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Advances in supported metallocene catalysis

Summary — A kinetic, active centre, and morphological analysis has been 
carried out on the polymerization of ethylene and propylene in hydrocar­
bon, aromatic and chloroaromatic media using selected homogeneous and 
silica supported metallocene catalysts activated by methylaluminoxane 
(MAO). A number of procedures for supporting selected model zirconocene 
compounds (biscyclopentadienylzirconium dichloride and ethylenebisinde- 
nylzirconium dichloride) on different types of silica have been investigated. 
It is established that the overall activities and kinetic behaviour of these 
supported catalysts are strongly affected by the procedure used for the ca­
talyst preparation. In general supported metallocene catalysts were shown 
to have lower activities and also lower numbers of propagating active cen­
ters than did the corresponding soluble catalyst systems. MAO pretreated 
silica catalysts were shown by SEM studies to produce polymer with good 
morphology and the results obtained indicated that silica fragmentation 
producing microreactor behaviour could be obtained in these polymerizing 
catalyst systems.
Key words: metallocene catalyst, methylaluminoxane, S i0 2 as support, 
catalyst preparation, cocatalyst activity, polymerization of ethylene and pro­
pylene.

Tire discovery of an effective cocatalyst, methylalumi­
noxane (MAO) by Kaminsky, Sinn and coworkers [1], 
which when used with metallocene compounds such as 
biscyclopentadienylzirconium dichloride can produce 
soluble catalyst systems of very high activities for the 
polymerization of ethylene, propylene and other a-ole- 
fins, has created enormous interest amongst both indu­
strial and academic research workers. Additionally, the 
discovery of soluble chiral C2-symmetry metallocenes 
by Ewen [2] and by Kaminsky, Brintzinger and cowor­
kers [3] together with the development of new types of 
MAO-free cocatalyst systems [4—6] have added further 
to the considerable interest in these polymerization sys­
tems. Nevertheless in recent years, mainly because of 
industrial considerations, there has been an increasing 
focus on the development of supported metallocene ca­
talyst systems as a means of exploiting their real com­
mercial potential. Supported metallocene catalysts offer 
a number of potential and realizable advantages. Whilst 
polymerizations carried out in toluene or hydrocarbon 
media using soluble systems yield polymers of poor 
morphology, appropriately supported metallocene cata­
lysts can be used to produce polymers of more regular

morphology [7—10]. Furthermore the use of supported 
catalysts allows the use of lower MAO/metallocene ra­
tios [11], the production of polymer of increased mole­
cular weight [11], and can also achieve enchanced ste­
reochemical and regiochemical control in a-olefin poly­
merization [12].

A large number of publications describing the prepa­
ration of supported metallocene catalysts have appe­
ared in the scientific and patent literature and it is po­
ssible to identify at least four types of supported metal­
locene catalysts systems.

TYPES OF CATALYSTS

Support/metallocene type catalysts

Such catalysts are formed by the direct reaction of a 
metallocene with a support such as dried silica. In this 
method the dry support, calcinated to a specific tempe­
rature, is reacted with a metallocene dissolved in a 
solvent such as toluene, then filtered and washed. This 
method has been used by a number of workers indu-
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ding Kaminsky and Renner [11], Chien and He [13] and 
Soga et al. [14]. A variant of this method is the use of a 
spacer unit linking the metallocene to a group on the 
support surface [15—17].

Support/metallocene/MAO type catalysts

These catalysts are formed by first reacting a sup­
port with a metallocene followed by treatment with 
MAO. Kaminsky and Renner [11] prepared a 
S i0 2/En(Ind)2ZrCl2/MA0 catalyst using this method 
and reported that such catalysts can be used to polyme­
rize propylene without the addition of further MAO. 
Such catalysts are sometimes described as being sin­
gle-phase catalysts.

Support/MAO/metallocene type catalysts

To prepare these catalysts the support is first pretre­
ated with a small amount of MAO. After filtration and 
washing with toluene the MAO modified support is 
then further treated with a solution of a metallocene
[11, 14].

Support/MAO/metallocene/MAO type catalysts

Such catalysts were first reported by Janiak and Rie­
ger [18] and their preparation involves the deposition 
of a sandwich type layer, MAO/metallocene/MAO, on 
a silica support. When used to polymerize ethylene, 
these supported catalysts show high activity even at 
low Al : Zr ratios.

EXPERIMENTAL

Materials

EP10, a granular type of silica, was kindly provided 
by Crosfields, Warrington, UK and had a surface area 
of 269 m2 • g 1, a pore diameter of 269 A, a pore volume 
of 1.8 cm3 • g'1 and a median particle size of 100 pm.

MS3040, a spherical type of silica, was kindly provi­
ded by the PQ Corporation, Conshohocken, USA, and 
had a surface area of 460 m2 • g'\ a pore diameter of 
130 A, a pore volume of 3.0 cm3 • g"1 and a median par­
ticle size of 45 pm.

MS3030, a spherical type of silica, was kindly provi­
ded by the PQ Corporation, Conshohocken, USA, and 
had a surface area of 315 m2 • g'1, a pore diameter of 
194 A, a pore volume of 3.1 cm3 • g 1 and a median par­
ticle size of 82 pm.

Dehydration

Approximately 10 g of silica was placed in a glass 
ampule and dehydrated under vacuum at the selected 
temperature. The silica was then allowed to cool to 
room temperature under continuous evacuation after

which the ampule was filled with dry nitrogen and 
transferred to a dry box.

Preparation of supported catalysts

Some details of catalyst preparation procedures have 
been published elsewhere [8, 19]. Further details will 
appear in forthcoming publications. Analytical data for 
the catalysts which were studied are listed in Table 1.

T a b l e  1. Analytical data of supported catalysis

Ethylene polymerization catalysts

Code Catalyst type Type 
of silica

% Zr 
(w/w)

% Al 
(w/w)

MM-1 Si02/Cp2ZrCl, EP10 2.50 —

S2-2 SiO,/Cp2ZrCl2 MS-3040 2.20 —

S2-3 Si02/Cp,ZrCl, MS-3040 1.30 —

MS-1 SiO,/MAO/Cp2ZrCl, MS-3040 1.70 13.3
MS-2 SiO,/MAO/Cp2ZrCl, MS-3040 0.30 13.4
MS-3 Si02/MA0/Cp2ZiCl2/MA0 MS-3040 1.70 14.3
MS-6 SiO,/MAO/Cp2ZrCl2 MS-3040 0.35 14.1
MS-12'1 Si02/MAO/(MAO + 

Cp2ZrCl2l MS-3040 0.24 7.4
MS-30 SiO,/MAO/Cp2ZrCl2 MS-3040 2.20 4.4
EP26C SiO,/MAO/Et(Ind)2ZrCl2 EP10 0.18 8.8
EP46A SiO,/Et(Ind)2ZrCl, EP10 1.53 —

EP46B SiO,/Et(Ind)2ZrCl2/MAO EP10 0.96 7.7
EP46C SiO,/MAO/Et(Ind),ZrCl, EP10 0.44 7.4
EP46D Si02/MA0/Et(Ind)2ZrCl,/MA0 EP10 0.40 9.0
MS26C SiO,/MAO/Et(Ind)2ZrCl2 MS-3040 0.40 4.0
MS46C SiO,/MAO/Et(Ind)2ZrCl2 MS-3040 0.39 8.3

* Vacuum pore method.

Polymerization procedure

Polymerizations were carried out either at 1 atm 
pressure using a specially constructed 0.50 dm3 doub­
le-walled glass reactor or at 6 atm in a 1 dm3 Biichi reac­
tor. In both cases the monomer uptake per unit of time 
and the instantaneous polymerization rate was recor­
ded as a function of the polymerization time by use of 
an electronic measuring and recording system develo­
ped at UMIST. Details of the polymerization procedure 
have been described elsewhere [7, 8].

Determination of active centre concentrations

Active centre concentration determinations were car­
ried out using a tritiated alcohol technique. Details con­
cerning the use of this procedure have been described 
in previous publications [20, 21].

RESULTS

This paper reports part of a comparative investiga­
tion into the essential characteristic of some model so­
luble and supported metallocene catalyst systems when
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used along with MAO as cocatalyst for the polymeriza­
tion of ethylene and propylene. More detailed results 
for some earlier polymerizations have been published 
elsewhere [7, 8, 19, 22—24].

Effects of preparation procedures on catalyst 
activities

Effects of temperature of dehydration

The temperature of dehydration, affecting the con­
centration of surface hydroxyl and siloxane groups, has 
a significant effect on the activities of silica supported 
metallocene catalysts used for this study.

Thus for the polymerization of ethylene using 
S i0 2/Cp2ZrCl2—MAO catalysts (S2-2 and S2-3) prepa­
red using MS 3040 silica, dehydrated at 260°C and 
460°C respectively, the use of a lower dehydration tem­
perature, i.e., 260°C, favours the formation of a more ac­
tive catalyst, as is shown in Fig. 1.

The same behaviour is observed for the polymeriza-

Fig. 2. Effect o f dehydration temperature o f silica on the 
rate-time profiles for the polymerization o f ethylene using 
supported catalysts S2-2 (o) and S2-3 (•) (obtained from 
MS 3040); dehydration temperature for S2-2 = 260°C, 
dehydration temperature for  S2-3 = 460°C; volume of 
toluene = 250 cm3, ethylene pressure = 1 atm, temperature 
= 60FC, polymerization time = 1 h; [Zr] = 2.258 ■ 10'5 mol ■ 
din3; [Al]/[Zr] = 1735

tion of propylene when using the catalyst system 
S i0 2/MA0/Et(Ind)2ZrCl2—MAO, as is evident from an 
inspection of Table 2.

In this case the higher activities arise because a hi­
gher value of Rpmax is reached more quickly for dehy­
dration at 260°C, i.e., not only is the length of the set­
tling period reduced but a higher Rpma value is attained, 
as can be seen from an examination of Fig. 2.
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Fig. 2. Effect o f dehydration temperature o f silica on the 
rate-time profiles for the polymerization o f propylene using 
supported S i0 2/MA0/Et(Ind)2ZrCl2—MAO catalysts sys­
tems; volume o f toluene = 300 cm3, propylene pressure = 
6 atm, temperature = 6CPC, polymerization time = 2 h; 
Ш ]схкгш,1 = 0.030 mol ■ din3; [Al]/[Zr] = 4000; • — EP26C 
(silica EP10 calcined at 260FC); о  — EP46C (silica EP10 
calcined at 460°C)

These results suggest that a certain optimum concen­
tration of hydroxyl groups, controlled by the dehydra­
tion temperature, is needed to anchor the necessary 
layer of adsorbed MAO on the surface of the silica.

Effects of order of reaction of catalyst components during catalyst 
preparation procedures

It is now well established that the order of reaction of 
silica, metallocene and MAO affects the kinetic beha­
viour and activity of supported metallocene catalysts.

The results of a series of propylene polym erizations

T a b l e  2. Effect of dehydration temperature of the silica on the activities of supported S i02/MA0/El(Ind)2ZrCl2—MAO catalyst systems 
for the polymerization of propylene

Supported
catalyst Type of silica

Dehydration 
temperature of 

the silica, "C mol • dm*' Al/Zr Yield, g Rp„v' IO'3 kg PP 
(mol Zr • h)’1

RP....л- • 10° kg PP
(mol Zr • h)'1

EP26C EP10 260 0.030 4000 37 8.40 10
EP46C EP10 460 0.030 4000 25 5.70 8.0
MS26C MS3040 260 0.030 4000 35 8.60 12
MS46C MS3040 460 0.030 4000 1.3 0.03 1.8

Catalyst EP26C: A1 content = 8.8% w/w, Zr content = 0.18% w/w; catalyst EP46C: A1 content = 7.4% w/w, Zr content = 0.44% w/vv; catalyst 
MS26C: A1 content = 4.0% w/w, Zr content = 0.40% w/w; catalyst MS46C: A1 content = 8.3% w/w, Zr content = 0.39% w/w. Polymerization con­
ditions: volume of toluene = 300 cm'; polymerization pressure = 6 bar; polym. time = 2 hour; polym. temperature = 60°C.
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T a b l e  3. Comparative activities of supported S i02/Et(Ind)2ZrCl2, Si02/Et(Ind)2ZrCI2/MA0, S i02/MA0/Et(Ind)2ZrCl2 and 
SiOj/MAO/EtOndljZrCIj/MAO—MAO catalyst systems for the polymerization of propylene

Supported
catalyst Catalyst type [ êxternal

mol • dm’3 Al/Zr Yield,g Rpm- 10'3kg pp 
(mol Zr ■ h)'1

Rp„x-10J kg PP 
(mol Zr • h)-1

EP46A Si02/Et(Ind)2ZrCI, 0.030 110 1.2 0.017 0.21
EP46B Si02/Et(Ind)2ZrCl2/M A 0 0.030 120 1.0 0.016 0.20
EP46C Si02/MA0/Et(Ind)2ZrCl2 0.009 230 9.2 0.390 1.20

0.030 4000 25.0 5.700 8.00
EP46D Si02/MA0/Et(Ind)2ZrCl2 /  MAO 0.040 4000 1.1 0.390 3.90

Catalyst EP46A: Zr content = 1.53% w/w; catalyst EP46B: A1 content = 7.7% w/w, Zr content = 0.96% w/w; catalyst EP46C: A1 content = 7.4% 
w/w, Zr content = 0.44% w/w; catalyst EP46D: A1 content = 9.0% w/w, Zr content = 0.40% w/w. Polymerization conditions: toluene; polymeriza­
tion pressure = 6 bar; polymerization temperature = 60°C.

using S i0 2/Et(Ind)2ZrCl2, S i0 2/Et(Ind)2ZrCl2/MA0, 
S i0 2/MA0/Et(Ind)2Z ra2 and Si02/MA0/Et(Ind)2Z ia 2/ 
/МАО supported catalysts containing similar zirconium 
contents are shown in Table 3.

It is apparent that catalysts of the type
S i0 2/MAO/Et(Ind)2ZrCl2 have higher activities when 
used under these conditions. A comparison of the 
appropriate rate-time profiles provides an explanation 
for these results. Figure 3 shows rate-time profiles the 
catalyst systems S i0 2/Et(Ind)2ZrCl2—MAO and
S i0 2 / Et(Ind)2ZrCl2 /М AO—MAO.

"sandwich-type" supported catalysts, initially reported 
by Janiak and Rieger [18]. However, research on our 
group indicated that catalytic activity is affected by 
both the aluminium and zirconocene contents in the 
supported catalysts. Therefore, it is more reasonable 
to compare the activities of catalysts only when they 
contain similar amounts of both aluminium and zirco­
nium. Catalysts S i0 2/MA0/Cp2ZrCl2 (MS-1) and 
S i0 2/MA0/Cp2ZrCl2/MA0 (MS-3) were prepared 
specifically for this purpose and used for ethylene poly­
merization. The results obtained are shown in Fig. 4. It

Time, min

Fig. 3. Rate-time profiles for the polymerization o f propylene 
using the catalyst systems S i0 2/Et(Ind)2ZrCl2 
(EP46A)—MAO (•) and S i0 2/Et(Ind)2ZrCl2 (EP46B)— 
MAO (o); volume o f toluene = 250 cm3, propylene pressure 
= 6 atm, temperature = 6(fC, polymerization time = 1 h; 
EP46A: [Zr] = 2.7 • W 4 mol ■ dm 3, [Al]/[Zr] = 110; 
EP46B: [Zr] = 2.5 ■ W 4 mol ■ dm 3, [Al]/[Zr] = 120

Time, min

Fig. 4. Comparative rate-time profiles for the polymerization 
of ethylene using the silica supported catalysts MS-1 (o) 
and MS-3 (•); volume o f toluene = 250 cm3, ethylene 
pressure = 1 atm, temperature = 70°C, polymerization time 
= 1 h; [Zr] = 1.93 ■ Ш 5 mol ■ dm 3; [Al]/[Zr] = 2757

Tire instantaneous rates of polymerization decrease 
rapidly during the first 10— 15 min of polymerization 
and these catalysts quickly become deactivated.

On the other hand, catalyst systems of the type 
S i0 2/MAO/Et(Ind)2ZrCl2—MAO show much more 
stable rate-time profiles and consequently show much 
higher activities. Typical rate-time plots for catalysts of 
this type have been shown in Fig. 2.

Further studies were carried out on the so-called

is evident from an inspection of Fig. 4 that the catalyst 
system S i0 2/MA0/Cp2ZrCl2—MAO has a higher ac­
tivity than the S i0 2/MA0/Cp2ZrCl2/M A0—MAO sys­
tem when used under similar polymerization condi­
tions.

Effects of precontacting supported catalysts with MAO

The effects of precontacting a supported metallocene 
catalyst with MAO at room temperature before intro­
duction into the polymerization reactor were studied.
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The precontacting was carried out by mixing the 
supported catalyst and MAO in a flask for the desired 
period of time in a nitrogen atmosphere. The mixture 
was stirred during this procedure. Results for two types 
of supported catalysts, i.e., S i0 2/MA0/Cp2ZrCl2 
(MS-6) and S i0 2/MA0/Cp2ZrCl2/MA0 (MS-3) are 
shown in Figs. 5—8.

ting time, the greater the decrease in catalyst activity, as 
can be seen from Fig. 6.

Comparative rate-time profiles for ethylene polyme­
rizations with and without the procedure of precontac­
ting using the MS-6 and MS-3 catalysts are presented 
in Figs. 7 and 8, respectively. These rate-time profiles 
show clearly in kinetic terms why the MS-6 catalyst is

Precontacting time, min

Fig. 5. Effect o f different times of precontacting the MS-6  
catalyst with MAO on the average rate o f polymerization of 
ethylene; volume o f toluene = 250 cm3, ethylene pressure = 
1 atm, temperature = 7(FC, polymerization time = 1 h; [Zr] 
= 1.93 ■ IO5 mol ■ dm 3; [Al]/[Zr] = 2757

1--------- --------- ------------------- --------- ---------
0 10 20 30 40 50 60

Time, min

Fig. 7. Rate-time profiles for the polymerization o f ethylene 
using the MS-6  catalyst system for different precontacting 
times with MAO; volume o f toluene = 250 cm3, ethylene 
pressure = 1 atm, temperature = 70°C, polymerization time 
= 1 h; [Zr] = 1.93 ■ W 5 mol ■ dm 3, [Al]/[Zr] = 2757; pre- 
contacting time: • — 0, л — 30 min, ▼ — 2 h, x — 3.5 h

Fig. 6 . Effect o f different times of precontacting the MS-3 
catalyst with MAO on the average rate o f polymerization of 
ethylene; volume o f toluene = 250 cm3, ethylene pressure = 
1 atm, temperature = 70°C, polymerization time = 1 h; [Zr] 
= 2.99 ■ W 5 mol • din3; [Al]/[Zr] = 1780

For the MS-6 catalyst the procedure of precontacting 
resulted in an increase in the catalyst activity in the 
range of precontacting time investigated, as shown in 
Fig. 5. It is also clear from Fig. 5 that there is an opti­
mum precontacting time for obtaining the highest cata­
lyst activity. Tire optimum precontacting times for diffe­
rent catalysts were different. However, for the MS-3 ca­
talyst, the procedure of precontacting caused a decrease 
in catalyst activity compared to the case without the 
precontacting procedure, and the longer the precontac-
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Fig. 8 . Rate-time profiles for the polymerization o f ethylene 
using the MS-3 catalyst system for different precontacting 
times with MAO; volume o f toluene = 250 cm3, ethylene 
pressure = 1 atm, temperature = 70°C, polymerization time 
= 1 h; [Zr] = 2.99 ■ W 5 mol ■ din3, [Al]/[Zr] = 1780; pre­
contacting time: ■ — 0, о — 20 min, — 1 h, x — 3.5 h

more active than the MS-3 catalyst. As shown in Fig. 7, 
the procedure of precontacting resulted in a high poly­
merization rate plateau in the rate-time profiles for the 
polymerizations using the MS-6 catalyst. However, 
when using the MS-3 catalyst, the rates of polymeriza­
tion decreased more sharply with time as the contact 
time increased.
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Activity and rate-time behaviour

The kinetic behaviour of many silica supported cata­
lyst systems in terms of rate-time profiles can be very 
complex and may be similar to or different from their 
homogeneous analogues depending on their method of 
preparation and the conditions of polymerization.

For ethylene polymerization the rate-time profiles ob­
tained using homogeneous (e.g., Cp2ZrCl2—MAO) and 
supported (e.g., S i0 2/Cp2ZrCl2—MAO) catalyst systems 
show many similarities. Typical rate-time plots are 
shown in Fig. 9.
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system (EP46A) the rate-time behaviour was quite 
different (c/., Fig. 3), but here the monomer, the me­
tallocene and the zirconium loading were all different.

For propylene polymerization using the catalyst sys­
tem S i0 2/MA0/Et(Ind)2ZrCl2—MAO the rate-time 
profiles were generally of a characteristic shape (c/., 
Fig. 2) showing an initial settling period during which 
the rate decreased with polymerization time before in­
creasing to reach a stable value which was then main­
tained for up to 2 h polymerization time. The signifi­
cance of these plots will be discussed later.

Effects of variation of MAO concentration on 
ethylene polymerization

The effects of variation of MAO concentration were 
investigated for a number of supported metallocene ca­
talyst systems.

It is evident that both the average rate and the maxi­
mum rate of polymerization increase initially with an 
increase in the concentration of external MAO (reported 
as the molar ratio [Al]/[Zr]). However, the average rate 
tends towards a limiting value when high ratios of 
[Al]/[Zr] are used. Results and reasons for this be­
haviour have been detailed in an earlier paper [22].

Effects of polymerization medium

Fig. 9. Comparative rate-time profiles for the polymerization 
o f ethylene using the homogeneous (...) and supported 
catalysts (*•); volume o f toluene = 250 cm3, ethylene 
pressure = 1 atm, temperature = 70°C, polymerization time 
= 1 h; homogeneous catalyst system (Cp2ZrCl2—MAO): 
[Zr] = 1.00 ■ 10'6 mol ■ dm'3; [Al]/[Zr] = 35 000; supported 
catalyst system (MM1—MAO): [Zr] = 1.0 ■ 10'5 mol ■ dm'3; 
[Al]/[Zr] = 3500

It is evident from Fig. 9 that the instantaneous rates 
of polymerization for both types of catalyst systems 
reach maximum values within 3—5 min of the start of 
the polymerization, then decrease sharply and finally 
show values which decrease much more gently. How­
ever, all catalyst systems do not behave in exactly the 
same manner as is evident from an inspection of Fig. 8.

Tire similarity between the shapes of the rate-time 
profiles for ethylene polymerization as found for the 
homogeneous catalyst system Cp2ZrCl2—MAO and the 
supported MM-1 catalyst system (of the type 
S i0 2/Cp2ZrCl2—MAO) is striking and would seem to 
indicate some similarity in the environment of the ac­
tive centers in both systems leading to similar rate-time 
behaviours. The high zirconium loading in the MM-1 
catalyst system (Zr = 2.5%) may play some part in this 
situation since all the zirconium atoms may not be as 
firmly bound to the silica surface as might have been 
expected.

However, in the polymerization of propylene using a 
somewhat similar S i0 2/metallocene—MAO catalyst

The effect of polymerization medium on the activity 
and kinetics of ethylene polymerization was studied 
using a number of catalysts. Typical results for the cata­
lyst system S i0 2/MA0/Cp2ZrCl2—MAO are reported 
in this paper for polymerizations in toluene, EC180 
(pentamethylheptane) and mixtures of toluene and 
EC180. Typical plots of Rp vs. % toluene in the diluent 
are shown in Fig. 10.

Figure 11 shows plots of Rp vs. time for ethylene poly­
merization in toluene and in toluene/o-dichlorobenze-

Fig. 10. Effect o f the polymerization medium on the ave­
rage and maximum rates o f ethylene polymerization using 
the MS2—MAO catalysts system; volume o f toluene = 
250 cm3, ethylene pressure = 2 atm, temperature = 70°C, 
polymerization time = 1 h; [Zr] = 1.10 ■ 10'5 mol ■ dm'3; 
[AU/[Zr} = 4842; • -  R p „ , о -  Rp...
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Fig. 11. Effect o f the polymerization medium on the 
rate-time profiles for the polymerization of the ethylene 
using the catalysts system Cp2ZrCl2—MAO; volume o f to­
luene = 250 cm3, ethylene pressure = 1 atm, temperature = 
70°C, polymerization time = 1 h; [Zr] = 1.00 ■ 10'6 mol ■ 
dm 3; [Al]/[Zr] = 35 000; • — toluene : o-dichlorobenzene = 
4:1 (v/v); ▼ — pure toluene

T a b l e  4. Active centre concentration values for the catalyst sys­
tem: S i02/Cp2ZrCl2 (MM1) for ethylene polymerization

Non precontacted catalyst Precontacted catalyst

C„ = 0.091 mol (mol Zr)"1 C„' = 0.68 mol (mol Zr)"1

Polymerization conditions: 70°C, 0.25 dm3 toluene. Kinetic isotope fac­
tor: 2.6. A1: Zr molar ratio 2700:1. Precontact time: 100 min at 22°C

nique. Typical results are listed in Table 4 for both 
non-precontacted and precontacted catalysts.

Supported catalysts in general show lower values of 
active centre concentrations (C0), especially under con­
ditions where the catalyst is not precontacted with 
MAO. Precontacting a supported catalyst with MAO 
produces an increase in C0', although the value obtain­
ed is still lower than that for the homogeneous catalyst 
system. The lower activities shown by silica supported 
catalyst systems result from lower numbers of propaga­
ting centres.

ne (4:1 v/v) using the homogeneous catalyst system 
Cp2ZrCl2—MAO.

It is evident that the nature of the polymerization me­
dium can have a significant effect on the activity of the 
metallocene catalyst system, the more polar the me­
dium the higher the polymerization activity. A possible 
reason for this behaviour has been suggested in an ear­
lier paper [19].

For supported catalyst systems the effect is not limi­
ted only to activity since the nature of the polymeriza­
tion medium also affects the stability of the catalyst sys­
tem, the more active systems (in more polar solvents) 
being less stable, as is shown in Fig. 12.

Fig. 12. Rate-time profiles for polymerization in different 
media for ethylene polymerizations using the MS2—MAO 
catalyst system; media used: • — 100% toluene, о ■— 60% 
toluene, a — 40% toluene, x — 100% EC 180

Active centre determination

Active centre determinations were carried out on the 
supported catalyst system S i0 2/Cp2ZrCl2—MAO for 
ethylene polymerization using a tritiated alcohol tech­

Leaching

Research in our group has shown that a significant 
amount of leaching can take place in the presence of 
MAO when a supported metallocene catalyst is used in 
slurry polymerizations [8,19]. The liquid fraction of the 
slurry obtained from the supported catalyst system, 
S i0 2/Cp2ZrCl2—MAO could catalyze ethylene polyme­
rization [19]. In the present study the leaching of zirco­
nium from the silica supported catalysts, 
S i0 2/MA0/Cp2ZrCl2 (prepared using the slurry me­
thod), and S i0 2/M A0(M A0 + Cp2ZrCl2) (prepared 
using the vacuum pore fill method) was investigated 
and the results are shown in Table 5.

From the results shown in Table 5 it is clear that si­
gnificant leaching of zirconium takes place in the pre­
sence of MAO. Furthermore the yield of polymer obta­
ined using the liquid fraction of the catalyst slurry in­
creased significantly with increase in the concentration 
of MAO (reported as the molar ratio of [Al]/[Zr]).

T a b l e  5. Leaching results for ethylene polymerization

No. of 
group Ca talyst Ratio of 

[Al]/[Zr]

Precon­
tacting 
time, h

Yield, g
VYus

%V уI L+S

1 MS-30 2000 0.5 0.82 5.27 15.6
MS-12 2000 0.5 0.66 5.44 12.1

2 MS-30 1000 0.5 0.31 2.83 11.0
MS-30 2000 0.5 0.82 5.27 15.6
MS-30 3000 0.5 2.37 11.80 20.0

3 MS-30 2000 0.5 0.82 5.27 15.6
MS-30 2000 1.0 0.79 4.95 16.0
MS-30 2000 1.5 0.88 4.71 18.7

The yield obtained using the liquid fraction of the catalyst slurry.
* The yield obtained using the catalyst slurry.

Polymerization conditions for those using the catalyst slurry: [Zr] = 1.2 
• 10 mol ■ dm temperature = 70°C; pressure = 1 atm; time = 1 h.
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M o rp h o lo g y

Scanning electron microscopy was used to study the 
morphology both of supported catalysts and of the cor­
responding polymer particles which were produced.

Although the morphologies of the polymers produ­
ced in ethylene polymerization using supported metal­
locene catalysts were improved significantly compared 
to that produced using a homogeneous metallocene 
system, when polymers of a fibrous nature were for­
med [7], replication of catalyst morphology per se was 
not apparent in the final polymer when using these 
supported catalysts under the conditions employed for 
this investigation.

DISCUSSION

The kinetic and rate-time behaviour of supported me­
tallocene catalysts is complex since it arises from a series 
of concurrent and consecutive reactions including:

— diffusion of MAO to potential centres;
— alkylation and ion pair formation;
— initial diffusion and complexation of monomer 

with active centres;
— chain initiation and propagation;
— formation and precipitation of solid polymer;
— deactivation of active centres;
— continued diffusion of monomer to active centres;
— morphology of growing polymer support partic­

les.
Additional complications which affect the behaviour 

of supported metallocene catalysts include: uncertainty 
concerning the nature of the bonding of the metallocene 
molecules to the support surface; uncertainty concer­
ning the degree of support fragmentation and catalyst

particle replication — and arising from this uncertainty 
uncertainty concerning the degree of encapsulation of 
the catalyst/support particles, especially in ethylene 
polymerization.

The interaction of MAO with a silica surface can be 
regarded as a two stage reaction. Firstly, adsorption of 
MAO onto the hydroxyl groups and siloxane rings can 
take place. Since the MAO used for the present study 
contains 25—30% trimethylaluminium these reactions 
can be written as:

$ *  ?
.Si — OH + MAO(TMA) — ► Si — O...TMA(MAO) (1)

53 О + MAO(TMA)  ► 'S O...TMA(MAO) (2)
S i '  S i '

Secondly, reaction between the adsorbed TMA 
(MAO) and the hydroxyl and siloxane rings can occur:

^ V ^ f
vSi — O...TM A(M AO) .Si — O -A l(M A O ) (3)

 ̂ ^ 1N N Me
M e 
I

4Si4 .Si — О—A1(M AO)
^  4 O...TMA(MAO)  ^  (4)
.S ^  4Si — Me

The occurrence of leaching by MAO has been clearly 
demonstrated in the present study and has been repor­
ted previously [8 , 19]. Tire significance of these results 
is that they seem to indicate that more than one type of

* *

+ МАО(ТМД) Zr® MAO (TMA)
Internal equilibrium

Zr®
0

Al(MAO)
/

MAO(TMA)

External equilibrium

©
Zr MAO (TMA)

(solution)

Zr® 
©

Al(MAO)
Me

Pore restricted supported 
Metallocene catalyst system

Fig. 13. Schematic representation of leaching when using S i 0 2/MAO/mctallocene— M A O  catalyst systems
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zirconium species may be present on the silica surface, 
and that in any case much of the zirconium is only 
loosely attached. Thus when a metallocene is reacted 
with MAO-treated silica adsorption followed by further 
chemical reaction can take place as detailed above. Ho­
wever, a concurrent reaction may be precipitation of the 
metallocene or a metallocene product in some more in­
soluble form within the pore structure of the silica, re­
sulting in the formation of more than one type of spe­
cies.

Formation of a Zr+— C zirconium cation is then be­
lieved to take place and the resulting charged zirco­
nium species may then be regarded as "free" to float 
within the confines of the negatively charged surface 
within the pore structure producing a "pore restricted 
ion pair metallocene catalyst", as is shown in Fig. 13.

The distinctive kinetic features of silica supported 
metallocene ethylene polymerizations as reported in 
this paper are believed to arise from initial encapsula­
tion and/or aggregation of sticky polymer coated cata­
lyst particles in the early stages of the polymerization 
reaction. High initial rates of polymerization followed 
by much lower rates can result in polymer encapsula­
tion of catalyst particles before catalyst/support frag­
mentation can take place to any extent. The "true" 
rate of polymerization is not then observed. The con­
current reactions of catalyst deactivation must also be 
considered.

In propylene polymerization by Si02 /M A 0/ 
Et(Ind)2ZrCl2—MAO catalyst systems due to the lower 
reactivity of propylene, more controlled support frag­
mentation can take place during the initial stages of 
polymerization and catalyst support replication can re­
sult provided mild conditions of polymerization are 
used [ 8  and c./., 1 0 ], depending on the conditions of 
polymerization. The kinetic behaviour in terms of 
rate-time profiles can be understood as arising from a 
sequence of reactions as is shown in Fig. 14. Provided 
suitable polymerization conditions are established
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Fig. 14. Explanation of rate-time behaviour o f propylene 
polymerization when using SiO fM AO /m etallocene— M A O  
catalyst systems

expanding microreactor behaviour can be obtained 
leading to catalyst particle replication.
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