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ABSTRACT: The polyethylene–clay nanocomposites were
prepared by the in situ graft copolymerization of styrene
containing twin-benzyldimethyldioctadecylammonium bro-
mine modified montmorillonite (TBDO-MMT) in polyethyl-
ene with dicumyl peroxide (DCP) as an initiator in molten
state. XRD and TEM analysis indicated that intercalated pol-
yethylene/MMT nanocomposites are obtained. The me-
chanics performance, crystal behavior, thermal properties,

and the effect of MMT contents on PE/MMT nanocomposite
were also studied. As comparison, polyethylene/montmo-
rillonite composites prepared by a simply melt compound-
ing without styrene were studied as well. � 2006 Wiley
Periodicals, Inc. J Appl Polym Sci 102: 4921–4927, 2006
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INTRODUCTION

Layered-silicate-based polymer nanocomposites have
recently attracted considerable attention in science
and technology because of their significant improve-
ments in mechanical strength and stiffness, gas bar-
rier behavior, thermal, optical, physical–chemical
properties, and so on.1–5 For example, with as little
as 2 vol % of montmorillonite (MMT), nylon-6 nano-
composites can possess double of tensile strength
and modulus contrasting to the parent polymer.6,7 In
these kinds of nanocomposites, the interfacial effect
between the silicate layers and matrix polymers is a
key factor, and it can further affect the properties of
as-prepared nanocomposites. On the other hand, the
dispersion of clay fillers in polymeric matrices also
has important effects on the properties of the ob-
tained layered-silicate-based polymer composite.
However, the hydrophilic nature of clay does not
afford its good dispersion in organic polymer phase,
especially in polyolefin, how to improve the inter-
action between clay and polymer matrix and to pro-
duce nanocomposites with good properties has been
the pursuit of many scientists.

Polyethylene (PE) is one of the most widely used
polyolefin polymers for domestic and industrial
applications, and the polyethylene–clay nanocompo-
sites have recently attracted considerable attention.

But its compatibility with clay fillers is very poor
because it does not contain any polar groups in its
backbone, and it is difficult to obtain the nanocom-
posite in normal ways. To improve the compatibility
of clay and polyethylene, the clay is usually modified
with alkylammonium groups to facilitate its interac-
tion with a polymer. On the other hand, chemical
modification of polyolefin resins with a polar mono-
mer,8,9 in particular the grafting of pendant anhy-
dride groups,10–14 has become the main way to en-
hance its miscibility with inorganic clay, and to pre-
pare polyolefin/clay nanocomposites. For example,
Wang et al.12 have prepared maleated polyethylene/
clay nanocomposites in exfoliation and intercalation
structure by simple melt process, and they found
that the preprepared maleated polyethylene, served
as a compatibilitizer, was necessary, and the exfolia-
tion and intercalation behaviors of the obtained nano-
compositeswere dependent on the amount ofmaleated
polyethylene and the chain length of organic modifier
in the clay.

In general, the clay/polymer nanocomposites can
be mainly prepared by three methods: solution inter-
calation, in situ intercalative polymerization, and
polymer melt intercalation.2 Among these methods,
polymer melt intercalation has proven to be one of
the excellent techniques for thermoplastic polymers
because of its versatility, compatibility with current
polymer processing techniques, and its environ-
mentally benign character due to the absence of
solvents.15 In our previous works, we find that
twin-benzyldimethyldioctadecylammonium bromine
functionalized montmorillonite (TBDO-MMT) can be
well dispersed and swollen in styrene monomer,
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and polystyrene can been easily intercalated in
organic modification MMT.16 Based on the above-
mentioned studies, the polyethylene/montmorillon-
ite nanocomposites were successfully prepared by an
in situ graft method. Compared with previous works
to prepare polyethylene/montmorillonite nanocom-
posites, the in situ graft method is very simple and
not any other compatibilitizers were needed. Fur-
thermore, the graft reaction and intercalation pro-
ceed simultaneously in the melt compounding, which
is beneficial to industry process. The XRD and TEM
indicated that intercalated polyethylene/montmoril-
lonite nanocomposites were successfully prepared.
And the mechanics performance, crystal behavior,
thermal properties, and the effects of MMT contents
on PE/MMT nanocomposites were discussed. As
comparison, polyethylene/montmorillonite compo-
sites prepared by a simply melt compounding with-
out styrene were also studied.

EXPERIMENTAL

Materials

The organophilic montmorillonite (MMT) was kindly
supplied by Huate. The cation exchange capacity
was about 85–110 meq/100 g of MMT. In general,
the organophilic MMT (TBDO-MMT) was prepared
by cation exchange between Naþ in clay galleries
and twin-benzyldimethyldioctadecylammonium bro-
mine (TBDO) cations in aqueous solution. Styrene
(Shanghai Chemical Solvent) was purified by distilla-
tion under reduced pressure at 308C. Dicumyl perox-
ide (DCP) (Shanghai Lingfeng Chemical Solvent
Factory) was purified by dissolution in hot ethanol,
then filtrated and recrystallized at room temperature.
Linear low-density polyethylene (LLDPE) (Dowlex
2035, with melt index 6.0 g/10 min and density
0.919 g/cm3) was purchased from the Dow Chemical
Company.

Preparation of LLDPE/MMT composites

The LLDPE/MMT composites were prepared in the
molten state using a HAAKE mixer at 1808C and
50 rpm for 15 min. The desired amount of TBDO-
MMT and DCP was first dispersed and swollen
in styrene monomer. Then LLDPE and the styrene
monomer dispersed with clay and DCP were sim-
ultaneously introduced into the mixer after blend-
ing. To remove the unreacted styrene and formed
polystyrene homopolymer, the obtained product
(LLDPE-g-st-MMT) was extracted with acetone as
solvent for 48 h, and then dried to constant weight
in a vacuum oven at 808C for 24 h. The content of
insoluble product is about 90 wt %.

For comparison, LLDPE and TBDO-MMT without
styrene and DCP were also mixed in melt state.

The detail composition of LLDPE-g-st-MMT and
LLDPE-MMT composites was listed in Table I.

Characterization of polyethylene/montmorillonite
composites

XRD patterns were obtained using a Philips PW1710
X-ray diffractometer equipped with a Ni-filtered Cu
Ka source. The voltage and the current of the X-ray
tubes were 40 kV and 100 mA, respectively. The ba-
sal spacing of the montmorillonite was estimated
from the position of the 001 peak in the XRD pattern.

The microstructure of composites was imaged using
a JEM-1200EX transmission electron microscope; the
ultra-thin film was cut under cryogenic conditions
using a Reichert-Jung Ultra-cut E microtome.

Fourier transform infrared (FTIR) analysis was car-
ried out with a PerkinElmer spectrometer (model
PARAGON 1000). Thin film samples of 5–10 mm were
formed through hot press by placing PE or its com-
posites pellets between two glass slides.

Properties of polyethylene/montmorillonite
composites

Crystallization properties were studied by using a
PerkinElmer PYRIS-1 differential scanning calorime-
ter (DSC). Transition temperatures were calibrated
using indium and zinc standards. Samples were
heated from room temperature to 1808C at a rate of
108C/min and held for 10 min to destroy any resid-
ual nuclei before cooling at 108C/min. All DSC mea-
surements were performed under an inert (N2)
atmosphere at a heating rate of 108C/min, and 3–5 mg
samples were cut. The thermal stability analysis was
performed using a PerkinElmer TGA7 thermogravi-

TABLE I
Composition of LLDPE/MMT Composites

Samples
LLDPE

(g)
TBDO-MMT

(g)
Styrene

(g)
DCP
(mg)

LLDPE-g-st-MMT1 50 0.5 6 7.2
LLDPE-g-st-MMT2 50 1.0 6 7.2
LLDPE-g-st-MMT3 50 1.5 6 7.2
LLDPE-g-st-MMT4 50 2.5 6 7.2
LLDPE-g-st-MMT5 50 4 6 7.2
LLDPE-g-st-MMT6 50 6 6 7.2
LLDPE-g-st-MMTC1 50 2.5 3 3.6
LLDPE-g-st-MMTC2 50 2.5 9 10.8
LLDPE-MMT1 50 0.5 0 0
LLDPE-MMT2 50 1 0 0
LLDPE-MMT3 50 1.5 0 0
LLDPE-MMT4 50 2.5 0 0
LLDPE-MMT5 50 4 0 0
LLDPE-MMT6 50 6 0 0
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metric analyzer at a heating rate of 208C/min under
nitrogen.

The Izod notch impact strength was measured
by Izod instrument (Ray-Ran). All materials were
compression-molded in a 2-mm thick plate at 1808C
for 5 min. The size of the specimens is 100 mm
� 40 mm � 2 mm. The notch was cut by a notch
instrument (Ray-Ran).

The different composites were compression-molded
(cylinder form: 25 mm diameter, 2 mm height) at
1808C to make samples for measuring the rheological
behavior. The rheological properties of each sample
were measured by Haake RS600 with a parallel plate
geometry using 25 mm diameter plates at 1808C
under nitrogen atmosphere. All data were verified in
the linear region. The range of frequency in oscilla-
tory shear modes was from 0.01 to 10 rad/s.

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of TBDO-MMT,
LLDPE-MMT, and PE-g-st-MMT. The d001 spacing
was calculated from Bragg’s equation: d ¼ l/(2 siny),
y is the position of the diffraction peak and l is
0.1542 nm. As can be seen from Figure 1, the inter-
layer spacing of the (001) plane (d001) for TBDO-
MMT (a), LLDPE-MMT (b), and the LLDPE-g-st-
MMT (c) is 1.61, 1.63, and 2.08 nm, respectively.
Compared the XRD patterns of PE-g-st-MMT with
TBDO-MMT, the gallery expansion of the (001) plane
peak is about 0.47 nm, which indicates that the inter-
calation structure is obtained by an in situ graft
method. However, the result is quite different from
that when the clay is directly melt-compounded
without styrene. Compared the XRD patterns of
LLDPE-MMT and that of TBDO-MMT, we can find

that the (001) peak of TBDO-MMT does not have
any change. This indicates that the intercalation struc-
ture of TBDO-MMT and LLDPE cannot be obtained
by a simple melt compounding method because
TBDO-MMT is immiscible with LLDPE. When sty-
rene was added together with TBDO-MMT, interca-
lation nanocomposites were obtained which may be
because the TBDO-MMT layers were encapsulated
by a thin shell of LLDPE-g-St, and increased the
interlayer distance.17

From the above-mentioned results, we can find
that the styrene plays a key factor to successfully
prepare LLDPE-MMT nanocomposite. To investigate
the effects of styrene, different contents of reactive
styrene, filled with the same amount of inorganic
compound (5 g TBDO-MMT/100 g LLDPE), were
used to prepare LLDPE-g-st-clay on a HAAKE Mixer
(Fig. 2). The results in Figure 2 indicate that the
(001) peaks of the obtained composites were notably
shifted from 2.738 to 2.448 with the addition of
styrene as little as 6 g styrene/100 g LLDPE, and the
diffraction (001) of MMT is at 2.128 when 12 g
styrene/100 g LLDPE was added. However, when
the content of styrene was increased to above 12 g/
100 g LLDPE, the d001 did not increase. This result
indicates that the intercalation capability has a
certain limit, which is similar to the results reported
by Wang et al.18 and Hu et al.19

FTIR can give useful information on chemical
changes occurring in the system. The infrared spectra
of the TBDO-MMT, pure LLDPE, LLDPE-MMT, and
LLDPE-g-st-MMT are shown in Figure 3. From the
IR spectra, we can find that polyethylene has charac-
teristic peaks at 3000–2800, 1470, and 720 cm�1, and
TBDO-MMT has its characteristic peaks at 3620 and
1470 cm�1 due to the aliphatic C��H vibrations of

Figure 1 XRD patterns of TBDO-MMT, LLDPE-MMT,
and LLDPE-g-st-MMT: (a) TBDO-MMT; (b) LLDPE-MMT4
by simple melt compounding; (c) LLDPE-g-st-MMT4 by an
in situ graft method B.

Figure 2 XRD patterns of composites: (a) TBDO-MMT; (b)
LLDPE-g-st-MMTC1; (c) LLDPE-g-st-MMT4; (d) LLDPE-g-
st-MMTC2.
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organic modifier aliphatic chains, and 1046 cm�1 for
Si��O stretching vibrations. Compared to the IR spec-
tra of LLDPE-MMT, the characteristic bands around
3030 cm�1 associated with the stretching vibration of
C��H in the aromatic ring are observed in LLDPE-g-

st-MMT, which indicates that styrene has been
grafted onto the backbone of polyethylene. On the
other hand, we can also find that peaks of MMT cen-
tered at 1046 cm�1, compared with LLDPE-MMT
and LLDPE-g-st-MMT, are deformed and broadened
due to overlapping of MMT in the same regions.
From IR spectra, we can also find that no any signi-
ficant differences, except the stronger intensity for
LLDPE-g-st-MMT, are detected in the composites
with or without styrene.

In most cases, TEM combined with XRD can testify
the microstructure of the obtained nanocomposites,
and it can directly observe the dispersion of TBDO-
MMT in the LLDPE matrix. Figure 4 is the TEM
imagines of LLDPE-g-st-MMT and LLDPE-MMT
composites, in which the dark regions are the layers
of MMT. From Figure 4(a) we can find that the
distribution of MMT layers in LLDPE-g-st-MMT4
composite is generally uniform, and it can form some
ordered layered silicate. Further studies can find that
the intercalated MMT contains many parallel silicate
layers. The obtained LLDPE-g-st-MMT4 composite
with the above microstructure can be considered as
an intercalated nanocomposite, and the intercalated
structure is in agreement with that observed by XRD

Figure 3 FTIR spectra of TBDO-MMT, LLDPE, LLDPE-g-
st-MMT, and LLDPE-MMT.

Figure 4 TEM micrographs of PE-MMT composites: (a, b) LLDPE-g-st-MMT4; (c, d) LLDPE-MMT4.
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shown in Figure 1. As comparison, primary particles
composed of many silicate layers can be seen in the
LLDPE/MMT composite by simple melt compound-
ing [Fig. 4(c)]. This situation is similar to that of a
conventional filled polymer in which primary par-
ticles in a few microns are dispersed in the matrix.
Compared with Figures 4(b) and 4(d), more homoge-
neous dispersion of TBDO-MMT is noticed in
LLDPE-g-st-MMT nanocomposite. The more effective
distribution of silicate particles in the nanocom-
posites may be due to the strong interaction between
the styrene and TBDO-MMT. These results indicate
that styrene is beneficial to obtain intercalated
LLDPE/MMT nanocomposites.

The structural and morphological properties of
the LLDPE-g-st-MMT nanocomposites have been dis-
cussed earlier, and we find that the silicate layers of
the LLDPE-g-st-MMT nanocomposites were interca-
lated during graft melt compounding in the presence
of styrene. In this case, styrene acts as either the
intercalation agent for MMT or as a compatibilizer
for the LLDPE and MMT phases.

Because most composites and polymer blends are
processed under nonisothermal condition, so to un-
derstand the nonisothermal crystallization of LLDPE/
MMT composites is of great technological impor-
tance. The DSC curves of nonisothermal crystalliza-
tion for LLDPE, LLDPE/MMT, and LLDPE-g-st-
MMT composites at a cooling rate of 108C/min are
presented in Figure 5. As seen from this figure, the
crystallization temperature (Tc) of LLDPE is 104.48C,
and the additions of TBDO-MMT in LLDPE without
the presence of styrene could hardly change the crys-
tallization temperature [Fig. 5(a)]. While the crystalli-
zation temperature is up to about 105.78C when 2 g
TBDO-MMT/100 g LLDPE was added into LLDPE
together with styrene and DCP, and more addition
of clay has a slight influence on the Tc of composites.

From the DSC curves of LLDPE/MMT composites,
we can also find that the Tc of LLDPE-g-st-MMT
[shown in Fig. 5(b)] is slightly higher than that of
pristine LLDPE because the silicate layers in inter-
calated LLDPE-g-st-MMT would like to act as a
nucleating agent for the crystallization. But a smaller
temperature shift was observed than the work of
Muelhaupt and coworkers.17 because only interca-
lated nanocomposites are formed in our work.

To further study the thermal properties of LLDPE-
g-st-MMT nanocomposites, the TGA curves of
LLDPE-MMT and LLDPE-g-st-MMT composites are
shown in Figure 6. From which, we can find that the
decomposition temperatures increase with the adding
of TBDO-MMT in the LLDPE-g-st-MMT nanocompo-
sites owing to the special intercalated structure of
MMT, and the decomposition temperature increases
from 470.0 to 486.68C when 5 g TBDO/100 g LLDPE
was added. However, the decomposition tempera-
ture decreases with the addition of TBDO-MMT in

Figure 5 DSC curves of LLDPE/MMT composites: (a) LLDPE-MMT composites; (b) LLDPE-g-st-MMT.

Figure 6 TGA curves of LLDPE/MMT composites.
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the simply melt LLDPE-MMT composites because
of the poor dispersion of TBDO-MMT in LLDPE
matrix.

The amounts of TBDO-MMT also have great effects
on the impact strength of LLDPE-MMT composites
and LLDPE-g-st-MMT nanocomposites (Fig. 7). As to
the LLDPE-MMT composites without styrene, the
impact strength decreased with the increasing of
TBDO-MMT content. This is because the dispersion
of TBDO-MMT in LLDPE-MMT composites is poor,
and the TBDO-MMT was just like fillers in the nor-
mal blending. However, as to the LLDPE-g-st-MMT
nanocomposites, the impact strength initially in-
creased and then decreased with the increasing of
TBDO-MMT, and the maximum value (46.4 kJ/m2),
a 25% increase compared with that of pure LLDPE,
was achieved when the concentration of TBDO-
MMT was 3 g/100 g LLDPE. The measured mechan-
ical properties truly reflect the effect of intercalation
state, and the homogeneous dispersion of MMT clay
in polymer matrix leads to improve impact strength.
This is because the size of the intercalated interlayers
of silicate was in the similar order as that of macro-
molecular segments, and the increased free volume
in the composites made it possible for the segments
to move when composites were subjected to an im-
pact force.9 But at high clay contents, clay particles
tend to agglomerate and act as stress concentrators,
which may decrease the impact strength. This result
is similar to the work of Park et al.20

Figure 8 shows the relationship between complex
viscosity (Z*) and frequency (o) for LLDPE, LLDPE/
MMT, and LLDPE-g-MMT. From which, shear thin-
ning pseudonon-Newtonian behaviors are observed,
which are similar to those in some conventional ther-
moplastic composites. Some studies21,22 on the dis-
persed flow of particulate-filled polymers demon-

strate that the viscosity increases with the filler con-
centration and, beyond a critical concentration, show
a divergence at low frequencies indicating a struc-
tural change of the network formed by the particles.
The nanometeric dispersion obtained in nanocompo-
sites, together with the high aspect ratio and the
shape of the silicate platelets, favors the formation of
a structural network already at very low silicate con-
tent. It is clear to observe that Z* of LLDPE-MMT
and LLDPE-g-st-MMT increased substantially at low
frequencies compared with pure LLDPE, and Z* of
LLDPE-g-st-MMT is the highest, which may be
attributed to the particle–particle interactions of
good dispersed layered silicate of MMT in LLDPE-g-
st-MMT and the formation of intercalated structures
between LLDPE and MMT.23,24 With the formation of
partial intercalation structures, the interfacial adhe-
sion between MMT and the matrix is dramatically
improved and the polymer chain is confined within
the silicate layers.11 It can be supposed that the
stronger interfacial interaction and homogeneous
dispersion of MMT in LLDPE-g-st-MMT and the
form of similar flocculated structure lead to higher
complex viscosity. This result is similar to that of
PBT/clay nanocomposites.25,26

CONCLUSIONS

The intercalated polyethylene–clay nanocomposites
have been successfully prepared by the in situ graft
copolymerization of styrene containing TBDO-MMT
in polyethylene with dicumyl peroxide (DCP) as an
initiator in molten state. Compared with the previ-
ous works to prepare the polyethylene/montmoril-
lonite nanocomposites, the in situ graft method is
very simple and not any other polymer compatibili-
tizer is needed because the graft reaction and inter-
calation proceed simultaneously. Further studies

Figure 8 Z* versus o for LLDPE, LLDPE-g-st-MMT, and
LLDPE-MMT melts.

Figure 7 Plots of impact strength versus concentration
of TBDO-MMT in (a) LLDPE-MMT composites and (b)
LLDPE-g-st-MMT nanocomposites.
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show that the crystalline temperature, the decompo-
sition temperature and the impact strength of the
obtained intercalated LLDPE-g-st-MMT nanocompo-
sites have been improved in contrast to the LLDPE-
MMT composites and the parent polyethylene.
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