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ABSTRACT: Effects of some parameters on the polymer-
ization of Styrene (St) during encapsulation of iron oxide
particles via miniemulsion polymerization have been inves-
tigated. At the early stage of reaction, polymerization rate
increased slightly with the increase of sonicating time, and
then it leveled off. The polymerization rate increased with
the increase of KPS at the early stage of polymerization,
which tendency is analogous to the result of polymerization
of St in miniemulsion without the presence of iron oxide
particles. The increase of iron oxide not only decreased the
polymerization rate but also resulted in poorer monodis-

perse of the particles when keeping the amount of dispers-
ant constant. The dispersant played an important role in the
encapsulation of magnetic particles via miniemulsion poly-
merization of St. It not only made the iron oxide disperse
well in monomer droplets but also led to a much faster poly-
merization than that of no dispersant in system. � 2007
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INTRODUCTION

In recent years, magnetic polymeric particles have
found wide use in biomedical and bioengineering
such as cell separation,1,2 immunoassay,3 and nucleic
acids concentration.4 In addition, some potential
applications have also been expected in several areas
such as detoxification of biological fluid and mag-
netic guidance of particle systems for specific drug-
delivery process.5

Over the past 10 years, great effort has been made
in the preparation and characterization of magnetic
polymeric microspheres. Several approaches within
the context of emulsion polymerization have been
attempted for the encapsulation of magnetic par-
ticles, such as conventional emulsion polymeriza-
tion,6–9 suspension polymerization,10–13 dispersion
polymerization,14 and microemulsion polymeriza-
tion.15,16 So far, much progress has been made via
these methods. However, the complexity of the par-
ticle nucleation mechanism and the difficulties in
controlling the dispersion stability of inorganic par-
ticles in the continuous or disperse phase during

emulsification and encapsulation polymerizations
appear to be the major obstacle to prepare magnetic
polymeric microspheres with high encapsulation
efficiency and high magnetic response. For example,
for the conventional emulsion polymerization, the
principle locus for particle nucleation is either in
the aqueous phase or in the monomer-swollen mi-
celles.17 In the presence of inorganic magnetic
particles dispersed in the aqueous phase, an addi-
tional site can be the surface of the particles. There-
fore, the competition between these mechanisms can
lead to both polymer particles containing magnetic
particles and unencapsulated ones.

The characteristic features of the miniemulsion
polymerization such as the ability to nucleate all of
the droplets containing the inorganic particles, and a
good control of the drop size and size distribution
plus the direct dispersion of the inorganic particles
into the oil phase can provide potential advantages
for the encapsulation of the inorganic particles.

Miniemulsions are relatively stable submicron oil-
in-water dispersions.18,19 The monomer droplets can
range in size from 50–500 nm, and are typically
obtained by shearing a system containing oil, water,
surfactant, and a costabilizer. Because of the small
droplets size, the overall surface area of the droplets
can compete effectively for radical capture. As a
result, the monomer droplets in a miniemulsion
become the dominant sites for particles nucleation.
The stability of these droplets arises from the use of
an ionic surfactant coupled with a low molecule
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weight, highly water insoluble costabilizer. The cos-
tablizer, such as hexadecane, substantially retards
diffusion of monomer out of the miniemulsion drop-
lets. Miniemulsions had been used to encapsulate of
titanium dioxide in the past few years by Erdem
et al.,20–22 and they have achieved a good result.

However, the research works of our group indi-
cated that the conversions of monomer in miniemul-
sion system that are used to prepare magnetic poly-
mer spheres show different normal miniemulsion
polymerization.23 It seems that the amount of iron
oxide, dispersant, etc., influences the conversion and
polymerization rate of monomer during capsulation.
In this work, miniemulsions have been used to pre-
pare PSt/iron oxide microspheres, the effects of the
amount of iron oxide, dispersant, initiator, and the
time of sonication on the polymerization rate, and
the morphology of particles have been investigated
in detail.

EXPERIMENTAL

Materials

Styrene (St), (chemical pure, Dagang Yizhong Chem-
ical Plant of Tianjin, China), was distilled under
reduced pressure prior to polymerization. Sodium
persulfate (KPS), the initiator, (analytical reagent,
Xi’an Chemical Plant, China), iron trichloride hexa-
hydrate (FeCl3�6H2O), (analytical reagent, the Third
Chemical Plant of Tianjin, China), and ferrous sulfate
heptahydrate (FeSO4�7H2O), (analytical reagent, Xi’an
Chemical Plant, China), were used without further
purification. Sodium dodecylsulphonate (SDS), liquid
paraffine, hydroquinone, and Disperbyk-106 were
used as received. All other chemicals are of analyti-
cal reagent and were used as supplied. Water used
was doubly distilled.

Preparation of ferrofluid

FeCl3 (0.5M) solution (300 mL) and 0.5M of FeSO4

solution (150 mL) were placed in 1000-mL four-
necked flask equipped with a stirrer, a condenser, a
thermometer, and a N2 inlet. The mixture was
stirred at 558C under N2 atmosphere, and then 3M
of NaOH solution (250 mL) was added. The temper-
ature was then raised to 658C. After 1 h, 100 mL of
water solution dissolving 0.03 mol of SDS was
added. And then the temperature was raised to
908C. The reaction was allowed to proceed for
30 min and then cooled. After that, the resulting col-
loidal particles were washed several times with dis-
tilled water by decantation until it turned neutral. At
last, a ferrofluid (10 wt %) was made with distilled
water for use to prepare polymer magnetic particles.

Preparation of magnetic P(St/MAA) microspheres

St, dispersant, and liquid paraffine were mixed to-
gether as oil phase. The solution of SDS was used as
water phase. The ferrofluid was decanted to remove
water, then was mixed with dispersant and oil
phase, and was homogenized at room temperature
by ultrasound mixer before it was mixed with water
phase. A pre-emulsion made by sonicating the above
mixture for several minutes to the miniemulsion was
obtained. Polymerization of the miniemulsion was
carried out in a four-necked flask equipped with a
stirrer, a condenser, a thermometer, and a N2 inlet
with constant temperature of 708C, maintained by a
water bath under N2 atmosphere for 6 h. The addi-
tion of the water-soluble initiator (KPS) generated
free radicals that enter the droplets to bring about
encapsulation.

Characterization

Monomer conversion

The samples were taken out from the flask during
polymerization in a 5-min interval. Then, several
drops of 1% of hydroquinone solution were added
in samples to terminate the polymerization. The con-
version is calculated according to the following
equation:

Conversion ¼ msmt �mFeml

mmml
� 100

where ml and ms are the weight of latex taken out
from flask every time and its remaining after drying,
respectively, mm is the weight of monomer in total
latex, mt is the weight of total latex, and mFe is the
weight of iron oxide in whole latex.

Size and morphology

The size and morphology of magnetic polymer
microspheres were investigated by HITACHI H-600
transmission electron microscopy. The particle size is
calculated based on 100 particles. Number average
diameter (D) and the dispersion coefficient (f) were
calculated according to eqs. (1) and (2), respectively,
as follows:

D ¼
P

Di

n
(1)

f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPðDi �DÞ2=ðn� 1Þ

q

D
(2)

where Di is the diameter of individual microsphere
and n is the number of calculated microspheres.
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RESULTS AND DISCUSSION

Effect of ultrasonic miniemulsification time

The conversions of St versus time of polymerization
in the presence of magnetic nanoparticles under dif-
ferent ultrasonication time were shown in Figure 1.
During the early stage of reaction, polymerization
rate increased slightly with the increase of sonication
time. About 50 min later, no obvious difference was
found for polymerization systems with different son-
ication time and conversions achieved up to 90%
and leveled off. This result is similar to the minie-
mulsion polymerizations of pure monomers without

inorganic particles that the rate of the polymeriza-
tion increased with the ultrasonication time because
longer ultrosonication time is benefited for the dis-
persion of monomer and the formation of more
monomer drops where the locations of polymeriza-
tion in miniemulsion are, at last, lead to the rapid
polymerization18 with the amount of monomer
drops increased. So, it can be deducted that influ-
ence of ultrasonication time on the miniemulsion
polymerization in the presence of magnetic nanopar-
ticles is similar to that of miniemulsion polymeriza-
tion system of pure St.

Effect of initiator

With the increase of KPS content from 0.02 to 0.04 g,
as shown in Figure 2, polymerization rate increased
during the early stage of polymerization when the
amount of iron oxide and the dispersant were kept
constant of 0.4 and 0.2 g, respectively, and then
leveled off. Although this kinetics tendency was
analogous to the kinetic behavior of miniemulsion
polymerization of St without the presence of iron ox-
ide particles, which has been reported in literature,24

the difference still existed. First, the increase ampli-
tude of polymerization rate was small with the
increase of KPS; second, the polymerization rate of
St was fast compared to the case where no iron
oxide particles were used. It seems that, besides
KPS, there should be other factors affecting the ki-
netic behavior of St.

Effect of the amount of iron oxide particles

To examine the effect of a varying amount of iron
oxide on the polymerization of St, a series of minie-
mulsions had been prepared. The costabilizer level

Figure 1 Conversion versus time plot of miniemulsion
polymerization in the presence of magnetic nanoparticles
under different ultrasonic miniemusication time. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 2 Conversion versus time plot of miniemulsion
polymerization in the presence of magnetic nanoparticles
with different initiator content. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 3 Conversion versus time plot of miniemulsion
polymerization in the presence of different magnetic nano-
particles content. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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was maintained constant at 4 wt % based on mono-
mer while the amount of iron oxide was varied (0, 2,
and 4 g), and the ratio of iron oxide/dispersant was
kept constant. The results were shown in Figure 3.

Figure 3 indicates that the conversion of St
increased with the amount of iron oxide, which is
controversial to the normal result that the magnetite
is an inhibitor with the adsorption of free radicals.
The reason of this may attribute to the dispersant.
Since the ratio of iron oxide to the dispersant is kept
constant, the varying amount of iron oxide also leads
to the increase of the dispersant content. So, further
experiments were performed to investigate the
effects of the iron oxide and dispersant, respectively.
The conversion of St versus time of miniemulsion
polymerization under the same amount of dispersant
was measured. The result was shown in Figure 4.

Figure 4 indicates that the conversion of St
decreases with the increase of the amount of iron ox-
ide if the mount of dispersant was kept constant.
The difference between Figures 3 and 4 implies that
the dispersant in the polymerization system play an
important role.

Effect of the dispersant

Furthermore, two miniemulsion systems without
iron oxide particles present were prepared, and the
conversion of St versus time with and without dis-
persant incorporated were measured. The results
were shown in Figure 5, which showed that using
dispersant could lead to a much faster polymeriza-
tion of St indeed.

According to the theory of miniemulsion, several
possible reasons have been suggested here for the

increased rate of polymerization of St. First, the Dis-
perbyk-106 is a water insoluble substance, the pres-
ence of it increases the viscosity of monomer drop-
lets, and thus reduce the diffusion of oligomer radi-
cals out from the droplets. In general, miniemulsion
droplets act as the main reaction site in miniemul-
sion polymerization, so the higher probability of
propagation could occur in more viscous droplets,
and the higher polymerization rate is achieved. Sec-
ond, according to the investigation results of Miller
et al. about the effect of polystyrene on the minie-
mulsion polymerization,25,26 the presence of polymer
dispersant may change the interface of monomer
and continues phase by disrupt a SLS/liquid paraf-
fine interfacial barrier to radical entry, make the
entry of oligomeric radicals from continues phase to
the monomer droplets easily. Third, the fast poly-
merization of St may relate to the interaction of
amine group of Disperbyk-106 (organic amine salt
composed by the phosphate partly esterified and or-
ganic amine) with the KPS. This assumption was
supported by the report of Feng et al.,27 who have
found that aliphatic amine were benefited for the
polymerization of acrylamide because of the amine
groups interacting with KPS and promoting the
polymerization of St.

On the basis of the earlier discussion of dispersant,
it is not difficult to explain the results exhibited in
Figure 3. In fact, because of the ratio of the iron ox-
ide to the dispersant was kept constant, the change
of amount of the iron oxide also led to the increase
of the dispersant. Therefore, the two factors to deter-
mine the overall polymerization rate of St under the
amount of KPS, temperature, and other parameters
were kept constant. One is a promoting action of the

Figure 4 Conversion versus time plot of miniemulsion
polymerization in the presence of different iron oxides
content and the same amount of dispersant. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 5 Conversion versus time plot of miniemulsion
polymerization in the absence of magnetic nanoparticles
with different Disperbyk-106 content. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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dispersant, and the other is a retardant action of iron
oxides. It can be speculated that just because the
promoting action of dispersant is stronger than that
of the latter, the overall polymerization rate of St
increases with the increase of iron oxide and the dis-
persant.

It can be concluded from the earlier results that
the dispersant play a very important role in the
system. The dispersant not only make the iron oxide
disperse well in monomer droplets but also lead to a
much faster polymerization.

Effect of the magnetic particles on the
morphology of PSt

Undoubtedly, the presence of the iron oxide particles
makes the polymerization complicated from the dis-
cussion mentioned earlier. Figure 6 and Table I
show the TEM photographs and the particle size of
magnetic composite microspheres prepared with and
without iron oxide, respectively. They indicate that
the addition of iron oxide particles makes the parti-
cle size and particle size distribution increase. The
mean diameter of composite particles is 156 nm,
nearly twice as large as it prepared via pure St sys-
tem, and the monodisperse of particles becomes
poorer.

According to the theory of miniemulsion, the par-
ticle nucleation takes place by direct oligoradical
entry into monomer droplets relative to particle
nucleation by homogeneous and/or micellar nuclea-

tion, the monomer droplets are the main locus of
polymerization in miniemulsion (as well as in micro-
emulsion) polymerization. When the iron oxide par-
ticles are dispersed in the monomer droplets, there
is a high probability of them are capsulated in poly-
mer, and at last, forming somewhat large composite
particles comparing pure St polymerization process.
The possible capsulation process was illustrated as
shown in Figure 7, which can show the effect of
magnetic particles on the morphology of PSt intui-
tively.

CONCLUSIONS

Encapsulation of magnetic particles via miniemul-
sion polymerization of St has been carried out. Stud-
ies on the effect of ultrosonication and KPS on the
polymerization of St revealed that the polymeriza-
tion behavior of St in the presence of iron oxide par-
ticles was similar to that of polymerization of St
without magnetic particles. The ultrosonication treat-
ment of sample leads to the well dispersion of
monomer and the rapid polymerization. The poly-
merization rate increases with the increase of KPS.
However, the presence of iron oxide particles leads
to the conversion of St decreasing with increase of
the amount of iron oxide if the mount of dispersant
is kept constant. Moreover, it also reduces the mono-
dispersity of the composite particles. The dispersant
plays an important role in the encapsulation of mag-
netic particles via miniemulsion polymerization of
St. It not only makes the iron oxide disperse well in
monomer droplets but also leads to a much faster
polymerization.
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