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Soybean oil is currently being studied as lubricating oils in various industries, including automotive,
aerospace, and UAV, due to its renewability, biodegradability, and non-toxicity. In vegetable oils, the vast
majority of fatty acids are unsaturated. This research demonstrates that the tribological properties of
high oleic soybean oil (HOSO) can be improved by the conversion of the unsaturated fatty acids to
saturated fatty acids via a novel chemical modification process. Ethylaluminum sesquichloride (EtzAlClz)
and isopropyl bromide were added to a HOSO solution in methylene chloride for chemical modification
of the base oil. After stirring and characterization via thin layer chromatography (TLC), the organic phase
was washed with hydrochloric acid, water, and brine solution. Gas chromatography-mass spectrometry
(GCMS), 1D nuclear magnetic resonance (NMR) spectrometry, and 2D heteronuclear single quantum
coherence (HSQC) NMR were leveraged to characterize raw and chemically modified soybean oils. The
physicochemical properties of high oleic soybean oil (HOSO), chemically modified branched high oleic
soybean oil (BHOSO), and high oleic sunflower oil (HOSuUO) were determined and correlated with their

tribological behavior. The reciprocating friction and wear performance of select lubricants were tested
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Accepted 3rd February 2024 using a ball-on-flat type reciprocating tribometer at room temperature and 100 °C. It was found that the

chemical modification process increased wear resistance by around 10% at room temperature and 100 °
DOI: 10.1039/d3se01526b C. Major differences in wear mechanisms were further analyzed using white light interferometry,

rsc.li/sustainable-energy scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) techniques.

alternative petroleum oils are being explored quite rapidly
from the past decade.** Lubricating oils that are derived from

1. Introduction

(cc)

Lubricating oils are used in mechanical systems to lower the
friction and wear caused by the interaction of moving parts.*
They are commonly used in the automotive, aerospace, UAV,
manufacturing, and hydraulics sectors. Lubricating oil also
prevents rust and corrosion, keeping surfaces clean by carrying
away dirt and other contaminants.? In the majority of sectors till
date, mineral oil-based lubricants are being used due to good
lubrication properties, wide availability, and chemical stability.
Due to toxicity, non-renewability, and non-biodegradability,
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mineral oil are not environmentally friendly and can pose
a threat to the ecosystem if not disposed of correctly.*® Recent
research reveals that approximately half of the lubricants
utilized worldwide ultimately find their way into the environ-
ment as a result of various factors such as usage, accidental
spills, evaporation, or incorrect disposal methods.” The non-
renewable nature of mineral oils leads to their depletion.
There is an increasing focus on reducing the environmental
impact by minimizing the global dependency on petroleum-
based oils.

Environmental regulations have become stricter with
a growing concern about the world's limited fossil fuel
reserves.® As a result, the demand and market for bio-based
lubricants has been steadily increasing. Bio-based lubricants
are widely utilized in a variety of applications such as mining,
dredging, fishing, forestry, and agriculture hydraulic
systems.”** Efforts are underway by policymakers and the
automobile industry to promote electric vehicles (EVs) as
a cleaner alternative. However, even electric vehicles currently
rely on petroleum-based lubricating oils especially to lubricate
drivetrains. Bio-based lubricating oils for EVs are being actively

This journal is © The Royal Society of Chemistry 2024
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explored to support the production of fully eco-friendly cars.
Bio-based oils such as vegetable or animal fat oils are good
alternate sources for the base oils of the lubricating oil.*>** The
non-toxicity and biodegradability of bio-based lubricants are
their key benefits. In addition to their high molecular weight
triglyceride structure fatty acids, vegetable oils exhibit low
volatility and a limited range of viscosity changes based on
temperature fluctuations. Polar ester groups of vegetable oils
have high boundary lubrication capabilities because of their
interaction with metal surfaces.’ Bio-based lubricants have
a number of advantages, such as they are made from agricul-
tural products that can be recycled easily, which greatly
enhances farmers' income and the rural economy.

In comparison to mineral oils, vegetable oils tend to have
inferior tribological properties.*>*® This is primarily due to the
lower levels of oxidation resistance, thermal stability, hydrolytic
stability, and poor performance under low-temperature condi-
tions, including cold flow properties. The bis-allylic protons are
primarily responsible for poor oxidative stability; these protons
are called “bis” because they are adjacent to two double bonds.
The vulnerability of vegetable oils to radical attacks results in
the generation of polar oxygenated compounds through the
process of oxidation.'”* This causes deposits that cannot be
dissolved and makes oil more acidic and viscous. Due to
oxidation, oils" acidity, viscosity, corrosion, and volatility are
increased.'” In contrast, saturated fatty acids have single bonds,
which make them less susceptible to oxidation and chemically
enhance their stability.”® Because of the properties and behav-
iors described above, vegetable oils need to be modified to
improve their lubricating properties when used as lubricating
oils.

Numerous research investigations have been undertaken to
explore the tribological characteristics of bio-based oils,
specifically focusing on oils derived from natural sources such
as coconut oil,* rapeseed oil,** jatropha oil,** castor 0il,** canola
oil, avocado oil,** soybean oil, sunflower oil ***” and palm oil.*®
Utilizing waste cooking oil as lubricating oil can be another
alternative option since this provides an excellent opportunity
to repurpose a material that would otherwise be discarded as
waste. However, the major challenges associated with waste
cooking oil are maintaining uniform physicochemical proper-
ties due to procurement from diverse sources and high cost for
filtration and processing to remove the impurities from the base
stock.>®?® Out of the mentioned bio-based oils, soybean oil has
a higher global production volume than most other types of
vegetable oils.>® Adhvaryu et al.** examined the efficacy of
different types of soybean oils, including epoxidized soybean
oil, with hexadecane as an additive in high-temperature lubri-
cant applications. The study presented the differences in their
structural characteristics and oxidative and frictional behaviors,
while also discussing the function of a phenolic antioxidant in
improving the performance of the lubricants. According to
Bihari et al.,* the addition of ZDDP increased soybean oil's wear
resistance by 57% when compared to its pure state, with the
possibility of further performance enhancement when coupled
with other commercial anti-wear additives. Ameen et al.*>* con-
ducted a study on the tribological properties of a mixture of
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soybean oil and used frying oil FAMEs, which showed good
performance as a lubricant candidate under boundary and
mixed lubrication conditions, with lower friction coefficients
and decreasing specific wear rates with increasing load. Several
other researchers have studied the properties of soybean oil and
have reported improved tribological properties on modifying
the oil or adding various additives or nanoparticles into the
Oil.12,35,36

Efforts are being made globally to enhance bio-based oils as
lubricants through techniques like hydrogenation, chemical
modifications, and thermal treatments.?” In a study on rapeseed
oil, Ravasio et al*® investigated various copper catalysts for
hydrogenation and found that specific catalysts and prepara-
tion methods produced oils with exceptional oxidation stability.
Shomchoam et al.** examined the partial hydrogenation of palm
oil using Pd/y-Al,O; catalysts, resulting in increased oxidation
stability from 13.8 to 22.8 h under optimal reaction conditions.
Adhvaryu et al* examined the tribological properties of
chemically and thermally modified soybean oils. Their findings
indicate that the chemically modified oils exhibited better
friction and wear resistance compared to thermally modified
and raw soybean oils. Yosief et al.** explored the possibility of
using chicken fat as a renewable resource for bio-lubricants by
chemically modifying it with an isopropyl group using ethyl-
aluminum sesquichloride and found that the modified chicken
fat had better tribological and physicochemical characteristics
as well as greater oxidative stability. The same research group
explored the possibility of using beef tallow as a bio-lubricant
and found that alkylating the unsaturated fatty acid chain
with isopropyl groups improved its physicochemical properties,
including better oxidative stability and low-temperature prop-
erties, and higher solubility and density, compared to regular
beef tallow.*" Despite the extensive research and development
efforts focused on using soybean oil as a lubricating oil, there is
currently no established method available for enhancing its
overall operating performance.

In this study, the chemical modification of HOSO into
BHOSO was achieved by reacting its double bonds with iso-
propyl bromide. The reaction was facilitated by utilizing ethyl
aluminum sesquichloride (Et;Al,Cls) as the catalyst. Isopropyl
bromide (also known as 2-bromopropane) reacts with double
bonds through an electrophilic addition reaction. Isopropyl
bromide can be added across the double bonds of an alkene
using a Lewis acid as a catalyst. The mechanism involves the
formation of a carbocation intermediate, which is generated by
the attack of the Lewis acid catalyst on isopropyl bromide. The
carbocation intermediate can then attack the electron-rich
double bond of the alkene, resulting in the formation of
a new carbon-carbon single bond. The double bonds in high
oleic soybean oil (HOSO) were chemically modified to single
bonds (iso-propylation), leading to increased oxidative stability
due to the greater stability of saturated carbon bonds. Finally,
the physicochemical and tribological properties of BHOSO were
investigated in detail and compared against those of HOSO and
HOSuO to validate the efficacy of the novel chemical modifica-
tion process in developing next generation soybean oil-based
lubricants.

Sustainable Energy Fuels, 2024, 8, 1314-1328 | 1315


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3se01526b

Open Access Article. Published on 05 February 2024. Downloaded on 3/8/2026 6:46:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sustainable Energy & Fuels

2. Experimental procedure
2.1 Materials

The HOSO and HOSuO used in this study were received from
CHS Inc. (Minnesota, USA) and Columbus Foods Company
(Ilinois, USA) respectively. HOSuO was chosen as a baseline
reference due to its extensive applications in various industries
and the similarities it shares with the oil investigated in this
study. The GC-MS analysis was used to determine the fatty acid
composition of the oils, and the results are presented in Table 1.
Hybrid bearings, often found in electric vehicles, use ceramic
balls and steel rings to improve their performance. Ceramic
balls in bearings are used in electric vehicles because the rota-
tion of the motor can produce shaft current and voltage, which
causes electrochemical corrosion in conventional motor bear-
ings and ultimately leads to surface damage.** AISI 52100 steel
was used as a flat for friction and wear tests, which is widely
used to manufacture bearing elements.” Silicon nitride balls
were used as a counter material for the AISI 52100 flat; both
purchased from McMaster-Carr. Hybrid ceramic ball bearings
possess outstanding qualities such as effective electrical insu-
lation, high speed capacity, low friction coefficient, and dura-
bility against wear.* When compared to traditional steel
bearings, silicon nitride bearings offer a major advantage in
terms of rolling contact fatigue life. It has been demonstrated
that silicon nitride ball bearings operating with boundary or
mixed lubrication can produce noticeable performance
benefits.*

2.2 Synthesis of branched high oleic soybean oil (BHOSO)

Unsaturated fatty acids are more prone to oxidation, which can
lead to the formation of undesirable compounds and cause the
oil to spoil. Isopropylation, a modification technique, can be
used to convert the double bonds present in unsaturated fatty

Table 1 Fatty acid composition of HOSO and HOSuUO

Palmitic acid Stearic acid Oleic acid Linoleic acid
HOSO 4.7% 2.3% 89.3% 3.8%
HOSuO 3.8% 2.1% 85.2% 8.9%
High Oleic Soybean Oil
Fig. 1 Isopropylation of HOSO with an isopropyl group using EtzAl,Cls.
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acids into single bonds. There are various benefits to following
the chosen reaction plan for modifying HOSO. For example, it is
a proven method of isopropylation of natural triglycerides.***"*¢
The utilized chemical reaction scheme is a one-step synthesis to
produce the modified oil, making the overall process cost-
effective. Additionally, the employed synthetic pathway has
resulted in a high yield of products of above 90%. The synthesis
of isopropyl branched HOSO (BHOSO) from HOSO is shown in
Fig. 1. The HOSO (70 g, ~0.08 mol) was dissolved in methylene
chloride in a round-bottomed flask. The flask was sealed by
using septa and placed in an ice bath. After that, argon gas was
flushed through it. Next, ethylaluminum sesquichloride (Et;-
Al,Cl;) (71.8 g, 0.29 mole) was added slowly over a period of 30
minutes, followed by the addition of isopropyl bromide (35.7 g,
0.29 mole). After stirring the reaction mixture in an ice bath for
one hour, it was then allowed to reach room temperature and
stirred overnight in an argon environment. Thin layer chro-
matography (TLC) was employed to verify the completion of the
reaction. Next, the reaction mixture was mixed with 100 mL of
ethylacetate. Approximately 10 mL of 10% hydrochloric acid
(HCI) was added slowly until the formation of clear aqueous and
organic phases was observed. By this acid treatment the residue
of the catalyst (Et;Al,Cl;) was neutralized and became aqueous
soluble. To completely remove the residue, around 150 mL of
water was used each time to wash the organic layer three times,
and then about 150 mL of brine solution was used to wash it
once. Sodium sulfate was added to remove any remaining water
from the organic phase, and then ethyl acetate was evaporated
off using a rotary evaporator. The reaction resulted in a yield of
91% based on the initial quantity of HOSO used.

2.3 Nuclear magnetic resonance (NMR)

The samples were analyzed using a 14 Tesla NMR spectrometer
from Agilent Technologies located in Santa Clara, CA. The
spectrometer is equipped with a 5 mm One NMR probe. All
samples were dissolved in deuterated chloroform from Cam-
bridge Isotopes Laboratories in Andover, MA and analyzed at
25 °C. A relaxation delay of 2 seconds and an acquisition time of
2.28 seconds, along with a 45° pulse angle were used to acquire
the "H spectra. The spectral width of the 'H spectra was 12 parts
per million (ppm). The >C spectra were obtained by averaging
1000 transients using a 45° pulse angle, a 2 second relaxation

Branched High Oleic Soybean Oil

This journal is © The Royal Society of Chemistry 2024
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delay, and a 0.87 second acquisition time. These spectra had
spectral widths of 253 ppm. The direct C-H correlations were
established in select species by gradient-selected, multiplicity-
sensitive 2D-HSQC (heteronuclear single quantum coherence
spectroscopy) using adiabatic pulses in which the 32 directly
detected transients (2k points) were averaged for 200 indirectly
detected increments. The spectral widths in the direct dimen-
sion are 12 ppm and 200 ppm in the indirect dimension. For all
the spectra, residual solvent resonances were utilized as
internal chemical shift references. The spectra were processed
using SpinWorks4 software (v4.2.10), developed by Kirk Marat
at the University of Manitoba, Canada.

2.4 Gas chromatography-mass spectroscopy (GC-MS)

In order to determine the fatty acid composition of the starting
materials and products, namely HOSO and BHOSO, a gas
chromatograph (model 8890N) manufactured by Agilent Tech-
nologies was employed. The gas chromatograph utilized in the
analysis was equipped with an Agilent model 5977N mass
selective (MS) detector. Additionally, a Supelco SP-2380 column
measuring 30 m in length, 0.25 mm in diameter, and featuring
a film thickness of 0.2 pm was also utilized. For GC-MS analysis,
the starting materials HOSO and BHOSO were transesterified to
form fatty acid methyl esters (FAMEs). Approximately 100 mg of
HOSO or BHOSO was added to 20 mL reaction vials. Then 15 mL
of 2% sulfuric acid (H,SO,) in methanol was added. After
capping the reaction vials, they were stirred for 2 hours at 80 °C.
The reaction mixture was allowed to cool down to room
temperature (RT), and the methanol in the mixture was evapo-
rated under vacuum. The resulting mixture was then subjected
to an extraction process using ethyl acetate to extract the desired
FAMESs. The crude product was washed thrice with 15 mL of
water to eliminate any traces of glycerol and the acid catalyst
from the FAMEs. The ethyl acetate extract containing the fatty
acid methyl esters (FAMESs) was further processed by washing it
with 5 mL brine solution. Afterwards, the extract was dried
using anhydrous sodium sulfate (Na,SO,). 5 pL of the ethyl
acetate extract was diluted with 1 mL of ethyl acetate before
injection into the GC-MS to prepare the samples for GC-MS
analysis. The column was initially heated to 70 °C and held at
this temperature for 2 minutes. Subsequently, the temperature
of the column was ramped up to 250 °C at a rate of 20 °C per
minute. Once the temperature reached 250 °C, it was held
steady for 10 minutes. Helium gas was employed as the carrier
gas, flowing at a rate of 1.5 mL per minute. A split ratio of 50:1
was used. The injector temperature was set to 230 °C while the
detector temperature was maintained at 280 °C.

2.5 Pressure differential scanning calorimetry (PDSC)

DSC thermograms of the test samples were recorded using a TA
Instruments Q20 instrument from New Castle, DE, USA. In the
experimental procedure, approximately 1.5-2.0 mg of the
sample was precisely weighed into an aluminum pan. To facil-
itate the interaction of the sample with the reactant gas (dry air),
the pan was sealed using pinhole lids. Through the utilization
of controlled gas diffusion via a pinhole, the interaction
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between the sample and the reactant gas (dry air) allowed for
the saturation of the oil sample with air while effectively pre-
venting its volatilization. The oil-film thickness in the pan must
be less than 1 mm to achieve effective oil/air interaction and
remove any disparity in the result caused by gas diffusion limits.
The temperature calibration of PDSC was conducted using the
melting point of indium metal (156.6 °C) at a heating rate of 10 °
C min~'. The sample pan was then loaded into a PDSC cell,
which was then sealed and charged with dry air at 200 psi
(1378.95 kPa). Data were collected while the cell temperature
was increased from room temperature to 300 °C at a rate of 10 ©
C min ' Heat flow (W g™ ') versus temperature plots were
utilized for the determination of the oxidation onset tempera-
ture (OT, °C) and signal maxima temperature (SM, °C) using the
provided software. Each sample was subjected to three separate
tests, and the average results, rounded to the nearest tenth of
a degree, are reported.

2.6 Viscosity, density, and viscosity index analysis

An SVM3001/G2 viscometer with an Xsample 530 automatic
sample changer (Anton Paar GmbH, Graz, Austria) was used to
test the dynamic viscosity and densities of biobased oils at 40 °C
and 100 °C in accordance with ASTM D7042 (ref. 47) and ASTM
D4052 (ref. 48) respectively. The process involved transferring
20 mL of each sample into a vial and placing it in the carousel of
the automated sample changer. The device automatically
determines and displays the kinematic viscosity at 40 °C and
100 °C by utilizing the measured dynamic viscosity and density
values at those specific temperatures. Following the ASTM
D2270 standard, the viscosity index (VI) of biobased oils was
then determined automatically using the kinematic viscosity
data at 40 °C and 100 °C.*

2.7 Cloud point (CP)

The cloud point was determined following the guidelines of
ASTM D5773 on Phase Technology PSA-70X model automatic
cloud/pour/free apparatus. Prior to analysis, the samples were
maintained in the laboratory at a room temperature of 22 £ 1 ©
C. An aliquot of the sample, 0.150 £ 0.005 mL was then added to
a chamber inside the instrument with a reflective surface on the
bottom, which was then sealed. A vacuum applied to the closed
chamber removes ambient moisture. The samples were then
cooled at a rate of 1.5 + 0.1 °C per minute. The inside of the
chamber was continuously illuminated by using an internal
light source directed onto the sample at an angle and contin-
uously monitored by an optical detector located directly above
the sample. In the liquid form, the light source went through
the sample and reflected off the bottom of the chamber. As the
sample cools and crystals begin to form, these cause the
directed light to scatter, some being directed to the optical
sensor directly above the sample. The formation of crystals,
known as the cloud point, was determined by observing the
sample temperature at which directed light was deflected onto
the optical sensor. The determined applicable temperature
range for this method was —60 to 49 °C.
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2.8 Pour point (PP)

Analysis of the pour point D5949 took place immediately after
the determination of cloud point D5773. A pulse of dry air was
applied to the sample. When this occurred, a change in optical
scattering was observed by the optical sensor. The sample was
cooled at the same rate of 1.5 °C per minute, with pulses of dry
air applied at every 3 °C. When the sample was frozen, there was
no noticeable change in the optical response. The previous
reading was then denoted as the pour point. For example, if no
optical change is observed upon the application of a dry air
pulse at —27 °C, then the pour point is recorded as —24 °C. The
determined range for this method was —57 °C to 51 °C.

2.9 Reciprocating friction and wear tests

The tribological characteristics of the vegetable oils were evalu-
ated by performing friction and wear tests using a reciprocating
ball-on-flat contact setup. These tests were performed on an Rtec
MFT2000 tribometer (Make: Rtec Instruments, USA). For the
tribo-pair, AISI 52100 steel was used as the flat surface, and
silicon nitride (Si3;N,) balls (6 mm diameter) were utilized as the
counter material. The steel samples were polished to achieve an
average surface roughness (R,) of less than 0.1 pm. The surface
roughness was measured using a Profilm 3D white light profil-
ometer (Make: KLA Instruments, USA). The experiments were
conducted using a force of 75N, which resulted in a maximum
Hertzian contact pressure of 2.7 GPa. The sliding velocity and
total sliding distance for each tribo-test was 0.1 m s~ * and 500 m
respectively at room and elevated (100 °C) temperatures. Each
experiment was repeated three times to establish the statistical
significance of the test results. Fig. 2 illustrates the schematic
representation of the experimental setup for the tribological tests,
including the lubricant and sample holder. After the experiment,
a white light interferometer was used to analyze wear volume and
wear depth for each tribotest. Major wear mechanisms were
analyzed using scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS). SEM imaging was conducted
using a Quanta FEG 650 model (make: FEI Inc., USA) while EDS
analysis was performed using a Bruker Nano XFlash SUE 6 system
equipped with Bruker Quantax software (make: Bruker Inc. USA).

3.1 Experimental analysis of raw and formulated lubricants

3.1.1 NMR analysis. Proton and carbon NMR analysis
clearly indicated the presence of isopropyl (iPr) groups in the

75N Load
— —
o o o o ——— Soybean Oil

— Ball (Si3N,)
— Flat

Fig. 2 Schematic diagram of the tribological experimental setup.
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BHOSO triglyceride molecule as shown in Fig. 3 and 4 (bottom
line).

In Fig. 3 (bottom red line), the doublet peak at 0.78 ppm
corresponds to the -CH; protons of the isopropyl (i-Pr) groups
in BHOSO which is missing in the HOSO proton spectrum
(Fig. 3, top blue line). The -CH- from the i-Pr group appears at
1.65 ppm as a multiplet. The multiplets at 1.02 and 1.09 ppm
correspond to the -CH-i-Pr group and its next -CH, protons,
respectively. From the peak area integration of the -CH;
protons, the number of i-Pr groups in a BHOSO molecule is
calculated to be 13.9/6 = 2.32 i-Pr groups/triglyceride. A similar
number (2.37) is also shown by the area of the -CH- proton of
the i-Pr group. Peaks representing the allylic (1.98 ppm) and
vinylic protons (5.32 ppm) are shown in the HOSO spectrum but
are not visible in BHOSO confirming that the double bonds
were alkylated. Three peaks at 4.12, 4.26 and 5.23 ppm are
common in both BHOSO and HOSO spectra (Fig. 3) which
represent the protons of the glycerol backbone confirming that
the backbone remains intact in BHOSO after the alkylation
reaction.

The *C spectrum of the BHOSO (Fig. 4, bottom red line)
shows peaks at 19.1 ppm, 27.7 ppm and 43.6 ppm which
correspond to the carbons of the isopropyl group. The common
peaks at 61.9 and 68.7 ppm in both HOSO and BHOSO spectra
represent the carbons of the glycerol backbone. The carbonyl
carbons of BHOSO are represented by the peaks at 172.5-
173.0 ppm.

HSQC shows (Fig. 5) that the -CH; from the i-Pr group (0.78
ppm) is connected to the 19.1 ppm **C spectrum. The ~CH-
from the i-Pr group which appears at 1.65 ppm is connected to
27.7 ppm "*C in the HSQC spectrum. The multiplet at 1.02 ppm
represents the -CH-i-Pr group and it is connected to the
43.6 ppm “*C in the HSQC spectrum.

3.1.2 GC-MS analysis. GC-MS data show that FAMEs from
HOSO (Fig. 6, red line) contain 4.7% methyl (Me) palmitate
(C17H340,), 2.3% Me-stearate (C;9H350,), 89.3% Me-oleate
(C1oH360,) and 3.8% Me-linoleate (C;9H340,). As a result of
chemical modification, most of the oleic acid chains of HOSO are

—zss
s

— 7

— T
—_—rrr
6
—_—s0
—_— s
—_—1T

4 ks B O

emenmaliowntd y I r ||

vertical seale=0.2125

PPM 68 64 60 56 52 48 44 40 36 32 28 24 20 16 12 08 04

Fig. 3 Comparison between the *H NMR spectra of HOSO (top blue
line) and BHOSO (bottom red line). Spectral peaks are assigned with
their corresponding protons in letters.
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Fig. 4 Comparison between the 3C NMR spectra of the HOSO (top blue line) and BHOSO (bottom red line). Spectral peaks are assigned with

their corresponding carbons in letters.

branched with isopropyl groups to form i-Pr branched methyl
stearate (Cp,H440,, MW 340). The FAME composition of the
synthesized BHOSO is determined by the GC-MS analysis (Fig. 6,
black line) and includes 6.3% of Me-palmitate, 2.8% Me-stearate,
2.5% Me-oleate, 2.1% Me-linoleate and 86.3% i-Pr branched Me-
stearate. The peak representing i-Pr branched Me-stearate ([M+]
= 340 m/z) appears at 10.9 min retention time, which is mainly
produced from 89.3% of Me-oleate (appears at 10.3 min on the
spectrum) in HOSO during chemical modification.

3.2. Physicochemical properties of the HOSO, BHOSO and
HOSuO

HOSO was selected for this study because of its stability since
this oil is combined with tocopherol.*® Tocopherol functions as
an antioxidant that helps to prevent oxidation by scavenging
free radicals.”

3.2.1. Density. The influence of introducing branching into
HOSO on density was examined at 40 °C and 100 °C, as dis-
played in Table 2. The introduction of the isopropyl group into
the HOSO led to a slight decrease in density at all the tested
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Fig. 5 HSQC NMR spectra of BHOSO, showing connections between peaks associated with the i-Pr branch.
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Fig.6 GC-MS-total ion count vs. retention time for FAMEs of HOSO (red line) and BHOSO (black line). The peaks are annotated with the FAME
chemical formula: methyl palmitate (C17Hz40,, MW: 270); methyl stearate (C19H380,, MW = 298); methyl oleate (C19H360,, MW = 296); i-Pr

branched methyl stearate (CooH440,, MW = 340).

temperatures. At 40 °C, for example, while the density of HOSO
was found to be 0.8993 g cm?, the density of BHOSO was
measured to be 0.8965 g cm . The density decreased, possibly
because of replacing the double bonds by i-Pr groups.® The
density of all the oils reduced with increasing temperature.®
Thermal analysis curves for each lubricant are provided in the
ESI (Fig. S1%).

3.2.2. Kinematic viscosity and viscosity index. Kinematic
viscosity refers to a fluid's capacity to resist internal flow when
subjected to gravitational forces. The quantification of kine-
matic viscosity involves measuring the time in seconds for
a predefined volume of fluid to flow a certain distance under the
influence of gravity within a viscometer that is precisely cali-
brated for temperature control. In contrast, the viscosity-index
(VI) is a parameter that explains how a fluid's thickness alters

Table 2 Comparison of the physicochemical properties of BHOSO with HOSO and HOSuO*

Temperature (°C) HOSO BHOSO HOSuO
Density (g cm ™) 40 0.8993 0.8965 0.8999
100 0.8596 0.8573 0.8603
Kinematic viscosity (mm® s™) 40 38.93 142.13 38.93
100 8.49 19.39 8.49
Dynamic viscosity (mPa s ) 40 35.02 127.42 35.03
100 7.30 16.62 7.31
Viscosity index 203.6 155.9 204.13
Oxidative onset temp, OT (°C) 202.2 199.2 181.9
Oxidative peak temp, PT (°C) 210.9 213.7 205
Pour point (PP, °C) —15 -12 —22
Cloud point (CP, °C) —10.9 —14.5 -8

“ Each property value represents an average derived from three separate measurements.
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with temperature changes. A high VI signifies that a fluid's
viscosity is less likely to fluctuate over a wide temperature range,
making it more stable in a broad range of temperature condi-
tions. Table 2 provides a comparison of the kinematic viscosity
and viscosity index (VI) of HOSO, BHOSO, and HOSuO. At 40 °C,
BHOSO exhibits a kinematic viscosity nearly four times higher
than that of HOSO. As the temperature increases, the kinematic
viscosity of all oils decreases. The viscosity decreases exponen-
tially as the temperature increases.** Although the BHOSO
maintains a higher kinematic viscosity than the HOSO at
elevated temperature, the difference is less significant than that
at 40 °C. The elevated viscosity of BHOSO in comparison to
HOSO can be attributed to the presence of an alkyl branch,
which could impede the flow of molecules and result in a higher
kinematic viscosity.** Another possible explanation for the
higher viscosity of BHOSO is the presence of oligomers in
BHOSO.* The molecular weight of methyl oleate from HOSO
and i-Pr branched methyl stearate from BHOSO are 296 and
340, respectively (refer to Fig. 6). It has been observed previously
that viscosity is increased as the molecular weight of a lubricant
is increased. Additionally, another study reported a decrease in
viscosity as the number of double bonds in the molecule is
increased.*® Table 2 also shows that the BHOSO (VI: 155.9) has
a lower viscosity index than the HOSO (VI: 203.6) and the
HOSuO (VI: 204.13). The low viscosity index (VI) of BHOSO
suggests that its viscosity will undergo comparatively higher
changes in response to temperature variations, while the
viscosity of HOSO and HOSuO will remain relatively stable.
3.2.3. Oxidation stability. The oxidation stability of
BHOSO, HOSO, and HOSuO was examined through PDSC, and
the temperatures at which onset oxidation (OT) and peak
oxidation (PT) occurred are presented in Table 2. Higher OT and
PT values indicate that the substance is more resistant to
oxidation. In comparison to HOSO and HOSuO, BHOSO shows
a slightly higher PT value, but almost the same OT as HOSO.
The oxidation stability of fatty acids is influenced by the degree
of unsaturation. Fatty acids with higher degrees of unsaturation
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exhibit reduced oxidation stability.*® Compared to HOSO or
HOSuO, BHOSO has a slightly higher PT value; this observation
can be attributed to the fact that the fatty acid components of
the triglycerides contain a lower total number of unsaturated
bonds. In addition, the oxidative stability (OT) value of BHOSO
may have decreased due to the presence of oligomers in
BHOSO.

3.2.4. Cloud point and pour point. The cloud point,
commonly referred to as CP, denotes the temperature at which
the oil begins to form a cloudy appearance upon cooling, while
the temperature beyond which oil will no longer flow is known
as the pour point (PP). As can be seen in Table 2, BHOSO
exhibited a reduced CP in comparison to HOSO. This finding
suggests that the branching of the fatty acid tail group
contributed to an improvement in the cold flow characteristics.
Introducing branching to the oil can lower its cloud point by
preventing close packing during cooling.*® But compared to
HOSuO, both HOSO and BHOSO had a higher pour point. This
can be potentially due to a higher polyunsaturation level (lino-
leic acid 8.9% vs. 3.8% in HOSO) in HOSuO compared to
HOSO.***"*” Lower pour points are associated with vegetable
oils that contain more unsaturated fatty acid chains.*®

4. Results and discussion
4.1 Analysis of the coefficient of friction

The coefficient of friction (COF) of HOSO, BHOSO, and HOSuO
at room temperature and 100 °C was investigated using a ball-
on-flat type reciprocating sliding test and plotted against the
sliding distance as shown in Fig. 7. BHOSO showed the highest
coefficient of friction under both temperature conditions, fol-
lowed by HOSuO and HOSO. The average COF under HOSO
lubricated conditions was measured to be 0.067 & 0.019 at room
temperature and it decreased to 0.059 + 0.022 at high temper-
ature. For BHOSO, the COF increased by 22.8% as compared to
that of HOSO at room temperature. At 100 °C, the COF of
BHOSO increased by 18.5% as compared to that of HOSO. The
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Fig. 7 Coefficient of friction response of the vegetable oils at (a) room temperature and (b) 100 °C.
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BHOSO lubricant possesses saturated fatty acids along with
branched carbons. Due to the branching of carbons, the coef-
ficient of friction for BHOSO was higher than that of other oils
tested under both room temperature and 100 °C testing
conditions.*® The irregular molecular shape can be another
potential reason behind the high coefficient of friction, as re-
ported by Bayer et al.>® Other studies correlated the effect of
molecular structure with the resulting coefficient of friction.****
The coefficient of friction of HOSuO was higher than that of
HOSO under both room temperature and 100 °C test condi-
tions. This can be attributed to the variation in fatty acid
composition, as shown in Table 1. Reeves et al.®* noted that
there were discrepancies in the COF for various bio-based oils,
which can be explained by variations in their individual fatty
acid compositions. The lower fraction of oleic acids found in
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oils provides a higher value of the coefficient of friction. For all
tested oils under 100 °C conditions, the coefficient of friction
value decreased which is potentially due to the change in
physical qualities of oils which occurs under elevated temper-
ature conditions. Attia et al®® observed physicochemical
changes in soybean oil and other bio-based oils due to variation
in operating temperature. Zhang et al.*® presented the correla-
tion between the coefficient of friction of different synthetic
lubricating oils and different operating temperature conditions.
They reported a decreasing trend in COF values as the operating
temperature increased. It can be observed from Fig. 7 that the
friction curve stabilizes at a sliding distance of around 30
meters under room temperature conditions. However, at 100 °©
C, stabilization requires a slightly longer distance of around 70
meters. Interestingly, BHOSO exhibited minimal fluctuation in
its friction curve at high temperature which can be attributed to
the formation of a stable tribofilm due to saturated fatty acids.*

4.2 Analysis of wear volume

Fig. 8 presents a comparative analysis of wear volumes in flat
samples due to tribological tests conducted using different
lubricants and at different operating temperatures. The wear
volume in the HOSO lubricated case at room temperature was
measured to be 85 x 10° um® while at high temperature, it
increased significantly to 142 x 10° pm®. In contrast, BHOSO
presented 10.6% and 10.7% increased wear resistance as
compared to HOSO under room temperature and high-
temperature conditions, respectively. Less unsaturated fatty
acids in BHOSO helped in presenting enhanced wear resistance
as compared to that of HOSO. It has been observed that an
increase in unsaturation in fatty acids results in decreased wear
resistance.®>** The average wear volume of HOSuO was slightly
higher than that of HOSO at both temperature levels. This can
be attributed to the presence of a higher amount of
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Fig. 9 Two-dimensional depth profiles of wear tracks captured along the transverse direction at (a) room temperature (b) 100 °C.
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polyunsaturated fatty acid (linoleic acid) in HOSuO than in
HOSO as mentioned in Table 1.*

When exposed to high temperatures, all of the lubricants
experienced a decrease in wear resistance. This can be due to
changes in the physical properties of the oils, which were dis-
cussed earlier. 2-dimensional wear depths were measured along
the transverse direction. As depicted in Fig. 9, the wear depth
value of HOSO and HOSuO were quite similar under both
temperature conditions. BHOSO exhibited the lowest wear
depth under both operating temperature conditions. The
generation of a stable tribofilm by saturated fatty acids can be
correlated with decreased wear depths and wear volumes under
BHOSO lubricated conditions.®* Wear volumes in balls were
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significantly less than that observed in the flats because of
extreme wear resistance of ceramic materials as compared to
metallic materials. Hence, ball wear volume analysis was
excluded in this study.

4.3 Wear mechanisms under room and high temperature
test conditions

4.3.1 Tribological condition: flat wear. The wear tracks on
the flat samples were analyzed using SEM and EDS techniques
to identify the dominant wear mechanism and investigate any
potential transfer of material between the flat and ball samples.
No material from the ball was transferred to the flat surface as

HOSO_100 °C

i392 pm

Fig. 10 SEM images of wear tracks on the AlSI 52100 samples (a) HOSO, (b) BHOSO and (c) HOSuO at room temperature and 100 °C.
Representative images showing the morphology and wear mechanism of the wear tracks after the sliding tests.
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confirmed by the EDS analysis of the flat tracks. Abrasive wear
was observed to be the primary wear mechanism at room
temperature and 100 °C. Abrasive wear is the removal of small
particles from one or both surfaces caused by the presence of
abrasive particles or materials that are harder than the surface
being worn.**® Dislodged metal flakes or spalling was observed
when HOSO was used as the lubricant under both room and
high temperature conditions (Fig. 10a). Material removal or
spalling in a lubricated tribo-test can result due to breakdown of
the lubricant film that separated the contacting surfaces. This
can be observed as a result of high load, contact pressure,
temperature, insufficient lubrication, contamination, or the
presence of corrosive or abrasive particles.” The size of the
flakes was found to be larger under high-temperature condi-
tions, indicating severe degradation of the sample surface at
higher temperature. Corrosion-induced pits were observed
under both room temperature and high-temperature conditions
in all three lubricant cases as shown in the bottom left corner of
Fig. 10. However, the pit coverage area inside the track was
slightly higher under BHOSO lubricated conditions (Fig. 10b)
which could have resulted in a higher friction coefficient in
BHOSO lubricated cases (refer Fig. 7). The wear tracks in the
BHOSO lubricated case did not show any significant metal

(a) veeo

(b)

(C)
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flaking at room temperature. However, discrete local region
metal flakes were observed at high temperatures, but they were
not prevalent throughout the track. BHOSO contained the
highest amount of stearic acid which potentially helped in
enhancing the wear resistance.®® The wear track width was
found to be the smallest under BHOSO lubricated conditions at
both temperature levels. Adhvaryu witnessed a decreased wear
track width in the soybean oil, where the molecule's structure
was altered chemically.® The reduced wear track width is
consistent with BHOSO's low wear volume and high wear
resistance. HOSuO lubricated samples exhibited the highest
amount of dislodged metal flakes as observed in Fig. 10c and
this phenomenon was more prominent under high temperature
conditions.

4.3.2 Tribological condition: ball wear. Fig. 11 presents the
backscattered electron images (BSE) and corresponding
elemental mapping on worn out balls under different lubrica-
tion conditions. The volume of worn-out regions in balls
increased with increasing test temperature which is consistent
with earlier observations.””* The worn-out regions on balls are
marked with yellow rectangles in Fig. 11 indicating reduction in
ball worn out area under BHOSO lubricated conditions. The
EDS elemental mapping on balls revealed material transfer (Fe

Fig. 11 SEM and EDS images of silicon nitride balls at room and high temperature (a) HOSO, (b) BHOSO and (c) HOSuO. Representative images
showing the morphology and mechanism of wear on the surface of the balls after the sliding tests.
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signal) from the flat (steel) to ball (SizN,) during the experi-
ments and the formation of a tribo-oxide layer, identified as an
iron oxide, which covered the entire worn surface. This iron
oxide layer was formed due to the transfer of iron (Fe) from the
flat samples to the ball surface, which implied that adhesion is
the dominant wear mechanism for the balls used at both
temperature levels and in all three lubricated cases. Adhesion
wear refers to the process where two surfaces slide against each
other, resulting in the transfer of material from one surface to
another. This transfer occurs due to the formation and subse-
quent rupture of atomic bonds between the surfaces.®>”> As the
wear progressed, there is a possibility of localized accumulation
of worn-out particles which eventually got detached from the
flat surfaces. Point EDS analysis (Fig. S2}) on select worn out
particles (marked with an arrow in Fig. 11) confirmed that these
were composed solely of silicon and oxygen, indicating that they
were generated primarily from SizN, balls. The black circular
regions in BSE micrographs were primarily small size pitted
regions due to the chemical reaction between lubricants and
test surfaces, and the presence of foreign elements was not
observed in these regions.” HOSO lubricated silicon nitride
balls at high temperature (Fig. 11a) showed significant pitting
surrounded by crack networks at high temperature. The lengths
of the worn-out surfaces were 1063 um and 1195 um at room
and high temperature, respectively. In contrast, Fig. 11b
confirms that the BHOSO lubricated ball surface experienced
comparatively enhanced surface protection resulting in the
least wear track length with no visible cracks. Fig. 11(c) shows
the topography of a HOSuO lubricated worn-out silicon nitride
ball where the size of the worn-out particles was higher than
that in HOSO and BHOSO lubricated cases, which was observed
under both temperature conditions. Moreover, a rod-like
structure was visualized at high temperatures as marked in
Fig. 11c which are potentially hydroxylated silicon oxide rolls as
reported by Dong et al.”* and Dante et al.”™

5. Conclusion

A new chemical process was utilized to modify high oleic
soybean oil (HOSO), and its tribological behavior was investi-
gated and compared against that of raw HOSO and high oleic
sunflower oil. The key findings are summarized below:

e The high oleic soybean oil was successfully chemically
modified by adding an isopropyl group to the triglyceride's
unsaturated fatty acid components. Such chemical modifica-
tion impacted its physicochemical properties significantly. In
particular, the kinematic viscosity at 40 °C of BHOSO became 4
times higher than that of HOSO. Higher viscosity of BHOSO can
be attributed to the presence of an alkyl branch, which impedes
the flow of molecules. BHOSO displayed higher oxidation peak
temperature (PT) values indicating increased oxidation stability
which is one of the major challenges in biolubricants. An
increase in PT, along with a decrease in the cloud point presents
great potential of this modified lubricant for low temperature
applications. The lower pour point properties of HOSO and
BHOSO in comparison to HOSuO may result from the higher
saturation levels in their compositions.

This journal is © The Royal Society of Chemistry 2024
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e BHOSO showed the highest coefficient of friction, followed
by HOSuO and HOSO. At room temp, BHOSO had a 22.8%
higher COF than HOSO; at 100 °C; it increased by 18.5%. This is
due to branching in the molecular structure, resulting in an
irregular molecular shape along with increased viscosity.
BHOSO exhibited the highest wear resistance among the three
lubricants, with wear volumes 10.6% and 10.7% lower than
those of HOSO under normal and high-temperature conditions,
respectively. This could be due to the presence of less unsatu-
rated fatty acids in BHOSO than in HOSO resulting in better
thermo-oxidative characteristics along with better surface
protection due to increased viscosity. HOSuO had a slightly
higher wear volume than HOSO, which can be attributed to the
higher amount of polyunsaturated fatty acids in HOSuO.

e No transferred material was visible in any of the flat wear
tracks, and abrasive wear was the primary wear mechanism
under room and high-temperature conditions. Dislodged metal
flakes or spalling was observed under all three lubrication
conditions. Corrosion induced pits were observed inside wear
tracks under both temperature conditions. Unlike flat samples,
adhesive wear was the primary wear mechanism for the ball
surfaces. The formation of an iron oxide layer on the worn
surface was identified, which is attributed to the transfer of iron
from flat samples to the ball surface during experiments.
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