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Summary: Polyethylene(PE)/clay nanocomposites have been successfully prepared by
in situ polymerization with an intercalation catalyst titanium-montmorillonite
(Ti-MMT) and analyzed by X-ray diffraction analysis (XRD), Fourier transform infrared
analysis (FT-IR), Transmission electron microscopy (TEM), differentail scanning
calorimetry (DSC), thermal gravimetric analysis (TGA) and tensile testing. XRD and
TEM indicate that the clay is exfoliated into nanometer size and disorderedly
dispersed in the PE matrix, and the PE crystallinity of PE/clay nanocomposite declines
to 15~30%. Compared with pure PE, PE/clay nanocomposites behave higher thermal,
physical and mechanical properties; the layer structure of the clay decreases the
polymerization activity and produce polymer with a high molecular weight. For PE/
clay nanocomposites, the highest tensile strength of 33.4 MPa and Young’s modulus
of 477.4 MPa has been achieved when clay content is 7.7 wt %. The maximum thermal
decomposition temperature is up to 110 °C higher, but the thermal decomposition
temperature of the PE/clay nanocomposites decreases with the increases of the clay

contents in the PE matrix.

Introduction

Polymer-layered silicate nanocomposites are
a new class of organic polymer materials,
which serve as novel composite materials.!"]
Clay with a few weight percentage in the
reinforced polymer nanocomposites strongly
influence polymer macrocomposite proper-
ties. Some properties of the polymer, such as
higher heat distortion temperatures, an
enhanced flame resistance, an increased
modulus, better barrier properties, a reduced
thermal expansion coefficient, altered elec-
tronic and optical properties have been
achieved.'™! After the successful synthesis
of nylon-6/clay nanocomposite, an inter-
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calation method for synthesizing polymer/
clay nanocomposites has received a large
amount of attention.””! Both melt intercala-
tion!® and in situ polymerization!”! methods
have been attempted for synthesizing
polyolefin/clay nanocomposites; In situ poly-
merization has been proved to be a promis-
ing method for preparing fully exfoliated
nanocomposites of polyolefin.

Metallocene catalysts supported on the
clay have been used to polymerize ethyl-
ene, but an excessive amount of cocatalyst
methylaluminoxane (MAO) is needed for
activation of metallocene catalysts.[72I-7"]
More recently, many Zigler-Natta catalysts
have been employed to prepare polyolefin
nanocomposites.[7i]_[7k] Rong et al.l used
Zigler-Natta catalyst supported on the sur-
face of nanoscale crystal of palygorskite to
initiate ethylene polymerization on the
surface of the fiber. Yang et al.l used
MMT/MgCL/TiCly/AlEt; catalyst system
to synthesize PE nanocomposites. The
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nanoscale dispersion of the MMT layer in
the PE matrix was characterized. The
tensile strength was significantly improved
compared to that of pure PE. Kwak et al.l7xl
reported that TiCly firstly reacted with the
modified montmorillonite (MMT-OH) at
30°C, and then the cocatalyst Et;Al was
introduced to activate TiCly,. Complete
exfoliation of the MMT during Ti-based
Ziegler-Natta polymerization has been
successfully carried out, but the clay
dispersion is not uniform.

In this paper, we present a novel method
to synthesize PE/clay nanocomposites by
in situ polymerization. The state of disper-
sion of the clay layers in the PE matrix has
been investigated. The physical mechanical
properties and thermal stability of the PE/
clay nanocomposites are also discussed.

Experimental Part

Materials

Sodium montmorillonite (Kunipia F,
Cation Exchange Capacity (CEC) 119
meq /100 g, surface area: 750 m?/g) supplied
by Kunimine Co. was used as received.
Titanium tetraethoxide and Al(i-Bu);
(from Aldrich Co.) were used without
further purification. Decahydronaphthal-
ene (99%) was supplied by Kanto Chemical
Co. Toluene (J. T. Baker Chem. Co.) of
extra pure grade was purified by refluxing
over sodium metal/benzophenone in a
nitrogen atmosphere. Polymerization pur-
ity grade ethylene, which was donated by
Daerim Petroleun Company, was used after
passing the oxy trap and molecular sieve
trap to remove oxygen and water.

Immobilization of Catalyst

Intercalation of titanium polyoxocation in
the layers of the Kunipia F was prepared
according to the literatures.[®1%] Typically,
the titanium polyoxocation solution was
prepared through slow addition of titanium
tetraethoxide to the vigorously stirred 5 M
HCI solution and consequent reaction for
10 h at room temperature. The molar ratio
of HCI to the titanium tetracthoxide was
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2:1. After the titanium polyoxocation solu-
tion was added to a clay suspension (1 g/L)
at room temperature and the mixture was
stirred for three hours. The ratio of the Ti to
clay was 25 mol:1 equivalent (CEC) of the
clay. The precipitate was washed repeat-
edly with deionized water several times
until no chlorine ion was detected with 0.1 N
AgNO3 solutions. The product (Ti-MMT)
was then vacuum-dried and ground into a
fine powder. The contents of titanium in
Ti-MMT were measured by inductively
coupled plasma-atomic emission spectro-
scopy (ICP-AES).

Preparation of the

PE/Clay Nanocomposites

The ethylene polymerization was carried
out in a 1 L Parr reactor. 300 ml toluene,
Ti-MMT slurry and Al(i-Bu); with various
molar ratio were introduced into the
reactor. The polymerization was started
as the ethylene was introduced into the
reactor. The polymerization was carried out
at 60 °C with supplying ethylene under a
pressure of 6.5 atm to keep the polymer-
ization proceeding for a designated period
of time. The reaction was terminated by the
addition of an acidified ethanol solution.
The polymer was precipitated, and then
dried under a vacuum at 60 °C for 12 h to
obtain the PE/clay nanocomposites.

Characterization

X-ray diffraction (XRD) was carried out by
a Rigaku X-ray diffractometer (Cu-Ko
radiation with 1=0.15406 nm) at room
temperature. The diffractograms were
scanned in 26 ranges from 1.0 to 10° at a
rate of 1°/min. Fourier transform infrared
(FT-IR) spectra were obtained in the range
of 4000~400 cm™' at a resolution of
4.0 cm! using a MAGNA-IR 560 at room
temperature. The KBr pellet method was
used in the measurement. A transmission
electron microscope (Philips CM20) oper-
ated at an acceleration voltage of 120 kV
was used to observe the dispersibility of the
clay in the hybrids. Ultrathin sections
70 ~ 80 nm in thickness were prepared by
an ultramicrotome Leica EM FCS. The
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tensile test was carried out according to
ASTM D 882 with an Instron 5583. The
crosshead speed was set at 10 mm/min.
DSC measurement was performed on a
TA2000 differential scanning calorimeter
at a heating or cooling rate of 10 °C/min in a
nitrogen atmosphere in the range of 30 to
200 °C. In order to get rid of the influence of
thermal history, two continuous scanning
cycles were carried out and the data
obtained from the second scanning were
accepted. The thermal decomposition tem-
perature was determined by thermogravi-
metric analysis (TGA) under nitrogen flow
protection in a scanning range of 50-700 °C
at the rate of 10 °C/min. Viscosity-average
molecular weight (M#n) of the PE nano-
composites was measured using a visc-
ometer at 135°C with decahydronaphtha-
lene as the solvent according to
[7]=2.30 x 10~ *Mp"52 1]

Results and Discussion
Structure and Properties of the Ti-MMT

It is an important step for producing in situ
polymerized nanocomposites to fix the

catalyst into the silicate layers of the clay.
With Na™-MMT (Kunipia F) as a support-
ing medium, the titanium alkoxide was
firstly hydrolyzed and titanium polyoxoca-
tion ions formed; then cation exchanged
reaction was carried out by adding the
polyoxocation solution to the clay suspen-
sion. Figure 1 shows the XRD patterns of
pristine MMT (a) and Ti-MMT (b). The
Ti-MMT presentes a d(go1) diffraction peak
at 20 =1.5° (d(oo1) = 5.86 nm) resulting from
the formation of intercalation and a d(go1)
diffraction peak at 20=7.5(do1)=1.19
nm) corresponding to the pristine MMT.
Titanium polyoxocation intercalation of
MMT was also reported to achieve rela-
tively large basal spacing (d(o1) = 2.50 nm),
but the exact composition of the pillaring
titanium polyoxocation was not yet
known.” 1”1 Compared with previous
reports, Ti-MMT that we obtained has
much larger basal spacing. Thus it can
be known that the monomer will be more
easy to penetrate into the interlayer of the
clay and polymerized in it, making layers
easily exfoliated by the polymer chain. In
our experiment, the much larger intercalat-
ing ions have been obtained, confirming the
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Figure 1.

WAXD patterns of (a) pristine MMT (b) Ti-MMT and the PE/clay nanocomposites (c) (from sample PE-1).
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big expansion in the interlayer spacing of
the clay.

The metal elemental analysis of the
pristine MMT and Ti-MMT, shows that the
titanium amount increases from 0.08 wt %
in pristine MMT to 33.7 wt % in Ti-MMT.
The amounts of other cations pronouncedly
decrease, such as amount of sodium decre-
ases from 0.89 wt % to 0.0085 wt %. This
result indicates that large amounts of
cations between layers of MMT have been
exchanged by titanium ions.

The Ti-MMT was used to catalyze
ethylene polymerization and the results
were shown in Table 1. It is possible to
control the clay contents in the PE matrix
by varying the initial clay loading or poly-
merization time.'?) With the increasing
amount of Ti-MMT, the catalytic activity
decreases, but the molecular weights of PE/
clay nanocomposites are higher than that
of pure PE. The low catalytic activity
observed in this polymerization should
be correlated with the layer structure of
the clay. The laminated structure of the
silicates restrains the mass transfer of the
monomers and make the catalyst easily
deactivated. When polymerization is car-
ried out in such a nanoscopic space, the
active species can be easily protected
from other chemicals, which will cause
the termination of the propagation of the
polymer chain. In such a situation, polymer
with a high molecular weight could be
produced when the silicate registry is
retained. However, the amounts of inter-
calated catalyst increase with Ti-MMT

Table 1.

resulting in the decrease of molecular weight
of PE/clay nanocomposites from 7.0 x 10
to 3.9 x 10°. Extraction of polyethylene
chains from the PE/clay composites was
carried out using reflux decahydronaphtha-
lene in a Soxhlet extractor for 24 h.
Polyethylene catalyzed by homogeneous
catalyst (from sample PE-0) is totally
extracted, but only part of the polyethylene
could be extracted and extracted amount of
the PE significantly decreases with the
increase of the clay contents in the PE
matrix. When mixed with the PE, the clay
layers will undoubtedly stiffen the PE chains.
At the same time, the clay also impeded the
movements of the polymer chains, especially
when the particular network is formed.["!
The representative FT-IR spectra of the
pristine MMT (a), pure PE (b) and a series
of extracted PE/clay nanocomposites
(c~e) are displayed in Figure 2. In the IR
spectrum of pristine MMT, characteristic
absorbance bands occur in the following
assignment: ~OH stretching at 3632 cm ',
coordination and absorbed water peak
at 3430 and 1640 cm ™!, Si-O stretching at
1040 cm™! and Al-O stretching at
550 cm .74 The characteristic vibration
bands of the PE are C—H stretching at 2855
and 2950 cm ! and 1470 cm ™! (8c_p). In the
IR spectrum of the PE/clay composites, the
presence of both the characteristic group
frequencies of PE and MMT can be found.
These results show that only part of the PE
can be extracted from the nanocomposites,
and the rest of the PE chains stay immo-
bilized inside and/or on the layered sili-

Results of ethylene polymerization by in situ polymerization with Ti-MMT

sample Amount of Ti-MMT (mg) Activity® Clay mass fraction (wt %) Extracted in decaline (wt %) My(x107%)

PE-0° 0

2300
PE-1 187.5 450
PE-2 375.0 380
PE-3 562.5 310

0 100 3.6
3.9 65.7 7.0
6.8 36.3 5.1
7.7 24.1 3.9

Polymerization condition: Al(i-Bu); as cocatalyst, [Al]/[Ti]=10; toluene as solvent; polymerization temperature:
60 °C, polymerization time 2 h, ethylene pressure 6.5 atm;

3 Activity (PEg/Timor - h - atm);
® Determined by TGA;

9 Sample PE-0 synthesized by homogeneous catalyst Ti(OEt),/Al(i-Bu)s, the other polymerization conditions are

same as PE-3.
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Figure 2.

FT-IR spectra of pristine MMT (a), pure PE (b) and the PE/clay nanocomposites (c: PE-1; d: PE-2; e: PE-3).

cates. This confirms that there exist strong
interactions between the nanometric sili-
cate layers and the PE segments.

Morphology of the
PE/Clay Nanocomposites
XRD pattern of the PE/clay nanocompo-
sites is shown in Figure 1(c). The d(go1) peak
of the clay in the PE nanocomposites
completely disappeared. The absence of
the (001) peak suggests that the dor)
spacing between the layered silicates is
either intercalated to a spacing greater than
the measurable range, or they exfoliate
completely in the PE matrix. To further
investigate the clay dispersion in polymer
matrix, TEM observation was performed.
Figure 3 shows a TEM micrograph of
the PE/clay nanocomposite (from sample
PE-1) having 3.9 wt % clay. The dark lines
represent an individual clay layer and the
bright area represents the PE matrix. It can
be seen that the aggregated clay particles
exfoliate into very thin layers or in stacks of
a few layers. The individual silicate layers,
along with two or three layer stacks can be
observed, and the former are in disordered
state and dispersed in the PE matrix. This
type of morphology consists of discrete
zones of exfoliated particles scattering in

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the PE matrix. Thus, it can be concluded
that the stacked clay layers exfoliate into
nanometer-size layers and disorderedly
disperse in the PE matrix during the
polymerization.

Mechanical Properties of

PE/Clay Nanocomposites

The effects of the contents of clay on the
tensile properties of PE composites are
investigated, as shown in Figure 4. The
tensile strength and modulus increase with
increasing contents of the clay in PE matrix.
The tensile strength increases with the
content of clay in the PE matrix from 4.0
to 12.9 MPa. The enhancement in strength
is directly attributable to the good compat-
ibility between clay and polymer phase and
the reinforcement provided by the dis-
persed silicate nanolayers. Young’s mod-
ulus of these nanocomposites gradually
increase with the clay contents in a range
from 22.2 to 372 MPa. In the case of
nanocomposites, the extent of the improve-
ment of the modulus depends directly upon
the average length of the dispersed clay
particles, and hence the aspect ratio. As the
PE/layered silicate interaction is improved,
the stress is much more efficiently trans-
ferred from the polymer matrix to the
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Figure 3.

TEM images of the PE/clay nanocomposites (from sample PE-1).

inorganic filler, resulting in a higher
increase in tensile properties. These results
further confirm the importance of strong
interaction between PE matrix and clay,
which ultimately leads to better overall
dispersion, as already observed by TEM
analysis.

Thermal Properties of PE/Clay
Nanocomposites

DSC curves of pure PE and the PE/clay
nanocomposites with different clay con-
tents are shown in Figure 5. The endother-
mic peak of PE/clay nanocomposites (at
around 134.0°C) appears at obviously

480
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Young's modulus (MPa)
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Clay content (wt %)

Figure 4.

Effect of the clay content on the tensile properties of the PE/clay nanocomposites.
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Figure 5.

DSC heating thermograms of pure PE and the PE/clay nanocomposites.

higher temperature than that of pure PE
(sample PE-0, 128.6°C); this result is
attributed to the strong interaction between
the clay and PE matrix. The interaction
restricts the motion of the polymer chain,
thus a higher melting temperature of the
PE/clay nanocomposites is obtained for
polymerizations carried out using the
intercalation catalyst, at the same polymer-
ization time, temperature and pressure.
The crystallinity was measured based on a
melting enthalpy of 293 J/g for 100%
crystalline PE.' Compared with pure

PE, the PE/clay nanocomposites have a
lower crystallinity (decreased about
15~30%) with the increase of the clay
loadings in the PE matrix, as shown in
Figure 6. This decline in crystallinity may be
attributed to the confinement of the clay
layers and the restriction of the PE
molecular chains movement.

The thermal stabilities of the PE/clay
nanocomposites and pure PE studied by
TGA analysis are shown in Figure 7. The
temperature for 5% weight loss is defined
as the thermal decomposition temperature
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Figure 6.

Crystallinity of the PE in the PE/clay nanocomposites.

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.ms-journal.de



56l

Macromol. Symp. 2007, 260, 49-57

100

Weight %

d:PE-3
ﬁr_':l-'l-l-}!
b PE-1
= :PE-

100 200 300

400 500 GO0 00

Tesmperature {C)

Figure 7.

Thermogravimetric analysis of pure PE and the PE/clay nanocomposites.

(T4).1'! By comparing the curves of PE/clay
composites (Tape1~3=454.6, 436.1,
372.5°C) with that of PE-0 (73 =339.8°C)
it can be deduced that the clay layers play
an important role in improvement of the
thermal stability of the nanocomposites.
The good barrier action of the clay layers
will help to enhance the thermal stability
of the nanocomposites.[16] However, the
thermal decomposition temperature of
the nanocomposites shifts to lower tem-
perature with increasing clay contents. The
reason is that the clay itself can also
catalyze the degradation of polymer
matrixes.l'” This action will reduce the
thermal stability of the PE/clay nanocom-
posites with increasing the clay contents
in the PE matrix.

The clay has two opposite functions in
the thermal stability of the PE/clay nano-
composite.m] When a low fraction is added
into the polymer matrix, the barrier effect
of the clay is predominant and thermal
stability (74) increases; further increasing
the clay loading, the catalyzing effect will
grow to dominant, and the thermal stability
of the nanocomposites decreases.

Conclusion

PE/clay nanocomposites have successfully
been prepared by performing in situ poly-

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

merization of ethylene using the Ti-MMT
activated by Al(i-Bu);. The occurrence of
the exfoliation of clay layers is confirmed
and strong interactions exist between the
nanometric silicate layers and polymer
segments. The physical and mechanical
properties of the PE/clay nanocomposites
have been improved noticeably due to
exfoliated clay disorderedly dispersed in
the PE matrix. The melting temperature
and thermal decomposition temperature of
the nanocomposites increase with respect
to the pure PE, whereas the crystallinity
and T, decrease with clay contents in PE
matrix. The change of the thermal stability
of the PE/clay nanocomposite is attributed
to two opposite functions of the clay.
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