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1 INTRODUCTION

Polymer nanocomposites have drawn a great deal
of interest in recent years due to their high potential
property improvement compared with pristine poly�
mer or conventional micro and macro�composites
[1–5]. In particular, the polypropylene/montmorillo�
nite (PP–MMT) is able to conjugate relatively low
cost and extraordinary versatility, properties that are
very attractive mainly for the industrial market. The
great advantage of clay nanocomposites over tradi�
tional composites (talc, glass, carbon fibers, etc.) is the
relatively low amount of nanoparticles dispersed in the
polymer matrix [6–9] capable to improve mechanical
properties [10–17]. However, key challenges in the
production of polymer�based nanocomposites, and
the major technological barrier to achieve superior
properties, center around the difficulty of dispersing
the filler uniformly in a host matrix. Exfoliated silicate
layers are supposed to create large polymer�clay inter�
faces in nanocomposites, leading to a large extent of
reinforcement at very low silicate contents [18].
Therefore, it would be advantageous to develop meth�
ods that help to increase the extent of nanoclay disper�
sion. In this context, the study of supercritical fluids
(SCF) and their application in industrial processes
have gained much interest over the last years, as they

1 The article is published in the original.

can be used as environmentally friendly solvents for a
range of materials synthesis or modification. Many
processes based on supercritical fluids [19–22] have
been successful used in nano�materials applications
[23–26]. In particular, supercritical carbon dioxide
(SC–CO2) has become in evidence due to its special
characteristics and many desirable attributes such as
low cost, abundance, no flammability, low toxicity,
greater diffusion, and penetration into bulk materials
or normal liquids. In nanocomposite preparation [20],
two approaches for the application of SCF have
received special attention: in situ polymerization using
SCF, and continuous melt extrusion [24]. It has been
reported that the presence of SC–CO2 promotes a sig�
nificant increase in the basal spacing of the clay, and
thereby may enhance the polymer intercalation into
the galleries of the clay in extrusion processes [20].
Another alternative and efficient method is the treat�
ment of the filler with SC–CO2 in a previous step of
mixing the polymer with the clay. The SC–CO2 dif�
fuses between the clay galleries and it is possible, for
example, that materials such as n�dodecylamine [27],
poly(ethylene oxide) [28], 4�phenylazoaniline [29]
and can be easily introduced into nanolayers in the
presence of SC–CO2. This method consists of
immersing the layered clays in supercritical CO2 for a
certain time at a preset temperature and pressure fol�
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lowed by rapid depressurization [30, 31]. The resultant
nanocomposites had significant enhancements in the
rheological properties, and showed a characteristic of
dispersed MMT with good polymer�clay interactions
[32]. In this context, the aim of this work is to explore
the treatment of MMT clay with SC–CO2, and to
evaluate its effects on PP�nanocomposite properties.

EXPERIMENTAL

Materials

A commercial grade polypropylene (Braskem SA.,
Brazil) with a melt flow index (MFI) of 3.5g/10 min
(230°C/2.16 kg) was used. The commercial montmo�
rillonite (MMT) Cloisite 15A, modified with a quater�
nary ammonium salt [organic modifier = R2N

+(HT)2;
R = methyl group and HT is hydrogenated tallow
(~65% C18; ~30% C16; ~5% C14)], with a cation
exchange capacity (CEC) of 125 meq/100 g from
Southern Clay Products, and poly (propylene glycol)
(PPG) (Mw = 103), were used as received.

Clay Treatment with SC–CO2

The clay and SC–CO2 mixture were prepared in a
high�pressure variable�volume view cell (Fig. 1),
which consists of a view cell with three sapphire win�
dows for visual observation, an absolute transducer
(Smar LD 301) with an accuracy of 0.12 bar, a pressure
indicator (Smar HT2) for the pressure data acquisi�
tion, and a high�pressure pump syringe (ISCO 260D).
The maximum internal volume of the view cell was
20 cm3, and it contained a movable piston, which per�
mits for pressure control inside the cell. Heating tapes
were used throughout the apparatus to maintain con�
stant temperature in the extraction section. A PID

temperature controller was connected to a thermo�
couple PT�100 with an accuracy of 0.1, which was in
direct contact with the mixture inside the cell body.

The pure clay or the moisture clay�PPG
(clay/PPG = 2/1 wt/wt) was loaded into the cell, and
the solvent was pumped into the cell until reaching the
experimental pressure and temperature
(180 bar/60°C, 140 bar/50°C with and without PPG).
It is important to note that at 180 bar/25°C, CO2 is in
the liquid state. The solvent charge was monitored by
the change in the volume of the transfer vessel of the
high�pressure pump. After 24 h, the system was rapidly
depressurized to atmospheric pressure.

Preparation of PP�Nanocomposites 

Samples of polypropylene and 2 wt % of montmo�
rillonite treated in different SC–CO2 conditions
(Table 1) were prepared using a Haake Rheomix 600 at
180°C, 60 rpm for 7 minutes.

Analytical Techniques

Wide�angle X�ray diffraction (WAXD) experi�
ments were performed in a Siemens D�500 diffracto�
meter using CuK

α
 radiation to characterize the clay

before and after treatment with SC–CO2. The d�spac�
ing (basal distance between clay layers) values were
calculated using Bragg’s Law. The clay morphology
was studied using a scanning electron microscope
(JEOL JSM 5800).

Nanocomposite samples for testing were obtained
by melting compressed films at 190°C, for 2 min,
using 0.7 kgf. The thermal and crystallization behav�
iors of the nanocomposites were studied by differential
scanning calorimetry (DSC) using a 2100 Thermal
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Fig. 1. Schematic diagram of the experimental apparatus: C1—gas reservoir, BS—syringe pump, CE—high pressure cell, JL,
JF—sapphire windows, AM—magnetic stirrer, TD—pressure transducer, FA—electrical device, PI—pressure indicator; V1–
V7—valves, S1—thermocouple, IT—temperature indicator, BT—thermostatic bath.
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Analyst Instruments, where linear heating and cooling
experiments were made at 10 deg/min under a con�
stant flow of nitrogen, and calibrated with an indium
standard. The melting temperature Tm was obtained
on the second heating curve.

Transmission electron microscopy (TEM) was per�
formed using ultra thin cuts obtained from the com�
pressed specimens using a JEOL JEM�120 EXII TEM
microscope, operating at an accelerating voltage of
80 kV. The cuts were placed on 300 mesh Cu grids.
Ultra thin sections (50 nm thickness) of the specimens
were obtained by cryoultramicrotomy with a diamond
knife at –80°C. The particle analyses were performed
by the use of an image editor (PhotoDraw 2000,
Microsoft Corporation). The original gray scale

images were converted into black and white images in
order to provide the identification of particles by the
image analysis program. Agglomerates, intercalated
structures, and isolated platelets are treated as single
particles in this process. The image analysis program
(ImageTool 3.0, UTHSCSA) created files with the
thickness and length of each particle.

Dynamical mechanical analysis (DMA) was per�
formed in a dynamic�mechanical analyzer TA Instru�
ment model Q800. The storage modulus was deter�
mined using a tension film clamp from –30 to 130°C
at 3 deg/min.

RESULTS AND DISCUSSION

MMT Morphology

Figure 2 shows the WAXD difractograms of the
MMT treated at different SC–CO2 conditions. No
differences in interlayer spacing (3.27 nm) were
observed in the treated SC–CO2 samples compared to
the untreated MMT. On the other hand, a decrease in
the peak intensity (maximum of 35%) was observed.
This behavior can be attributed to the reduction in tac�
toids size, especially when higher pressure and tem�
perature were used. A similar observation was reported
when other fillers were processed with SC–CO2 [32].
When the PPG were used, the 2θ values confirm the
increase in basal distance d from 3.27 to 3.99 nm,
independent of the pressure/temperature conditions.
This observation indicates that the PPG intercalates
into the MMT layers.

The morphology of the MMT before and after
supercritical processing was evaluated by SEM

Table 1.  Image analysis results of PP–MMT (2 wt %) nano�
composites

Sample SC–CO2�MMT 
treatment conditions

Average num�
ber of parti�

cles/170 μm2

Average 
aspect 
ratio

1 Untreated 39 7

2 140 bar/50°C 32 7

3 180 bar/60°C 38 8

4 180 bar/25°C 78 12

5 140 bar/50°C/PPG 68 8

6 180 bar/60°C/PPG 44 9
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Fig. 2. WAXD of MMT treated in different SC–CO2 conditions: (1) untreated, treated at (2) 140 bar/50°C, (3) 180 bar/25°C,
(4) 180 bar/60°C, (5) 140 bar/50°C/PPG, and (6) 180 bar/60°C/PPG.
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microscopy (Fig. 3). When the PPG was used, the
images suggested the reduction of the number of
smaller particles. On the other hand, in the absence of
PPG (Fig. 3c) the particle layers seemed to be delam�
inated, and the larger particles fractured into smaller
particles during supercritical processing.

PP–MMT Nanocomposite Morphology

Nanocomposites prepared with MMT processed
with SC–CO2 presented distinct morphologies that
were dependent on the experimental conditions and
the presence of PPG. Figure 4 shows representative
TEM micrographs. In particular, some aggregates of
MMT platelets were found using the untreated MMT,
indicating a poor degree of intercalation or exfolia�
tion. The MMT treated in the absence of PPG showed
uniform dispersion and more aligned tactoids with dif�
ferent particle dimensions and dispersion. The
increasing of particle number, with no agglomerated
particles, is clear in the sample prepared with clay
treated at 180 bar/25°C (CO2 on liquid state). This
behavior suggests that the higher viscosity of CO2 in
the liquid state improves the dispersion process of the
MMT. Furthermore, at 180 bar/60°C and
140 bar/50°C, intercalated structures were observed
with distinct characteristics. Larger and shorter
(180 bar/60°C), and some curved structures
(140 bar/50°C) were found. On the other hand, the
MMT samples processed with PPG also showed a
good degree of dispersion, and some heterogeneity
with large agglomerates and some short particles,
mainly at 180 bar/60°C/PPG. From the TEM images,
it is clear that the PPG intercalation in the clay
decreases the final clay orientation.

The quantitative analysis of the number of dis�
persed clay particles was determined by image analy�
ses, and the aspect ratio was calculated as the relation�
ship between the average length and the average thick�
ness of the particle. As shown in Table 1, an increase in
the average particle number is observed only at 180
bar/25°C and at 140 bar/50°C/PPG. An increase in
the average aspect ratio is found in the samples treated
with PPG at 180 bar/25°C.

Particle aspect ratio histograms (Fig. 5a) show an
increase in the population of particles with an aspect
ratio > 12 for clay treated at 180 bar/25°C. The larger
aspect ratios for the dispersed clay produced at these
conditions reflect a combination of two effects: higher
platelet length, and a decrease in thickness. On the
other hand, when the MMT was treated at
180 bar/60°C and at 140 bar/50°C, a high population
(superior to 70%) of particles at low aspect ratio values
(3 to 12) was found. For the samples processed with
PPG (Fig. 5b), it is clear the increase in the aspect
ratio population when higher pressure and tempera�
ture were used.

PP–MMT Nanocomposite Properties 

Table 2 shows the effect of clay treatments on the
thermal properties of PP nanocomposites. The melt�
ing temperature Tm increased compared to pure PP for
the nanocomposites. The crystallization temperature
Tc increased slightly only when PPG were used, inde�
pendent of the experimental conditions. The cristal�

(a) 1 μm

1 μm

1 μm

(b)

(c)

Fig. 3. SEM images of MMT (a) untreated and SC–CO2
treated at (b) 180 bar/60°C/PPG and (c) 180 bar/60°C.
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linity χ (%) of the nanocomposites did not change
with the MMT treatment. On the other hand, reduc�
tion of the Tg values (to 1°C) in absence of PPG at
180 bar/25°C reveals a behavior similar to the plasti�
cizing effect, probably due to the poor interfacial
adhesion (PP�clay) by absence of compatibilizing
agent. In the others systems, the Tg values were unaf�
fected.

The MMT treatment influences the PP�nanocom�
posite reinforcement and it is reflected in the storage
modulus measurements E '. As shown in DMA curves

(Fig. 6) and E ' at 23°C (Table 2), the E ' values of PP–
clay (2%) are higher than that of unfilled PP, indicat�
ing that the incorporation of clay into the PP matrix
has good reinforcing effects. It is important to point
out the relationship between the reinforcement prop�
erties and the morphological aspects: the results
strictly depend on the filler dispersion and the type of
dispersion obtained in the polymer matrix promoted
by SC–CO2 treatment at different conditions. In the
absence of PPG, the highest reinforcement of nano�
composites is evident, being 180 bar/60°C >
140 bar/50°C > 180 bar/25°C. The E ' is related to the

2 μm
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2 μm 2 μm

1 µm

1 µm

1 µm

1 µm

1 µm
1 µm

Fig. 4. TEM micrographs of PP–MMT nanocomposites produced by: (a) untreated MMT and MMT treated at different SC–
CO2 conditions: (b) 180 bar/25°C, (c) 180 bar/60°C, (d) 140 bar/50°C, (e) 180 bar/60°C/PPG, and (f) 140 bar/50°C/PPG.
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clay morphology, which suggested that the higher E '
occurs in the presence of intercalated structures. On
the other hand, the poor E ' performance of the MMT
treated at 180 bar/25°C was observed despite there
being well dispersed particles. In this case, intercalated
structures are not observed, and the MMT particles
seem to have a similar plasticizer effect for PP caused
by the weak interaction PP–MMT. These results are
the opposite of other systems containing compatibiliz�
ing agents, ex. PP–g–MA [10], where more exfoliated
systems containing higher aspect ratios lead to an
increase in the reinforcement by improvements on the
interfacial adhesion.

As shown at Fig. 6, when PPG is used, the storage
modulus is similar to that of untreated MMT, inde�
pendent of the SC–CO2 condition. Although the dis�
persion and the aspect ratio values increased in com�
parison with untreated MMT, these factors do not
seem to influence the E ' performance of the nano�
composites. In this case the poor reinforcement effect,
in comparison to systems without PPG, was deter�

mined probably by a decrease in clay particle orienta�
tion. The disorganized structures formed when PPG
was used were fundamental for the reinforcement
effect. In general, the results appointed that SC–CO2

treatment of the MMT increased the dispersion of the
MMT in the PP matrix. However, if the orientation of
MMT structures is not efficient, the result will be a loss
in mechanical property.

CONCLUSIONS

This work showed the influence of SC–CO2 treat�
ment on clay morphology and PP–MMT nanocom�
posite properties. Changes on the nanocomposite
morphology (structure formation, dispersion, and ori�
entation) strictly depend on the CO2 processing con�
ditions, and the use of PPG. Consequently, different
reinforcement measurements were obtained, and the
best performance was obtained when the MMT was
treated with SC–CO2 at higher pressure and tempera�
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Fig. 5. Comparison of particle aspect ratio of nanocomposites prepared with MMT SC–CO2 processed in (a) the absence of PPG
or (b) with PPG. SC–CO2 conditions: (1) untreated, treated at (2) 140 bar/50°C, (3) 180 bar/60°C, and (4) 180 bar/25°C. The
results were obtained by software image analysis of the micrographs. Number of analyzed particles: (1) 79, (2) 129, (3) 125, and
(4) 212.

Table 2.  PP–MMT (2 wt %) nanocomposites properties

Sample SC–CO2 MMT 
treatment conditions E ', MPa (23°C) Tg, °C Tm, °C Tc, °C χ, %

PurePP – 247 11 161 113 49

1 Untreated 1208 7 165 113 41

2 140 bar/50°C 1570 9 163 114 48

3 180 bar/60°C 2143 8 164 113 44

4 180 bar/25°C 668 1 164 113 47

5 140 bar/50°C/PPG 1111 12 164 116 47

6 180 bar/60°C/PPG 1264 13 164 116 47
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tures. The presence of PPG reveals a smaller rein�
forcement due to the poor MMT orientation in the PP
matrix. The MMT treated with CO2 in its liquid state
showed a reduction in intercalation, and an increase in
dispersion. However, this factor was not significant for
a storage modulus gain.
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