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ABSTRACT: Magnetic iron oxide (Fe3O4) was prepared
by a coprecipitation method. Core–shell composite mag-
netic polymer microspheres with carboxyl groups were
synthesized by the dispersion polymerization of styrene
and acrylic acid in the presence of magnetic oxide, and
dibenzoyl peroxide was used as an initiator. The synthe-
sized magnetic polymer microspheres were characterized
with X-ray diffraction, transmission electron microscopy,
scanning electron microscopy, Fourier transform infrared
spectroscopy, and so forth. The results indicated that the
product was single-phase Fe3O4, and its average size was
about 10 nm. The configuration of the microspheres, which
contained carboxyl groups, was spherical, and the average

size was about 2 lm. The results of vibrating sample mag-
netometry tests showed that the magnetic powders pro-
duced by different surfactants had different saturation
magnetizations. When poly(ethylene glycol) with a weight-
average molecular weight of 4000 was used as a surfactant,
the saturation magnetization of the samples reached 69.2
emu/g. The factors that affected the shape, magnetism,
size, and distribution of the microspheres were also stud-
ied. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 106: 3474–
3480, 2007
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INTRODUCTION

Magnetic polymer microspheres have attracted a lot
of interest because they can separate viruses quickly
from normal human cells in external magnetic fields.
Magnetic polymer microspheres are composed of a
polymer and inorganic magnetic materials. They are
endowed with functional groups on the surface by
polymerization or surface modification. The surfaces
of microspheres have carboxyl groups that can com-
bine with the amino groups of the proteins of
viruses and thus can be used in cell separation. In
particular, when used as tumor-resisting supporters,
they can control drug carriers by virtue of external
magnetic fields. Because of the block effects of the
macromolecular shell, magnetic polymer micro-
spheres used as supporters can release drugs slowly
and have very practical applications in disease ther-
apy, especially as drug-targeting supporters.1–11 At
present, the main methods used to prepare magnetic
polymer microspheres are coblending and monomer
polymerization.12–18 They both use magnetic pow-
ders as initiation centers to be coated with polymer
materials. Normally, the average size of magnetic

microspheres prepared by these methods is much
bigger. In this work, iron oxide (Fe3O4) nanoparticles
with an average size of 10 nm were prepared by a
modified coprecipitation method. The magnetic par-
ticles were coated with a polymer and modified
with carboxyl groups by dispersion polymerization.
The characterization results of X-ray diffraction
(XRD), scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), ultraviolet–visi-
ble (UV–vis), and IR spectroscopy for magnetic pow-
ders and microspheres were analyzed. Furthermore,
factors, including the surfactant, dispersant, initiator,
and amount of magnetic powder, influencing the
formation, size, morphology, and magnetism of the
magnetic polymer microspheres were also examined.

EXPERIMENTAL

Materials and reagents

All chemicals and solvents were analytical-grade
and were used without any further purification,
including ammonium ferrous sulfate, ammonium
ferric sulfate, aqueous ammonia, dibenzoyl peroxide
(BPO), sodium oleate, and poly(ethylene glycol) with
a weight-average molecular weight of 4000
(PEG4000). Styrene (St) and acrylic acid (AA) were
treated to remove the inhibitor before use. Double-
distilled water was used throughout the study.
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Preparation of the magnetic powders
and polymer microspheres

Preparation of the magnetic powders

Magnetic particles were prepared by the coprecipita-
tion method as follows.19,20 A mixture of poly(ethyl-
ene glycol) (PEG), ammonium ferrous sulfate, and
ammonium ferric sulfate (molar ratio 5 1 : 1.3) in a
three-necked flask was heated to 608C. Then, a mix-
ture of concentrated ammonia and PEG was added
and stirred quickly. After 10 min, the solution was
heated to 858C for 1 h. All synthetic procedures
were performed under an inert (N2) atmosphere.
The magnetic precipitates were isolated from the sol-
vent by magnetic decantation and washed with dis-
tilled water and ethanol several times to remove
SO2�

4 and Cl2 ions. The solid product was dried
in vacuo at 708C for 24 h.

Preparation of the polymer microspheres

The magnetic powders were dispersed in 30 mL of a
10% PEG4000 solution. After ultrasonic dispersion
for 10 min, they were added to a mixed solution of
36 mL of alcohol and 6 mL of water (volume ratio 5
6 : 1) and then transferred to a three-necked flask
with a stirrer, two entries to pass nitrogen gas, and a
condensation tube. With the protection of nitrogen
gas, the solution was heated to 608C at 300 rpm and
reacted for 30 min at a constant temperature. Then,
2 g of BPO, 5 mL of St, and 1 mL of AA were added
to it in turn. The reaction continued for 8 h. The
microspheres were magnetically separated and then
washed repeatedly with distilled water.

The microspheres were dipped into hydrochloric
acid (pH 5 2) for 24 h and then dipped into distilled
water for 24 h to eliminate magnetic powders that
were not coated by the polymer. The brown micro-
spheres were prepared after being dried in vacuo at
708C for 24 h.

Characterization and tests of magnetism

The magnetic powders and magnetic polymer micro-
spheres were characterized with XRD patterns
obtained on a Rigaku (Japan) D/Max-gA diffractom-
eter with Cu Ka as incident radiation (k 5 0.15418
nm, 40 mA, 80 kV).The XRD intensity data were col-
lected over the range of 108 < 2y < 708 at room tem-
perature. The morphology and size of both the
Fe3O4 and polymer particles were observed with
TEM (JEM-100CX, Japan) and SEM (JSM-5900LV,
Japan), respectively. Fourier transform infrared
(FTIR) spectra of the powders and microspheres
were recorded on an FTIR spectrophotometer (Nexus
670, United States). The UV–vis spectra of the samples
dissolved in N,N-dimethylformamide were recorded

on a TU-1901 spectrophotometer (China). The magnet-
ization of the samples was measured with a vibrating
sample magnetometer (155-VSM, United States).

RESULTS AND DISCUSSION

XRD analysis

Figure 1(a,b) shows the XRD patterns of magnetic
polymer microspheres and magnetic Fe3O4, respec-
tively. As shown in Figure 1(b), the XRD data of the
synthesized powders with chemical coprecipitation
shows all the peaks of Fe3O4. The data are consistent
with the standard spectrum of Fe3O4 (power diffrac-
tion file (PDF) 19–629). Therefore, XRD confirms the
formation of pure Fe3O4. The peak widening in Fig-
ure 1(b) is caused by the nanometer magnitude.
Compared with Figure 1(b), the (111) crystal face dif-
fraction peak in Figure 1(a) strengthens obviously,
but the intensities of the other do not change. The dif-
fraction peak appearing around 2y 5 198 can be
attributed to the St polymer, as reported.21–23 The dif-
fraction peak on the (111) crystal face of Fe3O4 in the
polymer microsphere is strengthened because of the
overlapping by the aforementioned peak with the dif-
fraction peak on the (111) crystal face of Fe3O4.

SEM and TEM analysis

Figure 2 shows a TEM micrograph of the magnetic
powders. The magnetic particles synthesized by
chemical coprecipitation are almost spherical, with a
narrow granularity distribution and a size of 10 nm.
Figure 3 shows an SEM micrograph of the magnetic
microspheres. The magnetic microspheres are spheri-
cal, with an average size of 2 lm.

Figure 1 XRD patterns of the samples: (a) the magnetic
microspheres and (b) the magnetic powder.
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IR and UV–vis analysis

Figure 4 shows the IR spectra of the magnetic pow-
ders and microspheres. A strong absorption peak
can be observed at 565 cm21 in Figure 4(a), which
can be ascribed to the vibration peak of the Fe��O
bond. Similarly, a strong peak at 531 cm21 in Figure
4(b) is the characteristic stretching vibration peak of
the Fe��O bond. A series of absorption peaks in the
region of 2000–1600 cm21 and the peaks at 3025, 756,
and 697 cm21 can be attributed to the typical absorp-
tion of polystyrene.24 The absorption peak near
1150 cm21 corresponds to the C��O bond of
��CH2��O��CH2�� or COO2 groups.25 The absorp-
tion peaks at 3350 cm21 and 1450–1500 cm21 corre-
spond to the OH2 group and COO2 group, respec-
tively.26,27 Such a series of absorption peaks appear-
ing at 1720 (C��O), 1270 (C¼¼O), and 906 cm21 (OH)
implies the existence of AA in the magnetic micro-
spheres. The results confirm that St undergoes
copolymerization with AA and that the micro-
spheres contain carboxyl groups.

With the formation of magnetic microspheres, the
Fe��O absorption peak shifts from 565 to 531 cm21,
and its intensity weakens gradually. Figure 5 shows
the UV–vis absorption spectra of samples. Pure poly-
styrene samples [shown in Fig. 5(a)] absorb below
300 nm; hence, the absorption between 300 and
700 nm can be attributed to the embedded Fe3O4

nanoparticles [shown in Fig. 5(b)].27 However, the
absorption is not very obvious, and this can be
related to the solubility of the sample in the solvent.
These results reveal that there may be some interac-
tion between the Fe3O4 nanoparticles and polymer
backbone, and this is similar to the reported
results.23,28,29

Figure 2 TEM micrograph of the Fe3O4 particles.

Figure 3 SEM photograph of the magnetic microspheres.
Figure 5 UV–vis spectra of the samples: (a) the magnetic
microspheres and (b) the polymer.

Figure 4 FTIR spectra of the samples: (a) the magnetic
powder and (b) the magnetic microspheres.
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Magnetic microsphere sizes

Effect of the PEG concentration

As shown in Figure 6, the primary particle size is
significantly affected by the concentration of PEG.
With an increase in the PEG concentration, the mag-
netic microsphere size decreases gradually. How-
ever, when the PEG concentration increases to a cer-
tain degree, the magnetic microsphere size starts to

increase. The reason is that with an increase in the
PEG concentration, Fe3O4 magnetic powders can be
dispersed into tinier particles that absorb the initia-
tor, which leads to an increase in the activated cen-
ters and a decrease in the particle size. However,
when the PEG concentration keeps increasing, some
of the dissociative PEG is absorbed onto the surface
of the magnetic microsphere and becomes new ini-
tiating centers. The new centers can initiate polymer-
ization. The polymer wraps on the surface of the
microsphere, and this leads to the average particle
size of the microsphere increasing. The experimental
results confirm that at a PEG4000 concentration of 10
wt %, the microsphere size is the minimum, with an
average size of 2 lm.

Figure 7 shows SEM micrographs of magnetic
microspheres prepared at different concentrations of
PEG4000. As shown in Figure 7, at a PEG4000 con-
centration of 10 wt %, the microsphere average size
is the minimum, and its shape is well regulated. The
conclusion is the same as that drawn from Figure 6.

Effect of the composition of the dispersants

The dispersant is also one of the important factors
determining the particle size. Figure 8(a) is an SEM
micrograph of the magnetic microspheres produced
in a dispersant of ethanol and water. Figure 8(b) is
an SEM micrograph of the magnetic microspheres

Figure 6 Effect of PEG on the average size of the micro-
spheres.

Figure 7 SEM photographs of the samples: (a) 4 wt % PEG4000, (b) 6 wt % PEG4000, (c) 10 wt % PEG4000, and (d) 12
wt % PEG4000.
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produced in a dispersant of acetone and water. In
comparison with Figure 8(a), the average size of the
magnetic microspheres in Figure 8(b) is bigger, and
the shape is irregular. The reason is that the disper-
sants of ethanol and water are on intimate terms
with the magnetic particles, initiator, and monomer.
However, acetone is a nonprotonic solvent, and the
polarity of the dispersant composed of acetone and
water is relatively small, so the particle size of the
microspheres should diminish. However, as the sol-
ubility of the monomers and polymers increase rela-
tively, redundant monomers and dissolved polymers
are absorbed around the surface of the microspheres
simultaneously, and this increases the average size
of the microspheres and widens the distribution.

Effect of the weight ratio of the magnetic powder to
the polymer

Table I shows the effects of various amounts of the
magnetic powders on the magnetic microsphere size.
As the amount of the magnetic powders increases,
the particle size of the microspheres decreases grad-
ually. This phenomenon results from the fact that
the monomers are distributed mostly on the interface
of the magnetic latex in the dispersant, which is in
equilibrium between the dispersant and magnetic
particles. The surface of the magnetic latex is the
major region of polymerization. As the amount of
the magnetic powders increases, the region of poly-

merization also increases. Thus, the particle size of
the microspheres decreases. However, the particle
size will not decrease infinitely. When the amount of
the magnetic powder is exorbitant, the content of
magnetic Fe3O4 in the microspheres increases rap-
idly, so the magnetic interaction among the particles
strengthens, and particles aggregate together. The
result is that no steady microspheres can form. As
shown in Figure 9, at an Fe3O4 concentration of 14
wt %, Fe3O4 is not encapsulated in the particles but
scatters on the surface of the macromolecular poly-
mer. This result is in agreement with what has been
reported.30

Effect of the initiator and its concentration

As shown in Table II, with an increase in the initia-
tor concentration, the size of the particles increases.
There are two direct results from the increase in the
initiator concentration. First, the increase in the radi-
cal concentration leads to an increase in the oligomer

Figure 8 SEM photographs of the magnetic polymer microspheres prepared with different dispersants: (a) ethanol/water
and (b) acetone/water.

TABLE I
Effect of the Amount of Fe3O4 on the Average Size and

Configuration of the Magnetic Microspheres

Magnetic powder
(wt %)

Average
size (60.1 lm)

Microsphere
configuration

1.0 15.0 Similar sphericity
2.0 10.0 Elliptical sphericity
3.5 5.0 Sphericity
7.0 2.0 Sphericity

14.0 — — Figure 9 SEM photograph of the microspheres synthe-
sized with a magnetic powder concentration of 14 wt %.
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concentration. Second, during the course of the graft
reaction, the chain of St shortens, and its solubility
in the dispersants increases; this leads to a decrease
in the stability and strengthening of the polymeriza-
tion. Therefore, bigger particles are produced. In the
course of dispersion polymerization, nucleation
starts from an oligomer chain and separates out
from a continuous medium because of indissolubility
for the dispersant as the molecular weight reaches a
critical point. Thus, with a higher initiator concentra-
tion, there are fewer nuclei produced in the poly-
merization, and this leads to fewer and bigger final
polymer particles. That is because the concentration
of the oligomer chain, which reaches a critical molec-
ular weight, is lower.

As shown in Figure 10, although the shape of the
microspheres changes little, the particle size changes
from 5 to 15 lm, and the particle size distribution is
wider. The impact of the initiator concentration on
the average particle size of the magnetic micro-
spheres is shown in Table II. According to Table II,
with a gradual increase in the initiator content, the
average particle size of the produced microspheres
increases too. If the initiator concentration is smaller,
the integral sphere cannot be obtained because the
surface of the magnetic particle cannot be encapsu-
lated completely. The result shows that when the ini-
tiator concentration is 2.8 wt %, the production size

is smaller and the magnetism is much stronger than
those of the others.

Magnetic properties

The magnetic properties of the magnetic powders
and magnetic microspheres have been analyzed with
vibrating sample magnetometry results, as shown in
Figure 11 and Tables III and IV.

The saturation magnetizations of the samples
obtained with different surfactants are shown in Ta-
ble III, and they vary from 60.6 to 69.2 emu/g. Table
III shows that without the consideration of other fac-
tors, the magnetic powders produced by different
surfactants have different saturation magnetizations.
A sample’s magnetization is strongest when
PEG4000 is used as the surfactant. The particle size
has been reported to influence the magnetic proper-
ties of materials. The bigger the particle size is, the
larger the saturation magnetization is.31 However,
the particle size is affected by surfactants. Therefore,
the saturation magnetizations of the samples pre-
pared in different surfactants are different.

Figure 11 shows the magnetization curves of sam-
ples 1–3 in Table III measured at room temperature.
The nanometer Fe3O4 magnetic powders produced
by coprecipitation have high saturated magnetiza-
tion, low coercivity, and little hysteresis.

TABLE II
Effect of the Initiator Concentration on the Average Size

of the Magnetic Microspheres

Initiator concentration (wt %) Average size (60.1 lm)

2.8 2.0
5.6 4.0
8.4 10.0

10.0 15.0

Figure 10 SEM photograph of the microspheres synthe-
sized at an initiator concentration of 10 wt %.

Figure 11 Magnetization curves of samples 1–3 in Table III.

TABLE III
Magnetization of Fe3O4 Powders
Obtained in Different Surfactants

Sample Surfactant

Test
temperature

(8C)

Saturation
magnetization

(emu/g)

1 PEG4000 13.5 69.2
2 Tween 80 13.5 63.8
3 Sodium oleate 13.5 60.6
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Table IV shows the magnetizations of micro-
spheres obtained from the same surfactant with dif-
ferent concentrations. After the magnetic powders
are embedded, the saturation magnetization of the
magnetic microspheres decreases drastically from
69.2 to 9.8 emu/g. One of the important reasons is
that there is less magnetic powder per unit of weight
of the microspheres than the pure magnetite par-
ticles. The other reason is that the nonmagnetic poly-
mer coating layer influences the uniformity or mag-
nitude of the magnetization because of the quench-
ing of surface movements.32–34

The relationship between the magnetic micro-
spheres and the concentration of PEG has been dis-
cussed already. The reason for the increase in the
saturation magnetization from sample 1 to sample 3
in Table IV is that with the microsphere size decreas-
ing from sample 1 to sample 3, the mass proportion
of the magnetic powders in the microspheres
increases from 3.0 to 14.2%. It is obvious that the dif-
ferences of the three samples with respect to the sat-
uration magnetization are related to the weight per-
centages of the magnetic powders, and this is similar
to the reported result.35

CONCLUSIONS

The results indicate that the Fe3O4 particles prepared
by the coprecipitation method are spherical, about
10 nm in size, and superparamagnetic. The results of
vibrating sample magnetometry tests show that the
magnetic powders produced by different surfactants
have different saturation magnetizations. When
PEG4000 is used as the surfactant, the saturation
magnetization of a sample has been found to be 69.2
emu/g.

Composite magnetic polymer microspheres with a
core–shell structure have been prepared by the dis-
persion polymerization method. The configuration of
the microspheres, which have carboxyl groups, is
spherical, and the average size is about 2 lm.

The shape, size, and distribution of the particles
are affected by PEG, the dispersants, the initiator,
and the weight ratio of the magnetic powders to the
polymers. From 5 to 15 wt %, the size of the micro-
spheres decreases with an increase in the PEG con-
tent. However, beyond that range, the size of the

microspheres increases. When ethanol and water are
used as dispersants, the size of the microspheres is
smaller than that of the others, and the particle size
distribution is narrow. With an increase in the mag-
netic powder concentration, the size of the micro-
spheres tends to decrease. When the initiator concen-
tration is 2.8 wt %, the size of the magnetic micro-
spheres is smaller, and the magnetism is much
stronger.
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TABLE IV
Magnetization of Magnetic Polymer Microspheres

Obtained at Different PEG Concentrations

Sample

PEG
concentration

(wt %)

Average
size

(60.1 lm)

Magnetic
powder
(wt %)

Saturation
magnetization

(emu/g)

1 5.0 12.0 3.0 2.1
2 8.0 6.0 5.5 3.8
3 10.0 2.0 14.2 9.8
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