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Abstract
This study experimentally investigates the influence of hybridization mixing ratio (HMR), nanoparticle size, and temperature 
on the stability, thermal conductivity, viscosity, and thermoelectric conductivity of Fe

3
O

4
∕TiO

2
-DIW, Fe

3
O

4
∕MgO-DIW, 

and Fe
3
O

4
∕ZnO-DIW magnetic hybrid ferrofluids (MHFs). A two-step preparation technique was used to synthesize 0.3% 

volume concentration of the MHFs at HMRs of 80:20, 60:40, and 40:60, respectively. The study’s result revealed that the 
thermal and electrical conductivity of the MHF was proportional to the temperature of the MHF. Also, the viscosity and 
thermoelectric conductivity (TEC) of the MHF was inversely related to the MHF’s temperature. The (80:20) ratio consist-
ently stands out for superior stability and thermal conductivity. An exceptional electrical conductivity of 4.23 mS/cm was 
displayed by the Fe

3
O

4
∕TiO

2
(18 nm)-DIW at 50 °C. The best thermal conductivity–viscosity balance was observed for the 

Fe
3
O

4
∕ZnO-DIW with HMR of 80:20 at 50 °C as it has the highest thermal conductivity enhancement of 31.28% and the 

least viscosity. These findings guide MHF customization, emphasizing stability and thermophysical performance balance. 
Fe

3
O

4
∕ZnO-DI also had the best TEC value, making it most suitable for cooling PEM fuel cells. Linear regression analysis 

was used to generate the thermal conductivity correlations for the MHFs, while feature importance analysis highlights tem-
perature as the most significant variable influencing their thermal conductivity.

Keywords  Magnetic hybrid ferrofluids (MHFs) · Stability · Hybridization mixing ratios · Viscosity · Thermal conductivity · 
Heat transfer efficiency
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After Prep	� Immediately after preparation
Ag 	� Silver nanoparticles
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AL

2
O

3
 	� Aluminum oxide nanoparticles

Au 	� Gold nanoparticles
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 	� Cobalt (III) oxide nanoparticles

Cu 	� Copper nanoparticles
CuO	� Copper oxide nanoparticles
CNTs	� Carbon nanotubes
DIW 	� Deionized water
DW	� Distilled water
EG	� Ethylene glycol
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 	� Iron (III) oxide nanoparticles

Fe
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 	� Iron (IV) oxide nanoparticles

GA	� Gum arabic
GNP 	� Graphene nanoplatelets
GO 	� Graphene oxide
IEP	� Isoelectric point
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MgO	� Magnesium oxide nanoparticles
MHNFs	� Magnetic hybrid nanofluids
MHFs	� Magnetic hybrid ferrofluids
MNPs	� Magnetic nanoparticles
MWCNT 	� Multiwalled carbon nanoparticle
ND 	� Nanodiamond
Ni	� Nickel nanoparticles
SF	� Sedimentation factor
CV	� Cross-validation
R	� Residuals
MAE	� Means average error
MSE	� Mean square error
SiO

2
 	� Silicon oxide nanoparticles

STDEV	� Standard deviation
TEC	� Thermoelectric conductivity
TEM	� Transmission electron microscopy
Ti O

2
 	� Titanium oxide nanoparticles

ZnO 	� Zinc oxide nanoparticles
UV–Vis	� Ultraviolet–visible
X-NP	� Defined nanoparticle

Greek symbols
Φ	�  Volume concentration (vol%)
μ 	� Viscosity (mPas)
κ 	� Thermal conductivity (Wm/K−1)
σ 	� Electrical conductivity (mS/cm−1)
ρ	� Density (gcm−3)

Subscripts
A₀	� Initial absorbance
Aₜ	� Final absorbance

Introduction

More efficient ways to enhance heat transfer are imperative 
to pursue sustainable energy in various industrial and energy 
devices. One of the novel approaches to enhance the thermal 
performance of existing designs in various thermal devices 
is to adopt a novel heat transfer fluid called nanofluids. The 
concept of nanofluid was originally introduced in the work 
of Choi and Eastman [1]. In the study, they proposed that 
incorporating nanoparticles into conventional base fluids 
could enhance the fluid's thermal conductivity.

Subsequently, several experimental studies have been 
conducted to explore different types of nanoparticles (NPs) 
used in nanofluid research. These include metallic NPs, non-
metallic oxide NPs, metallic oxide NPs, metallic carbide 
NPs, metallic nitride NPs, carbon-based NPs, etc., which 
could be magnetic or non-magnetic. Several studies have 
examined the influence of factors such as volume fraction, 
particle size, temperature, concentration, and other param-
eters on the thermal conductivity of the nanofluid. Their 
findings correspond with Choi and Eastman's proposition 

that nanofluids yield a significant enhancement in thermal 
conductivity compared to base fluids [2–4].

Magnetic nanoparticles (MNPs) are special ferromagnetic 
nanoparticles with a particle size below 100 nm. Common 
MNPs studied in the nanofluid field are magnetite ( Fe3O4 ), 
maghemite (γ-Fe3O4 ), cobalt ( Co2O3 ), hematite ( Fe2O3 ), 
and nickel (Ni). These nanoparticles can be manipulated 
and effectively controlled in a magnetic field. However, 
magnetite ( Fe3O4 ) possesses the most influential properties 
compared to other magnetic nanoparticles due to its inverse 
spinel structure, because the Fe3+ ion is available at both the 
octahedral and tetrahedral crystallization sites [5].

Ferrofluids, also called magnetic nanofluids (MNFs), are 
engineered by dispersing ferromagnetic nanoparticles in a 
conventional heat transfer fluid. Extensive research is cur-
rently being conducted on the use of MNFs, since the pres-
ence of MNPs improves the thermal properties of nanofluids 
and offers more outstanding properties due to their magnetic 
nature [6]. MNFs are usually prepared with a base fluid such 
as water, polar liquids, i.e., they are miscible with water 
(e.g., propylene glycol and ethylene glycol), or non-polar 
liquids, which are immiscible with water (e.g., kerosene, 
transformer oil, and motor oil) [6–9].

While a significant improvement in thermal conductiv-
ity was observed with single nanoparticle nanofluids, chal-
lenges related to stability remain. Additionally, the increased 
viscosity is recognized as a considerable drawback [10]. 
According to Chakraborty et al. [11], unstable nanofluids 
compromise nanofluid performance as the particle clustering 
and settling raise viscosity and undermine thermal proper-
ties, escalating costs [12], ineffectiveness for medical uses 
[13], and reduced oil recovery in petrochemical industries 
[14]. The particle clustering and settling raise viscosity and 
undermine thermal properties, escalating costs.

These, among other reasons, led to the hybridization of 
nanoparticles with higher stability potential, ‘MNPs,’ to 
enhance their stability while improving the thermal con-
ductivity for optimized performance of nanofluids as heat 
transfer fluid with controlled magnetic response or specific 
functional characteristics, depending on their intended 
application.

Jana and colleagues [15] pioneered hybrid nanofluid 
research, aiming to enhance thermal conductivity and sta-
bility. They synthesized the hybrid nanofluids with carbon 
nanotubes-copper nanoparticles (CNTs-Cu) and carbon 
nanotubes-gold nanoparticles (CNTs-Au). Surprisingly, 
the hybrid nanofluids showed reduced thermal conductivity 
compared to single nanoparticle nanofluids. Giwa et al. [16] 
prepared AL2O3/MWCNT-Water nanofluid and observed a 
14.17% increase in thermal conductivity value compared to 
individual nanofluid.

Chinnasamy et al. [17] formulated Fe3O4/MWCNT-Water 
nanofluid, and it was found that the thermal conductivity 
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of this nanofluid increased by 6.3% in comparison with 
pure Fe3O4 and MWCNT with high dispersion stability at 
a zeta potential of − 40 mV. Harandi et al. [18] explored 
the impact of volume concentration and temperature on the 
thermal conductivity of EG-based hybrid nanofluids com-
prising functionalized Fe3O4/MWCNT (with equal vol-
umes). Results showed a 30% increase at 50 °C and 2.3% 
volume concentration. Sundar et al. [19] synthesized nano-
diamond/Fe3O4 observed a maximum enhancement of 17.8% 
compared to individual nanofluid. Mehrali et al. [20] hybrid-
ized graphene/Fe3O4 and observed 11% enhancement of the 
thermal conductivity. Acharya and Mabood [21] conducted a 
mathematical analysis of the hydrothermal behavior of gra-
phene/Fe3O4-Water as a radiative heat transfer fluid. Their 
study revealed that higher heat transfer rates are associated 
with increased nanosuspension concentration, corresponding 
to improved thermal conductivity. In a similar vein, Lund 
et al. [22] investigated the viscous dissipation of Cu/Fe3O4

-Water nanofluid under the influence of a magnetic field, 
employing mathematical modeling to understand the fluid 
dynamics and heat transfer mechanisms in such systems.

Areum et al. [23] prepared Fe3O4/MWCNT/Water-eth-
ylene glycol (80:20)-based nanofluid and reported a 2% 
enhancement in thermal conductivity, along with a stable 
nanofluid, as indicated by zeta potential measurements 
within the range of − 32 to − 56 mV over one month. Giwa 
et al. [24] conducted a study of hybridized MWCNT-Fe2O3

/DIW nanofluids, resulting in stable mixtures. They found 
that increasing volume concentration raised electrical con-
ductivity and viscosity. However, with rising temperature, 
viscosity decreased, while electrical conductivity increased. 
These hybrid nanofluids showed substantial improvements 
in both properties compared to the base fluid, with viscos-
ity increasing up to 35.7% improvement in thermal con-
ductivity and electrical conductivity enhancement of up 
to 1676.4%. Sundar et al. [25] demonstrated the thermal 
conductivity of nanofluids containing 0.3 mass% of Fe3O4/
MWCNT/Water. They observed that the thermal conductiv-
ity was significantly enhanced by showing an improvement 
of 13.88–28.46% in the hybrid at 0.3%, relative to the base 
fluid with a temperature range of 25–60 °C. Shi et al. [26] 
conducted a study to examine the thermophysical proper-
ties, namely viscosity, thermal conductivity, and specific 
heat capacity, of Fe3O4 nanofluid and Fe3O4/MWCNT/Water 
nanofluid at a concentration of 0.25 vol%. Their research 
outputs show that the hybrid nanofluid exhibited higher ther-
mal conductivity and viscosity while demonstrating a lower 
specific heat capacity compared to the Fe3O4 nanofluid.

Several other studies focused on the thermal conductiv-
ity of magnetic hybrid nanofluid under the influence of 
magnetic fields and observed a significant enhancement. 
Shahsavar et al. [27] demonstrated that the thermal con-
ductivity of nanofluids containing Fe3O4/CNT-Water at a 

ratio of (1:2, 2:1, and 1:1) under the magnetic field effect 
with the maximum enhancement of 12.07%,152.95%, and 
141.80%, respectively, with a magnetic strength of 470mT. 
Liu et al.[28] prepared Fe3O4/CNT-Water with the effect 
of oscillating and a constant magnetic field of 700 Gauss, 
and they observed an enhancement of 22.62 and 24.25%, 
respectively, and reported that the nanofluid was stable 
and the thermal conductivity data were reproducible over 
a period of one month with zeta potential more than 40 
and 60 mV. Korel et al. [29] examined the effects of a 
magnetic field on heat and fluid flow under mixed convec-
tion in an arc-shaped, lid-driven cavity filled with Fe3O4/
water ferrofluid. Using a custom finite volume solver in 
Open FOAM®, they analyzed the influence of magnetic 
number (Mn), Richardson number (Ri), nanoparticle con-
centration (φ), and arc width ratio (b*/L). Results showed 
that applying the magnetic field near the heat source 
induced recirculation zones, enhancing thermal diffusion. 
At Ri = 0.04, heat transfer improved by up to 338.35% due 
to the combined effects of magnetism, curved walls, and 
nanoparticles. However, at Ri = 40, the presence of the 
Kelvin force led to a reduction in heat transfer. Two new 
Nusselt number correlations were also proposed based on 
the investigated parameters.

Baby and Sundara [30] introduced a magnetic nanofluid 
by dispersing silicon dioxide-coated Fe3O4 particle-dec-
orated CNTs ( Fe3O4 + SiO2/CNT) in DIW. Their results 
indicated water-based nanofluids containing Fe3O4/CNTs 
and Fe3O4/SiO2 . When subjected to a magnetic field, CNT 
exhibited thermal conductivity enhancements of 20% and 
24.5%, respectively, at a volume concentration of 0.03%.

Additionally, the integration of machine learning (ML) 
models for the prediction and optimization of nanofluid 
properties has been increasingly explored, Riyadi et al. [31]. 
Recent studies have shown the potential of artificial neural 
networks (ANNs) [32] and support vector machines (SVM) 
[33] in predicting thermophysical properties of nanofluids 
based on input variables such as nanoparticle type, size, and 
concentration, Zhang et al. [34]. These ML techniques can 
provide rapid and accurate predictions, reducing the need for 
extensive experimental work and facilitating the design of 
nanofluids with tailored properties for specific applications.

An extensive review of previous research reveals a pre-
dominant focus on two types of nanoparticles: MWCNT and 
CNT with MNPs for magnetic hybrid ferrofluids (MHFs). 
However, a substantial research gap exists regarding the sta-
bility and thermophysical properties of hybrid ferrofluids of 
Fe3O4 and other types of nanoparticles (TiO2 , MgO, ZnO, 
Au, Ag, etc.) other than carbon NPs. Also, the prevalent 
use of the hybridization mixing ratio ( Fe3O4 : X-NP; 80:20) 
in most studies poses a question to this author. Therefore, 
further investigation is crucial to elucidate the rationale 
behind the 80:20 Fe3O4 ratio and explore the influence of 
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hybridization on diverse hybrid ferrofluids for enhanced heat 
transfer applications.

This study aims to address this gap by experimentally 
investigating the stability, thermal conductivity, viscosity, 
electrical conductivity, and pH of Fe3O4/TiO2-DIW, Fe3O4

/MgO-DIW, and Fe3O4/ZnO-DIW hybrid ferrofluids. The 
investigation involves a fixed volume concentration of 0.3%, 
hybridization mixing ratios of 80:20, 60:40, and 40:60 (mass 
percent basis), and thermophysical properties evaluated from 
10 °C to 50 °C. To broaden the applications of magnetic 
nanofluids, this study explores hybridizing different nano-
particles with various mixing ratios, therefore addressing a 
major gap in the field of magnetic hybrid ferrofluids (MHFs) 
stability and thermophysical properties, which will further 
broaden their potential applications.

Materials and methodology

Materials

The magnetic nanoparticles consisted of iron (III) oxide, 
Fe3O4 , with a particle size ranging from 20 to 30 nm and a 
purity of 95.5%. Titanium dioxide (TiO2) was used in two 
variants, with particle sizes of 18 nm and 60 nm and purity 
levels of 99.9% and 99.8%, respectively. Magnesium oxide 
(MgO), with a particle size of 20 nm and a purity of 99.9%, 
and zinc oxide (ZnO), with a particle size of 20 nm and a 
purity of 99.5%, were also utilized. The respective manu-
facturers provided the specified nanoparticle diameters. The 
60-nm particles of ZnO and TiO2 were sourced from Nano-
structured and Amorphous Materials Inc. in Houston, Texas, 
USA, while the others were procured from US Research 
Nanomaterial Inc. in Houston, Texas, USA. Gum arabic 
(GA) with a purity of ≥ 98.5%, obtained from Sigma-Aldrich 
in Berlin, Germany, was used as a surfactant to enhance the 
stability of the magnetic hybrid nanofluids. Table 1 presents 
the thermal properties of both the base fluid and nanoparti-
cles used in this study. Note that some properties and param-
eters of the nanomaterials were sourced from the product 
datasheets provided by the respective companies.

Description of experimental procedures

The preparation of MHFs involved suspending nanoparti-
cles in deionized water (DIW) and was carried out using a 
(Qsonica Q-700) ultrasonicator. The ultrasonication process 
lasted for 4 h, with a programmed sequence of 5-s pulses 
followed by 2-s intervals to ensure effective stability. To 
maintain the desired temperature during sonication and 
while assessing thermophysical characteristics, we used a 
programmable water bath (LAUDA ECO RE1225, Berlin, 
Germany) to ensure precise temperature control.

Throughout the study, various pieces of equipment were 
employed for different purposes. These included a digital 
weighing balance (Radwag AS 220.R2, Radom, Poland) 
with an accuracy of ± 0.01 g, a pH meter (Jenway 3510, Staf-
fordshire, UK) with a range of − 2 to 19.999 and an accu-
racy of ± 0.003, a vibro-viscometer (SV-10A series, A&D, 
Tokyo, Japan) with an accuracy of ± 1%, a UV–Visible 
spectrophotometer (Jenway, Staffordshire, UK), a transmis-
sion electron microscope (JEOL JEM-2100F, Tokyo, Japan) 
used for analyzing dry samples, and a conductivity meter 
(CHAUVIN ARNOUX, C.A 10141 Instrument, France) 
with an accuracy of ± 1%. These instruments served vari-
ous purposes during the research, enabling comprehensive 
analysis and reliable measurements.

Furthermore, the prepared MHFs were characterized 
for thermal conductivity (K) and viscosity (μ) at differ-
ent temperatures ranging from 10 to 50 °C using a KD2 
pro (Decagon Devices Inc.) Thermal Properties Analyzer 
(METER Group) with an accuracy of ± 10% for K in the 
range of 0.02–2.0 W/m/K. This allowed for an assessment of 
the thermal properties of the MHFs at varying temperatures. 
Utilizing these techniques and instruments, we comprehen-
sively evaluated the stability, thermophysical properties, and 
other characteristics of the MHFs, ensuring accurate and 
reliable results.

Magnetic hybrid nanofluid preparation 
and characterization

The preparation of hybrid nanofluids (MHFs) involved a 
two-step method, where varying proportions of Fe3O4 were 

Table 1   Thermophysical properties of the nanoparticles at room temperature (25 °C)

Properties Deionized water Fe
3
O

4
TiO2 MgO ZnO

18 nm 60 nm

Density/ kg m−3 997 4950 4175 4230 3580 100–200
Thermal conductivity/ W m–1 K–1 0.613 80.4 8.4 8.4 54.9 29
Specific heat capacity/ J kg−1.K−1 4179 670 692 – – –
Shape – Plate-like 

nanosheet
Spherical Spherical Spherical Spherical
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combined with TiO2, MgO, and ZnO, constituting 80%, 
60%, and 40% for Fe3O4 , and 20%, 40%, and 60% for TiO2, 
MgO, and ZnO, respectively. To ensure MHF stability, we 
rigorously monitored specific parameters, including ther-
mal conductivity, viscosity, electrical conductivity, and 
pH over a temperature range of 5–50 °C. This monitoring 
began immediately after sonication and continued at varying 
temperature settings for one week. A follow-up assessment 
was carried out a month later using the same temperature 
range of 5–50 °C. During the sonication process, uniform 
conditions were maintained for all MHFs. All MHFs were 
maintained at a 0.3% volume concentration and 20 °C. The 
sonication parameters, which included an amplitude of 100, 
a frequency of 2 Hz, and a sonication time of 4-h, remained 
the same for all MHFs.

In this formulation, gum arabic served as the surfactant 
with mass ratios of 0.75% for TiO2 and 0.5% for MgO and 
ZnO, contributing to the stabilization of the MHFs. The 
MHFs with a volume concentration of 0.3% were prepared 
following Eq. (1) [24, 35].

where Y represents the proportion of each nanoparticle type, 
and X being TiO2 , MgO and ZnO particles, respectively.

The morphology and dispersion of MHFs were exam-
ined through transmission electron microscopy (TEM). The 
overall stability of the nanofluid, meaning that at least one 
of the measured properties (such as viscosity, UV–visible 
spectrophotometry, or thermal conductivity), should remain 
consistent, either for each individual measurement or across 
the overall assessment period, to indicate stability. This 
ensures that the nanofluid does not experience significant 
changes in its characteristics during the assessment. Our 
study conducted comprehensive analyses were performed 
immediately after sonication and one month later, under the 
same conditions at temperatures from 10 to 50 °C. Weekly 
visual inspections were conducted for a month. By utiliz-
ing this multifaceted approach, we thoroughly evaluated the 
MHFs' stability, considering their morphology, dispersion, 
optical properties, surface charge, thermal properties, and 
visual appearance.

Measurement of thermal conductivity setup

The experimental setup included a constant temperature bath 
(LAUDA ECO RE1225) for precise temperature control dur-
ing thermal conductivity measurements. Measurements were 
taken over 24 h and 15 min at temperatures from 10 to 50 °C 
with 5 °C intervals. After one month, the measurements 

(1)Φ =

⎛⎜⎜⎜⎝

YFe3O4

�
W

�

�
Fe3O4

+ YX

�
W

�

�
X

YFe3O4

�
W

�

�
Fe3O4

+ YX

�
W

�

�
X
+
�

W

�

�
DIW

⎞⎟⎟⎟⎠

were repeated. The KD2 Pro from Decagon Devices Inc., 
with an operating range of 0.02–2 W  m−1  K−1 and 5% 
uncertainty, was employed. It utilized a single-needle sensor 
(1.3 mm diameter, 60 mm length) and the transient hot-wire 
method for thermal conductivity measurement.

Viscosity measurement

Viscosity measurements are essential for evaluating nano-
fluid stability. In this study, viscosity assessments for MHFs 
( Fe3O4/TiO2∕DIW , Fe3O4∕MgO/DIW, and Fe3O4∕ZnO/
DIW) were conducted at temperatures between 10 °C and 
50 °C. Prior to the measurements, the vibro-viscometer was 
calibrated to ensure accuracy. A programmable water bath 
(LAUDA, Berlin, Germany, model ECO RE1225) main-
tained a consistent temperature. Initial viscosity measure-
ments were taken immediately after nanofluid preparation 
and monitored for 24 h and 15 min. These measurements, 
conducted under varying temperatures and time intervals, 
provided crucial insights into nanofluid stability, facilitating 
a comprehensive understanding of their behavior over time 
and in different thermal conditions.

Measurement of electrical conductivity and pH

A standard calibration fluid supplied by the manufacturer 
was used to calibrate the electrical conductivity meter. The 
calibration involved measuring the standard fluid at 25°C 
in triplicates, and the average electrical conductivity was 
recorded as 1413.6 μS·cm1. Subsequently, the electrical 
conductivity of the MHFs nanofluids was determined at 
temperatures ranging from 10 to 50 °C, with 5 °C intervals. 
The pH meter was calibrated using buffer solutions with pH 
values of 4, 7, and 10. The pH values of the MHFs nano-
fluids were measured at temperatures varying from 10°C 
to 50°C, with 5°C intervals, with an uncertainty of 0.04% 
compared to DIW.

UV–Vis spectroscopy for estimating relative stability

Ultraviolet–visible (UV–Vis) spectroscopy quantitatively 
assessed the stability of MHFs ( Fe3O4/TiO2-DIW, Fe3O4∕

MgO-DIW, and Fe3O4∕ZnO-DIW) nanofluid samples. The 
Beer-Lambert law (A = αLC) was employed, establishing a 
linear relationship between light absorbance and material 
properties. Absorbance (A) depended on the absorption 
coefficient (α), light path length (L), and substance con-
centration (C) as per Beer-Lambert law. After preparation, 
MHFs were analyzed in a UV–Vis spectrometer (ONDA 
TOUCH UV-21 Spectrophotometer, 4nm bandwidth) at 
room temperature. DIW was used for calibration, and all 
results were repeated six times for accuracy. The absorb-
ance was measured at different wavelengths ranging from 
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200 to 300 nm, with intervals of 10 nm from 200 to 280 nm 
and intervals of 1 nm from 281 to 300 nm for all samples. 
Standard graphs were created for each MHFs, facilitating 
relative stability comparisons based on absorbance values. 
The following procedure was employed to determine the 
percentage of sedimentation in various (MHFs) with dif-
ferent ratios. The sedimentation factor (SF) was calculated 
to quantify the extent of sedimentation by subtracting the 
final absorbance (Aₜ) from the initial absorbance (A0) for 
each MHFs, as expressed in Eq. 2:

To derive the percentage of sedimentation, the sedi-
mentation factor (SF) was multiplied by 100 to express the 
extent of sedimentation, as shown in Eq. 3.

The objective is to determine the sedimentation per-
centage for each nanofluid, reflecting particle settling. 
Equation 4 calculates the percentage deviation from the 
average absorbance, using the most stable MHFs as a 
reference.

A photograph-capturing technique was employed to 
monitor sedimentation in MHF nanofluid samples. Pho-
tographs were taken immediately after preparation, 24-h 
later, and 30 days later. These sequential photographs 
allowed visual observation of particle settling and offered 
qualitative insights into the nanofluids’ stability and sedi-
mentation tendencies, complementing quantitative data 
from other measurements. This multi-technique approach 
enhances understanding of MHFs and their applications.

Thermoelectric conductivity of the MHFs

The thermoelectric conductivity (TEC) is behavior of the 
nanofluid that pertains to its potential utilization in electri-
cally active environments, like PEM fuel cells, PV thermal 
systems among other energy systems. It is calculated using 
the equation provided by Zakaria et al. [36]

where Knf and �nf are the nanofluid thermal and electrical 
conductivity, respectively, and Kbf is the base fluid’s thermal 
conductivity.

(2)(SF) = A0 − At

(3)(SF)% =
(
Sedimentation factor

Initial Absorbance

)
× 100

(4)Deviation =

(
AverageAbsorbance−Most StableAverageAbsorbance

Most StableAverageAbsorbance

)
× 100

(5)TEC =
5Knf

�nfKbf

Machine learning approach

This study applied machine learning techniques to model and 
predict the thermal conductivity and viscosity of hybrid fer-
rofluids comprising water-based suspensions of Fe3O4, TiO2, 
MgO, and ZnO nanoparticles. Modeling was conducted in a 
Python Jupyter Notebook environment using the Scikit-learn 
library using similar approach by Awe et al. [37, 38]. The data-
set included temperature (T) and mixing ratios of the nanopar-
ticles (Fe, Ti, Mg, Zn) as input features, while thermal conduc-
tivity (TC) and viscosity (Vis) served as target outputs. Data 
preprocessing involved cleaning, formatting, and structuring 
the variables into feature–target pairs.

Linear regression was used to establish relationships 
between the input features and target properties for each 
nanofluid composition. The models were trained and evalu-
ated using fivefold cross-validation to ensure generalizability. 
Performance metrics such as R2, mean squared error (MSE), 
and mean absolute error (MAE) were computed for both fitted 
and cross-validated results. Additionally, for thermal conduc-
tivity prediction, a random forest regressor was employed to 
assess feature importance.

Uncertainty analysis

The approach outlined in [39, 40] was utilized to estimate the 
uncertainty associated with key measured parameters, includ-
ing dynamic viscosity (μ) and standard deviation (σ), by apply-
ing Eqs. (6) and (7). These uncertainties were determined with 
a 95% confidence level. Instrument precision was assessed 
based on bias errors, which reflect the accuracy limitations 
specified by the equipment manufacturer. The uncertainty in 
viscosity measurements was found to be ± 1.93%, while that of 
electrical conductivity measurements was ± 2.19%.
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Results and discussion

Morphology of MHFs nanoparticles

The investigation of MHFs nanofluids, comprising Fe3O4 
combined with TiO2 , MgO, and ZnO in varying propor-
tions (80%, 60%, and 40%, for Fe3O4 , and 20%, 40%, and 
60%, for TiO2 , MgO, and ZnO, respectively), involved 
the analysis of their morphology and stability using trans-
mission electron microscopy (TEM). The SEM images 
presented in Fig. 1 show the morphological behavior of 
the Fe3O4 , TiO2 , (18 nm), TiO2 , (60 nm), MgO, and ZnO 
nanoparticles, respectively, was taken at a magnification 

of 100 KX, EHT of 2.0 kV, and at a scanning speed of 9 
µm/s. The image in Fig. 1 (a) reveals that the Fe3O4 is a 
blend of small and large dispersed plate-like nanosheets. 
The image in Fig. 1 (b)-© shows that the TiO2 , (18 nm), 
TiO2 , (60 nm) MgO, and ZnO nanoparticles are all spheri-
cal in shape.

Quantitative estimation of the relative stability 
of the MHFs

The relative stability of the MHFs was assessed using three 
different comparative approaches for each sample at varying 
mixing ratios. These approaches included physical sedimen-
tation inspection over time, absorbance against wavelength, 

Fig. 1   Morphological result 
of the SEM a Fe

3
O

4
 , b TiO2 

(18 nm), c TiO2 (60 nm), d 
MgO, &  © ZnO

(a)

(d)(c)

(e)

(b)



10556	 V. O. Adogbeji et al.

and thermal conductivity over time. Pictures of the physi-
cal inspection, conducted immediately after the preparation 
of the MHFs and after 30 days of shelf life, are presented 
in Fig. 2a & b and c & d, respectively. The physical sedi-
mentation inspection reveals that only slight sedimentation 
occurred after 30 days, indicating that the nanofluids remain 
stable over an extended period.

Absorbance of MHF with wavelength

The hybridization mixing ratio denotes the proportion of 
different components in the nanofluid, specified as 80:20, 
60:40, and 40:60 for various combinations of Fe3O4∕TiO2

-DIW, Fe3O4∕MgO-DIW, and Fe3O4∕ZnO-DIW. Measure-
ments were taken over a range of wavelengths, spanning 
from 200 to 280 nm with a 10-nm interval, followed by 
281–300 nm with a 1-nm interval. Figure 3 provides valu-
able insights into the relationship between absorbance values 
and hybridization mixing ratios, shedding light on sedimen-
tation tendencies.

In the case of Fe3O4∕TiO2(18 nm)-DIW (80:20), absorb-
ance values consistently rise across wavelengths, indicative 
of stability with minimal fluctuations. A similar pattern of 
stability and dispersion is maintained by Fe3O4∕TiO2(18 nm)

-DIW (80:20). On the other hand, Fe3O4∕MgO-DIW (80:20) 
starts with lower absorbance values but gradually increases, 
suggesting reasonable stability. Fe3O4∕ZnO-DIW (80:20) 
follows a comparable trend but might indicate slight aggre-
gation or sedimentation, given the rising absorbance.

However, for 60:40 and 40:60 HMR MHFs’ trend shows 
increasing absorbance values with a potential for particle 
aggregation or sedimentation. This tendency is more pro-
nounced at 60:40 and 40:60 ratios. It becomes evident that 
hybridization mixing ratios significantly influence stabil-
ity, with higher Fe3O4 ratios promoting stability and other 
materials like MgO or ZnO potentially contributing to 

destabilization. These observed trends reflect the complex 
interplay between nanoparticle interactions, surface chem-
istry, and concentration.

Influence of HMR and particle size on sedimentation factor 
of MHFs

The sedimentation factor (%) for the MHFs at various 
hybridization mixing ratios (HMR) was calculated using 
Eq.  3, and the respective sedimentation factors for all 
the MHFs are presented in Table 2. Generally, the 80:20 
hybridization mixing ratio exhibited the least sedimentation 
factor for most MHFs, except in the case of Fe3O4/MgO/
DIW. Additionally, the results indicate that Fe3O4∕TiO2

(60nm)-DIW with a hybridization mixing ratio of 80:20 
had the lowest percentage sedimentation factor at 0.0667, 
suggesting superior stability compared to the others. Both 
TiO2-based hybrid ferrofluids, whether 18nm or 60nm, dis-
played relatively low sedimentation factors. Interestingly, 
the larger TiO2 (60nm) exhibited a lower sedimentation fac-
tor compared to the smaller TiO2 (18nm) hybrid ferrofluid. 
Conversely, the Fe3O4/MgO/DIW (60:40) hybrid ferrofluid 
showed the least stability, as evidenced by the largest sedi-
mentation factor of 4.119%. Thus, both the hybridization 
mixing ratio and particle size are crucial factors for achiev-
ing the desired stability in MHF.

Thermal conductivity of the MHFs

Impact of temperature, shelf life, and HMR on nanofluid 
thermal conductivity stability

To evaluate the suitability of hybrid magnetic nanofluids 
(HMFs) for heat transfer applications, we examined the 
stability of their thermal conductivity values within a tem-
perature range of 10–50°C, over a shelf life of 30 days. This 

Fig. 2   Physical observing sedi-
mentation in MHFs nanofluid 
samples a Fe

3
O

4
(20-30 nm)/Ti 

O
2
(18 nm), b Fe

3
O

4
(20–30 nm)/

ZnO(20 nm), c Fe
3
O

4
(20-

30 nm)/ Ti O
2
(60 nm) & d 

Fe
3
O

4
 (20–30 nm)/MgO(20 nm) 

various hybrid after 30 days
(a) (b)

(c) (d)
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assessment involved different hybridization mixing ratios 
(HMRs), including 80:20, 60:40, and 40:60 for four distinct 
HMF types: Fe3O4/TiO2(18 nm)/DIW, Fe3O4/TiO2(60nm)/
DIW, Fe3O4/MgO(20nm)/DIW, and Fe3O4/ZnO (20nm)/
DIW. Figure 4 illustrates the thermal conductivity values of 
these MHFs at a 0.3% volume concentration.

Across all cases, the effect of temperature on thermal con-
ductivity values followed a common trend: an increase in 
thermal conductivity with rising fluid temperature. Over 24 
h, we assessed the stability of thermal conductivity measure-
ments, revealing minor differences between values obtained 
immediately after preparation and those taken 30 days later. 
This indicates that the nanofluids consistently maintained 
their thermal conductivity over the 30 days, with average 
percentage deviation values demonstrating this stability.

The results highlighted the thermal conductivity stabil-
ity with respect to different hybridization mixing ratios 
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Fig. 3   UV–Vis spectrum of magnetic hybrid nanofluid dispersed in DIW with ratio a 80:20, b 60:40, and c 40:60

Table 2   Sedimentation factor for the different MHFs

S/n MHF HMR Peak wave-
length /nm

Sedimenta-
tion factor /%

1 Fe
3
O

4
∕TiO

2
(18nm)/DIW 80:20 293 0.5690

2 Fe
3
O

4
 / TiO

2
(60 nm)/DIW 80:20 295 0.0667

3 Fe
3
O

4
/MgO/DIW 80:20 295 3.6990

4 Fe
3
O

4
/ZnO/DIW 80:20 294 0.8812

5 Fe
3
O

4
∕TiO

2
(18nm)/DIW 60:40 291 2.7490

6 Fe
3
O

4
 / TiO

2
(60 nm)/DIW 60:40 294 0.9290

7 Fe
3
O

4
/MgO/DIW 60:40 295 4.1190

8 Fe
3
O

4
/ZnO/DIW 60:40 294 0.4020

9 Fe
3
O

4
∕TiO

2
(18nm)/DIW 40:60 280 1.0100

10 Fe
3
O

4
 / TiO

2
(60 nm)/DIW 40:60 294 0.7050

11 Fe
3
O

4
/MgO/DIW 40:60 295 2.8800

12 Fe
3
O

4
/ZnO/DIW 40:60 294 0.7050
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(80:20, 60:40, and 40:60). MHFs with an HMR of 80:20 
consistently displayed remarkable stability, characterized 
by the lowest percentage deviations and standard deviation 
(STDEV) percentages across varying temperatures. The 

highest percentage deviation for the 80:20 hybrid was 0.39% 
at 15 °C, while the lowest was 0.16%, and the lowest STDEV 
was 0.08% at 40 °C. In contrast, the 60:40 hybrid exhibited 
the highest percentage deviation of 0.86% at 30 °C, and the 
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lowest was 0.52% at 25 °C. For the 40:60 hybrid, the high-
est percentage deviation was 0.67% at 20 °C, and the lowest 
was 0.23%.

These findings highlighted the substantial impact of 
hybridization mixing ratios on the stability of thermal con-
ductivity measurements, with HMFs employing an 80:20 

hybrid consistently outperforming others regarding stabil-
ity and thermal conductivity. The choice of the hybridiza-
tion mixing ratio significantly influences the stability and 
reliability of thermal conductivity measurements, with the 
80:20 hybrid emerging as the most suitable option for heat 
transfer scenarios. Importantly, the 80:20 hybrid consistently 
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exhibited lower percentage deviations, indicating superior 
stability and consistency in thermal conductivity measure-
ments compared to other hybrids. The 80:20 hybrid showed 
consistent stability from 10°C to 50°C, crucial for heat trans-
fer applications.

Influence of temperature and hybridization mixing ratio 
on thermal conductivity of the MHFs

The plots in Figs. 4a–f and 5a & b vividly demonstrate the 
impact of temperature on the thermal conductivity of various 
MHFs in comparison with DIW at different hybridization 
mixing ratios (HMRs). Let us break down the findings for 
each type of MHF.

For Fe3O4 / TiO2 (18nm)-DIW MHFs immediately after 
preparation:

•	 (80:20) HMR: At lower temperatures (10–25 °C), the 
enhancement ranged from 4.20% to 5.23%. At higher 
temperatures (30–45 °C), it peaked at around 9.37%.

•	 (60:40) HMR: This ratio showed enhancements from 
0.87% at 10 °C to 8.79% at 45 °C.

•	 (40:60) HMR: Enhancements ranged from 0.24% at 
10 °C to 7.49% at 45 °C. These results underscore the 
effectiveness of the (80:20) HMR in improving thermal 
conductivity immediately after preparation.

After 30 days of preparation, the (80:20) HMR contin-
ued to show enhancements, ranging from 4.00% to 7.22% 
across the temperature range. The (60:40) HMR exhibited 
enhancements from 0.29% at 10 °C to 6.19% at 45°C, while 
the (40:60) HMR recorded enhancements between 0.29% 
and 5.41%. The (80:20) HMR remained the most effective 
choice for enhancing thermal conductivity, even after 30 
days of preparation, particularly at elevated temperatures.

For Fe3O4/TiO2(60 nm)-DIW MHFs:

•	 (80:20) HMR: The enhancements immediately after 
preparation ranged from 5.00% at 10 °C to 17.17% at 
45 °C. After 30 days, enhancements remained substan-
tial, varying from 4.57% at 10°C to 16.45% at 45°C.

(a) (b)

(c) (d)

0.55

0.60

0.65

0.70

Temperature/°C

Thermal conductivity of DIW
Thermal conductivity of Fe3O4 (20–30 nm)/TiO2 (18 nm) (80:20)
Thermal conductivity of Fe3O4 (20–30 nm)/TiO2 (18 nm) (60:40)
Thermal conductivity of Fe3O4 (20–30 nm)/TiO2 (18 nm) (40:60)

0.55

0.60

0.65

0.70

0.75

0.80

Temperature/°C

Thermal conductivity of DIW
Thermal conductivity of Fe3O4 (20–30 nm)/TiO2 (60 nm) (80:20)
Thermal conductivity of Fe3O4 (20–30 nm)/TiO2 (60 nm) (60:40)
Thermal conductivity of Fe3O4 (20–30 nm)/TiO2 (60 nm) (40:60)

0.55

0.60

0.65

0.70

0.75

0.80

0.85

Temperature/°C

Thermal conductivity of DIW
Thermal conductivity of Fe3O4 (20–30 nm)/MgO (20 nm) (80:20)
Thermal conductivity of Fe3O4 (20–30 nm)/MgO (20 nm) (60:40)
Thermal conductivity of Fe3O4 (20–30 nm)/MgO (20 nm) (40:60)

10 20 30 40 50 10 20 30 40 50

10 20 30 40 50 10 20 30 40 50
0.55

0.60

0.65

0.70

0.75

0.80

0.85

Temperature/°C

Thermal conductivity of  DIW
Thermal conductivity of Fe3O4 (20–30 nm)/ZnO (20 nm) (80:20)
Thermal conductivity of Fe3O4 (20–30 nm)/ZnO (20 nm) (60:40)
Thermal conductivity of Fe3O4 (20–30 nm)/ZnO (20 nm) (40:60)

T
he

rm
al

 c
on

du
ct

iv
ity

/W
 m

–1
 K

–1

T
he

rm
al

 c
on

du
ct

iv
ity

/W
 m

–1
 K

–1

T
he

rm
al

 c
on

du
ct

iv
ity

/W
 m

–1
 K

–1

T
he

rm
al

 c
on

du
ct

iv
ity

/W
 m

–1
 K

–1
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•	 (60:40) HMR: Initially, enhancements ranged from 
1.71% at 10 °C to 16.04% at 45 °C. After 30 days, while 
there was a slight decrease, enhancements remained sub-
stantial, varying from 0.90% at 10 °C to 15.40% at 45 °C.

•	 (40:60) HMR: Enhancements ranged from 1.21% at 
10 °C to 14.76% at 45 °C immediately after preparation, 
with values between 0.22% at 10 °C and 13.71% at 45 °C 
after 30 days.

These findings affirm the effectiveness of the (80:20) 
HMR in improving thermal conductivity, particularly at 
higher temperatures.

For Fe3O4/MgO-DIW MHFs, the percentage enhance-
ments for the:

•	 (80:20) HMR immediately after preparation ranged from 
approximately 3.26% at 10 °C to about 27.92% at 50 °C.

•	 (60:40) HMR, enhancements varied from approximately 
2.03% at 10 °C to 25.91% at 50°C.

•	 (40:60) HMR recorded enhancements ranging from 
around 1.29% at 10 °C to approximately 21.04% at 50 °C.

The data underscore the (80:20) HMR as the most effec-
tive choice for enhancing thermal conductivity, both imme-
diately after preparation and after 30 days, across varying 
temperatures.

For Fe3O4/ZnO-DIW MHFs, the percentage enhance-
ments for the:

•	 (80:20) HMR had the best thermal conductivity among 
other MHFs and HMRs; it has thermal conductivity value 
of 0.793 W/m.K at 50 °C and its percentage enhancement 
ranged from about 4.23% at 10 °C to about 31.28% at 
50 °C.

•	 (60:40) HMR, enhancements varied from approximately 
3.86% at 10 °C to 29.76% at 50 °C.

•	 (40:60) HMR recorded enhancements ranging from 
around 1.75% at 10 °C to approximately 27.46% at 50 °C.

These results consistently demonstrate that the (80:20) 
HMR outperforms the (60:40) and (40:60) ratios in enhanc-
ing thermal conductivity, both immediately after prepara-
tion and after 30 days, across varying temperatures. This 
makes the (80:20) HMR an excellent choice for applications 
demanding efficient forced convection heat transfer.

Influence of particle size on the thermal conductivity 
of the MHFs

The results illustrated in Figs. 4a–f and 5a & b show that 
MHFs containing TiO2 (60 nm) exhibited superior stabil-
ity and thermal conductivity compared to their counterparts 
with TiO2 (18 nm) across various hybridization ratios. This 

distinction in particle size significantly influences thermal 
conductivity enhancement, as observed with TiO2. Larger 
nanoparticles, due to their greater surface area, foster 
enhanced conductive heat transfer interactions within the 
particles and between the particles and the base fluid (DIW) 
[41]. This phenomenon can account for the higher percent-
age of enhancements detected in Fe3O4/TiO2 (60nm)-DIW 
nanofluids in comparison with those containing Fe3O4/TiO2 
(60 nm)-DIW MHFs. In summary, the particle size of TiO2 
nanoparticles substantially impacts the thermal conductiv-
ity enhancement of these nanofluids, with smaller particles 
potentially offering more significant improvements in heat 
transfer properties.

Thermal conductivity model

This section presents the correlation analysis between ther-
mal conductivity (K) and its influencing variables: tempera-
ture (T), volume fraction (ɸ), and the percentage or ratio 
of individual metal oxide nanoparticles, namely iron(III) 
oxide (Fe), titanium oxide (Ti), magnesium oxide (Mg), and 
zinc oxide (Zn). A linear regression modeling approach was 
implemented within a Python Jupyter Notebook environ-
ment, using fivefold cross-validation to ensure robust and 
generalized performance assessment.

As a baseline validation step, the thermal conductiv-
ity of deionized water (DIW) was modeled and compared 
against experimentally measured values and benchmark 
correlations from Yunus and Çengel [50] and Popiel and 
Wojtkowiak [49]. As illustrated in Fig. 6, the DIW regres-
sion model demonstrated excellent agreement with both 
measured data and literature values across the 10–50 °C 
range. The model achieved a high R2 value of 0.9839 and 
an extremely low mean squared error (MSE) of 0.000002, 
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confirming its reliability and establishing confidence in 
the modeling framework before extending it to hybrid fer-
rofluid systems.

The developed regression models for hybrid nanofluids 
Fe3O4–TiO₂ (18 nm), Fe3O4–MgO, Fe3O4–ZnO, and Fe3O4

–TiO₂ (60 nm) is summarized in Table 3 and visually pre-
sented in Fig. 7. Model performance was assessed using the 
R2 and MSE metrics, which indicated that the linear models 
successfully captured the variation in thermal conductivity 
with changes in temperature and nanoparticle composition. 
High R2 values and low MSE scores across most systems 
suggest that the linear models exhibit strong predictive accu-
racy, with predictions closely matching experimental values. 
However, systems with more complex particle interactions 
(e.g., Fe3O4–TiO₂ at 60 nm) showed relatively lower R2, 

indicating potential nonlinear behavior that might benefit 
from more advanced modeling approaches.

To further assess the influence of individual variables 
on thermal conductivity, a random forest regressor was 
employed for feature importance analysis due to its nonlinear 
modeling capability and strong performance. As shown in 
Fig. 8, temperature (T) emerged as the most influential fac-
tor across all hybrid ferrofluid systems. The volume fraction 
(ɸ) also showed a consistent and moderately strong effect, 
reflecting its critical role in enhancing heat transfer path-
ways. Among the elemental components, Zn contributed 
more significantly than Ti or Mg, while Fe had a moderate 
influence. Notably, the overall mixing ratio (MR) exhibited 
the least importance, suggesting that while compositional 
presence matters, the thermal response is more strongly 

Table 3   Thermal conductivity correlations and performance metrics

Fluid Equation R2/ % MSE

DIW K = 0.00174 T + 0.56282 98.39 0.000002
Fe

3
O

4
–TiO₂ (18 nm)/DIW K = 0.0027 T + 0.032 Fe − 0.032 Ti + 0.105 ɸ + 0.5161 80.23 0.0003

Fe
3
O

4
–MgO/DIW K = 0.0052 T + 0.1026 Fe − 0.1026 Mg + 0.0434 ɸ + 0.4740 87.27 0.0008

Fe
3
O

4
−ZnO/DIW K = 0.0031 T + 0.0176 Fe − 0.0176 Zn + 0.1508 ɸ + 0.5040 87.59 0.0003

Fe
3
O

4
–TiO2 (60 nm)/DIW K = 0.0047 T + 0.0275 Fe − 0.0275 Ti + 0.1747 ɸ + 0.4586 56.99 0.0030
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governed by temperature and particle concentration than by 
relative proportions.

Influence of temperature and HMR on the electrical 
conductivity of the MHFs

Electrical conductivity refers to the property of an aque-
ous solution that allows it to conduct electric current when 
subjected to a potential difference. When nanoparticles are 
introduced into base fluids, forming nanofluids, the electri-
cal conductivity of these fluids is notably enhanced. This 
enhancement is attributed to the increased mobility of elec-
tric charges facilitated by the dispersion of nanoparticles. 
The experimental results, presented in Figs. 9 and 10, illus-
trate the relationship between temperature and the electri-
cal conductivity of the different magnetic hybrid nanofluids 
(MHFs) considered in this study, each with varying hybridi-
zation mixing ratios (HMRs) compared to deionized water 
(DIW).

In Fig. 9a, the effect of temperature on the electrical con-
ductivity of Fe3O4/TiO2(18 nm)-DIW MHFs with different 
HMRs (80:20, 60:40, and 40:60) is demonstrated. The 80:20 
HMR exhibited the highest electrical conductivity, recording 
a value of 4.25 and a remarkable percentage enhancement 
of 972.93% at 45°C compared to DIW. Similarly, the 60:40 
HMR displayed an impressive percentage enhancement of 

964.82%, making it the top-performing HMR. The 40:60 
HMR showed an enhancement of 479.45%. This highlights 
the significant influence of HMRs on electrical conductivity, 
especially at elevated temperatures.

Figure 9b showcases the impact of temperature on the 
electrical conductivity of Fe3O4 / Ti O2(60nm)-DIW MHF, 
also featuring varying HMRs. All ratios exhibited consistent 
increases in electrical conductivity with rising temperature, 
demonstrating a positive correlation. The 80:20 HMR had 
the highest electrical conductivity, with an enhancement of 
377.12%. The 60:40 ratio showed a 333.35% enhancement, 
while the 40:60 ratio displayed an enhancement of 311.28%.

The disparity in electrical conductivity between larger 
(60nm) and smaller (18nm) TiO2 nanoparticles, as shown 
in Fig. 10, may be attributed to differences in nanoparticle 
density. Denser nanoparticles could hinder charge carrier 
mobility, leading to decreased conductivity due to increased 
scattering [42–44]. However, it is worth noting that despite 
lower electrical conductivity, the 60-nm nanoparticles 
exhibit higher thermal conductivity, indicating divergent 
mechanisms at play. Further investigation into the role of 
nanoparticle density in electrical conductivity in magnetic 
hybrid nanofluids (MHNFs) is warranted, as it involves an 
intricate interplay between particle size, density, and charge 
carrier behavior. In Figs. 6, 9c, the dataset illustrates elec-
trical conductivity values across various HMRs of Fe3O4/
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MgO-DIW MHF at different temperatures, reiterating the 
consistent positive correlation between temperature and 
electrical conductivity. Notably, the 80:20 HMR dem-
onstrated the highest electrical conductivity, featuring a 
502.76% enhancement. The 60:40 HMR had a maximum 
electrical conductivity of 298.00%, while the 40:60 HMR 
exhibited an enhancement of 289.22% compared to DIW.

The results in Fig. 9d present the electrical conductivity 
values of Fe3O4/ZnO-DIW MHFs at varying temperatures 
and various HMRs. An analysis of this dataset reveals that 
the relationship between temperature and electrical conduc-
tivity remains consistent. As temperature increases, electri-
cal conductivity consistently rises across all HMRs. Notably, 
in contrast to previous results, the 60:40 HMR exhibits the 
highest electrical conductivity, reaching 1.803 mS/cm with 
an impressive enhancement of 351.88% compared to DIW. 
The 80:20 HMR records a value of 1.3986 mS/cm, featur-
ing a percentage enhancement of 250.38%. Meanwhile, 
the 40:60 hybridization mixing ratio achieves a maximum 
electrical conductivity of 1.3286 mS/cm, with a percentage 
enhancement of 232.08%.

These findings notably surpass previous research. For 
instance, Bagheli et  al. [45] reported an electrical con-
ductivity value of 1.90 mS/cm for a 0.6 vol% Fe3O4/water 
nanofluid at 60 °C. Giwa et al. [16] observed an electrical 
conductivity range of 1.127–1.265 mS/cm for a 0.1 vol% 
AL2O3∕MWCNT (80:20)-DIW nanofluid at 50 °C. In con-
trast, Giwa et al. [46] found an electrical conductivity of 
6.40–4.570 mS/cm for a 0.75 vol% AL2O3-Fe2O3 (75:25)/
DIW hybrid nanofluid at 50 °C. Another study by Giwa et al. 
[24] reported an electrical conductivity value of 4.319 mS/
cm for an MWCNT-Fe2O3 (20:80)/DIW hybrid nanofluid. 
These comparisons shed light on the intricate interplay of 
parameters and underscore the unique contribution of the 
current study to the understanding of electrical conductivity 
in hybrid nanofluids.

Influence of temperature on pH of the MHFs

The pH level of a nanofluid indicates its degree of acid-
ity or alkalinity, which, in the case of magnetic hybrid 
nanofluids (MHFs), can influence the surface charge of the 
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nanoparticles within the MHF. This surface charge, often a 
result of functional groups on the nanoparticle surface, plays 
a crucial role in stabilizing the nanofluid using electrostatic 
repulsion. In this section, we explore the effect of tempera-
ture on the pH of MHFs with hybridization mixing ratios 
(HMRs) of 80:20, 60:40, and 40:60, all with a 0.3 vol% con-
centration [11, 47].

As depicted in Fig. 11, the relationship between pH and 
temperature is examined. Generally, the pH levels of the 
MHFs exhibit a slight decrease as the temperature rises from 
10 to 50 °C, maintaining a 0.3 vol% concentration through-
out. In the case of all the MHFs considered, they tend to be 
more alkaline. However, both Fe3O4/TiO2(18nm)-DIW and 
Fe3O4/TiO2(60 nm)-DIW MHNFs consistently demonstrate 
relatively lower pH values across different HMRs, as shown 
in Fig. 9a–c. Conversely, the Fe3O4/MgO-DIW MHF exhib-
its the highest pH value, indicating a more acidic nature. 
The pH value remains consistent across various HMRs as 
temperature increases.

Viscosity of the MHFs

Experimental viscosity results

In this section, we examine the impact of temperature on 
the viscosity of various MHFs, including Fe3O4/TiO2

(18nm)-DIW, Fe3O4/,TiO2(60nm)-DIW, Fe3O4/MgO-DIW, 
and Fe3O4∕ZnO-DIW MHFs. These MHFs have different 
hybrid mixing ratios (HMRs) of 80:20, 60:40, and 40:60, all 
with a 0.3 vol% concentration. Generally, the viscosity of all 
the MNFs decreases as the temperature rises, following the 
conventional theoretical trend for fluid viscosity. The viscos-
ity measurement approach used in this study is depicted in 
Fig. 12, as described in the previous section.

As illustrated in Fig. 13, the Fe3O4/MgO-DIW MHF 
exhibits the highest viscosity among all the nanofluids 
considered for various mixing ratios. Conversely, the 
Fe3O4∕ZnO-DIW MHFs consistently show the lowest vis-
cosity values across the board, with a viscosity value of 
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1.62 mPa.S at 10 °C and 0.995 mPa.S at 50 °C. Its 60:40 
HMR tends to exhibit higher viscosity, whereas the 80:20 
HMR demonstrates the lowest viscosity for all the MHFs 
studied.

It is essential to note that higher viscosity in MHFs 
impacts the heat transfer behavior of the fluid by increasing 
frictional resistance to flow. This, in turn, leads to higher 
pressure drop and poses challenges for heat transfer effi-
ciency [48]. The significant increase in viscosity observed 
in the Fe3O4/MgO-DIW MHF may render it impractical for 
heat transfer systems due to the high pressure drop, which 
implies a greater demand for pump power. Consequently, 
when selecting nanofluids, there should be a careful bal-
ance between thermal conductivity enhancement and the 
associated increase in viscosity.
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Viscosity model

In this section, machine learning-based linear regression 
models were developed to correlate the viscosity of DIW and 
hybrid nanofluids with key parameters such as temperature 
and nanoparticle composition. Before modeling the hybrid 
nanofluids, the modeling approach was first validated using 
DIW to ensure the reliability of the regression methodol-
ogy. Figure 14 presents the validation of the model with the 
experimentally measured viscosity in this study and those 
reported in the studies by Popiel and Wojtkowiak [49] and 
Yunus and Çengel [50]. The results show a strong agreement 
between the linear regression model, measured viscosity, 
and the existing literature studies, with only slight deviations 
at temperature less than 20 °C.

Subsequently models were developed for hybrid ferro-
fluids composed of Fe3O4 combined with TiO₂, MgO, and 
ZnO nanoparticles, and their predictive performances were 
rigorously evaluated using cross-validation and compari-
son against experimental data in this study and previous 
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literature as summarized in Table 4. The baseline linear 
regression model developed for DIW demonstrated strong 
predictive accuracy, achieving an R2 of 92.17% and a mean 
squared error (MSE) of 0.0029, with a cross-validated R2 
of 89.69%. Extending the modeling approach to hybrid fer-
rofluids, the Fe3O4-TiO₂ (18 nm)/DIW, the model exhib-
ited the highest predictive performance, with an R2 of 
94.38%, MSE of 0.000536, and a cross-validated (CV) R2 
of 93.21%. The Fe3O4-ZnO/DIW and Fe3O4-MgO/DIW 
models also demonstrated high predictive accuracy, yield-
ing R2 values of 90.56% and 90.66%, and cross-validated R2 

values of 89.03% and 86.47%, respectively. The Fe3O4-TiO₂ 
(60 nm)/DIW model achieved a lower R2 of 80.17% and 
a cross-validated R2 of 75.85%, indicating reduced model 
generalization.

The regression plots (Fig. 15) further revealed that most 
data points closely aligned within the 45-degree line, par-
ticularly for Fe3O4–TiO₂/DIW (18 nm) and Fe3O4–ZnO/
DIW hybrids, indicating excellent model accuracy. Minor 
deviations observed for the Fe3O4–TiO₂ (60 nm) model, 
where the cross-validated R2 dropped to 75.85%, suggested 
slight limitations in capturing nonlinear effects at larger 

Table 4   Viscosity correlations for hybrid ferrofluids and their performance metrics

Fluid Viscosity correlation MSE R2/% CV R2/ % CV MSE CV MAE

DIW Vis = -0.0160*T + 1.3049 0.0029 92.17 89.69 0.0032 0.0386
Fe

3
O

4
–TiO₂ (18 nm)/DIW Vis = − 0.227*T − 0.2474*Fe + 0.2474*Ti + 2.0757 0.00054 94.38 93.21 0.0063 0.0594

Fe
3
O

4
–TiO₂ (60 nm)/DIW Vis =  − 0.242*T − 0.1674*Fe + 0.1674*Ti + 2.0575 0.02274 80.17 75.85 0.0257 0.1227

Fe
3
O

4
–MgO/DIW Vis = − 0.0299*T − 0.1454*Fe + 0.1454*Mg + 2.4322 0.01465 90.66 86.47 0.0170 0.1069

Fe
3
O

4
–ZnO/DIW Vis = − 0.0167*T − 0.0006*Fe + 0.0006*Zn + 1.7220 0.00465 90.56 89.03 0.00496 0.0591
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nanoparticle sizes. Nevertheless, the overall low mean abso-
lute errors (MAEs) and mean squared errors (MSEs) across 
all hybrid nanofluids affirmed that the developed viscosity 
models were robust, well-generalized, and reliable for practi-
cal prediction across varying temperature and composition 
ranges.

Influence of temperature on the thermoelectrical 
conductivity of the MHFs

Based on the viscosity, thermal conductivity, and stability 
of the fluids examined in the study, we can consider the 
MHFs with HMR of 80:20 to be the most suitable for heat 
transfer applications [51], such as cooling in PEM fuel cells 
and other industrial and energy devices [52]. Therefore, we 
examine the influence of temperature on the thermoelectri-
cal conductivity of the MHF with an 80:20 HMR, as shown 
in Fig. 16. The results show that TEC was inversely related 
to temperature.

The result revealed that Fe3O4/ZnO-DIW MHFs have the 
highest TEC value of 7.86 cm/mS at 10 °C and 4.56 cm/
mS at 50 °C, followed by Fe3O4/TiO2(60nm)-DIW, which 
has a TEC of 5.50 cm/mS at 10 °C and 3.5 cm/mS at 50 °C. 
Fe3O4/TiO2(18nm)-DIW has the least TEC, with a value of 
2.48 cm/mS at 10 °C and 1.6 cm/mS at 50 °C.

These remarkable thermoelectrical conductivity values 
position all the MHFs considered in this work as a promis-
ing choice for maintaining efficient electrical and thermal 
performance in PEM fuel cell systems, especially for cool-
ing the stacks. Beyond their potential use in cooling proton 
exchange membrane (PEM) fuel cells, these MHFs show 
significant promise in several other industrial and techno-
logical domains:

•	 Electronics and Microelectronics Cooling: The enhanced 
thermal conductivity and magnetically controllable 
nature of MHFs make them suitable for the high-perfor-
mance cooling of CPUs, GPUs, and other densely packed 
microelectronic components, where efficient thermal dis-
sipation is essential to maintain operational stability [53].

•	 Automotive and Aerospace Systems: MHFs can serve 
as next-generation coolants in electric and hybrid vehi-
cle radiators, battery thermal management systems, and 
regenerative braking units. In aerospace applications, 
their low density and high heat transfer capability make 
them attractive for compact, mass-sensitive systems.

•	 Biomedical and Drug Delivery Applications: The inclu-
sion of Fe3O4 in these ferrofluids provides magnetic 
responsiveness, enabling their use in targeted drug deliv-
ery, MRI contrast enhancement, and magnetic hyper-
thermia for cancer treatment. Hybridization with TiO2 
or ZnO enhances their biocompatibility and stability.

•	 Solar Thermal Collectors: Due to their strong solar 
absorption and thermal response, MHFs can be utilized 
in direct absorption solar collectors, contributing to 
improved solar-to-thermal energy conversion efficiencies.

•	 Electrical Equipment Cooling: MHFs are being consid-
ered as replacements for conventional transformer oils 
and dielectric fluids, providing superior heat transfer 
capabilities and the ability to respond to magnetic fields 
for enhanced performance control [54].

•	 Lubrication and Tribological Systems: The rheological 
adaptability of MHFs under magnetic influence makes 
them effective as smart lubricants in mechanical systems, 
improving load-carrying capacity and reducing wear 
under dynamic operating conditions.

These diverse application areas highlight the techno-
logical relevance and multifunctional potential of MHFs, 
particularly those with optimized mixing ratios, in address-
ing the evolving thermal management challenges across 
industries.

Environmental and economic impacts 
of hybrid ferrofluids in thermal systems

While the incorporation of nanoparticles into base fluids 
significantly enhances thermophysical performance, a 
responsible assessment of their environmental and economic 
impacts is essential for sustainable adoption in thermal and 
energy systems [55]. The Fe3O4-based hybrid ferrofluids 
investigated in this study, namely Fe3O4/TiO₂, Fe₃O₄/MgO, 
and Fe3O4/ZnO dispersed in DIW, offer notable advantages 
in terms of environmental compatibility and energy effi-
ciency. The selected metal oxides are generally considered 
among the safer classes of nanomaterials: Fe3O4 exhibits 
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low toxicity and biodegradability, TiO₂ and ZnO are widely 
used in commercial and industrial products, and MgO is 
characterized by relatively low environmental and biologi-
cal risk [56].

From an energy system perspective, the improved thermal 
conductivity and stability of these hybrid nanofluids support 
enhanced heat transfer efficiency, enabling better thermal 
regulation in heat exchangers, cooling loops, and other pro-
cess systems where they can serve as heat transfer fluids 
[57]. The magnetic properties of Fe3O4 further facilitate 
active flow control or magnetic field-assisted heat transfer 
techniques [58]. When applied in industrial-scale systems, 
these properties contribute to reductions in pumping power, 
downsizing of heat exchange surfaces, and overall energy 
savings, leading to long-term operational cost benefits.

Economically, although the initial costs of nanoparticle 
synthesis and dispersion may be higher than conventional 
fluids, these are offset by improved energy utilization, 
reduced equipment size, wear, and potential for performance 
optimization in high-efficiency applications. Furthermore, 
magnetic recovery and recycling of Fe3O4-based nanopar-
ticles reduce material losses and enable partial circularity 
in usage cycles [59]. However, concerns remain regarding 
environmental persistence, aquatic toxicity (particularly for 
ZnO), and the potential for reactive oxygen species (ROS) 
formation under UV exposure (notably in TiO₂) [60, 61]. 
These risks highlight the importance of lifecycle considera-
tions and regulatory compliance in deployment.

To mitigate adverse impacts, the use of eco-friendly 
surfactants such as the biodegradable gum arabic and the 
implementation of closed-loop, containment-based system 
designs are recommended [62]. Incorporating magnetic 
separation technologies can support nanoparticle recovery, 
while life cycle assessment (LCA) approaches can quantify 
environmental trade-offs. For environmentally sensitive or 
open-loop systems, hybrid nanofluids incorporating MgO or 
Fe₃O₄ may be prioritized due to their comparatively lower 
ecological risk profiles. Ultimately, the responsible develop-
ment and integration of Fe3O4-based hybrid ferrofluids into 
energy systems can yield significant gains in thermal perfor-
mance, energy efficiency, and environmental sustainability.

Conclusions

This study conducted an experimental investigation into the 
influence of temperature, hybridization mixing ratio (HMR), 
and nanoparticle types on the stability, thermal conductiv-
ity, viscosity, and TEC of Fe3O4/TiO2(18 nm)-DIW, Fe3O4/
TiO2(60 nm)-DIW, Fe3O4/MgO-DIW, and Fe3O4/ZnO-DIW 
magnetic hybrid nanofluids (MHFs). The results provide 
comprehensive insights into the thermophysical properties 
of MHFs concerning temperature, hybridization mixing 

ratio, and time. It was found that MHFs with an HMR of 
80:20 consistently exhibited superior stability and thermal 
conductivity, particularly when combined with TiO2 nano-
particles. Key findings include

	 i.	 The thermal conductivity and electrical conductivity 
were proportional to temperature for all the MHFs.

	 ii.	 The Fe3O4/ZnO-DIW MHF with an HMR of 80:20 
demonstrated the highest thermal conductivity among 
all, registering a value of 0.793 W/m.K and a percent-
age enhancement of 31.28% compared to deionized 
water at 50 °C. MHFs with larger TiO2 particle size 
Fe3O4/TiO2 (60 nm)-DIW) exhibited better stability 
and thermal conductivity when compared to smaller 
particle size hybrid Fe3O4/TiO2(18 nm)-DIW.

	 iii.	 Specifically, the Fe3O4/TiO2(18 nm)-DIW MHF with 
an HMR of 80:20 showed the highest electrical con-
ductivity of all, registering values of 4.23 mS/cm and 
972.93% enhancement compared to deionized water 
at 50°C.

	 iv.	 Furthermore, the Fe3O4/ZnO-DIW MHF, regardless 
of HMR, showed the lowest viscosity among all the 
MHFs. The MHF with an HMR of 80:20 achieved the 
lowest viscosity values of 1.62 mPa.S at 10 °C and 
0.995 mPa.S at 50 °C.

	 v.	 The viscosity and TEC were inversely proportional to 
the temperature for all the MHFs considered.

	 vi.	 The outstanding thermoelectrical conductivity values 
of the MHFs position them for potential use in PEM 
fuel cell cooling stacks and other industrial applica-
tions.

	vii.	 Correlations for predicting the respective thermal con-
ductivity and viscosity of the MHFs were developed 
using linear regression.

	viii.	 The feature importance analysis revealed that the tem-
perature of the MHFs is the most significant variable 
influencing its thermal conductivity.

	 ix.	 The hybrid ferrofluids have considerable economic 
and environmental benefit if adequately managed.

This study underscores the significant impact of tempera-
ture, hybridization mixing ratios, and the size and type of 
nanoparticles on the stability and thermophysical behavior 
of magnetic hybrid nanofluids (MHFs) for heat transfer 
applications in industrial and energy systems. The experi-
mental results for viscosity and thermal conductivity were 
found to align closely with previously established correla-
tions in the literature, reinforcing the reliability of the data 
and the predictive capability of existing models. This agree-
ment also highlights the potential of the selected ferroparti-
cles for specialized thermal applications, where consistency, 
enhanced performance, and precise modeling are crucial. 
Future research will focus on refining temperature- and 
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ferroparticle-dependent models to improve predictive accu-
racy, which will be valuable for simulation, design optimiza-
tion, and practical deployment of MHFs in next-generation 
thermal management systems.
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