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ABSTRACT: Achieving clay dispersion and improving clay—polymer interactions are keys to producing superior
nanocomposites. A supercritical CO, (scCO,) processing method was utilized to prepare high molecular weight
polystyrene (PS)/Cloisite 10A nanocomposites with significant dispersion and rheological enhancement. The effects
of scCO, processing, presence of cosolvent, and clay weight fraction on clay dispersion and polymer—clay
interactions in nanocomposites were investigated. Rheology, WAXD, and TEM of the nanocomposites indicate
that substantial improvements in the rheological properties of scCO, nanocomposites are the result of increased
dispersion and polymer—clay interactions. At low frequencies, the elastic plateau modulus of the scCO,-processing
nanocomposites (5 wt % clay loading) is more than 40-fold higher than benchmark solution-blended samples.
Our results suggest that the substantial contacting with scCO,, followed by rapid depressurization, produces a
combination of disorder and dispersion of this “as-received” clay, and the presence of the cosolvent enables
more intimate contact of the high molecular weight PS and clay.

1. Introduction

Polymer—clay nanocomposites have the potential to offer
large improvements in barrier properties, tensile strength,
thermal stability, and processability. Increased performance is
dependent on the extent of platelet dispersion and degree of
polymer—clay and clay—clay interactions.' ~* The small equi-
librium spacing of natural clay (~1 nm) as well as its inherent
hydrophilicity makes polymer penetration unfavorable and
therefore limits access to the large potential surface area. Due
to this limitation, clay is generally modified with an organophilic
quaternary ammonium ion, whose purpose is 2-fold: the modifier
improves compatibility/miscibility between the polymer and
clay, and it increases the equilibrium spacing between the
platelets facilitating polymer penetration.*->

Although nanoclays have been successfully intercalated or
exfoliated in many polar polymers such as polyamides®’ and
epoxides,®? dispersing clay in industrially important polymers
with low polarity such as polystyrene, polypropylene, and
polyethylene has proven to be more challenging.'®~'> The most
common strategies for processing nonpolar polymer/clay nano-
composites fall into three categories: (i) mechanical compound-
ing/melt mixing, (ii) in-situ polymerization, and (iii) solution
blending.

Mechanical compounding is the preferable method from an
industrial point of view because of the short processing times,
the absence of solvents, and the compatibility with industrial
manufacturing techniques; however, it has had limited success
in the absence of compatabilizers.' ™7 In addition, the elevated
temperatures needed to reduce processing time and promote
chain diffusion into the galleries degrades the organic modifier,
causing the tactoids to collapse.'® Typically, polar compatibi-
lizers and copolymers are utilized to increase the intergallery
spacing, weakening the platelet—platelet interaction and increas-
ing the polymer—platelet interaction allowing for better coupling
of the shear force to the platelet.'>"’

In-situ polymerization of monomers between clay layers has
been shown to give a wide range of dispersion with varying
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levels of property enhancements depending on the polymeri-
zation scheme used.?’~>> A high level of complexity is involved
due to the need for specialized clay modifiers and to develop
polymerization schemes for each polymer—clay system; how-
ever, some researchers have had great success in producing
dispersions using this method. For instance, exfoliated poly-
styrene nanocomposites resulting from polymer chain (6—9 wt
%) tethering to the clay modifier have been obtained using
nitroxide-mediated in-situ polymerization.*?

Solution mixing, although simple in its approach, has proven
to be relatively ineffective at producing significant clay disper-
sion.'>?>~27 Appreciable exfoliation is not seen in these systems
due to the thermodynamic barriers to platelet separation and
potential for platelet reorganization upon solvent removal.?®
Additionally, intercalation may not occur even if there is good
polymer—clay interaction because of competing effects between
the polymer and the solvent for the clay modifier.”®*’ However,
Zhao et al. demonstrated that if enough energy is introduced
into a composite solution of polystyrene and clay in toluene,
through sonication in this case, exfoliation can be achieved.?

Recently scCO, has been gaining popularity in research and
industry as an environmentally friendly solvent and blowing
agent in a wide range of applications.*® A novel process utilizing
scCO; has been developed for exfoliating layered silicate and/
or graphite with or without polymer present.*' >* The liquid-
like density and gas-like diffusivity of scCO, allows it to
penetrate the platelet galleries during a soaking period, while
the large density change that the supercritical fluid undergoes
during instantaneous depressurization pushes the platelets apart.
Recently, this method has been shown to disperse natural
montmorillonite in a polydimethylsiloxane matrix with the
resultant nanocomposites exhibiting significant rheological
improvements over the neat polymer and melt mixed bench-
mark.* It was also shown that certain clays (modifier dependent)
can be exfoliated without any polymer present by soaking in
scCO; followed by catastrophic depressurization. The exfoliated
clay could conceivably be coextruded with the polymer of
interest or it can be processed again with the polymer in the
presence of scCO,. In this paper, we utilize a cosolvent (styrene)
to improve the processability of high molecular weight, poly-
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disperse, polystyrene in scCO; by allowing us to minimize the
processing temperature. Reduction in temperature minimizes
clay modifier degradation, improves CO, polymer miscibility,
allows longer CO, soak times, and promotes clay—polymer
contact. The choice of polydisperse polystyrene was to dem-
onstrate the processes utility on commercial-grade polymers.
The polydispersity could play a role in the chain mobility
between plates and scCO; solubility. The scCO, swells the
polymer rather than dissolve it. This, in conjunction with the
presence of cosolvent and the long soaking times, would suggest
the polydispersity does not affect the process.

The goal of the present study is to investigate the role of
scCO, processing in PS/clay nanocomposites in (i) promoting
polymer—clay interaction, (ii) dispersing nanoclay, and (iii)
enhancing polymer thermal degradation. Improvements in
nanocomposite properties are evaluated against solution-blended
composites prepared using the traditional method. To gain
insights into how processing parameters affect clay dispersion,
polymer—clay interaction, and thermal degradation, a series of
samples has been created and characterized using rheology,
TEM, WAXD, and TGA. We compare the properties of the
scCO,-processed nanocomposites with those made through other
techniques used in the literature.

2. Materials and Experimental Methods

2.1. Materials. Cloisite 10A is a natural montmorillonite clay
modified with dimethyl, benzyl hydrogenated tallow (~65 wt %
C18; ~30 wt % C16; ~5 wt % C14) having a dy; spacing of 1.92
nm and was obtained from Southern Clay Products. The polystyrene
used has a molecular weight of 280 000 g/mol and polydispersity
of 4 and was purchased from Scientific Polymer Products, Inc. The
styrene (inhibited) used in this study was purchased from Sigma
Aldrich.

2.2. Wide-Angle X-ray Diffraction (WAXD). A Rigaku Ro-
taflex Powder Diffractometer with a Cu Kot X-ray source (A = 1.54
A) and an accelerating voltage of 40 kV at a current of 120 mA
was used to determine the intergallery spacing of the “as-received”
clays and clay/polymer nanocomposites. Samples were placed in a
custom-made, zero-background quartz sample holder that is 0.9 mm
in depth. Several scans were obtained from different locations in
the sample and verified to be reproducible when diffraction patterns
were superimposed on one another. The 20 angle was determined
using the JADE software that accompanies the diffractometer, and
the dyo1 spacing for the clays was calculated using Braggs’ Law of
diffraction. The intergallery spacing was then found by subtracting
1 nm (platelet thickness) from the dyo; spacing.

2.3. Scanning Electron Microscopy (SEM). Images were
collected using a Hitachi S-2400 scanning electron microscope with
an electron potential of 25 kV. The samples were sputter coated
with gold, and several (10—20) images per sample were collected
for all samples to ensure accurate representation of the clay
morphology.

2.4. Transmission Electron Microscopy (TEM). Thin films
(~80—100 nm) of the nanocomposites were prepared using a
Reichert-Jung Ultracut E Microtome and placed on 200 mesh copper
grids. The samples were coated with carbon prior to being examined
with a JEOL Fast EM 2010 HR TEM operated at 200 kV.
Numerous (10—20) images were collected for all samples to ensure
accurate representation of the clay structure in the polymer matrix.

2.5. Thermogravimetric Analysis (TGA). Perkin-Elmer Pyris
1 TGA was used to measure the thermal stability of the scCO,-
processed nanocomposites, determine residual solvent content in
the samples, verify the clay content in the composites, and determine
clay modifier stability. Temperature ramp measurements were
conducted under an inert atmosphere of N, from 25 to 650 °C at
10 °C/min.

2.6. Rheology. A Rheometric Scientific RSA II rheometer (shear
sandwich geometry 15.98 mm x 12.7 mm x 0.55 mm) was used
to perform melt rheological measurements under oscillatory shear.
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Figure 1. Illustration of the supercritical carbon dioxide process.
Polymer and clay are mixed together followed by a soaking period in
scCO,. The system is depressurized, and the expanding CO, delaminates
platelets.

Table 1. Nanocomposite Sample Compositions, Processing, and
Nomenclature

sample name clay wt % processing variables

PS280 0% none
PS-A5n 5% solvent
PS-AS5sd 5% solvent + CO; (~0.04 MPa/min)

PS-AS5 5% solvent + CO, + fast depress (~300 MPa/min)
PS-AS5pe 5% solvent + CO, + fast depress + predispersed clay
PS-A10n 10% solvent

PS-A10 10% solvent + CO, + fast depress

PS-A2n 2% solvent

PS-A2 2% solvent + CO, + fast depress

The measurements were made under ambient air between 140 and
240 °C in 20 °C increments for all samples. Rheology measured
before and after annealing at 240 °C for 2 h showed no discernible
change; however, a small amount of discoloration at the edges of
the samples was observed. Samples were prepared by melt pressing
finely crushed nanocomposite powder into a mold at 180 °C
between Teflon plates. The materials were loaded and allowed to
equilibrate for 1 h at the desired temperature. Strain sweeps were
performed to ensure that the dynamic moduli were independent of
the strains utilized, and the linear viscoelastic measurements were
made at low strains (Y, < 0.05) to minimize microstructure
destruction. The frequency range used was 0.01 < w = 100 rad/s,
and the property of time—temperature superposition was used to
create master curves with a reference temperature of 140 °C.
2.7. Nanocomposite Formation. Polystyrene/styrene/nanoclay
at a ratio of 40 g/77 g/X g, where X is the mass of clay required
for each desired final weight fraction (based on polystyrene), were
loaded in the reactor and mixed until homogeneous. The mixture
was then processed in scCO, for 24 h at 80 °C and 13.79 MPa
under constant stirring to form the nanocomposite in a 246 mL
Thar Vessel equipped with a variable-speed impeller. The vessel
was then rapidly depressurized to ambient pressure. The system
was in solution throughout processing; therefore, no lasting foam
structure was observed during the depressurization step. The above
process is illustrated in Figure 1. Three samples (2, 5, and 10 wt
% clay) were made using “as-received” Cloisite 10A with the above
scCO, process (PS-A2, PS-AS, and PS-A10). A 5 wt % sample
was also prepared which was slowly depressurized (0.046 MPa/
min) (PS-AS5sd) to investigate the role of scCO, soaking and
depressurization rate on the resulting nanocomposite properties.
Another sample was made using clay that was preprocessed in
scCO; (PS-A5pe), which allows us to investigate the role of clay
dispersion on the resulting polymer/clay nanocomposite properties.
To eliminate the role of thermal annealing and solution blending,
benchmark composites of 2, 5, and 10 wt % by clay (PS-A2n, PS-
A5n, and PS-A10n) were made in the same vessel without the
presence of scCO; at 80 °C for 24 h.*® After processing, all samples
were dried at room temperature for 48 h under vacuum followed
by 160 °C under vacuum for 6 h to remove residual solvent. A
description of the variable conditions and nanocomposite nomen-
clature is given in Table 1. TGA was used to validate that no
residual styrene remained in the nanocomposites after drying, and
gel permeation chromatography (GPC) was performed to confirm
that no change in the molecular weight distribution of the polymer
occurred during scCO, processing and subsequent drying of the
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Figure 2. TGA weight-loss curves of scCO,-processed 10 wt % clay
nanocomposites. Thermal stability is improved upon addition of clay.
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Figure 3. TGA derivative curves detailing the improvement in the
maximum rate of decomposition of polymer due to nanoclay addition.

nanocomposites. TGA was performed on Cloisite 10A before and
after drying to determine if clay degradation occurs during solvent
removal. Notably, after 6 h at 160 °C in a vacuum, the clay shows
very little loss of organic content (less than 1%) which should not
significantly affect the final nanocomposite properties. WAXD was
also performed on clay samples before and after annealing, and no
discernible shift in dyo; spacing was found (data not shown for
brevity).

3. Results and Discussion

3.1. Thermogravimetric Analysis of Nanocomposites. TGA
was performed on the scCO,-processed and solution-blended
10 wt % nanocomposites (PS-A10 and PS-A10n) as well as
the “as-received” polymer (PS-280) to determine any change
in the thermal decomposition due to scCO, processing. De-
composition effects have been observed in many publications
on nanocomposites and have mostly been attributed to polymer
confinement between clay platelets.>”~*' Weight-loss curves of
10 wt % scCO;-processed and solution-blended samples display
a shift in decomposition to higher temperatures than the pure
polymer (Figure 2). Despite the difference in processing method
between the nanocomposites, the temperature at 50% weight
loss is the same for both of the samples, indicating that scCO,
processing has very little effect on thermal decomposition.
Additionally, the lack of change in residual mass at points below
400 °C suggests that the scCO,-processed composite has not
lost its clay modifier during processing. TGA derivative curves
are useful for determining the temperature at which the
maximum rate of decomposition (MRD) occurs and more
sensitive to small changes in dispersion state (Figure 3). In our
system, the TGA derivative shows an increase in MRD from
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Table 2. TGA Summary: Temperature at 10 and 50 wt %
Weight Loss, Maximum Rate of Decompositions, and Percent
Char (residual mass fraction at 600 °C)

sample name Tio (°C) Tso (°C) MRD (°C) char (%)
PS280 395.2 418.4 422.4 0.4
PS-A10 395.1 433.2 435.4 9.85
PS-A10n 394.6 433.0 439.1 9.62

422 °C for pure polystyrene to 433 and 438 °C for PS- A10
and PS-A10n, respectively (Table 2). The slightly lower MRD
temperature for PS-A10 compared to PS- A10n can be attributed
to a higher level of platelet dispersion and therefore a reduced
amount of polymer intercalated between platelets. This result
is in good agreement with previous results that show that
reducing the amount of polymer intercalated between platelets
also reduces the amount of relative decomposition improve-
ment.>” On the basis of this data, scCO, has no influence on
the degradation mechanisms in polymer nanocomposites.

3.2. WAXD and SEM of Cloisite 10A. Pure Cloisite 10A
was processed at 80 °C and 20.68 MPa in scCO, for 24 h
followed by catastrophic depressurization in an attempt to
exfoliate the clay structure without a polymer matrix present.
To determine if the spacing of the clay platelets was disturbed
upon processing, we probed both “as-received” and scCO,-
processed 10A using WAXD. The “as-received” Cloisite 10A
has a diffraction peak at 20 = 4.7° corresponding to its
equilibrium platelet spacing of 0.877 nm (basal spacing minus
1 nm for platelet thickness), while the scCO,-processed clay
shows no peak in the WAXD spectrum (Figure 4). The absence
of a peak in the processed clay indicates that there is a significant
reduction in parallel registry and a range of morphologies from
disordered intercalated to exfoliated could be present. Similar
results have been published for Cloisite 93A using the same
scCO, process.35

To better visualize the effects scCO, has had on the structure
of the clay particles and tactoids, we employed SEM to directly
image the clay particles before and after scCO, processing. An
SEM image along with a conceptualized cross section of a
typical “as-received” 10A particle is displayed in Figure 5. The
unprocessed clay is composed of particles with lateral dimen-
sions of ~3—20 um consisting of a large number of tightly
bound tactoids. These tactoids contain a number of highly
ordered stacked platelets held together by van der Waals forces.
Upon examination of a large number of SEM images, it is
concluded that the tactoids are closely bound in particles and
very few dispersed platelets are observed in the “as-received”
samples.

In contrast, the images of scCO,-processed 10A display a
much different morphology (Figure 6). While a large fraction
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Figure 4. WAXD of “as-received” and scCO»-processed Cloisite 10A.
Parallel registry of the clay tactoids is lost upon depressurization,
resulting in a disappearance of the X-ray diffraction peak.
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Figure 6. SEM image and illustration of scCO,-processed Cloisite 10A particle. Circles indicate individual tactoids/platelets.

of tactoids is still found in particle form, the number of tactoids
per particle and the tightness of packing are reduced. The
individual tactoids have delaminated from each other and lost
their parallel registry, leaving large spaces into the center of
the aggregates for polymer to penetrate. Measuring the size of
tactoids across multiple images of each material (a few of which
are indicated by white circles in the figures) we find that
although the average particle size has been reduced significantly,
the tactoid diameter has been preserved. Upon depressurization,
it appears that a fraction of the outermost layers is delaminated
from the tactoids during CO, expansion while the much less
mobile inner layers just lose the coherent parallel registry that
is probed by X-ray diffraction. We qualify this system as being
disordered intercalated and speculate that a relatively large
fraction of the separated sheets seen in SEM may in fact be
composed of a few individual platelets. Utilizing the SEM
images alone we cannot confirm the existence of dispersed single
layers due to the difficulty in differentiating individual platelets
from individual tactoids in SEM images. In sections 3.2 and
3.4.2 we will discuss further evidence to support this description.
The expanded flexible structure of the scCO,-processed particles/
tactoids exposes more of the available surface area, and the
platelets should be easier to disperse into a polymer matrix than
the “as-received” clay. This clay could possibly produce good
dispersion in extrusion compounding since the kinetic limitation
of clay dispersion may no longer be an issue in the short times
required for melt compounding. In our study, we will add this
preprocessed clay to polystyrene—styrene solution and reprocess
the composite with scCO, in an attempt to maximize dispersion.
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Figure 7. WAXD nanocomposites with varying weight fractions of
10A.

3.3. WAXD and TEM of PS/Clay Nanocomposites. WAXD
patterns of all of the nanocomposites in this study are shown in
Figures 7 and 8. All the nanocomposites exhibit a large
diffraction peak at 260 = 2.4° regardless of weight fraction,
processing conditions, or rheological enhancement. The shift
of the peak from 4.6° for pristine 10A to 2.4° in the case of the
nanocomposites corresponds to a tripling of intergallery spacing
from 0.877 to 2.677 nm, suggesting that polymer has been
intercalated into the clay galleries. The presence of a dyg, peak
and a tall narrow doo; peak indicates that the nanocomposites
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Figure 8. WAXD of 5 wt % clay nanocomposites. Peak height and
location of the nanocomposites is preserved despite changes in
processing conditions.

still have some highly ordered intercalated clay structures.
Moreover, when Cloisite 10A is predispersed and recovered
from solvent without polymer present, the clay recovers its
equilibrium spacing of 0.877 nm (data not shown). Therefore,
polymer intercalation into the clay galleries must be the cause
for the clay spacing increase in the nanocomposites. Giannalis
and Vaia previously modeled the intercalation behavior of clay
in the presence of polymer and determined that there are a
number of factors that contribute to the level of intercalation/
exfoliation that is attainable in a given system. The findings
were substantiated by performing corresponding experiments
on several PS/clay systems.”®** They found that there is an
entropic balance between the clay modifier wanting to have as
much conformational freedom as possible and the matrix
polymer not wanting to be confined between the platelets. There
is a continuous entropic gain experienced by the organic
modifier until the basal spacing is increased to the point where
the surfactant chains can be fully extended (h.); additional
expansion does not result in more entropy. However, even when
the clay galleries are expanded to maximize the surfactant
entropy the separation is still small enough that typical polymers
will have restricted motion when occupying the space between
platelets. In order for the platelets to extend farther than /.,
very strong interactions between the polymer and the clay to
overcome the entropic barrier would be required. The intergal-
lery spacing at full chain extension (&) can be expressed in
terms of the number of carbon atoms in the aliphatic backbone
(n') by

hy,=m'—10.127+A+B 1)

where A and B represent the size of a methyl and an ammonium
moiety, respectively.*’

Our system is processed in a good solvent for the clay
modifier; the aliphatic chains on the clay surface are fully
extended. This correlates to a calculated spacing of ap-
proximately 2.4 nm, which compares favorably with the
experimentally measured intergallery spacing of 2.6 nm. How-
ever, since there is also polymer in solution the barrier to
exfoliation of the ordered platelets is too great to overcome,
leading to at least some fraction of the sample being ordered
and highly intercalated.

An interesting point to note is the behavior of the predispersed
clay when processed with polymer and solvent. Even though
the clay itself was scCO; processed and WAXD displayed no
measurable order (Figure 4), upon addition to solution it regains
some of its parallel registry. It has been shown previously that
disordered intercalated systems will not give an X-ray peak even
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if the platelets are still quite close together.** If the platelets in
the clay have not been exfoliated and instead have lost their
ordered spacing, it is possible that the solvent allows the
dynamic reorganization of some platelets to their original
spacing. The presence of polymer between the dispersed platelets
may prevent reorganization of platelets that are not in close
proximity, resulting in a composite with a bimodal population
of small ordered tactoids and dispersed platelets/platelet pairs.
WAXD is not sensitive to dispersed platelets and therefore may
not be representative of the true dispersion state of the system;
however, a higher level of dispersed platelets and smaller
tactoids should be evident in rheology (see section 3.4.2).

Transmission electron microscopy was also utilized to
characterize the state of dispersion and the morphology of clay
in the nanocomposites. Images of 10 wt % scCO,-processed
and control composites (Figure 9a—d) were collected at low
and high magnification. The images show a high level of
homogeneity in both samples with no areas of unusually high
or low concentrations of clay evident. Measuring the size of 50
representative tactoids from each sample over multiple images
tells us that the average tactoid thickness in the scCO, material
is 31 £ 23 nm, while the average in solution is approximately
158 &£ 36 nm. Utilizing the dyo; spacing found by WAXD we
calculate this to be equivalent to approximately 9 platelets and
42 platelets per tactoid, respectively, with the large standard
deviation in the scCO; sample coming from the presence of
many single- and double-platelet tactoids. The 4-fold decrease
in tactoid size upon scCO; processing results in an increase in
available surface area in addition to the increase due to dispersed
individual platelets. The interactions between the Cloisite 10A
phenyl group and polystyrene could be favorable, and an
increase in surface area can directly translate to improved
material properties as will be discussed later (see section 3.4).

We can conclude that scCO, processing produces a more
complex morphology with a large fraction of dispersed platelets
when compared to solution blending alone. Rheology is a more
sensitive tool to the degree of dispersion and polymer—clay
interactions and will be used to better characterize the increase
in dispersion received with scCO; processing.

3.4. Viscoelastic Behavior of PS/Clay Nanocomposites. We
investigated the roles that CO,, depressurization rate, clay weight
fraction, and clay predispersion play in affecting the micro/
mesoscale structure and interactions in our nanocomposites by
measuring the viscoelastic response. In order to quantify the
changes in dispersion and polymer—clay interaction for each
of our processed composites, a 5 wt % benchmark solution-
blended sample was prepared. The solution-blended PS-A5n,
representing our benchmark sample, shows the onset of a low-
frequency plateau in storage modulus around 103 dyn/cm?
(Figure 10) similar to results in the literature on solution-blended
polystyrene nanocomposites.>*> The morphology of this com-
posite is suspected to be purely intercalated as supported by
the previously discussed TEM images of the 10 wt % solution-
blended composite (Figure 9). Furthermore, the results are in
good agreement with recent work which also showed that
solution blending alone in polystyrene composites produces
intercalated morphologies.?**’

3.4.1. Effect of scCO; Depressurization Rate. The temperature
and pressure were chosen to allow for significant reduction in
viscosity so that mixing is possible during contacting. Our prior
results suggest that the high pressure and solvation effect of
scCO, during processing as well as the dramatic expansion of
CO; during depressurization are both contributors to the overall
effectiveness of the process.>>** The current method utilizes
substantial scCO; contact time and has been previously shown
to improve dispersion and interactions in other systems
alone.>>* This differs from other processes that use scCO; as
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Figure 9. TEM images of 10 wt % 10A nanocomposites: (a) low-magnification scCO,-processed [PS-A10], (b) low-magnification solution-blended
[PS-A10n], (c) high-magnification scCO»-processed [PS-A10], (d) high-magnification solution-blended [PS-A10n]. White circles indicate individual
platelets. Images a and b are at the same magnification; however, image ¢ was taken at 2.5 times higher magnification than image d in order to
resolve the presence of individual platelets in the scCO, sample (image c¢). No individual platelets were found at higher magnification of the

solution-blended sample (image d).
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Figure 10. Storage modulus of polystyrene and 5 wt % 10A
nanocomposites. Solid-like behavior at low frequencies is enhanced
with improved level of dispersion.

a processing aid in extrusion with relatively little contact time
and those that use high mechanical pressures.***’

After the appropriate choice of temperature and pressure are
made, the scCO; depressurization rate can be the next critical
step in dispersing clay platelets and effectively maximizing the
clay surface area available for polymer—clay interaction. To
understand this, two solution-blended samples were processed
in scCO; for 24 h at 13.79 MPa and 80 °C and depressurized
at different rates to investigate how influential rapid CO,
expansion is in producing clay dispersion. One sample was
depressurized very slowly (approximately 0.046 MPa/min) over
a 5 h period (sample PS-AS5sd), while the other was depressur-
ized very quickly (approximately 400 MPa/min) over a 2 s
period (sample PS-AS5). During fast depressurization, measuring
the sample temperature is difficult. It is possible that during
the depressurization the sample may undergo cooling. This

cooling effect, we believe, is not substantial since we have a
large a steel vessel and a large solution of the sample at 80 °C
with only moderate amounts of CO,.

During slow depressurization we should minimize the effect
that scCO, depressurization has on the structure of the clay in
the resultant sample because much of the CO, may have time
to diffuse out of the clay galleries. PS-A5sd displays a 6-fold
increase in G' at low frequencies relative to the solution-blended
sample, suggesting that even at slow rates of depressurization
an increase in the extent of polymer—clay interaction has
occurred. The effect that scCO;, had on dispersion in melt-
extruded nylon-6 nanocomposites was recently investigated.*®
The authors found that the presence of scCO, during melt
processing produces no significant change in the X-ray diffrac-
tion peak. The length of time that a given sample of nanocom-
posite is in contact with scCO; is not shown; however, it can
be assumed that since it was a continuous extrusion process
the contact time was relatively short. This underscores the
necessity of providing sufficient time for the scCO, to diffuse
into the clay galleries before depressurizing, especially when
in the melt state, where the scCO, diffusion rate will be reduced
when compared to solution.

To further probe the effect of depressurization rate, we
compare the slow depressurized PS-A5sd against a composite
that has been depressurized nearly instantaneously (PS-AS).
Both PS-AS5 and PS-ASsd samples were processed in scCO,
which allows us to neglect the effect of scCO; on promoting
polymer—clay interactions, and the resulting differences in clay
dispersion between these samples should reflect the difference
in depressurization rate. PS-AS5 shows a 5-fold improvement in
G' at low frequencies over the PS-A5sd sample, even though
the slow depressurized sample already displays a dramatic
improvement over the pure polymer. These support the TEM
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Figure 11. Oscillatory shear rheology master curves for the 280k PS and PS/10A nanocomposites created from frequency sweeps from 140 to
240 °C. Above 5% clay the storage modulus dominates the loss modulus for the entire frequency range.

images showing improved dispersion (Figure 9) and suggest
that the rate at which scCO, escapes does in fact have a
significant effect on the resulting nanocomposite structure. When
the system is depressurized instantaneously, the scCO,, which
diffused in between clay layers during processing, undergoes a
large change in density and effectively pushes the platelets apart.
This process does not produce as much dispersion when the
system is slowly depressurized since scCO, has a much longer
time to diffuse out of the clay galleries. This effect of
depressurization is qualitatively the same as prior results on pure
clays and polymer/clay systems with no solvent.*>

3.4.2. Effect of Clay Predispersion. It was earlier demon-
strated that Cloisite 10A may be dispersed through scCO,
processing without the presence of polymer. Now we reprocess
the predispersed clay in the presence of polystyrene/styrene
solution in an attempt to produce additional clay dispersion.
This is examined by following the previous fast depressurization
protocol but with predispersed 10A (sample PS-A5pe). The
WAXD pattern of this sample is similar to that of PS-AS5 (Figure
8); however, the storage modulus of the PS-A5pe sample once
again exhibits an enhancement over the PS-A5 sample even
though both samples exhibit the same dy; peak. When predis-
persed clay is reprocessed we expect that the tactoid size will
be reduced further and that there will be even more surface area
available for polystyrene—clay contact. This is evident in the
storage modulus, which displays a 2-fold increase in G' over
the already highly reinforced PS-A5 sample containing ‘“as-
received” clay. This result supports the earlier speculation that
some of the individual structures observed in SEM were in fact
dispersed platelets.

Rheology has been demonstrated to be an effective tool to
quantify the improvements in mechanical response that result
from attempting to maximize clay dispersion and/or interactions.
In-situ polymerization has been shown to give the highest levels
of dispersion and rheological reinforcement in polystyrene
nanocomposites. In a recent work by Zhong and co-workers,
clay modified with two different functionalities was used in an
in-situ-polymerized polystyrene system to produce a high
molecular weight (300 000 g/mol) nanocomposite.”® The poly-

styrene was chemically bonded to the clay surface, resulting in
an exfoliated polymer hybrid that they theorize has increased
polystyrene—clay interaction and compatibility over solution-
blended composites. Despite the high level of processing
complexity, strong polymer adhesion to clay, and high level of
dispersion in this system, the rheological enhancement measured
was similar in magnitude to the current scCO,-processed
polystyrene nanocomposite. This suggests that scCOs-induced
polymer—clay interaction may be contributing significantly in
our system, producing similar levels of viscoelastic reinforce-
ment despite having a lower apparent clay exfoliation. This is
further evidenced when comparing our system to an in-situ-
polymerized system that is largely intercalated rather than
exfoliated.*® The authors measure 1 order of magnitude
improvement in storage modulus over pristine polymer in a 5
wt % nanocomposite. Comparatively we show nearly 3 orders
of magnitude improvement at similar frequencies and clay
loadings. This further reinforces the conclusion that polymer—
clay interactions strongly affect the resultant properties of
polystyrene nanocomposites and scCO, processing promotes
such interactions.

3.4.3. Effect of Clay Weight Fraction. Finally, the effect of
nanoclay weight fraction on the viscoelastic properties of the
nanocomposites was studied. As described earlier, both the
scCO,-processed and the benchmark composites show the same
intercalation peak in XRD regardless of clay content. At weight
fractions as low as 2 wt % clay, the PS-A2 sample exhibits the
emergence of a low-frequency plateau in G', effectively creating
a second crossover frequency. However, the original crossover
remains unchanged, suggesting that at 2 wt % clay the matrix
relaxation time may not be substantially altered (Figure 11).
The benchmark analog sample (PS-A2n) which shows no
improvement in G' compared to pristine polystyrene (Figure
12). The appearance of a plateau at low frequencies indicates a
change in relaxation dynamics of the platelets due to formation
of a percolated particle network. A relationship between the
number of platelets per tactoid and the percolation threshold
has been suggested by Ren et al.'?
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where 7, is the average number of platelets per tactoid, @per
~ 0.3 (percolation for spherical domain), wy;iper is the weight
fraction of silicate at the percolation threshold, Ry, is the average
radius of a platelet, por, is the density of the host polymer, pg
is the density of the silicate, and hgj is the thickness of a platelet.
The average platelet radius calculated from SEM images is 500
nm, and the average number of platelets per tactoid was
estimated from TEM to be 31 and 9 for the solution-blended
and scCO; samples, respectively. Using the above equation the
percolation threshold in the scCO, composite was calculated
be 0.7% and for the solution-blended composite 2.5%. The result
correlates well with our rheology data that indicates percolation
in PS-A2 but not in PS-A2n, further supporting that scCO,
processing can provide significant dispersion and reinforcement
even at relatively low weight fractions. Accordingly, when we
increase the weight fraction of clay to 5%, the solution-blended
composite should also exhibit a low-frequency plateau. When
we examine the terminal range of the 5% composites, the
solution-blended composite shows the emergence of a plateau
while G' is enhanced and both of the crossover frequencies have
vanished in scCO,-processed PS-AS5. This sample shows a 40%
increase in G' at high frequencies and more than two-order of
magnitude reinforcement at low frequencies over pure polymer.
Furthermore, the storage modulus of the 5 wt % scCO, sample
becomes larger than even the 10 wt % solution-blended sample
(PS-A10n) at shifted frequencies below 3 x 107 rad/s despite
having one-half of the clay content. At 10 wt % clay we have
reached a point of total domination of G' over G" for PS-A10
with both becoming nearly frequency independent for the entire
range probed. We observed that the 10 wt % composite
processed in scCO, shows more than an order of magnitude
increase in the low-frequency plateau range over the benchmark
counterpart and more than 3 orders of magnitude compared to
PS.

Recent work in solution blending shows similar results to
our benchmark composites at various clay loadings.’**” Sohn
and co-workers saw no improvement at low clay loadings;
however, they obtain an order of magnitude increase in an
intercalated 10 wt % nanocomposite. Although we also showed
no improvement at low clay loadings for solution-blended
composites, our scCO,-processed 2% composite displayed an
improvement comparable to their 10 wt % sample at low
frequencies. This clay weight fraction study further substantiates
the conclusion that scCO, processing of polymer nanocompos-
ites leads to improved clay dispersion and interactions.
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Figure 12. Storage modulus of polystyrene and nanocomposites with
varying weight fractions of 10A. Percolation is observed in scCO»-
processed samples (2 wt %) at lower weight fractions than in solution-
blended samples (5 wt %).
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4. Conclusions

A novel technique utilizing soaking in supercritical CO,
followed by fast depressurization was used to disperse ‘as-
received’ Cloisite 10A and create a series of high molecular
weight polystyrene—clay nanocomposites with significant dis-
persion and rheological enhancement. The effects of depres-
surization, filler concentration, and nanoclay predispersion on
nanocomposites produced in solution were investigated by
WAXD, TEM, SEM, TGA, and rheology.

Cloisite 10A was successfully disordered upon depressuriza-
tion of scCO, without the presence of an organic phase as
determined by the absence of a dy; diffraction peak in WAXD
data. Furthermore, SEM images revealed a disruption of the
tactoids from a tightly bound morphology to a disordered loosely
associated structure with a fraction of individual platelets
present. Upon addition to polystyrene—styrene solution it was
found that some portion of the clay regains its parallel registry,
as evident by the reappearance of a defined X-ray diffraction
peak. Even though the final product has the same WAXD peak
as a solution-blended sample, a nanocomposite using predis-
persed clay shows significant rheological improvement, indicat-
ing a higher level of dispersion. This suggests that the large
particles are predominately responsible for the diffraction peaks
and that disorder of the platelets on the surface of these particles
significantly reduces the diffraction signature. Once in a solvent,
the favorable energy reduction realized by reducing platelet
distortion can overcome the entropic penalty of reordering.

Processing clay/polymer solution in scCO, followed by quick
depressurization leads to further reinforcement of the matrix
compared to slowly depressurizing, implying that the dramatic
CO; expansion is a key factor in producing dispersion with this
process. Our results show that this processing method not only
allows improved clay dispersion but also promotes polymer—clay
interaction. At 5 wt% clay loading, the scCO, processed
nanocomposites show a 40-fold enhancement in the low
frequency “plateau” elastic modulus compared to solution
blended benchmark. The results from this process appear to be
comparable to or better than processes that use ‘custom-
modified’ clays with in-situ polymerization.?
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