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Abstract A suitable Ziegler—Natta catalyst was prepared by supporting TiCl, on
sodium montmorillonite (Na*MMT) modified by butyl octyl magnesium (BOM).
This catalyst was applied for the polymerization of ethylene toward a polyethylene
(PE)/Na™MMT nanocomposite. Catalyst behavior and nanocomposite properties
were studied. It was found that catalyst activity was acceptably high. In addition, it
had a smooth rate during ethylene polymerization. Transmission electron micros-
copy image and X-ray diffraction pattern evidenced an excellent exfoliation of the
Na"MMT layers in the polymer matrix.

Keywords Clay - Polyethylene (PE) - Nanocomposites - Modification -
Ziegler—Natta polymerization

Introduction

Polyolefins are commercial materials having the largest tonnage in the polymeric
industries because they enjoy abundant monomers and valuable properties leading
to extensive applications in various industries. In addition, polyolefins are often
filled with organic or inorganic components to enhance their physical and
mechanical properties [1-3].
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Over the past two decades, there has been a growing remarkable academic and
industrial interest in developing polymer nanocomposites because of their
noticeably enhanced properties compared to virgin polymer or conventional micro-
or macro-composites. In addition, reinforced polyolefins can be one of the desired
choices for replacing high-performance engineering plastics [4-6].

PE/MMT nanocomposites have greatly progressed due to their potential as
alternative low-cost and high-performance materials. This potential is derived from
the high aspect ratio of the MMT when its structure is delaminated by the polymer.
In fact, the delamination of the MMT layers results in synergistic effect of the
nanoscale structure which maximizes the interactions between MMT and polymer
molecules [7-9]. As expected, such products show high mechanical properties
which are desired for many applications [9, 10].

According to literature, the main approaches for producing nanocomposites are
solution, melting and in situ polymerization. Among them, the latest is more
attractive because the dispersion obtained by in situ polymerization was the most
efficient, in particular, in fully exfoliated polyolefin/MMT nanocomposite formation
[6, 11-14].

Metallocene and Ziegler—Natta catalysts supported on MMT have been mostly
employed for the in situ polymerization of ethylene. Metallocene catalysts need an
excessive amount of cocatalyst for activation, which is the most critical limitation
for their use [15]. Ziegler—Natta catalysts supported on MMT suffer from some
deficiencies including low activity, which is the basic restriction for the production
of PE/MMT nanocomposites by in situ polymerization, especially from the
industrial perspective. In particular, Na"MMT provided the most inefficient support
compared to the modified ones. In addition, many of the modified Na*MMT did not
show acceptable performance. Furthermore, it was reported that catalyst-MMT
intercalation was mostly through physical absorption. These intercalated catalysts
were easily removed from inside the interlayer gallery, which led to low
intercalative selectivity in the in situ polymerization. Consequently, nanoscopic
exfoliation of MMT during the in situ polymerization was hardly complete [16—18].

In this study, our main aim was to produce an exfoliated structure of the PE/
NatMMT nanocomposite by using a Ziegler—Natta type of catalyst supported on
Na™MMT with suitable activity, which is the most required situation in clay-based
catalysts. For this reason, we modified Na*MMT using BOM, which was a new
approach for the modification of Na"MMT. Then, its performance was investigated
in the ethylene polymerization for producing PE/Na*MMT nanocomposite. This
novel approach provides an unprecedented opportunity of producing highly
exfoliated PE/Na*MMT nanocomposites via in situ polymerization.

Experimental
Materials

Ethylene (polymer grade), nitrogen (>99.99 %) and heptane (H,O < 3 ppm) were
purchased from Linde (Germany), Arkan Gas Co. (Iran) and Pentane Chemical
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Industries (Iran). TiCl, and triethyl aluminum (TEA) were purchased from Fluka
Co. (Switzerland). Chloroform and ethanol (extra pure grade) were purchased from
Merck Co. (Germany). Butyl octyl magnesium (BOM) and Na*MMT were
prepared from Chemtura (Germany) and Southern Clay (USA), respectively.

Modification of Na"MMT

Na"™MMT was heated at 80 °C in vacuo for 4 h. 10 g of the above Na™MMT was
added to a 500-mL flat-bottomed flask containing 250 mL of heptane under N, and
vigorously mixed for 10 min. Then, 2.7 g of BOM was added to the flask during
15 min. The mixture was warmed up to 60 °C and further mixed for 10 h. The
product was washed eight times and used as the support for catalyst preparation.

Preparation of catalyst

The preparation of the catalyst was carried out in a 1.0-L steel jacket Buchi
autoclave reactor equipped with a mechanical seal stirrer at a speed of 300 rpm.
After running out of moisture and oxygen by nitrogen, 350 mL of heptane
containing 10 g of the modified Na*MMT was added and then mixed for 10 min.
The temperature was increased to 70 °C, and 1.5 mL of chloroform in 20 mL of
heptane was added dropwise to the mixture during 90 min and further mixed at
75-78 °C for 2 h. The temperature was increased to 85 °C and 0.1 mL of ethanol in
10 mL of heptane was injected and mixed for 1 h. TiCl; (2 mL) in 10 mL of
heptane was introduced to the reactor over 25 min and further mixed at 94 °C for
2 h. Finally, the produced catalyst was washed eight times with heptane until no
traces of titanium were detected in the washing liquid.

Polymerization

Polymerization was carried out in a 1.0-L steel jacket Buchi autoclave reactor
equipped with a mechanical seal stirrer in the slurry phase.

After running out of moisture and oxygen by nitrogen, 500 mL of heptane was
added and mixed for 10 min under nitrogen. 2 mL of TEA (1 M in heptane) was
added as a cocatalyst to the reactor and then the reactor was heated to 70 °C. After
the injection of 400 mg of the catalyst, ethylene was supplied continuously at a
pressure of 8 bars during 2 h. The ethylene consumption was measured by using a
mass flow meter (Brooks, Holland). After polymerization, the untreated gases were
slowly released and the polymer was then filtered and dried.

Characterization

The titanium content of the synthesized catalyst was measured by UV-visible
method (at a wavelength of 410 nm) on Shimadzu, UV-1650 PC (Japan) [19]. The
catalyst contained 1.2 wt% of Ti.

X-ray diffraction (XRD) was used for considering the delamination in the silicate
layers of clay under ethylene polymerization. The experiments were carried out by
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the Philips XRD Instrument (X’Pert MPD, Holland) with Co ko radiation
(4 = 1.78897 A) at room temperature.

The degree of crystallinity (X,), heat of fusion (AH,,), melting and crystallization
points (7T,, and T,.) of the nanocomposite were studied by differential scanning
calorimetry (DSC) [20]. The measurements were performed by a Metler Toledo
822e calorimeter at a heating or cooling rate of 10 °C/min under nitrogen in the
range of 25-200 °C. The NatMMT content of the nanocomposite was determined
by thermal gravimetric analysis (TGA) at a heating rate of 20 °C/min under nitrogen
in a scanning range of 35 to about 750 °C (Universal V4.1D TA Instruments). The
density of the nanocomposite was measured according to ASTM D 1505.

The molecular weight and molecular weight distribution of the produced polymer
were measured by the gel permeation chromatography (GPC) method by Waters
Instrument, model 150-C. The operating conditions were set according to [21].

The nanometer structure of the nanocomposite was investigated by TEM (Philips
CM30) at an acceleration voltage of 250 kV. For the TEM analysis, the sample was
melted and then cooled to room temperature. It was cut with an ultramicrotome
diamond knife at an angle of 35° (Leica EM UC7, Germany). The cut thickness was
about 40 nm. Scanning electron microscopy (SEM) was used for studying the
morphology of the polymer powder (Cam Scan MV 2300).

Results and discussion
Catalyst and polymerization

The NatMMT/BOM compound produced by the treatment of Na"MMT with BOM
was used as a support in catalyst preparation. Table 1 shows the BET surface area of
the Na"MMT, modified Na"MMT by BOM and the produced catalyst. With regard
to the table, the surface area of Na"MMT improved under treatment with BOM and
also with catalyst preparation, increasing from about 10 m*/g in unmodified
Na*MMT to about 23 m%/g in Na"MMT/BOM and catalyst. In contrast, a slight
reduction in the average pore diameter was observed. Overall, an increase in the
surface area can lead to improvement in the behavior of the Ziegler—Natta type of
catalysts in olefin polymerization [2].

The prepared NatMMT/BOM/chloroform/EtOH/TiCl/TEA catalyst system
showed an activity of 340 kgPE/molTi in ethylene polymerization. Although the
produced catalyst displayed low activity compared to the modern and commercial
Ziegler—Natta catalysts, its activity was suitable for the production of the PE/

Table 1 BET surface area analysis

Sample Surface area (mzlg) Pore volume (mL/g) Average pore diameter (10%)
Na™MMT 10.7 5.7 x 1072 106
Na™MMT-BOM 23.1 9.5 x 1072 81.9
Catalyst 22.4 82 x 1072 73.6
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Na"™MMT nanocomposites having reasonable Na"MMT contents. The main reason
for the deficiency of the non-modified Na*MMT-supported catalyst can be
contributed to the presence of the hydroxyl group on Na"MMT. The other reason is
the low surface area of the clay-supported catalysts compared to that of the
conventional Ziegler—Natta catalysts [18, 22].

As mentioned, the non-modified Na"MMT-supported catalyst showed very low
activity in olefin polymerization. The higher performance of the produced
Na"MMT/BOM-supported catalyst in the ethylene polymerization can be contrib-
uted to the role of BOM. In fact, BOM can act as both an efficient surface modifier
for Na"MMT and the second support in catalyst preparation. In these cases, BOM
offers the most loading sites and, consequently, the titanium catalyst is avoided from
directly anchoring on the clay surface [23]. The scheme of the possible reactions has
been shown in Fig. 1.

It was proven that the Ti species in such catalyst systems was mainly supported
on the MgCl,, probably through a Cl bridge, instead of the layer surface of MMT. In
other words, MgCl, may form a single molecular layer along the inner surfaces of
MMT, avoiding the formation of non/low active species (Si—O-Ti), resulting from
the reaction of OH on the MMT layer surface with TiCly [24, 25].

Figure 2 illustrates the rate of ethylene polymerization using the above
NatMMT-supported catalyst system. According to the figure, this catalyst
displayed a smooth reduction in the rate of ethylene consumption through
polymerization, decreasing from around 20 g/h at the beginning of polymerization
to about 10 g/h after 2 h of polymerization.

PE/Na*MMT nanocomposite characterization

Figure 3 presents the XRD patterns of Na*MMT, Na"MMT-BOM, catalyst and
nanocomposite. According to the figure, scattering angle 20 values for Na"MMT,
Na"™MMT-BOM and catalyst were 7.72, 8.43 and 9.03°, corresponding to a basal
spacing of 11.44, 10.47 and 9.77 A, respectively. This indicates that the stacking
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Fig. 1 Scheme of the proposed reactions
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Fig. 3 XRD patterns of clay, modified clay, catalyst and PE/clay nanocomposite

order for Na"MMT shifted after the treatment of Na*MMT with BOM and also
catalyst supporting. Such changes implied a slight collapse of the NatMMT layers,
which can be explained by the loss of hydrating water from the clay surface via
reaction with BOM and also by changes in the nature of the interlayer cations and
their hydration behavior [18].

On the contrary, the XRD pattern of the nanocomposite showed no diffraction
peak. This result indicates that the produced PE intercalated into the Na™MMT
layers and destroyed the clay structure toward the exfoliation of the NatMMT
layers.

The TEM images are shown in Fig. 4. These images confirmed the exfoliated
Na"™MMT in the PE matrix. Furthermore, the TEM images illustrated a fairly
uniform distribution of the NatMMT layers. This indicates that ethylene
polymerization predominantly occurred inside the galleries of the silicate layers
of Na"MMT and contributed to the delamination of the clay layers during the
polymerization. Consequently, the exfoliated structure of the silicate layers was
formed.

Physical properties
The values of Ty, AH,,, T. and X, of the produced nanocomposite are listed in

Table 2. According to the table, T,,, and 7. of the nanocomposite were about 136
and 119 °C, which were close to those of the pure PE. In addition, the degree of

@ Springer



Polym. Bull. (2013) 70:2783-2792 2789

200 nm
200 nm
Fig. 4 TEM photograph of PE/Na"MMT nanocomposite
Table 2 Physical properties of the produced nanocomposite
Properties T (°C) T. (°C) AH,, (J/g) X. (%) Density (g/cm®)
Value 136.2 119.1 169.2 55.48 0.9529

crystallinity of the nanocomposite was around 55 %, which was slightly lower than
that of pure PE. The reason is that the clay decreases the number of crystalline PE
chains through preventing the cell growth mechanism during crystallization [10].

The density of the prepared nanocomposite was about 0.9529 g/cm®. It is clear
that the density of the produced nanocomposite was slightly less than that of the
pure PE in spite of using no comonomer in the polymerization. This can be
contributed to the decrease in the crystallinity of the produced nanocomposite
compared to the neat polyethylene [10].

Table 3 shows the GPC analysis of the resulting nanocomposite. According to
the table, M,,, M,, M, and M, of the nanocomposite were about 7.1 X 105,
2.1 x 10°, 4.4 x 10° and 29.5 x 10° g/mol, respectively. This means that the
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introduced catalyst system could produce a high molecular weight nanocomposite.
The PDI of the nanocomposite was 3.4, which was slightly lower than that of
polyethylene produced by the conventional Ziegler—Natta catalysts [1, 2].

TGA result showed that the PE/Na*MMT nanocomposite lost about 96 % of its
weight. This indicates that the nanocomposite contained around 4 wt% of
Na"™MMT. The thermal decomposition temperature of the produced nanocomposite

Table 3 GPC analysis of the produced nanocomposite

M, x 107° M, x 107 M, x 107 M, x 1073 M,+1x107° PDI
(g/mol) (g/mol) (g/mol) (g/mol) (g/mol)
7.1 2.1 44 29.5 374 34

SEM MAG: 500 x DET: SE Detector
H: 150KV DATE: 122211
WD 9.6537 mm Device: MVZ300

SEM HV: 20.00 kY
SEMMAG: 55 x Det: SE
Date(midy): 011913 guest

partomance nnanospace B
Gokl On Carbon Tast kmage Polymer 1

Fig. 5 SEM micrographs of: a Na"MMT, b catalyst, ¢ PE/Na"MMT nanocomposite
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was about 481 °C which was reasonably more than that of the pure PE (415 °C), as
expected from the clay-based nanocomposites. The improvement of the thermal
stability of the PE/clay nanocomposite is contributed to the barrier effect of the clay
in the nanocomposite.

Morphological studies

Figure 5 shows the SEM images of the Na"MMT, catalyst and PE/Na"MMT
nanocomposite. According to the figure, the sample did not have a regular
morphology. It has been proven that the polymer tends to replicate the shape of the
catalyst particle on which it is produced. In other words, the catalyst particle acts as a
template for the growth of the polymer particle [26, 27]. Since the prepared catalyst
had an irregular shape, the produced polymer also showed similar morphology.
Overall, the literature survey displayed that the nanocomposites produced by using
the clay-supported catalysts did not show good morphology (Fig. 5).

Conclusions

BOM acted as a suitable modifier for NatMMT, so that the produced NatMMT/
BOM-supported Ziegler—Natta catalyst showed high performance in ethylene
polymerization toward the PE/Na"MMT nanocomposite. The catalyst polymerized
ethylene at lower activity than the modern and conventional fourth-generation
Ziegler—Natta catalysts. The XRD and TEM analyses indicated the occurrence of
exfoliation. DSC results showed that the melting and crystallization temperatures of
the nanocomposite were almost the same as those of pure PE, whereas there was a
decrease in the crystallinity degree. However, the thermal stability of the
nanocomposite was higher than that of virgin PE.
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