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Experimental investigation on heat transfer rate
of Co–Mn ferrofluids in external magnetic field
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Manganese substituted cobalt ferrite (Co1−xMnxFe2O4 with x = 0, 0.3, 0.5, 0.7 and 1) nanopowders were synthesized
by chemical coprecipitation method. The synthesized magnetic nanoparticles were investigated by various characterization
techniques, such as X-ray diffraction (XRD), vibrating sample magnetometry (VSM), scanning electron microscopy (SEM)
and thermogravimetric and differential thermal analysis (TG/DTA). The XRD results confirmed the presence of cubic spinel
structure of the prepared powders and the average crystallite size of magnetic particles ranging from 23 to 45 nm. The VSM
results showed that the magnetic properties varied with an increase in substituted manganese while SEM analysis showed the
change in the morphology of obtained magnetic nanoparticles. The TG/DTA analysis indicated the formation of crystalline
structure of the synthesized samples. The heat transfer rate was measured in specially prepared magnetic nanofluids (nanopar-
ticles dispersed in carrier fluid transformer oil) as a function of time and temperature in presence of external magnetic fields.
The experimental analysis indicated enhanced heat transfer rate of the magnetic nanofluids which depended upon the strength
of external magnetic field and chemical composition.
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1. Introduction

Nanomaterials have been produced and used
by humans since time immemorial. The existence
of beautiful ruby red color in some ancient glass
paintings and the luster deposited on some med-
ieval pottery contain metallic spherical nanoparti-
cles dispersed in complex way. The techniques of
synthesis and deposition were a closely guarded
secret and have not been completely understood
even now. The modernized microscopic analysis
paved way to identification and characterization
of nanomaterials and the correlation of their pe-
culiar behavior with their structure [1]. Ferroflu-
ids are the fluids possessing magnetic nanoparticles
dispersed in various non-polar or polar liquid me-
dia which have been coated by various surfactants,
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such as oleic acid, dodecylamine, sodium carboxy-
methyl cellulose. These surfactants have been used
to improve the stability and to prevent the agglom-
eration of the particles [2]. Heat transfer is one
of important properties of ferrofluids which plays
a vital role in various fields, such as aerospace,
mechanical engineering, bio-engineering, pressure
sensors, loud speaker coolants and smart cooling
devices [3]. In metal and metal oxide nanoparti-
cles dispersed in carrier fluids, the heat transfer rate
is high as compared to conventional fluids, such
as water, vacuum pump fluid, engine oil and ethy-
lene glycol [4]. The heat transfer rate in nanoflu-
ids is dramatically increased due to the applica-
tion of external magnetic field because of the effec-
tive heat conduction through the chain like struc-
tures of magnetic nanoparticles [5]. Nkurikiyim-
fura et al. [6] reported in his review paper about the
use of magnetic nanofluids in heat transfer medium
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in detail by controlling parameters such as parti-
cle size distribution, particle coating, particle clus-
tering, cluster morphology, particles flow, particle
orientation and the influence of external magnetic
field on heat transfer rate. Hong et al. [7] showed
that different volume fractions of iron nanoparti-
cles in ethylene glycol were responsible for the
determination of thermal conductivity in nanoflu-
ids. Shima et al. [8] conducted a series of ex-
periments and confirmed that the excellent heat
transfer rate of magnetically polarizable nanofluid
was due to the efficient heat transport through per-
colating nanoparticle paths. Further, these experi-
ments showed that the maximum progress in heat
transfer rate of ferrofluids was caused by the non-
agglomerated nanoparticles dispersed in the fer-
rofluids. The heat transfer rate in ferrofluids can be
tuned from low to high value by varying the ap-
plication of external magnetic field and its applied
direction [9]. For the last two decades, magnetic
nanoparticles and ferrofluids have been studied as
the most fascinating topics in heat transport phe-
nomena and in different applications. The present
work was carried out on synthesis and investiga-
tion of manganese substituted CoFe2O4 nanoparti-
cles dispersed in carrier fluid transformer oil, sub-
jected to external magnetic fields.

2. Experimental
2.1. Materials

The chemicals used for the preparation of
magnetic nanoparticles and ferrofluids were trans-
former oil, sodium hydroxide pellets (NaOH),
cobalt chloride (CoCl2·6H2O), manganese chloride
(MnCl2·4H2O) and ferric chloride (FeCl3·6H2O).
They were of very high purity (99 %) and were ob-
tained from Merck and Nice chemicals. Hence, fur-
ther purification process was not necessary.

2.2. Synthesis

2.2.1. Magnetic nanoparticles
Manganese substituted cobalt ferrite nanopar-

ticles of different compositions (Co1−xMnxFe2O4
with x = 0, 0.3, 0.5, 0.7 and 1) were syn-
thesized by coprecipitation technique. Aqueous

solutions of chemicals CoCl2·6H2O, MnCl2·4H2O,
FeCl3·6H2O, each of 100 mL, were mixed in a boil-
ing solution of NaOH (1000 mL) at 65 °C. The
salt solutions in 1:2 molar ratios were added to the
boiling NaOH (0.5 M) solution. The mixed solu-
tion was subjected to magnetic stirring for one hour
under a constant temperature of 100 °C. The stir-
ring time (1 h) at a constant temperature (100 °C)
was high enough for the transformation of hydrox-
ides into spinel ferrites. At the end, an appropri-
ate amount of oleic acid was added to the boiling
solution and this solution was subjected to stirring
process for another one hour. The time duration
was sufficient for preparation of coated manganese
substituted cobalt ferrite nanoparticles. The resid-
ual solution was undisturbed for four hours to ob-
tain precipitate. Then, the obtained precipitate was
washed several times with deionized water. Further
the product was washed with acetone to remove im-
purities and dried at room temperature [10, 11].

2.2.2. Preparation of ferrofluids
Manganese substituted cobalt ferrofluids were

prepared by dispersing 4.5 g of coated manganese
substituted cobalt ferrite (Co1−xMnxFe2O4 with
x = 0, 0.3, 0.5, 0.7 and 1) nanopowders in 350 mL
carrier fluid transformer oil. The homogenous sta-
ble solution was obtained by stirring the nanopar-
ticles in the transformer oil at a constant speed for
one hour. The coating of nanoparticles in the pre-
pared ferrofluids prevented agglomeration of the
particles caused by magnetic and van der Waals at-
traction forces. In addition, it provided strong elec-
trostatic interparticle repulsion between the mag-
netic nanoparticles [10, 11]. Thus, the prepared
Co–Mn ferrofluids were chemically stable.

2.3. Heat transfer rate analysis
The experimental arrangement for the inves-

tigation of heat transfer rate of manganese sub-
stituted cobalt ferrofluids (Co1−xMnxFe2O4 with
x = 0, 0.3, 0.5, 0.7 and 1) in external magnetic
fields is shown in Fig. 1. The experimental setup
was constructed using an electromagnet, heater,
thermometer and ferrofluid filled glass beakers.
The electromagnet was designed so as to be able
to accommodate with in 500 mL glass beakers.
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The electromagnet was connected to an AC power
supply of 230 V (50 Hz) through a rheostat to
obtain variable current. Prepared ferrofluids of
350 mL volume fraction were used for heat trans-
fer rate analysis. The heater was connected to an
AC power supply of 230 V (50 Hz) and kept im-
mersed in the ferrofluid beakers for heating pro-
cess. A thermometer kept inside the fluid beaker
was used to estimate the heat transfer rate as a func-
tion of time. The electromagnet was used to pro-
duce external magnetic field. In this experimental
procedure, the prepared ferrofluids of different mo-
lar ratios were heated inside the ferrofluid beakers
with an applied external magnetic field generated
by the electromagnet through the current flow of I
= 1.8 A and 2.7 A. The heat transfer rates per tem-
perature of ferrofluid were recorded and analyzed.

Fig. 1. Schematic setup for the investigation of heat
transfer rate of Co–Mn ferrofluids in external
magnetic field.

3. Characterization
3.1. X-ray diffraction

X-ray diffraction (XRD) analysis of the syn-
thesized powder samples was carried out at room
temperature by using XPERT PRO X-ray powder
diffractometer with CuKα (λ = 1.54060 Å) radi-
ation. The step size of 0.05° in 2θ range and scan
step time of 10 s were applied in the XRD measure-
ments. Debye-Scherrer formula was used to calcu-
late the average crystallite size of the synthesized
samples [12]:

DXrd =
0.89λ

β cosθ
(1)

λ represents wavelength of X-ray in Å, β is full
width half maximum (FWHM in radians in the 2θ
scale), θ represents the Bragg’s diffraction angle,
DXRd is crystallite size in nm.

3.2. Vibrating sample magnetometer
Hysteresis curves were obtained for the pow-

der samples using vibrating sample magnetome-
ter (VSM) at room temperature (Model: Lakeshore
7404) with an applied magnetic field of 20000 G.
Magnetic parameters, such as coercivity (Hc), re-
manent magnetization (Mr) and saturation mag-
netization (Ms) were found from the obtained
measurements.

3.3. SEM studies
Scanning electron microscope (SEM) observa-

tions were made to visualize the morphology, ho-
mogeneity and composition of the prepared mag-
netic nanoparticles. The differences in size ob-
tained by the XRD analysis and SEM studies were
compared and analyzed.

3.4. TG/DTA analysis
Thermogravimetric (TG) and differential ther-

mal analysis (DTA) were made using the instru-
ment NETZSCH STA 449F3 in air atmosphere at
a heating rate of 10 °C per minute.

4. Results and discussion
4.1. XRD characterization

The X-ray diffraction (XRD) patterns of man-
ganese substituted cobalt ferrite (Co1−xMnxFe2O4
with x = 0, 0.3, 0.5, 0.7 and 1) nanoparticles are
shown in Fig. 2. The diffraction peak of the reflec-
tion plane (3 1 1) of maximum intensity shows that
the material has a single face centred cubic spinel
phase. The reflection planes (2 2 0) (3 1 1) (5 1 1)
(4 4 0) of corresponding diffraction angles 30.26°,
35.5°, 56.9°, 62.5° show that all the samples have
a cubic spinel structure [13]. The peak shift for
the plane (3 1 1) is caused by the lattice constant
variation with manganese substitution. The lattice
constant (a0) was calculated from the obtained
‘d’ value with the respective (h k l) parameters.
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Table 1. Summary of lattice constant values [Å] for
Co1−xMnxFe2O4 with x varying from 0.0, 0.3,
0.5, 0.7 and 1.0.

No. Sample Lattice constant [Å]

1 CoFe2O4 8.397
2 Co0.7Mn0.3Fe2O4 8.424
3 Co0.5Mn0.5Fe2O4 8.421
4 Co0.3Mn0.7Fe2O4 8.466
5 MnFe2O4 8.493

The linear variation of lattice constant ‘a0’ with re-
spect to manganese content is shown in Table 1.
It varies from 8.39 Å to 8.49 Å. The lattice con-
stant values of 8.39 Å for CoFe2O4 and 8.49 Å
for MnFe2O4 closely match with the proposed re-
sults [14]. The obtained results show that the in-
creased lattice constant with an increase of man-
ganese content in cobalt ferrite nanoparticles re-
sults from the occupying nature of Mn2+ ions
whose atomic radius (0.83 Å) is greater than the
atomic radius of Co2+ ions (0.78 Å) [13]. The ave-
rage crystalline structure was calculated using De-
bye Scherrer’s formula and it was in the range be-
tween 23 nm to 45 nm.

4.2. Magnetic measurements

Magnetic properties of manganese substituted
cobalt ferrite nanoparticles were studied by vibrat-
ing sample magnetometer (VSM) analysis. The
obtained VSM results for different compositions
(Co1−xMnxFe2O4 with x = 0, 0.3, 0.5, 0.7 and 1)
of magnetic nanoparticles are shown in Fig. 3. It
was found that the coercivity (Hc), remanent mag-
netization (Mr) and saturation magnetization (Ms)
vary for different molar ratios of manganese in the
cobalt ferrite nanoparticles. It was observed that the
coercivity (Hc) and remanent magnetization (Mr)
decrease with an increase in molar ratio of man-
ganese in cobalt ferrite nanoparticles. The satura-
tion magnetization (Ms) starts increasing and de-
creasing with manganese substitution. The above
trend in saturation magnetization (Ms) parameter
was due to super exchange interaction mechanism
between lattice positions of metal ions A and B
in ferrites [15]. From the obtained results, it was

deduced that the substituted Mn2+ ions occupy
A and B lattice positions, which results in the
reduction of interaction between A and B sites.
The substitution of nonmagnetic ion such as man-
ganese, which has a preferential A site occu-
pancy, results in the reduction of the exchange
interaction between A and B sites. Hence, by
varying the amount of manganese substitution,
it should be possible to vary magnetic proper-
ties of the samples. In our study, the preferen-
tial occupancy of added manganese (Mn2+) re-
duced the exchange interaction between A and B
sites due to which the saturation magnetization
decreased [16].

4.3. SEM analysis

Fig. 4 shows the scanning electron microscope
(SEM) images of manganese substituted cobalt fer-
rite nanoparticles synthesized by coprecipitation
method. The reported size of the nanoparticles was
in between 88 nm to 71 nm which was in close
agreement with the general statement that the ave-
rage grain size of nanocrystalline materials is of the
order of 1 to 100 nm. It was found that the grains
were connected to each other all over the sample.

4.4. TG/DTA analysis

Thermogravimetric (TG) and differential
thermal analysis (DTA) graphs are shown in
Fig. 5. The TG/DTA analysis was made for
the synthesized three powder samples with the
compositions CoFe2O4, Co0.7Mn0.3Fe2O4 and
Co0.5Mn0.5Fe2O4. The DTA curves show the sharp
endothermic peak at 110 °C which may be due
to complete removal of moisture and initiation
of crystalline structure of the samples. In the
TGA curves, the decrement in weight percentage
at 100 °C is due to water loss in the samples.
The weight loss for CoFe2O4 is larger than for
Co0.7Mn0.3Fe2O4 and Co0.5Mn0.5Fe2O4. Also
CoFe2O4 shows slow crystallization process from
375 °C to 800 °C. The results show that manganese
substitution decreased the weight loss during the
crystallization process. The weight loss between
375 °C to 400 °C may be due to the decomposition
of impurities present in the samples. The gradual
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(a) (b)

(c) (d)

(e)

Fig. 2. Indexed X-ray diffraction patterns of (a) CoFe2O4, (b) Co0.7Mn0.3Fe2O4, (c) Co0.5Mn0.5Fe2O4, (d)
Co0.3Mn0.7Fe2O4 and (e) MnFe2O4.
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Fig. 3. Magnetization curves of CoFe2O4,
Co0.7Mn0.3Fe2O4, Co0.5Mn0.5Fe2O4,
Co0.3Mn0.7Fe2O4 and MnFe2O4 at room
temperature.

weight loss in the range of 450 °C to 800 °C
was due to the formation of crystalline structure
in the synthesized samples. The linear weight loss
in temperature range of 500 to 800 °C confirms
the complete formation of crystalline and spinel
phase structure in the synthesized samples. It can
be stated that the removal of adsorbed water and
impurities, and formation of complete crystalline
structure with spinel phase was completed at
800 °C [17, 18].

4.5. Comparative analysis on heat trans-
fer rate of Co–Mn ferrofluids
4.5.1. Aggregation of magnetic nanoparticles
in magnetic field

Ferrofluids are colloidal suspensions of mag-
netic nanoparticles in a nonmagnetic carrier fluid
possessing superparamagnetic nature and exhibit-
ing Brownian motion whose moments are dynamic
in nature. In such case, when an external magnetic
field is applied, the convection velocity of nanopar-
ticles reduces and results in chain like formation.
The Brownian motion of particles almost disap-
pears [19]:

v =
√

18kBT/πρd3 (2)

(a)

(b)

Fig. 4. SEM images of manganese substituted CoFe2O4
nanoparticles.

where kBT represents the thermal energy, ρ repre-
sents the density of fluid and d represents the di-
ameter of the suspended particles. The aggregation
process of the system is governed by the dipole-
dipole energy between fluctuating moments given
as [20, 21]:

Udd(r) =
−1

3kBT

(
2m1m2

πµ0r3

)
(3)
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(a)

(b)

Fig. 5. (a) TG and (b) DTA results of manganese sub-
stituted CoFe2O4 nanoparticles with x = 0.0, 0.3
and 0.5.

where Udd is the dipole-diplole interaction energy
and µ0 represents permeability of free space. When
an external magnetic field is applied, the dipole-
dipole interaction between the moments increases,
resulting in aggregation of particles in direction
of the applied magnetic field. The phenomenon is
similar to that of an isothermal compression of an
ideal gas. The entropy of the system is defined
as [21, 22]:

∆S = NKB ln
(

Va

V

)
(4)

where N and KB are the number of magnetic parti-
cles and Boltzman constant.

4.5.2. Comparative analysis
An experimental analysis was carried out to in-

vestigate and compare the heat transfer rate of the
ferrofluids in external magnetic fields. The experi-
mental setup was shown in Fig. 1. Manganese sub-
stituted cobalt ferrofluid (Co1−xMnxFe2O4) sam-
ples: CoFe2O4, Co0.5Mn0.5Fe2O4 and MnFe2O4
were subjected to two external magnetic field of
different values. Fig. 6 shows the heat transfer rate
of a CoFe2O4 ferrofluid at external magnetic field
generated at two current values of I = 1.8 A and
2.7 A. The recorded average heat transfer rates per
temperature in °C were 3.5 s/°C and 1.8 s/°C re-
spectively. Fig. 7 shows the average heat transfer
rates of Co0.5Mn0.5Fe2O4 ferrofluid for the above
mentioned two current values which are 3.8 s/°C
and 3.6 s/°C respectively. Fig. 8 shows the ave-
rage heat transfer rate per temperature in °C of
MnFe2O4 ferrofluid for the same two current val-
ues and the heat transfer rate were 3.6 s/°C and
2.1 s/°C, respectively.

Fig. 6. Heat transfer rate of transformer oil based
CoFe2O4 ferrofluid at an applied external mag-
netic fields for I = 1.8 A and 2.7 A.

Irrespective of the values of applied mag-
netic field, the heat transfer rate of single domain
magnetic nanoparticle dispersed fluids (CoFe2O4
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Fig. 7. Heat transfer rate of transformer oil based
Co0.5Mn0.5 Fe2O4 ferrofluid at an applied exter-
nal magnetic fields for I = 1.8 A and 2.7 A.

Fig. 8. Heat transfer rate of transformer oil based
MnFe2O4 ferrofluid at an applied external mag-
netic fields for I = 1.8 A and 2.7 A.

and MnFe2O4) was found to be greater than
that of polydispersed fluids (Co0.5Mn0.5Fe2O4). In
both single domain and polydispersed magnetic
nanoparticle dispersed fluids, the strength of the
applied alternating magnetic field plays an impor-
tant role in the heat transfer rate. The heat trans-
fer rate for I = 1.8 A did not exhibit significant

variation among the three samples. Nkurikiyim-
fura et al. [6] found that the thermal conductivity
of polydispersed magnetic nanoparticle dispersed
fluid was lower than that of single domain mag-
netic nanoparticle dispersed fluids. It was shown
that the multi domain ferro/ferri magnetic nanopar-
ticles dispersed ferrofluids could lead to poor sta-
bility of MNFS due to their long and irreversible
chain-like structures.

The heat transfer rate analysis results
of manganese substituted cobalt ferrofluids
(Co1−xMnxFe2O4 with x = 0.0, 0.5, and 1) of
different molar ratios were similar to the results
reported by Wang et al. [4]. He proposed that the
mixture of magnetic and non-magnetic nanopar-
ticle dispersed carrier fluid promotes thermal
conductivity.

The heat transfer rates of CoFe2O4, MnFe2O4
and Co0.5Mn0.5Fe2O4 were greater for I = 2.7 A
than for I = 1.8 A. The result indicates that the heat
transfer rate strongly depends upon the strength of
the applied external magnetic field. Similar results
have been reported by Shima et al. [8] and Lian
et al. [23]. They showed that the enhancement of
thermal conductivity can be observed in magnetic
nanofluids with increasing strength of applied al-
ternating magnetic field in its parallel direction to
the temperature gradient.

The heat transfer rate of polydispersed mag-
netic nanofluid Co0.5Mn0.5Fe2O4 was lesser than
the heat transfer rate of single domain mag-
netic nanoparticle dispersed fluids CoFe2O4 and
MnFe2O4 for both applied alternating magnetic
field values: I = 1.8 A and I = 2.7 A. This re-
sult was in coincidence with the proposed result of
Nkurikiyimfura et al. [6].

4.6. Applications
Lian et al. reported that synthesized magnetic

nanofluids were used in automatic energy trans-
port cooling devices in which thermal conductiv-
ity enhancement occurred along with removal of
heat, when such devices were immersed in mag-
netic nanofluids [23]. It was also reported that the
MNF layer of 10 mm thickness absorbed com-
pletely solar radiation and acted as a good heat
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transfer medium in solar panel constructions [24].
This research suggests that the single domain mag-
netic nanoparticle dispersed fluids CoFe2O4 and
MnFe2O4 could be used in heat transport phe-
nomena. They can be more suitable for elec-
trical devices, such as transformers, smart cool-
ing devices and automatic energy transport sys-
tems due to their high heat transfer rate as com-
pared to poly dispersed magnetic nanofluid sample
Co0.5Mn0.5Fe2O4. Magnetic nanofluids may give
promising results of enhanced heat transfer rate in
smart cooling and thermal conduction devices as
compared to conventional fluid based devices.

5. Conclusions

Manganenese substituted cobalt ferrite
(Co1−xMnxFe2O4 with x = 0.0, 0.3, 0.5, 0.7 and 1)
nanoparticles were successfully synthesized using
chemical coprecipitation method. The structural,
magnetic, morphological and thermal properties of
the prepared samples were analyzed using XRD,
VSM, SEM and TG/DTA. XRD results confirmed
that all the prepared magnetic nanoparticle powder
samples had a cubic spinel structure. TG/DTA
analysis showed the removal of adsorbed water,
impurities and formation of complete crystalline
structure of the samples with spinel phase. From
VSM analysis, it was concluded that the coercivity
(Hc) and remanent magnetization (Mr) decrease
with an increase in molar ratio of manganese sub-
stituted cobalt ferrite nanoparticles. Homogeneous
magnetic nanofluids with manganese substituted
cobalt ferrite nanoparticles of different molar
ratios dispersed in transformer oil were prepared.
The heat transfer analysis was carried out in the
prepared magnetic nanofluids in external magnetic
fields. The obtained results showed that the single
domain magnetic nanoparticles dispersed fluids
(CoFe2O4 and MnFe2O4) exhibited enhanced
heat transfer rate in comparison to poly dispersed
magnetic nanofluid (Co0.5Mn0.5Fe2O4) for the two
different applied external magnetic fields. The rate
of heat transfer depended upon the strength of the
applied external magnetic field. It was concluded
that the manganese substituted cobalt ferrofluids
(Co1−xMnxFe2O4) of different molar ratios can be

utilized in energy convention devices, transform-
ers, smart cooling devices, and in automatic energy
transport devices.
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