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Abstract

Mahua oil was epoxidized to improve its lubrication properties. Furthermore, copper oxide nanoparticles were added to the
chemically modified mahua oil in certain proportions, followed by tribological testing using a pin-on-disc tribometer under
different conditions. The physicochemical properties of the lubricants were also determined. Improvements in the viscosity,
viscosity index, and flash point were observed on addition of copper oxide nanoparticles. Rheological analysis revealed that
all the lubricant samples showed Newtonian behavior, presenting a linear relationship between shear rate and shear stress.
Addition of copper oxide nanoparticles to the modified mahua oil resulted in better lubricity, but their content was limited
to 0.4%. A reduction in the friction coefficient and improved antiwear properties were achieved when adding nanoparticles
at concentrations of 0.2% and 0.4%. Scanning electron microscopy (SEM) imaging also revealed a better surface when
nanoparticles were added at concentrations up to 0.4% due to effective lubrication of the surface.
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1 Introduction

Several studies have been conducted to analyze the renew-
able energy resources available in our country. Increased
energy demands from different sectors and the impend-
ing depletion of fossil-fuel reserves have forced the Indian
government to take relevant measures to consider alterna-
tive approaches [1]. This study was conducted to fill some
of the remaining gaps regarding the development of such
alternative energy sources. Lubrication enables friction to
be reduced by applying a lubricant to contacting metal parts.
Its functions are (i) to produce a protective lubricant film
between the metals during their contact, (ii) to reduce the
heat produced, and (iii) to remove metal debris. However,
disposal of used mineral oils results in environmental pollu-
tion which must be addressed. Due to human negligence, oil
spillage onto land and particularly into aquatic environments
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is of considerable concern [2]. Spillage of oils into the sea
can occur during offshore oil transfers and from oil tankers
[3].

The fast depletion of petroleum reserves and increased
pollution levels of the environment have raised several
concerns [4-6]. Various steps have been considered in this
regard to minimize such harmful environmental effects.
Because of their sustainability, biobased lubricants or biol-
ubricants derived from vegetable oils represent one of the
available options. Biobased lubricants derived from vegeta-
ble oils offer good lubricity, higher viscosity index, higher
flash point, and good antiwear properties as compared with
conventional lubricants [7, 8]. Despite the several advan-
tages of such nonedible oils, certain challenges need to be
addressed before their commercial application, among which
their oxidation stability represents a major drawback [8]. The
poor oxidation stability of vegetable oils is related to their
high content of unsaturated fatty acids. Mahua (Madhuca
indica) oil consists of a polar group with a long hydrocarbon
chain, thus acting as a surfactant when adsorbed on surfaces
due to the development of a protective film. The polarity of
vegetable oils is one of the prominent factors contributing
to their wear reduction abilities [9]. The epoxidation process
can also be applied to raw mahua oil to make it more sustain-
able by preventing the oxidation process [10].
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To improve the properties of such materials, certain addi-
tives are available, but they are nonbiodegradable and toxic
in nature [11]. This study focuses on biodegradable oil with
the introduction of nanoparticles suitable for tribological
applications. Very few studies have been conducted on such
inclusion of nanoparticles for tribological applications. Xie
et al. [12] evaluated the effect of silicon dioxide and molyb-
denum disulfide nanoparticles on the tribological properties
of engine oil. They outlined the effect of the quantity of
nanoparticles on the stress-bearing limit and stability of the
grease film. In addition, addition of molybdenum disulfide
in lubricants has been shown to influence the load-bearing
limit and strength of the oil film. Mirjavadi et al. [13] con-
ducted tribological analysis of TiO, nanoparticles as addi-
tives. Addition of TiO, also results in grain size refinement,
in addition to their good dispersion stability [14]. Shi et al.
[15] investigated the tribological characteristics of hybrid
graphene—copper particles. Addition of these hybrid nano-
particles to a solid lubricant resulted in a reduction of the
friction coefficient by 35% and the wear by 50%. Borda et al.
[16] determined the friction and wear characteristics of min-
eral and synthetic oils with copper as additive. A reduction
in the friction coefficient was observed for the mineral oil
with addition of up to 0.3%.

However, none of these studies reported on the effect of
copper oxide nanoparticles on mahua oil as a novel feed-
stock. Based on previous studies, it can be concluded that
nanoparticles are suitable to improve the properties of veg-
etable oils. The presence of saturated fatty acids in vegetable
oils enables their better lubricity [17]. Mahua oil contains
large amounts of saturated and monosaturated fatty acids,
making it a suitable candidate lubricant.

In the investigation presented herein, raw mahua oil was
used as the reference oil, and further chemical medication
through the epoxidation process was carried out to improve
its oxidation stability. In addition, CuO nanoparticles were
added to the modified oil to verify the lubrication character-
istics of the resulting lubricants.

2 Materials and Methods

Figure 1 shows the methodology adopted in this study.
Details of the process are described in further sections.

2.1 Fatty Acid Profile of Mahua Oil

For evaluation purposes, raw mahua oil was procured
from M/s KS Essentials, New Delhi. This oil mainly con-
tains triglyceride esters of fatty acids and glycerol, which
were estimated according to European standard method
EN14103:2003.
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Fig. 1 Flowchart of methodology adopted in this study

Table 1 Fatty acid composition

. Fatty acid
of mahua oil

Percentage

Palmitic (C4:0) 19.2
Stearic (C5:0) 23.4
Oleic (C5:1) 58.6
Linoleic (C5:2) 124
Arachidic (C,;:0) 2.1

To analyze the fatty acid profile, gas chromatography (HP
6890 series 2) with a flame ionization detector was used.
This device consists of a capillary column with length of
30 m, a film thickness of 0.25 um, and an internal diameter
of 0.32 mm. Helium was supplied as carrier gas at a flow
rate of 1 ml/min. The 1-pl sample was injected using a 6890
series injector (Agilent).

Table 1 presents the amount of fatty acids present in the
mahua oil. The mahua oil contained 39% saturated fatty
acids and 61% unsaturated fatty acids. The most dominant
constituent of mahua oil was oleic acid, contributing around
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58.6%. A large amount of linoleic acid (12.4%) was also
present in the mahua oil. The mahua oil also possesses low-
temperature properties that promote its consideration for use
in lubrication applications. The iodine number of the oil
determines its unsaturation. According to literature [18], the
iodine number of an oil should be less than 115 if it is to be
considered for use as a lubricant.

2.2 Chemical Modification of Mahua Oil

For epoxidation, a 250-ml Soxhlet apparatus consisting of
a three-necked glass reactor with a five.-blade stirrer was
used. The mixture was stirred using a motor in the setup.
The setup was immersed in a hot water bath. Acetic acid
was mixed with hydrogen peroxide in equal proportions
using sulfuric acid as catalyst to obtain peracetic acid using
quantities based on literature. Around 10.72 ml mahua oil
was mixed with 37.12 ml peracetic acid. The mixture was
heated at 20 °C for about 4.5 h to achieve complete reac-
tion. The resulting solution was poured into water, and the
expoxidized oil rose to the surface. After leaving the mixture
for about 1 h, water was extracted from the lower surface of
the burette. The remaining oil was heated for about 1-2 h
to completely remove any remaining moisture. The mixture
was thus epoxidized for further analysis.

2.3 Nanolubricant Development

CuO nanoparticles (45 nm diameter, 6321 kg/m?® density)
with purity of 99.9% were supplied by M/s Sigma Aldrich,
Bangalore. The size of the nanoparticles was 45 nm, as
stated by the supplier with proof. The nanoparticles were
mixed into the epoxidized oil at 0.2%, 0.4%, and 0.8% on
a weight percentage basis. Surface modifier (Triton X-100,
M/s Triveni Chemical, Gujarat) was used to stabilize the
nanoparticles in the epoxidized oil. The amount of Triton
X-100 was 50 wt% versus the nanoparticles. To obtain a
steady suspension of nanoparticles, they were mixed using
a magnetic stirrer at 800 rpm/min for 2.0 h. The mixture was
then agitated for 40 min using an ultrasonic probe sonicator
(M/s Samarth Electronics, Thane) at 60 °C.

To verify the size of the nanoparticles, SEM was carried
out at magnifications from 50x to 300,000%. The nanopow-
der was ultrasonicated for around 30 min with acetone before
SEM. The mixture was then kept on a polished Si wafer plate
(10 mm x 10 mm) and dried using a dryer. Figure 2 shows an
image of the CuO nanoparticles, clearly revealing its amor-
phous structure. Using Imagel] software, the particle size was
found to range from 42 to 50 nm.

The dispersion stability of the CuO nanoparticles in the
epoxidized oil was analyzed using a Zetasizer (Nano ZS,
Malvern) procured from M/s ATA Scientific Instruments.

Fig.2 SEM image of CuO nanoparticles

This equipment can measure particle sizes ranging from
0.3 nm to 10 um.

2.4 Analytical Methods

The viscosity was evaluated using a viscometer (M/s Swas-
tik systems and services, New Delhi) based on the ASTM
D-445 standard at atmospheric pressure and temperatures
of 40 °C and 100 °C. The test was conducted three times,
and the mean value was used to reduce the error and ensure
reliability.

To calculate the viscosity index of the samples, Eq. 1 was
utilized according to the ASTM D-2270:

_[L-U]
" [L-H]

\Z % 100, (D)

where U is the kinematic viscosity at 40 °C, and L and
H are the kinematic viscosity at 40 °C with viscosity index
of 0 and 100, respectively, having the same kinematic vis-
cosity at 100 °C as the oil whose viscosity index was to be
determined.

The flash point and pour point of the oil were measured
according to ASTM D-92 (Cleveland open-cup method)
and ASTM D-97, respectively, using proper apparatus. The
acid value and the density were measured based on standard
methods published in literature [19].

2.5 Tribological Testing
2.5.1 Material

LM 13 alloy was procured from M/s Bharat Aerospace
Metals, Mumbai and used as the pin material for the test.
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Aluminum is a low-density material that can resist corrosion
due its surface passivation. Aluminum is also a relatively
soft, durable, lightweight, ductile, and malleable metal [20,
21]. This material was thus applied a the piston material
facing the maximum friction with hardness of 98 HRB. This
material can also resist wear and corrosion. For the disc, EN
31 steel was used as it offers high hardness (62 HRC) and
wear resistance. The pin was cylindrically shaped by turning
on a lathe. One end of the pin was made spherical to ensure a
point contact with the disc. The pin had a diameter of 10 mm
and length of 30 mm. The pin was further polished using
emery paper with grit sizes of 200, 400 600, and 1200 nm
before performing the experiment on the machine.

2.5.2 Test Setup

The pin-on-disc machine was purchased from M/s DUCOM,
Bangalore, India and used to investigate the friction and
wear characteristics with the application of each lubri-
cant. Figure 3 shows the setup used. The friction force was
obtained from the equipment with the help of the load cell
attached to the tribometer. To obtain the friction coefficient,
the friction force was normalized by the applied load. The
lubricant was added dropwise to the interfaces with the help
of a pump operated by an electric motor. Table 2 presents the
values of the parameters used in this analysis. The conditions
applied are based on work reported in literature [22-25].

Table 2 Conditions used in the analysis

Parameter Value
Applied load (N) 40

Track diameter (mm) 80

Sliding speed (rpm) 200 to 600
Temperature (°C) 75

Sliding distance (m) 3000

3 Results and Discussion
3.1 Analysis of Physicochemical Properties

Table 3 presents the physicochemical properties of the
lubricants. An increase in the viscosity of the raw oil was
observed after chemical modification. This is due to dissolu-
tion of the double bonds associated with raw vegetable oil
[26]. Addition of nanoparticles at concentrations of 0.2%,
0.4%, and 0.8% resulted in an increase in the viscosity. The
maximum viscosity was attained when adding 0.8%. This
increase in the viscosity on nanoparticle addition is in good
agreement with previous studies [27-29].

The viscosity index (VI) results indicate the temperature
range that each lubricant can resist during operation. A high
VI value indicates little change of the kinematic viscosity
with temperature. Meanwhile, a higher value of VI ensures
that the lubricant sample provides good and stable lubricity
across a wide operating temperature range. According to
Zulkifli et al. [30], the lubrication film becomes extremely
thin at high temperatures but very thick at low temperatures.
The modification of the raw oil improved its VI value. Also,
a better VI was obtained on addition of nanoparticles.

Fig.3 DUCOM apparatus in —
laboratory Y

Controller

\ Dead weight
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Table 3 Properties of lubricants with different concentrations of nanoparticles

S.no Properties Mahua oil Epoxidized EO0*+0.2% CuO EO+ 0.4% CuO EO+0.8% CuO
mahua oil
1 Viscosity (cSt) at 40 °C 39.2 123.22 125.12 126.43 128.6
2 Viscosity (cSt) at 100 °C 8.2 11.7 12.7 13.1 14.8
3 Viscosity index 109 187 192 195 198
4 Density (kg/m) at 15 °C 925.1 871.4 874.7 876.2 879.6
5 Flash point (°C) 47.5 153.4 157.1 159.3 161.2
6 Pour point (°C) -3.1 23 29 3.1 2.6
7 Acid value 11.4 0.571 0.568 0.565 0.567
*Epoxidized oil
Raw mahua oil was more dense in comparison with the — 0.2% CuO
epoxidized oil. The epoxidized oil contained a long straight 25 — g";?;"; g_“g
I a%0 Ll

saturated chain that confirms its lower density. On addition
of nanoparticles to the epoxidized oil, the density increased
due to the mass concentration.

With increasing concentration of nanoparticles, an
increase in the flash point was observed, which is favorable
as an increase in the flash point enables an increased upper
operating temperature for the lubricant. This increase in
the upper operating temperature corresponds to the greater
stability and improved thermophysical properties of the
CuO nanoparticles. Hence, the enhanced flash point can be
considered to be advantageous in terms of enhancing the
lubricity characteristics of the epoxidized oil. On addition of
nanoparticles, the pour point increased up to the concentra-
tion of 0.4% but then reduce at the concentration of 0.8%.
Increasing the temperature resisted the flow of the lubricant,
and a higher concentration of nanoparticles did not enable
a better flow due to agglomeration on the metallic surfaces
[28, 31-33].

Figure 4 shows the size distribution of the nanoparticles
dispersed in the nanolubricant samples obtained using the
Zetasizer (Nano ZS, Malvern). It was observed that the aver-
age size of the CuO nanoparticles when added at concentra-
tions of 0.2%, 0.4%, and 0.8% was 143, 155, and 208 nm,
respectively, being approximately three times higher than
the original size. This increase in size of the nanoparticles
after dispersion is due to their mild agglomeration. The size
of the CuO nanoparticles increased after mixing due to the
amorphous morphology of the CuO nanoparticles [34].

3.2 Flow Behavior

Figure 5 shows the variation of the shear stress with the
shear rate for all the lubricant samples. At both temperatures,
a linear trend emerges, confirming the Newtonian character-
istic of the samples considered in this work. The mahua oil
showeds the maximum shear rate with respect to the epoxi-
dized oil. A further reduction in the shear rate was obtained

)

Intensity (%

Size (nm)

Fig.4 Size distribution of nanoparticles dispersed in epoxidized oil

on addition of the nanoparticles to the epoxidized oil. On
increasing the nanoparticle concentration to 4%, a greater
shear rate was measured. This occurs due to the breakdown
of the lubricant layers associated with the fluid [35]. The
change in viscosity of the samples with respect to the shear
rate is depicted in Fig. 6. Negligible changes were observed
in the viscosity of the tested samples, confirming their New-
tonian behavior. The same trend was also observed in the
study by Kerni et al. [36].

3.3 Frictional Behavior

The frictional behavior of the lubricant samples at load of
40 N and sliding speed of 200 rpm is shown in Fig. 7. The
raw mahua oil showed the maximum frictional behavior
with respect to the other samples due to its failure to form
an effective lubricant film on the metallic surfaces. The
epoxidized oil presented the minimum coefficient of fric-
tion in comparison with the raw mahua oil. The presence
of polyol esters in the epoxidized oil results in the mini-
mum friction, as they adsorb easily onto the surfaces and

@ Springer
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Fig.5 Shear rate versus shear
stress for different lubricants
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Fig.6 Viscosity versus shear rate for different lubricant samples

protect the lubricant film from breakdown. This reasoning
is in agreement with previous studies [37].

On addition of nanoparticles to the epoxidized oil, an
improvement in friction was achieved for the concentra-
tions of 0.2% and 0.4%, but addition of 0.8% nanoparticles
resulted in an increment in the friction. Addition of nano-
particles up to the optimum concentration had a positive
effect, as they were properly dispersed on the asperities
present on the surface and provided better lubrication.
According to Chinas and Spikes [38], nanoparticles pen-
etrate the contact area and then deposit on the surface, as
they are smaller in size or similar to the thickness of the
lubricant film. Addition of amounts of nanoparticles above
the optimum concentration resulted in their agglomeration
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Fig.7 Coefficient of friction of lubricants at load of 40 N and sliding
speed of 200 rpm

on the surface, causing more friction or wear of the parts
during their sliding contact [39].

3.4 Effect of Sliding Speed on Frictional Behavior

The coefficient of friction (COF) was measured at different
sliding speeds with a load of 40 N (Fig. 8). The coefficient of
friction at the higher sliding speed was minimum, with more
friction at reduced sliding speeds. At low speed, the film
formed on the surface is thinner, leading to contact between
the surfaces and thus greater friction. At higher speed,
the boundary lubrication regime increased, leading to an
improvement of the thickness of the lubricant film. The same
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Fig. 9 Wear of material at load of 40 N and sliding speed of 200 rpm

trend with sliding speed was also observed in previous work
[40]. The thick film forms a protective layer, thus reducing
friction. The minimum coefficient of friction was observed
at 600 rpm, with mahua oil and epoxidized oil showing COF
values of 0.0178 and 0.0167. Addition of nanoparticles to
the epoxidized oil resulted in the minimum coefficient of
friction by forming a better protective lubricant film on the
surface. With an increase in the sliding speed, the nanopar-
ticles exhibit a rolling mechanism that assists the lubricant
film in resisting the pressure exerted on the surface [41].

3.5 Wear

Figure 9 shows the wear of the pin at load of 40 N and slid-
ing speed of 200 rpm. The maximum friction was attained

at the speed of 200 rpm, so this result was considered in
the wear analysis. The wear of the pin was based on the
differences obtained by weighing the pin during the test.
The wear of the pin was minimum for the epoxidized oil in
comparison with the base oil, as is evident from Fig. 9. The
epoxidized oil forms an improved lubricant layer between
the surfaces during their contact. The epoxidized oil con-
tains polyesters which promote adsorption on the surface,
resulting in minimum wear [42].

Addition of CuO nanoparticles at concentrations up to
0.4% also resulted in minimum wear of the pin when com-
pared with the epoxidized oil. The reduction in the wear was
around 3.8%. The effect of the nanoparticles on the antiwear
properties depends on their proper dispersion in the lubri-
cant. CuO nanoparticles have the ability to disperse properly
in solution, which promotes the antiwear characteristics [43,
44].

3.6 Worn Surface Analysis

Figure 10 shows SEM images of the samples after testing at
sliding speed of 200 rpm and load of 40 N. Figure 10a shows
SEM images after testing with mahua oil. Delamination of
the surface is observed, and the occurrence of the plowing
effect results in scuffing of the surface. For the epoxidized
mahua oil (Fig. 10b), no surface delamination was observed,
with the formation of a smooth surface. This occurred due
to the formation of —O- cross-linking on the surface, which
protects it by assisting formation of the lubricant film [37].
Addition of nanoparticles at concentrations up to 0.4%
results in less wear, as they provide a protective film between
the surfaces during their motion. Figure 10c shows an image
when adding a concentration of 0.4%. Minimum damage to
the surface was observed due to the better protective film
formed on the surface. However, further increase in the nan-
oparticle concentration resulted in greater wear. Figure 10d
shows the effect of adhesion and abrasion on the surface
when the amount of copper oxide nanoparticles was further
increased, revealing that pits formed on the surface due to
the plowing effect [28].

4 Conclusions

Friction and wear analyses of mahua oil were carried out
to investigate the effect of addition of CuO nanoparticles at
different concentrations. Based on the results of this work,
the following conclusions can be drawn:

1. An improvement in the physicochemical properties
including the viscosity, viscosity index, flash point, and
density was achieved with addition of nanoparticles to
the chemically modified mahua oil.
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Fig. 10 SEM images of samples tested at load of 40 N and sliding speed of 200 rpm with a raw mahua oil, b epoxidized oil (EO), ¢ EO+0.4%
CuO, and d EO +0.8% CuO

2. All the lubricants exhibited Newtonian behavior, show- and damage to the surface. However, more grooves were
ing a linear relationship between shear rate and shear formed at the 0.8% nanoparticle concentration.
stress. Negligible changes in viscosity at different shear
rates were observed.

3. Thej epoxi.dized oil showec.l improveq lubri'cit.y in com- 5 Future Work
parison with raw mahua oil by reducing friction due to
the presence of polyesters in the chemical structure of
the oil, resulting in the successful formation of a protec-
tive film on the surface.

4. Addition of copper oxide nanoparticles to the chemi-
cally modified oil improved the lubricity of the samples.
With addition at concentrations of up to 0.4%, better
results were obtained in terms of reducing the friction.
Their addition to the lubricant assisted the formation of
a better protective film between the surfaces, preventing
direct contact between the metals during their motion.

5. The use of raw mahua oil resulted in the maximum dam-
age to the surface in comparison with the other lubri-
cants. The use of epoxidized mahua oil resulted in less
damage to the surface, due to both adhesion and abra-
sion effects anq 'the presence of'esters in its molec'ular 1. Deshpande S, Anekar N, Vagge S, Joshi A (2019) Wear behavior
structure. Addition of nanoparticles at concentrations of spheroidal graphite cast iron in biodiesel blends. J Bio Tribo
of up to 0.4% to the modified oil resulted in less wear Corros 6:4

The present work could be extended by considering the
effect of the nanoparticle size and shape on the lubrication
mechanism of the chemically modified oil. A comparative
study between different types of nanoparticles would also be
an interesting option for future work.
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