due to saponification.

The results were consistent with those of Silitonga et al. [16], who
obtained an optimum RTME yield at a KOH catalyst concentration of 1 %
(w/w). They performed transesterification without infrared irradiation
and used an alkali catalyst to produce biodiesel. Fig. 8 also shows that
the ratio of EG to UCOCI methyl ester had a pronounced effect on the
UCOCI biolubricant yield, exceeding the effect of the sodium methoxide
catalyst concentration. The UCOCI biolubricant yield reached its
maximum when the ratio of EG to UCOCI methyl ester was 30 % (v/v).

3.4. Physicochemical properties of the crude UCO and CIO, UCOCI
methyl ester, and UCOCI biolubricant

The physicochemical properties of the UCOCI methyl ester (pro-
duced from UC70CI30 oil blend), SAE 15W-40 lubricant, and UCOCI
biolubricant were determined and compared with those specified in ISO
VG 32, ISO VG 46, ISO VG 68, and ISO VG 100 lubricant standards, as
shown in Table 5. The kinematic viscosity at 40 °C and density at 15 °C
of the UCOCI methyl ester were 5.717 ¢St and 860.83 kg/m?, respec-
tively Once the UCOCI methyl ester was converted into UCOCI bio-
lubricant by polyesterification, the kinematic viscosities at 40 and 100
°C of the UCOCI biolubricant were 83.46 and 13.2 cSt, respectively.
However, the kinematic viscosities of the SAE 15W-40 lubricant were
higher than those of the UCOCI biolubricant, which was similar to the
results of Gul et al. (2021), who found that the kinematic viscosity of the
SAE 15W-40 lubricant was higher than that of the cotton seed
biolubricant.

The kinematic viscosity of the lubricant is the most critical attribute
since deviations from the desired values specified in the lubricant
standards may lead to system malfunction. A stable viscosity over a wide
range of temperatures is preferred when choosing a lubricant [52]. One
numerical indicator of the influence of temperature on lubricant vis-
cosity is the viscosity index (VI). A low VI indicates that the viscosity is
temperature-dependent, resulting in thinner oil at elevated tempera-
tures and significantly thicker oil at lower temperatures [42]. In
contrast, a high VI indicates that the viscosity of the lubricant only
slightly changes over a wide temperature range. A higher VI suggests
better lubricant quality [34]. The VI of the UCOCI biolubricant
(Biol100) was determined to be 216.32 (Table 5). The addition of EG
and sodium methoxide catalyst into the UCOCI methyl ester resulted in
the highest kinematic viscosity and VI, with values that were nearly
equal to those for the SAE 15W-40 lubricant (99.2 ¢St and 136.14) and
ISO VG 100 standard.

The flash point is defined as the minimum temperature at which the
lubricant evaporates and forms a flammable mixture with air. The flash
point is a measure of the risk of fire hazards of the lubricant [46]. It can
be observed from Table 5 that the flash point of the UCOCI biolubricant
was 243.3 °C, which was higher than that of the SAE 15W-40 lubricant
(230 °C), and close to the flash point specified in the ISO VG 100 stan-
dard. The average commercial lubricant has a flash point greater than
200 °C [10,53-55]. The kinematic viscosity and flash point of the
lubricant have a significant effect on the flow characteristics and at-
omization of the lubricant. The viscosity and flash point of biolubricants
can be affected by the presence of impurities (such as free glycerol and
glycerides) and temperature [46].

Oxidation stability is one of the important properties of a lubricant.
Oxidation stability predicts the lifespan of the lubricant, especially in
high-temperature conditions [11]. It can be seen from Table 5 that the
SAE 15W-40 lubricant had higher oxidation stability (1703.2 min) than
the UCOCI biolubricant (1642.67 min). The oxidation stability of
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Comparison of the physicochemical properties of crude UCO and CIO, UCOCI methyl ester, and UCOCI biolubricant against those of the SAE 15W-40 commercial

synthetic lubricant and lubricant standards.

Property Unit uco CIO UC70CI30 oil UcocCI UCOCI biolubricant Lubricant standards
blend methyl ester (Biol100)
SAE ISO VG ISO VG ISO VG ISO VG
15W-40 32 46 68 100
Kinematic viscosity cSt 47.9 63.38 51.27 5.717 83.46 99.2 > 28.8 >41.1 > 61.4 > 90
at 40 °C
Kinematic viscosity cSt — — — — 13.2 13.7 > 4.1 > 4.1 > 4.1 > 4.1
at 100 °C
Density at 15 °C kg/m> 901.68  923.4 909.2 860.83 — — — — — —
Viscosity index — — — — — 216.32 136.14 > 90 > 90 > 198 > 216
Flash point °C — — — 165.3 243.3 230 204 220 226 246
Oxidation stability min 77.6 588.34  207.27 1043.4 1642.67 1703.2 — — — 1670.26
at 110 °C
Acid value mg 2.21 62.23 18.94 0.46 0.447 0.73 — — — —

KOH/g

Fig. 9. UCOCI biolubricant.

biomass can lead to polymerization and higher viscosity [56]. Epoxi-
dation, solid formation, and hydrogenation can all increase the oxida-
tion stability of non-edible oils that are chemically modified through
esterification and transesterification reactions [23,25]. The UCOCI
biolubricant is shown in Fig. 9.

3.5. Tribological characteristics of the UCOCI biolubricant

3.5.1. Coefficient of friction
The UCOCI biolubricant was blended with the SAE 15W-40
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Fig. 10. Variations of the coefficient of friction of the lubricant samples and
SAE 15W-40 commercial synthetic lubricant with respect to time.

commercial synthetic lubricant in various proportions (Bioll0 (10 %
synthetic lubricant), Biol20 (20 % synthetic lubricant), Biol30 (30 %
synthetic lubricant), Biol40 (40 % synthetic lubricant), and Biol50 (50 %
synthetic lubricant)) to assess their tribological characteristics. A four-
ball tribotester was used for this purpose, in accordance with the
ASTM D4172-94 standard. All of the lubricants possess the fundamental
ability to establish and sustain a stable lubricating layer in the metal
contact area. This is indeed expected since biolubricant has superior
lubrication performance owing to its ester functionality [46]. Fig. 10
shows the variation of the coefficient of friction for the lubricant samples
subjected to a load of 400 N at a temperature of 75 °C for 3600 s (60
min).

At the start of each experiment, there was a substantial reduction in
the coefficient of friction for all of the lubricant samples tested in this
study. The coefficient of friction for each lubricant sample achieved
steady-state condition after 30 s from the start of the experiment. It is
evident that the lubricant samples had lower coefficients of friction
compared with the SAE 15W-40 lubricant, which is likely due to the high
unsaturated fatty acids and lower saturated fatty acids of the UCOCI
biolubricant. The UCOCI biolubricant (Biol100) exhibited the lowest
coefficient of friction compared with other lubricants. The SAE 15W-40
lubricant exhibited the highest coefficient of friction after 40 min of
experimentation. Fig. 10 and Table 6 show the average coefficients of
friction of the UCOCI biolubricant and its blends and the SAE 15W-40
commercial synthetic lubricant.

It can be seen from Table 6 that the average coefficient of friction of
the UCOCI biolubricant (Biol100) was 0.0811, which was significantly
lower than that of the SAE 15W-40 commercial synthetic lubricant. The
Biol10, Biol20, Biol30, Biol40, and Biol50 lubricants also exhibited
outstanding lubrication performance under the same experimental set-
tings, where the average coefficients of friction were 0.1091, 0.0975,
0.0803, 0.0788, and 0.071, respectively. Kalam et al. [46] also obtained
similar results, where the coefficient of friction of the biolubricant
produced from olive oil (0.076) was lower than that of SAE 15W-40
lubricant (0.092) and reached a steady-state value after 30 s from the
start of the experiment. The SAE 15W-40 lubricant resulted in higher
friction over extended periods. Abdollah, Amiruddin, and Jamallulil
(2020) compared the coefficient of friction of the SAE 15W-40 lubricant
(0.115) with those of palm oil (0.080), palm oil blended with 0.1 % of
hexagonal boron nitride nanoparticles (0.079), and palm oil blended
with 0.5 % of hexagonal boron nitride nanoparticles (0.110). Based on
these findings, it can be deduced that the coefficients of friction of
biolubricants produced from edible and non-edible oils are lower than
that of SAE 15W-40 commercial synthetic lubricant (0.110). The coef-
ficient of friction of biolubricant produced from waste cooking oil was
0.06 (Joshi et al. [6]) while the coefficients of friction for biolubricants
produced from rice bran oil and TMP cotton tricyst were 0.073 (Rani
et al. (2015)), and 0.075 (Joshi et al. [6]), respectively. The coefficient
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Table 6
Comparison of average coefficient of friction of the lubricant samples tested in this study.
Description SAE 15W-40 Biol10 Biol20 Biol30 Biol40 Biol50 Biol100
Average coefficient of friction 0.1501 0.1091 0.0975 0.0803 0.0788 0.071 0.0811
Experimental conditions of the four-ball tribotester load: 40 kg, rotational speed: 1200 rpm, temperature: 75 °C, duration: 3600 s
of friction is a crucial tribological characteristic as it indicates the
capability of the lubricant to reduce friction between moving compo- 016
nents more effectively, potentially improving engine efficiency and —
reducing wear (Khadem et al. 2024). Based on the results obtained in 0.14 1
this study, the coefficients of friction all of the lubricant samples were A
significantly lower than that of the SAE 15-W40 commercial synthetic £ 0121 -
lubricant. The UCOCI biolubricant can work as an auxiliary additive to g —— T T .
commercial lubricants for lubricating purposes. Most vegetable oils are % 0101
composed of triglycerides, which are polar ester molecules by nature. %
The triglyceride chains enhance the biolubricant layer, resulting in o 0084
increased strength and reduced friction compared with ©
petroleum-derived lubricants. The triglyceride component principally c% 0.06 1
accounts for the low oxidation stability of vegetable oils [57,58]. The ©
UCOCI biolubricant reduces friction between the sliding surfaces owing g 0.04 4
to the presence of free fatty acids [21]. Non-edible oils have higher
acidity due to their higher free fatty acid content, which reduces the 0.02 1
coefficient of friction and wear [59].
The significant concentration of unsaturated fatty acids in the UCOCI 0.00 T T T T T T
BIOL100 BIOL10 BIOL20 BIOL30 BIOL40 BIOL50

biolubricant reduces friction due to its high oleic acid content. Fatty
acids possess carboxylic groups (COOH) that create a polar coating that
adheres to the metal surface, which in turn, reduces friction [60].

3.5.2. Wear scar diameter analysis

The high temperature of the lubricant may cause more wear on
sliding and metal contact surfaces [61]. Fig. 11 presents the wear scar
diameter results for the UCOCI biolubricant and its blends and the SAE
15W-40 commercial synthetic lubricant. The SAE 15W-40 lubricant had
an average wear scar diameter of 0.549 mm. Aravind et al. [15] reported
that wear scar diameter for commercial lubricants is within the range of
0.51-0.87 mm. The average wear scar diameter of the UCOCI bio-
lubricant (Biol100) was 17.86 % lower than that of the SAE 15W-40
lubricant. The UCOCI biolubricant resulted in the lowest wear scar
diameter and showed superior efficacy in safeguarding the
metal-to-metal contact surface area. The wear scar diameters of the
UCOCI biolubricant blends were smaller than that of the SAE 15W-40
lubricant. The average wear scar diameters for the Bioll0, Biol20,
Biol30, Biol40, Biol50, and Biol100 lubricants were 0.140, 0.108, 0.104,
0.100, 0.100, and 0.111 mm, respectively.

Gamma oryzanol and tocopherol are natural antioxidants present in
biodegradable oils. The surface protection area between metal contacts
expands due to the increased chain length of fatty acids, which enhances
the absorption of film thickness as the fatty acid chain length increases
[61]. The higher degree of unsaturated fatty acids in the oil results in a
decrease in wear. The fatty acid composition of biodegradable oil in-
duces oxidative deterioration [62]. UCOCI biolubricant can suspend
wear particles by minimizing wear between contact surfaces and
maintaining a lubricant coating to minimize metal-surface interactions.
Consequently, the UCOCI biolubricant, when combined with synthetic
lubricant, exhibits a lower wear scar diameter compared with the SAE
15W-40 lubricant, indicating the lubrication potential of the UCOCI
biolubricant.

The micrographs of the wear scars on the surfaces of stationary steel
balls when the UCOCI biolubricant and its blends were employed as the
lubricating contact fluid (supplementary). It can be observed that there
was a larger wear scar size, several grooves, and material transfer for the
SAE 15W-40 commercial synthetic lubricant. The use of the UCOCI
biolubricant and its blends as the lubricating medium markedly dimin-
ished the wear scar and resulted in subtle grooves on the metal surface.
Based on the ASTM D4172-94 standard, the UCOCI biolubricant and its

10

Fig. 11. Average wear scar diameter of the UCOCI of biolubricant and
its blends.

blends outperformed the SAE 15W-40 in minimizing wear and friction
between two rolling surfaces. Therefore, it can be deduced that the
UCOCI biolubricant has great potential as substitute or additive to
conventional petroleum-derived lubricants, which will significantly
reduce the reliance on fossil fuel-derived lubricants.

4. Conclusion

In this study, UCOCI biolubricant was produced through a two-step
transesterification process assisted by infrared irradiation, achieving a
maximum conversion rate of 94.30179 % under the following optimal
reaction conditions: (1) reaction time: 58.218 min, (2) ratio of EG to
UCOCI methyl ester: 23.393 % (v/v), and (3) sodium methoxide catalyst
concentration: 0.959 % (w/w). The experimental UCOCI biolubricant
yield was found to be 94.0306 %, which showed excellent agreement
with the predicted UCOCI biolubricant yield (94.30179 %). The UCOCI
biolubricant was evaluated for its physicochemical properties and
tribological characteristics using a four-ball tribotester in accordance
with the ASTM 4172 standard. The acid value, kinematic viscosities at
40 and 100 °C, VI, flash point, and oxidation stability of the UCOCI
biolubricant were 0.46 mg KOH/g, 83.46 and 13.2 cSt, 216.32, 243.3°C,
and 1703.2 min, respectively. The physicochemical properties of the
UCOCI biolubricant were close to those specified in the ISO VG 100
standard. The UCOCI biolubricant and its blends demonstrate superior
boundary lubrication properties, lower coefficients of friction, and
smaller wear scar diameters compared with the SAE 15W-40 commer-
cial synthetic lubricants, indicating their potential as effective heavy-
duty engine lubricants and as additives to enhance existing commer-
cial lubricants.
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