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Preparation of monodispersed
polystyrene microspheres uniformly
coated by magnetite via heterogeneous
polymerization

Abstract Composite microspheres of
core-shell type were prepared by

a seeded polymerization using
monodispersed polystyrene seed latex
(Ps) combined with an in situ
dispersion of magnetite (Fe;0,) fine
particles. The heterogeneous
polymerization was carried out in
aqueous dispersions of the Fe;O,
particles modified with sodium oleate.
All the synthetic processes were
carried out in a wet state to avoid
serious agglomeration. The
morphology of the composite particle

and the size distribution were
examined to discuss the effects on the
polymerization parameters, such as
monomer concentration, type and
concentration of an initiator,
magnetite particle concentration and
the method of surface modification of
Fe;0,.
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Introduction

Inorganic particles possess various functions such as high
electrical conductivity, ferroelectricity or ferromagnetic
properties, which are not imparted to organic polymers
themselves. Many attempts were made to prepare com-
posite particles with polymer core and an inorganic shell
for the purpose of designing functional polymers [1, 2].
Those composite particles are expected to be used as
a toner for xerography or laser printer, dry paints, drug
delivery aids, medical diagnostic tests, and many other
areas.

Preparation of uniform composite microspheres
coated with inorganic fine particles can be accomplished
by mechanical and chemical methods. Mechanical
methods using such as a high-speed-stirred mixer or
a high-shear mill are used for the preparation of micro-
spheres containing functional particles [3]. Although the
mechanical route is easy and convenient, this cannot al-
ways produce composite particles of high quality, partly

N 428

due to uneven distribution of mechanical energy. Too
weak mechanical energy causes poor dispersion of the
particles, while excessive energy causes the particles to be
buried in the core particle [4]. Crystallographical degrada-
tion of functional guest particles is another hazardous
problem due to a mechanical method. Meanwhile, suspen-
sion polymerization under a dispersion of inorganic par-
ticles is used as a chemical method [2, 5, 6]. However, the
composite particles produced by those methods have dis-
advantage of having a wide size distribution.

Monodispersed microspheres with their diameter in
the range of a few micrometers were conveniently prepared
by a dispersion polymerization. Surface, and bulk proper-
ties of such monodispersed microspheres can be modified
by a subsequent seeded copolymerization, e.g., of styrene
and divinylbenzene in the presence of monodisperse poly-
styrene seed particles [7-9]. When a seeded polymeri-
zation coupled with the inorganic dispersion follows the
dispersion polymerization, formation of the uniform com-
posite microspheres is expected.
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In preparing composite microspheres via a chemical
route, surface properties of the inorganic particles, espe-
cially the affinity at an inorganic/polymeric interface, are
of vital importance for the stable dispersion of the particles
in the polymerization system, and hence the morphology
control. Therefore, surface modification has almost always
to be done for the preparation of composite particles.

In order to enhance the dispersibility of organic par-
ticles in an aqueous medium, coupling agents or surfac-
tants are used [10, 11]. As the surface of metal oxide
particles is generally covered by a number of OH groups in
an aqueous medium, modification could best be done by
the reaction of the surface OH and the vinyl group of
coupling agents when the affinity to vinyl compounds is
necessary [9]. Thus, we used seeded polymerization to
obtain monodispersed composite microspheres of polysty-
rene and magnetite particles. To seek an appropriate sur-
face modification of the guest Fe; O, is also an important
aim of the present study.

Experimental details
The materials

Styrene monomer was purified by washing with a dilute
NaOH aqueous solution and distilled under reduced pres-
sure. Monodispersed polystyrene seed particles in a single
micron regime were produced by dispersion polymeri-
zation of styrene monomer using benzoyl peroxide (BPO)
as an initiator and poly acrylic acid (PAA) as a stabilizer
[12]. Magnetite was precipitated from a mixture of ferric
chloride (FeCl;*6H,0) and ferrous chloride hydrate
(FeCl, *3H,0), dissolved in distilled water in the molar
ratio, 1 to 2. This mixed solution was added slowly into
a 3.3 N NaOH aqueous solution at 80 °C while stirring at
400 rpm. The mixture was subsequently aged at 80 °C for
30 min. The suspension was cooled to room temperature
and decanted. The magnetite was dialyzed for 1 week. All
the synthetic processes were carried out in a wet state in
order to prevent from agglomeration of particles during
drying.

Surface modification of magnetite particles

Sodium oleate (C,,H;3;COONa) was used for modifica-
tion of magnetite particles. Sodium oleate (30 wt % with
respect to Fe;0,) was added to the suspension of Fe;O,
and then ball-milled with 400 pieces of 16 mm glass balls
for 24 h. For the purpose of characterization, the suspen-
sion of Fe;O, was dried under reduced pressure
(1.01 x 10° Pa). The dried Fe;O, particles were character-

ized by the infrared spectra, to confirm the sodium oleate
adsorption. The dispersibility in water was evaluated from
the apparent particle size measured by a centrifugal auto-
matic particle analyzer (CAPA-500, Horiba).
Zeta-potential of the Fe;O, particles before and after
modification was measured in a 10 mM NaOH buffer
solution. Control of pH was made by adding HCI or
NH,OH solution. The Fe;O4 particles were also observed
under the transmission electron microscope (TEM).

Preparation of composite particles

The scheme of the preparation of Fe;O4-polystyrene com-
posite particles is shown in Fig. 1. The seed polystyrene
latices were dispersed in 100 cm® ion exchanged water
containing 0.065 g sodium lauryl sulfate.

A monomer emulsion was made from 3 cm?® ethanol,
0.3 g sodium lauryl sulfate, styrene monomer of various
concentration and 100 cm?® ion exchanged water. Fe;0,
suspension was mixed with the monomer emulsion under
ultrasonication for 10 min. Two solutions containing the
latices and the monomer, respectively, were then mixed.
The weight ratio of monomer/Fe;O, are from 5/0.5(g) to

Fig. 1 Schematic representation of the seeded polymerization
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H,0 100cm’ H,0 100 cm’

sodium Jaury! sulfate styrene monomer
0.065 g Fe,0, suspension

sodium Jauryl sulfate
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swelling for 4h
N, atmosphere

PVA33wi% 45¢g
KPS 0.335 g / NaHSO, 0.129 g

polymerization
30°C, 20h

*dispersed under ultrasonication



78 J. Lee and M. Senna

Magnetite-polystyrene microspheres

20/2(g). The quantity of seed particles was kept constant
at 1 g. Swelling of polystyrene latices with styrene mono-
mer was performed at 30°C under gentle stirring at
300 rpm for 4 h. The initiator (K,S,0s), was dissolved in
an aqueous solution of polyvinylalcohol (PVA, 3.3 wt %)
and added to the mixed solution. Polymerization reaction
was carried out in a 500 cm?® separable flask under N,
atmosphere in a water bath at 30 °C for 24 h. The products
were washed three times each with ethanol and ion ex-
changed water.

The composite particles were observed by transmission
and scanning electron microscopes (TEM, SEM). Size
distribution of the composite particles were obtained by
a laser particle size analyzer (Malvern, Mastersizer S2.01).

Results
Surface properties of magnetite

The average particle size of modified Fe;O, particles was
10 + 1 nm, determined by measuring more than 100 par-
ticles on the TEM photograph (see Fig. 2). Figure 3 shows
IR spectrum of the Fe;O,4 particles modified by sodium
oleate. The absorption bands 2900 ~ 2850 cm ™,
1470 cm™! and 1610~ 1550 cm™!, 1400cm™! were
assigned to —~CH,— and -COO- of the sodium oleate,
respectively.

The {-potential provides the information about the
surface modification of Fe;O,4 by the sodium oleate adsor-
bed on the surface of the Fe;O, particles. The pH effect on
{-potential is shown in Fig. 4. The isoelectric points (i.e.p)

Fig. 2 TEM photograph of Fe;0, particles after modification
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Fig. 3 IR spectrum of the dried Fe;O, particles after modification
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Fig. 4 The pH effect on {-potential of Fe;O, particles before and
after modification; before (A) and after (O) modification of Fe O
particles by sodium oleate

of Fe;O,4 particles before and after surface modification by
sodium oleate were 8.5 and 10, respectively. The depend-
ence of {-potential on pH changed significantly by surface
modification. It seems as if two curves were mirror images
with respect to the horizontal line {-potential = 0. The
{-potential at pH higher than i.e.p of the Fe;O,4 became
positive and that of the modified Fe;O,4 became negative.
The change in {-potential seems to be attributed to follow-
ing factors. It was proposed by Meguro and Esumi that
Fe,O, particles have double adsorption layer when the
surfactant concentration is above the critical micelle con-
centration (CMC) [13]. The first monolayer is due to the
electric attraction between the positive surface of Fe;O,
particles and the anion of the surfactant. The outer layer is
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Table 1. Apparant particle size of Fe;O, particles before and after
modification measured by CAPA in different solvents.

Styrene monomer Aqueous solution

(nm) (nm)
modified Fe;0,4 1330 120
unmeodified Fe; 0, 850 900

composed of the physically adsorbed carbon-chain be-
tween sodium oleate molecules on the Fe;O, particles and
those in bulk aqueous phase. The Fe;O, particles surface
are recharged, since the anion of the adsorbed surfactant is
oriented toward the aqueous phase. Fe;O, particles are
thereby dispersed stably by electric repulsion with each
other.

These were confirmed by the apparent particle size in
the aqueous medium shown in Table 1. It is generally
observed that the apparent size of the particles decreases
as the affinity between the particles and medium increases.
The apparent particle size of Fe;O, particles in the aque-
ous phase before and after modification was 900 nm and
120 nm, respectively at pH 5.38. The decrease in the appar-
ent particles size seems to indicate an increase in the
affinity between Fe; O, particles and the aqueous solution.
Modified particles were also dispersed stably in water at

Fig. 5 SEM photographs of
composite microspheres; (a), (b),
the weight ratios of
Fe;O04/monomer were 0.5/5,
0.5/20 and (c), (d), were 0.5/10,
2/10, respectively

pH 5.38. On the other hand, in the styrene monomer the
particles were agglomerated to give larger the apparent
particle size since the surface of the particles did not have
enough affinity for organic solvent. The apparent particle
size of the modified Fe; O, particles, 120 nm is much larger
than the average primary particle size 10 nm, so that it is
evident that FesO, particles are still significantly agglo-
merated.

Morphology of composite particles

Figure 5 shows the morphology of composite micro-
spheres. Micrographs revealed that the composite particle
has a rough surface due to agglomeration of Fe;O, par-
ticles. The composite particles were not dispersed in a unit
of primary particles but agglomerated. As the weight ratio
of Ps/Fe;O, particles increased to 1/2, Fe;O4 particles
were agglomerated more significantly. An increase in the
extent of agglomeration of the composite particles is at-
tributed partly to the increasing total free-energy of the
surface due to the increase of the specific surface area of the
ferromagnetic fine Fe;O, particle and to the magnetic
attraction. For these reasons, the present composite sys-
tem has a tendency to agglomerate particularly due to the
presence of Fe;O, at the surface in order to stabilize itself.
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Particle size distribution of the composites

The diameter of composite particle is expected to be above
3.5 um, since an average particle diameter of the seed Ps
was 2.95 um and that of small composite particle adhere to
Ps was about 0.3 um. The average particles size of Ps and
composite particles were determined by measuring more
than 100 particles on the SEM photograph. Particle size
distribution of composite particles was measured by laser
particle size analyzer. The measured peak of the size distri-
bution curve of composite particles, 4 um, shown in Fig, 6,
agreed fairly well with the expected size. Particles larger
than 6 um were due to agglomeration of composite par-
ticle. As the weight ratio of Ps/monomer increased from
1/5 to 1/20, the average particle diameter scarcely
changed, but when the weight ratio of Ps/monomer was
1/15, the distribution became broad (see Fig. 6-a). The
reason for this broadening is not clear at present.

Fig. 6 Size distributions of the composite particles; a) monomer
increased from 5 g (M5) to 20 g (M20) with respected to Fe;040.5 g,
b) Fe;0, increased from 0.5 g (F0.5) to 2.0 g (F2.0) with respected to
monomer 10 g
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Figure 6-b shows the effects of Fe; O, concentration on
the particle size distribution. As the Fe;O4 concentration
increased, the size distribution above 6 um became
broader. It seems that an increase of Fe;Q4 concentration
promotes a larger number of nucleation, and the particles
produce agglomerates due to the magnetic attraction of
the Fe;,O, particles.

Microstructure of the composite particles

TEM micrographs in Fig. 7 show that the composite par-
ticles consist of two kinds of particles. The smaller com-
posite particles of about 0.3 um in Fig. 8 are coated with
FesO, particles. The larger particle in the central part of
Fig. 7 is the seed particle (Ps) covered with a number of
smaller composite particles. The smaller composite par-
ticles were produced by emulsion polymerization, during
which the monomer-swollen micelle was polymerized by
the water-soluble initiator (K,S,03).

The cross-sections of the prepared composite particle
are shown in Fig. 9. The bright areas of the microsphere in
the figure represent Ps, and the outermost dark areas
represent smaller composite particles. It is obvious that the
composite particle of core-shell type was produced by
emulsion polymerization of styrene monomer in the pre-
sence of polystyrene (Ps) seeds and fine magnetite particles.
In order to estimate the strength of Fe;O, attachment in
the composite particle, washing was carried out for forced
detachment. Fe;O, did not detach even after vigorous
washing, which suggests that the adhesion of Fe;O, par-

Fig. 7 TEM photograph of composite particles, M20-F0.5: the lar-
ger particle of central part is Ps (see arrow) covered with a number of
smaller composite particles
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Fig.8 TEM photographs of small composite particles M20-F0.5
coated with Fe; O, particles

Fig. 9 Cross-section of composite microsphere M15-F1; the gray
areas represent Ps (see arrow), and the outermost dark areas repre-
sent smaller composite particles

ticles is strong enough to endure conventional ultrasonica-
tion.

Discussion

Seeded polymerization in the presence of seed particles is
particularly useful for the preparation of large monodis-
perse polymer microspheres. Depending on the polymeri-

zation condition, however, formation of new particles
takes place in the polymerization medium by emulsion
polymerization [14]. Emulsion polymerization differs
from dispersion polymerization in several important as-
pects, including the use of surfactant in the former instead
of a polymeric steric stabilizer in the latter. While the
multiple phases exist at the beginning of the emulsion
polymerization, there is only one phase present in the
reactant of dispersion polymerization [15].

In the present polymerization process, the surfactant,
sodium lauryl sulfate, for seeded polymerization, seems to
have stabilized the initial monomer emulsion. When water
is used as the dispersing medium, micelles of the surfactant
are formed which entrap the monomer molecules. Accord-
ing to Smith~Ewart theory [16], free radicals produced in
the aqueous phase by decomposition of the initiator enter
into micelles swollen with monomer. Monomer molecules
were either captured in micelles or seed particles, or con-
verted to oligomeric radicals after having added monomer
molecules from their dissolved state [17, 18].

Polymerization is propagated in the micelles, mono-
mer being supplied to them by diffusion from the aqueous
phase. During polymerization with addition of seeds,
a large number of new particles is formed when the emulsi-
fier concentration is in the region of the CMC [19].

Since the water-soluble initiator was used, emulsion
polymerization of styrene monomer may occur preferen-
tially, instead of seed polystyrene swollen with monomer.
The polymerization begins in the micelles of the emulsifier
and continues in polymer-monomer particles formed from
these micelles, in which further polymerization takes place.

Fig. 10 TEM photograph of surface of composite particle, M5-F0.5
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Polymerization continues until the emulsifier concentra-
tion becomes lower than the CMC. Thus, the oligomeric
radicals of initiator seems to capture the well dispersed
Fe;O, particles in the polymerization medium, ie., an
aqueous phase, resulting in the new polymer spheres con-
taining Fe; O, particles, i.e., smaller composite particles, as
shown in Fig. 8. Figure 10 shows the surface of Ps particles
covered with smaller composite particles. It was empiri-
cally determined that the weight ratio of Ps/Fe;0, par-
ticles must be about 1/0.5 and Ps/monomer, 1/5 ~ 10 in
order to obtain a uniform coating state on the whole
surface of Ps.

Conclusion

Polystyrene-Fe;O, composite microspheres of core-shell
type were obtained by applying seeded polymeri-
zation in the presence of seed particles and modified
Fe;O, particles. The present heterogeneous polymeri-
zation provides the possibilities of synthesizing monodis-
persed composite microsphere in a variety of combination.
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