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Abstract
This paper reports the synthesis of  Fe3O4 ferrite nanoparticles and ferrofluid via a coprecipitation method. Structural 
studies were investigated using X-ray diffraction technique that confirmed the formation of single-phase cubic spi-
nel structure. Morphology and particle size were elucidated using high-resolution transmission electron microscopy. 
Magnetic characteristics were investigated using a vibrating sample magnetometer, and saturation magnetization of 
nanoparticles was found to be 23.72 emu/gm with negligible coercivity and retentivity showing superparamagnetic 
behaviour. A functional self-cooling design employing ferrofluid (as a coolant) was demonstrated in which the system 
uses heat from the heat source and a permanent magnet to maintain the fluid flow that transfers heat to heat sink. The 
system is self-regulating and requires no power or pump for flowing of the fluid in the loop. The performance of the 
device on various parameters like volume fraction of nanoparticles, the temperature of heat source and strength of 
the magnetic field has also been studied. It was found that cooling by ~ 20 °C was achieved when temperature of heat 
source was maintained at 85 °C. Cooling performance was enhanced by ~ 7% when the concentration of nanoparticles 
in ferrofluid was increased from 2 to 6% and by ~ 4% upon the application of magnetic field.
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1 Introduction

The cooling operation of many industrial systems is 
restricted by using traditional heat transfer fluids such as 
water, kerosene and ethylene glycol, which have poor ther-
mal conductivity. By substituting these with higher ther-
mal conductivity fluids, the performance of such devices 
can be improved. Choi [1], by adding nanoparticles to the 
fluids, presented an innovative way to improve their ther-
mal conductivity. Suspending nanoparticles in a suitable 
carrier liquid alters the flow and heat transfer properties 
of the base fluid. Li et al. investigated the thermophysical 
properties of nanofluids of silver and single-walled carbon 
nanotubes by dispersing them in distilled water. They sug-
gested that some nanofluids with suitable thermophysical 
properties can be used in the refrigeration system as the 
secondary working fluids in condenser [2]. Sarafraz et al. 

conducted a study to evaluate the efficiency and thermal 
performance of solar collector employing graphene-meth-
anol nanofluids in heat pipes. It was found that graphene 
nanoplatelets enhanced the thermal conductivity of meth-
anol by 20% [3]. Goodarzi et al. carried out a numerical 
study on the free convection of water-based nanofluids 
with  Al2O3, Cu and multi-walled carbon nanotubes nano-
particles inside a closed cavity. They showed that density 
difference due to temperature gradient has a great effect 
on fluid circulation and hence heat transfer in the cavity 
[4]. Jalali et al. presented a numerical study of laminar flow 
and nanofluid jet injection of oil-based multi-walled car-
bon nanotube nanofluid in a microchannel. It was found 
that dispersing the solid nanoparticles in oil with a higher 
concentration and using nanofluid jet injection increased 
the rate of heat transfer by disturbing the thermal bound-
ary layer [5]. Hassan carried out a comparative study on 
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a series of nanofluid with magnetic and non-magnetic 
particles. They showed that although nanofluid with non-
magnetic particles has a higher thermal conductivity than 
nanofluids with magnetic nanoparticles, the heat trans-
fer rate is faster in magnetic nanofluid due to the applied 
magnetic field which can control the rate of heat transfer. 
Further, the heat transfer rate is enhanced by increasing 
the nanoparticles concentration and reducing the particle 
size [6]. Marin et al. examined the hydromagnetic trans-
port of Fe nanoparticles suspended in water. They showed 
that the rate of heat transfer can be enhanced by increas-
ing the concentration of nanoparticles in the back bone. 
However, increasing the dead-end particles improved the 
wall shear stress and decreased the rate of heat transfer 
[7]. Hassan et al. investigated the flow of ferrofluid over a 
rotating disc in the oscillating magnetic field. They found 
that when compared to zero-field condition, the particles 
rotate faster and the viscosity of ferrofluid is reduced, lead-
ing to enhanced heat transfer rate under an oscillating 
magnetic field [8]. Many other studies have been carried 
out investigating the role of nanofluids in the heat transfer 
rate [9–13].

Ferrofluids are colloidal suspension of magnetic nan-
oparticles in the magnetically passive carrier liquid. The 
nanoparticles are layered with a surfactant to maintain a 
stable state. However, due to dipole–dipole interactions 
and van der Waals forces between the magnetic nano-
particles, they may combine to form agglomerations at a 
high concentration. Without magnetic field, nanoparticles 
are oriented randomly, whereas, with magnetic field, they 
align in the applied field direction [14].

Many thermal management systems employing liquid 
cooling technology have been successfully used in vari-
ous electronic devices. However, most of these techniques 
have drawbacks such as vibrating moving parts, noise 
problem, leakage, high maintenance and large power 
consumption due to driving pump [15–17]. From the last 
several decades, researchers have proposed liquid trans-
port systems without pumps to overcome the aforemen-
tioned problems. Membrane structure-based actuators 
have been proposed like piezoelectric, magnetic, shape-
memory alloy and thermo-pneumatic actuators [18–21]. 
However, considering the fluctuations in temperature and 
pulsating flow, they are not considered reliable.

In recent years, ferrofluid has fascinated many research-
ers in cooling application due to enhanced heat transfer 
characteristics. Experimental investigations show that the 
enhancement in heat transfer properties mainly depends 
on various parameters like volume fraction, size, chemical 
composition of nanoparticles, temperature of heat source, 
strength of magnetic field and base fluid. Many research-
ers in the past have investigated on heat transfer charac-
teristics of ferrofluid in natural convection and reported 

the enhancement in heat transfer, making them suitable 
for cooling applications [22, 23]. Lajvardi et al. built an 
experimental set-up to study the heat transfer character-
istics of ferrofluid in a heated copper tube. It was found 
that heat transfer is significantly enhanced by applying the 
magnetic field and by increasing the concentration of nan-
oparticles in ferrofluid. This enhancement was attributed 
to the improved thermophysical properties of ferrofluid 
[24]. Bahiraei et al. carried out a numerical investigation on 
water-based  Fe3O4 ferrofluid in a square channel under the 
applied magnetic field. They studied the effect of various 
factors like concentration and diameter of nanoparticles, 
strength of magnetic field and Reynolds number. It was 
established that increasing the strength of magnetic field 
and using ferrofluid with a higher nanoparticle concentra-
tion and diameter lead to the enhancement in the heat 
transfer rate [25]. Wen et al. constructed an experimental 
system to study the heat transfer properties of nanoflu-
ids and asserted that the use of nanofluids significantly 
improved the heat transfer in the laminar flow regime, 
which was due to the migration of particles, resulting in 
higher thermal conductivity, and reduced the thickness 
of thermal boundary layer [26]. Li et al. established a min-
iature cooling device using ferrofluid and investigated its 
operational characteristics. They showed that the flow 
velocity of the ferrofluid increases on increasing the tem-
perature of heat load, applying stronger magnetic field 
which enhances the performance of cooling device [27].

In this paper,  Fe3O4 ferrite/ferrofluid has been prepared 
by a coprecipitation method. Structural, morphological 
and magnetic properties of developed nanoparticles have 
been studied using XRD, HRTEM and VSM. An automatic 
cooling device is constructed employing  Fe3O4–kerosene 
ferrofluid, owing to their long-term stability. By analysing 
the experiments performed, the effect of concentration of 
nanoparticles in ferrofluid, magnetic field (external) and 
temperature of heat source on the efficiency of the cooling 
device is investigated and discussed.

2  Materials and methods

2.1  Synthesis

The synthesis of  Fe3O4–kerosene-based ferrofluid involves 
mainly two steps: synthesis of  Fe3O4 nanoparticles and dis-
persing them in a suitable carrier liquid, i.e. kerosene to get 
a stable ferrofluid.  Fe3O4 nanoparticles were prepared by 
the chemical coprecipitation technique using analytical-
grade chemical reagents (Sigma-Aldrich). In the process, 
iron(II) chloride  (FeCl2) and iron(III) chloride  (FeCl3) were 
chosen as initial precursors in the ratio  (Fe2+/Fe3+) 1:2. 
Each of these was mixed separately with distilled water 
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in appropriate molar quantities to get a homogeneous 
solution. These salt solutions were then mixed and stirred, 
while oleic acid was added dropwise to the solution to 
prevent their agglomeration. Later, under vigorous stirring 
and constant heating at 80 °C, analytical-grade ammonia 
 (NH3) solution was put dropwise for immediate precipita-
tion. The pH of the reaction mixture was monitored con-
stantly, and ammonia was added until its pH reached 11. 
The nanoparticles obtained were washed several times 
with distilled water. Then, these samples were dispersed 
in suitable liquid (kerosene) and decanted to get a stable 
ferrofluid. The developed nanoparticles were spherical in 
shape with the diameter of 15–18 nm. Ferrofluid with dif-
ferent concentrations of nanoparticles, i.e. 2%, 4% and 6%, 
was prepared to carry out the study.

Synthesized nanoparticles were characterized on 
Rigaku Ultima-IV X-ray diffraction (XRD) having CuKα 
radiations at a scan rate of 2°/min for structural studies. 
Morphological studies were carried out using a high-
resolution transmission electron microscopy (HRTEM) of 
Tecnai  G2 20 (FEI) S-Twin at 200 kV. Magnetic studies were 
performed using Lakeshore VSM Model 7410 in the field 
range of ± 15,000 Gauss.

2.2  Experimental set‑up for cooling

A self-powered cooling device was designed that may use 
the unwanted heat from electronic devices/some other 
sources to drive the fluid flow inside the loop and transfer 
the heat from source to sink. This device was designed by 
assembling a glass loop through which fluid flows, heat 
sink, heat source and a magnet (NdFeB). The fluid used 
has uniformly dispersed nanoparticles of average size 
15–18 nm and saturation magnetization of ~ 23.72 emu/
gm. A rectangular glass loop of diameter 7 mm and dimen-
sions 250 mm × 140 mm was used as a fluid channel. Heat 
source and sink were kept in opposite directions. Heating 
chamber of dimensions 180 mm × 40 mm was built-in to 

provide a constant adjustable temperature with the help 
of high-temperature water bath with a good control on 
temperature and pressure. Iced water was taken as a heat 
sink, while a permanent magnet (NdFeB—0.3 T) was care-
fully adjusted near the loop and placed along the axial 
direction to the loop. The device was thermally insulated 
to avoid any kind of heat loss (Fig. 1). 

Here, when ferrofluid in the loop comes in the thermal 
field of heat source maintained at a constant temperature, 
fluid heats up, rises (some thermal energy gets converted 
to kinetic energy), move towards the sink and conse-
quently transfers the heat from source to sink. After los-
ing the heat to sink, this cold ferrofluid progresses towards 
heat source and the cycle goes on without employing any 
pump. The permanent magnet induces a driving force that 
allows a higher convective heat transfer rate. So, the driv-
ing force, which is responsible for circulating the fluid, 
depends upon magnetic field and temperature. After 
some time, if all the conditions are kept unchanged, then 
loop temperature stops increasing and eventually become 
constant, when it attains the thermal stability. This device 
is self-regulating, is easy to handle and requires no mainte-
nance using the heat from heat source (e.g. boiling water, 
heat-dissipated electronic devices, etc.) as a driving force 
for liquids and reliable in the field of cooling. The cooling 
efficiency of the device is affected by the temperature of 
the source, concentration of nanoparticles and external 
magnetic field as discussed below.

3  Results and discussion

3.1  XRD analysis

XRD of the synthesized samples is shown in Fig. 2, and the 
characteristic peaks are observed corresponding to the 
planes (220), (311), (400), (422), (511) and (440). The dif-
fraction pattern obtained at room temperature indicated 

Fig. 1  Schematic diagram of 
the cooling device
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single-phase cubic spinel structure and was found to be 
consistent with the JCPDS Card No. 85-1436. The crystal-
lite size (D) was calculated about the most intense peak 
at (311) plane from XRD data using the Debye–Scherrer 
formula [28] as given by:

where D is the crystallite size, k = 0.89 is the dimension-
less shape factor, λ = 1.54056 Å is the incident X-ray wave-
length of CuKα radiation, β is the line broadening at half 
the maximum intensity and θ is the glancing angle. The 
crystallite size was determined as 15.86 nm.

The interplanar spacing and lattice parameter for the 
synthesized sample was calculated as 2.52 Å and 8.35 Å, 
respectively, which are in good agreement with the stand-
ard data. The sample showed broad peaks, signifying the 
fine and small crystallite size; therefore, ferrofluids can be 

D = k�∕� cos �

easily synthesized by making use of the small size of the 
particles.

3.2  HRTEM analysis

HRTEM image and electron diffraction pattern indicated 
the shape, size and morphology of the synthesized  Fe3O4 
nanoparticles as shown in Fig. 3. It showed that the exam-
ined particles have a spherical shape with a narrow size 
distribution. It can also be seen from the micrograph that 
the average particle size is about 15–18 nm and that the 
position of bright spots in electron diffraction pattern con-
firmed the spinel structure of synthesized nanoparticles.

3.3  VSM analysis

The variation of magnetization versus magnetic field at 
room temperature in the range ± 15,000 G for synthesized 

Fig. 2  X-ray diffraction pattern of  Fe3O4 nanoparticles synthesized 
by a coprecipitation method

Fig. 3  HRTEM and electron 
diffraction pattern images of 
 Fe3O4 nanoparticles

Fig. 4  Variation of magnetization and magnetic field for  Fe3O4 nan-
oparticles
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 Fe3O4 nanoparticles is shown in Fig. 4. It can be seen that 
magnetization initially increased with magnetic field and 
then at higher fields it started to saturate. The values 
for coercive field and remanence magnetization were 
approximately zero which indicated the superparamag-
netic behaviour of the tested nanoparticles. The curve 
revealed that the saturation magnetization of developed 
 Fe3O4 nanoparticles was 23.72 emu/gm. Liu et al. [29] and 
Ghandoor et al. [30] reported saturation magnetization 
of 50.27 emu/gm and 46.7 emu/gm, which is significantly 
higher than obtained in the current research. The low satu-
ration magnetization of the developed nanoparticles can 
be attributed to the superparamagnetic behaviour of the 
samples, spin canting effect and random distribution of 
particle size.

The saturation magnetization value for  Fe3O4 nanoparti-
cles depends upon superexchange interaction and particle 
size. The smaller the size is, the lesser the magnetization of 
the particle will be due to prominent surface effects in the 
nanoparticles due to spin canting disorder on the surface, 
since the surface-to-volume ratio increases significantly 

in nanoparticles and their surface is composed of some 
canted spins that prevent the core spins to align in the 
direction of magnetic field, hence decreasing their satura-
tion magnetization [31–33].

4  Experimental set‑up

4.1  Role of temperature of the heat source

By keeping the other conditions constant, experiments 
were performed to investigate the impact of heat source 
on cooling efficiency of the device in the presence and 
absence of the magnet. Figure 5 shows that enhanced 
cooling (ΔT) can be achieved when the temperature of 
source was changed from 63 °C to 85 °C. This can be under-
stood based on the relation between flow velocity of fluid 
and the difference in temperature of source and sink. Ran-
dom motion of nanoparticles plays an important part in 
the heat transfer process in the system where the velocity 
of the motion is directly proportional to the square root 

Fig. 5  Impact of heat source on cooling
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of the temperature. So, as the temperature of heat source 
rises, the flow velocity of the fluid inside the loop ascends, 
resulting in faster heat transfer. However, this cooling abil-
ity of the device is limited to below the boiling tempera-
ture of carrier fluid [34, 35].

4.2  Role of concentration of nanoparticles

To investigate the impact of nanoparticles concentration 
on cooling, a stable ferrofluid with 2%, 4% and 6% of nano-
particles in kerosene was prepared. Heat source tempera-
ture was fixed at 75 °C. Figure 6 shows that the efficiency 
of the cooling device improved as the concentration of 
particles was increased. This enhancement in the rate of 
heat transfer can be ascribed to Brownian motion, ther-
moconvection and development of chainlike structure of 
nanoparticles.

At low concentration of nanoparticles (2%), enhance-
ment observed in heat transfer may be attributed to the 
following effects: (a) thermoconvection of fluid and (b) 
Brownian motion caused by the random motion of dis-
persed nanoparticles due to collision among themselves 
and with molecules of the base fluid. In thermoconvec-
tion, when the fluid enters the thermal field of source, it 
begins to rise towards the sink. Further, Brownian motion 
contributes to the enhancement in the rate of heat transfer 
in further two ways: first, by direct influence of diffused 
nanoparticles that transport heat and second, by indirect 
influence by microconvection of the base fluid [36].

At higher concentration, properties of the ferrofluid 
are influenced by interparticle interactions, as a result 
of chainlike structures formed due to dipole interac-
tions among magnetic nanoparticles; however, Brownian 

motion becomes negligible. So, when the concentration 
of nanoparticles in ferrofluid increases, dipolar interaction 
becomes stronger and starts to form chainlike aggregates 
of nanoparticles which transport heat more effectively 
[37]. The formation of these chains in such a stable fer-
rofluid leads to highly conductive and lengthened path 
for the flow of heat that results in an increase in the rate of 
heat transfer, since solid particles conduct heat at a faster 
rate than the base fluid [38].

So, it can be noted from Fig. 6 that the cooling perfor-
mance of the device is enhanced as the concentration 
of nanoparticles is increased from 2 to 6%. Asymptotic 
behaviour of the temperature in Fig. 6 can be understood 
as: here, the temperature of heat load was maintained at 
75 °C, and when ferrofluid comes in its thermal vicinity, 
the temperature of the fluid in the system starts rising. 
Further, non-uniform temperature distribution and high 
temperature of heat load induce ferrofluid to circulate 
in the loop and transfer the heat from heat load to sink. 
The temperature of the system stops rising when thermal 
steady state is achieved. The temperature follows the same 
trend for all the volume fractions. Cooling performance 
is enhanced by 7% when the concentration of ferrofluid 
was increased from 2 to 6% due to increased interparticle 
interaction forming chainlike structures, which leads to 
highly conducting path for heat flow.

4.3  Role of magnetic field

Experiments were performed to investigate the impact 
of magnetic field on the device performance. Figure 7 
shows that cooling is enhanced when the external mag-
netic field (0.3 T) was incorporated by 4% compared to 
when no field was applied. Heat conduction is the key 
mode of transport of energy inside the loop carrying 
ferrofluid in the absence of magnetic field, and their 
magnetic moments are randomly aligned. On the other 
hand, in the presence of the applied magnetic field, the 
driving force that is responsible for circulating the fluid 
inside the loop is the result of thermal and magnetic 
fields. In the absence of field, magnetic moments of the 
particles are randomly oriented, whereas when field is 
applied, they start to align themselves in the field direc-
tion. Here, the enhanced cooling can be ascribed to the 
formation of chainlike structures formed under the influ-
ence of magnetic field that conducts heat effectively [34, 
39]. It should also be noted that the chainlike structures 
formed are highly ordered and fractal in nature. Once 
the magnetic field is removed, the magnetic moments 
are again randomly aligned, and there are no aggregates 
left due to superparamagnetic nature of magnetic nano-
particles. Moreover, magnetic field attracts the ferrofluid 

Fig. 6  Effect of concentration of nanoparticles at a constant source 
temperature of 75 °C on cooling in the absence of magnetic field
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and also governs their direction of flow towards the heat 
source. Thus, the efficiency of the cooling device can be 
controlled by adjusting the aforementioned parameters.

Yarahmadi et al. [40] found out that the application of 
a constant magnetic field exerts an inverse effect on the 
convective heat transfer and causes the heat transfer to 
decline. Lajvardi et al. [24] found out that the use of  Fe3O4 
magnetic nanoparticles as the dispersed phase in water 
cannot enhance the convective heat transfer in the lami-
nar flow regime in the absence of magnetic field. However, 
using our present device design, we have achieved cool-
ing effects even in the absence of magnetic field, which 
increases even on the application of constant magnetic 
field. So, the drawbacks observed in earlier ferrofluid-
based cooling device designs are removed in the present 
device. The studies carried by other researchers are on the 
role of device dependence on parameters like tempera-
ture gradient, heat load/sink temperature, role of AC or DC 
magnetic fields, etc., and their mathematical simulations 
[35, 41, 42]. Their studies are based on different experi-
mental results and our present device design, and the 

results of measurements will surely add up for reaching 
to a good automatically cooling device using ferrofluids.

5  Conclusion

Fe3O4 ferrite/ferrofluid was prepared via a coprecipita-
tion method. Structural and morphological studies were 
carried out using XRD and HRTEM. Lattice parameter and 
crystallite size were found to be 8.35 Å and 15.86 nm, 
respectively, and the particle size estimated by HRTEM 
was 15–18 nm. Magnetic studies revealed that saturation 
magnetization of the sample was 23.72 emu/gm with 
negligible retentivity and coercivity indicating super-
paramagnetic behaviour. A self-powered cooling device 
was presented that comprises sink chamber, heat source, 
a permanent magnet (NdFeB), ferrofluid and a thermally 
insulated glass tube. Various experiments were performed 
to study the effect of parameters like volume fraction of 
nanoparticles, temperature of heat source and magnetic 
field on the cooling efficiency of device. It was found that 

Fig. 7  Impact of the external magnetic field on the efficiency of the cooling device at different heat load temperatures
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cooling by ~ 20 °C was achieved when the temperature 
of heat source was 85 °C. When the concentration of nan-
oparticles was increased from 2 to 6%, the cooling was 
enhanced by 7% and by 4% under the influence of mag-
netic field (0.3 T). This device also has many other advan-
tages like:

1. It is a self-powered, self-regulating device.
2. It does not require any pump or moving parts.
3. A variety of base fluids may be used as per require-

ment.
4. Extent of cooling can be controlled.
5. It is low cost.
6. It is easy to maintain and a reliable system.

However, with the advancement in nanotechnology 
and nanomaterials, such a cooling device proposed may 
find a better application where waste heat from electronic 
devices may be utilized.
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