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Abstract: Green manufacturing is increasingly becoming popular especially in lubricant
manufacturing as more environmentally friendly substitutes for mineral base oil and synthetic
additives are being found amongst plant extracts and progress in methodologies for extraction
and synthesis is being made. It has been observed that some of the important performance
characteristics need enhancement of which nanoparticle addition has been noted as one of the
effective solutions. However, the concentration of the addictive that would optimised the
performance characteristics of interest remains a contending area of research. The research was
out to find how the concentration of green synthesized aluminum oxide nanoparticles in nano-
lubricants formed from selected vegetable oil influence the friction and wear. A bottom-up
green synthesis approach was adopted to synthesize aluminum oxide (Al>Os3) from aluminum
nitrate (AlI(NOs)s) precursor in the presence of plant-based reducing agent—Ipomoea pes-
caprae. The synthesized Al,Os; nanoparticles were characterized using TEM and XRD and
found to be mostly of spherical shape of sizes 44.73 nm. Al.O; nanoparticles at different
concentrations—0.1 %wt, 0.3 %wt, 0.5 %wt, 0.7 %wt, and 1.0 %wt—were used as additives to
castor, jatropha, and palm kernel oils to formulate nano lubricants and tested alternately on Ball-
on-aluminum (SAE 332) and low-carbon steel Disc Tribometer. All the vegetable-based oil
nano-lubricant showed a significant decrease in the Coefficient of Friction (CoF) and wear rate
with Ball-on-(aluminum SAE 332) Disc Tribometer up to 0.5 %wt of the nanoparticle: the best
performances (ecor = 92.29; ewr = 79.53) coming from Al,Os-castor oil nano lubricant and
Al,O3-palm kernel oil, afterwards the started to increase. However, the performance indices
displayed irregular behaviour for both COF and Wear Rate (WR) when tested on a ball-on-low-
carbon steel Disc Tribometer.
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1. Introduction

In recent times, vegetable oils have been identified as favourite substitute for
mineral oils as base oil in lubricants formulation. This is because vegetable oils
possess high biodegradability and lubricity, hence, can return to nature upon
consumption after their useful life. This property of vegetable oils makes them
environmentally friendly alternatives to mineral oil-based lubricants. Researchers
have carried out studies using vegetable oils as the base oil for lubricants, while using
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various nanoparticle additives to improve its tribological performance [1-3].
Vegetable oils comprises of chemical composition of molecules of triacylglycerol
made up of esters derived from glycerol and long chain of polar fatty acids [4]. Other
vegetable oils are also composed of esters of glycerin and long-chain fatty acids
(triglycerides) which have molecular structure with three long chain fatty acids
attached at the hydroxyl groups via ester linkages [5]. The chemical structure of a
typical vegetable oils is shown in Figure 1.
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Figure 1. Chemical structure of triglyceride of a typical vegetable oil [5].

Other parameters that are determined through the process of formulating the oil-
based lubricants are the acid value, saponification and free fatty acid of the oil [6,7].
Nanoparticles size ranging between 1 nm to 100 nm, have all three external dimensions
in the nanoscale, and their longest and shortest axes do not have a significant
difference typically being a factor of at least 3. Some examples are nonporous Pd NPs
(0D), Graphene nanosheets (2D), Ag nanorods (1D), polyethylene oxide nanofibers
(1D), urchin-like ZnO nanowires (3D), and WO3 nanowire network (3D) [8].
Nanoparticles demonstrates desirable physical and optical characteristics such as
shape and size, which makes them suitable to confine their electrons and produce
guantum effects. These properties help in a complete description of its behavioural
and operational functionalities which deals with the size, shape, surface properties,
crystallinity, and dispersion state [9]. The use of nanomaterials as additives to oil-
bases lubricant to produce nano lubricants with improved tribological properties has
been gaining research attention in the industry in recent times [10]. This is essentially
as a result of their anti-wear, extreme pressure and friction modifying properties.
Although there are different types of nanomaterials used in the formulation of nano
lubricants, about 72% of nano lubricants are formulated using metal-containing
nanomaterials as lubricant additives [11]. Among the various metallic nanoparticles
that could be used as additives to lubricants, the Cu-nanoparticles have received wide
research attention for its superior performance in comparison with other metallic
nanoparticles [12].

Metal nanoparticles are produced by the addition of reducing agents while metal
oxide nanoparticles are manufactured by the addition of oxidizing/precipitating agents
during their synthesis [13]. Generally, when compared with metal-containing
nanoparticles, the metal oxide nanoparticles are larger in size. Metal oxide-
nanoparticles has shown to improve the viscosity of lubricants at low temperatures,
and the rolling effect of the lubricant at high temperatures, with deposition of the metal
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oxide nanoparticles on the interacting surfaces leading to improved anti-wear
performance [11]. Utilizing metal oxide nanoparticle will improve the nano lubricant
properties. These properties include the nanoparticle size, morphology/shape, the
surface functionalization, and the nanoparticle concentration. In synthesizing the
nanoparticles, the green synthesis method was used for this work. This is a bottom-up
approach of the two methods of synthesizing. The other method being the top-down
approach, emphasizes on the preparation of nanoparticles from the process of breaking
down complex metal ions through physical, chemical, or thermal methods [14] is
costlier to undertake.

Several nanoparticles have been used as additives to vegetable oils to investigate
their effect on the tribological properties of lubricating oils. The major parameters
varied are the size, shape and concentration of the nanoparticles. Among other
nanoparticles investigated, Al,Os nanoparticles, a metal oxide nanoparticle, have the
potency of improving the tribological performance of base oils. Also, most
nanoparticles investigated are chemically synthesized, and this becomes a subject of
interest and consideration when considering potential impact on the environment on a
large scale. Therefore, the investigation of tribological performance of green
synthesized Al,Os nanoparticles as additives to vegetable oils for the development of
nano lubricants as alternatives to mineral oil-based lubricants hold considerable
potential in eco-friendly lubrication.

2. Materials and methods

The materials used in the study are vegetable oils, aluminum oxide (Al,O3)
nanoparticles, aluminum nitrate (Al(NOs)s3) salt, beach morning glory (stem) (Ipomoea
pes-caprae), aluminum SAE 332 disc, low carbon steel disc; and distilled water. The
vegetable oils are palm kernel oil (PKO), jatropha oil, and castor oil- and were all
locally sourced off the shelf. The aluminum oxide nanoparticles were synthesized
based on the green synthesis method as summarized in Figure Al. The Aqueous
Leave Extract (ALE) was produced based on the hot extraction method as presented
in Figure 2. This involves mixing a milled leaf in distilled water at ratio 1g to 20 mL
in a beaker and heating the mixture to a temperature range of 60-80 °C for 1 h. The
mixture is allowed to cool to room temperature, and afterwards, filtered using a
Whatman grade 540 filter paper. The ALE was further used in the synthesis of Al,Os
nanoparticles using 0.1 M AI(NOs3); solution as precursor. The extracts were used to
synthesize Al,Os nanoparticles within 5 min of extraction. In synthesising the Al;Os
nanoparticles, aqueous solution of 0.1 M of AI(NOs); solution was prepared by
dissolving 4.8286 g of the salt into 200 mL of distilled water. The mixture was stirred
for 5 min at room temperature using the magnetic stirrer at a stirring speed of 300—
320 rpm to ensure proper dissolution of all salt particles in the mixture. Using a ratio
of 1:4 for the aqueous solution and plant extract respectively, the plant extract was
poured into the beaker with the stirring bar, and placed on the magnetic stirrer. The
temperature of the stirrer was set at 60 °C, and the speed was set at 320 rpm. UV-
Visible adsorption spectra analysis was conducted to determine the wavelength and
absorption of the synthesized mixture using the UV-Vis Spectrophotometer. The result
of the analysis gave the size distribution of the Al,O3 nanoparticles. Synthesized Al,Os
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nanoparticles were further subjected to drying and calcination in order to obtain dried
and powdered nanoparticles. The synthesized mixture was centrifuged at a rotational
speed of 8000 rpm to remove excess moisture content and impurities that may be less
dense compared to the precipitate using a high speed refrigerated centrifuge. The
resulting mixture was further subjected to freeze drying using a freeze dryer. The
freeze dryer removed moisture content and produced the powdered Al,Os
nanoparticles. Furthermore, in order to get rid of residual moisture content and
impurities, the dried nanoparticles were calcined at a temperature of 700 °C for 1 h
using an electric oven.

Ipomoea pescaprae Chopping & cleaning
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Figure 2. Plant extraction process.

The characterization of the Al,O; nanoparticles was done based on transmission
electron microscopy (TEM) to determine the particle size distribution and morphology
of the synthesized Al.O; nanoparticles and X-ray diffraction analysis (XRD) to
determine the structure of the synthesized Al.Os; nanoparticles. Vegetable oils
comprising of palm kernel oil, jatropha oil, and castor oils at Owt% concentration of
nanoparticles were characterised to serve as control experiments of the vegetable oils
before addition of the nanoparticles. The properties examined are dynamic viscosity
@24 °C (mPa/s), dynamic viscosity @40 °C, dynamic viscosity @100 °C, kinematic
viscosity @40 °C (m?/s), kinematic viscosity @100 °C, density (g/cm®), specific
gravity, flash point (°C), fire point (°C), pour point (°C), cloud point, smoke point, acid
value (KOH/g), saponification (KOH/qg), and free fatty acids (FFA). The oils were
tested using a rotor labelled “3” at a rotational speed of 60 rpm. To determine the
smoke point, flash point, and fire point, a volume of the oil sample was poured into a
5 mL crucible, placed on a heating element, and temperatures were taken at smoke,
flash and fire conditions. Furthermore, cloud and pour points were determined using
a freezer with temperatures taken at cloud and pour conditions. The acid value,
saponification and free fatty acid of the oils were determined by the use of 25 mol of
methanol that was prepared, and n-hexane was added in a ratio of 1:1.

The study adopted the two-step method in the preparation of the lubricants. The
nanoparticles synthesized and characterized were dispersed into the base oil. The base
vegetable oils used are palm kernel oil (PKO), jatropha oil (JO), and castor oil (CO).
50 g of nano lubricants were prepared by dispersing dry powder nanoparticles of size
44,73 nm at concentrations of 0.1wt%, 0.3wt%, 0.5wt%, 0.7wt% and 1.0wt% into the
vegetable oils as shown in Table 1. The mixture was stirred for 10 min at a speed of
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300-320 rpm and a stirring temperature of 60-80 °C using a magnetic stirrer. The
nanoparticles were weighed using a chemical weighing balance. A total of 18 samples
were prepared including control samples.

Table 1. Mixture ratio for preparation of nano lubricants.

Nanopatrticle concentration (g) PKO (g) JO (9) CO(g)
0 50 50 50
0.05 49.95 49.95 49.95
0.15 49.85 49.85 49.85
0.25 49.75 49.75 49.75
0.35 49.65 49.65 49.65
0.5 49.5 49.5 49.5

The concentration was computed using the Equation (1).

Mass (wt%) = Mass of solute (NPs) x 100% )
Mass of solution (Oil + NPs)

The tribological test for the formulated nano lubricants was done using Ball-on-
Disc Tribometer to determine the coefficient of friction (COF) and wear rate of the
nano lubricants formulated. The parameters for the tribological tests used is shown in
Table 2. A total of 38 metal disc samples of 30 mm diameter each were prepared from
aluminum (SAE 332) and low-carbon steel. The samples were cast from the waste
piston and engine block. They were further machined into discs of 30 mm diameter,
polished and etched to improve the surface finishing. The chemical composition of
aluminum SAE 332 and low-carbon steel discs are presented in Tables 3 and 4

respectively.

Table 2. Parameters for the tribological tests.

S/N Parameter Value
1 Track radius 5mm

2 Linear speed 10 cm/s
3 Normal load 8N

4 Run time 1500's
5 Linear distance 150 m
6 Acquisition rate 10 Hz
7 Dimension of ball 6 mm

8 Disc diameter 30 mm
9 Temperature 29 °C
10 Humidity 55%

11 Stop condition 4775 laps

Table 3. Chemical compositions of aluminum SAE 332 disc.

Element Si Cu Mg Al
% Composition 9.5 3.0 1.0 86.5
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Table 4. Chemical compositions of low carbon steel disc.

Element C Si Mn P S Cr Mo Ni Cu Co Fe
% Composition 0.105 0.034 1.450 <0.005 <0.127 0.082 0.005 0.208 0.336 0.023 97.757

To identify the phase of the Al,O3; nanoparticles samples, the result of the XRD
analysis was compared with positions and intensities of already known
crystallographic structure of the same material.

In the process of characterization of the vegetable oils, the total quantity of NaOH
added to the solution to turn it purple-like was observed as recorded as the titer value.
The titer value was substituted into the Equation (2) to determine the acid value. Half
the acid value is the FFA as shown in Equation (3). The reverse order of this process
is used to determine the saponification value. The value of the density was obtained
using a specific gravity bottle. The mass and volume of the oil was obtained, and the
density obtained using Equation (4). In the determination of the coefficient of friction
(COF), the value of the COF was computed by the InstrumX software based on the
principle of Equation (5). This value was recorded for each test carried out. The scar
made on the aluminum SAE 332 and low carbon steel discs represented the wear track
for the determination of the wear rate. The diameter of the outer and inner wear tracks
is measured. The difference gives the wear volume, which is used to compute the
specific wear rate using Equation (6). The size of the diameter is indicative of the
lubricant’s ability to resist wear. The efficiencies of the nano lubricants were
determined by comparing performance and results obtained for the coefficient of
friction and the wear rate with the results obtained for the control samples (i.e.,
samples of vegetable oils at 0% nanoparticle concentration). Equations (7) and (8)
were used to ascertain the efficiency of the prepared and tested nano lubricants for the
coefficient of friction and wear rate respectively.

Titer value X Concentration of NaOH X Molar mass of NaOH

Acid value = 2
cdvalue Mass of oil @)
Acid value
FFA = ——— 3)
Mass
Density = 4
enstty Volume )
TV6
COF = —\/_ )
2Wr
Wear volume
Specific wear rate = (6)

Load x Sliding distance
COF¢s — COFyL

= X 1009
ECOF COF oy % (7)
WRcs — WRyL
=—— %1009 8
EWR WR s % (8)

where: T = Frictional torque (kg/mm); W = Applied load (kg), r = Distance from centre
of contact surface on the lower ball to the rotation axis (mm), &.,r = Efficiency of
lubricant for coefficient of friction, eyg = Efficiency of lubricant for wear rate, COFy,
= Coefficient of friction of nano lubricant, COF .5 = Coefficient of friction of control
sample, WRy;, = Wear rate of nano lubricant, WR g = Wear rate of control sample.
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Particle Size (nm)

One Factor

3. Results and discussion

The results of the phytochemical screening of plant extract for green synthesis
revealed high presence of tannins, saponins, flavonoids, and glycosides, and alkaloids.
This is presented in the Table 5. (++ imply high presence of phytochemicals in the
plant extract). Figure 3 show the one-factor graphs which plots are indicating the
effect of each parameter varied on the size of the synthesized Al,Os nanoparticles. The
parameters are volume of plant extract (A), volume of aqueous solution (B),
temperature (C), and speed (D) and time (E). The graphs show that only volume of the
extract and volume of the solution have significant impact on the particle size.

Table 5. Phytochemical screening of Ipomoea pes-caprae.

Plant metabolite Extract content
Tannins ++
Flavonoids ++
Saponins ++
Glycosides ++
Alkaloids ++

One Factor

Particle Size {nmj

One Factor

Particke Sae {m)
Particle Size {nm)

A Vol of extract (mil)

One Factor

T
60

[ Speed (rpm)

B: Vol of aq_saln (ml)

One Factor

Particle Size (nm)

Figure 3. One-factor graphs (A-E).

The result of the UV-Vis analysis is shown in Figure 4. A strong and conspicuous
absorption peak is observed at 283.00 nm. This confirms the formation of Al,Os
nanoparticles in agreement with Selma et al. [15] The result of the nanosizing shows
peaks at 9.142 nm, 44.73 nm, and 1210.00 nm corresponding to 10.9% vol, 88.9% vol,
and 0.2% vol respectively of the synthesized nanoparticles as shown in Figure 5. The
result of the nanosizing indicate close correlation with the predictions from the DoE
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using Design Expert software, with the various DoE responses as shown in Table 6
which compares the results of the predicted and the actual results of the experiment.
The result shows the predicted mean from the DoE to be 44.78 nm, while the
experimented mean is 44.73 nm from the nanosizing analysis. A percentage difference
of 0.12% was recorded.
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Sampling Interval 0.5 214, k
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Scan Mode Single 4 [1] 261.50 2.391
H [1] 214.00 3.977

Instrument Properties
Instrument Type: UV-1800 Series
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Slit Width 1.0 nm
Light Source Change Wavelength: 340.0 nm
S/R Exchange: Normal

Figure 4. UV-Vis analysis of synthesized Al.Os nanoparticles.
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Figure 5. (a) Al.O3 nanoparticles size distribution (nanosizing); (b) Al.Os;
nanoparticles size distribution by intensity.

Table 6. Comparison of Predicted and Experimented responses.

Response Predicted mean Experimental mean Difference % Difference
Particle size 44.784 nm 44.73 nm 0.054 0.12

The characterization of Al,O3 nanoparticles through the transmission electron
microscopy (TEM) micrographs show spherically shaped nanoparticles with size
distribution from 2 nm as shown in Figure 6a, 20 nm in Figure 6b, and 50 nm as
shown in Figure 6c. Furthermore, Figure 6d present the selected area electron
diffraction (SEAD) which shows bright continuous diffraction rings, indicating
formation of amorphous Al,O3 nanoparticles.
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(d)
Figure 6. TEM micrographs at (a) 2 nm; (b) 20 nm; and (c) 50 nm; and (d) SAED.

Figure 7 shows the X-ray diffraction (XRD) analysis, with observed peaks
recorded over a wide range of Bragg angle 26 (20° < 26 < 80°). This confirmed the
formation of Al.Os nanoparticles by the transformation of Al to Al,O3 using AI(NOs);
salt as precursor and Ipomoea pes-caprae plant extract as reducing agent. The results
of the tribological test for COF of the nano lubricants on low carbon steel and
aluminum SAE 332 discs are presented in Figures 8-10. All nano lubricants of castor
oil, jatropha oil and PKO have significantly lower COF on aluminum SAE 332 discs
compared to PKO without Al.O; nanoparticles. Figure 8 (L) shows that nano
lubricants with 0.5 %wt and 1.0 %wt have significantly lower COF on aluminum SAE
332 discs compared to castor oil without Al.O3; nanoparticles.

(113) (L1e)

(104)

Intensity (a.u.)

(219)

o)

20 30 40 50 60 70 30
20 (degrees)

Figure 7. XRD Pattern of Al,O3; NPs using Ipomoea pes-caprae extract.
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Figure 8. COF of castor oil (L) and jatropha oil (R) on aluminum SAE 332 discs.
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Figure 8 (R) shows that nano lubricant with 0.3 %wt Al,Oz nanoparticles
concentration gave the most desirable result with COF of 0.030 against a COF of 0.090
at 0 %wt concentration.
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Al,0O, Nanoparticle Concentration Al,0; Nanoparticle Concentration

Figure 9. COF of Palm kernel oil on aluminum SAE 332 discs (L) and COF of
castor oil on Low carbon steel disc (R).

Figure 9 (L) shows that nano lubricant with 0.5 %wt Al,Oz nanoparticles
concentration gave the most desirable result with COF of 0.066 against a COF of 0.098
at 0 %wt concentration and Figure 8 (R) shows a significantly lower COF was
observed at 0.5 %wt Al,Os nanoparticles, beyond which the nano lubricant
demonstrated higher COF compared to castor oil at 0 %wt Al.O3; nanoparticles.
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Figure 10. COF of jatropha oil on low carbon steel disc (L) and COF of PKO on low
carbon steel disc (R).

Figure 10 (L) shows that the nano lubricants demonstrated significantly higher
COF compared to jatropha oil without Al.Os; nanoparticles, making Jatropha oil
demonstrate better performance in inhibiting friction on low carbon steel disc
compared to samples with Al.O; nanoparticles additives. Figure 9 (R) shows nano
lubricant with 0.3%wt demonstrated significantly lower COF on low carbon steel disc
compared to castor oil without Al.O; nanoparticles. The results of the tribological test
for wear rate of the nano lubricants on low carbon steel and aluminum SAE 332 discs
are presented in Figures 11-13.
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Figure 11. Wear rate of castor oil (L) and jatropha oil (R) on aluminium SAE 332
discs.

Figure 11 (L) shows that the nano lubricant with 0.5 %wt demonstrated slightly

10



Characterization and Application of Nanomaterials 2024, 7(1), 4671.

lower wear rate on aluminium SAE 332 discs compared to castor oil without Al,Os
nanoparticles. Figure 11 (R) shows that the addition of Al.O3 nanoparticles at 0.1 %wt
and 0.5 %wt concentration significantly increased the wear rate and the nano lubricant
with 1.0 %wt Al,O3; nanoparticles concentration demonstrated a wear rate of 0.004727
mm3N*m™, compared to the wear rate of 0.005064 mm*N'm™ at 0 %wt
concentration.

° 0.006
x 001 =
ch p,: 0.004
-OEJ 0.005 g) 0.002
. | . Wear Rate ° o " Wear Rate
Q\v‘\ Qq-‘n 6\\\ o (=] (=]
NN s s
Al,0, Nanoparticle Concentration Al,O; Nanoparticle Concentration

Figure 12. Wear rate of palm kernel oil on aluminium SAE 332 discs (L) and wear
rate of castor oil on low carbon disc (R).

Figure 12 (L) shows that nano lubricant with 0.5 %wt Al,O3 nanoparticles
concentration gave the most desirable result with wear rate of 0.003915 mm®N*m™,
compared to wear rate of 0.006037 mm*N *m™ at 0%wt concentration. Figure 12 (R)
shows that all nano lubricant formulated demonstrated higher wear rate compared to
castor oil without Al,Os nanoparticles with wear rate of 0.002627 mm*N*m™.
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Figure 13. Wear rate of jatropha oil (L) and palm kernel oil (R) on low carbon steel
disc.

Figure 13 (L) shows a steady reduction in wear rate upon addition of Al,O;
nanoparticles to jatropha oil was observed from 0.1 %wt to 0.5 %wt demonstrating the
lowest wear rate. Figure 13 (R) shows that all nano lubricant formulated demonstrated
higher wear rate compared to castor oil without Al,O3; nanoparticles with wear rate of
0.004191 mm3N™m™. On the efficiency of the base oils and nano lubricants, the
efficiency of castor oil, jatropha oil and PKO with nano lubricants on COF on
aluminium SAE 332 discs has the nano lubricant with 0.5 %wt Al.Os; nanoparticles
had the highest efficiency with 92.29%, 0.3 %wt Al.O; nanoparticles recorded the
highest efficiency of 92.54% and 0.5 %wt Al.O3; nanoparticles recorded the highest
efficiency of 83.58% respectively. The computation of the efficiency of oils and the
nano lubricants with castor oil, jatropha oil and PKO as base oil on COF using low
carbon steel disc has the nano lubricant with 0.5 %wt Al,O3 nanoparticles recording
the highest efficiency of 87.80% while jatropha oil without Al.Os; nanoparticles
additives recorded the highest efficiency of 89.43%, with the closest nano lubricant
recording an efficiency of 81.30 at 0.5 %wt Al,Os nanoparticles concentration and the

11
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nano lubricant with 0.3 %wt Al,Os; nanoparticles recorded the highest efficiency of
80.49% for PKO. The computation of the efficiency of castor oil, jatropha oil and PKO
and the nano lubricants with the oils as base oil on wear rate using aluminium SAE
332 discs have the nano lubricant with 0.5 %wt Al>Os nanoparticles had the highest
efficiency with 76.20% for the castor oil, while the nano lubricant with 1.0%wt Al,Os3
nanoparticles recorded the highest efficiency of 75.29% jatropha oil and the nano
lubricant with 0.5 %wt Al,Os nanoparticles recorded the highest efficiency of 79.53%
for PKO. The computation of the efficiency of the oils and the nano lubricants with
castor oil without Al,O3 nanoparticles additive recording the highest efficiency of
64.65% while jatropha oil with 0.5 %wt Al,Os nanoparticles concentration recorded
the highest efficiency of 47.65% and for PKO, all nano lubricant had lower efficiency
compared to PKO without Al,O3z nanoparticles additives with an efficiency of 43.61%.

4. Conclusion

Al,Os-castor oil nano lubricant significantly reduced COF on aluminium SAE
332 and low carbon steel from 0.084 without Al,Os; nanoparticles to 0.031, and from
0.084 to 0.060 at 0.5 %wt respectively. Al.Os—jatropha nano lubricant reduced COF
on aluminium SAE 332 from 0.090 without Al,O3; nanoparticles to 0.030 when Al,O3
nanoparticles were added at 0.3 %wt. On low-carbon steel, an increase in COF was
recorded across all concentrations of Al,Os nanoparticles. Similarly, Al,Os—palm
kernel oil on aluminium SAE 332 demonstrated a reduction in COF from 0.098 to
0.066 at concentrations of 0.5 %wt. On low-carbon steel, the COF mostly increased.
The test for the wear rate of Al,Os—castor nano lubricant indicated an increase in
wear rate on aluminium SAE 332 and low carbon steel. Similarly, Al,Os—ijatropha
nano lubricant on aluminium SAE 332 demonstrated an increase in wear rate.
However, on low carbon steel, the wear rate reduced from 0.007265 without Al.Os
nanoparticles to 0.003891 at 0.5 %wt Al,O3 nanoparticles additives. Al.Os—PKO
nano lubricant on aluminium SAE 332 demonstrated a reduction in wear rate from
0.006037 without Al>Os nanoparticles to 0.003915 at 0.5 %wt of Al.Os; nanoparticles.
On low carbon steel, however, the wear rates increased across all concentrations.
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Appendix
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Figure Al. Graphical abstract.
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