
3655

Jurnal Kejuruteraan 37(8) 2025: 3655-3672 
https://doi.org/10.17576/jkukm-2025-37(8)-01

Experimental Investigations of a Bio-oil-Based Binary Nanofluid as a Heat Transfer 
Fluid in Solar Thermal Systems

Ibrahim Kotorkoshi Magajia,b, Adnan Ibrahima*, Hariam Luqman Azeeza, Kamaruzzaman Sopianc & Muhammad Amir Aziat Ishakd

aSolar Energy Research Institute, Universiti Kebangsaan, Malaysia

bDepartment of Physics, Zamfara State College of Education, Maru P.M.B 1002

cDepartment of Mechanical Engineering, Universiti Teknologi PETRONAS, Malaysia

dSchool of Engineering, Faculty of Innovation & Technology,Taylor’s University Lakeside Campus,
47500 Subang Jaya, Selangor

*Corresponding author: iadnan@ukm.edu.my

Received 26 August 2024, Received in revised form 19 December 2024
Accepted 20 January 2025, Available online 30 November 2025

ABSTRACT

The conversion of solar radiation into thermal energy relies heavenly on heat transfer fluid for heat transfer and 
energy storage.  Bio-oil-based nanofluids are considered renewable, efficient, and environmentally friendly 
alternatives to conventional heat transfer fluids.  However, issues regarding thermal stability, long-term stability, and 
the development of binary nanocomposites to improve the performance of bio-oil-based heat transfer fluids remain 
unsolved.This study presents a novel bio-oil-based binary nanofluid derived from palm kernel oil base fluid and 
binary Al2O3-TiO2 nanoparticles.  The characterization, nanoparticle functionalization, sedimentation, and zeta 
potential analysis were used to evaluate the nanoparticles, resulting nanofluid properties, and stability.  
Results from thermophysical measurements show the binary nanofluid’s thermal conductivity significantly increases 
by 34.6% at 60oC temperature for 0.3wt%.  The viscosity of the nanofluid decreases with increasing temperature.  
The highest percentage decrease recorded at 0.1wt% is 34.3%.  The reduction in specific heat due to nanoparticle 
addition is 7.73%, 7.34%, 7.08%, and 8.37% lower than the base PKO. The density of the pure PKO decreases by 
2.48% from 30°C to 60°C while 0.3wt% decreases by 2.89%.  The work also provided an empirical correlation to 
estimate the thermal conductivity and viscosity of Al2O3-TiO/PKO based on experimental data.  The correlated results 
demostrated that the prediction model performs well. The overall results demonstrate a significant increase in the 
thermophysical properties of the developed Bio-oil-based heat transfer fluid, underscoring its superior heat transfer 
properties.This improvement paves the way for more efficient and sustainable heat transfer fluids, reducing reliance 
on petroleum-oil-based heat transfer fluids and promoting environmental sustainability.
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INTRODUCTION

Passive techniques using nanotechnology to promote heat 
transfer characteristics have received more attention 
because they unlock a pathway to increase the efficiency 
of thermal systems without exploiting external power or 
moving components. (Azeez et al. 2024; Bhattad, Rao, et 
al. 2023; Din et al. 2024; Krishna et al. 2020; Kumar, 
Yuvaraj, et al. 2020; Paul et al. 2021; Rahmat et al. 2022). 
As such, the nanoparticles are integrated into conventional 
HTFs such as water, oil or glycols to enhance the heat 
transfer effectiveness of the conventional base fluids.  
These aim to create efficient HTFs known as nanofluids 
with improved thermal conductivity, specific heat capacity, 
controlled viscosity, and decreased density.  Together, these 
enhancements revolutionize heat transfer processes by 
allowing more efficient energy absorption, storage, and 
dissipation (Hamid et al. 2018; Harris et al. 2022; Hasbi 
et al. 2023; Ishak et al. 2023; Rajendran et al. 2020).  
Typical applications of these innovative HTFs include 
cooling of high-performance electronics, automotive heat 
management and heating and cooling renewable energy 
systems where traditional HTFs may not meet the required 
thermal performance (Ali 2022; Almalki et al. 2024; Jebali 
et al. 2023; Shah & Ali 2019; Thiemann et al. 2013; Yusaidi 
et al. 2023).  However, binary nanofluids that are composed 
of two or more nanoparticles combined into a base fluid  
(Etminan & Harun 2021) have proven to outperform single 
or mono nanofluids (Meijerink et al. 2019; Murshed 2023; 
Shah & Ali 2019).  Integrating these specialized fluids into 
solar thermal collectors stands out as one of the best 
effective passive techniques for thermal performance 
enhancement (Gorjian et al. 2020; Mahamude et al. 2022; 
Olia et al. 2019; Aydin et al. 2021; Aasam et al. 2023; Raza 
et al. 2023).

Several mono and binary nanofluids studies have 
demonstrated better heat transfer capabilities (Bhattad, 
Atgur, et al. 2023; Mehta et al. 2022; Scott et al. 2022; 
Uysal & Korkmaz 2019).  Yet, Nonofluids based on 
conventional fluids such as water, synthetic oils, and 
ethylene glycol encounter certain drawbacks such as 
thermal stability, low thermal enhancement, corrosiveness, 
low boiling points, high freezing points, renewable, and 
sustainability (Değer et al. 2021; Jafari et al. 2021; Jelitaa 
& Salehb 2023; Srivastva et al. 2015).  To overcome these 

challenges, renewable and sustainable HTFs must align 
with renewable, sustainable, and environmentally friendly 
HTFs (Kumar et al. 2024; Lau et al. 2024; Xiong et al. 
2021).  In this context, Bio-oil based nanofluids present a 
better alternative due to their renewable, sustainable, and 
environmentally friendly characteristics (Arias et al. 2022; 
Malik et al. 2024; Novita & Fudholi 2023; Yelmen et al. 
2020).  Bio-oil-based HTFs, which consist of nanoparticles 
dispersed throughout the base fluid, represent a class of 
fluids typically derived from biomass.  Due to their non-
volatile nature, high availability, and renewable sources, 
they are regarded as an excellent replacement for 
conventional fluids in solar system applications.  Renewable 
and eco-friendly HTFs derived from biomass products such 
as vegetable sources demonstrated significant promise in 
heat transfer enhancement for low, medium and high-
temperature applications.

Research studies demonstrated the enhancement of 
HTFs with various Bio-oil-based fluids in solar thermal 
systems.  However, the incorporation of nanoparticles both 
in mono and binary combinations into bio-oil base fluids 
was reported to enhance the thermal performance of these 
systems significantly (Brzóska et al. 2021; Chan et al. 2020; 
Muangsuwan et al. 2021).  Table 1 presents a comprehensive 
summary of different research studies that explore the 
potential of different nanoparticles and various bio-oil-
based fluids in enhancing and improving the thermophysical 
properties of bio-oil-based HTFs.  This enhancement is 
applied to different solar thermal applications ranging from 
heating, cooling, and lubrication. 

Even though several studies have highlighted the 
potential of bio-oil and bio-oil-based nanofluids as  HTFs 
in solar thermal technology, challenges persist in their 
practical implementation.  These challenges include 
thermal stability, long-term stability, and integration of 
binary nanocomposites to enhance bio-oil-based nanofluids’ 
thermal and physical properties as HTF.  The present 
research study seeks to bridge the gap by addressing these 
challenges through experimental analysis of bio-oil-based 
binary nanofluid, which has not been previously studied.  
The research study focuses on creating an innovative and 
sufficiently stable bio-oil-based binary nanofluid derived 
from chemically modified PKO with improved 
thermophysical properties that can function as an efficient 
HTF in solar thermal systems applications.
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METHODOLOGY

MATERIALS

Materials used in the PKO purification, transesterification, 
and nanofluid preparation are crude palm kernel oil, sodium 
hydroxide, citric acid, methanol, isopropyl alcohol, silica 
hydrogel, tonsil supreme fullers earth, Whatman papers 1 
& 5, Al2O3, TiO2, and oleic acid as a surfactant.  The 
specifications of the materials used are given in Table 2.

TABLE 2. The specification of the materials used in 
developing nanofluid

Type Al2O3 TiO2 CH3OH NaOH C6H8O7

Purity 99.8% 99+ 99.8% 99.9% 99.9%

Particle 
size

<30nm 
(TEM)

< 30nm 
(TEM)

- - -

Coating 
colour

yellowish yellowish - - -

Colour white white White 
(powder)

White 
(pellet)

-

Density 
(Kg/m3)

2.3g/cm3 - - - -

EXPERIMENTAL DESIGN AND 
PROCEDURE

The PKO used in this study is a non-edible oil that is 
chemically modified to function as  HTF for thermal 
applications.  PKO is capable of dependable and suitable 
HTF and performs better at low, medium, and high 
temperatures (Abdelmalik 2014; Oparanti et al. 2021).  
Bio-oil modified with nanoparticles can provide superior  
HTFs with enhanced thermophysical properties desirable 
for many engineering applications.

SYNTHESIS OF PKO-BASED HEAT 
TRANSFER FLUID

The synthesis of the crude PKO began with the purification 
process aimed at removing the phospholipids and reducing 
both the water and free fatty acid content (Chan et al. 2020; 
Oparanti et al. 2020).  In this process, sodium hydroxide 
(NaOH) and citric acid (C6H8O7) were mixed and 
introduced into 400 ml of crude PKO, followed by stirring 
to ensure thorough mixing.  The mixture was then heated 
to 60oC and stirred on a hotplate for 30 minutes.  Then, 
silica gel and fuller’s earth were added to the sample and 
stirred for 1 hour to reduce gum content, phospholipids, 
and free fatty acids.  The sample was then heated to 70oC 
in an oven for 30 minutes to reduce water content.  The oil 

was then subjected to a two-stage filtration process using 
Whatman paper No. 1 & No. 5 in an oven to remove 
impurities and obtain a purified oil.  Transesterification 
was subsequently performed to modify the purified oil by 
removing the methyl ester and transforming it to HTF.  This 
involves heating the purified oil to 60oC and adding the 
mixture of sodium hydroxide (NaOH) and methanol 
(CH3OH) and stirring for 15 minutes to form sodium 
methoxide (CH3ONa+H2O) (Abdelmalik 2014; Nwankwo 
et al. 2022).  Afterward, the oil was sonicated for 2 hours 
and then subjected to separation into glycerol and methyl 
ester, with excess sodium hydroxide and glycerol 
eliminated (Muangsuwan et al. 2021; Sofiah, Samykano, 
Shahabuddin, et al. 2021).  The extracted modified ester 
was put in an oven and dried at 60oC for 12 hours to reduce 
water content.  Fig. 1 presents the flow synthesis of the  
PKO modification, while mechanisms for converting crude 
PKO into HTF are presented in Eqs.1 and 2.

(1)Crude PKO+NaOH+C6H8O7+Silica Gel+Fuller’s Earth 
→Refined PKO+Soap+Impurities

R1COOCH2−R2COOCH−R3COOCH2+3CH3OH →    
3R-COOCH3+CH2(OH)CH(OH)CH2(OH) (2)

FIGURE 1. Flow for PKO Synthesis

DEVELOPING A BINARY NANOFLUID

To further improve the thermophysical properties of the 
PKO-based HTF, binary dry powder nanoparticles were 
combined through physical mixing and dispersed into the 
modified PKO to create a binary nanofluid employing a 
two-step technique (Oparanti et al. 2020; Raof et al. 2022; 
Sofiah, Samykano, Shahabuddin, et al. 2021).  Each sample 
of binary combinations was stirred on a hotplate for 1 hour 
at a frequency of 40 HZ and a temperature of 30oC (Aydin 
et al. 2021; Madejczyk et al. 2017).  Afterward, the sample 
was sonicated for 3 hours to further disperse the 
nanoparticles in the base PKO.  To enhance the stability 
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of the binary nanofluid, nanoparticles were first 
functionalized. 

During the functionalization process, 3g of each 
nanoparticle (Al2O3-TiO2) was added to 60 ml of methanol 
and thoroughly mixed using a magnetic stirrer on a hotplate 
for of 15minutes at 60 oC.  A 0.026% concentration of oleic 
acid was put into the mixture as a surfactant, and the 
mixture was stirred for an additional 2 hours.  After mixing, 
the sample was subjected to separation using Whatman 
paper No.1 to separate the oleic acid and methanol from 
the nanoparticles.  The separated nanoparticles were put 
in an oven and heated to 70 oC to dry off the excess 
methanol and then water washed.  Stability was achieved 
at an oleic acid concentration ranging from 0.01% to 0.1%, 
attaining optimal stability at 0.026%.  The main reason 
behind nanoparticle functionalization is to create a 

nanofluid with sufficient stability.  For nanoparticles to 
effectively enhance the heat transfer coefficient of the base 
fluid and function as an efficient heat transfer medium 
within a system, stability should be necessary.  Unstable 
nanofluids behave similarly to a conventional fluid (García-
Rincón & Flores-Prieto 2024; Sofiah, Samykano, Pandey, 
et al. 2021).  Mechanisms for nanoparticle functionalization 
are given in Eqs. 3 and 4.

​


(3)

Al2O3+ HOOC- (CH2)7- CH=CH- (CH2)7- CH3→ 
Al2O3- OOC- (CH2)7- CH=CH- (CH2)7 -CH3+ H2O (4)

FIGURE 2. Flow processes of the binary nanofluid samples

CHARACTERIZATION AND STABILITY 
EVALUATION OF THE BINARY 

NANOFLUID

XRD patterns were examined to determine the structural 
characteristics of the functionalized nanoparticles (Al2O3-
TiO2).  The nanoparticle diffraction peaks observed in Fig. 
3 (a) at 2θ angles for Al2O3 are 25.6°, 35.1°, 43.4°, and 
57.5°, which correspond to the α-Al2O3 phase, revealing 
the well-crystalline alumina coating.  Similarly, the angles 

observed in Figure 3 (b) at 2θ values of 25.3° and 62.7° 
for TiO2 correspond to the anatase phase, suggesting the 
presence of titania phase in the TiO2 coating.  The angles 
obtained for Al2O3 and TiO2 are in good agreement with 
those obtained in the reported literature (Bakri et al. 2006; 
Jiang 2011; Li et al. 2020; Oparanti et al. 2021).  For FTIR 
analysis, the FTIR for 0.1wt% to 0.3wt% Al2O3-TiO2/PKO 
binary nanofluid identifies several characteristic absorption 
bands ranging from organic components of PKO and that 
of the Al2O3 and TiO2 nanoparticles.  Figure 3 (c) presents 
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the key spectroscopic bands peaks around 2855 cm–¹, 1736 
cm-1, 1736 cm-1, 1166cm-1, 723 cm-1, 1461 cm-1, and the
peak range between 1000 cm-1 to 400 cm-1 that associated
with various functional groups: C-H stretching (alkanes),
C=O stretching (esters), C-H bending (methylene), C-O
stretching (esters and alcohols), Al2O3 components, and 
TiO2 components respectively.  All the peaks observed 
from this study are consistent with those obtained in the 
literature (Afzal et al. 2019; Azmi Roslan et al. 2017; 
Oparanti et al. 2020; Shnain et al. 2022).
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FIGURE 3.  (a) XRD Spectra of Al2O3 nanoparticle, (b) XRD 
Spectra of TiO2 nanoparticle, and (c) FTIR of the binary Al2O3-

TiO2/PKO oil nanofluids

TEM investigation was carried out to evaluate the 
stability, shape, and size dispersion of the Al2O3-TiO2/PKO 

binary nanofluid.  Several studies have employed the TEM 
approach for stability testing, providing valuable insights 
into materials’ structural integrity and degradation 
mechanisms at the atomic level.  TEM’s capability to 
perform in situ observations further enhances its 
effectiveness in understanding the behaviour of materials 
under real-world conditions.

 Figure 4 shows the TEM investigation captured after 
one week of the nanofluid preparation.  Results revealed 
precise insights into the nanoparticles’ internal structure 
and size.  The TEM pictures discovered that the Al2O3-TiO2 
nanoparticles were well-dispersed with an average size of 
(<30 nm).  The mono nanofluids’ displayed in the first TEM 
image (a) show moderate stability and a tendency for the 
nanoparticles to agglomerate.  Some clustering and 
aggregation observed indicate that the nanoparticles may 
attract one another, signifying less stability in the dispersion 
medium.

In contrast, the second TEM image pictured in (b) 
provides an image of a binary nanofluid.  The TEM result 
shows improved stability with well-dispersed, spherical, 
and low aggregation.  The even distribution and low 
clustering observed indicate that these nanoparticles are 
highly stable in the dispersion.  A narrow size distribution 
of Al2O3 bonded together with TiO2 discovered in the image 
typically enhances stability as similarly sized particles are 
less likely to undergo differential sedimentation.  Further 
investigation was carried out to assess the stability of the 
developed binary nanofluid.  Sedimentation and zeta 
potential analysis (Kumar, Palanisamy, et al. 2020; 
Sugiantoro 2018) were employed in this study to further 
ascertain the stability of the developed binary nanofluid. 

FIGURE 4. (a) TEM image for mono sample (b) TEM image 
for binary-based nanofluid

The zeta potential analyzer, Brookhaven, was used to 
evaluate the zeta potential of the binary nanofluid in this 
research.  Table 3 provided the zeta potential results, which 
reveal negatively charged values due to the addition of 
oleic acid as a surfactant with a negatively charged polar 
group because of the deprotonation in the carboxylic acid 
group of oleic acid as pH rises (Manca et al. 2022; 
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Mourdikoudis et al. 2022).  Research proves that, as the 
pH of the nanofluids rises, the zeta potential of oleic acid-
coated nanoparticles becomes more negative, enhancing 
their colloidal stability (Kumar et al. 2022).  The zeta 
potential value was observed to be reduced over the four 
weeks for all the nanofluid samples evaluated.  The value 
of 0.3wt% concentration decreases from -48 mV to -37 
mV while 0.2wt% sample decreases from -52 mV to -43 
mV respectively. 

TABLE 3.  Zeta potential measurement (mV) for Al2O3-TiO2/
PKO

Weeks 1 2 3 4
0.2wt% -52 -50 -47 -44
0.3wt% -49 -46 -42 -38

RESULT AND DISCUSSION

This study thoroughly investigated the thermophysical 
properties of bio-oil-based binary nanofluids.  The HTF 
derived from PKO-based binary nanofluid exhibits 
enhanced thermophysical properties compared to 
conventional or pure PKO-based HTFs.  PKO-based binary 
nanofluids enhance thermal management by improving the 
thermophysical properties.  They are suitable for solar 
thermal energy systems and lubricants due to their 
renewable nature and improved thermal performance.

THERMAL CONDUCTIVITY OF THE 
BINARY NANOFLUID

The KD2 Pro thermal properties analyzer was used to 
measure the thermal conductivity within the 30 to 60°C 
range, temperatures in an interval of 10°C.  This device 
employs a transient line heat source to measure thermal 
properties.  At a concentration of 0.1wt% shown in Figure 
5, the thermal conductivity measured at 30 °C was 0.459W/
mK, higher than the base fluid’s 0.438 W/mK, which is a 
28.4% increase than the thermal conductivity of the base 
fluid.  At 0.2wt% concentration, the highest thermal 
conductivity value recorded at 60 °C shows 0.722W/mK, 
32.4% higher than the base fluid’s 0.488W/mK.  The 
maximum thermal conductivity of 0.798W/mK was 
obtained at 0.3wt% for binary nanofluid is 34.6%, which 
is higher than conventional PKO values, demonstrating 
that as the concentration of nanoparticles in a binary 
nanofluid increases, the thermal conductivity of the 
nanofluid also increases.  The increment is due to the 
microconvection and Brownian motion of the binary 
nanoparticles in the base fluid.  However, at the interface 
between the nanoparticles and the base fluid, a layer with 
different thermal characteristics can form and improve the 
thermal conductivity, adding to the nanofluid’s overall 
increase in thermal conductivity.

 FIGURE 5.  Thermal conductivity of Al2O3-TiO2/PKO against temperature

Figure 6 reveals that temperature more substantially 
influences thermal conductivity enhancement than particle 
concentration.  The analysis shows that the concentration 
of the nanoparticle increases the thermal conductivity from 
0.459W/mK to 0.522W/mK at 30oC, which implies a 

significant increase compared to the pure PKO value of 
0.438W/mK.  The percentage of nanoparticle concentration 
increment is approximately 16.09% at 30oC and 23.3% at 
60oC.  However, the temperature increases thermal 
conductivity from 32% at 0.1wt% to 34% at 0.3wt% for 
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30oC- 60oC.  The percentage increase for each concentration 
level ranges from 0.1wt% to 0.3wt%.  Results show that 
the temperature increment is more pronounced than the 

concentration of the nanoparticle in increasing the thermal 
conductivity of the binary nanofluid.

FIGURE 6.  Thermal conductivity of Al2O3-TiO2/PKO against weight concentration

Figure 7 compares the thermal conductivity of Al2O3-
TiO2/PKO and Al2O3-TiO2/PO from another study in the 
literature [48].  The present study reveals a significant 
enhancement effect in the thermal conductivity of PKO, 
with values varying from 0.438W/mK (PKO) to 0.522W/
mK (0.3wt%).  Adding nanoparticles significantly increases 
the conductivity, with values varying from 0.1wt% to 
0.3wt%.  At 60°C, the thermal conductivity for PKO in the 
present study is 0.612W/mK, which is significantly higher 
than that from another study of 0.38W/mK, which used 
the same concentration of the binary nanoparticles but with 
a different base fluid, suggests that the pure PKO in the 
present study has better thermal conductivity as the 

temperature increases.  For 0.2wt%, the value is 0.722W/
mK in the present study, compared to 0.47W/mK in another 
study.  Generally, the present study shows a more 
substantial enhancement.  The results of the current study 
are generally higher than those published in another 
relevant study from the literature.  This suggests that the 
base fluid (PKO) utilized in the current work could be more 
effective at increasing heat conductivity.  Other disparity 
in values between the current study and the one compared 
in the literature could be attributed to changes in the 
conditions of experiments, dispersion techniques, or other 
factors that influence thermal conductivity. 

FIGURE 7.  Comparison of the thermal conductivity of Al2O3-TiO2/PKO and Al2O3-TiO2/PO



3663

 VISCOSITY OF THE BINARY NANOFLUID

The binary nanofluid-based PKO viscosity was measured 
with a digital RVDV-1 viscometer, as shown in Figure 8 
(a).  The results indicate that the viscosity of the PKO-based 
binary nanofluid decreases significantly with the increase 
in temperature from 30°C to 60°C across all weight 
concentrations studied.  For a 0.3% concentration, the 
viscosity of the binary nanofluid dropped from 4.72mPa.s 
to 3.46mPa.s.  This reduction is due to decreased adhesion 
forces and increased Brownian motion.  However, the 
increase in viscosity observed with higher nanoparticle 
weight concentrations is attributed to the presence of coated 
or modified nanoparticles to enhance dispersion in the oil, 
creating steric hindrance and additional resistance to flow, 
resulting in higher viscosity than pure oil or modified ester.  
The viscosity of the binary nanofluid at 30°C,  for 0.3wt%, 

is 4. 72mPa.s, which is 24.8% higher than the 3.55mPa.s 
base fluid.  At 60°C, the nanoparticle concentration 
increases the viscosity of the pure PKO from 2.21mPa.s 
to 3.46mPa.s, which is  36.1% higher than that of pure 
PKO.  For pure oil presented in Figure 8 (b), the viscosity 
of purified PKO shows a clear inverse relationship with 
temperature.  When the temperature increases from 30°C 
to 60°C, the viscosity of pure PKO drops from 27mPa.s to 
11mPa.s, demonstrating a considerable decrease in 
resistance to flow as the temperature increases.  The 
magnitude of reduction is significant across the temperature 
range: from 30°C to 40°C, the viscosity decreases by 
5mPa.s; from 40°C to 60°C, it decreases by another 6mPa.s; 
and from 50°C to 60°C, it decreases by 5mPa.  The length 
and saturation of the fatty acid chains contribute to the high 
viscosity of pure PKO.  Longer and more saturated chains 
tend to have higher viscosity due to stronger Van der Waals 
forces and increased molecule entanglement.

FIGURE 8.  The viscosity of Al2O3-TiO2/PKO against temperature
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Figures 9 (a) and (b) illustrate the viscosity of PKO-
modified ester and pure PKO at different weight 
concentrations and temperatures.  Figure 9 (a) shows that 
the reduction in temperature of pure PKO and ester-
modified PKO started from 30°C to 60°C.  This reduction 
is owing to lower intermolecular forces and increased 
molecular mobility at higher temperatures.  However, the 
presence of nanoparticles increases the viscosity of both 
PKO and modified PKO ester.  Higher nanoparticle 
concentrations (0.1wt% to 0.3wt%) result in higher 
viscosity at all temperatures.  At 60°C, the modified PKO 
ester has a viscosity of 3.46mPa.s (a 1.26mPa drop).  At 
60°C, pure PKO has a viscosity of 14mPa.s (down 5mPa.s) 
for 0.1wt%.  Adding 0.1wt% nanoparticles enhances the 
viscosity compared to pure PKO, but it follows the same 
pattern of decreasing viscosity as the temperature rises.  
Adding nanoparticles to the PKO sample generates steric 

hindrance and increases flow resistance, leading to a greater 
viscosity for both the PKO-modified ester and pure PKO.  
While pure PKO and ester-modified viscosity decrease 
with increasing temperatures, the ester-modified PKO has 
a consistently lower viscosity due to the oil’s chemical 
modification.  Figure 9 (b) compares the viscosity of Al2O3-
TiO2/PKO ester and Al2O3-TiO2/PKO purified with respect 
to temperature.  The viscosity decreases with increasing 
temperature; however, the pace varies according to 
nanoparticle concentration.  The percentage decrease in 
viscosity from 30°C to 60°C is: 0.1wt%: ~36.8%, 0.2wt%: 
32.6%, 0.3wt%: ~26.7%. The decrease in viscosity for 
binary nanofluids is less pronounced when compared to 
pure PKO due to the inclusion of nanoparticles, which offer 
steric hindrance and sustain greater viscosity levels even 
at extreme temperatures.

FIGURE 9.  Comparison between viscosities of Al2O3-TiO2/PKO
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PROPOSED CORRELATIONS FOR 
THERMAL CONDUCTIVITY AND 

VISCOSITY

Based on the literature from various studies regarding the 
thermal conductivity and viscosity of the mono and binary 
nanofluids, there is currently no established model for 
accurately forecasting the thermal conductivity and 
viscosity of Al2O3-TiO2 binary nanofluids with a base PKO 
fluid.  Most nanofluid models are tailored to simpler 
systems or rely on empirical correlations from specific 
experimental results (Kamel et al. 2021).  To effectively 
predict the thermal conductivity and viscosity of Al2O3-
TiO2/PKO binary nanofluids, it is imperative to develop a 
new empirical or semi-empirical model grounded in 
experimental data.  Therefore, the formulation of an 
equation through regression analysis utilizing experimental 
data was used as a reliable model for forecasting the 
thermal conductivity of the developed Al2O3-TiO2/PKO 
nanofluids.  The quadratic polynomial function in Eqs. 5 
and 6 was formulated from the regression analysis using 
experimental data.  It was used to predict the thermal 
conductivity and viscosity of the binary Al2O3-TiO2/PKO 
with the best fit obtained. 

T and φ denote the nanofluid’s temperature and weight 
concentration.  To validate the accuracy of the suggested 
correlations, a parameter known as the Margin of Deviation 
is used in Eq. 7.  

The term   signifies the thermal conductivity results 
gained from experimental data, whereas k represents the 
thermal conductivity obtained based on prediction 
correlations.  Employing the MATLAB curve-fitting tool, 

Figures 10 (a) and (b) demonstrate how weight 
concentrations and temperatures affect the thermal 
conductivity and viscosity ratio of binary Al2O3-TiO2/PKO 
nanofluids in three dimensions.  The results showed that 
temperature has a greater impact than weight concentration 
on both thermal conductivity and viscosity enhancement 
ratios, which could be attributed to the increase in the 
Brownian motion of the nanoparticles as the temperature 
rises.

FIGURE 10.  Three-dimensional surfaces for binary nanofluids 
at different weight concentrations and temperatures

Figure 11 compares the experimental and predicted 
results for the thermal conductivity and viscosity of the 
binary nanofluid.  Figures (11a) & (11b) demonstrate that 
most of the predicted values for thermal conductivity and 
viscosity are close to the line of perfect agreement, 
implying that the model predictions are generally correct.  
There are occasional deviations in which predicted values 
are higher or lower than the experimental results but are 
mainly contained inside the dashed lines, indicating that 
the predictions are close to the experimental data.  A few 
locations lie outside the dashed lines, suggesting that the 
model’s predictions differed significantly from the 
experimental results.  Overall, the graphs show that the 
prediction model for binary nanofluids performs well, with 
most predicted values being near experimental values.
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FIGURE 11.  Comparison between  experimental and predicted 
results of binary Al2O3-TiO2/PKO 

The graph provided in Figures (12a) & (12b) illustrates 
the margin of deviation (%) plotted against weight 
concentration (wt%) at various temperatures (30°C-60°C) 
for both the thermal conductivity and viscosity ratios.  The 
margin of deviation varies with concentration and 
temperature.  At lower concentrations (0.1wt%), most 
temperatures, except for 60oC, show a tendency for 
underprediction (positive deviation).  The predicted values 
for higher concentrations (0.3wt%) are quite similar to the 
experimental values at all temperatures.  Temperature 
substantially affects deviation, with different temperatures 
exhibiting distinct tendencies.  The prediction variability 
suggests that while the model performs well overall, there 
are specific instances where the predictions deviate from 
experimental values.  To validate the accuracy of the 
suggested correlations, a parameter known as the Margin 
of Deviation was used to predict the model’s accuracy and 
indicated the deviations generally below ±4%, confirming 
the regression model’s reliability.

FIGURE 12.  Margin of deviation against weight 
concentrations

   SPECIFIC HEAT CAPACITY AND 
DENSITY OF THE BINARY NANOFLUID

Specific heat presented in Figure 13 (a) was measured using 
differential scanning calorimetric (DSC), which has an 
uncertainty of less than 4%.  The result shows the specific 
heat reduction observed is more significant at higher 
nanoparticle concentrations, indicating nanoparticles’ 
effective influence on the thermophysical properties of the 
base fluid.  At 30°C, the specific heat reduction is more 
noticeable with nanoparticle concentration, from 2.07 KJ/
KgK (PKO) to 1.91 KJ/KgK (0.3 wt%).  As the temperature 
increases, the reduction in specific heat due to nanoparticle 
addition becomes less pronounced but still noticeable.  For 
instance, at 60°C, the specific heat decreases from 2.39 KJ/
KgK for pure PKO to 2.19 KJ/KgK for 0.3 wt%.  Across 
all temperature ranges, reduction in specific heat for the 
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binary nanofluid, attributable to nanoparticle incorporation, 
varies between 7.08% and 8.37% compared to the base 
PKO ester.  Notably, the increase in temperature is 
associated with a corresponding increase in specific heat, 
with the highest increase of 12.98% recorded at 0.1 wt%.  
These findings suggest that nanoparticle addition alters 
molecular interactions within the base fluid, potentially 
restricting the movement of fluid molecules and reducing 
the fluid’s specific heat. 

The density in Figure 13 (b) displays the density (ρ) 
values of a binary Al2O3-TiO2/PKO  nanofluid at various 
temperatures.  The density of the binary nanofluid drops 
slightly as the temperature increases from 30°C to 60°C.  

The density of modified PKO-based nanofluid decreases 
by 2.48% from 30°C to 60°C while 0.3wt% drops to 2.89% 
at 30°C-60°C.  It is indicated that, at 30°C, the density 
increases by 0.90% when the concentration of nanoparticles 
is increased from  (0.1wt%) to  (0.3wt%).  The density of 
the binary nanofluid normally decreases as temperature 
rises due to thermal expansion.  However, it increases with 
increased nanoparticle loading because the dispersed 
nanoparticles possess a higher density than the base fluid.  
Thermal expansion causes an increase in volume, which 
reduces density as the temperature rises.  Table 4 provides 
the thermal conductivity enhancement obtained in the 
present study compared to other research studies.

FIGURE 13.  Variation of Al2O3-TiO2/PKO against temperature

TABLE 4. Comparison of thermal conductivity enhancement obtained with other studies
Ref Nanoparticles Base fluid Concentration 

(%)
Max. thermal 

conductivity (%)
Temp.  Range 

(oC)
(Samylingam et al. 

2020) 
MXene Olein palm oil (OPO) 0.01, 0.03, 

0.05, 0.08, 0.1, 
& 0.2

68.5 -

(Wanatasanappan et 
al. 2022)

Al2O3 -TiO2 Coconut oil, soybean 
oil, and palm oil

0.2, 0.4, & 0.6 27.5 25-65

(Sofiah, Samykano, 
Shahabuddin, et al. 

2021)

CuO Deodorized palm olein 1,5 and 10 31.34 30-80

(Awua et al. 2016) Al2O3 Palm kernel nano-
fibres

0.1, 0.2, 0.3, 
0.4 & 0.5

16.1 0-60

(Ebrahimi et al. 
2019)

Al2O3 and Cu Ethylene glycol/water 0.1 vol% & 1.0 4.25 0-90

continue ...
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Graphene and 
titanium oxide

Palm wax, beeswax, 
and coconut oil

0.5, 1.0, 1.5, 
& 2.0

46.1 -

(Hasbi et al. 2023) TiO2-SiO2 Water 0.5,1,1.5 & 2 16 30–80

(Hasbi et al. 2023)
MWCNTs 1,2- propanediol or 

1,3-propanediol, 
and poly(N-

vinylpyrrolidone)

0.5,1,1.5 & 2 46.1 10-60

(Nfawa et al. 2021) CuO–MgO Water 0.125–1.25 16 25 -50

Present Study Al2O3-TiO2 PKO 0.1-0.3 34.6 30-60

... cont.

CONCLUSION

An experimental investigation was conducted on a novel 
bio-oil-based binary nanofluid derived from PKO as an 
HTF.  This work studied the performance of a pure PKO 
and the incorporation of Al2O3-TiO2-based PKO binary 
nanofluid.  The distinctive characteristics, stability, and 
thermophysical properties of the Al2O3-TiO2/PKO binary 
nanofluid with three weight particle concentrations of 
0.1wt%, 0.2wt%, and 0.3wt% were investigated.  Results 
obtained from the study deduced the following conclusion;
1.	 The XRD analysis of Al2O3 and TiO2 functionalized 

nanoparticles shows peaks at 2θo = 25.6°, 35.1°, 
43.4°, and 57.5° for Al2O3, and 25.3° and 62.7° 
for anatase TiO2. This offers precise information 
about the crystalline structure and interactions of 
the nanoparticle’s coatings with the core.

2.	 The nanofluid exhibits distinct absorption bands 
from both the organic components of the PKO 
and the Al2O3 and TiO2 nanoparticles, indicating 
good coating and material interaction, as shown 
by the prominent peak around 2855cm–¹,1740cm–

¹,1000cm–¹ to 400cm–¹, 723cm–¹, and 1461cm–¹ 
from FTIR analysis.

3.	 The TEM image for Al2O3 and TiO2 depicts 
moderate stability in a mono-sample nanofluid, 
with clustering and aggregation observed. The 
binary nanofluid TEM image demonstrates 
increased stability with well-dispersed, spherical 
particles and negligible aggregation.

4.	 The investigation of the thermophysical properties 
of the binary nanofluid shows that 0.3wt% 
nanofluid concentration increases the thermal 
conductivity from 0.522W/mK at 30oC to 0.798 
W/mK at 60oC, which implies a significant 
increase of 34.6% compared to pure PKO ranges 
from 0.438W/mK to 0.612W/mK with an 
approximate percentage of 28.4% from 30oC to 
60oC. 

5.	 The viscosity decreases with increasing 
temperature; however, the pace varies according 
to nanoparticle concentration.  The percentage 
decrease in viscosity from 30°C to 60°C is: 
0.1wt%: ~36.8%, 0.2wt%: 32.6%, 0.3wt%: 
~26.7%, while the pure PKO is: 0.1wt%: 
~53.33%, 0.2wt%: 50%, 0.3wt%: ~48.57%.

6.	 The reduction in specific heat due to nanoparticle 
addition becomes less pronounced but still 
noticeable.  At 60°C, the specific heat decreases 
from 2.39 KJ/KgK (PKO) to 2.19 KJ/Kg.K 
(0.3wt%).  At 30oC-60°C, the decrease of specific 
heat of the binary nanofluid due to the nanoparticle 
addition is 7.73%, 7.34%, 7.08%, and 8.37% 
lower than the pure PKO.

7.	 The density of the pure PKO decreases by 2.48% 
from 30°C to 60°C while 0.3wt% decreases by 
2.89% at 30°C-60°C.  Results also indicate that 
at 30°C, the density increases by 0.90% when the 
concentration of nanoparticles is increased from  
(0.1wt%) to  (0.3wt%).

8.	 Using bio-oil as a base fluid and adding binary 
nanoparticles to create a stable binary nanofluid 
highlights the study’s novelty.  The overall results 
obtained from the research study revealed that the 
developed binary nanofluid could potentially be 
used as HTF in low and medium-temperature 
applications.

Research studies should focus on evaluating the 
performance effectiveness of bio-oil-based nanofluids on 
various solar thermal systems.  Additionally, conducting 
economic analysis to assess the cost-effectiveness of bio-
oil-based nanofluids in solar thermal systems is also 
imperative.
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