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Abstract

Dispersed polymer/clay nanocomposites are of great interest because they can significantly improve the properties of existing polymeric ma-
terials. However, achieving a high level of clay dispersion has been a key challenge in the production of polymer/clay nanocomposites. In this
paper, we explore a novel supercritical carbon dioxide (scCO2) processing method that utilizes scCO2 to disperse nano-clays. The structure and
properties of the clays and the resultant nanocomposites are characterized using a combination of wide-angle X-ray diffraction (WAXD), scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM), and rheology. Significant dispersion was achieved with dry Cloisite
93A clay, whereas relatively poor dispersion was achieved with dry Cloisite Naþ (natural clay). The extent of clay dispersion appears to be
dependent on the ‘CO2-philicity’, which in turn appears to depend on the surface modifications and inter-gallery spacing. The presence of
an acidic hydrogen on the surfactant in Cloisite 93A appears to play a strong role in its ‘CO2-philicity’. The ability to delaminate dry clays
is significant because it will likely increase the ability to produce dispersed clay/polymer nanocomposites via melt processing. In addition to
delaminating dry clays, we demonstrate that CO2-phobic Cloisite Naþ (natural clay) can be partially dispersed with scCO2, using a CO2-philic
polymer, polydimethylsiloxane (PDMS). The dispersed clay/PDMS nanocomposite shows an order of magnitude increase in the dynamic storage
modulus at low frequencies, accompanied by the emergence of a ‘solid-like’ plateau, characteristic of dispersed nanocomposites with enhanced
clay/polymer interactions.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the past decade considerable effort has been put forth
to disperse/exfoliate nano-clays in polymers. This is due to
their potential for remarkable enhancements in polymer prop-
erties. These benefits include improved tensile strength [1], de-
creased gas permeability [2,3], thermal stability, and improved
flame retardancy [4]. A key to several of the improvements is
the large interfacial area generated when the nano-clays are
intercalated or exfoliated [5e14]. However, dispersing the
nano-clay stacks into individual layers is still a challenge. The
starting point for most montmorillonite-based nanocomposites
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is surface modification of the natural clay with alkylammo-
nium or phosphonium cations that increase the inter-gallery
spacing and render the clay organo-philic [15]. The modified
or organo-philic clay can then be dispersed in an appropriate
polymer matrix by a variety of methods. These methods can
be broken down into three categories: intercalation of pre-
polymer or polymer from solution, melt intercalation, and in
situ intercalative polymerization. A wide range of nanocompo-
sites have been formed by melt mixing, solution casting, and in
situ polymerization. Melt mixing and solution casting primar-
ily result in intercalated nanocomposites, and in situ polymer-
ization provides a range of dispersion from intercalated to
exfoliated [16e25]. Although all of these methods have been
somewhat effective in producing nanocomposites, from a pro-
cessing stand point, melt intercalation is likely the most viable

mailto:rkannan@chem1.eng.wayne.edu
http://www.elsevier.com/locate/polymer


7486 S. Horsch et al. / Polymer 47 (2006) 7485e7496
method for producing nanocomposites at an industrial level.
Therefore, it would be advantageous to develop methods that
augment melt processing and help to increase the extent of
nano-clay dispersion.

Recently, supercritical fluids (SCFs) have received a great
deal of attention and are currently being used as environmen-
tally friendly solvents for a range of materials synthesis and
process applications including polymerization, polymer purifi-
cation and fractionation, coating applications, and powder for-
mation [26]. In general, SCFs offer mass transfer advantages
over conventional organic solvents because of their ‘‘gas-
like’’ diffusivity, liquid-like density, low viscosity, and surface
tension [26e28]. In particular, supercritical carbon dioxide
(scCO2) has emerged as an important SCF due to its many de-
sirable attributes such as low cost, abundance, low toxicity,
and readily accessible supercritical conditions (Tc¼ 31.1 �C,
Pc¼ 7.38 MPa, rc¼ 0.472 g/mL). When CO2 is raised above
its critical point, its physicochemical properties can be contin-
uously tuned between vapor-like and liquid-like limits by
varying the system pressure and/or temperature. Moreover, it
has been shown that a variety of polymers exhibit solubility
in SCFs and that the extent of solubility depends on the molec-
ular weight of the polymers and the processing conditions.
Silicones (e.g., polydimethylsiloxane e PDMS) and fluori-
nated hydrocarbons exhibit miscibility at pressures well below
alkanes of comparable chain length in CO2 [29e32].

In this paper we present a novel method, which exploits the
physicochemical properties of supercritical carbon dioxide
(scCO2) to disperse and/or coat nano-clays for use in polymeric
nanocomposites [33,34]. The dispersion is discussed in the
context of clay surface modification and CO2-philicity. Specif-
ically, we demonstrate the ability of scCO2 processing to
delaminate CO2-philic nano-clays in their dry state and show
that the type of surface modification impacts the CO2-philicity
of the nano-clay and hence the extent of delamination. In
addition, we demonstrate the ability of a CO2-philic polymer
to aid in the dispersion of a ‘‘CO2-phobic’’ natural clay (Cloi-
site Na+). The matrix polymer for the nanocomposites, polydi-
methylsiloxane (PDMS), was chosen because of its well
documented miscibility with scCO2 and because it has a Sie
O backbone, which may interact favorably with the silicate
surface of natural montmorillonite [35e37]. In addition, clay
loadings of 15 wt% were used to determine the feasibility of
producing highly loaded master-batches using scCO2, for fur-
ther compounding. The structure and mechanical properties
of the nano-clays and nanocomposites have been investigated
via electron microscopy, wide-angle X-ray diffraction
(WAXD), and rheology. The properties of the resultant nano-
composites are compared to analogous materials from
literature.

2. Experimental methods

2.1. Materials

The Cloisite series of clays 93A, 15A, and Naþ used in this
study were obtained from Southern Clay Products. The I.30P
was provided by Nanocor. The composition and physical prop-
erties of the nano-clays are summarized in Table 1. The cation
exchange capacities (CEC) of all the clays have been reported
by the manufacturers to be 92.6 mequiv/100 g. The two PDMS
samples are polydisperse, with weight-average molecular
weights of 39,000 g/mol and 400,000 g/mol, and were pur-
chased from Scientific Polymer Products, Inc.

2.2. scCO2 processing

The scCO2 processing method involves contacting nano-
clays or polymer nano-clay mixtures with scCO2. The process
is shown pictorially in Fig. 1. The layered nano-clays or poly-
mer/clay mixtures are contacted with CO2 in a high pressure
vessel (A); the system is then raised above the critical point
for CO2 and the material is allowed to soak for an appropriate
time (B); the system is then rapidly depressurized to
atmospheric pressure (C). A preliminary hypothesis for the
mechanism is: during the soak step (B), under the selected pro-
cessing conditions, the CO2 or the mixture of the CO2 and
polymer diffuses between the clay layers. In the case where
polymer is present, the high diffusivity and low viscosity of
the CO2-philic polymer in the mixture enables clay layer pen-
etration. In the case where only CO2 and clay are present the
CO2 diffuses into the CO2-philic clay gallery. During depres-
surization, expansion of the scCO2 between the layers pushes
them apart resulting in delaminated nanocomposites or nano-
clays. When the CO2 is completely removed a good portion of
the nano-clay platelets remain separated or in the case where
polymer is present the organic material remains between
the layers, coating the surfaces of the layers, thus preventing
reformation of the layered structure.

2.2.1. scCO2 dispersion of pure nano-clays
The four different nano-clays (Cloisite 93A, Cloisite 15A,

Cloisite Naþ (natural clay), and I.30P) were processed in

Table 1

Nano-clay composition

Name Organic modifier d001 spacing (nm)

Cloisite Naþ None 1.17

Cloisite 93A Methyl dihydrogenated tallow 2.36

Cloisite 15A Dimethyl dihydrogenated tallow 3.15

I.30P Trimethyl hydrogenated tallow 2.3

Fig. 1. Supercritical Fluid Processing. In step (A) the silicate and host polymer

are mixed and the resulting composite is placed in the processing vessel. In

step (B) the vessel is pressurized with scCO2 and then heated. In step (C)

the vessel is rapidly depressurized.
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scCO2 at 90 �C and 8.6 MPa, which corresponds to a CO2 den-
sity of 0.157 g/cm3. The clay was allowed to soak in scCO2 for
20 h under quiescent conditions; at which time, the system
was rapidly depressurized. The structure and morphology of
the processed clays were then studied via WAXD and scanning
electron microscopy (SEM).

2.2.2. Formation of nanocomposites
The nanocomposites formed via the scCO2 processing

method were produced by hand mixing the as-received Cloi-
site Naþ with either high molecular weight PDMS or a blend
of low and high molecular weight PDMS (20 wt% 39K,
80 wt% 400K) until the nano-clay was coated with the poly-
mer. This is easily accomplished because of the soft, liquid-
like properties of PDMS at room temperature. The mixture
is then processed in scCO2 under appropriate conditions to
form the nanocomposite. During the scCO2 process, the
high mobility of the polymer and the rapid depressurization
are expected to facilitate uniform distribution and dispersion
of the nano-clay in the host polymer matrix. These nano-
composites are benchmarked against composites made by
mechanically mixing the appropriate amount of as-received
nano-clay with the appropriate PDMS and annealing at
90 �C in a vacuum oven for 24 h. This annealing time is com-
parable to those used for scCO2 processing, thus ruling out any
role of thermal annealing in the enhanced properties achieved
during scCO2 processing.1 The mechanical mixing of the
nano-clay with the PDMS was carried out in a 256 mL Thar
vessel equipped with a variable speed impeller. The nano-
clay and PDMS were mixed for 2 h at low impeller speeds
and 25 �C to uniformly distribute the nano-clay throughout
the polymer matrix followed by the annealing step to further
promote intercalation of polymer chains into the inter-gallery
of the nano-clay. The composition, processing method and
processing conditions for the nanocomposites are shown in
Table 2.

2.3. Wide-angle X-ray diffraction (WAXD)

WAXD was used to determine the inter-gallery spacing
of the as-received clays, scCO2 processed clays, and clay/
polymer nanocomposites. The d001 spacing for the clays
was determined using the JADE software accompanying the
diffractometer. The inter-gallery spacing was calculated by
subtracting 1 nm (platelet thickness) from the d001 spacing.
All data were collected using a Rigaku Rotaflex powder
diffractometer with a Cu Ka X-ray source (l¼ 1.54 Å) and
an accelerating voltage of 40 kV at a current of 150 mA. To
perform scans, samples were placed in a custom made zero
background quartz sample-holder that is 0.9 mm in depth.
Scans were carried out in different orientations of a sample
and different locations in the sample and verified to be repro-
ducible when diffraction patterns were superimposed on one
another.

1 For all the samples discussed in this paper, we do not observe any mass

change upon scCO2 processing, suggesting no PDMS loss.
2.4. Electron microscopy (SEM and TEM)

SEM was used to understand the morphology of nano-clays
before and after scCO2 processing. Images were collected
using a Hitachi S-2400 scanning electron microscope with
an electron potential of 25 kV. Many (10e20) images were
collected for all samples to ensure accurate representation
of the clay structure. Transmission electron microscopy
(TEM) was used to investigate the clay structure in the
PDMS matrix. Thin films of the nanocomposites were pre-
pared by a compression molding technique. The films were
cut into pieces and placed between Teflon sheets at 80 �C
and compressed to form thinner films. This process was
repeated to achieve a film thickness that would allow for
imaging. The films were removed using liquid nitrogen and
placed on 200 mesh carbon film coated copper grids. The
samples were examined with a JEOL FastEM 2010 HR
TEM operated at 200 kV.

2.5. Rheology

Melt rheological measurements were performed under
oscillatory shear using an RSA II rheometer (shear sandwich
geometry 15.98� 12.7� 0.55 mm3). Measurements were
performed at a single temperature for PDMS nanocomposites
because of the very small timeetemperature superposition
shift factors associated with PDMS at room temperature
(Tg w�128 �C). The experimental frequency range was
0.01�u� 100 rad s�1 for all samples. The samples were
loaded, compressed and allowed to equilibrate for 1 h at the
desired temperature.2 Linear viscoelastic measurements were
made at low strains (go< 0.07) and strain sweeps were per-
formed to ensure that the dynamic moduli were independent
of the strains utilized. Steady shear viscosity measurements
were carried out on a Rheometrics ARES rheometer with
a transducer capable of torque measurements over a range
from 0.2e2000 g cm. Viscosity measurements were carried
out at a single temperature of 25 �C with a cone angle of
0.1 rad, a plate diameter of 25 mm, and a gap of 0.05 mm.
Steady shear measurements were done by applying a strain
rate ranging from 0.01e100 s�1.

Table 2

Nanocomposite composition

Sample Polymer (Mw) Clay wt% filler Processing

conditionsa

PDMS400K(BM) 400K Cloisite Naþ 15 1,4

PDMS400K(sc) 400K Cloisite Naþ 15 1,2

PDMSblend(sc) 20 wt% 39K,

80 wt% 400K

Cloisite Naþ 15 1,3

a 1, Mechanical mixing of clay and polymer prior to processing; 2, scCO2

processing at 27.6 MPa and 50 �C for 24 h; 3, scCO2 processing at

13.78 MPa and 50 �C for 24 h; 4, annealed at 90 �C for 24 h.

2 This is a typical equilibration time we use in rheology, to allow the tem-

perature to reach the set point. In the RSA II instrument it takes greater

than 20e30 min, depending on the temperature jump.
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Fig. 2. SEM images of (a) as-received Cloisite 93A reveals the presence of large tightly packed particles, (b) scCO2 processed Cloisite 93A with significant struc-

tural change by comparison with non processed clay, (c) as-received Cloisite 93A viewed at higher magnification and (d) scCO2 processed Cloisite 93A viewed at

higher magnification. Magnification and scale are present on individual images.
3. Results and discussion

3.1. Morphology of as-received and scCO2 dispersed
nano-clays

3.1.1. Morphology of as-received nano-clays
SEM images of the as-received nano-clays showed a

mixture of particle sizes ranging from 1 to 15 mm. The larger
particles (5e15 mm) appear to consist of many tightly bound
tactoids, which align to form ellipsoidal shaped agglomera-
tions (Figs. 2a, c, 3a, 4a, and 5a). The tactoids that make
up these agglomerations have many platelets displaying
good parallel registry within a given tactoid and relative to
neighboring tactoids (highlighted by white circles in Figs.
2c and 3a). The smaller particles appear to consist of rela-
tively few tactoids. However, these tactoids contain enough
platelets to allow the structure to remain rigid or relatively
flat even though they have the lateral dimensions of 1e
5 mm (highlighted in Fig. 2a by white circles). The ‘esti-
mated’ overall particle size distributions of the different
nano-clays, as revealed by the examination of many SEM
images, are similar. In general, all the as-received nano-clays
consist of large tactoid structures, with very few individual
platelets present.
Fig. 3. SEM images of (a) as-received Cloisite 15A and (b) scCO2 processed clay (90 �C, 8.6 MPa, quiescent conditions, 20 h). No changes occur during pro-

cessing. The images are at a magnification of 8000.
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Fig. 4. SEM images of (a) as-received I.30P and (b) scCO2 processed I.30P (90 �C, 8.6 MPa, quiescent conditions, 20 h). The larger ellipsoidal particles appear to

be broken up into more individual tactoids.
The basal spacing of the nano-clays was determined with
WAXD. The d001 spacing for as-received Cloisite 93A, Cloi-
site 15A, Cloisite Naþ, and I.30P was determined to be
2.4 nm, 3.1 nm, 1.2 nm, and 2.3 nm, respectively. These values
are nearly identical with those published by Southern Clay
Products and Nanocor (Table 1). Moreover, WAXD of Cloisite
93A, Cloisite 15A, and I.30P revealed well-defined d001 peaks
and higher order d002 peaks (Figs. 6 and 7). This is in good
accord with SEM images which revealed that these clays
have many large ellipsoidal structures with well ordered
tactoids [38]. In contrast, Cloisite Naþ (natural clay) displayed
a broad low intensity d001 diffraction peak and no higher order
diffraction peaks (Fig. 8). This could be due to the smaller
or more disordered structures in the natural clay, as shown
previously [39].

3.1.2. Morphology of scCO2 processed Cloisite 93A
SEM images of the processed Cloisite 93A revealed a sig-

nificantly different morphology from the as-received nano-
clay. Flexible expanded structures were observed as well as
many individual platelets and smaller tactoids (Fig. 2b and d).
The large ellipsoidal structures that were present in the
as-received Cloisite 93A were separated into individual plate-
lets, smaller tactoids, and cabbage-like (disordered) structures
after scCO2 processing. The cabbage-like structures and
smaller tactoids exhibit substantial flexing and twisting. This
type of distortion is not observed in the as-received clays or
TEM images of intercalated or immiscible nanocomposites
with large tactoids, but has been observed in many TEM images
of exfoliated clay nanocomposites [39,40]. Upon examina-
tion of several images, the ‘average’ major axis length of the
smaller tactoids and individual platelets was estimated to be
w0.5e2 mm, and those of the cabbage-like structures ranged
in size from w1 to 6 mm. The SEM images suggest that the
outer layers of the larger and smaller particles are delaminated
and the larger particles are fractured into smaller particles
during processing. Calculating the average aspect ratio from
SEM images is difficult in the as-received nano-clay and is fur-
ther complicated in the processed nano-clays by the extreme
flexing and twisting especially near the edges. However, SEM
images show that aspect ratios remain large and range from
30 to 600 for scCO2 processed Cloisite 93A.

WAXD scans of processed Cloisite 93A reveals the pres-
ence of a broad low intensity d001 diffraction peak, which cor-
responds to a basal spacing of 2.2 nm (Fig. 6). The broadening
of the d001 diffraction peak and the reduction in intensity cor-
relate well with the SEM images of this sample. The consider-
able loss of parallel registry and reduction in tactoid size, as
a result of scCO2 processing, explain the reduction in intensity,
which is proportional to the number of coherent scattering
Fig. 5. SEM images of (a) as-received Cloisite Naþ and (b) scCO2 processed Cloisite Naþ (90 �C, 8.6 MPa, quiescent conditions, 20 h). No notable changes occur

during processing. The images are at a magnification of 4000.
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points. The slight decrease in basal spacing (from 2.4 nm to
2.2 nm) of the remaining tactoids may be attributed to the
removal of excess modifier from the nano-clay surface.

3.1.3. Morphology of scCO2 processed Cloisite 15A,
Cloisite Naþ and I.30P

Surprisingly, SEM images of scCO2 processed Cloisite 15A
under identical conditions, revealed no significant morphology
change when compared with the as-received clay (Fig. 3).
WAXD patterns are nearly identical (not shown for brevity)
for Cloisite 15A before and after scCO2 processing. Similar
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to Cloisite 15A, SEM images of scCO2 processed Cloisite
Naþ (natural clay) revealed that the particles were largely
unchanged by processing at comparable conditions (Fig. 5).
The large ellipsoidal particles remained after processing and
appeared well ordered like those of the as-received clay.
WAXD scans of scCO2 processed Cloisite Naþ correlate
well with the SEM images (Fig. 8). The intensity and breadth
of the d001 diffraction peaks for the as-received and the scCO2

processed Cloisite Naþ are nearly identical, indicating no dis-
persion has been achieved. In contrast, SEM images of scCO2

processed I.30P show a moderate amount of dispersion when
compared to the as-received and processed clay (Fig. 4).
The large ellipsoidal particles are partially reduced in size
with the larger remaining particles estimated to be ranging
from w2 to 5 mm rather than 10e25 mm. The surfaces of
the particles appear to have become disordered similar to those
of scCO2 processed Cloisite 93A but to a lesser extent. WAXD
data for the scCO2 processed I.30P shows a reduced intensity
and broadened d001 diffraction peak (Fig. 7). This is reason-
able given the structural changes seen in SEM images of
this sample.

3.1.4. Discussion of scCO2 processed nano-clay
dispersion results

Two of the nano-clays were dispersed to varying extents via
scCO2 processing, Cloisite 93A was well dispersed and I.30P
was moderately dispersed. In contrast, Cloisite 15A and Cloi-
site Naþ demonstrated no significant morphological change
after scCO2 processing at comparable conditions. The key dif-
ferences between the nano-clays are inter-gallery spacing and
composition of the ammonium salts. The inter-gallery spacing
does not appear to be a limiting factor among the modified
nano-clays, as Cloisite 15A is virtually unaffected by the
scCO2 process and has the largest of the inter-gallery spacing.
The key difference between the structure of Cloisite 15A and
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Cloisite 93A is that a methyl group in 15A is replaced with an
acidic hydrogen in 93A. The acidic hydrogen content of Cloi-
site 93A may be the key reason for the difference in CO2-
philicity between the two clays. This assumption appears
reasonable when considering previous work which has sug-
gested that the CO2 solubility of imidazolium-based ionic salts
increased if a hydrogen was present on the salt rather than a
methyl group for the solvent to interact with [41,42]. Addition-
ally, Brennecke et al. demonstrated a slightly increased CO2

solubility of imidazolium salts, when hydrogen was substituted
for a methyl group on the C2 position of the ring [43].

The ability to moderately disperse I.30P via scCO2 process-
ing and not Cloisite 15A cannot be explained by an acidic
hydrogen. A preliminary hypothesis is given here. In imidazo-
lium salts, it has been shown that at higher pressures CO2 will
act favorably with the higher positive charge on the N, which
results when methyl groups are present near the N3 nitrogen
[43]. Further evidence of this behavior is provided by De-
schamps et al. who demonstrated by molecular simulation
that increasing the positive charge on the N increases CO2 ac-
tivity in the region close to the N [44]. In the case of I.30P,
there are three methyl groups surrounding the N rather than
two for Cloisite 15A. In addition, if one considers that Cloisite
15A has an additional hydrogenated tallow group it likely has
the ability to distribute the charge associated with the quater-
nary ammonium salt over a larger area, effectively lowering
the local charge around the N. The lower aliphatic content
of I.30P compared with Cloisite 15A along with the increase
of methyl groups likely results in an increased positive charge
on the N of I.30P. The increased positive nature of the N in
I.30P may explain the apparent difference in CO2-philicity
and dispersion of I.30P and Cloisite 15A.

In the case of Cloisite Naþ, the closely packed platelets
(smaller d-spacing compared to other clays), and charge repul-
sion due to the charged clay surface, may have prevented
scCO2 from effectively diffusing into the gallery resulting in
no separation of the individual platelets during depressuriza-
tion. Interestingly, in the presence of a CO2-philic polymer
(PDMS) some dispersion of Cloisite Naþ was achieved (dis-
cussed later in nanocomposite section).

In summary, although the fundamental reasons for the dif-
ferences in dispersion of the nano-clays are not entirely clear,
two structural features appear to play a role: (1) the presence
of an acidic hydrogen on the ammonium salt and (2) the extent
of the positive charge on the N. The presence of acidic hydro-
gen or the increased positive nature of the N appears to render
the clay more CO2-philic resulting in better dispersion of Cloi-
site 93A and I.30P.

3.2. PDMS Cloisite Naþ nanocomposites

3.2.1. Preparation and structure of Cloisite Naþ/PDMS
nanocomposites

In the previous section, we described the ability of scCO2

processing to disperse ‘CO2-philic’ nano-clays. Here we pro-
vide evidence that a CO2-philic polymer (PDMS) can be
used to disperse ‘CO2-phobic’ Cloisite Naþ (as-received
natural clay). Initially, a blend of low molecular weight
(39K) PDMS and high molecular weight (400K) PDMS was
used to prepare the natural montmorillonite-based nanocom-
posites. The low molecular weight PDMS was used to increase
the mobility and improve the chances of PDMS to diffuse
into the clay galleries. This was based on the results of
DeSimone et al. who demonstrated that the diffusivity of
PDMS in CO2 scaled as the inverse square of molecular
weight and that solubility increased as the molecular weight
decreased [37].

The first nanocomposite, sample (PDMSblend(sc)) was
formed by blending 15 wt% as-received Cloisite Naþ with
the PDMS mixture and processing the resulting composite in
scCO2. TEM images reveal regions of aggregated clay and
some dispersed/exfoliated clay. The aggregated regions appear
to comprise tactoids consisting of 20 or fewer layers (Fig. 9)
which is significantly fewer layers than SEM images reveal
for as-received Cloisite Naþ (Fig. 5a). In addition, considering
that the largest dimension of the aggregated clay areas is typ-
ically less than 5 mm, it appears that the majority of the larger
particles have been broken up into smaller tactoids. The light
grey regions seen in the images comprise individual platelets
or small tactoids and the black regions comprise disordered
intercalated structures, tactoids, and partially exfoliated
structures. X-ray scans of sample (PDMSblend(sc)) lack a
coherent d001 diffraction peak and are consistent with a dis-
persed or partially dispersed nanocomposites (Fig. 10). In
comparison, the WAXD results of the melt-annealed sample
(PDMS400K(BM)) showed a well-defined d001 diffraction
peak (Fig. 14) at comparable clay loadings. Therefore, the
scCO2 processing appears to have produced appreciable clay
dispersion, consistent with TEM images. Morgan and Gilman
have suggested that WAXD may become insensitive to the
clay morphology at loadings of less than 5 wt% and at these
low loadings coherent diffraction peaks may not be present
even when the clay remains primarily in tactoid form [39].
This is one of the reasons why we chose to use a relatively
high clay loading of 15%. Thus it appears that a CO2-philic
polymer (PDMS) enables scCO2 processing to disperse even
natural clay (Cloisite Naþ). The high diffusivity and low
viscosity of the PDMS in scCO2, coupled with the favorable
interaction between the SieO backbone of the PDMS and
the SieO surface of Cloisite Naþ may have increased the
ability of PDMS to penetrate the clay galleries, facilitating
the transport of CO2 into the clay galleries.

3.2.2. Viscoelastic behavior of Cloisite
Naþ/PDMS nanocomposites

The viscoelastic properties of sample (PDMSblend(sc))
showed significant increases in the dynamic moduli. The stor-
age modulus (G0) increased by w100% at all frequencies
compared to the neat polymer (Fig. 11). Furthermore, the
cross-over frequency and the frequency dependence of the
moduli were comparable to those of the matrix polymer.
This suggests that the relaxation dynamics of the matrix poly-
mer is largely unaffected by the presence of the dispersed
nano-clay. Steady shear viscosity (h) measurements also
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Fig. 9. TEM images of 15 wt% Cloisite Naþ mixed with PDMS blend (20 wt% 39K, 80 wt% 400K) processed in scCO2. All the scaling bars represent 100 nm

except the top right image where the scaling bar represents 500 nm. Light grey regions are areas of individual platelets and tactoids. Dark regions are regions of

disordered intercalated structures, partially exfoliated structures and tactoids. All images are from different regions of sample (PDMSblend(sc)) at different

magnifications.
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the neat polymer as indicated by the lack of shift in cross-over frequency
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exhibit a large increase w170% in zero-shear viscosity,
(Fig. 12) with the onset of the plateau occurring at lower shear
rates for the nanocomposite. As a benchmark, when the
matrix polymer blend was melt-annealed (without scCO2)
with Cloisite Naþ, we observed a modulus increase (at all fre-
quencies) of w20%. This is much smaller than that observed
for scCO2 processed nanocomposites. Krishnamoorti et al.
prepared dispersed PDMS/organo-clay (dimethylditallow-
montmorillonite) nanocomposites with a large clay-spacing
compared to Cloisite Naþ, by in situ polymerization. They
observed qualitatively similar frequency dependence and h

dependence, with an increase in zero-shear viscosity of
w40% for a silicate content of 13 wt% [45]. Therefore, our
results suggest that scCO2 processing results in good clay
dispersion, even for natural clays in the presence of PDMS.

Even though appreciable dispersion and modulus enhance-
ment were observed, this sample (PDMSblend(sc)) showed
liquid-like terminal behavior. This is further supported by the
plateau observed in the cross-plot (h* vs. G*) of the nano-
composite (Fig. 13), which is sensitive to the onset of solid-
like behavior. This type of rheological response is similar to
that of traditional filled systems where the relaxation dynamics
of the host polymer is unaltered by the presence of the non-in-
teracting filler. Typically, dispersed nanocomposites display an
alteration in relaxation dynamics seen as a plateau in G0 at low
frequencies. This is attributed to the coupling of the host ma-
trix to a percolated clay network [45]. The lack of a plateau in
G0 for sample (PDMSblend(sc)) is surprising because the SieO
backbone of PDMS and the SieO surface of the natural clay
should interact favorably (especially since this polymer en-
abled natural clay to be dispersed). One possible explanation
for the lack of a plateau in the dispersed PDMSblend(sc) could
be the presence of low molecular weight PDMS in the host
matrix. Compared to the high molecular weight PDMS
(400K), it is estimated to be significantly more soluble in
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Fig. 12. Steady shear viscosity of neat PDMS and 15 wt% Cloisite Naþ/PDMS

nanocomposite. The nanocomposite was formed by mixing as-received Cloi-

site Naþ with a PDMS blend (20 wt% 39K, 80 wt% 400K) and processing

in scCO2. The nanocomposite exhibits a steady shear viscosity increase of

170% and the low shear rate plateau occurs at a lower shear rate compared

with the neat polymer.
CO2 and has a 100-fold higher diffusivity [37]. Therefore,
it may be transported to the clay surface preferentially. If a sub-
stantial portion of the clay surface is coated with the low mo-
lecular weight PDMS, the tethered chains may not be long
enough to ‘couple’ with the matrix, resulting in a filler effect.3

To test this idea, a nanocomposite was formed using only
the 400K molecular weight PDMS. The sample (PDMS400K(sc))
was made by processing as-received Cloisite Naþ mixed
with PDMS (400K) in scCO2. In order to disperse the Cloisite
Naþ with the higher molecular weight PDMS, it was necessary
to increase the processing pressure from 13.78 MPa to
27.6 MPa, maintaining the same temperature of 50 �C.4

WAXD data for sample (PDMS400K(sc)) indicate that the
Cloisite Naþ was well dispersed (Fig. 14). The sample was
then benchmarked against sample (PDMS400K(BM)) which
was prepared by mechanically mixing the as-received Cloisite
Naþ with high molecular weight PDMS and annealing for
24 h in a vacuum oven at 90 �C. X-ray scans of this melt-mixed
sample revealed a lack of clay dispersion (Fig. 14).

The dynamic moduli of the sample (PDMS400K(sc))
demonstrate significant improvement across the measured
frequency range, with better improvement at low frequencies
compared to high frequencies (Fig. 15). G0 is enhanced by
w100% at high frequencies, and more than an order of
magnitude at low frequencies. Importantly, a low frequency
plateau is present in G0 suggesting a network formation in
the dispersed nanocomposite [25]. This is in contrast to the
previous ‘blend’ sample (PDMSblend(sc)), which showed no
low frequency plateau. Furthermore, h* is considerably en-
hanced at all frequencies and exhibits shear thinning across
the entire measured frequency range with strong shear

G* (dyne/cm
2
)
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Fig. 13. Cross-plot of neat PDMS and 15 wt% Cloisite Naþ/PDMS nanocom-

posite. The nanocomposite was formed by mixing as-received Cloisite Naþ

with a PDMS blend (20 wt% 39K, 80 wt% 400K) and processing in scCO2.

The nanocomposite exhibits a finite dynamic viscosity over the range of com-

plex moduli.

3 Even if we assume that 66% of the clay is dispersed into individual plate-

lets, our estimates suggest that 20% of low molecular weight PDMS (39K) is

sufficient to coat the clay layers.
4 We attempted to process the blend sample at these higher pressures, but

some PDMS was lost during processing, presumably the highly soluble low

molecular weight fraction.
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thinning prevalent even at low frequencies (Fig. 16). The
benchmark sample (PDMS400K(BM)) did not show this behav-
ior. A cross-plot reveals the divergence of h* at finite values of
G* which is indicative of the solid-like nature exhibited by
some exfoliated nanocomposites with good polymer/clay in-
teractions (Fig. 17) [25]. Even though both scCO2 processed
samples (PDMSblend(sc)) and (PDMS400K(sc)) show compara-
ble dispersion based on WAXD, the latter sample shows a low
frequency plateau whereas the former does not. The reason for
this is not clear, and we offer this preliminary hypothesis: the
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was formed by mixing 15 wt% as-received Cloisite Naþ with high molecular

weight PDMS and processing in scCO2. The lack of a coherent d001 diffraction

peak is indicative of a well dispersed nanocomposite.
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Fig. 15. Oscillatory shear rheology of neat PDMS and 15 wt% Cloisite Naþ/
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quencies. Furthermore, the nanocomposite exhibits the onset of a plateau in G0
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length of the clay-adsorbed chain may play an important role
in (a) creating a percolated clay structure connecting adjacent
‘dispersed’ layers, and/or (b) coupling the ‘matrix polymer
dynamics’ to the clay layer. If this were the case, the 400K
PDMS should have promoted clay/polymer interactions in
the blend sample too. The fact that no such solid-like behavior
is seen, suggests that when 39K PDMS is present it could
be adsorbing on the clay surface preferentially in the blend.
This may be reasonable, since 20% of low molecular weight
PDMS is ample to coat the clay surface (estimate based
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Fig. 16. Complex viscosity of neat PDMS, sample PDMS400K(BM), and sam-

ple PDMS400K(sc). Sample PDMS400K(BM) was formed by mixing 15 wt%

as-received Cloisite Naþ with high molecular weight PDMS and annealing

the resulting composite at 90 �C in a vacuum oven for 24 h. The nanocompo-

site was formed by mixing as-received Cloisite Naþ with high molecular

weight PDMS and processing in scCO2. The plot demonstrates shear thinning

behavior for the scCO2 processed nanocomposite even at the lowest frequen-

cies measured. This type of behavior is typical of dispersed nanocomposite

with good polymer/clay interactions.
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was formed by mixing as-received Cloisite Naþ with high molecular weight

PDMS and processing in scCO2. The plot demonstrates the solid-like behavior

of the nanocomposite as seen by the divergence of complex viscosity at large

finite values of G*. This type of behavior is typical of dispersed nanocompo-

site with good polymer/clay interactions.
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on w70% dispersion) in the blend, and because of its higher
solubility and significantly increased diffusivity in scCO2 [37].

4. Conclusions

We investigated scCO2-based dispersion of nano-clays and
polymer nanocomposites. The structure and the properties of
the resultant materials were characterized using a combination
of WAXD, SEM, TEM and rheology. Our results indicate that
nano-clays can be delaminated by the scCO2 process and the
extent of dispersion is dependent on the CO2-philicity of the
nano-clay. Significant dispersion was achieved with Cloisite
93A, whereas relatively little dispersion was achieved for
Cloisite Naþ (natural clay). It appears that the presence of
acidic hydrogen on the ammonium salt (as in the case of
93A) or an increased positive charge on the N of the ammo-
nium salt (I.30P) may improve the CO2-philicity of the
nano-clay, thereby increasing dispersion. In addition, results
demonstrate that natural clay can be dispersed by combining
CO2-philic PDMS with the clay prior to processing. The resul-
tant dispersed Cloisite Naþ/PDMS nanocomposite had sig-
nificant enhancements in the rheological properties, and
showed a solid-like low frequency plateau, characteristic of
dispersed nanocomposites with good polymer/clay interac-
tions. Therefore, other CO2-philic polymers may be capable
of dispersing natural clay, which could lead to superior nano-
composites at a reduced cost.
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