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Abstract

The effect of the pristine sodium montmorillonite (Na+-MMT) on the styrene emulsion polymerizations with different
concentrations of SDS ([SDS]) was investigated. At constant [SDS], the polymerization rate is faster for the run with
1 wt.% Na+-MMT compared to the counterpart without Na+-MMT. Micelle nucleation predominates in the polymeriza-
tions with [SDS] = 13 mM. On the other hand, the contribution of the polymerization associated with the Na+-MMT
platelets increases significantly when [SDS] decreases from 13 to 9 mM. At [SDS] (e.g., 2 mM) < CMC, homogeneous
nucleation controls the particle formation process and polymerization kinetics. Moreover, the contribution of the Na+-
MMT platelets that act as extra reaction loci to the polymerization kinetics is even comparable to the run in the absence
of Na+-MMT. The resultant polymer particle size, polymer molecular weight and zeta potential were characterized and a
preliminary model was developed to qualitatively study the differences between the polymerizations in the presence and
absence of 1 wt.% Na+-MMT.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Emulsion polymerization involves the propaga-
tion reaction of free radicals with monomer within
the monomer-swollen polymer particles dispersed
in the continuous aqueous phase. The discrete
hydrophobic particles are stabilized by surfactant
such as the anionic sodium dodecyl sulfate (SDS).
When the level of surfactant is greater than its crit-
ical micelle concentration (CMC), the polymeriza-
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tion kinetics can be adequately predicted by the
Smith–Ewart theory [1–6]. Particle nuclei are gener-
ated via the capture of radicals by micelles, termed
the micelle nucleation. On the other hand, the poly-
merization with the surfactant concentration below
its CMC is characterized by homogeneous nucle-
ation [7–11]. The water-borne radical becomes
insoluble and forms a particle nucleus when a criti-
cal chain length is achieved. This is followed by the
formation of stable primary particles via the limited
flocculation of unstable particle nuclei and adsorp-
tion of surfactant on their particle surfaces. The rate
of polymerization (Rp) is linearly proportional to
the number of particles nucleated per liter water
.
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(Np) and average number of radicals per particle (n):
Rp = kp[M]p(nNp/NA), where kp is the propagation
rate constant, [M]p is the concentration of monomer
in the particles and NA is the Avogadro number.

Inorganic materials such as the cost effective
sodium montmorillonite (Na+-MMT) are generally
added into latex products to improve their physical
properties. Recently, emulsion polymerizations of
various monomers in the presence of Na+-MMT
were investigated and the resultant composite mate-
rials characterized [12–16]. Kim et al. [14] prepared
intercalated hydrophobic polystyrene (PS)/Na+-
MMT composite particles via emulsion polymeriza-
tion without resort to the ionic exchanging process.
It was shown that emulsion polymerization is an
effective process for synthesizing the intercalated
PS/Na+-MMT particles. This is due to the fact that
the interlayers of Na+-MMT are filled with Na+ ions
and, therefore, the hydrophilic Na+-MMT platelets
are highly swollen in water. This will then promote
the penetration of the water-borne oligomeric radi-
cals into the multiple-layered Na+-MMT. However,
to the best of our knowledge, the literature dealing
with the kinetics of the styrene (ST) emulsion poly-
merization in the presence of Na+-MMT is nil. The
goal of this work was therefore to gain a better
understanding of the role of Na+-MMT in the ST
emulsion polymerization initiated by sodium persul-
fate (SPS) and stabilized by SDS.

2. Experimental

2.1. Materials

ST (Taiwan Styrene), Na+-MMT (Kunimine
Ind., a smectite silicate clay with a cationic exchange
capacity of 1.15 meq g�1), SDS (J.T. Baker, 99%),
SPS (Riedel-de Haen), sodium bicarbonate (Janssen
Chimica), hydroquinone (Nacalia Tesque), sodium
chloride (J.T. Baker), methanol (Acros), a series of
PS standards for GPC calibration (Shodex), tetra-
hydrofuran (THF; Merk), nitrogen (Ching-Feng-
Harng), and deionized water (Barnsted Nanopure
Ultrapure Water System, specific conductance
<0.057 lS cm�1) were used in this work. ST was dis-
tilled at 40 �C under reduced pressure. All other
chemicals were used as received.

2.2. Experimental methods

The CMC of the aqueous solution of SDS in the
presence or absence of Na+-MMT was determined
by the electric conductance technique (Orion,
Model 115) [17–19]. The concentrations of
NaHCO3 (buffer) and Na+-MMT were set at
2.59 mM and 1 wt.%, respectively, in the conductiv-
ity measurements. For the Na+-MMT suspension,
the sample was first subject to ultrasonication
(Ultrasonics, Sonicator W385) for 15 min and it
was then stirred using a 45�-pitched 4-bladed agita-
tor at 200 rpm and 30 �C for 20 min. Note that the
suspension at the time of the conductivity measure-
ment was kinetically stable. Thus, 1 min before the
start of measurement, the agitation was stopped
and the average of three measurements at 0.5, 1
and 1.5 min was reported as the conductivity (j).
The above procedure was repeated for different con-
centrations of SDS [SDS]. The CMC was then
determined from the break of the slope on the j
vs. [SDS] curve.

To assure the uniformity and reproducibility of
the suspensions in emulsion polymerization experi-
ments, the pristine clay was added slowly to the mix-
ture containing H2O, NaHCO3 and SDS with the
aid of a mechanical homogenizer (Janke & Kunkel,
Ultra-Turrax T25) operated at 8000, 9500 and then
13500 rpm (10 min for each homogenization step).
This was followed by charging the Na+-MMT sus-
pension and ST in sequence to a 750-ml reactor
equipped with a 45�-pitched 4-bladed agitator, a
thermometer, and a reflux condenser. The reaction
mixture was purged with N2 to remove the dissolved
O2 for 30 min before the start of polymerization ini-
tiated by 2.59 mM SPS. The temperature was con-
trolled within 70 ± 0.5 �C and the agitation speed
was kept constant at 250 rpm throughout the reac-
tion. The total solid content of the latex product is
about 16% for complete monomer conversion. The
product was filtered through 40-mesh (0.42 mm)
and 200-mesh (0.074 mm) screens in series to collect
filterable solids. Scraps adhering to the agitator,
thermometer, and reactor wall were also collected.
The levels of filterable solids and scraps obtained
from all the polymerizations were negligible. These
results showed that satisfactory colloidal stability
during the reaction was achieved for the recipes
and polymerization conditions used in this work.
The total solid content and conversion of ST(X)
were determined gravimetrically. The weight-aver-
age particle diameter (dw), volume-average particle
diameter (dv) and polydispersity index of the parti-
cle size distribution (PDI = dw/dn) were measured
by transmission electron microscopy (TEM, JEOL
TEM-1200 EXII). The parameter dn is the num-
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Fig. 1. Specific conductivity of SDS as a function of the bulk
SDS concentration. (a) SDS; (b) SDS + 1 wt.% Na+-MMT.
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ber-average particle diameter. At least 300 spherical
particles per sample were counted in the particle size
measurement. Based on the dv data, the number of
particles per liter water produced at the end of poly-
merization without Na+-MMT (Np) was calculated.

The zeta potential of colloidal particles (f) was
measured with the Malvern Zetamaster. The dilu-
tion solution for the sample (total solid con-
tent = 0.01%) was 0.01 M NaCl. The reported f
data represent an average of at least 10 measure-
ments. Latex particles were precipitated by an
excess of methanol, followed by thorough washes
with methanol and water to remove residual SDS
and other impurities. The dried PS/Na+-MMT
composite was dissolved in THF (�2 · 10�3

g cm�3). The weight-average polymer molecular
weight (Mw) was determined by gel permeation
chromatography (GPC; Waters 515/2410/Styragel
HR2, HR4, and HR6) calibrated by a series of
PS standards (Shodex). The sample was filtered by
a 0.45 lm membrane immediately before the GPC
measurement. X-ray powder diffraction (XRD)
analysis was performed by a diffractometer (MAC
Science MXP18) with a Cu target (k = 1.54 ·
10�10 m) at a generator voltage of 30 kV, a genera-
tor current of 25 mA, and a scanning rate of
4� min�1.

3. Results and discussion

Representative j vs. [SDS] data are shown in
Fig. 1. The CMC of the aqueous solution of SDS
and 2.59 mM NaHCO3 is 8.3 mM, which is very
close to those of the aqueous SDS solutions in the
absence of NaHCO3 [20,21]. However, incorpora-
tion of 1 wt.% Na+-MMT reduces the CMC to
6.4 mM. This implies that the Na+-MMT platelet
surfaces are relatively hydrophilic and, thus, not
effective for the adsorption of SDS. Another factor
is the much higher ionic strength of the Na+-MMT-
containing SDS solution compared to the native
SDS solution, as shown by the magnitudes of the
j data in Fig. 1. SDS molecules subject to the hostile
environment with a very high electrolyte concentra-
tion show a stronger tendency to aggregate with one
another to form micelles. This will then result in the
decreased CMC. The CMC values are expected to
have an influence on the concentration of micelles
available for particle nucleation (i.e., polymeriza-
tion kinetics).

Representative X vs. time (t) curves for the ST
emulsion polymerizations in the presence of
1 wt.% Na+-MMT and 2-19 mM SDS are shown
in Fig. 2. For comparison, in the absence of Na+-
MMT, the ST emulsion polymerization with
[SDS] = 2 mM is also included in Fig. 2b. The
experiment was carried out twice and the reproduc-
ibility was quite satisfactory. The rate of polymeri-
zation (Rp = [M]0 dX/dt) data as a function of
[SDS] are shown in Fig. 3, where [M]0 is the initial
monomer concentration based on total water
(1.7 M) and the value of dX/dt is obtained from
the least-squares-best-fitted slope of the linear por-
tion of the X vs. t curve. The range of the kinetic
data used to determine the value of dX/dt was
dependent on [SDS] due to the different particle
nucleation periods and gel effects associated with
different particle sizes at high conversion. The corre-
lations based on the kinetic data are Rp � [SDS]0.79

[coefficient of determination (r2) = 0.9595] and
Rp � [SDS]0.85 (r2 = 0.9667) for the runs with and
without 1 wt.% Na+-MMT, respectively. At constant
[SDS], Rp is faster for the run containing Na+-
MMT compared to the counterpart without Na+-
MMT. The enhanced Rp for the polymerizations
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containing Na+-MMT might be due to the larger
number of micelles (Nm) available for particle nucle-
ation provided that [SDS] is above its CMC. Chang
et al. [19] showed that the fraction of SDS adsorbed
on the ST droplet surfaces is insignificant compared
to that associated with the monomer-swollen
micelles. The data of the aggregation number of
SDS molecules per micelle (nagg,m) obtained from
the literature [22] follow the following least-
squares-best-fitted relationship:

nagg;m ¼ 83:201½NaCl� þ 94:295 ðr2 ¼ 0:7705Þ ð1Þ

where [NaCl] is the sodium chloride concentration.
Although the data are somewhat scattered, about
33% increase in nagg,m is obtained when [NaCl] in-
creases from 0.02 to 0.4 M (i.e., a twentyfold in-
crease in [NaCl]). Fig. 1 shows that, for example,
the conductivity (or ionic strength) of the aqueous
SDS solution in the presence of 1 wt.% Na+-MMT
at CMC is only about three times as large as that
of the aqueous SDS solution at CMC. Thus, the val-
ues of nagg,m should not change much for the poly-
merization recipes investigated in this study. To
simplify the following estimation, the effect of ionic
strength on nagg,m is neglected at this moment. Fur-
ther assuming that the fraction of SDS adsorbed on
both the monomer droplet surfaces and 1 wt.%
Na+-MMT platelet surfaces is negligible and taking
the polymerization with [SDS] = 13 mM as an
example, the maximal increase of Nm due to the
presence of 1 wt.% Na+-MMT is [(13 � 6.4)/(13 �
8.3) � 1] · 100% = 40% (Table 1). The correspond-
ing increase of Rp due to the presence of 1 wt.%
Na+-MMT is [(9.97 · 10�4 � 7.60 · 10�4)/7.60 ·
10�4] · 100% = 31%. Table 1 shows that micelle
nucleation plays an important role in the polymer-
izations with [SDS] = 13 mM. On the other hand,
other parameters must come into play for the poly-
merizations with [SDS] < 13 mM, especially for the
run with [SDS] = 2 mM.

Rp is linearly proportional to the product of the
number of reaction loci (Np) and the average number
of radicals per particle (n). Np is primarily deter-
mined by the concentration of micelles available
for particle nucleation for the polymerizations with
[SDS] > CMC. In the absence of micelles, Np is
controlled by the amount of SDS available for
stabilizing the particles generated by homogeneous
nucleation. Fig. 4 shows (a) a representative TEM
photograph for the Na+-MMT-containing poly-
merization with [SDS] = 13 mM, (b) the final latex
particle diameter (dv) and (c) the particle size distri-
bution (PDI) as a function of [SDS]. It is shown that
dv decreases with increasing [SDS] for both the
polymerizations with and without Na+-MMT. At



Table 1
Theoretical calculation of the maximal increase of Nm and the corresponding increase of Rp due to the presence of 1 wt.% Na+-MMT for
ST emulsion polymerization

[SDS] (mM) 2 9 11 13 15 17 19

[([SDS] � CMC)/([SDS] � CMC0)�1] · 100%a – 271 70 40 28 22 18
(Rp � Rp,0)/Rp,0 · 100%b 113 17 40 31 28 14 16

a CMC and CMC0 represent the critical micelle concentration in the presence of and in the absence of Na+-MMT, respectively.
b Rp and Rp,0 represent the polymerization rate in the presence of and in the absence of Na+-MMT, respectively.
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constant [SDS], the run with Na+-MMT has a
smaller particle size compared to the counterpart
without Na+-MMT. This is attributed to the larger
population of particles originating from micelle
nucleation as a result of the lowered CMC along
with the smaller fraction of polymer produced in
these particles. PDI increases slightly with increasing
[SDS] for the polymerizations with Na+-MMT, but
it remains relatively constant for the polymerizations
without Na+-MMT. For constant polymer weight,
Np is inversely proportional to dv. Without the
knowledge of the fraction of polymer produced in
the particles originating from micelle nucleation,
we were unable to obtain the Np data from TEM
measurements because the propagation reaction of
radicals with monomer in the Na+-MMT platelets
cannot be ignored [16]. Independent experiments
are required to differentiate the polymer chains
produced in the particles originating from micelle
nucleation and those produced in the Na+-MMT
platelets. It is postulated that the reaction systems
with [SDS] = 13 mM are so abundant in micelles
that the polymerization kinetics is predominated
by micelle nucleation. Under the circumstances, the
contribution of Na+-MMT platelets to the polymer-
ization kinetics is not important. At [SDS] < 13 mM,
on the other hand, the contribution of the poly-
merization associated with Na+-MMT platelets
increases significantly when [SDS] decreases from
13 to 9 mM. At [SDS] = 2 mM, micelles do not exist
in the polymerization system. It is therefore the
homogeneous nucleation that controls the polymer-
ization kinetics. The contribution of Na+-MMT
platelets to the polymerization kinetics is now
even comparable to the run without Na+-MMT
(Rp = 4.80 · 10�5 mol dm�3 s�1) provided that, as
a first approximation, the contribution of Na+-
MMT platelets can be estimated to be the difference
between the polymerization rate in the presence of
Na+-MMT (Rp = 1.02 · 10�4 mol dm�3 s�1) and
the polymerization rate in the absence of Na+-
MMT (i.e., 1.02 · 10�4 � 4.80 · 10�5 = 5.4 · 10�5
mol dm�3 s�1). Fig. 2b shows that Na+-MMT has
a significant effect on the reaction kinetics, especially
during the early stage of polymerization. At
[SDS] < CMC, the formation of particle nuclei via
homogeneous nucleation is very slow, as shown by
the X vs. t data for the polymerization in the absence
of Na+-MMT in Fig. 2b. By contrast, the polymeri-
zation in the presence of Na+-MMT does not exhibit
the characteristic of slow Rp. This implies that Na+-
MMT platelets serve as additional reaction loci for
the propagation reaction of radicals with monomer
and they predominate in the early stage of
polymerization.

In comparison with the run with 9 mM SDS and
1 wt.% Na+-MMT, the polymerization with 9 mM
SDS and comparable ionic strength or conductivity
(2000–2010 lS cm�1, see the specific conductivity
vs. [SDS] data in Fig. 1b) but in the absence of
Na+-MMT was carried out to verify the proposed
polymerization mechanisms. The increased conduc-
tivity of the polymerization system without Na+-
MMT was achieved by the addition of NaCl.
The values of Rp are 7.00 · 10�4 and 6.29 ·
10�4 mol dm�3 s�1 for the polymerizations with
and without 1 wt.% Na+-MMT, respectively. How-
ever, the value of Rp for the run with 9 mM SDS
and in the absence of both the Na+-MMT and addi-
tionally added NaCl is 5.98 · 10�4 mol dm�3 s�1.
Thus, the ionic strength effect alone cannot account
for the much stronger increased Rp arising from the
use of 1 wt.% Na+-MMT (see the (Rp � Rp,0)/Rp,0

data for the run with [SDS] = 9 mM in Table 1).
Furthermore, the featureless XRD spectrum of the
PS/Na+-MMT (93.3/6.7 (w/w)) sample obtained
from the polymerization with 9 mM SDS and
1 wt.% Na+-MMT suggests that the probability
for the regular structure of Na+-MMT platelets to
weaken or even disappear after the completion of the
polymerization is quite high (Fig. 5), which is con-
sistent with the literature [16]. It is noteworthy that,
at this level of Na+-MMT, the XRD instrument
should be capable of detecting the multiple-layered



Fig. 4. (a) A representative TEM photograph for the Na+-
MMT-containing polymerization with [SDS] = 13 mM; (b) final
latex particle diameter as a function of the bulk SDS concentra-
tion; (c) polydispersity index of the particle size distribution as a
function of the bulk SDS concentration. Na+-MMT
(wt.%) = (h) 1, (n) 0.
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Fig. 5. X-ray powder diffraction spectra of (a) Na+-MMT
dispersed in the aqueous solution of 2.66 mM NaHCO3, (b)
Na+-MMT dispersed in the aqueous solution of 2.66 mM
NaHCO3 and 9 mM SDS, and (c) the PS/Na+-MMT (93.3/6.7
(w/w)) sample obtained from the polymerization with 2.66 mM
NaHCO3, 9 mM SDS and 1 wt.% Na+-MMT.
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structure of Na+-MMT (if present) dispersed in the
amorphous PS matrix. In addition, Table 1 shows
that a significant increase in Rp was achieved when
1 wt.% Na+-MMT was added to the polymerization
in the absence of micelles ([SDS] = 2 mM). All these
results provide supporting evidence for the contri-
bution of Na+-MMT to the enhanced polymeriza-
tion rate.

Mw increases with increasing [SDS] for both the
polymerizations with and without Na+-MMT
(Fig. 6). This is attributed to the enhanced segrega-
tion of radicals inside the particles with increasing
[SDS] (i.e., Np) (Np � [SDS]0.47, r2 = 0.9350 for the
runs without Na+-MMT). The segregation effect
reduces the probability of bimolecular termination
via the entry of a radical into the particle already
containing one radical. Furthermore, at constant
[SDS], the Mw of the polymerization with Na+-
MMT is larger than that of the counterpart without
Na+-MMT. One possible explanation for this
observation is the competitive absorption of radi-
cals by Na+-MMT platelets that further depresses
the bimolecular termination reaction in the latex
particles. It should be noted that the difference in
Mw between the polymerizations with and without
Na+-MMT increases with decreasing [SDS]. This
shows supporting evidence of the important role
of Na+-MMT platelets for the polymerizations sta-
bilized by relatively low levels of surfactant.

The zeta potential (f) of the latex particles and
Na+-MMT platelets (if present) data are shown in
Fig. 7. The absolute value of f increases with
increasing [SDS] for the polymerizations in the
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absence of Na+-MMT, whereas a reverse trend is
observed for the polymerizations in the presence
of Na+-MMT. Although the data are somewhat
scattered for the polymerizations with Na+-MMT
(r2 = 0.8057, Fig. 8), the f data correlate reasonably
well with the particle surface charge density,
½SDS�=ðpd2

vNpÞ. For the purpose of demonstration
only, the assumption that all the polymer chains
form in the latex particles has been made to con-
struct the f vs. ½SDS�=ðpd2

vNpÞ plot for the polymer-
izations with Na+-MMT. It is postulated that the
scattered data reflect the influence of Na+-MMT
on the electrophoretic properties. As expected, f
increases with increasing particle surface charge
density (Fig. 8).

In the presence of Na+-MMT, Rp during the con-
stant reaction rate period can be expressed as
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Fig. 7. Zeta potential of latex particles and Na+-MMT platelets
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Rp ¼ Rp;0 þ Rp;MMT ¼ kp;0½M�pðnpNp;0=N AÞ
þ kp;MMT½M�MMTðnMMTNMMT=NAÞ ð2Þ

Np;0 ¼ ½W mX f=ðp=6d3
vqpW wÞ�x ð3Þ

NMMT ¼ N MMT;t=nagg;MMT ð4Þ
np ¼ 1=2f�a0=mþ ½ða0=mÞ2 þ 2a0=m�1=2g

when np5 0:5 ð5Þ

where the subscripts 0 and MMT represent the re-
lated kinetic parameters associated with the latex
particles and Na+-MMT platelets, respectively.
Wm is the total monomer weight, Xf the final frac-
tional monomer conversion, qp the polymer density,
Ww the total water weight, x the degree of contribu-
tion of the polymerization in latex particles
(0 5 x 5 1). NMMT is the number of Na+-MMT
platelets per unit liter water, NMMT,t the total num-
ber of the smallest units of multiple-layered Na+-
MMT platelets (each platelet with approximate
dimensions of 100 · 100 · 1 nm3 and total particle
surface area of 2.04 · 104 nm2 [23]), and nagg,MMT

the number of platelets per stack. The empirical
Eq. (5) derived by Nomura [24] was used to calcu-
late np. a 0[= qivp/(ktNp)] is the dimensionless group
associated with the absorption of radicals by the
latex particles, m(= kdesvp/kt) is the dimensionless
group associated with the desorption of radicals
out of the particles, qi is equal to 2fkd[I], f is defined
as the initiator efficiency factor in the polymeriza-
tions containing 1 wt.% Na+-MMT that takes into
account the effect of the presence of 1 wt.% Na+-
MMT on the absorption of free radicals by the latex
particles, kd [= 6.06 · 1016exp(�140,167/RT) s�1]
[25] is the initiator decomposition rate constant, [I]
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is the initiator concentration, vp is the volume of a
particle, kt [=8.2 · 109exp(�14,510/RT) dm3 mol�1

s�1] [26] is the termination rate constant, and
kdes ½¼ k0des=ðvpÞ2=3� [27] is the desorption rate
constant. In addition to the above parameters, the
following parameters obtained from the literature
or estimated in this work were used to carry
out computer simulations: kp,0 = kp,MMT = 4.27 ·
107exp(� 32,510/RT) dm3 mol�1 s�1[28], [M]p =
[M]MMT = 5.2 M [29], [I] = 2.59 mM, k0des ¼ ð1:94�
0:86Þ � 10�11 cm2 s�1 at 70 �C based on the kinetic
data obtained from the polymerizations in the
absence of Na+-MMT in this study, and NMMT,t =
4.42 · 1017 dm�3 estimated by dividing the total
Na+-MMT platelet surface area (7.5 · 1020 nm2

g�1 · 12.02 g dm�3) by 2.04 · 104 nm2, where the
specific Na+-MMT platelet surface area (7.5 ·
1020 nm2 g�1) was taken from the literature [30,31].

Eqs. (2)–(5) were first used to qualitatively study
the effect of the flux of free radicals toward the latex
particles (f = 0.1, 0.3 or 0.5) on the polymerization
mechanisms and kinetics in the presence of 1 wt.%
Na+-MMT. Some representative contour plots of
the nagg,MMT vs. x data for the polymerizations with
[SDS] = 13 mM and nMMT = 0.5 are shown in
Fig. 9a. At constant f, nagg,MMT increases with
increasing x and this trend becomes more pro-
nounced when f increases from 0.1 to 0.5. This is sim-
ply due to the fact that the larger the contribution of
polymerization in the latex particles (i.e., the larger
value of x or Np,0) is, the slower the rate of polymer-
ization in the Na+-MMT platelets (i.e., the larger
value of nagg,MMT or the smaller value of NMMT) is
required to achieve the same total polymerization
rate (Rp). It should be noted that the smaller the
value of nagg,MMT, the better the dispersion of Na+-
MMT platelets in the reaction system. Na+-MMT
becomes completely exfoliated when nagg,MMT

approaches unity. It was reported that the pristine
Na+-MMT existed in agglomerates of 1–10 lm in
diameter, which comprised primary units of about
8–10 layered silicate platelets in each stack
(nagg,MMT = 8–10) [32]. The Na+-MMT subject to
intensive shear force and strong interactions between
the surface active radicals and the highly swollen
platelets should exist at least in the primary unit form
and, therefore, have a nagg,MMT value smaller than
10. Similar results were also observed for the poly-
merizations with [SDS] = 13 mM and nMMT = 0.75
and 1 (Fig. 9b and c). These preliminary simulation
results also suggest that lower flux of free radicals
toward the latex particles (i.e., smaller values of f)
and less contribution of the polymerization in the
latex particles (i.e., smaller values of x (or Np,0)
and nMMT) promote the intercalation or even exfoli-
ation of Na+-MMT platelets in the aqueous phase.

This model was then used to study the effect of
[SDS] (9, 11, 13, 15 and 17 mM) on the polymeri-
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zation mechanisms and kinetics in the presence of
1 wt.% Na+-MMT. The parameter f was kept con-
stant at 0.3 in this series of computer simulations.
Fig. 10 shows some representative contour plots
of the nagg,MMT vs. x data for the polymerizations
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Fig. 10. Contour plots of the nagg,MMT vs. x data for the
polymerizations with 1 wt.% Na+-MMT, f = 0.3 and various
bulk concentrations of SDS. (a) nMMT = 0.5; (b) nMMT = 0.75; (c)
nMMT = 1.0. [SDS] (mM): (q) 9, (}) 11, (,) 13, (s) 15, (h) 17.
with different values of [SDS] and nMMT. At
nMMT = 0.75 and constant [SDS], nagg,MMT

increases with increasing x and this trend becomes
more pronounced when [SDS] decreases from 17 to
9 mM (Fig. 10b). This is because the larger the
contribution of the polymerization in the latex par-
ticles (i.e., the larger value of x or Np,0) is, the
slower the rate of polymerization in the Na+-
MMT platelets (i.e., the larger value of nagg,MMT

or the smaller value of NMMT) is required to
achieve the same total polymerization rate (Rp).
At constant x, nagg,MMT decreases with increasing
[SDS], but this effect becomes smaller when [SDS]
increases from 9 to 17 mM. These simulation
results again indicate that the effect of Na+-MMT
on the polymerization kinetics becomes more
important for the polymerizations stabilized by
lower levels of SDS. In addition, the calculated
results suggest that the probability of intercalating
or even exfoliating the Na+-MMT platelets
increases with increasing [SDS]. Thus, the results
in Fig. 10b are reasonable for the Na+-MMT-con-
taining polymerizations with [SDS] = 9–17 mM.
The contour plots at nMMT = 0.5 (Fig. 10a) and
at nMMT = 1.0 (Fig. 10c) exhibit very similar char-
acteristic to the contour plot at nMMT = 0.5
(Fig. 10b), but nagg,MMT shifts toward a region with
larger values when nMMT increases from 0.5 to 1.0
(Fig. 10).

It is noteworthy that the nagg,MMT value may
decrease and, consequently, NMMT may increase
with the progress of polymerization. In addition,
the location (the interlayer between two adjacent
Na+-MMT platelets or the surfaces of Na+-MMT
agglomerates) of the polymerization associated with
Na+-MMT and the morphology of Na+-MMT
platelets may also change significantly during poly-
merization. All these factors will make the polymer-
ization mechanisms and kinetics even more
complicated. It should be noted that Eqs. (2)–(5)
only represent a preliminary model in an attempt
to simulate the ST emulsion polymerization in the
presence of 1 wt.% Na+-MMT. In order to gain
an insight into the ST emulsion polymerization in
the presence of Na+-MMT, more independent
experiments are required to determine some of the
parameters.

4. Conclusions

The influence of the pristine Na+-MMT platelets
(1 wt.%) on the ST emulsion polymerizations with
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different concentrations of SDS ([SDS] = 2–19 mM)
was investigated. For comparison, the correspond-
ing polymerizations in the absence of Na+-MMT
were also carried out. The experimental data
showed that, at constant [SDS], the polymerization
rate is faster for the run with Na+-MMT compared
to the counterpart without Na+-MMT. This was
attributed to the higher concentration of micelles
(if present) for particle nucleation and the Na+-
MMT platelets served as reaction loci. Micelle
nucleation predominates in the ST emulsion poly-
merizations with [SDS] = 13 mM. On the other
hand, the contribution of the polymerization associ-
ated with Na+-MMT platelets increases signifi-
cantly when [SDS] decreases from 13 to 9 mM.
When [SDS] is below the CMC, homogeneous
nucleation controls the polymerization kinetics.
Moreover, the contribution of Na+-MMT platelets
to the polymerization kinetics is even comparable
to the run without Na+-MMT. The differences in
the resultant polymer particle size, polymer molecu-
lar weight and zeta potential between the polymer-
izations in the presence and absence of 1 wt.%
Na+-MMT were investigated. A preliminary model
was developed to qualitatively study the effect of the
presence of 1 wt.% Na+-MMT on the polymeriza-
tion mechanisms and kinetics.
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