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Abstract

Silica-magnesium bisupport (SMB) was prepared by a sol-gel method for use as a support for metallocene and metallocene/Ziegler—Natta
hybrid catalysts. SMB was treated with methylaluminoxane (MAO) prior to catalyst immobilization. The supported heterogeneous catalysts were
applied to the ethylene copolymerization with 1-hexene. The h-copolymer (ethylene—hexene copolymer produced by metallocene/Ziegler—Natta
hybrid catalyst) showed two melting points and broad molecular weight distribution. The differences in physical properties between h-copolymer
and m-copolymer (ethylene—hexene copolymer produced by metallocene catalyst) could be explained by the differences in chemical composition

and side chain distributions of the produced copolymers.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Linear low-density polyethylene (LLDPE), typically
obtained by copolymerization of ethylene with various alpha
olefins such as 1-butene, 1-hexene, and 1-octene, is an
important chemical product in the petrochemical industry.
LLDPE has similar properties to LDPE, but has better strength
properties in film applications [1]. The mechanical, optical,
and rheological properties of LLDPE are strongly affected
by chemical composition distribution (CCD) (also referred
to as side chain distribution), molecular weight (My,), and
molecular weight distribution (MWD) [2,3]. Although LLDPE
produced by metallocene catalyst shows excellent mechanical
and optical properties due to narrow MWD and CCD, it also
has limitation in polymer processing due to narrow MWD
[4]. Metallocene catalyst systems are basically homogeneous
systems. Therefore, major studies on the metallocene catalysts
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have been done to heterogenize in order for use in the existing
commercial gas or slurry phase processes [5,6]. On the other
hand, LLDPE produced by Ziegler—Natta catalyst shows broad
MWD and CCD due to the irregularity of catalytic active sites.

In order to take advantage of both metallocenes and
Ziegler—Natta catalysts, the blending of polyethylenes produced
in two different reactors containing different metallocene cata-
lysts or the combination of metallocene and Ziegler—Natta cata-
lysts in a single reactor has been reported [7—11]. However, the
physical blending of two different polyethylenes might be lim-
ited in the polymer processing because they could not be mixed
on a molecular level. Another report to hybridize metallocene
catalyst with Ziegler—Natta catalyst is to use a silica—-magnesium
bisupport (SMB). It was prepared by a sol-gel method in
order to immobilize both metallocene and Ziegler—Natta cat-
alysts on the same support [12]. It was reported that both silica
and magnesium chloride species were dispersed on the surface
and inside of SMB, and therefore, SMB served as an excel-
lent support for the preparation of metallocene/Ziegler—Natta
hybrid catalyst. HDPE [13] and LLDPE [14,15] produced by
metallocene/Ziegler—Natta hybrid catalysts showed broad and
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bimodal molecular weight distributions, leading to improved
processability of the polymer [16,17].

In this work, silica—magnesium bisupport (SMB) was pre-
pared by a sol-gel method for use as a support for metallocene
and metallocene/Ziegler—Natta hybrid catalysts. The prepared
catalysts were applied to the ethylene copolymerization with
1-hexene. The effects of hybridization of Ziegler—Natta catalyst
with metallocene catalyst on the molecular weight (M), molec-
ular weight distribution (MWD), melting temperature (Ty,),
and chemical composition distribution (CCD) of the produced
ethylene—hexene copolymer were investigated.

2. Experimental
2.1. Materials

High purity ethylene (World Gas) and nitrogen (Daesung
Gas) were further purified by sequential passage through
columns containing molecular sieve 5A (Kokusan Chemi-
cal Works) and anhydrous P>Os (Yakuri Chemicals). Toluene
(Samjun Chemicals) and 1-hexene (Aldrich) were purified
by distillation over sodium metal. MgCl, (Junsei Chemical),
colloidal SiO; (LUDOX HS-40, Aldrich), rac-Et(Ind),ZrCl,
(Strem), TiCly (Aldrich), methylaluminoxane (MAO, Alber-
male), and triethylaluminum (TEA, Aldrich) were used without
further purification.

2.2. Preparation of silica—magnesium bisupport (SMB)
treated with methylaluminoxane (MAO)

Silica-magnesium bisupport (SMB) treated with methylalu-
minoxane (MAQO) was prepared according to the similar method
in a previous report [12]. MgCl, was dissolved in distilled
water (100ml), and pH of the solution was adjusted at 6.4
by adding H»SOy4. The resulting solution was introduced into
corn oil (2.51), and it was stirred at 2000 rpm for uniform dis-
persion. Colloidal silica (80 ml) was then introduced into the
mixed solution of corn oil and MgCl,. The agglomerated parti-
cles separated from the solution were washed seven times with
n-heptane, and they were dried at 110 °C in a nitrogen stream
to yield silica-magnesium bisupport. Silica—magnesium bisup-
port (SMB) (6 g) was suspended in toluene (100 ml), and then
methylaluminoxane (MAO, 10 wt.% in toluene) (100 ml) was
introduced into the slurry for 2 h at 0 °C. The mixture was stirred
at 0, 20, 40, and 60 °C for 30 min each, and then finally at 80 °C
for 2h. SMB treated with MAO was washed seven times with
toluene and dried under vacuum.

2.3. Preparation of supported catalyst

MAO-treated SMB (MAO/SMB, 5g) was suspended in
toluene (100ml), and it was reacted with TiCly (5ml)
or rac-Et(Ind);ZrCl, (0.5g) at 50°C for 2h. The result-
ing slurry was washed seven times with toluene (100 ml)
and dried under vacuum to obtain TiCl4/MAO/SMB or
rac-Et(Ind),ZrClL,/MAO/SMB. TiCl4/MAO/SMB was further
reacted with rac-Et(Ind);ZrCl, (0.5g) dissolved in toluene

(20ml), and the resulting slurry was washed seven times
with toluene (100 ml) and dried under vacuum to yield rac-
Et(Ind)>ZrCl,/TiCl4/MAO/SMB.

2.4. Copolymerization of ethylene with I-hexene

Toluene (500ml), supported catalyst (0.04g), 1-hexene
(5ml), and prescribed amount of cocatalyst (triethylaluminum
(TEA) and/or methylaluminoxane (MAQO)) were introduced into
a glass reactor (1000 ml) equipped with a magnetic stirrer under
the nitrogen flow. Cocatalyst ratio with respect to transition
metal was fixed at Al/Ti=300 (TEA) and Al/Zr=3000 (MAO).
After nitrogen in the reactor was evacuated, the temperature of
reactor was maintained at 55 °C. Copolymerization was initi-
ated by introducing ethylene at a constant pressure of 1.3 atm.
After 40 min reaction, the polymerization was stopped by adding
methanol.

2.5. Characterization of supported catalyst and
ethylene—hexene copolymer

Elemental analysis of supported catalyst was done by ICP-
AES (ICPs-10001V). Melting point of ethylene—hexene copoly-
mer was determined by DSC (differential scanning calorimeter,
TA 2010) with a heating rate of 10 °C/min. Molecular weight
(My,) and molecular weight distribution (MWD) were deter-
mined by GPC (gel permeation chromatography, SSC-7100) at
135 °C using o-dichlorobenzene as a solvent. The GPC column
was calibrated with standard polystyrene. 1-Hexene content and
triad sequence in ethylene—hexene copolymer were analyzed
by 125 MHz '3C NMR (nuclear magnetic resonance spectrom-
eter, Avance 500) at 125 °C on the basis of Randall method
[18].

A stepwise annealing procedure was conducted to analyze the
chemical composition distribution (CCD) of ethylene—hexene
copolymer [19-21]. As shown in Fig. 1, temperature was
increased up to 160°C with a rate of 10°C/min and main-
tained for 2 h for complete melting. The melted polymer was
slowly cooled at 137, 130, 123, 116, 109, 102, 95, 88, 81, and
74 °C for 2 h, respectively, and was finally cooled to 30 °C with
a rate of 10°C/min. And then the chemical composition dis-
tribution of ethylene—hexene copolymer was determined using
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Fig. 1. Stepwise annealing procedure for chemical composition distribution
analysis of ethylene—hexene copolymer.
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Table 1
Elemental analyses of metallocene and metallocene/Ziegler—Natta hybrid cata-
lysts supported on MAO-treated SMB (silica—magnesium bisupport)

Catalyst Al (Wt.%)  Ti(wt.%)  Zr (wt.%)
rac-Et(Ind),ZrCl,/MAO/SMB 14.68 - 1.70
rac-Et(Ind), ZrCl/TiCl4/MAO/SMB ~ 10.67 4.86 0.55

DSC with a heating rate of 10 °C/min. Lamella thickness of
fractionated ethylene—hexene copolymer was calculated by the
Thomson—Gibbs equation [22].

3. Results and discussion

3.1. Elemental analyses of supported catalysts on
MAO-treated SMB

Table 1 shows the ICP-AES elemental analyses of cata-
lysts supported on MAO-treated SMB. It was observed that
0.55 wt.% of zirconium and 4.86 wt.% of titanium were immo-
bilized on the rac-Et(Ind);ZrCl>/TiCl4/MAO/SMB catalyst,
while 1.70wt.% of zirconium was impregnated on the rac-
Et(Ind)>ZrCl,/MAO/SMB catalyst. Aluminum contents orig-
inated from MAO were 10.67 and 14.68 wt.% in each cat-
alyst, respectively. It is believed that MAO-treated SMB
served as a suitable support for the immobilization of rac-
Et(Ind)>ZrCl,/TiCly and rac-Et(Ind),ZrCl,.

3.2. Catalytic activities and physical properties of
ethylene—hexene copolymer

Table 2 shows the catalytic activities of supported cata-
lysts and the physical properties of prepared ethylene—hexene
copolymer. As also shown in Fig. 2, the catalytic activity
of rac-Et(Ind)>,ZrCl,/MAO/SMB was superior to that of rac-
Et(Ind),ZrCl,/TiCl4/MAO/SMB. It is believed that the differ-
ent content of zirconium on each catalyst is mainly respon-
sible for the difference in catalytic activity because the cat-
alytic activity of metallocene was much higher than that of
Ziegler—Natta catalyst on SMB [12]. Catalytic activity of rac-
Et(Ind),ZrCl,/MAO/SMB was not maintained constant but
decreased steadily with time on stream. This trend is well
consistent with that observed in the typical homogenous met-
allocene catalyst. On the other hand, the activity profile of
rac-Et(Ind),ZrCl,/TiCl4/MAO/SMB was not changed signifi-
cantly with time on stream.

Molecular weight (My,) of ethylene—hexene copolymer pro-
duced by rac-Et(Ind)2ZrClo/MAO/SMB and rac-Et(Ind)2ZrCly/

Table 2
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Fig. 2. Activity profiles of supported catalysts in the ethylene copolymerization
with 1-hexene: (a) rac-Et(Ind),ZrCl,/MAO/SMB (Al/Zr=3000) and (b) rac-
Et(Ind),ZrCl,/TiCl4/MAO/SMB (AV/Zr = 3000, Al/Ti =300).

TiCl4/MAO/SMB was 0.1 x 10° and 0.25 x 10° g/mol, respec-
tively. My, of h-copolymer (produced by hybrid catalyst) was
similar to that of m-copolymer (produced by metallocene cata-
lyst). The molecular weight distribution (MWD) of h-copolymer
was broadened to 30.6 compared to 2.6 of m-copolymer because
two different kinds of active sites in the hybrid catalyst pro-
duced copolymers with different molecular weight range. The
1-hexene content of m-copolymer was larger than that of h-
copolymer (Table 2). As we mentioned above in the explanation
for the activity difference, the different content of zirconium
on each catalyst could lead to the difference in comonomer
content. It is known that the comonomer incorporability of met-
allocene active site is superior to that of Ziegler—Natta active
site.

The melting temperature (7y,) of m-copolymer was found
to be 122.6°C, as shown in Fig. 3. On the other hand, h-
copolymer showed two melting peaks at 115.6 and 126.5°C
resulting from two kinds of active site, metallocene and
Ziegler—Natta. It is interesting to observe that the melting
peak of h-copolymer caused by metallocene active sites over
rac-Et(Ind),ZrCly/TiCl4/MAO/SMB has shifted to the lower
temperature (122.6 — 115.6 °C) in spite that h-copolymer has
lower 1-hexene content and higher molecular weight than m-
copolymer.

The chemical composition distribution of each comonomer,
an average sequence length (71), and triad sequences were ana-
lyzed with 13C NMR. As shown in Fig. 4, nine peaks (A1-A5
and B1-B4) detected by '3C NMR were distributed in the range
of 1040 ppm. A butyl branch (B1-B4) was observed in both
m-copolymer and h-copolymer as a result of successful copoly-
merization of ethylene with 1-hexene. The triad sequences of
m-copolymer and h-copolymer were analyzed on the basis of

Catalytic activities of supported catalysts and physical properties of prepared ethylene—hexene copolymer

Catalyst Cocatalyst ratio Catalytic activity M, MWD Tm (°C) 1-Hexene (mol%)
(g-copolymer/ (x1076)
g-metal atm h)
rac-Et(Ind),ZrCl,/MAO/SMB Al/Zr=3000 25500 0.1 2.6 122.6 5.6
rac-Et(Ind),ZrCl,/TiCl4/MAO/SMB Al/Zr=3000, Al/Ti=300 5300 0.25 30.6 115.6, 126.5 3.0
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Fig. 3. DSC profiles of (a) m-copolymer and (b) h-copolymer.
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Fig. 4. '3C NMR peaks of (a) m-copolymer and (b) h-copolymer.

Randall method as listed in Table 3. Neither [HHH] nor [HEH]
was observed in both m-copolymer and h-copolymer. There was
no great difference in [EHH] sequence between m-copolymer
and h-copolymer, indicating that h-copolymer contained similar
amount of blocky 1-hexene sequence compared to m-copolymer
although the amount of 1-hexene content in the m-copolymer
was larger than that in the h-copolymer. However [EHE] and
[HEE] sequences in the h-copolymer were much lower than
those in the m-copolymer. It was also observed that the aver-
age sequence length (72) of the h-copolymer was longer than that
of the m-copolymer, even though less amount of 1-hexene was
incorporated in the h-copolymer.

Table 3
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Fig. 5. Chemical composition distribution evaluated by stepwise annealing pro-
cedure: (a) m-copolymer and (b) h-copolymer.

3.3. Chemical composition distribution of the produced
copolymer evaluated by a stepwise crystallization

As mentioned previously, we have observed that the melting
peak of h-copolymer caused by metallocene active sites over
hybrid catalyst has shifted to the lower temperature. To investi-
gate this result, the chemical composition distribution (CCD) of
the produced copolymer was analyzed by a stepwise crystalliza-
tion. As shown in Fig. 5, seven peaks in m-copolymer and five
peaks in h-copolymer were observed by stepwise crystallization
with DSC analysis. Table 4 summarizes the lamella thickness
of fractionated copolymer and its distribution determined on
the basis of the Thomson—Gibbs equation [22]. Approximately
5 wt.% of lamellas in the m-copolymer was observed in the range
of 35-41 A thickness, but we could not observe them in the h-
copolymer. In other words, lamellas in low temperature range
(<95 °C) were not observed in the h-copolymer. Over 60 wt.%
of lamella in the m-copolymer was distributed in the range over
100 A. On the other hand, 21 wt.% of lamella over 100 A and
58% of lamella in the range of 70-87 A were observed in the
h-copolymer. These results indicate that the hybrid catalyst pro-
duced the narrower lamella size distribution than the metallocene
catalyst as aresult of hybridization. Based on these analyses, itis
believed that the melting peak caused by metallocene active sites
in the h-copolymer shifted to the low temperature compared to
the melting point of m-copolymer, although h-copolymer had
lower 1-hexene content and higher molecular weight than m-
copolymer.

Comonomer content, average sequence length, and triad sequence in ethylene—hexene copolymer

Catalyst Polymer Comonomer Average Triad sequence (mol%)

content (mol%) sequence length

[H] [E] fig  7in [EHE] [EHH] [HHH] [HEH] [HEE] [EEE]
rac-Et(Ind),ZrCl,/MAO/SMB m-Copolymer 5.6 944 205 12 3.60 1.99 0 0 9.20 85.20
rac-Et(Ind)>ZrClo/TiCl4/MAO/SMB ~ h-Copolymer 3.0 97.0 46.1 1.4 1.26 1.69 0 0 421 92.48

E: ethylene; H: 1-hexene.
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Table 4

Lamella thickness and its distribution in ethylene—hexene copolymer

Catalyst Polymer Peak number Tm (°C) Lamella thickness (A) wt.%

rac-Et(Ind), ZrCl,/MAO/SMB m-Copolymer 1 83 35.6 0.9
2 92 41.3 4.5
3 98 46.5 6.1
4 105 55.7 8.3
5 111 67.7 174
6 122 105.8 38.6
7 128 152.1 24.2

rac-Et(Ind), ZrCl,/TiCl4/MAO/SMB h-Copolymer 1 99 47.7 7.7
2 104 54.7 12.7
3 113 70.8 35.7
4 118 87.4 22.9
5 129 167.2 21.0

4. Conclusions

Metallocene and metallocene/Ziegler—Natta hybrid catalysts
supported on silica—magnesium bisupport (SMB) efficiently cat-
alyzed the ethylene copolymerization with 1-hexene. Copoly-
mer produced by the hybrid catalyst showed two melting points
and broad molecular weight distribution due to two kinds of
active sites. The differences in chemical composition and side
chain distributions of the produced copolymers were observed
as a result of hybridization. It was found that the copolymer
produced by hybrid catalyst showed the narrower lamella size
distribution than that produced by metallocene catalyst.
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