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Polymer-Supported Metallocene Catalysts for Gas-Phase Ethylene Polymerization 
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Abstract-The use of hydroxylated chloromethylated-styrene/divinylbenzene copolymer as a support for three differ- 
ent catalysts, Cp2ZIC12, [Ind]2ZiC12 mid (CH3)2Si[Ind]2ZIC12 has been examined for the polymerization of ethylene ix 
gas phase. The gas phase polymerization experiments were performed in a horizontal reactor by using Box-Behnken 
experimental design [Box and Wilson, 1951] to study the effects of temperature, ethylene partial pressure, and MAO 
cocatalyst level on polymerization. The measured average catalyst activities were empirically correlated with these 
three factors. Tenlperature appears to be the most impo~ant factol, wlfich shows a first and second order effect on acffvity 
and also interacts with pressure and MAO. The kinetic study shows that these supported catalysts might contain two 
types of active sites, and the deactivation of sites follows a first order kinetic. 
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INTRODUCTION 

Polyethylene (PE) is a commodity plastic material and its pro- 
duction is well over 50 million tons per yea- world wide. In the past, 
production processes usually involved free radical polymerization 
for low density PE, and in using Phillips chromium catalyst for PE 
of broad molecular weight distribution and Ziegler-Natta catalysts 
for linear low density PE. The discovery of metallocene catalysts 
in the early 1980's opened a new era for PE production. There are 
a number of advantages to using metallocene catalysts. The cata- 
lysts are highly active and preduce polymer with narrow molecular 
weight distribution. By manipulating the metallocene conlpound 
structure one can preduce polymer with tailor-made structure for 
specific applications. 

Metallccene catalysts are bo~sically homogeneous in nature. Many 
industrial applications require the catalyst to be supported on a car- 
tier. The most commonly used support is SiO2 or A1203, as reported 
by Soga and Kaminaka [Soga and Kaminaka, 1992, 1994]. How- 
ever, there are other possibilities, such as the use of polymer as a 
support. 

The control of polymer particle morphology is an imwrm~ aspect 
of PE production for practical purposes. The use of polymer as sup- 
port can facilitate the control of particle morphology wifflout involv- 
ing a prepolymerization step. It also reduces inorganic residues in 
the final products. Furthennore, mafipulatmg the functional groups 
in polymer support opens the possibility of influencing the molec- 
ular structure of the polymer In this study, we have explored the 
possibility of using hydroxylated styrene/divinylbeizzene copolymer 
as a support for three different metallccene catalysts, Cp2ZI~12, [Ind]2 
ZrC12 and (CH3)2Si[Ind]2ZrC12 in the polymerization of ethylene in 
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gas phase, and studied the effects of temperature, monomer partial 
pressure, and MAO level on polymeiizatioix The polymerization 
kinetics was also studied by analyfing the polymerization rate data 
using single-site and two-site models with fn-st and second order 
catalyst decay. 

EXPERIMENTAL 

A detailed description of the procedures for the prel~ration of 
polymer support and polymer-supported catalysts, and for the poly- 
merization experiments is provided in [Chung and Hsu, 2002] and 
[Tairova et al., 1999]. Briefly, the 2% cross-lffrked chloromeffl- 
ylated styrene/divinylbenzene was first treated with KOH solution 
at 85 ~ to replace chlorine with hydroxyl group. The IR analysis 
of the treated compound showed a complete disappearance of the 
absorption peak of chloromethylated benzene at 1,264 cm 1, indi- 
cating a complete replacement of  chlorine with hydroxyl group. 

In preparing the supported catalyst, we first treated the polymer 
support with MAO in the presence of toluene and a small amount 
of heptmle at 50 ~ for 20 in: The MAO treated support was re- 
covered by filtration, washing and drying. The solids were then re- 
acted with catalysts at 40 ~ for 6-10hr in toluene. The average zir- 
conium content m catalyst was found to be 0.17% by weight. 

The polymerization experiments were performed in a horizontal 
stmed-bed reactor (10.2 cm dia • 10.2 cm length), made of staitfless 
steel. Purified table salt served as the fluidized bed The reactor was 
operated in a semi-batch mcde. By maintaining the reactor at a con- 
stant pressure, the polymerization rate was measured as the flow 
rate of monomer entering the reactor. The polymerization rates were 
recorded as a furlction of time on an on-line personal computer. For 
each experiment 120 points were collected in a peliod of 120 min- 
utes. Box-Betmken experimental design was used to cary out the 
experimental progl~m for the study of the effects of temperature, 
ethylene partial pressure, and MAO level on polymelization. A total 
of 15 experiments were carried out for each catalyst, of which Rtr3s 
13, 14, and 15 were expelim~xlts of duplicated izms for the analysis 
of experilnental errors. The expelimental conditions for these 15 



598 J. S. Chung et al. 

experiments are given in Table 2, where the l,  0, a n d - I  imply three- 
level design for tile polymerization. The measured average catalyst 
activities in terms of  polym~ization rate in kg-PE/g-Zr/hr/alm were 
correlated with these three factors by using a linear second order 
equation. 

In the idnetic study, four models--single-site first-order catalyst 
decay, two-site fH-st-order ca '_talyst decay, single-site second-order 
catalyst decay, and two-site second-order catalyst decay-were used 
to fit the polymerization data. 

Table 2. Polymerization conditions for the three catalysts 

Temperature MAO Pressure 
(X1, ~ (X2, rrmlol) (X3, a_lm) 

1 0 -1  1 0 - 1  1 0 - 1  

Cp2ZrC12 80 70 60 15 10 5 6 4 2 

[Ind]~ZrCl~ 80 70 60 15 10 5 6 4 2 

M%Si[Ind]2ZrC12 80 70 60 10 5 2.5 6 4 2 

RESULTS A N D  DISCUSSION 

The genel-al characteristics of  the polymerization rate profile are 
shown in Fig. 1, where the Experimental Run No. 1 is used as an 
example for these tilree catalysts. The experilnental conditions for 
these runs are given in Tables 1 and 2. The profiles of other runs, 
more or less, give roughly the same shape of  curves. They all show 
a ttigh itfitial polymerization rate, but decay quickly to a stable level. 
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Fig. 1. Typical ex~perimental rate profiles for the gas-phase poly- 
merization of ethylene: Polymerization conditions for run 
1:temperature=60 ~ MAO=5 mmol (2.5 mmol for Me2Si 
[Ind]2ZrCl2 catalyst system), ethylene pressure=4 atm. 

Table 1. Box-Behnken experimental design for three factors 

Run number X 1 X2 X3 

1 - 1  - 1  0 
2 1 1 0 

3 - 1  1 0 

4 1 1 0 
5 1 0 1 

6 1 0 - 1  

7 - 1  0 1 
8 1 0 1 

9 0 - 1  - 1  

10 0 1 1 
11 0 1 1 

12 0 1 1 

13 0 0 0 

14 0 0 0 

15 0 0 0 

In genel-al, the catalyst (CH3)2Si[Ind]2ZrC1Z shows a lower in i t ia l  

rate, but it decays to about the same final level. In some cases they 
exhibit a short induction period where the rate increases quickly to 
a maximum before it decays. The maximum usually occurs at about 
10 to 20 minutes of  polymerization. 

A linear second order equation was used to correlate the aver- 

age catalyst activity A in terms of kg-PE/g-Zr/amffhr with temper- 
ature T m ~ pressure p in arm, and M A O  level M in lrmlol. The 
terms, which are not statistically significant, have been dropped 
Their results are given below: 

Cp=ZrCI=: 
A = -  1.1064(• 25.4295(• 

0.3893(•177 0.0236)TxM 
+0.0151 (• 0.3199(• 2 (1) 

[Ind]=ZrCl=: 
A=0.4947(• 0.0050(• ~ 

0.4267(• 0.0117(• 0.0078)M 2 

+0.0290(• (2) 

(CH~)=Si[Indl=ZrCl=: 
A = -  2.7220(--2.2050)M +0.0646(-- 0.0404)TxP 

+0.1161(--0.0366)TxM 0.8100(• ~ 

- 0.3330(• ~ (3) 

The above correlations indicate that in the ranges of polymeriza- 
tion conditions studied, temperature appears to be the most impor- 
tant factor influencing the average polymerization rate. With the 
exception of  (CH3)2Signd]2ZrC12, the temperature shows a first and 
a second order effect and its interactions with pressure and MAO. 
It does not mean that polymelization mechaaism of this catalyst is 
different from other two catalysts. In (CH3)2Si[Ind]2ZrC12 system 
the first and second order effects of tempembJre are insignificant, 
but the temperature strongly interacts with pressure and MAO. In 
~ld]2ZrC12 catalyst systeln, even tilough tile fn-st and second order 
effects of temperature appear in the correlation, its effect is rela- 
tively weak compared to the other two catalysts, a phenomenon that 
cmmot be explained easily. 

The effect of  partial pressure of  ethylene on polymerization is 
iather complicatec[ For the catalysts tested, the pressure seems to 
have a negative effect on rate, i.e., the lower the pressure the higher 
the rate, which raises the question of whether or not the reaction is 
a simple first order with respect to ethylene partial pressure (Note 
that the polymerization rate is in temls of g-PE/g-Zr /~n of  mono- 
mer pressure/hr). However, the pressure effect is normally weak. 
M A O  level in ge~lel-al does not affect the polymerization nmch in 
the mine  of study. In Cp2ZrC12 system it shows a maximum in the 
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average rate at 10 nm~ol ofMAO. For the other two, a decrease in 
MAO decreases the average rate slightly. 

GPC study of the pol;aner samples revealed tt~at the polydisper- 
sities were all greater thm~ two, indicatkg tt~e possibility of the cat- 
alysts containing more than one type of active sites. A few papers 
have reported that mm~obilization of raetallocene catalysts could 
result in diversifying the cha-acteristics of active sites [Tairova et 

al., 1999; Km~ et al., 1999]. A kinetic study was then undertaken 
to examine this possibility. Kinetic models of one and two types of 
active sites with fit-st and second order catalyst decay were exam- 
ined. The assumption of two types of sites originated fi-oln earlier 
studies on the heterogeneous Ziegler-Natta catalyst system [Dumas 
m~d Hsu, 1989; Tait m~d W'mg, 1988]. The rate equation for cat- 
alyst containing two types of  active sites can be written as, 
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Fig. 2. Typical experimental and model profdes of ethylene poly- 
merizalion for each catalys~ (a) Cp~ZrCI 2 catalyst system 
(run 1); (b) [IndkZrCl: catalyst system (run 1); (e) (CH3)2Si 
[Ind]zZrCl: catalyst sTsiem (run 1): experimental (O); sin- 
gle-site and first-order (---); single-site and second-order 
(--); dual-site and first-order (A); dual-site and second- 
order (@). 
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Rp =[MlY_.k~,,C; (4) 
~=1 

where Rp is the rate of polymmizafion in g-PE/g-cat/t~, [M] is the 
monomer concentration in g/ra3 in the polyraer particles, k~: is the 
propagation rate constant in ra3/nloHlr for i-site, and C~ is tile con- 
ceim-atic~l of active sites in raol/g-cat for i-site. Henry's law was era- 
ployed to relate the concentration of monomer in the polymer par- 
ticles to the partial pressure of monomer in gas phase. If  the active 
sites of the catalyst follow tile fit-st order decay, the rate equation 
becomes 

2 
* p ap  [Ml2kp,,Co,,exp(k~,,t) (5) 

~=1 

where ~,j  is the initial conce~m-ation of active sites for i-site, 14a., is 
the first order catalyst decay constant in 1/hr, and t is the poly- 
raelization time in in: Eq. (5) neglects the nc~l-lineaz effect of ethyl- 
ene partial pressure on polyraelization as shown in the conelation 
of the average catalyst activities. 

For second order catalyst decay the equation becomes 

2 

*/I + " * ap=[Ml2kp,,Co,,. (1 k~,,.Co,,t) (6) 
~=1 

where k'),, is the second order catalyst deactivation constant in g- 
cat/ra ol/tn-. 

Alttlough the first order deactivation racxJel is only slightly better 
fitted to the ~,cperimental data thin1 the second order deactivation 
raodel as shown in Fig. 2, the titling results, in general, show over- 
whelmingly in favor of a two-site model. The standard deviation 
between the expedlnental observations mid the estilnated values 
was calculated for each run. The residual standard deviations aver- 
aged over all experiments are given in Table 3. 

When we examined the fitted values ofk:~ ,C;,, mid k:~ 2C;,2, we 
found on average the ratio of kp, lC;, ,/k~ 2C22 is 3.7 for Cp2ZIC12 
catalyst system, 5.1 for [hld]2ZrC12 system, and 2.7 for (CH3)2Si 
[]zld]2ZrC12 system. The first-order deactivation rate constant, k~, is 
at least one order of magnitude larger than the second-order deacti- 

Table 3. Averaged residual standard deviation" for each catalyst 

Cp2ZrC12 [Ind]2ZrC12 Me2Si[Ind]2ZrC12 

Single-site first-order 43.000 24.834 24.618 
Dual-site first-order 8.346 7.689 7.435 
Single-site second-order 40.638 58.025 21.571 
Dual-site second-order 16.238 15.643 8.973 

~defmed as (Y'( i)-Y(i))2/(n-2),  Y'(i)=experimental value, 

Y(i)=calculated value, n=number of observations, i.e. 120 experi- 
mental points. 
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Table 4. Average of estimated kinetic parameters for dual site and 
first order decay 

J. S. Chtag et al. 

(m 3 g-cat ql ~) (m 3 g-cat ~11 ~) (h ~) (h ~) 

Cp2ZrC12 0.0964 0.0263 0.2771 0.0127 
[Ind]~ZrCl~ 0.1212 0.0236 0.0596 0.0040 
M%Si[Ind]2ZrC12 0.0526 0.0198 0.0829 0.0035 

vation rate constant k'~ (Table 4). Tilus, tile deactivation of tile active 
sites with lower activity is almost negligible, as can be seen from 
the polymerization rate curves where all curves level off" to about 
the same value, but not zero for a two-hour polymerization. 

C O N C L U S I O N S  

The correlations of the average activities of CI~ZrC12, [Ind]2ZrC12, 
and (CH3)2Si[hld]2ZrC12 catalysts indicate that temperature is file 
most important factor affecting the polymerization. The pressure 
seems to show a negative effect. Tile MAO level in tile range studied 
has rather weak effect on polymerization. 

The idnetic analysis reveals that the catalysts probably contain 
two types of active sites. Tile high active sites decay ten ~nes faster 
than the low active sites. 

A C K N O W L E D G E M E N T  

We acknowledge file financial support fioln file National Sci- 
ences and Engineering Research Council of Canada, Environmen- 
tal Science and Technology Alliance Canada, and Seoam Scholar- 
ship Foundation in Korea. 

R E F E R E N C E S  

Box, C. E. P and Wilson, K. R, ~<)n the Experimental Attainment of 
Optimum Conditions;' a: Roy Star. Soo., B13, 1 (1951). 

Chung, J. S. and Hsu, J. C., ~A Kinetic Analysis on the Gas Phase Poly- 
merization of Ethylene over Polymer Supported (CH3)2Si[Ind]:ZI~I~ 
Catalyst:'Potymer, 43, 1307 (2002). 

Dumas, C. and Hsu, C. C., ~Propylene Polymerization in a Semi Batch 
Slurry Reactor over Supported TiC12MgC1]Ethyl Benzoate/Friethyl 
Aluminum Catalyst, II. A Kinetic Study Based on a Multisite Mod- 
el:' Z Appl. Potym. Sci., 37, 1625 (1989). 

KJm, J. D., Soares, B. R and Rempel, G. L., "Synthesis of Tailor-Made 
Polyethylene through the Control of Polymerization Conditions Us- 
ing Selectively Combined Metallocene Catalysts in a Supported 
Systenl;'31 Potym. Sci, PartA: Polym. Chem., 37, 331(1999). 

Soga, I<2 and Kaminaka, M., ~?olymerization of Propene with the Het- 
erogeneous Catalyb~ Systenl Et[IndH4]2ZICljMAO/SiO~ Combined 
with Tfialkylaluminun<'Maeromol. Rapid Comm~., 13, 221 (1992). 

Soga, K. and Kaminaka, M., ~?olymerization of Olefins with SiO~-, 
Al203- and MgCl~-Supported Metallocene Catalybts Activated by 
Tfialkylahuffmums~'MacromoL Chem. Phys., 195, 1369 (1994). 

Tairova, G., Zhang, u McAuley, I<2 B. and Bacon, D. V~, ~Develop- 
raent of Polymer Supported Metallocene Catalysts for Gas Phase 
Olefin PolymerizatioN' Final Report to ESTAC, Queen's Univer- 
sity (1999). 

Tait, P T. T. and Wang, S., "Studies on file Polymerization of Propylene 
Using Highly Active Ziegler-Natta Catalyst, I: Kinetic Models for 
Rate Decay in Ziegler-Natta Polymefizatioi~' Brat Potym. Z, 20, 499 
(1988). 

Ju~, 2002 


