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Sustainability spotlight

Thermo-rheological and tribological properties of
low- and high-oleic vegetable oils as sustainable
bio-based lubricants

Abiodun Saka,?® Tobechukwu K. Abor,¢ Anthony C. Okafor®
and Monday U. Okoronkwo () *a®

Vegetable oil-based lubricants have attracted increased research attention in recent decades as sustainable
alternatives to conventional petroleum-based lubricants in metal machining. However, more studies are
required to fully elucidate the thermo-rheological and tribological properties. This study presents an
investigation of the thermo-rheological and tribological properties of different vegetable oils, including
low- and high-oleic soybean oil, high-oleic sunflower, safflower, and canola oils. The lubricity, and
evolution of viscosity and thermodynamic properties as a function of temperature were investigated to
obtain important parameters including the viscosity index, flow behavior index, flow activation energy,
specific heat capacity, thermal conductivity, coefficient of friction, contact angle, and thermal-oxidative
decomposition profile. The properties were compared with those obtained with mineral oil, conventional
emulsion coolant (CEC), and a commercial bio-based lubricant, Acculube LB-2000, commonly used for
metal cutting applications. The vegetable oils displayed comparable properties to the commercial LB-
2000 lubricant and pure mineral oil, featuring Newtonian fluid characteristics, high viscosity indices, high
flow activation energy, low specific heat capacity and thermal conductivity, and high thermal-oxidative
stability. Generally, vegetable oils with high oleic acid content featured higher rheo-thermal stability,
higher contact angle, and better performance in reducing the coefficient of friction. On the other hand,
CEC displayed non-Newtonian fluid behavior with lower initial viscosity and flow activation energy, and
lower thermal-oxidative stability, but comparatively higher specific heat capacity and thermal
conductivity compared to the vegetable oils. Compared to pure mineral oil, the vegetable oils show
higher oxidative-thermal stability, thermal conductivity and specific heat capacity, and better lubrication
performance in the mixed and hydrodynamic lubrication regimes of the Stribeck curve. The results
provide important datasets that will contribute to improving the database on the properties of vegetable
oils to guide their utilization in designing sustainable vegetable-oil-based biodegradable lubricants.

This study investigates the lubrication properties of vegetable oils, elucidating their potential for use as a non-toxic, renewable, sustainable, and biodegradable
alternative to conventional petroleum-based lubricants. The adoption of renewable, environmentally friendly, and biodegradable lubricants derived from
vegetable oils will advance the following SDG agenda goals: Good health and well-being (SDG3), Clean water and sanitation (SDG6); Sustainable cities and
communities (SDG11); Responsible consumption and production (SDG12); and Climate action (SDG13).

1 Introduction

With growing concerns over environmental degradation, the
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need for sustainable alternatives in all areas of life has become
increasingly critical. One area of focus has been the shift away
from conventional mineral-based lubricants, which are known
to contribute to environmental pollution and pose health risks.
Among the potential alternatives, vegetable oils have garnered
attention due to their biodegradability, non-toxic nature, and
renewability. Early research has highlighted the promise of
vegetable oils for lubricant applications, largely due to their
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unsaturated fatty acid profiles."® However, despite the rising
interest in these oils, research into their thermo-rheological
properties—an essential performance indicator for lubri-
cants—remains underexplored.

The rise of advanced machining processes for difficult-to-cut
materials has driven the need for high-performance lubricants.
While traditional lubricants are effective, they present consid-
erable environmental issues due to their non-biodegradable
nature. Conventional Emulsion Coolant (CEC) is frequently
used in industrial machining, particularly for challenging
materials like Inconel 718.* CEC is recognized for its excellent
cooling capabilities and moderate lubrication of metal alloy
surfaces. However, it is often applied in large volumes to flood
the cutting zone, which exposes operators to non-biodegradable
hydrocarbons that pose health risks and contribute to envi-
ronmental pollution. Consequently, there has been growing
interest in developing biodegradable lubricants as a more
sustainable and eco-friendly alternative.*>”

One major concern in the equipment lubrication industry is
the leakage of non-biodegradable mineral lubricants into the
environment. When a lubricant system fails, it can directly
contaminate soil and water, while volatile lubricants may
pollute the air.® As environmental awareness has increased,
technological advancements in lubrication have been increas-
ingly driven by this growing trend.” Due to the limitations of
conventional lubricants, biodegradable alternatives have
gained popularity in environmentally sensitive areas. By tran-
sitioning to bio-lubricants, advanced manufacturing businesses
that rely on lubricants for machining can reduce overall tool
costs, enhance product quality, and promote a safer workplace.

Biodegradable lubricants, particularly those sourced from
vegetable oils, have demonstrated significant potential in
advanced machining applications like minimum quantity
lubrication (MQL)," due to their inherent lubricity, high
viscosity index, and low volatility. Masripan et al.® studied the
properties of soybean oil, concluding that its lower toxicity,
excellent lubricating capabilities, high viscosity index, and high
flash point make it an ideal alternative base oil for lubricants.
Similarly, Stanciu et al. investigated the viscosity index of four
vegetable oils used as biodegradable lubricants, finding that
soybean oil had the highest viscosity index (170), while rapeseed
oil had the lowest (143)." Equally, high oleic sunflower,*>
safflower,''® and canola oil'” have also been reported to exhibit
favorable lubricant properties.

Despite the promising properties of vegetable oils, their
widespread use as lubricants is limited by drawbacks such as
low thermal conductivity, oxidative stability and high pour
points.'®* However, research has shown that modifying the
chemistry of vegetable oils—either through genetic alterations
to adjust their fatty acid profiles or through chemical processes
like hydrogenation and saponification/esterification—can
improve these limitations.” Also, numerous studies have
shown that the flow behavior, stability, and thermal conduc-
tivity properties of vegetable oils can be enhanced by the use of
chemical additives®*”® and nanoparticles.®*®**?¢ While the
effects of chemical modifications have been well studied,
research on the impact of fatty acid profiles is more limited. In
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a 1995 study, Honary Lou demonstrated that a vegetable oil's
oxidative stability improves as its oleic acid content increase.”
Similarly, Glancey et al. found that high-oleic acid soybean and
sunflower oils exhibited superior oxidative stability and
lubricity in low-volume fluid power system pump tests when
compared to low-oleic soybean oil and commercial canola-
based hydraulic fluid.”® However, the precise mechanisms
behind these observations remain unclear.

There is a lack of comprehensive research on the
temperature-dependent rheology, tribology, and thermody-
namic properties of high-oleic and low-oleic oil-based lubri-
cants. To address this knowledge gap and expand the
understanding of vegetable oils’ cooling and lubrication prop-
erties for the development of future sustainable bio-based
lubricants, this study examined low- and high-oleic soybean
oil, high-oleic sunflower, safflower, and canola oils. The anal-
ysis included temperature-dependent rheology, tribology,
contact angle measurement, thermogravimetry, thermal
conductivity, and heat capacity testing. This comprehensive
approach offers deeper insights into the rheo-thermal lubri-
cating characteristics of vegetable oils in comparison to
commercially available lubricants.

2 Materials and methodology
2.1 Materials

The vegetable oils used in this study included high- and low-
oleic soybean oil (sourced from ADM - Archer Daniels
Midland Inc., Decatur, IL, USA, and Thermo Fisher Scientific
Inc., USA, respectively), high-oleic sunflower oil, high-oleic
safflower oil (both from AVO - American Vegetable Oil Inc.,
USA), and high oleic canola oil (from Cargill Inc., USA). These
oils were selected due to their potential for industrial applica-
tions and their abundance in the USA. The oleic acid content,
reflecting their monounsaturated fat levels, is presented in
Table 1. Prior to the experiment, the oils were stored in airtight
containers at a constant temperature of 25 °C. A commercially
available bio-based heavy-duty metalworking lubricant, Accu-
Lube LB-2000 (ITW, Glenview, IL, USA), served as the refer-
ence bio-based lubricant, while the conventional emulsion
coolants (CEC) reference fluid was prepared using 10% Valcool
VP-TECH-005B semi-synthetic oil (MSC Industrial Supply, Mel-
ville, NY, USA), blended with 90% water. Additionally, the study
was benchmarked with pure petroleum-based mineral oil
(specific gravity = 0.854) purchased from MilliporeSigma Mil-
waukee, WI, US.

2.2 FTIR spectroscopy

The FTIR analysis was performed using a Fourier-Transform
Infrared Spectrometer (Thermo Scientific Nicolet iS10), equip-
ped with Attenuated Total Reflectance (ATR) Diamond Cell. The
spectrometer was operated in transmission mode with a spec-
tral range of 4000-400 cm ' and a resolution of 4 cm™'. For
each sample, 32 scans were collected and averaged to improve
the signal-to-noise ratio. The resulting spectra were then
normalized, and baseline corrected using the OMNIC software

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 List of oils and lubricants studied
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Fatty acid contents (%)

Mono-unsaturated

Fluid ID Description (% oleic acid) Poly-unsaturated Saturated Trans
HOSO High oleic soybean oil 74.5 11.0 13.0 1.5
Safflower High-oleic safflower oil 78.6 14.3 7.1 0
Sunflower Sunflower 57.1 28.6 14.3 0
Canola Canola 64.3 28.6 7.1 0
LOSO Low-oleic soybean oil (LOSO) 24.5 58.5 16.0 1.0
LB-2000 Acculube LB-2000 — — — —
CEC 10% valcool VP-TECH-005B — — — —
Mineral oil Mineral oil — — — —
(Thermo Scientific) to facilitate comparison between different o=o0y+ky" (3)

samples. The obtained FTIR spectra were analyzed to identify
the characteristic absorption bands corresponding to the
functional groups present in the fluids. The peak positions and
intensities were compared among the different samples to
determine any significant differences in their chemical
compositions. The test was done thrice to ensure the reliability
and reproducibility of the results.

2.3 Viscosity measurement

The viscosities of the selected biodegradable oils were evaluated
using a Discovery Hybrid Rheometer (DHR2)**° from TA
Instruments, operated with the accompanying Trios software
(Version 4.4.0.41128). This instrument is renowned for its
precision and reliability in rheological measurements. Before
each experiment, the rheometer underwent a calibration
process. The DIN Concentric cylinder geometry equipped with
a Peltier temperature control system was used. The geometry
was set with a 5914 um operating gap. The torque tolerance was
set at 1%, and the controlled axial force sensitivity was adjusted
to 0.1 N. The Peltier concentric cylinder is ingeniously designed
to ensure precise temperature control and efficient heating. It
features four Peltier heating elements in close contact with
a lower cup geometry, which is secured by an insulating jacket.
This arrangement facilitates rapid and effective heat transfer up
the cup's wall. Additionally, a platinum resistance thermometer
is positioned near the top of the cup, enabling accurate
temperature measurement and control. For each experiment,
23 mL of the sample was poured into the lower cup geometry.
The TA TRIOS software was programmed to capture the shear
stress (Pa s) at intervals of shear rate ranges of 0-100 s~ *. The
experiment was conducted at temperatures of 25, 35, 45, 55, 65,
70, and 80 °C.

The shear stress versus shear rate curves were fitted to the
Newtonian, Bingham, and Herschel-Bulkley models to obtain
relevant rheological parameters, vis-a-vis, viscosity and flow
behavior index parameters (eqn (1)-(3))****

g="nY (1)

g =0yt 1y (2)

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

where ¢ is shear stress (Pa), i is viscosity (Pa s), ¥ is shear rate
(s™"), oy is yield stress (Pa), k is consistency (Pa s"), and n is the
power law index or flow behavior index.

The obtained viscosity as a function of temperature was used
to determine the flow activation energy by utilizing the Arrhe-
nius relationship (eqn (4) and (5)) as previously illustrated by
Kim et al.®®

n:Aen(é%) (4)
In(n) = In(4) ~ < 6

where 7 is viscosity, E, is the flow activation energy in ] mol ', R
is the gas constant (8.314 ] mol ' K™"), and T'is the temperature
in Kelvin. The plot of the natural logarithm of viscosity In(n)
against the reciprocal of the temperature in Kelvin (1/7),
features a linear curve with the slope - (E,/R) from where the
activation energy can then be calculated.*” This method
assumes the oil's behavior aligns with the Arrhenius equation
across the temperature range and that other viscosity-
influencing factors are controlled. Flow activation energy is
a measure of the energy required to initiate flow in a lubricant.
It represents the temperature sensitivity of the lubricant's
viscosity on a molecular level.

Additionally, in accordance with the guidelines set forth by
ASTM D2270, the viscosity index of each vegetable oil was
determined. These viscosity measurements were conducted at
temperatures of 40 and 100 degrees Celsius."**

2.4 Thermogravimetric analysis

Thermogravimetric analysis (TGA) and its derivative (DTG) are
techniques used to investigate the thermal behavior of mate-
rials.** These techniques are particularly useful for under-
standing the thermal stability, decomposition, and
compositional changes of organic materials like vegetable oils.*
STA 449 Jupiter NETZSCH instrument was used to analyze the
thermogravimetric properties of the fluids under investigation.
The STA 449 instrument is a simultaneous thermal analyzer
that allows the measurement of mass changes and thermal
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effects in a wide temperature range of —150 °C to 2400 °C. The
materials and equipment used for this analysis included high-
purity air gas cylinders, a sample of biodegradable oil,
a ceramic crucible, and an analytical balance. The STA 449
Jupiter NETZSCH machine is controlled by the Proteus®
software.

The sample preparation involved measuring approximately
10-20 mg of the biodegradable oil sample using an analytical
balance and placing it in a ceramic crucible. This sample size is
typically used in TGA to ensure a robust signal-to-noise ratio
and precise measurements while preventing sample overflow
during the analysis. Prior to the analysis, the instrument was
calibrated according to the manufacturer's instructions to
ensure the accuracy of the measurements. A baseline test was
conducted with an empty crucible under identical conditions to
the sample run, including the temperature range, heating rate,
and airflow rate. This baseline test helps to correct any changes
in mass due to the buoyancy effect or the weight loss of the
crucible. The crucible containing the sample was then placed in
the TGA instrument, and the system was purged with high-
purity air to remove any residual gases. The use of air
provides a source of oxygen, which is crucial for understanding
the oxidation behavior of the fluid. The heating process was
initiated at a temperature of 25 °C and increased at a rate of 10 ©
C per minute up to 600 °C, with a constant airflow rate of 20
mL min~" maintained throughout the experiment.

The instrument recorded the change in mass of the sample
as a function of temperature, which provided a detailed profile
of the thermal degradation behavior of the biodegradable oils
and fluids.

2.5 Specific heat capacity

The specific heat capacity is an important thermal property of
oils that indicates how much heat energy is required to raise the
temperature of the oil by 1°. The specific heat capacity of the
selected fluids was determined using a THT Micro Reaction
Calorimeter. The materials and equipment used for this anal-
ysis included a sample of each fluid, an analytical balance, and
the test sample glass vial with an 11 mm crimp cap made of
PTFE. The sample preparation involved measuring a suitable
amount of the fluid into the sample vial using an analytical
balance and placing it in the calorimeter. Prior to the analysis,
the micro reaction calorimeter was calibrated according to the
manufacturer's instructions to ensure the accuracy of the
measurements. A baseline test was conducted with an empty
sample vial under identical conditions to the sample run,
including the temperature range and temperature step (25 °C,
40 °C, 60 °C, 80 °C, 100 °C, 120 °C). The baseline test helps to
correct any changes in heat capacity due to the vial or the
instrument itself.

Once the test sample vial was placed in the calorimeter the
heating program was set to initiate at a temperature of 24.5 °C
and increase in steps of 1 °C up to 25.5 °C, then decrease back to
24.5 °C. This process was repeated for other temperature points
(39.5 °C to 40.5 °C, 59.5 °C to 60.5 °C, and up to 119.5 °C to
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120.5 °C). The median value of each temperature range is the
temperature at which the specific heat capacity was measured.

The calorimeter monitored the heat flow as a function of
temperature, automatically recording the heat flow at each
temperature point. After the experiment, the data was analyzed
to determine the specific heat capacity of the biodegradable oil
at each temperature point. The results were compared with the
baseline to correct for any instrumental effects.

2.6 Thermal conductivity

The thermal conductivity of the fluids was determined using the
Thermtest TLS-100 portable thermal conductivity meter. The
sensor probe, which is immersed in the fluid under investiga-
tion, operates on the transient line source (TLS) method. This
probe features a thin wire that serves dual purposes: it acts as
a heat source and a temperature sensor. When a known quan-
tity of electrical energy is supplied, the wire heats up, causing
a temperature increase in the surrounding material.

The sensor probe was inserted into a sample container,
which was then placed in an ISOTEMP 210 Fischer Scientific
water bath. To ensure the accuracy of the measurements, the
sensor probe was calibrated before the commencement of the
experiment. The water bath was conditioned to a temperature of
21 °C (room temperature). Once the probe was immersed in the
fluid at a specific temperature, it was allowed to equalize for 15
to 20 minutes to mitigate temperature drift.

Upon initiation of the test, the main unit was activated, and
the system monitored the temperature increase over a specified
duration of 120 seconds. The rate of this temperature increase is
directly proportional to the fluid's thermal conductivity, which
was subsequently calculated according to Fourier's law,
following eqn (6). Each measurement was repeated three times,
and the reading with the lowest percentage error was selected.
In cases where all three measurements had a percentage error of
less than 0.001, the average of the three measurements was
taken.

q
= Ima (6)
where, k = thermal conductivity (W m ' K™'); ¢ = heating power
(W m™"); a = slope of the temperature rise over the logarithm of
time.

2.7 Tribology

Tribology enables the measurement of the lubricating effects
performance of each fluid. The TA Instrument's Tribo-
rheometry Accessory integrated with the Discovery HR-2
rheometer was used for tribology studies.**> The three-ball-
on-plate geometry, consisting of stainless-steel hemispheres,
each with a diameter of 1 inch, was utilized for this study. A
disposable 40 mm aluminum plate was used as the bottom
plate. The TA Instruments tribology set-up was designed
following the concepts of ball-on-disc in ASTM G99 Standard,*
commonly used for lubricant tests.*»**** The schematics of the
tribo-rheology geometry used is shown in Fig. 1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematics of the tribo-rheological setup utilized in the study, in accordance with the instruction manual provided by TA Instruments-

Waters LLC #2

For the test, a 1.5 mL fluid sample was carefully measured
and transferred onto the lower aluminum plate and allowed to
equilibrate to 25 °C for 30 seconds. The upper geometry with the
three balls was lowered to contact the bottom plate and the
normal force of 6 N was applied while a sweep test varying the
sliding speed from 0 to 250 rad s~ was conducted. The angular
velocity range was chosen to provide a comprehensive charac-
terization of the tribological behavior that covers the full range
of the Stribeck curve regimes. With the aid of the TA TRIOS
Software, the torque values at each velocity were recorded as
well as the friction coefficient (p) calculated using eqn (7):

u=MI(d x Fx) 7)
where M represents the torque (N m), d is the arm length fixed at
0.015 m, and Fy is the normal force (N). The average friction
coefficient values were determined from triplicate measure-
ments. The obtained data were analyzed by calculating Hersey's
number which is a function of the sliding speed, viscosity, and
the normal force exerted, and the results were interpreted in
terms of the tribological performance of the samples in
different lubrication regimes of the Stribeck curve.*®

2.8 Contact angle measurement

The contact angle of the lubricants on a glass plate was
measured using the L2004A1 Ossila Contact Angle Goniometer
(Ossila BV, Netherlands). The goniometer was equipped with
a camera and PC software that provided a simple and intuitive
interface for contact angle measurements. A disposable glass
plate was used as the substrate for the contact angle measure-
ments. The glass plate was thoroughly cleaned to remove any
contaminants or residues that could affect the wetting behavior
of the lubricant. The cleaned glass plate was then placed in the
center of the vertical tilt stage of the goniometer. A microlitre
syringe was used to dispense a small droplet (approximately 5-
10 pL) of the lubricant onto the glass plate. The stage height was
adjusted until the droplet was visible in the camera's field of
view. The camera lens was focused to ensure a sharp image of
the droplet on the software display.

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

The Ossila Contact Angle software was used to record a video
of the droplet spreading on the glass plate. The recording
duration was set to an appropriate length (e.g., 30 seconds) to
capture the initial spreading behavior and the equilibrium
contact angle. The frame rate was set to 20 frames per second to
provide sufficient temporal resolution. After recording the
video, the software's analysis tools were used to measure the
contact angle. The region of interest (ROI) was adjusted to
enclose the droplet, with the baseline aligned with the glass
plate surface. The software detected the edges of the droplet
within the ROI and applied a polynomial fitting to determine
the contact angle. The average of the left and right contact
angles was recorded for each frame of the video. The
measurements were repeated for multiple droplets (at least 3) to
ensure reproducibility and statistical significance. Using
a disposable glass plate as the substrate for contact angle
measurements offered several advantages. First, glass plates
provide a uniform and consistent surface, allowing for better
comparability between different lubricant samples. Second,
glass plates can be easily cleaned and sterilized, minimizing the
risk of contamination. Third, the transparency of the glass
allows for clear visualization and imaging of the droplet, which
is essential for accurate measurements. Finally, using dispos-
able plates eliminates the need for extensive cleaning between
measurements, saving time and effort. While it is acknowledged
that the actual material to be lubricated may provide more
relevant information about the lubricant's wetting behavior in
real-world applications, using glass plates as a standardized
substrate is common in contact angle studies. The results ob-
tained on glass can serve as a baseline for comparing the
wetting properties of different lubricants and guide the selec-
tion of promising candidates for further testing on the actual
material surfaces like steel or Inconel.

3 Results and discussion
3.1 FTIR spectra of the fluids

The chemistry of the fluids was analyzed using FTIR. Fig. 2a
shows the IR spectra of the Conventional Emulsion Coolant

RSC Sustainability, 2025, 3, 1461-1476 | 1465
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Fig. 2 FTIR spectra of (a) conventional emulsion coolant and mineral oil, (b) the vegetable oils and LB-2000.

(CEC) and mineral oil. The CEC exhibits a broad absorption
band between 3200-3600 cm ', often linked to alcohols,
phenols, or water due to O-H stretching and hydrogen
bonding.*”** These bands are mostly due to water, as CEC
contains 90% water. Similarly, the band around 1620 cm™* is
attributed to H-O-H bending in water.*** The minor absorp-
tion band at ~2200 cm ™" in the CEC is attributed to potential
nitrile additive in CEC,***® the absorption band at ~1745 cm™*
and 1195 cm ™" are attributed to carbonyl C=0 and C-O stretch
of aliphatic esters, respectively,> while minor hydrocarbon
absorption bands, CH, (2920 cm™ "' and 1460 cm ') and CH,
(2850 cm™' and 1376 cm™'), are due to the mineral oil
component which agrees with the spectra of the pure mineral
oil in Fig. 2a.°** The band at 720 cm ™' in the mineral oil is
attributed to C-H group®*” and the broadened absorption band
around 620 cm ™" in the CEC spectra is due to hindered water
rotation.>®

In contrast, Fig. 2b shows that all vegetable oils and LB-2000
exhibit negligible absorption between 3200-3600 cm ™' but have
strong absorption bands between 2800-3000 cm ', corre-
sponding to C-H stretching in long-chain fatty acids. CH,
vibrations appear at 2850 cm ™' (symmetric) and 2920 cm !
(asymmetric), while CHj; groups stretch at 2870 cm~
(symmetric) and 2960 cm ™" (asymmetric).**® This confirms the
presence of long-chain hydrocarbons in all oils and LB-2000.

A strong band around 1740-1750 cm !, signifying C=0
stretching in ester carbonyl groups, is present in all vegetable
oils, marking their triglyceride content.®* The weak band
around 1650-1660 cm ™" reflects C=C stretching in unsaturated
fatty acids, varying among oils, with slightly higher peaks in
safflower, sunflower, and HOSO due to their higher
unsaturation.

1

59,60
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1 relate to CH, and CH,

Bands between 1350-1500 cm ™
bending, present in all oils, while those from 1000-1300 cm ™,
centered at ~1160 cm ™, indicate C-O stretching in ester bonds,
underscoring the triglyceride structure.®® The region of 650-
1000 cm™ ' shows a band around 720 cm ™', indicating =C-H
bending.>**°

Collectively, the FTIR spectra of the vegetable oil samples
demonstrated a remarkable degree of similarity with the LB-
2000, particularly in the identification of common functional
groups characteristic of vegetable oils. Nonetheless, nuanced
variations in the peak intensities and positions indicated
differential concentrations of specific molecular entities or the
presence of unique compounds within individual samples.

The FTIR spectra of CEC and vegetable oils reveal significant
differences in their chemical compositions. The presence of
a broad O-H stretching band in CEC confirms water content,
while vegetable oils show characteristic peaks for long-chain
fatty acids and triglycerides. The differences in the intensity
and presence of specific absorption bands highlight the unique
molecular structures of CEC and vegetable oils.

3.2 Thermo-rheological behavior

3.2.1 Flow behavior. Fig. 3a and b show the representative
flow curves of the vegetable oils, and flow curves of the mineral
oil as a function of temperature, wherein both systems dis-
played Newtonian fluid characteristics with the shear stress vs.
shear rate curves exhibiting straight lines that pass through the
origin.”* As the temperatures increase, the slope of the curves
decreases but the Newtonian properties are maintained. Hence
the oils were fitted to the Newtonian model shown in eqn (1), to
obtain the viscosity discussed in Section 3.3. Similarly, Fig. 3¢
shows the flow curves for the CEC which exhibit non-Newtonian

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Temperature-dependent flow behavior of the fluids: (a) flow curves of HOSO as a function of temperature, as a representative of the
vegetable oils; (b) flow curve of the mineral oil as a function of temperature; (c) flow curve of CEC as a function of temperature; (d) flow behavior

index of CEC compared to the vegetable oils, mineral oil, and LB-2000.

yield stress or Bingham fluid characteristics®>* and were
therefore fitted to the Bingham model in eqn (2), to obtain the
viscosity. However, it was observed that as the temperature
increased, the CEC displayed a shear-thickening behavior seen
in the upward curvature of the flow curve (Fig. 3c). Hence the
curves were also fitted to Herschel Buckley's modified Bingham
model (eqn (3)), to estimate the flow behavior index which is
shown in Fig. 3d.

As shown in Fig. 3d, as the temperature increased from 25 °C
to 80 °C, the flow behavior index remained relatively constant at
~1.0 for the vegetable oils, mineral oil, and LB-2000 but
increased for the CEC, supporting the Newtonian behavior of
the vegetable oils, mineral oil, and LB-2000, and non-Newtonian
shear-thickening behavior of the CEC as a function of
temperature.*** The flow behavior index trend of CEC showed
a drop after 55 °C which can be attributed to an onset of gradual
destabilization of the emulsion or phase inversion phenom-
enon where the continuous and dispersed phase switch roles. It

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

is known that high temperatures can disrupt the thermody-
namic stability emulsions, instigating phase separation and
reducing the homogeneity of the system.®® A change in the CEC
original color was also observed at this temperature (55 °C),
physically confirming the phase inversion phenomenon. Yet, at
80 °C, a reversal of droplet coalescence may occur due to the
heightened molecular motion and decreased viscosity of the oil
phase.

3.2.2 Flow activation energy. From the experimental data,
as shown in Fig. 4a, an inverse correlation between temperature
and viscosity of vegetable oils was observed. Elevated tempera-
tures induce an increase in both molecular velocity and kinetic
energy, which in turn reduces viscosity. This behavior is in line
with several studies by researchers who also affirmed the
pronounced influence of temperature on the viscosity of vege-
table o0ils.*** The viscosity of a fluid affects the fluid's ability to
form a film between moving parts and its effectiveness in
reducing friction and wear. Thus, maintaining sufficient
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Fig. 4
activation energy of various vegetable oils to that of CEC.

viscosity at the operating temperature range is important. If the
viscosity is too low, the fluid film may break down and fail to
protect the moving parts, leading to increased wear and
potential failure. It was observed that the viscosity of CEC is
significantly low at all tested temperatures compared to the
vegetable oils and investigated LB-2000. However, mineral oil
displayed the highest viscosity (Fig. 4a). This indicates that the
CEC may not have the ability to form sufficient thin films to
protect the cutting zone/moving parts and hence will feature the
lowest lubrication efficiency.

According to the concept of flow activation energy,
a lubricant with higher flow activation energy means that its
molecules need more energy to move past each other, resulting
in higher viscosity and greater resistance to flow. These lubri-

66-69

cants are generally more stable and better at maintaining their
viscosity across a broad temperature range, as the higher energy
barrier makes it harder for the molecules to move even at
elevated temperatures. In contrast, lubricants with lower acti-
vation energy are more sensitive to temperature changes. As the
temperature rises, their molecules gain enough energy to
surpass the lower barrier, leading to a more significant reduc-
tion in viscosity.

Fig. 4b presents the flow activation energies of the fluids,
showing that CEC has significantly lower activation energy
(5518.50 ] mol ), than the vegetable oils and LB-2000, while the
pure mineral oil displayed the highest value. The low activation
energy of CEC corresponds to the low viscosity values observed
for CEC across the temperature range (0.000467023 Pa s at 25 °C
to 0.000059792 Pa s at 80 °C). The minimal energy required for
CEC to flow aligns with its role as a coolant, ensuring efficient
heat transfer. However, this also makes CEC less effective as
a lubricant, especially under high-load or high-temperature
conditions where thicker films are needed to prevent wear
during advanced machining.

All the vegetable oils show higher flow activation energies
than CEC, suggesting that they are more resistant to viscosity
changes with temperature, providing better stability across
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wider temperature ranges. However, the mineral oil's flow
activation energy surpasses all the vegetable oils. As shown in
Fig. 4a, the viscosity of vegetable oils and LB-2000 remains
consistently higher than that of the CEC at all temperatures,
even though the viscosity of the oils appears to decrease as the
temperature increases. Among the vegetable oils, safflower oil
has the highest activation energy, followed by sunflower oil,
HOSO, canola oil, LB-2000, and LOSO. The LB-2000,
a commercial vegetable-based lubricant, exhibits slightly
lower activation energy than pure high oleic vegetable oils
(except LOSO) but still higher than CEC, indicating a balance
between improved flow and temperature stability. The differ-
ence in activation energies between high-oleic and low-oleic
Soybean oils (HOSO and LOSO) suggests that the high-oleic
variety may have a marginally better resistance to viscosity
changes with temperature. This finding aligns with Fasina
et al.'s explanation that the viscosities of vegetable oil samples
are strongly correlated with the concentrations of mono-
unsaturated or polyunsaturated fatty acids.”

3.2.3 Viscosity index. Viscosity Index (VI) is a common
metric for assessing the temperature-dependent flow properties
of oils and lubricants.'»”*”> It indicates how much fluid's
viscosity changes over a given temperature range. A high VI
denotes superior viscosity stability across different tempera-
tures, which is beneficial for lubrication purposes. Lubricants
with high VI values resist significant thickening at low
temperatures, enabling quick engine starts and efficient oil
flow. Additionally, they prevent excessive thinning at high
temperatures, ensuring strong lubrication and reducing oil
consumption.”

The viscosity index is calculated based on the ASTM D2270
standard following eqn (8) and (9).

_ [(antilog N) — 1
VI = {—0.00715 + 100 (8)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Y is the kinematic viscosity at 100 °C of the sample lubricant
whose viscosity index is being calculated; H is the kinematic
viscosity at 40 °C of an oil with a viscosity index of 100 that has
the same kinematic viscosity at 100 °C as the sample lubricant,
and U is the kinematic viscosity at 40 °C of the oil whose
viscosity index is to be calculated. All values are in mm?*s™". The
corresponding L and H values obtained with data from ASTM
D2270 through interpolation are presented in Table 2.

Based on the experimental results as shown in Table 2, the
high oleic oils exhibited high viscosity indices slightly above
that of LB-2000, with sunflower and safflower oil exhibiting the
highest viscosity index of 227.90 and 226.50, indicating their
excellent ability to maintain viscosity stability over a wide
temperature range. This property makes the high oleic oils an
attractive choice for applications where consistent lubrication
performance is required despite temperature fluctuations. On
the other hand, the low oleic soybean oil displayed the lowest
viscosity index 179.55, suggesting the significance of fatty acid
composition in controlling the oils’ resistance to viscosity
changes with temperature. Nonetheless, the mineral oil
exhibited the lowest viscosity index compared to the vegetable
oils, consistent with the literature.”

The slightly lower VI values of canola oil and LB-2000
compared to the other vegetable oils may be due to differ-
ences in their chemical composition and the presence of addi-
tives in the case of LB-2000.”>7® LOSO has the lowest viscosity
index among the tested samples at 179.55. Although this value
is lower than the other oils, it still represents reasonable
viscosity-temperature performance. The lower VI of LOSO can
be attributed to its lower oleic acid content compared to the
other vegetable oils. For Conventional Emulsion Coolant (CEC),
the viscosity index could not be determined due to its low
kinematic viscosity, which falls below the 2 mm?* s™" threshold
stipulated by the ASTM D-2270 standard.*® This is primarily
attributable to CEC's role as a coolant, for which viscosity
stability over a broad temperature spectrum is often not a focal
concern. Additionally, the presence of water in the emulsion
contributes significantly to its low viscosity, thus invalidating its
candidacy for VI measurement under the ASTM D-2270

Table 2 Viscosity index of the vegetable oils
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guidelines. Kinematic viscosity, defined as the ratio of absolute
viscosity (in cP) to density (in g cm™?), serves as the basis for VI
determination. As per ASTM D-2270, the fluid under investiga-
tion must exhibit a kinematic viscosity greater than 2 mm? s~ *
and less than 70 mm? s~ at 100 °C. These conditions ensure
that the calculated VI falls within the range for which the ASTM
tables are validated, typically between 2 cSt and 70 cSt.

3.3 Thermogravimetry

To assess oxidative thermal stability, thermogravimetric anal-
ysis (TGA) was conducted on the fluids in the presence of air.
The results, displayed in Fig. 5a—-c, indicate that all vegetable
oils and LB-2000 demonstrate similar high thermal stability up
to approximately 250 °C (Fig. 5a), making them suitable for
high-temperature lubricant applications. The mineral oil began
to degrade at a similar temperature as the vegetable oils but
exhibited much more rapid degradation than the vegetable oils
as depicted by its steep TGA profile (Fig. 5a). In contrast, the
CEC shows the lowest oxidative thermal stability, with rapid
degradation beginning around 100 °C (Fig. 5¢), likely due to the
high water content in the emulsion.

For the vegetable oils and LB-2000, the mass loss remains
negligible up to ~250 °C. However, as the temperature exceeds
250 °C, the uniformity in TGA profiles begins to diverge,
revealing unique features due to minor differences in chemical
composition. The derivative thermogravimetric (DTG) profiles,
depicted in Fig. 5b, highlight differences between low oleic and
high oleic soybean oils. According to Fig. 5b, the first significant
mass loss of low oleic soybean o0il (LOSO) occurs at around 405 °©
C, while for high oleic soybean oil (HOSO), it is slightly higher at
430 °C. This supports the conclusion that high oleic oils possess
slightly greater oxidative thermal stability, in agreement with
previous studies.””” In summary, the vegetable oils show
comparable performance with the commercial LB-2000 dis-
playing high thermal stability, while CEC displays low thermal
stability indicating CEC's suitability is limited to low-
temperature applications.

3.4 Specific heat capacity and thermal conductivity

The specific heat capacity quantifies the energy needed to raise
the temperature of a unit mass of the fluid by 1 °C, which
represents a critical parameter indicating a lubricant's heat-

Viscosity@40 °C Viscosity@100 °C Density (g Kinematic viscosity

Kinematic viscosity Viscosity V-T

Sample name (cP) (cP) cm?) (U) (mm? s @40 °C (mm* s ")@100 °C (Y) H N index  coefficient
LB-2000 37.42 8.22 0.9124 41.02 9.02 71.3 0.2514 209.77 0.780
Sunflower 37.70 8.74 0.8933 42.21 9.78 80.27 0.2818 227.90 0.768
HOSO 38.83 8.88 0.9307 41.72 9.54 77.37 0.2738 223.00 0.771
LOSO 29.06 6.21 0.920 31.59 6.75 45.87 0.195 179.55 0.786
Safflower 34.16 8.22 0.9392 37.16 8.75 68.18 0.2799 226.546 0.765
Canola 35.89 8.118 0.9535 37.638 8.51 65.48 0.2585 213.89 0.774
Mineral oil*  64.69 8.51 0.8010 80.76 10.635 90.61 0.048 116.59 0.868

“ To estimate the uncertainty on the viscosity index, a triplicate determination was performed for the mineral oil and the standard deviation was +

0.7487.
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Fig.5 (a) TGA graphs of various vegetable oils, mineral oil, and LB-2000, (b) combined TGA/DTG graphs of the low oleic and high oleic soybean

oils, and (c) TGA and DTG graphs of CEC.

absorbing characteristics. On the other hand, thermal conduc-
tivity measures the ability of the fluid to conduct heat.
Combined, these two parameters can reveal the cooling prop-
erties of a lubricant. A higher specific heat capacity implies that
the oil can absorb more heat before experiencing a significant
temperature increase, a feature especially advantageous in
thermally demanding environments such as mechanical
engines and intricate industrial systems.* Also, a high thermal
conductivity ensures efficient and rapid conduction of heat
away from the lubricated surface,® thereby helping to avoid
overheating due to the friction between two surfaces during the
machining of difficult-to-cut materials.** These properties
directly influence the ability of the lubricant to dissipate heat
and maintain optimal operating temperatures, which is essen-
tial for prolonging tool life and ensuring the quality of
machined components.

Fig. 6a shows the specific heat capacities of the various fluids
(HOSO, LOSO, LB-2000, safflower, sunflower, canola, mineral
oil, and a convection emulsion coolant (CEC)), across
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a temperature range from 25 °C to 120 °C. The results show that
CEC consistently exhibits the highest specific heat capacity
across all temperatures, starting from 3.51 J per g per °C at 25 °C
to 4.13 J per g per °C at 120 °C. This high specific heat capacity
suggests that CEC has a superior ability to absorb and retain
heat compared to vegetable oils and LB-2000, making it an
effective coolant. However, the pure mineral oil shows lower
heat capacity than the vegetable oils and LB-2000. Furthermore,
Fig. 6b shows that CEC has significantly higher thermal
conductivity compared to vegetable oils and LB-2000, wherein
mineral oil again shows the lowest thermal conductivity. Fluid's
ability to absorb heat fast and conduct it away from the surface
reduces the risk of overheating.

The increment of specific heat capacity with temperature
indicates that CEC remains effective over a wide temperature
range (Fig. 6a), making it suitable for applications where rapid
cooling is required. A similar increment is also seen for the
vegetable oils and LB-2000 with an increase in temperature.
However, the vegetable oils display relatively low specific heat

Thermal Conductivity

g &§ 8 8 § § 5 §
S ° 9 ¢ = s 9 3
3 T < 9§ o = §
2 £z S g
3

S s

3 4 5

Fig. 6 Graph of: (a) specific heat capacity, and (b) thermal conductivity of the vegetable oils compared with mineral oil, LB-2000 and CEC.
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capacities, generally ranging from about 2.10 to 2.45 J per g per °©
C, wherein the LB-2000, sunflower, and safflower oils have
specific heat capacities close to each other, while HOSO, canola,
and LOSO are slightly higher. Comparing soybean oils, HOSO
displayed higher specific heat capacity than LOSO, suggesting
high oleic acid content favors heat dissipating properties, which
also agrees with high-temperature treatment studies.”

Overall, CEC shows superior cooling capabilities, however,
vegetable oils offer the advantage of being environmentally
friendly, biodegradable, and possess good rheological proper-
ties, and tribological properties (shown in subsequent section)
which are crucial in applications where environmental regula-
tions and sustainability are prioritized. To improve the cooling
capacity of vegetable oil, physical or chemical modification can
be employed‘8,18,24,25,80

3.5 Lubricity and wettability

To investigate the lubricity or effectiveness of the fluids in
reducing friction between two surfaces, a tribology study was
conducted as described in Section 2.7. Also, the wettability
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properties of the fluids were examined by contact angle
measurement as described in Section 2.8. Fig. 7a presents the
Stribeck curve showing the coefficient of friction (COF) char-
acteristics for the fluids as a function of Hersey number, where
Hersey number is a dimensionless value calculated by multi-
plying velocity (m s—*) by dynamic viscosity (Pa s or N s m~?) and
then dividing the result by the normal load per unit length of
the bearing (N m™').*® The Stribeck curve reveals the perfor-
mance of the fluids in the characteristic boundary lubrication,
mixed lubrication, and hydrodynamic lubrication regimes.
Fig. 7a shows that CEC has the highest COF (~0.25) in the
boundary lubrication, indicating significant friction and
potential for wear under boundary lubrication conditions. This
contrasts with vegetable oils, which show lower COFs, sug-
gesting better lubricity and friction reduction. Acculube LB-
2000 displayed the lowest COF (~0.13) in the boundary
regime, followed by safflower, sunflower, HOSO, LOSO, and
canola oils. Mineral oil also shows comparable COF with vege-
table oil in the boundary lubrication regime, but very poor
performance in the mixed and hydrodynamic lubrication
regimes. Also, in the mixed lubrication regime, CEC shows the
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Fig.7 Graph representing: (a) Stribeck curves, (b) contact angle, (c) the coefficient of friction at different lubrication regimes and contact angle of

different vegetable oils compared to mineral oil, LB-2000 and CEC.
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highest COF (~0.17), indicating high friction under partial fluid
film conditions. Vegetable oils-based fluids, particularly LB-
2000 (~0.02) and sunflower oil (~0.022), show much lower
COFs, indicating better performance due to their ability to form
thicker lubricating films. Canola oil (~0.07) and LOSO (~0.07)
have higher COFs but still perform better than CEC and mineral
oil in the mixed lubrication regime.

In the hydrodynamic regime where a full fluid film is
present, mineral oil and CEC again exhibit the highest average
COF. This suggests that even in conditions favoring complete
lubrication, CEC, and mineral oil are less effective compared to
the vegetable oils, where LB-2000 (~0.02) and sunflower oil
(~0.02) perform the best. Canola oil (0.04) has the highest COF
among the vegetable oils but is still lower than that of CEC.
Thus, CEC shows the higher COF across all lubrication regimes
compared to the vegetable oils, indicating its poor lubrication
performance (although CEC outperforms pure mineral oil in
the hydrodynamic regime), while Acculube LB-2000 displayed
the lowest COF across all three lubrication regimes, suggesting
its superior lubricity.

Fig. 7b shows the contact angle of the fluids showing CEC
with the lowest wettability and mineral oil with the highest. The
vegetable oils feature a medium contact angle in the range of
20.4-24.5°, while the CEC and mineral oil show a contact angle
of 17.91° and 39.02°, respectively. To better understand the
relationship between film thickness and lubrication perfor-
mance of the fluids, data was extracted from the three regimes
and plotted in Fig. 7c in tandem with the contact angle values.
As shown in Fig. 7c, CEC exhibits the lowest contact angle
(17.91°), indicating the highest wettability among the lubri-
cants. This high wettability implies that CEC spreads more
readily on the surface, which might be beneficial for achieving
complete surface coverage. However, higher wettability often
correlates with thinner lubrication films, potentially leading to
less effective separation of contacting surfaces under load.
Hence the high COF of CEC in all three lubrication regimes. In
contrast, vegetable oils have medium contact angles, indicating
medium wettability and suggesting they will form lubrication
films with a balance of flowability and surface coating ability
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Fig. 8 Wear of the bottom aluminum plate from the tribology tests with: (a) CEC as the lubricant, and (b) HOSO vegetable oil as the lubricant.

needed to reduce friction at mixed and hydrodynamic lubrica-
tion regimes. Among the vegetable oils, the contact angles range
from 20.36° (LOSO) to 24.45° (sunflower), and LB-2000 has
a contact angle of 23.79°, indicating they also possess wetting
properties but forms a relatively thicker film than CEC. On the
other hand, mineral oil featuring a higher contact angle (39.02°)
can provide film thickness to reduce friction in the boundary
lubrication regime, but low flowability that hinders its perfor-
mance at higher Hersey's number in the mixed and hydrody-
namic lubrication regimes. From Fig. 7c it is observed that the
fluid with a lower contact angle featured higher COF in the
boundary layer while fluid with too high contact angle displays
high COF in the mixed and hydrodynamic lubrication regimes.
Thus, the balance of wettability and film thickness contributes
to the vegetable oils' lubrication performance leading to
a reduction in tool wear compared to CEC. Representative
images of the aluminum plates used for the tribology tests are
shown in Fig. 8, showing the extent of wear on the aluminum
plate is much more pronounced when CEC was used (Fig. 8a) as
lubricant compared to when HOSO (vegetable oils) was used
(Fig. 8b).

4 Conclusions

e FTIR analysis confirmed water in CEC (3200-3600 cm ') and
C-H stretching vibrations in vegetable oils (2800-3000 cm ™ %),
indicating the presence of long-chain fatty acids for lubrication.
The strong absorption band at 1740-1750 cm ™" in vegetable oils
showed ester carbonyl groups (triglycerides), while a weaker
band at 1650-1660 cm ' indicated unsaturated fatty acids,
varying with the degree of unsaturation. In general, the IR
spectra showed similar chemical compositions among vege-
table oils and LB-2000.

e The vegetable oils exhibited higher viscosity, higher
viscosity indices and activation energy than CEC, indicating
better resistance to viscosity changes at high temperatures.
However, pure mineral oil exhibited higher viscosity and
viscosity index than the vegetable oils.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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e TGA revealed similar oxidative-thermal stability for the
vegetable oils and LB-2000, with weight loss only above 250 °C,
showing potential for moderate heat applications, while
stability of CEC was relatively lower. The pure mineral oil also
displayed slightly lower oxidative-thermal stability compared to
the vegetable oils.

e CEC's showed higher thermal conductivity and specific
heat capacity due to the high-water content, indicating it's more
suited for cooling lubrication at low temperatures. However, the
pure mineral oil exhibited comparatively lower thermal
conductivity and heat capacity than the vegetable oils and LB-
2000.

e Acculube LB-2000 exhibited the best reduction of friction
coefficients at all lubrication regimes. Vegetable oils like HOSO,
safflower, sunflower also showed comparable low coefficient of
friction, making them good candidates for high-load
lubrication.

e Vegetable oils and LB-2000 had higher contact angles than
CEC, suggesting thicker lubricating films for better surface
protection and reduced wear in boundary lubrication
conditions.

Recommendation/future work

e Nanoparticle additives: using nanoparticles like graphene,
silicon carbide, or copper can improve the thermal conductivity
and specific heat capacity of vegetable oils, enhancing their heat
dissipation. Research should focus on finding the optimal
nanoparticle type and concentration for the best cooling
performance.

e Tribological testing: future studies should conduct
extended tribological testing under different load and speed
conditions to better assess the wear and performance of vege-
table oils.

e Surfactant addition: adding surfactants can improve the
contact angle, wettability, and homogeneity of vegetable oils,
leading to a more stable and efficient lubricating film.

e Environmental impact: perform a thorough environmental
impact assessment of vegetable oils, including biodegradability,
toxicity, and lifecycle analysis, to promote their use as eco-
friendly alternatives to conventional lubricants.

e Predictive models: develop predictive models to forecast
the performance of vegetable oils as lubricants under various
conditions, optimizing formulations for specific industrial
uses.

e Economic viability: analyze the long-term cost-effectiveness
of vegetable oils compared to conventional lubricants, consid-
ering nanoparticle and surfactant costs, maintenance savings,
and environmental benefits.
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