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Encapsulating magnetic nanoparticles in silica is a
promising and important approach in the develop-
ment of magnetic nanoparticles for technological
and biomedical applications [1-6]. Two different ap-
proaches have been explored to generate silica coatings
on the surfaces of iron oxides nanoparticles. The first
method relied on the well-known Stober process [7-9],
in which silica was formed in situ through the hydroly-
sis and condensation of tetraethyl orthosilicate (TEOS).
The composite particles produced by Stdber process
usually contained one core consisted of one magnetic
nanoparticle [7] or coagulate magnetic nanoparticles
[8, 9]. The other method was based on microemul-
sion synthesis [10-15], in which inverse micelles or
“droplets” were used to confine and control the coating
of silica on magnetic nanoparticle cores. In this method,
the number of magnetic nanoparticles (about 10 nm)
contained in inverse micelles or “droplet” (usually less
than 30 nm) of microemulsion were limited by their
size. Therefore, these two methods were difficult to
produce magnetic composite particles with sub-micron
size. We have successfully synthesized magnetic poly-
acrylamide via inverse miniemulsion polymerization
[16]. Now we extended this procedure to produce
Fe3;04/S10, composite particles with sub-micron size
via an inverse miniemulsion method.

Synthesis of Fe;04/Si0, composite particles is de-
scribed in Scheme 1 and details of experiments were as
follows: 3.0 g magnetic fluid (Fe;O,4 content is about
3.0 wt%) was added to 31 ml 0.06 M Span 80 cyclo-
hexane solution under stirring. After 1 h of stirring,
the miniemulsion was prepared by ultrasonicating in
a Cole-Parner sonifer CP600 and TEOS was added.
The system was stirred for 48 h to ensure the complete
hydrolysis of TEOS. The magnetic composite particles
thus obtained was washed with cyclohexane three times
and then with absolute ethanol five times under the help
of magnet, and finally dried in a vacuum oven at 50 °C.
TEM images were obtained on a Hitachi HU-11B trans-
mission electron microscopy operating at 250 kV. Crys-
talline structures of the samples were determined by a
rotating anode X-ray diffractometer (Rigaku, Japan)
using Cu K,, radiation. For magnetic fluid, the sample
was dried in a vacuum oven at 50 °C before char-
acterization. A vibrating sample magnetometer (VSM,
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Scheme 1 The principle of the encapsulation of iron oxide nanoparticles
by inverse miniemulsion approach.

Magnetometer, Model 155) was used to study the mag-
netic properties of the Fe;04/SiO, composite particles
at room temperature.

Fe;04/S10, composite particles with different
amount of TEOS were prepared. Fig. 1 shows the
TEM images of the Fe;04/Si0, composite particles.
When the amount of TEOS is lower than 3.0 ml, indi-
vidual nanosized Fe;Oy4 particles, which are shown as
smaller and darker grains in Fig. la—c, can be clearly
seen in the composite particles. These composite parti-
cles are crumbly and can form Fe3;04/SiO, nanosized
composite particles by ultrasonic treatment. When the
amount of TEOS increased to 3.0 ml, the submicrom-
eter composite particles became strong, and the struc-
ture of these composite particles can kept perfect shape
even under ultrasonic for 30 min in ethanol. Nano-
sized Fe;0, particles are difficult to be obtained in
the composite particles of Fig. 1d. When the external
magnet field was applied, the composite particles were
enriched quickly. This suggests the composite parti-
cles contain Fe;O4 nanoparticles. When the amount of
TEOS increased to 7.0 ml, no stable composite particles
were achieved. These results indicate that the amount
of TEOS is very important in synthesis of Fe;04/Si0,
composite particles. In our experimental conditions,
stable magnetic Fe;04/Si0, composite particles can
be achieved with 3.0 ml TEOS.

Typical X-ray diffraction patterns for the iron oxide
nanoparticles before and after coating are shown in
Fig. 2. As seen in Fig. 2a, Bragg reflections for the
iron oxide nanoparticles have been indexed to a pure
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Figure 2 X-ray powder diffraction patterns of (a) Fe304 nanoparticles
and (b) Fe304/Si0, composite particles.

crystal phase of magnetite [16]. A broad band near
26 ~ 24° was observed (Fig. 2b) when the iron oxide
nanoparticles were coated with silica. The broad band
demonstrates the existence of amorphous silica shell
[17]. The X-ray diffraction pattern remains similar for
both Fig. 2a and b, which indicated the crystallinity of
the magnetic nanoparticulate core is retained after the
coating’s procedure.

The superparamagnetic property of magnetic com-
posite particles is critical for their application in aca-
demic and biomedical applications, which prevents
composite particles from aggregation and enables them
to redisperse rapidly when the magnetic field is re-
moved. Dried particles were characterized with a
vibrating-sample magnetometer to check for super-
paramagnetic behavior. Fig. 3 shows the magnetiza-
tion curve of Fe30,4/Si0, composite particles. Obvious
superparamagnetic properties can be observed for the
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Figure 3 Magnetization vs. applied magnetic field for Fe304/SiO;
composite particles at 300 K.

magnetic composite particles: no remanence was ob-
served when the magnetic field is removed. The satura-
tion magnetization obtains for sample d is 11.6 emu/g,
and for pure magnetic particles is 68 emu/g [16]. Con-
sequently, the magnetite concentration in composite
particles is 19% (wt/wt). Moreover, the saturation mag-
netization after keeping the sample in air for about 6
months remained almost invariant (change of less than
5%), similar to the result reported in literature [7].

In conclusion, this paper reported a new synthesis
route for preparing Fe;04/SiO, composite particles
via sol-gel process based on inverse miniemulsion. We
have confirmed that the composite particles are su-
perparamagnetic and each composite particle contains
multi magnetic particles in the composite cores. Us-
ing this method, a variety of composite particles with



various metal and metal oxide nanoparticles could be
synthesized.
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