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ABSTRACT: Activity of a titanium catalyst supported on a bimetallic magnesium—alu-
minium system, involving a Lewis base [MgCl,(THF ),/Al(C,Hj5),Cl], was studied in
ethylene polymerization, and the effect of the catalyst composition on the properties of
the final polymer produced was investigated. Analysis and discussion of the findings
covering also some part of the kinetic study, resulted in defining the roles for MgCl, and
a Lewis base in the third-generation Ziegler-Natta catalysts. MgCl, forms a bimetallic
complex with an organoaluminium compound, which involves also a Lewis base. Its
reaction with TiCl, yields a very active catalyst wherein the Mg : Ti molar ratio is close
to 1. This means that MgCl; is involved in creating catalytic active sites. The structure
of these catalytic sites were suggested. Hence, the role for MgCl, can be twofold: it is
a component of a catalytic active site, and it is a support if Mg : Ti > 5. It was found
in the study that the catalytic function of MgCl, can be maintained while its supporting
function can be omitted. Thus, MgCl; can be substituted for Al,O; and the catalytic
system obtained will have the same activity. © 1998 John Wiley & Sons, Inc. J Appl Polym

Sci 69: 1005—-1011, 1998
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INTRODUCTION

Organometallic complexes produced from a tita-
nium compound supported on MgCl, and an or-
ganoaluminium compound, modified with Lewis
bases, were found to be the most active third-gen-
eration Ziegler-Natta catalysts for olefin polymer-
ization.

Despite a respectively wide use of this type cat-
alysts in the industry, the present opinions that
can be found in available literature on the role for
MgCl,; and a Lewis base differ significantly from
one another, and neither of them has been con-
firmed experimentally. This situation results
from the difficulties faced by scientists when in-
vestigating such a heterogeneous system with cat-
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alytic active sites located on its surface. Hence,
our study was intended to evaluate the role for
the MgCl, support and of a Lewis base in the for-
mation of catalytic active sites.

We found in our earlier work'~® that introduc-
ing a Lewis base in the form bound with a magne-
sium support [ MgCl,(THF ), ] into a catalytic sys-
tem yields a very stable and active titanium cata-
lyst, applicable in ethylene polymerization. The
optimum composition of this catalyst (A)? differs
significantly from an average composition of a
third-generation titanium catalyst(s) employed
commercially (B).*

A B
Catalyst MgCl,(THF),/TiCl,  MgCl,/TiCl,/LB
Mg/Ti 5-12 6—50
LB/Ti 10—24 0.3—1.6
LB/Mg 2 0.04—-0.22

LB—Lewis base
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Figurel Productivity of PE as a function of polymer-

ization time. Ti concentration—4,5-10 % mol/dm?;
concentration of cocatalyst [Al(C,H;),Cl]—3:102
mol/dm®; 1—Ti catalyst on a monometallic support
[MgCl,(THF ),/ TiCl,]; and 2—Ti catalyst on a bimetal-
lic support [ MgCl,(THF ),/Al(C.H5),Cl/TiCl].

High excess of LB over Ti in the catalyst A has
no deactivating impact on this catalytic system,;
on the contrary, it offers stable efficiency in ethyl-
ene polymerization over a few hours. Ti catalysts
(A and B) needed very high excess of a cocatalyst
(organoaluminium compound) to be used. This
encouraged us to set forth a hypothesis on a bime-
tallic complex MgCl,(THF),/Al(C,H;5),Cl being
formed that acts as a support.? And this means
that immobilized TiCl, on such a support is iso-
lated from contacting directly magnesium chlo-
ride. Consequently, there is no possibility for a
titanium compound to be incorporated into the
MgCl, structure.

It should be emphasized that the possibility of
forming bimetallic Mg—Al complexes in a Lewis
base medium was reported by Karol® and Sobota®
in 1988-89.

The study presented here was intended primar-
ily to confirm the above hypothesis. For this pur-
pose, the bimetallic complex MgCl,(THF ),/
Al(C;Hj;).Cl was synthesized and then it was em-
ployed as a support for an ethylene polymeriza-
tion catalytic system.

RESULTS AND DISCUSSION

Bimetallic Complex with a Lewis Base, Employed
as a Support for a Titanium Catalyst

A reaction between solid MgCl,(THF ), and dieth-
ylchloroaluminium was carried out in the hexane
medium, with equimolar amounts of both re-

actants. The reaction product—bimetallic com-
plex MgCl,(THF),/Al1(C,H;5),Cl—was employed
as a support for a titanium catalyst. This catalyst
was complexed with large excess of cocatalyst
[AI(CyH5),Cl]. Catalytic activity of this obtained
system in the polymerization of ethylene was
evaluated as well as its influence on the properties
of PE produced: molecular weight and grain size
distribution.

The results shown in Figure 1, curve 2, confirm
that the studied catalytic system is very active
and stable. Thus, the catalytic system utilising a
bimetallic support is similar to a system with a
complex monometallic support (Fig. 1, curve 1),
but its activity is higher of them.

Figure 2 presents that polymerization degree
of PE obtained for both catalytic systems are not
different from each other and they go up as poly-
merization time increases.

On the other hand, grain size distribution (Fig.
3) for PE produced on both catalytic systems stud-
ied is similar with one exception: the catalyst on
a monometallic support produces high volumes
(about 25%) of big granules that adversely affect
the product bulk density. These findings suggest
that active sites for the catalyst studied, em-
ploying a bimetallic support, are of the same type.

Activity of the catalyst tested were verified in
a pilot plant (Table I).

For the needs of comparison, this table also pro-
vides the results obtained for the catalytic system
on a monometallic support. These findings con-
firm that the catalyst on a bimetallic support is
more active than the corresponding system on a
monometallic support. Moreover, the study re-

200

160

DP

« 120

10

80 +

b o 0 ibo 200
Polymerization time, min

Figure 2 DP—Polymerization degree of PE as a
function of polymerization time. ¢ —catalyst on a mo-
nometallic support, +—catalyst on a bimetallic sup-
port; Ti concentration—4,5 - 10 ° mol/dm?; and concen-
tration of cocatalyst [Al(CyH;),C11—3- 102 mol/dm?.
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Figure 3 Particle size distribution of PE obtained on
the catalyst deposited on different supports. 1—mono-
metallic, 2—bimetallic; polymerization time—60 min;
Ti concentration—4,5+10° mol/dm?; and concentra-
tion of cocatalyst [Al(CyH;),Cl11—3 - 1072 mol/dm?.

vealed a clear impact from the catalyst concentra-
tion on its activity.

Ethylene Polymerization Rate vs. Catalyst
Concentration

Availability of a pilot plant equipment made it
possible to study the impact from the catalyst con-
centration on ethylene polymerization rate over a
wide span of concentration (1 X 10 ®to 5 x 10°°
mol Ti/dm?). The results obtained were presented
in Table II.

Based on these experimental results, it was
found that the polymerization rate was not a lin-
ear function of the catalyst concentration.

Only a dual-logarithmic function becomes lin-
ear, as shown in Figure 4 and eq. (1):

InR,=3.07+0491Inn, r=0.989

r—regression coefficient (1)
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Table II The Influence of the Concentration of
the Catalyst (n;) on Its Activity (A) and the
Polymerization Rate of Ethylene (R,)

ng A Rp
No. (molTi/dm?®) (kgPE/gTi-h) (molEt/dm?-min)
1 0.10-10°° 870 0.0248
2 0.24-10°° 609 0.0417
3 0.52-10°° 321 0.0476
4 0.50-107° 452 0.0644
5 4.50-107° 124 0.1584
6 4.50-107° 132 0.1694

Parameters: pressure of ethylene—1 MPa, concentration
of ethylene: Et = 0.942 mol/dm®.

Hence, polymerization rate takes the form of:
R, = 21.5 X (n;,)%? (2)

or:
R, = 21.5 X ¢;%% X (n*)%® (3)

where: n, is the catalyst concentration, mol Ti/
dm?, n* is the concentration of active sites, mol/
dm?, and e, is the share of active sites in the
catalyst, n*/n,,.

As the ethylene polymerization rate was found
to be constant for a bimetallic-supported catalyst
(Fig. 1, curve 2), the share of active sites in the
catalyst remains unchanged (e, = const). Concen-
tration of active sites also is unchanged:

n* = const = ng

where ni is the initial concentration of active
sites.

Hence, the polymerization reaction rate of eth-
ylene is directly proportional to (n¢)%°. Thus, the
reaction order was found to be “0.5” for the concen-
tration of catalytic active sites, and the kinetic

Table I Parameters and Results of Polymerization of Ethylene Catalyzed by Ti-Al-Supported

Systems in the Pilot Plant

Conditions and Results

of Polymerization Monometallic Support Bimetallic Support
Concentration of Ti- 10° (mol/dm?) 5.0 1.0-1.5 0.5 0.1
Molar ratio of Al/Ti (mol/mol) 120 360 550 1500
Pressure of ethylene (MPa) 0.7-1.0 1.0 1.1-1.2 1.0
Polymerization temperature (°C) 50-62 58-62 55-58 50-55
Activity (kgPE/(gTi-h)) 105 358 520 1120
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Figure 4 The influence of the concentration of the
catalyst on the polymerization rate.

equation for ethylene polymerization involving a
stable and active catalyst on a bimetallic support
is as follows:

R, =k, X (n§)°® X Et (4)

Utilizing experimental data for the functions
of PE = f(¢) (Fig. 1, curve 2) and DP = f(¢) (Fig.
2) and employing the polymerization kinetic
model as suggested by Bshm,” from the function
of PE/DP = f(PE) the share of active sites was
calculated: e, = ng/n;, = 0.47. And then, compari-
son of ethylene polymerization rate as per eqgs. (3)
and (4) made it possible to determine the chain
propagation rate constant: £, = 0.55 dm®/(mol X s).

To verify the experimentally found polymeriza-
tion reaction order of “0.5” for the concentration
of active sites, kinetic findings from the laboratory
and pilot plant runs were analyzed with the use
of a different kinetic model. This model, suggested
by Czaja,® assumes that the rate of creating mac-
romolecules is equal to the rate of the transfer
reaction, i.e., to the active site regeneration rate.
Our analysis utilized the experimentally defined
reaction order of “0.5” for the concentration of ac-
tive sites:

dc,/dt = k. X (n§)*® X Et (5)

where ¢, is the concentration of macromolecules
= PE/DP, mol/dm?3.

The kinetic analysis of the experimental find-
ings was based on egs. (4) and (5), and the results
were provided in Table III.

The values of £, and %, determined for the sys-
tem studied, with a bimetallic support, in a labo-

ratory and in a pilot plant are close to each other
and also to corresponding rate constants for a cat-
alyst on a monometallic support. This confirms
that the kinetic eqs. (4) and (5) were derived
properly. Both these catalyst apparently differ
only in their shares of active sites: the catalyst on
a bimetallic support is superior. Its values of ¢,,
as found from the models developed by Bohm and
Czaja, are similar (0.47; 0.49). This suggests that
the mechanisms of ethylene polymerization reac-
tions over monometallic and bimetallic complexes
are similar. In both cases the bimetallic complex
MgCl,(THF),/Al1(Cy,H;5);Cl is no doubt an im-
portant component of the catalytic system. In the
case of a monometallic support MgCl,(THF), a
bimetallic complex is formed only after complex-
ing the titanium catalyst [MgCl,(THF ),/ TiCl,]
with much excess of an organoaluminium com-
pound. This causes that the share of active sites
for this system is a bit lower (0.35) compared to a
catalyst wherein a previously obtained bimetallic
complex is employed as a catalyst support.

Polyethylene Properties vs. Composition
of Catalyst Studied

Two titanium catalyst on a bimetallic support
MgCl,(THF'),/Al(C.H;),Cl/TiCl, with different
Mg : Ti molar ratios were synthesized. After their
complexing with a cocatalyst [ A1(C;H;),Cl], their
catalytic activity in the ethylene polymerization
process was observed. The results were provided
in Table IV.

They suggest that the activity is similar for the
both systems. It should be stressed that the com-
position of one of the catalysts investigated (Mg :
Ti = 2 : 1) is clearly different from the data avail-
able elsewhere for this type of catalysts; literature
reports that the Mg : Ti molar ratio must be
higher than 5 : 1.%° This suggests that magnesium
chloride could participate in creating active sites,
what in turn, means that MgCl, does not have to
be solely a catalytic support. It was found, how-
ever, that in such a case PE obtained offers in-
creased bulk density what results from unfavour-
able morphology of PE produced (Fig. 5).

For Mg : Ti = 10, PE granules were in fact fine
balls, while the ratio of Mg : Ti = 2 yielded PE
in the form of hard flakes. Other properties of
polyethylene were similar in both catalytic condi-
tions (Table IV). As can be seen, polyethylene had
very high molecular weight and good mechanical
properties.

The results (Table IV, Fig. 5) show that the
use of a support is needed to obtain the required
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Table III Kinetic Parameters of Polymerization of Ethylene

Catalytic System

MgCly(THF),/TiCl, MgCly(THF)y/Al(C.Hj5),Cl/
+ Al(C.Hj;),C1 TiCl, + Al(C.Hj;),Cl

Laboratory Laboratory Pilot

Kinetic Parameters Scale Scale Plant
ng+ 10° (mol Ti/dm?) 4.5 0.5
pr: (MPa) 0.5 1.2
A [molEt/(mol Ti-min)] 1379 1868 13,230
k, (dm®/(mol - s)) 0.57 0.64 0.61
k.- 108 [cm®/(mol - s)] 2.95 3.29 3.28
n*/n;, (mol/mol) 0.35 0.49 0.51

morphology of polyethylene produced (ball-
shaped granules). We assumed that the support
employed does not necessarily have to be MgCl,,
but it can be substituted by some other neutral
support(s), for example, alumina. So, a new mag-
nesium—aluminium—titanium catalyst was syn-
thesized with the use of equimolar amounts of
components: MgCl,(THF ), : AI(CyHj5),Cl : TiCly
=1:1:1. This product was supported on alumina
of diameter 0.18—0.25 mm previously calcinated
at 1100°C. Such obtained supported Ti catalyst
after the reaction with cocatalyst gave the cata-
Iytic system, which was very active in ethylene
polymerization: it was comparable with the sys-
tem supported on MgCl,(THF ), and what is most
important, it yielded PE in the required granular
form. Patent application was filed to protect the
method of producing this new Ti—Mg—Al catalytic
system on an oxide-type support.’ This new oxide-
supported Ti—Mg catalytic system minimizes the
use of magnesium chloride. Thus, PE produced
over this catalyst is not contaminated with any
residual MgCl, from the catalyst support and can
contain neutral Al;Os; that is environmentally
friendly.

CONCLUSIONS

This study contributed to the knowledge on the
role for the magnesium dichloride and a Lewis
base in third-generation Ziegler-Natta catalysts.

Utilization of a bimetallic magnesium—alumin-
ium complex with a Lewis base [MgCl,(THF ),/
Al(C3Hj;),Cl] as a support for the titanium cata-
lyst gave a stable and high-activity titanium-—alu-
minium catalytic system for ethylene polymeriza-
tion. Activity of this catalyst is superior to that
offered by the catalyst on a monometallic support
[MgCl;(THF ), 1. This confirms our earlier sugges-
tion? that isolation of titanium atoms from direct
contact with the magnesium dichloride surface is
a desirable situation. And this means that the
supported titanium compound is not built into the
crystal structure of MgCl,, as has been believed
so far.

What should be stressed is that there is consid-
erable excess of a Lewis base over magnesium and
titanium in the catalyst studied, which is unusual
for available literature reports.* Thus, a Lewis
base plays an important role in creating bimetal-

Table IV The Influence of the Composition of the Titanium Catalyst on Bimetallic Support on Its

Activity and Properties of Obtained PE

Mg : Ti PE d, d Crystallinity T,,  Tensile Strength Elongation
(mol/mol) (kg/(gTi-h)) (g/dm?) m, [g/cm®] (%) °C) (MPa) (%)
10 70.0 93 4,459,200  0.962 67.0 138.8 36.1 295
2 66.2 149 3,156,600 0.951 55.7 141.0 36.5 325

d,—Dbulk density of obtained PE.
d—density of PE.
T,,—melting point.



1010 BOSOWSKA AND NOWAKOWSKA

lic complexes. This base is introduced to the sys-
tem in the form of a complex with magnesium
dichloride. Its probable structure is as follows:

THF  THF  THF  THF  THF  THF

Mg Mg Mg Mg Mg Mg
Sa” | Sa” ] Sa” | Sa” | Sa” | Sa

THF THF THF THF THF THF

A similar structure was reported in 1992'%in
the study of magnesium dichloride complexes
with other Lewis bases. Hence, THF molecules
contained in the complex split MgCl, agglomer-
ates into small crystallites and prevent their
reagglomeration. So, the suspension of the
MgCl,-(THF ), complex in hexane is composed
of finely broken up particles that do not un-
dergo settling down, which we have found ex-
perimentally. Thus, the role for THF is reduced
to filling up all the coordination empty spaces
in the magnesium dichloride structure, and
also to form bimetallic magnesium—aluminium
complexes that interact with a titanium com-
pound to create ethylene polymerization active
sites. This means that magnesium dichloride is
involved in creating an active site.

The findings in the study on the influence from
the catalyst composition on the yield and proper-
ties of the obtained polyethylene confirmed this
suggestion. This means that magnesium dichlo-
ride does not have to be just a support. And this
allowed for a structure of a magnesium—alumin-
ium—titanium active site to be suggested:

Cl

c
THF /O
P
\Al/
THF A
a_| _a_ _a
/Mg\ /Mg\
g a’ | Ta
. 4 THF
PN
1
O~/ \~THF
¢l a

A labile donor (THF') can change its location.
We think that this ligand is situated at the tita-
nium atom and increases its electron density. In
our earlier studies of ethylene polymerization on
catalysts with alkoxy donor ligands we found that
increase of electron density of Ti leads to the in-
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Figure 5 Particle size distribution of PE obtained on
the catalyst deposited on bimetallic support. Polymer-
ization time—60 min; Ti concentration—4,5 - 10 "> mol/
dm?®; concentration of cocatalyst [Al(CyH;),Cl]—
3:10 2 mol/dm?; and 1—Mg/Ti = 10, 2—Mg/Ti = 2.

crease of molecular weight of PE.'>'® The same
phenomenon takes place in present work in which
PE of very high molecular weight was obtained
(Table IV).

We have found, however, in our study that PE
obtained over a catalytic system that in practice
has no support (Mg : Ti = 2 : 1) features unfavor-
able morphology. Instead of expected ball-shape
granules, we produced the material in the form of
hard and flat flakes. Thus, a supported catalyst
is needed when PE with a required morphology
is to be produced. Resulting from our investiga-
tion we learned that in this case magnesium chlo-
ride can be replaced with neutral alumina® that
is environmentally friendly.

Moreover, in the course of this study we found
that the polymerization reaction rate is a function
of the catalyst concentration that was not re-
ported in references on Ziegler-Natta catalysts,
even on third-generation ones. Only Fischer,'! in
1993, mentioned having observed the concentra-
tion impact in the case of very active metallocene
catalysts on the rate of olefin polymerization reac-
tions. Resulting from our experiments, this func-
tion was defined over a wide range of catalyst
concentrations (1 X 107°-5 X 10 ° mol Ti/dm?).
This function, as well as kinetic findings from eth-
ylene polymerization involving the catalytic sys-
tem studied, made it possible to derive a new ki-
netic equation. We have experimentally defined
reaction order of “0.5” for the concentration of ac-
tive sites.



EXPERIMENTAL

Chemicals

Ethylene (Petrochemia SA Plock, Poland) and
pure argon (Polgaz, Poland ) were used after pass-
ing through a column of metallic natrium sup-
ported on Al,O3. Titanium tetrachloride (Merck)
and (CyH;5),AlC] (Schering) were used without
further purification. MgCl,(THF ), was prepared
by the Institute of Chemistry, University of Wro-
ctaw (Poland).

Catalyst Preparation

The bimetallic support was prepared by milling
solid MgCl,(THF), with (C;Hj5),AlIC] in a glass
mill (capacity: 250 cm?®, with 20 balls of 1-cm di-
ameter) in hexan solution at the room tempera-
ture for 1 h using equimolar ratio of substrates.
The titanium catalyst was prepared by milling the
obtained suspension of bimetallic support with
TiCl, at the room temperature for 24 h.

Polymerization of Ethylene in a Laboratory Scale

The polymerization reaction was carried out at
50°C in 1 dm?® reactor equipped with stirrer, in
hexane, at a constant pressure of the ethylene.
Assumed amounts of hexane (0.2 dm?), Ti cata-
lyst supported on the bimetallic (Mg—Al) complex
and a great excess of the cocatalyst—(CyHj),-AlCl
—were introduced into the reactor in an argon
stream. All components were mixed for 15 min.
Then 0.5 dm?® of hexane was added and polymer-
ization was started by ethylene introduction. The
polymerization was stopped by methanol intro-
duction. The polymer was filtered off, washed
with methanol, and dried.

Polymerization of Ethylene in a Pilot Plant Scale

The main elements of the pilot plant were: (1) a
catalytic complex preparation reactor of 20 dm?®
volume, (2) a polymerization reactor of 80 dm?
volume and working pressure up to 1.2 MPa, (3)
a pump feeding the catalytic complex suspension
to the polymerization reactor, and (4) a vessel
for collecting samples during the polymerization
process, equipped with all necessary measuring
instruments.

The pilot plant was connected to a industrial
polyprophylene plant in Ptock.
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Measurements

The average molecular weight (M,) of the pro-
duced polymers was determined by viscosity
method in decalin at 135°C. Polymerization de-
gree DP was calculated as a ratio of molecular
weight of polyethylene and the monomer as DP
= M,/28.

Polymer melting points were measured with
Unipan 605 calorimeter, at a heating rate of 5 K/
min on samples that had been previously melted
and recrystallized.

Granulometric distribution of polyethylene was
determined on a Fritsch Vibratory Sieve Shaker
“analysette 3.” The samples of PE were shaken
for 20 min on a set composed of 10 sieves of mesh
width varying from 0.09 to 2.00 mm. Mass frac-
tion of PE on each sieve was determined. The
mean values of the partical size of the PE fraction
was calculated according to the equation ay/s
= (a1a2)%°, where a; is the mesh width for a
higher sieve and a, is the mesh width for a lower
sieve.
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