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Researchers around the world are focusing on the development of biobased lubricating oils due to the
depletion of mineral oil and environmental pollution. Soybean, which is one of the most produced crops
globally, has been identified as a potential source for such oil. However, soybean oil has poor thermal
and oxidative stability, which needs to be addressed so that soybean oil based lubricants can perform
reasonably in relatively high temperature applications. To overcome this, isopropylation based chemical
modification was used on both regular soybean oil (RSO) and high oleic soybean oil (HOSO). During this
process the carbon-carbon double bonds of fatty acids also get converted to single bonds. To ensure
the formation of single bonds, various tests such as GC-MS, NMR, and compact mass spectroscopy
(CMS) analyses were performed. The tribological characteristics of the oils were also compared at
different temperature conditions. It was observed that the selected chemical modification process was
more impactful on RSO from a lubrication perspective, resulting in a 35% reduction in wear volume at
room temperature and a 15% reduction at high temperature, compared to only around a 10% reduction
for HOSO at both room and high temperatures. Detailed analyses of tribological behavior were
conducted by leveraging a suit of microscopy, spectroscopy and interferometry techniques exploring the
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1. Introduction

The performance of engines and other machinery can be
significantly impacted by two major factors - friction and wear.
Friction, which is the resistance between two surfaces in
motion, is commonly observed at piston rings, bearings, and
valve train components in IC engines." Excessive friction can
result in energy loss, reduced efficiency, and increased
temperatures. However, wear is the gradual material trans-
formation, which can cause critical parts to get damaged,
leading to increased clearances, loss of compression, and
eventual engine failure. To mitigate these effects, lubricating oil
is used to minimize friction and wear, thereby improving the
overall performance as well as the lifespan of the machinery.
The rapid growth of industries, technological advancements,
and urbanization have led to an unprecedented increase in
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dominant wear mechanisms in each case.

energy demand worldwide. As per estimates provided by Saidur
et al.,> the total global energy consumption is projected to
increase by 33.5% by 2030. Such high energy requirements are
typically fulfilled by the use of fossil fuels, which in turn
necessitates an increased production of petroleum-based
products like fuel and lubricants. It is estimated that around
30 to 40 million tons of lubricants are annually used to meet
this demand.? Petroleum-based lubricating oils are known to be
toxic and non-biodegradable, which poses a significant threat to
the environment. Their usage can result in detrimental
ecological impacts.*® It's worth noting that most of the lubri-
cants that enter the environment, specifically more than 95% of
them, are derived from petroleum and can cause significant
harm to the environment.®

There is a growing global focus on minimizing the reliance
on petroleum-based products observing their negative envi-
ronmental effects. One of the main challenges with such
products is their non-renewable nature, alongside concerns on
toxicity and biodegradability. As a result, environmental regu-
lations are becoming increasingly strict, driven by concerns
about limited fossil fuel reserves and heightened environmental
risks.” In response, researchers are taking measures aimed at
slowing down environmental degradation and reducing our
reliance on non-renewable resources. These measures include
the development of green energy systems and the exploration of
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renewable resources as alternative options to mineral-based
products.*® The demand for biobased lubricants is on the
rise, and with it, the market for these eco-friendly products is
steadily growing. To meet this demand, researchers are
exploring different types of biobased oils such as canola oil,****
soybean oil,”** coffee bean oil,"*"” avocado oil,** sunflower
0il,"*?° palm oil,*** jatropha oil,>*** rapeseed oil,>* coconut
0il,***® waste cooking oil,* fish 0il,**** animal fats**** and algal
0il,**** as the base oils for these lubricating oils. The major
benefits of using biobased lubricants are nontoxicity and
biodegradability. Bio-based oils mainly contain triglycerides,
which microorganisms can easily break down. This makes them
more biodegradable than synthetic oils, which have complex,
resistant structures.*® Although renewable oils are typically
biodegradable, their degradability depends on changes in the
chemical structure of the base oil during use. Modifications
such as oxidation, polymerization, or the addition of resistant
chemical groups can reduce their ability to break down natu-
rally.>” Additionally, these oils present low volatility and limited
range of viscosity change with the alteration of temperature
since they are composed of triglycerides which have high
molecular weight."

Despite the numerous advantages that bio-based lubricants
offer, their widespread adoption is hindered by major chal-
lenges associated with their performance. Major limitations of
these oils as lubricants are their poor cold flow properties and
high affinity to oxidation, which can result in degradation and
polymerization. In unsaturated fatty acids (e.g. oleic acid, and
linoleic acid), double bonds can get easily oxidized and the
polyunsaturated fatty acids are even more prone because of the
bis-allylic protons located between two double bonds. The
oxidation process of lubricants occurs in three stages: initia-
tion, propagation, and termination. First, lubricant compo-
nents react and produce free radicals, which are highly reactive.
In propagation stage, free radicals and catalysts interact to
produce more free radicals and oxygenated compounds. The
oxidation process concludes in the termination stage, which
can have either a positive or negative outcome. However, this
challenge can be effectively addressed through chemical
modifications or by incorporating suitable additives to enhance
their performance. Shrivastava et al.*® developed a new tech-
nique for producing biodiesel and biolubricants from soybean
oil by utilizing Zn Al hydrotalcite as a heterogeneous catalyst.
They carried out a double transesterification of soybean oil with
methanol and trimethylolpropane (TMP) to generate fatty acid
alkyl esters and trimethylolpropane fatty acid triester (TFATE),
respectively. Furthermore, they evaluated the tribological
properties of the newly developed bio-lubricant, which exhibi-
ted the lowest coefficient of friction. Hwang et al* created
synthetic lubricant base stocks by combining Guerbet alcohols
with epoxidized soybean oil (ESO). They employed a ring-
opening reaction, followed by transesterification to achieve
their desired end products. By acetylating the ring-opened
product, they were able to decrease viscosities while
increasing the viscosity indices of the final products. Another
chemical modification process is hydrogenation, in which
hydrogen gas is added to a substance, such as vegetable oil, to
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convert unsaturated oils into saturated oils. In a recent study,
Fathurrahman et al.*® analyzed the effects of combining palm
oil biodiesel (POB) with commercial petroleum-based diesel
fuel (DF) and hydrogenated vegetable oil (HVO) at different
blend points. They discovered that adding POB to the diesel fuel
blends improved their lubricating properties, leading to
a decreased friction coefficient and a lower wear rate. Sarker
et al®3>* investigated the isopropylation method on regular
lard, beef tallow, and chicken fat. They chemically modified the
triglyceride structures by introducing isopropyl groups using
ethylaluminum sesquichloride (Et;Al,Cl;). The results showed
that the modified beef tallow and lard exhibited significant
improvements in low-temperature properties, oxidative
stability, density, and kinematic viscosity. The chicken fat
which was modified chemically displayed higher density and
enhanced oxidation stability, with improved kinematic viscosity
as compared to regular chicken fat and high oleic sunflower oil
(HOSuO). Bhowmik et al.** conducted a study on high oleic
soybean oil (HOSO) using a similar approached and revealed its
effect on tribological behavior. The chemical modification
process utilized resulted in a 10% increase in wear resistance at
both room and 100 °C temperatures compared to regular
HOSO. This also demonstrated improved oxidation stability
and decreased pour point characteristics in the chemically
modified HOSO.

In this study, the tribological performance and physico-
chemical characteristics of regular soybean oil (RSO) and
HOSO were compared after undergoing a chemical modifica-
tion process using isopropyl bromide. This process, known as
isopropylation, introduced branching at the double bond site
and converted double bonds to single bonds to enhance
oxidation resistance, as unsaturated fatty acids are prone to
oxidation. Additionally, the oil's cold flow properties improve as
the flexibility of single bonds reduces molecular packing.* To
enable the addition of isopropyl group to the double bonds,
a Lewis acid catalyst, such as ethylaluminum sesquichloride
(Et;Al,Cl;), was employed. The process started with the inter-
action of the catalyst with isopropyl bromide, resulting in the
formation of a carbocation intermediate. This intermediate was
formed when the catalyst attacks the isopropyl bromide mole-
cule. The subsequent step involved the reaction of the carbo-
cation intermediate with the electron-rich double bond of the
fatty acid, leading to the creation of carbon-carbon single
bonds. The major findings from this investigation can serve as
a guideline for next generation chemists and engineers to select
proper oil type and chemical modification process which can
meet lubricant properties and its friction and wear behavior.

2. Methodology
2.1 Materials

The RSO and HOSO were purchased from CHS Inc., located in
Minnesota, USA. Meanwhile, BRSO and BHOSO were modified
from RSO and HOSO, respectively as described later. The fatty
acid composition of the oils was determined using Gas
Chromatography-Mass Spectroscopy (GC-MS). The material
selection for ball and flat samples of tribo-testing was inspired

© 2025 The Author(s). Published by the Royal Society of Chemistry
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by hybrid bearing materials with silicon nitride (Si;N,) balls and
AISI 52100 flats serving as counterparts. The most common
bearing material is AISI 52100 steel due to its favorable
combination of properties including high hardness, wear
resistance, toughness, availability, and cost-effectiveness.*”
Hybrid bearings use ceramic balls to offer benefits like faster
speeds, more stiffness, less friction, and reduced heat.** These
bearings, which combine ceramic balls with steel counterparts,
are frequently utilized in electric vehicles. The motor rotation
generates shaft currents that can cause electrochemical corro-
sion and result in surface damage to the bearings, which is the
primary reason behind selection of hybrid bearings.** The use of
ceramic balls helps to prevent such challenges by creating an
electrical insulation and providing enhanced durability against
wear.*>1®

2.2 Synthesis of branched regular soybean oil (BRSO)

The synthesis of isopropyl branched RSO (BRSO) from RSO is
illustrated in Fig. 1. A round-bottom flask with a septum was
used to dissolve 70 g (approximately 0.079 mol) of RSO in
methylene chloride, followed by cooling the flask in an ice bath
and then flushing it with argon gas. After a slow addition of
88.5 g (~0.36 mole) of ethylaluminum sesquichloride (Et;Al,-
Cl;) over 30 minutes using a dropping funnel, 44.0 g (~0.36
mole) of isopropyl bromide was then added. After adding the
isopropyl bromide, the mixture was stirred in an ice bath for
a duration of one hour and then allowed to stir overnight at
room temperature in an inert argon environment. Thin Layer
Chromatography (TLC) was used to verify the reaction's
completion. Ethyl acetate (100 mL) was mixed with the mixture
and then 10% hydrochloric acid (HCI) was gradually added in
an amount of 10 mL until distinct aqueous and organic layers
were observed. Subsequently, the organic layer underwent three
washes with water (150 mL) and one wash with brine solution
(150 mL). The remaining water in the organic phase was
removed by adding anhydrous sodium sulfate, followed by
evaporating the ethyl acetate using a rotary evaporator, result-
ing in a 92% yield relative to the initial amount of RSO. The
modification of BHOSO from HOSO was carried out following
the same protocol.

2.3 Nuclear magnetic resonance (NMR)

A 14 Tesla NMR (made by Agilent Technologies, Santa Clara, CA)
was used to analyze the samples. The spectrometer utilizes

Et;ALCI;
Br CH2C12

Regular Soybean Oil (RSO)

Fig. 1 Synthesis of BRSO via isopropylation of RSO.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

a 5 mm One NMR probe for analysis. All samples were dissolved
in deuterated chloroform sourced from Cambridge Isotope
Laboratories in Andover, MA, and then analyzed at a tempera-
ture of 25 °C. The 'H spectra were acquired using a 2 second
relaxation delay and a 2.28 second acquisition time with a 45°
pulse angle. The spectral width was 12 parts per million (ppm).
For the 3C spectra, a 45° pulse angle, 2 second relaxation delay,
and 0.87 second acquisition time, averaging 1000 transients,
were employed. The spectral widths of these spectra were
253 ppm. The spectra were processed with SpinWorks4 software
(v4.2.10), which was developed by Kirk Marat at the University of
Manitoba, Canada.

2.4 Gas chromatography-mass spectroscopy (GC-MS)

To determine the fatty acid composition of the starting mate-
rials (RSO) and products (BRSO), a Gas Chromatograph (model
8890N) from Agilent Technologies was used. This Gas Chro-
matograph was equipped with an Agilent model 5977N mass
selective (MS) detector. Additionally, a Supelco SP-2380 column
(30 m length, 0.25 mm diameter, 0.2 pm film thickness) was
employed for the analysis. For the GC-MS analysis, RSO and
BRSO were first transesterified to produce fatty acid methyl
esters (FAME). About 100 mg of sample was placed in 20 mL
reaction vials, to which 15 mL of 2% sulfuric acid (H,SO,) in
methanol was added. The vials were then sealed and stirred at
80 °C for 2 hours. After the reaction, the mixture was cooled to
room temperature, and the methanol evaporated under
vacuum. The desired FAME was then extracted from the mixture
using an ethyl acetate extraction process. The crude product
underwent three washes with 15 mL water to eliminate any
leftover glycerol and acid catalyst from the FAME. Subsequently,
the ethyl acetate extract containing the fatty acid methyl esters
(FAME) was further treated with a 5 mL brine solution wash.
Na,SO, (anhydrous sodium sulfate) was then used to dry the
extract. The samples were prepared for GC-MS analysis by
diluting 5 pL of the ethyl acetate extract with 1 mL of ethyl
acetate before putting it into the machine. The column was first
heated to 70 °C and maintained at this temperature for 2
minutes. The column temperature gradually increased to 250 °C
at a rate of 20 °C per minute and then maintained at that
temperature for 10 minutes. Helium gas was used as carrier
gas, flowing at a rate of 1.5 mL per minute with a split ratio of
50:1. The injector was set to 230 °C, and the detector was held
at 280 °C.

e

i Sl g

Branched Soybean Oil (BRSO)
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2.5 Compact mass spectroscopy (CMS)

Advion (Ithaca, New York) Expression Compact Mass Spec-
trometer (CMS) was used to determine molecular weight of RSO
and BRSO and their fragments. In CMS, a single quadrupole
mass analyzer with an atmospheric pressure interface is built-
in, which provides both electrospray ionization (ESI) and
atmospheric pressure chemical ionization (APCI) capabilities
with positive and negative polarity switching within a single
analysis. The CMS provides mass measurements over a mass
range of 0-2000 m/z. The Expression CMS allows for rapid
compound confirmation and identification in normal and
reverse phase chromatographic applications compatible with
ultra performance liquid chromatography and supercritical
fluid chromatography.

For this study, APCI ion source was used to achieve data
acquisition, where capillary temperature was set at 300 °C and
capillary voltage at 80 volts. Source gas was nitrogen at
temperature 350 °C and pressure at 4.8 x 10> mbar. The
mobile phase solvent used was HPLC grade methanol from
Sigma Aldrich at a flow rate of 0.5 mL min ' The range for
acquisition measured mass was set from 250-2000 m/z and scan
time captured at 1000 (ms) with a scan speed of 1750 (m/z per
sec). The volume of sample injected into the APCI source for
analysis was 20 pl at a concentration of ~10-50 ppm.

2.6 Pressure differential scanning calorimetry (PDSC)

The samples’ DSC thermograms were obtained using a TA
Instruments Q20 instrument from New Castle, DE, USA, following
a specific experimental protocol. Around 1.5-2.0 mg of each
specimen was measured and sealed in an aluminum pan with lids
equipped with small holes to ensure proper interaction with dry
air, a reactant. Regulated gas diffusion through a small opening
enabled the oil sample to saturate with air while preventing its
evaporation. Maintaining the thickness of the oil film (<1 mm) in
the pan was essential to facilitate effective oil-air interaction, thus
preventing any discrepancies in results due to limitations in gas
diffusion. The PDSC temperature calibration utilized indium
metal's melting temperature of 156.6 °C as a reference, with
a heating rate of 10 °C per minute. After loading the sample pan
into the PDSC cell, it was sealed and pressurized with dry air to
200 psi (1378.95 kPa). The temperature of the cell steadily
increased by 10 °C every minute, starting from ambient temper-
ature and reaching 300 °C. During this process, data was collected
to analyze the sample's properties. The software provided heat
flow (W g~ ') versus temperature plots that were used to determine
the oxidation Onset Temperature (OT, °C) and oxidation Peak
Temperature (PT, °C). To obtain accurate results, each sample
underwent three distinct tests. The results were reported using
the mean values, rounded to the nearest decimal place.

2.7 Viscosity, density, and viscosity index analysis

The viscosity and densities of biobased oils at 40 °C and 100 °C
were determined using an Anton Paar GmbH SVM3001/G2
viscometer equipped with an Xsample 530 automatic sample
changer. The testing was conducted in compliance with ASTM
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D7042* and ASTM D4052.** Each sample was transferred into
a vial and then these vials were put into the carousel of the
automated sample changer. The instrument autonomously
calculated the kinematic viscosity readings using dynamic
viscosity and density measurements. According to ASTM
D2270* guidelines, the viscosity index (VI) of biobased oils was
automatically derived from the kinematic viscosity data.

2.8 Cloud point (CP)

To assess the cloud point, guidelines were followed provided by
ASTM D5773°° using an automated instrument called Phase
Technology PSA-70x. Before testing, the sample oils were stored
at a consistent temperature of 22 £ 1 °C in the laboratory. The
instrument was equipped with a sealed chamber that had
a reflective bottom surface. A precise volume of 0.150 +
0.005 mL of the sample was placed inside the chamber, which
was then vacuumed to remove any surrounding moisture. The
samples underwent gradual cooling at a consistent rate of 1.5 +
0.1 °C every minute. During the cooling process, an internal
light source illuminated the sample from an angle, while an
optical detector positioned directly above continuously moni-
tored its status. As long as the specimen remained in its fluid
form, the light penetrated through it, reflecting off the cham-
ber's bottom. Upon the initiation of crystal formation during
cooling, the scattered light redirected some of its rays towards
the optical sensor positioned above the specimen. When the
scattered light was directed onto the optical sensor, this
temperature could be used to determine the cloud point, where
crystals typically form, across a range from —60 °C to 49 °C.

2.9 Pour point (PP)

Following the determination of the cloud point, the analysis to
measure the pour point was conducted according to D5949.%
The sample was subjected to a burst of dry air, which led to
a visible alteration in optical scattering detected by the optical
sensor. The cooling rate of the sample was maintained at
a steady 1.5 °C per minute, with bursts of dry air introduced
intermittently at 3 °C intervals. Upon freezing, no alteration in
the optical response of the sample was observed. The pour point
was determined by identifying the temperature at which no
further optical shift was observed in response to the dry air. For
example, if the optical reading remained unchanged at —27 °C
when the dry air was introduced, the pour point would be
recorded as —24 °C. This method accurately identified the pour
point over temperatures ranging from —57 °C to 51 °C.

2.10 Experimental setup for tribology tests

The Rtec MFT2000 (Make: Rtec Instruments, USA), was used to
analyze the tribological properties of vegetable oils. The
diagram of the tribometer is represented in Fig. 2a. To mini-
mize the use of lubricating oil, a new sample holder was
designed and developed, as shown in Fig. 2b, requiring only
8 mL of oil for each test. Considering the resources required for
chemical modification, the ability to conduct tribological tests
systematically using a lower amount of lubricant was helpful in
running multiple repeat experiments in each case. Silicon

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

Reciprocating Motion

Table 1 Operating parameters considered during the
experiments

Test parameters Value
Load applied (N) 75
Velocity (m s™7) 0.1
Track length (mm) 10
Temperature (°C) 25 & 100

Duration (s) 5040
Total distance (m) 500
Hertzian contact pressure (GPa) 2.7

nitride (SizN,) balls with a diameter of 6 mm were utilized as the
counterpart, and the flat surface was made of AISI 52100 steel.
The baseline surface roughness of the flat samples was below
0.1 pm, as captured by a white light interferometer (Make: KLA
Instruments, USA). The testing conditions considered for the
tribo-tests are depicted in Table 1. To compare the tribological
behavior of chemically modified regular soybean oil, the tribo-

View Article Online
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(a) Schematic representation of the tribological analysis setup. (b) Modified sample holder.

test conditions were kept constant (Table 1) as compared to
our previous effort.”® In electric vehicles (EVs), components
such as gears and bearings experience higher loads and stresses
due to the instant torque generated by electric motors.”> To
replicate these demanding conditions, tribological tests are
conducted using higher Hertzian pressures and increased loads
to evaluate the lubricant's ability to withstand elevated contact
stresses. Additionally, moderate sliding velocity (5 Hz with
0.1 m s~ ') was selected to reflect the high-speed operation of EV
transmissions.*® Considering high temperature generation in
gearbox, the tests were conducted both at room temperature
and 100 °C levels. The experiments were repeated three times
under each test condition to ensure the reliability of the
captured findings. Following the experiments, the volume and
depth of each wear track were measured using a white light
interferometer. The analysis of wear mechanisms was con-
ducted by a Quanta FEG 650 Scanning Electron Microscope
(SEM) (Make: FEI Inc.,USA) attached with a Bruker Nano XFlash
SUE 6 Energy Dispersive X-Ray Spectroscopy (EDS) system
(manufactured by Bruker Inc. in the USA).
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Fig.3 Comparison between the *H NMR of RSO (top blue line) and BRSO (bottom red line). Spectral peaks are assigned with their corresponding

protons in letters.
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2.11 Experimental testing of the lubricants

2.11.1. NMR analysis. The proton and carbon NMR inves-
tigations definitively detected the existence of isopropyl (i-Pr)
groups in the BRSO triglyceride molecule, as shown in Fig. 3
and S17 (bottom line).

The peak at 0.78 ppm in Fig. 3 (bottom red line) represents
the -CH; protons of the isopropyl (i-Pr) groups in BRSO. These
protons are not present in the RSO proton spectra (Fig. 3, top
blue line). The -CH- from the isopropyl (i-Pr) group was seen at
a chemical shift of 1.66 ppm, exhibiting a multiplet signal. The
signals at 1.03 and 1.09 ppm corresponded to the -CH-i-Pr
moiety and its adjacent -CH, protons, respectively. The
number of isopropyl (i-Pr) groups in a BRSO molecule was
determined from the peak area integration of the -CH; protons
to be 9.45/6 = 1.6 i-Pr groups/triglyceride. The -CH- proton of
the i-Pr group similarly exhibited a comparable value of 1.7. In
a previous study," isopropylation of HOSO incorporated 2.32 i-
Pr groups per branched high oleic soybean oil (BHOSO) mole-
cule. The RSO spectra displayed peaks corresponding to the
allylic (2.0 ppm) and vinylic protons (5.33 ppm). Unlike HOSO,
RSOY spectrum also showed bis allylic (2.75 ppm) protons
indicating polyunsaturated fatty acid chains present in RSO.
However, only the allylic protons were observable in the BRSO
spectrum, suggesting that only a small number of C=C bonds
remained unreacted. From the allylic peak area integration of
BRSO, it was calculated that 1.36/4 = 0.34 C=C were present per
triglyceride molecule. However, the number of C=C present per
triglyceride molecule in RSO was 4.7, which was calculated from
the peak area integration for vinylic protons (5.33 ppm) of RSO
(peak area integration of RSO is not shown in Fig. 3). Therefore,
only 0.34/4.7 x 100 = 7.2% C=C remained unsaturated. The
spectra of both BRSO and RSO (Fig. 3) exhibited three prom-
inent peaks at 4.12, 4.26, and 5.23 ppm. These peaks corre-
spond to the protons of the glycerol backbone, indicating that
the backbone remained intact in BRSO following the alkylation
reaction.
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The '*C spectrum of the BRSO (Fig. S1,T represented by the
bottom red line) exhibited peaks at 19.0 ppm, 27.6 ppm, and
43.5 ppm, which can be attributed to the carbon atoms of the
isopropyl group. The prominent peaks at 62.0 and 68.8 ppm
observed in both RSO and BRSO spectra corresponded to the
carbon atoms of the glycerol backbone. The peaks at 172.9 ppm
corresponded to the carbonyl carbons of BRSO.

2.11.2. GC-MS analysis. GC-MS data shows FAMEs from
RSO (Fig. 4, red line) contain 10.65% methyl (Me) palmitate
(C17H340,), 3.93% Me-stearate (C;oH350,), 20.71% Me-oleate
(C19H360,), 57.94% Me-linoleate (C;oH340,) and 6.78% Me-
linolenate (C;9H3,0,). As a result of chemical modification,
most of the unsaturated acid chains of RSO were branched with
isopropyl groups to form i-Pr branched methyl stearate
(C22H440,, MW 340). The relative composition of monomeric
FAMEs of synthesized BRSO was determined by the GC-MS
analysis (Fig. 4, blue line) that included 29.4% of Me-
palmitate, 9.2% Me-stearate, 44.0% i-Pr branched Me-stearate,
2.9% i-Pr branched Me-oleate and 14.3% Me-stearate contain-
ing two i-Pr branches. The peak representing i-Pr branched Me-
stearate ([M+] = 340 m/z) appeared at 10.8 min retention time,
which was mainly produced from the unsaturated fatty acid
chains of RSO during chemical modification. The relative
percentage of i-Pr branched Me-stearate in BRSO and BHOSO
varies significantly as it was calculated 86.3% in BHOSO."

However, A separate GC analysis of BRSO was carried out
using DB-5 column (spectrum is not included) to determine the
relative composition of oligomers. It was calculated that BRSO
contains 36.3% of oligomers, 47.9% i-Pr branched monomeric
FAMEsS, 5.4% Me-stearate and 10.2% Me-palmitate.

2.11.3. CMS analysis. The CMS analytical spectra of the of
RSO and the synthesized BRSO using an APCI ion source are
illustrated in Fig. 5. RSO was found to be broken up into three
main ions at 880, 856, and 601.6 m/z, which are represented by
the whole molecular ions with different compositions (m/z: 880
and 856) and diester (601.6 m/z), respectively shown in Fig. 5A.
In Fig. 5B, BRSO was observed to be broken into different
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Fig. 4 GC-MS-total ion count vs. retention time for FAMEs of RSO (red line) and BRSO (blue line). The peaks are annotated with the FAME

chemical formula.
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fragmented ions, where m/z = 1057 represented the whole
modified triglyceride ion with multiple branches on fatty acid
chains. The fragments, m/z = 691.6 and 619.6 represented two
dimers with different compositions. One monomeric fragment
attaching two i-Pr branches is also shown in Fig. 5B. This data
supports the integrity of the chemical structure of BRSO.

2.12 Physico-chemical properties of the sample oils

2.12.1. Density. Density changes due to the introduction of
branching in RSO were analyzed at temperatures of 40 °C and
100 °C, outlined in Table 3. The addition of the isopropyl group
to RSO resulted in a marginal increase in density at both
conditions. For instance, at lower temperature (40 °C), while
RSO exhibited a density of 0.9066 g cm °, BRSO displayed
a density of 0.9242 g cm . The density rose, likely as a result of
the higher molecular weight of BRSO due to the inclusion of i-Pr
groups. Additionally, the reduction of cis-unsaturation caused
the chains in BRSO to become more tightly packed, resulting in
increased density. Density decreased with the temperature.**
The reason for the lower density of the BHOSO is discussed in
earlier work.*

2.12.2. Kinematic viscosity and viscosity index. Kinematic
viscosity quantifies how much resistance a fluid offers to flow
due to gravity. Viscosity index (VI) is the fluid's thickness that
changes with temperature, with a higher VI indicating stable
viscosity across a wide temperature span. The kinematic
viscosity and VI are presented in Table 3. At 40 °C, BRSO showed
a kinematic viscosity approximately 42 times greater than RSO,
while BHOSO exhibited a viscosity about 4 times higher than
HOSO at the same temperature. The kinematic viscosity of all
the oils decreased as the temperature increased. Viscosity has
an inverse relationship with temperature and follows an expo-
nential trend, decreasing more rapidly as temperature rises.>* At
higher temperatures, the modified oils still had higher

© 2025 The Author(s). Published by the Royal Society of Chemistry

kinematic viscosity than regular oils, but the difference was not
as large as 40 °C. The higher viscosity of the modified oils
compared to regular oils was due to the existence of an alkyl
branch. This structural feature likely hinders the flow of mole-
cules, leading to an increased kinematic viscosity.** Another
factor contributing to the higher viscosity of BRSO could be the
presence of oligomers.*> Methyl oleate from RSO had a molec-
ular weight of 296, while i-Pr branched methyl stearate from
BRSO had a molecular weight of 340. Previous observations
indicate that an increase in molecular weight of a lubricant
leads to higher viscosity. Another study found that the viscosity
of a substance decreased as the number of double bonds
increased.*® The VI of BRSO (VI: 210.8) was slightly lower than
the RSO (VI: 228.4), as shown in Table 3.

2.12.3. Oxidation stability. The oxidation stability of the
oils was analyzed using PDSC, and Table 3 presents the
temperatures corresponding to the onset oxidation (OT) and
peak oxidation (PT). A substance with a higher OT and PT value
is more resistant to oxidation. BRSO demonstrated higher PT
and OT values compared to RSO. The level of unsaturation
impacts the oxidation stability of oils. Fatty acids that are more
unsaturated are less stable and more prone to oxidation.*” BRSO
exhibited greater oxidative stability compared to RSO as a result
of fewer unsaturated bonds in the fatty acid components of the
triglycerides present in BRSO, as confirmed by NMR also. For
BRSO, there was an observed increase of 11.4% in OT and 14.6%
in PT. However, BHOSO showed no enhancement in OT, with
a minimal rise of 1.3% in PT only. These findings suggest that
the modification significantly enhances the oxidative stability of
RSO more than that of HOSO. The improvement in RSO can be
attributed to its composition, which includes around 65%
polyunsaturated fatty acids. In contrast, HOSO mostly contains
monounsaturated fatty acids. These double bonds are con-
verted into single bonds. Improvements in oxidation stability

RSC Adv, 2025, 15, 1377-11390 | 11383
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contribute to enhanced wear resistance, which will be discussed
in a later section.

2.12.4. Cloud point and pour point. The cloud point (CP) is
when oil starts to develop a cloudy appearance as it cools. On
the other hand, the pour point (PP) is the temperature at which
the oil no longer flows. The modified oils had a lower CP than
the raw oils as shown in Table 3. These findings suggest that the
branching of the fatty acid tail group improved the cold flow
properties. With the introduction of branching to the oil, it was
possible to reduce its CP by preventing close packing at the time
of cooling.”” For BRSO, the CP decreased significantly from
—8.1 °C to —19.1 °C, whereas for BHOSO, it changed from
—10.9 °C to —14.5 °C. The improvement in BRSO is notably
greater. The significant improvement in BRSO's cloud point
enhanced its performance in colder temperatures, ensuring
effective operation without solidification. Both BHOSO and
BRSO share a similar pour point, with both exhibiting higher
values compared to RSO and HOSO, respectively. This could be
due to the trans-saturated chains in BRSO, which can be stacked
more easily than the cis-unsaturated chains present in RSO,
offering a kink bend that prevents the fatty acids from packing
tightly.**** Oils with higher unsaturated fatty acid content
typically have lower pour points.*”

3. Result and discussion
3.1 A comparative analyses of frictional behavior

Reciprocating friction and wear tests were conducted to
investigate the effects of chemical modification on RSO and
HOSO on frictional behavior under different lubricant cases at
room temperature (Fig. 6a) and 100 °C (Fig. 6b) test conditions.
The coefficient of friction (COF) of HOSO was found to be the
lowest in both temperature conditions. This can be attributed
to the presence of tocopherol,*® which acts as an antioxidant
and inhibits the formation of free radicals.** The modified
version of HOSO (BHOSO) showed a significant increase in

View Article Online
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friction value by 22%. RSO exhibited a higher friction value
than HOSO, while BRSO had the highest COF, showing
a 30.4% increase in room temperature. On the other hand, the
COF of all samples decreased at 100 °C temperature (Fig. 6b).
The decreased friction value can be attributed to the higher
mobility of the lubricant at high temperature caused by
a decrease in viscosity.®*** This finding is consistent with the
observation of reduced friction values by Wang et al.®® using IL
additives. At high temperatures, the viscosity of IL decreases,
enhancing its mobility and spreadability on the DLC film. This
reduction in viscosity allows IL to interact more effectively with
the DLC film, forming a stable lubricating layer that signifi-
cantly reduces friction. Zhang et al.®* studied the elastohy-
drodynamic (EHD) friction properties of various base fluids
under mixed sliding-rolling conditions at different tempera-
tures and pressures and found that the COF values decreased
with temperature.® On the other hand, at high temperature
BRSO displayed the highest coefficient of friction, which is
consistent with the findings at room temperature. However,
the increase in COF at high temperatures was smaller
compared to room temperature, with BHOSO rising by 17%
and BRSO by 6%.This indicates that BRSO performed better
from frictional viewpoint at high temperature compared to
room temperature. The higher coefficient of friction (COF)
value observed for the modified oils (BHOSO, BRSO) can be
attributed to the branching of carbons,** as well as the irreg-
ular shape, as reported by Hentschel Bayer et al.®® Additionally,
a correlation between COF and viscosity was observed. BRSO,
with the highest viscosity, exhibited the highest COF, while
BHOSO, which had the second-highest viscosity, also showed
the second-highest COF. Furthermore, HOSO and RSO
demonstrated similar COF values, which can be explained by
their nearly identical viscosities. Furthermore, correlation
between COF and molecular structure, explains the increased
COF value.®**” There was no major fluctuation observed in the
COF signals for room temperature in all lubricants unlike the
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Fig. 6 Coefficient of friction trends of oils (a) room temperature (b) 100 °C temperature.
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100 °C operating condition for RSO and HOSO. On the
contrary, no significant variations were captured for the
modified oils (BRSO and BHOSO), which was likely due to the
development of a stable tribofilm caused by saturated fatty
acids."®

3.2 Wear volume analysis

Fig. 7 demonstrates the wear resistance behavior of regular and
chemically modified soybean oil types at room (Fig. 7a) and
high (Fig. 7b) temperatures. At room temperature, BRSO
exhibited a significant reduction in wear volume from 85 x 10°
um® to 55 x 10° um?®, which represents a 35% decrease, while
BHOSO could provide 10.5% reduction in wear volume as
compared HOSO. In contrast, at 100 °C, BRSO showed a 15.7%
reduction in wear volume, while BHOSO exhibited a 10.5%
reduction. These results indicate that the chemical modifica-
tion of RSO provided better wear resistance than that of HOSO
at both temperature levels. This can be attributed to higher
percentage of palmitic acid and the presence of oligomer in
BRSO (Table 2).

The wear resistance decreased significantly at 100 °C
temperature due to a synergistic effect of thermal softening of
test material and reduced lubricant viscosity resulting in less
surface protection at higher temperature. Attia et al.®*> investi-
gated the influence of the operating temperature on the char-
acteristics of soybean oil. They reported significant changes in
the viscosity index and thermal stability of these oils due to the

(a)

180
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temperature variation. If the viscosity of a lubricant is too low, it
will be thin and flow easily, potentially leading to insufficient
film thickness and increased wear rates due to metal-to-metal
contact. Conversely, if the viscosity is too high, the lubricant
will be thick, causing flow resistance.

The major difference in wear resistance due to chemical
modification for both RSO and HOSO using two-dimensional
wear depth profiles for both test temperatures is presented in
Fig. 8. At room temperature, the wear depth for all the samples
was significantly lower than the wear depth profiles at 100 °C,
which is consistent with captured wear volume results at both
temperatures. Saturated fatty acids lead to the development of
a stable tribofilm, which can be correlated with the reduction in
wear depths and volumes observed in this study. However,
BRSO had a significantly lower wear track depth and width
(Fig. 8) than BHOSO suggesting higher wear resistance of BRSO
as compared to BHOSO. This could also be attributed to the
higher viscosity of BRSO compared to BHOSO. Due to the
superior wear resistance of ceramics compared to metals, the
wear volumes observed in balls were significantly lower than
those captured in flat samples and hence was not considered in
this investigation.

3.3 Wear mechanism analysis

The secondary electron micrographs of the wear tracks of flat
surfaces lubricated under different oil types in this study are
presented in Fig. 9. The flat surfaces of RSO and BRSO are
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Fig. 7 Comparative wear volume analysis of flat samples (a) room temperature (b) 100 °C temperatures.

Table 2 Comparative fatty acid (monomeric) composition of various oils

Palmitic Stearic Oleic Linoleic Linolenic i-Pr branched i-Pr branched 2xi-Pr branched
acid acid acid acid acid stearic oleic stearic

RSO 10.7% 3.9% 20.7% 57.9% 6.8% — — —

HOSO 4.7% 2.3% 89.3% 3.8% — — — —

BRSO 29.4% 9.2% — — — 44.0% 2.9% 14.3%

BHOSO 6.3% 2.8% 2.5% 2.1% — 86.3% — —

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of the physicochemical characteristics of the sample lubricants®
Temperature (°C) RSO BRSO HOSO BHOSO
Density (g cm ™) 40 0.9066 =+ 0.0 0.9242 + 0.0 0.8993 + 0.0 0.8965 & 0.0
100 0.8668 + 0.0 0.8842 + 0.0 0.8596 £ 0.0 0.8573 £ 0.0
Kinematic viscosity (mm? s~ 40 30.69 + 0.0 1283.0 + 1.2 38.93 + 0.01 142.13 + 0.04
100 7.53 £ 0.0 132.4 £ 1.3 8.49 + 0.0 19.39 £ 0.02
Dynamic viscosity (mPa s~ ) 40 27.82 + 0.0 1185.7 + 1.8 35.02 + 0.01 127.42 + 0.03
100 6.52 + 0.0 117.0 £ 1.4 7.30 £ 0.0 16.62 £ 0.01
Viscosity index 228.4 £ 0.1 210.8 £ 0.0 203.6 £+ 0.04 155.9 £ 0.6
Oxidative onset temp, OT (°C) 175.7 + 2.0 195.8 £ 1.5 202.2 + 0.1 199.2 + 0.6
Oxidative peak temp, PT (°C) 189.8 + 1.8 217.6 + 3.1 210.9 + 1.4 213.7 + 0.7
Pour point (PP, °C) —15+£ 0.2 —12 £ 0.1 —15 £ 0.1 —12 £ 0.2
Cloud point (CP. °C) -8.140.2 -19.5 £ 0.3 —10.9 + 0.2 —14.5 + 0.2
“ The average of each property is derived from three independent tests.
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Fig. 8 Wear depth analysis of flat samples at (a) room temperature (b) 100 °C temperatures.

presented in Fig. 9a and b respectively. At room temperature,
RSO exhibited removal of metal flakes or spalling, whereas
BRSO did not. At high temperature, spalling or removal of
material was observed in several positions for RSO, but only
minor cracks were observed for BRSO. Furthermore, the wear
width was reduced by approximately 14% for BRSO at both
conditions, the wear width increased for both oils, with BHOSO
having 5% less width than RSO. Furthermore, the wear width
was reduced by approximately 14% at 40 °C and 6% at 100 °C for
BRSO, whereas BHOSO showed only about a 4% reduction
compared to HOSO under both conditions. The reduction in
wear width helped to decrease the volume of wear for both
conditions for BRSO.

The wear tracks of HOSO and BHOSO at both temperatures
are presented in Fig. 9c and d, respectively. At room tempera-
ture, minor material dislodgement was observed throughout
the HOSO track, while no major cracks or material removal were
observed in BHOSO. However, at high temperatures, metal
flaking was observed in both lubricants, while HOSO showed

1386 | RSC Adv, 2025, 15, N1377-11390

severe flaking in several places across the wear track and
BHOSO exhibited in a few discrete regions. Despite this, the
wear width was decreased by only 3.5% in both temperature
conditions for HOSO, which helped to reduce the overall wear
volume. The EDS analyses of the tests conducted at room
temperature are presented in Fig. S2.T These analyses revealed
the presence of Fe and Cr, which were inherent components of
the flat samples. Furthermore, no Si from the balls was detected
on the flat surface in the EDS analyses. The results for the high-
temperature tests were similar. The results indicated that
abrasive wear was the dominant mechanism in the flats for both
temperature conditions, with no transfer of material observed.
Abrasive wear occurs when abrasive particles or materials,
which are harder than the surface being worn, cause material
removal from one or both surfaces.

The wear tracks showed evidence of corrosion-induced pits.
At room temperature, BRSO exhibited both pits and small
cracks, which explains the reasons behind higher coefficient of
friction (Fig. 9). Conversely, at high temperatures, there were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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RSO_100°C

Fig.9 SEM analysis of wear tracks on flat surfaces for (a) RSO, (b) BRSO, (c) HOSO, and (d) BHOSO at room temperature and 100 °C temperature.

fewer pits as compared to room temperature resulting in a lower
coefficient of friction under those conditions.

4. Conclusion

The major findings from this systematic effort on iso-
propylation on regular and high oleic soybean oil are listed
below:

e Regular and high oleic soybean oils were chemically
modified by adding an isopropyl group at the double bond sites
using ethylaluminum sesquichloride (Et;Al,Cl;) catalyst. Phys-
icochemical analysis showed that the introduction of an iso-
propyl group in BRSO slightly increased its density due to
higher molecular weight and reduced cis-unsaturation. BRSO's
viscosity at 40 °C was 42 times higher than RSO, and BHOSO
was four times more viscous than HOSO, with viscosity

© 2025 The Author(s). Published by the Royal Society of Chemistry

decreasing exponentially with temperature. BRSO resulted in
higher oxidation stability (OT and PT) due to fewer unsaturated
bonds than RSO.

e HOSO presented the lowest coefficient of friction (COF) at
both room and high temperatures, likely due to tocopherol. At
room temperature, BHOSO showed a significant increase in
friction, while RSO had a higher COF than HOSO. At 100 °C,
COF decreased for all samples due to lower viscosity and
increased lubricant mobility. The higher COF in modified oils
(BHOSO, BRSO) was attributed to carbon branching, irregular
shape, and higher viscosity.

e BRSO reduced wear volume more than BHOSO at both
room temperature (35% vs. 10.5%) and 100 °C (15.7% vs.
10.5%), likely due to its higher palmitic acid (saturated fatty
acid) and oligomer content. Wear resistance decreased at 100 °C
due to material softening and reduced lubricant viscosity,

RSC Adv, 2025, 15, 1377-11390 | 11387
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leading to less effective lubrication. Abrasive wear was the
primary mechanism in all samples, with no material transfer
from ball to flat samples. RSO showed spalling and cracks at
both temperatures, while BRSO had only minor cracks at high
temperature. HOSO and BHOSO exhibited minor material
dislodgement at room temperature, but metal flaking was
evident at high temperatures.

Overall, this investigation presents a holistic overview on the
effect of a major chemical modification process on both regular
and high oleic versions of soybean oils. The detailed friction
and wear analyses along with wear mechanisms investigation
for both room and high temperature can help decide lubricant
experts and application engineers the base stock and chemical
modification process wisely depending on the application
requirements.
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