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INTRODUCTION

Magnetically tunable nanofluids are most attractive smart
materials for technological and biomedical researches and
applications [1-3]. Magnetic nanofluids are colloids and consi-
dered as a random media in which magnetic nanoparticles
are stable and uniformly dispersed in a carrier fluid. When
magnetic nanofluids with biocompatible magnetic nanopar-
ticles are injected into a body the magnetic nanoparticles
readily bonded with biological entity inside the body and then
they can be easily manipulated by external magnetic field
gradient. This property of magnetic nanofluids opens up many
biomedical applications like drug delivery to the targeted
region of the body [4]. Another fascinating behaviour of mag-
netic nano materials is their capability to generate heat under
an alternate magnetic field through hysteresis loss mechanism
and Neel and Brownian relaxation mechanism [5,6]. In
hysteresis loss mechanism the magnetic nanoparticles with
large hysteresis loop area and higher coercivity heated better
in presence of high frequency of magnetic field [7]. On the
other hand magnetic nanoparticles with zero coercivity (super
paramagnetic) undergo Neel and Brownian relaxation mecha-
nisms and get heated in presence of lower frequency of magnetic
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field [8]. This property of self-heating is the base of a promising
application in biomedicine, known as magnetic fluid hyper-
thermia (MFH) used for the thermal activation therapy of
tumor. For this purpose, magnetic nanoparticles in a carrier
fluid are placed inside the tumor through direct injection or
tumor specific antibody targeting, after which the tumor is
exposed to an alternating magnetic field. In earlier days the
technical problems associated with hyperthermia are the
difficulty of heating only the local tumor to the intended tempe-
rature without damaging much of the surrounding healthy
tissue and precise control of temperature [9]. In magnetic fluid
hyperthermia the above problem can be solved due to the
induction heating characteristics of magnetic nanoparticles
through the magnetic loss in AC magnetic field. In addition,
nanoparticles can be easily transported to the local region of
tumor tissue using external magnetic field.

Cobalt ferrite magnetic fluids are found to be best candi-
date for magnetic fluid hyperthermia applications for achieving
the saturation temperature of 43 °C [10,11]. Moreover it is also
well established that biocompatible cobalt ferrite nanoparticles
can be synthesized by coating with biological molecules [12].
Cano et al. [13] studied the degradation rate of cobalt ferrite
nanoparticle in a simulated body with and without coating
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and the results showed higher stability of both coated and
uncoated cobalt ferrite nanoparticles and only less than 0.1 %
material lost after 48 h was observed. This small degradation
implies that cobalt ferrite nanoparticles can be used in a multi-
functional system where first they can be used for drug delivery
(duration of 45 h) and subsequently, be used to destroy malig-
nant cells through the hyperthermia process. Many researchers
studied the suitability of pure cobalt ferrite and modified cobalt
ferrite by replacing Co2+ with various divalent ions in the spinel
structure for magnetic fluid hyperthermia applications using
various liquids as carrier fluid [14-16]. However the behaviour
of magnetic nanoparticles in the magnetic fluids at the satu-
ration temperature is still not well established.

The ultrasonic investigations, being non-invasive in nature,
highly efficient and relatively low-cost, can provide a powerful
means to explore complex colloidal systems like magnetic
nanofluids. In late 1970’s Chung and Isler [17] studied the
application of ultrasound waves to investigate the thermo-
physical properties of magnetic nanofluids. Followed by this
many researchers used the same technique of interaction of
acoustic wave with colloidal media for various nanofluids and
ferrofluids to study their thermo-physical properties [18,19].
Ultrasonic studies on magnetic nanofluids at various nano-
particle concentration and temperature have been reported in
the literature [20,21]. Temperature variation in these studies
is done by circulating hot water from a hot water bath. Few
reports are also appeared on the variation of ultrasonic para-
meters under the influence of external magnetic field for cobalt
ferrite and magnetite magnetic nanofluids [22,23]. Senthamil
Selvi et al. [22] reported that colloidal suspensions containing
upto 15 wt. % of magnetite particles form small clusters in the
presence of an external magnetic field which is attributed to
the decrease in ultrasonic velocity. In magnetic fluid hyper-
thermia applications using cobalt ferrite as magnetic nanofluid,
self-heating of nanofluids occurs under the influence of applied
AC magnetic field. Hence the state of nanoparticles in the
magnetic nanofluid at the saturation temperature is important
to know the thermal conductivity of the nanofluid.

In the present investigations, cobalt ferrite nanoparticles
are synthesized by low temperature hydrothermal method.
Cobalt ferrite nanofluids are then prepared using water as
carrier liquid and hyperthermia studies were carried out by
applying various AC magnetic field. The saturation tempe-
ratures were determined by plotting temperature versus time
graph and the specific absorption rate (SAR) values were also
calculated. Subsequently ultrasonic studies on the cobalt ferrite
nanofluid were carried out at saturation temperatures obtained
in the hyperthermia analysis in order to understand the state
and behaviour of cobalt ferrite nanoparticles in the nanofluid
at saturation temperatures.

EXPERIMENTAL

Synthesis of cobalt ferrite: For the synthesis of cobalt
ferrite, stoichiometric amounts of AnalaR grade cobalt chloride
and ferric chloride in the Co:Fe molar ratio of 1:2 were weighed
and dissolved in 50 mL of a solution containing 0.5 g of diso-
dium salt of ethylene diammine tetraacetic acid (EDTA) with
constant stirring by magnetic stirrer. 4.4 Molar NaOH solution

was added drop by drop into the mixture till the pH is increased
to 12. The precipitate produced was stirred for another 3 h at
room temperature. Then the precipitate was transferred into
an autoclave (23 mL capacity) and kept at a temperature of
120 °C for 12 h in an air oven. The precipitate obtained was
centrifuged and washed with distilled water and ethanol.

Hyperthermia studies: Cobalt ferrite nanofluids of diffe-
rent concentrations (0.2, 0.4, 0.6, 0.8 and 1.0 % by weight) were
prepared by dispersing specific amount of the synthesized
cobalt ferrite nanoparticles in water followed by sonication.
Hyperthermia studies were carried out for all the prepared
samples under various AC magnetic fields ranging from 15 to
50 mT using EASY HEAT laboratory induction power supply
at 250 KHz. During the experiment the coil was cooled to room
temperature using a closed loop circulating water system.

Ultrasonic studies: The ultrasonic wave propagation
through nanofluid were measured using single frequency (2
MHz) continuous wave ultrasonic interferometer (Modal VCT-
70 A, Mittal Enterprises, India) with an accuracy of ± 0.05 %
of frequency. Ultrasonic waves are altered by a movable metallic
plate kept parallel to the quartz plate. If the separation between
these plates is exactly a whole multiple of the sound wave-
length, standing waves are formed in the nanofluids. The acoustic
resonance gives rise to maximum anode current. The distance
between the plates is now increased or decreased, maximum
anode current is observed when the variation is half the wave-
length or multiple of it. All the prepared cobalt ferrite magnetic
nanofluids of concentrations 0.2, 0.4, 0.6, 0.8 and 1.0 wt. % were
used for the investigation. Ultrasonic parameters were measured
at the saturation temperatures obtained in the hyperthermia
analysis of all the samples. The temperature of the sample was
maintained using a thermostat and water circulation.

Characterization: Powder X-ray diffraction (XRD)
patterns were measured by using RICH-SIEFERT 3000-TT
diffractometer employing CuKα radiation. Fourier transform
infrared (FTIR) was performed by the KBr tablet method in
the range 4000-250 cm–1, in a BRUKER model IFS 66 V FTIR
spectrometer. The morphologies of the samples were examined
with field emission scanning electron microscope (FESEM,
FEI Nova-Nano SEM-600, The Netherlands). Magnetic measu-
rements were performed by the Quantum design SQUID vibrating
sample magnetometer (VSM) at room temperature.

RESULTS AND DISCUSSION

FTIR spectra of the synthesized cobalt ferrite are given in
Fig. 1, which shows absorption bands characteristic to spinel
structure. The vibrational spectra of absorption bands observed
at 330 and 531 cm-1 are due to the vibrations of octahedral metal-
oxygen bond and tetrahedral metal-oxygen bond respectively.
The absence of peaks at 1300-1000 and 3000-2000 cm-1 shows
non-existence of the O–H mode, C–O mode and C=H stret-
ching-mode of vibrations. This FTIR analysis confirms the
method of low temperature hydrothermal synthesis using EDTA
as complexing agent results in the formation of pure spinel
ferrites.

XRD pattern of the synthesized cobalt ferrite is shown in
Fig. 2, which exhibit typical reflections of (220), (311), (222),
(400), (422), (511) and (440) planes that are indications of the
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Fig. 1. FTIR spectra of cobalt ferrite
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Fig. 2. XRD pattern of cobalt ferrite

presence of the cubic spinel structure. All of the diffraction peaks
match well with the reported values (JCPDS file No. 22-1086
for cobalt ferrite). The average crystal size is determined by the
Scherrer equation using the peak broadening (FWHM) of the
most intense peak (311): t = 0.9λ/βcos θ where λ is the wave-
length of CuKα (1.54059 Å), θ is the angle of Bragg diffraction
at full width half maximum (FWHM). The cation distribution at
A and B sites are determined by X-ray intensity calculations.
The average crystallite size and cation distributions at A and B
sites for cobalt ferrite are given in Table-1.

Hyperthermia studies: The induction heating of all the
prepared nanofluids (0.2, 0.4, 0.6, 0.8 and 1.0 % wt) in presence
of various magnetic fields (15, 25, 40 and 50 mT) are shown
in Fig. 3. All the samples show the attainment of saturation
temperature at 35 min. Beyond 35 min no significant change in
temperature is observed. The saturation temperature obtained
for all the cobalt ferrite nanofluids under different magnetic
fields are given in Table-2.

It is found that saturation temperature increases with increase
of magnetic field at all concentrations (Fig. 4). However the
saturation temperature is found to be almost constant up to
0.6 wt. % beyond which it decreases at all magnetic fields
(Fig. 5).

Self-heating of magnetic nanofluids is due to any one of
the four mechanisms namely eddy currents, hysterises loss,
Brownian relaxation and Neel relaxation. Eddy currents contri-
bute significantly only if the particle size is in centimeter scale.
For magnetic nanoparticles the other three mechanisms may
contribute significantly for self-heating. Cobalt ferrite nano-
particles used in the present investigation are found to have
particle size of 26 nm by FESEM analysis (Fig. 6) and also
show hysteresis loop with a moderate coercivity of 580 Oe
and saturation magnetization of 60 emu/g (Fig. 7). Even though
nanoparticles with higher coercivity are heated better to attain
the saturation temperature of 43 °C for hyperthermia appli-
cations, they require high frequency of external magnetic field.
Moreover heating in these nanoparticles is mainly through
hysteresis loss mechanism and no significant contribution by
Brownian and Neel relaxation which require only low fre-
quency of external magnetic field for induction heating. Since
the cobalt ferrite nanoparticles used in the present investigation
has only moderate coercivity and small particle size all the
three mechanisms may contribute for induction heating.

The saturation temperature of cobalt ferrite nanofluides
with concentration of 0.2, 0.4 and 0.6 wt. % are found to be
considerably higher compare to the other two samples (0.8
and 1.0 wt. %) under all external magnetic field. Thermal property
of magnetic nanofluids are characterized by specific absorption
rate (SAR) which is defined as magnetic field energy that is
spent for heating per second per unit mass (W/g). The SAR
values are calculated using the following equation:

SAR =C(∆T/∆t) (1/m)

TABLE-1 
CRYSTAL PARAMETER AND CATION DISTRIBUTION IN COBALT FERRITE 

Cation distribution 
Sample Lattice constant 

(a) (Å) 
Volume of unit 

cell (a3) (Å3) 
Average size 

from XRD (nm) 
Average size from 

FESEM (nm) A site B site 

Cobalt ferrite 8.44 601.21 33.28 26.38 
0.25 Co2+ 
0.75 Fe3+ 

0.75 Co2+ 
1.25 Fe3+ 

 
TABLE-2 

 SATURATION TEMPERATUR AND SPECIFIC ABSORPTION RATE (SAR) OF COBALT FERRITE 

0.2 % 0.4 % 0.6 % 0.8 % 1.0 % Field 
(mT) SAT (°C) SAR (W/g) SAT (°C) SAR (W/g) SAT (°C) SAR (W/g) SAT (°C) SAR (W/g) SAT (°C) SAR (W/g) 

15 
25 
40 
50 

39.3 
43.4 
48.3 
51.9 

  99.60 
120.20 
140.27 
160.70 

39.2 
43.2 
48.1 
51.1 

103.5 
125.7 
147.8 
138.9 

39.1 
43.1 
48.1 
50.9 

107.0 
131.6 
152.6 
172.4 

35.8 
38.5 
41.7 
44.9 

82.8 
96.4 

109.1 
132.5 

33.2 
35.3 
39.4 
42.9 

  62.0 
  76.2 
  98.2 
118.5 
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Fig. 4. Effect of magnetic field on saturation temperature
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Fig. 6. FESEM analysis of cobalt ferrite

80

40

0

-40

-80

M
 (

e
m

u
/g

)

-12 -8 -4 0 4 8 12

H (kOe)

Fig. 7. VSM studies on cobalt Ferrite
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where C is the nanofluid’s heat capacity, (∆T/∆t) characterizes
the temperature change with time, m is a mass of cobalt ferrite
in nanofluid. The SAR values calculated for the cobalt ferrite
nanofluids at various concentrations under various external
magnetic fields are given in Table-2. It is found that the SAR
values are increasing with concentrations upto 0.6 % and beyond
which it decreases. All the above observations clearly shows
that there is a change in the behaviour of cobalt ferrite nano-
fluids when the concentration of cobalt ferrite nanoparticle is
increased above 0.6 % in the carrier fluid water.

Ultrasonic studies: In the hyperthermia analysis even
though an AC magnetic field is applied the magnetic nanofluid
loses its magnetic characteristics at the saturation temperature
and behave like nonmagnetic nanofluid. Moreover Nabeel
Rashin and Hemalatha [23] who investigated the effect of
magnetic field on the cobalt ferrite nanofluid by ultrasonic
studies and reported that when the magnetic field is turned
off, the ultrasonic velocity returns to its initial value without
exhibiting any hysteresis. Hence the behaviour of cobalt ferrite
nano fluid at the saturation temperatures which is attained by
applying an external AC magnetic field will be similar to that
of cobalt ferrite magnetic nanofluid heated to same tempera-
tures by hot water circulation. The results of hyperthermia
analysis shows (Table-2) the saturation temperatures are almost
same for cobalt ferrite concentrations of 0.2, 0.4 and 0.6 wt. %
under the application of a constant applied AC magnetice field.
Hence in the present investigation ultrasonic studies were carried
out at temperatures 39.2(312.2 K), 43.2(316.2 K), 48.2(321.2
K) and 51.3 (324.3 K) which are the average saturation tempe-
ratures obtained during hyperthermia analysis up to concen-
tration 0.6 wt. %. The ultrasonic velocity (V) inside the nano-
fluids can be determined using the following equation:

V = λf

where V is the ultrasonic velocity, λ is wavelength of ultra-
sound inside the nanofluid and f is the frequency of ultrasonic
oscillator (2 MHz). The results are given in Fig. 8(a-c). The
ultrasonic velocity [Fig. 8(a)] is found to be almost same with
increase in concentration upto 0.6 Wt. % and beyond which it
starts decreases. The same trend appears in all saturation
temperatures. The adiabatic compressibility (β) and acoustic
impedance of the nanofluid medium (Z) are also calculated
using the following relations:

β = 1/ρV2

Z = ρV

where ρ is the density of the nanofluid and V is the ultrasonic
velocity. The results obtained are given in Figs. 8(b) and 8(c),
respectively. It is found that the results of acoustic impedance
show the same pattern as that of ultrasonic velocity [Figs. 8(a)
and 8(c)]. But the values obtained for adiabatic compressibility
shows the reverse trend [Figs. 8(a) and 8(c)].

In the present investigation water is used as carrier liquid
for the preparation of magnetic cobalt ferrite nanofluids. The
carrier liquid water has four hydrogen bonds per molecule.
The hydrogen bonding pattern in water consists of tetrahedral
three-dimensional structures of interacting molecules and form
hydrogen bonded clusters which is referred as open structure
water. Liquid water also consists of unbounded monomeric
water molecules which are occupying space between clusters
and these dense molecules are called closed structure water.
Fig. 8(a) shows that at a fixed temperature the ultrasonic velocity
is found to be almost constant with increase in concentration
upto 0.6 wt. %. However the observed values are higher than
the ultrasonic velocity of the carrier fluid water. This obser-
vation is attributed to the particle-fluid interaction of the
individual small size cobalt ferrite nanoparticles on the surface
of open and closed structure water molecules. This interaction
between particle and fluid may disturb the hydrogen bonding
network and causes slight increase in the propagation of
ultrasound than the carrier fluid. This trend continues only
upto 0.6 wt. % and beyond which as the concentration of nano-
particles increases particle-particle interaction predominates
which results in the aggregation of nanoparticles leading to
formation of small clusters. The clusters formed are so small
that still they are in random motion and interrupt the propaga-
tion of sound waves which is accounted for the decrease in
ultrasonic velocity beyond the concentration of 0.6 wt. % [Fig.
8(a)].

Ultrasonic investigation confirms no particle-particle
interaction in the nanofluids up to cobalt ferrite concentration
of 0.6 wt. % at all saturation temperatures. In hyperthermia
studies the optimum saturation temperature (43 °C) is attained
when the concentration of cobalt ferrite nanoparticles is below
0.6 wt. % (Fig. 3) even in the presence of a lower applied AC
magnetic field of 25 mT. Similarly higher SAR values (Table-
2) are obtained in presence of lower applied magnetic field
for lower concentration (0.2, 0.4 and 0.6 wt. %). These observa-
tions indicate contribution of Neel and Brownian relaxations
by isolated nanoparticles for induction heating of cobalt ferrite
nanoparticles within the concentration of 0.6 wt. %. Above
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0.6 wt. % the saturation temperature decreases and higher
magnetic field (50 mT) must be applied in order to achieve
the optimum temperature of 43 °C. Ultrasonic investigations
establish existence of small clusters above 0.6 wt. % concen-
trations in the cobalt ferrite nanofluids. Unlike isolated particles
clusters of cobalt ferrite nanoparticles can undergo induction
heating in presence of AC magnetic field predominantly through
hysteresis loop mechanism. As the area of hysteresis loop
observed for the cobalt ferrite nanoparticles used in the present
investigation are small (Fig. 6), the optimum temperature of
43 °C is achieved by the application of slightly higher magnetic
field of 50 mT.

Conclusion

Cobalt ferrite magnetic nanofluids upto concentrations
of 0.6 wt. % are found to show no agglomeration of particles
by ultrasonic studies. Existence of isolated cobalt ferrite nano-
particles in the cobalt ferrite nanofluids induces induction
heating quickly due to higher specific absorption rate (SAR)
achieved by Neel and Brownian relaxation mechanisms and
the optimum saturation temperature of 43 °C is attained by
application of lower magnetic field. Ultrasonic studies also
show agglomeration of cobalt ferrite particles above 0.6 wt. %
concentration resulting in the formation of small clusters which
reduces the SAR value and require higher magnetic field to
increase SAR values in order to attain the saturation tempe-
rature of 43 °C through induction heating.
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