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ABSTRACT

Nanofluids have attracted considerable attention for their potential use as advanced heat
transfer media in various cooling applications. This study investigates the effect of
titanium dioxide (TiO2) nanoparticle concentration on the thermal conductivity and
stability of nanofluids. Five concentrations of TiO; nanofluids were prepared using water-
ethylene glycol (60:40) as a base fluid and polyvinylpyrrolidone (PVP) as the surfactant.
The TiO; nanoparticles were characterized by ATR-FTIR, FESEM and EDX. Thermal
conductivity measurements were carried out at room temperature (28 °C) and elevated
temperature (e.g. 40 °C and 60 °C). The stability of the nanofluids was evaluated through
visual inspection, UV-Vis spectroscopy and dynamic light scattering analysis. The TiO2
nanoparticles displayed spherical shape and tend to form clusters with an average particle
diameter of approximately 30 nm. The 0.5 wt.% nanofluid achieved the greatest thermal
conductivity value of 0.748 W/m-'K resulting in 49.89% thermal conductivity
enhancement at 60 °C. Freshly prepared nanofluids exhibited good dispersion stability
and reduced when left undisturbed for extended period. Further improvements in long
term stability are required for industrial applications.
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INTRODUCTION

Nanotechnology is the study and application of materials by controlling their structure at
nanoscale, where particle size ranges from 1 to 100 nm [1]. At this scale materials show
unique physical and thermal properties which are different to when the material is in bulk
[1]. Nanofluid was first proposed by Choi in 1995 following the successful preparation
of a stable suspension of nanoparticles within a liquid medium [2,3]. Nanofluids are the
advanced heat transfer fluids formed by incorporating nanoparticles into conventional
base fluids [4]. As solid nanoparticles typically exhibit significantly higher thermal
conductivity compared to conventional base fluids, their addition can significantly
improve the thermal conductivity of the base fluid [2].

One important application of heat transfer is in automative cooling systems.
Automative cooling system rely on coolant to remove excess heat generated by internal
combustion engines and maintain an optimal operating temperature [2,5]. This will
improve the engine’s performance and prevent the deformation of the components [6].
Conventional radiator coolants typically consist of water-glycol solutions. The coolants
play an important role in regulating engine temperature while also providing lubrication
and protection against antifreeze. However, the coolant’s low thermal conductivity often
restricts their heat transfer efficiency. As a result, large radiator surface areas are required
to achieve efficient cooling leading to bulkier cooling systems [2].

Titanium dioxide (TiO2) is one of those nanoparticles which has gained
considerable attention due to its favorable physicochemical properties. TiO> has also
shown promising thermal properties when dispersed in liquid mediums. The high surface
area of nanosized TiO, particles contributes to heat transfer and enhance thermal
conductivity in nanofluids [7,8]. These advantages have encouraged extensive research
on TiO;-based nanofluids as potential alternatives to conventional coolants.

Thermal conductivity directly influences the heat transfer efficiency of a fluid and
is regarded as a key thermophysical property to determine the performance of a nanofluid.
Increase in TiO; concentration has shown to increase thermal conductivity which is
consistent with the Choi nanofluid model [7]. Several works on TiO,, Al,O3 and SiO»
trihybrid nanofluid have been reported to increase in heat transfer coefficient with
increase in both concentration of nanoparticles and operating temperature [9,10,11,12].
The 0.3% concentration resulted in the greatest enhancement at 39.7%. Pusat et al. [5]
investigated TiO2 nanofluids as engine coolant and reported 40.8% of enhancement in
heat transfer at a concentration of 0.6 wt.%. The results demonstrated the potential of
TiOz to significantly improve cooling performance. Hilmin et al. [13] investigated the
efficiency of the engine by adding a nanofluid with TiO2 nanoparticles to the coolant. The
study showed improvements in thermal conversion as well as overall power generation
when compared with water-cooled systems. Erkan et al. [6] investigated the performance
of TiO2, AlO3 and SiO; nanofluids and found that TiO, nanofluids achieved the highest
exergetic efficiency (35.67% at 0.4 wt.%). The study further demonstrated that increasing
the concentration of TiO2 nanoparticles resulted in improvement in efficiency. Senejani
et al. [14] reported decrease in engine surface temperatures when TiO> and Al,O3 was
added, indicating that nanoparticle addition enhanced the coolant’s heat transfer
capabilities. Nieh et al. [15] evaluated the heat transfer capabilities of TiO> and Al,O3
based nano coolants. They reported the TiO» nano coolant has better heat transfer
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performance than the Al2O3 coolant. The greatest increase in heat dissipation was 27.2%.
Due to this, the evaluation of nanofluid stability is essential for determining its suitability
for heat transfer application [13]

Several methods are commonly employed to improve stability, such as
ultrasonication and surface modification using surfactants. Polyvinylpyrrolidone (PVP)
is a commonly used surfactant that improves the stability by reducing particle
agglomeration. Saidi et al. [16] reported that nanofluids containing PVP exhibits
improved stability and reduced sedimentation compared with nanofluids without
surfactants. Moreover, Wu et al. [17] observed that increased ultrasonication time
improved the nanoparticle dispersion and contributed to long term stability in TiO2-Si02
hybrid nanofluids.

While the individual components of titanium dioxide, water-ethylene glycol and
polyvinylpyrrolidone (PVP) are well-established in thermal engineering, this study
focuses on their optimized integration rather than introducing entirely novel compounds,
utilizing a systematic two-step preparation method where PVP and high-frequency
ultrasonication are deployed to overcome the critical challenge of nanoparticle
agglomeration and sedimentation. This specific combination is deliberately chosen
because water-ethylene glycol provides essential automotive antifreeze and baseline fluid
properties, while suspended titanium dioxide nanoparticles introduce a high surface-area-
to-volume ratio and superior thermal conductivity that conventional coolants lack. These
special thermophysical properties are harnessed to drastically improve heat dissipation
and exergetic efficiency in compact automotive cooling systems and by detailing the
rigorous application of surfactant-assisted stabilization, ultrasonication and quantitative
evaluation via UV-Vis spectrometry and visual observation, the methodology provides a
clear, scientifically justified framework that highlights the precise mechanisms governing
nanofluid stability and thermal performance.

This study aims to explore the effect of TiO nanoparticle concentration on the
stability and thermal conductivity of TiO; nanofluids in water-ethylene glycol base fluid.
The stability of the nanofluids will be assessed via visual observation and UV-Vis
spectrometry to observe for sedimentation behavior overtime. The finding of this will
provide valuable insights of how nanoparticle concentration effects the thermal
conductivity and stability of TiO2 nanofluids.

MATERIALS AND METHODS

This section outlines the experimental procedures used to formulate, characterize and
evaluate TiO; nanofluids in a 60:40 water—ethylene glycol base fluid. The synthesis of
TiO, powder was carried out in accordance with established procedures [18]. Details are
provided regarding the two-step synthesis method, surfactant stabilization using PVP and
the analytical techniques employed for structural and morphological characterization.
Furthermore, the experimental setups for thermal conductivity measurements across
varying temperatures and the multi-technique protocols for evaluating dispersion stability
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over time are described. The ethylene glycol and PVP powder were purchased from
Sigma Aldrich.

Preparation of Nanofluids

Five concentrations of TiO: nanofluids were prepared using water-ethylene glycol
mixture (60:40) as the base fluid and polyvinylpyrrolidone (PVP) as surfactant. PVP was
added as a stabilizing agent to promote uniform nanoparticle distribution within the
suspension. The formulation details of the prepared nanofluids are listed in Table 1.

The required masses of TiO2 nanoparticles, PVP and base fluids were calculated
to obtain a total nanofluid mass of 40 g for each concentration. The TiO2 nanoparticles,
base fluid and surfactant were weighed and stirred together for 5 min to obtain a
preliminary suspension. Following this, the suspension was sonicated for 60 min at room
temperature to promote uniform nanoparticle dispersion and minimize sedimentation.
The preparation procedure was applied consistently to all the nanofluid samples with
different nanoparticle concentrations as shown in Figure 1.

Table 1. Preparation parameters and mass composition of TiO; nanofluids

Weight Mass of Mass of Mass of base Stirring ~ Sonication

percentage of TiO2(g) 10%PVP fluid (g) (min) (min)
Ti02 (Wt.%) (2)

0.1 0.04 0.004 39.956 5 60

0.2 0.08 0.008 39.912 5 60

0.3 0.12 0.012 39.868 5 60

0.4 0.16 0.016 39.824 5 60

0.5 0.20 0.020 39.780 5 60
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60:40 Water: EG Stir for 5 min Ultrasonic bath for 60 min
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10000 - <

Kept at r.t.p for next use

Poured into 40ml vial

Figure 1. Preparation procedure of the TiO2 nanofluids
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The preparation conditions were carefully selected to produce homogenous nanoparticle
dispersion within the base fluid. This approach will ensure accurate assessment of how
nanoparticle concentration influences nanofluid stability and thermal conductivity.

Characterization Techniques and Thermal Conductivity

TiO2 nanoparticles were characterized using multiple analytical instruments. Attenuated
Total Reflectance - Fourier Transform Infrared (ATR- FTIR) spectroscopy was employed
to determine the functional groups present. Morphology and elemental composition of
the TiO> nanoparticles were analyzed using Field Emission Scanning Electron
Microscope (FE-SEM) coupled with Energy Dispersive X-ray Spectroscopy (EDX). The
FE-SEM images were obtained at magnifications of 10,000 X and 30,000 X. ImageJ
software was used to measure particle size diameter from the FE-SEM images. The EDX
Spectrum was used to identify the elements present and the quantitative elemental
composition obtained from EDX analysis is reported as weight percentage (wt.%)
together with the apparent concentration and measurement uncertainty (wt.% sigma).

Thermal Conductivity Analysis

KD2 Pro Thermal Properties Analyzer was used to measure the thermal conductivity of
the nanofluids at room temperature, 40 °C and 60 °C as depicted in Figure 2(a). These
temperatures were selected to represent the conditions commonly encountered in
automotive cooling systems and was achieved using a water bath as shown in Figure 2(b).

@) (b)

KD2 Pro Thermal
conductivity
analyzer

KS1
needle
probe

Figure 2. Measurement of thermal conductivity: (a) room temperature (b) using water
bath for 40 °C and 60 °C

Thermal conductivity was also measured approximately 66 h after preparation to evaluate
nanofluid stability. The thermal conductivity of the base fluid was measured and used as
a reference for the comparison. Each measurement was carried out three times to ensure
reproducibility and accuracy. Thermal conductivity analyzer was calibrated with glycerin
before use. The percentage enhancement in thermal conductivity was determined using
Eq. (1) as follows:

% TC Enhancement = @ x 100% (1)
bf
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Stability Analysis
TiO, nanofluids were visually observed to evaluate the stability of the nanofluid by
monitoring for sedimentation behavior overtime. The samples were photographed and
examined immediately after preparation, after 7 days and after 14 days. Changes in
appearance, sediment formation and phase separation were noted and used as an indicator
of nanoparticle agglomeration and sedimentation.

The stability of TiO2 nanofluids was also analyzed using a Shimadzu UV-3600i
Plus UV-Vis-NIR Spectrophotometer over a wavelength range of 200-800nm. Analyses
were conducted immediately after preparation, after 7 days and after 14 days. The particle
size of the TiO2 nanofluids was determined using dynamic light scattering (DLS) with an
Anton Paar Litesizer 500 Particle Size Analyzer.

RESULTS AND DISCUSSION

FTIR Spectrum of TiO2> Nanoparticles

The Fourier-Transformed Infrared (FTIR) spectroscopy of the TiO> nanoparticles as
shown in Figure 3 shows the vibrational bands associated with its major constituents. A
strong band between 500 cm™ and 800 cm™! is attributed to the stretching and bending
vibrations of Ti-O-Ti bonds. O-Ti-O bonds commonly occur in a highly crystalline phase
and shows a peak at 698 cm! [16]. The bands located around 1600 ¢cm™!, 3000 cm! and
3600 cm! are characteristics of H-O-H bending and O-H stretching vibrations stretching
from hydroxyl group present on TiO; surface and absorbed moisture. The peak at 1371
cm! corresponds to vibrations associated with residual functional groups such as
methylene and carboxylate groups, while the peak at 1738 c¢cm™ and 1212 cm’!
corresponds to C=0 and C-O stretching respectively. These peaks are commonly present
in carboxylic acids, esters or other oxygen containing compounds. These organic related
peaks indicate the possible presence of carbon containing species on the TiO:
nanoparticle surface. These observations are consistent with FTIR spectrum of TiO2
nanoparticles [16,19]. The weak absorption peak appears between 2200 and 1950 cm’!
represent an instrumental artifact arising from lattice absorption of diamond ATR crystal
plate [20].
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Figure 3. FTIR spectrum of TiO2 nanoparticles
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FESEM Morphology of TiO: Nanoparticles

Figure 4 shows the morphology of the TiO> nanoparticles was examined using Field
Emission Scanning Electron Microscope (FESEM). Morphology of TiO, nanoparticles
appeared to be spherical and clustered. The agglomeration of the nanoparticles occurred
to the interactions between particles such as Van der Waals attraction and the high surface
energy of the nanoparticles [18,19]. The spherical morphology offers several advantages
for nanofluid applications. It minimizes viscosity and lowers pumping power compared
to elongated or irregular shaped particles. Their uniform geometry also promotes more
homogenous dispersion within the base fluid, which results in uniform dispersion and
enhanced heat transfer [21].

ImagelJ analysis of the FESEM images show that the nanoparticles had diameters
ranging from 26-33 nm. Nanoparticles of this size possess a high relative surface area
which improves nanoparticle dispersion in the surrounding fluid, enhancing heat transfer.
Smaller nanoparticles exhibit stronger Brownian motion which promotes micro
convention and contributes to improved thermal conductivity and heat performance.
Additionally, the small particle size can also reduce sedimentation, which contributes to
improved stability of the nanofluid [22].

Figure 4. FESEM images of TiO; nanoparticles (a) 10,000x magnification (b)
30,0000 magnification

EDX Analysis of TiO2> Nanoparticles

The elemental composition of TiO> nanoparticles was analyzed using Energy Dispersive
X-ray Spectroscopy and the corresponding spectrum and quantitative results are
presented in Figure 5 and Table 2. The EDX spectrum in Figure 5(a) shows the presence
of titanium (Ti) and oxygen (O) confirming the formation of single phase TiO»
nanoparticles. The elemental mapping images of oxygen and titanium reveal the spatial
distribution of the elements within the tested sample. The quantitative EDX analysis
showed 50.22 wt.% titanium and 49.78 wt.% and oxygen content of 49.78 wt.%
confirming the successful formation of TiO; nanoparticles. The presence of Ti and O as
the major elemental constituents is consistent with the with the expected elemental
composition of titanium dioxide [18,19].
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Table 2. EDX values of TiO> nanoparticles

Element Apparent Weight percent Weight percent
Oxygen (O) 0.88 49.78 0.23
Titanium (T1) 1.15 50.22 0.21
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Figure 5. EDX spectrum and elemental mapping images of TiO2 nanoparticles (a) EDX
spectrum, (b) overall elemental mapping, (c) elemental mapping of oxygen and (d)
elemental mapping of titanium

EDX Analysis of TiO2> Nanoparticles

The thermal conductivity measurements in Table 3 and Figure 6 demonstrated a clear
enhancement with increasing TiO: loading across all temperatures. The 0.5 wt.%
nanofluid exhibited the highest thermal conductivity values across all temperatures (0.589
W/mK at 28 °C, 0.637 W/mK at 40 °C and 0.749 W/mK at 60 °C). This result is consistent
with thermal conductivity trends reported in previous TiO2 nanofluid studies [23]. The
observed improvement can be attributed to the greater number of thermally conductive
nanoparticles dispersed in the base fluid. This results in the proliferation of thermally
conductive pathways through the fluid medium and elevates the thermal conductivity of
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the nanofluid [7,24]. Consequently, nanofluids containing a higher amount of TiO>
nanoparticles exhibits greater thermal conductivity.

The influence of temperature on thermal conductivity is also evident from the
results. Most TiO2 nanofluids displayed an increase in thermal conductivity with rising
temperature. The greatest increase was observed for the 0.5 wt.%, where thermal
conductivity increased from 0.589 W/mK at 28 °C to 0.637 W/mK at 40 °C and reached
to 0.748 W/mK at 60 °C. Similar increases in thermal conductivity with temperature was
also observed for 0.2-0.4 wt.%. In contrast, the 0.1 wt.% nanofluid showed little variation
with temperature while the base fluid exhibited only negligible changes. The temperature
induced enhancement maybe associated with intensified Brownian motion of the TiO>
nanoparticles et elevated temperature. Increased nanoparticle movement promotes
repeated particle collision and enhanced microscale fluid circulation which facilitates
thermal energy transfer through the base fluid [1].

Table 3. Thermal conductivity of TiO2 nanofluids measured at 28 °C, 40 °C and 60 °C

Temperature (°C) Thermal Conductivity (W/m K)

Base fluid 0.1 wt% 02wt% 03wt% 04wt% 0.5wt%

28 0.440 0.552 0.566 0.570 0.579 0.589
40 0.497 0.577 0.586 0.588 0.609 0.637
60 0.496 0.551 0.652 0.652 0.694 0.749
0.8
«28°C 40°C « 60°C
<
=)
§ 0.7 .
2 .
2 .
= .
S 06 - . .
S E X .
= .
£
.[?_:’ 05 | s
0.4 : , , , , ,
Basefluid 0.1 0.2 03 0.4 0.5

Concentration (wt.%)

Figure 6. Thermal conductivity of TiO2 nanofluids measured at 28 °C, 40 °C and 60 °C
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Thermal conductivity enhancement also showed similar trends as depicted in
Table 4 and Figure 7. The enhancement increased with increasing TiO2 concentration at
each temperature as shown in Table 4 and Figure 7. Among all concentrations, the 0.5
wt.% exhibited the highest thermal conductivity enhancement reaching 34.01% at 28 °C,
28.23% at 40 °C and 49.89% at 60 °C. The higher enhancement observed at greater
concentrations is due to the increased availability of conductive pathways created by the
larger number of dispersed nanoparticles [7,24]. Although the measured thermal
conductivity increased with temperature, the enhancement values showed a different
trend. The enhancement at 40 °C were lower than that at 28 °C for all nanoparticle
concentrations. A significant increase in thermal conductivity enhancement was then
observed at 60 °C, where the 0.5 wt.% exhibited highest enhancement of 49.89%. This
behavior is likely as the enhancement percentage is calculated relative to thermal
conductivity of the corresponding base fluid which also changes with temperature.
Nevertheless, the result demonstrated that elevated temperature, particularly 60 °C further
improves the heat transfer of TiO2 nanofluids.

The presence of polyvinylpyrrolidone (PVP) may also have contributed to the
observed thermal conductivity enhancement. PVP acts as a steric stabilizer which adsorbs
onto the surface of the nanoparticle reducing particle agglomeration by creating repulsive
barriers between the neighboring particles. Improved nanoparticle dispersion allows a
larger fraction on nanoparticles to remain suspended within the base fluids, thereby
maximizing the effective heat transfer area and promoting more efficient thermal
transport [23].

Table 4. Thermal conductivity enhancement of TiO; nanofluids at 28 °C, 40 °C and
60 °C

Temperature (°C) Thermal Conductivity Enhancement (%)

0.Iwt% 02wt%  03wt%  0.4wt% 0.5 wt.%

28 25.45 28.63 29.62 31.74 34.01
40 16.16 17.09 18.37 22.53 28.23
60 10.34 20.54 30.48 39.02 49.89

To evaluate the effect of storage on thermal performance, additional
measurements were conducted approximately 66 h after nanofluid preparation. Thermal
conductivity values after storage are presented in Table 5 and Figure 8. While the
corresponding thermal conductivity enhancement percentages are shown in Table 6 and
Figure 9. Nanofluids with lower concentrations of TiO2 nanoparticle (0.1 wt.% and 0.2
wt.%) showed minor changes in thermal conductivity with storage. Conversely, the
higher TiO: concentrations showed a larger reduction in thermal conductivity with
storage. The largest decreased was noted for the 0.5 wt.% nanofluid, where thermal
conductivity decreased from 0.589 W/mK to 0.458 W/mK.
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Figure 7. Thermal conductivity enhancement of TiO2 nanofluids at 28 °C, 40 °C and
60 °C

This decline in thermal conductivity for the higher concentrations after storage is
likely due to sedimentation of the nanoparticles. As the nanofluids remain undisturbed,
the thermally conductive TiO2 nanoparticles will gradually settle down and reducing their
amount dispersed within the fluid. This reduces the formation of continuous heat transfer
networks within the fluid, resulting in lower thermal conductivity. In addition, higher
nanoparticle concentrations are more suspectable to interactions between the particles
which promotes sedimentation and reduce long term dispersion stability [15]. These
observations indicate that nanofluids exhibit better dispersion stability and thermal
performance when freshly prepared.

A similar trend was observed in thermal conductivity enhancement which
decreased significantly at higher concentrations. The 0.5 wt.% demonstrated the most
significant decrease in enhancement, declining from 34.01 % before storage to 5.26%
after 66 h. Even though thermal conductivity decreased after 66 hours of storage, all
concentrations maintained higher thermal conductivity value compared with the base
fluid of 0.436 W/mK. This confirms that although with storage the nanoparticle
sedimentation reduces the thermal performance, the presence of TiO: nanoparticle
continues to provide a thermal conductivity advantage over the base fluid.

Table 5. Comparison of thermal conductivity of TiO; immediately after preparation and

after 66 h of storage
Storage time Thermal Conductivity (W/m K)
) Base fluid 0.1wt% 02wt% 03wt.% 04wt% 0.5wt%
0 0.440 0.552 0.566 0.570 0.579 0.589
66 0.436 0.547 0.576 0.495 0.477 0.459
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Table 6. Thermal conductivity enhancement of TiO2 nanofluid immediately after
preparation and after 66 h of storage

Storage time Thermal Conductivity Enhancement (%)
h
®) Base fluid 0.1wt% 02wt% 03wt% 04wt% 0.5wt.%
0 25.45 28.63 29.62 31.74 34.01 2545
66 25.50 32.01 13.44 9.38 5.26 25.50
0.7 40 -
(a) «0hours =« 66 hours g (b) « 0 hours 66 hours
£ :
E § 30
2 06 £
—g : % 20
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é Tgv 10
0.4 T T 0 - .
Basefluid 0.1 0.2 0.3 0.4 0.5 01 0.2 0.3 0.4 0.5

Concentration (wt.%) Concentration (wt.%)

Figure 8. Influence of storage time on thermal performance of TiO> nanofluids
measured immediately after preparation and after 66 h of storage (a) thermal
conductivity (b) thermal conductivity enhancement

Overall, the findings show that increasing TiO2 concentration improves the
thermal conductivity of TiOz/water-ethylene glycol (60:40) nanofluids. The 0.5 wt.%
nanofluid exhibited the highest thermal conductivity and thermal conductivity
enhancement immediately after preparation. Increasing temperature further improved
thermal conductivity, with the greatest enhancement observed for 0.5 wt.% at 60 °C.
However, storage for 66 h resulted in reduced thermal conductivity for the higher
concentrations due to sedimentations. In contrast the lower concentrations maintained
their thermal performance more effectively over time, while all nanofluids continued to
exhibit higher thermal conductivity than the base fluid after storage.

Visual Observation of Nanofluid Stability

The visual appearance of the five different concentrations (0.1-0.5 wt.%) of TiO2/water-
ethylene glycol (60:40) nanofluids at different storage intervals is shown in Figure 9. The
freshly prepared TiO> nanofluids exhibited excellent initial stability. A homogenous
white appearance free of visible agglomeration or sedimentation was observed, indicating
that initially the TiO2 nanoparticles were well dispersed throughout the base fluid.
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After being left undisturbed for 7 days, visible changes can be observed from the
nanofluids. The top section of the nanofluid became more transparent compared to the
lower part due the phase separation as shown in Figure 9(b). The transparent region was
most noticeable in the 0.1 wt.% nanofluid because it contained fewer dispersed TiO:
nanoparticles than the higher concentrations samples. Similar sedimentation behavior
was observed in all concentrations suggesting a gradual reduction in nanofluid stability
during storage.

Following 14 days of storage, sedimentation became more pronounced in all
samples. The transparent upper layer increased compared with the 7-day observation.
These observations indicate that prolonged storage reduced the stability of the TiO»
nanoparticles within base fluid causing them to sediment and settle under the influence
of gravity and nanoparticle interactions [23]. The observed sedimentation with increasing
storage time is consistent with previous findings which show that TiO; nanofluids
gradually lose stability during storage due to nanoparticle settling [23,25]. Overall, the
results suggest that prolonged storage reduces the uniform distribution of TiO:
nanoparticles within the base fluid, thereby reducing nanofluid stability.

Figure 9. Visual observation of TiO> nanofluids at different intervals for five TiO»
concentrations (0.1-0.5 wt.%): (a) freshly prepared, (b) after 7 days and (c) after 14 days

UV-Vis Spectroscopy

Figure 10(a) presents absorbance structure of the TiO» nanofluids. The absorbance
increased with increasing nanoparticle concentrations across the measured wavelength
range. This trend is expected as increase in concentration of TiO; nanoparticle results in
a greater quantity of dispersed particles within the base fluid resulting in greater
absorption and scattering of incident light. As a result, higher nanoparticle concentrations
will produce higher absorbance values. Similar concentration dependent increases in
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absorbance have been observed previously where higher nanoparticle concentration
resulted in increase in absorbance [26].

For all concentrations the absorbance increased gradually from 800 nm to 400 nm.
However, between 400 and 300 nm the absorbance reached the instruments maximum
measurable limit and showed a flat plateau from until 200 nm. However, this plateau does
not indicate constant absorbance, but rather it signifies detector saturation. The highly
concentrated solutions absorb and scatter virtually all incident light leaving insufficient
throughput intensity for the instrument to measure accurately. Consequently, the exact
peak for TiO; in the UV region could not be measured. This intense UV-blocking
behavior is characteristic of TiO2 nanoparticles which exhibit stronger interaction with
light in the UV region compared to the visible region [27].

3
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Figure 10. (a) UV-Vis spectra of freshly prepared TiO; nanofluids and (b) UV-Vis
spectra of 0.5 wt.% of TiO2 nanofluids immediately after preparation, after 7 days and
after 14 days

Figure 10(b) shows the absorbance of 0.5 wt.% freshly prepared and after 7 and
14 days of storage. The freshly prepared sample showed highest absorbance throughout
the measurement range. Absorbance gradually decreased (from 7 days to 14 days) as the
storage time increased across the spectrum. The decrease in absorbance with increase in
storage time is a direct indicator of sedimentation. As the nanofluid remains undisturbed
overtime, the nano particles begin to fall out of the dispersed solution and sediment at the
bottom. Due to this sedimentation, fewer nanoparticles remain well dispersed within the
base fluid. Consequently, less light is absorbed and scattered during UV-Vis analysis
reducing the absorbance and stability. Therefore, this reduction in absorbance indicates a
gradual deterioration in nanofluid stability as storage period lengthens [28].

The UV-Vis results demonstrate that nanoparticle concentration has a significant
influence on absorbance and stability of nanofluids. Prolonged storage reduces the
amount of well-dispersed nanoparticles within the base fluid due to sedimentation
reducing absorbance and stability. These findings indicate that although higher
nanoparticle concentration results in greater absorbance, maintaining long-term
dispersion stability still remains a challenge. To enhance long term stability of the
nanoparticles overtime, the nanofluids can be homogenized during preparation.
Increasing sonication period has also shown greater influence in achieving stable and high
thermally preforming nanofluids [29].
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Particle Size Analysis of TiO> Nanofluids

The hydrodynamic diameter of TiO2 nanofluids ranged from 601.12-671.32, indicating
the presence of agglomerates within the suspension. The hydrodynamic diameter is
considerably larger than the primary TiO; nanoparticle size, suggesting nanoparticle-
nanoparticle interactions and aggregation have occurred [30]. Among the samples, 0.2
wt.% showed the largest hydrodynamic diameter of 671.23 nm and the highest peak
intensity of 730.22. These results suggest the presence of large particle agglomerates in
the suspension as larger particles scatter more light than smaller ones. These larger
agglomerates could have formed due to the increased collisions between TiO2
nanoparticles [30]. The 0.1 wt.% nanofluid showed the smallest hydrodynamic diameter
(602.12 nm) suggesting the presence of smaller particle agglomerates in the nanofluid
compared to the other concentrations. Lowest Polydispersity Index (PDI) (0.189) was
recorded for the 0.5 wt.% indicating a relatively uniform particle size distribution. Despite
this, its large hydrodynamic diameter (625.24 nm), suggests that the nanoparticles must
have formed uniformly sized aggregates than remaining as individual nanoparticles.

The PDI values between 0.189 and 0.239 indicates relatively uniform particle size
distribution and acceptable dispersion stability of the nanofluids [31] Although the
differences were relatively small, the variation in hydrodynamic diameter and intensity
suggest that TiO2 concentrations influence particle interactions within the suspension.
Higher nanoparticle loading increases the likelihood of particle collisions which can
promote aggregation [32]

Table 7. Particle size analysis of TiO> nanofluids at different concentration after five
weeks of storage

Sample concentration Polydispersity Hydrodynamic Peak intensity
(Wt.%) index (PDI) diameter (nm)
0.1 0.221 601.65 591.78
0.2 0.238 671.32 730.22
0.3 0.231 629.62 648.47
0.4 0.238 602.12 586.49
0.5 0.189 625.24 632.93
CONCLUSIONS

This study investigated the effect of TiO2 nanoparticle concentration on the stability and
thermal conductivity of TiO; nanofluids formulated using a 60:40 water-ethylene glycol-
based fluid. The results demonstrated that increasing TiO> concentration enhanced the
thermal conductivity of TiO; nanofluids. The 0.5 wt.% nanofluid exhibited the highest
thermal conductivity, thermal conductivity enhancement and UV-Vis absorbance
immediately after preparation indicating superior thermal conductivity and stability. An
increase in temperature further enhanced thermal conductivity of the nanofluids,
particularly at higher concentrations, due to increased Brownian motions of nanoparticles
promoting more efficient heat transfer. After storage for 66 h, the higher concentrations
exhibited reduced thermal conductivity due to nanoparticle sedimentations while lower
concentrations maintained their thermal performance more effectively. Visual

112



observation confirmed that prolonged storage affected the homogenous distribution of
nanoparticles within the base fluid resulting in sedimentation and reduced stability.
Higher nanoparticle concentration produced greater absorbance because of the increased
number of dispersed nanoparticles. However, maintaining dispersion stability remains a
challenge as absorbance gradually decreased with time. Dynamic light scattering
indicated the formation of large aggregates within the suspension due to more frequent
collision between the nanoparticles with prolonged storage.

TiO2 concentration is an influential factor in determining the thermal conductivity
and stability of TiO/water-ethylene glycol (60:40) nanofluids. Although greater
nanoparticle concentration provides greater thermal conductivity, further optimization is
necessary to enhance the nanoparticle stability over prolonged periods. This can be
achieved through optimized surfactant selection, sonication conditions or nanoparticle
surface modifications. Based on the results obtained the freshly prepared 0.5 wt.%
demonstrated the best thermal performance and stability and shows strong potential as an
improved heat transfer medium for automotive cooling application.
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