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ABSTRACT: Linear low-density polyethylene (LLDPE) is
produced in a reactor from single ethylene feed by combin-
ing Ti(OBu),/AlEt;, capable of forming a-olefins (predom-
inantly 1-butene), with SiO,-supported Et(Ind),ZrCl, (de-
noted MAO/SiO,/Et(Ind),ZrCl,), which is able to copoly-
merize ethylene and 1-butene in situ with little interference
in the dual-functional catalytic system. The two catalysts in
the dual-functional catalytic system match well because of
the employment of triethylaluminum (AlEt;) as the single
cocatalyst to both Ti(OBu), and MAO/SiO,/Et(Ind),ZrCl,,
exhibiting high polymerization activity and improved prop-
erties of the obtained polyethylene. There is a noticeable

increment in catalytic activity when the amount of Ti(OBu),
in the reactor increases and 1-butene can be incorporated by
about 6.51 mol % in the backbone of polyethylene chains at
the highest Ti(OBu), concentration in the feed. The molecu-
lar weights (M,,), melting points, and crystallinity of the
LLDPE descend as the amount of Ti(OBu), decreases, which
is attributed mainly to chain termination and high branching
degree, while the molecular weight distribution remains
within a narrow range as in the case of metallocene catalysts.
© 2004 Wiley Periodicals, Inc. ] Appl Polym Sci 94: 24512455, 2004
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INTRODUCTION

For the past 2 decades, metallocene catalysts' have
made a profound impact on polyolefin technology? for
their excellent properties of high catalytic activity and
stereoregularity. These types of compounds can incor-
porate a variety of comonomers with ethylene®™ to
produce linear low-density polyethylene (LLDPE)
with narrow molecular weight distribution (MWD)®”
and comonomer distributions without obvious loss of
processability.®

An alternative route employing a homogeneous
two- or three-component catalytic system to synthe-
size LLDPE with single feed ethylene through tandem
copolymerization (in situ copolymerization as men-
tioned herein) was first systematically investigated by
Bazan and co-workers.®~# Their work ignited enor-
mous interests both in academic and in technological
fields for the convenience and low cost in fabricating
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tailored branched polyethylene under mild condi-
tions. In addition, among previous studies, some dual-
functional catalyst system, such as Ti(OC;H,),-TiCl,/
MgCl,/PE-Al(C,Hs);, have been attempted to pro-
duce LLDPE.” These catalytic systems contain two
catalysts, of which one is a dimerization catalyst,
Ti(OC;3Hy),, and the other is a typical Ziegler-Natta
catalyst, TiCl,/MgCl,/PE. However, only polyethyl-
ene of low branching degree is prepared due to infe-
rior copolymerization of Ziegler—Natta catalysts.
Contrary to conventional Ziegler-Natta catalysis
where the comonomer is mainly incorporated into the
low molar mass fraction, comonomer insertion into
the polymer chain is solely statistical for polymers
obtained with metallocene catalysts. Thus the substi-
tution of metallocene catalyst for Ziegler-Natta cata-
lyst as a strategy to enhance the polymer properties is
currently interesting in a dual-functional catalytic sys-
tem because 1-alkenes produced with oligomerization
catalyst can be effectively incorporated to form
branched polyethylene in situ. Since metallocene cat-
alysts can only be activated by unique cocatalyst
methylaluminoxane (MAO), other activators like tri-
ethylaluminum (AlEt;) to ethylene oligomerizaton cat-
alyst would affect metallocene’s catalytic activity and
monomer insertion rates etc. A major limitation to this
approach comes from chemical interferences between
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TABLE I
Polymerization Results of the Dual-Functional Catalytic System?

Ti/Zr AlEt;/Ti Incorp M, X107 dss
Run mol/mol mol/mol mol% Activityb T, °C g/mol MWD g/ cm®
1 0 0 0 1.88 133.2 314 3.921 0.960
2 0.25 8 3.78 5.57 116.9 22,6 3.620 0.929
3 0.75 8 5.16 5.14 109.2 224 2.733 0.918
4 1.125 8 6.51 3.64 96.8 23.2 2.415 0.901
5 0.75 16 491 3.17 98.6 19.5 2.151 0.911
6 0.75 24 4.16 4.61 114.5 21.2 1.865 0.920
7 0.75 32 3.68 3.31 115.9 33.4 1.543 0.924

@ Conditions: 100 mL of toluene; ethylene pressure = 0.1 MPa; temperature = 50°C; preoligomerization time = 5min;

cogolymerizationtime = 30 min, Zr = 4 umol
10° g (mol Zr - h) ™!

the two catalysts and different responses to reaction
conditions.'

This paper provides a way of reducing to the utmost
extent the interference in a dual-functional catalytic
system by anchoring a metallocene compound onto
MAO-activated silica where the bound MAO acts as
cocatalyst to the metallocene catalyst,'" thus greatly
lessening the adverse effect of AlEt; on the metallo-
cene compound. This process, in particular, can pro-
duce polyethylene of spherical morphology while
AlEt; plays a double role of activator to ethylene oli-
gomerization catalyst Ti(OBu), and scavenging agent
in the reaction system.

EXPERIMENTAL
Materials

All operations were carried out in a nitrogen atmo-
sphere. Commercial toluene was purified by refluxing
over metallic sodium using benzophenone as an indi-
cator. Polymerization grade ethylene was dried and
deoxygenated by molecular sieves and a reduced Pt/
Al,O; catalyst. Commercial Ti(OBu), was purified by
molecular sieves. MAQO; AlEt; and Et(Ind),ZrCl, cata-
lyst were purchased from Aldrich Co. and used as
received. Grace 955 No. SiO, was purchased from
Davison Co.

Immobilization of Et(Ind),ZrCl, on SiO,

Silica (3 g) was heated for 12 h at 400°C under N, and
then at 150°C in vacuo for 6 h. The product was
suspended in a solution of MAO (1.4 mol/L in tolu-
ene) and reacted at 60°C for 3 h. It was filtered in a
Schlenk apparatus and washed several times with tol-
uene until no more Al was found in the washing. This
MAO/SiO, was added to 60 mL of toluene containing
0.2859 g of Et(Ind),ZrCl,, stirred overnight, washed
with toluene, and filtered until no more Zr was found
in the washing prior to drying in vacuo. This SiO,-
supported catalyst contains 0.56 wt % Zr.

Ethylene polymerization

To a 250-mL thermostated flask were added 100 mL of
toluene and the desired amount of AlEt;. The mixture
was stirred for a while before a predetermined
amount of Ti(OBu), was transferred at the desired
reaction temperature and ethylene pressure. The re-
quired amount of MAO/SIO,/Et(Ind),ZrCl, was
added 5 min later and the copolymerization was ter-
minated after 30 min by the addition of ethanolic
hydrochloric acid (10 vol % ethanolic solution). The
polyethylene was kept in excess of 10 vol % ethanolic
solution overnight and washed with ethanol and wa-
ter in a Biichner tunnel, separated, and dried until
constant weight at 70°C in vacuo.

Characterization

The M,, and MWD of polyethylene were determined
by GPC at 140°C using o-dichlorobenzene-d* as sol-
vent. ">*C-NMR analyses were performed at 80°C on a
Varian XL-300 spectrometer using o-dichloroben-
zene-d* as solvent. Calorimetric measurements were
carried out on a Perkin-Elmer DSC-7 calorimeter at a
heating rate of 10°C/min. The heat of fusion of a

10° g moizr'h’

—m— polymerization activity
------ @ ethylene consumption
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Ti/lZr(mol/mol)

Catalytic activity & ethylene consumption

Figure 1  Effect of Ti /Zr ratio on activity.
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Figure 2 '>C-NMR spectrum of branched polyethylene.

perfect crystal used for the determination of the crys-
tallinity was taken as 290 J/g.

RESULTS AND DISCUSSION

MAO containing different amounts of alkylaluminum
has been known to have great influences on the reac-
tivity, molecular weight, and even structure of poly-
ethylene.'? This characteristic provides the possibility
of combining MAO with a suitable amount of AlEt; to
form cocatalysts in the dual-functional catalytic sys-
tem. Et(Ind),ZrCl, is herein contacted with MAO fixed
on SiO, during the immobilization process to form a
copolymerization catalyst, thus preventing AlEt; from
reacting with metallocene. Thus, there is little interfer-
ence between the two catalysts in the dual-functional
catalytic system because Et(Ind),ZrCl,, on reaction
with MAO fixed on the surface of SiO, in advance
during the immobilization process, forms the active
species complex.'?

Listed in Table I are results of ethylene copolymer-
ization using this catalytic system. The lowest density
of the resultant polyethylene reached 0.901 g/cm?,
much lower than that of its homopolymerization
counterpart of 0.960 g/cm>. The data also show that
the catalytic activities and properties of polyethylene
varied under different reaction conditions as detailed
thereafter.

Figure 1 shows the effect of Ti/Zr ratio on ethyl-
ene consumption rate and polymerization behavior
in the dual-functional catalytic system. Figure 1
shows that the two catalysts are well matched.
When the Ti/Zr ratio varies from 0 to 1.0, 1-butene
produced in the oligomerization is almost com-
pletely incorporated into LLDPE. The catalytic ac-
tivity of this dual-functional catalytic system is en-
hanced as the Ti(OBu), concentration increases in
the reaction medium until reaching maximum
values. It can be increased by about threefold
for ethylene polymerization compared with the re-

TABLE 1I
Sequence Distribution of Polyethylene Obtained
Run BBB BBE BEB EBE BEE EEE B% E% ng ng
2 0 0 0.015 0.082 0.119 0.784 3.83 96.4 0.44 11.7
4 0 0 0.014 0.115 0.208 0.541 6.51 93.5 0.56 8.12
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Figure 3  Relationship between M,, and Ti/Zr ratio.

sults from using MAO/SiO,/Et(Ind),ZrCl,, in
agreement with results reported for the copolymer-
ization of small-size a-olefinsg>'* (usually 1-butene,
1-hexene, or 1-octene) with ethylene by metallocene
catalysts.

The "*C-NMR spectrum of polyethylene prepared
with the dual-functional catalysis system is shown in
Fig. 2. The spectrum indicates that polyethylenes ob-
tained from runs 2 to 7 are short branched.

Calculated results of the sequence distribution of
obtained polymers are summarized in Table II by
method of Linderman and Adams." Data in Table II
show that the incorporation rate of 1-butene in the
polymers increases with increasing Ti(OBu), amount
in the dual-functional reaction medium, reaching a
value of 6.51 mol % incorporation for the highest
Ti(OBu), concentration used. All of the 1-butene units
in the copolymers were isolated between ethylene
units and no blocks of 1-butene were found. Similar
results were obtained for other a-olefins copolymer-
ized over metallocene catalysts.'®

The effect of Ti/Zr ratio on polymer molecular
weight is shown in Fig. 3. With the increase of the
Ti/Zr ratio in the dual-functional catalytic system, M,,
descends from greater than 300,000 to about 180,000.
This is attributed to the fact that more oligomerization
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Figure 4 GPC curve of polyethylene.
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Figure 5 Relationship between melting point and Ti/Zr
ratio.

catalyst leads to the production of more 1-butene,
hence stabilizing the single active center and offering
more opportunities for B-H elimination or monomer
transfer reaction to occur.'”

Figure 4 shows the GPC curve of polyethylene of
run 7. Table I shows that polymers (runs 2 to 4) have
relatively narrow MWD values and tend to become
narrower (from 3.921 to 2.415) with increasing amount
of Ti(OBu),, in agreement with that of conventional
copolymerization with metallocene catalysts.®

Figure 5 shows that the melting points of polymers
decrease with increasing Ti/Zr ratio. It is easy to get
the polymers with lower melting points from run 1 of
133.2°C to run 4 of 96.8°C by this dual functional
catalytic system. It provides a way to adjust properties
of the polymer by designing reaction conditions. The
melting points and density of polyethylene decrease
with increasing amount of Ti(OBu), but exhibit no
obvious correlation with the increment of AlEt;,,
mainly due to the fact that more frequent branching
gives rise to more disordered polymer morphology.

The crystallinity, as expected, decreases remarkably
with increasing Ti/Zr ratio in the dual-functional cat-
alytic system as shown in Fig. 6, declining from 70 to
18% with increasing Ti/Zr value from 0 to 1.125.

CONCLUSION

LLDPE with the properties described above was pre-
pared in situ using ethylene alone as the feed. Adverse
effects of alkylaluminum on metallocene catalyst are
reduced to the greatest extent through the immobili-
zation of Et(Ind),ZrCl, on MAO-treated SiO, where
the fixed MAO acts as cocatalyst of Et(Ind),ZrCl,. The
a-olefins formed during ethylene oligomerization cat-
alyzed by Ti(OBu),/AlEt; can be copolymerized effec-
tively with ethylene to form LLDPE of better morphol-
ogy under MAO/SiO,/Et(Ind),ZrCl, without adding
comonomers from the outside. The properties of LL-
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DPE can be adjusted conveniently through regulation
of the reaction conditions, in particular the ratio of the
two metals. Methods for the solution of the problem of
interference accompanying the two metal sites during
ethylene copolymerization foretell potential commer-
cial uses of this kind of dual-functional catalytic sys-
tem, although there is still a long way to go due to
engineering problems.
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