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ABSTRAZT 

The mechanical and physical propenies of polyolefins are closely correlated to their chemical 

composition distiibutions [CCD) and molecular weight distributions ( M W ) .  Until recently, 

control of these distributions was difficult due to the limitations involved with conventional 

polyolefin catalyst such as Ziegler-Natta catalysts. However, with the aid of the new 

metallocene catalysts, these microstnictural distributions can now be customized to fit the 

requirements of several polymer applications. In this thesis, the MWD OF polyethylene and the 

CCD-MWD of poIy(ethy1ene-CO-1-hexene) were customized through the selective 

combination of metdlocene catalysts imrnobilized on a singie silica support. 

For the case of homcpo!ymers, the MWDs of polyethylcnes produced with combined 

catalysts were represented as the superposition of the MWDs of polymers prodcced with 

individually supported catalysts. It was show that the bimodal M W D s  could be deconvoluted 

into two Flory's most probable distributions with polydispersity indexes of two for each peak. 

It was found that the molecular weight of polyethylene produced with Et[111d]~ZrC1~ did not 

change with increasing ethylene pressure or hydrogen concentration i t  the reactor when 

ethylene pressure was higher than approximately 100 psi at polymerization temperatures of 40 

and 50 O C .  When lower ethylene pressures were used, the molecular weight of polyethylene 

produced with Et[Ind]&Cl2 decreased with increasing hydrogen concentration. Surpnsingly, 

the molecular weights also decreased with increasing ethylene pressure up to LOO psi in the 

absence of hydrogen. 

This behavior provided easy ways of controllhg MWD of polyethylene produced with 

bimetailic supported catalysts, when EtFndl2ZrCl2 was combined with other metallocene 

catalysts. The supported catalyst obtained by the combination of Etpnd]2ZrC12 and Cp2HfCb 

was able to produce polyethylene with MWDs ranging £tom broad and bimodal to narrow and 

unirnodal by simply changing ethylene pressure or hydrogen concentration. 

For the case of copolymers, it was show that some supported metallocenes could 

produce polymers with broad andlor bimodal CCDs depending on the method involved in the 



treatment of the inert carrier. Before this research, the ef5ect of support treatment on 

polyolefin microstructure was rnainly concentrated on MWD. 

The trends observed in homopolymerization for the influence of polymenzation 

conditions on the MWD were also observed in copolymerization, i.e. the MWD of copolymers 

produced wit h Et [Ind]&Clz showed the least sensitivity toward polymerization conditions. It 

was damonstrated that control of CCD and MWD could be simultaneously achieved to 

produce the kind of copolyrners that are only made by reactor cascade technology when 

Ziegler-Natta catalysts are used. 

Finally, a mathematical model was developed to provide usehl insights on phenornena 

happening at microparticle levels, some of which cannot be observed directly. According to 

the model, the broadening of MWD or CCD seemed to be caused by the presence of multiple 

active site types rather than mass or heat transfer resistances. However, if the polymenzation 

tirne is too short or the ratio of polymerization rate to diffusion rate of monomer in the 

catalyst particle is very large, mass transfer resistances can funher broaden the distributions. 
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CHAPTER 1 

INTRODUCTION 

1.1. BACKGROUND 

The discovery of Ziegler-Natta catalysts in 1953 revolutionized the industry of polyolefin 

manufacture. Before Ziegler-Natta catalysts, linear high density polyethylene (HDPE) could 

only be made with Phillips catalysts. With Ziegler-Natta catalysts, the density and physical 

propenies of polyethylene resins could be controlled better by copolymerîzing ethylene with 

a-olefins. As a consequence, structure-property relationships in polyolefins attracted a lot of 

interest from academic and industrial researchers. 

However, one of the disadvantages of Ziegler-Natta catalysts used for the commercial 

production of polyolefins is that they have several types of active sites that produce polymers 

with different average properties. It is very dificult to control the behavior of these sites 

separately. Polyolefins made with heterogeneous Ziegler-Natta catalysts have broad 

distributions of molecular weight (MWD) and chernical composition (CCD), and typically the 

shoner chains also have higher comonomer content. 

Tandem reactor polymerization technology is i~sed to overcome the behavior of 

heterogeneous Ziegler-Natta catalysts. In this method, two or more polymerization reactors 

are used in series to produce polyolefins with bimodal W D  and/or CCD. In a typical two- 

reactor cascade system, high molecular weight copolyrner is produced in the first reactor in 

the absence of a chah transfer agent. The polyrner is transferred to the second reactor where 

polymerization takes place in the presence of hydrogen, which is a cornrnonly used chah 

transfer agent, to produce lower molecular weight hornopolymer chains. The polyethylene 

produced with this technology has bimodal MWD with higher comonomer content in the high 

molecular weight chains. As a consequence, this polymer has the strength and stifhess of 

hi&-density polyethylene, whiie retaining the high stress crack resistance and processability of 

unimodal medium-density grades. However, reactor cascade technologies can be costly and 

the polyrners produced by this technique may still need to be funher homogenized. 



The discovery of metallocene catalysts in the early 1980's once more revolutionized 

the polyolefin manufacture industry. These high-activity, single site catalysts are capable of 

producing polyolefins with well-controlled and uniform microstmctures. This opens the doors 

to the production of polyolefins with entirely new a d o r  improved properties through 

microstmcture control of the polymers. From the understanding of ind'vidual metallocene 

catalysts, the control of polymer microstructure might be possible by combination of different 

metallocenes ont0 a single support. If microstructures of polymers can be precisely controlled 

by a mixed metallocene catalyst, a variety of polymer resins can be produced to attend 

different applications at a reduced cost. 

1.2. OBJECTlVES OF THE RESEARCH 

The main objective of this research is to find new practical and versatile methods of 

customizing the microstructures of polyolefins made with metallocenes in a single reactor. 

This thesis investigated several factors that influence both MWD and CCD of 

polyethylene and poly(ethy1ene-CO- 1 -hexene) produced with bimetallic supponed metallocene 

catalysts. It will be show that differences in catalyst activation energy and chain transfer 

mechanisms, catalyst geometry, and polyrneriiation rates determine how to combine 

metallocene catalysts to control iCiIWD and CCD of polyolefins. 

Chapter 1 presents background information on olefin polyrnerization and the need for 

improved microstructural control in polyolefins 

Chapter 2 reviews the literature on Ziegler-Natta catalysts, metaliocene catalysts, polyolefin 

characterization methods, and mathematical modeling. 



Chapter 3 describes the expenmental methods used for polymerization and polymer 

characterization. 

In Chapter 4, experimental results from ethylene homopolymerization using supponed 

bimetallic metallocene catalysts are presented. Different ways of controlling MWDs and the 

effectiveness of these methods are demonstrated. The effects of polymenzation conditions on 

MWD of the produced polyrners, such as polymerization temperature and pressure, 

impurities, and chain transfer agents are investigated. 

Chapter 5 is devoted to the investigation of the efects of catalyst support treatments on 

polymer properties by using various supports obtained from different sources or treated in 

different ways. 

In Chapter 6, expenmental results from the copolymerization of ethylene and 1-hexene are 

discussed. Some polymenzation conditions can af'fect both MWD and CCD. Therefore, the 

effects of different polymerization conditions on the distributions of molecular weight and 

chemical composition are investigated in two levels of polymerization temperatures, four 

levels of ethylene pressures, and five levels of hydrogen concentrations. Fractionation results 

of industrial polymers obtained by preparative CRYSTAF are also discussed to study the 

correlation between microstructure of polyrner chains and environmental stress crack 

resistance. Finally, a Monte-Carlo simulation was conducted to visualize the process of 

customizing MWD and CCD of copolyrner by catalyst combination technology. 

In Chapter 7, a mathematical model of ethylene and propylene copolymerization in a 

~ppor ted  catalyst system is descnbed. The model used is based on the multigrain 

polymerization model, and is able to deai with the multiplicity of the catalyst active site types, 

homo- and copolymerizations, inter- and intraparticle mass transfer resistances. 

Finally, Chapter 8 presents the most sigiiificant contributions of this research and makes some 

recomrnendations for fiiture work. 



CHAPTER 2 

LITERATURE REVIEW 

2.1. BACKGROUND ON POLYOLEFIN CATALYSTS 

Polyolefins can be produced by free-radical initiators, Phillips type catalysts, and Ziegler-Natta 

catalysts. Ziegler-Natta catalyst systems have been used most widely because of their broad 

range of applications. 

2.1.1. Catalyst Structure 

Ziegler-Natta catalysts can be used either in hornogeneous, heterogeneous, or sometirnes in 

colloidal forms. In heterogeneous system, polymers with different morphologies can be 

produced with a single supponed catalyst, either by changing process conditions or by 

chemical modification of the catalyst (Wagner and Karol, 1989). The two components 

involved in conventional heterogeneous Ziegler-Natta catalyst are a transition metal- 

containing component and a support. Typical components which contains the transition metal 

are T U ,  Ti(OR).t, or VOCI,. MgCl*, Mg(OH)Cl, and polymers with functional groups such 

as OH, COOH, etc. are used as support that rnight fonn bonds with the active sites. Some 

other supports, such as silica and polyethylene (PE), will not chernically interact with the 

active species. MgCl2 or a fùnctionalized polymer can serve both as an anchor for chemical 

bonding and an inert carrier (Nowlin et al., 1988). 

Metaliocene catalysts, which are a new class of Ziegler-Natta catalyst systems, have 

the ability to produce polymer having narrower distributions of molecular weight (MWD) and 

chemical composition (CCD) than the ones produced with heterogeneous Ziegler-Natta 

catalysts. The general structure of metallocene catalysts is show in Fig. 2.1. 



Figure 2.1 General structure of metallocene catalysts : B - bridge, R - alkyl group, M - metal 

center, X - halogen group 

Common structures of rings include cyclopentadienyl, indenyl, and fluorenyl. Some 

metallocene catalysts have only a single ring, a metal center, and halogen groups. Constrained 

geometry catalysts are good examples of this type of catalyst. However, in most cases, 

metallocenes have two identical rings or combination of different types of rings. These two- 

ring metallocene catalysts can be further divided into bridged and unbridged. Ethylene or 

silanediyl bridges are most commonly found in the literature. 

2.1.2. Polymerization Mechanism 

The mechanism of catalyst activation is not fùlly understood. However, alkylation and 

reduction of the metal site by a cocatalyst (generally aikylalurninum or alkylaluminoxane) is 

believed to generate the active catalyst species. The initiation reaction takes place between the 

newly formed active species and a monomer unit to form a polymer chain with chain Iength 

one. 

Propagation proceeds by coordination and insertion of new monomer units in the 

metal-carbon bond. The Cossee mechanism is still one of the moa generally accepted 

polymerization mechanisms (Boor, 1979). In this mechanism, the polymer.chain grows in two 

distinct steps. In the first step, monomer will form a complex with the vacant coordination site 

at the active cataiyst center. Then through a four-point transition complex, bonds between the 



monomer and metal center and between monomer and polymer chain are forrned, increasing 

the length of the polymer chain by one monomer unit and generating another vacant site. 

The trigger mechanism has been recently proposed for Ziegler-Natta and metallocene 

polymenzation (Ystenes, 1993). In this model, two monomers interact with one active 

catalytic center in the transition state. A second monomer is required to form a new complex 

with the existing catalyst-monomer complex, thus tnggenng a chain propagation step. No 

vacant site is involved in this model. The trigger mechanism has been used to explain the rate 

enhancement effect observed when ethylene is copolymenzed with a-olefins. 

Finally, dead polymer chains can be formed by 1) P- hydnde elimination, 2) transfer to 

monomer, 3) catalyst deactivation, 4) transfer to cocatalyst, and 5) transfer to chain transfer 

agents and impunties. The first two transfer reactions will fonn dead polymer chains 

containing terminal double bonds. 

2.1.3. Cocatalys ts 

Bot h met allocene and Ziegler-Natta catalysts need to be activated by a cocatalyst . The most 

cornmon types of cocatalysts are alkylalumiums including methylaluminoxane (MAO), 

tnethylaluminum (TEA), trimethylaluminum (TMA), triisobutylaluminum (TIBA), and cation 

forming agents such as (C6H&Ca(C6F~)JB' and B(C6F&. Among these, MAO is a very 

effective cocatalyst for metailocenes. However, due to the difficulties and costs involved in 

the synthesis of MAO, there has been considerable effort done to reduce or eliminate the use 

of MAO. Due to difficulties in separation, most commerciaily available MAO contains a 

significant fraction of TMA (about 10 - 30 %). Eisch et al. (1994) found that this TMA in 

MAO could substantiaily be eliminated by toluene-evaporations at 25 O C .  

Cam and Giannini (1992) investigated the role of TMA present in MAO by a direct 

analysis of Cp2ZrC12/MAO solution in tolueneœd8 using 'H-NMR. Their observation indicated 

that TMA might be the major alkylation agent and that MAO acted mainly as a polarizing 

agent. However, in general it is believed that MAO is the key cocatalyst in polyrnerizations 

involving metdocene catalysts. The role of MAO includes 1) alkylation of metailocene, thus 



forming active catalyst species, 2) scavenging impurities, 3) stabilizing the cationic center by 

an ion-pair interaction, and 4) possibly the prevention of bimetallic deactivation of the active 

species. 

A study of ion-pairs based on solvent polarity, temperature, and strength of Lewis 

acidity was conducted through combination of temperature-dependent multinuclear NMR, 

electrical conductivity measurements and polymerization activity assessments by Eisch et ai. 

( 1  994). Higher polarity of solvent and higher dilution favored solvent-separated ion-pair, 

which is more active but less stereoselective in syndiotactic polymenzation compared to its 

contact ion-pair isomer. The effects of temperature (above a threshold temperature) and 

Lewis acidity were relatively insignificant. 

In general, homogeneous metallocene catalyst cannot be activated by common 

tnalkylaluminiums only . However, Soga et ai. ( 1 993) were able to produce polyethylene with 

modified homogeneous Cp2ZrC12 activated by common trialkylalurniniums in the presence of 

Si(CH2)20H. Their results show that for an 'optimum' yield, aging of the catalyst and 

Si(CH2)20H mixture for four hours is required. However, MWD of the produced polymer is 

bimodal although the polymers obtained in the presence of MAO have a narrow MWD. 

Chien et al. (1 994) investigated propylene polymerization with Et[Ind]2Zr(CH3)2 using 

(C&~~)SC'(C&)&' and (C6F~)3B as cocatalysts. TEA was also added in some cases to the 

polymerization system. Higher activity and stereoselectivity was obtained when the active site 

\vas formed with (C6Fr)B' counter-ion. It was suggested that the relatively lower activities of 

the catalysts, when other cocatalysts were used, are due to the impurities and that TEA can 

scaveng them without adverse effects on polymerization rate and product quality. However, 

for some other metallocenes, additional TEA can form a different catalyst active species that 

will produce polymer chains with difTerent microstructures. 

Michiels and Munoz-Escalona (1 995) mixed TEA, TIBA, and B(C6F5)3 with MAO to 

find a correlation Setween the composition of mixed cocatalysts, polyrnerization activity, and 

the molecdar weight of polymer produced. It was shown that TMAlMAO syaem has a local 

maximum in activity when the ratio is around 0.3-0.5 (mole/mole). The addition of TEA or 

TIBA to MAO reduced the polymerization activity. The molecular weight was decreased with 



increasing ratio of AlR3/MA0, however, for the case of B(CsF5),, the effect was less 

significant . 

Ethylene/a-olefins copolymers with bimodal CCD were produced with homogeneous 

Cp2ZrC12 with different cocatalysts such as MAO and mixture of TENborate or TIBAhorate 

(Katayarna et al., 1995). It seemed that the active species generated with different cocatalysts 

have different activities and produce polymers with different molecular weights. 

Barron (1995) related the cocatalyst activity to ion-pair complex formation in 

Cp2ZrMe2 catalyzed ethylene polymerizations. They cornpared [('Bu)2AI {OAI('BU)~ }12 to 

[('~u)Al0]. (n=6, 7, 8, 9). Only the closed cage compound [('Bu)A~O]. reacted reversibly 

with Cp2ZrMez to form the ion pair complex [C~~Z~M~][('BU)~A~~O~M~], which is active for 

et hylene polymerization. 

The reactions of tetraalkyldialumoxanes (R2AI-O-AIR2)n or alkylalumoxane (AI0R)n 

with acetylacetone, alcohols, and electron donors such as ethers, amines, nitriles are discussed 

by Pasynkiewicz (1995). The structure of alumoxanes depends on many pararneters such as 

kind of ligands, synthetic conditions including solvent types, reaction temperature, molar ratio 

of reactants, methods of isolation, etc. Even though there has been numerous studies, the 

structures of aluminoxanes are still not clear. 

Some efforts were made to substitute MAO with other rion-coordinating, bulky 

counter anions or some inorganic components exhibiting Lewis acidity. Soga et al. (1995a) 

used heteropolyacids (Ha[PMo i20Jo] and H5 [PMo i&040]) as the counter-anion and were 

able to produce polyethylene without use of MAO. However, the polymers exhibited very 

broad molecular weight distributions (PDI: 10 - 44). 

Naga and Mininuma (1997) demonstrated how the mimures of MAO and 

TEA/Ph3CB(C$5)4 vs. TIBN Ph3CB(C35)r can affect the ratios of polymerization rates 

between rac- and meso-dimethyls~ylenebis(2,3,5-t~ethylcyc~opentadienyl)~rco~um 

dichloride used in aslefin polyrnerization. 

A general review on homogeneous rnetallocene-methylaiuminoxane catalyst system for 

ethylene polymerization cm be found in Reddy and Sivararn (1995). 



2.1.4. Catalyst Activity 

Cihlar et ol. (1978, 1980) used CpîTiEtCVAiEtC12 and Cp2TiEtCV(AlEtC12 + H20) for 

ethylene polymerization. The hydrolyzed AiEtCl* cocatalyst, due to the formation of 

aluminoxane, increased the rate of polymerization. The polymenzation rate showed a 

stationary period at the beginning of the polymerization when AlEtCl2 was used as a 

cocatalyst. However, when the hydrolyzed A.EtCl2 was used as a cocatalyst, a maximum rate 

was observed immediately upon the start of polymerizations. When the ratio of H20/AlEtC12 

was around 0.5, the number average molecular weight of polyethylene was 70 times greater 

than that of polyethylene produced without H20. The use of hydrolyzed cocatalyst enhanced 

the propagation rate drastically. The H20/AlEtC12 ratio influenced the shape of MWD and 

even produced bimodal MWD. A possible explanation is the CO-existence of 

Cp2TiEtCVAIEtC12 and Cp2TiEtCValuminoxane catalytic sites. Each site type may produce 

polymers with different average properties. 

Lee et ai. (1992) investigated the electronic effects of ligand substitution in 

metallocene catalysts for ethylene and propylene polymenzation using ( q 5 - 5 , 6 - ~ 2 ~ g ~ 1 ) 2 ~ r ~ 1 2  

M A O  (X = H, CHJ, OCH,, or CI). The produced polymers showed differences in molecular 

weight and stereongidity. It was found that electron-withdrawing substituents on the indenyl 

ring decreased both polymer molecular weight and catalyst activity dunng ethylene 

polyrnerization. For propylene polymerization, an increase in electron density at the metal 

center of the catalyst decreased the stereoselectivity. The ethylene-bridged catalysts produced 

lower molecular weight polymen compared to their non-bndged counterparts, but the 

catalytic activity remained unafEected for ethylene polymenzation. For propylene 

polymerization, both molecular weight and catalytic activity were not affected significantly by 

using the ethy lene-bridged cataly sts. It was speculated that the different interactions between 

cataiyst and aluminoxane might affect the molecular weights and stereoselectivity. 

Siedle et al. (1993) studied the role of non-coordinating anions in homogeneous olefin 

polymerization where the catalyst fonn metallocenium ion, such as Cp2ZrMe*, produced by 

equilibrium or irreversible CH2- transfer. The molecular weights of polymen produced with 

different catalysts were correlated to metal-carbon bond enthalpies as well as the ligand steric 



and electronic effects. For instance, the molecular weight of polymer produced with 

zirconocene is lower than that of polymer produced with its counterpart hafhocene due to 

lower metal-carbon bond enthalpy for zirconocene. 

Fierro et al. ( 1994) synthesized an asymmetric precursor, anti-rac-ethylidene-( 1 -& 
2,3,4,5-tetramethylcyclopentadienyl)( 1 -Ci5-indenyl)dichlorotitanium and dimethyl derivatives 

to investigate the ligand effect on polymer kinetics. The synthesized catalysts showed poor 

activities compared to the simple Cp2ZrC12/MA0. However, the produced polypropylene (PP) 

exhibited excellent thermo-plastic elastomeric properties, attributable to micro-phase 

separation of stereo-regular and stereo-irregular blocks into crystalline and amorphous 

domains. 

Ciardelli er al. (1994) studied the ettèct of ligand type for Ti- and Zr-centered 

metallocene catalysts on polymerization activity. Depending on ligand types and cocatalysts, 

the activity varied from O. 1 to 3 72 kg PE/g metal atomlh. 

Janiak et al. (1994) used zirconium beta-diketonatelMA0 systems for ethylene 

polymerization. The polymers produced by this system were compared with the polymers 

produced with Cp2ZrC12MAO in terrns of the weight- and nurnber-average molecular 

weights, and polydispersity index (PDI). The zirconium beta-diketonateMA0 system showed 

lower catalytic activity compared to Cp2ZrCI2/MAO. However, when MAO was partially 

replaced by TMA, a significant increase in the catalytic activity was observed. However, TMA 

alone could not activate the catalyst. The polymers produced with zirconium 

beta-diketonate/MAO systems had significantly higher molecular weights, and the PD1 values 

were similar to the values obtained from the polymen produced by Cp2ZrC12/MA0 system. 

No clear explmation on the increased catalytic activity in the oresence of TMA was presented. 

Rieger and Janiak (1994) presented quantitative analysis on the effeas of MAO, Zr, 

and TMA concentrations on the catalysts activity and molecular weight of polyethylene. It 

was found that the addition of TMA (AlhWdAlW E 1.4) at moderate concentrations of Zr 

(10" - 104 m o k )  in solution polyrnerization could drastically reduce the required MAO 

concentration ( AlbhdZr < 1000). 

Jüngline et al. (1 995) compared Me$3i(Benz[e]Indenyl)&C12/MAO (BI) and 

Me2Si(2-Me-Benz[e]Indenyl)2ZrC12/MA0 (h4BI) for propene polymerkation at 40 OC and 2 



bar. At this temperature, BI showed higher activity and produced lower molecular weight 

polymer. However, at elevated temperatures (higher than 60°C), MBI showed higher activity 

due to its higher activation energy. When these catalysts are supported together, the shape of 

the overall molecular weight distribution can be controlled (by changing the reaction 

temperature) since each catalyst produce polymers with different average molecular weights. 

Han et al. (1995a) compared the activity of ethylene and propylene polymerization 

over chiral ansa-dichloro[o-phenylenedimethylenebis(p5- 1 -indenyl)]zirconium ( I )/MAO. For 

ethylene polymenzation, meso-(l)/MAO was more active than rac-(1)MAO. For rac- 

(l)/MAO, the activity increased as the temperature increased. For propylene polymenzation, 

rac-(1)MAO was active, but meso-(l)/MAO was almost inactive. Also, for same rac- 

(l)/MAO, the activity decreased as the temperature increased. The authors could not propose 

a definite explanation for these observations. 

Pieters et d(1995) charactenzed ra~-Et[Ind]~ZrCl~MA0 using ultra-violet (UV) 

spectroscopy to distinguish between active and inactive polymerization sites. This methoci can 

easily and economically provide information about the conditions for the synthesized 

metallocenes to be active. Kaminsky (1995) used a similar UV technique to investigate the 

polymerization mechanism of Cp2Ti(CH3)2/MA0. 

Roos et al. (1997) showed that a first order mode1 could reasonably descnbe the 

deactivation rate as a function of temperature in a gas phase polymerization of ethylene with a 

silica supponed ra~-Me~si[Ind]~ZrCi~/MAO. 

Ban et al. (1998) synthesized dinuclear ansa-zirconocene catalyas to improve catalyst 

stability at higher polymerization temperatures. The new cataiysts showed fairly good 

activities even at 150 OC for ethylene or ethylendl-octene copolymerization. However, the 

aability of the catalyst at high temperature could not be estimated because the polymerization 

time was limited to 2 minutes. Rate-time profiles obtained at 40 O C  for the sarne catalyst show 

very rapid deactivation at initial stage (up to 1C Mn. fiom the start) and a slower deactivation 

rates at later stage. Therefore, it is possible that the +sysïthesized catalysts may deactivate even 

more rapidly at high temperatures. Polymerization conducted at 60 O C  showed that the meso- 

dinuclear catalyst has higher activity but produces polymers with lower molecular weights 

when compared rac-dinuclear catalysts. When a high polymerization temperature was used, 



the rnolecular weights of the polymer decreased drastically. In case of propene polymerization, 

the activities were poor for al1 the catalysts compared. 

2.1.5. copolymerization 

By adding a small percentage of comonomer to the polymenzation reactor, the final polymer 

characteristics can be dramatically changed. For example, the Unipol process for linear low 

density polyethylene (LLDPE) uses hexene and the British Petroleum process (BP) uses 4- 

methylpentene to produce high-performance copolymers. The comonomer can affect the 

overall crystallinity, melting point, softening range, transparency, and also, structural, thermo- 

chernical, and rheological properties of the fonned polymer. Copolymers can also be used to 

enhance mechanical properties by improving the miscibility in polymer blending (Albano el al., 

1998). 

Koivumaki et ai. (1994) found that small addition of 1-hexene in the ethylene 

polymerization with CpZZrC12/MA0 could improve the control of viscosity and heat transfer 

during the polyrnerization. It was found that the apparent viscosity of the reaction medium 

was constant throughout the experiment in the presence of a comonomer. However, for 

homopolymerization, the viscosity increased significantly during the reaction causing 

temperature control problems. Since the polymer particles produced in copolymerization were 

115 times smaller than the particles produced in homopolyrnerization, a more uniform reaction 

medium was obtained in copolymerization. If a small amount of comonomer is added at the 

beginning of polymerization, improved polymerization control could be achieved without 

altenng polymer properties significantly. 

Aaltonen and Seppala (1994) used styrene as a cornonorner for ethylene 

polymerization using CpTiClJMAO. Severe composition drift was observed in this system 

and block copolymer was produced. Styrene did not seem to be a good choice as a 

comonomer for ethylene with this catalyst, because the reactivity of styrene to ethylene was 

very low (0.01)- 



The incorporation of cornonomers in polyethylene was greatly improved by the 

discovery of constrained geometry catalysts. The "openness" of these catalysts allows not only 

higher content of cornonorner incorporation but also allow it to incorporate bulky macro- 

monomers to the growing polyolefin chahs. Depending on c xnonomer content, constrained 

geornetry catalyst can produce polymers with wide range of applications such as polyolefin 

plastomers (< 20 M.-?40 octene), polyolefin elastomers (> 20 W.-% octene), high performance 

polyolefins, acd polyethylenes. Characteristics of polymers produced with Dow Chemical 

Company's lnsiteB based polyrners can be found in Swogger (1994) and Stevens (1994). 

The effects of polymerization conditions and molecular structure of the catalyst on 

ethylene/a-olefin copolymerization have been investigated extensively. Pietikainen and 

Seppala (1994) investigated the effect of polymerization temperature on catalyst activity and 

viscosity average molecular weights for low molecular weight ethylendpropylene copolymers 

produced with hornogeneous Cp2ZrC12. Soga and Kaminaka (1994) compared 

copolyrnerizations (ethylenelpropylene, ethylend 1 -hexene, and proplylen/ 1 -hexene) wit h 

Et[1ndH&ZrCI2 supponed on Sioz, A . 1 2 0 3 ,  or MgC12. Broadness of MWD were found to be 

related to the combinations of support types and monomers. The effect of silica and 

magnesiurn suppons on copolymerization characteristics was also investigated by Nowlin et 

al. (1988). Their results indicated that comonomer incorporation was significantly afTected by 

the way the suppon was treated based on the reactivity ratio estimation calculated with 

simplified Finemann Ross method. However, it should be noted that Finemann Ross method 

could be misleading due to linear estimation of nonlinear systems. Giz (1998) developed two 

new error-in-variable methods (EVM) used for estimation of the reactivity ratios in 

copolymerization. From their simulation it was shown that even for the new EVM, depending 

on the range of reactivity ratios, difEerent calculation methods should be used. Because of 

that, a pre-estimation of the reactivity ratios is essential. Only for the initial estimation, a linear 

method might be used. 

Soga et al. (1995b) noted that some metallocene catalysts produce two-different types 

of copolyrners in terms of crystdlinity. They copolymerized ethylene and I -alkenes using 6 

different catalysts, such as Cp2ZrCb CnTiCI2, Cp2Hnb Cp2Zr(CH&, Et[Ind H2I2ZrCl2, and 

iPr(Cp)(Flu)ZrC12. Polymers with bimodal crystdlinity distribution (as measured by TREF- 



GPC analysis) were produced with some catalytic systems. Only Cp2TiC12-MAO and 

Et[H..Jnd]2ZrC12-MA0 produced polymers that have unimodal crystallinity distribution. The 

results seem to indicate that more than one active site type is present in some of these 

catalysts. However, it is also possible that non steady-state polymerization conditions might 

have caused the broad distributions in their case, since their polymerization tirnes were very 

short (5 minutes for most cases). 

Studies on a-olefin homopolymerization using metallocene catalysts might be 

interesting for copolymerization research. Frauenrath et al. (1998) used Cp22rC12/MA0 

system to polyrnerize 1-hexene, which is one of popular comonomers used with ethylene. 

They found that as the polyrnerization temperature increased the molecular weight and 

isotactic sequences of polyhexene decreased. 

Bergstrom et ai. (1997) found the relationship between the content of isolated, 

alternating, and block sequences of cornonomer and polymerization conditions in 

norbomendethylene copolyrnenzation produced with dimethylsilyl bis(indeny1)zirconium 

dichloride and ethylene bis(indeny1)zirconium dichloride. It was shown that the different 

sequences of comonomers are sensitive to AVZr ratios, polymerization temperatures, and the 

metallocene types. 

Stereoregulation in copolyrnerization is one of the most important areas in 

copolymerization research. Jin et al. (1 998) were able to produce an alternating poly(ethy1ene- 

CO-propylene) with a proportion of [EP] sequences over 95 % using [ethylene(Lindenyl)(9- 

fluorenyl)]zirconium dichloride (Et [ 1 -Iiid][9-Flu]ZrC12) catalyst. The polyrnerization 

temperature was extremely low (-40 O C ) .  However, the altemating copolymer was 

stereoregular and isotactic. A comprehensive review on stereospecific olefin polymerization 

can be found in Brintzinger et al. (1995). 



2.2. HETEROGENEOUS SYSTEMS 

The new rnetallocene/MAO systems offer more possibilities in olefin polymerization compared 

to the conventional Ziegler-Natta catalysts, such as narrow stereoregularity, molecular weight 

and chemical composition distributions through ligand design. However, only heterogeneous 

catalysts can be practically used for the modem gas phase and slurry polymenzation 

processes. Without using a heterogeneous system, high bulk density and narrow size 

distribution of polymer particles cannot be achieved. The advantages of supporting catalysts 

includes improved morphology, less reactor fouling, lower AVmetal ratios required to obtain 

the maximum activities or in some case the elimination of the use of MAO, and improved 

stability of the catalyst due to much slower deactivation by bimolecular catalyst interactions. 

Therefore, developing heterogeneous metallocene catalysts, that still have al1 the advantages 

of homogeneous systems, became one of the main research objectives of applied metallocene 

catalysis. 

Steinrnets ri al. (1997) examined the partiçle growth of polypropylene made with a 

supponed metallocene catalyst using scanning electron microscopy (SEM). They noticed 

formation of a polymer layer only on the outer surface of catalyst particles during the initial 

induction period. As the polymerization continued, the whole particle was filled with polymer. 

Particle fragmentation pattern depended on the type of supponed metallocene. 

The morphology of polyrner particles depends mainly on catalyst morphology, support 

structure, reaction kinetics. and types of polymer. Polymer morphology is also afTected by 

process conditions during polymerization. Burkhard et ai. (1989) showed the importance of 

proper control of polymenzation conditions during various stages of polymer particle growth 

in industrial U N I P O L ~  process. The factors that affect the morphology of particles are 

initiation, which sets the boundary conditions for subsequent polymerization, shattering of the 

silica support, particle annealing, and different polyrnerization rates during initial, 

intermediate, and final particle growth stages. 



2.2.1. Catalyst Chemistry 

The nature of the active sites affects the polymer morphology, catalyst stability and 

activity, and the characteristics of the polymer produced. However, structure and chemistry of 

the active sites in supported catalysts are not clearly understood. Catalytic activities for 

supported metallocenes are usually much lower than that of their counterpart homogeneous 

systern. Formation of different active species, deactivation of catalyst during supponing 

procedure, and mass transfer resistance may contribute to decrease catalyst activity . 

Chien and He (1991) prepared a supported catalyst for ethylene and propylene 

copolymerization in fluidized bed reactors. Significantly lower ratios of AYZr (670 compared 

to 2,000-3.000 in homogeneous systems) were used to get random ethylene/propylene 

copolymer. 

Kaminaka and Soga (1991, 1992) compared A1203 and MgCl2 as supports for 

iPr(Flu)(Cp)ZrC12 ITMA and Cp2ZrC12/11MA systems for propene polymerization. When 

A203 and MgCl2 were used as the suppon, TMA alone could activate the catalysts, although 

the activities were significantly lower than when MAO was used. ' 3 ~ - ~ ~ ~  results show that 

iPr(Fl~)(Cp)ZrCl~lAl(CH3)~ and Cp2ZrC12/Ai(CH3)3 produced syndiotactic and atactic 

polypropylenes, respectively. Molecular weight data were not complete and the molecular 

weights were low ( M W  less than 80,000). 

Soga and Kaminaka (1992) used supported Et[InaI2ZrCI2 nlth different types of 

AR3 (R : CH,, C2&) in propylene polymerization. Some catalyst/A.& systems showed high 

activity and produced high molecular weight polymer. However, the activity of polymerization 

using A R 3  as a cocatalyst was much lower than when MAO is used. In some cases, only trace 

of polymers were produced. 

Satyanarayana and Sivaram (1993) speculated that for CpzTiC12/MgClr 

trialkyaluminum cataiyst system for ethylene polymerization, the active site is a cation-like 

complex of CptTiR+ adsorbed on MgC12, where the reactive sites are isolated on the support, 

thereby stabilizing the coordinately unsaturated monomeric titaniurn species as shown in 

Fig.2.2. 
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Figure 2.2 Structure of active sites for Cp2TiCI2 supponed on MgC12 

Ciardelli et al. (1 994) studied the combined effect of ligand type and inorganic support 

type for Ti- and Zr-centered metallocene catalysts on ethylene polymerization activity. 

Depending on ligand types, cocatalysts, and suppon type, the activity varied from 2.4 to 41.3 

kg PE/g metal atomh. Steric and electnc effects of ligands and support seemed to 

significantly contribute to catalyst performances. 

Jin et al. (1995) supponed neodymocene on SiO2 Neodymocenes are known to be 

efficient catalysts for ethylene polymerization, although the homogeneous organolanthanide 

catalysts have a short lifetime. The lifetime of the supported catalysts was improved 

compared to the corresponding homogeneous catalyst systems, however, the polydispersities 

for the obtained polymers were very high (PD1 = 2.9 - 10.5). 

Tait et al. (1995,1996) reported general effects of suppon type, treatment, supporting 

procedure, and type of diluents on reaction kinetics and physical properties of polymer 

produced. Although the activities of supported catalyas are much lower compared to 

homogeneous systems, the activity of catalysts increased slightly when O-dichlorobenzene was 

introduced in toluene. 

The catalytic activities of supported catalyst generally depend on the percentage of the 

incorporated metallocene (Quijada et al., 1997). However, in the case of metailocenes 

supported on MAO pretreated silica, depending on how the surface-bound MAO cm complex 

with the catalyst, the activity can be as high as that of homogeneous systems (Chen et al., 

1995). According to the experiment by Chen et al., if a single MAO is attached to silica, it 

would complex with zirconocene and lowers its activity. On the other hand, if multiple MAOs 

are attached to the surface silanol, the supported zirconocene d l  not be fùrther complexed 

with MAO and have higher activity. 



Some review on methods and trends involved in supporting of metallocene catalysts, 

nature of the active sites, and mechanisms can be found in Ribeiro et al. (1 997) 

2.2.2. Supporting Methods 

Metallocene immobilization methods can be divided into three main groups. The first 

rnethod is the direct support of catalyst onto an inert support. The second method involves the 

pre-treatment of the inert support with MAO or other alkylaluminum followed by metallocene 

supporting. In the third method, the catalyst is chemically anchored to the support, which 

often involves in-situ catalyst synthesis. These methods produce catalysts with distinct 

activities, cornonomer reactivity ratios, and stereospecificities. 

Direct Supporting on Inert Material 

Collins et al. (1992) reported that Et[IndI2ZrCl2, when supported on partially dehydrated 

silica, reacted with surface hydroxyl groups during adsorption to form inactive catalyst 

precursors and free ligands (Fig. 2.3). Therefore, the activity is lower compared to the case of 

using dehydrated silica. Fig. 2.4 shows the proposed stnicture of inactive Et[1nd]:ZrCi2 

supported on alumina. For the case of alurnina, the activity of catalyst supponed on 

dehydrated alumina is lower than the one supported on partially dehydrated alurnina. The high 

Lewis aciaig of aluminum sites on dehydroxylated alumina facilitates the formation of AI-Cl 

bonds and Zr-O bonded species when the metallocene compound is adsorbed on these sites. 

However, the metal sites in this case remain inactive even after MAO addition. 



Figure 2.3 Formation of inactive site when Et[1ndl2ZrCl2 is supported on panially dehydrated 

silica 
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Figure 2.4 Formation of inactive site when Et[Indl2ZrCl2 is supponed on dehydrated alurnina 

Kaminsky 2l al. (1991) proposed a possible explanation for the different behavior of 

metallocenes supponed directly ont0 silica, homogeneous systems, or supported ont0 MAO- 

pretreated silica. It is assumed that the supporting of metallocenes on silica takes place in 

three stages. First, the metallocene reacts with the OH groups of the silica as shown in Fig. 

Figure 2.5 Reaction of silica and metdocene during catalyst supporting 



CFAPTER 2. LITERATURE REVIEW 

where, L is a ligand (Cp, Ind) 

The second step is the alkylation by MAO as shown in Fig. 2.6 : 

y 3  

+ CI-AI-O- 

O CH, 

Figure 2.6 Alkylation of supponed metallocene by MAO 

The third step is the dissociation of the -Si-O-Zr- bond to an ion pair to fom the cationic 

active center (SiO-)(Zr)*. The PDIs of polyrners produced with these supported metailocenes 

are reported to be relatively high (5-8) due to different electronic and steric interactions 

between the silica surface and the metal active sites. The immobilization of the zirconocene on 

silica inhibits bimolecular deactivation processes because the active sites are separated from 

each other. 

As a consequence less use of MAO is required, increased molecular weights are 

achieved due to the reduction of P-hydrogen transfer by a second zirconocene center, and 

polypropylene of higher isotacticity and melting points is formed. 

When silica is pretreated with MAO, the supporting mechanisrn is different. The 

zirconocene is complexed to MAO supported on silica, which will make the catalyst similar ro 

a homogeneous system. The polyrners produced in this way have lower molecular weights. 

Janiak and Rieger (1994) used silica to support Cp2ZrCI2/MAû for ethylene 

polymerkation. It was found that when the catalyst was directly deposited on silica, the 

activity was much lower than when the sandwich structure of Si02/MAO/Cp2ZrC12/MA0 was 

used. The activity depended on the total Zr content. Supporting the catalyst significantly 

decreased its activity but increased molecular weights of the formed polymer. Reduced chah 



transfer reactions between the irnmobilized Zr and Al centers is the possible cause of the 

increase in molecular weight. The decreased activity was explained by the partial activation of 

metallocene center at low AVZr ratios, as the Zr centers were set on the silica support. Also, 

intraparticle mass transfer resistances were considered as the cause of the decreased activity. 

Slight increases in polydispenity index of the produced polymers were obsewed, however no 

clear explanation was provided. 

Sacchi et d(1995) compared the stereochemical control of homogeneous and silica- 

supponed Cp2ZrC12. Ethylene polymenzation rates wit h the supponed catalyst were lower but 

more reproducible than the ones with the homogeneous system. Additionally, the 

heterogeneous system was activated by TIBA, which could not be achieved with the 

homogeneous system. Other interesting observation is the change of CVZr mole ratios 

between supponed and non-supported catalysts. When Cp2ZrC12 was supponed directly on 

SiO2, the mole ratio of CVZr decreased from the value of two, indicating a chemical 

composition change in the catalyst. However, if Si02 was pre-treated with MAO, the CVZr 

mole ratio remained close to two. In propylene polyrnerization, the non-isospecific [IndI2ZrC12 

became highly isospecific (as of Et[IndI2ZrClz - SiOt system) when supported on SiO2. No 

such improvement was found when the catalyst was supponed on Si02 that was pre-treated 

with MAO. Therefore, when the metallocene is anchored directly ont0 silica, only isospecific 

centers may be formed independently of their chemical structure, because both Et[IndJ2ZrCI2 - 
Si02 and [IndI2ZrCl2 - SiOl synems produced the same prevailingly isospecific polyrner. The 

improvement in polymer morphology for supponed catalyst was not mentioned. 

Repo et a!. (1997) were able to deposit Zr(sa1en)Ch [den  = A( N'- 

ethylenebis(salicylideneirninato)] on to a silica support by heating Zr(salen)C12(THF) in 

toluene in the presence of SiO2. The catalyst prepared in this method has acceptable activity 

for ethylene polymerization at 80 O C  with low monomer pressure in the presence of MAO. 

Supporting Catalyst on Materials Treated with Alkylaluminum 

As show in Fig. 2.7, for ionic metallocene catalyst, supporting of the duminum-aikyl-free 

catalyas can cause (a) deactivation through coordination of Lewis-basic surface oxides to the 



electrophilic metal center or (b) reaction of the ionic complex with residual surface hydroxyl 

groups (Hlatky and Upton, 1996). 

Figure 2.7 Effect of surface hydroxyl groups on ionic metallocene catalysts 

However, highly active supponed ionic metailocene cataiysts for olefin polymerization can be 

prepared by pretreating the support with a scavenger. It is assumed that pretreatment of the 

support with a scavenger serves to passivate the support and compatibilize it with the ionic 

metallocene complex. 

Kaminsky and Renner (1993) produced high melting polypropylenes with 

silica-supported ~irconocene(Et[Ind]~ZrC1~/MAO) cataiysts. Three different approaches in 

supporting the catalyst were used. In the first method, silica was pretreated with MAO and 

then rnetalloccnes were added. The second method did not use MAO during the supponing 

process, but for polymerization MAO was added. The third method is same as the second 

method, but the supported catalya was pretreated with MAO before polymerization. No 

additional MAO was used during polymerization for the catalysts prepared by the third 

method. They noted that the pretreatment of silica with MAO (first method) causes the 

metallocene to interact maidy with MAO, resulting in a supported cataiya with behaviors 

similar to the equivalent homogeneous system. Compared to homogeneous systems, the 

supported catalysts produced polypropylenes with significantly higher molecular weights and 

melting points. The molecular weights of the polymers produced by the supported catalyst 

according to the second method showed increasing molecular weight as the AVZr ratio 



increased. However, the opposite behavior was observed when catalysts supported by the 

third method were used for the polymenzation. 

Langhauser et al. (1994) supported metallocenes ont0 an inert support by physical or 

chernical means. Polypropylene, AIR3-treated SiO2, and chemically fixed MAO were used as 

the supports. The results were compared between the following four cases. 1. 

Me2Si(HJnd)2ZrC12/MA0 on Si02/TEA, 11. Me2Si(2-Me-4-tBu-Cp)ZrC12 on PP, III. 

MeZSi(Benz-inden)ZZrC12 on Si02/TEA, and IV. TiC1dMgCl2 on Si02. Case II produced 

polypropylene that had the highest molecular weight (68,000), isotacticity, and crystallinity 

among the cornpared cases. 

Lee et al. (1995) used TMA pretreated-silica as the support for metallocene catalysts. 

The activity of supported catalysts showed dependency to H20 content in silica, H20/TMA 

ratio, metallocene, and cocatalyst. The supported catalyst was also able to polymerize 

ethylene in the absence of MAO when common aikyl aluminum was used as the cocatalyst. 

Ernst et al. (1996) further cross-linked the MAO molecules supponed on small size 

aluminum oxide using bisphenol A to create a suppon that had very low solubility of MAO in 

diluents. The polypropylenes produced with metallocene catalysts immobilized ont0 the cross- 

linked support were spheres with very broad particle sire distribution including fines. 

However, when medium size silica was used for the support, the particle sire distribution was 

comparable to polymers produced with conventional supported Ziegler-Natta catalysts. 

The study of the surface aluminum and metallocene loading by Santos et al. (1997) 

reveals that about 7 M.-% of MAO can be supponed on silica when the initial amount of 

MAO in mixture of silica was Ca. 10 wt.-%. Depending on silica type, saturation of MAO 

supported on silica can occur at lower MAO contents. 

Harrison et al. (1998) compared a variety of silica and alumina supports with different 

degrees of surface hydroxylation as the supports. It was show that as the concentration of 

OH groups on the surface of the support increased, more MAO could be impregnated and 

thus catalysts with more metallocene content could be produced. The most obvious benefit of 

supported catalyst with more metallocene was an increased activity compared to catalysts 

with lower concentration of surface hydroxyl groups (increased activities both in kg PUmol 

Zrfhr and kg PEIg supportfh). However, at high polymerization temperatures, leaching of 



catalyst frorn the support was observed. At lower polymerization temperatures, leaching was 

less significant, however, the morphology and bulk density of the polymer formed were still 

unsuitable for use in gas-phase polymerization. 

For the case of propylene polymerization, decrease in syndiotacticity was observed by 

Xu el al. (1998) when the rnetallocene catalyst was supponed on pretreated silica. 

Chemically Anchoring Catalyst on Support 

Soga el al. ( 1  994, 199%) describeci a method to support zirconocenes more rigidly on SiO2. 

The supporting steps are as follows : 1) Silica was treated with SiCl4 to substitute the OH 

groups with chlorine atoms. 2) The resulting silica gel was filtered and washed with 

tetrahydrofuran (TW). 3) The solid was re-suspended in THF and a lithium salt of indene, 

dissolved in THF, was added drop-wise. 4) The resulting solid was filtered and washed again 

with THF. 4) To re-suspended solid in THF, ZrClr-2THF dissolved in THF was added. 4) The 

final solid part was separated by filtration, washed with THF and diethyl ether, and dried 

under vacuum. The supported catalyst produced in this way showed higher isospecificity than 

the corresponding homogeneous system for propylene polymenzation. MAO or ordinary 

alkylduminums were used as cocatalysts. The yield was higher when MAO was used as the 

cocatalyst, but the molecular weight of the polypropylene was half of the molecular weight 

obtained when TIBA was used as the cocatalyst (3.4~10' g/mol and 7.2~10' ghol,  

respectively). Fig. 2.8, shows structures the silica supported metallocenes. 

CI, ,CI 
Zr 
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Figure 2.8 Structure of some silica supported metallocene cataiysts (Soga et al., 199%) 



Lee et al. (1997) used spacer molecules, where metallocene catalysts were attached to 

spacers supported on silica, to eliminate the steric hindrance near the active site caused by the 

silica surface (Fig. 2.9). By distancing the active site from the silica surface, higher catalytic 

activities but lower polymer molecular weights were obtained in cornparison with analogous 

silica-supported catalysts without a spacer molecule. Trisiloxane and pentamethylene were 

used as spacer molecule between silica and CpIndZrClz. 

Me\ /Me Me, ,Me Me, ,Me 

1.5-dichlorohexamethyltrisiloxane + - O 

Me\ ,Me Me, ,Me Me, ,Me 

Me, /Me Me, ,Me Me, ,Me 

,Si, ,Sik 

O 
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Me, ,Me Me, ,Me Me, ,Me 

SiO, 

Figure 2.9 Mechanism for supporthg metallocene catalysts on silica using spacer molecules 



Iiskola et al. (1997) treated the surface of partially dehydroxylated silica with a silane coupling 

agent, Cp(CH2)3Si(OCH2CH3)3, and then chemically supported CpZrC13 ont0 the modified 

silica to obtain a highly active catalyst (Fig. 2.10) for ethylene polymerization used in the 

presence of MAO. Depending on the calcination temperature and the modification methods, 

the catalysts showed different activities and produced polymers with different molecular 

weights. In general, when compared to homogeneous Cp2ZrC12 systems, al1 the supponed 

catalysts showed lower activities, but the polymers produced had higher molecuiar weights. 

On the other hand, when compared to homogeneous CpZrCl, systems, the activities of the 

supponed catalysts were similar but the molecular weights of the polymer produced were 

lower and depended on the silica surface modification method used. The polydispersity index 

of the polymers ranged from 2.2 to 2.8 

Figure 2.10 Modification of silica with Cp(CH2)3Si(OCH2CH3)3 and preparation of supported 

metdocene catalysts Iiskola et al. (1 997) 



In-Situ Technology 

Galli et al. (1 997) used an in situ impregnation technique to support metallocenes to 

sphencal polypropylene particles made with Ti-based Ziegler-Natta catalysts to produce 

polymers with improved morp hology . In t heir ' multi-catalyst reactor granule technology ' , t hey 

attempted to combine the excellent morphology control of Ziegler-Natta catalysts and unique 

properties of polyolefins made with metallocene catalysts. It was shown that for some reaction 

conditions the polymers were recovered as fiee-flowing particles with good morphology The 

. heterophasic PP/ethylene-propylene-rubber (EPR) copolymers seemed to have good 

dispersion of mbber inside the polymer granule, based on morphological charactenzation. 

Incipient Wetness Method 

Lately, a new "incipient wetness" method was demonstrated by Kamfjord et al. (1998). In this 

method, the catalyst is dissolved in liquid monomer (1-hexene, 1, 7-octadiene, and styrene) 

and then adsorbed on silica containing MAO, where the monomers are allowed to polymerize 

slowly to anchor the catalyst in the silica pores. The behavior of the supported catalysts 

prepared in this method depends on the type of monomer used during pre-polymenzation. For 

instance, when 1,7-octadiene was used, the polyoctadiene-covered catalyst panicle suffered 

possible mass transfer resistance due to the presence of the rigid pre-polymer. Because of this, 

when used for ethylene polymerization, the initiai activity of the catalyst was low but gradually 

increased as more active sites were exposed as a result of particle fragmentation. When 

styrene was used during pre-polymerization, the activity was increased compared to the non 

pre-polymerized catalyst 

Interestingly, the pre-polymer forms a protective layer around catalyst particles, which 

retards catalyst deactivation by poisons. Therefore, even after 5 hours of exposure to air, the 

catalysts retained some polymerization activity. For most polymerizations, the catalysts were 

activated with TEA. When the catalyst pre-polyrnerized with 1-hexene was activated with 

TIBA, the activity increased more than 100 %. However, TIBA appears to extract catalyst 



and MAO from the support and thus the morphology of the polymer became somewhat 

similar to the one obtained in homogeneous systems. 

Other Supports 

Janiak et al. (1993) used polymeric MAO as support for metallocene catalysts. The 
13 characterization of polymenc MAO was performed by SEM, C and 2 7 ~  nuclear magnetic 

resonance (NMR), and Brunauer-Emmett-Teller (BET) method. Polyrnerization results using 

these metallocenes supported on polyrneric MAO were not presented, although the authors 

claimed that their new catalyst showed higher yield on a per gram catalyst basis compared to 

their best silica supponed catalyst. 

Ti- based catalyst (fiom TiClJ was also supponed on polymer such as poly(ethy1ene- 

CO-acrylic acid). With the polymer supported catalyst, Sun et al. (1994) were able to produce 

polyethylene and poly(ethy1ene-CO-1 -hexene) with high melting point, high degrees of 

crystallinity, and high MW. 

Lee and Yoon (1994) used a-cyclodextrin-supponed Cp2ZrC12/MA0 for ethylene 

polymenzation. Thermal properties, such as melting temperature and crystallization 

temperature, were increased when the catalysts were supponed and also the polymerization 

was possible using only TMA as the cocatalyst. 

Polysiloxanes have also been used as metallocene supports. Soga et a[. ( 1995d) found 

that the activity and stereospecificity of metallocene catalysts supponed on polysiloxanes were 

between those of corresponding homogeneous and Si02-supported catalysts. Arai et al. 

(1997) produced difkent types of polysiloxane-supporied zirconocene catalysts by 

condensation of dichlorosilane with various side groups and water. The supported catalyst 

was more stable than equivalent homogeneous systems. The Zr content in the supported 

cataiysts varied fiom 0.33 to 1.17 mmoVg. The activities of the cataiysts depended 

significantly on the side groups. Unfortunately, the supported catalyas prepared by this 

method have both soluble and insoluble fractions in toluene depending on the molecular 

weight of the catalyst. 



Nishda et al. (1995) used polystyrene as a support for metallocenes. The supponed 

Si[IndI2ZrCl2 and Et[Indl2ZrCl2 on chemically modified polystyrene were stable at high 

temperatures (as high as 70 OC). Molecular weights of polypropylene produced with these 

catalysts was low (MW = 23,000-27,000). The polydispersity indexes of the polymer obtained 

were between 2.1 and 5.1 . SEM pictures show that the original polystyrene beads were not 

fractured during polymenzation and that the polymer was produced mainly around the 

extemal surface of the beads. It was claimed that the polyethylene produced replicated the 

original shape of the polystyrene beads. However, based on these observations, it is possible 

that the polymer chains grow on the polystyrene surface only until al1 the active sites are 

blocked, when polymerization stops before significantly altering the shape of the suppons. 

This seems to be confirmed by the fact the arnount of polymer produced was very small 

compared to the original polystyrene support. Some SEM pictures also showed that polymer 

was formed only in some pans of the beads, which indicates irregular catalyst supponing. 

Zeolites are used as catalyst suppons in various applications other than polyolefin 

manufacturing due to their well-defined cage structure. Woo et al. (1995) used NaY zeolites, 

pre-treated with MAO or T M 4  as the support for Cp2ZrC12 and Cp2TiC12. The molecular 

weight and melting point of polyethylene produced with the supported catalyst were higher in 

cornparison to the ones obtained wit h its homogeneous counterpart . However, polymerization 

activities were significantly lower for the zeolite-supponed syaem. Ko el al (1996) used 

molecular sieves such as MCM-41 and VPI-5 as suppons for Et[IndI2ZrCl2 catalyst for 

propylene polyrnerization. The supponed catalyst showed high activity toward propylene 

polymerkation and the ability to produce supenor polypropylene in terms of molecular 

weight, stereoregularity, and melting point compared to the homogeneous catalysts. 

2.3. CONTROL OF POLYMER MICROSTRUCTURES 

The mechanical and rheological properties of polyrners depend not oniy on their average 

molecular weights and chemical compositions but also on their MWD and CCD. Polymers 

with broad MWD show great flowability in molten state at high shear rate, and thus cm be 



easily processed. Polymers with narrow MWD have greater dimensional stability, higher 

impact resistances, greater toughness at low temperatures, and higher resistance to 

environmental stress cracking. Polymers wit h high average molecular weight s show better 

mechanical properties compared to polymers with low average molecular weights. However, 

narrower MWD causes low shear sensitivity and low melt tension, which make it dificult to 

process with conventional transformation machines. Especially, polymers with relatively 

narrow MWD with high average rnolecular weights will cause higher degree of extrusion 

defects such as melt fracture in addition to the decreased processability. 

For copolymers, structural distnbution caused by CCD will affect crystalline level such 

as a lamella thickness distnbution. In general, the narrower CCD, the stronger the impact 

strength and less haze compared to copolymers with broader CCD. Overall, a narrow MWD 

and CCD will improve physical properties of polymer, however, processability of the polymer 

will suffer. 

The disadvantages in processing can be greatly reduced by incorporating low 

molecular weight polymer chains to the polymer, which acts as lubricant during processing. 

Therefore, control of MWD and CCD becomes an important factor to determine the 

application of the produced polymer resin. The interest in producing designed polyolefins 

through single-site catalyst in industriai process is growing (Montagna, 1995) with the advent 

of metallocene catalysts. 

Reactor cascade technology is commody used to customize polymer microstructures 

in industrial process to produce polymers with CCD-MWD relationship show in Fig. 2.11. 

Bohrn et al. (1994) describe a process used to produce bimodal polyethylene with improved 

properties. The basic structure-property relation was qualitatively explained, such as the 

formation of tie molecules in a bimodal polymer alloy. Generally, the target of reactor cascade 

technology is to produce a mixture of polymers with two different microstructures. One 

comprises low molecular weight homopolymers and the other high rnolecular weight 

copolymers. The high molecular weight copolyrners increase the probabiliîy of tie molecule 

formation that will physicaliy connect different crystallites in a tri-dimensional network. 

Polymers produced in this way show high stiffhess, high impact resistance, high resistance 

venus rapid crack propagation, and very high values of environmental stress crack resistance. 



Molecular Weight 

Figure 2.11 Bimodal HDPE with targeted comonomer incorporation (Equistar Chemicals., 

MetCon798) 

Another way to control MWD is to use combination of different catalysts. This 

technique became possible with the introduction of metallocene catalyst. Metallocene catalysts 

produce polymers with very uniform distributions, which were not attainable with the 

conventional heterogeneous Ziegler-Natta catalysts. MWD and CCD can be controlled by the 

selective combination of metallocene catalysts that difier in their ratios of chah transfer I 

propagation rates and comonomer reactivity ratios. The chah transfer / propagation controls 

average molecular weight and the comonomer reactivity ratio controls the average chernical 

composition of the produced polymer. 

Heiland and Kaminsky (1992) compared ra~-Et[lnd]~HnI~/MAO and rac- 

Et[1ndl2ZrCl2/MAû for ethylene and ethylendl-butene polymerizations. The hafnium catalyst 

had lower activity, but produced polymer with molecular weights 10 times higher than 

Et[Ind]2ZrC12/MA0. Additionally, the comonomer incorporation increased significantly for 

the hafhium catalyst. They conducted polymerizations using a mixture of hafinocene and 

zirconocene (95% Hf, 5% Zr). The results showed that each catalyst produced its own 



polymer independently, which indicated the possibility of producing a tailored molecular 

weight distribution by combination of different metallocene catalysts. 

Spaleck et al. (1994, 1995) studied the possibility and lirnits of rational design of 

metallocene catalysts using aromatic substituents on different positions of the catalysts to 

control molecular weights for ethylene and propylene polymerizations. Significant change in 

molecular weight of produced polymer was observed when different aromatic substituted 

metallocenes were used. However, a rational design of catalysts was still limited according to 

their observations, because a detailed polymenzation mechanism is still not established, 

especially for supported catalysts. Good descriptions of experimental techniques for 

met allocene catalyst synthesis were presented. 

Ihm et al. (1994) noted that the shape of MWD of polyethylene made with silica- 

supponed metallocene catalysts varies from narrow unimodal to bimodal depending on the 

method involved in preparing the supports. Cp2MeC12 (Me = Ti, Zr, Hf) was supported onto 

the silica pretreated with MAO, TEA, or (C2H5)MgCI. The observed differences in MWD 

were attnbuted to differences in types of bonding between OH groups and alkylaluminum 

molecules used during the pretreatment of the surface. They speculated that the unusual 

formation of bimodal MWD polymers with Cp2TiC12 supported on Si02/MA0 was due to 

interaction among metallocene, MAO, and the pretreated support. 

Han et al. (1995b) used mixtures of Cp2TiC12. Cp2ZrCI2, Et[Ind]JrC12 to produce 

unimodal or bimodal MWD polyethylenes by different combinations of metallocene mixtures 

under different polymerization conditions. 

Ahn et al. (1998) attempted to control the MWD of polypropylene by sequential 

addition of Ziegler-Natta and metallocene catalysts during semibatch polyrnerization. By using 

different polymerization time segments for each catalyst after injection, different cocatalyst 

combinations, and varying the sequence of catalyst injection, they produced polyrners with 

broad MWDs. However, this method cannot be easily adapted to industriai scale reactors due 

to the fiequent change of reaction conditions. 

There are numerous studies on polymer microstructure and- physical property 

relationships, which in tum can be used in designing polyolefins with improved properiies. 

Hosoda et al. (1994) correlated mechanical properties, such as impact strength, and CCD or 





technique can be usehl for analysis of polymers containing long chain branches such as low 

density polyethylene and certain metallocene-made polyethylene (Dayal, 1994). 

2.4.2. Fractionation Methods Based on Polymer Crystallinity 

Fractionation based on polymer crystallization in dilute solutions can be used to estimate the 

distribution of chemical composition and stereoregularity of polyolefins. 

Temperature Rising Elution Fractionation (TREF) 

The prirnary steps of preparation involved in TREF are 1) dissolution of polymer in a solvent 

at û. high temperature, 2) precipitation of polymer ont0 an inert support under very slow 

cooiing rate (not more than 0.1 OC / hr), and 3) elution and fractionation of polymer under 

slow heating to re-dissolve the precipitated polymer chahs. TREF can be operated in 

analytical or preparative modes. 

Polymers produced with conventional Ziegler-Natta catalyst have more cornonomer 

content in lower molecular weight region. Analytical TREF results of these polymers show 

that samples with lower crystallization temperatures have broader CCDs than that with higher 

crystallization temperatures. Defoor ri al. (1992) used preparative TREF to fractionate 1- 

octene LLDPE made with a Ziegler-Natta catalyst. Samples were separated into 8 fractions in 

the temperature interval fiom 25 to 105 O C  and analyzed by GPC, DSC, and analytical TREF. 

The result show that as the fractionation temperature increases, the average molecular weight 

increases but the average number of short chah decreases. 

An attempt to model the fractionation process on TREF based on a thermodynamic 

model was made by Borrajo et al. (1995). In addition to the Fiory-Huggins theory, they 

considered eEeas of melting temperature, melting enthaipy, average crystailinity, average 

crystaliizable sequence length, and polymer-solvent interactions. The thermodynamic model 

divides each chah by crystallizable homopolyrner blocks and non-crystaliizable highly 

branched copolymer blocks. Therefore, statistically, every individual chah has a distribution of 



longest to shortest crystallizable lengths. Since the molecular weights of commercial 

copolyrners are large enough for a single chain to form crystallites of different lamella 

thickness, the effect of chain length is not usually considered in this kind of approach. Their 

model fùrther assumes that the crystallites have sirnilar thickness. The model predicted the 

dependence of previously mentioned parameters in a reasonable rnanner when it was 

compared with experimental results. 

Crystallization Analysis Fractionation (CRYSTAF) 

Polymers with direrent ethylene sequence lengths will crystallize at different temperatures due 

to the differences in minimum crystallite thickness that can be formed in different 

temperatures. Unlike TREF, CRYSTAF analysis is conducted during the crystallization period 

by measuring polymer concentration in solution. Monrabal et al. (1 999) used homogeneous 

ethylend 1 -octene copolymers with narrow CCDs, made with a constrained geometry catalyst, 

to establish a correlation between CRYSTAF result and cornonomer content in the polymer. 

The calibration curve obtained was linear and could be used for ethylene/l -octene copolymers 

for a weight fraction of 1-octene up to about 40 %. 

CCDs obtained from these fractionation methods can be used to investigate the nature 

of catalyst active centers present during polymerization (Soares and Hamielec, 1995b, 199%; 

Soares et al., 1996). 

2.4.3. Other Characterization Methods 

Nuclear Magnetic Resonance (NMR) 

NMR is an absolute method that does not require calibration. The location of the resonance 

peaks identifies type of branches or end-groups. Pooter et al. (1991) proposed a ' 3 ~ - ~  

method for the anaiysis of polyethylene copolymers with propene, butene-1, hexene-1, octene- 

1, and Cmethyl pentene-l in the composition range of 1-10 mol %. They showed detailed 



calculations involved in estimation of the copolyrner composition, based on the peak 

assignment and integration. 

Randall (1989) wrote an extensive review on "c-NMR use for polyolefins, with 

detailed peak assignments and comonomer content calculations for ethylene polymerization 

with propylene, I -butene, 1 -hexene, I -octene, and vinyl acetate copolyrners. 

Investigation of "c-NMR analysis results based on a statistical mode1 can be usehl for 

the study of polyrnerization mechanisms for mode1 discrimination purposes (Bailey ei al ,  

1994). 

Fourier Transformed - Infrared Spectroscopy (FT-IR) 

FT-IR has some advantages over "c-NMR analysis of polyolefin in the areas of precision and 

analysis time. The disadvantage includes that the absorbance must be corrected due to 

interferences of the methylenes and other bands. The absorbance fiequency and absorptivity of 

the methyl groups are dso somewhat dependent upon the type of branch and upon 

crystallinity. Therefore, the quantitative analysis of branching in ethylene copolymers of two 

or more comonomers is problematic (Pooter er al., 199 1). Useful calibrations can be found for 

copolyrner compositions for ethylene-propylene copolymers (Drushel and Iddings, 1963) and 

for ethylene/l-hexene copolymers (Nowlin et al., 1988). Analysis of sufiace hydroxyl groups 

in cataiyst support such as silica is also possible with FT-iR (Ihm el al., 1994). 

Differential Scanning Calorimetry (DSC) 

Melting points and melting enthalpies can be determined by DSC. Depending on comonomer 

presence and polyrnerization conditions, the melting points of copolymers can change 

significantly. In addition to measuring melting points and fusion enthalpies, attempts were 

made to use DSC to get information on the distribution of microstructure of polyrner sarnples. 

DSC can be used to determine rough chernical composition distributions based on the peak 

broadness in the DSC curve. To enhance this result, polymer samples can be slowly annealed 



at different temperature ranges before the analysis (Adisson et al., 1992) or by using more 

sensitive solution phase DSC (Mara and Menard, 1994). 

2.5. MATHEMATICAL MODELING OF OLEFIN POLYMERIZATION WITH 

METALLOCENE AND ZIEGLER-NATTA CATALYSTS 

Two different modeling approaches are generally taken to explain the observed decrease in 

polymerization rate with time and the broad MWD obtained with heterogeneous Ziegler-Natta 

and some supponed metallocene catalysts. One is the chernical kinetic approach and the other 

is the rnass and heat transfer approach. In the chemical kinetic approach, it is assumed that 

there are more than one distinctive active site types on the catalyst producing polymer chahs 

with different average propenies. For instance, overall MWDs are modeled as a superposition 

of individual narrow MWDs for each site type. In the mass and heat transfer approach, the 

broadening of the MWD is explained by rnass and heat transfer resistances occumng during 

the polymerization, since radial monomer concentration gradients will result in radial gradients 

of polymer molecular weight . 

For the modeling of the growing polymer particle, the multigrain model or its modified 

forms have been used extensively (Fioyd rî al.. 1987). In this model, the onginal catalyst 

particles becorne fragmented at the very beginning of the reaction and polymer will grow 

around each fragment, thus the overall particle size will increase. Another model is the 

polymeric flow model (Fig. 2.12). The polymeric flow model assumes that the active sites are 

uniformly dispersed in the polymer matnx. 



Polymeric Flow 

Figure 2.1 2 Polymerizat ion models 

Galvan and Tirrell (1986) were the first to combine site heterogeneity and mass 

transfer resistance effects to model the broad distribution of polyolefin molecular weights 

made with heterogeneous Ziegler-Natta catalysts. It was shown that the multiplicity of site 

types played a more significant role in explaining broad molecular weight distributions than 

mass and heat transfer resistances. 

Floyd et aL(1987) used the multigrain model to investigate the heat and mass transfer 

effects on polymerization behavior and polymer properties. They also investigated the effects 

of different site types present on the catalyst. Mass transfer resistances, catalyst physical 

propenies (particle size, the microparticle size, and the porosity), temperature, and the 

extemal film resistances were investigated. From their research the following was concluded : 

1) The initial acceleration behavior of a polymerization reaction becomes more pronounced as 

monomer difisivity decreases and diffision resistance becomes more severe, 2) the 

polymerization rate would be observed to be almost constant corn the begiming of 

polymerization under conditions where microparticle diffision was limiting, 3) under severe 

difision resistance influence, hybrid-type rate curves will result (combination of build up type 

and decay type), 4) increase in the catalya site concentration may lead to highly diffusion- 

limited polymerizations, 5) little broadening in molecular weight distribution is induced by the 

catalyst particle size distribution, 6) the extemal film resistances exert a negligible effect on 

both the rate behavior and polymer properties in slurry polymerization, 7) polymers having 

large polydispersities will be produced only in the initial stages of polymerization. Therefore, 

with realistic dfisivity values, macroparticle concentration gradients alone cannot explain the 

breadth of the molecular weight distribution at typicai reactor residence times. 



The multiplicity of types of active sites offers a convincing explanation for both the 

polydispersity and the shape of the molecular weight distribution curves that are observed by 

GPC. Furthemore, difision resistances cannot explain the production of isotactic and atactic 

polypropylene on the same catalysts. 

Rincon-Rubio et a1.(1990) proposed a kinetic model for the slurry polymerization of 

propylene over a supported high activity Ziegler-Natta catalyst. In addition to the 

conventional polymerization mechanism, catalyst site transformation, monomer-assisted site 

deactivation, and hydrogen-assisted site deactivation steps were included in the model. Mass 

transfer limitation was not considered and it was assumed that al1 the active sites were 

instantaneously activated at the initial stage of the reaction. The transformation of the active 

sites and deactivation steps pemitted effective correlations of the polymerization rate and 

total polymer properties in time for a given set of operating conditions. Polymerization rate, 

polymer yield, and nurnber average molecular weight showed good agreement with 

expenmental data. 

Sau and Gupta (1993) modeled a semibatch polypropylene slurry reactor. The model 

extended the polymenc multigrain model (PMGM) to account for the presence of gas-liquid 

mass transfer resistances and the gradua1 build-up of the monomer concentration in the liquid 

medium in an isothermal, semibatch reactor. The incorporation of these effects significantly 

infiuenced the rate of polymerization, chain length, and polydispersity. Aiso, multiplicity of 

catalyst site types was found to be more important than diffusion effects in explaining the high 

polydispersity of the product. 

Chan and Nascimento (1994) used the approach of back propagation neural networks 

for modeling of fiee radical olefin polymerization in high-pressure tubular reactors. This 

algorithm uses processing units called neurons which are comected to one another. By 

adjusting parameters in the coupling between neurons, the network is capable of leaming fiom 

a set of numerical data corresponding to the input variables and the desired outputs. For this 

model to work, previous sets of results mua be used to train the model. Based on the leamed 

process information, the mode1 can predict the output. Amal  industrial tubular reactor 

process data were used for the training. The predictions for the temperature showed very 

good agreement with the expenmental data and were comparable to or better than those 



predicted by a mechanistic model published in the literature. The density, melt index. 

conversion, and molecular weights were also predicted reasonably well. The advantage of this 

alternative approach over the mechanistic modeling is the model's simplicity. The reliability of 

the network depends on the quality and range of the training data. However, the network 

training process can be tedious and time consurning, and in sorne cases, convergence can be 

slow and difficult. To Our best knowledge, such approach has never been attempted for 

Ziegler-Natta or met allocene polyrnerizations. 

Choi et a/.(1994) used a population balance model for modeling a continuous gas 

phase olefin polymerization reactor. In this model, the catalyst particle size distribution was 

considered and the overall steady-state population balance equations were derived for a 

continuous flow, gas phase ethylene copolyrnerization reactor. For the modeling of each 

particle, the multigrain solid core model was incorporated into the population balance model. 

The effect of panicle size distribution of the catalyst feed was not clear. However, the effect 

of catalyst site deactivation was significant. The site deactivation induced the particle size 

distnbution to become asyrnmetric with a reduction in the amount of large polymer particles. 

Also, it narrowed the polymer particle size distribution as the deactivation occurs more 

rapidly . 

Similar results were observed by Soares and Hamielec (1995a). Their model can be 

used to study the influence of any reactor residence time distribution on the polymer particle 

size distnbution for olefin polymerization with heterogeneous cataiysts. 

Lee et aL(1994) used an analytic approach for the kinetic rnodeling of Ziegler-Natta 

polyrnerization of butadiene. Using simplified kinetic equations, moment and monomer 

concentration were solved anaiytically. The model prediction of conversion and molecular 

weights showed good agreement with the experimental data. The chah distnbution and the 

weight average molecular weights were more accurately predicted when the dual active site 

rnodel was used. This indicates the vaiidity of the multiplicity of the catalytic site hypothesis. 

Soares and Hamielec (1995b, 1995~) used a deconvolution method to determine the 

chah-length distributions of linear polymers made by multiple-site-type catalyas. Also, using 

the Stockmayer's bivariate distribution, TREF data were analyzed. The deconvolution method 

was show to be very useful to analyze the multiplicity of active sites when mass and heat 



transfer resistance effect s are insignificant . 

Bonini et aL(1995) proposed a new particle growth model. In their model, only the 

first external shell of the catalyst is supposed to be active in the initial stages of 

polymerization. The polymer growing in this shell fills the pores of the catalyst, which 

consequently results in the fragmentation of the shell, then a layer by layer growth and 

fragmentation takes place until al1 the catalyst is completely fragmented. The final stage is the 

sarne as the multigrain structure. The model showed good agreements with the expenmental 

results except for the initial stage of the polymerization. However, their mode1 could not 

predict large polydispersities. 

Funher reviews by Soares (1994) and by Subramanian and Chou (1995) deal with 

various modeling studies of the metallocene-catalyzed polymerization reactions. 



CHAPTER 3 

EXPERIMENTAL 

3.1. REAGENTS AND APPAIRATUS 

3.1.1. Reagents 

Table 3.1 shows al1 the reagents used in the expenments. Every air sensitive cornpound was 

handled and stored in a dry box (Nexus, Vacuum/Atmospheres Co.) andor Schlenk type 

glassware under ultra high purity (UHP) grade nitrogen atmosphere. 

Table 3.1 Reagents used in experiments 

Name Formula/Abbr. Grade Supplier 

Anti-Bumping Granule 

Benzophenone 

n-Butyllithium 

Diethyl zinc 

Ethanol 

Hep tane 

Hexane 

Hydrochio~c Acid 

Irganox 1 O 1  O 

Methylaluminoxane 

Sodium Metal 

Toluene 

1,2,4-Trichlorobenzene 

Triet hy laluminum 

Triisobutylaiuminum 

Trimethylalurninum 

N/A 

N/A 

2.5 M in Hexane 

1.1 M in Toluene 

Denat ured 

Distilled 

rnLC 

ACS 

NIA 

10 % in Toluene 

99.8 % 

ACS 

Distilled 

1.9 M in Toluene 

I .O M in Toluene 

2.0 M in Toluene 

BDH 

BAKER 

Aidrich 

Aldrich 

BDH 

EM Science 

EM Science 

BDH 

CIB A-GEIGY 

Albermade 

BDH 

BDH 

EM Science 

Aidrich 

Aldrich 

Aldrich 



Some of the reagents were purified by the foilowing methods. Reagents not mentioned below 

were used without further purification. 

Eexane and Heptane 

Ca. 150 g of activated type 4 A molecular sieves were added to 4 L solvent bottles capped 

with septa. Through a thin needle, ultra high purity nitrogen was bubbled in the solvents and 

purged through another needle connected to an oil bubbler. The solvents were purged for at 

least one day before usage and always kept under dry nitrogen atmosphere. 

Toluene 

Toluene was purified either by refluxing over n-butyl lithiumfstyrene oligomers or metallic 

sodiurn/benzophenone and by distillation in the apparatus show in Fig. 3.1. For the n-butyl 

lithiumhtyrene method, toluene was added to the 4 L multi-neck round bottom flask located 

at the bottom of the apparatus. One spoonfûl of anti-bumping granules and 2 or 3 cylindncal 

solid sodium chunks were added to the system. M e r  purging the system with nitrogen, ca. 20 

mL of n-butyl lithium and 20 mL of distilled styrene were transferred to the system by a 

transfer needle using nitrogen pressure. The solvent temperature was brought up to its boiling 

point and the solvent was refiuxed continuously. When there were enough n-butyl 

lithiumktyrene oligomers, the solution turned to dark yellow, indicating that the solvent is fiee 

of oxygen. If not, more n-butyl lithium and styrene were added. Dry nitrogen was 

continuously bubbled through the top joint of the condenser as shown in Fig. 3.1 to provide 

an inert atmosphere to the system. When the toluene level in the still was low, more toluene 

was added under nitrogen pressure without adding extra arnounts of sodium, n-butyl lithium, 

or styrene (up to 20 L of toluene before reinstalling the whole system). For the metdic 

sodium/benzophenone method, n-butyl lithium and styrene were replaced with enough 

benzophenone, which will tum the solution to dark blue when the solvent is dry. Both 

methods showed little dEerence as far as the solvent purity is concemed. However, when 

using benzophenone, the still needed to be emptied and reinstalled more fiequently due to the 

decomposition of benzophenone and contamination by its byproducts. On the other hand, 



bernophenone is much easier to deal with than n-butyl lithium that is extrernely reactive 

toward oxygen and moisture. 

When purified toluene was needed, the three-way valve (T-Valve in Fig. 3.1) was 

closed to coîiect distillate and the power to the heating mantle was increased slightly. When 

enough toluene was collected, the power was reduced and nitrogen flow to the condenser was 

increased to compensate the volume contraction as the gas cools down in the flasks. When the 

collected toluene approached room temperature, it was transferred to the side flask through 

the three-way valve where the solvent could be transferred to the polymerization reactor by a 

transfer needle under nitrogen pressure supplied by an attached gas line. 

-b 
Condenser Il= 

Bubbler 
-+ Cooling Water - 

Heating Mantle 

Figure 3.1 Toluene purification and distillation apparatus 

3.1.2. Gases 

Three Merent gases were used for the experiments. Nitrogen was used to provide inert 

atmosphere in the glove box, pipe lines, solvent pdca t ion  apparatus, and polymerization 



reactor system. Ethylene was the monomer used for the polymerization experiments. Ethylene 

and nitrogen were purified by passing through rnolecular sieves (type 4A for nitrogen and 5A 

calcium alumino-silicate for ethylene) and de-oxygen beds (copper(I1) oxide supported on 

alumina). Hydrogen is a typical chah transfer agent for olefin polyrnerization and used 

without further purification. A mixture of hydrogen and nitrogen (foarning gas) was used to 

regenerate the catalyst bed for the glove box. For pressure control, dual stage stainless steel 

regulators (CONCOA) were used. A CGA 580 fitting was used for the nitrogen gas cylinder 

and CGA 3 50 fittings were used for hydrogen and ethylene gas cylinders. Table 3.2 shows the 

gases used in the experiments. 

Table 3.2 Gases used in expenments 

Name Formula Grade Supplier 

Et hylene c2& CP PRAXNR 

Foaming Gas 7 % Hz + 93 % N2 Not analyzed PRAXAIR 

Hydrogen Hz UHP PRAXAlR 

Nitrogen N2 UHP PRAXAIR 

3.1.3. Catalysts and Supports 

Rac-ethylenebis(indenyi)zirconium dichloride was synthesized in Our laboratory (Huang, 

1995), the CGCTi was donated from Dow Chemical as 10 W.-% solution in isoparaffin, and 

the other cataiysts were purchased from Aldrich. Cataiysts were stored and handled in the 

glove box. Table 3.3 shows the cataiysts used in the experiments. 

Table 3.3 Polymerkation catalysts 

Name Formula Supplier 

Bis(cyclopentadienyl)zkconium dichlonde Cp2zfI2 Aldrich 

Bis(cyclopentadienyl)hafnium dichloride CptHfC12 Aldrich 

Constrained Geometry Cataiyst (CGCTi) See Fig. 4.1 Dow Chemical 

Rac-ethylenebis(indeny1)zirconium dichlonde Et md12ZrCh Laboratory 

Rac-et hylenebis(indeny1)hafnium dichloride EtFd]zHfC b Aldrich 



Three catalyst supports were used (Table 3.4). Different treatments of these supports further 

differentiated their behavior toward ethylene polymerization. 

Table 3.4 Catalyst suppons 
- - 

Name Supplier 

Silica gel, grade 62, 60-200 mesh, 150 A Aldrich 

Silica 952, see Table 3.5 for details Grace Davison 

MAO supponed on Silica (SMAO), Al 24.4 W.-% Witco (Customer P.O. # : 16610) 

Detailed information on Silica 952 from GRACE Davison was provided by the supplier as 

shown in Table 3 S. 

Table 3.5 Analysis of silica 952 from GRACE Davison 
-- 

C hemical Composition Formula Weiaht % 

Total Volatile at 1750 O F  7 90 

Silica Sioz 99.74 

Alurnina A1203 0.04 

Sodium NazO 0.07 

Sulfate so4 0.0 1 

Iron Fe203 0.0 1 

Calcium Ca 0.07 

Magnesium Mg 0.02 

Physicai Property Quantity 

Surface area 3 1 O m21g 

Pore volume 1.62 mL/g 

Particle Size Distribution 

Mesh (U. S. Standard Sieves) Recovered 

60 0.0 

1 O0 0.9 

T-325 8.9 



3.2. SUPPORTED CATALYST PREPARATION 

3.2.1. Silica Pretreatment 

Calcination 

Ca. 100 g of silica was calcinated at a time. First, silica was transferred to a quartz cylindrical 

flask equipped with a vent line and a dip tube and valves for each line. The cylinder was 

placed in a vertical fumace and the lines were attached to UPH nitrogen and vented to the 

furnehood. The temperature was slowly increased to 500 O C  under nitrogen flow through the 

silica by the dip tube. Calcination lasted 5 hours and then the temperature was lowered slowly 

to room temperature under constant nitrogen flow. Finally, the valves were closed and 

nitrogen and vent lines were disconnected to rnove the cylinder into the glove box for 

transfemng and stonng of the calcinated silica. 

MAO Pretreatment 

Special glassware was used to suppon MAO onto silica. In the giove box, Ca. 5 g of 

calcinated silica and a magnetic stimng bar were placed into the flask shown in Fig. 3.2. The 

flask was capped with a septum. The flask was brought out of the glove box and placed in a 

water bath. The valve and the septum provided airtight fitting to prevent contamination fiom 

the atmosphere. Through the septum, ca. 50 mL of purified toluene was transferred and the 

temperature of the bath was increased to 50 O C .  h'hile continuously stirring, 10 g of 10 % 

MAO solution in toluene was added to the system drop-wise through a transfer needle. Mer  

addition of MAO, the mixture was stirred for 3 hours, then cooled to room temperature. 

Using the fiitted-glass filter, the solid part was separated fiom the solution. For this process, 

the apparatus was c o ~ e c t e d  to a vacuum line with a solvent trap and the flask was slightly 

tilted so that the solution would be drained through the filter inside. Nitrogen was introduced 

to the flask by a transfer needle through the septum. The filtered solid was washed with 20 

mL of purifed toluene for 2 to 3 minutes with vigorous stirring and then filtered again. M e r  

repeating the washing and filtering cycle for 5 times, the MAO treated silica was dried by 

applying vacuum to the flask. The ha1 product was recovered as free flowing powder and 

transferred to a storage bottle in the glove box. 



For the case of SMAO, calcination or MAO pretreatment were not performed, i.e., 

SMAO was used without any fùnher treatment. 

Septum 

Vacuum 

Figure 3.2 Glassware used for catalyst supporting 

3.2.2. Cataiyst Supporting 

Al1 the polyrnerizations in this thesis were conducted with supponed metailocene catalysts. 

Silica from Aldrich was used for comparison purposes only. The main experiments were done 

with Silica 952 fiom GRACE Davison (Silica) and SMAO. 'Silica' refers to the caicinated 

Silica 952 from GRACE Davison from this point on unless mentioned othenvise. The 

supports used were silica without MAO pretreatment (Silica), MAO supponed on silica fiom 

Witco (SMAO), and MAO pretreated Silica (MAO/Silica). For the metallocene supporthg 

procedure, the same technique described in section 3.2.1 for the MAO pretreatment of silica 

was used. However, for the supporting of metallocenes, the amounts of support were between 

0.5 to 1.5 g suspended in Ca. 10 mL of toluene. Individual or mixtures of catalysts dissolved in 



Ca. 10 mL of toluene were transferred to the supporting reactor (Fig. 3.2) containing suppon 

suspended in toluene via a transfer needle. The recovered supported catalysts formed a free 

fiowing powder. When supported, Cp2W12 remained white but other catalysts turned to pale 

yellow or pink depending on the catalyst and support. 

3.3. POLY MERIZATION 

A semi-batch slurry reactor was used for the polymenzations. The Parr-mini autoclave reactor 

(300 mL, the headspace afier addition of diluent is approximately 100 mL) used was equipped 

with a mass flow meter and a temperature control unit comprising a cooling coil and an 

electnc heater (Fig. 3.3). The control was perfonned by a personal computer through analog 

to digital (AD) and digital to analog @/A) converters (Fig. 3.4). Two independent 

proportional - integral (PI) control loops were used to control the cold water flow in the 

cooling coil and the power input to the electnc heater. Most polyrnenzation temperatures, 

using this control technique, were maintained within k0.2 O C  of the set point. Details on PI 

control and parameter tuning are described in section 3.5. For MWD control, it is fundamental 

to have a precise control of polymerization temperature, since temperature oscillations during 

polymenzation will broaden MWD significantly. 

Before each polymenzation, the autoclave reactor was heated up to 150 OC under 

vacuum and allowed to cool d o m  under dry nitrogen flow to remove al1 moisture traces. 

Then, 145 mL of purified toluene (hexane and heptane used for comparison only) was 

transferred to the reactor by a transfer needle through a septum iniet under nitrogen pressure. 

Next, the temperature control was tumed on and the reactor temperature was brought up to 

the set point. The cocatalyst (MAO) prepared in a senun bonle was transferred to the reactor 

using the same transfer method used for the solvent. The supported catalyst prepared in a 

separate serum bottie was rnixed with Ca. 10 mL of purified diluent and transferred to the 

reactor using another transfer needle. Throughout the experiment the mole ratios of AVmetal 

were kept close to 800. Hydrogen was injected in the reactor through a syringe or the built-in 

hydrogen injection port. Where diethyl zinc was used, it was mixed and injected together with 
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the cocatalyst. Polymerization was started by pressurizing the reactor with ethylene. Ethylene 

was supplied through the feed line on demand to keep the reactor pressure constant. 

Therefore, measunng ethylene feed flow rate through the on-line mass flow meter is 

equivalent to monitoring the polymerization rate. To minimize any mass or heat transfer 

limitations that rnight occur due to high polymer concentration in the reactor, polyrnerization 

was terminated when about 1 g of polymer was produced based on the ethylene mass flow. 

Most of the polyrnerizations were camed out from 20 minutes to 1 hour. To terminate the 

reaction, the monorner feed line was closed and the reactor was quickly depressurized by 

opening the outlet gas valve. The polyrner slurry in the reactor was poured out into a beaker 

containing enough ethanol to wash and precipitate the polyrner. Ca. 15 mL of acidic methanol 

was added to the mixture. The final product was washed with excess amount of ethanol, 

filtered, and dried in a vacuum oven overnight. 

C 
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z 

Ethy Iene 
Inline Filter 
Injection Port 
M a s  Flow Meter 
Oxygen Trap 
ThermocoupIe 
Moisture Trap 

CW : Cooling Water 
H Hy drogen 
M Motorized Stirrer Drive 
N Nitrogen 
S Solenoid Vdve 
V P :  Vamuni Pump 

Figure 3 -3 Polymerization reactor system 



A/D : Analog to Digital Converter D/A : Digital to Analog Converter 
DAS : Data Acquisition System EH : Electrical Heater 
PI Proportion Integml Control Unit SSR : Solid State Relay 
Other syrnbols are defined in Fig. 3.3 

Figure 3.4 Temperature control of polymerization reactor 

3.4. POLYMER CHARACTERIZATION 

3.4.1. Crystalluation Analysis Fractionation (CRYSTAF) 

CRYSTAF is a new technique that allows measuring the distribution of chernical compositions 

in linear low density polyolefins (LLDPE). Between 0.010 and 0.015 g of polymer sample 

were placed in the crystallization vessels. 30 mL of TCB containing 0.005 wt.-% Irganox 

10 10 was introduced into the crystallization vessels by an automatic dispenser. With stimng at 

150 rpm, the solution was heated up to 160 OC at a rate of 20 OC/min. The polymer solution 

was kept at 160 O C  for 60 minutes with a stining rate at 200 rpm to ensure complete 

dissolution. Then, the temperature was decreased to 95 OC at the rate of 20 OCImin and kept 

at 95 O C  for 60 minutes for equilibration. During sampling, the stirrhg was reduced to 100 



rprn and temporanly stopped when the solution was withdrawn through the filter. Initial 

sample concentration was measured at 95 OC after the equilibration. The crystallization rate 

was 0.1 "Chin from 95 to 65 OC and 0.2 "C/min fiom 65 to 30 O C .  TCB was used as the 

solvent. A two channel infrared (IR) sensor was used to measure the concentration of the 

polymer solution during the crystallization. At 30 OC the final concentration of the polymer 

solution was rneasured. This measurement was combined with the initial one made at 95 OC 

and used to establish the baseline for the subsequent calculations. 

Mer the analysis was finished the auto cleaning procedure was performed at 160 O C  

with stirring at 200 rpm. Al1 the remaining solution was drained through the dip tubes in the 

reactors. Then 5 mL of TCB was transferred through the filter in the reactors and drained 

through the dip tubes again. This cycle was repeated with another 10 rnL and 35 mL of TCB. 

Finally, the system was cooled down to roorn temperature and ready for the next analysis. 

3.4.2. Gel Permeation Chromatography (GPC) 

Molecular weight distributions of polyethylene were detennined by high temperature gel 

permeation chromatography (Waters GPCV 150+) with universal calibration, using TCB as 

the eluent at 140 OC with flow rate of 1 .O mL/min. GPCV 150 + has three zones with different 

temperature settings. In the column compartment, banks of columns are placed at high 

temperature. The sarnple tray and auto sampler are located in the injection compartment. And 

finally, the high-pressure liquid chromatography pump is located in the pump compartment. 

The temperature in the column compartment and injection compartment was kept at 140 OC, 

but 60 O C  was used for the pump compartrnent. 

Pnparation of Eluent 

To prevent polymer degradation, 1.5 g of an anti-oxidant (Irganox 1010) was added to 4 liters 

of TCB. When the anti-oxidant was dissolved, the solution was contacted to activated silica to 

remove moisture, and then filtered through 10 pm membrane f'ilters under vacuum. The final 

filtrate was transferred to the eluent reservoir and continuously stirred to prevent any 



precipitation. To reduce chromatograrn base line fluctuation, air was removed from the eluent 

by a degassing device (Shodex Degas, mode1 KT-27, Showa Denko, Inc.). 

GPC Columns 

Three linear columns (Styragel HT 6E, Waters) were used for GPC analysis. The nominal 

molecular weight range for these colurnns is from 5,000 to 10,000,000 g/mole. 

Universal Cali bration 

Polystyrene standards with narrow molecular weight distributions were used for establishing 

the universal calibration. Four standards per decade are generally required for the calibration 

over the molecular weight range, which is typically 10' to 106. Since the Styragel HT 6E 

columns are designed to cover molecular weight ranges from approximately 5,000 to 10 

million, 19 polystyrene standards with rnolecular weights ranging between 2,400 and 

4,200,000 were used for the calibration. Occasionally, analyses on broad standards were 

conducted to check the validity of the calibration and state of the coiumns. 

Sam ple Preparation 

Samples were prepared in 4 mL screw cap vials used in the auto-injection tray. Individual 

filtration of the polymer samples was not required. Instead, polymer solutions were injected 

through 45 pm in-iine filters, which were replaced regularly. 

The concentration of the samples were chosen to give the "optimum" output for the 

refiactive index (RI) and viscosity detectors, in a reasonably low concentration which would 

not cause intennolecular interactions between polymer chahs. 

For narrow polystyrene standards, the following empirical equation suggested by 

Waters was used : 

0.025 = [ll]~(~on.??) (3.1) 

hl = Ma (3 -2) 

where, k = 0.000 15, a = 0.7 for polystyrene, and Conc. % = [gL] 



For most of the regular polyethyiene broad samples, Ca. 1 .S mg of polymer was dissolved in 4 

mL of TCB in a GPC vial. Al1 the vials prepared in this way were left in the GPC injection 

cornpartment for 5 to 25 hours before injection to ensure proper polymer dissolution. 300 pL 

of the sample solution was injected for analysis. 

3.4.3. FT-IR and FT-IR/LC Transform Analysis 

For copolymer composition analysis, samples were first hot pressed at 350 O F  to make thin 

circular films of about 1 cm in diameter. To make uniform films, the samples were allowed to 

melt for about 1 minute then pressed at 400 psi for 10 seconds. The peak heights appearhg at 

720, 745, 968, 1 150, 1368, and 1380 cm" were of pnmary interest& 

LC Transform 

TO measure the comonomer content across different molecular weight regions, LC-transform 

analysis was conducted using Mode1 303 LC-Transfonn System from Lab Connections, Inc. A 

simple illustration is s h o w  in Fig. 3.5. In this method, the eluent, which contains fractionated 

polymer from GPC, is continuously collected on a rotating disk for off-line FT-IR analysis. 

For proper precipitation of the sarnples on the disk, the fiow rate of eluent in GPC was set to 

0.5 mUmin. When LC-Transform is being used, the eluent flow was directed to a heated 

transfer line (140 O C )  to be sprayed through an ultrasonic nebulizer on the germanium disk in 

a vacuum chamber. The noule was kept at 110 O C  and the stage temperature was 135 O C .  A 

timer was used to start rotating the disk afler waiting a predetedned time interval from the 

injection of the sample in GPC. Samples were collected at a rotation speed of 10 degreehin. 

Cornonomer contents of the samples coated on the reflective germanium disk are direcdy 

measured by FT-IR using a special accessory. The accessory consists of arrays of mirron to 

direct the IR rzys to go through the sample, be reflected by the disk, and then finalIy reach the 

sensor. 
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Figure 3.5 Sample collection on a rotating disk in LC-Transfomi 

3.4.4. Differential Scanning Calorimetry (DSC) 

DSC (TA Instmments) was calibrated with indium by setting its melting point to 156.6 1 O C .  

About 5 to 10 mg of sample was prepared in DSC pans and pelletized to be analyzed. The 

melting point was measured at the second melting cycle at the temperature ramp of 10 

"Chin. for both heating and cooling. Between every cycle of the temperature ramp, the 

sample was allowed to equilibrate at isothermal conditions for 1 minute. 

3.4.5. Nuclear Magnetic Resonance (NMR) Spectroscopy 

A Bruker AC 300 NMR was used for the analyses. Samples were prepared in 10 mm NMR 

tubes at a concentration of Ca. 10 W.-% polymer in TCB. To prevent air bubbles forming 

during dissolution, polymer powder was first hot pressed at 350 O F  to make a thin film, then 

cut into small strips and transferred to NMR tubes. TCB containing 0.005 % Irganox 1010 



was added dropwise until the sarnple was almoa covered with solvent. After heating in an 

oven for 20 - 30 minutes at 145 OC, the sarnple was ready for the analysis. For the analysis, 

the probe temperature was 125 OC, spiming was 15 rpm, and the proton decoupling was 

turned on. Some important parameters used include flip angle = 33 O ,  Dl = 3 sec, S2 = 8H, 

RD=O, PW = 4  ps, D E =  75 ps, NS= 100, DS = O ,  P9=95, D2=0.005 sec. 

3.5. PROCESS CONTROL 

To achieve reliable and reproducible polymerizations, it is essential to have good control over 

polymerization conditions such as temperature, monomer pressure, stirring, etc. Arnong these 

conditions, polymerization temperature and monomer pressure cm significantly affect the 

physical properties of the produced polyrners. Considenng the high activity and high 

exothermicity of the reaction, temperature control is especially important. In Our system, a 

dual stage pressure regulator maintains the monomer pressure constant. For temperature 

control, a cooling coi1 and an electrical heating jacket was used to maintain the polyrnerization 

temperature close to its set point. For temperature measurement in the polymerization reactor, 

an 8 channel 20 bit analog to digital converter was used, which was equipped with a type J 

thermocouple and an interna1 cold junction for temperature correction. 

To have good temperature control, proper tuning of control parameters is very 

important. Due to the character of the polymerization system, there are several constraints 

associated with temperature control. For instance, a large temperature overshoot is no1 

allowed, since it could deactivate the catalya and increase the risk of solvent fire. Sluggish 

control can cause broadening of molecuiar weight or chernical composition distributions. 

However, too aggressive control will cause fluctuation of reactor head space pressure, which 

in tum, will cause difficulties in the reaction rate measurements through the mass flow meter. 

When the control parameters were poorly tuned, the temperature was stable until the 

polymerization started. However, as soon as the highly exothermic polyrnerization aarted, the 

temperature became unstable as show in Fig. 3.6. 
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Figure 3 -6 Unstable temperature control 

Fig. 3.6 shows that charging the polymerization reactor with ethylene caused a small 

temperature fluctuation between O to 1 minute due to the temperature difference between the 

gas and reaction diluent. However, with the beginning of polymerization the temperature 

control becomes unstable. (The ethylene flow rate s h o w  for the first 2 minutes is above the 

sensor maximum flow range; as the diluent approaches saturation with ethylene, the flow rate 

begins to stabilize at around 25 mL1min.) As the temperature control becomes unstable, the 

flow rate starts fluctuating due to the varying solubility of ethylene in the diluent caused by the 

temperature oscillations. It is interesting to notice that even though the amplitude of the 

temperature oscillation was less than 2 O C ,  the flow rate of ethylene could Vary by more than 

20 mUmin. This demonstrates the importance of good temperature control in accurately 

m e a s u ~ g  polymerization rate through a mass flow meter. 



For proper tuning of the control parameters, it is necessary to characterize the process. 

For this purpose, temperature step tests were performed at several polymerization conditions 

without injecting catalysts. Eq.(3.3) was used as the transfer function. 

where, J,,,(s) = output function, ~ ( s )  = input function, K = process gain, r = time constant, 

and t d  = time delay 

Fig. 3.7 shows the temperature response of the reaction medium in the reactor afier 

heating was increased from 50 % to 60 % stepwise with constant cooling at 10 % of its full 

capacity. Interestingly, an inverse response was observed initially. From this test, the process 

gain K was measured as 0.68 and the tirne constant for heating, r, was estimated as 12.5 min. 

The delay time (td) observed was 1.5 min. 

Fig. 3.8 shows the response of the temperature subjected to step change in cooling 

fiom 10 % to 15 % at constant heating at 60 %. From this test, the process gain, time 

constant, and delay time for cooling were estirnated as -0.70, 6.36, and 0.14 min, 

respectively. 
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Figure 3.7 Step test: constant cooling at 10 %, step increase of heating from 50 % to 60 % 
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Figure 3.8 Step test: constant heating at 60 %, aep increase of cooling from 10 % to 15 % 



Using these process parameters (Table 3.6), control parameters for PI control were 

calculated using Cohen-Coon, integral of the time-weighted absolute error (ITAE), interna1 

mode1 control (MC), and Dahlin's algorithms. 

Table 3.6 Process parameters estimated by step test method 

Heating 

Cooling 

Example of Cohen and Coon Method 

The following example descnbes the estimation of control parameters based on Cohen-Coon 

controller design relations. 

where, Kc = control gain and r, = integral time constant. 

Using the proceu parameters in Table 3.6 for Eq. 3.4 and 3.5, the control gain and integral 

time constant are caiculated. For other methods, examples can be found in the book by Seborg 

et ai. (1989). Table 3.7 sumrnarizes the calculated control parameters based on the previously 

mentioned algorithms. 

Fig. 3.9 descnbes the overall feed back temperature control mode1 in a block diagram. 

First the set point i.,) and the actual meanirement (y,,,) will be compared to initiate proper 

control action toward the heater and cooling water valve. In this step, the PI control algorithm 

will determine the amount of power required for the heater and the flow rate of the cooling 

water. Since on/off type solenoid relays are used instead of proportional output devices, the 



ratio of on and off within each control cycle was vaned to give proportional output. For 

instance, to generate 80 % of heating output, the heater was tumed on for 4 sec. and off for 1 

sec. during its 5 sec. cycle time. By these control actions the process will respond according 

to the mode1 characterized for the system toward moving closer to the set point. 

Table 3.7 Surnrnary of estimated control parameters based on different algonthms 

Method & TI 

Cohen-Coon Heat ing 11.2 

Cooling (td = O. 1) 81.9 

Cooling (td = 1 .O) 8.3 

ITAE Load Heating 

Cooling (ta = 0.1) 

Cooling (td = l .O) 

LMC Heating 

Cooling 

Dahlin Heating 

Cooling 

PI Heating 

Ge = I l (  1 + iS) -4 

PI Cooling 

Figure 3.9 Block diagram for temperature control using Cohen-Coon 



Fig. 3.10 compares the results from using different control parameters determined by 

each algorithm. It is shown that the Dahlin method has less high frequency oscillation, 

however, more overshoot and sluggish control. Cohen-Coon algorithm provided the lowest 

overshoot and the fastest stabilization. The response from [MC was somewhere in between 

Dahlin and Cohen -Coon dgonthms. The response based on ITAE was similar to the response 

based on Cohen-Coon, therefore, it was omitted corn the plot. When slightly modified 

paramet ers, estimated fiom Cohen-Coon method, were used for the temperature control 

during actual polymenzations, the temperature remained within + 0.2 O C  from the set point 

most of the time. Fig. 3.11 shows representative example of polymerization temperature 

control and monomer flow during an ethylene polymerization nin. 
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Figure 3.10 Cornpanson of difFerent tuning methods on temperature control 
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Figure 3 . 1  1 Polymerization temperature and ethylene flow rate measurements (Et[IndI2ZrCl2, 

50 O C ,  PEUrilmc = 50 psi) 



CHAPTER 4 

HOMOPOLYMERIZATION 

The primary purpose of the research descnbed in this chapter is to propose an alternative way 

of controlling microstructure of polyolefins that does not involve the use of reactor cascade 

technology. Since reactor cascade technology involves at least two reactors operated at 

different polymerization conditions, the polymers produced at each reactor are not fûlly mixed 

at the microparticle level. Thus, for some applications, an additional mixing step is required to 

enhance homogeneity of the polymer (Scheirs et al., 1996). Therefore, it will be more cost 

effective if one can produce the same kind of polymers in a single reactor. 

The firn step for controlling microstructure of polymer is the control of molecular 

weight distribution (MWD). To produce polymers with bimodal MWD in a single reactor. 

mixtures of metallocene catalysts supponed ont0 a single support were investigated. For this 

purpose, three different catalysts were selected which produced polymers with different 

average rnolecular weights. For the continuation of the investigation for copolymers in the 

next chapters, different catalyst geometries were considered as well, which affect reactivity 

ratios in case of copolyrnerization. Each catalyst has varying sensitivities toward 

polymerization conditions such as monomer pressure in the reactor, temperature, and chain 

transfer agent concentration (Table 4.1 and Fig. 4.1). 

Once correlations between polymerization conditions and molecular weights of 

polymers produced with each metdlocene are established, MWD of polyethylene can be 

controlled by two different methods. In the first method, MWD can be controlled by 

combining different metallocenes at different ratios. For instance, according to Table 4.1, the 

combination of Et[IndI2ZrCl2 and Cp2HfC12 produces a catalyst that will synthesize polymer 

with low and high molecular weight chahs, thus the MWD wiii be broad. On the other hand, 

the combination of EtFdl2ZrClz/CGCTi or CGCTi/Cp2HfClz produces cataiyas that will 

synthesize polymers with low to medium or medium to high chah lengths at a given 

polymerization condition, respedvely. 
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Figure 4.1 Catalyst structures (CGCTi - constrained geometry catalyst with Ti center : R, R', 

R" - alkyl group. L - bridge group) 

Table 4.1 Catalysts behavior based on preliminary experimental results 

Catalyst 
Cornonomer Sensitivity Toward 

Mn 
Incorporation Chain Transfer Agent 

Et[IndI2ZrCI2 Low Low 

cp2He12 High Medium 

CGCTi Medium High 

Low 

High 

High 

Mn : Number average molecular weight 

The second way of controlling MWD is to take advantage of the different sensitivities 

of metdlocene catalysts toward varying polymerization conditions. For a given combination of 

metallocene catalysts, MWD can be manipulated by varying polymerization conditions as long 

as each cataiya has a different response toward the change in the manipulated variable. 

In this chapter, the effect of polymerization temperature, chain transfer agent 

concentration, and impurity on the polymerization of ethylene will be investigated. The 

feasibility of controlling MWD through the combination of catalysts and/or selecting dieFérent 

polymerization conditions for a given combined cataiyst will be investigated. This chapter will 



investigate the combined catalyst Et(IndJ2ZrCl2 1 CpZHfU2 supported on Silica/MAO in the 

ratio of 0.36 mol/mol. This catalyst will be called the "combined catalyst". 

4.1. CATAYST ACTIVITY AND POLYMERIZATION RATE PROFILE 

The activities of each catalyst for ethylene homopolymerkation at different polymerization 

conditions are reponed in Appendix A. For supported metallocenes, the reproducibility of 

activities for each catalyst was poor. However, the produced polymers stili had very 

reproducible MWDs regardless of the varying activity. Table 4.2 surnmarizes the average 

activities for each catalyst. 

Table 4.2 Average (over polymerization time) activities of catalysts for ethylene 

homopolymerization [kg PEI(mo1 metal x atm ethylene x hr)] 

Catal yst 40 O C  50 O C  

As can be predicted fiom a simple Arrhenius equation, the activity increases at higher 

polymerization temperatures for ail catalysts. Polymerization rate results at different ethylene 

pressures indicate that the polymenzation was 1%' order with respect to ethylene pressure. 

However, in the case of Et[Ind]22rCl2 with hydrogen, the activity decreased with increasing 

hydrogen concentration as show in Fig. 4.2. No significant trends of increasing or decreasing 

activities were observed in other catalysts under varying hydrogen concentrations. 

Fig. 4.3 shows representative polymerization rate profiles for each catalyst. When 

ethylene is charged initiaily, the flow rate is out of the sensor maximum range, therefore, it 

appears as a straight line at the top of the curve. Soon, saturation of ethylene into the reaction 

diluent occurs and as a result the flow rate begins to decrease. For the case of Et[IndI2ZrCl2, 

the activity was very high at these conditions, therefore the reaction had to be stopped shortly 



&er the start of polymerization to avoid mass transfer resistances. For Cp2ZrClz and CGCTi, 

the Bow rates reach steady state approximately 10 minutes after the start of polymerization. 

Throughout the expenments, the observed polymerization rate profiles showed steady activity 

or slight deactivation. 

A 20 psi 
50 psi 

8 100 psi 

Hydrogen (m L) 

Figure 4.2 Effect of hydrogen partial pressure and ethylene pressures on catalya activity for 
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Figure 4.3 Polymerization reaction rates for each catalyst (measured as flow rate of ethylene 

to the polymenzation reactor) 

4.2. SUPERPOSITION OF MOLECULAR WEIGHT DISTRIBUTIONS 

Deconvolut ion of Molecular Weight Distribution 

The molecular weight distribution of polymers produced with combined catalysts is the 

superposition of the MWDs of polymer chains produced at each active catalyst site type. 

Metallocene catalysts have uniform site types that produce polymers with MWDs that follow 

closely Flory's most probable distribution. Although, Flory's distribution is defined for 

instantaneously produced polymer chains, it also applies for accumulated polymer chains if the 

reactor is operated at steady-state. Therefore, the MWD of polymer produced with a 

combined catalyst can be deconvoluted into two or more Flory's distributions. 



The weight chain length distnbution of polyrner made with a single site catalyst is 

given by the equation: 

where n is chah length and the parameter s in Flory's distribution (the reciprocal of the 

number average degree of polymenzation at steady state) can be expressed as follows 

where Rp, R,rr, Rg, RcsA, and R,btA0 are the rates of propagation, transfer to monorner, j3-hydride 

elimination, transfer to chah transfer agent, and transfer to MAO, respectively, and k,, &.if, kp, 

kCTA, and ktMO are their equivalent rate constants. FI], [Hz], and [MAO] are the 

concentrations of monomer, hydrogen, and MAO. Therefore, the overall MWD of a polymer 

made with two different metallocenes can be expressed as a superposition of two Flory's 

distributions : 

where W(n) is the weight chain length distnbution for polymer molecules with n monomer 

units, w, is the weight fraction of  polymer made on each catalyst site type, and r, is the overall 

ratio of chah termination rates to chah propagation rate for each site type. 

Fig. 4.4 shows that for the combined catalyst (Et~nd]2ZrC12/Cp2~12), the bimodai 

MWD is very well described by the superposition of two Flory's distributions, each with 

polydispersity index (PDI) of 2. The low and high molecular weight peaks in the bimodal 

MWD correspond to polymer chahs produced on Et[IndI2ZrCl2 and Cp2HfC12 sites, 

respectively . 

The higher molecular weight of polyethylene produced with Cp2Hn12 maybe caused 

by the greater metai-carbon bond enthalpy for hafhium (Heiland and Kaminsky, 1992). This 

factor will also reduce the activity of Cp2HfC12 due to slower rate of monorner insertion into 

the bond between the metd and the growing polyrner chain, as was shown in Table 4.2. The 



differences in activity of catalysts must be considered in the design of combined catalysts to 

produce polyrners with proper ratio of high and low molecular weight fractions. 

3. O 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7. O 
Log MW 

Figure 4.4 Fit of bimodal MWD with two Flory's distributions- (A) experimental distribution 

measured by GPC, 40 O C ,  PEihylcm = 120 psi, combined catalyn (Et[IndI2ZrCl2 / Cp2HfC12 = 

0.36 moVmol at initial feed for supporting); (B) superposition of (C) and (D); (C, D) Flory's 

distributions for polyethylene produced with Cp2HfC12 and Et[IndI2ZrCb respectively 

EL2 = 0.995 

WZ,= 0.70, wm= 0.30 

95 % confidence intervals for T : 

0.0006639 5 TZ, I 0.0006785 

0.0000649 1 5 r ~ f  I 0.00006833 



4.3. EFFECT OF POLYMERIZATION TEMPERATURE 

Fig 4.5 shows the eEect of polymenzation temperature on the MWD of polyethylene made 

with the combined catalyst. From the cornparison of the peak areas, it is noticed that the 

relative amount of polyethylene produced on Cp2MC12 sites decreases as the polymerization 

temperature increases. This could be explained if Et[IndI2ZrCl2 had higher activation energy 

than that of Cp2HfC12. However, considering the results in Table 4.2, it is more likely that the 

observed changes are caused by faster deactivation of Cp2HfC12 active sites at higher 

polyrnenzation temperatures. It is clear, however, that the MWD of the polymer can be 

controlled by varying the polymerization temperature. 
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Figure 4.5 Effect of polymerization temperature on MWD of polyethylene (combined catalyst, 

P~th~lrnc = 50 psi) 



CHAPTER 4. HOMOPOLYMERIZATION 

+.4. EFFECT OF ETHYLENE PRESSURE 

Figs. 4.6 and 4.7 show the effect of ethylene pressure (concentration) on MWD of 

polyethylene produced with the combined metallocene catalyst. Unlike the temperature effect, 

which affected the ratio of low and high molecular weight polymers more than anything else, 

changing monomer pressure will affect the separation of the two peaks in the bimodal MWD. 

Ili both Figs. 4.6 and 4.7, apparently the peaks corresponding to the MWD of polymer 

produced by Et[lndI2ZrCI2 show decreasing molecular weights as the ethylene pressure 

increases. However, the MWD of the chains produced by Cp2HfC12 sites stays either 

unaffected (50 OC) or slightly increases (40 O C )  as the ethylene pressure increases. 
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Figure 4.6 Effect of ethylene pressure on MWD of polyethylene during polymerization 

(combined catalyst, 40 O C )  
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Figure 4.7 Effect of ethylene pressure on MWD of polyethylene during polymerization 

(combined catalyst, 50 O C )  

The peak positions and relative areas in the bimodal MWD depend on the degree of 

overlapping of the individuai peaks. Therefore, to more accurately check the actual trends of 

peak shifling and changes in relative peak areas, the MWD was deconvoluted into two Flory's 

distributions. By monitoring the increase or decrease of the z's in Flory's distribution, the 

number average molecular weights for each site type can be calculated. Figs. 4.8 and 4.9 show 

the number average rnolecular weights estimated by deconvolution of MWD of polyethylenes 

produced at each site type as a fùnction of ethylene pressure. Since increasing ethylene 

pressure leads to an increase in M. of polyrner made on Cp2Htc12 but a decrease in Mn of 

polymer made on EtDdl2ZrCl2, the MWD of the combined polyrner becornes increasingly 

bimodal at higher ethylene pressures. 



O 20 40 60 80 100 120 140 

Ethylene Pressure (psi) 

Figure 4.8 Number average molecular weight of polymer produced at each catalyst site 

estimated by MWD deconvolution (cornbined catalyst, 40 OC) 

Ethylene Pressure (psi) 

Figure 4.9 Number average molecular weight of polymer produced at each catdyst site 

estimated by MWD deconvolution (combined catdyst, 50 O C )  



This effect is also confirmed from the PD1 values obtained via GPC analysis, which is the 

measure of the breadth of MWD. Fig. 4.10 clearly shows that there is a linear relationçhip 

between the PD1 of polyethylenes with bimodal MWD and ethylene pressure. One exception 

was observed for the polyrner produced at the ethylene pressure of 20 psi, which had only a 

broad unimodal MWD. Table 4.3 surnmarizes the average molecular weights of the polymers 

shown in Fig. 4.10. 

Unimodal Peak 

Figure 4.10 Effect of ethylene pressure on polydispersity index during polyrnenzation 

(combined catalyst, 50 OC) 

The monomer pressure dependency of MWD was fiirther investigated from the 

molecular weight anaiysis of polyethylenes produced at different ethylene pressures with 

individually supported metallocene catalysts. According to Eq. (4.2), as the monomer pressure 

increases, r will decrease and thus the average molecular weight will increase. For the case of 

polyethylene produced with CpzHfCb, based on the obsetvations from the bimodal MWD's, it 

seems that the molecular weight increases slightly with increasing monomer pressure. When 



hydrogen was added to the polyrnerization system as a chah transfer agent to reduce the 

molecular weight, it was clearly seen that as the monomer pressure increased, the molecular 

weight of the polyrner produced by CpzHfCIZ increased as shown in Fig. 4.1 1. 

Table 4.3 Average molecular weights of polyethylene produced at different ethylene pressures 

(combined catalyst, 50 OC) 

Pressure (psi) Mn MW PD1 Shape 

20 67,500 274,l O0 4.06 Unimodal 

30 94,l O0 366,100 3.89 Bimodal 

40 63,700 283,600 4.45 Bimodai 

50 63,600 308,200 4.84 Bimodal 

70 74,400 3 89,900 5.24 BimodaI 

90 93,400 60 1,500 6.44 Bimodal 

O 25 50 75 100 125 150 175 200 225 
Ethylene Pressure (psi) 

Figure 4.1 1 Effect of ethylene pressure on molecular weight of polyethylene made with 

Cp2H.fC12 (50 OC, hydrogen = 150 mL) 



Fig. 4.12 shows the dependency of molecular weights of polymer produced with 

Et[1ndl2ZrCl2 on monomer pressure. In the absence of hydrogen pressure or at Iow hydrogen 

concentrations, the molecular weight of polyethylene produced with Et[IndItZrCl2 decreases 

as ethylene pressure increases for ethylene pressures less than 100 psi. This result is quite 

unexpected. The fact that the peak molecular weight is apparently not affected by changes in 

ethylene pressure at higher pressures ( > 100 psi) is another remarkable observation. Section 

4.5 will propose some explanations for these observations. 
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Figure 4.12 Effect of ethylene pressure and hydrogen concentration on peak molecular weight 

of polyethylene produced with Et[1ndl2ZrClz (50 O C )  



4.5. MECaANISMS OF CHAIN TRANSFER 

Fig. 4.13 shows that the molecular weight of polyethylene produced with Cp2HKI2 decreases 

as the concentration of hydrogen increases. Therefore, it appears that the controlling chah 

transfer mechanism is the transfer to hydrogen (P-hydride elimination might also play a 

secondary role). Arnong these two chain temination mechanisms, chain transfer to hydrogen 

seems to have a more important role, because the molecular weight of polymers produced 

with Cp2HfC12 decreases sharply even with a small arnount of added hydrogen. 
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Figure 4.13 EEect of hydrogen concentration on polyethylene MWD (CpiHfCh, 50 OC, 

 PEU^^- = 1 O0 psi) 

In the case of EtFdIzZrCh, it was shown previously in Fig. 4.12 that the position of the 

molecular weight peak of polyethylene produced by EtDdl2ZrCl2 is a function of both 



ethylene pressure and hydrogen initial concentrations. The molecular weight of polymer 

produced at lower ethylene pressures (less than 100 psi) decreases with increasing hydrogen 

concentration. Based on Eq. (4.2), the observed trend indicates that at lower ethylene 

pressures, chain transfer to hydrogen plays a significant role. However, when higher ethylene 

pressures were used, the molecular weight of polyethylene produced with Et[Ind]2ZrC12 

became independent of ethylene pressure and hydrogen concentration, as shown in Fig. 4.14. 

Hydrogen (mL) 

Figure 4.14 Effect of hydrogen concentration at 50 O C ,  PEibylcnc = 100 psi 

Therefore, for ethylene pressures higher than 100 psi, it appears that transfer to monorner 

becomes the dominating chah transfer rnechanism for EtDdl2ZrCl2. This can be explained by 

noticing that, at low ethylene pressures and higher hydrogen concentration, transfer to 

hydrogen is the dominant process, i.e. : 



For increasing monomer pressures (i.e., increasing k,[M] values in the denominator) one 

might assume that 

However, the decrease in the molecular weight of polyethylene 

pressure up to about 100 psi for low hydrogen concentrations has 

with increasing ethylene 

yet to be explained. One 

might speculate that gaseous impurities that act as chah transfer agents introduced with the 

ethylene feed may be partially responsible for this phenornenon. 

4.6. MWD CONTROL BY VARYING HYDROGEN CONCENTRATION 

The observed differences in polymer chah transfer mechanisms involved with these two 

catalysts at higher ethylene pressure cm provide an effective way of controlling MWD For 

ethylene pressures higher than 100 psi, hydrogen can be used to control the MWD of 

polyethylene produced with Cp2HfClz without significantly affecting the MWD of 

polyethylene produced with Et[IndI2ZrCl2. Fig. 4.15 demonstrates how the overail MWD of 

polyethylene made with the combined cataiyst can be controlled by simply varying hydrogen 

concentration. As predicted, the MWD of polymer produced by Et[IndI2ZrCl2 does not 

change significantly with hydrogen concentration. However, the molecular weight of 

polyethylene produced by Cp2HfClz decreases significantly with addition of hydrogen. As 

show in Fig.4.15, regardless of the presence of the hydrogen, the MWD of polymer 

produced by the combined catalyst represents the superposition of the MWD of the 

individudy produced polymers. Table 4.4 summarizes the molecular weights of polymers 

show in Fig 4.15. The molecular weight averages for each metallocene were obtained by 

deconvolution into Flory's distributions. 
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Figure 4.15 Efect of hydrogen concentration on MWD o f  polyethylene made with combined 

catalyst (50 O C ,  P ~ h ~ l c n ~  = 100 psi) 

Table 4.4 Average molecular weights o f  polymer produced by single and combined supponed 

metallocenes (50 OC, PElhylme = 100 psi, AVmetal = 800) 

Catalyst No Hydrogen 

With 220 mL of Hydrogen 

cp2rn12 12,600 20,500 25,800 2.05 

Et[Indl2ZrClz 43,200 76,500 90,700 2.10 

Combined 24,900 61,100 69,1 O0 2.78 

' Number-average molecular weight 

Peak molenilar weight 

Weight-average molecuiar weight 

Polydispersity index (iCfJMn) 



Fig. 4.16 demonstrates how the MWD of polyethylene made with the combined catalyst can 

be controlled by varying hydrogen pressure. The low molecular weight tail in Fig. 4.16, in the 

case of 150 mL and 280 mi, of hydrogen injections, corresponds to the polymer produced by 

Cp2HK12 sites (note that fraction of the low MW tail is outside the calibration range). The 

result is remarkable considering the fact that in the absence of hydrogen Cp2HfC12 produces 

polyethylene with much higher molecular weight than that produced by Et[1ndl2ZrCl2. 
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Figure 4.16 Effect of hydrogen concentration on MWD of polyethylene made with combined 

catalyst (50' C, PEthyla. = 100 psi) 

Fig. 4.17 shows how the value of the number average molecular weights of the chahs 

produced on each metallocene Vary as a function of hydrogen pressure. Table 4.5 summarizes 

the molecular weight averages determined by GPC analysis. It is interesting to observe how 

PD1 decreases as the two MWD's overlap at increasing hydrogen concentrations, and then 



finally increases again as the peak corresponding to polymer produced on Cp2HfCI2, which 

used to have higher molecular weight, appears at the lower molecular weight region. 

H ydrogen l njection (m L) 

Figure 4.17 Effect of hydrogen concentration on number average molecular weights obtained 
- by deconvolution of MWD into two Flory's distributions (cornbined catalyst, 50 O C ,  PE,I , , - I~~ - 

100 psi) 

Table 4.5 Effea of hydrogen concentration on average molecular weights of polymer 

produced by the combined catalyst (50 O C ,  PEsi, = 100 psi) 



In Fig.4.18, when a lower ethylene pressure is used, the overall MWD of polyethylene 

made with the combined catalyst shifis to lower molecular weights as hydrogen concentration 

increases. This is due to the fact that, when low ethylene pressures are used, the molecular 

weights of the polymers produced by Et[IndI2ZrCl2 are also determined by transfer to 

hydrogen, as s h o w  previously in Fig. 4.12 and Eqs. (4.4) and (4.5). Therefore, by the 

selective variation of hydrogen and ethylene pressures, the MWD of polyethylene made with 

this combined metallocene catalyst can be effectively controlled. 
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Figure 4.18 Effect of hydrogen concentration on MWD of polyethylene made with combined 

catalyst (50' C, PEUiylae = 20 psi) 



4.7. EFFECT OF IMPURITIES 

It was shown in Figs. 4.6 and 4.7 that the areas under the individual peaks, and thus, the 

amounts of polymer made by each site type, Vary with ethylene pressure. It is commonly 

accepted that the polyrnerization rates in these systems are 1" order with respect to monomer 

concentration, i.e. 

% = kpFil[c'I (4.6) 

where k, is the polymerization propagation rate constant, and [Ml and [c*] are the 

concentrations of monomer and catalyst active sites, respectively. Since the polymerization 

rate is directly proportional to monomer and catalyst concentrations, the relative amounts of 

polyethylene made on each site type (w, and wz in Eq.4.3) should be independent of ethylene 

pressure. Figs. 4.6 and 4.7 seem to indicate that Et[I~td]~ZrCl~ and CpzHfC12 have different 

reaction orders with respect to ethylene concentration (or pressure). To explain this behavior, 

impurities that may be contained in the monomer feed were considered. Since the 

polymerizations take place in a semi-batch reactor, any gaseous catalyst poison that rnight be 

present in the ethylene feed will accumulate in the reactor at increasing rate for higher 

pressures. Figs. 4.6 and 4.7 seem to indicate that Cp2HfC12 is preferentially poisoned by 

impurities that might be introduced by the ethylene feed. In order to test this hypothesis, 

expenments were conducted without the monomer purification apparatus and compared to 

the results obtained from normal polymerization procedures where ethylene is purified by 

passing through de-oxygen and de-humidification columns. Fig. 4.19 shows the effect of 

gaseous impunties contained in ethylene on the MWD of the produced polyethylene. Table 

4.6 summarizes the relative amount of polyethylene produced on each catalyst site estimated 

by deconvolution into two Flory's distributions. When non-punfied ethylene is used, the 

relative areas corresponding to polyethylene produced on Cp2Hn12 sites decrease sigdicantly 

as ethylene pressure increases from 150 psi (D) CO 200 psi (C). However, when purîfied 

ethylene is used, the relative amount of polymer produced on Cp2Hn12 sites is independent of 

ethylene pressure. Therefore, it is reasonable to Say that the decrease in the area of the MWD 

peak corresponding to polymers produced on Cp2HfC12 sites is due to the seleaive poisoning 

of these sites by impurities contained in the ethylene gas. One rnight speculate that, since these 



impurities selectively deactivate Cp2HK12 sites, it is also possible (but perhaps not desirable) 

to control the shape of the MWD by injecting prescribed amount of impurities into the reactor 

during polymerization. 
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Figure 4.19 Effect of gaseous impunties on MiW of polyethylene (combined catalyst, 40 

O C ) :  (A) PEibylcnc = 200 psi, purified; (B) PEUiYlais = 150 psi, purified; (C) PEUiylnis = 200 psi, non- 

purified; (D) PEhylmc = 150 psi, non-purified 

Table 4.6 Effect of gaseous impurity and selective poisoning: relative amount of polyethylene 

produced on each site calculated on the basis of deconvolution of MWD by using two Flory's 

distributions 

Et hylene Pressure (psi) Wcpfi~l;  W~~[rrtdj~zrc~; 

' Weight Percent of Polyethylene Produced on the CpZHfC12 site 

Weight Percent of Polyethylene Produced on the EtmdI2ZrCl2 site 



4.8. CONCLUSION 

Control of MWD in ethylene polyrnerization was demonstrated using a bimetallic silica- 

supported metallocene catalyst. The catalyst produced by supporting two metallocenes ont0 a 

single support was able to produce polymers with bimodal or broad unimodal molecular 

weight distributions depending on polymerization conditions. Polymerization temperature, 

monomer pressure, selective poisoning of active sites, and injection of hydrogen as a chah 

transfer agent proved to be effective methods of controlling MWD. Polymers produced by the 

same bimetallic catalyst under different hydrogen pressures can have MWD's varying from 

unimodal to bimodal, with high or low molecular weight shoulders. Through our 

investigation, it was demonstrated that the combination of metallocene catalysts in a support 

can provide a direct way of customizing MWD of polyethylene which in tum dictates the 

physical properties of the polymer. The unusual behavior of ethylene polymerization using 

supponed Et[Ind]2ZrC12 at low ethylene pressures needs further explanation. However, the 

observed trend helps one to effectively control the MWD of polyethylene by selecting 

difierent monomer pressures. 



CHAPTER 5 

SUPPORT EFFECT 

Metallocene catalysts are generally believed to have uniform site types even d e r  being 

supponed. In the previous chapter, it was shown that the homopolyrners produced with single 

metallocene supported catalysts have narrow molecular weight distributions (MWD) with 

polydispersity indexes (PDI) close to two or slightly higher. These MWDs can be well 

represented by Flory's most probable distribution, indicating that there is only one active site 

type as long as MWDs are concemed. 

However, some supponing techniques can also lead to polyolefins with broad MWDs, 

which has been associated with the formation of several active site types andfor mass transfer 

resistances during polyrnerization (Kim et al., 1999). For the case of copolymers, besides 

MWD determination, it is necessary to measure the chernical composition distribution (CCD) 

to have a more complete understanding of active site types and polymer propenies. Until 

recently, temperature nsing elution fractionation (TREF) used to be the only method available 

to measure CCD of polyolefins. Although TREF provides a wealth of micro-structural 

information, its long analysis time (one sample takes about 60 hours for analysis) makes it 

dificult to be used in a more systematic way to investigate the CCD of polyolefins. 

Crystallization analysis fiactionation (CRYSTAF) is a new technique to determine CCD of 

serni-crystalline polymers, which not only reduces the analysis time (12 hours per sample), but 

also allows one to run up to five samples simultaneously. Therefore, the effect of different 

catalyst active site types on the CCD of copolymers can be determined in a relatively short 

tirne. 

In this chapter, the number of active site types of supponed metallocenes is examined 

through the analysis of the CCD and MWD of copolymers made with these catalysts. It will 

be shown that even for polyolefins that have narrow MWD, CCD cw be very broad or 

multimodai, indicating the presence of more than one catdyst active site types during 

polymerization. 



5.1. SUPPORT TYPES AND SUPPORTED CATALYST PREPARATION 

Calcinated Silica 952 from Davison (Silica), MAO supported on silica €rom Witco (SMAO), 

and MAO-pretreated silica 952 (MAOISilica) were used as catalyst supports. The aluminum 

content for MAO treated silica is approximately 7 W.-% (Santos et al., 1977) and Al in 

SMAO is 24.4 W.-%. Bndged or non-bridged zirconium or hafnium catalysts were 

individually supponed ont0 these three supports. MAO pretreatment of silica and 

impregnation of the catalysts on the support were conducted under high purity nitrogen 

atmosphere in a specially designed flask equipped with intemal sintered glass filter. Ca. 0.5 g 

of support was first suspended in Ca. 10 rnL of toluene at 50 O C  with vigorous stirring. MAO 

(for silica pretreatment) or catalyst dissolved in 10 rnL of toluene was added slowly to the 

suspended support mixture (over a penod of 15 min.) and stirred for 1 hr. Finally the 

supponed catalyst was filtered through the intemal glass filter, washed several times, and 

dried under vacuum. The supponed catalyst was recovered as free flowing powder and stored 

in a glove box (Nexus, Vacuum/Atmospheres Co.) under dry nitrogen. 

5.2. CATALY ST ACTIVITIES 

The activities of each supponed catalyst are presented in Tables 5.1 and 5.2. Al1 the 

polyrnerizations took place at PEthylcne = 100 psi with 5 rnL of 1-hexene as the cornonomer. Al1 

the investigated supported catalysts showed fairly good activities for ethylendl-hexene 

copolymenzations. Two different kinds of chah transfer agents were used. One is (C2Hi)2Zn 

and the other is hydrogen. The size of hydrogen molecules is substantially smaller than the size 

of (C2H&Zn. 



Table 5.1 Activity for supponed hafnium catalysts [kg polymer/(mol metal*atm*hr)] 

Catalyst No CTA (C2H5)2zn (C2H5)2Zn Hz 25 mL. 

0.1 g 0.5 g 

Cp2HfClSSMAO 620 440 410 340 

CpzHfC12/Silica 1220 1540 1660 1420 

Cp2HK121MAO/Silica --- 240 130 --- 
Et [IndI2HfCl2/SMAO 3 10 160 250 150 

Et[IndI2HfCl2/Silica 1420 540 120 150 

CTA: Chain Transfer Agent 

Table 5.2 Activity for supported zirconium catalysts [kg polyrner/(mol metal~atm~hr)] 

Catalyst No CTA  CIH HI)^^^ 0.1 g Hz 25 rnL 

5.3. MOLECULAR WEIGHT DISTRIBUTION 

Tables 5.3 and 5.4 show molecular weight averages and PDIs of polymers made with the 

different supported catalysts. It seems that non-bridged catalysts tend to produce polymers 

with higher rnolecular weight when supported ont0 SMAO. The PDIs indicate slightly broad 

MWDs for single site catalyst (for Flory's distribution, PD1 equals to two). However, al1 the 

MWDs determined by GPC analysis showed a narrow single unimodal distributions and there 

was no apparent indication of multiplicity in the types of the active sites for the catalysts 

investigat ed. 



Table 5.3 Weight average molecular weights and PD1 for hafnium catalysts 

Catalyst No CTA (C2H5)zZn O. 1 g (C2H5)2Zn 0.5 g Ht 25 rnL 

M W  PD1 MW PD1 M W  PD1 M W  PD1 

l/SMAO 470,600 2.2 181,000 2.8 42,400 2.6 33,700 2.5 

l/Silica 299,600 2.2 142,400 2.3 30,600 2.5 51,500 2.2 

l/MAO/Silica 286,500 3.0 119,700 2.5 45,700 2.6 94,200 2.4 

ZISMAO 336,900 3.1 68,600 2.7 32,800 2.3 38,000 2.5 

2/Silica 243,400 1.6 47,300 2.7 11,900 2.5 59,700 2.7 

Table 5.4 Weight average molecular weights and PD1 for zirconium catalysts 

Catalyst No CTA (C2H5)2Zn 0.1 g Hz 25 mL 

5.4. CHEMICAL COMPOSITION DISTRIBUTION 

5.4.1. Hafnocenes 

Fig. 5.1 shows the CRYSTAF profile of an ethylendl-hexene copolymer produced by 

Cp2HfCh supponed on MAO-pretreated silica. Although the CCD is bhodal, the MWD of 

the sarnple is unimodal and narrow. The polymers corresponding to each peak were 



fractionated with a modified CRYSTAF setup and the MWDs of each fraction were measured 

by GPC. As indicated in Fig. 5.1, the molecular weight averages of each fraction are very 

similar. 

1 Fraction A MW : 41 4,000 

/ \ Fraction 0 
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Figure 5.1 CRY STAF profile of poly(ethy1ene-CO- 1 -hexene) produced with 

Cp2HfC12/MAO/Silica and average molecular weights of the fractions, 40 O C ,  P ~ t h ~ i ~ ~  = 50 psi, 

1 -hexene = 2.5 mL 

Fig. 5.2 shows the CCDs of polymers produced with Cp2HnI2 on different supports. 

The polymer produced with Cp2HfC12 supported on Silica (with no MAO pretreatment) has 

only a single low-crystallinity peak. On the other hand, Cp2Hn12 supported on SMAO and 

MAO-pretreated S i 4  (MAOISilica) produced ethylendl-hexene copolymers having bimodal 

CCDs. This figure iliustrates how support treatment can significantly affect CCD of 

ethylendl-hexene copolymers made with a single supported metallocene. 



MAOIS i Iica 

Figure 5.2 CRYSTAF profiles of poly(ethy1ene-CO- 1 -hexene) produced with Cp2HfCi2 

without use of CTA, 50 O C ,  = 100 psi, 1 -hexene = 5 mL 

Fig. 5.3 compares the CCDs of copolymers made with different supported Cp2HK12 

catalysts in presence of a chain transfer agent, (C2H1)2Zn. Vely low molecular weight polymer 

chains are likely responsible for the low crystallinity tails observed in Fig. 5.3. (see Table 5.3 

for molecular weight averages). The trends are similar to the ones shown in Fig. 5.2, but in 

this case, the peaks overlap significantly more. It can be speculated that there rnight be two 

distinctive active site types for catalysts supported on MAOlSilica and SMAO due to the 

presence of isolated OH and OH-MAO groups on the surface of the support. For non-treated 

silica (Silica), mostly isolated OH groups are present, thus leading to a single site type as 

shown in Fig. 5.2. Therefore, the peak appearing at the crystallization temperature of about 60 

- 70 O C  in Fig. 5.3 might correspond to polyrner produced at silica-metallocene sites. 

Consequently, the peak appearing at about 80 O C  in Fig. 5.3 corresponds to polymer produced 

at silica-MAO-rnetallocene sites. Notice that SMAO has an Al content of 24.4 W.-% versus 

the estimated 7 wt.-%o or less for MAO/Silica. In agreement with this, the 80 "C centered 

peak of polymer made with SMAû is significantly more apparent than the one for 



MAOISilica. The appearance of the small higher crystalline peak for polymers made with 

Silica may be caused by in situ formation of MAO-OH sites from the injected cocatalyst and 

reattachment of leached catalyst from the support to this MAO-OH site. It is also interesting 

to notice that copolymers with these microstmctures (Le., broad CCD and relatively narrow 

MWD) would be well suited for application requiring high environmental stress cracking 

resistance, since the tie molecules would have molecular weights comparable to the crystalline 

matrix. 
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Figure 5.3 CRY STAF profiles of poly(ethy1ene-CO- l Ohexene) produced with Cp2E12  wit h 

0.1 g of (CzH&Zn, 50 OC, P E ~ ~ I ~ ~  = 100 psi, 1-hexene = 5 rnL 

Fig. 5.4 shows the CRYSTAF profiles when the amount of (C2H5)2Zn is increased 

from 0.1 to 0.5 g. The same trends shown in Figs. 5.3 and 5.4 are again observed : a higher 

crystailinity peak centered at around 80 OC associated with silica-MAO-metallocene sites and 

a lower cryaaliinity peak centered around 70 OC associated with silica-metdocene sites. 

Lower crystallinity tails are also observed but they are likely associated with the lower 



molecular weight chains made when 0.5 g of (C2H5)2Zn is used (see Table 5.3). Although 

CRYSTAF fiactionation is mainly controlled by short chain branching, very short polymer 

c h a h  will have increased solubility in TCB and appear as a low crystallinity tail. 

Figure 5.4 CRYSTAF profiles of poly(ethy1ene-CO- 1 -hexene) produced with Cp2HfU2 with 

0.5 g of (C2H&Zn, 50 O C ,  PElhylms = 100 psi, 1-hexene = 5 mL 

Fig. 5.5 shows the CCD of polymers produced with Cp2HfC12 in the presence of 25 mL of 

hydrogen. Similar trends are observed, but peak overlapping is less clear than in the case of 

polymers made with O. 1 g of (C2H&Zn. Compared to Fig. 5.3, the lower crystalline peaks of 

polymer produced with Silica and MAOISüica appear at reversed positions. The appearance 

of low crystalline shoulder is less significant compared to the 0.5 g (C2H~)2Zn case. 
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Figure 5.5 CRY STAF profiles of poly(ethy1ene-CO- 1 -hexene) produced with Cp2HfC12 with 

25 mL of HI, 50 O C ,  PEhslcnc = 100 psi, 1 -hexene = 5 rnL 

Figs. 5.6 to 5.9 show that for the Et[IndI2HfCl2 system, the effect of support on CCD is less 

apparent. Al1 the polymers have narrow and uniform distributions. One exception is the 

polymer produced with Et[?ndl2ZrCI2 supported on Silica, which seems to have a little 

broader CCD than the others and apparently more comonomer content compared to the 

polymer produced with the same catalyst supported on SMAO. This rnight have been caused 

by some experimental error during polyrnerization. For al1 the other systems, the polymers 

produced with Et[IndI2ZrCl2 supported on SMAO have slightly higher comonomer content. 

Judging from the change in the location of the CRYSTAF peak when a chain transfer agent 

was used, the comonomer content of the produced polymer seemed to increase slightiy. 

Considering the faa that crystaiiization temperatures are still high, this does not seem to be 

caused by lower molecular weight fiactions of the samples. It is not clear why the chain 

transfer agent would increase comonomer incorporation d u ~ g  polymerization. 
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Figure 5.6 CRY STAF profiles of poly(ethy1ene-CO- l -hexene) produced with Et [Ind]lHfC12 

without use of CTA, 50 O C ,  PEihylslic = 100 psi, 1-hexene = 5 mL 
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Figure 5.7 CRY STAF profles of poly(ethy1ene-CO- 1 -hexene) produced with EtFdl2Hf(3I2 

with 0.1 g of (C2Hr)2Z~ 50 O C ,  Pm* = 100 psi, 1-hexene = 5 mL 
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Figure 5.8 CRY STAF profiles of poIy(ethy1ene-CO- 1 -hexene) produced with Et[IndI2EX12 

with 0.5 g of (C2Hr)2Zn, 50 OC, PEihylnr = 100 psi, 1-hexene = 5 mL 
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Figure 5.9 CRY STAF profiles of poly(ethy1ene-CO- l -hexene) produced with Et [Ind]$ffCh 

with 25 mL of H2, 50 OC, Pwlcnc = 100 psi, 1-hexene = 5 mL 



5.4.2. Zirconocenes 

For the case of CpJrCI2, only narrow and unimodal CCDs were obtained. As shown in Figs. 

5.10 to 5.12, for the polymers produced with Cp2ZrC12/SMA0, the crystallization peak 

appeared at lower temperature regions compared to the polymers produced with 

Cp2ZrClz/Silica, regardless the use of chah transfer agents. It seems that silica-MAO- 

rnetallocene and silica-metallocene sites differ slightly in their ability to incorporate 

comonomer into the growing polymer chain, but not enough to form bimodal CCDs. 

75 80 85 

Temperature CC) 

Figure S. 10 CRYSTAF profiles of poly(ethy1ene-CO-1-hexene) produced with Cp2ZrC12 

without use of CTA, 50 OC, PWiylenc = 100 psi, 1-hexene = 5 mL 

When hydrogen was used as the chah transfer agent, the crystaliization peak temperature of 

the polymers produced with CpzZrCh supported either on SMAO or Silica, decreased 

approximately by 2 O C  compared with the case of no chain transfer agent or diethyl zinc as the 

chain transfer agent. Slight tailing was also observed when hydrogen was used. 
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Figure 5 . 1 1  CRYSTAF profiles of poly(ethy1ene-CO-1-hexene) produced with Cp2ZrC12 with 

O. 1 g of (CIH&Z~, 50 OC, PELhylmc = 100 psi, 1-hexene = 5 mL 
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Figure 5.12 CRY STAF profiles of poly(ethy1ene-CO- 1 -hexene) produced with Cp2ZrCh with 

25 mL of Hz, 50 O C ,  PE&ylnu = 100 psi, 1 -hexene = 5 rnL 



Figs. 5.13 to 5.15  show the CCDs of polyrner produced with Et[IndI2ZrCl2 supponed on 

either SMAO or Silica for different polymerization conditions. For the case of Et[IndI2ZrCl2, 

the CCD of polymer produced with the catalyst supported on Silica was always broader than 

that of polyrner produced with the same catalyst supponed on SMAO. The CCDs of polyrner 

made with both catalysts are unimodal. 

In terms of peak positions, the polymers produced with Et[IndIzZrCMSMAO have 

lower crystallization temperatures regardless of the presence of chah transfer agents. 

Therefore, it seems that zirconocenes supponed on SMAO tend to incorporate more 

cornonomer into the growing polymer chains. 

60 65 70 75 80 85 90 
Temperature CC) . 

Figure 5.13 CRY STAF profiles of poly(ethy1ene-CO- l -hexene) produced with Et[IndI2ZrCl2 

without use of CTA, 50 O C ,  PEtbylsK = 100 psi, 1 -hexene = 5 mL 
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Figure 5.14 CRY STAF profiles o f  poly(ethy1ene-CO- l -hexene) produced with Et[Ind]2ZrC12 

with 0.1 g of (C2H&Zn, 50 OC, PEthylar = 100 psi, 1 -hexene = 5 mL 
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Figure 5.1 5 CRY STAF profiles of poly(ethy1ene-co- l -hexene) produced with Et Ddl2ZrCl2 

with 25 m .  of&, 50 OC, PEihlbic = 100 psi, 1-hexene = 5 mL 



5.5. CONCLUSION 

The chernical composition distribution of ethylendl-hexene copolymers made with supported 

metallocene catalysts can be significantly altered by the way the support is treated. 

Interestingly, these support treatments do not influence the breadth of molecular weight 

distribution in a marked way. 

For the four catalysts tested, Cp2HK12 was the most sensitive to support treatment. 

Unimodal (mainly) CCD was obtained for the polymers produced with Cp2HfC12 when Silica 

was used, while bimodal CCDs resulted when either MAO/Silica or SMAO were used as 

supports. This has been tentatively linked to the presence of OH and OH-MAO supporting 

sites on the surface of these catalysts. 

For zirconocene catalysts, polymers produced with catalysts supported on SMAO had 

lower crystaIlization temperatures than those of polymers produced with the same catalyst 

supported on Silica, indicating more cornonomer content in the polymer chain. In tenns of the 

broadness of CCDs, al1 zirconocene catalysts produced polymers with unimodal CCDs 

regardless of the support type or the presence of chah transfer agents. However, the CCDs of 

polymers produced with Et[IndI2ZrCl2/Silica were significantly broader than those of other 

copolymers produced with zirconocene catalysts. 



CHAPTER 6 

COPOLYMERIZATION 

Conventional linear low-density polyethylenes (LLDPE) made with Ziegler-Natta catalysts 

have broad and muhimodal chernical composition distributions (CCD), in contrast to the 

narrow CCDs of high-pressure low-density polyethylenes (HP-LDPE). For the conventional 

copolymers produced with Ziegler-Natta catalysts, the amount of short chain branches (SCB) 

decreases with increasing molecular weight . (Hosoda, 1988, Defoor et al., 1992). Higher 

contents of comonomer in shoner chains limit the application of these products, especially in 

areas such as food packaging and medical applications, because the amorphous short chains 

can easily difise into the surrounding environment. Therefore, it is important to be able to 

control CCD simultaneously with MWD. 

Although in some cases the CCDs of copolyrners produced with metallocene catalysts 

are also broad, in general they are much narrower than the ones made with conventional 

Ziegler-Natta catalysts. Therefore, by proper combination of metallocene catalysts, CCD of 

polyolefins cm be effectively controlled. 

A good example, which illustrates the importance of simultaneous control of CCD and 

?rM, is found in PEI00 polyethylene resins. PElOO resins are used rnainly in pipe 

applications and they are characterized by exceptionally high environmental stress-crack 

resistance, good resistance to rapid crack propagation, and very high creep resistance. The 

hi& environmental stress-crack resistance is believed to be the result of the presence of tie- 

molecules. Tie molecules are polymer chahs that link two or more crystalline lamellae through 

the amorphous phase. Ideally, tie molecules should be long molecules containhg crystallizable 

and non-crystallizable sections. For copolyrners of ethylene and a-olefins, the crystallizable 

sections are long sequences of ethylene monomer units, while the non-crystabable sequences 

contain the oc-olefin comonomer units or short chain branches. It is envisioned that the 

crystallizable sections of the tie molecules belong to different adjacent lameiiae, while the non- 

crystallizable sections are located in the amorphous phase. In this way, the molecules cm be 



considered to act as a binder among different lamellae, with binding strength proportional to 

valence forces. Therefore, the tie molecules will enhance resistance to applied stresses by 

establishing links between crystalline blocks. 

The key criterion to increase the concentration of tie molecules or to produce 

copolymers that would meet the physical specifications of PElOO is to produce copolymers 

with bimodal M W  with higher comonomer content in the high molecular weight region. 

Since it is very difficult to achieve a tnily homogeneous bimodal blend solely by mechanical 

blending of two different resins, reactor cascade technologies are used to produce PElOO 

resins. In the first reactor, polyrnerization is conducted in the presence of comonomer but 

without hydrogen to produce high molecular weight copolymer. The copolymer is 

continuously transferred to the second reactor where ethylene is polymerized in the presence 

of hydrogen and without addition of comonomer to produce lower molecular weight 

homopolymer chains (Scheirs et al., 1996). If a single catalyst could produce PE LOO-type 

copolymers in a single reactor, the polymerization process would be significantly simplified. 

In Chapters 4 and 5, MWD control in homopolymerization and the effect of support 

treatment on CCD of copolymen produced with supported metallocene catalysts were 

investigated. In this chapter, the research is extended to ethylene/l-hexene copolymerization 

to investigate ways of controlling the MWD and CCD of copolymer chains. Finally, three- 

dimensional MWD-CCD cross fractionation plots are generated through Monte-Carlo 

simulations to illustrate some important issues involved in the characterization of these 

copolymers. 

6.1. PRELIMINARY EXPERIMENTAL RESULTS 

Al1 polyrnerizations described in Chapter 6 involve metailocenes supponed on SilicalMAO. 

Every polymerization used 1-hexene as the comonomer. No other types of supports or 

cornonomers were used. 



6.1.1. Correlation Between Average Molecular Weight and CRYSTAF Measurements 

When copolymer chains are reasonably long, CCDs measured by CRYSTAF should be 

detemiined only by the distributions of short chah branching and not by the molecular weights 

of the sarnples. Fig. 6.1 shows the relationship between the peak crystallization temperature 

measured with CRYSTAF versus number average molecular weight of poly(ethylene-co-1- 

hexene) samples produced with Et[IndI2ZrCiz at various polymerization conditions. No 

apparent correlation between peak crystallization temperature and number average molecular 

weight of the samples is observed. 

69 70 71 72 73 74 75 

Peak Crystallization Temperature (OC) 

Figure 6.1 Peak crystailization temperature measured by CRY STAF vs. number average 

molecular weight for poly(ethy1ene-CO- 1 -hexene) samples 



6.1.2. Average Molecular Weights Measured by GPC 

Weight average molecular weights (MW) and polydispersity indexes of the produced 

copolymers are presented in Appendix C. Figs. 6.2 through 6.9 show how MW of copolymers 

produced with each supponed catalyst varies with hydrogen concentration for several 

polymerization conditions. Throughout the expenments, the amount of 1-hexene and 

hydrogen concentration increments was varied proportionally to ethylene pressure. 

Fig. 6.2 shows the MW of copolymers produced with each supported catalyst at 40 OC 

under ethylene partial pressure of 20 psi, 1 mL of 1-hexene, and with vanous concentrations 

of hydrogen. The MW of copolymers produced with Et[Ind12ZrC12 decreases very slightly with 

increasing hydrogen concentration in the polyrnerization reactor. However, for the 

copolyrners produced with Cp2HKl2 or CGCTi, M W S  decrease rapidly with the introduction of 

hydrogen and then start to decrease slowly as the concentration of hydrogen increases. At 40 

O C  and ethylene pressure of 20 psi, the M ~ s  of copolyrners produced with CGCTi are always 

higher than those of copolymers produced with CplHfCh. The M W  of copolyrners produced 

with Et[Ind]2ZrClz was the lowest in absence of hydrogen, but the highest when higher 

hydrogen concentrations were used due to the rapid decrease in M ~ s  of copolymers produced 

with the other catalysts. 

Fig. 6.3 shows M ~ s  of copolymers produced at 50 O C  with the same ethylene pressure 

and hydrogen concentrations shown in Fig. 6.2. Compared to polymerization at 40 O C ,  the 

copolymers produced with Et[IndI2ZrCl2 have similar M ~ s .  Copolyrners produced with 

Cp2HfC12 without hydrogen at 50 OC have higher Mws than the ones made at 40 O C .  When 

hydrogen is introduced, the Mws of copolymers produced at 40 and 50 O C  decrease to under 

100,000 g/mole. 

Interestingly, copolymers produced with CGCTi have higher Mus at higher 

polymerization temperatures except for the case when no hydrogen was used. Aiso, MWs 

decrease slower with hydrogen addition and thus the MWS always stay above the MWs of 

copolymers produced with EtPnd]2ZrCl2. 
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Figure 6.2 Weight average molecular weights of poly(ethy1eneso- 1 -hexene): 40 OC, PEayi, = 

20 psi, 1 -hexene = 1 rnL 

tiydrogen (ml) 

Figure 6.3 Weight average molenilar weights of poly(ethy1ene-CO-1-hexene): 50 OC, PEthylac = 

20 psi, 1 -hexene = 1 rnL 



Figs. 6.4 and 6.5 show M ~ s  of copolymers produced at ethylene pressure of 50 psi, 

with 2.5 mL of 1-hexene and polymerization temperatures of 40 and 50 O C ,  respectively. 

Similar trends are observed. Again the copolymers produced with Et[Ind]2ZrC1z show similar 

MWS regardless of the concentration of hydrogen. The MWS of copolymers produced with 

CpzHfiC12 are the most sensitive to hydrogen concentrations. Mws of copolyrners produced 

with CGCTi are significantly higher when the higher polymerization temperature is used under 

the presence of hydrogen, but in the absence of hydrogen, MWs are similar for both 

temperatures. The inversion of the average molecular weight (i.e., when the ratio of M ~ s  

produced on each catalyst becomes unity) occurs at lower hydrogen concentration (ca. 5mL) 

for copolyrners produced with Cp2HfC12 and CGCTi. For copolymers produced with 

Cp2HnI2 and Et[IndIzZrClz, the inversion occurs at higher hydrogen concentration (ca. 20 

mL). No MW inversion occurs for the copolymers produced with Et[IndI2ZrCl2 and CGCTi. 

Hydrogen (ml) 

Figure 6.4 Weight average molecular weights of poly(ethy1ene-CO-1-hexene): 40 O C ,  = 

50 psi, 1-hexene = 2.5 mL 
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Figure 6.5 Weight average rnolecular weights of poiy(ethy1ene-CO- 1 ohexene): 50 O C ,  PEthyl,. = 

50 psi, 1-hexene = 2.5 mL 

Figs. 6.6 and 6.7 show MWs of copolymers produced at ethylene pressure of 100 psi 

with 5 mL of 1-hexene and polymerization temperatures of 40 and 50 O C ,  respectively. 

Copolymers produced with CGCTi at 40 OC always have the highest M ~ s  for al1 hydrogen 

concentrations. However, at 50 O C ,  copolymen produced with Cp2HfC12 without hydrogen 

have higher M W s  than the ones produced with CGCTi. Unlike the previous cases, when 

ethylene pressure is 100 psi, M ~ s  of copolymers produced with CGCTi at 50 O C  are lower 

then the ones made at 40 O C .  Again, apparentiy the average molecular weights of copolymen 

produced with EtDnd]2ZrC12 are independent of hydrogen concentration. 
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- Figure 6.6 Weight average rnolecular weights of poly(ethy1ene-CO- 1-hexene): 40 "C, PEhylsns - 

100 psi, 1-hexene = 5 mL 
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Figure 6.7 Weight average rnolecular weights of poly(ethyiene-CO- l -hexene) : 50 OC, PUhyIae = 

100 psi, 1-hexene = 5 mL 



Figs. 6.8 and 6.9 show M ~ s  of copolymers produced at ethylene pressure of 150 psi, 

7.5 rnL of 1 -hexene and polymenzation temperatures of 40 and 50 O C ,  respectively. 

For al1 polymenzations including the case with ethylene pressure of 150 psi, MWs of 

copolymers produced with Et[IndI2ZrClz are nearly independent of hydrogen concentration 

and polymenzation temperature, especially for ethylene pressures over 50 psi. This trend was 

also observed for ethylene homopolymerization with Et[IndI2ZrCI2, as discussed in Chapter 4. 

Also, it seems that for copolymers produced with CGCTi, Mus are higher for higher 

polymenzation temperatures when ethylene pressures are low (20 and 50 psi). However, 

higher M,s are observed at lower polymenzation temperatures when ethylene pressures are 

higher than 100 psi. For the case of copolymers produced with CpzKfCl2, this effect is not 

obvious. For every polymenzation condition, MWs of copolymers produced with CpHfClz and 

CGCTi show strong dependency on hydrogen concentration, i.e., M ~ s  decrease rapidly with 

the introduction of hydrogen. 
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Figure 6.8 Weight average molecular weights of poly(ethy1ene-CO- 1 œhexene): 40 O C ,  PElliyk. = 

150 psi, 1-hexene = 7.5 rnL 
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- Figure 6.9 Weight average molecular weights of poly(ethy1ene-CO- 1 -hexene): 50 OC, PEthylcnc - 
150 psi, 1-hexene = 7.5 mL 

6.2. FACTORS INFLUENCING THE CONTROL OF MWD AND CCD 

Out of many other factors, the accessibility of the cornonomer to the active metal centers 

depends on the 'opemess' of the metallic site and increases as Et[IndI2ZrCl2 < Cp2HfCh < 

CGCTi among the catalysts used in this experiments (Fig. 4.1). Fig. 6.10 shows the CCD of 

poly(ethy1ene-CO- 1 -hexene) measured by CRY STAF produced with combined 

Et[Ind]zZrC12/CGCTi system at 40 and 50 OC. CCD peaks of copolymers produced with 

Et[Indl2ZrCl2 at sirnilar polymerization conditions appear at around 70 to 80 OC. Therefore, 

the peaks appearing between 70 to 85 O C  correspond to the copolymer c h a h  produced on 

EtFdl2ZrCl2 sites. Copolymers produced with CGCTi usually have very broad CCD and 

appear at lower crystalluation temperatures. A significant portion of the copolymer is soluble 

in TCB at 30 OC. Therefore, it is reasonable to assign the peaks appearing at temperatures 

lower than 65 OC, including the soluble fractions, to the copolymer produced at CGCTi sites. 
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Figure 6.10 CCD of poly(ethy1ene-CO- 1 -hexene) produced with a birnetallic supponed catalyst 

(A: Et[IndI2ZrCl2, B: CGCTi) at different polymerization temperatures, PEhylsns = 100 psi, 1 - 
hexene = 5 mL 

Fig. 6.11 shows the MWD of the samples shown in Fig. 6.10. Since CGCTi produces 

copolymers with higher molecular weights than Et[h~d]~ZrCl~ at ethylene pressure of 100 psi, 

the peak appearing at higher molecular weight corresponds to the copolymer chahs produced 

at CGCTi sites. Therefore, the peak that appears at lower molecular weights corresponds to 

copolyrners produced with Et[1ndl2ZrCl2. When the lower polymerization temperature was 

used (40 O C ) ,  the MWD shifts to higher molecular weight values. The peak corresponding to 

copolymer produced with CGCTi shifis more than the one assigned to copolymers produced 

with Et[IndI2ZrCl2. This result agrees with the previous observations discussed in Section 

6.1.2 (Figs. 6.6 and 6.7). 
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Figure 6.1 1 MWD of poly(ethy1ene-CO- 1-hexene) produced with a bimetallic supponed 

catalyst (A: Et[IndI2ZrCl2, B: CGCTi) at different copolymerUation temperatures, PEihslnic = 

1 O0 psi, 1 -hexene = 5 mL 

From these results, it seems that the combined Et[Ind]&CI$CGCTi is able to produce 

copolymers with bimodal CCD and MWD. with higher cornonomer content in the higher 

molecular weight chains. To veriS, that the higher molecular weight chains had higher 

cornonomer fiaction, the sarnple produced at 40 O C  was analyzed with a LC-transfom. Fira 

the LC-transform instrument was comected to the GPC so that the copolymer fiactions could 

be collected according to molecular weight ont0 a rotating disk. The fiactions deposited on 

the disk were analyzed with FT-IR to determine the comonomer content. The ratios of peak 

heights from two absorption bands, A1310 and Am, were used to estimate the mol.-% of 1- 

hexene using a calibration curve found in the literature (Nowlin et al., 1988). The accuracy of 

FT-IR measurernents decreases when the high and low molecular weight end fiactions are 

analyzed because they form very thin deposits. Nonetheless, Fig. 6.12 indisputably shows that 

the comonomer fiaction in the copolymer increases with increasing molecular weight. 
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Figure 6.12 LC-Transform results of poly(ethy1ene-CO- 1 -hexene) produced with a bimetallic 

supported catalyst (Et[IndI2ZrCl2 1 CGCTi), 40 OC, PEihyla. = 100 psi, 1 -hexene = 5 mL 

Figs. 6.13 to 6.18 show other possible combinations of CCD-MWDs of poly(ethy1ene- 

CO-1-hexene) produced with combined Et[Ind]2ZrC12/Cp2Hn12 at various polyrnerization 

conditions. 

Figs. 6.13 and 6.14 show CCD and MWD of copolymers produced at 40 OC, with I 

mL of 1-hexene, 30 rnL of hydrogen, and ethylene pressure of 20 psi. The CCD of copolymer 

produced with EtFdI2ZrClz is sharp and narrow, but the CCD of copolymer produced with 

Cp2HfU2 is very broad and encircles the narrow peak by EtpndI2ZrCl2. It is interesting to 

notice that these large dEerences cannot be detected by conventional average composition 

analysis by NMR. The copolymer produced with the combined catalyst show slightiy broader 

CCD than that of copolymer produced with EtDdl2ZrCl2. The arnount of copolymer 

produced at Cp2HfC12 sites is much smaller than that produced at the other catalyst site. This 

is confirmed by the MWD of this copolymer as shown in Fig. 6.14. The MWD of copolymer 

produced with the combined catalyst closely resembles the MWD of copolymer produced with 

Et@i~d]~ZrCl~ alone. It seems that there was selecfve poisoning of Cp2HfC12 sites, which is 



more sensitive to impurities than Et[IndIzZrCl2. Therefore, most chains were produced at the 

Et[IndI2ZrCI2 sites. However, this was not caused by an improper mixing ratio of 

Et[Ir~d]~ZrCl~ and Cp2HK12 catalysts during the preparation of the combined supponed 

catalyst, as the next figures dernonstrate that the presence of polyrner chains produced on each 

site is clear. 
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Figure 6.13 CRY STAF results of poly(ethy1ene-CO- 1 hexene) produced with a bimetailic 

supported catalyst (Et[IndI2ZrCl2 I Cp2Hn12), 40 O C ,  PEihtlcac = 20 psi, 1-hexene = 1 rnL, H2 = 

30 rnL 
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Figure 6.14 GPC results of poly(ethy1ene-CO- 1 -hexene) show in Fig. 6.13 

Figs. 6.15 and 6.16 show the CCD and MWD of copolyrners produced at 40 O C ,  with 

2.5 rnL of 1-hexene, and ethylene pressure of 50 psi. Fig. 6.15 shows that the CCD of 

copolymer produced with the combined catalyst is broader than the CCD of copolymer 

produced with Et[IndI2ZrCl2, and has a low crystalline shoulder. However, the CCD of 

copolymer produced with the combined catalyst does not represent true superposition of each 

individual CCD. It seems that there is some bimolecular interaction between the different 

active sites, which causes the shifting of CCD of the copolymer produced with Cp2HfU2 

toward a higher crystalline region. This could also have been caused by small dserences in 

the supporting procedure when Cp2HfCl2 was supported alone. 

However, the MWD shows better superposition of individual distributions as shown in 

Fig. 6.16. From these CCD and MWD, the copolymer produced with the combined 

Et[IndI2ZrCl2 / Cp2HfCh catalya at 40 OC with 2.5 mL of 1-hexene at an ethylene pressure of 

50 psi has bimodal MWD but unimodal CCD, with more cornonomer incorporated at higher 

molecular weights. 
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Figure 6.15 CRYSTAF results of poly(ethy1ene-CO-1 -hexene) produced with a bimetallic 

supponed catalyst (Et[IndI2ZrC12 / Cp2HfC12), 40 OC, PEayk, = 50 psi, 1 -hexene = 2.5 rnL 
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Figure 6.16 GPC results of poly(ethy1ene-CO- 1 -hexene) shown in 6.1 5 



Figs. 6.17 and 6.1 8 show the CCD and MWD of copolymers produced at 40 O C ,  with 

5 mL of I-hexene and ethylene pressure of 100 psi. The combined catalyst produces 

copolymers with broad CCD and MWD but both of them are unimodal. The copolymers 

produced with Cp2Hf(3l2 have bimodal CCD which encloses the CCD of copolymers produced 

with Et[Ind]2ZrClz. Therefore, the microstmctures of copolymers produced with the 

combined catalyst do not differ fiom each other significantly. The cornonomer is still 

incorporated more in higher molecular weight chains, however, segregation of copolymer 

chains due to significant differences in chemical composition is less likely to occur as 

cornpared to the distributions show in Figs. 6.10 and 6.1 1. 

Temperature (OC) 

Figure 6.17 CRYSTAF results o f  poly(ethy1ene-CO-1-hexene) produced with a bimetdic 

supported cataiyst (EtFndJ2ZrC12 / Cp2HfC12), 40 O C ,  PEhyI- = 100 psi, 1-hexene = 5 mL 
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Figure 6.18 GPC results of poly(ethy1ene-CO- 1 -hexene) shown in Fig. 6.1 7 

More examples of CCD and MWD control at different polyrnenzation conditions can be 

found in Appendix D. 

Effect of Eydrogen 

As discuued in Chapter 5, copolymers produced with Cp2Hn12 supported on MAO/Silica 

show bimodal CCDs. In some cases where hydrogen was used, even trimodal CCDs were 

observed. Therefore, the effea of hydrogen on CCD of copolymers produced with Cp2HK12 

was further examined. Figs. 6.19 to 6.23 show the effect of hydrogen on CCD of copolymers 

produced with Cp~Hn12. 

The positions of peaks appearing around 80 O C ,  which correspond to high crystdine 

copolymers, do not seem to be affected by hydrogen significantiy. However, the low 

crystalline peak splits in two with increasing hydrogen concentration. As hydrogen 

concentration increases, a very low crystrlliaity peak moves to lower crystallinity regions, 

making the CCD trimodal. 
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Figure 6.19 Effect of hydrogen concentration on CCD of poly(ethy1ene-CO-1-hexene) 

produced with Cp2HfC12 : 40 O C ,  PEUiylnic = 20 psi, 1-hexene = 1 mL 
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Figure 6.20 EEect of hydrogen concentration on CCD of poly(ethy1ene-CO-1-hexene) 

produced with CpzHnb, 50 O C ,  PE&y*ar = 20 psi, Lhexene = 1 mL 



40 45 50 55 60 65 70 75 80 85 90 

Temperature ('C) 

Figure 6.2 l Effect of hydrogen concentration on CCD of poly(ethy1ene-CO- 1 -hexene) 

produced with CpzHfCI2, 40 O C ,  PEthylsns = 50 psi, 1 -hexene = 2.5 mL 
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Figure 6.22 Effect of hydrogen concentration on CCD of poly(ethy1ene-CO-1-hexene) 

produced with CpzHKl2, 50 O C ,  PEthyl- = 100 psi, 1-hexene = 5 mL 
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Figure 6.23 Effect of hydrogen concentration on CCD of poly(ethy1ene-CO- 1 -hexene) 

produced with Cp2HfC12, 40 O C ,  PEÿnllnc = 150 psi, 1-hexene = 7.5 mL 

The effect of hydrogen on the CCD of copolymers produced with Et[Ind]2ZrC12 is also 

of great interest. Fig. 6.24 shows CCD changes &er injection of hydrogen for copolymers 

produced under ethylene pressures of 20 and 150 psi. In both cases, when hydrogen was used, 

the CCD peak appears at a significantly lower crystallinity temperature region and the 

distribution becomes broader. Although hydrogen does not significantly alter the molecular 

weights of copolymers produced with Etbd]2ZrC12 as show in Figs. 6.2 and 6.8, it appears 

that it enhances the ability of Et[IndI2ZrCb to incorporate cornonomer into the growing 

copolymer chahs. 



60 65 70 75 80 85 

Temperature ( O C )  

Figure 6.24 Effect of hydrogen concentration on CCD of poly(ethy1ene-CO-1-hexene) 

produced with Et[IndIzZrCl2 : 40 O C ,  1-hexene = 1 and 7.5 rnL for 20 and 150 psi, 

respectively 

6.3. INFLUENCE OF POLYMER MICROSTRUCTURE ON ESCR 

One of the main reasons for customizing CCD and MWD of polyolefins is to improve their 

physical properties such as environmental stress-crack resistance (ESCR). In this section, 

three industrial ethylene / 1-hexene copolymer samples with known ESCR were analyzed by 

CRYSTAF and GPC to shed light on the stmcnire-property relationships and determine the 

range of chemical composition and molecular weight of copolymer chahs, which wil1 act as 

efficient tie-molecules. This information can be usew in designing copolymers with enhanced 

properties. The samples are named 4 B, and C for confidentiality reasons and their ESCR 

values and molecular weights are listed in Table 6.1. Sample C was produced by reactor 



cascade technology. One homopolymer sarnple was used as a reference for CCD 

measurements. 

Table 6.1 Average properties of industrial poly(ethy1ene-CO- 1 -hexene) samples 

Sarnple ESCR (hr) MW PD1 

Homopolyrner 11 130,000 5.0 

Fig. 6.25 reveals that sample C, which has extraordinarily high ESCR, has a high 

molecular weight tail and the broadest MWD. Samples A and B have similar MWDs except 

that the molecular weight of sample A is a little higher than that of sarnple B. However, the 

ESCR is almost 4 times higher for Sample B. Fig. 6.26 shows the CCD of each copolymer 

measured with CRYSTAF. Al1 the samples are high density copolymers and have narrow 

CCDs. However, the CCDs do not show any distinct trend leading to a correlation with 

ESCR. In the case of CCD, the distributions of sample A and B are significantly different. 

Since a single set of MWD and CCD for each sarnple cannot lead to a distinct ESCR 

correlation, the smples were fractionated by preparative CRYSTAF (PolymerChar, Valencia, 

Spain) into four different fractions to be fùrther analyzed. 
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Figure 6.25 Overall MWD of each sample measured with GPC 
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Figure 6.26 Overall CCD of each sample meawed with CRYSTAF 



The first fraaion corresponds to polymers crystallizing in TCB below 75 O C .  The 

second Fraction was collected between 75 and 80 O C .  The third fraction crystallized between 

80 and 85 O C ,  and finally polymers crystallizing above 85 O C  were collected as the fourth 

fraction. 
13 Fig. 6.27 shows the C-NMR results of each fraction for sample C. Fractions 

collected at lower crystallization temperatures have higher comonomer content and a vanety 

of ethylene I 1 -hexene sequences, which proves that the Fractionation was properly performed 

based on comonomer content. Fraction 4 was almost pure homopolymer, and did not show 

any comonomer peaks in the I3c NMR spectrum. Since we know that tie-molecules require 

some short chah branching, fraction 4 was not considered for fùrther analysis. Peak 

assignments for "c-NMR analysis of ethylendl-hexene copolyrners are listed in Appendix E. 

The peak that at around 32 ppm in Fig. 6.27 corresponds to the saturated chah ends. The 

notation E and H represents ethylene and 1 -hexene unit, respectively. 

Fraction 3 
80 - 85 OC 

111111 

Fraction 2 
75 - 80 O C  

EH€ 
EHE 1 

€HE 
EHH 

i-- HHE - 
HHH 1 

Fraction 1 
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t EEE 

EHEE, EEHE 

1 HHEE 

Figure 6.27 1 3 ~ - ~  spectmm of fractions of sample C 



Figs. 6.28 to 6.30 show the MWD of the fractions for each sample measured by GPC. 

For each sample, Fraction 1 has very low molecular weight except for sample C. For fraction 

1, perhaps the cornonomer content is too high to generate effective tie-moIecules, since tie- 

molecules need to crystallize. Therefore, the first fractions were disregarded as possible 

candidates as tie-molecules. In Figs. 6.28 to 6.30, except for smple C, samples A and B show 

the typical chemical composition-molecular weight relation of copolyrners produced with 

conventional Ziegler-Natta catalysts, i.e., more cornonomers are concentrated in the lower 

molecular weight chains of the copolymer. On the other hand, the fractions of sarnple C have 

bimodal MWD with a high molecular weight component. Therefore, the higher molecular 

weight chains present in the fractions of sample C may act as better tie-molecules, which 

would explain its improved ESCR as compared to the other samples. 
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Figure 6.28 GPC measurements of CRYSTAF fiactions fiom sample A 
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Figure 6.29 GPC measurements of CRSYTAF fractions from sample B 
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Figure 6.30 GPC measurements of CRSYTAF fiactions fiom sample C 



Figs. 6.3 1 and 6.32 compare the MWDs of fractions 2 and 3.  One might assume that 

the longer copolymer chains would form better tie-molecules. Based on the unique ESCR 

performance of sample C, one might speculate that this would correspond to chains with Log 

MW > 4.75. The range of molecular weights that satisfies this constraint is indicated with a 

box in Figs. 6.3 1 and 6.32. As shown in Fig. 6.3 1, the weight fractions of copolymers in the 

shaded area increase significantly from sample A to C. Sample A, which has the lowest ESCR 

value, has the smallest fraction of copolymer chains in this region. Sample C, which has the 

highest ESCR value, has the largest fraction of copolymer chains in this region. It is 

interesting to note that there is still low molecular weight copolymers in the second fraction of 

sample C. Since sample C was produced with a reactor cascade technology, this peak is likely 

fonned when unconverted cornonomer fiom the first reactor was copolymerized in the second 

reactor in the presence of hydrogen. 

Similar trends are observed for the fractions s h o w  in Fig. 6.32. 

Although the selection of crystallization temperatures and molecular weights is 

somewhat arbitrary, the correlation between MWD-CCD and tie-rnolecule concentration on 

ESCR values supports the results s h o w  in this chapter, i.e., supponed bimetallic catalysts can 

produce poiymers having controlled MWD-CCD for maximizing ESCR in a single reactor. 
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Figure 6.3 1 Comparison of MWD of the second fractions (75 - 80 OC) 
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Figure 6.32 Comparison of MWD of the third fiactions (80 - 85 OC) 



6.4. MONTE-CARLO SIMULATION 

If one can estimate approximate trends of chemical composition and molecular weight 

distributions of copolymers produced with combined catalysts based on the characteristics of 

individual catalysts ar specific polymerization conditions, it will be easier to select catalysts 

and polymerization conditions to customize the microstructure of the product. As discussed 

previously, Flory's distribution can be used to generate instantaneous distributions of 

molecular weights. For comonomer composition distribution, Stockmayer ' s bivariate 

distribution can be used (Soares and Hamielec, 1995~). 

In this section, a simple Monte-Carlo simulation was used to randomly generate 

copolymer chains with desired average chain length and average comonomer composition. 

Monte-Carlo simulation is based on random propagation of a process with given probability 

and can be quite time consuming. However, with the rapid progress in processing speed of 

cornputers, this approach cm be used more easily. To get reasonable distributions of 

molecular weight and chemical composition, 200,000 copolymer chains were generated and 

each chah was analyzed for chain length, comonomer content, and maximum length of 

ethylene sequences in the chain. 

Fig. 6.33 shows a three dimensional bivariate molecular weight and chemical 

composition distribution of ethylend 1 whexene copolyrner generated by Monte-Carlo 

simulation, with the chah propagation probability of 0.9995 (Le., M. = 56,000) and average 

comonomer content of 2 %. The vertical height of the peak is determined by the weight 

fraction of the copolyrner. Fig. 6.34 shows the contour map of the same distributions. From 

both plots it is clear that higher molecular weight chains have narrower CCDs. This is simply 

due to the statistical nature of copolymexization. The experimental confirmation of this 

phenornenon can be found in Fig. 6.24, where copolymers produced with hydrogen (lower 

molecular weight) have broader CCD than the ones produced without hydrogen. 



Figure 6.33 3D-view of the bivariate distribution o f  molecular weight and chernical 

composition obtained via Monte-Carlo simulation (probability of chain propagation = 0.9995, 

cornonomer fiaction = 0.02) 

Log MW 

Figure 6.34 Contour map o f  the distributions shown in Fig. 6.33 



In Fig. 6.34, since the direct conversion of cornonomer content to crystallization 

temperature of copolymer is not available, the x-axis only indicates the direction of increasing 

crystallinity. For a detailed study of this relation, see Beigzadeh et al. (1998) 

Figs. 6.3 5 and 6.36 show the side views of the distribution shown in Fig. 6.33 and they 

represent the overall CCD and overall MWD, respectively. 

At this point it is clear that the Monte-Carlo simulation can illustrate these 

distributions clearly and the generated 200,000 chains are enough to provide meaninghl 

results. 

Mole Fraction of 1-Hexene 

Figure 6.3 5 Side-view of Fig. 6.33 : CCD 
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Figure 6.36 Side-view of Fig. 6.33 : MWD 

Other piece of information analyzed for each chah is the maximum length of ethylene 

sequences per chain. When the cornonomers are not equally distributed in the copolyrner 

chains, the crystallinity of a copolymer chain will depend on the length of crystallizable 

sections and not on the total comonomer content in the chain. Fig. 6.37 shows three different 

copolymer chains with the sarne molecular weight and chemical composition. However, the 

maximum ethylene sequence length increases as A < B < C. Therefore, if the chains are 

analyzed by CRYSTAF, sarnple C will have the highest crystallization temperature and A the 

lowest . 

Figure 6.37 Copolymer chains with same molecular weight and comonomer content but 

different crystallinities 



Fig. 6.38 shows the contour map of molecular weight vs. crystallinity of copolymer chains 

based on maximum ethylene sequence length from the same Monte-Carlo simulation results 

used in Figs. 6.33 and 6.34. If this copolymer was anaiyzed with CRY STAF, this figure would 

provide more accurate representation than Fig. 6.34 that was based on the comonomer 

content in the chah. However, when copolymer chains are very long, the maximum sequence 

of ethylene is statistically dependent on comonomer content. Therefore, both approaches will 

produce similar results. On the other hand, as s h o w  in Fig. 6.38, crystallinity and molecular 

weight are correlated when the molecular weights are low. If the copolymer is fractionated 

based on crystallinity as A, B, and C in Fig. 6.38, the M W  of the Fractions (distribution 

between points 1 and 2) will be shifled toward higher molecular weight regions, and the 

molecular weights of points 1 and 2 will always increase. This trend was observed in our 

fractionated samples as shown in Figs. 6.28 to 6.30 (assuming that the catalysts used to 

produce the polymers have relatively uniform active site types). However, if the CCD 

measurement by CRYSTAF was based on the contour map shown in Fig. 6.34 and MWDs of 

different crystalline fractions (A, B, and C) were compared, the points 1 and 2 of Fraction C 

will enclose the points in fraction B which has lower crystallinity. Similarly, the points 1 and 2 

in fraction B will enclose the points 1 and 2 in fraction A. Therefore, MWDs of higher 

crystalline polymers would not always appear at higher molecular weight regions. Instead, the 

MWD of polymers with medium crystallinity will encircle the MWDs of polymers with low 

and high crystallinities. 

Crystallinity 

Figure 6.38 Contour map of sample in Fig. 6.33 based on maximum ethylene sequences per 



Fig. 6.39 shows another contour map of a copolymer based on the maximum ethylene 

sequence. Compared to the previous case, the copolymer has the same average chah length 

but higher comonomer content. Compared to Fig. 6.38, the correlation between crystallinity 

and molecular weight became clearer even in higher molecular weight regions. 
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Figure 6.39 Contour map of copolymer chahs generated by Monte-Carlo simulation based on 

maximum ethylene sequence (probability of chah propagation = 0.9995, comonomer fraction 

= 0.08) 

However, when rnuch longer copolymer chahs are considered (Mn = 400,000), even if the 

average comonomer contents were to double, the correlation between crystaliiity and 

molecular weight would become less significant as shown in Fig. 6.40. 
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Figure 6.40 Contour map of copolymer chahs generated by Monte-Carlo simulation based on 

maximum ethylene sequence (probability of chah propagation = 0.99993, comonomer 

fraction = 0.16) 

The same type of simulation was conduaed for copolymers made with mixed catalyst 

systems. Two sets of probabilities were used for the average chah lengths and cornonorner 

contents for copolymers produced on each different catdyst site. Fig. 6.41 presents the 

simulation results for a copolymer produced with a combined catalyst. For the x-ais, the 

maximum ethylene sequence length was used instead of crystallinity or comonomer content. 

As can be seen in Figs. 6.41 and 6.42, when the ability of incorporating comonomer differs by 

two times, the CCD is clearly bimodai. However, in terms of molecular weight, this 

copolymer will still show a narrow unimodal distribution. 
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Figure 6.41 3D-view of Monte-Carlo simulation result for a combined catalyst : A (probability 

of chah propagation = 0.99993, comonomer fraction - 0.08), B (probability of chah 

propagation = 0.99993, comonomer fraction = 0.16), (A : B = 1 : 1, rnole/mole) 

Log MW 

Figure 6.42 Contour map of sample in Fig. 6.41 based on maximum ethylene sequence length 
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Fig. 6.43 shows another simulation example of a copolymer produced with a combined 

catalyst. In this simulation, the molecular weight and comonomer content of polyrner made on 

each site type are significantly different and adjusted in a way that the produced copolymers 

have the kind of distribution which favors formation of tie molecules. In Fig. 6.43, the higher 

molecular weight peak can generate the tie molecules, as long as the comonomer content is 

not too high, othewise the ethylene sequences rnight not be long enough to crystaliize 

eficiently . 
Figs. 6.43 and 6.44 show that the maximum ethylene sequence of the peak that has the 

lower molecular weight average is strongly correlated with molecular weight. If CRYSTAF 

analysis was conducted for this sample, this bimodality might not be so obvious because the 

low molecular weight fraction of copolymer chahs, having a lower comonomer content, 

would superimpose partially with the population made on the other catalyst site. 

Maximum 
Etylene 

Sequence 

Figure 6.43 3D-view of Monte-Carlo simulation result for a combined catalyst : A (probability 

of chah propagation = 0.9995, comonomer fiaction = 0.06), B @robability of chah 

propagation =0.99993, comonomer fraction = 0.16), (A : B = 10 : 1, mole/mole) 
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Figure 6.44 Contour map of sample in Fig. 6.43 based on maximum ethylene sequence length 

6.5. CONCLUSION 

MWD and CCD of ethylene and 1-hexene copolymers made with bimetailic supponed 

metallocene catalysts cm be efficiently controlled. The CCDs of copolymers produced with 

combined metallocenes follow similar trends as copolymers produced with individually 

supponed catalyst . 

Sarnples fractionated by preparative CRYSTAF showed that ESCR is related to the 

molecular weight of copolymer chahs with intemediate crystallinity (tie molecules) as 

measured by solubility in TCB fiom 75 - 85 OC. 

Monte-Carlo simulation can be used for the interpretation of copolymer 

microstructure and for modeling MWD-CCD cross fiactionation anaiysis. 



CHAPTER 7 

MATHEMATICAL MODELING 

Ziegler-Natta catalysts have been used most widely for olefin polymerizations because of their 

broad range of applications whether in homogeneous or heterogeneous forms. Heterogeneous 

Ziegler-Natta catalysts produce polymers with broad molecular weight and chemical 

composition distributions. 

There have been numerous studies to investigate the cause of this broadening. Two 

main approaches were generally taken to explain the observed phenomena. One is the 

chernical kinetic approach and the other is the mass- and heat-transfer limitation approach. In 

the chernical kinetic approach, it is assumed that there are more than one distinctive type of 

catalyst active site producing polymer c h a h  with different average chah properties. 

Therefore, the overall MWD is a superposition of individual MWDs for each site type and the 

polydispersity indexes are larger than the theoretical value of two for a single site catalyst. 

In the mass- and heat-transfer approach, the broadening of the MWD is related to 

intraparticle and interparticle monomer concentration and temperature gradients caused by 

mass and heat transfer resistances dunng the polymenzation. If there is any radial 

heterogeneity in monomer concentration or temperature across the growing polymer particle, 

the polymerization kinetics at each region would be difFerent. Therefore the overall MWD will 

become broader compared to the case when there are no mass- or heat-transfer resistances. 

In this chapter, MWD and CCD of polyolefins were represented with a modified 

multigrain model. The model considers multiple active site types, homo- and 

copolymerization, mass-transfer resistance between the catalya surface and bulk slurry phase, 

and macro/microparticle diffision effects. Depending on the radial positions of the growing 

polymer particle (macroparticle), dEerent concentrations of monomer and thus dEerent 

catalyst fiagrnent (microparticle) growth rates will be observed. Temperature was assumed to 

be constant in the polymer particle, because estimated temperature gradients withh polymer 

particles revealed to be insignincant. 



The purpose of the simulations presented in this chapter is to determine the most 

probable factors causing the broadening of molecular weight and chernical composition 

distributions. Toward the end of this chapter, the effect of residence time distribution on 

MWD of polymers produced with bimetallic metallocenes is briefly examined. 

7.1. POLYMERZZATION MODEL 

To mathematically descnbe the sub-particle phenornena taking place in these polymerization 

systems, the physical particle formation and growth mechanisms needs to be defined first. In 

the Multigrain model, the original catalyst particles are fragrnented at the very beginning of 

the polymerization and polymer grows around each fragment, thus forming an expanding 

polymer/catalyst particle. 

7.1.1. Particle Fragmentation 

Initially the catalyst particle is filled with inert gas, which is present in the glove box during 

catalyst preparation and storage. When the solid catalyst particles are introduced in the 

reaction medium, they will be filled with diluent first. As the monomer pressurization starts, 

the concentration of the monomer in the diluent will increase, and the monomer will difise to 

the catalyst particles. Depending on the pore structure and volume, monomer diaision inside 

the particles wiil show dEerent profiles. As the monomer reacts with catalyst, polymer chahs 

will start growing and soon the solid catalyst particles will start to fiagrnent 

Estenoz and Chiovetta (1996) modeled this initial fragmentation process based on 

polymer accumulation within the support-catalyzed polymer particle. Accordhg to hem, the 

monomer wili diffuse into the solid particles and reach the active sites via the access channels 

detemiined by the porous structure of the particles. These channels are the wider pores 

comected to the extenor bulk phase through a fluid continuum. Polymer is formed on the 



active sites that are more easily available to the monomer (located on the walls of the access 

channels). Polyrner accumulation in the narrowest zones of the pores creates obstructions to 

inward flow of' rnonomer. This restriction hinders the difision of monomer towards less 

accessible active sites located on the surface of smaller and i ~ e r  pores. As a consequence of 

this process, polymer accumulates mainly on the exterior surfaces of the particles and on the 

walls of the accessible pore channels. However, as polymerization continues, the produced 

polymer will generate hydraulic forces that cause the rupture of the catalyst particles, 

generating fragments that are kept together through polymer-chah linkages. The smaller 

pores in the intenor of the fragments will soon be filled with polyrner generating tensions that 

will lead to funher fragmentation as show Fig. 7.1. One important result of the catalyst 

fragmentation is that it allows previously blocked pores to become accessible to monomer and 

thus available for polymerization. The surfaces of these fragments contain active cataiyst sites, 

and polymer will be produced around these fiagmented microparticies. However, as 

polyrnerization continues, mass transfer resistances in the microparticle might become 

increasingly significant and, as a result, monomer concentration gradients might occur. 

Therefore, across the growing polymer parîicle (macroparticle) different polyrnerization rates, 

different average molecular weights, and diKerent microparticle sizes might be expected. 

Macro Particles 

Micro Particles 

Figure 7.1 Schematic representation of fragmentation process during polymerization with 

heterogeneous Ziegler-Natta catalysts 



The fragmented particles (microparticles) will grow at different rates depending on 

monomer concentration at their radial location. Initially, the microparticles located in the outer 

regions of the macroparticle will grow faster due to the monomer concentration gradient 

shown in Fig. 7.2. However, afier sufficient polyrnenzation time, the monomer concentration 

gradient in the macroparticles becomes smaller. Then, the inner microparticles start to grow 

faster than the outer microparticles, because the inner microparticles have thimer polymer 

layers around the solid core, thus less monomer difision resistances. Therefore, after a 

certain polyrnerization time, the microparticle sizes at different radial positions will become 

similar and the microstructure of the polymer chains within the microparticles will not vary 

significantly as a function of radial position in the macroparticle. 

Figure micro particles 



7.2. MODEL DEVELOPMENT 

In this chapter, a mode1 was developed by dividing the Multigrain mode1 into three different 

regions where distinct mechanisms are involved. 

The first region is the surface of the solid core in the growing microparticle, where the 

actual polymerization takes place. Calculations of polymerization kinetics are only done in this 

level. The assumptions involved in the first level are: 

(1) The active catalyst sites exists only on the surface of the fiagrnents. 

(2) The solid core does not go through any further fragmentation. 

(3) Produced polymer has long chains; thus the long chain approximations are valid. 

(4) There are no binary interactions between two adjacent catalyst active sites. 

( 5 )  At time zero, al1 catalyst sites are activated (No cocatalya effect was considered). 

The solid catalyst core will be covered by polymer layers, forming the microparticle, and as 

polyrnerization continues the polymer layer will grow thicker. Because of mass transfer 

limitation of monomers through this polymer layer, the concentration of monomer at the 

surface of the solid core might become diffusion limited. 

The second region models mass transfer across the growing microparticle to estimate 

the difference in monomer concentration between the surface of the solid core and outer 

boundary of microparticles. The goveming diffision coefficient within the microparticle is 

defined as Ds. 

Finally, the third region is the growing rnacroparticle, which consists of a network of 

growing microparticles. In this level, the mass transfer between polymerization medium and 

polymer particle is considered in addition to its internai monomer concentration gradients. The 

monomer concentration gradient across the macroparticles is caused both by diffusion, with its 

difision coefficient Dr, and by different rnonomer consumption rates across the macroparticle 

during polymerization. The monomer consumption at each radiai position is govemed by the 

polymerization in the microparticles. Each level deals with dierent phenornena, therefore, 

different mathematical descriptions and numerical methods are used. 



7.2.1. Level 1 : Polymerization Kinetics 

A copolymerization model is used to describe the rnechanism in level 1. The steps involved in 

the kinetics of olefin polyrnerization are initiation, propagation, spontaneous chain transfer (P 
hydride elirnination), and deactivation. For binary copolymerization, two different types of 

monomers and also polymer chains are considered according to the terminal model for 

copolymerization. 

The basic homopolymerization kinetics steps with appropriate kinetic parameters are as 

follows : 

Site Formation C + Cocatalysr * 
Initiation (k,) C' + M + 
Propagation (k,) Pr + M CC, 

Spontaneous Chain Transfer (kt) : Pr * 
Deactivation (kd) : Pr __I, 

c _C, 

where, C* active site 

M :  monomer 

Pr living polymer of chah length r 

Dr dead polyrner of chain length r 

c d  deactivated active center 

Initiation reaction takes place between an active catalyst site and a monorner, 

producing polymer of chah length 1. This chah will further react with monomers and grow by 

propagation reaction. The transfer readon will terminate the chah growth producing a dead 

polymer chain and the original active catalyst site. For each chernical species, first order 

ordinary differential equations need to be solved. 



The population balances for each chernical species are as follows 

Polymer of chah length 1 : 

Number of active catalytic sites : 

dC: - = k; Y,' - ( k I fM  + k; )C: 
dt 

Moments of living polymer chains : 

_- dY: - ,$'CM - (k: + ki)Yi + kY(ZY, '  + Y,') 
dt 

(7.5) 

Moments of dead polymer chains : 

The cumulative rnolecular weights per site type can be calculated by : 

where, m is the molecular weight of the monomer. The total cumulative molecular weight can 

be calculated by using the weight fiactions of polymer produced on active site i, wi. 



Using these weight fractions, the number average and weight average molecular weight can be 

expressed as : 

The polydispersity index is defined as : 

For copolyrners, pseudo kinetic constants (Hamielec and McGregor, 1983) can be defined for 

each catalytic site type to simpli@ the mode1 as : 

kt = k d ,  + k l . ~ f ~  (7 .15)  

' p  = k p , . - & f a A . f A  + k p , . 4 B @ A f B  + k p , B A m B f A  + kp,BB@t?.fB (7.16) 

k t  = k t . ~ @ A  + ~ , . B @ B  (7.17) 

k, = ~ , , A O A  + ~ , , B @ B  (7 .18)  

Using the pseudo kinetic constants, the concentration of each monomer bound to the polyrner 

chain and the cumulative molecular weights can be expressed as : 

where, 



7.2.2. Level2: Microparticle 

From the result of the level 1 modeling, the microparticle growth rate and radius can be 

estimated by simple mass and density relationships based on produced polymer at the surface 

of the solid catalyst core. In level2 modeling, the concentration of monomer at the surface of 

the solid core is estimated, which in tum will be used with level 1 mode1 to calculate chah 

growth. The monomer concentration at the catalyst surface depends on diffisivity of the 

polymer produced and which is expressed as : 

where, M(r.0 is the monomer concentration in the microparticle, Ds diffisivity in the 

microparticles, r, is the radius of solid core, r, is the microparticle radius, and E, is the 

porosity of the micropanicle. 

The boundary and initial conditions are given by 

t = O  : M = M s o  (7.29) 

where, &, is the rate of polymerization at the catalyst particle surface expressed as : 



The summation accounts for N types of active sites. Mc is the monomer concentration at the 

catalyst surface, which can be solved analyticdly under quasi steady-state assumption by 

substitution of the boundary conditions as follows : 

In the same way the temperature profile can be expressed as : 

Temperature profile c m  also be reduced to an anaiytic form using boundary conditions as : 

where, 



7.2.3. Level3: Macroparticle 

In Ievel 3, there are two different mechanisms involved that cause concentration gradients 

across the macroparticle: difision and monomer consumption by polymenzation. To 

accommodate both, the growing macroparticle is divided into several regions (20 in this work) 

across the radial direction, forming shells with different thickness as shown in Fig.7.3. 

Figure 7.3 Schematic representation of macroparticle and its computational shells 

The goveming equation for the diffuuon of monomer in the macroparticle is : 

where E, is the porosity of the large macroparticle, Mi(rr,,O is the monomer concentration in the 

pores of the macroparticle, Dl is the pseudobinary macro-diffusion coefficient, and R, is the 

reaction rate term. The polymerization rate is the total rate of consumption of monomer in an 

inhitesimal spherical shell at a given radius of the macroparticle. 

The boundary and initial conditions are : 



Temperature profile across the macroparticle can be expressed as : 

The overall simulation procedure is described in the flow chart in Appendix F. 

As was shown, level 1 mode1 requires solving first order ordinary differential equations 

(ODE) and level 2 and 3 requires solving moving boundary partial differential equations 

(PDE). For ODE'S, the LSODAR' subroutine was used and for the moving boundary PDE 

problem, a three point Lagrange interpolation method was used (Crank, 1990). In this 

technique, the partial differentiai equations can be expressed simply as: 

f (4 = 1, (4f (a1 l + 4 H f  (a2 ) + s (~lf (a3 ) (7.43) 

where, 

p(x. ; 6 4  (~4 J @-ad (7.45) 

and p '(a3 is the derivative ofp(xJ with respect to x, at x = a,. Therefore, the second denvative 

and the first derivative of the fùnction can be expressed as : 

and 

ïhe  May 7, 1982 version of LSODAR, Livermore Solver for Ordinary Differentid Equations, with Automatic rnethod 

switching for stiff and non-stiff problems, and with Rwt-finding, Linda R Petzold and Aian C. Hindmarsh, Applied 

mathematics division 833 1, Lawrence Livermore National Laboratory, Livermore, CA 94550 120 
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where, 

The macroparticle was divided in multiple thin layers for cornputational reasons. The 

radius of each shell depends on the volume of microp~icles in the shell. The shell was defined 

in a way that each shell has the same number of microparticles, but due to difision 

resistances, will have different shell volumes. The growth rate of each shell will be different 

and the thickness of the shell changes during polymerization. Therefore, the boundaries of the 

shells are not fixed. 

The advantage of using the Lagrange interpolation is that the interpolation positions 

(shell radius) do not have to be fixed or equally apart. From above expression, f(x) will be the 

monomer concentration at a radial position 'x' and a0 and a2 will be the positions of previous 

and next shells, respectively. a, will be the radius where the monomer concentration is being 

calculated. 

7.2.4. Modeling Parameten 

Assuming that the cataiyst has two different active site types and that interparticle mass 

transfer resistance is significant, simulations were perfomed using kinetic parameters 

presented in Table 7.1 and 7.2. Also, it was assumed that the cataîyst was free of monomer 

initially. Basic kinetic parameter values were found in Bonini et aL(1995). Mass transfer 

coefficients were found in Sau and Gupta (1993). 



CHAPTER 7. MATHEMATIC AL MODELING 

Table 7.1 Kinetic parameters 

Site 1 

Number of Active Site 2.1 * 10" 

Table 7.2 Monomer information 

Site 2 Units 

mole 

Monomer A ( Monomer B 1 Units 

1 Name I Et hy lene I Propene I 

For the effective dfisivity, values ranging fiom D = 104 to IO-" (cm2/s) were used. 

Generally, the diffusivity in microparticles and rnacroparticles are not the same. 

Macroparticles have higher porosity than microparticles. Therefore, for macroparticles, at 

least five times higher dfisivities were used. The difliisivity of 10-12 cm2/s was used to mode1 

the hypotheticai cases where -sion limitations were extremely hi@. This value is much 

srnalier than usual literature d8Ùsivity values used for modeling heterogeneous Ziegler-Natta 

Concentration 

Molecular Weight 

Mass transfer Coefficient 

Density 

1.5 

28 

0.47 

0.92 

3.0 

42 

O .43 

0.90 

moVL 

@mol 

cmk 

g/cm3 



catalysts. However, the polyrners produced with metallocene catalysts may exhibit higher 

difision limitations because polymers show different chah structures compared to that made 

with conventional Ziegler-Natta catalysts. For polypropylene, conventional Ziegler-Natta 

catalysts produces low crystalline polymers (atactic or low levels of isotactic polymers), but 

some metallocene catalysts produce highly isotactic polymers which has higher crystallinity. 

Therefore, using lower values of difisivity seems to be a reasonable approach although the 

extent of how much lower the value can be is uncertain. Before the simulation of temperature 

gradient, a rough estimation of temperature difference in the polymer particles was performed 

based on Eq. 7.33 The temperature difference across polymer particle was insignificant even 

at the worst possible case. Therefore, the effect of temperature gradients is not considered in 

this chapter. 

7.3. MODELING RESULTS 

7.3.1. Effect o f  Diffusion on Monomer Concentration at Reaction Site 

Figs. 7.4 to 7.8 show the monomer concentration at the catalyst surface of the microparticles. 

It is show that there are radial monomer concentration gradients across the particles, and 

aiso that the monomer concentration in the particle increases as the inter-particle mass transfer 

(between bulk solution and polymer particle) continues to increase. 

Fig. 7.4 shows the monomer concentration at the sufiace of the solid catalyst core, 

when the dfisivities for micro and macroparticles are relatively high. Ro is the diameter of the 

macroparticle and R is the actual radial position in the macroparticle. Therefore, WRo is the 

relative position moving fiom inside to outside of the particle, as R/Ro varies fiom O to 1. 

Since the diffusivity in the microparticle is high, the concentration gradients are similar to the 

monomer concentration across the macroparticle. Due to the difision limitations and faaer 

monomer consumption at the initial stage, it takes about 600 seconds for the outer shell reach 

the steady state monomer concentration, which is equal to the bulk monomer concentration in 

the reaction medium. However, the monomer concentration decreases as we move toward the 



center of macroparticle due to continuous monomer polymerization in each shell. In this case, 

if the polymenzation is terminated prematurely, i.e., less than 10 minutes, significant 

broadening in M W  and CCD could occur 

Figure 7 4 Monomer concentration across rnacroparticle : Ds = lod, Dr = 5 1 O-' 

Fig. 7.5 shows the monomer concentration at the surface of the solid catalyst core in 

microparticles, when the diffisivity for macroparticle is relatively hi& but is low for 

microparticle. Since the concentration is govemed by diffusion rather than polyrnerization, the 

concentration of monomer at the catalyst surface never reaches the bulk monomer 

concentration. However, compared to Fig. 7.4, the magnitude of concentration differences 

between imer and outer shelis are smaller. Interestingly, although more serious diffusion 

Limitation is applied to the system described in Fig. 7.5 compared the one in Fig. 7.4, nmower 

MWD and CCD are expected for the polymers produced in the sarne time span, due to smaller 

monomer concentration dinerences across the particle. However, reaction rate and molecular 

weights of polymers will decrease significantly. 



Figure 7.5 Monomer concentration across macroparticle : Ds = 10-", 4 = 5 10~' 

Fig. 7.6 shows the very initial monomer concentration distribution across the 

macroparticle for the system show in Fig. 7.5. A very rapid increase in monomer 

concentration is observed From the outer shells at this stage, because the diffision limitation in 

the microparticles is not significant yet. As the polymer layer at the microparticle builds up, 

the mass transfer resistance will aart to take effect and finally, the concentration will be 

stabilized at a lower concentration than the buk concentration, which is determined by the 

mass balance between the diffision and monomer consurnption by polymerization. 



Figure 7.6 Initial concentration profile : D, = 1 0 " O ,  DI = 5 10" 

Fig. 7.7 shows how monomer concentration varies across the rnacroparticle at 

different tirne intervals. Aithough it is plotted in the same scale of x-axis, it should be 

rernembered that x-axis is only the relative position within the macroparticle and the actual 

particle sizes are not the sarne. However, Fig. 7.7 shows the trends of monomer concentration 

gradients more clearly than its three-dimensional illustrations. 



Figure 7 7 Monomer concentration in ?-dimensional plot : Ds = 1 O-'', Dr = 5 1 o - ~  

Fig. 7.8 describes the monomer concentration at the surface of solid catalyst cores 

when mass transfer resistances are extremely hi& both in micro and macroparticles. Initially 

the catalyst is fiee of monomer and as soon as monomer is introduced in the system the 

monomer concentration in the particle starts to build up. However, as the monomer 

concentration builds up, even very thin layers of produced polymer start hindering funher 

monomer diffusion into the particle. AIthough monomer is ail1 slowly diffusing into the 

catalyst surface, it is less than the amount of monomer consumed by polymerization. 

Therefore, the overall monomer concentration starts decreasing. As polyrnerization continues, 

the monomer difises toward the center of the macroparticle reducing the differences in 

monomer concentration between the outer shefls and the i ~ e r  shells. Throughout the 

polymerization, the concentration gradient in the macroparticle is l e s  si@cant compared to 

the two previous cases. However, the absolute monomer concentration at the active site of the 

catalyst is the lowest due to sigdcant mass transfer resistance. 



In al1 the three cases, even after reaching apparent steady state, monomer 

concentration gradients across macroparticle were observed. Therefore, it can be concluded 

that mass transfer resistant alone can cause some broadness in the distributions. The extent of 

the broadening will be described in sections 7.3.2 and 7.3.3. It is very important to note that 

when relative polymerization rate is higher than the one used for this simulation, the same 

trends can be observed in polymerization systems, which have even rnuch higher diffisivities. 

Figure 7.8. Monomer concentration across macroparticle : Ds = 10'12, DL = 5 IO-'* 

7.3.2. Effect of Maso Transfer Resistance on Molecular Weight Distribution 

It was s h o w  that depending on difiùsivity or the polymerization rate relative to dinusivity 

(Thiele modulus), the monomer concentration at the surface of the solid catalyst core varied 



significantly. Fig. 7.9 shows the differences in cumulative molecular weights of polymers 

produced under different difision conditions. It seems that until the diffisivities decrease to 

Ds = 10" and DL = 5 104, the molecular weight does not change significantly. Therefore, for 

the polymerization system modeled in this chapter, the critical point for the Weisz-Prater 

cnterion (Weisz and Prater, 1954), which determines pore difksion limitations, will lie at the 

difisivities around DS = IO*' and 4 = 5 lo4, Le. above these values, there are no diffusion 

limitations. 

I I 1 1 I I I 1 

O 500 1000 1500 2000 2500 3000 3500 4000 4500 
Time (Sec) 

Figure 7.9 Effect of diffusion on cumulative weight average molecular weights 

From the previous results, one of the important observations was the fact that even 

after sufficient polymerization time, the disîribution of monomer concentration across the 

macroparticle becomes narrower but did not disappear completely. The variation of monomer 

concentration and its gradients across the macroparticle were the greatest at the initial stage in 

less than 600 seconds, then narted reachiag a neady state. Therefore, when enough time is 
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passed the produced polyrner chains will have similar molecular weights across the 

macroparticle compared to the initial stage. Therefore, although the produced MWDs are 

different (Fig. 7.9), al1 the polydispersity indexes (PDI) will start decrease as the reaction 

continues. 

Fig. 7.10 shows the PD1 of polymers produced under different difision limitation 

conditions. Except for the extremely difision limited case (Ds = 1 O-'* and DL = 5 1 0-12), al1 

the PDIs overshoot the theoretical value of two at the initial stage and then start to return to a 

value closer to two. 

According to the simulation, if polymerization time is longer than about 30 minutes 

(1800 sec), the MWD of the produced polymer will be narrow, independent of difision 

coefficient values. Therefore, it seems that the mass transfer resistance alone cannot explain 

the broadening of MWD. 

Figure 7.10 Effect of diffusion on polydispersity index 
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7.3.3. Effect of Mass transfer Resistance on Copolymer Composition 

Hoel et al. (1994) expenmentally measured the copolymer composition at several radial 

positions in a polymer particle by direct FT-IR analysis of microtomed particles. The results 

revealed that there was a comonomer content gradient across the polymer particle. However, 

the variation of copolymer composition along the polyrnerization time was much greater than 

the variation across the rnacroparticle. 

Fig. 7.11 shows the mole fraction of ethylene in an ethylenda-olefin copolymer as a 

function of radial position and time. It is show that there are slight copolymer composition 

gradients across the macroparticle at the initial stage of the polymerization. However, the 

broadening of CCD will be caused more by the variation of the copolymer composition along 

the polyrnerization time according to this simulation result. This trend agrees with the 

observation by Hoel et al. (1994). In Fig. 7.1 1, the copolyrner composition reaches a 

maximum value and then stabilizes at a lower value after the initial period is over. The 

fluctuation is caused by different diffisivities of each monomer, of which the effects are more 

significant at the initial stage of the polymerization, as show in the previous results. 

Figure 7.1 1 Copolymer composition across macroparticle : Ds = loJ and DL = 5 10'' for both 

monomers 



In Fig. 7.12, it is shown that as the reaction continues, the copolymer composition 

reaches a steady state value when the diffisivities are high. In this case, the final copolymer 

composition will be narrow. However, when the difisivities are Iow, there will be continuous 

drifting of copolymer composition, therefore, the copolymer composition of produced 

polymer will have broad distributions. This trend was not observed in the case of the 

molecular weight distributions. For molecular weight distributions, the polydispersity index 

retumed near to the theoretical value of two and no significant continuous drifling was 

observed in any case. 

It is interesting to note that the continuous drifiing of copolyrner composition cm also 

be explained by the presence of multiple active site types, when these active site types have 

different reactivity ratios and different deactivation rates. Therefore, even for copolymers, the 

mass transfer resistance cannot be the only source for the broadening of CCDs. It seems that 

whether it is MWD or CCD, the presence of multiple active site types can explain the behavior 

of broadening these distributions better. Because even without simulation, it is easy to guess 

the MWD and CCD will become broader when polymers with different average molecular 

weights and chernical compositions are mixed together, as they were produced at different 

active sites. The experimental examples of these broadening by multiple active site type were 

descnbed in Chapter 5 .  
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Effect of diffision resistance on cumulative copolymer composition 

7.3.4. Effect of Mass Transfer Resistance on Particle Growth and Polymerization Rate 

Figs. 7.13 and 7.14 show rnacroparticle growth and polymerization rates. Since both of them 

depend on monomer concentration at the catalyst surface in microparticles, they show sirnilar 

trends. Unliie PD1 or comonomer composition simulation results, particle growth rate and the 

reaction rate show significant dependency on dfisivities of the monomer in the pariicle. 

According to the literature, it is generally accepted that when metaocenes are 

supponed, the activities of the catalyst decrease significantly. Aithough mass transfer 

resistance effeas were often blamed for the broadening of MWDs, it was not senously 

considered as the cause of the reduced polymerization aaivity. The advity of polymerization 

catalyst is defined as the amount of polymer produced per amount of catalyst in unit tirne. It is 

shown in Fig. 7.13 and 7.14 that when the diffusivities are around IO-', diaision resistances of 

monomer do not significantly affect the rates. However, when lower diffusivities are used, a 



significant decrease in polymenzation and particle growth rate was observed. Therefore, it 

seems that the decreased catalyst activity in supported system can be explained at least in part 

by the mass transfer resistances, when the diffisivities are low or the relative polymerization 

activities compared to diffusion limitations are high. However, it must be noted that there are 

many other factors that will reduce the activity of supponed catalyst other than the mass 

transfer resistances For instance, poisoning of the active sites during catalyst supporting 

process will reduce the overall catalyst activity. Also, formation of chemically less active 

catalyst sites due to interaction between the support and catalyst molecules is another 

possibility. 

O 500 1000 1500 2000 2500 3000 3500 4000 4500 

fime (Sec) 

Figure 7.13 Effect of diffusion on particle growth rate 
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Figure 7.14 Effect of difision on polymenzation rate (moleks) 

7.3.5. Particle Morphology Based on SheU Growth Rates 

When the microparticles grow, the volume of each shell in the rnacroparticle will increase. 

Depending on the difisivity differences between microparticle and macroparticle, and the 

microparticle sizes in each shell, different particle morphologies rnight be observed during the 

polymerization. 

If the outer shells grow faster d the time, no apparent physical stress will be caused to 

each shell. However, once the imer shells expenence faster growth rate compared to outer 

shells, some pressure wiii build up from within the macroparticles. This can happen when the 

macroparticle mass transfer resistance is small, thus al1 the microparticles bave equal access to 

monomers across the growhg macropanicle. In this event, the microparticles will remange 

their positions to reduce the pressure built inside the macroparticle. If polymerization rate is 



slow, it will be easier for the microparticles to move around and for outer shells to stretch to 

accommodate growing inner shell volume. This may be tme in the polymerization catalyzed by 

conventionai Ziegler-Natta catalysts, which has lower polymerization activities. For 

metallocene catalysts the particle growth rates are much faster compared to conventional 

Ziegler-Natta catalysts. Therefore, the growing microparticles in outer shells in metallocene 

catalysts might not have enough time to rearrange their axial positions to absorb the impact 

caused by expansion of imer shell volume. As a result, the surface of the outer shell might 

crack, and the fonned particles show rough surfaces. Most polymers produced with 

heterogeneous Ziegler-Natta catalyst have smooth surface. For supponed metallocene 

catalyst, the morphologies of the produced polymers are poor compared to the case of the 

Ziegler-Natta system. Aithough leaching of catalyst active sites during polymerization is 

believed to be the main cause for the poor morphology in metallocene systems, the discussed 

effect can cenainly become an added contributor. 

7.4. EFFECT OF PARTICLE RESIDENCE TIME DISTRIBUTION ON MWD 

Controlling MWD through combined catalyst systems was demonstrated in the previous 

chapters. In out system, the polymerization time was usually kept less than a hour, and 

therefore, the effect of different deactivation rates of each catalyst in bimetailic systems was 

likely negligible. However, in industrial scale continuous reactors, where some cataiysts stay 

in the reactor for hours depending on the residence time distribution, the effect of different 

catalyst deactivation rates rnight be significant. Therefore, in this section, the effect of reactor 

residence time distribution on MWD of polymer made with a birnetallic supported catalyst is 

investigated by a simple catalyst decay model. 

The decay of active catalyst concentration will be modeled as : 

where, [c% and [CIO denote the concentration and the initial concentration of the active site 

type i, t is tirne, and a and b are adjustable parameters. To consider the worst case scenario, 

catalysts A and B are chosen by adjusting the parameters a and b, in a way that theû 



deactivation rates are very different, as show in Fig. 7.15. Since one catalyst shows slow 

decay and the other shcws rapid decay, the bimetallic catalyst, which is the combination of 

these two catalysts, will produce polymers with varying fraaions from each site as a function 

of tirne. Catalysts A and B produces polymers with different average chah lengths. Therefore, 

the MWD of polymer produced with the combined catalyst will Vary depending on the age of 

the catalyst particles in the polymerization reactor. Table 7.3 summarizes the characteristics 

and parameters used for each catalyst in this study. 
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Figure 7.15 Example of multiple active catalyst sites with different deactivation rates 

Table 7.3 Catalyst characteristic for a bimetailic supported system 

Cat dyst DPn ' a i  b 2  mole-% 

'DPn : number average degree of polymerization for polymers produced with each catalyst 
2 
a, b : cataiyst decay constants for Eq. 7.51 



The residence time distribution in an ideal continuous stirred tank reactor (CSTR) is expressed 

as : 

1 e - ( tJ  ~ ( t )  = 8 (7.52) 

where û is the mean residence time in the polyrnerization reactor. 

The instantaneous chah length distnbution (CLD) of polyrners produced at each 

active catalyst site at time 1 can be estimated using Flory's most probable distributions. From 

the information of the instantaneous CLD and the residence tirne distribution of the catalyst 

particles, the overall CLD of the polymer exiting from a polyrnerization reactor for the 

bimetallic catalyst system can be estirnaied as : 

Y, = x [c: k t ~ b ~  (7.53) 

we =l-wA (7.54) 

~ ( n )  = w, nz: s-'*'" + w,nzi .e-'~'" (7.55) 

Fig. 7.16 shows the CLD of polymers produced in an ideal CSTR with different mean 

residence times. Since catalyst B decays rapidly, the peak corresponds to polymers produced 

at active catalyst site B decreases as the mean residence time increases from 30 to 120 

minutes. 

It seems that the change in the shape of CLD is not drastic considering the fact that 

each catalyst has significantly different deactivation rates and the mean residence tirne was 

doubled or tripled. If it is required to accurately customize the ratios of high and low 

molecular weight portions of polymers produced in a CSTR with a k e d  mean residence time, 

the initial ratios of the two catalysts in the bimetallic system needs to be adjusted. This simple 

mode1 cm provide an easy way of estimating the initial ratios of catalya required in a 

bimetallic system by iterative methods. As can be seen in Fig. 7.16, different residence time do 

not affect the horizontal position of the peaks. If the cataiysts have dEerent reactivity ratios, 

then mean residence time CiifFerences wiii cause variations in CCD as weli. 
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Figure 7.16 Effect of mean residence time on MWD of polymer 

7.5. CONCLUSION 

These simulation results are useful in predicting general copolymerization behavior in 

supported metallocene catalysts. From the modeling results, broadening of the molecular 

weight distribution could not be explained by d i s i o n  controlled kinetics only, although it 

might account for the reduced activity of supported metallocenes. Based on the results, it is 

concluded that the rnass transfer resistance cm be significant if : 

(1) Polymerization time is too short 

(2) The ratio of polymerization to difisivity is large (Weisz-Prater criterion »1) 

Other than these cases, it seems that the increase of PD1 is mainly causëd by rnultiplicity of 

catalya active site types. The broadening of copolymer composition distribution can be 



attributed to mass transfer resistances when the difisivities of monomers are reasonably Iow 

compared to polymenzation rates. 

Particle rnorphology can be inferred by o b s e ~ n g  different radial growth rates in 

different shells of a macroparticle. 

And finally, it was shown that in continuous industrial scde polymerization reactors, 

the residence time distribution could cause further variations in molecular weight and also 

possibly chernical composition distributions of polyolefins made with binary metallocene 

catalysts. 
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CONTRIBUTIONS 

For the case of homopolymers, the MWD of polyethylene produced with combined 

metallocene catalysts was represented as the superposition of the M W  of polyrners produced 

with individually supported catalyst. From the deconvolution results, it was shown that the 

bimodal MWDs could be deconvoluted into two Flory's most probable distributions with 

polydispersity index of two for each peak (Soares et al., 1997). 

In this research, it was shown for the first time that the molecular weight of polymers 

produced with Et[1ndl2ZrCl2 does not change with increasing monomer pressure or hydrogen 

concentration in the system when monomer pressure is higher than approximately 100 psi at 

the polymerization temperatures of 40 and 50 O C  (Kim et ai., 1998, 1999a). When lower 

monomer pressures were used, the molecular weight of polyethylene produced with 

Et[lndJiZrC12 decreased with increasing hydrogen concentration. 

This behavior can be used to control the MWD of polymer produced with bimetallic 

supponed catalysts consisting of Et[IndJ2ZrC12 and other metallocene catalysts. In Our 

exarnple, the supported catalyst produced by the combination of Et[IndI2ZrCl2 and Cp2Hn12 

was able to produce polymers with MWDs ranging from bimodal to narrow and unimodal by 

simply changing ethylene pressure or addition of hydrogen. This result is of significant 

importance and has been the subject of severai invited conference presentations (Kim el ai., 

1997; Soares and Kim, 1998; and Soares et al., 1998). 

For the case of copolyrners, it was shown that some supported metallocenes could 

produce polymers with broad andfor bimodal CCD depending on the method involved in the 

treatment of the inert carrier (Km et ai., 1997, 1999b). Before this research, the effect of 

support treatment was examined only in terms of MWD. 

SUnilar trends observed for homopolymerization were . also present in 

copolymerization. Copolymers produced with EtFdl2ZrClz showed the Ieast sensitivity 

toward polymerization conditions. It was demonstrated that the control of CCD and MWD 



could be simultaneously achieved to produce the kind of polymers that were available only by 

reactor cascade technology (Soares and Kim, 1998). This might provide an attractive 

alternative route for the production of polyethylene with high ESCR in a single polymenzation 

reactor (Soares et al., 1999). 

The proposed mathematical model provided useful insights on phenomena taking place 

in microscopie levels, some of which c a ~ o t  be observed directly. According to the model, the 

broadening of MWD or CCD seemed to be caused by the presence of multiple active types 

rather than mass or heat transfer resistances. However, if polymerization time is too short or 

the ratio of polymerization rate to diffisivity of monomer in the catalyst particle is very high, 

mass transfer resistance can fbrther broaden MWD and CCD. 



APPENDIX 

A. POLYMERIZATION ACTIVITIES 

Activity in [kg polymer 1 (mol metal x atm ethylene x hr)], Reactor Headspace: 100 rnL 

A.1. HOMOPOLYMERIZATION WITHOUT HYDROGEN 

A.1.1. Polymeruation Temperature = 40 OC 

Catalyst 

Catalyst 

Et[Ind]zZrC12 

Cp2J3fu2 

CGCTi 

Combl (ZrRIf) 

90 psi I 120 psi 

1 Combl (ZrRIf) l 969 

P~ih~l- 

A. 1.2. Polymerization Temperature = JO O C  

70 psi 

2163 

206 

6 

1697 

20 psi 

2 142 

169 

27 

348 

Catalyst 

Et Dd]&Cl2 

1 Combl (Zr/Ht) 1 1143 1 1579 1 2175 1 1828 

CGCTi 

50 psi 

2287 

150,329 

3 5 , 5 5  

846 

30 psi 

1401 

219 

836 

P E ~ ~ ~ I -  

40 psi 

1464 

187 

753 

20 psi 

3332 

43 91,73 

30 psi 

3809 

40 psi 

3 190 

50 psi 

1814 



A.2. HOMOPOLYMERIZATION WITH HYDROGEN 

A.2.1. Polymeruation Temperature = 50 O C  

Catalyst 

Et[Ind]&C12 (200 psi) 1 I 1 602 1 

- 

Comb 1 (2Opsi) 

70 psi 

Combt (3Opsi) 

Comb 1 (SOpsi) 

Comb 1 (1 OOpsi) 

100 psi 120 psi I 90 psi 

1 42 

150 psi 

524 

81 1 1077 

1021 

607 

265 

1341 



Catdyfi ( P E L ~ ~ ~ ~ )  

A.3. COPOLYMERIZATION 

Et[IndI2ZrCl2 (1 20psi) 

Cp2HfUz (1 2Opsi) 

Combl (50psi) 

Comb 1 (1 OOpsi) 

Compared to homopolymerization, copolymerization activities are more reproducible. For 

Et[IndI2ZrCI2, when the monomer pressure is less than 100 psi, it seems that the activity 

increases as the hydrogen concentration in the polymerization reactor increases. When 

monomer pressure is greater than 100 psi, the polymerization is very rapid and the 

reproducibility of the polymerization activity is greatly reduced. For Cp2HfC12, activity 

decreases as the hydrogen concentration increases in most cases. The highest activity for 

Cp2HfC12 was observed when ethylene pressure was 50 psi (compared to three other ethylene 

pressures of 20, 100, and 150 psi). For CGCTi, the activities were always lower than the ones 

of Et [Ind]zZrC12. However, CGCTi activities were higher cornpared to Cp2HfC12 except for 

polymerization temperature of 40 O C  and ethylene pressures of 20 psi and 50 psi. 

Hydrogen 

A.3.1. PEthyeae = 20 psi 

200 m~ 1 10 psi 

590 

1786 

I 40 O C  1 Hydsogen 1 

63 1 

100 psi 20 psi 

Comb 1 (ZrRIt) 

Comb2 (ZdCGCTi) 

30 psi 

566 

1 

640 

241 

258 

71 

326 26 1 

484 

5 1 

351 

703 

1 04 

1 76 

276 

228 



TSO OC 1 -  Hydrogen 1 

CGCTi 

A.3.2. Purp.. = 50 psi 

1 I 

I 40 O C  I Hydrogen 

725 

Combl (ZrRIt) 1 2810 1 4892 

1 CGCTi 1 145, 108 1 

3 188 1 3657 1 2920 

1 Combl (ZrRIf) 1 1328 1 1412 1 860 1 547 1 438 

672 297 

50 O C  

1 -Hexene = 2.5 mL 

Et~dI2ZrCli  

Cp2HfCh 

CGCTi 

Combl (Zr/Hf) 

206 

Hydrogen 

I 

I 

O rnL 1 12.5mL 1 25 mL 1 50 mL 

5503 

245 

1193 

1123, 1475 

75 mL 

5607 

214 

745 

2345 

63 79 

236 

652 

2337 

6218 

88 

379 

2268 

7028 

149 

2606 



A.3.3. PElhylene = 100 psi 

I 40 O C  I Hydrogen I 

1 50 O C  1 Hydrogen 1 

cp2HfC12 

CGCTi 

Combl (Zr/Hf) 

21,26 

142 

209,302 

Cp2HfCh 

CGCTi 

Combl (ZrRif) 

Cornb2 (ZrICGCTi) 

26 

101 

42 

91, 101 

724, 890 

1278 

154 

444 

74 

72 

697 

1175 

16 

74 

162 

27 

145 

55 

920 

9 

181 

65 

64 

168 

490 

983 

72 

1 1 1  

40 

1224 



APPENDIX 

A.3.4. PEthylene = 150 psi 

40 O C  

1 -Hexene = 7.5 rnL 

EtFdl2ZrCl2 

Cp2HfçI2 

CGCTi 

Hydrogen 

Combl (Zr/Hf) 

Comb2 (ZdCGCTi) 

80 

50 O C  

1 -Hexene = 7.5 mL 

225 rnL 

3780 

1091 

504 

Hy drogen 

O mL 1 37.5 r n ~  ( 75 m .  I 15OmL 1 225mL 

CGCTi 

150 mL. 

2352 

73 

133 

75 mL 

446 1 

O mL 

2673 

1149 

689 

63 

37.5 mL 

3366 

52 

126 

1120 

687 

61 

40 

120 

38 

406 

697 

171 

427 

479 

284,296 129, 163 



APPENDIX 

B. PEAK CRYSTALLIZATION TEMPERATURES MEASURED WITH 

CRYSTAF ['CI 

Be 1. P ~ i h ~ l ~ ~ e  = 20 psi 

I 40 O C  l Hydrogen I 

I 50 O C  1 Hydrogen 1 

Combl (ZrfHf) 

Comb2 (ZdCGCTi) 

B.2. PD~y~,  = 50 psi 

4 1 .0,69.5 

30,44.6 

60.5,72.1 

30,71.7 

40 O C  

1-Kexene = 2.5 mL 

EtFdIZZTCJ2 

clhm12 

Combl ( Z r w  

Comb2 (ZrICGCTi) 

Hydrogen 

O rnL 

60. O, 74.7 

52.0,77.6 

60.0,72.9 

30,66.9 

12.5 mL 25 rnL 

67.0,80.4 

50 rnL 75 mL 

60.0,7 1 -6 

66,80 

73.7 



B.3. PEthy,e, = 100 psi 

50 O C  

1 -Kexene = 2.5 mL 

Et [Ind]zrClz 

Cp2mch 

Combl (ZrRIf) 

Hydrogen 

Combl (ZrRIf) 1 77.6 1 I I 1 76.0 1 

Hydrogen 

I 50 O C  I Hydrogen l 

75 mL 

73.3 

69,75 

O mL 

73.9 

76.7 

1-Hexene = 5 mL 

Et Fd]&C& 

CpiHfCh 

Combl (ZrRIf) 

Cornb2 (ZrKGCTi) 

25 mL 

71.6,80.5 

12.5 mL 50 mL 

O rnL 

76.5 

7 1.8,80.0 

40.8J6.0 

25 m .  

74.3,80.9 

50 mL 100 mL 150 mL 

76.1 

74.1,79.S 

79.6 

30,77.3 



40 OC 

1 -Hexene = 7.5  mL 

Et [Ind]2ZrClz 

c p 2 m 1 2  

CGCTi 

Combl (Zr/Hf) 

Comb2 (ZrKGCTi) 

50 O C  

1 -Hexene = 7.5 rnL 

Et [IndI2ZrCl2 

c p 2 m 3 2  

Combl (ZrRIf) 

Hydrogen 

Hydrogen 

225 mL 

74.7 

72.3,gO.O 
, 

77.1 

30,76.2 

O mL 

78.1 

71.8,80.0 

76.4 

150 mL 

74.5,79.7 

O mL 

76.4 

68.0,81. 1 

37.5 

75.3 

50,759 

37.5 mL 

72.2,82.2 

225 rnL 

74.1 

76.6 

75 mL 

72.9,8 1.5 

150 rnL 37.5 mL 75 rnL 

74.2,8 1.6 



APPENDIX 

C. MOLECULAR WEIGHTS [g/mole] 

CGCTi 404,500 1.6 205,300 1.7 141,900 1.9 

1 50 O C  1 Hydrogen 1 

EtFd]ZrCl* 116,500 2.1 129,000 2.1 118,800 2.2 

CpzHfClz 631,200 1.7 100,400 1.8 58,300 1.7 

CGCTi 356,100 1.6 274,400 1.6 250,300 1.7 



1 40 O C  1 Hydrogen 1 

1 50 O C  1 Hydrogen I 

MW 1 PD1 MW 1 PDI MW 1 PD1 MW 1 PD1 

CGCTi 

Hydrogen 1 

5 mL 

Et[Ind]zZrC12 

C p 2 m 1 2  

CGCTi 

(Zr1H.f) 

(ZrlCGCTi) 

MW 

99,400 

501,000 

591,400 

143,000 

114,000 

PD1 

2.2 

1.6 

1.8 

2.3 

2.2 

MW 

96,500 

106,400 

311,800 

103,600 

113,000 

PD1 

2.1 

2.1 

1.7 

2.1 

2.5 

MW 

92,000 

57,400 

262,100 

70,300 

100,500 

MW 

92,500 

174,000 

102,900 

PD1 

2.0 

2.0 

2.3 

PD1 

2.0 

2.0 

1.8 

11.0 

2.2 

PD1 

2.0 

2.1 

1.7 

9.1 

2.3 

, 

MW 

100,500 

44,700 

232,000 

56,000 

97,100 



5 0 0 ~  7- p Hydrogen 1 

C.4. P ~ t h ~ , ~ ~ ~  = 150 psi 

1 -Hexene 

5 mL 

Et[Ind]iZrC12 

Cp2HfiClt 

CGCTi 

(Zr/CGCTi) 

CGCTi l(zrw ~515,000~ 1.7 

136,700 2.4 

CGCTi 198,600 2.1 

50 O C  

150 mL 

Hydrogen 

M W  

81,000 

27,000 

141,200 

45,000 

83,200 

100 mL 

PD1 

1.9 

2.3 

1.9 

2.3 

2.1 

MW 

73,200 

58,000 

200,000 

94,600 

50 mL O mL 

PDI 

2.1 

2.2 

1.7 

2.2 

MW 

78,500 

91,000 

241,500 

68,700 

95,800 

25 mL 

MW 

421,000 

242,000 

168,200 

114,800 

PDI 

2.0 

1.9 

1.8 

2.3 

2.3 

MW 

68,300 

204,186 

198,000 

99,400 

100,200 

PD1 

2.3 

1.6 

3.3 

2.4 

PD1 

2.2 

1.8 

1.7 

2.8 

2.0 



D. ADDITIONAL COPOLYMERIZATION RESULTS 

Figs. D. 1 and D.2 show CCD and MWD of copolymers produced at 40 OC, with 7.5 

mL of 1-hexene and ethylene pressure of 150 psi. The trends observed are very similar to the 

ones at ethylene pressure of 100 psi. However, compared to Fig. 6.17 in Chapter 6, the CCD 

of copolymer produced with the combined catalyst in Fig. D. 1 does not have the highly 

crystalline copolymer Fractions (Tc > 80 O C ) .  Judging frorn MWD in Fig. D.2, the fraction of 

copolymer produced with Cp2HfC12 is significantly smaller than that produced with 

Et[IndlzZrCl2 because the contribution of the copolymers produced with Cp2HfC12 to MWD 

of copolyrner produced with the combined catalyst is small. Therefore, the small amount of 

highly crystalline fraction in the bimodal CCD of copolymer produced with Cp2HK12 becomes 

less obvious in the CCD of copolyrner produced with the combined catalyst. However, the 

low crystalline fraction, which has significant amount of copolymer, causes the lower 

crystalline shoulder in the CCD of copolymers produced with the combined catalyst. 

Et[lndI2ZrCI 

Combined 

60 65 70 75 80 85 

Temperature CC) 

Figure D.1 CRYSTAF results of poly(ethy1ene-CO-1-hexene) produced with a bimetallic 

supponed catalya (Et[IndI2ZrCb / Cp2HfU2), 40 O C ,  PEsIae = 150 psi, 1-hexene = 7.5 mL 



1.4 1 Combined 

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 
Log MW 

Figure D.2 GPC results of poly(ethy1ene-CO- 1-hexene) s h o w  in Fig. D. 1 

Figs. D.3 and D.4 show CCD and MWD of copolymers produced at 50 OC, with 7.5 

mL of 1 -hexene and ethylene pressure of 150 psi. Compared to copolymer produced at 40 O C ,  

the shapes of CCD and MWD are similar but less comonomer is incorporated. In Fig. D3, 

CCD of the copolymer produced with Cp2HfC12 moves toward to higher crystalline region by 

about 5 O C  compared to Fig. D.1, and CCD peak of the copolymer produced with the 

combined catalyst appears even at slightly higher crystalline region than that of the copolymer 

produced with Et[Ind]iZrClz. 

From the results, it seems that the superposition of distributions in the combined 

catalyst for copolymerization is still valid. However, in the case of copolymer composition, 

there might be some bimolecular interaction of catalyst active sites, which causes slight 

deviations of the CCD in the combined catalyst compared to the individually supported 

catalyst. One important fact is that there c m  be signincant batch to batch ciifferences in the 

catalyst's ability to incorporate comonomer into the growing chah. Therefore, the deviation 

might be caused only by expenmental variations d u ~ g  the supporthg procedures for each 

catalyst system. 



70 75 80 

Temperature ( O C )  

Figure D. 3 CRY STAF results of poly(ethy1ene-CO- 1 -hexene) produced with a bimetallic 

supported catalyst (Et[IndI2ZrCl2 / Cp2HfClz), 50 O C ,  PEihylW = 150 psi, 1-hexene = 7.5 rnL 

lo4 i Combined 

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 
Log MW 

Figure D.4 GPC results of poly(ethy1ene-CO- 1 -hexene) produced shown in Fig. D. 3 



E. 1 3 ~ - ~ ~ ~  ANALYSIS 

Table E.1 1 3 ~ - ~ ~ ~  chemical shift and assignments (Randall, 1989) for 
ethylenell -hexene copolymers with isotactic 1 -hexene sequences 

Chernical Shifi @pm) Sequence Assignment 
38.13 EKE 

HHEH + HEHH (mm) 
EHEH + HEHE (m) 

HHEE + EEHH 
EHH + HHE (mm) 

EHEE + EEHE 
EHE 
(mm) 

HEEH 
HEEE + EEEH 

(EWn 
EHE 

EHH + HHE (m) 
HHH (mm) 

EHEE + EEHE 
HHEE + EEHH (m) 

EHEHE (m) 
EHEHH + HHEHE (mm) 

=HH @mm) 
EHE + EHH + HHE + H m  

14.12 EHE + EHH + HHE + HHH 
E : Ethylene 
H : LHexene 
m ; isotactic mes0 dyads of the pairs of adjacent monomer units 



lsolated CH: 

Figure E. 1 ' 3 ~ C - ~  spectrum of polyrner produced with Et[IndI2ZrCl2 at 50 O C  under 

100 psi ethylene pressure with 5 mL of 1-hexene 



APPENDIX 

F. SIMULATION FLOW CHART 

1 Read Data 1 

Calculate Monomer Difision Across 
Update 

Particle, Reaction in Micro Parikle, f ~ ,  f ~ r  @ A ~ ,  OB j7 ki, kpr kt, kd 
4 MW, Mn, PDI, FA, N s h e 1 l  

I 

1 Print Result 1 

- 
t= t + At 

Yes 
t 



NOMENCLATURE 

porosity of macroparticie 

porosity of microparticle 

fraaion of living polymer chains terminating in monomer A 

fraction of living polyrner chains terminating in monomer B 

surface area of growing polyrner particle 

active catalyst center of site type i 

deactivated cataly st 

diffisivity in macroparticle 

dead polymer of chain length r 

difisivity in microparticle 

mole fraction of monomer A in the copolymer 

mole fraction of rnonomer A in the reactor 

mole fraction of monomer B in the copolymer 

mole fiaction of monomer B in the reactor 

overall deactivation rate constant 

deactivation rate constant for living polymer chah ending with monomer A 

deactivation rate constant for living polyrner chah ending with monomer B 

overdl initiation rate constant 

initiation rate constant for monomer A 

initiation rate constant for monomer B 

mass transfer rate constant between bulk liquid phase and polymer particle 

overall propagation rate constant 

propagation rate constant between chain ending with A and monomer A 

propagation rate constant between chain ending with A and monomer B 

propagation rate constant between chain endiig with B and monomer A 

propagation rate constant between chah ending with B and monomer B 

overall transfer rate constant 

transfer rate constant for living polymer chain ending with monomer A 

195 



transfer rate constant for living polymer chah ending with monomer B 

monomer concentration 

monomer concentration in bulk diluent 

monomer concentration in microparticle at radius r and time t 

number average molecular weight 

weight average molecular weight 

living polymer of chah length r 

heat of polymenzation 

radial position in polymer macroparticle 

radius of polymer macroparticle 

crystallization temperature in CRY STAF analysis 

0' moment of the distnbution for dead polymer chains at site i 

1" moment of the distribution for dead polymer chains at site i 

2" moment of the distribution for dead polymer chains at site i 

O' moment of the distnbution for living polymer chains at site i 

1" moment of the distnbution for living polymer chains at site i 

2 "  moment of the distnbution for living polymer chains at site i 
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