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Abstract

The disposal of the synthetic oil is a serious problem to the environment. Nowadays, progressive work is performing on the
alternatives to the synthetic oil due to the depletion of the petroleum reserves in the future. The Sal oil has the potential as a
substitute to the synthetic oil and is available in abundant quantities in India. In this study, the oil was epoxidized to improve
the properties of the Sal oil. Furthermore, SiO, nanoparticles are added to the chemically modified oil in certain proportions
(0.25%, 0.5%, and 1.0%) that are tribologically tested. The test was performed by using pin on disc tribometer by considering
different conditions. Based on the specific concentration (percent) of silicon oxide nanoparticles, Nano lubricants were prop-
erly dispersed through ultrsonication process. During the flow behavior analysis, all the lubricant samples show Newtonian
behavior by presenting a linear relationship between the shear rate and shear stress. In the light of the investigation, 0.25%
and 0.5% concentration of silicon oxide nanoparticles demonstrated a reduction in coefficient of friction and wear rate. The
SEM images also shows better surfaces when the nanoparticle was added up to 0.5% concentration. The optimum addition

was found at 0.5% concentration to the expoxidized oil.
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1 Introduction

Friction is generated in the parts during their sliding contact
resulting in generation of heat [1-3]. The life of the parts
gets reduced due to the generation of friction. For the reduc-
tion of friction, petroleum based lubricants are used. The
petroleum based oils are commodities based on hydrocar-
bons and are included with certain additional ingredients to
improve their implementation [4]. However that maybe, they
have no unfavorable effect on the environment, especially
with regard to their transfer.

The use of synthetic oil is enormous among oil-based
commodities due to its application for lubrication reasons
[5]. There are some ecological problems associated with the
use of hydrocarbon oil since they are accountable for marine
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pollution owing to spillage after use [6]. There is a need to
find an alternative that may be used to replace synthetic oil.
In view of this point, the author concentrated on the discov-
ery of a replacement for synthetic oil.

Bio based lubricant is one of the assets and plays a key
role in the improvement of sustainability, which is progres-
sively economic and innocuous to nature where it is used [7].
Compared to other sources, choosing vegetable-based lubri-
cant is generally chosen as an alternative in producing the
desired lubricants due to its biodegradable properties, higher
viscosity, high volatility as well as its lesser toxicity level
[8, 9]. Improved lubricating properties are mainly attributed
to a long-chain of fatty acids, large amount of unsaturated
fatty acid and polar ester group components in vegetable
oils itself. However, various studies were performed while
considering vegetable oils for lubricant applications and
most of them reported about high wear rate. The presence
of unsaturated content in vegetable oil leads to reduction
in oxidation and thermal ability. The main reason is that
vegetable-based oils were not properly chemically modified
to make it suitable for effective lurbication. The physico-
chemical properties were important for the use of substitute
oils such as viscosity, flash point and fire point in addition to

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40735-020-00410-6&domain=pdf

110 Page2of8

Journal of Bio- and Tribo-Corrosion (2020) 6:110

enhancing the physicochemical attributes, nanoparticles are
one of the appropriately added substances; numerous tests
have been conducted to identify the impact of nanoparticles
on tribological attributes, while the previous studies were
based on their application to the conventional petroleum
lubricants [10-12]. Xie et al. [13] evaluated the effect of
silicon dioxide and molybdenum disulfide nanoparticles on
engine oil tribology. Reduction in friction and wear of the
parts were observed. Awang et al. [14] evaluated the perfor-
mance of cellulose nanocrystal to the tribological charac-
teristics of the engine oil. Anti-wear resistance and reduced
friction was obtained at the addition of 0.1% concentration.
Improvement in the anti-wear mechanism was observed dur-
ing the application of Al,0O5 and SiO, nanoparticles to the
gear oil. Around 25% and 22% reduction in friction was
attained at 0.3% nanoparticles addition [15]. It is clear from
the above that nano silicon dioxide has an enormous capac-
ity to upgrade the tribological characteristics of lubricating
oil and grease.

In the previous study, none of the research was conducted
while considering the application of silicon oxide nanoparti-
cles to Sal oil. Sal oil is the unattended non-edible oil which
have never been used for tribological applications. Sal tree is
having scientific name Shorea Robusta. They are abundantly
available arid to semi-arid regions. They are mostly avialble
in certain countries of Asia like, India, Malaysia, China, and
Thailand. Around 1,90,000 tons of oil was produced annu-
ally that found its application for paint and pigments [16].
Based on the literature available, the author has decided to
conduct tribological analysis for its possible application in
this field. In the present investigation, raw Sal oil have been
considered as the reference oil and further chemical medica-
tion through epoxidation process have been done to improve
its properties. In addition, SiO, nanoparticles are added to
the modified oil to check its lubrication mechanism.

2 Materials and Methods
2.1 Composition of Sal Oil

For the evaluation purpose, raw Sal oil was procured from
the M/s Pallishree Limited, Kolkata. The oil mainly con-
tains triglyceride esters of fatty acids and glycerol which
were estimated according to European standard method
EN14103:2003.

The fatty acid composition of Sal oil is analyzed by
a Gas Chromatography-Mass Spectroscopy (GC-MS)
(GC-10, Shimadzu, Japan) having capillary column with
30 mm length and 0.25 mm diameter lined with a 0.25 pm
(Rtx-5 ms, Rextex). Samples were injected in split/col-
umn flow ratio 24:1. Helium used as the carrier gas (flow
rate 1 ml/min). The injection temperature was 250 °C and
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column oven 250 °C (programmed to start at 120 °C, held
at this temperature for 5 min and heated at a rate of 3 °C/
min to 250 °C).

2.2 Chemical Modification of the Sal Oil

The chemical modification was performed to improve the
lubricating properties of the oil. In the chemical modifica-
tion process, epoxidation process was performed. To per-
form this process, acetic acid was mixed with hydrogen per-
oxide in equal proportions while considering sulphuric acid
as a catalyst for obtaining peracetic acid. Around 10.72 ml
of Sal oil was mixed with 37.12 ml of peracetic acid. The
mixture was heated at 20 °C for about 4.5 h so that complete
reaction occurs. The obtained solution was emptied into
water which results in the rise of the expoxidized oil to the
top surface. Figure 1 shows the raw oil and epoxidized oil.
After leaving the mixture for about 1 h, water was extracted
from the lower surface of the burette.

2.3 Lubricant Properties Analysis

The kinematic viscosity was evaluated through the viscome-
ter (M/s Swastik systems and services, New Delhi) based on
the ASTM D-445 standard. The viscosity was measured at
atmospheric pressure and temperature of 40 °C and 100 °C.
The test was conducted three times and the mean value was
used to reduce the error and maintain reliability. The flash
point and pour point of the oil was measured according to
ASTM D-92 (Cleveland open cup method) and ASTM D-97
respectively, using proper apparatus. The acid value, lodine
value and density were measured based on the standard
methods published earlier [17].

For improvement of the lubricity characteristics of the
vegetable oil, nanoparticles are significant enough. In
boundary lubrication, nanoparticles help in building a defen-
sive layer between the moving surfaces and also removes

Fig. 1 Image of oil samples before and after epoxidation process
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asperities from the surfaces. The silicon oxide nanoparti-
cles are considered during this investigation as they form a
polishing effect and disperse in the solution in a proper way
[18]. The SiO, nanoparticles having 38 nm diameter was
procured from the M/s Sigma Aldrich, Bangalore.

The nanoparticles are prepared by a two-step method and
they are suspended in the epoxidized oil on a weight percent-
age basis (0.25, 0.5 and 1.0). The surface modifier (Triton
X-100, M/s Triveni chemical, Gujarat) was used to provide
stability to the nanoparticles with the epoxidized oil. The
amount of Triton X-100 was 50 wt% of each nanoparticle.
For attaining steady suspension of the nanoparticles, they
are mixed using a magnetic stirrer with 750 rpm/min for
3.5 h duration. A precise digital scale was used for weigh-
ing purpose of the nanoparticles and Triton X-100. Then the
mixture was agitated for 45 min through the ultrasonic probe
sonicator (M/s Samarth Electronics, Thane).

Figure 2 shows the Sanning electron microscope (SEM)
image of SiO, nanoparticles. The image clearly shows the
amorphous structure and was found to be in the range of size
between 35 to 40 nm as measured with the help of software
equipped within the system.

2.4 Tribopair

The LM 13 alloy was procured from the M/s Bharat Aero-
space Metals, Mumbai which was used as pin material for
the test. The purpose of consideration of this material due to
its application for the piston which faces maximum friction
and the hardness is 98 HRB. This type of alloy also capable
to resist wear and corrosion. For the Disc, EN 31 steel was
used as it contains more amount of hardness (62 HRC) and
it is highly wear resistive. The pin was cylindrically shaped
by employing turning operation on the lathe machine. The
one end of the pin was made spherical get the point effect

Fig.2 SEM image of the SiO, nanoparticles

while mating with the disc. The pin consists of 8 mm diam-
eter and length was 30 mm. The pin was further polished
by using emery paper of following grit sizes 200, 400, 600
and 1200 nm before performing experiment on the machine.

2.5 Experimental Set Up

The pin on disc machine were purchased from the M/s
DUCOM, Bangalore, India that was used for investigating
the friction and wear characteristics during the application
of lubricants. Figure 3 shows the schematic image of the
mechanism involving point contact of pin and disc. The
friction force was obtained on the screen with the help of
the load cell attached to the tribo machine. For obtaining
the friction coefficient, friction force was normalized by
the load applied. The lubricant was provided in a drop wise
way to the interfaces with the help of the pump operated by
the electric motor. The SEM images were used to study the
worn out surface during the analysis. Table 1 mentioned the
conditions considered for the examination of the samples.

3 Results and Discussion
3.1 Fatty Acid Characterization

Figure 4 shows the amount of fatty acids present in the
Sal oil. The most dominant factor in the raw Sal oil is
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Fig. 3 Image of the set up for the tribological analysis

Table 1 Condition taken during

A Conditions considered  Value
the analysis
Applied load (kgf) 8+3
Track diameter (mm) 80
Velocity (m/s) 4.2
Temperature (°C) 75+3
Duration (s) 3600
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Fig.4 Fatty acid composition of Sal oil

the presence of stearic acid contributing of around 48.3%.
Around 37.1% amount of oleic acid is also present in
the raw oil [19]. The palmitic acid, arachidic acid, oleic
acid and linoleic acid showed the composition of fatty
acid 2.34%, 3.31%, 37.81%, and 1.27% respectively. The
presence of stearic acid in certain amount clearly depicts
the presence of unsaturated fatty acids that further needs
chemical modification for lubrication application. The
stearic acid contains 18 carbon atoms having compact
structure responsible for the amount of unsaturated fatty
acid content. The presence of unsaturated fatty acids
doesn’t provide stable lubricant film due to the presence
of double bonds. The same reason has also been reported
in the work performed by Singh et al.[20].

Table 2 shows the physicochemical properties of the
lubricants with SiO

Table 2 Properties of the SiO, nanoparticle and Sal oil

, nano powder details. The viscosity of the modified Sal
oil increases due to the addition of the breakdown of the
double bonds and formation of esters. The long-chain molec-
ular structure gets form contributing to more viscosity [12].
Viscosity index is the range of the temperature up to which
the oil could sustain and provide effective lubrication. The
higher value of the viscosity index allows lubricant to oper-
ate different range of temperatures. The modified oil showed
more viscosity index with respect to raw Sal oil. The flash
point is the lowest temperature at which the fluid is capable
to form a flammable mixture with air and the pour refers to
the minimum temperature at which it starts pouring. The
flash point increases with the chemical modification of oil.
The increase in flash point provides an increased operating
limit of the temperature of the lubricants [5, 14, 18, 21].

The decrease in density of chemically modified oil with
respect to raw oil was observed. The amount of double
bonds present in the molecule indicates the iodine value.
The unsaturated fatty acids contain more double bonds as
compared to the saturated ones. The chemical modification
of the Sal oil results in a decrease of iodine value [22].

The lubricant quality also depends on the amount of acid
value. More acid value results in oxidation of the surface
leading to more wear of the parts. Table 2 shows decrease in
the amount of acid value associated with the chemical modi-
fied Sal oil. This was due to the dissolution of the double
bonds associated with the raw Sal oil [23-26].

3.2 Dispersion Analysis of Nanoparticles

Figure 5 shows the size distribution of dispersed nano-
particles in nanolubricant samples using Zetasizer (Nano
ZS, Malvern). It has been observed that the average size
of SiO, nanoparticles based on the concentrations 0.25%,
0.5% and 1.0% are 148, 159 and 204 nm respectively, which
is approximately 3 times higher than the original size.

Materials properties

Nanoparticle Purity (%) Size (nm) Density (kg/m?) Color Shape
SiO, 99.9 35 2638 Whitish yellow Spherical
S. no Properties Sal oil Epoxy Sal oil
1 Viscosity (Cst) @ 40 °C 38.4 47

2 Viscosity (Cst) @ 100 °C 8.5 10.5

3 Viscosity index 208 227

4 Density (kg/m®) @ 15 °C 924.1 876.2

5 Flash point (°C) 118 208

6 Pour point (°C) -32 -4

7 Iodine value 41.3 7.2

8 Acid value 12.6 0.06
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Fig.5 Size distribution of dispersed nanoparticles to expoxidized oil
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Fig.6 Shear rate with variation of shear stress for different lubricants

This increase in size after the dispersion of nanoparticles
is due to mild agglomeration of nanoparticles. The size of
Si0, nanoparticles is higher after mixing due to the amor-
phous morphology of SiO, nanoparticles. Choi et al. [27]
also mentioned the agglomeration of copper nanoparticles
due to increase in its concentration.

3.3 Rheological behavior

Figure 6 shows the shear stress variation with the shear rate
for all the lubricant samples. The lubricants were tested at
different temperature for their shear stress. For both the
temperature, the trend comes out linear which confirms the
Newtonian characteristics of the samples considered for the
study. The change in viscosity of the samples with respect
to the shear rate is depicted in Fig. 7. There is negligible
change observed in the viscosity of the tested samples that

Sal oil
Epoxidized oil
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w
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Fig. 7 Viscosity with respect to shear rate for different lubricant sam-
ples
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Fig. 8 Coefficient of friction of nanolubricant samples

confirms their Newtonian behavior. The same trend has also
been observed in the study done by Kerni et al. [28].

3.4 Frictional Analysis

Figure 8 shows the frictional behavior of the lubricants. It
has been observed that epoxidized Sal oil presented mini-
mum friction coefficient with respect to the raw oil. This
was due to the formation of thick film that was created by
the tribochemical reaction. It has been reported by Erween
et al. [29] that the formation of oxirane ring provides effec-
tive layer on the surfaces during the motion. The raw oil ini-
tially shows minimum coefficient of friction which showed
increased behavior after 1200 s due to the instability of the
film formed on the surfaces.

The effect of nanoparticles addition is having better
results. The minimum coefficient of friction was obtained
when concentration of 0.5% nanoparticles is there in the
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chemically modified oil. The coefficient of friction was
reduced about 22% when compared to the raw oil. The
mechanism of friction reduction involves the filling of gaps
on the surfaces with nanoparticles which provides smoother
and better lubricity. With the addition of the nanoparticles,
contact surface area increased which resulted in reduction of
the applied pressure and rolling mechanism occurs instead
of sliding friction. The same reason has also been reported
by the Ghaednia et al. [30] and Singh et al. [31].

Based on the above results, it can be inferred that an opti-
mum concentration of the nanoparticles is desired to receive
better tribomechanism. When the concentration becomes
lower e.g., 0.02% and 0.03% etc., there is limited conver-
sion of the sliding motion into rolling one which attributed
more friction. With an increase in the amount of nanopar-
ticles after a limit, particles get aggregated on the metals
which enhances friction and wear on the surface during
their contact. The same hypothesis has also been reported
in the previous studies and also presented abrasive wear with
increased nanoparticles concentration [18, 23, 32].

3.5 Wear Analysis

The wear of the pin was minimum for the epoxidized Sal
oil with comparison to the base oil as evident from Fig. 9.
The epoxidized oil forms improved lubricant layer between
the surfaces during their contact. The epoxidized oil con-
tains poly esters which promotes adsorption on the surface
resulting in minimum wear. The anti-wear property through
chemical modification of lubricant was also reported by do
Valle et al. [33].

The concentration of SiO, nanoparticles up to 0.5% also
showed minimum wear of the pin when compared to the raw

094
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Fig.9 Wear for different samples
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Sal oil. The reduction in the wear was around 11.2%. The
nanoparticles effect on the anti-wear property depends on
the proper dispersion of the particles in the lubricant. The
Si0O, nanoparticles are having the capability to get properly
dispersed in the solution which promotes anti wear mecha-
nism. These results are also justified by the SEM images of
the samples considered for the analysis. Kashyap et al. also
reported improvement in the properties of rapeseed oil with
the introduction of CuO and CeO, nanoparticles to the oil
[34].

3.6 Surface Morphology

Figure 10 shows the SEM images of the lubricant samples
obtained after performing the test. The Fig. 10a shows the
SEM images for the base oil. The delamination of the sur-
face has been observed and the occurrence of the ploughing
effect results in the formation of the parallel grooves [35].
For epoxidized oil as depicted in Fig. 10b, the absence of
the ploughing effect and the delamination of the surface was
there which results in the formation of the smooth surface.
This was due to the formation of -O- cross linking on the
surface which protects it by assisting the lubricant film [20,
36, 37]. Figure 10c shows the SEM images with the effect
of 0.5% silicon oxide nanoparticles addition. The minimum
damage to the surface was observed due to the formation
of better defensive film on the surface. Nanoparticles fit on
the asperities of the surface and provide strength to the film
[38]. However, a further increase in nanoparticles results in
more amount of wear volume. Figure 10d shows the effect of
adhesion and abrasion on the surface when amount of silicon
oxide nanoparticles further increased. There is delamination
of the layer with increase in nanoparticles concentration.
This was due to the ploughing effect occurred on the surface
[14].

4 Conclusions

Based on the observations, an improvement in the tribologi-
cal characteristics of the epoxidized Sal oil is achieved by
considering the silicon oxide nanoparticles. The following
conclusions are drawn from this work:

e From the flow behavior, it has been observed that the
lubricants considered for the test follow Newtonian
behavior as there is linear relationship between shear rate
and shear stress which confirms it.

e The epoxidized oil shows improved lubricity in compari-
son to the raw Sal oil by reducing friction. This was due
to the presence of —O- cross linking in the surfaces which
successfully forms a protective film on the surface.



Journal of Bio- and Tribo-Corrosion (2020) 6:110

Page70f8 110

(d)

Fig. 10 SEM images of the lubricants tested a Raw Sal oil, b Epoxi-
dized Sal oil, ¢ EO+0.5% SiO,, d EO+1.0% SiO,

10.

The addition of the SiO, nanoparticles to the chemi-
cally modified oil improves the lubricity of the sam-
ples. With addition of up to 0.5% concentration, better
results are obtained in terms of reducing friction.

The raw oil shows maximum damage of the surface
with comparison to other lubricants. This was due to
the delamination of the surface. The epoxidized oil
shows less damage of the surface due to both adhesion
and abrasion effect and presence of double bonds in the
molecular structure. The addition of the nanoparticles
up to 0.5% to the modified oil shows less wear and
damage to the surface.
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