
TYPE Original Research
PUBLISHED 06 May 2025
DOI 10.3389/fmats.2025.1549117

OPEN ACCESS

EDITED BY

Mauro Zarrelli,
National Research Council (CNR), Italy

REVIEWED BY

Claudia Cirillo,
University of Salerno, Italy
Sathickbasha K,
B. S. Abdur Rahman Crescent Institute of
Science And Technology, India

*CORRESPONDENCE

L. Samylingam,
lingenthiran@mmu.edu.my

Subramaniam Sivaraos,
sivarao@utem.edu.my

RECEIVED 20 December 2024
ACCEPTED 15 April 2025
PUBLISHED 06 May 2025

CITATION

Alotaibi JG, Eid Alajmi A, Kadirgama K,
Samylingam L, Aslfattahi N, Kok CK,
Ramasamy D, Harun WSW, Veerendra AS,
Sivaraos S and Yousif BF (2025) Enhancing
engine oil performance with
graphene-cellulose nanoparticles: insights
into thermophysical properties and
tribological behavior.
Front. Mater. 12:1549117.
doi: 10.3389/fmats.2025.1549117

COPYRIGHT

© 2025 Alotaibi, Eid Alajmi, Kadirgama,
Samylingam, Aslfattahi, Kok, Ramasamy,
Harun, Veerendra, Sivaraos and Yousif. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with
these terms.

Enhancing engine oil
performance with
graphene-cellulose
nanoparticles: insights into
thermophysical properties and
tribological behavior

Jasem Ghanem Alotaibi1, Ayedh Eid Alajmi1, K. Kadirgama2,3,4,
L. Samylingam5*, Navid Aslfattahi6, Chee Kuang Kok5,
D. Ramasamy2, W. S. W. Harun2, A. S. Veerendra7,
Subramonian Sivaraos8* and Belal F. Yousif9

1Department of Automotive and Marine Engineering Technology, Public Authority for Applied
Education and Training, Adailiyah, Kuwait, 2Faculty of Mechanical and Automotive Engineering
Technology, Universiti Malaysia Pahang Al-Sultan, Abdullah, Pahang, Malaysia, 3Centre for Sustainable
Materials and Surface Metamorphosis, Chennai Institute of Technology, Chennai, India, 4Centre for
Research in Advanced Fluid and Processes, University Malaysia Pahang Al-Sultan Abdullah, Pekan,
Pahang, Malaysia, 5Centre for Advanced Mechanical and Green Technology, Faculty of Engineering
and Technology, Multimedia University, Melaka, Malaysia, 6Department of Fluid Dynamics and
Thermodynamics, Faculty of Mechanical Engineering, Czech Technical University in Prague, Prague,
Czechia, 7Department of Electrical and Electronics Engineering, Manipal Institute of Technology,
Manipal Academy of Higher Education, Manipal, Karnataka, India, 8Centre of Smart System and
Innovative Design, Faculty of Industrial and Manufacturing Engineering and Technology, Universiti
Teknikal Malaysia Melaka, Melaka, Malaysia, 9School of Engineering, University Southern Queensland,
Toowoomba, QLD, Australia

This study explores the development and optimization of a novel nano
lubricant by incorporating graphene-cellulose nanoparticles into SAE 10W-
40 engine oil to enhance its thermophysical and tribological performance.
The nano lubricants were prepared with varying concentrations (0.01%,
0.03%, and 0.05% by volume) and subjected to a comprehensive evaluation
of their thermal conductivity, dynamic viscosity, and tribological properties
under operational conditions. The thermal conductivity analysis demonstrated
that the inclusion of graphene-cellulose nanoparticles improved heat
transfer capabilities, particularly at higher concentrations, while maintaining
stability over a wide temperature range (30°C–90°C). The dynamic viscosity
measurements revealed a synergistic effect of graphene and cellulose,
enhancing dispersion stability and lubrication characteristics, with optimal
performance achieved at 0.03% concentration. Tribological testing confirmed
a significant reduction in the coefficient of friction, achieving a value as
low as 0.0406, demonstrating improved wear resistance. Response Surface
Methodologywas employed to optimize the input parameters, providing insights
into the interactions between concentration, load, speed, and temperature.
The findings highlight the potential of graphene-cellulose nanocomposites
as sustainable, high-performance additives for automotive lubricants, paving
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the way for energy-efficient and durable applications in the automotive and
industrial sectors.
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1 Introduction

Lubricants are used for various purposes, including lubrication,
cooling, and sealing (Chen et al., 2020; Ouyang et al., 2022).
It sticks to moving surface areas, generating fluid films that
split the surfaces of the moving surfaces (Ajimotokan, 2024).
Wear particles and heat are carried away from the system by
moving components (Kadirgama et al., 2012). Lubricants are widely
manufactured and contain a variety of additives and base oils.
Biological, synthetic, and mineral oils are the most common
classifications of base oils (Rasheed et al., 2016). Lignin is a complex
biopolymer that originated from a variety of biological materials,
including wood, herbaceous plants, grasses, crops and their by-
products, and from bacterial, algal, and animal origins (Popa, 2018;
Srivastava et al., 2021). This biomacromolecule displays features
and properties that are closely related to its biological source, the
stage of development and maturity, the applied pretreatment, and
the processing conditions and chemical reactions (Tardy et al.,
2021). Volatile lignocellulosic biomass often requires enzymatic
treatment to degrade its extractives, lignin, and hemicellulose
(Lu et al., 2021). Trache et al. (2020a) provided an in-depth overview
of the various pretreatment and processing approaches that are
typically utilized for pure cellulose extraction from lignocellulosic
feedstocks.

The semi-crystalline structure of cellulose consists of crystalline
domains with a high degree of order and relatively disordered
amorphous regions (Salem et al., 2023). This biopolymer can
be found in various polymorphic states, and its structural
configurations can be modified via targeted chemical reactions or
thermal processing (Mittal et al., 2018). Cellulose, when reduced to
nanoscale dimensions, becomes cellulose nanomaterials; which are
also referred to as nanocellulose (NC) and has exceptional physical,
chemical, biological, magnetic, electrical, and optical properties
(Xue et al., 2017; Tan et al., 2022; Heise et al., 2021; Thomas et al.,
2018). Leveraging nanoscale structure, these properties are much
improved over conventional bulk cellulose. A theoretical synthesis of
nanocellulose using a top-down hydrolysis process can be achieved
using a series of sequential stages, that is, pretreatment processes on
lignocellulosic biomass (Pradhan et al., 2022). First mechanically
separate coarse particles, oils, and surface dust from raw materials
using crushing, screening, washing, and cooking (Achaw and
Danso-Boateng, 2021). After that, various treatment processes such
as chemical, physical, physicochemical, and biological methods
are used to remove the extractives, hemicellulose, and lignin. This
is followed by a cleaving and size fractionation step based on
methods that utilize heat, pressure, or shear force to split up the
basic cellulose fibrils or microfibrils into nanoscale fibers (Achaw
and Danso-Boateng, 2021).

One of the most common ways to increase the quality of
nanocellulose is by implementing filtration, solvent removal,
dialysis, sonication, centrifugation, surface modification,

stabilization, and drying (Low et al., 2022). NC exhibits good
functional properties including renewability, environmental
benignancy, suitability for biological application, non-toxic,
versatile hydrogen bond forming, crystallinity tuning, resistance
to chemicals, adjustable aspect ratio, low coefficient of thermal
expansion, surface reactivity, low density (1.6 g/cm3), high specific
surface area (100–200 of m2/g), high tensile strength (7.5–7.7 GPa)
and elastic modulus (130–150 GPa) (Trache et al., 2020b; Ray,
2023; Shrestha, 2019; Zhan, 2019). This unique polysaccharide
has attracted considerable interest in research for over 20 years
and has been examined in a variety of applications due to its
impressive properties (Yu et al., 2018). These are in the fields of
sensors and biosensors, energy harvesting devices, oil and gas
drilling and cementing, papermaking, filtration, decontamination,
adsorption, separation, wood adhesives, Pickering emulsifiers,
medical applications, and nanocomposites. Nanocellulose (NC)
is generally divided into two categories, cellulose nano-objects (e.g.,
cellulose nanofibrils (CNF), cellulose nanocrystals (CNC), bacterial
nanocellulose (BC)) and cellulose nanostructured materials (e.g.,
microcrystalline cellulose, cellulose microfibrils), according to
isolation approach, morphology, and size (Kargarzadeh et al., 2017;
Trache et al., 2020c; Solhi et al., 2023).

Nanofibers have some important advantages over
nanostructuredmaterials likemore narrowparticle size distribution,
higher specific surface area, amphiphilic behavior, enhanced barrier
properties, and higher crystallinity (Lim, 2017; Samylingam et al.,
2024a).These traits endow them with the capacity to develop robust
self-assembled structures (hydrogels, films, etc.) with long-term
kinetic stability. Besides the previously mentioned nanofibres, many
individual nanomaterials of different types of cellulose components
came into the literature in the past years: amorphous nanocellulose,
cellulose nanoyarn, and cellulose nanoplatelets (Amjad et al.,
2022). In recent years, in-depth reviews with extensive discussions
regarding NC-based materials have been reported, providing
detailed insights on the sources of nanocellulose, its extraction
methods, structural modification, possible applications, and merits
(Norizan et al., 2022; Choudhary et al., 2023; Xiao et al., 2023).

Recently discovered by Novoselov et al. (2004), graphene
displays many ideal features such as high mechanical strength
and electrical conductivity and a small molecular barrier. This
groundbreaking two-dimensional (2D) material thus has a sheet-
like structure of a honeycomb or hexagonal lattice of sp2 hybridized
carbon atoms that are closely packed and covalently bonded in a
flat plane (Smith et al., 2019). Graphene is a single atomic sheet
obtained from graphite and is an all-carbon allotrope in which
each atom almost completely interacts with its surrounding atoms
by a three-dimensional electronic cloud stretching out, with a
standard length of C–C bond of 0.142 nm. Graphene is considered
the building block of all carbon allotropes and is the “mother”
of the graphitic family of all dimensions (Novoselov et al., 2004).
Nanoindentation of freestanding graphene monolayer membranes,
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performed with an atomic force microscope, has been used to
explore the elastic properties and intrinsic breaking strength of this
material, clearly demonstrating extraordinary material properties
(Lee et al., 2008; Agius Anastasi, 2021).

Graphene force-displacement response reveals nonlinear elastic
stress-strain behavior with values of second-order and third-order
elastic stiffness were 340 and 690 N/m, respectively (Hu and Lu,
2014). The breaking strength (42 N/m) corresponds to the intrinsic
strength of an ideal defect-free graphene sheet. These values
correspond to Young’s modulus of E = 1.0 terapascals, the elastic
stiffness of the third order of D = -2.0 terapascals, and the intrinsic
strength of bulk graphite of int = 130 gigapascals (Lee et al., 2008;
Ranjbartoreh et al., 2011; Thakre et al., 2021; Cahangirov et al.,
2016). These results validate graphene as the strongest material ever
measured, and demonstrate that nanoscale materials with atomic
perfection can deform well into the non-linear elastic continuum
(Lee et al., 2008). Due to these extraordinary characteristics,
considerable research attention has been attributed to the inclusion
of graphene into polymers for the synthesis of advanced polymer-
based nanocomposites (Smith et al., 2019). As an ex-situ solution
approach, one simple way to fabricate GnPs-filled poly(propylene)
polymer nanocomposites can be divided into different loadings.The
polymer PNCs show remarkable enhancements in thermal stability,
as well as enhanced crystallinity (Li et al., 2011).

Using pristine graphene is highly challenging owing to its
bottom-up production methods being complex, poor solubility
and strongly aggregated in solution due to strong van der Waals
interactions (Smith et al., 2019). Due to the superb mechanical
properties and ultra-smooth atomic surface of graphene, it is
an outstanding additive for improving anti-wear performance
(Xiao et al., 2022). Graphene, a promising tribology-enhancing
additive, has been the subject of thorough investigations in base
greases. Graphene was synthesized using a physical exfoliation
method for inclusion into lithium-based greases, and its tribological
characterization and critical loads for different graphene-based
greases were performed (Fu et al., 2019; Kadirgama, 2022).

More recently, several investigations have focused on exploiting
the properties of graphene to improve the tribological behavior
and thermal conductivity of different greases and carbon-polymer
composites (Manu et al., 2021; Jayalakshmy and Mishra, 2019;
Prashanth et al., 2024).The preeminence of graphene in this context
has led to much greater interest in its properties with researchers
exploring specific applications like frictional performance and
heat transfer. However, a significant gap still exists, where the
investigations have not yet adequately correlated the tribological
character of the grease with its thermal conductivity (Fu et al.,
2019). At higher temperatures, GO undergoes thermal treatment
in which oxygen-containing functional groups decompose into
gases such as CO and CO2 (Akbi et al., 2024). The fast gas
generation enables the exfoliation of the single GO nanosheets.
For example, GO can be reduced into reduced graphene oxide
(RGO) through high-temperature annealing under oxygen-free
conditions or nonconventional approaches (e.g., microwaving GO
powders or intense light source) to induce a fast GO film reduction
(Singh et al., 2016; Pei and Cheng, 2012). Which promotes the GO
effective reduction and functional properties improvement.

Reduction agents are often introduced to reduce graphene oxide
(GO) solutions chemically by popular methods. Photocatalytic

processes have also been used to synthesize rGO. Smith et al.
(2019) successfully achieved the reduction of GO using ultraviolet
(UV) irradiation in the presence of a titanium dioxide (TiO2)
catalyst. Herein, graphene oxide suspended within an ethanol
solvent is reduced by accepting electrons from UV-irradiated TiO2
suspensions. The decrease also resulted in a significant change via
color evolution from brownish to black in the suspension affirming
the absorption of graphene oxide. The direct contact between the
TiO2 particles and the graphene sheets is the key point in preventing
the aggregation of exfoliated sheets. When deposited as solid films
on borosilicate glass coated with gold-sputtered terminations, they
show an order of magnitude decrease in lateral resistance after the
photocatalytic reduction with TiO2 (Williams et al., 2008).

GO can also be effectively reduced by electrochemical reduction
without requiring chemical-reducing agents. It involves only
electron rearrangement between the GO and the electrodes in a
classic electrochemical cell (Sundararaman et al., 2022). Numerous
environmentally friendly (“green”) reducing agents, including
ascorbic acid, sugars, amino acids, and even microorganisms have
been successfully used in recent years to produce reduced graphene
oxide (rGO) (Rai et al., 2020).

The novelty of this study lies in the synergistic integration of
graphene and cellulose as nano-lubricant additives, leveraging their
complementary properties to enhance both the thermophysical and
tribological performance of engine oil.While graphene’s exceptional
thermal conductivity and mechanical strength have been widely
studied, its propensity to aggregate at higher concentrations
often limits its practical application. Similarly, cellulose’s inherent
renewability and stabilizing properties have made it a promising
additive, but its full potential in hybrid formulations remains
underexplored. This research bridges these gaps by developing a
graphene-cellulose hybrid nano lubricant that combines the thermal
and tribological advantages of graphene with the stabilization and
dispersion-enhancing characteristics of cellulose. The systematic
investigation of their combined effects on thermal conductivity,
dynamic viscosity, and tribological behavior under real-world
conditions provides a comprehensive understanding of this novel
formulation. By optimizing the concentration and operational
parameters through advanced statistical methods, this study offers
a groundbreaking approach to improving energy efficiency, wear
resistance, and durability in automotive lubrication systems.

2 Methodology

The sample preparation starts with weight measurements. The
ratio is arrived for the importance of optimizing the nanoparticle
particle used in the analysis. The mass of graphene was calculated
with the values of 0.132 g and 0.2201 g for 0.03% (V/V) and
0.05% (V/V) concentration, respectively. The mass of cellulose was
also repeated with the same calculation with the value of 0.03,
0.09, and 0.15 g for 0.01% (V/V), 0.03% (V/V), and 0.05% (V/V)
concentration, respectively. The base oil of 10W-40 engine oil was
added with nanoparticles in a beaker and then mixed using a
magnetic stirrer at a constant speed at room temperature for 30 min,
as shown in Figure 1.

After mixing the lubricant with a magnetic stirrer the nano-
lubricant solution, sonication was performed using a probe
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FIGURE 1
Magnetic stirrer.

sonicator as shown in Figure 2. A sonicator is a very effective
laboratory instrument used to produce ultrasonic electric signals
that will be passed to a transducer. The unit that responds
dynamically to electric current is the transducer, which contains
piezoelectric crystals that convert the electric signals into
mechanical vibrations. These vibrations are enhanced and retained
along the journey within the sonicator before reaching the probe at
30 min. The probe then moves rapidly up and down, transferring
the ultrasonic vibrations directly to the solution, thus allowing the
effective dispersion of nanoparticles (Kabir et al., 2007). A stability
test was done with sedimentation observation for 1 month.

The thermal conductivity of the graphene cellulose nano
lubricant samples was measured using a Tempos thermal properties
analyzer (METER group). This probe works with the principle
of a transient hot wire technique. The thermal conductivity
measurement used the KS-3 sensor (60 mm long, 1.3 mm diameter)
as shown in Figure 3. An ultrasonic Sous Vide Heated water bath
with a heating power of 500 W was used for controlling the
temperature within ±1 °C as shown in Figure 4. The ultrasonic
cavitation effect can help with thermal conduction and circulation,
resulting in even temperature distribution inside the tank and
accurate temperature readings. The thermal conductivity of the
graphene cellulose nano lubricant solutions was investigated at six
different temperatures of 30, 40, 50, 60, 70, and 80 °C.This approach
is now widely recognized as the most exact and dependable way
of determining the thermal conductivity of fluids over a large
temperature and pressure range. Nanofluids are projected to have
better heat transfer capabilities than traditional heat transfer fluids.
According to one concept, the suspended particles are expected to
boost nanofluids’ thermal conductivity significantly. The thermal
conductivity of nanofluid is well understood to be substantially
influenced by the volume fraction size and characteristics of
nanoparticles (Nallusamy, 2016).

FIGURE 2
Sonication process.

FIGURE 3
Tempos thermal properties analyzer (METER group).

For lubricating testing, the viscosity of the lubricant is an
important indicator. A Brookfield DV-I prime viscometer was used
to run the viscosity testing as shown in Figure 5. A rotational
viscometer with a spindle submerged in the nano lubricant sample
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FIGURE 4
Ultrasonic sous vide heated water bath.

FIGURE 5
Brookfield LVDV-III low viscosity digital viscometer.

is used. The nano lubricant was poured into the chamber test
and coupled to the rheometer in a 25 mL amount. The chamber
and water jacket were then carefully connected to the rheometer
spring, with the deflection of the spring being within 2–3 percent.
A circulating water bath was used to heat the nano lubricant
sample until it reached the desired temperature. The dynamic
viscosity measurements were carried out at 30–80°C. The current
viscosity measurement was performed using Rheocalc software.
The viscosity of the sample was determined by altering the spindle
rotation speed (de Castro et al., 2016).

The tribological testing characteristics are experimented
with using a modified frequency reciprocating friction machine.
The tribological test rig’s main parts are the electric motor,
heating element, shaft, lubrication bath, applied load, computing
system device, and Arduino. A load cell, tachometer, and k-type
thermocouple are the sensors utilized in this experiment. Figure 6

FIGURE 6
Tribological setup to measure friction.

FIGURE 7
Coefficient of friction evaluation (Sakinah et al., 2016).

displays the tribology test rig’s configuration and Figure 7 depicts a
schematic of the friction pairs. The instruments works as per ASTM
G77-17. The wear test was conducted under lubricated sliding
conditions against the outer surface of the specimen (aluminum
6061) for 30 min at two conditions (low speed and high load)
and (high speed and low load). Normal loads are applied to the
device by hanging weights on the bearing lever. The load of choice
ranged from 4 to 10 kg. During testing, low engine-speed intervals
(200 rpm–500 rpm) were chosen because these conditions cause
the most friction in engines, especially during the first movement
and at the top dead center (TDC). The internal combustion engine’s
working temperature range was 30°C–90°C, and each specimen was
operated for 30 min.

Several input variables significantly influence the coefficient of
friction (COF), including nano lubricant load, speed, temperature,
and concentration. However, investigating the effect of each
parameter individually on COF can be time-consuming and labor-
intensive. To address this, the current study employs the Response
Surface Methodology (RSM) to analyze the combined impact of
these parameters on COF. RSM provides a robust mathematical
and statistical framework to evaluate the relationships between
independent variables (input parameters) and dependent variables
(output responses) (Kadirgama et al., 2018; Kadirgama et al.,
2009; Sandanamsamy et al., 2023). In this study, the input
parameters considered are load, speed, temperature, and nano
lubricant concentration, while COF is the dependent variables.
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Using RSM, the levels of the input factors were systematically varied
to determine the optimal values of COF. This approach allows for
the efficient assessment of interactions between input parameters,
thereby providing deeper insights into their combined effects
on the tribological properties of nano lubricants (Ahmed et al.,
2022). The methodology incorporates both linear and non-linear
relationships through interaction and quadratic terms to capture
complex behaviors. To statistically validate the model and quantify
the relationships, an analysis of variance (ANOVA) was performed.
This analysis evaluates the significance of each model term by
calculating F-values and p-values. A p-value threshold of 0.05 was
used to determine statistical significance, ensuring the reliability of
the model. The ANOVA analysis not only assesses the individual
impact of input variables but also explores their interactions,
offering a comprehensive understanding of the system dynamics
(Gonaygunta et al., 2023).TheBox-Behnken designwithin RSMwas
employed for the experimental setup. This design uses a three-level
framework—low (−1), high (+1), and center (0)—to systematically
vary the input parameters: load (L), speed (S), temperature (T), and
volume concentration (C).These levels enable the evaluation of both
main effects and interaction effects, minimizing experimental effort
while maximizing the information gained. The study conducted
a total of 27 experiments based on the Box-Behnken design
to examine the influence of these variables on COF. Each
experiment was carefully designed to assess the main effects and
interactions among the input parameters, ensuring a comprehensive
analysis of the tribological responses. The experimental results and
corresponding design matrix are presented in Table 1, providing a
detailed summary of the trial layout and the observed outcomes.
In this analysis, the cumulative effects of load, speed, temperature,
and nano lubricant concentration were explored to identify the
optimal operating conditions for minimizing COF. The interaction
between these parameters revealed non-linear trends, emphasizing
the importance of considering their combined effects rather than
isolating individual factors. By using RSM, this study not only
reduced the time required for experimental investigations but also
enhanced the understanding of how key parameters influence
tribological performance.These findings will be discussed in greater
detail in the subsequent sections, where the optimal conditions and
their implications for nano lubricant performance are elaborated.

3 Results and discussion

Visual sedimentation analysis was performed to investigate the
stability of graphene-cellulose-based nano lubricants.This approach
has been based on taking photographs of the nano lubricant samples
at regular time intervals to assess their dispersion stability and the
behavior of the nanoparticles in the suspension as a function of
time. For this experiment, the graphene-cellulose nano lubricants
were prepared and housed in transparent test tubes. Extensive
effort was made to ensure that external disturbances (e.g., footsteps,
vibrational disturbances, influx of air at different temperatures)
were minimized during the stage when the samples were left
undisturbed. To observe the stability and sedimentation states,
samples were monitored visually and documented photographically
over 5 weeks.The dispersion of the nano lubricants at the end of the
first week was, in great part, homogeneous and no sedimentation

was observed at the bottom of the test tubes. This initial stage
is presented in Figure 8 for the nano lubricants. The results is
compared to the baseline 10w40 to show the advantages and
synergistic mechanism of the composite nanoscale additive. The
homogeneous distribution of the graphene-cellulose nanoparticles
suggests that the nanoparticles were successfully stabilized by the
base fluid to avoid fast aggregation or sedimentation (Dimic-
Misic et al., 2021). The initial stability is an important feature since
it indicates the effectiveness of surfactants or dispersants used to
formulate the nano lubricants (Ashraf et al., 2022). At the end of the
5-week observation period, slight graphene-cellulose nanoparticles
were noted at the bottom of the test tubes, as presented in
Figure 9.Themeasured sedimentationwas low, suggesting that nano
lubricants maintained relatively high stability during this period
(Sethurajaperumal et al., 2024).

These findings underscore the potential of graphene-cellulose
composites to retain suspension over long periods due to synergistic
interactions and the unique properties of the cellulose matrix,
which could improve the downstream dispersion of graphene
nanoparticles (Tiong et al., 2023). Just minimal sedimentation after
5 weeks indicates that the nano lubricant formation counteracts
nanoparticle aggregation. These characteristics pave the way for
excellent stability due to the physical and chemical properties
of graphene and cellulose (Trache et al., 2020c). With extremely
high surface area and functional groups, graphene plays a role
in steric stabilization, while cellulose, a natural polymer, provides
steric and electrostatic repulsion to prevent the nanoparticles
from agglomerating and sedimentation in the system (Li et al.,
2021). Compared to conventional nanofluids, graphene-based nano
lubricants exhibited superior suspension stability, consistent with
the stability results reported earlier in (Le Ba et al., 2020; Dhanola
and Gajrani, 2023; Ilyas et al., 2021; Samylingam et al., 2024b). This
sedimentation at 5 weeks is a natural process observed in all colloids,
including nanoparticles, due to the force of gravity which acts in the
opposite direction to the Brownian motion, causing the particles to
settle to the bottom (Kadirgama et al., 2021). Despite the limited
sedimentation assessed here, it sustains the potential of graphene-
cellulose composites for long-lasting usage in lubrication systems as
one of the main requisites is stability.

pH trend of the graphene-based and graphene-cellulose nano
lubricants with various concentrations of 0.01%, 0.03%, and 0.05%
(v/v) are shown in Figure 10. Both nano lubricant formulations seem
to show a trend of increasing acid or basic naturewith concentration,
and, one can see, that both nano lubricant formulations show
different behaviors such as chemical stability and dispersion of
nanoparticles in base fluid. These data were represented as the pH
of graphene nano lubricants in red bars and graphene-cellulose
nano lubricants in green bars. At the lowest concentration of
0.01% (v/v), the graphene nano lubricant has a relatively higher
pH of 7.71 than graphene-cellulose nano lubricants of 7.55. This
indicates that graphene alone is more basic than the other materials
at lower concentrations, possibly due to the presence of surface
functional groups or interactions with the surrounding medium
(Nebol’Sin et al., 2020). In contrast to graphene, which is surface
active, cellulosic materials are not surface active, and thus, may
neutralize or ameliorate the surface activity of graphene, yielding a
lower pH at a lower concentration (Trache et al., 2020c). At the same
time, both nano lubricants show a decrease in pH with increasing
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TABLE 1 Design of experiment using RSM.

Speed Load Temperature Concentration Coefficient of friction

500 70 30 0.03 0.04065

500 100 60 0.03 0.01284

350 70 90 0.05 0.04923

200 100 60 0.03 0.044

350 70 30 0.05 0.08011

350 40 60 0.05 0.06319

200 70 30 0.03 0.06397

350 70 60 0.03 0.02526

350 70 90 0.03 0.0243

350 70 90 0.01 0.02385

350 70 60 0.03 0.02526

350 70 60 0.03 0.02526

350 100 60 0.01 0.04779

350 40 90 0.03 0.15319

350 40 60 0.01 0.08298

500 70 90 0.03 0.02204

350 100 30 0.03 0.02913

500 70 60 0.05 0.10448

500 40 60 0.03 0.02836

500 70 60 0.01 0.07412

200 70 90 0.03 0.0653

350 40 30 0.03 0.04562

200 70 60 0.05 0.05281

350 100 60 0.05 0.02096

200 40 60 0.03 0.09062

350 70 30 0.01 0.03028

200 70 60 0.01 0.07412

concentration to 0.03% (v/v). The pH value stands at 7.63 for the
graphene nano lubricant, while falls slightly to 7.54 for the graphene-
cellulose nano lubricant. This trend means that the trend of the
attracted or affinity will occur more at higher concentrations as
the interactions between the nanoparticles become stronger and
will lower the pH (Abarca-Cabrera et al., 2021). Such behavior
may be due to the stacking of the graphene sheets together or the

microstructures that “reengineer” the chemical properties of the
dispersion.

At 0.03% (v/v) concentration, the decrease in pH is only slight
for graphene-cellulose, which showcases the capacity of cellulose
to yield near-neutral conditions even in this situation, emphasizing
its ability to serve as a stabilizer in nano lubricant formulations.
In particular, at the maximum concentration of 0.05% (v/v), the
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FIGURE 8
Observation week 1.

FIGURE 9
Observation week 5.

FIGURE 10
pH values of graphene and graphene cellulose.

FIGURE 11
Thermal conductivity of 10W-40 engine oil with different
concentrations of graphene graph.

pH of the graphene nano lubricant increases slightly up to 7.57,
while the pH of the graphene-cellulose nano lubricant is 7.64,
which is significantly increased. The trend reversal observed in
graphene-cellulose nano lubricants in concentrated forms indicates
a potential role played by cellulose in enhancing the stability and
homogeneity of the nano lubricant (Hisham et al., 2024). Graphene
interacts with cellulose molecules, which may inhibit the clustering
of nanoparticles to ensure more homogenous dissemination along
with an alkaline environment. In addition, at this concentration, the
increased pH values indicate improved compatibility of graphene-
cellulose nano lubricants with the base fluid, thus it can be used
in applications that require chemical stability (Oprea and Voicu,
2020). Upon critical analysis of these findings, the superiority of
graphene-cellulose nano lubricants compared to pure graphene
nano lubricants based on pH stability over diverse concentrations is
evident. Such pH changes at low concentration levels could present
problems for the long-term stability of graphene nano lubricants,
affecting sedimentation properties or performance (Dhanola and
Gajrani, 2023).

3.1 Thermal conductivity

The figures compare the coefficients of thermal conductivity
for graphene and graphene-cellulose nano lubricants in three
concentrations (0.01%, 0.03%, and 0.05% v/v). Figures 11, 12
represent data for pure graphene nano lubricants and graphene-
cellulose nano lubricants respectively. Overall, the behavior of
both formulations is concentration-dependent, though critical
differences arise between the thermal performance of the two
types of formulation. The graphene and graphene-cellulose
also exhibited high thermal conductivity coefficients at the
lowest concentration (0.01% v/v) approximately 0.11 W/m·K and
approximately 0.10 W/m·K respectively, which implied that at
lower concentrations the high intrinsic thermal conductivity of
graphene dominated the performance with little external agents
interference, such as cellulose (Ma et al., 2021). Nevertheless, both
systems display a marked drop in thermal conductivity at 0.03%
v/v, suggesting aggregation or diminished colloidal stability of the
particles (Grasberger et al., 2024).
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FIGURE 12
Thermal conductivity of 10W-40 engine oil with different
concentrations of graphene cellulose graph.

The thermal conductivities of graphene decrease steeply to
0.06 W/m·K, while the thermal conductivities of graphene-cellulose
remain stable at 0.07 W/m·K indicating that cellulose played a
critical role, preventing the agglomeration of graphene nanoparticles
possibly through steric hindrance and better dispersion of
nanoparticles (Chanda and Bajwa, 2021; Aramfard et al., 2022).
The stabilizing effect of cellulose appeared more potent at higher
concentrations, suggesting that this polymer may serve as an
effective dispersion aid in nano lubricant formulations (Liu et al.,
2022). At higher concentrations (0.05% v/v), the performance
of the graphene-cellulose nano lubricants also exceeds that of
pure graphene, obtaining a thermal conductance coefficient of
0.08 W/m·K, compared to the 0.07 W/m·K of the same standalone
material, indicating that cellulose significantly improves the
performance of the thermal transport pathways via a more
homogeneous dispersion even at increased particle load (Li et al.,
2024). On the other hand, the graphene nano lubricant may be
experiencing over-clustering of nanoparticles at this concentration,
so the excellent intrinsic properties of graphene exceed the
advantages derived from the high thermal conductivity of the nano
lubricant (Marlinda et al., 2023; Samykano et al., 2021). As graphene
concentration increases, despite the superior thermal properties of
graphene at low concentrations, its propensity to self-aggregate
becomes increasingly detrimental to its thermal performance.
Conversely, graphene-cellulose nano lubricants exhibit more
uniform and beneficial thermal performance in all concentrations,
bolstering the benefit of hybrid formulations (Wambu and Huang,
2024).This balanceis especially important for industrial applications
where consistent thermal conductivity is required for functional
heat transfer.

3.2 Viscosity

Focusing on the flow characteristics, the dynamic viscosity
profiles of graphene and graphene−cellulose nano lubricants are
compared in the two figures at concentrations of 0.01%, 0.03%,
and 0.05% v/v, thus providing crucial information regarding their
flow properties at successive nanoparticle fractions. Figure 13 is
hydrogenated graphene nano lubricants], and Figure 14 is graphene-
cellulose nano lubricants. For graphene nano lubricants, the

FIGURE 13
Average dynamic viscosity of engine oil 10W-40 with different
concentrations of graphene.

FIGURE 14
Average dynamic viscosity of engine oil 10W-40 with different
concentrations of graphene cellulose.

dynamic viscosity is highest at 0.01% concentration (0.5557 cP),
reduces drastically (0.5143 cP) at 0.03%, before increasing sharply
(0.5643 cP) at 0.05%. This non-linear trend means that at lower
concentrations, graphene nanoparticles are well-dispersed, which
is likely to enhance or contribute to the viscosity increment. Yet
at 0.03% aggregation is likely to take place which will weaken
the effective particle-fluid interaction causing lower viscosity. At
0.05%, the increased viscosity was likely due to enhanced particle-
particle interactions or the formation of a network that restricts
the flow of the fluid. This behavior illustrates graphene’s tendency
to agglomerate or form clusters under specific conditions that can
influence the flow dynamics (Zeinedini and Shokrieh, 2024). The
graphene-cellulose nano lubricants, on the other hand, show a more
uniform trend of dynamic viscosity.

From 0.01% it was 0.0757 cP, going one point higher, 0.03% it
was 0.1643 cP, and one point lower 0.05% viscosity at this point
was already low, only 0.11 cP.This behavior illustrates the stabilizing
role of cellulose in the dispersion. At a cellulose concentration of
0.03%, cellulose probably helps particle stabilization to increase
viscosity due to the interaction of more nanoparticles with the
fluid (Guo et al., 2023). Interestingly, the viscosity declines sharply
up to 0.05% and the reduction is significant with just 0.05%
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indicating that this is the ideal quantity for cellulose to prevent
the particle clustering while still ensuring less networks thus
basal solution viscosities (Li et al., 2021; Ramachandran et al.,
2018). At 0.01% and 0.05% concentrations, the graphene nano
lubricants exhibited greater viscosity values than the graphene-
cellulose formulations, but the opposite trend is shown for the
0.03% concentration (graphene-cellulose formulations exhibited
higher viscosity). This reversal effect suggests a key role of cellulose
in controlling the rheological properties of the nano lubricant.
Cellulose not only stabilizes the nanoparticles but also can reduce
aggregation of nanoparticles as well and thereby provide a more
uniform interaction between the fluid and the particles (Li et al.,
2021). This stability also becomes more apparent at 0.03%, when
comparing effective viscosity enhancement of the composites, with
graphene-cellulose proving far superior to graphene. In the practical
approach, the 0.03% graphene-cellulose nano lubricants show a
higher viscosity compared to where viscosity is a function of
lubrication, and if the lubricant has high viscosity and the surface of
the wear of the sample shows, better lubrication properties and load-
carrying capacity (Wang et al., 2022). On the other hand, the non-
linear trend of graphene nano lubricants may restrict its application
in the field of stable and predictable viscosity behavior.

3.3 ANOVA analysis for COF

Statistical tools including Fisher’s F-test, probability (P-value),
and the coefficient of determination (R-squared) were used to
determine the adequacy and importance of a fitted model, which
can be developed by Response Surface Methodology (RSM).
Response model was analyzed using variance analysis (ANOVA).
The statistical data for the coefficient of friction (COF) of graphene-
cellulose nano lubricants by a linear model is presented in Table 2.
Key statistical indicators can be useful for confirming the validity of a
model to predict thermal conductivity or other outputs such as COF.
In the case of one-way ANOVA, the F-value greater than 1 and P-
value less than 0.05 are important factors that indicate the goodness
of fit of themodel.The F-test results show that the required statistical
levels of accuracy and reliability are achieved in this study. That
high F-value means the variance attributed to the model is much
greater than the variance associated with random noise, and that a
P-value below 0.05 asserts that the observed effects have statistical
significance.

In addition, the coefficient of determination R-squared (R2) and
adjusted R-squared R2-adj were employed to assess the goodness
of fit for the model. The results for the graphene-cellulose nano
lubricant were an R2 value of 0.2869 and R2-adj of 0.1572 (cf. Tab.
4.19). R2 indicates the fraction of the variance in the response
variable (COF) that can be explained by the input parameters (load,
speed, temperature, and concentration) in our model. On the other
hand, the adjusted R2, adjusts R2 for the number of predictors in the
model and is more reliable in the case of multiple variable models
(Sharma et al., 2021). Generally speaking, both the R2 as well as the
R2-adj values which are assessed in this study do not prove to be
excessively high. However, their proximity to each other speaks to a
relatively good degree of reliability in terms of the predictive capacity
of the model. It is also important to note the relatively low value of
R2 = 0.2869 which indicates the fact the model used is insufficient to

TABLE 2 ANOVA result for the linear model of COF.

Source DF Adj SS Adj MS F-value P-value

Model 4 0.00809 0.00202 2.21 0.101

Linear 4 0.00809 0.00202 2.21 0.101

S 1 0.000291 0.000291 0.32 0.5784

L 1 0.000978 0.000978 1.07 0.3124

T 1 0.00676 0.00676 7.40 0.0125

C 1 0.000059 0.000059 0.065 0.8013

Error 22 0.20 0.000914

Lack-of-Fit 20 0.020 0.001006

Pure Error 2 0.000000 0.000000

Total 26

describe the whole system or that other important system variables
have not been included in the analysis (Yang et al., 2024). The small
difference between R2 and R2-adj indicates that the model is not
overfitting, and it is a reasonable approximation of the relationship
between input and output variables.This consistency suggests it may
be a sufficiently robust model to be used for predicting future COF
results, although the accuracy of the model can be improved.

Overall, a model should have both a high R2 and R2-adj to
exhibit strong predictive capability. Nevertheless, the results of
this study show that the RSM model can be used and is reliable
to predict COF concerning nano lubricants based on graphene-
cellulose. In the future, similar work can extend to cover multiple
other variables or use a non-linear model to improve accuracy and
explanatory power.

4 Conclusion

The thermal conductivity value reflects the amount of heat
energy transferred across a temperature gradient, with higher
thermal conductivity indicating more efficient energy transfer.
Based on experimental data and calculations, the thermal
conductivity of graphene-cellulose nano lubricant is lower than that
of graphene nano lubricant. This indicates that graphene-cellulose
nano lubricant has inferior heat transfer capabilities compared
to other nano lubricants. Dynamic viscosity, which measures a
fluid’s internal resistance to flow under an applied force, generates
friction and heat. A higher dynamic viscosity results in increased
heat production. The dynamic viscosity of graphene-cellulose
nano lubricant is higher than that of graphene nano lubricant,
suggesting it produces more heat when used as a lubricant. The
tribological performance of graphene-cellulose nano lubricant was
optimized using Response Surface Methodology (RSM). Under
optimal conditions, the coefficient of friction (COF) achieved the
highest desirability with a recorded value of 0.0778.
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