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Abstract:  In this study, a novel and effective suspension polymerization has been employed to prepare functional magnetic porous SrFe12O19/
P(St-DVB-MAA) microspheres in the presence of bilayer surfactants (sodium dodecyl benzene sulfonate (SDBS) and oleic acid (OA)) 
coated on micro-size magnetic SrFe12O19. This was achieved by pre-polymerizing the organic phase, which contained co-monomers, 
porogens and treated magnetic particles, at 65oC for 0.5 h under ultrasound conditions.Aqueous solutions containing a dispersion 
agent were then added to effect suspension polymerization. Scanning electron microscopy (SEM), Fourier transform infrared spectros-
copy (FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA) and magnetic property measurement system (MPMS) were 
used to characterize the functional magnetic porous microspheres. The results show that the microparticles are well shaped with a 
uniform size distribution of about 0.5 ~ 0.7 mm and the surfaces of the microspheres have many micro-pores with an average diam-
eter of 0.533 μm. There are carboxyl groups (–COOH) on the surface of the microspheres to the extent of 0.65 mmol g-1, as determined 
by conductometric titration. According to the XRD spectra, iron oxide consists mainly of SrFe12O19 which reveals hexahedral structure. 
The content of magnetic SrFe12O19 reaches 17.81% (by mass), and the microspheres have good heat resistance. The magnetic porous 
microspheres are ferromagnetic with high residual magnetization and coercivity, 21.59 emu g-1 and 4.13 kOe, respectively. The satura-
tion magnetisation is around 42.85 emu g-1.
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1. Introduction
Magnetic porous microspheres (MPMs) with functional 
groups have attracted a great deal of attention as a result 
of their interesting chemical and physical properties. 
Not only do these materials present potential magnetic 
susceptibilities and large reactive polymer surface 
areas, they also contain pores on which functional 
molecules such as enzymes, microbes, cells and drugs 
can be bonded [1,2]. By using a powerful magnetic 
field, MPMs have the benfit of easy removal from the 

dispersion medium and can be reused [3]. Moreover, as 
a result of their controlled surface area, good thermal 
resistance and reasonable chemical inertness, MPMs 
lend themselves to a host of other applications [4,5] in 
affinity chromatography [6], cell immobilization [7] and 
environmental engineering [8].

Functional MPMs are generally micro- or nanosized 
particles of inorganic/polymer composites, which 
consist of a magnetic core coated with a cross-linked 
polymer shell. Several methods have been developed 
to prepare functional magnetic porous micro- and 
nanoparticles, such as suspension polymerization 

Cent. Eur. J. Chem. • 6(4) • 2008 • 627–633
DOI: 10.2478/s11532-008-0055-y 

627



Synthesis of Functional Magnetic porous 
SrFe12O19/P(St-DVB-MAA) Microspheres 

by a Novel Suspension Polymerization

[9-12], in situ precipitation [13,14] and seed swelling 
polymerization [15] in the presence of the magnetite 
core. Among these methods, the simplicity and ease of 
scale up of suspension polymerization makes it the most 
amenable to bulk production However, when employing 
a conventional suspension polymerization, the porosity 
of MPMs is undesirable and the size distribution of 
the prepared MPMs is still quite wide [16]. Moreover 
the magnetic content of MPMs is still very low due to 
the incompatibility between the magnetic particles 
and monomers [12], thus limiting their applications in 
bioseparation, cell immobilization and other fields. 

In an attempt to overcome these problems, functional 
magnetic porous microspheres were prepared by a 
novel suspension polymerization, involving a two-step 
suspension approach in the presence of bilayer surfactant 
(sodium dodecyl benzene sulfonate (SDBS) and oleic 
acid (OA)) treated micro-size strontium hexaferrite 
(SrFe12O19). The simultaneous use of prepolymerization 
and ultrasound technology improved the magnetic 
content and diminished the size distribution realtive to 
conventional suspension polymerization. The prepared 
functional groups on the surface, along with the size 
distribution, shape and magnetic content of the prepared 
magnetic porous microspheres were characterized 
by Fourier transform infrared spectroscopy (FTIR), 
scanning electron microscopy (SEM), X-ray diffraction 
(XRD), thermogravimetric analysis (TGA) and magnetic 
measurements (MPMS).

2. Experimental Procedures

2.1. Materials
The chemicals used, including styrene (St) and sodium 
dodecyl benzene sulfonate (SDBS), were purchased 
from Shanghai Lingfeng Chemical Reagents Co., Ltd. 
Divinylbenzene (DVB) (52.7%) was obtained from 
Shengzhong Fine Chemical Co., Ltd. 2, 2’-Azobis 
(isobutyronitrile), α-methacrylic acid (MAA) and oleic 
acid were purchased from Kermel Chemical Reagents 
Development Centre. Toluene and sodium chloride 
(NaCl) were purchased from Guangzhou chemical 
reagent factory. Cyclohexanol was obtained from the 
Tianjing Chaosheng reagent factory, the magnetic 
powder from the Guangzhou Magnetic material Co., Ltd 
and the hydroxyethylcellulose (HEC) was purchased 
from Shantou Guanghua chemical factory. St, DVB and 
MAA were distilled under reduced pressure to remove 
the inhibitor prior to use. The regents were all analytical 
grade. The magnetic powder was micron-size. Deionized 
water was used for making the aqueous phase.

2.2. Bilayer surfactant modification of magnetic 
particles

Surface modification of the magnetic powder was 
achieved by a two-step addition of the primary surfactant, 
sodium dodecyl benzene sulfonate (SDBS), followed by 
the secondary surfactant, oleic acid (OA). First, a 10 g 
sample of magnetic particles (SrFe12O19) was added to 
150 ml of a 1:1 ethanol/water solution, and sonicated in 
a 250 ml beaker for 0.5 h to eliminate surface impurities. 
Then, the treated magnetic powder was mixed with 
150 g deionized water in a 250 ml, three-necked flask 
equipped with a stirrer, a condenser and a thermometer. 
As the mixture was heated to 65ºC, 1g SDBS was added 
and the reaction mixture was kept at pH 5.5 for 30 min 
with vigorous stirring. The temperature was then raised 
to 85ºC, 5g OA was added dropwise over 15 min, and 
the reaction mixture stirred for another hour at 85ºC. 
Following cooling to room temperature, the resulting 
materials were isolated by magnetic decantation, and 
washed several times with deionized water and acetone 
to remove the excess SDBS and OA. Finally, the modified 
magnetic particles were vacuum-dried for 12 h.

2.3. Preparation of magnetic porous 
microspheres

Magnetic porous microspheres were prepared by novel 
suspension polymerization. Copolymerization was 
performed in a 250 ml four-neck, round-bottomed flask 
reactor fitted with a mechanical stirrer, a thermometer, 
a reflux condenser and a nitrogen gas inlet tube. 
The monomer phase consisted of 15 ml monomers 
(including St, MAA and DVB), 0.2 g AIBN as initiator, 15 
ml diluent system (toluene/cyclohexanol = 2/1(v/v)) and 
surface treated magnetic particles. The aqueous phase 
(AP) was prepared by addition of HEC (0.4% w/w in 
relation to water) and NaCl (2% w/w in relation to water) 
solutions. The organic phase (OP) was first sonicated at 
65ºC for 30 min, and then the AP was added to the OP, 
employing an AP/OP ratio of 3/1.These two phases were 
stirred at 500 rpm for 10 min. The suspension system 
was then stirred (at a lower rate) at 75ºC for 12 h. The 
polymer beads produced were filtered and washed with 
distilled water, ethanol and acetone in order to remove 
water-soluble impurities, followed by Soxhlet extraction 
to remove the porogens and organic impurities. The 
purified beads were dried under vacuum for 24 h.

2.4. Charaterization
The infrared spectrum (FTIR) of the magnetic beads 
was obtained. Conductometric titration allowed 
determination of the amount of carboxyl groups on the 
surface. The structural state of the magnetic particles in 
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the porous microspheres was determined using an X-ray 
diffractometer (XRD, Bruker, Germany) in the 2θ range 
(Cu Kα radiation (λ = 1.542 Å) was used in the XRD 
measurements). The shape, surface morphology and 
particle size were measured using a scanning electron 
microscope (SEM, XL30). The pore size and surface 
area of copolymer samples were determined by BJH 
and BET methods, using an “ASAP2010M” instrument. 
Thermal properties of the dried samples and the amount 
of magnetic particles incorporated in the microspheres 
were measured by thermogravimetric anylysis 
(STA449C, Netzsch). The density of the magnetic beads 
was determined by the drainage method. The magnetic 
properties of the microspheres were evaluated using a 
magnetic property measurement system (MPMS XL-7).

3. Results and Discussion
In an ideal polymerization process, monomers should 
completely polymerize on the surface of the magnetic 
particles and never form polymer particles. Based on 
the theories and experimental phenomena, a successful 
polymer encapsulation of iron oxide particles via 
suspension polymerization requires these particles to 
be well dispersed in the monomer before dispersion to 
accommodate them within the droplets. Since magnetic 
particles are hydrophilic, and St and DVB are hydrophobic 
monomers, the polarity difference between them makes 
it difficult to disperse magnetic particles in monomers 
without aggregation and phase separation. Moreover, 
the micro-size magnetic SrFe12O19 particles are very 
easy to aggregate and precipitate during polymerization 
because of their strong magnetism and high density. To 

overcome these problems, three modification measures 
were adopted in our study. First, the surfaces of the 
magnetic particles were treated with bilayer surfactants 
(SDBS and OA) to improve the hydrophobicity of the 
micro-size magnetic particles. Second, the monomer 
phase containing the surface modified magnetic 
particles and porogens was prepolymerized under 
ultrasound conditions to improve the dispersibility of 
the magnetic particles in the monomer phase and to 
improve viscosity, facilitating stable suspension of the 
heavy micro-size magnetic particles. Third, the aqueous 
phase was added to the monomer phase at a higher 
stirring speed to ensure even dispersion of the magnetic 
particles in the monomer phase, resulting in stable and 
uniform droplets,.

3.1. Surface modification mechanism of 
magnetic particles

In general, the role of surface treatment agents is to 
increase the hydrophobicity of strontium iron oxide 
particles and effectively disperse these particles in the 
monomer drops during the polymerization. In this study, 
the surfactants SDBS and OA were selected as bilayer 
surface treatment agents for SrFe12O19. The procedure 
for magnetic particles surface treatment is shown in 
Scheme 1. 

In Scheme 1, the first layer surfactant SDBS was 
adsorbed on the magnetic iron oxide particles through 
an electrostatic interaction which provided the entropic 
repulsion needed to overcome the short-range van der 
Waals attraction that otherwise results in irreversible 
particle aggregation. It was previously reported that 
the magnetic iron oxide particles had extensive 
surface hydroxyl groups as a result of contact with the 

Scheme 1. Schematic representation for bilayer surfactant-coated magnetic particles.
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aqueous phase [17]. Since the surface-to-volume ratio 
is very large, we propose that the surface hydroxyl 
groups reacted readily with the carboxylic acid head 
groups of the oleic acid molecule at a temperature of 
85ºC. During this initial process, the oleic acid was 
first chemically adsorbed on the surface of magnetic 
SrFe12O19 particles, forming a coating layer of oleic acid 
through the ‘‘esterification’’ between their carboxylic 
acid head groups and the hydroxyl groups [18] shown 
in Scheme 1. 

3.2. Morphology of magnetic porous 
microspheres

The surface morphology and structure of magnetic 
porous microspheres were investigated using SEM. 
SEM micrographs are shown in Fig. 1(a) and 1(b). As 
can be clearly seen from Fig. 1(a), the beads have good 
spherical form and a rough surface due to the pores 
which formed during the polymerization procedure. The 
microspheres have a relatively uniform size distribution 
of about 0.5 ~ 0.7 mm, with no surface aggregation of 
the latex particles. Fig. 1(b) shows the microstructure 
of the surface of magnetic porous microspheres. It 
can clearly be seen that the surface of the composite 
magnetic particles is rough and porous. There are 
many connected holes in the microspheres. The BET 
results suggest that the surface area of the prepared 
magnetic porous microspheres is 190.68 m2 g-1 and the 
average pore size is 0.533 μm, which is suitable for the 
staying and fluidization of microbeads in a fluidized-bed 
bioreactor.

3.3. FTIR analysis and surface functional groups
The FTIR spectrum of the magnetic porous microspheres 
is shown in Fig. 2. The presence of SrFe12O19 could be 
identified by the strong absorption bands at 603 cm-1, 
552 cm-1 and 447 cm-1, which corresponded to the 

typical SrFe12O19 absorption peaks [19]. The bands at 
1699 cm-1 and 1452 cm-1 were assigned to the C=O 
and C-O stretching vibrations of carbonyl group. The 
broad band at 3600–3300 cm-1 corresponded to the O-H 
stretching vibration of MAA and water (including bound 
water). Interference by the homopolymner has been 
successfully eliminated though magnetic separation of 
the magnetic porous microspheres and washing several 
times with water and acetone. The results above reveal 
that MAA has been successfully coated on the surface 
of SrFe12O19 nanoparticles, and that there is -COOH on 
the surface of the composite microspheres.

Potentiometric titration was carried out to quantify 
the amount of surface carboxyl groups, with the 
result shown in Fig. 3. About 10 ml HCl (0.01 mol L-1) 
solution was added to a 200 mL microbead suspension 
(solid content is 0.1 g) and stirred at 25ºC for 30 min. 
Then, a 0.01 mol L-1 NaOH aqueous solution was 
used as titrant. There are three different slopes in the 

Figure 1. SEM images of magnetic porous γ-Fe2O3/Poly(St-DVB-MAA) particle: (a)50×; (b)5000×.

Figure 2. FTIR spectrum of magnetic porous SrFe12O19/P(St-DVB-
MAA) composite microspheres.
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potentiometric curve (Fig. 3) caused by: (i) the titration 
of NaOH for neutralization of the HCl previously added, 
(ii) the titration of the carboxyl groups of the magnetic 
particles surface, and (iii) the excess of titration agent 
(NaOH).The amount of COOH groups on the surface 
is calculated from the break in curve and expressed in 
terms of milliequivalent of COOH groups per 1 g of the 
magnetic microspheres [20]:

-COOH (mmol g-1)=NV/W
where N and V are the concentration and volume of 
NaOH titrant of carboxyl groups, respectively, and W is 
the solid content weight of the magnetic microspheres. 

From the curve, only about 6.5 ml NaOH (0.01M) of the 
BC sect was consumed in the titration of the carboxyl 
groups of the magnetic microspheres (0.1 g). Therefore, 
the amount of surface functional COOH groups is about 
0.65 mmol g-1.

3.4. XRD analysis
The crystal structure of the prepared samples was 
characterized by X-ray diffraction. Fig. 4 shows the XRD 
patterns corresponding to the pure magnetic particles (a) 
and magnetic porous microspheres prepared by SDBS 
and OA treated magnetic powder (b). It can be clearly 
seen from Fig. 4(a) that all diffraction peaks of the pure 
magnetic particles are in agreement with the standard 
card of strontium iron oxide (JSPDS card no. 80-1198) 
with a hexahedral structure [21], with few peaks from 
impurities being detected. However, it is clearly seen 
from Fig. 4(b) that magnetic porous microspheres do 
not give rise to sharp diffraction peaks. Instead, a broad 
band appears in each spectrum at the low angle, which 
is characteristic for amorphous materials and also for 
ultrafine crystalline particles. The preponderance of 
amorphous peaks of P(St-DVB-MAA) indicates that the 
crystalline behavior of magnetic SrFe12O19 is suppressed 
as a result of its encapsulation by P(St-DVB-MAA), as 
P(St-DVB-MAA) displays a diffuse broad peak ranging 
from 10° ~ 30°. Although the sample does not show any 
sharp peaks, the typical magnetic strontium hexaferrite 
diffraction peaks can be observed at the large angle area, 
with only their intensity being weaker. This indicates that 

Figure 3. Conductometric titration curve of -COOH groups on the 
surface of magnetic microspheres.

Figure 4. XRD patterns of pure magnetic particles (a) and magnetic porous microspheres (b).
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the polymer shell is amorphous and the crystallinity of 
the magnetic strontium hexaferrite core is retained after 
the polymerization procedure. 

3.5. Thermal properties and magnetic content
In order to determine the thermal stability and the 
magnetic content of the magnetic porous microspheres, 
a thermogravimetric-differential thermal analysis (TG-
DTA) curve was obtained. In this study, dry magnetic 
porous microspheres were obtained by heating at 
50ºC under vacuum for 24 h. A typical TG-DTA curve 
for the magnetic microspheres is shown in Fig. 5. The 
TG curve exhibits one weight loss step and the DTA 
curve shows one endothermic peak and one exothermic 
peak. The weight loss step occurrs in the temperature 
range of 300 - 380ºC, which is accompanied by an 
endothermic peak around 330ºC in the DTA curve, due 
to the loss of decomposed organic polymers. When the 
temperature reaches 430ºC, there is an exothermic 
peak arising from rapid polymer decomposition. Above 
450ºC, there is no weight change. The thermal analysis 
indicates that the magnetic porous microspheres have 
a better heat resistance and thermal stability. Also, the 
magnetic content incorporated in the magnetic porous 
microspheres reaches 17.81%. Meanwhile, the prepared 
magnetic microspheres with this magnetic content 
reached 1.107 cm3 g-1, which is easy to fluidized.

3.6. Magnetic properties
The magnetic property is a key factor of the magnetic 
polymer microspheres. Thus, the magnetization curve 
of the prepared magnetic porous microspheres was 
measured at room temperature under an alternating 
magnetic field H, with the results shown in Fig. 5. 
The hysteresis cycle shows that the magnetic porous 
particles exhibit a very high coercivity of 4.13 kOe and a 
saturation magnetisation of around 42.85 emu g-1, with 

a residual magnetism of 21.59 emu g-1. The values of 
these parameters are close to those usually observed for 
ferromagnetic materials. It can therefore be concluded 
that the prepared magnetic porous microspheres are 
ferromagnetic, with good magnetic response. 

4. Conclusions
In this paper, functional magnetic porous polymeric 
microspheres, posessing surface carboxyl groups and 
based on SrFe12O19/P(St-DVB-MAA), were prepared by 
a novel suspension polymerziation. The morphology, 
structure and properties of the prepared magnetic 
microspheres were characterized. Studies show that 
the synthesized magnetic microshperes are well-
shaped spheres with a uniform size distribution of about 
0.5 ~ 0.7 mm and uniform pore structure of about 0.533 
μm, thereby providing the magnetic beads with a large 
surface area about 190.68 m2 g-1. Surface carboxyl 
groups are present on the magnetic microbeads, to the 
extent of 0.65 mmol g-1. The affinity between the magnetic 
particles and monomers is improved significantly by 
bilayer sufactant modification, which results in a large 
magnetic content (17.81%) being incorporated into the 
magnetic polymer microspheres and a density of 1.107 
cm3 g-1. The magnetic porous particles are ferromagnetic 
with a very high coercivity of 4.13 kOe and a saturation 
magnetisation of around 42.85 emu g-1, with a residual 
magnetism of 21.59 emu g-1. The novel suspension 
polymerization process can therefore be considered 
an inexpensive way of preparing functional magnetic 
polystyrene microspheres to be used in bio separation, 
immobilization of enzymes, and environmental 
engineering.

Figure 5. The TG-DTA curve of magnetic porous microspheres.

Figure 6. The magnetic hysteresis loops of magnetic porous poly-
mer microspheres.
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