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A B S T R A C T

Resourceful thermal management systems are critical for modern automotive engines, particularly as the in
dustry moves toward high-performance, fuel-efficient vehicles, where conventional engine coolants suffer from 
inherently low thermal conductivity, limiting heat dissipation efficiency. With approximately 33% of combustion 
energy wasted as heat and traditional cooling enhancement methods reaching their operational limits, there is an 
urgent need for innovative coolant technologies to meet the demands of compact engine designs and higher 
power densities. While extensive research exists on metal oxide nanofluids for automotive applications, in
vestigations into graphene-based nanofluids for car radiators remain limited, with most studies focusing solely on 
thermophysical property enhancement without considering real-world contamination effects, creating a signif
icant knowledge gap regarding practical implementation and long-term performance reliability. This research 
aimed to synthesize graphene nanofluids with PLLR coolant, evaluate their thermal conductivity and viscosity 
properties, determine heat dissipation performance in car radiators, and investigate the impact of contamination 
on cooling efficiency. In this research GNP@PLLRC nanofluids were prepared at concentrations of 0.01%, 0.03%, 
0.05%, 0.07%, and 0.09% (wt%) using a two-step method involving magnetic stirring and sonication, with 
comprehensive characterization performed using FTIR, XRD, SEM-EDX, and UV-Vis spectroscopy, while thermal 
conductivity and viscosity were measured using the METER Tempos Analyzer and Brookfield Viscometer, 
respectively, and performance evaluation was conducted using a Perodua Kancil cooling system with cyclic tests 
of 30 min and 1 h duration. Results showed a strong synergistic effect between temperature (30–70◦C) and 
graphene concentration, with 0.09 wt% achieving optimal thermal conductivity (0.443 W/m⋅K at 70◦C) and 
lowest viscosity (2.34 cP at 70◦C), outperforming the base fluid. Contamination reduced thermal conductivity by 
up to 30% and cooling efficiency by 8%, confirming the critical importance of system cleanliness for reliable 
automotive cooling performance. This research investigates and attempts to close the gap by using and exper
imentally measuring the effects of GNP-PLLRC NF in full automotive radiators. This research systematically 
measuring the effect of realistic coolant contamination on the heat dissipating. This study represents a novel 
radiator-scale investigation that combines graphene-based coolants considering contamination and illustrates 
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their potential application in high-performance compact engines. This research validates graphene nanofluids as 
superior alternatives to conventional coolants, offering potential for compact radiator designs with enhanced 
cooling efficiency, with significant implications for high-performance and electric vehicle applications, while 
highlighting the critical need for contamination-resistant formulations in practical automotive thermal man
agement systems.

1. Introduction

The automotive industry’s need for more efficient thermal manage
ment systems grows as modern engines run at higher power densities 
and temperatures [1,2]. Engine coolants are essential for vehicle ther
mal management, absorbing excess heat from combustion and trans
ferring it to the radiator for release into the environment, thus 
maintaining optimal operating temperatures [3]. Traditional automo
tive coolants are mainly made of deionized water, ethylene glycol, and 
additives for corrosion, foam, and pH control stabilizing chemicals [4, 
5]. While traditional coolants have met industry needs for decades, their 
thermal limitations are now more evident as engines become more 
powerful and compact [6]. Nanotechnology has opened new opportu
nities to improve heat transfer fluids by creating ‘nanofluid-engineered’ 
colloidal suspensions of nanoparticles dispersed in traditional base 
fluids [7,8]. Since their introduction by researchers at leading national 
laboratories worldwide, nanofluids have shown remarkable potential to 
enhance thermophysical properties, including thermal conductivity, 
convective heat transfer coefficients, and thermal diffusivity [9,10]. 
These improvements arise from the unique properties of nanoparticles, 
which possess thermal conductivities much greater than those of base 
fluids, allowing for substantial performance gains even at low concen
trations 1% [11]. Of all nanoparticles considered for nanofluids, gra
phene stands out for its outstanding thermal properties [12]. Graphene 
has a very high theoretical thermal conductivity of about 5000 W/mK 
[13]. This is much higher than conventional nanoparticles such as 
aluminum oxide (25–40 W/mK) [14] and copper oxide (78 W/mK) [15]. 
Graphene also outperforms other carbon-based materials. Graphene’s 
two-dimensional honeycomb structure offers excellent thermal trans
port [16], making it an ideal choice for improving the thermal perfor
mance of automotive coolants. Despite the promising thermal properties 
of graphene, research specifically focused on graphene-based nanofluids 
in automotive radiator applications remains relatively limited compared 

to studies on other nanoparticle types [17]. Fig. 1 shows various studies 
conducted in the recent past in this domain. The automotive industry is 
moving toward lighter, more compact vehicle. There is a growing de
mand for fuel-efficient vehicles. This has created an urgent need for 
advanced cooling solutions that can effectively manage the increased 
heat loads. These solutions must avoid larger cooling system compo
nents that would add weight and reduce fuel economy [18]. The auto
motive thermal management systems faces fundemtnal challenges. 
Conventional heat transfer solutions have inherently reduced thermal 
conductivity of, which represents the primary obstacle to developing 
high-performance cooling systems [19]. Current automotive engines 
waste approximately 33% of the energy generated from combustion as 
heat. If this excess thermal energy is not adequately dissipated, it leads 
to engine overheating. It can also lead to lubricating oil degradation, 
weakening of engine component materials, and accelerated wear be
tween moving parts [20,21]. Traditional methods for enhancing radi
ator cooling performance, such as increasing fin density and 
implementing microchannels, have reached their practical limits in 
terms of effectiveness and cost-efficiency [22]. Modern automotive 
design has conflicting requirements. Vehicle need to be lighter, more 
compact, and more efficient. At the same time they required enhanced 
cooling performance. These demands cannot be adequately addressed 
through conventional cooling system modifications [23–25]. The need 
for increased pumping power to circulate conventional coolants through 
larger cooling systems further reduces overall engine efficiency and fuel 
economy, creating a counterproductive cycle [26]. Some studies show 
dispersing graphene or graphene-oxide nanoparticles in standard 
H₂O/C₂H₆O₂ in coolants enhances the convective heat transfer coeffi
cient by up to 111%@0.006 vol%,170%@0.5 vol%, 85%@0.1 vol% for 
DPHE, allowing for a smaller, lighter radiator while preserving engine 
cooling performance [27–29]. In some analyses of radiator tests using 
GNP@CNC fluids, the convective heat transfer coefficient increased by 
51.91%, the overall heat transfer coefficient by up to 46.72%, and the 

Fig. 1. Thermal conductivity enhancement of Graphene‑based nanomaterials. (data summarized from supplementary Table S1).
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cooling effectiveness by up to 92.4% compared to conventional coolants 
[30].

In other similar analyses, the CHTC is found to be 30.93% on gra
phene@water and 53.83% on graphene@CNC, respectively [31,32]. 
Optimizing concentration is key factor, 0.001–0.01% yields big tem
perature drops (up to 17.9x) with minimal viscosity increase, 
0.01–0.05% maximizes thermal conductivity, and > 0.1% shows 
diminishing returns [32–34]. Stability tests show graphene oxide 
nanofluids maintain uniform dispersion through 50 freeze-thaw cycles 
and extended high-temperature exposure, with surface treatments and 
hybrid formulations enhancing long-term stability [35–38]. 
Low-concentration graphene nanofluids enable 20–30% radiator 
downsizing without losing cooling performance, improve fuel effi
ciency, and help engine parts last longer by reducing thermal stress [30, 
34]. Fig. 2 shows the comparative studies of Graphene with metal oxide 
nanofluids. Recent research includes covalently functionalized graphene 
nanoplatelets for better turbulent heat transfer, surface-modified gra
phene for stability. Ethylene glycol water graphene mixtures for extreme 
cooling, with industrial trials showing 0.380 W/mK at 85 ◦C with 0.1 wt 
% [35,39,40]. Together, these advances make graphene-based nano
fluids a promising choice for next-generation automotive cooling, 
enabling smaller, more efficient systems with major economic and 
environmental benefits.

This study seeks to tackle significant thermal regulation issues. It 
methodically examines graphene-infused nanofluids as next-generation 
automotive coolants. Stable graphene nanofluids are prepared using 
commercial coolant as the base liquid. Concentrations are varied be
tween 0.01% and 0.09% by weight. It also thoroughly analyzes the 
thermophysical attributes of these nanofluids. Special attention has been 
given to thermal conductivity and viscosity across a range of tempera
tures, along with assessing the heat dissipation capacity of graphene 
nanofluids. This is done within actual automotive radiator systems, 
using the Perodua Kancil’s cooling mechanism as the test framework. 
Furthermore, this research addresses a crucial deficiency in existing 
nanofluid studies. It examines how real-world impurities such as oil, 

corrosion, debris, and scaling impact the effectiveness of graphene- 
based nanofluids. These elements frequently neglected in laboratory 
research but vital for real-world automotive use. Through repeated 
testing at intervals of 30 min and 1 h, this aims to deliver meaningful 
findings regarding the durability and operational behavior of graphene 
nanofluids under conditions that closely reflect genuine automotive 
environments. The findings from this investigation are expected to 
contribute knowingly to the advancement of next-generation automo
tive cooling technologies. They may enable more efficient thermal 
management in high-performance and electric vehicles. These results 
also support the industry's ongoing efforts toward improved fuel effi
ciency and reduced environmental impact.

2. Materials and methods

2.1. Graphene nanoparticles (GNPs)

Graphene nanoparticles (GNPs) are 2D, sp²-hybridised carbon sheets 
with outstanding thermal conductivity (over 2000 W/mK) and high 
aspect ratios, enabling efficient heat transfer in nanofluids [41,42]. 
Their flat, ultra-thin structure provides a high surface-to-volume ratio, 
enhancing Brownian motion and micro convection in fluids [43,44]. 
Functionalization methods like PEG grafting or surfactant-free disper
sion ensure stable, uniform suspensions in ethylene glycol@water mix
tures at 0.01–0.1% volume fractions [36,41]. Graphene nanoplatelets 
are lightweight, chemically inert, and compatible with standard anti
freeze, allowing easy integration without affecting pH or inhibitors [45]. 
Studies already conducted combining graphene nanoplatelets with cel
lulose nanocrystals increased the convective heat-transfer coefficient by 
51.9% and the overall heat-transfer coefficient by 46.7% versus a 
water-EG baseline [46,47]. Pressure drops increased moderately, mak
ing it a favorable trade-off for forced convection systems. Also, some 
CFD simulations conducted state that adding 0.09 vol% graphene oxide 
to 60:40 water–EG blends, along with louvered tubes, boosts 
heat-transfer coefficients by over 236%, confirming graphene’s 

Fig. 2. Comparative Performance: Graphene vs. Metal/Metal- Oxide Nanofluids.
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effectiveness with advanced radiator designs [32]. Adding GNPs in
creases thermal conductivity by 20–60% and induces shear-thinning, 
non-Newtonian behavior at higher concentrations, lowering pumping 
power in turbulent flow [36]. Optimal GNP concentrations 
(0.05–0.1 vol%) maximize conductivity while minimizing viscosity and 
agglomeration, ensuring long-term stability. Advanced functionaliza
tion and ultrasonication provide dispersions that remain stable for 
weeks, sustaining radiator performance. Thus, graphene nanoparticles 
are a game changing additive for high performance radiator fluids.

2.2. Characterization of nanoparticles

Nanoparticle characterization is essential in studying how contami
nants affect coolant efficiency and engine performance, as it confirms 
the material’s structure and integrity. Using SEM, XRD, and FTIR 
together offers a thorough analysis of graphene’s properties. SEM 
analysis using the JEOL JSM-IT200 (up to 30,000X magnification, 
1–30 kV, SE/BSE detector) shows the surface features and particle size 
of graphene nanoparticles. It confirms thin, sheet-like structures, in
dicates agglomeration, and reveals surface textures and defects, which 
are vital for understanding graphene’s stability and its effect on coolant 
and engine performance. XRD analysis with a PANalytical 
X’Pert³ Powder diffractometer provides detailed structural data on 
graphene nanoparticles, identifying crystallinity, interlayer spacing, and 
purity. A sharp peak at 2θ = 26◦ confirms the graphitic layered structure 
[48], while the absence of extra peaks shows high purity. These factors 
are directly linked to the nanoparticles’ conductivity and their impact on 
coolant performance. FTIR analysis using the Thermo Fisher Nicolet 
iS50 (600–4000 cm⁻¹) identifies chemical bonds and surface groups on 
graphene. Key absorption bands reveal graphitic structures and any 
surface oxidation or modifications, helping to detect contaminants that 
may affect how graphene interacts with coolant and influence engine 
performance. Together, SEM, XRD, and FTIR accurately identify and 
validate graphene nanoparticles, set baseline properties for assessing 
contamination effects, and offer key structural and compositional in
sights needed to interpret changes in coolant efficiency and engine 
performance.

2.3. Radiator Coolant

PETRONAS Long-Life Radiator Coolant (PLLRC) uses an ethylene 
glycol base for year-round protection taken as base fluid. It has a gravity 
of 1.136 g/cm³ at 20◦C, freeze protection down to –36.4◦C (50% dilu
tion), and a high boiling point of 167◦C undiluted. Its mildly alkaline pH 
(7.4–7.5) and strong buffering (8.6 mL) prevent corrosion, ensuring up 
to 20,000 km or one year of effective service. Table 1 provided a detailed 
thermophysical properties of PLLRC. Petronas coolant’s corrosion in
hibitors protect all major metals year-round and are compatible with 
seals and hoses, preventing swelling and degradation. Its silicone, 
amine, borate, and silicate-free formula avoids deposits and scale, 
ensuring radiator efficiency. Non-foaming and cavitation protection 
additives maintain stable heat transfer and protect water pumps, while 

the formula resists viscosity and performance changes even at extreme 
temperatures. The coolant is mixed 1:2 with water for best performance 
and is green for easy identification and leak detection.

2.4. Preparation of nano fluids

Graphene nanoparticle (GNP)–based nanofluids were prepared using 
PETRONAS Long-Life Radiator Coolant (PLLRC; high-temperature 
resistant, green) as the base fluid due to its durability and suitability 
for high-temperature applications. Five nanofluid samples were pre
pared with different GNP concentrations, each with a total volume of 
200 mL. Each sample was stirred with a sterilized magnetic stir bar on a 
magnetic stirrer at moderate speed (500 rpm) for 30 min to initiate 
homogenization and break up loosely bound agglomerates [49]. 
Following probe sonication, the samples were transferred to an ultra
sonic bath and sonicated for an additional 30 min. Bath temperature was 
monitored and maintained below the coolant’s thermal tolerance to 
prevent property degradation. After sonication, each nanofluid sample 
was transferred into a sealed, inert container and stored under 
controlled environmental conditions for 14 days to assess sedimentation 
stability. No visible sediment was observed, and the sample showed a 
uniform appearance, indicating satisfactory colloidal stability. Fig. 3. 
showing the synthesis steps of GNP@PLLRC. All preparation steps were 
performed promptly and consistently to ensure repeatability of results.

2.5. Measurement of thermal conductivity

The thermal conductivity of GNP@PLLRC nanofluids at concentra
tions of 0.01, 0.03, 0.05, 0.07, and 0.09 wt% was measured using a 
METER TEMPOS thermal analyzer equipped with a KS-3 thermal con
ductivity sensor. Before measurement, each nanofluid sample was 
thoroughly mixed to ensure homogeneous dispersion of nanoparticles. 
The prepared sample was then poured into a clean container, taking care 
to eliminate any entrapped air bubbles that could affect thermal mea
surements. The thermal analyzer was powered on and allowed to com
plete internal self-check procedures. The KS-3 sensor was calibrated 
according to the manufacturer’s guidelines before use. During mea
surement, the sensor probe was fully inserted into the sample, ensuring 
no contact with the container’s walls or base to avoid heat conduction 
interference. The temperature of each sample was maintained constant 
throughout testing to minimize temperature-dependent variations in 
thermal conductivity. For each concentration, the measurement was 
initiated, and the thermal conductivity reading was recorded once the 
value stabilized. Between measurements, the KS-3 sensor was thor
oughly cleaned and dried to prevent cross-contamination between 
samples. All measurements were conducted under identical environ
mental conditions to ensure repeatability and accuracy. Fig. 4 shows the 
functional parts of the thermal analyzer in practical applications.

2.6. Measurement of dynamic viscosity

The dynamic viscosity of GNP@PLLRC nanofluids at various weight 
fractions (0.01, 0.03, 0.05, 0.07, and 0.09 wt%) was measured over the 
temperature range of 30–70 ◦C using a Brookfield DV-III Ultra pro
grammable rheometer equipped with a TC-550 temperature-controlled 
water bath. The water bath was filled with deionized water and set to the 
desired test temperature, allowing sufficient time for temperature sta
bilization. Each nanofluid sample was thoroughly dispersed before 
measurement and transferred into a clean beaker. The beaker was placed 
within the temperature-controlled bath to maintain the target temper
ature during testing. The viscometer was powered on, auto-zeroed, and 
fitted with the appropriate spindle selected according to the expected 
viscosity range of the sample. The spindle was fully submerged to the 
immersion mark without contacting the beaker walls or base, and care 
was taken to avoid entrapping air bubbles. Once the sample temperature 
stabilized, viscosity measurements were recorded at the selected spindle 

Table 1 
Thermophysical properties of PLLRC coolant.

Characteristics Typical value

Gravity 20◦C (g/cm³) 1.136
Freezing point, ◦C (50% diluted with distilled water) -36.4
Freezing point, ◦C (30% diluted with distilled water) -15.6
Boiling Point, ◦C (undiluted) 167
pH Value (undiluted) 8.1
pH Value (50% water) 7.5
pH Value (70% water) 7.4
Reserved Alkalinity 8.6
Colour Greenish
Water Content, max % vol 3.5
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speed. Fig. 5 shows the functional part of the viscometer. The procedure 
was repeated for all test temperatures and concentrations. Between 
measurements, both the spindle and beaker were thoroughly cleaned 
and dried to prevent contamination. All measurements were performed 
under identical environmental and operational conditions to ensure 
repeatability and accuracy.

2.7. Experimental setup for performance evaluation

The performance evaluation of GNP@PLLRC nano fluids was carried 
out using a Perodua Kancil cooling system following standard proced
ures for consistency and safety. The required amount of nanofluid was 
poured into the water tank, with an immersion heater and thermocouple 

Fig. 3. Synthesis of GNP@ PLLRC.

Fig. 4. Meter© Tempos thermal properties analyzer.
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placed inside before sealing the lid. The temperature controller was 
switched on, and the desired temperature was set. Once the set tem
perature was reached and the heater switched off, the main valve was 
opened, and the water pump and blower fan were activated to simulate 
actual operating conditions. A USB cable connects the Arduino system to 
a laptop for data logging with PLX-DAQ. The pump voltage is adjusted to 
control the fluid flow rate. The graphene nanofluid circulates through 
the radiator pipes while the system fan runs to simulate real operating 
conditions. Cyclic tests are performed for each nanoparticle 

concentration, running the system for 30 min and 1 h to evaluate heat 
dissipation and contamination. After each test, all equipment is switched 
off and the coolant is fully drained. Fig. 6 shows the functional part of 
test rig. For different graphene concentrations, all setup, calibration, and 
testing steps are repeated to ensure consistent conditions. Calibration of 
flow meters, temperature sensors, and pressure gauges is done as 
needed. After testing, data from sensors and the RS485-controlled 
stepper motor are analyzed, with maintenance and troubleshooting 
carried out as per safety and reliability standards.

Fig. 5. Brookfield Viscometer DV III ultra with TC550 water bath.

Fig. 6. Functional parts of Perodua Kancil experimental setup.

C. K S et al.                                                                                                                                                                                                                                      Nano-Structures & Nano-Objects 46 (2026) 101672 

6 



2.8. Radiator exhaust temperature measurement and analysis

The outlet temperatures of the Perodua Kancil automotive cooling 
system were measured for three coolant types at the highest test con
centration (0.09 wt%): pure PLLRC base fluid, GNP@PLLRC nanofluid, 
and contaminated GNP@PLLRC nanofluid. Measurements were con
ducted at inlet temperatures ranging from 30 ◦C to 70 ◦C to evaluate 
cooling performance under varying thermal loads. Temperature evalu
ation was performed using an infrared camera FLIR E4 because of the 
non-contact measurement benefit that minimizes error of measurement 
that is common with thermocouples or contact probes. The FLIR E4 has 
an infrared sensor of 80 × 60 pixels and MSX® image enhancement 
technology which allows the camera to perform quality and precise 
thermal imaging. The FLIR E4 is portable and robust as it has a thermal 
sensitivity of 0.15 ◦C which is shown in Fig. 7 and has a 45 ◦FOV with a 
0.5 m of minimum focus distance. The FLIR E4 camera has a 3.0 in. color 
LCD screen of 320 × 240 pixels and has several image mode options of 
thermal and MSX to increase visualization. The camera has an automatic 
operation and focus free which is powered by a rechargeable Li-ion 
battery which allows 4 h of utilization. The FLIR E4 has USB port for 
data reading and has a temperature measurement range of − 20 ◦C to 
250 ◦C with a measurement error of 2 ◦C. The camera is also designed to 
provide reliable performance in extreme temperature conditions so that 
it can provide thermal measurement data accurately. Fig. 7 shows the 
thermal imaging camera. For each test condition, the coolant was 
circulated in the engine cooling system until the desired inlet 

temperature stabilized. The FLIR E4 was then positioned at a fixed dis
tance and angle relative to the radiator outlet to capture thermal images. 
Multiple readings were taken to ensure consistency, and the mean outlet 
temperature was used for analysis. The inclusion of 0.09 wt% GNP in the 
PLLRC base fluid was expected to enhance thermal conductivity and 
overall heat transfer performance. The contaminated GNP@PLLRC 
nanofluid was tested to determine the effect of impurities on cooling 
efficiency. Comparative analysis of outlet temperatures across the three 
coolant types provided insight into the thermal performance improve
ments achievable through nanoparticle addition, as well as the potential 
degradation caused by contamination.

3. Results

Graphene nanofluids, known for their superior thermal properties, 
are studied at varying concentrations (0.01–0.09 wt%) to assess heat 
transfer performance. Techniques like SEM, EDX, XRD, UV-Vis, FTIR, 
and tests for thermal conductivity and viscosity are used to link GNP 
with PLLRC to an experimental study of the solutions' behavior. Fig. 8
shows the visual appearance of nanofluid after two weeks

3.1. Surface & composition analysis of nanoparticle

3.1.1. Scanning electron microscopy coupled with energy dispersive X-ray 
(SEM/EDX) spectroscopy

The SEM is carried out on a JEOL JSM-IT200 floor-top SEM machine 

Fig. 7. FLIR E4 Infrared Camera.
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with up to 30,000X magnification and built-in EDX. SEM images and 
EDX analysis of the graphene nanoparticles reveal that highly promising 
material for coolant enhancement. With reference to the Fig. 9 At low 
magnification (100x), the SEM shows thin, irregular graphene flakes 
with a loose, layered structure, indicating few to multi-layer sheets with 
significant surface area. At higher magnification (2,000x), the flakes 
appear wrinkled with pointed edges, underscoring their ultrathin, plate- 
like form and rough surface, which should enhance them disperse well 
in coolant. This structure also maximizes contact with the coolant base 
fluid, likely improving heat transfer. The EDX data confirms the flakes 
are mostly pure carbon (98.6%) with minimal oxygen (1.4%), reflecting 
high chemical purity and slight oxidation, ideal for maintaining gra
phene’s conductivity while aiding dispersion. No significant contami
nants or metals are seen, ensuring stability and corrosion resistance. 

Overall, these graphene flakes combine large surface area, crumpled 
morphology, and high purity to offer efficient heat dissipation and 
potentially longer coolant life when used in PLLRC.

3.2. Crystallographic analysis

3.2.1. X-ray diffraction (XRD)
XRD patterns were recorded on a PANalytical X’Pert³ diffractometer 

using Cu Kα radiation (λ = 1.54184 Å) over an angle range 3◦–150◦. 
Crystallite size D was estimated from the Scherrer equation [50], rep
resenting Eq. (1), 

D =
Kλ

βcosθ
(1) 

Fig. 8. Visual appearance of GNP@PLLRC after 14 days.

Fig. 9. SEM images of Graphene a) at 100X and b) 2000X magnification along with EDX analysis of graphene.
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with K= 0.9 K= 0.9, where β is the FWHM and θ the Bragg angle.
With reference to Fig. 10, X-ray diffraction (XRD) analysis of the 

graphene sample shows a strong, sharp peak at 2θ ≈ 26.51◦ (d =
3.36 Å), matching the (002) plane of reference graphite 2 H (hexagonal, 
a = 2.464 Å, c = 6.711 Å, space group P63/mmc) [51]. This peak, with 
high intensity (44,003 counts) and narrow FWHM (~0.3◦), indicates 
well-ordered graphitic layers typical of multilayer graphene. The crys
tallite sizes (252–270 Å) and low micro strain (0.62–0.36%) further 
confirm large, ordered domains with minimal defects. Additional weak 
peaks are seen at 42.44◦, 43.75◦, 44.80◦, 54.63◦, and 77.55◦, corre
sponding to the (100), (101), (004), (110), and (112) planes of hexag
onal graphite [52]. Their low intensity and broadening indicate limited 
stacking order and reduced layer coherence, typical of exfoliated or 
few-layer graphene [53]. The peak positions closely match the reference 
(Graphite 2 H, C1), with shifts below 0.2◦(2θ), confirming phase iden
tification and minimal lattice distortion. Weak secondary peaks and 
their relative sharpness indicate hexagonal symmetry and a lack of 
significant impurities. Overall, the XRD pattern reveals a well-ordered, 
graphitic few-layer graphene with large crystallites, high phase purity, 
and minimal disorder closely resembling pure graphite but with features 
consistent with synthetic few-layer graphene or nanoplatelets.

3.3. Spectroscopic analysis of nanofluids

3.3.1. Fourier Transform Infrared Spectroscopy (FTIR)
The FTIR was carried out on a Thermofisher Scientific Nicolet iS50 

machine, which is capable of the mid-to-far IR range of 600–4000cm-1. 
As per the Fig. 11 comparative FTIR diagram, the original coolant’s 
spectrum mainly shows ethylene-glycol bands. Adding 0.01–0.09 wt% 
graphene preserves these bands but adds new lattice/π–π features (Appx 
518–640 cm⁻¹) and weakens O–H and C–O stretches, suggesting glycol 
physically adsorbs onto graphene with some hydrogen-bond changes, 
not new covalent bonds. The FTIR comparison of PETRONAS Long-Life 
Radiator Coolant (PLLRC) with graphene-enhanced variants 
(0.01–0.09 wt%) shows that ethylene glycol remains the dominant 
component (similar 83.4–83.5%). The largest changes appear in the 
O–H stretching band (3200–3600 cm⁻¹) which is critical for under
standing hydrogen bonding networks and intermolecular interactions. A 
intense absorption band centered at 3335.33 cm⁻¹ indicates extensive 
hydrogen bonding among hydroxyl groups from water and glycol mol
ecules. from 0.01% to 0.07% GRP, transmittance steadily decreases by 
8.6–13.9%, indicating stronger hydrogen bonding between graphene 
and glycol hydroxyls. This reduction in transmittance indicates stronger 

molecular associations, likely due to the high surface area of graphene 
facilitating multiple interaction sites with the hydroxyl groups of 
ethylene glycol through hydrogen bonding and surfactants [54]. At 
0.09%, transmittance jumps by 13.5%, implying nanoparticle aggrega
tion that limits available surface area and alters interactions. In the C–H 
stretch region (2800–3000 cm⁻¹), two distinct peaks at 2942 cm⁻¹ and 
2877 cm⁻¹ confirm the presence of saturated aliphatic chains charac
teristic of polyglycol structures. GRP loadings up to 0.07 wt% cause a 
steady transmittance drop of 4.4–8.4% (largest at 0.07 wt%), showing 
graphene’s effect on aliphatic C–H bonds—likely via π–π stacking with 
the coolant’s hydrocarbon regions. At 0.09 wt%, this change falls to 
–0.4%, pointing to nanoparticle aggregation and reduced surface in
teractions. In contrast, the C–O stretch band (1000–1200 cm⁻¹) in which 
The base fluid shows a characteristic triple-peak pattern at 1206, 1086, 
and 1040 cm⁻¹ in which variation only –1.5% to + 2.3% with no con
centration trend despite nanoparticle addition. This preservation of the 
C-O bonds is crucial for maintaining the coolant's fundamental proper
ties while benefiting from the enhanced characteristics imparted by the 
nanoparticles. In the fingerprint region (400–1500 cm⁻¹), GRP additions 
cause only slight increases in transmittance (+0.3% to +2.0%). Spectral 
changes peak nonlinearly at 0.01–0.07 wt%, where well-dispersed 
nanoparticles interact via hydrogen bonding, π–π stacking, surface 
adsorption, and possible ordered interfacial layers. At 0.09 wt%, a 
critical threshold where the benefits of increased surface area are 
counteracted by nanoparticle agglomeration, leading to reduced 
dispersion stability and altered interaction patterns, aggregation re
duces these effects, marking a threshold common in nanofluids. FTIR 
thus pinpoints 0.01–0.07 wt% as the optimal GRP range for enhanced 
molecular interactions and, by extension, improved thermal and flow 
properties without altering the coolant’s fundamental structure.

3.3.2. UV-Vis
The UV–Vis absorbance spectra of graphene nanoparticle (GNP) 

dispersions in Petronas Long-Life Radiator Coolant (PLLRC) demon
strate clear, concentration-dependent optical behavior. As GNP content 
increases from 0.01 wt% to 0.09 wt%, absorbance intensifies across the 
UV–visible range, exhibiting marked light–substance interactions. At 
lower concentrations (0.01–0.03 wt%), absorbance remains modest and 
primarily reflects the chromophoric activity of the PLLRC base fluid. 
Above 0.05 wt%, absorbance rises sharply, commonly going beyond the 
spectrophotometer’s upper detection limit (5.0 a.u.) at wavelengths 
above 308 nm, which suggests complete photon attenuation due to 
photon absorption and scattering. The observed deviation from linearity 
indicates significant interparticle interactions along with optical 

Fig. 10. XRD pattern of GNP.

Fig. 11. FTIR comparative pattern of nanofluids.
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coupling, characteristic of stable graphene nanofluids. The most pro
nounced absorbance increase takes place in the visible region 
(420–700 nm), where 0.07 wt% GNP achieves 2.2–3.6 a.u. before 
saturation. These results identify 0.05–0.07 wt% as the optimal con
centration range, balancing improved thermal conductivity with mini
mal viscosity increase to preserve stability and pump efficiency. The 
absence of anomalous optical features confirms that GNP addition does 
not affect PLLRC’s physicochemical properties, including thermal ca
pacity, corrosion inhibition, and viscosity index. Consistent peaks at 
420 nm and 480 nm indicate minimal particle agglomeration, uniform 
dispersion, and strong nanoparticle–fluid interphase interactions. 
Overall, the findings show that precise GNP loading controls the optical, 
rheological, and thermophysical properties of PLLRC-based nanofluids. 
These results correspond with prior studies on graphene-enhanced heat 
transfer fluids and support their use in advanced automotive cooling and 
energy management applications. Fig. 12 showing various comparative 
UV-Vis diagram of nanofluids.

3.4. Thermal conductivity analysis of nanofluid

In engine cooling applications, maximizing thermal conductivity is 
essential for efficient heat dissipation and stable engine performance. 
Increasing GNP concentration significantly enhances the composite’s 
thermal conductivity, enabling faster heat removal and improved ther
mal management. The graph shows that increasing graphene nano
particle concentration significantly boosts the thermal conductivity of 
nanofluids, especially as temperature rises from 30◦C to 70◦C. Fig. 13
shows the variation of thermal conductivity with temperature at 
different concentration. The base fluid without nanoparticles has the 
lowest thermal conductivity (0.108 W/mK) and slowly increases to 
0.158 W/mK@70◦C. Even with just 0.01% GNP, conductivity improves, 
and this effect grows stronger at higher concentrations [55]. The 
observed enhancement in thermal performance is attributed to a syn
ergistic effect by which particle concentration and Brownian motion are 
linked. The frequency of stochastic motion within the fluid is intensified 
by a higher number density of nanoparticles as the graphene concen
tration is increased. Micro-convection—a micro-stirring effect by which 
the fluid boundary layers around the nanoparticles are disturbed. It is 
induced by Brownian motion. Furthermore, this mechanism is amplified 
by the kinetic energy of the particles; stronger localized convection 
currents are created by the intensified Brownian motion as temperature 
rises, whereby the base fluid is effectively mixed at the nanoscale. 
Consequently, thermal resistance is significantly reduced by the com
bination of increased particle density and micro-convection, whereby 
the upward trend in thermal conductivity shown in Fig. 13 is driven. At 

0.09% graphene show the highest thermal conductivity 
0.443 W/mK@70◦C, the improvement is dramatic, especially at higher 
temperatures, likely due to intensified Brownian motion and better 
thermal pathways within the fluid [56]. The results highlight how 
combining higher graphene levels with elevated temperatures can create 
nanofluids with superior heat transfer abilities, making them ideal for 
advanced cooling in electronics, automotive, and industrial systems 
[57]. Properly adjusting graphene content and temperature can tune 
nanofluid performance far beyond conventional coolants.

3.4.1. Uncertainty analysis of thermal conductivity
The experimental thermal conductivity (K) data for nanofluid sam

ples, the base fluid PLLRC, and the 0.01% GNP+PLLRC nanofluid 
samples were consistent and showed low random uncertainty. the 
analysis was performed by assessing the repeatability of five obtained 
measures (set 1 to set 5) for each concentration and temperature point 
taken. This included the standard deviation (S) and the standard error 
of the mean (Ux‾). The standard deviation, indicating data spread, was 
extremely low, between 0.002 and 0.010 W/mK. The standard error of 
the mean, the primary metric of random experimental uncertainty, was 
then determined to be ±0.002 to ±0.008 W/mK. For thermal conduc
tivity, then, expressed as relative uncertainty (%U), the overall experi
mental measurements sources of experimental error showed that a 
maximum uncertainty of 1.83% was in fact registered by this 0.01% 
GNP+PLLRC sample at 30◦C, and a minimum 0.67% was obtained from 
the base fluid at 70◦C. This low relative uncertainty across the region 
indicates that the experimental method was reliable and highly 
repeatable, with all measurements falling well within the typical ±2.0% 
tolerance for high-quality thermal conductivity measurements in fluid 
systems.

3.5. Rheological (Dynamic viscosity) analysis of nanofluid

High thermal conductivity is necessary for proper engine cooling, 
while proper viscosity maintains smooth coolant flow and lowers 
pumping power. Excessive viscosity increases flow resistance and en
ergy loss. The moderate viscosity of GNP-enhanced PLLRC indicates it 
can improve heat transfer without impairing circulation efficiency, 
considering it a viable candidate for engine cooling. The Brookfield DV 
III Ultra Viscometer measures the dynamic viscosity of fluids such as 
PLLRC with GNP using a rotating spindle and digital display for accu
rate, repeatable results. The TC 550 Laboratory Water Bath ensures 
consistent temperature control, essential for precise viscosity measure
ments. Together, they provide reliable analysis of coolant nanofluids Fig. 12. UV–vis comparative pattern of nanofluids.

Fig. 13. Thermal conductivity of PLLRC and GNP–PLLRC at 30–70ºC.
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under controlled lab conditions. The viscosity measurements were per
formed using a Brookfield DV III Ultra Viscometer with a rotating 
spindle and digital display, ensuring accurate and repeatable results. 
The TC 550 Laboratory Water Bath provided stable temperature control, 
with a range from − 20◦C to 135◦C and high stability (±0.07◦C), 
essential for precise viscosity analysis. Each sample was measured at 
least twenty times, and the average value was used for reliable analysis 
under controlled lab conditions [58]. Fig. 14 shows the variation of 
viscosity with temperature and concentration. Across all samples, vis
cosity decreases as temperature rises, consistent with typical liquid 
behavior. The impact of graphene nanoparticles is strongest at lower 
temperatures; for example, at 30◦C, pure PLLRC averages 10.87 cP, in
creases to 16.21 cP at 0.07 wt% GNP, but drops to 8.18 cP at 0.09 wt%. 
This trend continues at higher temperatures (at 70◦C, PLLRC is 3.16 cP, 
0.07 wt% GNP is 7.07 cP, but 0.09 wt% falls to 2.33 cP), showing that 
too much GNP lowers viscosity, especially when hot [59]. Thus, adding 
GNP up to about 0.07 wt% maximizes viscosity, while higher concen
trations reduce it due to factors such as particle aggregation, informing 
the optimal coolant formulation for thermal performance.

3.5.1. Uncertainty analysis of nanofluid viscosity
The viscosity (μ) values of the experimental nanofluid sample, 

measured across different temperatures and concentrations, were free of 
any pronounced random uncertainty. This is because at each data point, 
twenty (N = 20) measurements were made with very high repeatability. 
The standard deviation (S) and the standard error of the mean (Uμ‾) 
were two indices for assessing repeatability. Usual precision, the stan
dard deviation of data, was generally within points around 0.01 cP and 
0.11 cP; in turn, this brought about an extremely low standard error of 
the mean, Uμ‾, on the order of ±0.002 cP to ±0.008 cP. The Utotal had a 
main contribution from Usys, due to the Brookfield DV-III Viscometer 's 
precision of ±1% FSR, causing it to vary anywhere from within 
0.5–2 cP. In terms of relative uncertainty (%U), the total experimental 
error was as follows: for samples with data at 25 per cent of the FSR, it 
was around 4.0%, but for those with about 100 per cent FSR U in relative 
finally did not exceed 1.0%. These results show that while the experi
mental method used in this study is extremely stable and has been 
repeated many times, the choice of speed range and measuring point is 
very critical in ensuring maximum accuracy.

3.6. Radiator exhaust temperature analysis

A GNP concentration of 0.09 wt% was selected for its optimal 
dispersion stability, viscosity control, and maximum thermal 

conductivity enhancement. Higher concentrations caused particle 
agglomeration and increased viscosity, while lower concentrations 
provided less thermal improvement. Therefore, 0.09 wt% is the most 
reliable and effective composition for heat transfer in engine cooling 
applications. Compared measured temperatures for PLLRC base fluid, 
0.09% graphene +PLLRC nanofluid (GNP+PLLRC), and contaminated 
nanofluid (0.09% GNP+PLLRC(c)) as inlet temperatures rise from 30 ◦C 
to 70 ◦C. Fig. 15 showing the variation of temperature profile of radiator 
at higher concentration in between the 30 min time interval. All fluids 
show a linear increase in outlet temperature with higher inlet values. 
The PLLRC base fluid consistently has higher outlet temperatures, 
showing it is less efficient at heat transfer. In contrast, the 0.09% 
GNP+PLLRC, especially at 50 ◦C, exits at lower temperatures, indicating 
better heat removal and superior thermal conductivity from the gra
phene nanoparticles [60]. The contaminated 0.09% GNP+PLLRC(c) 
shows unusual behavior, its outlet(final) temperature is similar to or 
higher than the base fluid at 30 ◦C and 70 ◦C, but outperforms both fluids 
at 50 ◦C, suggesting a peak in thermal performance [61]. This may be 
due to changes in nanoparticle distribution caused by contaminants but 
also highlights the unpredictability such contamination brings to cool
ing applications [62].A comparative temperature graph was plotted to 
know the cooling performance of the radiator as shown in Fig. 16.Across 
the full temperature range, the 0.09 GNP+PLLRC nanofluid shows the 
strongest cooling performance. It showing the contaminated 0.09 
GNP+PLLRC(c) generally second and the base PLLRC least effective, 
indicating that adding 0.09% graphene nanoparticles clearly enhances 
radiator heat transfer. Table 2 shows the reduction percentage in tem
perature at different operating temperatures. At 30 ◦C, the percentage 
temperature drop over 30 min is about 6.82% for 0.09 GNP+PLLRC, 
compared with 2.63% for PLLRC and 1.64% for 0.09 GNP+PLLRC(c). It 
shows the fresh graphene nanofluid cools roughly 4–5 %age points more 
than the base fluid. At 40 ◦C, the reused nanofluid gives the highest drop 
(about 10.4%), slightly above the fresh GNP nanofluid (9.69%) and 
clearly above PLLRC (7.88%), indicating that even after prior radiator 
use and some contamination, the graphene-containing coolant still 
outperforms the base fluid. The most pronounced improvement occurs 
around 50 ◦C, where 0.09 GNP+PLLRC shows a 20% reduction in 
temperature compared with about 10% for PLLRC and 12.2% for 0.09 
GNP+PLLRC(c). Therefore, the fresh nanofluid nearly doubles the 
cooling effectiveness relative to the base coolant at this condition. At 
higher temperatures of 60–70 ◦C, all three fluids show larger drops, but 
0.09 GNP+PLLRC generally maintains a small advantage (about 0.5–2.5 
%age points higher cooling than PLLRC), while the reused nanofluid 
remains between the base fluid and the fresh GNP nanofluid, confirming 
that graphene nanoparticles enhance radiator cooling efficiency and 
that this benefit persists, though reduced, when the nanofluid is reused.

4. Discussion

Due to the elevated thermal conductivity of all tested concentra
tions, the concentration at 0.09 wt% for graphene nanoparticles (GNPs) 
dispersed in PLLRC was selected. A significant improvement in thermal 
performance was obtained at this concentration which optimized the
nanofluid heat transfer capacity and determined it as an ideal candidate 
for the study of contamination effects after use in operating conditions. 
The procedure comprised the introduction of a 30-minute operational 
cycle representative of service conditions for the 0.09 wt% nanofluid, so 
that the suspension could be sized with respect to wear debris, chemical 
degradation products, and agglomerates of nanoparticles. This generates 
a more realistic post-operation state with respect to the thermal and r
heological changes that the coolant undergoes, and this data provides 
insight into how performance degrades during actual automotive cool
ing applications. Thus, the generated nanofluid is referred to as a 
contaminated nanofluid 0.09% GNP+PLLRC(c). In summary, clean 
0.09% GNP+PLLRC improves heat transfer by lowering outlet temper
atures, while the base fluid is less efficient. Erratic patterns for Fig. 14. Dynamic viscosity of PLLRC and GNP–PLLRC at 30–70ºC.
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thermophysical properties are also exhibited by contaminated nanofluids because contaminants can affect the dispersion of 

Fig. 15. a),b),c),d),e) Radiator thermal images of PLLRC, fresh and contaminated 0.09% GNP‑PLLRC 30–70ºC over 30 min.
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nanoparticles and modify the stability of thermodynamic surfactants, 
leading to unpredictable thermal behaviors. One of the major contrib
utors is the net agglomeration of nanoparticles, which leads to flow 
obstruction, increased viscosity, and lower thermal conductivities, 
thereby degrading temperature-dependent heat transfer efficiencies. 
Moreover, modifications of surfactants used to stabilize nanofluids can 
promote thermal stratification by self-destabilizing suspensions and 
leading to a granular poorly distributed arrangement of non-dispersed 
heat transfer fluids (HTF). Within a temperature window around 50 
◦C, there might be a momentary vigorous dispersive interaction by 
nanoparticles within the base fluid leading to improved thermal con
ductivities and heat transfer enhancement. However, above this tem
perature the stability drops leading to clustering of nanoparticles and 
thermal performance even worse than the base fluid. Such behavior in 
contaminated nanofluids is a reminder of the importance of dispersive 
stability of nanoparticles and thermos-modulating surfactants for reli
able performance. Fig. 17 showing the temperature driven heat transfer 

behavior of nanofluid.
Graphene nanofluids offer superior thermal characteristics for use in 

automotive cooling systems but necessitate greater pumping power 
owing to the higher viscosity of the fluids at greater concentrations. 
Nonetheless, viscosity tends to decrease at higher temperatures and, at 
temperatures in the operational range of 30–70◦C, effects are more 
acceptable when the concentrations are kept within 0.03–0.09 wt%. 
Most industrial-purpose pumps, including centrifugal pumps, are 
designed to function optimally in these viscosity ranges. This opera
tional condition allows the pumps to be easily incorporated in the 
existing cooling circuits. The type of surfactant used also has a signifi
cant influence on the corrosion characteristics of the nanofluids. Sur
factants like GA, SDS, and Tween 80 are known to reduce the corrosion 
of the copper constituent in the radiator, while some surfactants like 
SDBS may aggravate the corrosion problem [63,64]. For the more du
rable materials to be used in the system to be kept intact, the surfactant 
systems must be judiciously formulated, and the system has to be kept 

Fig. 15. (continued).
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clean. For sustained performance, the maintenance intervals in the 
nanofluid systems must be well considered. The stability and effective
ness of the nanofluids in the maintenance of stable dispersion of the 
nanoparticles and efficient dispersion of energy in the system against 
contamination. Regular filtration and periodic replacement are recom
mended to prevent issues such as nanoparticle agglomeration or sedi
mentation, particularly in demanding automotive environments.

5. Conclusions

This experimental process demonstrates that adding graphene 
nanoparticles to car coolant fluids significantly improves their thermo
physical properties, enhancing thermal management in automotive ra
diators. The main improvement was a significant boost in thermal 
conductivity, leading to better heat dissipation during engine use. This is 
crucial for modern, compact engines with higher power, which can 
quickly overheat. By improving heat transfer, graphene nanofluids may 
extend engine lifespan and enhance performance stability under tough 
conditions. Optimal thermophysical performance was achieved at 
0.09% graphene, beyond which no further benefits were observed, and 
stability issues arose. Viscosity remained within desirable limits for 
automotive systems, preventing efficiency loss. Advanced analyses 

(FTIR, XRD, SEM, UV–VIS, TGA) confirmed good dispersion, structural 
stability, and the reproducibility of the nanofluids. A key aspect of this 
study is its examination of how real-world contaminants like engine oil, 
rust, and dirt affect graphene-enhanced coolants. Tests showed that such 
impurities reduce both thermal conductivity and heat removal 
efficiency.

The major findings on thermal conductivity, viscosity, and temper
ature analysis are as follows. 

• Thermal conductivity increases steadily with temperature for all 
fluids, rising from 30 ◦C to 70 ◦C. For example, PLLRC base fluid (BF) 
increases from 0.108 W/m⋅K at 30 ◦C to 0.158 W/m⋅K at 70 ◦C.

• At every temperature, graphene nanofluids (GNP+PLLRC) show 
higher thermal conductivity than the base PLLRC. At 30 ◦C, K in
creases from 0.108 W/m⋅K (BF) to 0.224 W/m⋅K at 0.09 wt% GNP, 
nearly doubling the base value. At 70 ◦C, K increases from 0.158 W/ 
m⋅K (BF) to 0.443 W/m⋅K at 0.09 wt% GNP, achieving nearly a 
threefold enhancement.

• Dynamic viscosity decreases steadily with temperature for all fluids, 
from 30 ◦C to 70 ◦C. For example, PLLRC base fluid drops from 
10.87 cP at 30 ◦C to 3.16 cP at 70 ◦C.

Fig. 16. Test rig set vs measured temperature for PLLRC, GNP+PLLRC, and GNP+PLLRC(c).

Table 2 
Temperature reduction % of coolant at set temperatures in 30 min intervals.

Temperature ◦C PLLRC Temperature ◦C 0.09 GNP+PLLRC Temperature ◦C 0.09 GNP+PLLRCc

30 2.63% 30 6.82% 30 1.64%
40 7.88% 40 9.69% 40 10.40%
50 9.98% 50 20.00% 50 12.20%
60 11.82% 60 12.70% 60 9.85%
70 9.13% 70 11.19% 70 10.85%
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• At 30 ◦C, adding graphene increases viscosity for most concentra
tions (0.01–0.07 wt% GNP: 13.19–16.21 cP), but 0.09 wt% 
GNP+PLLRC is lower (8.18 cP), already below the base fluid.

• At 50 ◦C, PLLRC viscosity is 5.34 cP, while GNP nanofluids range 
from 6.67 to 10.45 cP for 0.01–0.07 wt% GNP, and 4.26 cP for 
0.09 wt% GNP, showing that the highest concentration gives both 
enhanced thermal conductivity and lower viscosity than the base 
fluid.

• At 70 ◦C, PLLRC is 3.16 cP, whereas 0.01–0.07 wt% nanofluids range 
from 3.89 to 7.07 cP; the 0.09 wt% nanofluid has the lowest viscosity 
(2.34 cP), about 26% lower than the base fluid, indicating reduced 
pumping resistance at high temperature.

• The fresh graphene nanofluid (0.09 GNP+PLLRC) achieves a 6.8% 
temperature drop at 30 ◦C, compared to 2.6% for the base fluid and 
1.6% for the contaminated nanofluid, indicating a 4.2–5.2 %age 
point improvement in cooling efficiency at this temperature.

• At 40 ◦C, the reused nanofluid gives a temperature drop of 10.4%, 
slightly above the fresh nanofluid (9.7%) and significantly higher 
than the base fluid (7.9%), showing a 1.5–2.5 %age point 
improvement.

• Around 50 ◦C, the fresh nanofluid provides a 20% temperature 
reduction, compared to 10% for the base fluid and 12% for the 
contaminated nanofluid, demonstrating nearly a 10-percentage 
point enhancement.

• At higher temperatures (60–70 ◦C), the fresh nanofluid maintains a 
small but consistent advantage of 0.5–2.5 %age points over the base 
fluid in cooling performance.

Therefore, while nanofluids have clear lab benefits, maintaining 
clean coolant systems is crucial for optimal real-world performance. A 
minor limitation of this study is the lack of long-term cyclic testing to 
evaluate possible chemical or oxidative degradation of graphene in the 
coolant. While short-term results are promising, further research is 
needed to assess the long-term durability and stability of graphene 
nanofluids in real engine conditions. In summary, this study confirms 

graphene nanofluids as effective alternatives to traditional automotive 
coolants and highlights key challenges for their adoption. It lays the 
groundwork for future advances in more efficient, stable, and 
contamination-resistant cooling solutions in automotive thermal 
management.
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