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Acommercial SiO2 powder was treated with three different silane coupling agents,
i.e., 3-aminopropyltriethoxysilane (KH-550), 3-glycidoxypropyltrimethoxysilane
(KH-560), and 3-methacryloxypropyltrimethoxysilane (KH-570), respectively.

The soap-free emulsion polymerization of methyl methacrylate (MMA) and 
hydroxyethyl methacrylate (HEMA, as stabilizing agent) was carried out in the 
presence of unmodified and modified SiO2 particles. The polymerization rate and
monomer conversion of this system were investigated. The structure, particle size and
particle size distribution, morphology, surface tension, and ionic conductivity of the
emulsion were determined by Fourier transform Infrared spectrometry (FTIR), 
dynamic light scattering (DLS), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), automatic interfacial tension and conductivity 
measurements, respectively. The results showed that silane modified SiO2 particles
increased the final monomer conversion, decreased the particle size, and narrowed the
particle size distribution of the poly(MMA-HEMA)/SiO2 composite emulsion, in 
comparison to unmodified SiO2 particles. Although, the former somewhat depressed
the polymerization rate at the early stage. The emulsion with KH-560 modified SiO2
particles achieved the highest monomer conversion, the lowest coagulum, the smallest
particle size, the highest surface tension, and the maximum ionic conductively, while
the emulsion with KH-550 modified SiO2 particles produced little more coagulum. By
completion of polymerization process, the surface tension and ionic conductivity of the
emulsion increased significantly and the aggregated SiO2 powder formed the primary
particles. SEM morphological study on the emulsion demonstrated that the shapes of
the particles are spherical and their sizes are in agreement with those of the dynamic
light scattering measurement. TEM images confirmed that the SiO2 particles have been
encapsulated inside the composite.

INTRODUCTION

SiO2 particles are a class of non-
toxic, stable, and high thermal
resistant inorganic fillers. Owing to
these excellent properties, they are
used in many fields, such as 
rubbers, plastics, coatings, print-
ings, and cosmetics. However, the
strong hydrophilicity arising from

the hydroxyl group (-OH) on the
silica surface brings about the
nanoparticles to be easily agglom-
erated and hardly dispersible in
polymer matrix.

Surface modification of the 
silica particles with organic 
modifiers can decrease the amount
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of hydroxyl groups on the silica surface and change
the particles from hydrophilic to hydrophobic 
entities. Consequently, the inorganic nanoparticles
may achieve better dispersibility and compatibility in
the polymer matrix. In recent years, the surface 
modification of SiO2 particles has attracted much
interest, and great efforts have been made in this
field. There are many techniques of surface 
modification of inorganic filler, e.g., by normal 
alcohols [1,2], coupling agent [3-6], surfactant [7],
polymer grafting [8-11] and emulsion polymerization
methods [4,11-13]. Among these surface 
modification methods, modification by coupling
agent is by far the most frequently used technique.
The silane coupling agent can  combine with the 
surface of SiO2 by covalent bonds and change the
surface properties of SiO2 where the modified
nanoparticles may have better dispersibility and 
stability in many organic solvents [12]. For example,
Guo et al. [14] treated nanosilica with silane coupling
agent 3-(trimethoxysilyl)propyl methacrylate (MPS)
and the results showed that the grafting ratio of MPS
on the surface of nanosilica increased with the MPS
content. 

Kim et al. [15] modified silica with silane 
coupling agents having different aliphatic chain
lengths. They have found that treated silica had 
smaller agglomerate size and lower viscosity, but the
silane silica composite with short chain exhibited the
smallest agglomerate size. Although researchers have
made considerable achievements on the surface 
modification of SiO2 up to now, it is necessary to
improve the compatibility of the inorganic nano-
particles with polymer matrix further, and to 
synthesize novel functional materials with more
excellent properties through more extensive and 
in-depth investigation. 

Inorganic/organic nanocomposite systems, in
which inorganic particles are encapsulated into the
polymer matrix have become the subject of rapidly
growing interest for their superior properties due to
their combined advantages of both organic and 
inorganic components. Many nanocomposites with
different morphologies and excellent properties are
prepared by means of emulsion polymerization in the
presence of SiO2 sol or powder. For instance, Zhang
et al. [16] synthesized core-shell or other interesting

morphology of SiO2/polystyrene nanocomposite 
particles by miniemulsion polymerization. Mizutani
et al. [17] described the process of synthesizing
spherical nanocomposites consisting of silica core
and polyacrylate shell by an emulsion polymerization
method. Zhang et al. [18] modified silica nano-
particles by MPS and prepared monodispersed 
silica-polymer core-shell nanospheres via emulsion
polymerization. 

Mahdavian et al. [19] reported a method that 
dispersed the silica nanoparticles in water phase in an
ultrasound bath to prevent the aggregation of
nanoparticles, and then prepared an emulsion via a
semi-batch polymerization process containing
nanostructure hybrids of copolymers (styrene, methyl
methacrylate, and acrylic acid) and inorganic
nanoparticles (silica).

Wang et al. [20] prepared a nanosilica/poly-
acrylate organic-inorganic composite emulsion by 
in-situ emulsion polymerization of methyl methacry-
late (MMA) and butyl acrylate (BA) in the presence
of modified silica nanoparticles of silane coupling
agent (KH-570). 

However, majority of these works focused on the
emulsion polymerization with emulsifier in the 
presence of nanoparticles, only a few papers have
reported soap-free emulsion polymerizations with
nanoparticles [21,22]. Recently, Armes et al. [23]
synthesized film-forming colloidal nanocomposite
particles via surfactant-free aqueous emulsion
copolymerization. They used glycerol-functionalized
ultrafine silica sol as stabilizer and cationic azo as 
initiator. Since the surface hydroxyl groups of silica
particles were hydrophilic, when modified by
hydrophobic organic group with long chain could act
as an emulsifier to stabilize the particles. It is also
possible to prepare polymer/SiO2 composite 
emulsion without an emulsifier, which is confirmed
by our group in soap-free emulsion polymerization of
MMA and hydroxyethyl methacrylate (HEMA) in the
presence of colloidal SiO2 [24]. 

In this paper, a commercial SiO2 powder with
aggregated particles is modified with three types of
silane coupling agents (KH-550, KH-560, and 
KH-570) (Scheme I) all having different active
groups. Then the soap-free emulsion polymerization
of MMA and HEMA (as a stabilizing agent for the
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emulsion polymerization) was carried out in the 
presence of unmodified and modified SiO2 powder.
The effect of silane modified SiO2 powder on this
system was investigated, and a series of poly(MMA-
HEMA)/ SiO2 emulsifier-free composite emulsion
were synthesized. To the best of our knowledge, this
is the first research on emulsifier-free emulsion poly-
merization system with hydrophilic monomer 
incorporated in the presence of modified SiO2
powder. 

EXPERIMENTAL

Materials
Methyl methacrylate (MMA), acrylic acid (AA) and
ammonium peroxydisulphate (APS) were purchased
from Xilong Chemical Plant in Shantou, China.
Hydroxyethyl methacrylate (HEMA) was obtained
from Tianjin Chemical Reagent Research Institute,
China. SiO2 powder (aggregated particles, mean size:
857 nm, size distribution 0.595, measured by authors
according to the method described in Characterization
section) was purchased from Zhejiang Zhoushan
Nano-materials Co., China. Silane coupling agent, 
3-glycidoxy-propyltrimethoxysilane (KH-560), was
provided by Silica New Material Co. Ltd. of Wuhan
University, China. 3-Aminopropyltriethoxysilane
(KH-550) and 3-methacryloxypropyl-trimethoxysi-
lane (KH-570) were provided by Nanjing Xiangfei
Chemical Research Institute, China. In these 
materials, MMA was distilled under reduced pressure
and APS was treated by recrystallization before use.
The other materials were used as received. Deionized
water was utilized in all the experiments.

Modification of SiO2 Powder
The silane coupling agent was added into a 200 mL
mixture of ethanol/water (v/v, 1/3) while stirring, 
followed by adjusting pH of the solution to 3 ~ 4 with
acetic acid. Then, silica particles (silane coupling
agent/SiO2: 1/2 weight ratio) were added into the
mixture with stirring. After 30 min intensive stirring,
the mixture was subjected to an ultrasound bath for 
10 min, followed by heating and refluxing at 80ºC for
3 h in water bath. Finally, the modified silica particles
were filtered, and washed several times with a 
mixture of ethanol/water. The resulting modified
nanoparticles were dried at 60ºC for 24 h in vacuum
oven prior to use. (Donated N-550, N-560 and N-570,
SiO2 modified by KH-550, KH-560 and 570, 
respectively). 

Preparation of Composite Emulsion
Emulsion polymerization was carried out in a 250 mL
glass reactor fitted with a reflux condenser, 
stainless-steel stirrer, nitrogen gas inlet, and 
thermometer. The solid content of the emulsion was
designed as 10% by weight. The initial charge in the
reactor was water, as well as monomer mixture
(MMA and HEMA premixed with weight ratio 19/1)
and SiO2 powder (5 wt%, based on the monomer 
mixture). At the beginning of the polymerization, the
reaction vessel was purged with nitrogen gas for 
30 min and the system was heated to 75ºC. Then, the
aqueous initiator solution (APS, 1 wt%, based on total
monomer mixture) was added into the system. At
intervals, a sample was taken out and the poly-
merization reaction was stopped with a drop of hydro-
quinone solution. Thus, the monomer conversion of
the sample was determined. Three hours later, the
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polymerization was stopped by cooling the emulsion
below 50ºC. The resulting emulsion was filtered with
100-mesh steel wire cloth and the coagulum was 
collected completely before drying. Finally, the 
particle size and its distribution, ionic conductivity,
and surface tension of the emulsions were measured.
At different runs, the types of modified SiO2 were
varied as well. 

Characterization
The monomer conversion was determined gravimet-
rically. A drop of 5% aqueous solution of hydro-
quinone was added to the sample (about 0.5 g) taken
out at time intervals from the reactor, followed by
drying at 120ºC for 1 h. The weight relative to the
original weight was defined as solid content of any
given interval. The solid content obtained divided by
designed solid content (10%) indicated the instant
monomer conversion. The structure of SiO2 particles
and nanocomposites were characterized with a
Nicolet FTIR instrument. The particle size and its 
distribution for the SiO2 and the emulsion were 
determined using a ZETASIZER Nano-ZS90 laser
instrument from Malvern Co., UK. The ionic 
conductivity and surface tension were measured by
DDS-11A conductivity tester (Shanghai Rex Xinjing
Instrument Co. Ltd., China) and BZY-1 automatic
interfacial tension tester (Shanghai Hengping
Instrument & Meter Factory, China), respectively.
The morphology of these emulsions was observed
with a JSM-6380LV scanning electron microscope
and a JEM-2010 transmission electron microscope
(JEOL, Japan).

RESULTS and DISCUSSION 

IR Analysis of SiO2
IR spectra of unmodified SiO2 particles and those
modified with silane coupling agents are presented in
Figure 1. There are absorption peaks at 3423 cm-1,
1090 cm-1, 800 cm-1 and 467 cm-1 in the IR spectra
curves which are ascribed to the vibrations of -OH
and Si-O-Si groups in the SiO2. In the IR spectra of
N-550 and N-560 nanoparticles, the intensity of these
absorption peaks of SiO2 is reduced. In addition, in
curve 2 of Figure 1, two new absorption peaks at 

Figure 1. IR spectra of (1) SiO2 particles and (2) KH-550
modified, (3) KH-560 modified, and (4) KH-570 modified
SiO2 particles.

1557 cm-1 and 1417 cm-1 have appeared which are
ascribed to the N-H (bending vibration) and C-N
(stretch vibration), respectively. Two new absorption
peaks at 2940 cm-1 and 669 cm-1 in curve 3 of Figure
1 may be attributed to the vibration of -CH2 and
epoxy group in KH-560, respectively. In the IR 
spectrum of N-570, three new absorption peaks are
found at 1697 cm-1, 1454, and 1395 cm-1. These are
attributed to the vibrations of C=O, C=C, and C-H
groups of the KH-570 molecules. These results 
indicate that the silane coupling agents have been
incorporated on the surface of SiO2 particles.

Stability of the Emulsion Polymerization
The effects of modified SiO2 particles on monomer
conversion and coagulum of the emulsion are shown
in Table 1. Upon adding the modified SiO2 powder
into the poly(MMA-HEMA) soap-free emulsion
polymerization, monomer conversion and the 
coagulum were increased relative to those of 
unmodified SiO2 particles. The organic modification
by silane coupling agents increases the affinity of the
SiO2 particles towards monomers, owing to the 
covalent bond formation between the hydroxyl
groups on the surface of the SiO2 particles and silane
coupling agents. In addition, the organic chain 
originated from the coupling agent has good 
compatibility with monomer, which leads to more
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Table 1. Effect of modified SiO2 on soap-free emulsion 
polymerization.

monomer absorption on the surface of SiO2 particles
and thus enhances higher monomer conversion.
Furthermore, the effect of coupling agent modified
SiO2 particles on the emulsion polymerization was
varied. When the N-560 was utilized in the emulsion
polymerization, it showed maximum monomer 
conversion and the lowest coagulum formation. The
NH2 groups in KH-550 molecular structure may have
inverse effect on the stability of the emulsion 
polymerization which is confirmed by formation of
higher coagulum level.    

Soap-free Emulsion Polymerization Rate
The rates of soap-free emulsion polymerization of
MMA-HEMA systems with different types of SiO2
particles were investigated in this work, and the
results are illustrated in Figure 2. It is shown, that the
monomer conversion of the poly(MMA-HEMA)
soap-free emulsion polymerization containing silane

Figure 2. Effect of different grades of SiO2 particles on 
polymerization rate and monomer conversion.

coupling agent modified SiO2 particles are higher
than that of unmodified SiO2 nanoparticles.
Furthermore, the polymerization reaction with N-560
shows the highest monomer conversion, although all
the polymerization rates with modified SiO2 particles
were relatively lower than that of unmodified ones.
This could be explained by the decreased quantity of
hydroxyl groups on the silica surface after 
modification. Therefore, the hydrophilicity of the
nanoparticles is weakened, and this makes the 
inorganic particles adsorb more monomers on their
surfaces which consequently lead to more monomers
being converted to polymer. The epoxy groups in the
KH-560 have strong attraction towards organic
monomers that may lead to even more monomers
being adsorbed on the surface of the nanoparticles to
polymerize and increase the final monomer 
conversion.  

Particle Size and Its Distribution in the Emulsion  
Table 2 and Figure 3 provide the particle size and size
distribution of poly(MMA-HEMA) soap-free emul-
sions with modified and unmodified SiO2 particles. It
is obvious that the soap-free composite emulsions
containing modified SiO2 particles exhibit smaller
particle size and particle distribution index (PDI) 
relative to that of unmodified SiO2 particles.
Furthermore, the average size of emulsion particles
with N-560 is the smallest in these systems. Although
the particle size of the emulsion with KH-570 is 
higher than those of the emulsions with other 
coupling agent, the PDI is smallest among these 
composite particles, i.e., the nanocomposite particles
have the most homogenous particle size distribution.
These differences of particle size and its distribution
are related to the different surface properties of the

Table 2. The particle size and size distribution of soap-free
composite emulsion with treated SiO2 of different grades.
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SiO2 type Monomer conversion
(%)

Coagulum
(%)

Unmodified
N-550
N-560
N-570

64.9
75.5
92.1
81.8

0.6
12.1

1.3
6.5

 

SiO2 type Average size
(nm)

PDI

Unmodified
N-550
N-560
N-570

442
361
284
357

0.149
0.112
0.030
0.002
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Figure 3. Particle size and its distribution for soap-free 
composite emulsions with (1) SiO2 particles and (2) KH-550
modified, (3) KH-560 modified, and (4) KH-570 modified
SiO2 particles. 

SiO2 nanoparticles. In the case of KH-560 and KH-
570 modified nanoparticles, the weaker polarities of
methyl, double bond, etc. in KH-560 and KH-570 can
favour MMA monomer, with almost the same weak
polarity, to polymerize on the surface of the SiO2
particles. More active centres lead to smaller particle
size owing to the existence of large quantity of the
inorganic particles. However, in the emulsion 
polymerization containing KH-550 modified SiO2,
more polar organic groups, such as N-H on the
nanoparticles surface are not in favour of the poly-
merization, and thus a wider particle size distribution
is observed.  

Shentu [25] reported that commercial SiO2
particles with sizes over nanometer scale were in the
state of aggregation. These aggregated particles are
gradually disaggregated in the process of emulsion
polymerization because of the heat formation during
polymerization. This is in good agreement with our
results. In comparison to the mean particle size 
(857 nm) of the obtained SiO2 powder, it is reduced to
below 450 nm (unmodified) after being engulfed by
the polymer emulsion, and also below 360 nm when
modified with coupling agents. This confirms the 
disaggregation of aggregated SiO2 particles again.      

Morphology of Emulsion Particles
The SEM micrographs of poly(MMA-HEMA) 

soap-free emulsion particles with unmodified and
modified SiO2 particles are presented in Figures 
4a-4d. They indicate that the shape of the emulsion
particles are uniformly spherical, however, the 
particle sizes of these soap-free emulsions are varied. 

The particle mean size of the emulsion with
unmodified SiO2 is larger than that of the emulsion
with modified SiO2. It is noted that the particle size of
the emulsion composite with N-550 shows two kinds
of particles (Figure 4b). Large particles are composite
particles containing SiO2 and polymer, while smaller
ones are just polymer particles. This means that some
free radical polymerizations did not take place on the
surface of KH-550 modified SiO2 particles surface.
This result accounts for the much coagulum formation
during emulsion polymerization with N-550 in 
Table 1. The SEM observation results are in good
agreement with those of laser particle analysis. 

The TEM images of the emulsion particles with
modified SiO2 and N-570 are provided in Figures 5a
and 5b. It is obvious that SiO2 particles are covered by
a layer of polymer, and these particles containing
polymer shell layer and SiO2 core are connected
together because of the existence of hydroxyl groups
(from HEMA) on the surface of the particles. In some
cases, TEM images display smaller particle size than
that in SEM images due to formation of polymer film
in preparation of specimen. We did not find large
blocks of SiO2 particles (original mean size 857 nm)
as determined by a ZETASIZER Nano-ZS90 laser
instrument, which is the sign that all the commercial
SiO2 particles were dispersed during the poly-
merization process. In addition, the emulsion with
modified SiO2 (Figure 5a) exhibits smaller particle
size compared with unmodified SiO2 particles
(Figure 5b).  

Surface Tension and Ionic Conductivity
The surface tension and ionic conductivity of these
systems before and after polymerization are listed in
Table 3. Before polymerization, the surface tension of
the poly(MMA-HEMA) soap-free emulsion with
modified SiO2 was small, i.e.,  the weaker polarity of
the CH2=CH- chain in KH-570 leads to the lowest
surface tension. This also indicates that the 
modifications of the SiO2 particles are successful.
After polymerization, the surface tensions of the 
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(a) (c)

(b) (d)

Figure 4. SEM micrographs of poly(MMA-HEMA) soap-free composite emulsion with (a) unmodified SiO2 particles,
(b) KH-550, (c) KH-560, and (d) KH-570 modified SiO2 particles (Magnification × 30000).

  

(a) (b)

Figure 5. TEM images of poly(MMA-HEMA) soap-free composite emulsion with (a) unmodified SiO2 particles
and (b) KH-570 modified SiO2 particles. 
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Table 3. Effect of silica type on surface tension and ionic
conductivity.

composite emulsions are all increased. This may be
due to the incorporation of hydroxyl groups in the
HEMA monomer, which tend to find location on the
surface of the composite particles. Additionally, the 
composite particle with the N-560 has the highest 
surface tension, whereas the emulsion with the N-570
displays the lowest surface tension. 

The change in ionic conductivity before and after
polymerization is remarkable. There is only slight 
difference in the ionic conductivities of the systems
with modified and unmodified SiO2 particles before
the soap-free emulsion polymerization because, these
particles are not highly charged before poly-
merization. After polymerization, the charge density
on the surface of the composite particles increases
greatly which result from the S2O8 anion groups by
initiator decomposition. Thus, the ionic conductivity
of the emulsion increases significantly. Again, the
emulsions with N-560 or N-570 SiO2 have the 
maximum ionic conductivities, whereas the 
emulsions with N-550 and unmodified SiO2 particles
have the lowest ionic conductivity. The alkalinity of
NH2 groups in KH-550 molecules was partly 
neutralized by the acidity of the S2O8 groups, which
accounts for the relatively lower ionic conductivity of
the emulsion with N-550.  A little alkalinity due to the
hydroxyl groups on the unmodified SiO2 particles'
surface is partly the reason for low ionic conductivity
of its emulsion.

CONCLUSION

The commercial SiO2 powder can be modified with
silane coupling agents containing different functional

groups, such as the amino, epoxy, and vinyl groups.
Therefore, four types of SiO2 particles with different
surface characteristics were obtained. The IR 
spectrum confirms that the organic modifier is 
incorporated on the surface of SiO2 particles. The
poly(MMA-HEMA) soap-free emulsion poly-
merizations are carried out in the presence of these
modified SiO2 particles and comparisons are made
with unmodified SiO2 particles. After modification,
the resultant emulsions have higher solid content and
monomer conversion, but also higher coagulum 
compared with unmodified SiO2 emulsion. The 
emulsion particles possess spherical shape. The 
emulsions with KH-560 and KH-570 modified SiO2
particles showed a decreased particle size with a 
narrow size distribution, while the emulsion with 
KH-550 modified SiO2 particles produced high 
coagulum content. Both the surface tension and ionic
conductivity of these soap-free emulsion systems
increased distinctly after polymerization. 
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