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Abstract
Vegetable oils are eco-friendly and sustainable alternatives to hazardous

mineral oil-based lubricants. Palm oil is a promising vegetable oil showing good
lubricating properties. However, its Coefficient of Friction (COF), wear characteristics,
pour point, cloud point, flash point, fire point, and corrosive stability are to be
enhanced. The lubricating properties of base oils can be improved by using
nanopatrticles as additives. In this work, hydroxyapatite nanoparticles are used as an
additive to enhance all the lubricating properties of palm oil and are evaluated. The
optimum concentration of hydroxyapatite nanoparticles in palm oil shows very good
lubricating properties compared to pure palm oil. Hydroxyapatite is an eco-friendly
biomaterial that has a wide variety of biomedical applications. The main objective of
the study is to improve the coefficient of friction, wear characteristics, pour point, cloud
point, flash point, fire point, and corrosive stability of palm oil by the addition of

hydroxyapatite nanopatrticles.
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1. Introduction

The world is currently grappling with a significant energy crisis characterized by
the increasing demand for energy and the depletion of natural resources. This crisis
has far-reaching economic, environmental, and social implications, necessitating
urgent measures to enhance energy efficiency and conservation. One often
overlooked but critical aspect contributing to energy waste is the friction and wear in

mechanical systems. Understanding and mitigating this source of energy loss can play
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a crucial role in addressing the energy crisis. Friction is the resistance to motion when
two surfaces slide against each other. It is a major source of energy loss in mechanical
systems. In engines, machinery, and transportation systems, friction converts a
significant portion of useful energy into heat, which is then dissipated into the
environment [1,20]. Wear refers to the gradual removal of material from surfaces in
contact, leading to the deterioration of components. This not only reduces the
efficiency of machinery but also necessitates frequent repairs and replacements,
consuming additional resources and energy. In industrial processes, friction and wear
can lead to substantial energy loss. For instance, in manufacturing up to 40% of energy
consumption is attributed to overcoming friction. Improving lubrication and material
technologies can reduce these losses. Vehicles, whether automobiles, trains, or
airplanes, lose a significant amount of energy due to friction in engines, bearings, and
other moving parts. Reducing friction can enhance fuel efficiency, leading to lower
energy consumption and emissions. In power plants, frictional losses in turbines,
pumps, and other equipments reduce overall efficiency. Minimizing these losses can
enhance the amount of usable energy generated from a given amount of fuel [20].
Nanoparticles have emerged as a promising approach to enhance the efficacy of
lubricating oils, leading to a considerable decrease in friction and wear. Different types
of nanoparticles (NP) can be incorporated into various lubricating oils to create nano-
lubricants [1,2]. These minuscule particles, which typically measure between 1 and
100 nanometers, possess distinctive physical and chemical characteristics that can be
utilized to enhance lubrication. Nanoparticles can create a protective tribofilm on
contacting surfaces, minimizing direct metal-to-metal contact. This layer acts as a
barrier, lowering friction and preventing wear. Some nanoparticles have self-repairing
properties. They can fill in the micro-cracks and surface irregularities, smoothing the
contact surfaces and reducing the asperities that cause wear. Spherical nanoparticles
can act like tiny ball bearings, providing a rolling effect between contact surfaces. This
rolling mechanism further decreases friction and minimizes wear. Nanopatrticles can
also participate in chemical reactions with the lubricant or the surface materials,
forming compounds that reduce friction or increase surface hardness. Nanopatrticles
can improve the lubricant's friction and wear properties [3]. The type of material, size,
shape, and concentration of the nanopatrticle affect the lubricating properties of the
base oil [4,5,6]. At the optimum nanoparticle concentration, friction and wear

properties are minimized [7]. The rise of bio-based, environmentally friendly lubricants
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is drawing more focus because of the dwindling mineral oil reserves and the adverse
effects of non-renewable petroleum products on the environment. Vegetable oils and
synthetic oils present feasible options for use as bio-lubricants. They are eco-friendly
and sustainable alternatives to hazardous mineral oil-based lubricants. Palm oil is a
promising vegetable oil showing good lubricating properties. However, its wear
characteristics, pour point, etc., are to be enhanced. The lubricating properties of base
oils can be improved by using nanoparticles as additives.

Hydroxyapatite (HA) nanoparticles have garnered considerable interest in
recent years because of their distinctive characteristics and diverse applications.
Hydroxyapatite is a naturally occurring mineral variant of calcium apatite represented
by the chemical formula Ca;,(PO,)s(OH),. It is the principal inorganic component of
bone and teeth. Because of its excellent properties like biocompatibility, bioactivity,
osteoconductivity, and thermal stability, it has a wide range of biological and industrial
applications. It is commonly used as a material for implants in the regeneration of bone
tissue, targeted drug delivery systems, orthopaedics, maxillofacial surgery, and
dentistry, as well as in bioimaging applications [8]. However, the industrial applications
of hydroxyapatite nanoparticles are less explored. In this study, the use of
hydroxyapatite nanoparticles to improve the lubricant properties of palm oil is
investigated. Its hexagonal structure provides excellent load-bearing capacity and
resistance to wear. When hydroxyapatite nanoparticles are introduced into palm oil,
they interact with the metal surfaces under tribological conditions (pressure,
temperature, and shear forces). These interactions result in the development of a
tribofilm on the surfaces in contact. This tribofilm serves as a protective layer, stopping
direct contact between metals. It lowers the friction coefficient and reduces wear by
soaking up stresses and distributing the load more uniformly across the surfaces.
Hydroxyapatite nanoparticles can fill in the microscopic grooves and asperities on the
metal surfaces. This micro-filling effect results in a smoother surface profile, reducing
friction and wear by minimizing the surface roughness that contributes to mechanical
resistance [7]. The presence of hydroxyapatite improves the thermal stability of the oil,
maintaining its lubricating properties over a wider range of operating temperatures.
Hydroxyapatite is inherently hard and durable, contributing to the anti-wear
characteristics of the lubricant [7,12]. It helps to protect the metal surfaces from
abrasive wear and reduces the overall material loss. By reducing friction and wear,

hydroxyapatite nanoparticles help in prolonging the lifespan of mechanical
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components. This leads to less frequent maintenance and replacement, saving costs
and resources. Lower friction results in reduced energy consumption in machinery.
This improves the overall efficiency of mechanical systems, contributing to energy
savings and lower operational costs [21]. Palm oil is renewable and biodegradable,
making it an environmentally friendly alternative to conventional mineral oils. The
addition of hydroxyapatite nanoparticles enhances their performance without

compromising their ecological benefits.

The aim of this study is to improve the lubricant properties of palm oil by adding
hydroxyapatite nanoparticles and to determine the optimum concentration of
hydroxyapatite. The hydroxyapatite nanoparticles are synthesized using the chemical
precipitation method. The lubricant property of palm oil is evaluated for 0.02%, 0.04%,
0.05% & 0.07% of hydroxyapatite nanoparticles. The coefficients of friction (COF) and
wear scar diameters (WSDs) are assessed using the four-ball tester tribometer using
ASTMD4172 standards. The cloud point, pour point, flash point, and fire point, and the
corrosive stability of the nano lubricant were also evaluated. This research is unique
because it is the first time that the hydroxyapatite nanoparticles have been reported to

improve the lubricating properties of palm oil.
2. Materials and Methods
2.1 Materials

The chemicals used in this experiment are Ca (NO3)24H20 and (NH4) (Merck).
To maintain pH, NH4OH (99%) solution was used. All reagents were used as received.

Palm oil for the experimental study is purchased from a local vendor.
2.2 Synthesis and characterization of nanohydroxyapatite

In this work, simple chemical precipitation is used to synthesize
nanohydroxyapatite. Suitable concentrations of calcium nitrate and diammonium
hydrogen phosphate solutions are prepared using deionized water such that the molar
ratio of calcium to phosphorus is 1.67. A solution of diammonium hydrogen phosphate
is gradually introduced to the calcium nitrate solution while continuously stirring with a
magnetic stirrer. The pH of the calcium nitrate solution is then adjusted to 9 using
ammonia solution. The resulting solution is stirred continuously for 1 hour and aged

for 18 hours. The suspension obtained was centrifuged at a speed of 3000 rpm and
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washed well with deionized water. The obtained precipitate was heated to 80 °C for
16 hours in a hot air oven and was crushed to fine powder using an agate mortar [11-
12].

The structural analysis of the synthesized powder was done by powder X-ray
diffraction. The X-ray diffraction pattern of the powdered specimen is taken using
Bruker D8 ADVANCE with DAVINCI instrument operating at 30 kV and 10 mA using
Cu Ka radiation (A=1.5418 A). Diffraction patterns were obtained within the range of
10° to 79° with a step size of 0.020. The crystallite size, lattice parameters, unit cell
volume, and crystallinity of the synthesized sample were assessed.

The functional groups found in the sample were determined through the FTIR
spectrum analysis. The FTIR spectrum of the synthesized sample was recorded for a
wave number range of 4000 to 400 cm'. The FTIR spectra of prepared samples were
recorded by the Thermo Scientific Nicolet iS50 instrument and recorded using the KBr
pellet technique.

The components in the sample were examined using EDX. The optical
properties and band gap of the sample were determined by UV-Visible spectroscopy
(Thermoscientific Nicolet iS50). The thermal properties were analyzed using

thermogravimetric analysis (Perkin EImer STA 8000).

2.3 Preparation of Nano Lubricants

The mixing of nanoparticles with palm oil is an important step to produce this
nano-lubricant. Different amounts of hydroxyapatite nanoparticles were dispersed into
palm oil. The even distribution of nanoparticles in base oil was a challenge, as these
particles tend to group together and settle. To address this, the created suspensions
underwent magnetic stirring followed by 30 minutes of ultrasound treatment to achieve
a stable mixture. Consequently, the agglomeration effect is reduced when the forces
of Brownian motion and Van der Waals intermolecular attraction in the suspensions
surpass the repulsive forces [6]. In this study, different weight percentages of
hydroxyapatite were added to palm oil (0.02%, 0.04%, 0.05% & 0.07%).

2.4 Evaluation of Lubricant Properties

2.4.1 Four-Ball Test
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The tribological characteristics of palm oil and a blend of palm oil with HA
nanoparticles were assessed following ASTM D-4172 standards. A Four-Ball tester
(Fig. 1) from DUCOM was employed for this evaluation. The test involved four
chromium steel balls, each with a diameter of 12.7mm and a hardness rating of 64
HRC on the Rockwell Hardness Scale. Following the ASTM D-4172 standard, the
spindle speed was set to 1200 rpm, and a load of 392 N was applied. The test was
performed for 3600 seconds at a temperature of 75°C. [6,16]. Following the test, the

wear scar diameters were measured using an optical microscope.

2.4.2 Flash and Fire point of optimum concentration

The flash and fire point of the optimum composition of HA in palm oil has been
evaluated as per ASTM D 92 standards using the Cleveland Open Cup (COC)
equipment [22]. These assessments are conducted to manage safety concerns related
to base oils, as a lower flash point implies a higher fire risk. When oils are heated to
high temperatures, they become flammable because they create a mix of oil vapor
and oxygen from the air that can ignite. Consequently, raising the flash and fire points
of lubricant oils can greatly enhance the safety of gas turbines by minimizing the
chances of fire and explosion in high-temperature situations [18,19,22].

2.4.3 Cloud and Pour Point apparatus for optimal condition

For most mineral-based industrial lubricants, the pour point signifies the
temperature at which paraffin molecules aggregate into a solid white mass, resulting
in the oil losing all fluid characteristics [19,24]. Low-temperature fluidity is the most
essential property for lubricants to perform in extremely cold environments. The cloud
and pour point apparatus is initialized by powering it on and allowing the temperature
to decrease to the pre-determined test value with a maximum achievable cooling of -
30°C. The sample is then loaded into a test tube sealed with a holed rubber stopper
through which a temperature sensor is inserted. Once the desired temperature is
reached, the test tube containing the sample is introduced into the apparatus. The
sample is periodically removed at increasing temperature intervals to assess the cloud
point, followed by the pour point determination.

2.4.4 Corrosive Stability test for optimum condition
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The corrosion stability of the modified palm oil was assessed following the
ASTM D 130 standard[23]. The colour of the copper strip after the test is compared
with the standard colour code as per ASTM D130/IP 154.

3. Results and Discussion

3.1 Characterization of Nanoparticles

The X-ray diffraction (XRD) pattern (Fig.2) of the sample can be attributed to
the hexagonal crystal structure of hydroxyapatite (ICDD No. 09-0432). No additional
peaks are found, which shows that the obtained powder is pure and only one phase
is present. The crystallite size of the powder was determined using the Scherrer

formula,

0.91
" B cosb

The broadened nature of diffraction peaks shows that the grain size of the sample was
in the nanometre range. Using the Scherrer equation size is found to be 20.2 nm. The
degree of crystallinity was calculated, and its value was 85.65 %. The d spacing for
the most intense peak is found to be 2.822 A, which matches that of a hexagonal
system with a primitive lattice [13,14,17] (Table 1). The schematic representation of
the hexagonal structure of hydroxyapatite using VESTA software is shown in Fig. 3.
There are two calcium ion positions (Ca(l) and Ca(ll)). A total of 18 ions are densely
packed in the hexagonal structure. At each hexagonal vertex, a calcium ion will be
surrounded by three hexagons. Furthermore, there is a hydroxyl ion at the center of
each unit cell. The hydroxyl group remains in the center surrounded by three calcium
ions in a hexagon to create a ring. These result in the creation of a “chord” to the
structure, which accounts for many properties of hydroxyapatite. The void space in
between two hexagons is occupied by three phosphate tetrahedra per unit cell. Due
to the nature of the crystal structure of hydroxyapatite, the ions within HA are capable
of being substituted. The cationic and anionic substitutions are about substitutions of
the calcium, phosphate, and/or hydroxyl ions.

The characteristic absorption bands corresponding to phosphate, carbonate,
and hydroxyl groups were observed, confirming the presence of hydroxyapatite in the
FT-IR (Fig.4). The band at 961cm™ corresponds to the symmetric stretching mode of
the PO,%™ group, while the band at 1021cm™ is attributed to the asymmetric stretching
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mode of the PO,3~ group. The bending modes of the phosphate group were identified
at 600 cm™ and 560 cm™, both associated with the in-plane bending vibration of O—
P—O within the PO,3™ group. The band at 3248 cm™ corresponds to the OH stretching
vibration of adsorbed water, while the band at 630 cm™ is due to the stretching
vibration of OH™ ions. Additionally, the band at 1420 cm™ is attributed to the
asymmetric stretching of the CO32™ group. FT-IR analysis confirms the successful
formation of hydroxyapatite, with no other phases detected in the synthesized sample
[8,9,10].

UV visible spectrum of synthesized samples was taken using the
Thermoscientific Nicolet iS50 instrument (Fig.5). According to Beer-Lambert law,
absorbance is directly proportional to the absorption coefficient (a). The energy
intercept of the curve in the plot of (ahv)2 vs hv gives the value of band gap energy.
For pure hydroxyapatite, it is obtained as 5.1eV. This is in accordance with the

available literature [10].

The thermal stability of nano-hydroxyapatite powder is evaluated by
thermogravimetric analysis. The thermal analysis of the synthesized sample is done
by a thermal analyzer (Perkin EImer STA 8000) over a temperature range of 30 °C -
800 °C (Fig. 6). Three stages of degradation as a result of absorbed and lattice water
removal and de-hydroxylation of nano-hydroxyapatite were observed. These stages
occur at 25-200 °C, 200-650 °C and 700 — 850°C, respectively. The first stage is due
to the loss of adsorbed water, and the second stage is due to the loss of structural
water and due to decomposition of HPO4 2. In the third stage [12], decomposition of
carbonate into CO2 gas occurs. The TG curve of pure hydroxyapatite shows the weight
loss during the examined temperature range. As illustrated in Fig. 8, a significant
weight loss was observed up to approximately 400°C, primarily due to the removal of
adsorbed and lattice water [13]. Beyond 550°C, the loss of carbonate ions may
contribute to the overall weight reduction. The vaporization of lattice water, along with
the dehydration and condensation of HPO,2~, occurs progressively up to 600 °C
[11,12]. The total mass loss recorded up to 800 °C was 8.353%.

The morphology of nanohydroxyapatite was examined using transmission
electron microscopy (Jeol/JEM 2100) with an accelerating voltage of 200 kV. HRTEM
images (Fig. 7a and 7b) show that the particles were rod-shaped and tended to form
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agglomerates. The mean particle size obtained from TEM analysis was 22.902 nm
(Fig. 7c).

The elemental analysis of the synthesized powder was determined using
energy-dispersive X-ray spectroscopy (Carl Zeiss EVO 18 Research), as shown in
Fig.8. The Ca/P ratio obtained from EDX analysis is 1.77, which is closer to the
expected value.

3.2 Lubricating property evaluation of a mixture of HA and palm oil

Friction and wear tests were performed using a four-ball wear test machine at
varying concentrations of hydroxyapatite dispersed in 100 mL of palm oil. The
coefficient of friction (COF) values obtained under these conditions are presented in
Table 2, following the test parameters of 392 N, 1200 r/min, 75°C, and a duration of
60 minutes, as per ASTM D 4172 standards. The results indicate that COF decreases
at lower concentrations of hydroxyapatite, which can be attributed to surface mending,
the formation of a protective film, surface polishing, and the transition from sliding
friction to rolling friction [2]. The minimum COF value was observed at a hydroxyapatite
concentration of 0.04%. However, as the concentration of hydroxyapatite
nanoparticles increased beyond this point, COF exhibited an increasing trend, likely
due to nanoparticle agglomeration at higher concentrations [2,15]. Similarly, the wear
scar diameter was smallest at a hydroxyapatite concentration of 0.04% by weight, but
it increased with a further increase in concentration. The wear scar diameter
decreases because the nanoparticles act as ball bearings between the surfaces in
contact [25]. The increase is attributed to agglomeration, where larger aggregates form
and fail to fit into the valleys between asperities effectively. As a result, they behave
exactly like debris particles, causing wear that is abrasive in nature [2,15]. The
coefficient of friction and wear scar diameter obtained from these experiments are
plotted in Fig. 9and Fig. 10.

Figure - 11 illustrates the wear scar observed using a scar view microscope for
a palm oil sample and Figure - 12 for a sample containing 0.04% HA in palm oil tested
on a Four-Ball Tester. The figure displays three distinct types of wear scar images.
Wear scar diameter is found to be minimum for 0.04 % of hydroxyapatite nanopatrticles
in palm oil. This is because these particles can form a protective tribofilm, act as rolling

elements, and fill surface asperities. This makes them a promising biocompatible,
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environmentally friendly alternative for advanced lubrication applications [15,19]. Due
to the lowest wear values observed during testing, 0.04% concentration was selected

as the optimum concentration of hydroxyapatite nanoparticles in palm oil.

The thermal properties of the palm oil with the optimum concentration of
hydroxyapatite nanoparticles (0.04%) are evaluated and tabulated in Table 4. This
sample has a higher fire point than pure palm oil, suggesting that it can function at
higher temperatures. It can flow at lower temperatures because its pour point is lower
than that of pure palm oil. It is evident that palm oil containing 0.04 weight percent
hydroxyapatite nanoparticles can be utilized in a wide range of temperature conditions.
Hydroxyapatite nanoparticles form a protective barrier, slowing the evaporation of
lighter hydrocarbon fractions. Due to reduced vaporization, thermal stability, and non-
flammable properties of nanohydroxyapatite nanoparticles flash point and fire point of
palm oil increase. The introduction of nanoparticles causes wax crystal disruption,
improved dispersion, and modification in viscosity, resulting in lower pour point and
cloud point [20,21].

The corrosion test conducted on a solution containing 0.04% hydroxyapatite in
100 ml of palm oil was evaluated against the ASTM Copper Strip Corrosion Standards.
The copper strip post-immersion exhibited a slight tarnish corresponding to a rating of
1a in Figure 13. This rating indicates a minimal level of corrosion characterized by
barely discernible tarnish on the strip surface. The outcome suggests that the
presence of hydroxyapatite at the given concentration has a negligible corrosive effect
on copper when mixed with palm oil. This finding aligns with the ASTM standard for
slight tarnish, confirming the protective potential of hydroxyapatite in such applications.
The result is significant as it demonstrates the potential for using hydroxyapatite in oil
formulations without causing detrimental corrosion to metal components. Due to the
formation of a protective barrier, neutralization of acidic compounds, surface
passivation, and water absorption and dispersion, hydroxyapatite nanoparticles can

improve corrosive stability [25,26].
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Conclusions

Hydroxyapatite nanoparticles are synthesized using the wet chemical
precipitation method. Structural analysis was conducted using X-ray diffraction (XRD)
and Fourier Transform Infrared (FTIR) spectroscopy. The optical properties of the
sample were examined through UV-visible absorption spectroscopy, while its thermal
characteristics were assessed using thermogravimetric analysis (TGA). The
lubricating properties of palm oil for different concentrations of hydroxyapatite were
evaluated (0 %, 0.02 %, 0.04 %, 0.05 % & 0.07 %). The optimum concentration of
hydroxyapatite in palm oil for better lubricating properties was found to be 0.04 %. The
COF for 0.04% of hydroxyapatite in palm oil was 11.11% lower than that of pure palm
oil. The WSD shows a 13.72 % decrease, the pour point decreases from 20 °C to 4
0C, the cloud point decreases from 10 °C to 9 °C, the fire point increases from 230 °C
to 335 0C, and the flash point increases from 220 °C to 305 °C. The mixture also
shows good corrosive stability. Hence, hydroxyapatite nanoparticles have great

potential to improve the lubricating properties of palm oil.
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Tables with legends

1. Table 1: The crystallite size, lattice constants, unit cell volume, and crystallinity of

hydroxyapatite nanopatrticles
S | Crystallite Lattice Constants Cell Volume | Crystallinity
ample . - .
P Size (nm) a(A) c (A) (A3) (%)
HA 20.2 9.4589 6.7160 520.3799 85.65

2. Table 2: The coefficient of friction for different weight percentages of

hydroxyapatite nanoparticles

Wt.% of
COF
nanohydroxyapatite

0 0.072+0.002
0.02 % 0.067+0.003
0.04 % 0.064+0.002
0.05 % 0.072+0.001
0.07 % 0.073+0.003
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3. Table 3: The wear scar diameter for different weight percentages of hydroxyapatite

nanoparticles

Wt.% of
) Wear (um)
nanohydroxyapatite

0 729 £ 6
0.02 % 654 +5
0.04 % 629 + 8
0.05 % 6727
0.07 % 704 £12

4. Table 4: The flash point, fire point, cloud point, and pour point for palm oil and palm

oil with 0.04 % hydroxyapatite nanoparticles

Name of the Flash Point Fire Point Cloud Point Pour Point
Oil (°C) (°C) (°C) (°C)
Pure Palm Qil 220 230 10 20
0.04% HA
305 335 9 4
Palm oil

Figures with legends

1.
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Fig. 1 — Four-Ball tester
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Fig. 2 — XRD pattern of hydroxyapatite nanoparticles
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Fig. 3 — Structure of hydroxyapatite
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Fig. 4 — FT-IR spectrum of hydroxyapatite nanoparticles
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Fig. 5 — UV-Visible spectrum of hydroxyapatite nanoparticles
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Fig. 6 — Thermogralimetric curl e of hydroxyapatite nanoparticles
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Fig. 7a & b — HRTEM image of hydroxyapatite nanoparticles, Fig. 7c — Particle

size distribution
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Fig. 8 — EDX spectrum of hydroxyapatite nanoparticles
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Fig. 9 — The coefficient of friction for different weight percentages of hydroxyapatite
nanoparticles

10.
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Fig. 10 — The wear scar diameter for different weight percentages of hydroxyapatite
nanoparticles

11.

Fig. 11 — The wear scar diameter for palm oil sample

12.

Fig. 12— The wear scar diameter for palm oil containing 0.04 % of hydroxyapatite
nanoparticles
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13.

4“7 ASTM COPPER STRIP CORROSION
ASTM TEST METHOD Dls‘&l.lP 154

AVOD EXCHIVE EXPOSNE 10

Fig. 13 — The copper strip immersed in palm oil containing 0.04 % of hydroxyapatite
nanoparticles
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