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ABSTRACT: The effect of montmorillonite (Cloisite 6A)
on the bulk polymerization of styrene initiated by benzoyl
peroxide (BPO) was studied by the dilatometric determina-
tion of the polymerization rates. The bulk polymerization
rates increased as the montmorillonite input quantity in-
creased. The effect became greater when the BPO concentra-
tion decreased. Under the assumption that clay participated
in the radical initiation reaction of the chains, the reaction
orders for clay and BPO were determined to be approxi-
mately 1.0 and 0.5, respectively. X-ray diffraction and ther-
mogravimetric analysis studies showed that the structure
and properties of the obtained polystyrene (PS)/montmoril-

lonite nanocomposites were greatly affected by the BPO
concentration. With lower BPO concentrations, a larger in-
terlayer distance and a higher extent of delamination for the
clay were observed in the obtained PS/montmorillonite
nanocomposites. The nanocomposites prepared with lower
BPO concentrations also showed higher heat-decomposi-
tion-resistance temperatures. © 2005 Wiley Periodicals, Inc.
J Appl Polym Sci 96: 1146–1152, 2005
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INTRODUCTION

Clays have been used widely for the preparation of
polymer/clay nanocomposites (PCNs). In recent
years, much attention has been paid to PCNs as ad-
vanced plastic materials prepared via in situ interca-
lative polymerization, and montmorillonite (MMT) is
the most widely used clay.1 Intercalative compound-
ing by bulk, solution, suspension, and emulsion poly-
merization have been studied widely. Most studies
have focused on the changes in the layer structures of
MMT caused by the usage of intercalative agents with
different structures and compounding by different in-
tercalative polymerization methods.

The uses of clay as a solid acid catalyst and the
utility of clay-supported reagents were described in
1970s. Since then, there have been many reports on the
catalytic activation of clay-based materials involving a
tremendous variety of organic reactions.2

Uskov3 reported that methyl methacrylate (MMA)
could graft onto air-dry sodium bentonite under vi-
brodisintegration. The results showed that bentonite
had an initiation effect on the polymerization of vinyl
monomers. The emulsion polymerization of MMA in
the presence of MMT was studied by Al-Esaimi,4 and
the results showed that the polymerization rate of

MMA with potassium persulfate as the initiator in-
creased in the presence of MMT. The catalytic effect of
clay on the polymerization of MMA was attributed to
the formation of a clay/K2S2O8 complex, which accel-
erated the polymerization process. In a previous arti-
cle,5 we studied the bulk polymerization of MMA
initiated by benzoyl peroxide (BPO) in the presence of
organomodified montmorillonite (OMMT). The bulk
polymerization rate of MMA increased with an opti-
mal ratio of the OMMT content to the BPO concentra-
tion. Meanwhile, the layer structure of the obtained
poly(methyl methacrylate) (PMMA)/OMMT nano-
composites was greatly affected by the BPO concen-
tration. Obviously, the final properties of the obtained
nanocomposites were also affected by the kinetics of
the polymerization of the monomers.

However, a description of the effect of clay on poly-
merizations has been lacking until now. The aim of this
work was to investigate the bulk polymerization of sty-
rene (St) in the presence of clay (Cloisite 6A). Polymer-
ization rates with different concentrations of an initiator
(BPO) with or without the clay were determined. The
activation energy (Ea) of the polymerization of St and the
structure of the obtained polystyrene (PS)/Cloisite 6A
nanocomposites were investigated.

EXPERIMENTAL

Materials

OMMT (Cloisite 6A, Southern Clay Products, Inc.,
Gonzales, TX) was used as received. Cloisite 6A was
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prepared by the ion exchange of sodium montmoril-
lonite with dimethyl dehydrogenated tallow alkyl am-
monium; the tallow was composed predominantly of
octadecyl chains with small amounts of lower homo-
logues. St (Tianjin Chemical Co., Tianjin, China) was
analytically pure and was washed free of inhibitor
with an aqueous solution of sodium hydroxide; it was
then washed with deionized water, dried, and dis-
tilled twice under reduced pressure, with the middle
fraction collected. BPO was an analytical reagent and
was recrystallized twice in toluene before use.

Determination of the polymerization rates

The clay (Cloisite 6A) was dried in vacuo at 60°C for
24 h. All the glass vessels were washed with a potas-
sium dichromate/concentrated sulfuric acid solution
and distilled water and were dried before use.

Measured amounts of Cloisite 6A were impreg-
nated in St in a triangular flask for 24 h. Then, accu-
rately weighed BPO was added to the solution, and
the system was ultrasonicated at 25°C for 10 min. The
polymerization rates were measured dilatometrically
in a water bath fixed at 60 � 0.1°C. During the course
of the reaction, no visible sediment was observed, and
this indicated that it was a homogeneous system. After
a preset time, the contents of the dilatometer were
poured into a large amount of ethanol, and the prod-
ucts were isolated by filtration and then dried in an
oven under reduced pressure to obtain a constant
weight.

Instrumentation

Measurements of the average molecular masses and
polydispersity indices (PDIs) of the polymers ex-
tracted and recovered from the composites were car-
ried out with a Waters 51S-2410 gel permeation chro-
matography (GPC) apparatus (Milford, MA). Tetrahy-
drofuran was used as the flowing phase.

X-ray diffraction (XRD) patterns were recorded by
the monitoring of the diffraction angle (2�) from 1 to
15° on a DMAX-RC X-ray crystallographic unit. The
unit was equipped with a Ni-filtered Cu K� radiation
(� � 0.154 nm) source at a voltage of 50 kV and at a
current of 180 mA. The scanning speed and step size
were 1°/min and 0.02°, respectively.

Thermogravimetric analysis was carried out with a
TA-2000 SDT2960 thermogravimetry instrument (TA
Instruments, New Castle, DE) in an atmosphere of N2

at a flow rate of 50 mL/min and a heating rate of
10°/min. The maximum-weight-loss-rate temperature
(Tmax) was used to evaluate the heat-decomposition
resistance of the nanocomposites.

RESULTS AND DISCUSSION

Polymerization rates

The induction periods of the bulk polymerization of St
are shown in Figure 1. The polymerization was post-
poned by the addition of MMT Cloisite 6A. This result
was consistent with the early study of Solomon and
Swift6 on the polymerization of MMA initiated by
BPO. This may have been due to the impurities in the
clay or the aluminum on the crystal edges, which
reacted with the primary radical. More clay contained
more active spots, so the induction time was pro-
longed with increasing Cloisite 6A content.

The thermally initiated bulk polymerization rate of
St was determined dilatometrically at 60°C with no
BPO and clay added; it was determined to be 3.33
� 10�6 mol L�1 � s�1. Then BPO-initiated polymeriza-
tion rates were calculated to eliminate the thermal
initiation part as follows:

Rp
2 � Rp0

2 � RpT
2 (1)

where Rp and RpT are the polymerization rates initi-
ated by the initiator and heat, respectively, and Rp0 is
the overall polymerization rate. The relative ratios of
the polymerization rates in the presence (Rp) and ab-
sence (RpI) of Cloisite 6A are shown in Figure 2. Rp

increased monotonically with increasing Cloisite 6A
input quantity in the range of studied BPO concentra-
tions. Figure 2 also indicates that when the Cloisite 6A
input quantity increased, the difference between the
relative increases of Rp at different BPO concentrations
became larger. Obviously, the presence of clay in-
creased the bulk polymerization rate of St.

Figure 1 Effect of the input quantity of Cloisite 6A on the
induction period of the bulk polymerization of St.
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The increase in the polymerization rate could be
attributed to the promotion of the clay on the chain
initiation.4 This seemed to contradict the postpone-
ment of the polymerization, but a further inspection
could eliminate this suspicion. The extension of the
induction period could be attributed to the impurities
in the clay mineral, which was at a very low concen-
tration. Its activity vanished after the induction pe-
riod. The monotonic increase in Rp was different from
that of the bulk polymerization of MMA in the pres-
ence of MMT in our previous article.5 This was mostly
because the activity of the MMA radical was 10 times
higher than that of the St radical,7 and so an increase
in the concentration of the MMA radical could also
increase the termination rate of the chain.

The classic radical polymerization theory provides
the following equation:7

Rp � k[M]m[I]n (2)

where [M] and [I] represent the concentrations of the
monomer and initiator, respectively; m and n repre-
sent the reaction orders with respect to the monomer
and initiator, respectively; and k is a general rate con-
stant. The following equation was used to calculate n:

ln Rp � ln k � m ln[M] � n ln[I] (3)

Because [M] was almost unchanged in the early stage
of bulk polymerization, the slopes of the plots of ln Rp

versus ln[I] shown in Figure 3 provide the n values,
which are listed in Table I.

Table I shows that n was about 0.5 for the bulk
polymerization of pure St, which indicated a bimolec-
ular termination process.8 n decreased with increasing
Cloisite 6A input quantity, and this showed that the
effect of BPO on the polymerization decreased. The
results indicated that eq. (1) could not describe the
bulk polymerization of St in the presence of MMT
properly.

Kinetic investigation

To explain the increase in Rp, the bulk polymerizations
of St at 50, 55, 60, and 65°C with 0.4 wt % Cloisite 6A
and without clay were carried out. The BPO concen-
tration was fixed at 0.005 mol L�1. The results are
shown in Figure 4. The Ea values were determined to
be 91.71 and 81.74 kJ mol�1 without and with clay,
respectively, with the Arrhenius equation as follows:

ln Rp � ln A �
Ea

R�
1
T (4)

where Rp is the initial polymerization rate at temper-
ature T, A is the pre-exponential factor, and R is the
gas constant. The obvious reduction of Ea was mainly
due to the fact that the initiator and clay formed a
complex4 that accelerated the chain initiation of the
polymerization. Unfortunately, the mechanism is not
clear and requires a thorough study.

Therefore, the initiation of the chain was assumed to
be composed of two reactions:

IO¡
kd1

R� (5)

Figure 2 Relative ratio of the polymerization rates (Rp/RpI)
in the presence and absence of Cloisite 6A.

Figure 3 Plots of ln Rp versus ln[BPO].
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I � CO¡
kd2

R� (6)

where C represents Cloisite 6A, kd1 is the rate constant
of initiator decomposition, and kd2 is the rate constant
of the synergetic initiation of the initiator with clay. RiI

and RiIC represent the initiation rates of reactions (5)
and (6), respectively:

RiI � f1kd1 [I] (7)

RiIC � f2kd2 [I]n1 [C]n2 (8)

where f1 and f2 are the initiation efficiencies of reac-
tions (5) and (6), respectively; n1 and n2 are the orders
of the reaction with respect to the initiator and clay,
respectively; [I] is the initiator concentration; and [C]
is the clay input quantity, which is proportional to the
active spots on the clay sheets. Using the steady-state
hypothesis and assuming a bimolecular termination
process, we obtained the following:

Rp
2 �

kp
2

kt
[M]2 (RiI � RiIC) (9)

where kp is the rate constant of chain propagation and
kt is the termination rate constant. If

RpI
2 �

kp
2

kt
[M]2 RiI

RpIC
2 �

kp
2

kt
[M]2 RiIC

where RpI represents the polymerization rate without
clay and RpIC represents the rate of the polymerization
initiated with the clay/BPO complex, then

RpIC
2 � Rp

2 � RpI
2 (10)

RiIC �
kt

kp
2 [M]2 RpIC

2 (11)

The linear fitting of ln RpIC
2 with ln[BPO] and ln[C]

provided the reaction orders of reaction (6) with re-
spect to BPO and clay, respectively. The fitting results
are presented in Figures 5 and 6 and yield n1 � 0.5 and
n2 � 1.0. Then, the relative ratio of polymerization in
the presence of clay can be described as follows:

Rp

RpI
� �RiI � RiIC

RiI
� 0.5

� �1 � k�
[C]

[BPO]0.5�0.5

(12)

(Rp/RpI)
2 should have a linear relationship with

[C]/([BPO]0.5). Figure 7 shows that (Rp/RpI)
2 versus

[C]/([BPO]0.5) provides a good linear relationship,
and this is quite consistent with the previously pro-
posed mechanism.

GPC results

The obtained nanocomposites with different Cloisite
6A input quantities (the BPO concentration was fixed
at 0.005 mol L�1) were exposed to boiling chloroform
with a Soxhlet extractor for 50 h to recover the PS
macromolecules. The mass weights determined by
GPC are listed in Table II. The weight-average molec-
ular weights (Mw’s), number-average molecular
weights (Mn’s), and PDIs of the recovered PS de-

TABLE I
Reaction Order (n) of the Bulk Polymerization of St with Respect to the BPO

Concentration with Different Cloisite 6A Input Quantities

Cloisite 6A input quantity (wt %)

0 0.1 0.2 0.4 0.8

n 0.473 � 0.003 0.458 � 0.006 0.432 � 0.005 0.400 � 0.002 0.384 � 0.002

Figure 4 Bulk polymerization rates of St at different tem-
peratures.
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creased with increasing Cloisite 6A content, and this
indicated an increasing radical concentration in the
polymerization. This was quite consistent with the
results of Laus et al.,9 who prepared PS/OMMT nano-
composites by emulsion intercalative polymerization.

Under the assumption of bimolecular termination,
the kinetic chain length (�) with different Cloisite 6A
input quantities was calculated from Mn as follows:

� �
Mn

2 (13)

Also, the chain initiation rate (Ri) was obtained as
follows:

Ri �
Rp

�
(14)

The obtained results are listed in Table III. The initia-
tion rate increased with an increasing input quantity
of clay. Also, RiIC was obtained by the subtraction of
RiI from Ri. A plot of ln RiIC versus ln[C] is shown in
Figure 8 and yields a slope of 0.886. This is quite
consistent with that obtained directly from the poly-
merization rate data (see Fig. 6).

Structural characterization

XRD patterns of Cloisite 6A and PS/Cloisite 6A nano-
composites prepared with different BPO concentra-
tions (the Cloisite 6A input quantity was fixed at 0.8
wt %) in the range of 2� � 1–10° are shown in Figure
9. The actual clay contents in the obtained PS/Cloisite

Figure 5 Plots of ln RpIC
2 versus ln[BPO].

Figure 6 Plots of ln RpIC
2 versus ln[C].

Figure 7 Plots of (Rp/RpI)
2 versus [C]/([BPO]0.5).

TABLE II
Molecular Weight of PS in the Composites Prepared at

Different Cloisite 6A Input Quantities

Cloisite 6A
input quantity

(wt %) Mw � 10�4 Mn � 10�4
PDI

(Mw/Mn)

0 22.24 8.37 2.66
0.1 21.01 7.69 2.73
0.2 18.06 6.49 2.78
0.4 13.73 6.11 2.25
0.8 13.32 5.56 2.40
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6A nanocomposites, estimated from the conversion of
monomer St, and the interlayer distances (d001) of the
clay, calculated with the Bragg equation (2d sin � � �),
are listed in Table IV.

When the BPO concentration was 0.04 mol L�1, a
strong diffraction peak at 3.70 nm corresponding to
the 001 plane could be observed. The increase in d001,
with respect to a value of 3.42 nm for Cloisite 6A, was
larger than 0.02 nm for the PS/Cloisite 6A nanocom-
posites prepared by intercalative polymerization and
studied by Doh and Cho10 but was consistent with the
results of melt intercalation studied by Lim and
Park.11 This confirmed the intercalative reaction of PS
into the clay galleries. A higher order peak corre-
sponding to the 002 plane was also clearly observed,
and this suggested that the layer structure was mostly
maintained.12

The nanocomposites showed remarkably different
XRD patterns, although they were prepared under the
same conditions, such as the temperature and clay
input quantity (the actual clay contents were also little
different; see Table IV), except for the different BPO
concentrations. The diffraction peak of the 001 plane
was extremely weakened with a lower BPO concen-
tration and with a larger value of d001. When the BPO

concentration was 0.005 mol L�1, d001 was calculated
to be 3.87 nm, and the diffraction peak was very
inconspicuous. This suggested that the layer structure
of the clay was largely destroyed. This result was
consistent with our previous study of PMMA/OMMT
nanocomposites.5

The change in the XRD patterns indicated that the
layer structure was not by any means the same when
the Cloisite 6A input quantity and the polymerization
conditions were fixed. It was also affected by the con-
centration of the initiator. Although the mass weight
of PS was affected by the BPO concentration, studies
showed that the mass weight of the macromolecules
had no effect on the interlayer distance.13 On the con-
trary, a higher molecular weight reduced the interca-
lative rate of the polymer chain into the interspacing
of the clay. According to the mechanism proposed in
this article, a lower initiator concentration caused an
increased amount of Cloisite 6A to participate in the
chain initiation. Then, more clay was interacted with
the PS macromolecules, and this in turn caused more

TABLE III
Ri Values of the Bulk Polymerization of St with

Different Cloisite 6A Input Quantities

Cloisite 6A input quantity (wt %)

0 0.1 0.2 0.4 0.8

Ri (10�10 mol L�1 s�1) 8.82 10.23 12.84 14.87 18.32

Figure 8 Plots of ln RiIC versus ln[C].

Figure 9 XRD patterns of (a) Cloisite 6A and (b–e) PS/
Cloisite A nanocomposites prepared at BPO concentrations
of 0.04, 0.02, 0.01, and 0.005 mol L�1, respectively.

TABLE IV
d001 Values of PS/Clay Nanocomposites Prepared with

Different BPO Concentrations

Cloisite
6A

[BPO] (mol/L)

0.04 0.02 0.01 0.005

Clay content (wt %) 100 12.65 14.31 14.07 13.84
d001 (nm) 3.42 3.70 3.84 4.09 3.98
�d (nm) — 0.28 0.42 0.67 0.56

�d � increase in interlayer distance.
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of the layer structure to be destroyed. This is the
reason that the delamination of the clay layer in-
creased with decreasing BPO concentration. Dek-
king14 prepared PMMA/bentonite intercalative com-
posites with kaolin as the adduct and with 2,2�-azobi-
sisobutyramidine hydrochloride as the initiator. The
extraction results showed that increasing the accessi-
bility of the monomer to the clay increased the quan-
tity of the nonextractable polymer in the composites.
This meant that the interaction of the polymer with the
clay layer was enforced if the clay participated in the
initiation of the chain, and this was also the case in our
experiments.

Thermal properties

Tmax of the aforementioned nanocomposites is shown
in Figure 10. At a higher BPO concentration, a lower
value of Tmax was observed, and this was due to the

higher order of the layer structure of the clay. Chen et
al.15 showed that the higher decomposition tempera-
ture of the PCN nanocomposites could be attributed to
the nanoscale clay sheets preventing the out-diffusion
of the volatile decomposition products. Therefore, the
nanocomposites prepared with lower BPO concentra-
tions, which had higher dispersability of clay in the
polymer matrix, greatly increased the distance of the
pathways of the volatile decomposition products and
had higher heat-decomposition-resistance tempera-
tures.

CONCLUSIONS

The bulk polymerization rates of St increased remark-
ably in the presence of the MMT Cloisite 6A. Cloisite
6A participated in the radical initiation reaction of the
radical, and the reaction orders with respect to the clay
and BPO were approximately 1.0 and 0.5, respectively.
The layer structure of the clay in the PS/Cloisite 6A
nanocomposites prepared with lower BPO concentra-
tions was destroyed more than the layer structure in
the nanocomposites prepared with higher BPO con-
centrations. At the same time, the nanocomposites
prepared with lower BPO concentrations had higher
heat-decomposition-resistance temperatures.
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