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Abstract

The automotive industry is undergoing a transformative shift toward sustainability, driven
by stringent environmental regulations, rising energy demands, and the pursuit of en-
hanced performance and efficiency. Lubricating materials play a pivotal role in reducing
friction, wear, and energy losses in automotive systems, yet conventional lubricants, primar-
ily petroleum-based, pose significant ecological and operational challenges. This review
examines the development and performance of sustainable and advanced lubricant in-
cluding bio-based oils, synthetic esters, nanolubricants, and ionic/solid lubricants for
automotive applications. Drawing on tribological principles and recent advances in materi-
als science, the article categorizes these lubricants based on source, chemical structure, and
tribological behavior. A comparative framework is introduced to evaluate key performance
indicators such as viscosity index, thermal stability, oxidation resistance, biodegradability,
and compatibility with modern engine designs. The review also highlights emerging trends,
including nanotechnology-based additives, green synthesis techniques, and novel antioxi-
dant systems that enhance lubricant functionality and lifespan. Furthermore, a strategic
research roadmap is proposed, outlining short-, medium-, and long-term priorities that
integrate technical, environmental, and economic dimensions. By bridging foundational
science with practical innovation, this article aims to guide researchers, manufacturers, and
policymakers toward the adoption of high-performance, eco-compatible lubricants that
support the transition to cleaner and more efficient mobility systems. Future directions and
challenges in scaling, cost-effectiveness, and lifecycle assessment are discussed to guide
innovation in this critical domain.

Keywords: sustainable lubricants; tribology; bio-based oils; nanolubricants; automotive
efficiency; product lifecycle

1. Introduction
Over the past few decades, the rapid expansion of the global vehicle fleet has led to a

sharp rise in harmful emissions, posing one of the most pressing environmental challenges
worldwide [1,2]. With road traffic expected to grow by nearly 45% in both developed
and developing countries by 2025, the strain on transportation infrastructure and the
environment is becoming increasingly evident [3,4]. This surge not only affects traffic
flow and density but also places greater mechanical demands on vehicles [5]. In response,
the role of lubrication has become more critical than ever. Modern lubricants must go
beyond basic friction reduction they need to perform reliably under extreme conditions,
enhance fuel efficiency, and contribute to lowering emissions, all while supporting the
longevity of increasingly complex automotive system [6]. Lubrication plays a vital role in
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the smooth functioning in automotive systems. It reduces friction between moving parts,
minimizes wear, and helps dissipate heat, thereby improving the efficiency and longevity
of engines, transmissions, and other mechanical components. Without effective lubrication,
vehicles would suffer from rapid degradation, increased fuel consumption, and frequent
breakdowns [7,8]. As automotive technologies evolve, the demands placed on lubricants
have grown more complex, requiring materials that can perform reliably under extreme
conditions. Traditionally, the industry has relied heavily on petroleum-based lubricants due
to their availability and proven performance. However, these conventional lubricants come
with significant drawbacks. They are derived from non-renewable resources, contribute
to environmental pollution, and often contain additives that are harmful to ecosystems.
Moreover, their disposal poses challenges, and their degradation can release toxic by-
products [3,8]. As global awareness of environmental issues increases, the automotive
sector faces mounting pressure to adopt greener, more sustainable practices including the
use of eco-friendly lubricants.

This shift has sparked interest in alternative lubricating materials that are both high-
performing in the automotive and environmentally responsible. Bio-based oils, synthetic
esters, nanomaterials, and ionic liquids are among the promising candidates being ex-
plored [8–11]. These advanced lubricants offer benefits such as biodegradability, reduced
toxicity, and improved thermal and oxidative stability [12–15]. In addition, innovations in
surface coatings and smart lubrication systems are opening new avenues for enhancing
performance while reducing environmental impact [16]. Despite their potential, sustainable
lubricants are not yet widely adopted. Challenges such as cost, scalability, compatibility
with existing systems, and long-term durability must be addressed. Research is ongoing
to refine these materials and develop standards that ensure their reliability across diverse
automotive applications. The integration of these lubricants into mainstream use will
require collaboration between researchers, manufacturers, and policymakers.

This review aims to provide a comprehensive and critical evaluation of sustainable
and advanced lubricating materials for automotive applications, addressing both their
technical performance and environmental implications. It seeks to trace the evolution
of lubricants from conventional petroleum-based formulations to emerging alternatives
such as bio-based oils, synthetic esters, nanolubricants, and ionic liquids. By integrating
tribological principles, material science, and recent technological innovations, the review
highlights the strengths, limitations, and suitability of each lubricant class across key
performance metrics. Additionally, we have also introduced a conceptual framework and
comparative analysis to guide material selection and formulation strategies. The article
also outlines future research priorities and industrial pathways, emphasizing the need
for scalable production, compatibility with evolving vehicle technologies, and alignment
with global sustainability goals. Ultimately, the review aims to support informed decision-
making among researchers, manufacturers, and policymakers working toward cleaner,
more efficient, and environmentally responsible automotive lubrication systems.

2. Fundamental of Lubricants
Lubrication is a critical aspect of mechanical engineering, particularly in automotive

systems where moving parts are constantly in contact under varying loads and speeds.
The science that governs lubrication is known as tribology, which encompasses the study
of friction, wear, and the mechanisms by which lubricants reduce these effects [7,17–19].
Understanding the fundamentals of tribology is essential for designing efficient, durable,
and environmentally responsible automotive components.
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2.1. Basic Principles of Tribology

At its core, tribology deals with three interrelated phenomena: friction, wear, and
lubrication. Friction is the resistive force that occurs when two surfaces slide against each
other. While some friction is necessary for functions like braking, excessive friction leads
to energy loss and heat generation. Wear refers to the gradual removal or deformation of
material from a surface due to mechanical action. It can manifest in various forms such as
abrasion, adhesion, fatigue, or corrosion, each affecting the lifespan and reliability of auto-
motive parts. Lubrication mechanisms are designed to mitigate both friction and wear. The
primary goal is to create a film or barrier between surfaces to prevent direct contact. This
film can be liquid, solid, or semi-solid, depending on the application. Lubrication operates
in different regimes—boundary, mixed, and hydrodynamic—each defined by the thickness
of the lubricant film relative to surface roughness. In hydrodynamic lubrication, a full fluid
film separates the surfaces, offering minimal friction. Boundary lubrication, on the other
hand, occurs when the film is thin and additives play a crucial role in protecting surfaces.

2.2. Types of Lubricants

Lubricants are broadly categorized based on their physical state and composition.
Liquid lubricants are the most common and include mineral oils, synthetic oils, and bio-
based oils. These are used extensively in engines, transmissions, and hydraulic systems
due to their ability to flow and form continuous films. Solid lubricants, such as graphite,
molybdenum disulfide (MoS2), and polytetrafluoroethylene (PTFE), are employed in ex-
treme conditions where liquids may evaporate or degrade, such as high-temperature or
vacuum environments. They function by forming a low-shear dependent strength layer
and tribological behavior that reduces friction [20–22]. Semi-solid lubricants, commonly
referred to as greases, consist of a base oil thickened with soaps or other agents. Greases are
ideal for applications where re-lubrication is infrequent or where the lubricant must stay in
place under gravity or centrifugal forces. Each type of lubricant has its own advantages
and limitations, and the choice depends on factors like operating temperature, load, speed,
and environmental exposure.

2.3. Key Performance Metrics

The effectiveness of a lubricant is determined by several performance metrics. Viscos-
ity is one of the most critical parameters it defines the lubricant’s resistance to flow and
its ability to maintain a film between surfaces. A lubricant must have the right viscosity
to ensure adequate protection without causing excessive drag. Viscosity index (VI) mea-
sures how viscosity changes with temperature; a high VI indicates better stability across
temperature ranges. Thermal stability refers to the lubricant’s ability to resist breakdown
at elevated temperatures. In automotive applications, where components can reach high
operating temperatures, thermal degradation can lead to sludge formation and loss of
lubrication properties. Oxidation resistance is closely related and ensures that the lubricant
maintains its chemical integrity over time.

Biodegradability has become an increasingly important metric in the context of envi-
ronmental sustainability. Lubricants that break down naturally pose less risk to ecosystems
in case of leaks or disposal. Other important properties include pour point (the lowest
temperature at which a lubricant remains fluid), flash point (the temperature at which it can
ignite), and load-carrying capacity, which determines how well the lubricant can protect
surfaces under pressure. In summary, the fundamentals of lubrication involve a complex
interplay of physical and chemical properties tailored to meet the demands of modern
automotive systems. As the industry moves toward greener technologies, understanding
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these principles is essential for developing lubricants that not only perform well but also
align with environmental goals.

The foundational tribological principles such as viscosity, film formation, and thermal
stability with the performance of advanced lubricants in real-world automotive applica-
tions. Specifically, we now highlight how this core metrics influence the behavior and
effectiveness of emerging lubricant technologies like nanolubricants and bio-based oils
under dynamic operating conditions. Viscosity, for example, plays a pivotal role in deter-
mining whether a lubricant can maintain a stable film between moving surfaces, especially
under varying loads and temperatures typical of automotive engines and transmissions.
In the case of bio-based oils, their naturally high viscosity can offer excellent film-forming
capabilities in boundary and mixed lubrication regimes. Similarly, nanolubricants lever-
age engineered nanoparticles to enhance film strength and reduce direct surface contact,
even under extreme pressure and shear conditions. These nanoparticles can improve
load-carrying capacity and reduce friction by forming protective tribofilms or acting as
rolling elements between surfaces. Thermal stability is another critical factor, particularly
in high-temperature zones such as combustion chambers and turbochargers. Bio-based oils,
while environmentally friendly, often suffer from thermal degradation unless fortified with
antioxidants [23–25]. In contrast, nanolubricants and ionic liquids exhibit superior thermal
resilience, maintaining their structural integrity and lubricating properties even under
prolonged exposure to heat. This makes them promising candidates for next-generation
automotive systems that demand both high performance and environmental compliance.

3. Conventional Lubricants: Limitations and Environmental Impact
In the last several decades, petroleum-based lubricants have been the backbone of

the automotive industry. Their widespread use stems from their proven performance,
availability, and cost-effectiveness. These lubricants are typically derived from crude oil
through refining processes that produce base oils, which are then blended with chemi-
cal additives to enhance properties such as viscosity, oxidation resistance, and anti-wear
behavior. In automotive systems, they serve critical functions in engines, transmissions,
axles, and hydraulic circuits reducing friction, cooling components, and preventing corro-
sion. Despite their functional advantages, petroleum-based lubricants present a range of
environmental and sustainability challenges. One of the primary concerns is their toxicity.
Many conventional lubricants contain additives like heavy metals, sulfur compounds, and
chlorinated substances, which can be harmful to aquatic life and soil organisms if leaked
or improperly disposed of. These substances can persist in the environment, accumu-
lating in ecosystems and posing long-term risks to biodiversity and human health. We
have also observed that sustainable lubricants can be categorized into four distinct classes,
such as bio-based oils, synthetic esters, nanolubricants, and ionic/solid lubricants. This
classification is grounded in three key criteria source, chemical structure, and tribological
behavior which together provide a coherent basis for evaluating the suitability of each
lubricant type for modern automotive applications. Bio-based oils are derived from renew-
able biological sources such as vegetable oils and animal fats. Their chemical structure
typically consists of triglycerides and fatty acid esters, which offer high biodegradability
and low toxicity [14,26]. However, they often require chemical modification or the addition
of stabilizers to improve oxidative stability and thermal performance. Synthetic esters, on
the other hand, are engineered through controlled chemical synthesis to achieve uniform
molecular structures that enhance viscosity control, thermal resistance, and compatibility
with engine components. These esters strike a balance between environmental friendliness
and high-performance characteristics.
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Nanolubricants represent a more recent innovation, incorporating nanoparticles such
as metal oxides, carbon-based materials, or layered silicates into base fluids [27]. Their
nanoscale dimensions enable unique surface interactions that reduce friction and wear,
improve load-carrying capacity, and extend lubricant life [28,29]. Despite their promising
tribological behavior, challenges remain in terms of dispersion stability, cost-effectiveness,
and large-scale production. Ionic and solid lubricants such as ionic liquids, graphene, and
molybdenum disulfide offer exceptional thermal and chemical stability, often functioning
under extreme conditions where conventional lubricants fail [28–30]. These materials are
increasingly explored for coatings and specialized applications, though their integration
into mainstream automotive systems is still evolving.

Another major issue is non-biodegradability. Unlike natural oils, petroleum-based lu-
bricants do not break down easily in the environment. When spilled or discarded, they can
contaminate water bodies and soil, remaining active for years. This persistence complicates
clean-up efforts and increases the likelihood of environmental damage. Moreover, the dis-
posal of used lubricants often involves incineration or landfilling, both of which contribute
to pollution and greenhouse gas emissions. The production of petroleum-based lubricants
also contributes to resource depletion. Crude oil is a finite resource, and its extraction
and processing are energy-intensive activities that release significant amounts of carbon
dioxide and other pollutants. Further we have given brief comprehensive comparative
table that systematically presents the differences between major lubricant types bio-based
oils, synthetic esters, nanolubricants, ionic liquids, and conventional petroleum-based
lubricants across key performance indicators such as tribological behavior, thermal stability,
oxidation resistance, biodegradability, and compatibility with engine materials. This Table 1
clearly mentioned the understanding of the relative strengths, limitations, and suitability of
each lubricant category for automotive applications, thereby improving the manuscript’s
structural integrity and practical relevance. As global demand for transportation continues
to rise, so does the pressure on oil reserves, raising concerns about long-term availability
and the environmental cost of continued reliance on fossil fuels.

Table 1. Comparative analysis of sustainable lubricant classes and their performance
attributes [13,15,31–45].

Performance
Indicator Bio-Based Oils Synthetic Esters Nanolubricants Ionic Liquids Petroleum-Based

Lubricants

Source

Renewable
biological
feedstocks (e.g.,
vegetable oils,
animal fats)

Chemically
synthesized from
alcohols and acids

Engineered
nanoparticles
dispersed in base
fluids

Synthesized ionic
compounds with
unique molecular
structures

Derived from
crude oil via
refining processes

Chemical
Structure

Triglycerides, fatty
acid esters

Uniform ester
chains with
tailored molecular
architecture

Nanoparticles (e.g.,
metal oxides,
carbon-based) in
colloidal suspension

Ionic bonds,
layered crystalline
or liquid structures

Hydrocarbon
chains with
additive packages

Tribological
Behavior

Good anti-wear
and friction
reduction;
performance varies
with feedstock

Excellent
lubrication and
film strength

Superior friction and
wear reduction;
enhanced
load-carrying
capacity

Exceptional under
extreme conditions;
multifunctional
additive behavior

Proven
performance;
reliable under
standard
conditions

Viscosity Index Moderate to high High
Variable depending
on base oil and
dispersion

High Moderate to high
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Table 1. Cont.

Performance
Indicator Bio-Based Oils Synthetic Esters Nanolubricants Ionic Liquids Petroleum-Based

Lubricants

Thermal Stability Moderate High High Very high Moderate to high

Oxidation
Resistance

Low to moderate;
requires
antioxidants

High
Depends on base oil
and nanoparticle
type

Very high Moderate

Biodegradability High Moderate Depends on
formulation Low to moderate Very low

Toxicity Profile
Low toxicity;
environmentally
benign

Low to moderate
toxicity depending
on formulation

Depends on
nanoparticle type;
potential toxicity
concerns

Low volatility;
some toxicity
concerns

High toxicity;
contains heavy
metals, sulfur,
chlorinated
compounds

Compatibility
with Engine
Materials

Generally
compatible; may
affect seals

Excellent
compatibility

Good with proper
dispersion and
stabilization

Excellent; stable
across wide
temperature range

Highly compatible;
industry standard

Environmental
Impact

Renewable,
biodegradable, low
persistence

Cleaner burning;
moderate
biodegradability

Potential
nanoparticle
accumulation;
disposal concerns

Low emissions;
potential toxicity
and disposal issues

Non-
biodegradable;
persistent
pollutants;
contributes to
GHG emissions

Scalability and
Cost

Moderate; requires
chemical
modification and
additive
technologies

Moderate to high;
commercially
viable

Low to moderate;
scalability and cost
remain challenges

Low; high
production cost
and limited
industrial adoption

High scalability;
low cost; widely
available

Industrial
Readiness

Moderate; used in
niche and
regulated
applications

High; widely used
in
high-performance
automotive
systems

Emerging; promising
but not yet
mainstream

Experimental;
limited to research
and specialized
uses

Very high;
dominant in global
automotive
industry

Key Advantages
Eco-friendly,
biodegradable, low
toxicity

Stable, tunable
properties,
excellent
performance

Outstanding
tribological
properties, reduced
wear and friction

High-temperature
stability,
multifunctionality

Proven reliability,
cost-effective,
readily available

Key Limitations

Poor oxidative
stability, requires
chemical
enhancement

Higher cost,
moderate
biodegradability

Dispersion stability,
cost, regulatory and
environmental
concerns

Expensive, limited
adoption, potential
toxicity

Environmental
persistence,
toxicity, fossil
resource depletion

Performance
Indicator Bio-based Oils Synthetic Esters Nanolubricants Ionic Liquids Petroleum-Based

Lubricants

Furthermore, there are still several challenges including governments and regulatory
bodies around the world have begun to impose stricter controls on lubricant composition,
usage, and disposal. Agencies such as the U.S. Environmental Protection Agency (EPA), the
European Chemicals Agency (ECHA), and India’s Central Pollution Control Board (CPCB)
have introduced guidelines that limit the use of hazardous additives and promote the
development of biodegradable alternatives. These regulations are pushing manufacturers
to reformulate products and invest in greener technologies. Market trends are also shifting
in favor of sustainability. Consumers and industries alike are becoming more conscious
of environmental impact, leading to increased demand for lubricants that are both high-
performing and eco-friendly. Automotive manufacturers are seeking lubricants that align
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with their broader goals of reducing emissions and improving fuel efficiency. As a result,
the lubricant industry is witnessing a gradual but steady transition toward bio-based oils,
synthetic esters, and other advanced formulations that promise lower toxicity and better
environmental compatibility. In summary, while petroleum-based lubricants have served
the automotive sector well for many years, their environmental drawbacks are becoming
increasingly difficult to ignore. The combination of ecological concerns, regulatory pressure,
and evolving market expectations is driving a shift toward more sustainable alternatives.
Understanding these limitations is essential for guiding future innovation in lubricant
technology and ensuring that automotive systems continue to evolve in harmony with
environmental goals.

4. Sustainable and Nature Friendly Lubricating Materials
As the automotive industry moves toward cleaner technologies and reduced environ-

mental impact, the development of sustainable lubricating materials has become a focal
point of innovation (Figure 1). These alternatives aim to replace conventional petroleum-
based lubricants with formulations that are not only high-performing but also environ-
mentally responsible. Among the most promising categories are bio-based lubricants and
synthetic esters enhanced with eco-friendly additives.

Figure 1. The conceptual map of development of sustainable lubrication materials towards advance-
ment of lubricating technology innovation for high performance.

4.1. Biodegradable Lubricants

Bio-based lubricants are derived from renewable biological sources, making them
an attractive alternative to fossil-derived oils. Common feedstocks include vegetable oils
such as soybean, rapeseed, sunflower, and palm oil. These oils are rich in triglycerides,
which provide excellent lubricity and film strength. In some formulations, animal fats
are also used, although they are less common due to sourcing and processing limitations.
Additionally, esters produced through chemical modification of these natural oils such as
transesterification offer improved thermal and oxidative stability, making them suitable for
more demanding automotive applications. One of the key advantages of bio-based lubri-
cants is their renewability. Unlike petroleum, which is finite and geopolitically sensitive,
vegetable oils can be cultivated annually, offering a more stable and sustainable supply
chain. Moreover, these lubricants are generally biodegradable, meaning they break down
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naturally in the environment without leaving harmful residues. This property significantly
reduces the ecological risk associated with leaks, spills, and disposal, especially in sensitive
areas like agricultural zones or water bodies.

4.2. Nature Friendly Lubricants

The nature or bio-based lubricants face several technical challenges that limit their
widespread adoption. One major issue is oxidation stability. Natural oils tend to degrade
when exposed to high temperatures and oxygen, forming sludge and acids that can dam-
age engine components. This necessitates the use of antioxidants and stabilizers, which
can increase formulation costs. Another concern is cold flow behavior. Vegetable oils
often have poor low-temperature properties, becoming viscous or even solidifying in cold
climates. This can impair lubrication during engine start-up and reduce fuel efficiency.
Researchers are actively working to overcome these limitations through chemical modifi-
cation and additive technologies. Among the most promising developments are the use
of nanotechnology-based additives, green synthesis techniques for chemical modification,
and novel antioxidant formulations that collectively improve oxidative stability, thermal
resilience, and cold flow behavior. Engineered nanoparticles such as graphene, boron
nitride, and metal oxides (e.g., ZnO, TiO2, CuO) are being incorporated into vegetable oil
matrices to enhance load-carrying capacity, reduce friction, and minimize wear. These
nanoparticles can form protective tribofilms on metal surfaces, act as rolling elements be-
tween contact zones, and improve heat dissipation. Importantly, their high surface area and
reactivity allow for performance enhancement at very low concentrations, making them
economically viable for large-scale applications. In parallel, green synthesis techniques
are being developed to chemically modify natural oils in an environmentally responsible
manner. Processes such as enzymatic transesterification, epoxidation, and ring-opening
polymerization are used to tailor the molecular structure of vegetable oils, improving their
oxidative stability, viscosity index, and cold flow properties without introducing harmful
byproducts. These methods often rely on bio-catalysts, low-energy inputs, and renewable
reagents, aligning with the broader goals of sustainable manufacturing.

Another critical advancement is the development of novel antioxidant formulations
specifically designed for bio-based lubricants. Traditional antioxidants such as zinc di-
alkyldithiophosphate (ZDDP) are effective but pose environmental concerns due to their
metal content. Researchers have also explored natural and synthetic alternatives including
tocopherols (vitamin E derivatives), phenolic compounds, and sulfur-free stabilizers that
offer comparable protection against oxidation while reducing toxicity. These antioxidants
help prevent the formation of sludge, acids, and varnish under high-temperature condi-
tions, thereby extending the lubricant’s service life and protecting engine components.
Together, these innovations represent a significant leap forward in overcoming the inherent
limitations of bio-based lubricants. By integrating nanotechnology, green chemistry, and
advanced additive science, the next generation of nature-friendly lubricants is poised to
deliver high performance, environmental safety, and economic feasibility—making them
increasingly viable for mainstream automotive applications. This evolving landscape un-
derscores the importance of interdisciplinary research and industry collaboration in driving
sustainable innovation in lubrication technology.

4.3. Synthetic Esters and Green Additives

The synthetic esters represent a more refined approach to sustainable lubrication.
These compounds are engineered through controlled chemical reactions, allowing for
tailored molecular structures that meet specific performance requirements. Unlike natural
esters, synthetic variants can be designed to exhibit high viscosity indices, excellent thermal
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stability, and low volatility. This makes them ideal for high-performance automotive
systems, including turbocharged engines and hybrid drivetrains. In addition to their
base properties, synthetic esters are often combined with green additives to enhance
functionality. These additives are selected not only for their performance benefits but also
for their environmental compatibility. Anti-wear agents, such as boron-based compounds
or phosphate esters, help protect metal surfaces under high load conditions. Anti-corrosion
additives prevent rust and degradation in moist or chemically aggressive environments.
Viscosity modifiers, often derived from biodegradable polymers, ensure consistent flow
behavior across a wide temperature range. The use of synthetic esters and green additives
allows formulators to strike a balance between sustainability and technical excellence.
These lubricants can meet or exceed the performance of traditional oils while offering a
cleaner environmental profile. However, their production is more complex and costlier,
which can be a barrier to adoption in cost-sensitive markets. As demand grows and
economies of scale improve, it is expected that these advanced lubricants will become more
accessible to mainstream automotive applications.

Building on the promising attributes of synthetic esters and green additives, it is
important to emphasize that several formulations of ideal lubricants have already been
successfully developed and validated through laboratory testing and limited field trials.
These advanced lubricants demonstrate exceptional tribological performance, high thermal
and oxidative stability, and strong environmental compatibility meeting or even surpassing
the benchmarks set by conventional petroleum-based oils. In many cases, they have proven
effective in demanding automotive applications such as turbocharged engines, hybrid
powertrains, and electric vehicle gearboxes. The only significant barrier to widespread
adoption is the cost, primarily due to the complexity of production and the limited scale
at which these lubricants are currently manufactured. According to the authors, this
challenge is not insurmountable. With increased market demand, strategic investment
in production infrastructure, and the development of streamlined synthesis pathways,
economies of scale can be achieved. This would substantially reduce unit costs and make
these high-performance, sustainable lubricants more accessible for mainstream automotive
use—paving the way for a cleaner and more efficient future in transportation.

5. Advanced Lubricating Technologies
As automotive systems become more complex and performance demands intensify,

conventional lubricants often fall short in meeting the rigorous requirements of modern
engines and drivetrains. This has led to the development of advanced lubricating tech-
nologies that leverage cutting-edge materials and engineering principles to self-healing,
self-cleaning, self-adaptation, and self-report (Figure 2), which directly enhance tribological
performance, reduce energy losses, and extend component life. Among the most promising
innovations in this domain are nanolubricants, ionic liquids, and solid lubricants with
engineered coatings.

5.1. Nanolubricants

Nanolubricants represent a significant leap forward in lubrication science. These for-
mulations incorporate nanoparticles typically ranging from 1 to 100 nm in size—into base
oils to improve their tribological properties. Commonly used nanoparticles include MoS2,
graphene, and titanium dioxide (TiO2). Each of these materials brings unique benefits:
MoS2 offers excellent anti-wear characteristics due to its layered structure, graphene pro-
vides high thermal conductivity and mechanical strength, and TiO2 contributes to surface
protection and oxidation resistance.
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Figure 2. The schematic representation of advanced lubricating technology in term and their properties.

The mechanisms by which nanolubricants enhance performance are multifaceted. One
key process is the rolling effect, where spherical nanoparticles act like miniature ball bear-
ings, reducing direct contact between surfaces and lowering friction. Another mechanism
is mending, where nanoparticles fill in surface asperities and scratches, effectively repairing
wear damage over time. Additionally, many nanoparticles contribute to the formation of
a tribofilm a protective layer that adheres to the surface and minimizes wear under high
loads and temperatures. Despite their advantages, nanolubricants face several technical
challenges, particularly in terms of dispersion stability. Nanoparticles tend to agglomerate
over time, which can lead to sedimentation and uneven distribution within the lubricant.
This not only diminishes their effectiveness but can also cause clogging in narrow channels
or filters. Achieving long-term stability requires careful selection of surfactants, surface
treatments, and base oil compatibility. Moreover, the cost of high-purity nanoparticles
and the complexity of formulation can limit their commercial viability in mass-market
automotive applications.

5.2. Ionic Liquids

Ionic liquids are another class of advanced lubricants gaining attention for their unique
physicochemical properties. These are salts that remain in a liquid state at or near room
temperature, composed entirely of ions. Their molecular structure can be precisely tailored
to achieve desired characteristics such as low volatility, high thermal stability, and excellent
lubricity. Unlike traditional lubricants, ionic liquids do not evaporate easily and can
maintain performance under extreme conditions.

Their application in high-temperature and extreme-pressure environments makes
them particularly suitable for specialized automotive components such as turbochargers,
high-performance gear systems, and electric vehicle drivetrains. Ionic liquids can form
stable boundary films that protect surfaces even under severe mechanical stress. Some
formulations also exhibit self-healing properties, where the ionic structure reconfigures to
maintain lubrication after disruption. However, the adoption of ionic liquids is tempered
by concerns over toxicity and cost. Certain ionic liquids contain fluorinated or halogenated
compounds that may pose environmental and health risks. Additionally, their synthesis is
often complex and expensive, making them less accessible for large-scale automotive use.
Ongoing research is focused on developing greener ionic liquids with reduced toxicity and
improved biodegradability, as well as exploring hybrid formulations that combine ionic
liquids with conventional base oils to balance performance and cost.



Lubricants 2025, 13, 491 11 of 20

5.3. Solid Lubricants and Coatings

In applications where liquid lubricants are impractical such as high-temperature zones,
vacuum environments, or components with limited access, solid lubricants and surface
coatings offer a reliable alternative. Materials like graphite, PTFE, and diamond-like carbon
(DLC) are commonly used due to their low friction coefficients and thermal resilience. These
substances can be applied directly to surfaces or embedded within composite materials to
provide long-lasting lubrication.

Surface engineering plays a crucial role in enhancing the effectiveness of solid lu-
bricants. Techniques such as physical vapor deposition, chemical vapor deposition, and
plasma spraying are used to create thin films that adhere strongly to metal substrates. These
coatings can be engineered to resist wear, corrosion, and thermal degradation, making
them ideal for critical automotive components like piston rings, valve trains, and bearings.
Solid lubricants are also increasingly used in hybrid lubrication systems, where they com-
plement liquid or semi-solid lubricants to provide multi-layered protection. For example,
a DLC-coated surface may be paired with a synthetic oil to reduce start-up friction and
maintain lubrication under varying conditions. This approach allows for greater flexibil-
ity and durability, especially in engines designed for extended service intervals or harsh
operating environments.

5.4. Quantum Dots and Carbon Quantum Dots

Quantum dots (QDs) are semiconductor nanocrystals with unique optical and elec-
tronic properties due to quantum confinement effects. In tribology, their potential lies in
their ability to interact with surfaces at the molecular level, offering new mechanisms for
friction reduction and wear control. Carbon quantum dots (CQDs), a subclass of QDs
derived from carbon-based materials, have gained attention for their biocompatibility,
chemical stability, and ease of synthesis from renewable sources. When dispersed in
lubricants, CQDs can enhance thermal conductivity, improve oxidation resistance, and
contribute to tribadism formation. Their small size allows them to penetrate surface asperi-
ties, reducing contact stress and smoothing rough surfaces. Additionally, CQDs can act as
lubricant additives with multifunctional roles serving as antioxidants, anti-wear agents,
and even sensors in smart lubrication systems. One of the most promising aspects of CQDs
is their environmental friendliness. Unlike metal-based nanoparticles, carbon quantum
dots are generally non-toxic and biodegradable, making them suitable for sustainable lubri-
cant formulations. However, challenges remain in terms of scalability, cost, and long-term
stability within lubricant matrices. Further research is needed to optimize their synthesis,
surface functionalization, and compatibility with various base oils.

6. Smart and Adaptive Lubrication Systems
The evolution of automotive engineering has reached a point where traditional lubri-

cation strategies are no longer sufficient to meet the demands of modern vehicles. With
the rise in intelligent systems and digital technologies, lubrication is transitioning from a
passive function to an active, adaptive process. Smart lubrication systems are designed
to respond dynamically to changing operating conditions, ensuring optimal performance,
reduced wear, and extended component life. This transformation is being driven by the
integration of sensors, artificial intelligence (AI), and predictive maintenance frameworks
such as digital twins.

6.1. Integration of Sensors and Real-Time Monitoring

At the heart of smart lubrication systems lies the ability to monitor conditions in real
time. Advanced sensors embedded within engines, gearboxes, and hydraulic systems con-
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tinuously measure parameters such as temperature, pressure, viscosity, and contamination
levels. These sensors provide a constant stream of data that reflects the health and perfor-
mance of the lubricant and the mechanical components it protects. Real-time monitoring
enables immediate detection of anomalies, such as a sudden drop in oil pressure or an
increase in particulate contamination. This allows for timely interventions, preventing
damage before it escalates. For example, if a lubricant begins to degrade due to thermal
stress, the system can alert the operator or automatically adjust the lubrication schedule.
This level of responsiveness is particularly valuable in high-performance or mission-critical
automotive applications, such as motorsports, commercial fleets, and electric vehicles.

6.2. AI-Driven Lubrication Control

Artificial intelligence is playing a transformative role in how lubrication is managed.
By analyzing data collected from sensors, AI algorithms can identify patterns and predict
future behavior. This enables the system to make informed decisions about when and how
to lubricate specific components. Instead of relying on fixed intervals or manual checks,
AI-driven systems adapt lubrication schedules based on actual usage, load conditions, and
environmental factors.

Machine learning models can also optimize lubricant selection and dosage. For
instance, in hybrid vehicles where operating conditions vary widely, AI can determine the
most suitable lubricant formulation for each driving mode. Over time, these systems learn
from historical data to improve accuracy and efficiency, reducing waste and enhancing
overall vehicle reliability. Moreover, AI can facilitate automated control loops, where
lubrication adjustments are made without human intervention. This is particularly useful
in autonomous vehicles and industrial transport systems, where continuous operation and
minimal downtime are essential. By integrating AI with onboard diagnostics and control
units, smart lubrication becomes a seamless part of the vehicle’s broader performance
management system.

6.3. Predictive Maintenance and Digital Twins

One of the most promising applications of smart lubrication is in predictive main-
tenance, which aims to anticipate failures before they occur. By combining sensor data
with AI analytics, maintenance teams can identify early signs of wear, contamination, or
lubricant degradation. This allows for proactive servicing, reducing the risk of unexpected
breakdowns and extending the lifespan of critical components. The concept of digital
twins further enhances this capability. A digital twin is a virtual replica of a physical
system that mirrors its behavior in real time. In the context of lubrication, a digital twin
can simulate how a lubricant performs under various conditions, predict its degradation
curve, and recommend optimal maintenance actions. This model is continuously updated
with live data from the vehicle, making it a powerful tool for diagnostics, optimization,
and lifecycle management.

Digital twins also support scenario analysis, allowing engineers to test different lubri-
cant formulations or operating strategies without physical trials. This accelerates innovation
and helps manufacturers tailor lubrication systems to specific vehicle designs or usage
profiles. In fleet operations, digital twins can be used to manage lubrication across mul-
tiple vehicles, ensuring consistency and reducing operational costs. Smart and adaptive
lubrication systems represent a significant leap forward in automotive technology. By
integrating sensors, AI, and predictive modeling, these systems offer a proactive approach
to maintenance, improved energy efficiency, and enhanced component protection. As
vehicles become more connected and autonomous, the role of intelligent lubrication will
only grow, shaping the future of mobility with precision and sustainability.
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7. Comparative Performance Analysis
Evaluating the effectiveness of lubricants whether conventional or sustainable—

requires a rigorous and systematic approach. Comparative performance analysis plays a
crucial role in determining how different lubricating materials behave under real-world
conditions and whether they meet the demands of modern automotive systems. This
section explores the methodologies used to assess lubricant performance, the criteria
for benchmarking sustainable alternatives against traditional formulations, and case
studies that illustrate their practical applications in engines, transmissions, and other
critical components.

7.1. Tribological Testing Methods

Tribological testing is the foundation of lubricant evaluation [46]. It involves mea-
suring key parameters such as friction coefficient, wear rate, load-carrying capacity, and
surface roughness under controlled conditions. Several standardized tests are employed
to simulate the mechanical interactions that occur in automotive systems [22,46–48]. One
widely used method is the Four-Ball Wear Test, which assesses a lubricant’s ability to
prevent wear between metal surfaces. In this test, three stationary steel balls are clamped
together while a fourth ball rotates against them under a specified load and temperature.
The wear scar diameter on the stationary balls provides a quantitative measure of the
lubricant’s anti-wear properties. Another important technique is the Pin-on-Disk Test,
where a stationary pin is pressed against a rotating disk. This setup allows researchers to
study friction and wear behavior over time, especially under varying loads and speeds. The
High-Frequency Reciprocating Rig (HFRR) is also commonly used to evaluate lubricants
for fuel injection systems, particularly in diesel engines. Advanced tribometers equipped
with sensors and data acquisition systems can simulate complex motion patterns and
environmental conditions, such as temperature fluctuations, humidity, and contamina-
tion [13,34,44,45]. These instruments provide detailed insights into how lubricants perform
in dynamic automotive environments.

7.2. Benchmarking Sustainable vs. Conventional Lubricants

Benchmarking involves comparing the performance of sustainable lubricants such
as bio-based oils [49,50], bio-lubricants, synthetic esters, and nanolubricants with that of
conventional petroleum-based formulations [33,49,50]. The goal is to determine whether
these alternatives can match or exceed the tribological, thermal, and chemical properties
required for automotive applications. Key performance indicators include: (a) viscosity
stability across temperature ranges, (b) oxidation resistance and thermal degradation
behavior, (c) anti-wear and friction reduction capabilities, (d) compatibility with seals,
metals, and other materials, and (e) biodegradability and toxicity levels; in many cases,
sustainable lubricants demonstrate comparable or superior performance. For example,
synthetic esters often exhibit higher viscosity indices and better oxidative stability than
mineral oils. Nanolubricants can significantly reduce friction and wear due to their unique
surface interactions [30,49]. However, challenges such as cold flow behavior, cost, and
long-term stability must be carefully considered. Benchmarking also involves lifecycle
analysis and environmental impact assessments. Sustainable lubricants are evaluated not
only for their operational performance but also for their carbon footprint, renewability,
and end-of-life disposal options. These factors are increasingly important in regulatory
compliance and corporate sustainability goals.
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7.3. Case Studies in Automotive Applications

Real-world case studies provide valuable evidence of how sustainable lubricants per-
form in actual automotive systems. One notable example involves the use of bio-based
engine oils in passenger vehicles. Field trials have shown that certain vegetable oil-derived
formulations can maintain viscosity and protect engine components over extended service
intervals, with reduced emissions and improved fuel economy. In transmission systems,
synthetic esters blended with green additives have been tested in automatic and dual-clutch
gearboxes. These lubricants demonstrated excellent thermal stability and wear protection,
even under high torque and temperature conditions. Their low volatility also contributed
to reduced oil consumption and longer fluid life. Greases formulated with biodegrad-
able thickeners and nanoparticle additives have been deployed in wheel bearings and
chassis components. These greases provided consistent lubrication over a wide tempera-
ture range and resisted water washout, making them suitable for both conventional and
electric vehicles [30,51–53]. Fleet operators and OEMs are increasingly conducting long-
term evaluations of sustainable lubricants in commercial vehicles, including trucks and
buses. These studies often track parameters such as engine cleanliness, oil drain intervals,
fuel efficiency, and maintenance costs. The results have been encouraging, with many
sustainable formulations meeting or exceeding the performance of traditional lubricants.
Comparative performance analysis is essential for validating the viability of sustainable
lubricants in the automotive industry. Through standardized testing, benchmarking, and
field trials, researchers and manufacturers can make informed decisions about formulation,
application, and deployment. As the industry continues to prioritize efficiency and envi-
ronmental responsibility, these evaluations will play a pivotal role in shaping the future of
lubrication technology.

8. Challenges and Future Directions
The transition from conventional petroleum-based lubricants to sustainable and ad-

vanced alternatives marks a significant shift in automotive engineering. While the benefits
of these new materials such as reduced environmental impact, improved tribological
performance, and alignment with global sustainability goals are well documented, their
widespread adoption is still hindered by several practical and technical challenges. Ad-
dressing these issues is essential to ensure that next-generation lubricants can meet the
demands of modern vehicles and contribute meaningfully to a cleaner, more efficient
transportation sector.

8.1. Scalability and Cost-Effectiveness

One of the most pressing challenges in the development of sustainable lubricants is
scalability. Many promising formulations, such as bio-based oils, synthetic esters, and
Nanolubricants, are currently produced in limited quantities, often in research or pilot-scale
facilities [49,54]. Scaling these materials to meet the demands of global automotive markets
requires significant investment in infrastructure, supply chain development, and manufac-
turing technologies. Moreover, the raw materials used in some advanced lubricants, such
as high-purity nanoparticles or tailored esters, can be expensive to source and process.

8.2. Cost-Effectiveness Is Another Critical Barrier

While sustainable lubricants may offer superior performance and environmental bene-
fits, their higher production costs can deter adoption, especially in cost-sensitive markets.
Automotive manufacturers and fleet operators often prioritize affordability and reliability,
making it difficult for newer formulations to compete with well-established petroleum-
based products. To overcome this, researchers and industry stakeholders must focus
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on [55,56] optimizing production methods, identifying low-cost feedstocks, and developing
efficient synthesis techniques that reduce overall expenses without compromising quality.

8.3. Compatibility with Evolving Automotive Technologies

The rapid evolution of automotive technologies particularly the rise in electric vehi-
cles (EVs) and hybrid powertrains is reshaping the requirements for lubricants. Unlike
internal combustion engines, EVs operate with fewer moving parts and generate less heat,
but they still require specialized lubricants for components such as gearboxes, bearings,
and thermal management systems [57–60]. These applications demand lubricants with
unique properties, including high dielectric strength, low viscosity, and excellent thermal
conductivity. Hybrid vehicles, which combine electric motors with traditional engines,
present even more complex lubrication challenges. The frequent switching between power
sources, variable operating temperatures, and regenerative braking systems create dynamic
conditions that conventional lubricants may struggle to handle. Sustainable lubricants
must be engineered to perform reliably across these diverse scenarios, ensuring seamless
operation and long-term durability. Compatibility also extends to materials used in mod-
ern automotive systems. Advanced lubricants must interact safely with seals, polymers,
metals, and coatings found in EVs and hybrids [16]. Any adverse chemical reactions
or degradation can compromise component integrity and lead to costly failures. There-
fore, thorough compatibility testing and formulation refinement are essential steps in the
development process.

8.4. Lifecycle Assessment and Circular Economy Integration

To fully understand the environmental impact of lubricants, it is necessary to conduct
comprehensive lifecycle assessments (LCAs). These evaluations consider the entire journey
of a lubricant from raw material extraction and production to usage, disposal, and potential
recycling [61–63]. Sustainable lubricants must demonstrate not only low emissions during
use but also minimal ecological footprint throughout their lifecycle. Integrating lubricants
into the circular economy is a forward-looking strategy that emphasizes resource efficiency
and waste reduction. This involves designing lubricants that can be regenerated, reused,
or safely biodegraded after their service life. For example, bio-based oils that decompose
naturally reduce the burden on waste management systems, while synthetic formulations
that can be re-refined offer opportunities for closed-loop recycling. Establishing infrastruc-
ture for collection, purification, and redistribution of used lubricants is a key step toward
achieving circularity in the automotive sector.

8.5. Research Gaps and Innovation Opportunities

Despite significant progress, several research gaps remain in the field of sustainable
lubrication. One major area is the long-term performance of advanced lubricants under real-
world conditions. Laboratory tests often simulate ideal scenarios, but actual automotive
environments involve fluctuating loads, contaminants, and unpredictable stresses [33,54].
More field trials and longitudinal studies are needed to validate the durability and reliability
of these materials. Another gap lies in the standardization of testing protocols [8,17,54,64].
As new materials emerge, existing tribological tests may not adequately capture their
unique behaviors. Developing new benchmarks and evaluation methods tailored to ad-
vanced lubricants will help ensure consistent quality and facilitate regulatory approval.
There are also opportunities for innovation in smart lubrication systems, where sensors and
AI can monitor lubricant condition and optimize usage in real time. Integrating sustainable
lubricants with digital technologies opens the door to predictive maintenance, reduced
waste, and enhanced vehicle performance. Furthermore, interdisciplinary collaboration
between chemists, engineers, data scientists, and environmental experts can accelerate the
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development of multifunctional lubricants that meet both technical and ecological goals.
In conclusion, while sustainable and advanced lubricating materials hold great promise
for the future of automotive engineering, their path to widespread adoption is shaped
by challenges in scalability, cost, compatibility, and lifecycle management. Addressing
these issues through targeted research, innovation, and collaboration will be essential to
unlocking their full potential and driving the industry toward a more sustainable future.

Finally, we would like to discussed about the research roadmap that outlines short-,
medium-, and long-term priorities for advancing sustainable lubricants in automotive
applications [49,54]. This roadmap is designed to integrate technical, environmental,
and economic dimensions, offering a strategic guide for researchers, manufacturers, and
policymakers aiming to accelerate innovation and adoption in this critical area. In the short
term, the focus lies on optimizing existing formulations and improving compatibility with
current automotive systems. This includes refining bio-based oils and synthetic esters to
enhance their oxidative stability, thermal resistance, and material compatibility [12,14,26].
Immediate efforts should also target cost reduction through the identification of low-cost
feedstocks and the development of scalable synthesis methods. Pilot-scale production
facilities and collaborative industry-academia initiatives can play a vital role in validating
performance under real-world conditions and generating data for regulatory approval. The
medium-term priorities shift toward expanding the application in electric vehicles scope
of advanced lubricants, particularly in emerging vehicle platforms such as electric and
hybrid powertrains [13,35]. These systems demand lubricants with specialized properties
such as high dielectric strength, low viscosity, and superior thermal conductivity that are
not typically required in internal combustion engines. Research must focus on tailoring
lubricant formulations to meet these evolving demands while ensuring compatibility
with diverse materials like polymers, composites, and advanced coatings [12,14,26,28].
Additionally, lifecycle assessments and environmental impact studies should be conducted
to support the development of eco-labeling standards and sustainability certifications.
Looking to the long term, the roadmap envisions the integration of intelligent lubrication
systems that align with Industry 4.0 principles. These systems would incorporate sensor-
enabled monitoring, adaptive control mechanisms, and predictive maintenance capabilities
to optimize lubricant performance dynamically. Such innovations could significantly reduce
waste, extend component life, and improve energy efficiency across automotive fleets.
Long-term goals also include the development of fully biodegradable, multifunctional
lubricants that meet stringent performance criteria without compromising environmental
safety. Achieving this will require breakthroughs in materials science, tribology, and green
chemistry, supported by robust policy frameworks and global collaboration.

9. Conclusions
This review article comprehensively examined evolving lubricating materials, tracing

their progression from conventional petroleum-based formulations to advanced, sustain-
able alternatives tailored for modern automotive demands. Through an integrated analysis
of tribological fundamentals, material innovations, and emerging technologies, it is clear
that traditional lubricants, despite their historical utility, present mounting environmental
and operational concerns. Their toxicity, non-biodegradability, and dependence on finite
fossil resources increasingly conflict with global sustainability goals and regulatory pres-
sures. In contrast, bio-based oils, synthetic esters, nanolubricants, and ionic liquids offer
promising pathways toward greener lubrication. These materials exhibit strong potential
in reducing friction and wear, enhancing thermal and oxidative stability, and minimizing
ecological impact. However, challenges related to cost, scalability, and long-term durabil-
ity remain. Encouragingly, several ideal formulations have already been developed and
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validated, with performance metrics that meet or exceed those of conventional oils. The
remaining barrier is an economic one that can be addressed through scaled-up production,
streamlined synthesis methods, and strategic investment in manufacturing infrastructure.
The integration of modern trends such as nanotechnology-based additives, green synthesis
techniques, and novel antioxidant systems has significantly advanced the functionality and
environmental compatibility of sustainable lubricants. These innovations not only improve
tribological performance but also extend lubricant lifespan and reduce harmful byproducts.
Furthermore, the emergence of smart lubrication systems—featuring sensor integration,
adaptive control, and predictive maintenance—marks a paradigm shift in how lubrication
is managed in real time. These intelligent systems align with Industry 4.0 principles and
support the transition toward electrification, automation, and circular economy models. To
fully realize the potential of sustainable lubricants, a coordinated effort is required across
disciplines. Collaboration among researchers, manufacturers, policymakers, and industry
stakeholders is essential to establish standardized testing protocols, robust lifecycle assess-
ments, and scalable production frameworks. Policy support should incentivize innovation,
promote infrastructure for recycling and re-refining, and ensure equitable market access to
eco-friendly lubricants. Ultimately, the future of automotive lubrication lies at the inter-
section of sustainability, performance, and intelligence. By embracing advanced materials
and fostering interdisciplinary collaboration, the industry can move toward a lubrication
paradigm that not only enhances mechanical reliability but also contributes meaningfully
to environmental stewardship and global climate objectives.
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