
A Review on the Effect of Metal Oxide Nanoparticles on Tribological
Properties of Biolubricants
Purva Uniyal, Piyush Gaur,* Jitendra Yadav, Tabrej Khan, and Omar Shabbir Ahmed

Cite This: ACS Omega 2024, 9, 12436−12456 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: This review provides a comprehensive and accessible literature review on the integration of nanoparticles into
biolubricants to enhance wear and friction regulation, thus improving the overall lubricated system performance. Nanotechnology
has significantly impacted various industries, particularly in lubrication. Nanobiolubricants offer promising avenues for enhancing
tribological properties. This review focuses on oxide nanoparticles, such as zinc oxide (ZnO), aluminum oxide (Al2O3), copper oxide
(CuO), titanium dioxide (TiO2), zirconium dioxide (ZrO2), and graphene oxide (GO) nanoparticles, for their ability to enhance
lubricant performance. The impact of nanoparticle concentration on biolubricant properties, including viscosity, viscosity index, flash
point temperature, and pour point temperature, is analyzed. The review also addresses potential obstacles and limitations in
nanoparticle incorporation, aiming to propose effective strategies for maximizing their benefits. The findings underscore the potential
of nanobiolubricants to improve operational efficiency and component lifespan. This review aims to provide valuable insights for
researchers, engineers, and professionals in exploring and leveraging nanotechnology’s potential in the lubrication industry. This
review paper explores the basics of tribology along with its significance, green principles, mechanisms, and energy savings because of
friction, wear, and lubrication. Condition monitoring techniques are also explored to achieve brief knowledge about maintaining
reliability and safety of the industrial components. Recent advances in tribology including superconductivity, biotribology, high-
temperature tribology, tribological simulation, hybrid polymer composite’s tribology, and cryogenic tribology are investigated, which
gives a thorough idea about the subject.

1. INTRODUCTION
Tribology is basically a study of the relative motion of interacting
surfaces, remarkably their friction, wear, and lubrication.1,2 In
many applications, particular oils are used to control andmanage
friction and wear by lubricating the contact surfaces like
bearings, gears, seals, etc.3−7 The vegetable oils are favored over
mineral oil as a lubricating base oil due to their excessive
biodegradability, renewability, and low toxicity.8,9 Biolubricants
synthesized from vegetable oils are obtained from plant
vegetables, fruits, seeds, and leaves. These are effectively used
in pharmaceutical products, cosmetics, soaps, and shampoos.

These plant-based bio-oils are composed of triglycerides,

phytosterols, natural pigments, phospholipids, and fatty

acids.10 A lubricant provides a defensive film between the
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contacting surfaces to avoid the friction and wear to some
extent.11 Figure 1 shows the basic classification of lubricating
oils.

Apart from solid and liquid lubricants that are being used
rigorously, now-a-days there are intelligent lubricant materials
that are being used. Such materials adjust themselves in the
changing environment and manifest their functions according to
the change that occurred.15,16 A good lubricant must contain
good thermal stability so that it can resist heat which develops
duringmitigation of contacting surfaces. Also, it should possess a
higher Viscosity Index so the lubricant will affect less with
variation of temperature. Besides this, a lubricant also must
possess a low freezing point and high boiling point, and it should
be capable of resisting the oxidation process.17 Tribological
performance is usually associated with lubricity. Lubricity is the
formation of a layer of lubricant on the contacting sliding
surface. The thickness of this tribo film should be optimum
always. High lubricity lowers friction and energy loss by reducing
direct contact between surface asperities.18,19

In recent years, there has been a constant hunt for sustainable
and environmentally friendly solutions for lubrication, and it has
driven extensive research into the domain of biolubricants.
These biodegradable lubricants which are derived from
renewable resources possess certain properties, because of
which these are considered as potential candidates for industrial
applications. However, it is a key challenge for the researchers to
enhance their tribological performance to obtain their full
potential.
There are several strategies among those, and incorporation of

metal oxide nanoparticles (NPs) into the biolubricants has
emerged as a noteworthy approach. Metal oxide nanoparticles
own unique physiochemical properties and high surface area,
and eventually they have accumulated significant attention as
additives to enhance the lubricating performance of bio-
lubricants.
This review paper gives a brief idea of the current state of

research on the impact of metal oxide nanoparticles on the
tribological properties of biolubricants. The fundamental
mechanisms underlying the interactions between nanoparticles
and biolubricants were explored along with the tribological
behavior of metal oxide nanoparticles like zinc oxide, titanium
dioxide, silica, etc. in biolubricants.

2. TRIBOLOGY AND ITS SIGNIFICANCE
Tribology is an important branch of science, with several
practical uses. It is essential inmany industries due to its function
in increasing energy efficiency, lowering environmental impact,
and improving the dependability of machines. The study of
tribology will remain crucial for developing more effective and
long-lasting solutions for our changing world as technology

develops. Figure 2 gives a brief description of the advantages of
tribology along with its significance.

There are several tribological mechanisms which are
considered while designing an efficient lubricating system,
minimizing wear, and improving overall performance and
longevity of mechanical components.20 Figure 3 lists all of the
tribological mechanisms. Adhesive friction and wear mechanism
occur when the microsurface asperities adhere to each other,
which leads to resistance against the relative motion, whereas
abrasive friction and wear are the mechanism which involves the
removal of material from one or both of the surfaces because of
surface asperities or other hard particles. Fatigue wear
mechanism is acknowledged where repeated cyclic loading
and unloading occurs, which further leads to crack initiation and
propagation.21,22 Boundary lubrication mechanism is seen
where there is a very thin layer of lubricant film and the load
is carried by the surface asperities only.23 Mixed lubrication
mechanism occurs in the regime where there are considerable
amounts of hydrodynamic effects. It is the intermediate regime
of boundary and full films lubrication where lubricant film is not
sufficient to separate the two contacting surfaces completely.24

Hydrodynamic full film mechanism is when the relative motion
of the mating surfaces causes the fluid to be drawn into the
contact zone, which creates a pressurized thick fluid film
between the two contact surfaces.25 Elastohydrodynamic
mechanism involves the combined principles of fluid dynamics
and electrostatics. This happens where the film is capable to
make the elastic deformations on the surfaces but not that thick
to prevent the contact all together.26

2.1. Energy Saving through Tribology. In recent times,
many researchers have outgrown their interest in the field of
tribology, with the motive to overcome the loss of energy due to
friction and wear. To be more specific, tribological measures are
used to reduce energy loss due to friction, wear, and lubrication.
Friction and wear are all around where there is movement of
components. According to refs 27 and 28 the estimated energy
loss due to friction in the industrial sector is 45%; in the
transportation sector it is 85%, and in household activities it

Figure 1. Classification of lubricating oil.12−14

Figure 2. Sustainable development through tribology.
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accounts for 45%. Globally, 208,000 million liters of fuel is
consumed due to these energy losses.29 The scientists across the
world have concluded that 24% of energy is being conserved in
USA through tribological measures.30 Any new advances and
developments in tribological methods can lead to saving 11% of
energy utilized in transportation, industrial, and other utilities.31

Advances in nanotechnologies have helped in saving energy by
improving the tribological and rheological properties of
nanofluids. According to ref 32 a high-speed Taylor-Couette
system is being developed to study nanofluids, which reduces
power by 58.16% when Al2O3 NPs are synthesized in Water-
Based Mud. Several areas of nontraditional tribology have
gained the interest of current researchers which include
“Tribology for Energy Conservation” and “Environment-Based
Tribology”.33 During the past few years, Green Tribology has
come into the focus. The studies about the relative motion of the
interacting surfaces that also take energy and environmental
sustainability into consideration34 (Figure 4) summarize the

principles of green tribology. According to Jost, H. and Peter
Schofield, J., by adopting established principles of Tribology,
energy can be saved in the following manner.35

• Reduction in energy consumption by lowering the
frictional losses.

• Reduction in manpower energy by using proper
lubrication.

• Saving through lubricant costs.

• Saving through maintenance and replacement costs.
• Energy savings through losses after breakdown.

2.2. Condition Monitoring in Tribology. This term
signifies the continuous surveillance of the condition of a
machine so as to avoid complete breakdown which eventually
leads to production loss, several delays, and increase in cost. It is
a well-known fact that condition monitoring is a type of
predictive maintenance. Vibration, noise, temperature, etc. are
some parameters which are being monitored.36−39 Figure 5

shows a representation of techniques used in condition
monitoring. Condition monitoring techniques are helpful for
maintaining the reliability, safety, and efficiency of the industrial
machinery. It also helps in adopting proactive maintenance
strategies, minimizing downtime, and making better decisions
about the operations of tribological components. The
importance of condition monitoring in tribology lies in its
ability to provide valuable insights of the health and performance
of machinery and its components where friction, wear, and
lubrication are involved. Figure 6 shows some basic importance
of condition monitoring.
2.2.1. Vibration Analysis. This technique for inspecting the

health of themachine and its rotating parts is considered the best

Figure 3. Tribological mechanisms.

Figure 4. Principles of Green Tribology.

Figure 5. Condition monitoring techniques.
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andmost ancient method. Figure 7 shows the various vibrational
analysis techniques used.

Internal combustion engines have the tendency to produce
very high levels of vibrations due to closures and openings of
valves, high-pressure fuel injections, impacts due to clearances,
etc.40 Classical techniques for vibration analysis of IC engines
are Spectral analysis, Envelope analysis, and Time-frequency
analysis.41 Artificial intelligence techniques have been used for
vibration analysis, for rolling element bearings.42 Ebersbach,
Stephan Peng, Zhongxiao et al. developed an expert system to
examine vibrational data with almost the same accuracy when
obtained by a vibrational analysis done by an expert
maintenance engineer.43 When machinery is in operation, it
generates vibrations that can be generated in terms of amplitude,
phase, and frequency. These mechanical vibrations are then
converted to electrical signals by accelerometers and other
sensors. Vibrations can be continuous or occur at regular
intervals. These help in establishing baseline patterns for healthy
equipment and identifying deviations.
2.2.2. Oil Analysis. It is a type of predictive maintenance in a

condition monitoring technique in which the state of oil is being
inspected. Lubricant is analyzed frequently at scheduled
intervals for contaminants, chemical contents, wear debris, and
degradation in quality of oil by finding changes in viscosity.44,45

Oil samples are being collected from machine at regular
intervals, and various analytical techniques are used to evaluate
physical and chemical properties of the oil. Oil viscosity,
contamination, wear debris, chemical composition, and particle
counts are the parameters that are used for analysis and
predicting the health of system. Yin Yonghui et al. incorporated
integrated an oil analysis condition monitoring technique, in
which there is an inductance transducer which detects large
ferrous and nonferrous wear debris and a fiber-optic transducer
which detects small particles and contamination levels.46

2.2.3. Infrared Thermography. It is a complete non-
destructive method for examining the system by the amount
of radiation that is being emitted by its components. It does not
require any direct contact and so ended in a harmless and
economical process of condition monitoring.47,48 This method
of condition monitoring is proved to be sensitive, noncontact,
nonintrusive, and stable to various faults.49 The infrared
thermography technique is used to address dry frictional areas
leading to overheating of the mating component which
eventually results in component failure, creating a safety hazard
hindering productivity.50

2.2.4. Ultrasonic Technique. This technique of condition
monitoring inspects most general mechanical faults, like lack of
lubrication, discovering compressed air leaks, identifying
electrical problems, locating steam traps, figuring problems in
motors, gears and pumps, and arc detection.51,52

2.2.5. Acoustic Emission. This technique involved detection
and analysis of transient stress waves or acoustic emission that is
being generated within the material when an external force is
applied. Sensors and transducers are used to convert these
acoustic signals into electrical. These are helpful in structural
health monitoring, material characterization, and monitoring
manufacturing processes. A huge series of acoustic techniques
have been developed in recent years especially in the water
treatment industry, sewage treatment industry, oil manufactur-
ing, and all the industries where transportation of oils is involved.
The acoustic technique of condition monitoring investigates
blockages, leaks, and depositions. This technique is noninvasive
in nature and relies on sound waves.53,54 Researchers made a
comparative study for condition monitoring through vibration
analysis and acoustic emission on rotating elements of bearing.55

As reviewed by ref 56 Figure 8 represents some Acoustic
condition monitoring techniques effectively used in water and
sewage pipes.

2.3. Recent Advances in Tribology. By increasing
effectiveness, dependability, and sustainability of machinery
and systems, recent advancements in tribology benefit a number
of industries, including automotive, aerospace, energy, and
healthcare. Engineers and researchers are constantly looking for
new ways to solve problems with friction, wear, and lubrication.
Below, Figure 9 depicts the various advances in the area of
tribology.
2.3.1. Superlubricity. Development of Superlubricity has

grown very rapidly in recent years. It is best described as a
condition where the friction tends to vanish completely.57−60

Eventually this mechanism reduces the coefficient of friction
(COF) and wear to several extent. Many researchers have
concluded that it is that regime of motion where the COF is less

Figure 6. Importance of condition monitoring in tribology.

Figure 7. Techniques of vibration analysis.

Figure 8. Acoustic condition monitoring techniques.
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than 0.01. Solid superlubricity at micro- and nano levels is easily
achieved with 2D materials as in molybdenum disulfide, boron
nitride, and graphene. Also, it has been achieved with dissimilar
materials like crystalline gold/graphite interface, graphene
nanoribbons/gold interface, and silica/graphite interface.61

According to ref 62, when a nanodiamonds glycerol colloidal
solution is used as a lubricant in the steel contact surface of a ball
and disk, stable superlubricity with COF of 0.006 is achieved.
Figure 10 represents the superlubricity condition.

2.3.2. Biotribology. Best described by ref 63, Biotribology is
“those aspects of tribology concerned with biological systems”.
Medical implant design and evaluation heavily rely on
biotribology. Artificial joints, dental implants, and other
biomedical devices must be able to withstand the mechanical
demands of the human body. Researchers in this area examine
the wear and friction characteristics of implant materials and
strive to create more robust and biocompatible materials.
Specifically in terms of biotribology, contact lenses provide a
hurdle. They must offer crystal-clear vision and be cozy to wear
for extended periods of time. Improving contact lens design
requires an understanding of the interaction between the lens
surface and delicate tissues of the eye. Biotribological
considerations must be given considerable thought while
designing prosthetic limbs and orthotic devices. In order to
provide the wearer with long-lasting comfort and functionality,
these devices should reduce wear and friction.
2.3.3. High-Temperature Tribology. In many applications,

the high temperature between the solid contacting surfaces is
being accounted. Such applications include aerospace, metal
working processes, automotive, and power generation. The
high-temperature term is completely cryptic and is fully
material-dependent. It means that the high temperature

examined for the polymer will not be high for metals or
ceramics. High temperature is clearly that temperature at which
oils cannot be used as lubricants.64−66 Tungsten, molybdenum,
and vanadium are some elements which are used to improve
high-temperature working stability. So, these are added to alloys
for this application as they have a very high melting point
temperature.67 Sajid Alvi et al. have critically analyzed that
selective laser-melted stainless steel 316L is a suitable material
for high-temperature tribology.65 Recently cermet materials,
which are composites of ceramic and metals, are being used as
they exhibit advanced mechanical and tribological properties,
especially at elevated temperatures.68 It has been found out that
carbide-free bainitic steel with TiAlN coating is suitable for high-
temperature applications for about 800 °C as it has the lowest
COF at this temperature.69 When SiO2, TiO2, Al2O3, and ZrO2
nanoparticles are being compared for high temperature (930
°C), it has been found out that SiO2 nanoparticles surpass others
by improving the performance of sodium borate as base
lubricant. Also, it uplifts the antioxidation by 80%.70

2.3.4. Tribology Simulations. Simulation is the true replica of
an originally existing or proposed mechanism. It enables the
testing of the system in various operating conditions and in
different scenarios, resulting in the prediction of the future of the
system.71−73 Below, Figure 11 represents the simulation
stages.74

2.3.5. Tribology of Hybrid Polymer Composites. Polymer
Tribology is the branch of tribology that deals with the abrasion,
adhesion, shear, deformation, and fatigue of polymer materials
when they are in frictional contact.75−81 Hybrid polymers are
nowadays used in a wide range of tribological applications,
because of their self-lubricating capabilities, acceptable range of
wear resistance, low frictional behavior, and good corrosion
stability.82 When 5% carbon nanotubes were incorporated into
polymer fiber reinforced materials to make it a better
performance hybrid composite, it has been found out that its
wear rate decreases but COF increases.83 Figure 12 represents
the tribology associated with a hybrid composite material.
2.3.6. Cryogenic Tribology. It is that branch of tribology that

deals with the study of friction, wear, and lubrication at extreme
low temperature.84−86 Oxygen, nitrogen, and argon are some
cryogenic liquids which are used in medical and industrial
applications. Also, in the fast freezing of foods and preservation
of some biological items, cryogenic liquids are being used.87,88

According to Wang et al., the COF of invar 36 alloy and Si3N4

Figure 9. Recent advances in tribology.

Figure 10. Superlubricity

Figure 11. Simulation in tribology.
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ceramic balls has been found to decrease with the temperature.
Specifically, it was estimated that below temperature −78 °C,
the COF value was less than 0.2. When further investigated at
−196 °C temperature, the wear was very weak. The results
concluded that on comparing with G95Cr18 steel, invar 36 alloy
showed better tribological behavior under cryogenic con-
ditions.89 On comparing Minimal Quantity Lubrication, carbon
dioxide, and liquid nitrogen as cooling environments it has been
found out as a result of experiments that cryogenic cooling is
best for tool life enhancement with good tribological character-
istics; that is, LN2 cooling effectively helped in tool flank wear
reduction of 52.6%.3

3. BIOLUBRICANTS: NATURE AND CHALLENGES
Biolubricants are nontoxic and easily degradable oils which do
not create any harm to nature and all the species.90 Also they are
very less toxic, high viscosity index (VI), high ignition
temperature, excellent COF, low evaporation rates, and low
emissions into the atmosphere.91 According to reports, 95% of
total lubricants used are petroleum-based, generally termed as
mineral oils. These oils are hybrid mixtures of paraffinic (linear/
branch), olefinic, naphthenic, and aromatic hydrocarbons of 20
to 50 carbon atoms.92 Table 1 depicts some biolubricants along
with their properties and potential applications.
It has been found out by many researchers across the globe

that a major part of the total energy is being lost due to
tribological consequences. To be specific, energy losses occur
through friction and wear. The foremost solution to controlling
friction and wear is by providing proper lubrication between the

contacting surfaces. Lubricants that are widely used in various
applications are grease, oils, dry lubricants, and many other
petroleum products. It is a well-known fact that petroleum
products like diesel, petrol, engine oils, etc. are toxic and
nonbiodegradable products, which produce harmful gases after
combustion. Also, petroleum is a finite source of energy. These
products are one of the causes of acid rain also. These
consequences have outgrown the interests of young researchers
to find alternative ways to replace such products with less
harmful ones. Using biolubricants in industrial applications will
help reduce friction and wear, and also unlike previous methods,
they are nontoxic, easily degradable, and not harmful to all
ecosystems. Apart from these basic advantages, there are many
challenges that need to be rectified before efficient use.
Biolubricants possess a very limited operating temperature
range, less oxidation stability which causes degradation very
easily, lack of viscosity range, low pour point temperature, etc.
So, in order to overcome these challenges, nanoparticles are
being added in biolubricants to achieve amelioration of certain
properties. Many researchers have proved that addition of even a
very small quantity of nanoparticles has resulted in better
amelioration of tribological properties. Nanoparticles are
ultrafine particles having very small diameters ranging around
1 to 100 nanometers.101 Also, they possess a large specific
surface area and good surface activity. Nanoparticles are
categorized in many ways on the basis of their size, properties,
or shapes. The main categories are carbon-based nanoparticles,
ceramic nanoparticles, metal nanoparticles, semiconductor
nanoparticles, polymeric nanoparticles, and lipid nanopar-
ticles.102,103 Each type of NP has a different molecular structure
and chemical properties. Friction is considered one of the
foremost reasons for increased energy consumption in
machines. So, addition of nanoparticles to base oils has been
studied in order to achieve reduction in friction and wear.104

Petroleum products like gasoline, diesel, etc. are nonbiodegrad-
able oils and are extremely harmful for the environment as they
produce harmful particles during combustion. As a result of their
disposal, aquatic as well as many ecosystems are getting polluted.
On the other hand, the use of these synthetic oils is enormous
because they are suitable for lubrication. As predicted by many
researchers, there will be a shortage of petroleum products in the
near future. Keeping these effective points in view and as the
background of study, the author has concentrated on the study
of biolubricants with nanoparticles with a motive to ameliorate
tribological properties. So, there is a need to find a substitute
which can effectively replace synthetic oil and also will have good
lubricant properties. Metal oxide nanoparticles have gained
interest in the area of tribology, because of their capability to
form different nanostructures including nanoparticles, nano-

Figure 12. Tribology of the hybrid polymer composite.

Table 1. Biolubricants: Properties and Applications

Sr.
No.

Bio
lubricant

FPT
(oC)

PPT
(oC)

Viscosity 40
°C (mm2/s)

Viscosity 100 °C
(mm2/s) VI Sustainable Applications ref

1 Castor oil 298 15.8 220.6 29.72 175.3 • As flame retardants 1,93,94
• As controlled release fertilizers

2 Mahua 238 15 38.4 8.3 200 • Biodegradable food packaging applications 1,95
3 Sunflower 174 14 23.9 6.7 264 • 3D printing 1,96,97

• Ecofriendly plasticizer
4 Soyabean

oil
240 −9 32.93 8.08 219 • As biofuel in 4 stroke engine when blended with

methanol
98,99

5 Rapeseed
oil

240 −12 45.6 10.07 201.6 • As substrates for bone tissue cultures. 100
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balls, nanorods, nanowires, etc.105 This review paper presents
the study of metal oxide nanoparticles synthesized with different
biolubricants with a motive to ameliorate tribological properties.

3.1. Physiochemical Properties of Biolubricant. A good
lubricant must possess the following properties within the
optimum range. Several researchers have worked upon the
amelioration of properties in order to achieve better tribological
and rheological properties.
3.1.1. Pour Point Temperature. Low pour point temperature

is desirable for biolubricants as it indicates better operating
range.106,107 The low pour point temperature is due to the
presence of unsaturated fatty acids.108 It is the lowest
temperature at which a lubricant stops flowing under gravity
and starts to solidify.109 Attia, N. K. et al. compared biolubricants
from vegetable oils. Among sunflower oil, soyabean oil, jatropha
oil, and waste oil, jatropha oil showed lowest pour point
temperature of about −12 °C.110
3.1.2. Flash Point Temperature (FPT). It is that minimum

temperature at which a lubricant starts to vaporize and form a
combustible mixture with air.111 FPT is capable of identifying
the fire hazard of fuels and lubricants. It is also used to identify
whether the lubricant is a blend of two or more base oils of
different viscosities. When safety is considered, a higher flash
point temperature is desirable, as it will not ignite when the
lubricant is exposed to flame or any other source. Eventually a
lower flash point temperature is also dangerous because it will
tend to ignite easily.112

3.1.3. Viscosity. Viscosity is the basic property of a lubricant,
which is defined as the resistance provided by the fluid to flow.
There are two types of viscosities; dynamic viscosity and
kinematic viscosity.113 Dynamic viscosity signifies the magni-
tude of force that is being required for lubricant to flow at a
specific rate, while kinematic viscosity depicts how smoothly the
lubricant is flowing under a specific amount of force. When a
lubricant possesses high viscosity, its drag and temperature
increase, and when a lubricant possesses low viscosity, it allows
direct surface contact which eventually results in increased
wear.114

3.1.4. Viscosity Index. A high value of VI is desirable and kept
in view while selecting the biolubricant.115,116 Viscosity Index
signifies the influence in viscosity with change in temper-
ature.117,118 The VI of tilapia oil was found to be 117 and
compared with conventional mineral oil, and it was found that it
has far better values than the latter one.119

3.1.5. Coefficient of Friction. This is a dimensionless number
that signifies the amount of resistance present in between the
contacting surfaces. Materials with COF less than 0.1 are
considered as lubricious materials.120 According to Kumar,
Santosh et al. castor oil when blended with engine oil gives a
better result in improving friction and wear characteristics.121

Waste cooking oil after being synthesized by hydrolyzing,
esterification, and several recycling processes resulted in COF of
0.09 which is much better than any crude oil of equal
viscosity.122

3.1.6. Boiling Point. A high boiling point of a biolubricant is
desirable as it should not boil away despite ceasing to reduce
friction, resulting in the moving parts grinding over one
another.123,124

3.1.7. Freezing Point. A low freezing point will mark the
effectiveness in the lubrication properties of a biolubricant, as it
will not freeze and solidify. Otherwise, it would increase the
friction by solidifying and preventing movement altogether.

3.1.8. Corrosion Prevention Capability. A biolubricant must
be capable of preventing corrosion. So, to protect engine
components from salts, which are basic contaminants of fuels,
coating the cylinder liners, walls, piston, etc. and other moving
parts with a thin layer of lubrication is done in actual practice.
This coating helps to avoid water, which is present in the
atmosphere along with oxygen, salts, and other abrasive
particles, from coming into direct contact with moving parts.
3.1.9. Acid Number. It is a measure of acidity. This number

monitors the acid buildup in lubricants due to depletion of
antioxidants. Oxidation of the lubricants results in acidic
byproducts. High total acid number (TAN) indicates excessive
oil oxidation, which leads to the corrosion of contacting surfaces.
Monitoring the changes in TAN can help in avoiding damage by
changing the oil. When Jajoba oil is synthesized with Al2O3
nanoparticles, the maximum change in TAN was observed at
0.2% concentration of Al2O3.

125

3.1.10. Base Number. It is that property of a lubricant which
measures its ability to oppose the acid attacks that were being
generated during the operation of lubricating oil. It is measured
in mg KOH/gms.111 It serves the most important purpose of
protecting themating parts from sudden and gradual acid attacks
by neutralizing acids and eventually reducing the wear.126

3.2. Industrial Applications of Biolubricants. With the
increase in the price of crude oil along with the deficiency, using
environmentally friendly biolubricants is the best alternative.
Lubricants other than nonautomotive applications have fewer
technical and performance demands, and so there is a way for
biolubricants to enter the market through such applications. A
biolubricant is easy to dispose that is biodegradable, nontoxic,
renewable, andmost importantly not emit any greenhouse gases.
Researchers have been constantly trying their best to use these
biolubricants in industries with greater efficiency. Some of the
applications have been discussed below.
3.2.1. Automobile Industry. Automotive industries have the

largest lubricant consumption. Because of the high-performance
capabilities of petroleum products, it is very difficult for
alternative lubricants to enter the market. In this sector, the
key role of biolubricants is to diminish wear between the moving
parts, reduce friction, restrict corrosion, improve sealing, and act
as a coolant in the automotive parts where excessive heat is being
generated. In the automobile industry, biolubricants can be used
as gear box oils, transmission fluids, engine oils, and brake oils as
well as special oils like white oils and instrumental oils.127,128

Karanja seed oil, when processed and blended as biodiesel and
biolubricant, is studied on a compression-ignition engine.
Studies have found that there is less wear debris as compared
to engine oil. This has been done through a condition
monitoring technique.129

3.2.2. Process Industry. Some process industries include
cement, glass, mining, oil and gas, pulp and paper, food and
beverages, chemical and pharmaceuticals, etc. Concrete release
agents are used to prevent the sticking of mold with concrete
elements. Rapeseed and soybean oils are used as base oils for
such applications.130

3.2.3. Manufacturing Industry. Industrial oils include oils
such as machine oils, compressor oils, metal-working fluids, and
hydraulic oils. Diesel oil is being used traditionally as drilling
mud, but because of increasing environmental disposal
problems, biolubricants are being developed. CAOFAME
(chrysophyllum albidum oil fatty acid methyl ester) along
with polyol ester and fatty acid monoalkyl ester (FAME) is
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blended and tested, and it has been concluded that it is suitable
for producing oil-based drilling fluid instead of diesel oil.131

3.3. Conventionally Used Additives in Biolubricant.
These are chemical substances which are mixed thoroughly in
lubricants in order to achieve improvement in lubricating
performance.132 Figure 13 shows the classification of such
additives. Some of the traditionally used additives are discussed
below.
3.3.1. Antioxidants. These additives are specially designed to

extend the life of a lubricant by enhancing the oxidative
resistance of a base oil. As soon as oxygen comes in contact with
the lubricant, oxidation starts, which is the most undesirable
phenomenon that causes degradation. Oxidation occurs at every
temperature, but it intensifies at higher temperatures and in the
presence of water and other metal contaminants. On adding 9%
of SK-3 additive in M10 V2 Engine Oil, the total base number
(TBN) has raised to 6 from 4.8; also, pour point temperature
(PPT) has rose to 224 °C, which indicates that after adding
additives, serviceability of lubricant increases.133

3.3.2. Corrosion Inhibitors. It is a well-known fact that when a
metal or alloy comes in contact with a fluid, the surface gets
corroded. So, corrosion inhibitors are added to fluids to limit the
corrosion rate. When thymus satureioides oil is being used as
corrosion inhibitor for 316L stainless steel material in a 3%NaCl
solution, experiments have proved that the corrosion rate has
decreased with increase in concentration of corrosion
inhibitor.134 Papaya leaves extract (PLE) is an organic corrosion
inhibitor which is being tested for copper surface in H2SO4
medium. The result showed that PLE exhibits very good
anticorrosion nature over a wide range of temperatures.135

3.3.3. Friction Modifiers. These are used to minimize the
surface contact, eventually reducing the wear and coefficient of
friction between the contacting surfaces. There are three types of
friction modifiers for liquid lubricants which are used efficiently;
organomalybdenum compounds, organic friction modifiers, as
well as nanoparticles.136

3.3.4. Anti-Foam Agents. Anti-foam agents are additives that
obstruct the formation of foams in fluids. In order to achieve
improvement in tribological properties and the antifoaming
performance of silicone oil, it is modified with sulfur and
phosphorus elements.137

3.3.5. Demulsifying Agents. These additives are used to
separate two liquids that are immiscible. Magnetic graphene
oxide has proved to be a highly efficient and reusable demulsifier
for separating oil−water emulsions.138 Natural lotus leaf after
hydrothermal treatment has been used as a demulsifier in rapid
breaking of water−oil emulsions.139

3.3.6. Pour Point Depressants (PPDs). PPD additives help
lubricants to sustain low-temperature operating conditions very
effectively. Alpha-olefin copolymer with heavy aromatic naphtha
is used as a PPD in palm kernel oil as a biolubricant. The results
have shown that on adding PPD, the stated biolubricant is
capable of withstanding lower temperatures.140 The addition of
ZnO nanoparticles in optimized concentration blended in neem
oil prevents the rise in viscosity, clearly manifesting ZnO as a
pour point depressant at subzero temperature.141

3.3.7. Viscosity Index Improvers (VIIs). These viscosity-
modifier additives assist oil at high temperatures in becoming
very thin. These are incorporated in multigrade engine oils with
a motive to eliminate seasonal changing of lubricants. T602HB
as VII has been used in ester base oil along with copper
nanoparticles, which resulted in improving the kinematics
viscosity of lubricant.142 Quinchia, L. A. et al. studied the
behavior of ethylene−vinyl acetate copolymer (EVA) and ethyl
cellulose (EC) as viscosity modifiers in vegetable-based oils and
concluded that EVA helps in reducing the friction in a mixed
lubrication regime, whereas EC when mixed with castor oil
effectively reduces friction in mixed and boundary regimes.143

3.3.8. Extreme-Pressure (EP) Additives. These additives are
used to minimize the wear of mating parts when exposed to
extremely high pressures. When mineral oil is being charac-
terized with polytetrafluoroethylene (PTFE) as an EP additive,
it has been found that the more the concentration of additive in
the base oil, the smaller would be the wear scar diameter (WSD)
for the same load.144 Copper oxide and molybdenum disulphite
nanoparticles were compared for their capabilities as antiwear
(AW) and extreme pressure additives in palm oil. 1.5 times
enhancement in AW/EP properties was observed.145

3.3.9. Detergents. These additives are basic or alkaline in
nature. Detergents are used to keep the components clean, and
also they neutralize the acids which are formed in the lubricants.
3.3.10. Metal Deactivators.These additives are used to avoid

the presence of metals like copper in lubricants to perform as an
oxidation catalyst.146

3.3.11. Tackiness Agents. These additives are used to
enhance the adhesive properties of a lubricating oil; also, these
help in preventing splashing and splattering of oil.

3.4. Major Biolubricant Manufacturers All over the
World. A promising first step toward a future that is more
environmentally friendly and sustainable is the production of
biolubricants. Biolubricants are gaining importance in a variety
of industries that are attempting to lessen their ecological and
carbon footprints by using renewable feedstocks, minimizing
environmental effects, and maintaining high performance

Figure 13. Classification of additives.
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standards. Table 2 shows the top biolubricant manufacturers all
over the world.

3.5. Enhancement of Biolubricant Properties by
Nanoparticles. Incorporating nanoparticles into biolubricants
with a motive to enhance their mechanical, thermal, and
tribological properties in terms of their performance, stability,
and environmental impact is a current area of research of many
researchers and scientists. Some potential enhancements
include improved lubricity, thermal stability, antiwear proper-
ties, oxidation resistance, viscosity modification, and improved
dispersion stability. All these enhancements depend upon the
selection of appropriate nanoparticles, their concentrations,
method of dispersion of nanoparticles into biolubricants, and
their mechanisms. Table 3 lists properties of different nano-
particles used. This table is useful for researchers looking for an
optimum concentration and synthesis methods of some oxide
nanoparticles into biolubricants, so further compatibility study
of nanoparticles and biolubricants can be conducted for specific
applications.
This paper reviews the effect of nanoparticles with lubricants

which are extremely stable, and therefore oxide nanoparticles
become viable for various applications like automobile,
manufacturing, etc. Unstable nanolubricants may result in the
formation of large clusters. These large clusters enter the

Table 2. Top Biolubricant Manufacturers Worldwide111

Sr. No. Manufacturing Organization Country

4.1 PANOLIN AG Switzerland
4.2 FUCHS Germany
4.3 Shell Netherlands
4.4 Exxon Mobil Corporation U.S.
4.5 Total France
4.6 Cargill U.S.
4.7 Axel Christiernsson Sweden
4.8 BECHEM Germany
4.9 Cortec Corporation U.S.
4.10 Environmental Lubricants Manufacturing, Inc. U.S.
4.11 Klüber Lubrication Germany
4.12 Novvi, LLC. U.S.
4.13 Repsol Spain
4.14 bp p.l.c. U.K.
4.15 Emery Oleochemicals Malaysia
4.16 IGOL Norway
4.17 LanoPro Norway

Table 3. Properties of the Nanoparticles

SN Nanoparticle
Particle size (nm),
color, morphology

Density
(g/cm3)

Optimum
weight (%) Applications Synthesis methods ref

1 Al2O3 47.5 ± 2, white,
spherical

3.9 1.2 • biomedical implants, • arc plasma, 147−150
• catalyst support and absorbents, • hydrothermal,
• fire retardants, • sol−gel, and
• polymer matrix composite, Precipitation methods.
• insulator and in clinical field,
electronic fields

2 ZnO 40, white, spherical 5.812 0.5 • Concrete and rubber industries • Controlled precipitation 151,95,152
• Gas sensing • Sol−gel
• Cosmetic and textile industries • Mechano-chemical
• Antibacterial, anticancer, anti-
inflammatory activity

• Vapor transport
• Solvothermal
• Hydrothermal
• Emulsion and micro
emulsion
Green route

3 CuO 40, brown, spherical 6.341 0.5 • In biological applications- Antimicrobial,
Antitumor agents, as sensors.

• Hydrothermal 153,154

• In environmental sensing−heavy metals,
toxins and organic pollutants

• Solvothermal
• Sonochemical
• Mechano-chemical
electrochemical

4 SiO2 20, white, spherical 2.1 0.1 • in environmental remediation • Stober method 155,156
• catalysis • Reverse micro emulsion
• adsorption • Flame synthesis
tissue engineering • Sol−gel

Biogenic synthesis
5 TiO2 25−55, gray,

spherical
4.23 0.3 • As reinforcement agents • Deposition methods −

Electrophoretic, Spray
pyrolysis

157−159

• Photocatalysts • Oxidation methods
• wound-healing material, drug delivery
systems, biosensor, and tissue engineering

• Sonochemical and
microwave-assisted methods

• food preservation • Hydro/solvothermal
methods

• cosmetic • Sol−gel
• textile Electrochemical anodization
dye-sensitized solar cells.
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contacting surfaces and become less effective. In addition, the
instability of the lubricant results in degrading of properties and
decay with time.
3.5.1. Zinc Oxide (ZnO) Nanoparticles. These are the most

commonly used because of their unique physiochemical
properties. This oxide has less toxicity and has a very low effect
on human and animal cells. Besides low toxicity, ZnO is
preferred because of its low cost, strong adsorption, strong
diffusivity, and ultraviolet barrier properties. ZnO nanoparticles
have also high surface energy, by virtue of whichmolecules at the
surface when they come in contact will be attracted and will be

strongly bonded.160 According to Baijing Ren, Liang Gao et al.
when ZnO nanoparticles are beingmodified with oleic acid, they
show a better antifriction and antiwear resistance subjected to
different loads under lubrication conditions.161 When raw
Euphorbia Lathyris biolubricant oil was compared to the
epoxidized biolubricant, its lubricity in terms of friction got
improved. This is because of the fact that there is the presence of
-O- cross-linking on the surface, which forms a protective film.
When further modified by ZnO nanoparticles, it further
decreases the friction by forming a defensive film between the
surfaces and avoiding direct contact of metals during motion.
The raw Euphorbia Lathyris biolubricant oil showed maximum
damage on the surface in terms of delamination as compared to
the modified biolubricant.151

Aluminum Oxide/Alumina (Al2O3) Nanoparticles. Addition
of aluminum oxide nanoparticles into lubricating oil results in
the formation of a self-laminating protective layer on the
contacting surfaces, improving the lubrication properties. Al2O3
nanoparticles also have tendency to convert sliding friction to
rolling friction and give lower friction and wear reduction values
as compared with base oils.148

3.5.2. Zirconium Dioxide (ZrO2) Nanoparticles. According
to Li, Wei et al. by using ZrO2 and SiO2 hybrid nanoparticles in
lubricating oil, the friction coefficient can be reduced by 16.24%
under the optimized concentration of 0.1% by weight.162 When
ZrO2 nanoparticles were analyzed in automotive lubricant
samples it was found out that Wear Scar Diameter (WSD) is
reduced by almost 40%.163

3.5.3. Titanium Oxide (TiO2) Nanoparticles. When synthe-
sized with the pure refrigerant R600a, it can save 9.60% of energy

Table 4. Biolubricant with Oxide Nanoparticle: Optimum Weight, Increment, or Decrement in Properties

Sr.
No. Base oil

NP
used

Optimum
weight

Property of base
oil

Original
value

Enhanced
value

Increment/
Decrement

Increment/
Decrement

in % Key Findings ref

1. Castor Oil Fe2O3 0.5% by
wt.

Flash Point oC 147 272 ↑ 85.03% • Fe2O3 has antiwear and f riction reducing
qualities

170

Pour Point oC −5 −18 ↓ • Capable of working at high temperatures
Viscosity cSt 20 27 ↑ 35%
COF 0.08 0.02 ↓ 75%
Wear gm 0.7 0.3 ↓ 57.14%

2. Karanja oil Tio2 1% by wt. Viscosity cSt 39.14 37.2 ↓ 4.95% • increased the load-bearing capacity of base oil 171
Thermal Conduc-
tivity W/mK

0.156 0.165 ↑ 5.76% • good antiwear and f riction reducing capa-
bilities

Specif ic Wear Rate
(x 10‑6) mm3/
Nm

5.2 3.5 ↓ 32.69% • better f lowability and wettability is achieved

COF 0.08 0.055 ↓ 31.25%
3. Rice bran Tio2 1% by wt. Viscosity cSt 36.4 34.7 ↓ 4.67%

Thermal Conduc-
tivity W/mK

0.112 0.121 ↑ 8.03%

Specif ic Wear Rate
(x 10‑6) mm3/
Nm

6 4.2 ↓ 30%

COF 0.05 0.038 ↓ 24%
4. Madhuca ind-

ica (mahua)
oil

SiO2 0.8% by
wt.

Viscosity increment 45% 57% ↑ 26.67% • it has high thermal stability, so capable of
working where many variations in temper-
ature is there

172

Flash Point oC 145 oC 200 oC ↑ 37.93% • Capable of working at high temperatures
Pour Point oC 1 oC 6 oC ↑ 500% • good antiwear and f riction reducing capa-

bilities
COF 0.1 0.05 ↓ 50%
Wear gm 0.47 g 0.20 g ↓ 57.44%

5. Almond Oil TiO2 0.02% by
vol.

Wear scar dia μm
(↓)

620 519 ↓ 16.29% • good antiwear and f riction reducing capa-
bilities

173

COF (↓) 0.08 0.05 ↓ 37.5% • good stability and solubility in the bio-
lubricant.

Figure 14. Stribeck curve.
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consumption when compared with pure refrigerant. So, using
TiO2 nanoparticles as a nanorefrigerant in domestic refrigerators
can improve the performance of these refrigerators.164 TiO2
nanoparticles was synthesized with paraffin oil to be used as a
nanolubricant; it has been found that it shows a repair effect, as it

mends and fills the rough cracks in metal surfaces resulting in
reduction of coefficient of friction.165

3.5.4. Copper Oxide (CuO). Hernańdez Battez et al.
compared three oxide nanoparticles ZnO, ZrO2, and CuO in
PAO 6 base oil for their antiwear properties and have concluded

Table 5. Different Nanoparticles Used in Lubrication Oils and Their Effects

Sr.
No. Base Oil Nano Particles Used Result Observed ref

1 Neem Oil SiO2 ↓ COF = 0.02 187
↓ WSD = 20 mm

2 Castor Oil TiO2 ↓ COF
3 Diesel Oil ZnO ↑Viscosity 188

↑FPT
↓ PPT

4 Epoxidized Euphorbia Lathyris Oil ZnO ↑Viscosity 151
↑VI
↑FPT
↓PPT
↓Wear of Pin
Newtonian behavior was observed

5 Palm oil and Brassica Oil CuO & TiO2 ↓ COF when Palm oil +0.5% of CuO 189
6 Diesel Oil ZnO ↑Viscosity 190

↑FPT
↓COF

7 Diesel Oil MoS2 ↑Viscosity 190
↑FPT
↓COF
↓Mass value of pin

8 Diesel Oil MoS2 & ZnO ↑VI 190
↑FPT
↓PPT

9 Pongamia Oil CuO ↓Viscosity by 5.52% 191
10 Engine Oil SAE 20W50 CuO ↑Thermal conductivity coefficient by 3% 192

↑Flash Point by 7.9%
11 Shorea robusta seed oil CuO ↓Reduction in pin by 4.2% 153

↑VI
↑Flash Point by 3.42%

12 Engine Oil CuO ↓ COF by 18.4% 193
↓ WSD by 16.7%

13 PAO Oil CuO ↓ WSD by 14% 194

↓ COF
14 Mineral oil CuO NP + Graphite MP ↑VI 195

↑V
↓ COF by 28.5%
↓ Specific wear rate by 70%

15 Mineral oil Al2O3/SiO2 At 0.5 wt %-↓ COF = 0.035 196
16 Castrol EDGE professional A5 (5W-30) Graphene ↓ COF by 28.5% at 0.4% wt. of NP 197
17 Engine Oil Al2O3 and TiO2 ↓ COF by 11% at 0.25% wt. of NP 198

↓ wear rate by 2.6% at 0.25% wt. of NP
↑VI by 1.86%

18 Sesame Oil Spherical TiO2 & rod shaper ZnO ↓WSD 0.5 wt % of TiO2 0.642 to ∼0.583 mm 199
↓WSD 0.4 wt % of ZnO 0.642 to ∼0.5773 mm

19 Mustard Oil + Coconut Oil CuO High viscosity index ∼180 108
20 SAE20W40 + Neem Oil, pongamia oil and tamanu

oil
Al2O3 SAE20W40 + Neem oil ↓13.3% COF & ↓55.1% WSD 200

SAE20W40 + Pongamia oil ↓12.8% COF & ↓50.5%
WSD

21 Oil-in-water based lubricant TiO2 ↓ COF by 16.3% 201
22 SAE 50 ZnO ↑ Viscosity up to 12% 202
23 Lubricating Oil Al2O3/TiO2 At 0.1% wt. of both: 203

↓ COF by 20.51%
↓WSD by 44%
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that all of them proved stable in reducing friction and wear. ZnO
and ZrO2 showed similar behavior in reducing friction and wear.
0.5% of ZnO and ZrO2, respectively, is optimum to exhibit the
best tribological results.166

3.5.5. Silicon Dioxide Nanoparticles (SiO2).When CuO and
SiO2 nanoparticles were being investigated in coconut oil, it was
found out that wear volume loss was decreased by 37% and 33%
and COF was lowered by 93.75% and 93.25% by using SiO2 and
CuO nanoparticles, respectively.167

3.5.6. Graphene Oxide Nanoparticles (GO). Cashew nut
shell liquid is blended with neat castor oil with the aim to replace
mineral nonbiodegradable oil. Further GO NPs were synthe-
sized, and it has been observed that there is 61.7% improvement
in the performance as compared to commercial mineral oil.168

3.5.7. Cerium Dioxide (CeO2). Cerium dioxide (CeO2)−
GO/CeO2 nanohybrid material was incorporated into rapeseed
oil; it has been found out that on addition of 0.1% of GO/CeO2,
the COF decreased by 36.5% and wear rate decreased by 62.4%
as compared to neat rapeseed oil.169

3.6. Mechanism of Nanoparticles in Lubrication.
Effectively, there are four effects of the mechanism of lubrication
in nano additives, stated as microbearing, protective film,
polishing, and repair.174 The microbearing effect is a situation
where the relative sliding friction state is converted into a rolling

friction state when nanoparticles enter the contacting area.
Spherical and quasi spherical shaped nanoparticles depict such
types of effect.175 The protective film effect is the most
important lubrication mechanism in which, during the sliding
condition of contacting parts, nanoparticles tend to form a layer
which is reinforced thoroughly. This significantly reduces
friction as there is no direct contact of friction pairs; also,
shear strength is reduced and results in antiwear perform-
ance.176,177 The polishing effect resulted in reducing the surface
roughness of contacting surfaces.174 As the name clearly depicts,
the repair effect of the lubrication mechanism results in filling of
cracks or fills by low melting point nanoparticles. According to
the Stribeck curve,178 which gives a brief idea about the
lubrication regimes, these regimes are categorized according to
the development of lubrication films under different operating
parameters, under different loads, and at different contacting
surfaces. Eventually three regimes are listed as Boundary, Mixed,
and Hydrodynamic.179

Boundary lubrication is seen where there is a frequent start
stop between the two mating parts. In this regime, the
lubrication film is very thin, and the major load is carried by
the surface asperities. Here COF is dependent majorly on
physical and chemical properties of sliding surfaces.180

Boundary lubrication leads to catastrophic wear, as there is

Table 6. Tribometer Specification, Test Environment, and Properties Enhanced

Sr.
No. Lubricants Nanoparticles Tribometer

Standards
used

Specification of tribometer and
test environment Properties ameliorated ref

1 Engine Oil SiO2 Pin-on-disk
tribometer

ASTM
G99,

Pin dia. =6−10 mm ↓ wear rate 155

ASTM
D6595

Track dia. =20−50 mm ↓ COF
Disc rotation = 1−300 rpm ↑ flash point
Normal Load 0−100 N Pour Point = no change
Frictional Force 0−100 N

2 Engine Oil Al2O3 Four ball
tribometer

ASTM
D4172

Steel balls = 12.7 mm dia. ↓ COF 204

ASTM
D5183

Test Std. = ASTM D4172, ASTM
D5183

↓ WSD

Rolling speed = 1200 rpm
Oil bath temperature = 75 °C
Time = 60 min.

3 Water-Based Lubricant GO & Al2O3 Block-on-ring
tribometer

Ring diameter = 34.989 mm ↓ COF 205
Siding speed = 100−400 mm/s ↓ WSD
Normal loads = 10−30 N
Room temperatures = 20−25 °C
Contact pressure = 70 to 122 MPa

4 Chemically modified rapeseed
oil CMRO

CuO, WS2,
TiO2

Four ball
tribometer

ASTM
D445,

Steel balls = 12.7 mm dia. CMRO with CuO −
better results.

206

ASTM
D97,

Rolling speed = 1200 rpm ↓ WSD

ASTM
D92,

Normal loads = 148 N ↑ viscosity

ASTM
D2270,

Oil bath temperature = 75 °C

ASTM
D287,

Test Std. = ASTM D4172

ASTM
D4172

5 Jojoba Oil TiO2 Pin-on-disk
tribometer

ASTM D
445

Pin dia.=10 mm ↑ viscosity 157
Pin length = 28 mm ↓ COF
Track dia.=90 mm ↓ WSD
Disc rotation = 150 rpm
Temperature = 150 °C
Normal loads = 40−100 N
Sliding distance = 3000 mm
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increased metal contact. Mixed lubrication is the transition
between the full film lubrication regime and the boundary
lubrication regime.181 It is that regime where the load is
supported by both lubricant film and the contact surface
asperities. Piston rings and cams are the most common
components of engines and are the best examples of mixed
lubrication.182 In a hydrodynamic full film lubrication regime,
the contact surfaces are separated by a thick lubricant which
completely avoids direct contact of tool and work piece.183 Film
thickness associated with this regime is 1 μm or more. Also,
frictional losses encountered in this are also very less as
compared to other regimes.184 Electrohydrodynamic lubrication
is that regime where there is very high contact pressure which
causes elastic deformations of surfaces.185

From ancient times, nuclear methods have also been used for
wear and corrosion measurement. The nuclear reaction-based
method using neutron irradiation and the thin-layer activation
by accelerated charged particles are the two methods used in
various applications worldwide.186 Table 4 summarizes the
overall effect of different nanoparticles used with different base
oils in lubrication. Figure 14 shows different lubrication regimes
as boundary, mixed, and hydrodynamic.

4. BIOLUBRICANTS TESTING
Testing of lubricants incorporated with nanoparticles is
performed on a tribometer, which is used to measure the
tribological properties like frictional force, friction coefficient,
wear scar diameter, wear volume, etc. Pin-on-disc and ball-on-
disc are commonly used tribometers (Table 5). Standards for
testing biolubricants have been produced by numerous
organizations, including the European Committee for Stand-
ardization (CEN) and American Society for Testing and
Materials (ASTM) (Table 6). These specifications offer a
framework for producers and researchers to guarantee the
reliability and security of biolubricants.

4.1. Testing Specifications. 4.2. Performance of Bio-
lubricants with Oxide Nanoparticles. As illustrated in
Figure 15 (a), 0.1% of aluminum oxide nanoparticles is
considered optimum when synthesized with jojoba oil (JO),
as minimum COF is observed at different loads. (b) Also, 0.2%
titanium dioxide nanoparticles is considered optimum when
blended with castor oil. (c) Similarly, on blending modified
castor seed oil along with ethylene glycol and 0.5% iron oxide
nanoparticles minimumCOF∼ 0.02 is noticed. All experimental
results show that there is decrease in friction as oxide

nanoparticles are being added in the optimum concentration
(Table 7).
As illustrated in Figure 16, WSD was analyzed for different

concentrations of NPs; (a) JO when blended with 0.1% Al2O3
NPs at 600 rpm sliding speed at different loads gives minimum
WSD hence it can be treated as optimum. Similarly, putranjiva
oil blended with CuO NPs gave optimum results at 0.3% wt.
concentration.

4.3. SEM Images of Oxide Nanoparticles. As nano-
particles tend to agglomerate, there is a prime requirement for
surface modification. Afterward they show good dispersion
stability in the lubricants. Silane coupling agent (KH-560) is an
organosilicon compound which contains an organic and
hydrolyzable group. It is used as a surface treatment agent.
Figure 17 shows the difference in the aluminum oxide
nanoparticles and surface-modified nanoparticles. It can be
clearly observed that the latter have the better dispersion
stability because of the chemical or physical bonding between
KH-560 and hydroxide group.163

When the chemically modified palm oil is being characterized
by Scanning ElectronMicroscopy for detailedmicroscopic views
of wear scars, scratched grooves were seen for the bare oils as
shown in Figure 18a,b; after the incorporation of copper oxide
nanoparticles the scratched grooves were replaced by a smooth
surface with minor pits Figure 18c. Figure 18c also showed that
CuO NPs were nonuniformly distributed and agglomerations
were observed. After introducing surfactant, this problem was
resolved, and wear scar diameter was reduced as can be seen in
Figure 18d.

5. CRITICAL REVIEW
This paper presents the comprehensive examination of the
influence of metal oxide nanoparticles on tribological properties
like wear scar diameter, wear volume, and coefficient of friction.
It also gives a brief knowledge to readers who are new to the field
of tribology. The significance of tribology and its principle along
with the condition monitoring techniques which are used as
preventive maintenance techniques are included in this review.
The literature review is extensive and provides a solid foundation
for the study. It is concluded that the addition of oxide
nanoparticles up to some optimum concentration is beneficial in
reducing friction andwear occurring between themating parts of
machines. A potential reason for this is that the rubbing surfaces
experience less friction as a result of the rolling of spherical
nanoparticles. One possible explanation for the antiwear
mechanism is that oxide nanoparticles were deposited on the

Figure 15. Graphs showing effect of COFwith varying percentage of oxide nanoparticles in biolubricants. (a) Effect of applied load on the friction
coefficient & Al2O3 NPs,

125 (b) TiO2 nanoparticles concentration effect on friction coefficient,
207 (c) COF vs %wt. Fe3O4 of different biolubricant

samples.170
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worn surface. Because of this, shearing resistance is reduced, and
it improved the tribological characteristics. Thus an oxide
nanoparticle-incorporated biolubricant has come out to be a
suitable candidate in replacing the mineral-based or synthetic
lubricant in industrial applications. This will in turn be saving
energy, and it will be a sustainable approach toward the
environment. Besides, the experimental techniques which were
being employed for studying the tribological properties were
being explored. Various aspects of tribology, its significance,
energy savings because of tribological aspects, principles of
green tribology, and condition monitoring techniques which are
beneficial for sustainable applications along with the recent
advances in tribology are being explored. This knowledge will
help young researchers and beginners who are new in the field of
tribology. Conventionally used additives in the biolubricants to
enhance various properties were discussed, along with the
potential applications of biolubricants. Also, biolubricant
manufacturing industries all over the world are being discussed
along with the desirable properties of biolubricants.

6. FUTURE SCOPE
As biolubricants are a nontoxic and easily degradable source of
energy, they can be used in various industrial applications as well
as in critical areas including lentic and lotic ecosystems.
However, many experimental investigations and studies are
further needed to be evaluated in order to apply plant-based/
animal-fat-based biolubricants in various commercial applica-
tions. Research should be carried out for various compatible
combinations of biolubricants along with nanoadditives, keeping
the focus on the particular application. It is advised to investigate
the cost of adding nanomaterials and their effect on toxicity in a
future study. Additionally, it is suggested to investigate the ideal
volume percent of nanomaterials. Also, it is advised to research
how nanomaterial additives affect the lubrication of gear systems
and to investigate how using nanolubrication in various gear
types can reduce power loss. Metal oxide nanoparticles’
tribological properties can be considerably influenced by their
size and form. Drawing general conclusions can be difficult, since
variations in these features might result in a wide range of results.
It is not well-documented how biolubricants containing metal
oxide nanoparticles would perform over the long term in a
variety of temperatures and operating environments. It is
challenging to evaluate their dependability and durability,
because of this. The interactions between metal oxide
nanoparticles and other additives in biolubricants, which
frequently comprise numerous additives, may be complicated
and not entirely understood.

7. CHALLENGES AND LIMITATIONS
Although the tribological properties of base biolubricants can be
greatly enhanced by nanoparticles, they also have some
restrictions. The key challenges involved in the area of
biolubricants are summarized here. All the thermochemical,
physical, mechanical, and tribological properties of biolubricants
will majorly depend upon the feedstock, biomass, or any waste
material from which base stock’s biolubricant is made. Due to
potential ecotoxicity and bioaccumulation issues, the use of
metal oxide nanoparticles in biolubricants, such as zinc oxide or
copper oxide, may cause environmental concerns. The addition
of nanoparticles exceeding its optimum concentration may lead
to a decrease in the mechanical and tribological properties and
eventually decrease its performance. Metal oxide nanoparticleT
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stability and homogeneous dispersion in biolubricants are
difficult to achieve. Nanoparticle settling and agglomerationmay
alter their tribological characteristics at the cost of increasing the
COF and wear. It can be expensive to produce metal oxide
nanoparticles and incorporate them into biolubricants. Eco-
nomical difficulties could arise when these processes are scaled
up for commercial application. These economical challenges
include the cost involved in optimizing the suitable rawmaterial,
production efficiency, and also capital cost. The surface
modification of the nanoparticles, assuring stability, and
performance testing of the new lubricant all incur additional
costs. Some metal oxide nanoparticles may not be suitable for
some biolubricant applications, because they may have negative
health effects or create biocompatibility issues when employed
in applications involving contact with live beings.

8. CONCLUSIONS
This paper presents an inclusive review on the use of
biolubricants along with oxide nanoparticles. The tribological
properties like wear scar diameter (WSD), coefficient of friction
(COF), viscosity, and viscosity index (VI) were analyzed. It can
be concluded that incorporation of oxide nanoparticles in
biolubricants in an optimum quantity is a good alternative for
ameliorating lubrication performance. Also, it can be stated from
literature that nanobiolubricants have the potential to provide
better lubricating properties than conventionally used mineral-
based oils. For example, when coconut oil was investigated using
CuO NPs, it was found that wear volume and COF both
decrease by 37% and 93.75%, respectively. Further, different
additives which were traditionally used for enhancement of
properties of base oil were being analyzed. For example, papaya
leaf extract is a biobased organic corrosion inhibitor for copper
surface in sulfuric acid. Principles of green tribology were being
studied, which are helpful for conserving energy through
tribological consequences. Various condition monitoring
techniques were explored in order to provide brief knowledge
on maintenance of the machine to avoid unusual breakdowns.
Recent advancements in tribology were being studied, which
shows that there has been rapid growth in the field of tribology.
Superlubricity with diamond-like carbon (DLC) coatings and
many 2D materials have a scope of research and tend to have
lower COF. The following are the noteworthy points that can be
concluded from this review paper:

• The use of biolubricant as a fuel in vehicles is a bit
challenging, but it can be efficiently used as gear oil,

Figure 16. Graphs showing effect on wear behavior with varying percentage of oxide nanoparticles in biolubricants. (a) Effect of applied load on
the WSD & Al2O3 NPs with jojoba oil.

125 (b) WSD for Putranjiva oil with CuO NPs.208 (c) TiO2 nanoparticles concentration effect on the wear.
207

Figure 17. SEM images of oxide nanoparticles.

Figure 18. Scanning electronmicroscopic images of wear scars of palm oil, with surfactant and CuO nanoparticles. (a) SEM image of wear scar of
chemically modified palm oil (CMPO), (b) SEM image of wear scar of chemically modified palm oil (CMPO) with 1% surfactant, (c) SEM image of
wear scar of chemically modified palm oil (CMPO) with 1%CuO nanoparticle, (d) SEM image of wear scar of chemically modified palm oil (CMPO)
with 1% surfactant and 1% CuO nanoparticle.141

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c08279
ACS Omega 2024, 9, 12436−12456

12450

https://pubs.acs.org/doi/10.1021/acsomega.3c08279?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08279?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08279?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08279?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08279?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08279?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08279?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08279?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08279?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08279?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08279?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08279?fig=fig18&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


engine oil, compressor oil, brake oil, etc. in various
commercial applications.

• As the VI of nanobiolubricants gets increased, this could
improve the economy as the consumption of fuel gets
decreased.

• On adding nanoparticles into the base lubricant, viscosity
gets improved, which leads to the improvement in wear
and frictional properties because there is no direct contact
of surface asperities.

• Biolubricants have the potential to decrease the environ-
mental impact, as these are very easily degradable and
emit no harmful pollutants.

■ AUTHOR INFORMATION
Corresponding Author

Piyush Gaur − Mechanical Engineering Cluster, School of
Advanced Engineering, UPES, Dehradun 248007
Uttarakhand, India; orcid.org/0000-0002-6826-6855;
Email: oahmed@psu.edu.sa

Authors
Purva Uniyal − Mechanical Engineering Cluster, School of
Advanced Engineering, UPES, Dehradun 248007
Uttarakhand, India

Jitendra Yadav − Mechanical Engineering Cluster, School of
Advanced Engineering, UPES, Dehradun 248007
Uttarakhand, India

Tabrej Khan − Department of Engineering Management,
College of Engineering, Prince Sultan University, Riyadh
11586, Saudi Arabia

Omar Shabbir Ahmed − Department of Engineering
Management, College of Engineering, Prince Sultan University,
Riyadh 11586, Saudi Arabia

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c08279

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors would like to acknowledge the support of Prince
Sultan University for paying the Article Processing Charges
(APC) of this publication.

■ REFERENCES
(1) Samuel Gemsprim, M.; Babu, N.; Udhayakumar, S. Tribological
evaluation of vegetable oil-based lubricant blends. Mater. Today Proc.
2021, 37, 2660−2665.
(2) Babu, P. V.; Ismail, S.; Ben, B. S. Experimental and numerical
studies of positive texture effect on friction reduction of sliding contact
under mixed lubrication. Proc. Inst. Mech. Eng. Part J. J. Eng. Tribol.
2021, 235 (2), 360−375.
(3) Gupta, M. K.; et al. Potential use of cryogenic cooling for
improving the tribological and tool wear characteristics while
machining aluminum alloys. Tribol. Int. 2023, 183 (March), 108434.
(4) Cui, W.; Jin, Z.; Fisher, J. Tribology in joint replacement. Jt.

Replace. Technol. 2021, 29−63.
(5) Bhushan, B. Principles and applications of tribology; John Wiley &
Sons, 1999.
(6) Zhai, W.; et al. Recent Progress on Wear-Resistant Materials:
Designs, Properties, and Applications. Adv. Sci. 2021, 8 (11),
No. 2003739.

(7) Huang, Q.; Shi, X.; Xue, Y.; Zhang, K.; Wu, C. Recent progress on
surface texturing and solid lubricants in tribology: Designs, properties,
and mechanisms. Mater. Today Commun. 2023, 35, No. 105854.
(8) Woma, T. Y.; Lawal, S. A.; Abdulrahman, A. S.; Olutoye, M. A.;
Ojapah, M. M. Vegetable Oil Based Lubricants: Challenges and
Prospects. Tribol. Online 2019, 14, 60−70.
(9) Mahadi, M. A.; Choudhury, I. A.; Azuddin, M.; Yusoff, N.; Yazid,
A. A.; Norhafizan, A. Vegetable Oil-Based Lubrication in Machining:
Issues and Challenges. IOP Conf. Ser. Mater. Sci. Eng. 2019, 530 (1),
012003.
(10) Owuna, F. J. Stability of vegetable based oils used in the
formulation of ecofriendly lubricants − a review. Egypt. J. Pet. 2020, 29
(3), 251−256.
(11) Bart, J. C. J.; Gucciardi, E.; Cavallaro, S. Lubricants: properties
and characteristics. In Biolubricants; Bart, J. C. J., Gucciardi, E.,
Cavallaro, S., Eds.; Woodhead Publishing, 2013; pp 24−73.
DOI: 10.1533/9780857096326.24.
(12) Pawar, R. V.; Hulwan, D. B.; Mandale, M. B. Recent
advancements in synthesis, rheological characterization, and tribo-
logical performance of vegetable oil-based lubricants enhanced with
nanoparticles for sustainable lubrication. J. Clean. Prod. 2022, 378,
No. 134454.
(13) Srivyas, P. D.; Charoo, M. S. A review on tribological
characterization of lubricants with nano additives for automotive
applications. Tribol. Ind. 2018, 40 (4), 594−623.
(14) Ghosh, P.; Karmakar, G. Evaluation of sunflower oil as a
multifunctional lubricating oil additive. Int. J. Ind. Chem. 2014, 5 (1),
1−10.
(15) Gong, H.; Yu, C.; Zhang, L.; Xie, G.; Guo, D.; Luo, J. Intelligent
lubricating materials: A review. Compos. Part B Eng. 2020, 202 (Sept),
No. 108450.
(16) Takagi, T. A Concept of IntelligentMaterials. J. Intell. Mater. Syst.

Struct. 1990, 1 (2), 149−156.
(17) Narayana Sarma, R.; Vinu, R. Current Status and Future
Prospects of Biolubricants: Properties and Applications. Lubricants
2022, 10 (4), 70.
(18) Srivastava, S. P. Advances in lubricant additives and tribology;CRC
Press, 2009.
(19) Amiri, M.; Khonsari, M. M. On the thermodynamics of friction
and wear―a review. Entropy 2010, 12, 1021−1049.
(20) Matthews, A.; Franklin, S.; Holmberg, K. Tribological coatings:
contact mechanisms and selection. J. Phys. D. Appl. Phys. 2007, 40 (18),
5463.
(21) Kato, K. Classification of Wear Mechanisms/Models. InWear −

Materials, Mechanisms and Practice; John Wiley & Sons, Ltd, 2005; pp
9−20. DOI: 10.1002/9780470017029.ch2.
(22) Gnecco, E.; Meyer, E. Fundamentals of Friction and Wear;
Springer: Berlin, Germany, 2007. [Online]. Available: https://books.
google.co.in/books?id=v2Pe5thhNiwC.
(23) Menezes, P. L.; Reeves, C. J.; Lovell, M. R. Fundamentals of
Lubrication. In Tribology for Scientists and Engineers: From Basics to
Advanced Concepts; Menezes, P. L., Nosonovsky, M., Ingole, S. P.,
Kailas, S. V, Lovell, M. R., Eds.; Springer New York: New York, NY,
2013; pp 295−340. DOI: 10.1007/978-1-4614-1945-7_10.
(24) Spikes, H. A.; Olver, A. V. Mixed lubrication�Experiment and
theory. In Boundary and Mixed Lubrication; Dowson, D., Priest, M.,
Dalmaz, G., Lubrecht, A. A., Eds.; Elsevier, 2002; Vol. 40, pp 95−113.
DOI: 10.1016/S0167-8922(02)80011-6.
(25) Foundations of Hydrodynamic Lubrication. In Hydrodynamic

Lubrication; Springer Tokyo: Tokyo, Japan, 2006; pp 9−22.
DOI: 10.1007/4-431-27901-6_2.
(26) Dowson, D.; Higginson, G. R. Elasto-Hydrodynamic Lubrication:

International Series onMaterials Science and Technology;Hopkins, D.W.,
Ed.; Elsevier Science, 2014. [Online]. Available: https://books.google.
co.in/books?id=nIqjBQAAQBAJ.
(27) Amann, T.; Dold, C.; Kailer, A. Complex fluids in tribology to
reduce friction: Mesogenic fluids, ionic liquids and ionic liquid crystals.
Tribol. Int. 2013, 65, 3−12.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c08279
ACS Omega 2024, 9, 12436−12456

12451

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Piyush+Gaur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6826-6855
mailto:oahmed@psu.edu.sa
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Purva+Uniyal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jitendra+Yadav"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tabrej+Khan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Omar+Shabbir+Ahmed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08279?ref=pdf
https://doi.org/10.1016/j.matpr.2020.08.521
https://doi.org/10.1016/j.matpr.2020.08.521
https://doi.org/10.1177/1350650120930911
https://doi.org/10.1177/1350650120930911
https://doi.org/10.1177/1350650120930911
https://doi.org/10.1016/j.triboint.2023.108434
https://doi.org/10.1016/j.triboint.2023.108434
https://doi.org/10.1016/j.triboint.2023.108434
https://doi.org/10.1016/B978-0-12-821082-6.00002-9
https://doi.org/10.1002/advs.202003739
https://doi.org/10.1002/advs.202003739
https://doi.org/10.1016/j.mtcomm.2023.105854
https://doi.org/10.1016/j.mtcomm.2023.105854
https://doi.org/10.1016/j.mtcomm.2023.105854
https://doi.org/10.2474/trol.14.60
https://doi.org/10.2474/trol.14.60
https://doi.org/10.1088/1757-899X/530/1/012003
https://doi.org/10.1088/1757-899X/530/1/012003
https://doi.org/10.1016/j.ejpe.2020.09.003
https://doi.org/10.1016/j.ejpe.2020.09.003
https://doi.org/10.1533/9780857096326.24
https://doi.org/10.1533/9780857096326.24
https://doi.org/10.1533/9780857096326.24?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jclepro.2022.134454
https://doi.org/10.1016/j.jclepro.2022.134454
https://doi.org/10.1016/j.jclepro.2022.134454
https://doi.org/10.1016/j.jclepro.2022.134454
https://doi.org/10.24874/ti.2018.40.04.08
https://doi.org/10.24874/ti.2018.40.04.08
https://doi.org/10.24874/ti.2018.40.04.08
https://doi.org/10.1007/s40090-014-0007-7
https://doi.org/10.1007/s40090-014-0007-7
https://doi.org/10.1016/j.compositesb.2020.108450
https://doi.org/10.1016/j.compositesb.2020.108450
https://doi.org/10.1177/1045389X9000100201
https://doi.org/10.3390/lubricants10040070
https://doi.org/10.3390/lubricants10040070
https://doi.org/10.3390/e12051021
https://doi.org/10.3390/e12051021
https://doi.org/10.1088/0022-3727/40/18/S07
https://doi.org/10.1088/0022-3727/40/18/S07
https://doi.org/10.1002/9780470017029.ch2
https://doi.org/10.1002/9780470017029.ch2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://books.google.co.in/books?id=v2Pe5thhNiwC
https://books.google.co.in/books?id=v2Pe5thhNiwC
https://doi.org/10.1007/978-1-4614-1945-7_10
https://doi.org/10.1007/978-1-4614-1945-7_10
https://doi.org/10.1007/978-1-4614-1945-7_10?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0167-8922(02)80011-6
https://doi.org/10.1016/S0167-8922(02)80011-6
https://doi.org/10.1016/S0167-8922(02)80011-6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/4-431-27901-6_2
https://doi.org/10.1007/4-431-27901-6_2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://books.google.co.in/books?id=nIqjBQAAQBAJ
https://books.google.co.in/books?id=nIqjBQAAQBAJ
https://doi.org/10.1016/j.triboint.2013.03.021
https://doi.org/10.1016/j.triboint.2013.03.021
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(28) Bartz, W. J. Energieeinsparung durch tribologische Massnahmen;
expert verlag, 1988.
(29) Holmberg, K.; Andersson, P.; Erdemir, A. Global energy
consumption due to friction in passenger cars. Tribol. Int. 2012, 47,
221−234.
(30) Woydt, M. The importance of tribology for reducing CO2
emissions and for sustainability. Wear 2021, 474−475 (Feb),
No. 203768.
(31) Carpick, R. W.; et al. “Can tribology save a quad? Time for a
modern-day Jost Report-is your research related to energy savings?”,
[Online]. Available: www.stle.org.
(32) Rashidi, M.; Sedaghat, A.; Misbah, B.; Sabati, M.; Vaidyan, K.
Experimental study on energy saving and friction reduction of Al2O3-
WBM nanofluids in a high-speed Taylor-Couette flow system. Tribol.
Int. 2021, 154 (Sept), No. 106728.
(33) Zhang, S.-w. Green tribology: Fundamentals and future
development. Friction 2013, 1 (2), 186−194.
(34) Anand, A.; Irfan Ul Haq, M.; Vohra, K.; Raina, A.; Wani, M. F.
Role of Green Tribology in Sustainability of Mechanical Systems: A
State of the Art Survey. Mater. Today Proc. 2017, 4 (2), 3659−3665.
(35) Jost, H. P.; Schofield, J. Energy Saving through Tribology: A
Techno-Economic Study. Proc. Inst. Mech. Eng. 1981, 195 (1), 151−
173.
(36) Hasmat Malik, A. K. Y., Iqbal, A., Eds., Soft Computing in

Condition Monitoring and Diagnostics of Electrical and Mechanical
Systems; Springer Singapore, 2020. DOI: 10.1007/978-981-15-1532-3.
(37) Jauregui Correa, J. C. A.; Lozano Guzman, A. A. Mechanical

Vibrations and Condition Monitoring; ScienceDirect, 2020.
DOI: 10.1016/C2019-0-00474-8.
(38) Ahmed, H.; Nandi, A. Condition Monitoring with Vibration

Signals: Compressive Sampling and learning algorithms for rotating
machine; John Wiley & Sons, 2020. DOI: 10.1002/9781119544678
(39) Raymond, R. S. B.; Beebe, S. Predictive Maintenance of Pumps

Using Condition Monitoring; Elsevier, 2004.
(40) Barale, S. P.; Gawade, S. S. Internal Combustion Engine
Vibrations And Vibration Isolation. Int. J. Sci. Eng. Res. 2017, 8 (4),
243−246.
(41) Antoni, J.; Daniere, J.; Guillet, F. Effective vibration analysis of IC
engines using cyclostationarity. Part I - A methodology for condition
monitoring. J. Sound Vib. 2002, 257 (5), 815−837.
(42) Li, B.; Chow, M.-Y.; Tipsuwan, Y.; Hung, J. C. Neural-network-
based motor rolling bearing fault diagnosis. IEEE Transactions on
Industrial Electronics 2000, 47 (5), 1060−1069.
(43) Ebersbach, S.; Peng, Z. Expert system development for vibration
analysis in machine condition monitoring. Expert Syst. Appl. 2008, 34
(1), 291−299.
(44) Toms, A.; Toms, L. Oil Analysis and Condition Monitoring. In

Chemistry and Technology of Lubricants; Mortier, R. M., Fox, M. F.,
Orszulik, S. T., Eds.; Springer Netherlands: Dordrecht, Netherlands,
2010; pp 459−495. DOI: 10.1023/b105569_16.
(45) Newell, G. Oil analysis cost-effective machine condition
monitoring technique. Ind. Lubr. Tribol. 1999, 51 (3), 119−124.
(46) Yin, Y.; Wang, W.; Yan, X.; Xiao, H.; Wang, C. An integrated on-
line oil analysis method for condition monitoring. Meas. Sci. Technol.
2003, 14 (11), 1973−1977.
(47) Kandeal, A. W.; et al. Infrared thermography-based condition
monitoring of solar photovoltaic systems : A mini review of recent
advances. Sol. Energy 2021, 223 (May), 33−43.
(48) Prasad, B. S.; Prabha, K. A.; Kumar, P. V. S. G. Condition
monitoring of turning process using infrared thermography technique
− An experimental approach. Infrared Phys. Technol. 2017, 81, 137−
147.
(49) Mahami, A.; Rahmoune, C.; Bettahar, T.; Benazzouz, D.
Induction motor condition monitoring using infrared thermography
imaging and ensemble learning techniques. Adv. Mech. Eng. 2021, 13
(11), 1−13.
(50) Reddy, C. V. K.; Ramana, K. V. A review of methods on
ConditionMonitoring and Fault Diagnosis using IR Thermography-An

Expert System approach. IOP Conf. Ser. Mater. Sci. Eng. 2020, 981 (4),
No. 042027.
(51) Bandes, A. Ultrasonic condition monitoring. Asset Manag. Maint.

J. 2013, 26 (4), 27−31.
(52) Yu, Y.; Safari, A.; Niu, X.; Drinkwater, B.; Horoshenkov, K. V.
Acoustic and ultrasonic techniques for defect detection and condition
monitoring in water and sewerage pipes: A review. Appl. Acoust. 2021,
183, No. 108282.
(53) Bhuiyan, M. S. H.; Choudhury, I. A.; Dahari, M.; Nukman, Y.;
Dawal, S. Z. Application of acoustic emission sensor to investigate the
frequency of tool wear and plastic deformation in tool condition
monitoring. Measurement 2016, 92, 208−217.
(54) Uekita, Y.; Takaya, M. Tool condition monitoring for form
milling of large parts by combining spindle motor current and acoustic
emission signals. Int. J. Adv. Manuf. Technol. 2017, 89, 65−75.
(55) Nirwan, N. W.; Ramani, H. B. Condition monitoring and fault
detection in roller bearing used in rolling mill by acoustic emission and
vibration analysis. Mater. Today Proc. 2022, 51, 344−354.
(56) Yu, Y.; Safari, A.; Niu, X.; Drinkwater, B.; Horoshenkov, K. V.
Acoustic and ultrasonic techniques for defect detection and condition
monitoring in water and sewerage pipes: A review. Appl. Acoust. 2021,
183, No. 108282.
(57) Luo, J.; Liu, M.; Ma, L. Origin of friction and the new frictionless
technology�Superlubricity: Advancements and future outlook. Nano
Energy 2021, 86, No. 106092.
(58) Luo, J.; Zhou, X. Superlubricitive engineering-Future industry
nearly getting rid of wear and frictional energy consumption. Friction
2020, 8, 643−665.
(59) Chen, X.; Li, J. Superlubricity of carbon nanostructures. Carbon

N. Y. 2020, 158, 1−23.
(60) Song, Y.; Qu, C.; Ma, M.; Zheng, Q. Structural Superlubricity
Based on Crystalline Materials. Small 2020, 16 (15), No. 1903018.
(61) Ge, X.; Li, J.; Luo, J. Macroscale superlubricity achieved with
various liquid molecules: A review. Front. Mech. Eng. 2019 5, (Feb)
DOI: 10.3389/fmech.2019.00002.
(62) Chen, Z.; Liu, Y.; Luo, J. Superlubricity of nanodiamonds
glycerol colloidal solution between steel surfaces. Colloids Surfaces A
Physicochem. Eng. Asp. 2016, 489, 400−406.
(63) Dowson, D. Bio-tribology. Faraday Discuss. 2012, 156 (0), 9−30.
(64) Alvi, S.; Akhtar, F. High temperature tribology of CuMoTaWV
high entropy alloy. Wear 2019, 426−427, 412−419.
(65) Alvi, S.; Saeidi, K.; Akhtar, F. High temperature tribology and
wear of selective laser melted (SLM) 316L stainless steel. Wear 2020,
448−449 (Aug), No. 203228.
(66) Wang, X.; Zhang, X.; Wang, C.; Lu, Y.; Hao, J. High temperature
tribology behavior of silicon and nitrogen doped hydrogenated
diamond-like carbon (DLC) coatings. Tribol. Int. 2022, 175,
No. 107845.
(67) Liang, C.; et al. The study of mechanical and tribology properties
at room- and high-temperature in a (NiCoFe)86.5(AlTi)12(WMoV)1.5
high-entropy alloy. J. Alloys Compd. 2022, 911, No. 165082.
(68) Elgazzar, A.; Zhou, S.-J.; Ouyang, J.-H.; Liu, Z.-G.; Wang, Y.-J.;
Wang, Y.-M. A Critical Review of High-Temperature Tribology and
Cutting Performance of Cermet and Ceramic Tool Materials.
Lubricants 2023, 11 (3), 122.
(69) Moghaddam, P. V.; Prakash, B.; Vuorinen, E.; Fallqvist, M.;
Andersson, J. M.; Hardell, J. High temperature tribology of TiAlN PVD
coating sliding against 316L stainless steel and carbide-free bainitic
steel. Tribol. Int. 2021, 159 (Sept), No. 106847.
(70) Pham, S. T.; Huynh, K. K.; Tieu, K. A. Tribological performances
of ceramic oxide nanoparticle additives in sodium borate melt under
steel/steel sliding contacts at high temperatures. Tribol. Int. 2022, 165,
No. 107296.
(71) Yang, Z.; Guo, Z.; Yuan, C.; Bai, X. Tribological behaviors of
composites reinforced by different functionalized carbon nanotube
using molecular dynamic simulation. Wear 2021, 476, No. 203669.
(72) Hua, D.; et al. Molecular dynamics simulation of the tribological
performance of amorphous/amorphous nano-laminates. J. Mater. Sci.
Technol. 2022, 105, 226−236.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c08279
ACS Omega 2024, 9, 12436−12456

12452

https://doi.org/10.1016/j.triboint.2011.11.022
https://doi.org/10.1016/j.triboint.2011.11.022
https://doi.org/10.1016/j.wear.2021.203768
https://doi.org/10.1016/j.wear.2021.203768
http://www.stle.org
https://doi.org/10.1016/j.triboint.2020.106728
https://doi.org/10.1016/j.triboint.2020.106728
https://doi.org/10.1007/s40544-013-0012-4
https://doi.org/10.1007/s40544-013-0012-4
https://doi.org/10.1016/j.matpr.2017.02.259
https://doi.org/10.1016/j.matpr.2017.02.259
https://doi.org/10.1243/PIME_PROC_1981_195_016_02
https://doi.org/10.1243/PIME_PROC_1981_195_016_02
https://doi.org/10.1007/978-981-15-1532-3?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/C2019-0-00474-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/9781119544678?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1006/jsvi.2002.5062
https://doi.org/10.1006/jsvi.2002.5062
https://doi.org/10.1006/jsvi.2002.5062
https://doi.org/10.1016/j.eswa.2006.09.029
https://doi.org/10.1016/j.eswa.2006.09.029
https://doi.org/10.1023/b105569_16
https://doi.org/10.1023/b105569_16?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1108/00368799910268066
https://doi.org/10.1108/00368799910268066
https://doi.org/10.1088/0957-0233/14/11/015
https://doi.org/10.1088/0957-0233/14/11/015
https://doi.org/10.1016/j.solener.2021.05.032
https://doi.org/10.1016/j.solener.2021.05.032
https://doi.org/10.1016/j.solener.2021.05.032
https://doi.org/10.1016/j.infrared.2016.12.023
https://doi.org/10.1016/j.infrared.2016.12.023
https://doi.org/10.1016/j.infrared.2016.12.023
https://doi.org/10.1177/16878140211060956
https://doi.org/10.1177/16878140211060956
https://doi.org/10.1088/1757-899X/981/4/042027
https://doi.org/10.1088/1757-899X/981/4/042027
https://doi.org/10.1088/1757-899X/981/4/042027
https://doi.org/10.1016/j.apacoust.2021.108282
https://doi.org/10.1016/j.apacoust.2021.108282
https://doi.org/10.1016/j.measurement.2016.06.006
https://doi.org/10.1016/j.measurement.2016.06.006
https://doi.org/10.1016/j.measurement.2016.06.006
https://doi.org/10.1007/s00170-016-9082-6
https://doi.org/10.1007/s00170-016-9082-6
https://doi.org/10.1007/s00170-016-9082-6
https://doi.org/10.1016/j.matpr.2021.05.447
https://doi.org/10.1016/j.matpr.2021.05.447
https://doi.org/10.1016/j.matpr.2021.05.447
https://doi.org/10.1016/j.apacoust.2021.108282
https://doi.org/10.1016/j.apacoust.2021.108282
https://doi.org/10.1016/j.nanoen.2021.106092
https://doi.org/10.1016/j.nanoen.2021.106092
https://doi.org/10.1007/s40544-020-0393-0
https://doi.org/10.1007/s40544-020-0393-0
https://doi.org/10.1016/j.carbon.2019.11.077
https://doi.org/10.1002/smll.201903018
https://doi.org/10.1002/smll.201903018
https://doi.org/10.3389/fmech.2019.00002
https://doi.org/10.3389/fmech.2019.00002
https://doi.org/10.3389/fmech.2019.00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.colsurfa.2015.10.062
https://doi.org/10.1016/j.colsurfa.2015.10.062
https://doi.org/10.1039/c2fd20103h
https://doi.org/10.1016/j.wear.2018.12.085
https://doi.org/10.1016/j.wear.2018.12.085
https://doi.org/10.1016/j.wear.2020.203228
https://doi.org/10.1016/j.wear.2020.203228
https://doi.org/10.1016/j.triboint.2022.107845
https://doi.org/10.1016/j.triboint.2022.107845
https://doi.org/10.1016/j.triboint.2022.107845
https://doi.org/10.1016/j.jallcom.2022.165082
https://doi.org/10.1016/j.jallcom.2022.165082
https://doi.org/10.1016/j.jallcom.2022.165082
https://doi.org/10.3390/lubricants11030122
https://doi.org/10.3390/lubricants11030122
https://doi.org/10.1016/j.triboint.2020.106847
https://doi.org/10.1016/j.triboint.2020.106847
https://doi.org/10.1016/j.triboint.2020.106847
https://doi.org/10.1016/j.triboint.2021.107296
https://doi.org/10.1016/j.triboint.2021.107296
https://doi.org/10.1016/j.triboint.2021.107296
https://doi.org/10.1016/j.wear.2021.203669
https://doi.org/10.1016/j.wear.2021.203669
https://doi.org/10.1016/j.wear.2021.203669
https://doi.org/10.1016/j.jmst.2021.07.027
https://doi.org/10.1016/j.jmst.2021.07.027
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(73) Liu, F.; X., Zhou, X., Kuanget al., “Mechanical and Tribological
Properties of Nitrile Rubber Reinforced by Nano-SiO2: Molecular
Dynamics Simulation,” Tribol. Lett., vol. 69, 2021, doi: DOI: 10.1007/
s11249-021-01427-9.
(74) Kurdi, A.; Alhazmi, N.; Alhazmi, H.; Tabbakh, T. Practice of
simulation and life cycle assessment in tribology-A review. Materials
(Basel) 2020, 13 (16), 3489.
(75) Myshkin, N. K.; Pesetskii, S. S.; Grigoriev, A. Y. Polymer
tribology: Current state and applications. Tribol. Ind. 2015, 37 (3),
284−290.
(76) Ramesh, M.; Deiva Ganesh, A.; Deepa, C. Recent advances in
tribology of hybrid polymer composites. In Tribology of Polymer
Composites; Rangappa, S. M., Siengchin, S., Parameswaranpillai, J.,
Friedrich, K., Eds.; Elsevier, 2021; pp 7−30. DOI: 10.1016/B978-0-12-
819767-7.00002-5.
(77) Cai, M.; et al. State-of-the-art progresses for Ti3C2Tx MXene
reinforced polymer composites in corrosion and tribology aspects. Adv.
Colloid Interface Sci. 2022, 309, No. 102790.
(78) Singh, N.; Sinha, S. K. Tribological performances of hybrid
composites of Epoxy, UHMWPE and MoS2 with in situ liquid
lubrication against steel and itself. Wear 2021, 486−487, No. 204072.
(79) Singh, K.; Das, D.; Nayak, R. K.; Khandai, S.; Kumar, R.; Routara,
B. C. Effect of silanizion on mechanical and tribological properties of
kenaf-carbon and kenaf-glass hybrid polymer composites.Mater. Today
Proc. 2020, 26, 2094−2098.
(80) Sathish, T. Influence of Compression Molding Process
Parameters in Mechanical and Tribological Behavior of Hybrid
Polymer Matrix Composites. Polymers (Basel) 2021, 13 (23), 4195.
(81) Cui, W.; et al. Role of transfer film formation on the tribological
properties of polymeric composite materials and spherical plain bearing
at low temperatures. Tribol. Int. 2020, 152, No. 106569.
(82) Friedrich, K. Polymer composites for tribological applications.

Adv. Ind. Eng. Polym. Res. 2018, 1 (1), 3−39.
(83) Venkatesan, M.; Palanikumar, K.; Boopathy, S. R. Experimental
investigation and analysis on the wear properties of glass fiber and CNT
reinforced hybrid polymer composites. Sci. Eng. Compos. Mater. 2018,
25 (5), 963−974.
(84) John, M.; Menezes, P. L. Self-Lubricating Materials for Extreme
Condition Applications. Materials (Basel) 2021, 14 (19), 5588.
(85) Zheng, C.; Zhang, C.; Sun, W.; Wang, W.; Liu, K.; Xu, J.
Experiments and molecular dynamic simulations on the cryogenic
tribological behaviors of pure silver in liquid nitrogen. Tribol. Int. 2023,
188, No. 108836.
(86) Xu, M.; Li, S.; Wang, T.; Wang, Q.; Tao, L.; Liu, P. Construction
of a PTFE-based lubricant film on the surface of Nomex/PTFE fabric to
enhance the tribological performance at cryogenic temperatures.Tribol.
Int. 2023, 185, No. 108552.
(87) Radebaugh, R. Cryogenics. The MacMillan Encyclopedia Of
Chemistry: New York; National Institute of Standards and Technol-
ogy: Boulder, CO; 2002, pp 1−3.
(88) Gupta, M. K.; et al. Tribological performance based
machinability investigations in cryogenic cooling assisted turning of
α-β titanium Alloy. Tribol. Int. 2021, 160, No. 107032.
(89) Wang, B.; Guo, Y.; Zhang, Z.; Yi, X.; Wang, D. Investigation of
cryogenic friction and wear properties of Invar 36 alloy against Si 3 N 4
ceramic balls. Wear 2023, 518−519 (Feb), No. 204648.
(90) Cecilia, J. A.; Ballesteros Plata, D.; Alves Saboya, R. M.; Tavares
de Luna, F. M.; Cavalcante, C. L.; Rodriguez-Castellon, E. An overview
of the biolubricant production process: Challenges and future
perspectives. Processes 2020, 8 (3), 257.
(91) Mobarak, H. M.; et al. The prospects of biolubricants as
alternatives in automotive applications. Renew. Sustain. Energy Rev.
2014, 33, 34−43.
(92) Sajeeb, A.; Rajendrakumar, P. K. Comparative evaluation of
lubricant properties of biodegradable blend of coconut and mustard oil.
J. Clean. Prod. 2019, 240, No. 118255.
(93) Sykam, K.; Sivanandan, S.; Basak, P. 1,2,3-Triazole mediated,
non-halogenated phosphorus containing protective coatings from

castor oil: Flame retardant and anti-corrosion applications. Prog. Org.
Coatings 2023, 178, No. 107475.
(94) Wang, S.; et al. Surface modification of pyrophyllite for
optimizing properties of castor oil-based polyurethane composite and
its application in controlled-release fertilizer. Arab. J. Chem. 2023, 16
(2), No. 104400.
(95) K, S. S.; MP, I.; GR, R. Mahua oil-based polyurethane/chitosan/
nano ZnO composite films for biodegradable food packaging
applications. Int. J. Biol. Macromol. 2019, 124, 163−174.
(96) Shi, Z.; Xu, W.; Geng, M.; Chen, Z.; Meng, Z. Oil body-based
one-step multiple phases and hybrid emulsion gels stabilized by
sunflower wax and CMC: Application and optimization in 3D printing.
Food Hydrocoll 2023, 136, No. 108262.
(97) Volpe, V.; De Feo, G.; DeMarco, I.; Pantani, R. Use of sunflower
seed fried oil as an ecofriendly plasticizer for starch and application of
this thermoplastic starch as a filler for PLA. Ind. Crops Prod. 2018, 122,
545−552.
(98) Sholiha, Z. H.; Jatisukamto, G. Characteristics Biolubricant
Enriched with Nanoparticle Additives: a Review. J. Mech. Eng. Sci.
Technol. 2020, 4 (2), 91−100.
(99) Kumara, B. M.; Raghavendra, C. R.; Naik, S.; Dhanush kumar,
M.; Bharat Shadambi, C.; Cholachagudda, N. A. Performance study of
Neem/Soyabean biofuels on 4-stroke diesel engine.Mater. Today Proc.
2023, 92, 406.
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