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Abstract

The typical process used to synthesize water expandable polystyrene (WEPS) was modified and applied to prepare water expandable poly-
styrene (PS)eclay nanocomposites (WEPSCN). The natural clay can be uniformly dispersed in water due to its hydrophilicity. It can be further
carried into the styrene monomer by the formation of water-in-oil inverse emulsion. Via suspension polymerization, spherical PS beads with
myriads of water/clay droplets inside were obtained. Upon heating via the hot medium, the PS matrix was expanded to form a cellular structure.
Transmission electron microscopy results indicated that nanoclay forms a layer around the cell wall. The presence of nanoclay led to higher
water content in the beads and reduced the water loss during storage.

Using CO2 as the co-blowing agent, foams with a bi-model structure and lower densities were obtained. Furthermore, CO2 foaming offers an
alternative method to utilize dried WEPS/WEPSCN beads. The presence of water cavities significantly enlarges the cell size and leads to a foam
product with ultra-low density (w0.03 g/cc) and low thermal conductivity.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymereclay nanocomposites have been widely investi-
gated because they exhibit superior properties when compared
to neat polymers or microparticle-filled composites. Earlier
studies have shown that the incorporation of nanoclay into
the polymer domain leads to enhanced mechanical properties,
higher heat deflection temperature, reduced gas permeability,
and improved dimensional stability [1e9]. Recently, consider-
able efforts have also been devoted to another related research
area: polymereclay nanocomposite foams [10e16]. The pres-
ence of nanoclay may enhance cell nucleation, provide foam
reinforcement, lower gas escape rate, and result in char forma-
tion when foam is under fire. This makes polymereclay
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nanocomposite foam an excellent choice for applications
requiring high strength, lightweight, and better fire resistance.
With an annual consumption of 1.9 billion pounds in 2001,
polystyrene (PS) foams (both extruded and expanded) occupy
the second largest market share in the US foam portfolio [17].
In this study, expandable PS (EPS) containing nanoclay is our
focus.

Morphology control and property enhancement for both
nanocomposites and nanocomposite foams depend on good
dispersion of nanoclay in the polymer domain. In order to im-
prove the compatibility between the hydrophilic nanoclay and
the hydrophobic polymers, the clay surface is usually modified
by organic surfactants, often quaternary ammonium com-
pounds. The presence of these low molecular weight hydrocar-
bons, however, results in negative impacts on the material’s
fire resistant performance, as evidenced in such industrial
fire evaluations as the Oxygen Index Test and the Flame
Spread Test. Therefore, it is highly desirable to develop a
method to incorporate nanoclay into polymers with uniform
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clay dispersion, but without the use of fire hazardous
surfactants.

EPS is generally prepared via a modified route for styrene
suspension polymerization [18]. The route starts with the
reaction of styrene monomer dispersed in the water medium
containing suitable suspension agents and an organic blowing
agent such as pentane. To avoid the use of flammable blowing
agents, the concept of WEPS was proposed. Since the solubil-
ity of water in PS is very low, the abovementioned route to
produce EPS is not feasible for WEPS. Two alternative
methods have been reported to date.

The first method to produce WEPS was developed by Cre-
vecoeur et al. [19]. In that method, water was emulsified in
a pre-polymerized styrene/PS mixture in the presence of emul-
sifiers. Subsequently, the inverse emulsion was suspended in
a water medium containing suspension agents. Polymerization
was continued until a complete conversion. The final products
are spherical PS beads with entrapped micrometer-scaled wa-
ter droplets. The second method was developed by Pallay et al.
[20]. Instead of using emulsifiers, starch was used as a water-
swellable phase. Pre-polymerization of the styrene/starch mix-
ture was carried out to a conversion of approximately 30%.
The viscous reaction phase was subsequently transferred to
a water medium containing suitable suspension agents. In
the last step, polymerization was completed and water was
directly absorbed into the starch inclusions.

To address the demand for surfactant-free expandable PSe
clay nanocomposites, the first method (developed by Creve-
coeur) was modified and applied in this work. Instead of emul-
sifying pure water, a mixture of water and a raw clay, sodium
montmorillonite (Naþ-MMT), was emulsified in the organic
styrene/PS phase. Due to the hydrophilicity of the raw clay
surface, a uniform and stable dispersion of clay in water is
achieved. Therefore, using water as the carrier, nanoclay can
be incorporated into the polymer system.

The selection of emulsifier for water-in-oil (w/o) inverse
emulsion is of essential importance to achieve a stable reaction
system and uniform water dispersion. Two criteria are used in
this study: (1) the hydrophileelipophile balance (HLB) value
falls in the range of 3e6 [21,22], and (2) no reactive group
(unsaturated carbonecarbon double bond) in the surfactant
molecules. It has been demonstrated that sodium bis(2-ethyl-
hexyl)sulfosuccinate (AOT) is highly efficient to stabilize the
water-in-styrene inverse emulsion [19]. According to Hazard-
ous Materials Identification System (HMIS) and National Fire
Protection Association (NFPA) ratings, AOT is non-flamma-
ble. These aspects match well with our desire to produce
fire-hazard-free nanocomposites. Thus, we chose AOT for
our system.

2. Experimental

2.1. Materials

The styrene monomer was purchased from Aldrich and used
without distillation. The initiators, 2,2 0-azobis(isobutyronitrile)
(AIBN) and dibenzoyl peroxide (BPO) with a half-life (t1/2) at
90 �C of 25 min and 145 min, respectively, were purchased
from Aldrich. AOT was supplied by Fluka and used as re-
ceived. The suspension stabilizers, hydroxyethyl (HEC,
Mw¼ 250,000) and polyvinyl alcohol (PVA) were supplied
by Aldrich and used as received. Nanoclay (Naþ-MMT) was
donated by Southern Clay Products.

2.2. Preparation of water/clay mixture

Nanoclay (5 wt% based on emulsified water) was dispersed
in emulsified water with the aid of sonication for approxi-
mately 2 h. The sonication time was controlled until the
formation of a uniform and stable water/clay mixture. Subse-
quently, 0.5 wt% NaCl (based on emulsified water) was added
into the mixture. The salt would facilitate the emulsification of
water droplets in the later stage of the process [19]. The con-
centration and the addition sequence of NaCl need to be taken
with care. Details are discussed later.

2.3. Preparation of inverse emulsion

AIBN (0.25 wt% based on styrene), BPO (0.25 wt% based
on styrene) and AOT (10 wt% based on emulsified water) were
dissolved in styrene. The mixture was heated to 90 �C under
the protection of nitrogen and a stirring rate of 350 rpm. The
reaction was performed in the bulk phase to a conversion of
approximately 60% (determined by offline differential scan-
ning calorimetry (DSC), at which point, the viscosity of the
continuous phase is sufficiently high to fixate the water drop-
lets. At a higher stirring rate (700 rpm), water/NaCl or water/
NaCl/clay was added into the styrene/PS mixture to form a
water-in-oil-in-water (w/o/w) reaction medium. Polymeriza-
tion was continued for another 10 min. A schematic of the
emulsion system is shown in Fig. 1a.

2.4. Suspension polymerization

The viscous inverse emulsion (100 g) was suspended in
water (suspension water, 300 g), with the aid of suspension
stabilizers HEC (0.6 wt% based on suspension water) and
PVA (0.005 wt% based on suspension water). Polymerization
was continued under nitrogen atmosphere. The stirring rate
and temperature were kept at 350 rpm and 90 �C, respectively.
Finally, the suspension was cooled to room temperature and
the spherical products were recovered by filtration. A sche-
matic of the suspension system is shown in Fig. 1b.

2.5. Expansion of compacted beads

The recovered beads were expanded via two different heat-
ing media: hot air and oil bath. The heating temperature was
set at 135 �C in both cases. After exposure to the hot medium
for 1 min, the expanded beads were quenched by either com-
pressed cold air (the hot air method) or an iceewater mixture
(the oil bath method).
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2.6. Batch foaming of WEPS/WEPSCN using carbon
dioxide (CO2)

(a) A two-step batch foaming process. WEPS/WEPSCN
beads were saturated with CO2 at 25 �C under a pressure of
13.8 MPa. After reaching an equilibrium state, the pressure
was quickly released and the beads were taken out of the
high-pressure vessel. Subsequently, the beads were immersed
into a pre-heated oil bath (135 �C). The total transition time
between the end of the pressure release and heating in the
oil bath was approximately 1 min. Foaming took place due
to the expansion of water droplets and the bubble growth of
CO2 in the PS matrix. The foaming time was set at 1 min, after
which the foamed samples were quenched with a mixture of
ice and water. (b) A one-step batch foaming process. WEPS/
WEPSCN were saturated with CO2 in a high-pressure vessel.
The system was allowed to equilibrate at 120 �C and 13.8 MPa
for 24 h. At these conditions, CO2 is in the supercritical state.
After equilibrium, the pressure was rapidly released, leading to
simultaneous bubble nucleation and growth. The foam struc-
ture was fixed by immediate cooling with a mixture of ice
and water.

2.7. Continuous foaming of WEPS/WEPSCN using CO2

A two-stage single screw extruder (Haake Rheomex 252P)
was utilized at a screw rotation speed of 20 rpm. A static
mixer (Omega, FMX8441S) was attached to the end of the
extruder to provide extra distributive mixing. A capillary die
with a nozzle of 0.5 mm (diameter) and 10 mm (length) was
custom-made to generate a rapid and high-pressure drop

Fig. 1. Schematic representation of the preparation process of WEPSCN

(a) emulsification of water/clay mixture in pre-polymerized styrene/PS, and

(b) suspension polymerization of styrene/PS droplets containing emulsified

water/clay droplets.
during the extrusion. CO2 was compressed to approximately
1800 psi at 4 �C. The CO2 pressure and volumetric flow rate
were controlled precisely by the pump controller. Upon injec-
tion into the barrel, CO2 was mixed with the polymer melt by
the screw rotation. A homogeneous solution of WEPS melt
and CO2 was formed when the mixture flowed through the
static mixer. Due to a rapid pressure drop through the narrow
capillary die, nucleation occurred and the foamed extrudate
flowed out of the nozzle and expanded until vitrified in the am-
bient air.

2.8. Characterization

The morphology of both compact (before expansion) and
expanded beads was examined by a scanning electron micro-
scope (SEM, Hitachi S-4300). Samples were freeze-fractured
in liquid nitrogen, and the fracture surface was sputter-coated
with gold. The ultimate water content in the beads was deter-
mined by thermogravimetric analysis (TGA, PerkineElmer
TGA 7) operated under a nitrogen atmosphere. The sample
was heated from room temperature to 140 �C at 10 �C/min fol-
lowed by an isothermal heating period of 60 min. The location
of nanoclay in expanded beads was examined by a transmis-
sion electron microscope (TEM, Phillip CM12), performed
using an accelerating voltage of 80 kV. The nanocomposite
foams were sectioned into ultra-thin slices (<100 nm) at
room temperature using a microtome and then mounted on
200 mesh copper grids. The heat conductivity of foams was
measured using a heat flow meter (Fox 200, LaserComp).
The temperature difference of the upper and lower plates
was set at 40 �C.

3. Results and discussion

The application of EPS is determined by the diameter of
the beads and the content of the blowing agent [23]. Foams
expanded from large EPS beads (diameter of 800e2000 mm)
are generally used for insulation and building panels, while
foams expanded from small beads (300e800 mm) are gener-
ally used for thin-walled containers. The ultimate bead size
is mainly determined during suspension polymerization. It
can be controlled by a number of means including mixing
speed and the type and content of stabilizers. For WEPS and
WEPSCN synthesized in this study, the bead size fell in the
range of the large group. The incorporation of 0.5 wt% nano-
clay did not exhibit any strong impact on the bead size and
size distribution.

In order to achieve foam products with desirable structure
and properties, it is important to acquire a uniform distribution
of water droplets in the water-in-styrene emulsion. AOT com-
bined with a low concentration of NaCl was reported to be an
effective emulsifying system for the preparation of WEPS
[19,24]. The basic concept is that the existence of an electro-
lyte will decrease the repulsion force between ionic head
groups of AOT, thus permitting a closer and more compact ar-
rangement of AOT around the water drop. In Crevecoeur’s
study [19,25,26], 0.9 wt% (based on emulsified water) NaCl
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Fig. 2. Dispersion of water droplets in compacted beads, scale bar 200 mm (a) WEPS, designed H2O 10 wt%, actual H2O 7.6 wt%, and (b) WEPSCN (0.5 wt%

nanoclay), designed H2O 10 wt%, actual H2O 9.2 wt%.
was used to improve the stability of the emulsion. In Snijders’s
study [24], an optimal concentration of NaCl (0.1 wt%) was
reported to achieve a homogenous and stable dispersion of
water droplets. However, the existence of an electrolyte (e.g.
NaCl) can also interfere with the flocculation of clay in water.
Thus, the electrolyte should be selected with care [27]. While
a low concentration of electrolyte can prevent particle aggre-
gation due to the osmotic repulsion, a high concentration
will lead to the compression of double layers at both the planer
and edge surfaces. As the concentration of electrolyte in-
creases to the critical flocculation concentration (CFC), all
three modes (face-to-face, face-to-edge, edge-to-edge) of
clay aggregation will occur. For Naþ-MMT used in this study,
the highest NaCl concentration we can use while still main-
taining a stable watereclay suspension was 0.5 wt%. We
found that the time to add NaCl is another factor that affects
the stability of the watereclay suspension. If we added both
nanoclay and NaCl into the emulsified water simultaneously
(sequence I), the exfoliation of clay became more difficult.
However, once the clay has been exfoliated in water, the addi-
tion of NaCl (sequence II) merely reduced the stability of this
suspension.

The distribution of water droplets in compact beads is illus-
trated in Fig. 2. With a constant AOT to water (emulsified) ratio
(1:10) and the same NaCl concentration, a similar domain size
and size distribution of water droplets were obtained for both
WEPS and WEPSCN. Most water droplets exhibited a size of
5 mm, with several larger droplets of approximately 20 mm.
The ultimate clay content in beads was measured using TGA,
and the result is illustrated in Fig. 3. With a designed water con-
tent of 10 wt%, the final incorporated water in PS beads was
7.6 wt%, while that in PS containing 0.5 wt% nanoclay was
9.2 wt%. This difference can be attributed to the hydrophilicity
of nanoclay, which holds more water into the polymer during
synthesis. This hydrophilic property of nanoclay also facilitates
the fixation of water within the beads during storage. We mea-
sured the water content of beads three months after synthesis.
For WEPSCN (the original water content of 9.2 wt%), the re-
sidual water was 2.5 wt%, while for WEPS (the original water
content of 7.6 wt%), the residual water was only 0.2 wt%.

Two heating media were used to expand compacted beads
in this study: hot air and an oil bath. The expansion
temperature was 135 �C. The foam structures of WEPS and
WEPSCN are illustrated in Fig. 4. Comparing foams expanded
by these two methods, it is obvious that a higher expansion ra-
tio (defined by the volume of a bead after expansion divided
by that of the same bead before expansion) could be achieved
by oil bath (Fig. 4b and d) than by hot air (Fig. 4a and c), as
summarized in Table 1. For WEPS, the average expansion
ratio was 2.2 when using the air gun, as opposed to 3.0
when using the oil bath. For WEPSCN, the compacted beads
expanded nearly 90% more in oil bath (6.1) than by the hot
air (3.2). The different performance of these two media can
be rationalized as follows. During the expansion, a substantial
fraction of water would diffuse out of the beads rather than
participating in expansion [26]. If the surrounding medium
is hot air, this diffusion would be expedited. However, if the
surrounding medium is hot oil, more water can be trapped
within the beads and is utilized as the blowing agent. There-
fore, a higher expansion ratio can be obtained.

The effect of nanoclay on the expansion, as well as the final
foam structures, is illustrated in Fig. 4. Regardless of the heat-
ing method applied, compacted beads with nanoclay exhibited
much higher expansion ratios, as indicated in Table 1. If
heated via hot air, the incorporation of 0.5 wt% nanoclay led
to an increase of the expansion ratio from 2.2 to 3.2. If heated
via the oil bath, the increase of the expansion ratio due to the
presence of nanoclay was more than 100% (3.0 vs. 6.1). While
higher water contents may lead to a higher expansion ratio, the

Fig. 3. Water content in beads determined using TGA.
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Fig. 4. SEM micrographs of foam morphology of expanded WEPS or WEPSCN beads at 135 �C for 1 min, all beads have designed H2O 10 wt%, scale bar 200 mm

(a) WEPS (7.6 wt% H2O), air gun (b) WEPS (7.6 wt% H2O), oil bath (c) WEPSCN (0.5 wt% nanoclay, 9.2 wt% H2O), air gun, and (d) WEPSCN (0.5 wt% nano-

clay, 9.2 wt% H2O), oil bath.
enhanced barrier property resulting from the nanoclay may
also play an important role. Before expansion, nanoclay was
dispersed in the water droplets. During expansion, the clay
particles were pushed against the cell wall and formed a barrier
layer around the cell, as illustrated in Fig. 5. The existence of
the clay barrier layer can obviously reduce the loss of water
and increase the expansion ratio. Another interesting observa-
tion is that a bi-model foam morphology (Fig. 4c and d) was
achieved with the addition of nanoclay. Since water is the
only blowing agent, this observation suggests a heterogeneous
nucleation due to the presence of nanoclay. A reasonable pos-
tulation is that those big bubbles were originated from existing
water droplets, while those surrounding small bubbles were
formed from the nucleation of water vapor on the clay surface.

In an attempt to produce foams with higher expansion ratio
and lower density, CO2 was applied as the co-blowing agent to
foam WEPS/WEPSCN beads. In the presence of two blowing
agents, water and CO2, foams with a bi-model structure (also
for beads without clay) are expected. To avoid the water loss
during the CO2 saturation, a two-step batch foaming process
was applied, as described in Section 2. The water content
was measured immediately before the CO2 co-foaming.
WEPS and WEPSCN beads contained 7.7 wt% and 8.6 wt%
H2O, respectively.

Table 1

Expansion ratios of WEPS and WEPSCN (designed water content 10 wt%)

Expansion ratio (a) WEPS (w/o clay,

7.6 wt% H2O)

WEPSCN (w/0.5%

clay, 9.2 wt% H2O)

Air gun (135 �C, 1 min) 2.2 3.2

Oil bath (135 �C, 1 min) 3.0 6.1
Our postulation on the cell morphology was verified. As il-
lustrated in Fig. 6, foams exhibited an obvious bi-model cell
structure even without nanoclay. A similar cell structure forms
for WEPSCN beads. However, instead of possessing a higher
expansion ratio, foams prepared using this method showed
thick (w0.5 mm) un-foamed skin region, and consequently,
a very high bulk density (0.6e0.7 g/cm3). Various foaming
temperatures and foaming times were tried in this study. How-
ever, all the foams exhibited similar structures and densities.

Fig. 5. TEM micrograph showing nanoclay around the cell wall.
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We believe that the technical barrier for achieving an efficient
expansion originates from the lack of a suitable foaming tem-
perature for both water and CO2. For PS synthesized in this
study (Mw¼ 237 kg/mol), a temperature lower than 120 �C
appears to be insufficient to generate a high water vapor pres-
sure to expand the viscous PS matrix. On the other hand,
a high temperature suitable for water expansion (e.g. 135 �C
in this study) may lead to the fast escape of CO2 out of the
beads and ultimately a thick surface skin.

The feasibility of using CO2 extrusion foaming to expand
the WEPS beads was tested using a single screw extruder.
Considering the high pressure generated within the extruder

Fig. 6. SEM micrograph of PS foam, WEPS (7.6 wt% H2O), CO2 co-blowing,

saturation pressure 13.8 MPa, saturation temperature 25 �C, foaming temper-

ature 135 �C (oil bath), foaming time 1 min, scale bar 100 mm.
and the confinement of the polymer melt by the screw and
the extruder barrel, water is expected to be held within the
polymer phase during extrusion. This can be verified by the
existence of a bi-model foam structure and a higher expansion
ratio compared to the foam generated from the neat PS. In
order to test the existence of water co-blowing and avoid the
interference of nanoclay, only WEPS was tried for the extru-
sion foaming. Fig. 7a shows the morphology of an extruded
PS foam made from the neat PS. In this case, CO2 was the
only blowing agent. Fig. 7b shows the morphology of an
extruded PS foam made from WEPS beads containing
7.7 wt% water. In this case, both water and CO2 served as
the dual blowing agent. Comparing these two samples, it is ob-
vious that the existence of water enhances the expansion of
PS. The WEPS foam (Fig. 7b) shows much larger cell sizes
and a lower cell density than the PS foam (Fig. 7a) under
the same foaming conditions, leading to a much lower bulk
density (0.17 g/cm3 vs. 0.5 g/cm3, foam b vs. foam a). Fur-
thermore, the WEPS foam possesses a bi-model cell mor-
phology due to the existence of two blowing agents, which
is demonstrated more clearly in a lower magnification image
(Fig. 7c). The extrusion of WEPS beads results in a similar
foam structure as the oil bath-based batch foaming of the
same material. In addition, no obvious skin region was ob-
served using this foaming route. It is worthwhile to point
out that the current extruder was equipped with a capillary
die, which is designed to generate a high-pressure drop and fa-
cilitate the formation of microcellular suture. In order to pro-
duce low-density foams for insulation applications, an
extruder with a wide slit die is desirable. Nevertheless, this
work demonstrated the feasibility to produce extruded PS
foams with a lower bulk density using WEPS beads.
Fig. 7. SEM micrographs of foams prepared using a single screw extruder, CO2 is the blowing agent (a) foam made from neat PS, scale bar 200 mm, r¼ 0.50 g/cc

(b) foam made from WEPS beads, water is the co-blowing agent, scale bar 200 mm, r¼ 0.17 g/cc (c) lower magnification of foam (b), scale bar 100 mm.
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Fig. 8. SEM micrographs of PS foams, batch foaming, CO2, 13.8 MPa, 120 �C, scale bar 500 mm (a) PS (no cavity), r¼ 0.07 g/cc (b) WEPS (7.6 wt% cavity),

r¼ 0.035 g/cc (c) PS/0.5 wt% nanoclay (no cavity), r¼ 0.181 g/cc (d) WEPSCN (0.5 wt% nanoclay, 9.2 wt% cavity), r¼ 0.032 g/cc.
All the foams discussed above were expanded using freshly
prepared beads, which retained most of the water as synthe-
sized. Since the water loss during storage is inevitable, it is
desirable to investigate alternative methods to expand dried
beads. WEPS and WEPSCN beads were intentionally dried
before foaming. Since styrene/PS has approximately the
same density as water, the volume percentage of the cavities
in the beads is similar to the weight percentage of water inside
the beads. For comparison, we synthesized PS and PSeclay
nanocomposite using a similar polymerization procedure, but
without entrapping any water droplets, in other words, no cav-
ities. CO2 foaming via a one-step batch process (introduced in
Section 2) was applied here. Four samples were foamed under
the same foaming conditions: (a) PS (w/o water cavity) (b)
dried WEPS (w/7.6 vol% water cavity), (c) PS (w/0.5 wt%
clay, w/o water cavity), (d) dried WEPSCN (w/0.5 wt% clay,
w/9.2 vol% water cavity). The resultant foam morphologies
are shown in Fig. 8. By comparing Fig. 8a and b, it is clear
that the existence of water cavities helps enlarge the cell
size and reduce the foam density. With the inclusion of
7.6 vol% cavity, the foam density can be reduced from
0.07 g/cc to 0.035 g/cc.

The addition of nanoclay in the foam formulation has
a mixed effect on the foam morphology and the insulation
performance. While the barrier resistance and flame retard-
ancy of nanoclay benefit the insulation applications, its nucle-
ation effect often leads to foams with unfavorable morphology
(i.e. cell size too small) and density (bulk density too high).
However, the nucleation effect of nanoclay can be balanced
by the cell enlargement effect caused by the presence of water
cavity in WEPSCN. Fig. 8c illustrates PS foams produced
from beads containing 0.5 wt% nanoclay. Compared to neat
PS foam (Fig. 8a), the nucleation effect of nanoclay signifi-
cantly reduced the cell size and increased the cell density.
Using the same foaming set-up and conditions, this sample
could not be expanded to fill the entire mold in batch foaming,
leading to a corrugated foam surface. The foam density is
0.181 g/cc, which is too high for insulation applications. How-
ever, the presence of 9.2 vol% water cavity (Fig. 8d) enlarged
the cell size in a similar manner as in the neat PS case. While
more cells were created compared to the neat PS foam (Fig. 8a
vs. d), the bubble size remained around 100 mm. The bulk
foam density is 0.032 g/cc, which is even lower than its non-
clay counterpart (Fig. 8b).

The thermal conductivity of the above mentioned foams
was measured at 40 �C and the results are shown in Fig. 9.
An extruded PS foam with a bulk density of 0.098 g/cc shows

Fig. 9. Thermal conductivity of foams (40 �C).
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a thermal conductivity of 32.61 mW/m/K. Batch foaming
of WEPSCN produced foams with a very low density
(0.032 g/cc) and correspondingly, a very low thermal conduc-
tivity (20.18 mW/m/K). For all the samples investigated in this
work, the conductivity data shows a monotonic dependence on
the bulk density. At the ultra-low density range, the conductiv-
ity is very sensitive to the bulk density. Our data indicates that
a lower bulk density provides a better thermal insulation value.
To achieve ultra-low-density foams (<0.05 g/cc) in traditional
manufacturing processes, an expensive vacuum system is often
required. Thus, our materials and approach may eliminate the
need of this multi-million dollar capital investment in the in-
dustrial foam line. Furthermore, using this method, traditional
industrial blowing agents such as chlorofluorocarbon and
hydrochlorofluorocarbon can be completely replaced with
inexpensive and environmentally benign CO2.

4. Conclusions

Water expandable PSeclay nanocomposites were successfully
synthesized via the suspension polymerization of water-in-oil
inverse emulsion. Using water as the carrier, surfactant-free
nanoclay can be incorporated into the polymer beads. The
addition of nanoclay can trap more water in the beads during
synthesis and reduce the water loss during storage.

CO2 foaming of compacted beads offers an alternative
method to utilize in-stock WEPS/WEPSCN products with
reduced water content. The presence of water cavities signifi-
cantly enlarges the cell size and leads to foams with ultra-low
density and lower thermal conductivity. More significantly,
PSeclay nanocomposite foams with considerably large cell
size (w100 mm) and low foam density (<0.05 g/cc) can be
produced using this approach.

Future research will be addressed on the following two as-
pects. First, new formulations (e.g. emulsifiers, suspension
agents) will be developed to stabilize the reaction system
with higher clay content. The present work demonstrated the
feasibility to produce WEPSCN. However, in order to achieve
noticeable advantages from nanoclay, such as mechanical
enhancement and the char formation, higher clay content is
required. Second, CO2 co-foaming of ‘‘wet’’ WEPS/WEPSCN
beads containing water inside will be developed. The key issue
is to avoid the water loss during the foaming process. The suc-
cess of this work may lead to foams with even lower foam
density and better insulation performance. With the thinning
of the cell wall, it is also possible to achieve an open cell struc-
ture. Therefore, by controlling the water content, foams with
a wide range of densities and applications (insulation, filtra-
tion, sound dampening, etc.) can be produced.
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