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ABSTRACT: In this study, the main goal is to obtain
montmorillonite nanocomposites of polypropylene (PP). To
achieve this goal, a two-phase study was performed. In the
first part of the work, organomodified clay (OMMT) was
synthesized and characterized. Octadecyltrimethylammo-
nium bromide (ODTABr) cationic surfactant was added to
the clay (Na-activated montmorillonite, MMT) dispersions
in different concentrations in the range of 5 � 10�5–1 �
10�2 mol/L. Rheologic, electrokinetic, and spectral analyses
indicated that ODTABr has interacted with MMT at opti-
mum conditions when the concentration was 1 � 10�2 mol/
L. In the second part, modified (OMMT) and unmodified
(MMT) montmorillonite were used to obtain PP nanocom-
posites (OMMT/PP and MMT/PP, respectively). The nano-
composites were prepared by melt intercalation where the

montmorillonite contents were 1 or 5% (w/w) for each case.
The thermal analyses showed that the thermal properties of
OMMT/PP nanocomposites were better than MMT/PP, and
both of them were also better than pure polymer. Increase
in the concentration of MMT (or OMMT) decreased the
thermal resistance. Based on the IR absorption intensity
changes of regularity and conformational bands, it is found
that the content of the helical structure of macromolecular
chains has increased with increasing concentrations of both
MMT and OMMT in the nanocomposites. VVC 2009 Wiley Peri-
odicals, Inc. J Appl Polym Sci 113: 367–374, 2009
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INTRODUCTION

Polymer/clay nanocomposites are a typical example
of nanotechnology. Layered clay mineral is one of
the most interesting layered hosts because of its
unique layered structure, cation exchangeability, and
expandability. Montmorillonite is the most widely
used layered clay mineral in polymer/clay nano-
composite.1,2 The interlayer spacing of montmoril-
lonite can be expandable by changing the
hydrophilic cations residing in the basal spacing
with other inorganic or organic cations (generally
long-chain alkylammonium cation or phosphonium
salt).1,3 The aim of this kind of modification is to
enhance the interaction between the polymeric ma-
trix and clay particles by expanding and changing
the polarity of the clay layers. Then, these modified
clays can be easily dispersed in polymeric matrix
and may form a nanocomposite. When pure poly-
mer and clay nanocomposites are compared, the
advantageous properties of polymer/clay nanocom-

posites are increased modulus and mechanical
strength, higher heat distortion temperature,
decreased thermal expansion coefficient, lower gas
permeability, and superior solvent resistance.4–11

Polypropylene (PP) is one of the most widely
used polyolefin polymers. It is one of the most inter-
esting thermoplastic materials because of its low
price and balanced properties. PP, however, has its
defect. Low strength and stiffness, low service tem-
perature, and weak barrier properties do not make
PP the most ideal thermoplastic to use. To overcome
these problems, traditional filler materials, such as
talc and mica, have been infused into the PP struc-
ture. Although the fillers increased the strength and
stiffness, it reduced the impact properties and recy-
clability. The uses of layered silicate materials, the
macromolecule chains, exfoliate the silicate layers
evenly dispersing them in the polymer matrix. For
this reason, the utilization of PP is very high. When
filled organoclay is used, there are improvements in
the mechanical performance,12–14 thermal stability,15–17

barrier properties, and flame retardancy13,18 of the
polymer without sacrificing processability and
density.
In this study, first, the interactions between MMT

particles and octadecyltrimethylammonium bromide
(ODTABr) surfactant were determined by using
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rheologic and electrokinetic parameters. Then, the
structural properties of the MMT and OMMT were
examined by XRD and FTIR analyses. Second part of
the study was related with PP/clay nanocomposites.
Nanocomposites were prepared with melt intercala-
tion method. Both types of montmorillonite (MMT
and OMMT) were used in different amounts (1 and
5% by weight) to prepare the nanocomposites. Then,
PP composites were characterized in terms of their
spectral (XRD, FTIR) and thermal behaviors.

EXPERIMENTAL

Materials

The clay sample was obtained from the bentonite
deposits in Enez, Turkey (Bensan Co.). The chemical
composition of the sample was determined by
atomic adsorption spectroscopy, and silica analysis
was done by the gravimetric method. The Ca-mont-
morillonite (natural bentonite) has a composition (wt
%) of Al2O3 19.00, SiO2 58.80, Fe2O3 3.50, CaO 4.60,
MgO 2.80, Na2O 1.00, K2O 2.76, TiO2 0.45, MnO
0.11, and H2O 7.39. Cationic surfactant, ODTABr
[C18H35N

þ(CH3)3Br
�] from Fluka Chemical Co., and

isotactic PP (MW ¼ 12 000) from Aldrich Chemical
Co. were used.

Preparation of Na-activated montmorillonite

Activated montmorillonite was obtained from natu-
ral montmorillonite (35% humidity) by treating the
clay with 4% (w/v) NaHCO3 solution. During soda
activation, certain amount of Ca ions was precipi-
tated in the form of CaCO3. Na-activated montmoril-
lonite was labeled as MMT. The chemical
composition of this sample was (wt %) as follows:
SiO2 58.8, Al2O3 18.73, Fe2O3 3.71, CaO 3.34, MnO
0.09, Na2O 3.36, MgO 2.62, K2O 2.70, and TiO2 0.49.

Preparation of OMMT

The minimum ODTABr surfactant concentration,
which coagulation occurred in the dispersion, was
recorded as the critical coagulation concentration
(CK). For this purpose, dilute (0.25% w/w) bentonite
dispersions prepared with different surfactant con-
centrations, and the CK was determined by visual
inspection at room temperature. The critical coagula-
tion concentration value of MMT was found as 5 �
10�4 mol/L. Hence, ODTABr was added to the
MMT dispersions (2% w/w) in the range of 10�6–
10�2 mol/L for rheologic and electrokinetic
characterization.

According to the XRD measurements, the maxi-
mum expansion in interlayer spacing was obtained
with the 1 � 10�2 mol/L ODTABr concentration.

This concentration was adopted to prepare the orga-
noclay by the following method.
Four grams of clay was dispersed in 100 mL of

water for 24 h. Then, 100 mL of 0.5M ODTABr and
catalytic amount of concentrated HCl were added to
the dispersion and they were stirred at 80�C for 1 h.
After the dispersion was centrifuged, the clay was
washed with water at 80�C two times. Then, the
obtained organoclay was dried at 40�C.

Preparation of PP nanocomposites

PP was melted at 190�C. Then, the composites were
prepared using the clay samples (OMMT and MMT,
respectively) as reinforcement for PP in both cases.
The clay was added to molten PP at the solid con-
centration of 1 and 5% (w/w). Then, the samples
were dried at the room conditions.

Characterization of MMT, OMMT, MMT/PP,
and OMMT/PP

X-ray diffraction (Philips PW1140 model XRD) and
FTIR (Perkin–Elmer Spectrum One spectrophotome-
ter) techniques were used to determine the clay min-
eral types. The dominant clay mineral was found to
be dioctahedral montmorillonite with minor
amounts of illite and kaolinite. Quartz was always
present in the clay fraction. The d-spacing of the
MMT, OMMT, MMT/PP, and OMMT/PP com-
pounds are calculated using Bragg’s equation
according to the angle of the (001) diffraction peaks
in the XRD pattern. Crystal structure and dimen-
sions of PP were determined via 110, 040, and 130
plane peaks.19–21

The zeta potential measurements were carried out
using a Malvern Instruments, Zetasizer 2000. The
optic unit contains a 5 mW He–Ne (638 nm) laser.
Before the measurements, all the dispersions were
centrifuged at 4500 rpm for 30 min. Supernatants
were then used for zeta potential measurements.
The flow behavior of the dispersions was meas-

ured in a Brookfield DVIII þ type low-shear rheome-
ter. The sample was dispersed in water (2%, w/w)
and shaken overnight. An adsorption time of 24 h
was adopted for the surfactant. The rheologic behav-
ior of the clay suspensions was obtained by shear
stress-shear rate measurements within 0–350 s�1

shear rates. Rheologic measurements were carried
out in duplicate.
FTIR analyses (400–4000 cm�1) were performed on

1% (w/w) concentration KBr pellets. All spectra
were obtained in the wavenumber range of 4000–400
cm�1. Spectral outputs were recorded either in the
absorbance or transmittance mode. In FTIR spectra,
the peaks at wavenumber of 841, 973, 998, and 1220
cm�1 were assigned to form helical conformation.
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The minimum numbers of repeating units, (n), in the
helical sequences were determined as 5, 10, 12, and
14, respectively.11 Apparently, the larger the value of
n, the higher the degree of order of the correspond-
ing regularity bands. The ratio of the absorbance ra-
tio of regularity bands at 998 to 973 cm�1 was taken
as the percentage of helical content. This ratio has
been related to the percentage of isotactic polymer.

Thermogravimetric analysis (TGA) was carried
out in the temperature range of 30–600�C at a heat-
ing rate of 20�C/min under a nitrogen atmosphere
on a TGA Q50.

Differential scanning calorimetry (DSC) was per-
formed in a Perkin–Elmer Diamond at a heating rate
of 20�C/min under a nitrogen atmosphere and in
the temperature between 10 and 280�C.

RESULTS

Microstructure, electrokinetic, and flow properties
of MMT and OMMT dispersions

XRD measurements, electrokinetic and rheologic pa-
rameters, were used to characterize the clay-surfac-
tant dispersions.

The basal space of MMT layers was determined as
a function of ODTABr concentration [Fig. 1(a)]. It
was found that ODTABr showed the intercalation
and expansion effect of the interlayer of MMT. Fig-
ure 1(b) shows the XRD patterns of MMT and MMT
with ODTABr at the concentration of 10�3 and 10�2

mol/L. The basal spacing value of MMT, 10�3 mol/
L ODTABr-MMT, and 10�2 mol/L ODTABr-MMT
was found to be 12.71, 13.08, and 18.98 Å, respec-
tively. XRD results indicated a bilayer- or pseudotri-

layer-type arrangement of the ODTABr molecules
parallel to the silicate layer.18,22–25 The XRD meas-
urements showed that the d001 has been extended to
the biggest value at the concentration of 10�2 mol/L
surfactant to the 2% MMT dispersions. Hence, this
concentration was chosen to prepare organoclay
samples. The interlayer distance of the clay particles
was also expanded by the method and d001 value
was expanded to 21.8 Å.
The zeta potential value was �41.8 mV for the

MMT dispersions. This value displays deflocculating
structure of dispersion. In Figure 2, the zeta poten-
tial of MMT dispersions was plotted as a function of

Figure 1 (a) Variations in basal spacing (d001) in Å as a function of surfactant concentrations in the bentonite suspension.
(b) XRD patterns of MMT, 1 � 10�3 mol/L OMMT, and 1 � 10�2 mol/L OMMT. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

Figure 2 The zeta potential of the MMT sample as a
function of surfactant concentration. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]
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increasing surfactant concentration. The absolute
value of zeta potential decreased with the increasing
surfactant concentration. This decrease was observed
clearer at higher concentrations of ODTABr. The
ODTABr surfactant showed flocculant effect on the
MMT. The dispersion became more flocculated after
the addition of ODTABr and began to aggregate by
adsorbing cationic ODTABr on the negatively
charged MMT. However, ODTABr was not able to
cover up completely clay surfaces even at the high-
est concentration.

The MMT dispersion showed Bingham plastic
flow properties and the flow behavior of the mont-

morillonite dispersions did not change by the addi-
tion of ODTABr. In Figure 3(a,b), the yield value (sB)
and plastic viscosity (gPl) of MMT dispersions were
plotted as a function of ODTABr concentration. It
was observed that the effect of the surfactant was
similar on both sB and gPl. The yield stress and plas-
tic viscosity reached the maximum values at 5 �
10�3 mol/L surfactant concentration. At the lower
concentrations, the dispersions were more or less
stable, but flocculation started around that the maxi-
mum value and then particles started to settle down.
The structural characterization of MMT and

OMMT was also determined with FTIR

Figure 3 The changes of (a) the yield value, (b) plastic viscosity of MMT dispersions with ODTABr surfactant added to
dispersions.

Figure 4 FTIR spectra of unmodified and 1 � 10�2 mol/L ODTABr-modified montmorillonite. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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measurements (Fig. 4). The spectrum of MMT
showed the characteristic bands at 3635 cm�1

because of structural OAH and intralayer and inter-
layer H-bonded OAH stretching as a broad peak
centered at 3442 cm�1, HAOAH bending at 1639
cm�1, SiAO stretching at 1044 cm�1 with shoulder at
1114 cm�1, OH deformation linked to cation at 919,
882, 795, and 625 cm�1, and SiAO bending at 524
and 467 cm�1. Bands at 1454, 877, and 713 cm�1

were evidence of the presence of calcite.26 The
exchange of simple inorganic cations with the sur-
factants resulted in the enhancement of the band
intensities of the 3500–3200 cm�1 band, along with a
reduction of intensities because of SiAO and AlAO
stretching. The increase in the intensities of the
peaks at 3500–3200 cm�1 reflected the increased
hydrogen bonding between the lattice hydroxyls and
organic groups of MMT. When the protons of
ODTABr made hydrogen bonds with the oxygen
species of SiAO, AlAO, and SiAOAAl segment,
SiAO, AlAO, and SiAOAAl bonds weakened result-
ing in distortion of the tetrahedral symmetry of
these moieties. This is resulted in the change of the
IR band positions as well in their intensities. It could
clearly be seen that the OMMT spectra exhibited the
presence of characteristic absorptions of the organic
and inorganic groups (Fig. 4). Absorbencies because
of structural OAH stretching at 3632 cm�1, OH de-
formation linked to cation (Mg, AlAOH, AlAO), and
SiAO bending at 920, 884, 794, 626, 523, and 464
cm�1 confirmed the presence of MMT in the disper-
sion. On the other hand, absorptions at 2926 and
2852 cm�1 (aliphatic CAH asymmetrical and sym-
metrical stretching), 1484, 1473, and 1385 cm�1 (ali-
phatic CAH bending), and characteristic
asymmetrical CAH bending of ammonium cation at

1489 cm�1 were the evidences for the presence of
the ODTABr. As ODTABr adsorbed on MMT, the
OAH stretching peak was broadened giving a maxi-
mum at 3421 cm�1. The hydroxyl stretching frequen-
cies were also broadened and bands have drifted to
lower frequencies by about 20 cm�1. These shifts
may be attributed to the formation of hydrogen
bonds.27 These hydrogen bonds of ODTABr also
resulted in the weakening of HAOAH bending
vibration band, which can be explained by the
replacement of metal ions by ODTABr via ion
exchange. The SiAO stretching peak was broadened
and gave a maximum at 1047 cm�1 with shoulder at
1116 cm�1. This was attributed to the relaxation of
hydrogen bonding between Mg, AlAOH, as well as
to the hydrated water of exchangeable cationic metal
ions on the montmorillonite surface, further support-
ing the presence of ODTABr. On the other hand,
adsorption bands of AlAO vibration for ODTABr
containing MMT sample were also different than
those for MMT. This was attributed to the relaxation
of hydrogen bonding between (AlAO)OAH defor-
mations as well as to the hydrated water of
exchangeable cationic metal ions on the montmoril-
lonite surface. This observation was in agreement
with our explanation of the change in zeta potential
and XRD studies.

Characterization of MMT/PP and
OMMT/PP nanocomposites

XRD patterns of pure PP, MMT/PP, and OMMT/PP
nanocomposites are shown in Figure 5. As indicated
in the figure, (d001) basal spacing peaks of MMT and
OMMT could not be observed for 1% MMT/PP and
for 1 and 5% OMMT/PP nanocomposites. This occa-
sion may be attributed to the surrounding of mont-
morillonite by polymer chains. However, crystalline
structure of PP has changed relying on XRD pattern.
Diffraction peaks of PP and nanocomposites are
listed in Table I. These diffraction planes were
related with the crystal structure of PP. The diffrac-
tion planes of monoclinic structure of PP are 110,
040, and 130. Diffraction peaks of pure PP and nano-
composites did not show much difference, indicating

Figure 5 XRD patterns of PP, 1% MMT/PP, and 5%
OMMT/PP samples.

TABLE I
Diffraction Peaks of Pure PP and OMMT/PP, MMT/PP

Nanocomposites

Material

Diffraction planes (2y)

110 040 130 111 041

PP 14.4 17.0 18.5 21.1 21.7
1% MMT/PP 13.7 16.5 18.1 21.0 21.4
5% MMT/PP 14.2 17.0 18.6 21.3 21.7
1% OMMT/PP 14.1 16.9 18.4 21.1 21.7
5% OMMT/PP 14.1 16.9 18.5 21.1 21.7
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retention of monoclinic structure. Very small
changes in peak maxima showed that the crystallite
dimensions were remained nearly unchanged.

FTIR spectra of the nanocomposites exhibited the
presence of characteristic absorptions of both organic
and inorganic groups. The montmorillonite peaks
were appeared by the OH stretching at 3410–3432
cm�1, adsorbed HOH bending at 1643–1647 cm�1,
SiAO stretch at 1045–46 cm�1, and SiAO bending at
518–26 and 457–61 cm�1. The absence of a structural
AOH stretch at 3632 cm�1 in pure PP confirmed the
purity of the product. Absorptions, on the other
hand, at 2960, 2922, 2870, and 2839 cm�1 (asymmet-
ric and symmetric CAH stretching vibration), 1461
cm�1 (asymmetric CAH deformation), 1378 cm�1

(symmetric CAH deformation), 1167 cm�1 (backbone
CAC stretching), 998 cm�1 (CH3 rocking, crystalline
region for isotactic PP), 973 (CH3 rocking, amor-
phous region for PP), 841 (CAC stretching, CH2,
CH3 rocking), and 810 cm�1 (CAH deformation out-
of-plane) were characteristic FTIR absorption bands
for isotactic PP. These results indicated that the PP
molecules were incorporated into the clay structure.

In addition, infrared spectroscopy is a tool, which is
widely used to study the conformational properties
of polymers. The domain structures of the seg-
mented MMT/PP and OMMT/PP were analyzed by
FTIR as shown in Figure 6. For isotactic PP, most of
the absorption bands, which appear in the frequency
region below 1400 cm�1, are related with the regu-
larity of PP and they are connected with intramolec-
ular vibration coupling in an individual chain.11,28

The peaks at wavenumbers of 973, 998, 841, and
1220 cm�1 were assigned to helical form conforma-
tion. The appearance of these regularity bands
reflected the existence of helical sequences. A pa-
rameter commonly used to measure the overall rela-
tive helical-to-planar ratio of isotactic PP is the
absorbance ratio A998/A973. Comparison of these
peaks gave reliable and reproducible results for heli-
cal content amount of PP in nanocomposites.
Relying on the analyses, which their results sum-

marized in Table II, we could say that increasing clay
amount (both MMT and OMMT) has resulted in an
increase in the helical content of the nanocomposites.
It exhibited that the conformational order of the

Figure 6 Regularity bands of polypropylene composites samples from modified and unmodified montmorillonite. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

TABLE II
The Intensity Ratios of Regularity Bands in FTIR Spectra of Pure and Clay-Added

PP Samples

PP

MMT/PP OMMT/PP

1% 5% 1% 5%

A998 cm�1/A973 cm�1 0.9421 0.9464 0.9512 0.9446 0.9482
A1220 cm�1/A973 cm�1 0.1618 0.1682 0.2905 0.1678 0.2296
A1220 cm�1/A998 cm�1 0.1718 0.1777 0.3054 0.1759 0.2422
A841 cm�1/A973 cm�1 0.9298 0.9496 0.9749 0.9472 0.9656
A841 cm�1/A998 cm�1 0.9870 1.0034 1.0249 1.0034 1.0190
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sample increases with reduction in concentrations of
pure PP. In addition, helical content of composites
with MMT/PP were found more according to the
OMMT/PP composite.

Thermal Characterization of PP, MMT/PP,
and OMMT/PP

In Figures 7 and 8, DSC thermograms and TGA
curves are plotted as a function of temperature for
pure PP and nanocomposites, respectively. Table III
summarizes the experimental results. The melting
point of pure PP and the nanocomposites was deter-
mined with DSC analysis. The melting point was
measured as 155�C for PP. As the clay added to PP,
higher melting point values were observed (for 1
and 5% clay addition 2 and 3.5�C higher, respec-
tively). The maximum weight loss temperatures

were observed as 435�C for PP. This value increased
after the clay and organoclay loading of 1%. This
implied that clay and organoclay were effective in
improving the thermal stability of the PP systems.
As seen from the table, the thermal stability of the
products increased about 10�C higher temperatures.
Nevertheless, increasing concentration of the clay
and organoclay caused to decrease on the thermal
resistance. The lower concentration of clay particles
dispersed in the polymer matrix better than the
higher concentration ones. Hence, the well dispersed
particles caused to better thermal resistance. Except
the 5% of OMMT, all the residues of the nanocom-
posites showed increased values at maximum
weight loss temperatures. All the nanocomposites
had more residue than the pure polymer at 450�C.

CONCLUSIONS

In this work, with electrokinetic measurements, it
was successfully shown that the surfactant

Figure 8 Percent weight loss during a TGA dynamic test
at 20�C/min in nitrogen for the (a) 5% MMT/PP, (b) 5%
OMMT/PP, (c) 1% MMT/PP, (d) 1% OMMT/PP, and (e)
PP. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]Figure 7 DSC dynamic scan at 20�C/min, for the poly-

propylene and polypropylene nanocomposites from modi-
fied and unmodified montmorillonite

TABLE III
DSC Melting Data and Thermogravimetric Analysis Results of Pure PP and

Nanocomposite Samples with Different Types of Montmorillonite

Material Tm (�C) TD
maxa (�C) WR

b (%) T60
c (�C) W400

d (%) W450
d (%)

PP 155.06 435.01 20.66 430.93 84.12 1.14
1% MMT/PP 157.47 445.64 25.42 437.85 78.83 13.54
5% MMT/PP 157.96 421.27 21.24 410.28 53.97 4.35
1% OMMT/PP 158.26 444.87 23.30 432.00 84.23 5.44
5% OMMT/PP 158.45 432.36 19.99 425.40 70.12 3.13

a Maximum weight reduction temperature.
b Weight percent of residue at maximum weight loss temperature.
c 60% weight loss temperature.
d Weight percent of residue at 400 and 450�C.
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molecules attached to the negative charged surface
of the clay particles and reduced the electrostatic
repulsion between clay particles.

XRD results showed that the surfactant molecules
were not able to expand the interlayer of the clay
particle until 10�3 mol/L surfactant concentration.
At the 10�2 mol/L concentration of surfactant
caused to expand the interlayer of clay to 6.27 Å.
Also the preparation procedure increased the expan-
sion of the interlayer spacing of the clay particles.

We prepared polymer/clay (MMT/PP) and poly-
mer/organoclay (OMMT/PP) nanocomposites and
characterized them with spectral (XRD and FTIR)
and thermal (DSC and TGA) techniques.

We also determined that the organoclay/polymer
nanocomposites showed higher thermal resistance
comparing to clay/polymer nanocomposites. Increase
in the concentration of clay (or organoclay) decreased
the thermal resistance. The highest thermal resistance
observed for 1% of OMMT/PP nanocomposites.

XRD analyses indicated that montmorillonite par-
ticles were surrounded by PP chains. This occasion
was deducted from 001 plane diffraction peak of
montmorillonite, which was not observed in nano-
composite samples. Also, very small changes in 110,
040, and 130 plane diffraction peaks showed that the
distortion of crystal shape and dimensions was
remained nearly unchanged. And finally, the ratio of
the absorbance at 998 cm�1 to the absorbance at 973
cm�1 (A998/A973) was taken as the percentage of hel-
ical content. This ratio was related to the percentage
of isotactic polymer and to the percentage of crystal-
linity with some adjustment. FTIR results indicated
that the PP molecules were incorporated into the
clay structure, and the proportion of helical sequen-
ces increased with increasing the concentrations
both of MMT and OMMT. Therefore, the A998/A973

absorbance ratio increased steadily during composite
formation and was interpreted as an increase in heli-
cal ordering, which resulted from backbone scission.

The authors thank Prof. Dr. Ö. Is� ık Ece for XRD
measurements.
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