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a b s t r a c t

Nanopowders of MgFe2O4 have been synthesized by the novel and facile reverse microemulsion route.
The effects of changing the continuous phase on the particle size and the magnetic property have been
studied. The average particle size, morphology and saturation magnetization are shown to be dependent
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on the continuous phase. The average diameters of the particle prepared with heptane are 20.9 ± 4.3 nm.
On the contrary, the product with toluene and cyclohexane is highly aggregated. The values of satura-
tion magnetization for our samples prepared with heptane, toluene and cyclohexane are 14.5, 30 and
37 emu/g.

© 2010 Elsevier B.V. All rights reserved.
article size
agnetic property

. Introduction

Magnetic fine particles have been a major research focus
ecause of their many technological applications [1–6]. One

nteresting application of magnetic materials is in hyperthermia
reatment which is considered as a supplementary treatment to
hemotherapy, radiotherapy, and surgery in cancer therapy [7].
gFe2O4 is one such material which has novel magnetic properties,

articularly superparamagnetic behaviors [8], and such superpara-
agnetic particles can be used for different biomedical application.

t was reported that MgFe2O4 particles whose size was several
m has relative high heat generation compared with other ferrites

9]. Therefore, it seems that MgFe2O4 nanoparticles with a precise
ize control have great capability for magnetic hyperthermia. The
eating property in the AC magnetic field is strongly influenced
y the particle size [10]. Synthesis using reverse micelles seems
specially suited to tailoring particle properties at the nanolevel.
n these systems nanodrops (3–30 nm) of the aqueous phase are
rapped within aggregate of surface active molecules dispersed in
n external oil phase [11–13]. Several group reported the synthesis
f NiFe2O4 [14], MnFe2O4 [15,16], Ni and Zn ferrites [17] and mixed

errites by reverse micelle process [17–22]. Recently, Sivakumar
t al. [23] synthesized nanostructured MgFe2O4 spinel with var-
ous grain sizes ranging from 72 to 19 nm using ceramic method
nd followed by high-energy ball milling. Hankare et al. [24] syn-
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thesized MgFe2O4 by coprecipitation method with grain size of
40 nm. Sasaki et al. [25] produced magnesium ferrite (MgFe2O4)
nanoparticles by hydrothermal synthesis in supercritical water
with particle size of about 20 nm and saturation magnetization of
20 emu/g. Holec et al. [26] produced MgFe2O4 nanocrystals with
intermediate phase (MgO) by reverse micelle method at 900 ◦C with
particle size and saturation magnetization of 39 nm and 32 emu/g
respectively. Although, the nanosized spinels of MgFe2O4 were
prepared by reverse micelle method, some improvement or opti-
mization of parameter is still required to control the particle size.
The micellar exchange rate is varied by varying the continuous
medium and by varying water to surfactant molar ratio (R) [27]. In
this paper we have attempted to study the effects of changing the
continuous medium on the particle size and the magnetic property
of MgFe2O4 nanopowders.

2. Experimental

All chemicals in this work, such as (i) magnesium nitrate hexahydrate (Mg
(NO3)2·6H2O, Sigma–Aldrich), (ii) iron (III) nitrate nonhydrate (Fe (NO3)3·9H2O,
Aldrich), (iii) poly (oxyethylene) nonylphenyl ether (a nonionic surfactant, Igepal
CO-520, Aldrich Chemical Co.), (iv) NH4OH (33%) (Sigma–Aldrich), (v) heptane
(Sigma–Aldrich), (vi) toluene (Sigma–Aldrich), (vii) cyclohexane (Sigma–Aldrich)
were of analytical grade and used as received without further purification.

For the reverse micelle synthesis, a solution comprised of heptane, water,
and a surfactant Poly(oxyethylene) nonylphenyl ether was used to form the
micelles. For MgFe2O4 ferrite, an aqueous solution was prepared by mixing 80 ml of

poly(oxyethylene) nonylphenyl ether, 200 ml of heptane and 39 ml of mixed aque-
ous salt solution. The molar ratio of water to surfactant ratio (R) was maintained
at 12. Reverse microemulsion was prepared in a similar way for different solvents
such as toluene and cyclohexane. The microemulsion was mixed rapidly, and after
5 min of equilibration, 18 ml of NH4OH was injected into the microemulsion. The
microemulsion was centrifuged to extract the particles, and the particles were sub-

dx.doi.org/10.1016/j.jallcom.2010.10.090
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. X-ray diffraction patterns of MgFe2O4 samples calcined at 600 ◦C.

equently washed by ethanol to remove any residual surfactant. The powders were
ried at 80 ◦C in an oven for 24 h, grounded and calcined at 600 ◦C for 2 h.

The phase identification of calcined powders was recorded by X-ray diffrac-
ometer (Panalytical X’pert MPD). Field emission transmission electron microscopy

easurements of the samples were taken on a JEOL-3010 instrument with a 300 kV
ccelerating voltage. The average diameter of the particle estimated from the TEM
icrograph using standard software (IMAGE J). The magnetic measurement of the

amples was performed on a superconducting quantum interference device mag-
etometer (Quantum design, MPMS XL-7).

. Results and discussion

.1. Structural analysis of MgFe2O4 nanoparticles by XRD, TEM

Fig. 1 shows the XRD pattern of MgFe2O4 nanoparticles syn-
hesized with different solvent. The sharp peaks from diffraction
attern show the crystalline nature of the samples. The diffrac-
ion peaks could be ascribed to Bragg reflections of (1 1 1), (2 2 0),
3 1 1), (2 2 2), (4 0 0), (4 2 2), (5 1 1), and (4 4 0) planes which can
e readily indexed to the spinel phase of bulk MgFe2O4 (ICSD-
1-1232). The reflections are comparatively broader, revealing the
anosize of the crystals. According to the Debye–Scherrer equation,
he average crystallite size was determined from the half-width
f the most intense peak (3 1 1). The average crystalline sizes of
2.4 nm (heptane), 14.6 nm (toluene) and 15.4 nm (cyclohexane)
ere produced. The micellar dynamics is affected by changing the

hain length of the oil phase. The longer the chain length of the
il, the more difficult it is to penetrate into the surfactant tail and
lign itself parallel to the surfactant tails. As a result, the extent of
nteraction between surfactant tail and the solvent chain decreases

ith an increase in chain length of the alkyl solvent. On the other
and, interdroplet tail–tail interaction of two surfactant molecules

ncreases, due to the weak presence of solvent molecules in the
ail region of the droplet. The net effect results in an increase in
he micellar exchange rate with an increase in the chain length of
he alkyl solvent [27]. Natrajan et al. [28] and Hatton et al. [29]
tudies haves shown that the final particle size is a function of the
ater to surfactant molar ratio (R), the concentration of the reac-

ant species, the ion occupancy number, the initial distribution of
he reactant, the water size core, and the intermicellar exchange
oefficient. In our experiments we have kept the water to surfac-
ant molar ratio and the concentration of reactant species the same
n all cases. Therefore, the only parameter that can influence the

article size is the intermicellar exchange rate coefficient. In the
ase of cyclohexane, the molecules penetrate between surfactant
ails, leading to an increase in surfactant curvature and rigidity and
ence the exchange rate is low. The slow exchange rate adversely
ffects the formation of metal atoms. Therefore the nucleation and
nd Compounds 509 (2011) L59–L62

growth processes continue in parallel, resulting in a larger size of
the particle [27]. In the case of toluene, the exchange rate coefficient
increases by a three order of magnitude compared to cyclohexane.
At high exchange rate, due to rapid collision between micelles there
will be rapid exchange of material, which results in the formation
of a large number of micelles with the number of magnesium fer-
rite atoms greater than the critical nucleation. This will result in
smaller particle size, as the number of magnesium ferrite atoms
left for growth will be relatively low. In the case of heptane the
exchange rate coefficient decreases by a two order of magnitude
from toluene. Slow exchange of materials will lead to formation
of a smaller number of nuclei of magnesium ferrite. Consequently,
a higher amount of magnesium ferrite atoms as compared to that
in the case of toluene will be available for growth. Hence the ter-
minal particle size is found to be larger than that in the case of
toluene [27]. Fig. 2 shows the transmission electron microscopy
(TEM) image of MgFe2O4 nanoparticles synthesized with heptane
and the particle size distribution is included as inset. The digitized
images were imported into the program, Image J and the popu-
lations of particles with respect to mean particle diameter were
determined. 34 Particles were measured from TEM micrograph to
establish particle size distribution histograms. The histograms were
created using Image J with binning widths of 5 nm. The mean sizes
and standard deviations resulted from Image J are 20.9 nm and
4.3 nm, respectively. On the contrary, the product with toluene and
cyclohexane (Fig. 2(b) and (c)) is highly aggregated. The average
particle size obtained from TEM is bigger than that observed from
X-ray line broadening technique. This may be due to the agglom-
eration of fine particles [30].

3.2. Magnetic properties

Fig. 3 shows the room temperature magnetization curves of
the MgFe2O4 nanoparticles prepared with different solvent. The
M–H hysteresis loops indicating superparamagnetic property at a
temperature of 300 K. The absence of hysteresis, negligible coer-
civity and remanance, and the nonattainment of saturation even
at high magnetic field are the characteristics of superparamagnetic
behavior. The superparamagnetic behavior at room temperature,
meaning that the thermal energy can overcome the anisotropy
energy barrier of a single particle and the net magnetization of the
particles in the absence of an external field is zero [31]. The value
of magnetization for our samples prepared with heptane, toluene
and cyclohexane are 14.5, 30 and 37 emu/g. The relatively higher
saturation value for MgFe2O4 ferrite nanocrystals prepared with
cyclohexane may be due to the fact that the anisotropic features of
these nanocrystals have enhanced dipole–dipole interaction, favor-
ing a head-to-tail orientation, thus resulting in a relatively higher
saturation value [32]. On the other hand, the magnetic saturation
value for the nanocrystals prepared with heptane was found to
be 14.5 emu/g, respectively. It is well-known that the magnetic
properties of nanocrystals are predominantly dictated by the intrin-
sic properties of materials such as the anisotropy and saturation
magnetization. Surface effects can lead to a decrease of the mag-
netization of small particles with respect to the bulk value. This
reduction has been associated with different mechanisms, such as
the existence of a magnetically dead layer on the particle’s sur-
face or the existence of spin glass like behavior of the surface spins
[33]. The existence of some degree of spin canting in the whole
volume of the particle, in addition to the disordered surface layer,
could be an alternative explanation of this additional decrease of

the saturation magnetization [18]. Liu et al. [34] reported the syn-
thesis of MgFe2O4 nanoparticles at 600 ◦C from water in toluene
reverse micelle using sodium dodecylbenzenesulfonate (NaDBS)
and Cetyltrimethylammonium bromide (CTAB) as surfactants with
a saturation magnetization of ∼2.5 emu/g. Recently, Holec et al.
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Fig. 2. TEM image of MgFe2O4 ferrite nanocrystals calcined at 600 ◦C. (a) Heptane
(inset displays particle size distribution); (b) toluene; (c) cyclohexane.
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Fig. 3. Magnetization curves of MgFe2O4 ferrite nanocrystals calcined at 600 ◦C. (a)
Heptane; (b) toluene; (c) cyclohexane

[26] produced MgFe2O4 nanocrystals at 900 ◦C from water in cyclo-
hexane reverse micelle using Lutensol ON as surfactants with a
saturation magnetization of 32 emu/g. However in the present
study we were able to synthesize MgFe2O4 nanopowders at 600 ◦C
from water in cyclohexane reverse micelle using Igepal CO 520 sur-
factant having higher saturation magnetization value of 37 emu/g.
Though the saturation magnetization of MgFe2O4 prepared by

milling process and solvothermal process are 39.3 emu/g [35] and
41.7 emu/g [36], the formation temperature (1400 ◦C (48 h), milling
process) and particle size (300–800 nm, solvothermal process) is
higher than our study.



L lloys a

4

t
d
t
a
p
f

A

g
f
(

R

[

[
[
[

[
[

[

[

[

[
[
[

[

[

[

[

[

[
[

[
[
[

[

62 J. Chandradass, K.H. Kim / Journal of A

. Conclusions

The study demonstrates that continuous phase is found to affect
he particle size, morphology and magnetic property. The average
iameter of the particle prepared with heptane is 20.9 ± 4.3 nm. On
he contrary, the product with toluene and cyclohexane is highly
ggregated. Furthermore, these studies provide an excellent super-
aramagnetic nanoparticulate system in developing heating agents
or magnetic hyperthermia application.
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