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ABSTRACT: A covalently functionalized organoclay was
synthesized successfully through a condensation reaction
of SiOH groups on the edge of montmorillonite (MMT)
with acryloyl chloride followed by modification with hexa-
decyltrimethylammonium bromide (CTAB) via an ion-
exchange reaction. Fourier transform infrared confirmed
that C¼¼C groups had been grafted to MMT sheets. Wide-
angle X-ray diffraction measurements showed that CTAB
had intercalated into MMT interlayers. The content of
bonded acryloyl chloride was 2.42 wt % in the functional-
ized organoclay according to thermogravimetric analysis.
Polypropylene (PP) nanocomposites were prepared by

melt mixing. Rheological measurements and morphology
observations confirmed that PP nanocomposites containing
the organoclay bearing C¼¼C groups exhibited improved
interfacial interaction between PP chains and MMT sheets.
Thus, the PP nanocomposites showed not only higher stor-
age modulus and complex viscosity values at low frequen-
cies but also enhanced mechanical properties. VC 2009 Wiley
Periodicals, Inc. J Appl Polym Sci 115: 1105–1112, 2010
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INTRODUCTION

In recent years, polymer–clay nanocomposites have
attracted much attention in both academia and
industry because they often exhibit great improve-
ments in mechanical properties, thermal stability,
flame retardance, and barrier properties with only
small amounts of clay.1–3 The most common strat-
egies for preparing polymer–clay nanocomposites
fall into three categories: in situ polymerization, solu-
tion blending, and melt mixing. Melt mixing is con-
sidered to be a preferable method for industrial
manufacturing because of the absence of a solvent
and the short processing time. Before melt mixing,
the key step is to make a hydrophilic clay more
hydrophobic by the modification of the clay with an
alkylammonium surfactant via an ion-exchange reac-
tion. This will increase the interlayer distance of the

clay and improve the miscibility between the poly-
mer and clay. Of course, a compatibilizer is often
added to improve the compatibility and increase the
dispersion of the clay in the polymer matrix. Besides
the dispersion degree of the clay, the increased per-
formance is also dependent on the interaction
between the polymer and clay.4–6

Isomorphic substitution within montmorillonite
(MMT) sheets (e.g., Al3þ replaced by Mg2þ or Fe2þ)
generates negative charges that are counterbalanced
by Naþ or Ca2þ ions in the interlayer, which induce
MMT’s cation-exchange capacity. On the other hand,
there are some SiOH groups on the edges of MMT
sheets, so MMT can be chemically modified.
Recently, covalent reactions of chloro or alkoxy
silanes with edge SiOH groups have been reported,
and silane coupling agents have been covalently
grafted to MMT sheets.7–9 If MMT sheets are modi-
fied by a silane coupling agent possessing functional
groups, polymer chains will be grafted to MMT
layers through later in situ polymerization of the
monomer with the functional groups.10

High-melt-strength polypropylene (PP) is often
prepared by the reactive extrusion of PP with perox-
ide and a multifunctional monomer.11–13 Because of
the chemical nature of PP, it has a tendency to
undergo b scission during melt processing. The
fragmental free radical could react with the
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multifunctional monomer and introduce a long-
chain-branched structure and even a crosslinked
structure into the polymer matrix. Could the frag-
mental free radical produced from the degradation
of PP in melt mixing be used to improve the interfa-
cial interaction between PP and MMT?

With this in mind, we synthesized a novel organo-
clay in this work. We first grafted C¼¼C groups to
MMT layers by reacting the edge SiOH groups with
acryloyl chloride. Then, the functionalized MMT
was modified with hexadecyltrimethylammonium
bromide (CTAB) through an ion-exchange reaction.
Furthermore, the functionalized organoclay (F-orga-
noclay) was used as a multifunctional monomer to
melt-mix with the PP resin. The resultant PP nano-
composites were characterized.

EXPERIMENTAL

Materials

The MMT used in this study was supplied by Kuni-
mine Co., Ltd. (Tokyo, Japan) with a cation-exchange
capacity of 119 mequiv/100 g. CTAB was purchased
from Shanghai Huishi Chemical Co., Ltd. (Shanghai,
China). Acryloyl chloride (96% purity) was obtained
from Alfa Aesar. Chloroform (analytical reagent)
and ethanol (analytical reagent) were purchased
from Beijing Chemical Works (Beijing, China). PP
(F401) was purchased from Panjin Petrochemical
with a melt flow index of 0.8 g/min. Maleic anhy-
dride grafted polypropylene (PPMA1001; acid value
¼ 26 mg of KOH/g) was purchased from Sanyo
Chemical Industries.

Synthesis of the F-organoclay

MMT was first dried in a vacuum oven at 80�C for 48
h. The predried MMT was stirred in chloroform for 3
h, and then acryloyl chloride was added. The mixture
was stirred at room temperature for 10 h before it
was heated to 65�C and refluxed for 6 h. After cool-
ing, the product was filtered and washed with etha-
nol and then was dried in a vacuum oven at 60�C for
12 h. Several droplets of pyridine were added to the

system as an absorber. The acryloyl chloride treated
montmorillonite (A-MT) was further surface-modi-
fied by CTAB via an ion-exchange reaction as follows.
A-MT was first dispersed in deionized water, then a
CTAB solution in deionized water was added, and
the mixture was stirred strongly overnight. The
amount of CTAB agreed with a 100% cation-exchange
capacity of MMT. The obtained F-organoclay was fil-
tered and washed with hot deionized water. Finally,
the product was dried in a vacuum oven at 60�C for
24 h and then ground in a mortar for further use.

Preparation of the PP/clay nanocomposites

The PP/clay nanocomposites were fabricated
through the melt blending of PP, PPMA1001, and
modified MMTs in a Brabender (Shanghai, China)
mixer with a rotating speed of 100 rpm at 180�C for
10 min. The ratio of the compatibilizer (PPMA1001)
to the clay was 3:1 by weight. The samples were
transferred to a mold and preheated at 180�C and
then were pressed to obtain 1-mm-thick plates for
characterization. Pure PP and a PP/PPMA1001
blend were also melt-mixed as a control. The compo-
sitions of the samples are listed in Table I.

Characterization

Wide-angle X-ray diffraction (WAXD) was carried
out on a Rigaku (Tokyo, Japan) model D/max 2500
with Cu Ka radiation, and the interlayer distances
(d001) of the samples were estimated from the (001)
peaks in the WAXD patterns with the Bragg formula.
The X-ray generator was operated at a voltage of 40
kV and 200 mA. With a Bruker Vertex 70 Fourier
transform infrared (FTIR) spectrometer, FTIR spectra
of the organoclays were collected at room tempera-
ture. Thermogravimetric analysis (TGA) was per-
formed under a nitrogen flow from room tempera-
ture to 800�C at a heating rate of 10�C min�1 with a
TA Instruments SDT Q600. Transmission electron mi-
croscopy (TEM) images of PP nanocomposites were
taken with a transmission electron microscope
(JEM1011, JEOL) operated at an accelerating voltage
of 100 kV without staining. The specimens were sec-
tioned into 80-nm thin films at �90�C in a Leica

TABLE I
Compositions of the PP Nanocomposites

Sample PP (wt %)
PPMA1001
(wt %)

F-organoclay
(wt %)

CTAB-modified
MMT (wt %)

PP0 100 0 0 0
PP1 96 3 1 0
PP2 88 9 3 0
PP3 80 15 5 0
PP4 68 24 8 0
PP5 80 15 0 5
PP6 80 15 0 0
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Ultracut R with FCS. PP nanocomposites were
packed with filter paper and then extracted in a
Soxhlet extractor with boiling xylene for 24 h. The
residue was dried in vacuo. The morphologies of the
residue were observed with a Philips XL-30 environ-
mental scanning electron microscope (SEM, Nether-
lands). The rheological properties were determined
on a Reologica Stresstech with a parallel-plate geom-
etry 20 mm in diameter. The oscillatory measure-
ments were carried out with a gap distance of 0.8
mm and a controlled strain of 1%. The complex vis-
cosity (g*) and storage modulus (G0) were measured
as functions of the angular frequency (ranging from
0.03 to 100 rad/s) at 180�C in a nitrogen atmosphere.
The static mechanical properties were measured with
an Instron 1121 tensile testing machine, and the
crosshead rate was fixed at 50 mm/min. For each
data point, five samples were tested, and the average
value was taken.

RESULTS AND DISCUSSION

Synthesis and characterization of the F-organoclay

Two different routes were attempted to synthesize
the F-organoclay bearing C¼¼C groups. First, MMT

was surface-modified with CTAB via an ion-
exchange reaction before it reacted with acryloyl
chloride. Figure 1 shows the WAXD patterns of the
obtained organoclays. The (001) diffraction peak of
the CTAB-modified MMT [Fig. 1(b)] was located at a
lower angle with respect to that of the original MMT
[Fig. 1(a)]. This means that CTAB intercalated into
the interlayers of MMT. After the CTAB-modified
MMT further reacted with acryloyl chloride, the
(001) diffraction peak of the resultant F-organoclay
shifted to a higher degree [2y ¼ 5.9�; Fig. 1(c)] in
comparison with that of the CTAB-modified MMT.
We concluded that the latter reaction decreased the
interlayer distance of the F-organoclay. Because
acryloyl chloride reacted with the CTAB-modified
MMT with chloroform as the solvent, some of the
intercalated CTAB was dissolved in chloroform and
washed out. Therefore, the interlayer distance of the
F-organoclay decreased.14

In the second route, MMT first reacted with acryl-
oyl chloride (named A-MT), and this was followed
by surface modification with CTAB. The process for
modifying MMT through this route is revealed in
Scheme 1. The WAXD patterns of the samples are
displayed in Figure 2. The weak peak at 2y ¼ 7.2� in
the original MMT resulted from absorbed water in
the gallery of MMT [Fig. 2(a)]. The WAXD pattern
of A-MT showed the main diffraction peak at 2y ¼
7.1� [Fig. 2(b)], which was lower than that of the
original MMT (2y ¼ 9.1�). Pyridine was used as an
absorber for the produced acid. After pyridine was
protonated, it could intercalate into the interlayers of
MMT by an ion-exchange reaction and slightly
increased the interlayer distance. A-MT was further
modified by CTAB via an ion-exchange reaction. As
shown in Figure 2(c), the (001) diffraction peak of
the resultant F-organoclay was at 2y ¼ 4.68� with an
interlayer distance of 1.9 nm.
According to these results, the obtained F-organo-

clay prepared by the second route possessed a larger
interlayer distance in comparison with those from
the first route. Figure 3 displays FTIR spectra of the
F-organoclay obtained by the second route. The peak
at 1638 cm�1 in Figure 3(a) is due to the OH bend-
ing vibration of the absorbed water on the surface of
MMT.15 The stretching vibration of C¼¼C belonging
to acryloyl chloride is overlapped by the OH

Figure 1 WAXD patterns of (a) MMT, (b) the organoclay
synthesized through the modification of MMT with CTAB,
and (c) the sample prepared by the treatment of CTAB-
modified MMT with acryloyl chloride.

Scheme 1 Schematic drawing of the modification of MMT by the second route.
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bending vibration in Figure 3(b,c). However, the
peak at 1732 cm�1 in Figure 3(b,c) corresponds to
the C¼¼O stretching vibration of acryloyl chloride,
and this indicates that acryloyl chloride reacted with
the SiOH group on the edge of MMT and bonded to
MMT layers. The peaks at 2926, 2852, and 1473 cm�1

for the CH2 asymmetric stretching vibration, sym-
metric stretching vibration, and bending vibration,
respectively, can be observed in Figure 3(c), support-
ing the intercalation of CTAB into the interlayers of
A-MT.

TGA was used to evaluate the amount of C¼¼C
groups in the F-organoclays. Figure 4 shows TGA
curves of the F-organoclay obtained with the second
route. As is known, protonated pyridine can embed
into MMT layers, and this decreases the amount of

CTAB intercalated into MMT layers. In comparison
with MMT, the mass loss of A-MT was 3.99%,
including bonded acryloyl chloride and protonated
pyridine. The CTAB-modified MMT had a mass loss
of 27.18%. CTAB-modified A-MT (F-organoclay) had
a mass loss of 24.02%. The difference in the mass
loss between the CTAB-modified MMT and F-orga-
noclay resulted from some CTAB being replaced by
protonated pyridine and edge-bonded acryloyl chlo-
ride. The content of covalently bonded acryloyl chlo-
ride could be calculated with the followed equation:

27:18� ð24:02� 3:99Þ
Mc

¼ 3:99� x

Mp

where Mc is the molecular weight of CTAB (364), Mp

is the molecular weight of protonated pyridine (80),
and x is the amount of bonded acryloyl chloride.
The result shows x ¼ 2.42%; this means that 2.42 g
of acryloyl chloride was bonded to 100 g of the F-
organoclay. The amount of C¼¼C groups was 0.044
mol/100 g of the F-organoclay.

Rheological behavior of the PP/F-organoclay
nanocomposites

Compared to pure polymers, polymer–clay nano-
composites often show higher G0 and g* values at
low frequencies, and this is explained by the exis-
tence of a percolated network microstructure.16–19 As
shown in Figure 5(a,b), the G0 and g* values of the
PP nanocomposite (PP5) increased in the low fre-
quency region when CTAB-modified MMT was
added to PP. However, after the F-organoclay was
added to PP (PP3), the obtained nanocomposite had
higher G0 and g* values than PP5 at low frequencies.

Figure 2 WAXD patterns of (a) MMT, (b) A-MT, and (c)
the sample prepared through the modification of A-MT
with CTAB via an ion-exchange reaction.

Figure 3 FTIR spectra of (a) MMT, (b) A-MT, and (c) the
sample prepared through the modification of A-MT with
CTAB via an ion-exchange reaction.

Figure 4 TGA curves of (a) MMT, (b) A-MT, (c) the sam-
ple prepared through the modification of A-MT with
CTAB via an ion-exchange reaction, and (d) the organo-
clay synthesized through the modification of MMT with
CTAB.
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The effect of the compatibilizer (PPMA1001) on the
rheological properties of PP was also investigated. In
PP6, the addition of PPMA1001 did not obviously
change G0 in the absence of modified MMTs at low
frequencies but reduced g* at all frequencies because
of an effect of dilution of PPMA1001.18 This further

confirms that the increases in G0 and g* of the PP
nanocomposites, in comparison with those of PP,
resulted from the contribution of well-dispersed
MMT sheets.
Generally, increasing the clay content in polymer

composites will induce greater increases in G0 and
g* at low frequencies.17,19 Also, greater increases in
G0 and g* can result from a better dispersion of the
clay in the polymer.20,21 These two nanocomposites
had the same amount of organoclay. The dispersion
of modified MMTs in PP3 and PP5 was character-
ized with WAXD and TEM. As shown in Figure 6,
the (001) diffraction peak of PP5 was located at a

Figure 5 (a) G0 and (b) g* as functions of the angular fre-
quency (x) for PP0, PP5, PP3, and PP6.

Figure 6 WAXD patterns of PP0, PP5, and PP3. Figure 7 TEM images of (a) PP5 and (b) PP3.
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lower angle with a larger d-spacing, and its intensity
was lower, in comparison with that of PP3. This
means that the dispersion of the F-organoclay in PP3
was not better than that of the CTAB-modified
MMT in PP5. This is also confirmed by TEM images
in Figure 7. The clay tactoid, composed of several
MMT layers, was well dispersed in PP5. PP5 had an
intercalated structure. However, large clay aggre-
gates were also observed in PP3, except for the well-
dispersed clay tactoid. Thus, there must be another
reason for the greater increase in G0 and g* at low
frequencies in PP3.

When PP was reactively extruded with a multi-
functional monomer, branched, physically con-
nected, and crosslinked architectures were intro-
duced, and this resulted in improvements in G0 and
g* of PP at low frequencies.13,22 The F-organoclay
with bonded C¼¼C groups could be used as a multi-
functional monomer. In the melt-blending process,
PP underwent b scission, and then the resultant
fragmental free radical reacted with C¼¼C groups of
the F-organoclay and covalently grafted to MMT
sheets. The greater increase in G0 and g* of PP3
mainly came from a long-chain-branched and physi-
cally connected structure and even a crosslinked

architecture in the system. It is speculated that the
interfacial interaction was improved between the PP
and F-organoclay.
Extraction experiments were used to investigate

the interfacial interaction in the PP nanocomposites.
Figure 8 shows the morphologies of the residue after
extraction. The residue of PP5 was composed of
MMT aggregates because the PP matrix was
extracted with boiling xylene. However, the residue
of PP3 contained a small amount of PP and MMT
aggregates. It is evident that MMT aggregates were
linked by some PP, as shown in Figure 8(b). As is
known, boiling xylene extracts only free PP chains.
It was confirmed that some of the PP chains were
grafted to MMT layers in PP3 because of the intro-
duction of C¼¼C groups into MMT sheets, so the
interfacial interaction was improved between the PP
and organoclay. Very interestingly, MMT sheets
aggregated together to form a microspherical struc-
ture, and the average size of the MMT aggregates in
PP3 was smaller than that in PP5. It is possible that
self-assembly of MMT sheets takes place during

Figure 8 Scanning electron microscopy images of the res-
idue of (a) PP5 and (b) PP3 after Soxhlet extraction.

Figure 9 (a) G0 and (b) g* as functions of the angular fre-
quency (x) for PP composites with different contents of F-
organoclay.

1110 DU ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



extraction, and this will be explored in further
research.

Here, PPMA1001 was used as a compatibilizer to
improve the dispersion of the organoclay in PP.
PPMA1001 first intercalated into the gallery of MMT
and then promoted the intercalation of PP chains
into these interlayers. Just like PP chains, PPMA1001
could undergo b scission and produce fragmental
free radicals, so PPMA1001 also reacted with C¼¼C
groups and covalently grafted to the edge of MMT
sheets. The (001) diffraction peak in PP3 (Fig. 6)
shifted to a higher angle in comparison with that of
the F-organoclay, and this might be related to the
improved interfacial interaction. After a polymer
chain was grafted to MMT sheets, shear stress made
the polymer matrix move during melt processing, so
some of the MMT sheets were drawn out and
rearranged.

Figure 9 shows plots of G0 and g* as functions of
the angular frequency for PP nanocomposites with
different contents of the F-organoclay. G0 and g* of
the PP nanocomposites increased gradually with the
content of the F-organoclay in the low frequency
region. This was ascribed to the higher content of
the F-organoclay and more C¼¼C groups used,
which could increase the crosslinked points and the
interfacial interaction between PP and MMT sheets.

Mechanical properties of the PP/F-organoclay
nanocomposites

The tensile mechanical properties of the PP nano-
composites are summarized in Table II. PP6 (PP/
PPMA1001 blend) showed a lower Young’s modulus
in comparison with pure PP. The tensile strength
and elongation at break did not change significantly.
This was because PPMA1001 exhibited inferior me-
chanical properties in comparison with PP on
account of its much lower molecular weight. Com-
pared to PP6, PP5 showed a lower tensile strength
and elongation at break and a higher Young’s modu-
lus. Thus, the addition of the CTAB-modified MMT
decreased the tensile strength and elongation at
break of the PP nanocomposite. However, for PP3,
the addition of the F-organoclay (bearing C¼¼C
groups) with the same content evidently increased

the Young’s modulus and tensile strength and
decreased the elongation at break. This was mainly
attributed to the improved interfacial interaction
between PP and MMT sheets. In all PP nanocompo-
sites containing the F-organoclay, Young’s modulus
increased in comparison with that of PP, and the
elongation at break decreased gradually with the
content of the F-organoclay. Meanwhile, the tensile
strength remained constant until the content of the
F-organoclay was too high. PP4 with 8 wt % F-orga-
noclay displayed a lower tensile strength, which
might have been due to the higher concentration of
PPMA1001. PPMA1001 exhibited mechanical proper-
ties inferior to those of PP, so the excessive addition
of PPMA1001 resulted in a deterioration of the me-
chanical properties of the final nanocomposite.

CONCLUSIONS

A novel F-organoclay bearing C¼¼C groups was suc-
cessfully synthesized. Compared to the CTAB-modi-
fied MMT, the F-organoclay provided PP nanocom-
posites with higher G0 and g* values at low
frequencies. This phenomenon resulted from the
strong interfacial interaction between the PP and
MMT sheets of the F-organoclay. In melt processing,
fragmental free radicals that originated from the
degradation of PP chains could react with C¼¼C
groups on the edge of MMT sheets. Thus, some of
the PP chains were in situ grafted to MMT sheets of
the F-organoclay, and the interfacial interaction was
enhanced. As a result, PP nanocomposites contain-
ing the F-organoclay showed better mechanical
properties than those blended with the CTAB-modi-
fied MMT. Further research is necessary to optimize
the synthetic route of the F-organoclay and the prep-
aration method of PP/F-organoclay nanocomposites
to realize the potential of the F-organoclay in
improving the performances of polymer
nanocomposites.
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