
ZIRCONOCENE-CATALYZED OLEFIN 

POLYMERIZATION: MODELING OF CATALYST 


STABILITY, NONISOTHERMAL MODE OF OPERATION, 

AND SUPPORTED CATALYST CHARACTERIZATION 


M. Atiqullah*, H. Hammawa, M. Faiz 1, M.N. Akhtar, M. Ahmed 2, 

J.H. Khan, A. Hassan 
Center for Refining and Petrochemicals, The Research Institute 


IDepartment of Physics 

2Center for Applied Physical Sciences, The Research Institute 


King Fahd Univer$ity of Petroleum & Minerals, Dhahran 31261, Saudi Arabia 


A.A. Abu Raqabah, A. Bin-Taleb, and M. Tartar 
R & T Complex, Saudi Basic Industries Corporation (SABIC) 

P.O. Box 42503, Riyadh 11551, Saudi Arabia 

;;~I ~t; ('":") ,..:..~I .l:!~.j ~1.b~1 ,":"L....:J ~~~..rb (i) :~~ (i">yI~.u j.:..~ 

~L;-b..a ~I~~ ~L:;.:ill ~ ~I ~fi~)1 ..:..1.:,Lh JOI~ ~ (~J ..~)? 4;w.::JI ~ 

...:..l,j - ·11 ..l~' ~l,jJ1 ~I W:':II U~ '. ~II' -:(,I)lI ~I ~~I~S~ ~ ~. - - - - ~ ':F~ \",.I.'-~, -

~J..l ..:..I~ ~I~~ ;;~I J~ ~ ~¥I ~~.jj 4~~ ~~I ~.;-bJ1 ..:..~I 

..b.i....AI t" ;;),.r:J I 

~')1 ,!j~l- ~I ,":"y...i :.r.b1:JI J.l£.4 ~.:,~ ~~).F ~w.::J1 ~ ;;~I JO~ ~i 

.'!pl j.c.lA:iJ1 :.r.).j j.c.La::JJ ,!)~I ct=il,jJ1 ;;..l~':'')1 (S..li .~L...J 1- .)I.ill ~.jl.ill JlL.:,1 .J.j..l.:' ,!j~1 

.b1:J I ~ I "'Li...!' .<.-II . ~ - -l,jJ ILL I I I. • L .'I U - . i ' tuJ I ..:.. • I.:. i .wA .' - ~ jJ _~..,...jJ->, J ..,)A ~ ~.j ~......lJ-l.j ~~ ._:.>-" ioJ ~ :...>t"""".j 

Ut.:iSJ1 '. -II" .11 J..l-Lo . "'. II j.c.La::JJ , -', (' .• " (iL....:a1 ..li.w ,~ I -11..:..1 . ·.:.-:11.j<.f=..r:w ioJ.)..J-' ~..r" ~.(S ~ _JJ"""" ~.j 

flo ~ .. ~ p 

t=jjiJl y!.j..o ~~.)! ,!),.r:J1 ~I (SJI.j .J.,hll P.J ':'~.jj ~J..l.j ,!pl .b~1 ;;..ll:) l.4:1.j 

.~~~>:JI 

J.I_. '" ~I I.. · .< 'II'Lh~ 'i(XPS)~IW:':IIU~ 'G:...:.. .I~i ~ tF - - ~ ~..,...~.>-' J _. ioJ - - - _ ~ ~ 

~ J.j~' ~~I.:,i ~-' .,-':.'~ill j.;.b.j&. ~I~ 4yl ..:..l,jy-Y1:.r ~y')1 (SJi (MAO) 

~jA,":,,~~.j (MAO) ~jA~~*~illl ~~I ~j <t.....fijJj!I .)~.j ~I ~Lt;~ 

. J.::..1.j ~~) ~j ~ J,....::..:JI ~ (MAO) 

&j.j ,-,.'~11 .:,li:J1 ~.)) ,!..l';:; ~'y.!. ~~~ ~jiJi ~I yo-ol.a.ll .:,i ~tuJl ..:..~j.j 

.(PlXE) ~I W:':II ~~ 4..b.......1~ 

*Corresponding author: e-mail: matiq@kfupm.edu.sa 

June 1999 The Arabian Journalfor Science and Engineering. Volume 24. Number 1C. 83 

http:yo-ol.a.ll


M. Atiqullah et ai. 

ABSTRACT 

This paper summarizes (a) an engineering approach to calculation of catalytic activity 
and stability profile, (b) influence of nonisothermal polymerization mode, (c) and 
characterization of supported zirconocene catalysts by X-ray photoelectron spectroscopy 
(XPS) and micro-proton induced X-ray spectroscopy (micro-PIXE). 

The engineering approach is based on modeling the solubility of ethylene in the 
polymerization diluent as a function of temperature and pressure. 

Under the nonisothermal mode of polymerization, a change in stirring level from 
diffusion-controlled regime to nondiffusion-controlled, external gas-liquid mass transfer 
resistance-free one, increased the reaction exotherm and the run time-average catalytic 
activity. The copolymer composition distribution and soluble fraction generated by 
Et(IndhZrCl2 was sensitive to mixing conditions and thermal perturbations. Incorporation 
of l-hexene significantly decreased the average molecular weights and density but increased 
the average catalyst activity, the peak melting temperatures and the weight- and number
average solution crystallization temperatures. Thermal perturbations broadened the 
polydispersity index. 

XPS results showed that heterogenization of EtOndhZrCl2 on silica in the presence 
of MAO generated two types of zirconocenium cations (Cations land 2), irrespective of 
the heterogenization procedures. Cation 1 is presumed to be in the form of an ion-pair 
[SiOJ-[Et(Ind)2ZrCI]+ while Cation 2, a trapped multi-coordinated crown complex of MAO. 
In absence of MAO, only Cation 1 is formed. 

Trace element impurities such as K, Ca, Ti, Fe, Ni, Cu, and Zn detected by micro-PIXE 
may be the potential sources of poisoning the heterogenized catalyst. 
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ZIRCONOCENE·CATALYZED OLEFIN POLYMERIZATION: MODELING OF 

CATALYST STABILITY, NONISOTHERMAL MODE OF OPERATION, AND 


SUPPORTED CATALYST CHARACTERIZATION 


INTRODUCTION 

The versatile superiorities of metallocene catalysts over the current Ziegler-Natta ones are already established [1]. 
Research efforts have recently started to affect the existing olefin polymerization technology on a commercial level. 
Metallocene-based polyolefins that are on the market have been recently reported in the literature [2]. Several factors are 
operating to advance this recent trend, mainly in the applied research area. These include the structural modification of 
metallocenes, the associated cocatalysts, and supports, and application of process development and/or retrofitting 
concepts, etc. 

A comprehensive literature review [1] completed by the Center for Refining and Petrochemicals of the King Fahd 
University of Petroleum and Minerals (KFUPM) for Saudi Basic Industries Corporation (SABIC) shows the following. 
The current and future demands in metallocene-catalyzed olefin polymerization concerns how to (a) heterogenize 
commercially available metallocenes of simpler structures and modified cocatalysts and supports and (b) retrofit and/or 
develop a cost- and energy-effective polymerization process. These demands are shifting the research trend from 
fundamental to applied, particularly in the development of novel metallocene heterogenization and polymerization 
processes. The resin particulate morphology varies with the variation of the heterogenization and polymerization 
processes. 

The overall catalyst development work requires elaborate laboratory-scale, solution and slurry polymerization trials. 
The common features in either case are: 

(i) The monomer dissolves in the solvent or diluent; and 

(ii) The polymerization depends on temperature, monomer solubility, reactor mixing conditions [3-7], etc. 

The above literature review [1] also shows that the catalyst activity values have been measured from experiments that 
mostly ignored mass transfer limitations and micromixing effects. Hence, experimental reproducibility remains a 
question. Varying units such as (g polyolefin formed)/{(mol or g metallocene) (hr)}, (g polyolefin formed)/{(mol or g 
metallocene) (hr) (psi of monomer pressure)}, etc. have been used to report the values on an average scale. 
Consequently, the reported values cannot be consistently compared. 

The dynamic stability of the metallocene catalyst systems has not been adequately addressed. Therefore, the effect of 
the resulting catalyst on the reactor start-up procedure cannot be evaluated. Experiments have been mostly conducted for 
one hour. For highly active systems, experimental limitations in certain cases even did not permit that [1]. 

The above remarks hold particularly to the results reported in patents. Hence, a consistent engineering approach that 
involves the simultaneous measurement of catalyst activity and stability should be developed. 

The published results of metallocene-catalyzed, isothermal olefin polymerization has several limitations. It does not 
illustrate the influence of mixing, reaction exotherm, kinetic stability of the experimental metallocenes, and thermal 
perturbations on the catalytic activity, polymerization performance, and the properties of the resulting polymers. 
The mixing effects on general polymerization reactions and on the properties of the resulting polymers has already been 
documented to be significant in the literature [3-7]. 

In a typical polymerization, temperature varies during start-up, thermal runaway, etc. Consequently, the 
polymerization environment differs from that conducted isothermally even when varying the polymerization run 
temperature. Therefore, a facile experimental methodology should be developed that can evaluate the influence of the 
above process development factors. Uncontrolled, nonisothermal polymerization shows promise. Under a set of given 
experimental conditions, the measured reaction exotherm profile reflects the rate of generation of the catalytically active 
metallocenium ion. Moreover, the nonisothermal polymerization approximates a limiting case of thermal perturbations. 

Several problems are outstanding in metallocene heterogenization. The catalytic activity of heterogenized 
metallocenes drastically decreases. The catalyst precursors leach off the support. The molecular weight distribution 
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broadens while the average molecular weight and melting point of the resulting polyolefins increase. The growing 
industrial success of metallocene catalysts depends on overcoming these problems. We would like to partially address 
these problems by studying the heterogenized solid-state electronic environment. 

The literature does not show any work on the characterization of heterogenized metallocenes using X-ray 
photoelectron spectroscopy (XPS). Consequently, the electronic environment resulting from heterogenization and the 
interaction between the metallocenes, the methy)alumoxane (MAO) cocatalyst, and the support remains unexplored. 
Moreover, such a study will help us understand (a) why the catalytic activity decreases; (b) how the polymer chain 
propagates, transfers, and terminates; and (c) how the stereoregulation occurs, particularly in the presence of the solid 
support. This prompted us to characterize the C2 symmetric, chiral Et(lndhZrCl2, heterogenized in the presence of MAO 
on silica, using XPS. Note that Et(lndhZrCl2 homopolymerizes ethylene and propylene as well as copolymerizes them 
with a-olefins [1]. 

Therefore, based on the technical discussion between the Research Institute (of KFUPM) and SABIC research teams, 
the following metallocene-related technical issues were identified: 

• Development of an engineering approach to measure catalyst activity and stability; 

• Potentials of nonisothermal polymerization and the associated influence of mixing; and 

• Investigation of heterogenization mass transport process and the resulting solid-state surface chemistry. 

AN ENGINEERING APPROACH TO CALCULATE CATALYTIC ACTIVITY AND STABILITY 

We first modeled the solubility of olefin in toluene, the most widely used solvent/diluent [1], as a function of 
. temperature and pressure, then compared the model-predicted solubility values with the experimental data. The output of 
this model and the time-dependent olefin feed rate was used to develop the above engineering approach. We assumed the 
following: 

(i) 	 The polymer-free mixture approximates the pure solvent/diluent [8-10]. 

(ii) 	The vapor and liquid phases are in thermodynamic equilibrium. Hence, the fugacity in the corresponding phases is 
eq ual [11-18]. 

(iii) The low catalyst and cocatalyst concentrations do not affect the olefin solubility. 

(iv) 	The olefin solubility in the polyolefin-free solvent/diluent does not change assuming that the stirrer speed is high 
enough to overcome the heat and mass transfer limitations. 

(v) 	 The application of a cubic equation of state holds because polyolefin does not dissolve in the diluent at the usually 
reported polymerization temperatures. 

Based on the above assumptions, the solubility of ethylene and propylene in the polymerization diluent (toluene) can 
be calculated as a function of temperature and pressure. The detailed mathematical formulation appears elsewhere 
[17, 18]. What follows describes how the calculated olefin solubility can be incorporated to calculate the polymerization 
rate, activity, and stability profile. 

Consider that the polymerization occurs in a semi-batch reactor. To calculate the stability and run time-dependent 
average activity of the catalytic system, we make a material balance of the monomer (olefin) M on the polymer-free 
solvent/diluent. This gives the following equation. 

' () ()VL d(VLCM )FM 	 t -rp t =--d-t""";';';;"- (1) 

where FM (t) is the monomer molar flow rate; rp(t) is the monomer polymerization rate; VLCM the total dissolved 
monomer in the polymerizing diluent, is constant [see assumption(s)]. Therefore, 

(2) 

Equation 2, normalized with respect to the catalyst amount Meat and the monomer solubility CM, appears as: 

rp (t) =FM (t)/(M eatCM ). 	 (3) 
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Note that the above equation gives the normalized instantaneous catalytic activity rp (I) in terms of (mass of polymer 
formed)J {(mole of cat)(molar concentration of monomer)( time)}. rp (I) incorporates the combined influence of 
temperature and pressure because eM is affected by these factors. Plotting this instantaneous activity as a function of time 
shows the stability of the catalyst system. 

The average catalytic activity corresponding to a given polymerization run time IR is given by: 

(4) 


EXPERIMENTAL 

Polymerization 

Ethylene (99.95% pure) was homopolymerized as well as copolymerized with I-hexene in a one-liter Parr reactor 
using MAO-preactivated Et(IndhZrCl2 and dried toluene. Table 1 summarizes the overall polymerization conditions in 
the foot note. Ethylene was fed to the reactor for one hour in a semi-batch mode. This semi-batch operation replenished 
the consumed amount thereby maintaining a constant polymerization pressure (see Table 1). The resulting 
polymerization temperature was mqtlitored as a function of reaction time. Remaining polymerization details are available 
elsewhere [19]. 

The polymerization was quenched by stopping the ethylene supply, venting the reactor and adding 5 to 7 ml of 
methanol acidified with 2.5 vol% HC!. The filtered polymer was washed and then dried for 10 to 12 hours under vacuum 
to a constant weight. 

The polymerization runs were conducted at 450 and 900 rpm which correspond to two distinct mixing regimes: 
diffusion-controlled and nondiffusion-controlled, gas-liquid mass transfer resistance-free, respectively [7-9]. 

The resulting polymers were characterized in terms of thermal properties, weight- and number-average solution 
crystallization temperatures, average copolymer composition, density, weight- and number-average molecular weights 
and polymer molecular weight distributions, commonly expressed as polydispersity index (PDI), using methods that 
have been detailed elsewhere [19]. 

Catalyst Preparation and Characterization 

Davison Silica 955 having a surface area of 300 m2Jg, average pore volume of 1.65 cm3Jg, and pore size of 220 Awas 
partially dehydroxylated in vacuo by heating at 275°C for 24 hr in a Btichi furnace, then was cooled to room temperature 
and stored under argon. Et(lndhZrCl2 and MAO (10% by wt. in toluene) were procured from Witco, Germany. Toluene 
from Aldrich was dried by refluxing in NalBenzophenone. All manipulations were carried out in an .inert atmosphere of 
argon using the Schlenk technique. 

Table 1. Polymerization Activity of Et(IndhZrClz and the Thermal Characteristics of the Resulting Polymers. 

Peak Peak 

Polymerization Level of reaction Catalyst melting 

run stirring exotherm activity point Density Tw Tn Tw:Tn 


(rpm) (OC) (kg PE/[mol Zr h]) (OC) (glcm3) (OC) (OC) 

Homopolymer 950 41 4201.6 134.4 0.962 81.7 82.2 0.994 

Copolymer 1 450 40 7044.7 129.8 0.918 68.0 61.1 1.113 

Copolymer 2 950 56 7128.9 126.1 0.922 59.2 53.8 1.101 

Ethylene feed pressure: 31 ± 1 psi; temperature: 50 ± lOC; catalyst concentration: -23.5 IImol Zrll solvent; 

initial I-hexene concentration: -240.0 Ilffiolll; cocatalyst to catalyst ratio (AI:Zr molar ratio): -2,383. 

Tw and Tn are weight-average and number-average solution crystallization temperatures, respectively. 
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Et(IndhZrC12 was heterogenized on the above partially dehydroxylated silica using the following preparatory 
methods: 

• Method 1: Adsorption of the zirconocene first, then treatment of the supported zirconocene with MAO; 

• Method<2: Adsorption of MAO on silica first, then addition of the zirconocene in a second step; and 

• Method 3: Addition of MAO-pretreated zirconocene to silica. 

The details of the above heterogenization methods appear elsewhere [20]. 

XPS Experiments 

The XPS spectra of the heterogenized catalysts were obtained using a VO-ESCALAB-MKII photoelectron 
spectrometer. The spectrometer energy was calibrated by fixing Cu 2P312 and Au 4f712 peaks at binding energies 932.67 
and 83.98 eV, respectively [21]. 

The catalyst samples were first embedded in an indium foil placed in a metal sample holder. Then they were 
introduced into the air-lock chamber while the analysis chamber maintained a base pressure of 10-10 mbar. 

From the air-lock chamber, the samples were subsequently transferred to the analysis chamber. Unmonochromated, 
1486.6 eV Al Kex photons were used at 130 W as the incident beam. The kinetic energy of the photoelectrons was 
analyzed using a multi-channeltron hemispherical energy analyzer with pass energy set at 20 e V in a fixed analyzer 
transmission (FAT) mode. Silica is an inert support; therefore, its Si 2p level binding energy, which is 103.4 eV [21], 
was used as the reference as well as to correct the energy shift. Data acquisition and analysis were performed by the 
VO-Eclipse software package. 

Micro-PIXE Measurements 

The heterogenized catalyst samples were pelletized and scanned using the micro-PIXE facility on the 3 MV Tandetron 
accelerator at the Center for Applied Physical Sciences of the Research Institute [22, 23], King Fahd University of 
Petroleum & Minerals, Dhahran. 

X-Rays from the target, produced by the proton microbeam, were detected by the Si(Li) detector placed at an angle of 
1350 with respect to the incident beam direction. Signals from the detector were amplified, and processed by the CERN's 
VALET-Plus data acquisition and experiment control software [24] based on a VME computer interfaced through a PC. 
The data acquisition system produced simultaneously an X-ray energy spectrum and several two-dimensional elemental 
distribution maps from the scanned area on the target. The energy spectrum identified the elements present in the sample 
and the distribution maps showed the spatial concentration profiles of the elements. 

In the present measurements, a pellet area of about 500 flm x 500 flm, divided into 64 x 64 pixels, was scanned at a 
time using a 2.5 Me V proton microbeam of about 5 flm resolution. The resulting elemental distribution maps were 
analyzed and printed on a grey concentration scale using the Kmax software [25]. The elemental spectra were analyzed 
using the PIXE quantitative analysis software OUPIX [26] to obtain the relative elemental concentrations. 

RESULTS AND DISCUSSION 

Polymerization Rate Model 

Figures 1 and 2 compare the model-predicted solubility of ethylene and propylene as a function of temperature at 
various pressures with the corresponding experimental values, respectively. The computational scheme and the required 
thermodynamic properties are described in Reference [17]. For ethylene, the model prediction at 1, 5, and 10 atm well 
matches the experimental data obtained from the literature [27-31]. For propylene at 1 and 7 atm, the agreement is well 
whereas at 5 atm, the comparison with the experimental data deviates a little. So far as the influence of temperature is 
concerned, the result appears to deviate around 50°C and beyond. 

Figure 3 plots the normalized polymerization rate, calculated following the current engineering approach, for the 
CP2ZrChIMAO catalyst system. The ethylene volumetric input flow rate (cm3/min) and the associated polymerization 
conditions were taken from Reference [32]. 
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Figure 1. Comparison 0/ the model-predicted solubility 0/ethylene in toluene at 1, 5, and 10 atm with the experimental values. 
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Figure 2. Comparison o/the model-predicted solubility o/propylene in toluene at 1,5, and 7 atm with the experimental values. 
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The run time-dependent average catalytic activity corresponding to 1 hr, that is, rp (60 min) is 6.78 x IQ4 kg PEI((mol 
Zr) (hr) [C2H4 1}. This value, calculated according to Equation 4, is lower than the normalized instantaneous catalytic 
activity or polymerization rate rp (60 min) = 5.68 x IQ4 kg PEI{(mol Zr) (hr) [C2H4JJ (see Equation 3). Note that 
rp (60 min) and rp (60 min) have the same unit. But their physical significance differs. The rp (60 min) should, on 
principle, agree with the value calculated from the polymer obtained in 1 hr. The above polymerization rate/activity unit 
follows from the material balance equation and reflects the combined influence of temperature and pressure. 

Figure 3 also shows that the kinetic rate profile, which demonstrates the catalytic stability, has an acceleration period 
of 13 min during which the normalized polymerization rate rp (t) increased till it reached a maximum of 7.60 x 104 kg 
PEI((mol Zr) (hr) [C2H4JJ. This maximum value indicates the region of superactivity which signals the thermal and 
viscosity runaway problems. Following this period, the catalyst started to deactivate. 

Under the chosen polymerization conditions, the Cp2ZrCl2IMAO catalyst system did not show any induction period. 
The increase and decrease in rp (t) may be attributed to the formation and destruction of the cationic active zirconium 
sites, respectively. 

Nonisothermal, Uncontrolled Mode of Polymerization 

Table 1 summarizes the catalytic activity and the thermal characteristics of the synthesized polymers at two stirring 
levels. Stirring at 450 and 950 rpm refers to diffusion-controlled and nondiffusion-controlled, external gas-liquid mass 
transfer resistance-free regimes of mixing, respectively. With respect to the nondiffusion-controlled regime of mixing. 
the run time-average copolymerization catalytic activity and the peak reaction exotherm increased. At 950 rpm, the 
copolymerization catalytic activity and the peak reaction exotherm exceeded those in homopolymerization. 
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Figure 3. Nonnalized ethylene polymerization rate as a/unction o/reaction time/or the Cp2ZrClIMAO catalytic system (calculated 
according to the current engineering approach). Temperature = 50°C, ethylene partial pressure = 10 psi, and Al:Zr = 3,223. 
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Figure 4 shows that all the polymerization runs proceeded without an induction period. Each reaction exotherm profile 
was of decay-type. The copolymerization exotherm profile at 450 rpm lies below the homopolymerization exotherm 
profile at 950 rpm. However, the converse occurs for the copolymerization exotherm profile at 950 rpm. 

The reaction exotherm profiles show the catalytic stability, qualitatively approximated by the difference between the 
maximum and the terminal reaction exotherm values. The greater is the difference, the less stable is the catalyst. Based 
on this criterion, Et(lndhZrCl2 shows more stability at 450 rpm than at 950 rpm. Note that the reaction exotherm profiles 
represent a qualitative equivalence of the polymerization kinetic profiles which also show the catalytic stability. 
Additionally, the reaction exotherm profiles traced the polymerization history and the associated thermal perturbations. 

The following text summarizes the thermal properties of the synthesized polymers. The weight- and number-average 
solution crystallization temperatures (Tw and Tn) of the copolymers, like the corresponding polymer peak melting 
temperatures, were below those of the ethylene homopolymers. The effect of side chain branching, that is, incorporation 
of I-hexene on the ratio of Tw: Tn revealed as follows: for the homopolymers, Tw: Tn < 1 whereas for the copolymers, 

Tw:Tn> 1. 

The peak melting temperature and the density of the copolymers were lower than those of the homopolymer. This 
finding is attributed to the butyl side chain branches that resulted from the incorporation of I-hexene comonomer. 
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Table 2 shows how incorporation of I-hexene affected the microstructure of the synthesized polymers in terms of 
change in (a) molecular weight (polymer backbone length), (b) side chain branching (density), and (c) soluble fraction. 
The weight- and number-average molecular weights of the copolymers significantly decreased, irrespective of the 
variation of the impeller speed. The molecular weight was found to be inversely related to the corresponding run time
dependent average catalyst activity (see Tables 1 and 2). Note that metallocene-catalyzed isothermal polymerization also 
shows the same inverse relation between molecular weight and activity [I]. Increased chain transfer rate over the 
propagation rate decreases the molecular weight [33]. The increased chain transfer rate may be attributed to increased 
~-H elimination rate, I-hexene acting as a chain transfer agent [34], and a-bond metathesis competing with the ~-H 
elimination [35]. 

The polydispersity indices listed in Table 2 illustrate that the non isothermal operation produced broader molecular 
weight distribution (MWD) than what an isothermal operation usually does (2 S; polydispersity index S; 3) [1]. 
Broadening the MWD especially specially to the right indicates the presence of a substantial high molecular weight 
components. This can affect polymer processability and film optical properties. 

Figure 5 compares the differential molecular weight distributions of the experimental polymers. The peak molecular 
weights and the molecular weight distributions of the resulting copolymers did not significantly vary with the increase of 
impeller speed from 450 to 950 rpm. This occurred despite variation of the reaction exotherm profiles, that is, 
polymerization history from one run to other (see Figure 4). However, the peak molecular weight fractions, in each case, 
slightly decreased with the increase in impeller speed. Copolymerization produced less higher-weight polymer 
backbones than homopolymerization. This illustrates the chain transfer role played by I-hexene, even without using 
hydrogen (the conventional molecular weight regulator). 

The overall variation in the polydispersity indices (see Table 2) and the molecular weight distributions (see Figure 5) 
may be attributed to the varying degrees of the chain termination rate due to ~-H elimination, chain transfer by 
I-hexene, and the a-bond metathesis reaction [19]. 

The side chain branching and crystallinity of the copolymer did not significantly vary with the impeller speed (see 
Table 2). This shows that mixing conditions did not influence these copolymers properties which reflect the bulk 
(average) configuration and composition of the resulting copolymer backbones. Note that mixing conditions affect only 
distributive copolymer properties [3, 5', 6]. 

Et(IndhZrCl2 produced more soluble fractions (mainly highly branched and low molecular weight components) at 
450 rpm (13.7%) than at 950 rpm (6.6%). This explains the importance of optimizing the mixing condition with respect 
to polymer properties. The current soluble fraction values are higher than that (-I %) reported for an isothermal 
metallocene-catalyzed ethylene-I-octene copolymer [36]. The production of the above high soluble fraction is also 
evident in the corresponding DSC thermogram (see Figure 6). The segregated, bimodal DSC thermogram implies that 
the resulting copolymer will melt at varying temperatures, causing processing inhomogeniety. This underscores the 
adverse impact of thermal perturbation in metallocene-catalyzed ethylene-I-hexene copolymerizartion. 

Table 2. Microstructural Characteristics of the Synthesized Ethylene Homo- and Copolymers. 

Weight- Number-
Chain branching Average average average 

Polymerization (CH3 groupl I-hexene molecular molecular Soluble 
run number 1000 C) Crystallinity composition weight weight PDI* fraction 

(%) (mole %) (glmol) (glmol) 

Homopolymer Not applicable 80.29 Not applicable 116994 17937 6.5 0.0 

Copolymer 1 20 36.14 4.3 43954 11579 3.8 13.7 

Copolymer 2 22 36.66 4.8 46770 9688 4.8 6.6 

"'POI PoJydispersity index. 
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Figure 6 shows how the mixing level influenced the copolymer composition distribution measured qualitatively by the 
CRYSTAF technique. An increase in the impeller speed converted a long-tailed, monomodal composition distribution 
into a segregated, multimodal one (compare curve copolymer 1 with curve copolymer 2 in Figure 6). Better end-uses, 
especially food packaging, require a minimum level of soluble fractions in the synthesized copolymers. Note that the 
average copolymer composition, expressed in terms of chain branching and average I-hexene content (see Table 2), does 
not reflect these micro-structural composition changes. 

The above multimodality physically represents preferential incorporation of I-hexene in the main polymer chain. 

Heterogenized Metallocenes 

Table 3 summarizes the binding energy of the Zr 3d spectral lines and the spin-orbit (3ds12-3d312) splits in the XPS 
spectra of the catalyst samples as a function of the catalyst preparatory methods. The Zr 3d spectral lines split into Set 1 
and Set 2 components. The spin-orbit (3ds12-3d312) split of Set 1 equals that of Set 2 for each catalyst sample. 

The Set 1 Zr 3ds12 binding energy of Sample 1 approximates the Zr 3ds12 binding energy of 182.7 eV of the 
silica/Et(IndhZrCI2 reference sample and exceeds the binding energy of Et(IndhZrCl2 by 0.6 eV. This increase in 
binding energy shows that interaction of Et(IndhZrCl2 with silica makes Zr electron-deficient and produces a 
zirconocenium cation (Cation 1). The generation of a single cation in the absence of MAO has been, however, observed 
for thorocene supported on MgCl2 and partially dehydroxylated alumina, using CPMAS NMR [37, 38]. 
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The Set 2 Zr 3ds12 binding energy of Sample 1 is greater than that of the silicalEt(Ind)zZrCI2 reference sample by 
0.9 eV. This means that treatment with the MAO cocatalyst makes Cation 1 more electron-deficient, producing a 
different zirconocenium cation (Cation 2). 

The comparison of Set 1 and Set 2 Zr 3ds12 binding energies of Samples 2 and 3 with those of the Et(Ind)zZrCI2 and 

silicalEt(Ind)zZrCI2 reference samples also support the above findings. Two zirconocenium cations are produced as well 
in Samples 2 and 3. 

Table 3. Zr 3d Binding Energies (eV) and Spin-Orbit (3dSlz-3d3lz) Split in Set 1 and Set 2 in the XPS 


Spectra of the Heterogenized Et(IndhZrClz' 


Sample 
No. 

Catalyst 
sample description 

2 

3 

SilicalMAOlEt(IndhZrCl2 

SilicaIMAO-pretreated Et(lndhZrCl2 

Reference samples 

Silica/Et(IndhZrCI2 

Peaks of interest 

Zr3d3/2 

Zr3d5l2 

Spin-orbit (3ds/2-3d3l2) split 

Spin-orbit (3ds/2-3d312) split 

Zr3dS/2 

Spin-orbit (3ds/2-3d3/2) split 

Spin-orbit (3ds/2-3d3/2) split 

Zr3dS/2 

Spin-orbit (3dsl2-3d3/2) split 

Spin-orbit (3ds/2-3d3/2 ) split 

Zr3dS/2 

Zr3ds12 

Binding energy 
(± 0.2 eV) 

Set 1 184.7 

Set 2 185.7 

Set 1 182.6 

Set 2 183.6 

Set 1 2.1 

Set 2 2.1 

Set 1 185.1 

Set 2 186.1 

Set 1 182.8 

Set 2 183.9 

Set 1 2.3 

Set 2 2.3 

Set 1 184.9 

Set 2 185.9 

Set 1 182.9 

Set 2 183.9 

Set 1 2.0 

Set 2 2.0 

182.0 

182.7 
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Within the experimental uncertainties, the Set 1 Zr 3ds12 binding energies for all the catalyst samples are close to one 
another. Therefore, Cation 1 resides in a nearly same solid-state electronic environment despite the variation in the 
heterogenization procedures. The same observation holds for Cation 2 because of the closeness of the Set 2 Zr 3ds12 
binding energies. However, the electronic environment of Cation 1 differs from that of Cation 2. 

The generation of the above zirconocenium cations, one referring to Set 1 and the other to Set 2, appears to fairly 
support the following postulated surface chemistry (see Scheme 1). 

In Method 1, Et(lndhZrCl2 reacts with the silica surface OH groups first to form presumably in the form of a 
zirconocenium ion-pair [SiO]-[Et(lndhZrCI]+ (Cation 1) [39, 40]. When it is subsequently treated with MAO, the 
following occurs. MAO, being a Lewis acid, methylates Et(lndhZrCl2. Consequently, a bridged zirconocenium methyl 
species (Cation 2), presumed to be trapped and stabilized in multi-coordinate crown alumoxane complex(es), is produced 
[41,42]. These zirconocenium cations provide the polymerization catalytic sites. 

In Method 2, MAO first reacts with the silica surface OH groups to form the stable Si-O-AI bonds. The surface
anchored MAO plays the following ,roles: methylation, CI- ion abstraction, and crown alumoxane complex(es) formation 
(Cation 2) [41-43]. The abstracted CI- is also postulated to be trapped and stabilized in multi-coordinate alumoxane 
complex(es) [41,42]. 

In Method 3, the preactivation of Et(lndhZrCl2 by MAO in solution first forms, through the same mechanism as 
referred to in Method 2, the crown alumoxane complex(es) [44] (Cation 2), which next anchor(s) with the silica surface 
OH groups. 

Chen et al. [39] postulated that in Method 1 (Sample 1), treatment with MAO generates an ion pair in the form of 
[SiO]-[Et(lndhZrCH3]+. The present XPS results refute this postulation by indicating that the resulting zirconocenium 
cation appears as crown alumoxane complex(es) (Cation 2). 
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Figure 6. Effect of impeller speed on copoLymer composition distribution. 


HomopoLymer: 950 rpm, CopoLymer 1: 450 rpm, and CopoLymer 2: 950 rpm. 
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The genesis of Cation 1 in Methods 2 and 3 can be explained as follows. MAO and MAO-pretreated Et(IndhZrCl2 

selectively react in Methods 2 and 3, respectively, with the silica surface OH groups. Consequently, a portion of the total 
surface OH groups remains unreacted. Et(IndhZrCl2 reacts with these remaining OH groups to produce Cation 1. 
In Method 2, a part of the finally added Et(IndhZrCl2 reacts with the remaining OH groups to produce Cation 1. 
However, in Method 3, the Et(IndhZrCl2 in equilibrium with the MAO-pretreated Et(IndhZrCl2 solution provides the 
source for reaction with the OH groups to generate Cation 1. 

Note that the current XPS findings partially match what Gassman and his coworkers reported with respect to MAO
preactivated zirconocenes dissolved in toluene solution [45, 46]. The overall conclusion is that the generation of the 
metallocenium cation is a common phenomenon in the solution and solid state. 

Figure 7 shows a typical micro-PIXE energy spectrum from one of the catalyst samples. This evidences the several 
trace element impurities such as K, Ca, Ti, Fe, Ni, Cu, and Zn which may potentially poison the resulting catalyst. 
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Scheme 1. Surface chemistry related to the formation of the zirconocenium cations in the heterogenized catalyst samples [39-44J. 
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5. CONCLUSIONS 

Based on the present work, we conclude the following: 

• The solubility prediction model matches the experiment. Therefore, the output of this model can be incorporated 
into the present engineering approach to advantageously show the combined influence of temperature and pressure 
on the polymerization rate, the catalytic activity, and the stability profile. 

• For evaluating the performance 	of a catalyst system, the catalytic stability profile (which patents have generally 
ignored), induction period, maximum and terminal polymerization rates (rp .max and rp(tR )), and run time
dependent average polymerization activity rp (tR) must be reported. 

• Non-isothermal, uncontrolled polymerization conducted in varying mixing regimes can illustrate the influence of 
mixing, reaction exotherm, and thermal perturbations on the structural stability of the experimental metallocene, the 
catalytic activity, polymerization performance, and the properties of the resulting polymers. Thermal perturbations 
broadened the polydispersity index. 

• With the change in level of stirring from diffusion-controlled regime to nondiffusion-controlled, external gas-liquid 
mass transfer resistance-free one, a segregated, multimodal copolymer composition distribution was obtained. 

• Mixing significantly affected only the copolymer composition distribution and soluble fraction but not the bulk 
polymer properties. 

• Incorporation of 1-hexene significantly decreased the production of high molecular weight fractions without using 
hydrogen (the conventional molecular weight regulator), the average molecular weights and density but increased 
the run-time dependent average catalyst activity, the peak melting temperatures and the weight- and number average 
solution crystallization temperatures. 

• Heterogenization of Et(IndhZrCl2 and MAO generated two types of zirconocenium cations (Cation 1 and Cation 2), 
independent of the heterogenization methods. Based on the postulated surface chemistry, Cation 1 is presumed to be 
in the form of an ion-pair [SiO]-[Et(IndhZrCI]+ while Cation 2, a trapped multi-coordinated crown complex of 
MAO. In absence of MAO, only Cation 1 is formed. The present study provides some support to the postulated 
surface chemistry regarding heterogenization of Et(IndhZrCl2 and MAO on silica. 

• Trace element impurities such as K, Ca, Ti, Fe, Ni, Cu, and Zn may be the potential source of catalyst poisoning. 
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