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ABSTRACT: Polypropylene (PP) nanocomposites were
prepared by a melting-compounding process with a mont-
morillonite (MMT) suspension. In this process, an organi-
cally modified MMT was swollen in a polar solvent and
blended with molten PP in an extruder; this was followed
by solvent removal. The effect of a coswelling agent was
also evaluated. The nanocomposites were characterized
with X-ray diffraction, transmission electron microscopy,
differential scanning calorimetry, and scanning electron
microscopy. In addition, the mechanical properties of the

materials were studied. The nanocomposites prepared
with the clay suspension presented a remarkable increase
in the impact strength with the maintenance of their
flexural modulus. The mechanical properties of the nano-
composites were found to be related to the interaction
between PP and the clay. VC 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 121: 389–394, 2011
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INTRODUCTION

Polypropylene (PP) has a large range of applications
in the polymer market because of its good mechani-
cal properties and low cost. The use of layered sili-
cates, especially montmorillonite (MMT), to improve
the mechanical properties, thermal stability, and
barrier properties of PP has attracted academic and
industrial interest.1–7 The degree of enhancement of
the PP/MMT nanocomposite properties is related to
the dispersion level and interaction between MMT
platelets and the polymer matrix.8–10 Melt com-
pounding is the method most commonly used to
obtain PP/MMT nanocomposites because of its ease
in processing the base resin. However, the achieve-
ment of well-dispersed platelets of polar MMT in a
low-polar matrix such as PP is a challenge. Several
parameters affect nanocomposite formation in a
melt-compounding process, such as the clay surface
treatment, use of compatibilizing agents, characteris-
tics of the base resin, and compounding conditions.

The hydrophilic clay surface can be modified by an
ion-exchange reaction with quaternary alkylammonium
salts. This reduces its polarity and produces an orga-

nophilic clay that improves the compatibility between
the clay and the nonpolar polymers. Additionally, com-
patibilizing agents can be used to increase the compati-
bility between the organically modified montmorillo-
nite (OMMT) and the polymer matrix. PP grafted with
a wide variety of polar monomers, such as maleic an-
hydride, acrylic acid, methyl methacrylate, and diethyl
maleate, has been used for this purpose.11–14

The characteristic properties of the base resin,
mainly the molecular weight and molecular weight
distribution, play an important role in melt com-
pounding because they affect the intercalation of PP
chains into clay galleries and the melt viscosity. PP/
MMT nanocomposites obtained by twin-screw extru-
sion have been shown to have the highest degree of
dispersion and exfoliation of the clay. However, the
processing conditions, including the screw profile
and temperature, melt temperature, and addition
method of the materials in the extruder, are impor-
tant aspects in the clay dispersion.4,6,15

Recently, we developed a compounding process
wherein an OMMT is swollen in a polar solvent
and blended with melting PP in an extruder; this is
followed by solvent removal.16 A remarkable
enhancement in the mechanical properties of the
nanocomposite was observed with a coswelling
agent, mainly in the Izod impact strength. In
contrast to what is found most works in the literature,
no macromolecular compatibilizer was used in this
method. Thus, the aim of this study was to examine
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the role of this solvent-assisted process on the
mechanical properties of PP/MMT nanocomposites.

EXPERIMENTAL

Materials

The PP homopolymer, with a melt flow index of 3.5 g/
10 min (230�C/2.16 kg) and a density of 0.905 g/cm3

(23�C), was supplied by Braskem Triunfo, Brazil S.A.
A commercial OMMT, that is, a ditallow dimethyl am-
monium ion modified natural MMT (Cloisite 15A),
with a cation-exchange capacity of 125 mequiv/100 g
and a 44 wt % organic content, was supplied by South-
ern Clay Products Gonzales, TX. The swelling agent,
methyl ethyl ketone (MEK), with a purity of 99%, and
the coswelling agent, polypropylene glycol (PPG),
with a molecular weight of 1000 g/mol, were supplied
by Dow Chemical Co. São Paulo, Brazil.

Clay swelling

The clay was swelled by the dispersion of 50 g of orga-
noclay into 500 mL of MEK and mechanical stirring
for 10 min. In samples prepared with the coswelling
agent, 10 g of PPG was added to the clay suspension
described previously, with 5 min of additional stirring.

Preparation of the nanocomposites

The PP nanocomposites were prepared with a coro-
tating, twin-screw, intermeshing extruder (Haake
Rheomex, Waltham, MA PTW 16/25), set up with
an optimized screw profile, operating at 170–195�C,
80 rpm, and a feed rate of 10 g/min. Nanocompo-
sites containing 5 wt % organoclay (corresponding
to 2.8 wt % inorganic content) were prepared by
three different processes. In process 1 (P1), PP pel-
lets were premixed with the organoclay in a tum-
bling mixer, and this mixture was melt-blended in
the extruder at 10 g/min. In process 2 (P2), PP pel-
lets were put into the extruder by the main feeder,
and the organoclay, previously swollen in MEK, was
pumped into the extruder in the melting zone. The
swelling agent, MEK, was removed from the vent
port by vacuum. Figure 1 shows a schematic sketch
of the solvent-assisted extrusion process. The mate-
rial obtained was pelletized and dried in vacuo at
50�C for 5 h. Process 3 (P3) was performed under
the same conditions as P2, but a clay suspension
with a coswelling agent was used. The composition
of the nanocomposite obtained by P3 was 5.0 wt %
organoclay, 1.0 wt % PPG, and 94 wt % PP.

Characterization

The interlayer distance of the organoclay was
determined by means of X-ray diffraction (XRD)

with a Siemens Munich, Germany D500 apparatus
in the reflection mode and an incident X-ray of Cu
Ka at a wavelength of 1.54 Å. The morphology of
the samples was examined by transmission electron
microscopy (TEM). For TEM measurements, ultra-
thin sections were prepared at �80�C with a Leica
Wetzlar, Germany EM UC6 ultramicrotome with a
diamond knife. The measurements were carried
out on a JEOL Tokyo, Japan JEM-1200 Ex II (80
kV). The crystallization behavior was studied by
differential scanning calorimetry with a TA Instru-
ment New Castle, DE DSC 2100, where linear heat-
ing and cooling experiments were performed at
10�C/min under a nitrogen atmosphere. The crys-
tallinity (Xc) of the PP matrix in the materials was
determined as follows:

Xc ¼ DHm

fpDH0
m

� 100 (1)

where DHm (J/g) is the enthalpy of melting of the
polymer matrix, fp is the polymer weight fraction in
the sample, and DH0

m is the enthalpy of melting of
pure crystalline PP (207.1 J/g).17 Specimens for
mechanical testing were prepared in a Battenfeld
Plus 350/75 injection-molding machine according to
ASTM Kottingbrunn, Germany D 4101. Flexural
modulus tests were determined in an Instron Nor-
wood, MA 4466 universal testing machine according
to ASTM D 790. The Izod impact strength was deter-
mined at 23�C according to ASTM D 256 in a Resil
Impactor Ceast Pianezza, Italy pendulum-type
impact tester. The fracture surfaces of the Izod
impact tested specimens were studied with scanning
electron microscopy (SEM) in a JEOL JSM 6060
microscope operating at 10 kV.

RESULTS AND DISCUSSION

The XRD patterns of the nanocomposites are com-
pared to that of the pure organoclay in Figure 2. The
high-intensity peaks corresponded to the (001) plane
reflections of the clay. The interlayer spacing (d001)
of OMMT and the PP nanocomposites were
determined from the 2y position peak with Braggs’s
law. Pure OMMT had a d001 of 3.27 nm before
compounding. The P1 nanocomposite exhibited no

Figure 1 Schematic sketch of the solvent-assisted extru-
sion process.
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significant increase in d001, which varied from 3.27 to
3.33 nm after mixing; this indicated that just a few
PP macromolecules were able to intercalate into the
clay. The P2 nanocomposite showed a slight shift in
the peak toward lower angles; this resulted in a d001
of 3.50 nm. It was apparent that the MEK molecules
became intercalated into the clay interlayers by the
interactions between MEK and the clay surface.
Even with a vacuum applied to the vent port, a
small amount of residual MEK, around 0.7%, was
found in the P2 and P3 nanocomposites.

The use of PPG in sample P3 increased the inter-
layer distance by 0.48 nm; that indicated that the PPG
molecules intercalated into the clay interlayers just as
well as the MEK molecules. However, the PPG mole-
cules occupied a higher volume between the clay
platelets, probably because of their higher molecular
weight compared to MEK. PPG was able to inter-
calate into the clay galleries because of its high level
of polar groups. However, the increase in the inter-
layer distance of clay was limited by the low molecu-
lar weight of PPG. Because only the PPG and MEK
molecules intercalated into the clay galleries, the

interlayer distance distribution was low; this resulted
in an XRD peak with a high intensity. Perrin-Sarazin
et al.18 found similar results in PP/MMT nanocompo-
sites using low-molecular-weight PP-g-MA maleic
anhydride grafted- polypropylene.
TEM micrographs of the PP nanocomposites

obtained by the different extrusion processes are
presented in Figure 3. These micrographs are repre-
sentative of several images and show a slight diffe-
rence in the clay dispersion level of the materials.
Although tactoids were the dominant morphology in
all of the samples, the materials prepared by
solvent-assisted extrusion presented some exfoliated
layers (see arrows). These materials also presented
tactoids that were smaller than did the material
obtained by the traditional process, mainly when the
coswelling agent was used. This behavior could be
related to the swelling capacity of the clay in the sol-
vent. Given that the clay was swollen before it was
added to the extrusion and that there were no
agglomerates, as shown by Burgentzlé et al.,19 it was
possible to achieve higher dispersion levels. When
the coswelling agent was used, this effect was
increased, as shown in the TEM images.
Figure 4 presents the mechanical properties of the

PP and PP nanocomposites. The increases in the
flexural moduli of the P1, P2, and P3 nanocompo-
sites were 32, 16, and 6%, respectively, compared to
the that of the pristine PP. The increase in the modu-
lus in the PP/MMT nanocomposites is due to the
high modulus and high aspect ratio of the clay.10

However, the intensity of the increase is influenced
by the dispersion level of the clay, the interaction
between the clay and the polymer, and the align-
ment of the silicate layers.9 Although the materials
prepared by the solvent-assisted extrusion process
presented higher clay dispersion levels, they pre-
sented a lower modulus increase. This demonstrated
that the PP/clay interface was the aspect that
seemed to determine the increase in both the impact
and flexural properties of the nanocomposites.
According to XRD analysis, PPG and MEK

Figure 2 XRD patterns and d001 of OMMT and the PP
nanocomposites.

Figure 3 TEM micrographs of the PP nanocomposites obtained by different processes.
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intercalated into the clay interlayers because of polar
interactions of these molecules with the clay surface.
In the same manner, these polar molecules probably
adhered to the external clay surface, forming a
thin film that reduced the interaction between the
PP chains and the clay. This decreased the load-
transfer efficiency from the matrix to the clay and,
consequently, decreased the material modulus. This
effect was higher in P3 (d001 of 3.75 nm) than in P2
(d001 of 3.50 nm).

Although the use of MEK and PPG resulted in a
low increase in the flexural modulus, their use
resulted in a remarkable increase in the impact
strength, mainly when PPG was used. As shown in
Figure 4, the increases in the impact strengths of the
P1, P2, and P3 nanocomposites were 36, 58, and

127%, respectively, compared to that of the pristine
PP. The impact strength is related to the energy-
dissipation process during fracture. The most effec-
tive dissipative processes in PP are multiple craz-
ing and shear yielding, with a major contribution
from the latter.20 However, additional processes take
place when a rigid particle is added to the polymeric
matrix. According to microvoiding theory,21 when
the stress applied exceeds the interfacial adhesion
strength between the clay and the polymer matrix,
debonding at the interface will occur first; this leads
to the formation of microvoids. In this case, the
deformation restraint of the matrix around the filler
is released; this produces extensive elastic de-
formation and absorbs strain energy. Moreover, the
tip of the crack is blunted, and the stress concentra-
tion is alleviated. This effect is more apparent with
poor interfacial adhesion between the matrix and the
reinforcement.
The use of SEM to examine the fractured surface

may help in understanding the reinforcement mech-
anism of the nanocomposites.22 SEM micrographs
of the PP and PP nanocomposites, presented in
Figure 5, showed that sample P1 presented a small
number of cavities, from where the clay agglo-
merates were removed. In this sample, practically all
of the clay agglomerates were covered by the matrix;
this indicated that crack propagation occurred pre-
ferentially through the matrix and, to a small extent,
through the interface. This resulted in a slight
increase in the impact strength. In contrast, the sam-
ples prepared with swelling agents (P2 and P3) pre-
sented more exposed clay agglomerates and cavities,

Figure 5 SEM micrographs of the fractured surface of PP and the PP nanocomposites.

Figure 4 Mechanical properties of PP and the PP
nanocomposites.
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from where the agglomerates were removed; this
indicated that the crack propagated along the PP/
MMT interface. As discussed earlier, the adhesion
between the clay and the matrix was lower in the P3
nanocomposite. This lower adhesion led to more
effective microvoid formation in this material and
resulted in a higher impact strength.

PP is a semicrystalline polymer, and its properties
are strongly influenced by the crystalline phase.
Nevertheless, all of the nanocomposites showed no
significant change in the melting temperature (rang-
ing from 162 to 164�C), crystallization temperature
(ranging from 114 to 115�C), or crystallinity (rang-
ing from 49 to 54%) when compared to pristine PP
(115�C, 163�C, and 49%, respectively). In addition to
the crystallinity degree, the crystal forms were
important in determining the PP properties. It is
well-known that the monoclinic form (a) presents a
higher modulus, and the trigonal one (b) leads to a
higher impact strength. Medellin-Rodriguez et al.23

detected the formation of b-crystalline structures
in PP/clay nanocomposites and observed that the
a form was the predominant structure, but the
low clay concentration induced the formation of b-
crystalline structures.

The b form in the crystalline phase of PP nano-
composites could increase the impact strength of
these materials. However, the characteristics peaks
of the b-crystalline structures were not observed in
our XRD analysis.

Clay can also be an active nucleating agent in PP/
MMT nanocomposites, as observed by many
authors.15,19 However, the nucleating activity is very
low or absent when no macromolecular compatibi-
lizer is used.24 In a previous study,11 we examined
the nucleation activity of MMT in the PP matrix,
and the results show that the clay was an effective
nucleating agent only when the adhesion energy
between the filler and matrix was high.

All of these results indicate that the interactions
between the clay and the matrix were lower in
samples P2 and P3 than in sample P1; this lower
interaction provided additional energy dissipation
processes, which increased the impact strength sig-
nificantly. Other samples were prepared with up to
10 wt % PPG, but the balance between the flexural
modulus and impact strength was not satisfactory
because the impact strength presented a slight
increase and the flexural modulus presented a high
decrease; this indicated that the ratio OMMT to PPG
of 5 : 1 was the most appropriate one.

CONCLUSIONS

PP nanocomposites were obtained by melt process-
ing with an MMT suspension. The nanocomposites

presented a higher modulus than pristine PP. The
use of polar molecules as swelling agents increased
the interlayer distance and the dispersion level of
the clay in the PP/MMT nanocomposites. The
increase in the interlayer distance was related to the
intercalation of the MEK and PPG molecules into
the clay galleries due to favorable polar interactions.
In the same manner, these polar molecules modi-
fied the interactions between PP and clay, probably
because they adhered to the external clay surface
and reduced the load transfer efficiency from the
matrix to the clay. This, consequently, decreased
the material modulus. On the other hand, the lower
adhesion between PP and clay resulted in addi-
tional energy dissipation processes during the frac-
ture, which increased the impact strength of the
nanocomposites obtained with the MMT suspen-
sion. The clay addition caused no significant
changes in the PP melting temperature, crystalli-
zation temperature, or crystallinity. Finally, the
solvent-assisted extrusion process related here
successfully produced nanocomposites with supe-
rior impact properties, similar to rubber-toughened
PP, but without the inconvenience of a decreased
flexural modulus.

The authors thank Braskem S. A., Capes, Fapergs/Pronex,
Cnpq and Finep for financial and technical support.
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