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Synthesis and characterization of poly(ethyl methacrylate-co-methacrylic
acid) magnetic particles via miniemulsion polymerization

J.S. Nunes a, C.L. de Vasconcelos a, F.A.O. Cabral b, J.H. de Araújo b, M.R. Pereira a,
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Abstract

Magnetic particles are very important systems with potential use in drug delivery systems, ferrofluids, and effluent treatment. In many sit-
uations, such as in biomedical applications, it is necessary to cover inorganic magnetic particles with an organic material, such as polymers. In
this work, latices based on magnetite covered by poly(ethyl methacrylate-co-methacrylic acid) were obtained via miniemulsion polymerization.
The resultant latices had particles in the nanometric range and presented a pronounced superparamagnetic behavior.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Ferrofluids, or magnetic fluids, are stable dispersions of ul-
trafine magnetic particles (sometimes encapsulated magnetic
particles) in an aqueous or organic continuous phase [1].
The stability of these dispersions is obtained using a surfactant
which prevents flocculation, followed by sedimentation [2].
Ideally, these particles should remain uniformly dispersed
within the continuous phase, even when submitted to magnetic
fields [3].

Magnetic polymeric particles usually are the result of cov-
ering of magnetic iron oxide (Fe3O4) via physical interactions
with macromolecules as well as chemical reactions between
the inorganic oxide surface and the organic material [4].
Such particles are well-known materials and have been widely
studied due to their applications in diverse areas, such as
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biology, medicine and environmental remediation [5]. These
applications involve separation of enzymes and proteins, puri-
fication of nucleic acids [6], techniques of magnetic resonance
imaging for cancer diagnostics [7] and cancer therapy through
drug carriers that are magnetically controlled [8,9]. Hiergeist
et al. have developed ferrofluids with potential use as magnetic
materials for hyperthermia of biological tissue, with the goal
of tumor therapy [10]. Another important example is the re-
moval of toxic industrial waste by magnetic particles [11,12].

Different kinds of magnetic particles have been produced
with both natural and synthetic polymers with the objective
of incorporating groups on their surface, or modifying it, in or-
der to carry out selective separations [13]. The incorporation
of inorganic particles to polymers results in materials of higher
mechanical strength [14,15], thermal stability [16] and
superior optical [17], magnetic and electric properties [18].
Particles of nanometric dimensions (10e500 nm), such as
nanocrystals [19], present high surface area, promoting a better
dispersion within the polymer matrix, allowing one to obtain
interesting nanoparticulated materials with unique dimen-
sional quantum effects, transport and magnetic properties.
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The controlled polymer synthesis in the presence of inor-
ganic nanoparticles results in nanocomposite dispersions that
have polymer matrices with very specific properties, combined
with low production costs [20], so that surface-related proper-
ties of these hybrid materials are chiefly determined by the
polymer matrix [21]. These hybrid materials can be used in
biomedical applications, as Španová et al. have shown using
dispersion polymerization for obtaining magnetic microparti-
cles for separation and identification of microbial species [22].

The process of miniemulsion polymerization can be used
for an efficient covering of water-insoluble materials with hy-
drophobic polymers, in order to obtain hybrid materials that
are homogeneous both in particle size and inorganic material
content [23,24]. Monomer miniemulsions are the result of
the critical stabilization of monomer droplets (in the form of
micelles, with size ranging from 50 to 500 nm), prepared by
shearing of a system containing monomer, water, surfactant
and a hydrophobic substance [25]. Polymerization reactions,
when carefully prepared, result in latex particles of size similar
to the initial size of the monomer droplets [26]. The process
involves an initiator soluble in the continuous phase, a surfac-
tant and monomers insoluble (or poorly soluble) in water,
which are in the form of droplets stabilized by the surfactant.
The polymerization reactions preferentially occur on growing
particles and in micelles of surfactant, but may partially occur
in the continuous phase. The main advantage of emulsion-
based polymerization methods consists in the control on the
molecular weight and molecular weight distribution, using pa-
rameters such as the initiator and/or surfactant concentrations
[27,28].

The reduced chemical affinity between the inorganic
particles (of hydrophilic nature) and the monomer (predomi-
nantly hydrophobic) is an important aspect to be considered
in the preparation of magnetic particles. The compatibility
of the particles with the polymeric matrix can be improved
by the surface chemical modification of the particles [29].
To do so, normally use is made of an agent which promotes
chemical compatibilization via hydrogen bonding, electro-
static interactions or covalent bonds within the inorganic/
organic interface. Oleic acid has been widely used to disperse
magnetite in styrene, the resultant dispersion being polymer-
ized in miniemulsion, so that dispersed polystyrene particles
(with magnetite dispersed within the polymer matrix) have
been obtained [30]. The substitution of surfactant by polymers
may avoid aggregation of inorganic particles but, on the other
hand, may provoke bridging flocculation [20]. Using these
techniques, Liu et al. have modified magnetite, obtaining
functionalized magnetic nanospheres via miniemulsion poly-
merization with methyl methacrylate and divinylbenzene, as
a crosslinking agent [31]; Pich et al. have obtained magnetic
hybrid latices using surfactant-free emulsion copolymerization
of styrene and acetoacetoxyethyl methacrylate onto iron oxide
nanoparticles [32].

In this work, the synthesis of magnetic latices of poly(ethyl
methacrylate-co-methacrylic acid) and magnetite is prepared
via miniemulsion polymerization, using oleic acid as the
stabilizing agent for magnetite, sodium dodecyl sulfate as
the surfactant and 2,20-azobis(isobutyronitrile) as the initiator.
As far as we know, it is the first time ethyl methacrylate is used
for this purpose. The use of this monomer is interesting be-
cause of the glass transition temperature of the homopolymer,
Tg¼ 65 �C, so that one can obtain films with good mechanical
strength and flexibility. The resultant latices are characterized
in terms of their physicochemical and magnetic properties.

2. Experimental

Ferrous sulfate heptahydrate e FeSO4$7H2O (PA, Lab-
synth, Brazil), ferric sulfate nonahydrate e Fe2(SO4)3$9H2O
(PA, Synth, Brazil), sodium dodecyl sulfate (SDS) e
C12H15SO4Na (PA, Synth, Brazil), ammonium hydroxide e
NH4OH (30 wt%, PA, CRQ, Brazil), ethanol e C2H5OH
(PA, Synth, Brazil), oleic acid (OA) e C18H34O2 (Vetec,
Brazil), 2,20-azobis(isobutyronitrile) (AIBN) (Aldrich, USA),
and methacrylic acid (MAA) (Aldrich, USA) were used as
received. Ethyl methacrylate (EMA) (Unigel, Brazil) was
washed with 5 wt% aqueous NaOH prior to use, in order to
eliminate inhibitor (methylhydroquinone). The same proce-
dure was not used for MAA due to its solubility in water as
well as to the fact that it was used in a mass percentage of
1%, in terms of monomer composition. Bidistilled water was
used in all the experiments.

2.1. Synthesis of magnetite nanoparticles

Magnetite nanoparticles used in this work were prepared
via the method of chemical co-precipitation [33]. In this
method magnetite is obtained as a result of the co-precipitation
of ions Fe2þ and Fe3þ by the addition of NH4OH to a solution
containing the mentioned ions at a molar ratio Fe2þ=Fe3þ ¼
1=2, until the resultant dispersion reaches a pH around 11,
at room temperature. The process of synthesis of magnetite
can be described according to Eq. (1):

Fe2þ þ 2Fe3þ þ 8OH�/ Fe3O4þ 4H2O ð1Þ

It has been repeatedly reported that particles synthesized
using this method may be as small as 9 nm [34], and are
very sensitive to oxidation by the oxygen from air, forming
Fe(OH)3, as shown by Eq. (2), or a maghemite (g-Fe2O3)
according to Eq. (3):

Fe3O4 þ
1

4
O2þ

9

2
H2O / 3FeðOHÞ3 ð2Þ

2Fe3O4 þ
1

2
O2 / 3g-Fe2O3 ð3Þ

The occurrence of hematite phase (a-Fe2O3) is more diffi-
cult than the maghemite one, only occurring under thermal
dehydration conditions [5]. Additionally, small amounts of
dissolved O2 in water may oxidize Fe2þ ions to Fe3þas shown
by Eq. (4), also resulting in the formation of Fe(OH)3 or
g-Fe2O3, as shown, respectively, by Eqs. (5) and (6):
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Fe2þ þ 1

2
H2Oþ 1

4
O2 / Fe3þ þOH� ð4Þ

Fe3þ þ 3OH�/ FeðOHÞ3 ð5Þ

2Fe3þ þ 6OH�/ g-Fe2O3þ 3H2O ð6Þ

2.2. Hydrophobization of magnetite nanoparticles

The magnetite nanoparticles were magnetically separated
from the supernatant and re-dispersed in water for several
times, until the continuous phase pH reached a value around
7. A final magnetic separation was carried out and a given
amount of oleic acid was added to the particles, in order to ob-
tain magnetite with hydrophobic surface. The hydrophobiza-
tion of the magnetite particles could be characterized by the
complete segregation of these particles from the water phase,
forming a black greasy non-polar phase. Two different types of
hydrophobized magnetites were obtained: in one, it was added
a mass of oleic acid equal to the mass of magnetite; in other,
the mass of oleic acid was 50% of the mass of magnetite.

2.3. Polymerization

A miniemulsion of ethyl methacrylate and methacrylic acid
was prepared through the addition of 20.38 g of EMA and
0.206 g of MAA to a given amount of hydrophobized magne-
tite nanoparticles. The mixture was immersed in an ice bath,
which was immersed in an ultrasonic bath (Transsonic 460,
Elma, Germany) under mechanical stirring for 20 min. Fol-
lowing, the mixture (monomers and magnetite) was added to
a solution of 0.206 g of SDS in 225 g of water and submitted
again to ultrasonication in an ice bath, under mechanical
stirring, for more 20 min. In order to initiate polymerization,
0.103 g of AIBN was added to the system and the temperature
was increased to 75e80 �C. The system was maintained at this
temperature, under mechanical stirring, for 3 h.

Three types of latex were synthesized. One had a magne-
tite/monomer mass ratio of 10% (wFe3O4=monomer ¼ 0:1) and
a mass ratio of OA/magnetite of 1 (wOA=Fe3O4

¼ 1); another
one with the same magnetite content and a lower OA/magne-
tite mass ratio (wOA=Fe3O4

¼ 0:5); and the third one had
wFe3O4=monomer ¼ 0:2 and wOA=Fe3O4

¼ 1. These latices were re-
spectively named Latex I, Latex II, and Latex III, their compo-
sitions being summarized in Table 1. Fig. 1 presents a scheme
which depicts all the process of obtaining the polymer-coated
magnetite particles.

Table 1

Compositions of latices IeIII: wOA=Fe3O4
is the (oleic acid)/magnetite

mass ratio and wFe3O4=monomer is the magnetite/monomer mass ratio

Latex wOA=Fe3O4
wFe3O4=monomer

I 1 0.1

II 0.5 0.1

III 1 0.2
2.4. Latex coagulation

The latices were coagulated by the addition of ethanol to
the dispersions. Excess of ethanol was used in order to wash
the particles to remove unreacted species from the polymer.
After drying in vacuum for 12 h, the resultant aggregates
were grounded, resulting in brownish particles, with a color
intensity dependent on the amount of inorganic material
used in the composition of each latex.

2.5. Particle characterization

The crystalline phase of the latices was identified by X-ray
diffraction, using Cu Ka radiation at 30 kV/30 mA from a Shi-
madzu X-ray diffractometer, model Lab-X XRD 60000, with
a scan angle 2q ranging from 10 to 80 �C, in intervals of
0.02� and a time of 0.60 s between each interval. In order to
obtain the size of the magnetite crystallites of pure magnetite
and the magnetite dispersed within the polymeric matrix the
results obtained from XRD were refined using Rietveld
method. To carry out this work the software MAUD 2.038,
developed by Luca Lutterotti, was used with the diffraction
data as described in the literature [35].

Fourier transform infrared (FTIR) spectroscopy was carried
out using KBr pellets for magnetite and coagulated latices.
The equipment used in this characterization was an FTIR
spectrometer Nicolet Nexus 470. The operational parameters
in these analysis were: wavelength range, 4000e400 cm�1;
resolution, 4 cm�1; number of scans, 32.

Scanning electron microscopy (SEM) images of the coagu-
lated particles were obtained using a Phillips XL30 electron
microscope (filament, tungsten; voltage 25.0 kV; detector,
secondary electrons). Prior to the analysis, all samples were
metalized with gold.

Fig. 1. Scheme representing magnetic latex synthesis.
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2.6. Magnetization curves

Magnetization measurements were carried out using a vibrat-
ing sample magnetometer (VSM) to study magnetic properties
of the magnetic nanoparticles in magnetic fields up to 12 kOe.
In this experiment the sample is subjected to a vertical sinusoi-
dal magnetic field and the variation of the magnetic flow around
the sample induces an electrical signal that, after further pro-
cessing, is sent to a data acquisition device plugged to a com-
puter, which converts it to magnetization. A more detailed
description of this equipment may be found in a paper already
published by some of the authors of the present work [36].

3. Results and discussion

Magnetite resulting from the co-precipitation method was
dense, black, and strongly magnetic (a simple loudspeaker
magnet was able to attract the particles). The latices with in-
corporated magnetite were stable for more than four months
and the coagulated particles also had markedly magnetic prop-
erties: particles from the latices presented brownish color,
depending on the amount of magnetite present in them e the
color ranged from black, for pure magnetite, to white, pure
poly(ethyl methacrylate-co-methacrylic acid).

3.1. Scanning electron microscopy (SEM)

Fig. 2 shows a micrograph of magnetite and of a magnetic
latex after coagulation (Latex II). A comparison of the magne-
tite micrograph with the one related to the latex with dispersed
magnetite suggests that magnetite was dispersed within the
polymeric matrix. The other latices presented a morphology
very similar to the one shown in this figure: coagulated particles
comprised of clusters of particles with linear dimensions below
500 nm. As a consequence, these particles could be considered
to be within the nanometric range. The morphology of these
nanoparticles exhibited spherical forms with considerable pol-
ydispersion. Regarding size distribution, the nature of our par-
ticles made them much more difficult to analyze, as it has been
done by the excellent works of Liu et al. [31] and Pich et al. [32]
with divinylbenzene crosslinked poly(methyl methacrylate)
particles and poly(styrene/methacrylate) copolymers, respec-
tively. When polystyrene or poly(methyl methacrylate) is
used as the polymer matrix for magnetite, its non-polar nature
(in the case of polystyrene) and high Tg (both in the case of
polystyrene and PMMA, mainly if it is crosslinked with
divinylbenzene) favors the occurrence of well-separated parti-
cles. In our case, apart from ethyl methacrylate being more
polar than styrene and the resulting uncrosslinked polymer be-
ing softer than PMAA, there is also the presence of carboxyl
groups from the methacrylic acid, which makes particle aggre-
gation (during provoked latex destabilization) unavoidable.

3.2. X-ray diffraction (XRD)

Fig. 3 shows the results of X-ray diffraction for the magne-
tite particles and the synthesized latices. The results show the
spinel phase structure of magnetite and are in agreement with
the XRD standard [37] for the magnetite particles (Table 2).
The results also show that magnetite is the dominant phase
in the coagulated latices, though small amounts of maghemite
may be formed during the process of co-precipitation and
polymerization, as pointed out in Section 2.1. Maghemite is
brown, while magnetite is black; however, when present in
traces, it is very difficult to distinguish maghemite from mag-
netite only by its color. This task becomes impossible if we
have in mind that the presence of PEMA per se gives a brown-
ish tone to the particles.

The structure refinement using the Rietveld method yielded
the results shown in Table 3. One can see that crystallite sizes
were around 13e15 nm, independent of magnetite being dis-
persed within the polymethacrylate matrix or not. The average
size of the crystallite was in the same range of the optimum
values of 9 nm reported in the literature [34].

3.3. Infrared spectroscopy

Fig. 4 shows the spectra of pure PEMA, latices IeIII, and
magnetite (in order to confirm the presence of magnetite in

Fig. 2. SEM micrograph of (a) agglomerated magnetite (1000�) and (b) latex

II coagulated particles (40,000�).
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the synthesized latices). The presence of magnetite in the
latices is characterized by two absorption bands at 632 and
585 cm�1. These bands result from the split of the n1 band
at 570 cm�1, which corresponds to the FeeO bond in magne-
tite; additionally, a band observed at 421 cm�1, corresponding
to the n2 band of the FeeO linkage in magnetite (as a matter of
fact, this value is due to a shift from its original value of
375 cm�1) [5,37].

All the other bands found in the infrared spectra are char-
acteristic of the acrylic polymer [28,38]. One can see that
bands of moderate intensity related to methyl and methylene
absorptions are observed in the spectra (at 2957 and
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Fig. 3. Diffractogram of magnetite and latices obtained in this work.

Table 2

X-ray diffraction data of synthesized magnetite particles

2q (exp) d (exp) hkl d (Fe3O4) [37] I/I0

18.5� 4.80 (111) 4.85 5

30.2� 2.95 (220) 2.97 31

35.6� 2.52 (311) 2.53 100

43.2� 2.09 (400) 2.10 20

57.2� 1.61 (511) 1.62 27

62.8� 1.48 (440) 1.48 42

2q is the angle of incidence, d (exp) is the calculated interplanar spacing be-

tween the hkl diffracting planes, d (Fe3O4) is the standard value for magnetite,

and I/I0 is the ratio between the intensity of a particular peak and the intensity

of the peak at 2q¼ 35.6�.
2874 cm�1). Bending of methyl groups is observed at
1481 cm�1 (CH3 and CH2 bending), 1448 cm�1 (asymmetric
bending of CH3) and 1388 cm�1 (symmetric bending of
CH3). The intense bands at 1727 and 1270 cm�1 are due to
the absorption of the highly polar carboxyl groups present in
the polymer [39], which presents axial deformation mode of
C]O at 1727 cm�1, while the band at 1270 cm�1 is attributed
to the axial deformation of the CeO bond. The presence of hy-
droxyl groups is very evident in the spectra of the coagulated
latices from the absorption at 3433 cm�1. These bands proba-
bly come from absorbed water in the particles.

3.4. Magnetization

The magnetization curves for the Fe3O4 nanoparticles and
the three kinds of magnetic latices are shown in Figs. 5 and 6.
From the obtained cycles of magnetization (M, as a function

Table 3

Magnetite crystallite sizes, obtained using the Rietveld method

Sample Crystallite size (nm)

Pure magnetite 13

Latex I 15

Latex II 13

Latex III 15

Magnetite

Latex III

Latex II

Latex I
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Fig. 4. Infrared spectra of magnetite and the latex particles obtained in this

work.
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of applied magnetic field, H ), the following parameters were
determined for the particles:

� The saturation magnetization, MS, which is the maximum
magnetization obtained for a given sample. At the value of
M¼MS the domains are fully aligned to the field H, re-
sulting in a constant value of magnetization, independent
of the value of H.
� The coercivity, HC, which are the values of H at the points

in which the magnetization curve intercepts the magnetic
field axis.
� The remanent magnetization, MR, which are the values of

M at the points in which the magnetization curve inter-
cepts the magnetization axis.

The values of HC and MR may be used as a quantification of
the occurrence of magnetic hysteresis (the lower these param-
eters are, the lower the hysteresis effects are). A superpara-
magnetic behavior is characterized by a hysteresis cycle with
low values of HC and MR.

As one can see in Table 4, in the case of magnetite, a value
of saturation magnetization of 52 emu g�1 was determined (as
a matter of fact an asymptotic value was not reached within the
used range of magnetic field, so that MS must have a slightly
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Fig. 5. Magnetization, M, as a function of magnetic field, H, for the magnetite

particles obtained in this work.
higher value). It is a low value, compared to the value of
92 emu g�1, reported for bulk magnetite [40,41]. Some au-
thors have correlated the decrease in MS for magnetite nano-
particles (compared to bulk magnetite) to surface processes
bound to the nanometric dimensions of the particles [42].
Indeed, one can find values of MS already reported in the
literature, using the method of co-precipitation method
[7,43], within the same range found in this work. Finally,
many of the magnetization cycles are obtained at temperatures
around 5e10 K, while ours were carried out at room temper-
ature: it has been shown that, for nanosolids, saturation mag-
netization dramatically decreases at room temperature [44].
Both remanent magnetization and coercivity were small, sug-
gesting that the nanoparticles were superparamagnetic [45].

Table 4

Magnetic properties of the nanoparticles

Sample MS (emu g�1) MR (emu g�1) HC (kOe)

Magnetite 52 2.3 0.04

Latex I 3.0 0.19 0.04

Latex II 5.1 0.46 0.03

Latex III 7.7 1.0 0.03

MS is the saturation magnetization, MR is the remanent magnetization, and

HC is the coercivity.
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Fig. 6. Magnetization, M, as a function of magnetic field, H, for the latex

particles obtained in this work.
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Superparamagnetism, that is, responsiveness to an applied
magnetic field without permanent magnetization, is critical
for magnetic bioseparation because it ensures repeated use
of magnetic adsorbents and efficient product elution [46]. In
the case of latices IeIII, Fig. 6 also reflects superparamagnetic
behavior, due to the low values of MR and HC, as also shown in
Table 4.

4. Conclusions

Miniemulsion polymerization was successfully used in the
preparation of magnetic latices for polymer covering of pri-
mary magnetite nanoparticles. Magnetite particles resisted to
the conditions used in the miniemulsion polymerization:
indeed, oleic acid coverage seemed to increase the stability
of magnetite particles toward oxidation during sonication/
polymerization. The linear dimensions of the synthesized par-
ticles were in the nanometric range (�500 nm) and saturation
magnetization increased with increasing of magnetite content.
The resultant particles had a superparamagnetic nature, so that
they may be potentially used for magnetic (bio)separation
processes.
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