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ABSTRACT: An ion-exchange method was applied to re-
place sodium cations inside the interlamellar space of mont-
morillonite with positively charged stearyl trimethyl ammo-
nium chloride. The d001-spacing of montmorillonite is larger
in toluene than in other solvents. The overexchanged stearyl
methyl ammonium chloride in the montmorillonite layers
can be completely washed out by ethanol. Polypropylene–
montmorillonite nanocomposites were prepared by using
the supported rac-Et(Ind)2ZrCl2 catalyst on the montmoril-
lonite. The nanocomposites that were polymerized by the
supported catalyst were characterized by infrared spectros-
copy, nuclear magnetic resonance, X-ray diffraction, differ-

ential scanning calorimetry, scanning electron microscopy,
and transmission electron microscopy. Transmission elec-
tron microcopy shows that each silicate sheet of montmoril-
lonite is randomly dispersed into the polypropylene matrix
following polymerization by using a supported catalyst. The
polypropylene nanocomposites had higher crystallinity, hard-
ness, and thermal properties than pure polypropylene. © 2005
Wiley Periodicals, Inc. J Appl Polym Sci 95: 1228–1236, 2005

Key words: polypropylene; nanocomposites; in situ poly-
merization

INTRODUCTION

Polymer composites have been extensively used in
various areas, including electronics, transportation,
construction, and consumer products. They provide
several benefits, the most important of which includes
unusual combinations of stiffness and toughness,
which are difficult to derive from the individual com-
ponents. Recently, families of nanocomposites have
received increasing attention. A nanocomposite is de-
fined as a composite characterized by particles with an
observed dispersed phase of �100 nm. This nanome-
ter size effect generally corresponds to very large rel-
ative surface areas and strong interactions with the
polymer matrix, causing nanocomposites to exhibit
unique characteristics that are not typically shared by
their more conventional composite counterparts.
Therefore, nanocomposites provide new technology
and business opportunities.

For example, montmorillonite (Mont) is a clay min-
eral that consists of stacked silicate sheets with a thick-
ness of � 1.00 nm. It undergoes intercalation with
various organic molecules. Through such intercala-
tion, several useful polymer–clay nanocomposites

have been produced, including nylon– clay hy-
brid,1,2 polystyrene– clay hybrid,3–5 polyimide– clay
hybrid,6 poly(methyl methacrylate)– clay hybrid,7–9

and polypropylene– clay hybrid.10 –13 Each of these
nanocomposites has a particular use. However, dis-
persing silicate layers of Mont at the nanometer
level in nonpolar polymers is difficult.

The appearance of coordinated catalytic polymer-
ization has led to the support of a new generation
catalyst on organic or inorganic materials.14 The first
supported organometallic catalyst was prepared by
depositing chromium hexacarbonyl and molybdenum
over Al2O3.15,16 Catalysts that contain molybdenum
were used in the metathesis of olefins; however, chro-
mium-containing catalysts were active in ethylene po-
lymerization.

Metallocene catalysts activated by methylaluminox-
ane (MAO) exhibit strong activity in olefin polymer-
ization reactions.17,18 The extensively studied charac-
teristics of polymers, such as thermal resistance, hard-
ness, impact strength, and transparency, can be
precisely controlled through the metallocene struc-
ture. Metallocene catalyst systems have been used to
polymerize ethylene,19,20 propylene,21 and methyl
methacrylate monomers.22 Remarkably, the use of im-
mobilized metallocene catalysts results in the forma-
tion of uniform polymer particles with a narrower size
distribution and higher bulk density than those pro-
vided by metallocene immobilized catalysts.23 Meth-
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ods for immobilizing metallocene fall into two broad
categories: (1) MAO-mediated systems, in which the
impregnation of the support with MAO is followed by
the addition of metallocene24,25; and (2) directly im-
pregnated systems, in which the modification of the
support with MAO is immobilized.26,27 The proce-
dures generate different catalysts, which yield poly-
olefins with different characteristics.

Recently, Tudor et al. demonstrated the ability of
soluble metallocene catalysts to intercalate inside sili-
cate layers and promote the coordination polymeriza-
tion of propylene.28 Hectorite was first treated with
MAO to remove all acidic protons and to prepare the
interlayer spacing to obtain the catalyst. Upon the
addition of the metallocene catalyst, a cation exchange
occurred with sodium cations and the catalyst was
incorporated in the hectorite galleries. This metallo-
cene-immobilized catalyst exhibited high activity in
the polymerization of propylene when in contact with
an excess of MAO, producing polypropylene (PP) oli-
gomers. Unfortunately, this method did not character-
ize the composite.

In this study, the polypropylene–montmorillonite
(PP-Mont) nanocomposites were prepared by rac-
Et(Ind)2ZrCl2 catalyst supported on montmorillonite.
PP is one of the most extensively used polymers as it
has a relatively uniform composition and participates
predictably in reactions. It has no polar groups in its
backbone so the well-dispersion of the silicate layers
in PP cannot be realized. An in situ method was used
to prepare PP-Mont nanocomposites by selecting
stearyl trimethyl ammonium chloride (SAC) to in-
crease the d001-spacing of Mont. SAC can increase the
interlayer distance of Mont; then the catalyst can be
supported on the montmorillonite. The propagation of
PP polymerization can increase the interlayer distance
of montmorillonite and is dispersed randomly. This
synthesis of the nanocomposite reveals the improved
thermal, mechanical, and barrier characteristics, in
comparison with those of pure PP. The structure and
some of the characteristics of such composites will be
considered.

EXPERIMENTAL

Materials

The clay materials used in synthesizing PP-Mont
nanocomposites are the sodium-type montmorillonite
(CEC � 1.15 meq/g). The swelling agent of SAC was
obtained from Akzo Nobel Chemical Inc. The rac-
Et(Ind)2ZrCl2 catalyst and MAO cocatalyst were ob-
tained from Aldrich Co., Ltd. The propylene gas was
purchased from Jian Reeng Gases Co. (Chungli, Tai-
wan). Toluene was dried over sodium lumps and
distilled before use.

Preparation of organomontmorillonite

In 600 mL of solvent, 10 g sodium montmorillonite
was added to a solution of SAC and concentrated
orthophosphoric acid (0.5 mL). The mixture was
stirred vigorously at 80°C for 24 h. (When acetone was
used as a solvent, the reaction temperature was 30°C.)
A white precipitate was isolated by filtration and then
washed five times with the reaction solvent. The or-
ganomontmorillonite (O-Mont) was then collected af-
ter it was dried in a vacuum for 8 h.

Preparation of rac-Et(Ind)2ZrCl2 supported catalyst

The organomontmorillonite was suspended in the
MAO solution (5 mmol in toluene) and reacted at
room temperature for 1 h. It was filtered in a Schlenk
apparatus and washed four times with toluene until
the washing solution was observed to be clear, � 80
wt % aluminum on the montmorillonite. It was then
added to 5 mL toluene that contained 5 �mol of rac-
Et(Ind)2ZrCl2; it was stirred for 1 h at room tempera-
ture, washed four times with toluene, and dried under
vacuum. The rac-Et(Ind)2ZrCl2 catalysts were success-
fully supported on the montmorillonite.

Preparation of PP-Mont nanocomposites

PP-Mont nanocomposites were polymerized from PP
by using the rac-Et(Ind)2ZrCl2-supported catalyst. Tol-
uene (100 mL) was added to a Parr reactor under an
atmosphere of nitrogen. After a fixed reaction temper-
ature was obtained (the reaction conditions are shown
in Table II), the supported catalysts were added to
catalyze the polymerization. After 1 h of polymeriza-
tion, 5 mL dilute solution of HCl in methanol was
added to terminate the polymerization. The products
were isolated by filtration and washed with methanol
before they were dried under a vacuum.

Characterization

X-ray diffraction (XRD) measurements were taken by
using CuK� radiation, at 30 kV and 20 mA. The nu-
clear magnetic resonance (NMR) spectrum was ob-
tained in 1,1,2,2-tetrachloroethane-d2 at 80°C by using
a Cuchi Re-300 NMR spectrometer. The Fourier trans-
form infrared (FTIR) spectrum was measured by using
Bio-Rad FTS-7 cast on KBr. The melt temperature (Tm)
and enthalpy (�H) were measured by using a Seiko
DSC-200 calorimeter at a heating rate of 10°C/min.
The decomposition temperature (Td) was measured by
using a TA2950 thermal gravimetric analyzer (TGA),
at a heating rate of 5°C/min to 600°C in an environ-
ment of nitrogen. A transmission electron micrograph
(TEM) was obtained by using a JEM-1200 EXII (JEOL)
at an acceleration voltage of 120 kV. The scanning
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electron micrograph (SEM) image of gold-coated poly-
mer powders was recorded by using a JSM-6300
(JEOL) at an accelerating voltage of 20 kV. The bulk
density was obtained from a Mirage, MD-200S, and
the hardness was measured by using an Akashi micro-
Vickers hardness testing machine, MVK-H0, with a
test force of 0.98 N.

RESULTS AND DISCUSSION

Characteristics of organomontmorillonite

SAC was used as the swelling agent for Mont. Figure
1(a, b) presents the FTIR absorption bands of sodium-
Mont and SAC-Mont (the sodium montmorillonite
was modified by SAC). The absorption at 3650 cm�1 is
attributed to the O—H vibration; absorption at 3200
cm�1 is due to the intermolecular hydrogen bond
between the stacked silicate sheets, and absorption at
1030 cm�1 is associated with Si—O stretching. The
absorption of the intermolecular hydrogen bond de-
clines after the sodium-Mont was ion-exchanged with
SAC [Fig. 1(b)] because the layer spacing of Mont is
increased. The organic C—H vibrations of SAC are
therefore at 2850 and 2900 cm�1.

Table I presents the XRD results. Bragg’s law (n�
� 2d sin �, d � layer distances) determines the dis-
tances between the silicate layers. The wavelength (�)
of CuK� X-rays is 0.15418 nm. The measured d001-
spacing of pristine montmorillonite is 1.4 nm (2�
� 6.25°). The O-Mont exchanged using toluene as the
solvent has the greatest d001-spacing (2� � 3.9°, d001
� 2.26 nm). However, the XRD result still has pristine
montmorillonite peaks at 6.25° and 7.10°, which is due
to the nonreactive sodium-Mont still present in O-

Mont exchanged in toluene. On the other hand, etha-
nol is a very good solvent that can wash out the
overexchanged swelling agents (Fig. 2). The d001-spac-
ing of O-Mont only increases 0.1 nm after swelling by
SAC in ethanol.

A higher temperature is required when preparing
polymer–clay nanocomposites by using either in situ
polymerization or melt intercalation. However, if the
temperature at which polymer–clay nanocomposites
are synthesized exceeds the thermal stability of the
organoclay, then decomposition will take place. The
temperature of the onset of decomposition of organo-
clay is therefore important in making polymer–clay
nanocomposites. The degradation is very sensitive to
the quantity of the organic interface in the layered
silicate, so understanding the upper processing tem-
perature and the environment of these nanocompos-
ites is very important. Four different solvents for ion-
exchange with an SAC swelling agent, including
deionized water, acetone, ethanol, and toluene, were
used to understand how the ion-exchange environ-
ment influences the thermal stability and the structure
of O-Mont.

Figure 3 plots derivative thermogravimetric analy-
sis (DTG) curves of O-Mont prepared in various sol-
vents. The evolution of water from sodium Mont is
considered across two regions of the curve.29 The re-
gions of free water and interlayer water evolution are
in the temperature range 40–300°C, and the region of
structural water evolution is in the temperature range
500-1000°C, over which the bonded OH group under-
goes dehydroxylation. However, the DTG curves of
O-Mont, plotted in Figure 3, are more conveniently
considered as four regions under the experimental

Figure 1 The FTIR spectrum of (a) sodium-Mont; (b) O-Mont (prepared by SAC); (c) O-Mont heated to 300°C; (d) O-Mont
heated to 500°C.
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conditions used herein. The free water region is at
temperatures � 200°C. The region in which organic
substances evolved was in the temperature range from
200 to 500°C. The structural water region is in the
temperature range from 500 to 800°C. Between 800
and 1000°C, carbon reacts in some yet unknown way.
The release of organic species from O-Mont is a two-
step process, associated with the presence of the or-
ganic modifier, the overexchanged organic modifiers,
and bonded organic modifiers among the Mont layers
(see Fig. 2). As revealed by the DTG curve of O-Mont
samples, the derivative weight loss reaches a steady-
state plateau before the first DTG peak. Hence, the
temperature at which the derivatives weight loss is
0.001%/°C over the value at the plateau denoted as
the temperature (T1) of the first onset of decomposi-
tion. The temperature at which the derivative weight
loss between the first and second weight loss peaks is
lowest as the second temperature (T2) of the onset of
decomposition. Table I summarizes the results. For the
O-Mont prepared in the deionized water, the first
onset decomposition temperature is 164°C, which is
similar to that of the swelling agent SAC. For the
O-Mont prepared in toluene, � 5% weight is lost in
the temperature from 110 to 210°C. The aromatic sol-
vent toluene can penetrate the Mont layer and remain
there even after drying. The O-Mont prepared in tol-

uene has the highest T1 and T2 (T1 � 256.4°C, T2
� 354.4°C), because the organic modifier can enter the
Mont layers completely. When ethanol is used as the
solvent, only one organic decomposition peak is evi-
dent between 200 and 400°C, since the overexchanged
organic modifiers can be dissolved and washed out by
ethanol. Therefore, only bonded organic modifiers are
present in ethanol-prepared organomontmorillonite.
The details of the decomposition mechanism of the
decomposition of organic modified montmorillonite
have been discussed elsewhere (similar to Fig. 4).30

The water detected at 110°C may be absorbed water.
At higher temperatures, the water is produced by the
reaction of the hydroxyl group in the montmorillonite
sheets with organic modifiers. The bond between N
and C in the organic modifiers outside the montmo-
rillonite sheets may break first at around 200°C. The
montmorillonite sheets exhibit less hindrance and so
can evolve quickly without further degradation. At
higher temperatures, organic treatments decompose
from the montmorillonite sheets. The hindrance in the
montmorillonite sheets and the force between these
sheets are such that the sheets evolve slowly, and
further decomposition occurs mainly between C and
C bonds.

Sample Sa-1 was heated from room temperature to
300 and 500°C and then examined by both FTIR and
XRD to verify that an organic substance is decom-
posed over the temperature range 200–500°C. For
comparison, FTIR and XRD experiments on the un-
heated Sa-1 and sodium-Mont are also conducted.
Figure 1 indicates clearly that organic C—H vibrations
(2853 and 2629 cm�1) decline after the Sa-1 sample
was pyrolyzed to 300°C [Fig. 1(c)]. When the Sa-1
sample was heated to 500°C, the C—H vibration com-
pletely disappeared [Fig. 1(d)]. Meanwhile, the OH
absorption (wavenumber � 3690, 3620, and 1636
cm�1) of pyrolyzed samples does not change in either
frequency or intensity. Hence, most weight losses over
the temperature range from 200 to 500°C are due to
the decomposition of organic compounds. Figure 5

TABLE I
Properties of O-Mont Prepared in Different Solventsa

No.
Solvent
(600 ml)

2�max
(degree)

d001-spacing
(nm)

T1
b

(°C)
T2

c

(°C)
Residued

(wt %)

Na-1 — 6.25 1.41 — — 90.9
Sa-1 DI-water 4.80 1.84 164.8 312.3 74.2
Sa-2 Acetone 4.95 1.78 188.8 307.6 77.0
Sa-3 Ethanol 5.90 1.50 229.8 — 81.3
Sa-4 Toluene 3.90 2.26 256.4 354.4 72.8

a Sodium mont � 10 g (CEC � 1.15 meq/g), reaction time � 24 h, reaction temperature
� 80°C (acetone at 30°C).

b T1 � first onset decomposition temperature of swelling agent.
c T2 � second onset decomposition temperature of swelling agent.
d Residue weight percent at 1000°C.

Figure 2 The situation of O-Mont prepared by ammonium
swelling agent.
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Figure 3 The HDTG curves of (a) sodium-Mont and O-Mont prepared in (b) deionized water; (c) acetone; (d) ethanol; (e)
toluene.

Figure 4 The probable decomposition mechanism of O-Mont prepared by SAC.
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presents XRD results that confirm the foregoing ob-
servation. After sample Sa-1 was heated to 300°C for
1 h, its d001-spacing fell to 1.4 nm [from Fig. 5(a, b)];
after it was heat-treated at 500°C, all the organic mod-
ifiers were decomposed and the layer distances were
restored to those of pristine sodium-Mont [Fig. 5(c)].

Characteristics of PP-Mont nanocomposites

Metallocene catalysts cannot be used in polymerizing
polar functional monomers because the polar func-
tional group mitigates the activity of metallocene cat-
alysts. Scientists who have sought to polymerize pro-
pylene directly in the layers of Mont have found that
functional groups such as hydroxyl groups and silicon

dioxide groups poison the metallocene catalyst. The
metallocene-supported catalysts on the silicon dioxide
group of Mont were prepared to polymerize pro-
pylene to solve this problem (Fig. 6). When the mont-
morillonite was treated with MAO, a chemical reac-
tion between the hydroxyl group and alkylaluminum
compounds occurred (compound I). Upon further in-
troduction of zirconocene, an anchoring is observed
on the supporting surface via an interaction with com-
pound I to form the supported catalyst from com-
pound II. The FTIR spectrum in Figure 7 indicates the
structure of PP and PP-Mont nanocomposites from the
supported catalyst of compound II. The peak at 2800–
2900 cm�1 is associated with C—H stretching; those
at 1390 and 1450 cm�1 are attributed to C—H bend-
ing. The PP-Mont retains the OH group with ab-
sorption at 3650 cm�1 and the Si—O group with
absorption at 1030 cm�1 from the pristine montmo-
rillonite.

Figure 8 presents XRD patterns of PP and PP-Mont.
Pure PP yields three peaks at 14, 16.8, and 18.6° be-
cause of different crystalline domains are present in
the construction. When the supported catalyst is used
to obtain the PP-Mont nanocomposite, the O-Mont
peak at 4.8° disappears, and the PP peaks remains. The
results clearly reveal that the layers of Mont have been
broken. Restated, the silicate sheets of Mont in the PP
matrix are completely dispersed. A TEM picture of
PP-Mont nanocomposites verified the foregoing ob-
servation in Figure 9. The dark lines represent inter-
sections among silicate sheets of Mont and each sili-
cate sheet of Mont is randomly dispersed into the PP
matrix following polymerization by using a supported
catalyst.

Figure 5 The XRD patterns of (a) O-Mont (prepared by
SAC); (b) O-Mont heated to 300°C; (c) O-Mont heated to
500°C.

Figure 6 The synthesis mechanism of rac-Et(Ind)2ZrCl2-supported catalyst.
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Figure 7 The FTIR spectrum of (a) PP; (b) PP-Mont nanocomposite.

Figure 8 The XRD patterns of (a) O-Mont (prepared by SAC); (b) PP; (c) PP-Mont nanocomposite.
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Table II presents some results that pertain to PP-
Mont nanocomposites generated by using rac-
Et(Ind)2ZrCl2-supported catalysts. When O-Mont was
added in the polymerization of propylene, both yield
and activity decline rapidly because the number of
activity centers fell when the catalyst was fixed on the
montmorillonite, consistent with the observed low ac-
tivity associated with coated catalytic particles.31 The
use of supported catalysts causes the yield and activity
to increase with the reaction temperature and the con-
centration of the catalyst. However, the Mont contents
(3–30 wt %) in the PP composites can be controlled by
changing the reaction conditions.

The melt temperature and enthalpy of pure PP were
130.0°C and 67.3 J/g, respectively, at a reaction tem-
perature of 40°C. The melt temperature (Tm) was
closely related to the [mmmm] pentad value that is the
stereoregularity of isotactic PP. Table II clearly indi-
cates that the PP-Mont nanocomposite has more
[mmmm] so that the PP-Mont nanocomposite has a
higher Tm and �H than PP under the same reaction
conditions. Meanwhile, the melt temperature and

[mmmm] values of PP-Mont nanocomposites sharply
decline as the reaction temperature rises. When the
reaction temperature reaches 80°C, the melt tempera-
ture of the PP-Mont nanocomposite falls to about
50°C. The metallocene catalyst is less stereoselective
and regioselective at higher temperatures, as has been
frequently observed for other MAO-activated metal-
locene catalysts.32

The hardness can be calculated by the formula HV
� 0.102 � F/d2 (where d is the diagonal length of the
across the indentation). In this experiment, the force
(F) was 9.87 � 10�2 N. Table II shows that the HV
value of PP is 5.24 N/mm2. Nevertheless, the PP-Mont
nanocomposite has a larger HV value than pure PP.
Additionally, the HV value increases with the Mont
content. It demonstrated that the silicate sheets of
Mont could provide the good hardness property in the
composite.

The morphology of the PP and PP-Mont nanocom-
posite was elucidated by SEM. The shape of the pure
PP particles resembles that of the rac-Et(Ind)2ZrCl2
catalyst, as depicted in Figure 10(a, b). The particle
sizes are about 4–6 �m at a reaction temperature of
40°C but the PP particles fragment into smaller parti-
cles at higher reaction temperatures [Fig. 10(a, b)]. The
shapes of PP-Mont nanocomposites differ completely
from those of PP, as shown in Figure 10(c, d). The
larger particles of PP-Mont particles are obtained by
the rac-Et(Ind)2ZrCl2-supported catalyst and the diam-
eters of the particles are estimated as being 10–30 �m.
Larger particles increase the bulk density of the PP-
Mont nanocomposite. However, the bulk density of
PP-Mont nanocomposites clearly increases with the
Mont content (Table II).

CONCLUSION

In this work, PP-Mont nanocomposites were success-
fully synthesized by rac-Et(Ind)2ZrCl2-supported cat-
alysts on montmorillonite. The XRD and TEM show
that the silicate layers of montmorillonite were ran-

TABLE II
Properties of PP and PP-Mont Nanocomposites by Using rac-Et(Ind)2ZrCl2 Catalysta

No.
[Zr]

(�mol)
Temp.

(°C)
Yield

(g)
Actc

(�10�6)
Mont cont.

(wt%)
mmmm

(%)
Tm

(°C)
�H

(J/g)
Td

(°C)
Density
(g/cm3)

P-1b 5 40 27.3 10.92 — 73.7 130.0 67.3 334.7 0.87
P-2b 5 80 17.3 6.92 — 66.8 73.3 26.0 405.0 0.85
PCH-1 30 40 2.4 0.08 12.6 77.1 134.9 88.2 257.8 0.94
PCH-2 40 40 2.5 0.06 11.9 83.7 134.3 78.6 260.6 0.92
PCH-3 50 20 1.1 0.02 28.6 88.5 139.7 63.3 239.1 —
PCH-4 50 40 3.2 0.06 9.4 87.3 134.3 87.1 255.9 0.90
PCH-5 50 80 8.1 0.16 3.7 73.6 87.0 33.6 263.4 0.88

a mont � 0.3 g, toluene � 100 ml, propylene pressure � 20 psi, reaction time � 1 h, [Al]/[Zr] � 100.
b Toluene � 100 ml, propylene pressure � 20 psi, reaction time � 30 min, [Al]/[Zr] � 1000.
c Act. � [g product]/[mol catalyst � h].

Figure 9 TEM photograph of PP-Mont nanocomposite.
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domly dispersed in the PP matrix. The PP nanocom-
posites had a higher isotactic crystallinity, bulk den-
sity, Vicker hardness, melt temperature, and enthalpy
than pure PP.
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