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sion polymerization. The cetyltrimethyl ammonium bromide (CTMAB) was used

as surfactant of emulsion polymerization. The effect of the styrene/MAA weight
ratio on the morphology of the composite particles was investigated. The
inorganic/organic core/shell composite particles were characterized by Fourier trans-
form infrared spectra (FTIR), translation electron microscope (TEM), thermogravimet-
ric analysis (TGA) and particle size analyzer. The results of FTIR and TGA measure-
ments showed that TiO, was successfully coated by poly(St-co-MAA). The particle
size analysis and TEM result of the resulting composite particles indicated that these
particles had a narrower size distribution and regularly spherical core/shell morpholo-
gy. At the same time, there was one TiO, particle within each TiO,/poly(St-co-MAA)
composite particle and the average particle diameter of composite particles was 191
nm. In addition, the results showed that the conversion of monomers was 78.0% in this
emulsion polymerization and copolymer of poly(St-co-MAA) constituted of 62.6% com-
posite particles. The encapsulation was best when the styrene/MAA weight ratio was
3/2, and the encapsulation efficiency reached 85.8%.

The TiO,/poly(St-co-MAA) core/shell composite particles were prepared via emul-

INTRODUCTION

Composite particles consisting of
an inorganic core and a polymer
shell, due to the possibility of com-
bining the advantages of different
materials, have attracted much
attention of material scientists and
researchers. For instance, compos-
ite particles are designed to
enhance the overall performance of

composites in mechanical, electri-
cal and photonics properties [1-3].
Besides, functional composite par-
ticles can be prepared from inor-
ganic particles and a polymer con-
taining functional groups such as
carboxylic acid, hydroxyl, amine,
and sulphate [4,5]. As a conse-
guence of its encapsulation with



the polymer, particle surface would change, and its
compatibility with other polymers and dispersion sta-
bility in the blending system can be improved [6]. In
fact, this type of composite particles have received
someinterest in awide range of industrial fields, such
as adhesives, textiles, pesticides, drugs, diagnosis,
toner and paint [7-11].

Although many methods exist, but the convention-
al emulsion polymerization is the most frequently
used technique for the encapsulation of inorganic par-
ticles by polymer. Jose-Luiz et a. [12] used an emul-
sion polymerization approach along with a cationic
initiator system to encapsulate silica particles modi-
fied with a non-ionic polyoxyethylenic surfactant.
Dong-Guk et al. [13, 14] studied encapsul ation of tita-
nia particles by dispersing them in water using emul-
sifiers (SLSand Triton X-100). Yu et a. [15] modified
the surface of silica particles with hydroxy-propyl-
methyl cellulose (HPMC) coupling agents in studies
of their encapsulation by conventional emulsion poly-
merization. Viala et al. [16] tried to encapsulate inor-
ganic pigments such as TiO, or Fe, O, (black, yellow
or red), using NP30 as surfactants. Choi et al. [17]
investigated the encapsulation of cadmium sulphide
particles with polyacrylonitrile by gamma-irradiation
and emulsion polymerization. Tan et al. [18] studied
the polymerization of methyl methacrylate on the sur-
face of pigment particles by using soapless emulsion
polymerization method. Alternative polymerization
techniques, as suspension or dispersion, have also
been employed to encapsulate inorganic particles.
Duguet et al. [19] modified the surface of alumina
through the condensation of 3-(trimethoxysilyl)
propyl-methacrylate (gamma-MPS) in studies of their
encapsulation by agqueous suspension polymerization.
Dispersion polymerization was also employed for
encapsulation of submicron size titania particles with-
in different polymers such as poly[(St-co-DVB)-
MAA] [20,21] and poly[(MMA-co-EGDMA)-MAA]
[22].

In the present paper a rather simple encapsulation
procedure of TiO, particles based on emulsion poly-
merization of styrene and MAA is described. The
ability to carry out particle nucleation in emulsion
droplets containing the inorganic particles plus the
ability to nucleate all the droplets created are shown to
lead to an efficient encapsulation of the inorganic par-

ticles. A good dispersion and dispersion stability of
inorganic particles in the monomers medium requires
the adsorption of a dispersing agent at the
solid/monomers interface. The effect of the
styrene/MAA weight ratio on the morphology of the
composite particles are investigated. The composite
particles are characterized by means of FTIR spec-
troscopy, transmission electron microscopy (TEM),
thermogravimetric analyzer (TGA) and particle size
analyzer. The aim of the study is to gain a better
understanding of the fundamentals of emulsion poly-
merization applied to encapsulation of nano size inor-
ganic particles, which is important from an academic
aswell as an industria point of view.

EXPERIMENTAL

Materials

The recipe used in the preparation of TiO,/poly(St-co-
MAA) core/shell composite particles is shown in
Table 1. The monomers, styrene (St) and methacrylic
acid (MAA) were all analytically pure grade and were
supplied by the Tianjin Chemical Reagent Co.
(Tianjin, China). To remove inhibitor, the styrene was
washed with a 5% sodium hydroxide solution fol-
lowed by a deionized water washing. TiO, particles
with average particle size close to 100 nm were used
as core materials, which were produced according to
literature [23]. Cetyltrimethyl ammonium bromide
(CTMAB), ammonium persulphate (APS), NaHCO4
and NaOH are all analytically pure and supplied by
the Beljing Chemical Reagent Co. (Beijing, China).

Table 1. Recipes for encapsulation of TiO, by emulsion
polymerization.

Symbol No.1 No.2 No.3
TiO2 (9) 2.0 2.0 2.0
CTMAB aqueous solution* (mL) 1.0 1.0 1.0
St (9) 4.0 3.3 3.0
MAA (g) 1.0 1.7 2.0
StMAA(W/w) 4/1 2/1 3/2
APS (mg) 100 100 100
Deionized water (mL) 300 300 300

* concentration: 25 mg/mL.



Polymerization Procedure

2 Grams of TiO, powder, 1 mL CTMAB agueous
solution containing 25 mg of CTMAB and 300 mL of
deionized water were poured into a 500 mL of four-
necked flask. Then the whole system was agitated by
ultrasonic cleaner (KQ-250DB, Kunshan, China) for
about 30 min at room temperature. Following sonica-
tion of the particles, the flask was equipped with a
mechanical stirrer, thermometer, reflux condenser,
and a nitrogen gasinlet and outlet. Then the flask was
immersed into a 70°C water bath and the nitrogen gas
was bubbled through the solution for deoxygenation.
The stirring speed was fixed to 250 rpm. After 30 min,
the mixture of the desired amount of monomers
(Table 1) was poured into the reaction flask and
stirred for 15 min. Then 0.10 g APS was added into
reactor. The polymerization was carried out at 70°C
for 6 h and, by using a saturated sodium bicarbonate
solution, the pH was held during the reaction process
between 8 and 10. Then, the reaction product was
poured into a saturated NaCl solution with the same
volume before being stirred thoroughly. The latexes
were separated from the slurry by vacuum filtration.
The filter cake was washed with deionized water for
five times and anhydrous ethanol, respectively.
Finally, the particles were dried in a vacuum oven at
room temperature for a period of 24 h and it was used
to obtain the specimens to be morphologically charac-
terized and to determine the particle size distribution.

Separation of Polymer Particles from Composite
Particles

To determine the encapsul ation efficiency (percentage
of the total polymer that is present in the composite
particles) and the percentage of polymer in the com-
posite particles (P%), it was required to separate the
polymer particles (particles without TiO,) from the
composite particles. Such separation process was car-
ried out by centrifugation of the original latexes at
1.5x10%4 rpm for 15 min. The supernatant serum was
removed, and the precipitate was dispersed again in
water. The operation was reproduced until the serum
was no longer turbid [10,24]. The polymer particles
were separated from the supernatant serum by vacu-
um filtration. Finally, the bottom phase and the super-
natant serum were separately dried in a vacuum oven
at room temperature for a period of 24 h and they

were used to obtain the specimens to be characterized
by means of FTIR and thermogravimetry. The encap-
sulation efficiency and the P% value can be calculat-
ed considering the polymer and composite particles
weights.

The conversion of monomers (C%) was deter-
mined by means of conventional gravimetric method
and was calculated using the following equation:

Conversion (C% ) = (Mg - M;) / M, x 100% (D)

where M (g) was the mass of total resulting compos-
ite particles, M, (g) was the mass of charged TiO,
particles, and M, (g) was the mass of charged
MONOMes.

The percentage of P(St-co-MAA) in composite
particles (P%) and encapsulation efficiency (E%)
were calculated by the following equations:

P% = Mg / M4 x100% 2

E9% = 5510096 = — MxPY%
M~ (M2x C%)(1- P%)

where M5 (g) the mass of P(St- co-MAA) in compos-
ite particles, M4 (g) the mass of composite particles,
and M (g) the total mass of copolymer [P(St-co-
MAA) in composite particles and free copolymer]
formed.

The theoretical percentage of copolymer in com-
posite particles (T%) was calculated by the following
equations:

x100% (3)

T% =M, / (My+ M) x100% (4)

Characterization

The morphology of the composite particles was
observed by transmission electron microscopy (TEM,
Jeol-1200 EX 11, Japan). The composite particleswere
dispersed in deionized water in an ultrasonic bath for
10-30 min and adrop of diluted dispersion was put on
a carbon film supported by a copper grid using the
accelerated voltage of 80 kV.

The IR spectrawere recorded with a Fourier trans-
form infrared spectrophotometer (FTIR, Nicolet
Avatar 330, USA). The composite particle sample was
ground with dried KBr powder, and compressed into
a plate. The KBr plate was scanned by an FTIR
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spectrophotometer.

The thermogravimetric analysis was determined
by thermogravimetric analyzer (TGA/SDTA 851€,
Mettler, Switzerland). About 3-4 mg of sample was
put into an Au crucible for thermogravimetric analy-
sis. The heating rate was 10°C /min in an argon atmos-
phere. The recorded temperature range was from 50°C
to 650°C.

The particle size and its distribution were meas-
ured by zeta potential and particle size analyzer
(Malvern Zetasize 3000 HSA, England). Before
measurement, the samples were diluted with deion-
ized water at 1:5000 volume ratio.

RESULTS AND DISCUSSION

Effect of the Weight Ratio of StYMAA on the
Encapsulation

In conventional emulsion polymerization [10], the
principa site of particle nucleation is either in the
aqueous phase or in the swollen monomer micelles. In

the presence of inorganic particles dispersed in the
agueous phase, an additional site can be the surface of
the particles. However, the competition between these
mechanisms can lead to both polymer particles con-
taining no inorganic particles and unencapsul ated par-
ticles, besides the encapsulated ones.

The TEM image of bare TiO, particlesis shown in
Figure la. Such particles exhibit an irregular shape
(approximately spherical) with a very broad particle
size distribution, with evidence of particle aggrega
tion; the presence of numerous tiny particles can also
be observed.

The TEM micrographs in Figures 1b-1d show
TiO, particles covered with polymer. Figure 1b and
Figure 1c show the images of the latexes prepared
with the styrene/MAA weight ratio being 4/1 and 2/1.
There is a rough surface due to the presence of small
poly(St-co-MAA) cluster surrounding the inorganic
seed particles. The particles are not perfectly spherical
and their diameters are among a wide distribution and
there are no TiO, cores noticed in some of the particles.

Figure 1d shows the TEM images of the latexes

(d
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prepared with the styrene/MAA weight ratio being
3/2. The central black spot and translucent partsin the
microspheres show TiO, particles and copolymer of
P(St-co-MAA), respectively. It can be certain that the
TiO, particles have been encapsulated into the
copolymer phase. No noticeable amount of unencap-
sulated TiO, particles is observed on the particle sur-
face. The microspheres reveal smooth surface and
spherical shape and the particle diameters are reason-
ably uniform. It is also observed from the image that
the dispersibility and dispersion stability of the com-
posite particles are the best, and no coagulation has
been observed during polymerization, ensuring a suc-
cessful encapsulation of TiO, particles with the
styrene/MAA weight ratio being 3/2. This resulted
from the stronger polarity and solubility of the
monomer MAA. The larger MAA content existing in
monomers, the higher concentration of monomers
was in aqueous phase, then more monomer molecules
could diffuse to the surface of the TiO, particles. Asa
result, the speed of polymerization reaction on the
particle surface would be faster. More close-grained
and smooth composite particles can be obtained. Well
encapsulated TiO, particles possess better dispersibil-
ity and dispersion stability [6,13]. So we believe that
SYMAA copolymer shells covered the surfaces of
TiO, particles and suppressed the aggregation of the
composite particles effectively. However, there were
also some polymer particles which contained no TiO,
particles.

The particle size and size distribution of bare TiO,
and the latex No.3 were determined by particle size
analyzer, as shown in Table 2 and Figure 2. It was
noticed that there were five columns in the particle

size distribution of bare TiO, particles, which were
located at about 70, 95, 102, 122, 145 nm, respective-
ly (Figure 2a). The average particle diameter of bare
TiO, was 104 nm and its standard deviation was 13.5.
In the case of latex No.3, the average composite par-
ticle diameter was 191 nm and its standard deviation
was 17.4 while the polymer particles which contained
no TiO, particle had sizes around 95-105 nm (Figure
2b). The distribution columns were located at about
70, 90, 115, 150, 195 nm, respectively.

From TEM micrograph of bare TiO, particles
(Figure 1a), we could find that there were many gaps
and empty space around the particles. It was well
known that such particles, owing to weak force that
stack them together, could be easily separated in a sol-
vent. During polymerization, St and MAA might have
entered the gaps and empty space between the pri-
mary particles under a strong shear environment.
Hence, polymerization could be initiated by diffusion
of an initiator and the heat released inside the gaps
would lead to breakdown of bare TiO, particle
agglomerates [25]. The encapsulation efficiencies
were dependent on the size and stability of the TiO,
particles obtained in the initial dispersion. Smaller
and more stable particles resulted in an improvement
in the amount of encapsulating poly(St-co-MAA)
[10]. The average size of composite particles
increased with increasing the amount of poly(St-co-
MAA) shell coated on the surface of TiO, particles.
So we believe that poly(St-co-MAA) shells covered
the surfaces of TiO, particles and suppressed the
aggregation of TiO, particles effectively. By observ-
ing TEM micrograph of the latexes (Figure 1d), it is
evident that the shape of the encapsulated particles

Table 2. Particle size and size distribution of bare TiO, and latex No. 3.

Symbol Bare TiO» Latex No. 3
Particle size(nm) Intensity (%) Particle size(nm) Intensity (%)
1 69.8+10 5.1 70.2+11 4.4
2 95.2+11 8.8 89.7+12 125
3 102.0+11 69.9 115.1+9 3.6
4 122.7+9 12.0 150.2+13 18
5 1449413 4.2 195.0+13 7.7

* Averages and errors based on three measurements on a given sample.

Iranian Polymer Journal / Volume 16 Number 1 (2007) 43



70 4
60
50 4
g
:? 40 -
w
=
& 304
=
20 4
10
0~ T
100 200 300
Diameter (nm)
@)
80 4
70 4
60 o
e 504
=y
@ 40
3
£ 30
20
10
04 :
100 200 3

00

Diameter (nm)
(b)
Figure 2. Particle size distribution for: (a) bare TiO,, and (b)
latex No. 3.

are spherical and smooth, and there was one TiO,, par-
ticle within each TiO,/poly(St-co-MAA) composite
particle. The composite particle size was observed to
be larger and its distribution tended to a single column
around 195 nm.

FTIR Analysis

FTIR Spectroscopy results for the samples are shown
in Figure 3. Figure 3a corresponds to the bare TiO,,
and Figure 3b and Figure 3c to the composite particles
No.3 and polymer particles No.3, respectively. In
Figure 3a, the vibration absorption at low frequencies,
such as from 500 to 800 cm-1, showed the existence of
aTi-O-Ti backbone. In the spectrum of Figure 3b and
Figure 3c, absorption bands at 1000-2000 cm'! and

Transmittance (%)

R R S R R S N )

a
=)
=]
=)

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Figure 3. FTIR Spectra for: (a) bare TiO,, (b) particles pres-

ent in bottom phase of latex No. 3, and (c) polymer particles

present in supernatant serum of latex No. 3.

around 3000 cm1 were observed. It was possible to
observe a broadband region of 3200-3600 cm1 asso-
ciated to the hydroxy! groups. The bandsin the region
2800-3000 cm!l correspond to the CH, and CHj
groups of polymer backbone. The peak with
wavenumber of 3025 cm ! and 3060 cm1 correspon-
ding to the C-H stretching of benzene ring, and the
weak peaks at 1944 and 1873 cml are attributed to
the C-H vibration of benzene ring. The peak at 1804
cml is assigned to symmetric C=0 stretch of car-
boxylic acid. The only difference between Figure 3b
and Figure 3c is that the peaks of TiO, exist in Figure
3b. In addition, the monomer reactivity ratios in rad-
ical copolymerization for MAA and S are 0.7 and
0.15, respectively [26]. The MAA hasalarger interac-
tion force with TiO, than styrene, but the ratio of
styrene is higher than that of MAA. Therefore, there
are no homopolymers of MAA or St in the prophase
of the reaction, and the shell isthe copolymer of MAA
with St. The monomer resides and the free polystyrene
would be formed at the last stage. Thus we could say
that poly(St-co-MAA) have precipitated on TiO, par-
ticle surface, and then TiO, core/poly(St-co-MAA)
shell composite particles can be prepared by this
method.

Thermal Analysis and Encapsulation Efficiency
Figure 4 was the TGA curve of (a) bare TiO,, (b) the
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Figure 4. TGA Curves for: (a) bare TiO,, (b) particles pres-
ent in bottom phase of latex No. 3, and (c) polymer particles
present in supernatant serum of latex No. 3.

composite sample No.3 and (c) the polymer particles
No.3. As shown in Figure 44, for bare TiO, there was
not any weight loss when the temperature was lower
than 600°C. However, the weight losses for the com-
posite particles and the polymer particles were 62.6%
and 97.3% respectively between the temperature of
250°C and 580°C. In this case, their weight loss was
assigned to be the thermal decomposition of poly(St-
co-MAA). Therefore, comparing Figure 3b with
Figures 3a and 3c, the weight loss of the composite
particles have indicated the surface of TiO, particles
being coated with poly(St-co-MAA). This result was
in agreement with the above-analyzed results of TEM
and FTIR.

We used 3.0 g & and 2.0 g MAA to encapsulate
2.0 g TiO,, and obtained 5.9 g dried particles. The
conversion of monomers was 78.0%. From Figure 4b
we have found the percentage of poly(St-co-MAA) in
composite particles due to the thermal decomposition
of composite particles was 62.6%, which was a little
less than the theoretical value (71.4%) as a result of
uncompleted reaction of the monomers and formation
of polymer particles. It is calculated that the encapsu-
lation efficiency is 85.8%.

CONCLUSION

The TiO, core and poly(St-co-MAA) shell composite

particles were prepared by emulsion polymerization.
A particle size analysis and TEM result of the result-
ing composite particles showed that these particles
were narrower in size distribution and regularly spher-
ical core/shell morphology. The average particle
diameter of composite particles was 191 nm. The
encapsul ation was best when the SYMAA weight ratio
being 3/2, and the encapsulation efficiency was up to
85.8%. The conversion of monomers was 78.0% in
this emulsion polymerization and copolymer of
poly(St-co-MAA) was 62.6% in composite particles.
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