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ABSTRACT: High-impact polystyrene (HIPS)/organically
modified montmorillonite (organoclay) nanocomposites
were synthesized via in situ polymerization. The effects of
the organoclay on the morphology and material properties
of HIPS/organoclay nanocomposites were investigated. X-
ray diffraction and transmission electron microscopy experi-
ments revealed that intercalation of polymer chains into sili-
cate layers was achieved, and the addition of nanoclay led
to an increase in the size of the rubber domain in the com-
posites. In comparison with neat HIPS, the HIPS/organo-
clay nanocomposites exhibited improved thermal stability
as well as an increase in both the complex viscosity and

storage modulus. The presence of intercalated organoclay
drastically enhanced the gas-barrier properties because of
the increase in the tortuosity of the diffusive path for a pen-
etrating gas molecule. Some mechanical properties, includ-
ing the tensile modulus, were superior to those of
conventional HIPS. Finally, the preparation of the nanocom-
posites with a minimal loss of impact properties was pro-
posed through changes in the synthetic procedure. VVC 2008
Wiley Periodicals, Inc. J Appl Polym Sci 110: 1441–1450, 2008
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INTRODUCTION

The inclusion of organically modified clay in a poly-
mer matrix has been used as an attractive means of
improving various material properties, including
stiffness, dimensional stability, barrier properties,
thermal stability, and flame retardancy.1–3 During
the last decade, many researchers have focused on
improving the properties of thermoplastics such as
polystyrene (PS) by incorporating organically modi-
fied clays into a polymer matrix via in situ polymer-
ization,4–9 but studies on nanocomposites based on
rubber-toughened PS are rare to the best of our
knowledge.10 Rubber-toughened PS, also known as
high-impact polystyrene (HIPS), offers enhancements
of the impact strength and toughness of glassy PS.
Its major applications include packaging, containers,
appliance parts, house wares, and interior parts in
household electronics. Imperative research on HIPS
is the development of various high-performance
grades, and the introduction of organoclay is a logi-
cal route for enhancing the chemical resistance,
mechanical strength, and flame retardancy of HIPS.

Montmorillonite is a classic clay mineral for nano-
composite applications; it is about 200 nm long and
1 nm thick. It has a sandwich type of structure
called philosilicate with one octahedral Al2O3 sheet
between two tetrahedral SiO2 sheets.1,11–15 Because
natural montmorillonite cannot be dispersed in or-
ganic solvents on account of its hydrophilic nature,
it is necessary to use an ion-exchange reaction with
surfactants with alkyl tallow groups to render it
organophilic, and this results in an organoclay.
When a polymer is unable to intercalate between
silicate layers, a phase-separated composite is
obtained, the properties of which stay in the same
range as that of traditional microcomposites. For
preparing polymer/clay nanocomposites with better
clay dispersion, four main strategies have been con-
sidered, with each component—clay, organic modi-
fier, and polymer—being tuned: exfoliation
adsorption, in situ intercalative polymerization, melt
intercalation, and template synthesis.12,16,17

In this study, in situ intercalative polymerization
was used. HIPS/organoclay nanocomposites with
various rubber and organoclay contents were syn-
thesized via in situ free-radical polymerization, and
the characterization of the synthesized nanocompo-
sites was also carried out. First in this article, the
effect of the nanoclay inclusion on the morphology
of the nanocomposites, including the dispersion of
silicate layers in the polymer matrix, and the effect
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of the rubber domain size and its distribution are
investigated. Then, the material properties of the
HIPS/clay nanocomposites, such as thermal, rheologi-
cal, gas-barrier, and mechanical properties, are com-
pared to those of neat HIPS. In the development of
HIPS/organoclay nanocomposites, the decrease in the
impact properties caused by the introduction of rigid
clay to rubber-toughened materials is inevitable, and a
heuristic way of synthesizing nanocomposites to mini-
mize such a loss in impact properties is proposed.

EXPERIMENTAL

Materials

Styrene monomer was purified by vacuum distillation
before use. Polybutadiene (PB), the main rubber com-
ponent, had a molecular weight of 420,000 g/mol
and the following monomer unit concentrations: 36%
cis, 55% trans, and 9% vinyl. As an initiator, 2,2-azo-
bisisobutyronitrile was used, and it was purified by
recrystallization via a methanol precipitation method
and used after vacuum drying. Other solvents such
as ethyl benzene (EB), toluene, and methyl ethyl ke-
tone were used without further purification. The orga-
noclays used for the synthesis of the HIPS/clay
nanocomposites were commercial organoclays from
Southern Clay Products (Gonzales, TX) that were
organically modified with quaternary ammonium salts
from pristine montmorillonite (sodium montmorillon-
ite): Cloisite 10A (C10A), Cloisite 20A (C20A), and
Cloisite 30B (C30B). Information on the organic modi-
fiers and modifier concentrations is summarized in
Table I. All the organoclays were vacuum-dried before
use. The nanocomposites were prepared through the
variation of both the rubber content (0, 3, 5, and 8 wt
%) and the organoclay content (0, 1, and 3 wt %).

Synthesis of the HIPS/organoclay nanocomposites

The free-radical polymerization of a styrene solution
containing the rubber and organoclay was carried
out in the following way. First, the clay was dis-
solved in styrene for 2–6 h according to the clay con-
tent. The dissolving time was established from that
time at which a stable dispersion was kept and no
precipitation of clay was shown under quiescent
conditions. Next, the desired amount of PB was
weighed, cut into small pieces, and dissolved in the
styrene solution for 12 h. Within this period, a PB
concentration as high as 8 wt % was fully soluble in
the solution. The initiator was charged at a fixed
concentration of 0.1 mol % with respect to styrene
into the reactor just before the start of polymeriza-
tion. The polymerization temperature was kept at
708C. An inert atmosphere was maintained through-
out the polymerization with a nitrogen stream. The
agitation speed was maintained at 100 rpm during

the prepolymerization stage. The total reaction time,
including a 6-h prepolymerization, was 48 h. The
prepolymerization time, related to the phase inver-
sion between the PS and PB phases, was established
by measurements of the conversion, viscosity, and
particle size analysis, as described in a previous
study.18 After polymerization, the sample was cut
into thin slices and dried for 4 days at 408C in a vac-
uum oven to strip off the unreacted monomer and
solvent; the drying conditions were gradually
changed from a low vacuum to a high vacuum to
prevent gas bubbles, and this could affect the mor-
phology of the synthesized sample. The code PBx–
C10Ay was used to identify the samples: x and y
stand for the weight percentages of PB and C10A,
respectively. For example, PB5–C10A1 indicates a
sample prepared with 5 wt % PB and 1 wt % C10A.

Characterization of the nanocomposites

The spacing between silicate layers was measured
with an X-ray diffractometer (D/Max 2C, Rigaku,
Tokyo, Japan) equipped with nickel-filtered Cu Ka
radiation (l ¼ 1.542 Å) as an X-ray source. Bragg’s
law, nl ¼ 2d sin y, was used to calculate the basal
spacing (d), that is, the sum of a single silicate layer
thickness and the interlayer distance between adja-
cent layers. The rubber-phase morphology and sili-
cate dispersion were examined with transmission
electron microscopy (TEM; JEM-2000EX2, JEOL,
Tokyo, Japan). TEM samples were prepared with the
OsO4 staining technique. The acceleration voltage
was 100 kV.
The particle size distribution of the rubber phase

was analyzed with a particle size analyzer (Master-
sizer Micro-P, Malvern, Worcestershire, UK) based
on the laser light scattering technique. Small sample
pieces of about 1.5 g were dissolved in 50 mL of
methyl ethyl ketone for 6 h to isolate the rubber-
phase particles from the sample. During the rubber
particle size analysis experiments, methyl ethyl ke-
tone was used as the circulating medium. The laser
light scattered by the resulting dilute suspension
was focused on a light detector and then processed

TABLE I
Information on Organoclay Types Based

on Different Modifiers

Organoclay Abbreviation
Organic
modifier

Modifier
concentration

Cloisite 10A C10A 2MBzHT 125 mequiv/100 g
Cloisite 20A C20A 2M2HT 95 mequiv/100 g
Cloisite 30B C30B MT2EtOH 90 mequiv/100 g

2MBzH ¼ dimethyl benzyl hydrogenated tallow ammo-
nium salt; 2M2HT ¼ dimethyl dehydrogenated tallow am-
monium salt; MT2EtOH ¼ methyl tallow bis-2-
hydroxyethyl ammonium salt.
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to provide the particle size distribution of the sus-
pended particles, which ranged from 0.05 to 550 mm.

The thermal properties were determined with a
thermogravimetric analyzer (STA 409, Netzsch, Selb,
Germany) at a heating rate of 208C/min to 6008C in
a nitrogen environment. The rheological properties
were investigated with a rotational rheometer (MCR
300, Paar Physica, Stuttgart, Germany) in the oscilla-
tory shear mode. Samples 1 mm thick with a 25-mm
radius were used in a parallel-plate apparatus, and
the strain amplitude was imposed to be equal to 3%
at a constant temperature of 2308C under a nitrogen
flow.

The gas-barrier properties were analyzed for vari-
ous films of HIPS/organoclay nanocomposite samples.
A schematic diagram of the apparatus for the mea-

surement of gas permeability is shown in Figure 1.
The permeability of three different gases (nitrogen,
oxygen, and carbon dioxide) through the films was
measured at 208C by the variable-volume method.19

Test films for this measurement were prepared by
compression molding, and all prepared films were 5
cm in diameter and approximately 180 � 20 mm thick.
Each film was located inside the permeation cell; a
high-pressure gas was applied to the lower part of the
cell, and the ambient pressure was maintained in the
upper part of the cell. To support the film, two porous
metal discs were placed in both parts of the cell, and a
paper filter was added to the low-pressure side. The
pressure difference between the two parts of the cell
was kept at 5 bar, and the volume that permeated
through the film was measured against time in a capil-
lary column until a constant gradient was reached.
Mechanical tests were performed with a universal

testing machine (LR 50K, Lloyd, Fareham, UK) with
dumbbell-type specimens prepared according to
ASTM D 638 at a crosshead speed of 50 mm/min.
The impact strength was measured with Izod-type
specimens prepared according to ASTM D 256.

RESULTS AND DISCUSSION

Rubber morphology and silicate dispersion

The rubber-phase morphology that develops during
polymerization can be complex because the organo-
clay and high-molecular-weight rubber are dissolved
in styrene. As the separation of the PS phase and the
phase inversion between the PS and PB phases pro-
ceed, it is possible that the silicate layers are placed
(1) in the PS matrix, (2) in the dispersed PB domain,
and (3) at the interface. Figure 2(a) shows X-ray

Figure 1 Schematic diagram of the apparatus for the
measurement of gas permeability by the variable-volume
method.

Figure 2 XRD diffractograms of HIPS/organoclay nanocomposites: (a) effect of the clay content and (b) effect of the rub-
ber content.
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diffraction (XRD) diffractograms of the organoclay
C10A and its nanocomposites with various clay con-
tents at a fixed rubber content of 5 wt %. XRD pat-
terns were recorded through the monitoring of the
diffraction angle (2y) from 1.5 to 108. The XRD peak
of the nanocomposites was confirmed to shift to a
lower angle, indicating the intercalation of PS chains
into silicate layers. The basal spacing of the HIPS/
organoclay nanocomposites with 1 or 3 wt % C10A
was 36.7 Å, whereas that of the organoclay was 19.2
Å; these were calculated from the peak position with
Bragg’s law. The XRD patterns of nanocomposites
with various rubber contents at a fixed organoclay

content of 1 wt % are shown in Figure 2(b). The
peak intensity of the nanoclay weakens because of
the scattering effect of the rubber-phase domain as
the PB content increases. When styrene monomer
penetrates the organoclay interlayer and polymer-
izes, a substantial increase in the interlayer distance
occurs because the organoclay structures contain a
benzyl group similar to styrene. As summarized in
Table II, the difference in the basal spacings between
C10A and its nanocomposite was larger than those
for the others, C20A and C30B. These results may
imply that the insertion of growing polymer chains
during polymerization can be facilitated not only by
the organophilicity of organic groups but also by the
structural affinity between the monomer used and
the organic group of the organoclay. Nanocompo-
sites with C10A that exhibited the largest interlayer
distance were used in the following study of the
effects of the organoclay on the morphology and
material properties of the nanocomposites.
Figure 3 presents TEM micrographs of neat HIPS

and HIPS/organoclay nanocomposites, showing the
rubber-phase particle size and morphology. It is not

TABLE II
XRD Peak Values of Organoclays and
HIPS/Organoclay Nanocomposites

Organoclay
type

d001 peak (Å)

Dd (Å)Organoclay HIPS/organoclay

C10A 19.2 36.7 17.5
C20A 24.2 38.5 14.3
C30B 18.5 32.1 13.6

Figure 3 TEM micrographs of HIPS and HIPS/organoclay nanocomposites showing the rubber-phase morphology: (a)
HIPS (PB3–C10A0), (b) HIPS/organoclay (PB3–C10A1), (c) HIPS (PB5–C10A0), and (d) HIPS/organoclay (PB5–C10A1).
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quite clear that the size of the rubber particles in
organoclay-free HIPS increases with increasing rub-
ber content from an evaluation of the morphology
shown in Figure 3(a,c). However, the average rub-
ber-phase particle diameter from the laser light scat-
tering experiments in Table III indicates that the size
of the rubber particles in HIPS increases with
increasing rubber content. Previous studies have
also revealed that the size of rubber-phase particles
in HIPS increases with increasing rubber content.20,21

The incorporation of organoclay leads to an increas-
ing effect on the rubber-phase domain size and
makes the domain shapes more irregular, as shown
in Figure 3(a,b) for 3% PB and in Figure 3(c,d) for
5% PB. The average rubber-phase particle diameters
of HIPS and HIPS/organoclay nanocomposites are
summarized in Table III. At a given PB content, the
HIPS samples without any organoclay show both
small particle sizes and narrow size distributions
of the rubber domains. It can easily be surmised that
the phase inversion from the continuous PB phase to
the dispersed PB phase during the course of in situ
polymerization is impeded by the presence of sili-
cate layers with a high aspect ratio. There might also
be a bridging effect due to the existence of silicate
layers. As a result, the average rubber-phase particle
size and its distribution in the HIPS/organoclay
nanocomposites are larger and broader, respectively,
than those of their counterparts without clay.

The TEM micrographs of HIPS/organoclay nano-
composites are presented in Figure 4, which shows
the degree of dispersion of silicate layers inside the
host polymers. Silicate layers are well distributed
both in the PS phase and in the PB phase, as shown
in Figure 4(a,b), respectively. As shown by the XRD
results in Figure 2(a), the nanocomposites exhibit an
intercalated structure. Figure 4(b) shows that the sili-
cate layers with long aspect ratios are located within
the dispersed rubber domain and at the interface
between the rubber and matrix phases. This reveals
that the rigid, long, disc-shaped silicate layers can
act as obstacles when phase inversion occurs during
polymerization, resulting in large rubber-phase par-

ticles, as already described in Figure 3 and Table III.
In the commercial manufacturing processes of HIPS,
the solution polymerization technique of HIPS is
also widely used in addition to bulk polymerization.
A series of solution runs with EB as a diluent are
used to reduce the viscosity increase of reaction

TABLE III
Average Rubber-Phase Particle Diameters of HIPS and

HIPS/Organoclay Nanocomposites

Sample code D32 (mm) D0.5 (mm) D43 (mm)

PB3–C10A0 5.08 5.85 6.25
PB3–C10A3 5.20 8.15 9.39
PB5–C10A0 5.76 6.20 6.46
PB5–C10A3 11.54 21.01 26.07
PB8–C10A0 11.03 14.61 18.90
PB8–C10A3 18.18 65.00 79.08

D0.5 ¼ cumulative mean diameter; D32 ¼ volume surface
(or Sauter) mean diameter; D43 ¼ volume mean diameter.

Figure 4 TEM micrographs of HIPS/organoclay nano-
composites showing silicate dispersions: (a) the dispersion
in the PS phase (PB5–C10A3), (b) the dispersion in the PB
phase (PB5–C10A3), and (c) the dispersion in the PS phase
(PB3–C10A3–EB14).
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intermediates and to dissipate the reaction heat dur-
ing polymerization. A detailed description of solu-
tion polymerization based on solution runs with EB
can be found elsewhere.22 In the case of the solution
run, however, the silicate dispersion is not as good
as bulk runs, as shown in Figure 4(c). It seems that
clay bundles are randomly dispersed in the polymer
matrix, but the silicate layers in a clay bundle exist
in a stacked and flocculated structure composed of
tens of silicate layers. Accordingly, the material
properties of the composite prepared by the solu-
tion-run in situ polymerization of HIPS/organoclay
with EB as a diluent and C10A as a clay were infe-
rior to those of the one prepared by a bulk run (not
shown here).

Thermal and rheological properties

The effects of the organoclay on the thermal stability
of the nanocomposites can be seen in the thermogra-
vimetric analysis (TGA) thermograms in Figure 5.
For the thermal analysis of HIPS/organoclay nano-
composites, specimens of about 10 mg were heated
to 6008C at a heating rate of 208C/min. Evidently,
the decomposition temperature of those nanocompo-
sites shifted toward a temperature range higher than
that of HIPS without any clay. The decomposition
temperature with 50% of the weight remaining
increased about 148C from 446 to 4608C with the
addition of 1% organoclay. The effect of the clay on
the substantial increase in the degradation tempera-
ture can be explained by the silicate layers with high
aspect ratios, which could hinder the permeability of
volatile degradation matter out of the polymer ma-
trix. Other researchers have also observed that sili-
cate layers act as heat barriers and thus enhance the

overall thermal stability of the system. In addition,
these silicate layers assist with the formation of char
after thermal decomposition.5,8,9,12,23 However, the
sample prepared with 3% organoclay did not show
a further improvement in thermal stability. This is in
agreement with findings of a previous study, which
showed that at very low filler contents, a large
increase in the onset of decomposition occurs, and
thermal decomposition quickly levels off.5 From
these results, it is suspected that the polymerization
rate slowed down because of the higher clay content,
and thus the conversion was incomplete at a speci-
fied reaction time. A higher weight loss at the initial
stage with increasing clay content supports this
insight, as shown in Figure 5. The average molecular
weights of PS in the HIPS/organoclay nanocompo-
sites were measured by gel permeation chromatogra-
phy, and the results are summarized in Table IV.
The weight-average molecular weight decreased
with both the clay content and the rubber content. A
reduction in the molecular weight with increasing
clay content has been reported for PS/organoclay
syntheses and has been attributed to the silicate
layers hindering PS chain growth.8,9 This decrease in
the matrix molecular weight at high clay contents
also explains our TGA results showing that the ther-
mal stability is not proportional to the clay content.
The improvement in the thermal properties may
lead to greater performance of HIPS/organoclay
nanocomposites at higher temperatures.
Attractive interactions between silicate layers and

host polymers can significantly change the rheologi-
cal behavior of polymer/organoclay nanocomposites
in the molten state, depending on the aspect ratio
and dispersion of clay incorporated.2,24,25 In this
study, rheological properties were measured to
investigate the effect of the organoclay content on
the flow behavior. As shown in Figure 6, the storage
modulus and the complex viscosity gradually
increased as the organoclay content increased. In the
dispersions of organoclay in polymer melts, the
rheological properties of these dispersions are
believed to be rich and intimately linked to the

TABLE IV
Average Molecular Weights of HIPS/Organoclay

Nanocomposites

Sample code Mw (�105) Mn (�105) PDI

PB3–C10A1 369 118 3.13
PB5–C10A0 421 125 3.37
PB5–C10A1 364 120 3.03
PB5–C10A3 337 109 3.09
PB8–C10A1 354 129 2.74

Mn ¼ number-average molecular weight (g/mol); Mw ¼
weight-average molecular weight (g/mol); PDI polydisper-
sity index (Mw/Mn).

Figure 5 TGA thermograms of HIPS/organoclay
nanocomposites.

1446 HWANG, JOO, AND LEE

Journal of Applied Polymer Science DOI 10.1002/app



mesoscopic structure of the inorganic filler in the
dispersions. With the addition of only 1% organo-
clay, the storage modulus increased in a low fre-
quency range, and the slope became less steep; this
indicated the formation of a network-like structure
due to a greater interaction between the polymer
chains and silicate layers. The rheological data for
the sample prepared by the addition of 3% organo-
clay were slightly higher than the data obtained
from the addition of 1% clay. Because this compari-
son is drawn from the different molecular weights
of the polymer matrices, as shown in Table IV, the
marginal increase in the rheological properties
would be substantial if the comparison were made
with nanocomposites composed of a PS matrix with
the same molecular weight. When the content of the
organoclay with a high aspect ratios increases, there-
fore, the rheological properties of HIPS/organoclay
nanocomposites may change from a liquid-like state
to a solid-like state or from melt-like structures to
network-like structures. Here, the overall change in

the flow behavior depends on the degree of disper-
sion of the silicate layers acting as inert fillers or
physical crosslinkers.

Gas-barrier properties

The gas-barrier properties of materials are impor-
tant, especially in packaging applications. Because
silicate layers are considered impenetrable by gas
molecules, their addition to polymer films will
enhance the barrier properties by forcing the gas
molecules to experience a more tortuous path pre-
sented by the high-aspect-ratio clay as they diffuse
through the films. This has been observed for many
polymer/layered silicate and polymer/fumed silica
nanocomposites.11,26,27 For the prepared HIPS/orga-
noclay nanocomposites, the permeability of N2, O2,
and CO2 gases through composite films was meas-
ured, and they are summarized in Table V. The per-
meability decreased with increasing clay content,
whereas it increased with the rubber content; this
reflects that clay, PS, and PB are in the order of
increasing gas permeability. For the gas species
tested, the permeability of O2 was greater than that
of N2 and lower than that of CO2 in samples with
the same clay and rubber contents. This behavior
was attributed to the different sizes of the molecules
of the gases. It is reported in the literature that the
kinetic diameters of N2, O2, and CO2 are 364, 346,
and 330 pm, respectively, and of the three gases,
CO2 gas shows higher solubility with respect to
polymer films.28–30 Because the permeability is the
product of the diffusion coefficient and the solubility
parameter, CO2 gas can more easily pass through
HIPS/organoclay nanocomposite films. However,
the selectivity between two different gases, which is
a yardstick of the separation ability of mixed gases
and is shown in Table V, was not notably different
in the films tested in this study, regardless of the
clay and rubber contents involved. The permeability
of air can be simply estimated from the permeability

Figure 6 Storage modulus and complex viscosity of
HIPS/organoclay nanocomposites.

TABLE V
Gas Permeabilities and Selectivities of HIPS/Organoclay Nanocomposites

Film type

Permeability
[(cm3 mm)/(m2 day atm)] Selectivity

P(N2) P(O2) P(CO2) P(CO2)/P(N2) P(O2)/P(N2) P(CO2)/P(O2)

PB3–C10A0 36.35 281.73 1272.5 35.01 7.75 4.52
PB3–C10A1 38.01 275.33 1195.94 31.46 7.24 4.34
PB3–C10A3 23.82 183.18 857.92 36.01 7.69 4.68
PB5–C10A0 45.48 304.73 1432.80 31.50 6.70 4.70
PB5–C10A1 35.25 256.68 1221.81 34.66 7.28 4.76
PB5–C10A3 29.05 212.79 1009.61 34.75 7.32 4.74
PB8–C10A0 60.88 389.08 1923.09 31.59 6.39 4.94
PB8–C10A1 41.58 277.92 1273.25 30.62 6.68 4.58
PB8–C10A3 35.98 236.23 1203.53 33.45 6.57 5.09
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values of N2 and O2, the two main components of
air, and is presented in Figure 7 together with the
data for N2 and O2. As the clay content increases, it
seems that the permeability decreases rapidly for O2

versus N2 and for the film with a higher rubber con-
tent. To identify the key factor that influences the
barrier properties as the amount of clay increases,
the normalized permeability, which is defined as the
permeability ratio of the HIPS/organoclay nanocom-
posite to the HIPS polymer without any clay, was
calculated. Figure 8 shows that the enhancement of
gas-barrier properties by the addition of clay was
more significant with a higher rubber content but
was not discernable for the types of gases tested in
this study. Lastly, it should be noted that the aver-
age molecular weights of the polymer matrices were
not the same for each HIPS/organoclay nanocompo-
site, as described earlier. The gas-barrier properties
would improve with the clay content if the compari-
son were made with samples having the same
molecular weight.

Mechanical properties

Tensile and impact tests were conducted to evaluate
the end-use mechanical properties of the HIPS/orga-
noclay nanocomposites. The tensile modulus, tensile
strength, and elongation at break obtained from ten-
sile tests are presented in Figure 9 as a function of
the clay content for various rubber contents. As the
rubber content increased, the elongation at break
increased as expected, but the tensile modulus and
strength decreased. With the incorporation of the
clay, the tensile modulus notably increased in com-
parison with that of the clay-free HIPS, whereas the
tensile strength slightly decreased and the elonga-
tion at break greatly decreased. However, we note

that for the HIPS/organoclay prepared by in situ po-
lymerization in this study, the improvement in the
tensile modulus was higher and the reduction in
the elongation at break was lower than those of the
HIPS/organoclay nanocomposites prepared by the
melt-intercalation method.31 Because the average
molecular weight of a polymer matrix prepared with
a higher clay content is smaller than that of a poly-
mer matrix prepared with a lower one, the actual
effect of the incorporation of clay would be far better
than the results obtained so far. The impact strength
obtained from an impact test is plotted in Figure 10.
As expected, the impact strength decreased with the
introduction of stiff and inorganic materials. The
main reason for the reduction of the impact strength
is believed to be the silicate portion existing inside
the rubber domain. Thus, an alternative way of pre-
paring the nanocomposites with a minimal loss of
impact properties was considered. In the synthesis
of HIPS nanocomposites via the Synthetic route B
(SynB) procedure, the organoclay was added right
after the formation of the rubber phase. The results
for the nanocomposites via the new SynB procedure
are shown as open symbols with dashed lines in Fig-
ures 9 and 10. The improvement of the impact
strength shown here is quite promising. An in-depth
analysis of the characterization and properties of
HIPS/organoclay nanocomposites prepared with the
new procedure is currently underway.

CONCLUSIONS

HIPS/organoclay nanocomposites were synthesized
via in situ bulk polymerization, and their properties
were investigated. Among the commercial organo-
clays tested in this study, C10A, an organoclay with
a benzyl unit similar to the structure of styrene, was

Figure 7 Nitrogen, oxygen, and air permeabilities of
HIPS/organoclay nanocomposites.

Figure 8 Normalized permeabilities of HIPS/organoclay
nanocomposites.
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most effective in achieving PS intercalation between
silicate layers, as confirmed by XRD and TEM analy-
ses. The nanocomposites showed intercalated struc-
tures in a global sense, but the silicate dispersions
were different in the PS matrix phase and in the PB
rubber phase because of the different affinities
between the host material and clay. The average
rubber domain size increased and its size distribu-
tion widened as the clay content increased, and this
may have been caused by the unstable inversion and
bridging effects due to the existence of silicate. The
thermal stability and viscosity increased with the
organoclay content, and they may have been influ-
enced by a competition between the incorporation of
clay and the decrease in the molecular weight of the
polymer matrix. The gas-barrier properties increased
with the clay content and decreased with the rubber
content. The tensile modulus increased but the

Figure 9 Tensile properties of HIPS/organoclay nanocomposites: (a) tensile modulus, (b) tensile strength, and (c) elonga-
tion at break.

Figure 10 Impact strength of HIPS/organoclay
nanocomposites.

POLYSTYRENE/ORGANOCLAY NANOCOMPOSITES 1449

Journal of Applied Polymer Science DOI 10.1002/app



impact strength decreased as the organoclay content
increased. Nanocomposites with a minimal loss of
impact strength could be prepared by changes in the
synthetic procedure.
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