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CHAPTER I 

 

INTRODUCTION 
 

 Fifty years ago, Karl Ziegler discovered a method to catalyze polymerization at 

low temperature and pressure through the use of transition metal catalysts.  Shortly after 

his discovery, Giulio Natta visited Ziegler to learn more about his remarkable discovery.  

Building on Ziegler’s earlier work, Natta efficiently polymerized stereoregular 

polypropylene and characterized its properties.  Their combined efforts carried them a 

Nobel Prize in 1963 [1].  The era of transition metal polymerization catalysis began here. 

  
 The first homogeneous metallocene catalyst was discovered by Natta and Breslow 

in 1957.  Natta reported the polymerization of ethylene with the titanocene catalyst 

Cp2TiCl2 and the cocatalyst triethylaluminum, a cocatalyst traditionally used in Ziegler-

Natta olefin polymerization systems [1].  The activity of the metallocene with the Ziegler-

Natta cocatalyst was very low and therefore showed little commercial promise.  In the 

1980’s, Walter Kaminsky discovered new cocatalyst.  While studying a homogeneous 

Cp2ZrCl2/Al(CH3)3 polymerization system, water was accidentally introduced into the 

reactor leading to an extremely active ethylene polymerization system.  The high activity 

was due to the formation of the cocatalyst methylaluminoxane (MAO) as a result of the 

hydrolysis of the trimethylaluminum, Al(CH3)3 [2]. 

 
 Since Kaminsky’s discovery of the high activity Cp2ZrCl2/MAO ethylene 

polymerization system, metalllocene catalysts have slowly evolved as producers push to 

commercialize the technology.  The most serious shortcoming being that, in order to 

achieve the high activities, extremely high molar Al to transition metal ratios (Al:M) of 

between 1000-15000:1 were required.  Such ratios are commercially unacceptable in 

terms of the cost and the amount of residues left in the polymer (commercial Ziegler-

Natta systems typically require Al to M ratios of between 50-200:1).  A significant effort 

has been put into reducing the amount of MAO required and this has led to the 

development of many systems with non-aluminum cocatalysts, such as [B(C6F5)4]- and 

[CH3B(C6F5)3]-.  Other developments include the mono-Cp constrained geometry 

catalysts which have been primarily developed by Dow and Exxon.  Significant effort has 

also gone into heterogenizing the catalyst system by supporting the metallocene and 
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cocatalyst onto an inorganic support such as silica, alumina, magnesium chloride, starch, 

zeolites, cyclodextrin and polymers [3]. 

 

As results, heterogeneous catalysts offer several additional advantages important 

to industry, they improved product morphology and the ability to be used in gas and/or 

slurry phase synthesis methods more compatible with existing technology. 

 

In general, supported metallocenes have a lower catalytic activity than their 

corresponding homogeneous metallocene systems.  So some researchers have reported a 

new immobilization method by introducing a spacer group such as polysiloxane, between 

the support and metallocene.  The new supported metallocene showed a better catalytic 

activity than previously reported, but the method introduced additional step to the 

supporting process.  To overcome the preparation complexities of traditionally supported 

metallocene catalysts, metallocene can be supported in situ, which eliminates the need for 

a supporting step before polymerization.  This system have a good catalytic activity, 

produce polymers with a good morphology and high bulk density and do not cause 

reactor fouling.  Additionally, they can be activated with trimethylaluminum (TMA) 

alone in the absence of soluble methyl aluminoxane (MAO) in the polymerization 

reactor[3].  

 

 Copolymer of ethylene with 1-alkenes such as propene, 1-butene, 1-hexene, and 

1-octene are very important commercial products classified as linear low density 

polyethylene (LLDPE) and/or very low density polyethylene (VLDPE) [4].  Rheological 

and mechanical properties of polymers do not depended only on their average molecular 

weight, but also on their molecular weight distribution (MWD) and short chain branching 

distribution (SCBD).  Even though the control of MWD and SCBD is very important, 

conventional heterogeneous Ziegler-Natta catalysts have limitations in controlling MWD 

and SCBD because polymers produced by these catalysts show broad MWD and SCBD 

due to the presence of multiple types of active sites on the catalyst.  Metallocene catalyst 

permit the synthesis of polymers with narrow and well controlling MWD and SCBD at 

high polymerization rates [5]. 

 

Metallocene–based polyethylene are entering a wide range of applications such as 

specialy foam (replacing PVC), selant, shipping bags and sensitivity packing, etc.  
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Copolymer based on ethylene with 1-butene, 1-hexene, and 1-octene are of great 

importance in the development of these new materials [6].  

 

 From the previous study, W. Pratchayawutthirat studied the ethylene/1-hexene 

copolymerization using Cp2ZrCl2 catalyst in in-situ supported system (SiO2/SiCl4/MAO) 

in toluene.  The suitable conditions for good catalytic activity were Al/Zr mole ratio of 

2500 at zirconium concentration of 5 x 10-5 M, and polymerization temperature of 70 OC.  

Moreover, she found that the order of ethylene/1-hexene copolymerization ability of 

catalysts was Et(Ind)2ZrCl2>Cp2ZrCl2>(nBuCp)2ZrCl2 [7]. 

 

 In this thesis, the attention is focused on effect of MAO and TMA in 

heterogeneous system in ethylene/α-olefin (1-hexene, 1-octene and 1-decene) 

copolymerizations.  Consideration was interested in these supported system: in-situ 

supported system (SiO2/MAO) and preformed supported system 

(SiO2/MAO/Et(Ind)2ZrCl2). 

 

1.1. Objective of the Thesis 

 

To prepare silica supported zirconocene catalyst and to study its catalytic 

activity in the copolymerization of ethylene with various α-olefins  and characterization. 

 

1.2. Scope of the Thesis  

1.2.1. Prepare and study the zirconocene catalyst on silica in in-situ supported 

system and preformed supported system. 

1.2.2. Investigate the optimum conditions in the copolymerization of 

ethylene/1-octene with in-situ supported catalyst system. 

 1.2.2.1. Determine the effect of catalyst concentration on catalytic 

activity. 

 1.2.2.2. Examine the effect of polymerization temperature on catalytic 

activity. 

1.2.3. Study the effect of MAO and TMA in in-situ supported catalyst and 

preformed supported catalyst on the ethylene/α-olefins 

copolymerization. 
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1.2.4. Characterize copolymer obtained with conventional techniques: 

Scanning Electron Microscopy (SEM), Differential Scanning 

Calorimetry (DSC), Gel Permeation Chromatography (GPC) and 

Nuclear Magnetic Resonance (NMR). 



CHAPTER II 

 

LITERATURE REVIEWS 
 

2.1. Background on Polyolefin Catalysts 

 

Polyolefins can be produced with free radical initiators, Phillips type catalysts, 

Ziegler-Natta catalysts and metallocene catalysts.  Ziegler-Natta catalysts have been most 

widely used because of their broad range of application.  However, Ziegler-Natta catalyst  

provides polymers having broad molecular weight distribution (MWD) and composition 

distribution due to multiple active sites formed [8]. 

 

Metallocene catalysts have been used to polymerize ethylene and α-olefins 

commercially.  The structural change of metallocene catalysts can control composition 

distribution, incorporation of various comonomers, MWD and stereoregularity [9]. 

 

2.1.1. Catalyst Structure 

 

Metallocene is a class of compounds in which cyclopentadienyl or 

substituted cyclopentadienyl ligands are π-bonded to the metal atom.  The 

stereochemistry of biscyclopentadienyl (or substituted cyclopentadienyl)-metal bis 

(unibidentate ligand) complexes can be most simply described as distorted tetrahedral, 

with each η5-L group ( L = ligand ) occupying a single co-ordination position, as in 

Figure 2.1 [10]. 

Figure 2.1 Molecular structure of metallocene 
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Representative examples of each category of metallocenes and some of 

zirconocene catalysts are shown in Table 2.1 and Figure 2.2, respectively. 

 

Table 2.1 Representative Examples of Metallocenes [10] 

 
Category of  metallocenes Metallocene Catalysts 

 
[A] Nonstereorigid metallocenes 1) Cp2MCl2   (M = Ti, Zr, Hf) 

2) Cp2ZrR2    (M = Me, Ph, CH2Ph, CH2SiMe3) 
3) (Ind)2ZrMe2 

[B] Nonstereorigid ring-substituted 
      metallocenes 

1) (Me5C5)2MCl2    (M = Ti, Zr, Hf) 
2) (Me3SiCp)2ZrCl2 

[C] Stereorigid metallocenes 1) Et(Ind)2ZrCl2 
2) Et(Ind)2ZrMe2 
3) Et(IndH4)2ZrCl2 

[D] Cationic metallocenes 1) Cp2MR(L)+[BPh4]-     (M = Ti, Zr) 
2) [Et(Ind)2ZrMe]+[B(C6F5)4]- 
3) [Cp2ZrMe]+[(C2B9H11)2M]-      (M = Co) 

[E] Supported metallocenes 1) Al2O3-Et(IndH4)2ZrCl2 
2) MgCl2.Cp2ZrCl2 
3) SiO2.Et(Ind)2ZrCl2 

 
 

 

 

Figure 2.2 Some of zirconocene catalysts structure [11] 
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Composition and types of metallocene have several varieties. When the 

two cyclopentadienyl (Cp) rings on either side of the transition metal are unbridged, the 

metallocene is nonstereorigid and it is characterized by C2v symmetry.  The Cp2M (M = 

metal) fragment is bent back with the centroid-metal-centroid angle θ about 140ο due to 

an interaction with the other two σ bonding ligands [12].  When the Cp rings are bridged 

(two Cp rings arranged in a chiral array and connected together with chemical bonds by a 

bridging group), the stereorigid metallocene, so-called ansa-metallocene, could be 

characterized by either a C1, C2, or Cs symmetry depending upon the substituents on two 

Cp rings and the structure of the bridging unit as schematically illustrated in Figure 

2.3[10].   

 

Figure 2.3 Scheme of the different metallocene complex structures [10]. Type 1 is C2v-

symmetric; Type 2 is C2-symmetric; Type 3 is Cs-symmetric; Type 4 is Cs-symmetric; 

Type 5 is C1-symmetric. 
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2.1.2. Polymerization Mechanism 

 

                       The mechanism of catalyst activation is not clearly understood.  However, 

alkylation and reduction of the metal site by a cocatalyst (generally alkyl aluminum or 

alkyl aluminoxane) is believed to generate the cationic active catalyst species. 

 

  First, in the polymerization, the initial mechanism started with formation 

of cationic species catalyst that is shown below. 

 

Initiation 

 
 Et(Ind)2ZrCl2 + Al(CH3)3      Et(Ind)2ZrClMe + Al(CH3)2Cl 

 

Propagation proceeds by coordination and insertion of new monomer unit 

in the metal carbon bond.  Cossee mechanism is still one of the most generally accepted 

polymerization mechanism (Figure 2.4) [13].  In the first step, monomer forms a complex 

with the vacant coordination site at the active catalyst center.  Then through a four-

centered transition state, bond between monomer and metal center and between monomer 

and polymer chain are formed, increasing the length of the polymer chain by one 

monomer unit and generating another vacant site. 

 

Figure 2.4 Cossee mechanism for Ziegler-Natta olefin polymerization [13]. 
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The trigger mechanism has been proposed for the polymerization of α-

olefin with Ziegler-Natta catalysts [1].  In this mechanism, 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 trigger 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 

copolymerized with α-olefins.  

 

Figure 2.5 The propagation step according to the trigger mechanism [1]. 

 

  After that , the propagation mechanism in polymerization shown in Figure 

2.6. 

Figure 2.6 Propagation mechanism in polymerization 
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Finally, the termination of polymer chains can be formed by 1) chain 

transfer via β-H elimination, 2) chain transfer via β-Me elimination, 3) chain transfer to 

aluminum, 4) chain transfer to monomer, and 5) chain transfer to hydrogen ( Figure 2.7-

2.11 )[10].  The first two transfer reactions form the polymer chains containing terminal 

double bonds. 

 

 

      Figure 2.7 Chain transfer via β-H elimination [10] 

 

 

Figure 2.8 Chain transfer via β-CH3 elimination [10] 
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Figure 2.9 Chain transfer to aluminum [10] 

 

Figure 2.10 Chain transfer to monomer [10] 

 

Figure 2.11 Chain transfer to hydrogen [10] 

 

2.1.3. Cocatalysts 

 

                        Metallocene catalysts have to be activated by a cocatalyst.  The most 

common types of cocatalysts are alkylaluminums including methylaluminoxane (MAO), 

trimethylaluminum (TMA), triethylaluminum (TEA), triisobutylaluminum (TIBA) and 

cation forming agents such as (C6H5)3C+(C6F5)4B- and B(C6F5)3 [14].  
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 Among these, MAO is a very effective cocatalyst for metallocene.  However, due 

to the difficulties and costs involved in the synthesis of MAO, there has been 

considerable effort done to reduce  or elimination the use of MAO.  Due to difficulties in 

separation, most commercially available MAO contains a significant fraction of TMA 

(about 10-30%) [15].  This TMA in MAO could be substantially eliminated by toluene-

evaporation at 25oC. 

 

Indeed, the difficulties encountered to better understand the important factors for 

an efficient activation are mainly due to the poor knowledge of the MAO composition 

and structure.  Several types of macromolecular arrangements, involving linear chains, 

monocycles and/or various three-dimensional structures have been successively 

postulated.  These are shown in Figure 2.12.  In recent work, a more detailed image of 

MAO was proposed as a cage molecule, with a general formula Me6mAl4mO3m (m equal to 

3 or 4) [16]. 

 

Figure 2.12 Early structure models for MAO [16] 
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In the case of rac-Et(Ind)2ZrMe2 as precursor, the extracted methyl ligands do not 

yield any modification in the structure and reactivity of the MAO counter-anion, thus 

allowing zirconium coordination site available for olefin that presented in Figure 2.13 

[17]. 

 

Figure 2.13 Representation of MAO showing the  substitution of one bridging methyl 

group by X ligand extracted from racEt(Ind)2ZrCl2 (X = Cl, NMe2, CH2Ph) [17]. 

 

Cam and Giannini [18] investigated the role of TMA present in MAO by a 

direct analysis of Cp2ZrCl2/MAO solution in toluene-d8 using 1H-NMR.  Their 

observation indicated that TMA might be the major alkylating agent and that MAO acted 

mainly as a polarization agent.  However, in general it is believed that MAO is the key 

cocatalyst in polymerizations involving metallocene catalysts.  The role of MAO included  

1) alkylation of metallocene, thus forming catalyst active species, 2) scavenging 

impurities, 3) stabilizing the cationic center by ion-pair interaction and 4) preventing 

bimetallic deactivation of the active species. 

 

The homogeneous metallocene catalyst cannot be activated by common 

trialkylaluminum only.  However, Soga et al.[19] were able to produce polyethylene with 

modified homogeneous Cp2ZrCl2 activated by common trialkylaluminum in the presence 

of Si(CH3)3OH.  Their results show that for an “optimum” yield aging of the catalyst and 

Si(CH3)3OH mixture for four hours is required.  However, MWD of the produced 

polymers is bimodal although the polymers obtained in the presence of MAO have 

narrow MWD. 

 

Ethylene/α-olefins copolymers with bimodal CCD were produced with 

homogeneous Cp2ZrCl2 with different cocatalysts such as MAO and mixture of 
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TEA/borate or TIBA/borate [20].  It seemed that the active species generated with 

different cocatalysts have different activities and produce polymers with different 

molecular weights. 

 

2.1.4. Catalyst Activity 

 

The ethylene polymerization rate of the copolymerization reaction with the 

catalyst system SiO2/MAO/rac-Me2Si [2-Me-4-Ph-lnd]2ZrCl2 was studied by Fink et al. 

[21].  The temperature was varied from 40 to 57oC.  Small amount of hexene in the 

reaction solution increased the polymerization rate.  The extent of the "comonomer 

effect" depended on the polymerization temperature.  At 57oC the maximum activity of 

the ethylene/hexene copolymerization was 8 times higher than the homopolymerization 

under the same conditions.  At 40oC the highest reaction rate for the copolymerization is 

only 5 times higher than that for the ethylene homopolymerization.  For the polymer 

properties of the ethylene/α-olefin copolymerization, the molecular weights of the 

polymers decreased with increasing comonomer incorporation.  Ethylene/hexene 

copolymers produced by a metallocene catalyst also have the same melting point and 

glass transition temperature. 

 

Series of ethylene copolymerization with 1-hexene or 1-hexadecene over 

four different siloxy-substituted ansa-metallocene/methylaluminoxane (MAO) catalyst 

systems were studied by Seppala et al. [22].  Metallocene catalysts rac-Et[2-(t-

BuMe2SiO)Ind]2ZrCl2 (1), rac-Et[l-(t-BuMe2SiO)Ind]2ZrCl2 (2), rac-Et[2-(i-

Pr3SiO)Ind]2ZrCl2 (3) and rac-Et[l-(i-Pr3SiO)Ind]2ZrCl2 (4) were used.  The effects of 

minor changes in the catalyst structure, more precisely changes in the ligand substitution 

pattern were studied.  They found that series of polymerization with siloxy-substituted 

bis(indenyl) ansa-metallocene are highly active catalyst precursors for ethylene-α-olefins 

copolymerizations.  The comonomer response of all four catalyst precursors was good.  

Under the same conditions the order of copolymerization ability of the catalyst was rac-

Et[2-(i-Pr3SiO)Ind]2ZrCl2 > rac-Et[2-(t-BuMe2SiO)Ind]2ZrCl2 and rac-Et[l-(i-

Pr3SiO)Ind]2ZrCl2 > rac-Et[l-(t-BuMe2SiO)Ind]2ZrCl2.  These catalysts are able to 

produce high molecular weight copolymers. 
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2.1.5. Copolymerization 

 

By adding a small amount of comonomer to the polymerization 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 

[23].  The comonomer can be affected the overall crystallinity, melting point, softening 

range, transparency and also structural, thermochemical, and rheological properties of the 

formed polymer.  Copolymers can also be used to enhance mechanical properties by 

improving the miscibility in polymer blending [24]. 

 

Ethylene is copolymerized with α-olefin to produce polymers with lower 

densities.  It is commonly observed that the addition of a comonomer generally increases 

the polymerization rate significantly.  This comonomer effect is sometimes linked to the 

reduction of diffusion limitations by producing a lower crystallinity polymer or to the 

activation of catalytic sites by the comonomer.  The polymer molecular weight often 

decreases with comonomer addition, possibly because of a transfer to comonomer 

reactions.  Heterogeneous polymerization tends to be less sensitive to changes in the 

aluminum/transition metal ratio.  Chain transfer to aluminum is also favored at high 

aluminum concentrations.  This increase in chain transfer would presumably produce a 

lower molecular weight polymer.  In addition, some researchers observed the decrease, 

and some observed no change in the molecular weight with increasing aluminum 

concentration [25].  

 

The effect of polymerization conditions and molecular structure of the 

catalyst on ethylene/α-olefin copolymerization have been investigated extensively.  

Pietikainen and Seppala [26] investigated the effect of polymerization temperature on 

catalyst activity and viscosity average molecular weights for low molecular weight 

ethylene/propylene copolymers produced with homogeneous Cp2ZrCl2.  Soga and 

Kaminaka [27] compared copolymerizations (ethylene/propylene, ethylene/1-hexene, and 

propylene/l-hexene) with Et(H4Ind)2ZrC12 supported on SiO2, Al2O3 or MgCl2.  

Broadness of MWD was found to be related to the combination of support types and 
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types of monomers.  The effect of silica and magnesium supports on copolymerization 

characteristics was also investigated by Nowlin et al. [28].  Their results indicated that 

comonomer incorporation was significantly affected by the way that support 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 system. 

 

Copolymer based on ethylene with different incorporation of 1-hexene,1-

octene, and 1-decene were investigated by Quijada [6].  The type and the concentration of 

the comonomer in the feed do not have a strong influence on the catalytic activity of the 

system, but the presence of the comonomer increases the activity compared with that in 

the absence of it.  From 13C-NMR it was found that the size of the lateral chain influences 

the percentage of comonomer incorporated, 1-hexene being the highest one incorporated.  

The molecular weight of the copolymers obtained was found to be dependent on the 

comonomer concentration in the feed, showing that there is a transfer reaction with the 

comonomer.  The polydispersity (Mw/Mn) of the copolymers is rather narrow and 

dependent on the concentration of the comonomer incorporation. 

 

Soga et al. [29] noted that some metallocene catalysts produce two-different 

types of copolymers in terms of crystallinity.  They copolymerized ethylene and 1-alkenes 

using 6 different catalysts such as Cp2ZrCl2, Cp2TiCl2, Cp2HfCl2, Cp2Zr(CH3)2, Et(Ind 

H4)2ZrCl2 and i-Pr(Cp)(Flu)ZrCl2.  Polymers with bimodal crystallinity distribution (as 

measured by TREF-GPC analysis) were produced with some catalytic systems.  Only 

Cp2TiCl2-MAO and Et(H4Ind)2ZrCl2-MAO produced polymers that have unimodal 

crystallinity distribution.  The results seem to indicate that more than one active site type 

are present in some of these catalysts.  However, it is also possible that unsteady-state 

polymerization conditions might have caused the broad distributions since the 

polymerization times were very short (5 minutes for most cases). 

 

Marques et al.[30] investigated copolymerization of ethylene and 1-octene 

by using the homogeneous catalyst system based on Et(Flu)2ZrCl2/MAO.  A study was 

performed to compare this system with that of Cp2ZrCl2/MAO.  The influence of different 

support materials for the Cp2ZrCl2 was also evaluated, using silica, MgCl2, and the zeolite 

sodic mordenite NaM.  The copolymer produced by the Et(Ind)2ZrCl2/MAO system 
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showed higher molecular weight  and narrower molecular weight distribution, compared 

with that produced by Cp2ZrCl2/MAO system.  Because of the extremely congested 

environment of the fluorenyl rings surrounding the transition metal, which hinders the 

beta hydrogen interaction, and therefore, the chain transference.  Moreover, the most 

active catalyst was the one supported on SiO2, whereas the zeolite sodic mordenite 

support resulted in a catalyst that produced copolymer with higher molecular weight and 

narrower molecular weight distribution.  Both homogeneous catalytic systems showed the 

comonomer effect, considering that a significant increase was observed in the activity 

with the addition of a larger comonomer in the reaction medium.      

 

  The effect of different catalyst support treatments in the 1-hexene/ethylene 

copolymerization with supported metallocene catalyst was investigated by Soares et al. 

[31].  The catalysts in the study were supported catalysts containing SiO2, commercial 

MAO supported on silica (SMAO) and MAO pretreated silica (MAO/silica) with 

Cp2HfCl2, Et(Ind)2HfCl2, Cp2ZrCl2 and Et(Ind)2ZrCl2.  All the investigated supported 

catalysts showed good activities for the ethylene polymerization (400-3000 kg 

polymer/mol metal.h).  Non-bridged catalysts tend to produce polymers with higher 

molecular weight when supported on to SMAO and narrow polydispersity.  The polymer 

produced with Cp2HfCl2 supported on silica has only a single low crystallinity peak.  On 

the other hand, Cp2HfCl2 supported on SMAO and MAO/silica produced ethylene/1-

hexene copolymers having bimodal CCDs.  For the case of Cp2ZrCl2 and Et(Ind)2ZrCl2, 

only unimodal CCDs were obtained.  It seems that silica-MAO-metallocene and silica-

metallocene site differ slightly in their ability to incorporate comonomer into the growing 

polymer chain, but not enough to form bimodals CCDs. 

 

Soares et al. [4] studied copolymerization of ethylene and 1-hexene.  It 

was carried out with different catalyst systems (homogeneous Et(Ind)2ZrCl2, supported 

Et(Ind)2ZrCl2 and in-situ supported Et(Ind)2ZrCl2).  Supported Et(Ind)2ZrCl2: an 

Et(Ind)2ZrCl2 solution was supported on SMAO.  It was used for polymerization of 

ethylene and 1-hexene.  In-situ supported Et(Ind)2ZrCl2: an Et(Ind)2ZrCl2 solution was 

directly added to SMAO in the polymerization reactor, in the absence of soluble MAO.  

Homogeneous Et(Ind)2ZrCl2 showed higher catalytic activity than the corresponding  

supported and in-situ supported metallocene catalysts.  The relative reactivity of 1-hexene 

increased in the following order: supported metallocene ≈ in-situ supported metallocene < 
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homogeneous metallocene catalysts.  The MWD and short chain branching distribution 

(SCBD) of the copolymer made with the in-situ supported metallocene were broader than 

those made with homogeneous and supported metallocene catalysts.  They concluded that 

there are at least two different active species on the in-situ supported metallocene catalyst 

for the copolymerization of ethylene and 1-hexene. 

 

Soares et al. [5] investigated copolymerization of ethylene and 1-hexene 

with different catalysts: homogeneous Et(Ind)2ZrCl2, Cp2HfCl2 and [(C5Me4)SiMe2N(tert-

Bu)]TiCl2, the corresponding in-situ supported metallocene and combined in-situ 

supported metallocene catalyst (mixture of Et(Ind)2ZrCl2 and Cp2HfCl2 and mixture of 

[(C5Me4)SiMe2N(tert-Bu)]TiCl2.  They studied properties of copolymers by using 13C-

NMR, gel permeation chromatography (GPC) and crystallization analysis fractionation 

(CRYSTAF) and compared with the corresponding homogeneous metallocene.  The in-

situ supported metallocene produced polymers having different 1-hexene fractions, SCBD 

and MDW.  It was also demonstrated that polymers with broader MWD and SCBD can 

be produced by combining two different in-situ supported metallocenes. 

 

In addition, Soares et al.[32] studied copolymerization of ethylene and 1-

hexene with an in-situ supported metallocene catalysts.  Copolymer was produced with 

alkylaluminum activator and effect on MWD and SCBD was examined.  They found that 

TMA exhibited the highest activity while TEA and TIBA had significantly lower 

activities.  Molecular weight distributions of copolymers produced by using the different 

activator types were unimodal and narrow, however, short chain branching distributions 

were very different.  Each activator exhibited unique comonomer incorporation 

characteristics that can produce bimodal SCBD with the use of a single activator.  They 

used individual and mixed activator system for controlling the SCBDs of the resulting 

copolymers while maintaining narrow MWDs. 

 

2.2 Heterogeneous System 

 

 The new metallocene/MAO systems offer more possibilities in olefin 

polymerization compared to conventional Ziegler-Natta catalysts, such as narrow 

stereoregularity, molecular weight and chemical composition distributions (CCDs) 

through ligand design.  However, only heterogeneous catalysts can be practically used for 
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the existing gas phase and slurry polymerization processes.  Without using a 

heterogeneous system, high bulk density and narrow size distribution of polymer particles 

cannot be achieved.  The advantages of supporting catalysts include improved 

morphology, less reactor fouling, lower Al/metal mole ratios required to obtain the 

maximum activities in some cases 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  

all the advantages of homogeneous systems, became one of the main research objectives 

of applied metallocene catalysis. 

 

 Steinmetz et al. [33] examined the particle growth of polypropylene made with a 

supported 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 supported 

metallocene. 

 

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 metallocene are usually much lower than that of their 

counterpart homogeneous system.  Formation of different active species, deactivation of 

catalyst during supporting procedure, and mass transfer resistance may contribute to 

decreased catalyst activity. 

 

Tait et al. [34] reported general effects of support type, treatment, 

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

polymer produced.  Although the activities of supported catalysts are much lower 

compared to homogeneous systems.  The activity of catalysts increased slightly when o-

dichlorobenzene was introduced in toluene 
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The catalytic activities of supported catalyst depended on the percentage of 

the incorporated metallocene was reported by Quijada et al. [35].  However, in the case of 

metallocenes supported on MAO pretreated silica, depending on how the surface bound 

MAO complex with the catalyst, the activity can be as high as that of homogeneous 

system.  According to the experiment by Chein et al. [36], 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 will not be 

further complexed with MAO and have activity. 

 

2.2.2. Supporting Methods 

 

In the case of carriers like silica or other inorganic compounds with OH 

group on the surface, the resulting catalyst displayed very poor activities even combined 

with MAO.  The reaction of metallocene complexes with the Si-OH groups might cause 

the decomposition of active species.  Such decomposition could be suppressed by fixing 

MAO on the silica surface and then reacting with metallocenes [37].  Therefore, silica 

must be pretreated before the interaction with metallocene, to reduce the OH 

concentration and to prepare an adequate surface for metallocene adsorption and reaction 

in a non-deactivating way [38].  Metallocene immobilization methods can be divided in to 

three main groups.  The first method is the direct support of catalyst onto an inert support.  

The second method involves the pretreatment of the inert support with MAO or other 

alkylaluminum followed by metallocene supporting. 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, comonomer reactivity ratios, and 

stereospecificities. 

 

2.2.2.1 Direct Supporting of Inert Material 

 

Collins et al. [39] reported that Et(Ind)2ZrCl2, when supported on 

partially dehydrated silica, reacted with surface hydroxyl groups during adsorption to 

form inactive catalyst precursors and free ligands (Fig 2.14.).  Therefore, the activity is 

lower compared to the case of using dehydrated silica.  Figure 2.15 shows the proposed 

structure Et(Ind)2ZrCl2 supported on alumina.  For the case of alumina, the activity of 

catalyst supported on dehydrated alumina in lower than the one supported on partially 
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dehydrated alumina.  The high Lewis acidity of aluminum sites on dehydrated alumina 

facilitates the formation of Al-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 2.14 Structure of Et(Ind)2ZrCl2 supported on silica [39] 

 

 

Figure 2.15 Structure of Et(Ind)2ZrCl2 supported on alumina [39] 

 



 22

Kaminsky et al. [40] proposed a possible explanation for the 

different behavior of metallocene supported directly on to silica, homogeneous systems, 

or supported onto MAO-pretreated silica.  It is assumed that the supporting of 

metallocenes on silica takes place in three stages.  First, the metallocene reacts with OH 

groups of the silica as shown in Figure 2.16. 

 

Figure 2.16 Reaction of silica and metallocene during catalyst supporting [40],  

                    where L is a ligand (Cp, Ind). 

 

  The second step is the alkylation by MAO as shown in Figure 2.17: 

 

 

Figure 2.17 Alkylation of supported metallocene by MAO [40] 



 23

  The third step is the dissociation of the –SiO2-O-Zr- bond to an ion pair to 

form the cation active center (SiO)-(Zr)+.  The polydispersity of polymers produced with 

these supported metallocenes 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 β-hydrogen transfer by a second zirconocene 

center, and polypropylene of higher isotacticity and melting point is formed. 

 

2.2.2.2. Supporting Catalyst on Materials Treated with 

Alkylaluminum 

 

 When silica is pretreated with MAO, the supporting mechanism is 

different.  The zirconocene is complexed to MAO supported on silica, which will make 

the catalyst similarly to a homogeneous system.  The polymers produced in this way have 

lower molecular weights. 

 

Hiatky and Upton [41] reported that supporting of the aluminum-

alkyl free catalysts can formed 2 complexes as shown in Figure 2.18, (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.  

 

Figure 2.18. Effect of surface hydroxyl groups on ionic metallocene catalysts [41] 
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However, highly active supported ionic metallocene catalysts for 

olefin polymerization can be prepared by pretreating the support with scavenger.  It is 

assumed that pretreatment of the support with a scavenger serves to activate the support 

and compatibilize it with the ionic metallocene complex. 

 

Lee et al. [42] used TMA pretreated-silica as the support for 

metallocene catalysts.  The activity of supported catalysts showed dependency to H2O 

content in silica, H2O/TMA ratio, metallocene, and cocatalyst.  The supported catalyst 

was also able to polymerize ethylene in the absence of MAO when common alkyl 

aluminum was used as the cocatalyst. 

 

The surface aluminum and metallocene loading was studied by 

Santos et al. [43].  About 7 wt% of MAO can be supported on silica when the initial 

amount of MAO in mixture of silica was ca. 10 wt%.  Depending on silica types, 

saturation of MAO supported on silica can occur at lower MAO contents. 

 

Harrison et al. [44] compared a variety of silica and alumina 

supports with different degrees of surface hydroxylation as the supports.  It was shown 

that as the concentration of OH groups on the surface of the support increased, more 

MAO could be impregnated and thus catalyst with more metallocene content could be 

produced.  The most obvious benefit of supported catalyst with more metallocene was 

increased activities compared to catalysts with lower concentration of surface hydroxyl 

groups (increased activities both in kg PE/mol Zr/hr and kg PE /g-support/h).  However, 

at high polymerization temperatures, leaching of catalyst from the support was observed.  

In 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, a decrease in 

syndiotacticity was observed by Xu et al. [45] when the metallocene catalyst was 

supported on pretreated silica. 
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2.2.2.3. Chemically Anchoring Catalyst on Support 

 

 Soga et al. [46] described 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 was filtered and 

washed with tetrahydrofuran (THF). 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.  And to re-suspended solid in THF, ZrCl4 2THF dissolved in 

THF was added.  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 homogenous system for propylene 

polymerization.  MAO or ordinary alkylaluminums 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 (3.4x105 g/mol and 7.2x105 g/mol, respectively).  Figure 2.19 shows the 

structure of the silica supported metallocenes. 

 

Figure 2.19. Structure of some silica supported metallocene catalysts [46] 

 

Lee et al. [47] used spacer molecules in supporting metallocene  

catalysts onto silica to eliminate the steric hindrance near the active site caused by the 

silica surface (Figure 2.20).   
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Figure 2.20. Mechanism for supporting metallocene catalysts on silica using spacer 

molecules [47]. 

 

By distancing the active site from the silica surface, higher catalytic activities but lower 

polymer molecular weights were obtained in comparison with analogous silica-supported 

catalysts without spacer between silica and CpIndZrCl2. 

 

Iiskola et al. [48] treated the surface of partially dehydroxylated 

silica with a silane coupling agents, Cp(CH2)3Si(OCH2CH3)3, and then immobilized 

CpZrCl3 onto cyclopentadienyl surface formed on the silica to obtain a highly active 

catalyst (Figure 2.21) for ethylene polymerization in the presence of MAO.  Depending 

on the calcination temperature and the modification methods, the catalysts show different 
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activities and produced polymers with different molecular weights.  In general, when 

compared to homogeneous Cp2ZrCl2 systems, all the supported catalysts showed lower 

activities, but the polymers produced had higher molecular weights.  On the other hand, 

when compared to homogeneous Cp2ZrC12 systems, the activities of the supported 

catalysts were similar but molecular weights of 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 2.21. Modification of silica with Cp(CH2)3Si(OCH2CH3)3 and preparation of 

supported metallocene catalysts [48]. 

 

2.2.2.4. Supporting on Other Supports 

 

   Lee and Yoon [49] studied ethylene and styrene 

homopolymerization initiated by cyclodexrin (CD) supported Cp2ZrCl2 or Cp*TiCl3 

catalyst.  The effect of CD pretreatment with MAO or TMA on catalyst behaviors was 

shown that either TMA or MAO could be used as cocatalyst for ethylene polymerization 

while only MAO could initiate the styrene polymerization with α-CD supported catalysts. 
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   Marques et al.[50] investigated ethylene polymerization by using Y 

zeolite-supported Cp2ZrCl2 catalysts.  These system produced polyethylene with higher 

molecular weight and as narrow a molecular weight distribution as the homogeneous 

precursor, however, at relatively lower activity.  The main characteristic that makes a 

zeolite a good support for metallocene catalyst seems to be a high Si/Al value and 

therefore a low Al density on the surface of the zeolite.  This suggests that the presence of 

isolated aluminium atoms favors the fixation of zirconocene. 

 

   Moreover, Michelotti et al. [51] studied copolymerization of 

ethylene with higher α-olefins, such as 4-methyl-1-pentene, 1-hexene, 1-octene and 1-

dodecene.  The catalytic behavior of various metallocene ( Cp2ZrCl2, Ind2ZrCl2, 

Et(Ind)2ZrCl2, and Et(Ind)2HfCl2 ) supported on methylalumoxane-pretreated HY zeolite 

(SiO2/Al2O3=5.7) were compared. 

 

  Meshkova et al. [52] investigated ethylene polymerization in the 

presence of ZSM-5(H2O)/TMA-Et(Ind)2ZrCl2.  They found that the synthesis of MAO 

directly on the zeolite support and the absence of free MAO may be one of the way of the 

reduction of supported zirconocene catalyst leaching.  The positive temperature 

coefficiency of polymerization rate as well as the increase of molecular weight and 

melting point of PE obtained with the zeolite supported zirconocene catalyst developed in 

this work compared to PE produced by homogeneous zirconocene system confirms this 

view. 

 

   Weiss et al. [53] investigated the clay minerals kaolin and 

montmorillonite as inorganic carriers for the polymerization of ethylene and propylene 

with Cp2ZrCl2, Cp2ZrHCl or Cp2TiCl2 catalyst and TMA as cocatalyst.  The 

heterogeneous catalysts on kaolin were less active in ethylene polymerization than 

comparable homogeneous catalysts.  But the heterogeneous catalysts on montmorillonite 

are often more active in ethylene or propylene polymerization than comparable 

homogeneous catalysts.  

 

   Looveren et al. [54] studied methylalumoxane (MAO)-MCM-41 as 

support in the co-oligomerization of ethene and propene with [C2H4(Ind)2Zr(CH3)2].  
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They were found that the MAO-MCM-41 was catalytically more active than the 

corresponding silica-based MAO derivative or the homogeneous system. 

 

2.3. Polymer Characterization 

 

2.3.1. Size Exclusion Chromatography (SEC) 

 

Size exclusion chromatography (SEC) is also known as the gel permeation 

chromatography (GPC).  In this method, the polymer chains are fractionated based on 

their hydrodynamic volume in solution as they flow through column(s) packed with 

particles of varying porosity.  

 

The MWD obtained by GPC can be modeled as a superposition of polymer 

chains produced at different catalyst site types.  Therefore, by deconvoluting broad 

MWDs into narrower theoretical distributions, such as Flory's most probable distribution, 

information on active center types can be obtained in addition to the information on 

polymer chain length [55]. 

 

2.3.2. Fractionation Methods Based on Polymer Crystallinity 

 

Fractionation based on polymer crystallinity in dilute solutions can be used 

to estimate the distribution of chemical composition and stereoregularity of polyolefins. 

 

 

2.3.2.1. Temperature Rising Elution Fractionation (TREF)  

 

The primary steps of preparation involved in TREF are 1) 

dissolution of polymer in solvent at high temperature, 2) precipitation of polymer onto an 

inert support under very slow cooling rate (not more than 0.1oC/hr), and 3) elution and 

fractionation of polymer under slow heating to re-dissolve the precipitated polymer 

chains.  TREF can be operated in analytical or preparative modes.  

 

An attempt to model the fractionation process on TREF based on 

thermodynamic model was made by Borrajo el al. [56].  In addition to Flory-Huggins 
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theory, they considered effects of melting temperature, melting enthalpy, average 

crystallinity, average crystallizable sequence length, and polymer-solvent interactions. 

The thermodynamic model divides each chain by crystallizable homopolymer blocks and 

non-crystallizable highly branched copolymer blocks.  Therefore, statistically, every 

individual chain has distribution of longest to the shortest crystallizable lengths.  Since 

molecular weights of commercial copolymers 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 further assumes that the crystallites 

have similar thickness.  The model predicted the dependence of previously mentioned 

parameters in reasonable manner when was compared with experimental results. 

 

2.3.2.2. Crystallization Analysis Fractionation (CRYSTAF) 

 

Polymers with different ethylene sequence lengths will crystallize 

at different temperature due to the differences in minimum crystallite thickness that can 

be in different temperatures.  Unlike TREF, CRYSTAF analysis is conducted during the 

crystallization period by measuring polymer concentration in solution.  Randall [57] used 

homogeneous ethylene/l-octene copolymers with narrow CCDs, made with a constrained 

geometry catalyst, to establish a correlation between CRYSTAF result and comonomer 

content in the polymer.  The calibration curve obtained was linear and could be used for 

ethylene/l-octene copolymers for the weight of 1-octene up to about 40%. 

 

2.3.3. Other Characterization Methods 

 

2.3.3.1. Nuclear Magnetic Resonance (NMR) 

 

NMR is an absolute method that does not require calibration.  The 

locations of the resonance peaks identify type of branches or end groups.  Santos et al. [6] 

used 13C-NMR for studying the incorporation of the α-olefins in the polymeric chain, 

sequence of the type ethylene-comonomer-ethylene-comonomer and ethylene-

comonomer-comonomer are found in very low concentrations. The tendency of 

incorporations is: 1-hexene > 1-octene > 1- decene. 
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2.3.3.2. Differential Scanning Calorimetry (DSC) 

 

Melting points and melting enthalpies can be measured by DSC. 

Depending on comonomer presence and polymerization conditions, the melting points of 

copolymers can be changed 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 polymer samples.  DSC can be used to determine rough chemical 

composition distributions based on the peak broadness in DSC curve.  To enhance this 

result, polymer samples can be slowly annealed at different temperature ranges before the 

analysis or by using more sensitive solution phase DSC [58]. 

 

 

 

 

. 

 

 

 

 

 

 

 

 



CHAPTER III 

 

EXPERIMENTAL 
 

 In the present study of the copolymerization of ethylene/α-olefin with the 

supported metallocene catalysts, the experiments were divided into four parts: 

(i) Catalyst preparation,  

(ii) Ethylene and α-olefin copolymerization with the prepared catalyst, 

(iii) Characterization of catalyst precursor,  

(iv) Characterization of ethylene and α-olefin copolymer products. 

 

The details of the experiments are explained as follows. 

 

3.1 Chemicals 

 

 The chemicals used in these experiments were analytical grade, but only major 

materials are specified as follows: 

 

1. rac-Ethylenebis(indenyl)zirconium dichloride (Et(Ind)2ZrCl2) was supplied 

from Aldrich Chemical Company, Inc. and used  without further purification. 

2. Ethylene gas (99.96%) was devoted from National Petrochemical Co., Ltd., 

Thailand and used as received. 

3. 1-Hexene (99+%) was purchased from Aldrich Chemical Company, Inc. and 

purified by distilling over sodium under argon atmosphere before use. 

4. 1-Octene (98%) was purchased from Aldrich Chemical Company, Inc. and used 

as received. 

5. 1-Decene (≥ 97%) was purchased from Fluka Chemie A.G. Switzerland. and 

used as received. 

6. Methylaluminoxane (MAO) 2.534 M in toluene was donated from Tosoh Akso, 

Japan and used without further purification.  

7. Trimethylaluminum [Al(CH3)3] 2.0 M in toluene was supplied from Nippon 

Aluminum Alkyls Ltd., Japan and used without further purification. 
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8. Silica gel from Fuji Silasia Chemical Ltd., (Cariact P-10, surface area 300 m2/g) 

was calcined at 400 oC for 6 hours under vacuum. 

9. Silicon tetrachloride (SiCl4) was obtained from Aldrich Chemical Company, 

Inc. and used without further purification. 

10. Sodium hydrogen carbonate was purchased from Fluka Chemie A.G., 

Switzerland was used as received. 

11. Toluene was devoted from EXXON Chemical Ltd., Thailand.  This solvent 

was dried over dehydrated CaCl2 and distilled over sodium/benzophenone under argon 

atmosphere before use. 

12. Ultra high purity argon gas (99.999%) was purchased from Thai Industrial Gas 

Co., Ltd., and further purified by passing through columns packed with molecular sieve   

3 A, BASF Catalyst R3-11G, sodium hydroxide (NaOH) and phosphorus pentaoxide         

( P2O5 ) to remove traces of oxygen and moisture. 

 

3.2 Equipments 

 

 All types of equipments used in the catalyst precursor preparation and 

polymerization  are listed below: 

 

 3.2.1 Cooling System 

 

The cooling system was in the solvent distillation in order to condense the 

freshly evaporated solvent.  

  

 3.2.2 Inert Gas Supply 

 
  The inert gas (argon) was passed through columns of BASF catalyst R3-

11G as oxygen scavenger, molecular sieve 3A to remove moisture.  The BASF catalyst 

was regenerated by treatment with hydrogen at 300 oC overnight before flowing the argon 

gas through all the above columns.  The inert gas supply system is shown in Figure 3.1. 
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3.2.3 Magnetic Stirrer and Heater 

 

The magnetic stirrer and heater model RTC basis from IKA Labortechnik 

were used. 

 

3.2.4 Reactor 

 

A 100 ml stainless steel autoclave was used as the copolymerization 

reactor. 

 

      
 

Figure 3.1 Inert gas supply system 
 

 3.2.5 Schlenk Line 

 

Schlenk line consists of vacuum and argon lines.  The vacuum line was 

equipped with the solvent trap and vacuum pump, respectively.  The argon line was 

connected with the trap and the mercury bubbler that was a manometer tube and contain 

enough mercury to provide a seal from the atmosphere when argon line was evacuated.  

The Schlenk line was shown in Figure 3.2. 
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3.2.6 Schlenk Tube 

 

A tube with a ground glass joint and side arm, which was three-way glass 

valve as shown in Figure 3.3.  Sizes of Schlenk tubes were 50, 100 and 200 ml used to 

prepare catalyst and store materials which were sensitive to oxygen and moisture. 

 

3.2.7 Vacuum Pump 

 

The vacuum pump model 195 from Labconco Corporation was used. A 

pressure of 10-1 to 10-3 mmHg was adequate for the vacuum supply to the vacuum line in 

the Schlenk line. 

 

 
Figure 3.2 Schlenk line 
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 Figure 3.3 Schlenk tube 

 

3.3 Characterizing Instruments 

  

 The instruments used for characterizing catalysts and ethylene/α-olefin  

copolymer products are specified below. 

  

 3.3.1 Differential Scanning Calorimetry (DSC) 

  

The melting temperature of ethylene/α-olefin copolymer products was 

determined with a NETZSCH DSC 200 at Scientific Technological Research Equipment 

Center, Chulalongkorn University.  The analyses were performed at the heating rate of 10 
oC/min in the temperature range of 30-200 oC.  The heating cycle was run twice.  In the 

first scan, samples were heated and the cooled to room temperature.  In the second, 

samples were reheated at the same rate, but only the results of the second scan were 
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reported because the first scan was influenced by the mechanical and thermal history of 

samples. 

 

 3.3.2 Gel Permeation Chromatography (GPC) 

 

Molecular weight and molecular weight distribution of the produced 

ethylene/α-olefin copolymer were measured at 135 oC using 1,2-dichlorobenzene as 

solvent by a Shodex Gel Permeation Chromatography at Thai Polyethylene Public 

Company Limited.  The GPC instrument was equipped with a viscometric detector, 

differential optical refractometer and three Shodex AT type columns (AT-803/s, AT-805 

and AT-807/s) with a 1×107exclusion limit for polystyrene.  The columns were calibrated 

with standard narrow molar mass distribution polystyrenes and linear low density 

polyethylene and polystyrene. 

  

3.3.3 Nuclear Magnetic Resonance (NMR) 

 

The 13C-NMR spectra were recorded at 100oC using JEOL JNM-A500 

operating at 125 MHz.  Copolymer solutions were prepared using 1,2,4-trichlorobenzene 

as solvent and benzene-d6 for internal lock. 

 

3.3.4 Scanning Electron Microscope (SEM) 

 

SEM observation with a JSM-5800 LV Scanning Microscope, Microspec 

WDX at Scientific Technological Research Equipment Center, Chulalongkorn University 

was employed to investigate the morphology of catalyst precursor and polymer.  The 

polymer samples for SEM analysis were coated with gold particles by ion sputtering 

device to provide electrical contact to the specimen. 

  

3.3.5 Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES)  

 

The amounts of Al and Zr from SiO2/MAO and SiO2/MAO/Et(Ind)2ZrCl2 

were determined with a Perkin-Elmer Plasma 1000 at Scientific Technological Research 

Equipment Center, Chulalongkorn University.  Samples were digested using 37% HCl 
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and heat.  After that, sample solutions were filtered and adjusted desire volume by 

distilled water. 

 

3.4 Supporting Procedure 

 

 All reactions were conducted under argon atmosphere using Schlenk techniques 

and glove box. 

 

 3.4.1 Preparation of Catalyst Precursor SiO2/MAO 

 

Silica gel was calcined under vacuum at 400 oC for 6 hours. Calcined silica 

1 g was reacted with the desired amount of MAO in 10 ml of toluene at room temperature 

for 30 minutes.  The solid part was separated and washed 5 times with 20 ml of toluene, 

followed by drying in vacuum at room temperature to obtain the catalyst support 

precursor SiO2/MAO. 

 

 3.4.2 Preparation of Catalyst Precursor SiO2/MAO/Et(Ind)2ZrCl2  

 

The catalyst precursor SiO2/MAO was stirred at room temperature with the 

desired amount of Et(Ind)2ZrCl2 solution in toluene for 30 minutes.  The solid part was 

washed 2 times with 20 ml of toluene and then dried in vacuum at room temperature. 

  

3.5 Ethylene and α-olefins Copolymerization Procedure 

 

 The ethylene and α-olefins (1-hexene, 1-octene and 1-decene) copolymerization 

reaction were carried out in a 100 ml semi-batch stainless steel autoclave reactor 

equipped with magnetic stirrer.  The autoclave and magnetic bar were dried in oven at 

110 oC for 30 minutes and purged with argon 5 times in glove box before use in 

copolymerization of ethylene and α-olefins.  Toluene (to make a total volume of 30 ml), 

100 mg of catalyst precursor, 3 ml of α-olefins were introduced into the autoclave in the 

glove box.  The amount of Et(Ind)2ZrCl2 and TMA were mixed and stirred for 5 minutes 

at room temperature.  After that, the mixture of metallocene and TMA was injected into 

the reactor.  The reactor was frozen in liquid nitrogen to stop reaction and then the 
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autoclave was evacuated to remove the argon.  After that, the reactor was heated up to 

polymerization temperature and the polymerization was started by feeding ethylene gas 

(total pressure 50 psi) until the consumption of ethylene 0.018 mol (6 psi was observed 

from pressure gauge).  The small amount of ethylene was used to avoid the mass transfer 

effect and increase the homogeneity of polymer.  If the amount of comonomer remained 

higher than 90% after the reaction, the obtained polymer is homogeneous.  The reaction 

of polymerization was terminated by addition of acidic methanol.  The time of reaction 

was recorded for purposes of calculating the activity.  The precipitated polymer was 

washed with methanol and dried in room temperature.   

 

 The various effects on the ethylene/α-olefins copolymerization with silica-

supported metallocene catalyst and optimized condition were investigated.  The effects of 

copolymerization on production of ethylene/α-olefins copolymer were systematically 

varied as follow.  

 

3.5.1 The Effect of Catalyst Concentration  

 

  The concentrations of  Et(Ind)2ZrCl2 catalyst were investigated at 1.67 x 

10-5 to 8.33 x 10-5  M.  The Al/Zr molar ratios, the comsumption of ethylene and amount 

of α-olefins comonomer were fixed at 2500, 0.018 mol and 3 ml, respectively.  The 

polymerization temperature was kept constant at 70 oC. 

 

 3.5.2 The Effect of Polymerization Temperature 

 

The ethylene/α-olefins copolymerization was further studied by varying 

the polymerization temperature from 30 to 80 oC using the best result of catalyst 

concentration from section 3.5.1. 

 

3.5.3 The Effect of Al(MAO)/Zr Mole Ratios  

 

The Al(MAO)/Zr  molar ratios were varied from 160 to 1135.  The 

comsumption of ethylene and amount of α-olefins comonomer were fixed at 6 psi and 3 
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ml, respectively.  The catalyst concentration and polymerization temperature using the 

suitable condition selected from section 3.5.1 and 3.5.2, respectively. 

 

 3.5.4 The Effect of Al(TMA)/Zr Mole Ratios  

 

The Al(TMA)/Zr  molar ratios were varied from 1000 to 4000. The 

conditions of polymerization were used from the best results of section 3.5.1 to 3.5.3. 

 

3.5.5 The Effect of Catalyst Precursor 

 

 The ethylene polymerization and ethylene/α-olefin copolymerization over 

two different catalyst precursors were studied.  In this study using the catalyst precursors: 

SiO2/MAO and SiO2/MAO/Et(Ind)2ZrCl2.  The conditions of polymerization were chosen 

according to the best results of section 3.5.1-3.5.4.  

 

3.6 Characterization of Catalyst Precursor  

 

 3.6.1 Morphology 

 

  Scanning electron microscopic (SEM) technique was the effective method 

to investigate catalyst precursor morphologies.  The term of morphology was referred to 

shape, texture or form of catalyst precursor. 

 

 3.6.2 The Amount of Al and Zr on Catalyst Precursors 

 

  Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES) 

method was used to investigate amount of Al and Zr that were supported on surface of 

SiO2/MAO and SiO2/MAO/Et(Ind)2ZrCl2, respectively. 
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3.7 Characterization of Ethylene and α-olefins Copolymer Products 

  

3.7.1 Chemical Structure Determination 

 

   The nuclear magnetic resonance technique was widely used for 

characterizing incorporated comonomer.  Comparison of the position of peak in the 13C-

NMR spectrum of polymer sample led to identification of the sequences of the 

comonomer incorporation. 

  

3.7.2 Morphology 

 

  The morphology of ethylene/α-olefins copolymer obtained was observed 

with scanning electron microscopy (SEM). 

 

 3.7.3 Melting Temperature (Tm) 

 

  Differential scanning calorimetry (DSC) was an instrument designed to 

measure the thermal properties especially melting temperature (Tm).  The melting 

temperature of ethylene/α-olefins copolymers were determined from the critical point of 

DSC curve.  

 

 3.7.4 Average Molecular Weight and Molecular Weight Distribution  

 

  One of the most widely used methods for the routine determination of 

molecular weight (Mw) and molecular weight distribution (MWD) was gel permeation 

chromatography (GPC), which employed the principle of size exclusion chromatography 

(SEC) to separate samples of polydispersed polymers into fractions of narrower 

molecular weight distribution.  Basic instrument for GPC analysis was shown in Figure 

3.4. 
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Figure 3.4 Basic Instrument for Gel Permeation Chromatography. 



 CHAPTER IV 

 

RESULTS AND DISCUSSIONS 

 

4.1 Ethylene/1-Octene Copolymerization using the In-Situ Supported (SiO2/MAO) 

catalyst 

 

 4.1.1 The Effect of Catalyst Concentration on the Catalytic Activity 

 

  The effect of catalyst concentration was investigated with SiO2/MAO by 

using Et(Ind)2ZrCl2 catalyst.  The catalyst concentration was tested in the range of 

1.67x10-5 M to 8.33x10-5 M.  The polymerization were preformed in toluene at 70oC 

using 0.018 mol (6 psi) of ethylene consumption, 100 mg of catalyst precursor with 

Al(TMA)/Zr mole ratio of 2500, Al(MAO)/Zr mole ratio of 1135, and total solution volume of 

30 ml.  The results for the effect of catalyst concentration on the catalytic activity are 

shown in Table 4.1 and Figure 4.1. 

 

Table 4.1 Catalytic activity of different catalyst concentrationsa 

 

Catalyst Concentration, 

[Zr] x10-5 (M) 

Yield 

(g) 

Polymerization Time 

(sec) 

Catalytic Activity 

(kgPE/molZr.h) 

1.67 

3.33 

5.00 

6.67 

8.33 

0.8770 

1.1854 

1.0940 

1.0691 

1.0754 

160 

156 

122 

129 

137 

13200 

18200 

21500 

19900 

18800 
 

acopolymerization conditions: Al(MAO)/Zr = 1135, Al(TMA)/Zr = 2500, precursor = 100 mg,  

70oC, 0.018 mol of ethylene consumption, 3 ml of 1-octene, total volume = 30 ml 
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Figure 4.1 Catalytic activity of different catalyst concentrations 

 

Table 4.1 and Figure 4.1 show that the catalytic activity increases with 

increasing catalyst concentration and the highest activity is reached at the catalyst 

concentration of 5.0x10-5 M.  Then, the catalytic activity decreases with the increasing in 

catalyst concentration. 

 

Marques and Conte [59] reported that the increase of Zr concentration 

added to the catalyst preparation promoted an enhancement on Zr content fixed on the 

support, although the bimolecular deactivation of the metallocene compound occurred 

during the support treatment and then inactive bimetallic species were fixed. 

   

For the preactivation of Et(Ind)2ZrCl2 and TMA, possibly Et(Ind)2ZrCl2  is 

monoalkylated by TMA to form Et(Ind)2ZrClCH3.  And then it interacts with the MAO 

fixed on the modified silica surface.  The surface MAO removes a Cl- ion from 

Et(Ind)2ZrClCH3 and produces the cationic.  Zirconocene methyl species floats over the 

solid surface, much like in solution.  Both ionic species are postulated to be trapped and 

stabilized as multicoordinated "crown" aluminoxane complexes.   These complex would 

be quite stable against dissociation [60]. 
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 From this consideration, it may be described that the increasing catalytic 

activity with the increase of catalyst concentration is ascribed to the building up of active 

species (Et(Ind)2ZrClCH3).  When catalyst concentration above 5.0x10-5 M, some part of 

catalysts formed Et(Ind)2Zr (CH2)2(Ind)2Et which is inactive species. 

 

Kaminsky and Strubel [61] suggested that beside complexation, 

methylation and activation, alpha-hydrogen transfer between MAO and metallocene 

occurs as a side reaction.  This side reaction is responsible for the production of methane.  

Consideration of the metallocene and MAO takes place causing the formation of Zr-CH2-

Al or Zr-CH2-Zr structures.  Metallocene compounds with a Zr-CH2-Zr structure are 

known to be inactive and a specific cause for the deactivation of metallocene catalyst.  It 

is possible to prevent deactivation reactions of metallocene by supporting them on silica, 

thus blocking the alpha-hydrogen transfer.  This effect can also be observed in the long 

stability of the metallocene in TMA solutions, in which the activity does not decrease 

within twenty hours.  

 

4.1.2 The Effect of  Polymerization Temperature  on Catalytic  Activity 

 

  The  influence  of  the  polymerization temperature (Tp) was investigated 

with different polymerization temperatures in the range of 30 to 80 oC.  The other 

parameters such as Al(TMA)/Zr mole ratio, Al(MAO)/Zr mole ratio, Zr concentration, catalyst 

precursor and ethylene consumption were fixed at 2500, 1135, 5.0x10-5 M, 100 mg and 

0.018 mol, respectively.  Table 4.2 and Figure 4.2 illustrate the results for the influence of 

temperature on catalytic activity. 
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Table 4.2 Catalytic activity of different polymerization temperaturesb 

 

Polymerization 

Temperature (oC) 

Yield 

(g) 

Time 

(sec) 

Catalytic Activity 

(kgPE/mol Zr.h) 

30 

40 

50 

60 

70 

80 

0.2026 

0.4656 

1.2862 

0.9893 

1.0940 

1.0663 

363 

275 

247 

156 

122 

132 

1300 

4100 

12500 

15200 

21500 

19400 

 

 bcopolymerization conditions: [Zr] = 5x10-5 M, Al(MAO)/Zr = 1135, precursor = 100 mg, 

Al(TMA)/Zr = 2500, 0.018 mol of ethylene consumption, 3 ml of 1-octene, total volume = 

30 ml 

 

From the above results, the dependence of catalyst activity on 

polymerization temperature is shown in Figure 4.2.  The catalyst system showed 

polymerization activity over the whole temperature range investigated.  It can be 

explained by a widely accepted mechanism of propagation in Ziegler-Natta catalyst 

which involves the initial formation of a π-complex of an olefin with the catalyst metal, 

followed by chain migratory insertion [62]. 

 

The same mechanism was used to explain the above results. The 

propagation process in zirconocene system for olefin polymerization can be written as, 

             When C*  = active site 

            M  = monomer 

                     = polymer chain P
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Figure 4.2 Catalytic activity of different polymerization temperature 

 

In the low temperature range, the π-olefin complex is more stable which is 

associated to the process of activated insertion.  This affects to the increase of activity 

with the increasing of polymerization temperature.  On the other hand, the decreasing 

activity with further rising polymerization temperature probably involves the readily 

dissociation of the complex causing the low propagation rate [63]. 

 

Chien et al. [64] have speculated on the possible mechanism for 

deactivation.  One possibility is a slow dissociation of stable active species to form 

inactive forms.  A second possible deactivation mechanism is by β-hydride elimination to 

give metallocene hydride, which has very low propensity for monomer insertion.   

 

  Shan, Soares and Penlidis [25] were studies ethylene/1-octene 

copolymerization with in-situ supported rac-[dimethylsilylbis(methylbenzoindenyl)] 

zirconium dichloride catalyst.  This is generally observed as an increase in the catalyst 

activity and a decrease in the molecular weight as the temperature increase.  However, 

most metallocene catalyses deactivate at temperature greater than 80-100 oC.  This 

deactivation reduces the number of active sites and the catalytic activity. 
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  Figure 4.2 shows how the activity varies with the temperature.  For the 

temperature range studied, with increasing temperature, the catalyst activity increased.  

This is not always the case because the rate of catalyst deactivation also increase with 

temperature.  It has been reported that the catalyst activity can reach a maximum between 

30 and 80 oC, depending on the polymerization time and polymerization condition.  It 

might be possible that at high temperatures the extraction of the metallocene or MAO 

from the catalyst support occurred, leading to homogeneous polymerization.  It was 

observed that the morphology of the resulting polymer became poorer as the 

polymerization temperature increased, and this supports the hypothesis of metallocene or 

MAO leaching from the silica particle [25]. 

   

4.2 Ethylene/α-Olefin Copolymerizations using In-Situ Supported (SiO2/MAO) 

Catalyst 

 

 4.2.1 The Effect of Al(MAO)/Zr Mole Ratio on Catalytic Activity 

 

The effect of Al(MAO)/Zr was investigated with SiO2/MAO-Et(Ind)2ZrC12+TMA 

catalyst.  Methylaluminoxane (MAO) was used as cocatalyst which the molar ratio of Al 

(TMA)/Zr was varied in the range of 160 to 1135.  The copolymerizations were performed 

in toluene solvent at 70oC using ethylene consumption of 0.018 mol (pressure in reactor 

50 psi), 3 ml of comonomer, 100 mg of catalyst precursor and zirconium concentration 

5.0x10-5 M with total solution volume of 30 ml.  The results of the influence of Al(MAO)/Zr 

mole ratio on the catalytic activity are shown in Table 4.3 and Figure 4.3.  And the results 

of the influence of Al(MAO)/Zr mole ratio on the polymerization time are shown in Figure 

4.4. 
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Table 4.3 Catalytic activity at different Al(MAO)/Zr mole ratios using in-situ supported 

catalystc. 

 

Copolymerization Al(MAO)/Zr 

Mole Ratio 

  Yield 

(g) 

Time 

(sec) 

Activity 

(kgPE/molZr.h) 

Ethylene/1-hexene 160 

320 

635 

890 

1135 

0.4902 

0.7246 

0.8967 

0.9377 

1.0699 

225 

212 

167 

136 

117 

5200 

8200 

12900 

16500 

21900 

Ethylene/1-octene 160 

320 

635 

890 

1135 

0.6420 

0.8644 

1.1149 

1.0550 

1.0940 

183 

163 

158 

134 

122 

8400 

12700 

16900 

18900 

21500 

Ethylene/1-decene 160 

320 

635 

890 

1135 

0.6360 

0.7449 

0.8512 

0.8892 

1.1182 

247 

247 

233 

179 

135 

6200 

7200 

8800 

11900 

19900 
 

ccopolymerization conditions: [Zr] = 5x10-5 M, Al(TMA)/Zr = 2500, precursor = 100 mg, 

70oC, 0.018 mol of ethylene consumption, 3 ml of comonomer,  total volume = 30 ml 
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Figure 4.3 Catalytic activity of different Al(MAO)/Zr mole ratios using in-situ supported 

catalyst 

Figure 4.4 Polymerization time of different Al(MAO)/Zr mole ratios using in-situ supported 

catalyst 

 

 In copolymerization of ethylene with three different comonomers, the catalytic 

activity continuously increase with the increase of the Al(MAO)/Zr ratio.  In contrast the 

polymerization time decrease with the increase of the Al(MAO)/Zr ratio.   



 51

4.2.2 The Effect of Al(TMA)/Zr Mole Ratios on Catalytic Activity 

 

The effect of Al(TMA)/Zr was investigated with SiO2/MAO-Et(Ind)2ZrC12+TMA 

catalyst.  Trimethylaluminum (TMA) was used as cocatalyst which the molar ratio of Al 

(TMA)/Zr was varied in the range of 1000 to 4000.   The copolymerizations were performed 

in toluene solvent at 70oC using ethylene consumption of 0.018 mol (pressure within 

reactor 50 psi), 3 ml of α-olefin, 100 mg of catalyst precursor and zirconium 

concentration 5.0x10-5 M with total solution volume of 30 ml.  The results of the 

influence of Al(TMA)/Zr mole ratio on the catalytic activity are shown in Table 4.4 and 

Figure 4.5 and the influence of Al(TMA)/Zr mole ratio on the polymerization time are 

shown in Figure 4.6. 

 

Table 4.4 Catalytic activity at different Al(TMA)/Zr  mole ratios using in-situ supported 

catalystd  

Copolymerization Al(TMA)/Zr 

Mole Ratio 

Yield 

(g) 

 Time 

(sec) 

Activity 

(kgPE/molZr.h) 

Ethylene/1-hexene 1000 

2000 

2500 

3000 

4000 

1.0806 

1.0530 

1.0699 

1.0373 

1.0641 

247 

216 

117 

147 

213 

10500 

11700 

21900 

16900 

12000 

Ethylene/1-octene 1000 

2000 

2500 

3000 

4000 

1.0230 

1.0493 

1.0940 

1.0017 

1.0984 

215 

125 

122 

118 

132 

11400 

20100 

21500 

20400 

20000 

Ethylene/1-decene 1000 

2000 

2500 

3000 

4000 

1.0878 

1.1154 

1.1182 

1.0188 

1.0215 

178 

149 

135 

166 

170 

17600 

18000 

19900 

14700 

14400 
dcopolymerization conditions: [Zr] = 5x10-5 M, Al(MAO)/Zr = 1135, precursor = 100 mg,    

 70oC, 0.018 mol of ethylene consumption, 3 ml of comonomer,  total volume = 30 ml 
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Figure 4.5 Catalytic activity of different Al(TMA)/Zr mole ratios using in-situ supported 

catalyst 

 

 

Figure 4.6 Polymerization time of different Al(TMA)/Zr mole ratios using in-situ supported 

catalyst 
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The catalytic activity of copolymerization in different comonomers, increased 

with increasing Al(TMA)/Zr ratio up to 2500 where after the inverse effect was observed.  

The results of polymerization time were contrasted with the catalytic activity in each  

comonomer.  

 

Lastly, the polymerization rate passes through a maximum as the ratio of 

aluminum to transition metal increase.  The exact location of this maximum value 

depends on the catalyst type and whether the polymerization is homogeneous or 

heterogeneous.  Heterogeneous polymerization tend to be less sensitive to changes in the 

aluminum/transition metal ratio.  Chain transfer to aluminum is also favored at high 

aluminum concentrations.  This increase in chain transfer would presumably produce a 

lower molecular weight polymer.  However, some researchers have observed decreases, 

and some others have observed no changes in the molecular weight with increasing 

aluminum concentration [25]. 

 

The catalyst activity decreases with the addition of an activator.  Although 

activators are required to activate the catalyst, it is possible that a large excess of an 

activator may block the catalytic sites.  For a similar system, it was observed that with an 

increasing ratio of trimethylaluminum to the silica MAO support, a decrease in activity 

occurred at ratios up to 2500.  This decrease was attributed to the bimolecular 

deactivation caused by the complexation of homogeneous metallocene and trimethyl 

aluminum. 

 

Ethylene/α-olefin copolymers produced with in-situ supported catalysts can 

sometimes have very broad and bimodal SCBDs.  It was shown in previous study that 

different alkylaluminum activators could generate active sites with quite different 

reactivity ratios.  However, previous work with poly(ethylene-co-1-hexene) made with in 

situ supported Et(Ind)2ZrCl2 indicates that this effect has a chemical nature.  In that 

investigation, it was noticed that changing the type of activator (trimethylaluminum, 

triethylaluminum or triisobutylaluminum) led to polymers with unimodal or bimodal 

SCBDs.  Because it is unlikely that the type of activator will have marked influence on 

mass-transfer resistances, one is led to conclude that the observed bimodal SCBDs are, at 

least in part, due to the presence of different site types on the in situ supported catalyst 

[25].  
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4.3 Ethylene/α-olefins Copolymerization using Supported (SiO2/MAO/Et(Ind)2 

ZrCl2) Catalyst 

 

 4.3.1 The Effect of Al(MAO)/Zr Mole Ratios on Catalytic Activity 
 

The effect of Al(MAO)/Zr was investigated with SiO2/MAO/Et(Ind)2ZrC12+TMA 

catalyst.   Methylaluminoxane (MAO) was used as cocatalyst which the molar ratio of Al 

(MAO)/Zr was varied in the range of 160 to 1135.  The copolymerizations were performed 

in toluene solvent at 70oC using ethylene consumption of 0.018 mol (pressure in reactor 

50 psi), 3 ml of α-olefin, 100 mg of catalyst precursor and zirconium concentration 

5.0x10-5 M with total solution volume of 30 ml.  The results of the influence of Al(MAO)/Zr 

mole ratio on the catalytic activity and polymerization time are shown in Table 4.5, 

Figure 4.7 and Figure 4.8. 

 
Table 4.5 Catalytic activity of different Al(MAO)/Zr mole ratios using Supported Catalystc  

Copolymerization Al(MAO)/Zr 

Mole Ratio 

Yield 

(g) 

Time 

(sec.) 

Activity 

(kgPE/molZr.h) 

Ethylene/1-hexene 160 

320 

635 

890 

1135 

0.9159 

0.9456 

1.0029 

1.1133 

1.1884 

609 

512 

241 

163 

159 

3600 

4400 

10000 

16400 

17900 

Ethylene/1-octene 160 

320 

635 

890 

1135 

0.7649 

0.6579 

1.0032 

1.0532 

1.2872 

434 

320 

188 

179 

177 

4200 

4900 

12800 

14100 

17500 

Ethylene/1-decene 160 

320 

635 

890 

1135 

0.8772 

0.8516 

0.9162 

1.0881 

0.9231 

504 

476 

298 

216 

180 

4200 

4300 

7400 

12100 

12300 
ccopolymerization conditions: [Zr] = 5x10-5 M, Al(TMA)/Zr = 2500, precursor = 100 mg, 

70oC, 0.018 mol of ethylene consumption, 3 ml of comonomer,  total volume = 30 ml 
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Figure 4.7 Catalytic activity of different Al(MAO)/Zr mole ratios using supported catalyst 

 

 

Figure 4.8 Polymerization time of different Al(MAO)/Zr mole ratios on supported catalyst 

  
Similar to the in-situ supported catalyst system, catalytic activity of 

copolymerization increased but polymerization time of copolymerization decreassed with 

the increase of Al(MAO)/Zr. 
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 4.3.2 The Effect of Al(TMA)/Zr Mole Ratios on Catalytic Activity 

 

The effect of Al(TMA)/Zr was investigated with SiO2/MAO/Et(Ind)2ZrC12+TMA 

catalyst.  Trimethylaluminum (TMA) was used as cocatalyst which the molar ratio of Al 

(TMA)/Zr was varied in the range of 1000 to 4000.  The copolymerizations were performed 

in toluene solvent at 70oC using ethylene consumption of 0.018 mol (pressure within 

reactor 50 psi), 3 ml of α-olefin, 100 mg of catalyst precursor and zirconium 

concentration 5.0x10-5 M with total solution volume of 30 ml.  The results of the 

influence of Al(TMA)/Zr mole ratio on the catalytic activity and polymerization time are 

shown in Table 4.6, Figure 4.9 and Figure 4.10. 

 

Table 4.6 Catalytic Activity at Different Al(TMA)/Zr Mole Ratios using Supported 

Catalystd 

 

Copolymerization Al(TMA)/Zr 

Mole Ratio 

Yield 

(g) 

Time 

(sec) 

Activity 

(kgPE/molZr.h) 

Ethylene/1-hexene 1000 

2000 

2500 

3000 

4000 

1.0230 

1.0428 

1.1884 

1.0828 

0.8402 

225 

218 

159 

206 

279 

10900 

11500 

17900 

12600 

7200 

Ethylene/1-octene 1000 

2000 

2500 

3000 

4000 

0.8671 

0.9465 

1.2872 

0.9112 

1.0967 

237 

204 

177 

202 

264 

8800 

11100 

17500 

10800 

10000 

Ethylene/1-decene 1000 

2000 

2500 

3000 

4000 

0.8924 

0.9389 

0.9231 

0.9688 

0.9954 

228 

231 

180 

210 

231 

9400 

9800 

12300 

11100 

10300 
dcopolymerization conditions: [Zr] = 5x10-5 M, Al(MAO)/Zr = 1135, precursor = 100 mg, 

70oC, 0.018 mol of ethylene consumption, 3 ml of comonomer,  total volume = 30 ml 
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Figure 4.9 Catalytic Activity of different Al(TMA)/Zr Mole Ratios using supported catalyst 

 

 

Figure 4.10 Polymerization time of different Al(TMA)/Zr Mole Ratios using supported 

catalyst 
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 The catalytic activity increased with increasing Al(TMA)/Zr ratio and reached the 

highest at the Al(TMA)/Zr ratio of 2500 after that the activity decreased with the increasing 

Al(TMA)/Zr ratio. The pattern of graph in polymerization time are contrast with the 

catalytic activity. 

 

Kaminsky and Strubel [61] suggested that beside complexation, methylation and 

activation, alpha-hydrogen transfer between MAO and metallocene occurs as a side 

reaction.  This side reaction is responsible for the production of methane.  Consideration 

of the metallocene and MAO takes place causing the formation of Zr-CH2-Al or Zr-CH2-

Zr structures.  Metallocene compounds with a Zr-CH2-Zr structure are known to be 

inactive and a specific cause for the deactivation of metallocene catalyst.  It is possible to 

prevent deactivation reactions of metallocene by supporting them on silica, thus blocking 

the alpha-hydrogen transfer.  This effect can also be observed in the long stability of the 

metallocene in TMA solutions, in which the activity does not decrease within twenty 

hours. 

 

4.4 Ethylene/α-Olefin Copolymerization and Ethylene Homopolymerization using 

different catalyst  precursors  

 

 4.4.1 The Effect of Different Catalyst Precursor on Catalytic Activity 

 

Ethylene/α-olefin copolymerizations with three types of catalyst 

precursors were performed keeping other parameters the same at polymerization 

temperature 70oC, Al(TMA)/Zr mole ratio at 2500, catalyst concentration 5.0x10-5 M, 

ethylene consumption 0.018 mol, 3 ml of α-olefin and 100 mg of catalyst precursor.  The 

results for the effect of different catalysts on the catalytic activity are shown in the Table 

4.7 and Figure 4.11. 
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Table 4.7 Catalytic activity of different catalyst precursore,f 

 

Precursor Copolymerization 

or polymerization 

Time 

(sec) 

Yield 

(g) 

Activity 

(kgPE/molZr.h) 

SiO2/MAO Ethylene/1-hexene 

Ethylene/1-octene 

Ethylene/1-decene 

Ethylene 

117 

122 

135 

137 

1.0699 

1.0940 

1.1182 

0.6396 

21900 

21500 

19900 

11200 

SiO2/MAO/Et(Ind)2ZrCl2 Ethylene/1-hexene 

Ethylene/1-octene 

Ethylene/1-decene 

Ethylene 

159 

177 

180 

191 

1.1884 

1.2872 

0.9231 

0.7233 

17900 

17500 

12300 

9100 
 

ecopolymerization conditions: [Zr] = 5x10-5 M, Al(MAO)/Zr = 1135, Al(TMA)/Zr = 2500, 

precursor = 100 mg, 70oC, 0.018 mol of ethylene consumption, 3 ml of comonomer,  total 

volume = 30 ml 
fpolymerization conditions: [Zr] = 5x10-5 M, Al(MAO)/Zr = 1135, Al(TMA)/Zr = 2500,  

precursor = 100 mg, 70oC, 0.018 mol of ethylene consumption,  total volume = 30 ml 
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            Figure 4.11 Catalytic activity of different catalyst precursor  

 Catalyst precursor 1 = SiO2/MAO 

 Catalyst precursor 2 = SiO2/MAO/Et(Ind)2ZrCl2 

 

From figure 4.11 the catalytic activity increased following this order : ethylene/1-

hexene > ethylene/1-octene >ethylene/1-decene copolymerization > ethylene 

polymerization.  And it was clear that the catalytic activity obtained from in-situ 

supported (SiO2/MAO-Et(Ind)2ZrCl2+TMA) catalyst showed a tendency higher activity 

than preformed supported (SiO2/MAO/Et(Ind)2ZrCl2+TMA) catalyst. 

 

As the previous results from table 4.3 to 4.7, the ethylene/α-olefin (1-hexene,  1-

octene , 1-decene) copolymerization was carried out with various amount of TMA and 

MAO.  With increased the amounts of MAO used in the catalyst precursor, the activity  

increased with increasing amount of MAO.   Soga et al.[65] found that the use of SiO2 

pretreated with MAO caused a marked increase in the activity of supported catalysts, 

most of the MAO being consumed to scavenge surface silanols.  In part of varying TMA, 

the activity was found increase further with increase of TMA up to a Al(TMA)/Zr mole 

ratio as high as 2500.  As the Al(TMA)/Zr mole ratio was increased further, the activity was 
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found to decrease.  TMA is scavenger which may help in reducing the amount of impurity 

in the system thereby leading to an increase in activity.  TMA is also able to inhibit 

certain functions of MAO.  Several explanations for this are possible.  Since TMA is 

stronger alkylation and reducing agent than MAO, TMA could cause the reduction of the 

zirconocene compound resulting in an inactive species.  It may compete with MAO as a 

complexing ligand leading to a catalyst of lower polymerization activity.  Moreover, 

addition of TMA can lower the degree of oligomerization of MAO and its overall 

effectiveness.  Therefore, addition of TMA has both advantages and disadvantages to 

activity [65]. 

 

In metallocene catalyst systems, MAO has many possible functions, such as 

scavenging of impurities, alkylation, ionization and reduction of the transition element, 

stabilization of cationic metallocene alkyl and/or the counter ion. One important role of 

MAO is apparently to prevent the formation of a ZrCH2CH2Zr species (bimolecular 

process).  This is the reason why a very large amount of MAO is needed to realize the 

maximum catalytic of the ansa-metallocene complexes in solution polymerization.  One 

method to solve this problem is to immobilize the complex on support.  Chu et al.[3] 

compared homogenous, supported and in-situ supported Et(Ind)2ZrCl2 on SiO2 for ethylene 

and 1-hexene copolymerization.  They found that the in-situ supported system showed 

higher activity than the supported system, corresponding to the results from Table 4.7 and 

Figure 4.11. 

 

4.5 Characterization of Catalyst Precursor 

 

 4.5.1 Morphology 

 

  The morphology of catalyst precursors was observed by scanning electron 

microscopy technique as shown in Figures 4.12-4.14. 
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Figure 4.12 Scanning electron microscope image of silica 

 

 

 

 

Figure 4.13 Scanning electron microscope image of silica/MAO 
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Figure 4.14 Scanning electron microscope image of silica/MAO/Et(Ind)2ZrCl2 

 

 From Figure 4.12-4.14, it was shown that the morphology of catalyst 

precursors are almost sphere and some parts of catalyst are fragmented.  

  

 4.5.2 The Amount of Aluminium and Zirconium on Catalyst Precursor 

 

  4.5.2.1 Inductively Coupled Plasma Atomic Emission Spectrometer 

(ICP-AES) 

 

   The amount of Al impregnated on the silica that added various 

amount of MAO were measured by ICP-AES.  The results of aluminium that supported 

on silica were shown in Table 4.8 and Figure 4.15.  In the other ,zirconium that supported 

on silica were shown in Table 4.9. 
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Table 4.8 The amount of aluminium on SiO2 supported MAO 

 

Precursor Al added (mg) Al supported (mg) 

SiO2/MAO 6.4 

12.87 

25.68 

36.01 

45.90 

5.66 

7.45 

7.85 

8.09 

8.71 

Figure 4.15 Amount of Al impregnated on the silica measured by ICP at various 

Al added 

 

Table 4.9 The amount of zirconium on SiO2 supported MAO and Et(Ind)2ZrCl2 

 

Precusor Al on SiO2 (µmol)  Zr on SiO2 (µmol) 

SiO2/MAO/Et(Ind)2ZrCl2 209.63 

275.93 

290.73 

299.67 

322.42 

0.39 

0.31 

0.24 

0.23 

0.25 
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 From the results in Table 4.8–4.9 and Figure 4.15 , considering the correlation 

between the amount of MAO added to silica in the impregnation step and the aluminum 

content of SiO2/MAO precursor obtained, Al on silica relating increased with Al weight 

added. 

 

 Then the SiO2 that supportd with different amount of MAO was further treated 

with the Et(Ind)2ZrCl2, Zr content on the support was investigated that almost all the 

loaded Zr were immobilized on the support.  This results reported by Chao et. al. [66]. 

The results in this study contrast with  previous work, the content of zirconium that 

supported on silica decreased with increased the content of aluminium that added may 

caused from the filtration step which all of zirconium didn’t through pass the filter paper. 

 

The most important factor for the preparation of the heterogeneous catalysts to 

obtain high activity is not the Zr content fixed on the catalyst surface but how much of the 

Zr is effectively active [59]. 

 

4.6 Characterization of Ethylene and α-olefins Copolymer 

 

 4.6.1 Chemical Structure Determination 

 

4.6.1.1 Nuclear Magnetic Resonance (NMR) 

 

The copolymers of ethylene/α-olefin using Et(Ind)2ZrCl2 as the 

catalyst with SiO2/MAO catalyst precursor were determined by 13C-NMR as shown in 

Figures 4.13-4.18 Resonance attributions in the 13C-NMR spectra of the copolymers were 

taken from the literature [67].  The 13C-NMR identification of ethylene/α-olefin 

copolymer is assigned to the sequence of the comonomer incorporation as summarized in 

Table 4.10, 4.11 and 4.12.  The triad distributions were evaluated from the spectra 

following Randall's methodology.  
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Table 4.10 The 13C-NMR identification of ethylene/1-hexene copolymer 
 

Position 
(Figure4.13) 

Assignment of Triad 
distribution 

Chemical Shift 

A EHE 38.246 
B EHEE 34.564 
C EHE 34.224 
D HEEE 31.142 
E (EEE)n 30.688 
F EHE 29.798 
G EHEE 27.639 
H EHE 24.057 
I EHE 14.948 

  

E refer to ethylene monomer  

              H refer to 1-hexene monomer  
 

Table 4.11 The 13C-NMR identification of ethylene/1-octene copolymer  
 

position  
 (Figur4.15) 

Assignment of Triad 
Distribution 

Chemical  Shift 

A EOE 38.144 
B OEE 34.491 
C EOE 32.369 
D OEEE 30.181 
E (EEE)n 27.368 
F EOEE 27.286 
G EOE 23.091 
H EOE 14.306 

 

E refer to ethylene monomer    

O refer to 1-octene monomer 
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Table 4.12 The 13C-NMR identification of ethylene/1-decene copolymer  
 

Position  
(Figure4.17) 

Assignment of Triad 
Distribution 

Chemical  Shift 

A EDE 38.287 
B DEE 34.564 
C EDE 32.798 
D DEEE 31.135 
E (EEE)n 30.689 
F EDE 30.325 
G EDEE 27.631 
H EDE 23.572 
I EDE 14.880 

 

E refer to ethylene monomer   

 D refer to 1-decene monomer 
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Figure 4.16 13C-NMR spectrum of ethylene/1-hexene copolymer from ref.[67] 

 

 

 

 

 

Figure 4.17 13C-NMR spectrum of ethylene/1-hexene copolymer produced with 

SiO2/MAO-Et(Ind)2ZrCl2+TMA 
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Figure 4.18 13C-NMR spectrum of ethylene/1-octene copolymer copolymer from ref [67] 
 

 

 

Figure 4.19 13C-NMR spectrum of ethylene/1-octene copolymer produced with 

SiO2/MAO-Et(Ind)2ZrCl2+TMA 



 70

 
Figure 4.20 13C-NMR spectrum of ethylene/1-decene copolymer produced from ref [67] 
 

 
Figure 4.21 3C-NMR spectrum of ethylene/1-decene copolymer produced with 

SiO2/MAO-Et(Ind)2ZrCl2+TMA 
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Table 4.13  Triad distribution of ethylene /α-olefins copolymer prepared with 

SiO2/MAO-Et(Ind)2ZrCl2+TMA 

                
Copolymer EEE CEE+EEC CEC ECE CCE+ECC CCC 

 
Ethylene/1-
hexene 

0.62 0.21 - 0.17 - - 

Ethylene/1-
octene 

0.82 0.10 - 0.08 - - 

Ethylene/1-
decene 

0.75 0.17 - 0.08 - - 

 
E refers to ethylene and C refers to corresponding comonomers: 1-hexene, 1-octene, 
or 1-decene. 
 

  13C NMR spectroscopy was used to determine comonomer incorporation 

and polymer microstructure.  Chemical shift were referred internally to the major 

backbone methylene resonance and calculated according to the method of Randall [67].  

The result obtained for the triad sequence distribution of      copolymer shown in Table 

4.13.  The result suggested that the copolymer had a random distribution of comonomer 

insertion with very low amount of comonomer triad in the polymer chain. 

 

 4.6.2 Morphology 

 

The morphologies of ethylene/α-olefins (1-hexene, 1-octene and 1-decene) 

copolymers polyethylene obtained with different catalyst precursors were observed by 

scanning electron microscopy technique as shown in Figures 4.22-4.29. 
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Figure 4.22 Scanning electron microscope image of ethylene/1-hexene copolymer 

produced with SiO2/MAO-Et(Ind)2ZrCl2+TMA 

 

 

Figure 4.23 Scanning electron microscope image of ethylene/1-hexene copolymer  

produced with SiO2/MAO/Et(Ind)2ZrCl2+TMA 
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Figure 4.24 Scanning electron microscope image of ethylene/1-octene copolymer 

produced with SiO2/MAO-Et(Ind)2ZrCl2+TMA 

 

Figure 4.25 Scanning electron microscope image of ethylene/1-octene copolymer 

produced with SiO2/MAO/Et(Ind)2ZrCl2+TMA 
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Figure 4.26 Scanning electron microscope image of ethylene/1-decene copolymer 

produced with SiO2/MAO-Et(Ind)2ZrCl2+TMA 

 

Figure 4.27 Scanning electron microscope image of ethylene/1-decene copolymer 

produced with SiO2/MAO/Et(Ind)2ZrCl2+TMA 
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Figure 4.28 Scanning electron microscope image of polyethylene produced with 

SiO2/MAO-Et(Ind)2ZrCl2+TMA 

 

Figure 4.29 Scanning electron microscope image of polyethylene produced with 

SiO2/MAO/Et(Ind)2ZrCl2+TMA 
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From Figures 4.22-4.27 the morphology of ethylene/α-olefin copolymer 

produced with different catalyst precursor is shown.  The morphology of obtained 

polymers are similar to that of catalyst precursor.  Molecule of ethylene/α-olefin formed 

into pellet and expanded continuously around catalyst precursor.  But in Figure 4.28-4.29, 

the morphology of both polymers are different from catalyst precursor.  

 

 4.6.3 Melting Temperature (Tm) 

 

The melting temperatures of ethylene/α-olefin copolymer produced with 

the supported metallocene catalysts were evaluated by differential scanning calorimeter.  

The results of various comonomer, such as 1-hexene, 1-octene, 1-decene that 

copolymerization with ethylene are demonstrated in Tables 4.14 in both supported 

system. The DSC curves of the copolymers are also shown in Appendix B. 

 

Table 4.14 Melting temperature of ethylene/α-olefin copolymer and polyethylene with 

various catalyst precursors. 

 

Precursor Copolymerization or 

polymerization 

Activity 

(kgPE/molZr.h) 

Tm(oC) 

SiO2/MAO Ethylene/1-hexene 

Ethylene/1-octene 

Ethylene/1-decene 

Ethylene 

21900 

21500 

19900 

11200 

n.d 

n.d. 

n.d. 

131 

SiO2/MAO/Et(Ind2ZrCl2) Ethylene/1-hexene 

Ethylene/1-octene 

Ethylene/1-decene 

Ethylene 

17900 

17500 

12300 

9100 

n.d. 

n.d. 

97 

132 

n.d. = not determine (no peak appear) 

 

 Arnold  et al [68] has investigated the copolymerization of ethylene with α-olefins 

by metallocene catalysis.  A small amount of comonomer incorporation of 1-butene, 1-

hexene or 1-octene leads to linear low density polyethylene (LLDPE), a product of great 
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industrial interest.  One effect of the comonomer incorporation is a decrease in 

crystallinity.  As a result, polymers with a lower melting point and density, and an 

increased flexibility and processibility are obtained. 

 

 Then, the results from Table 4.14 shown that most of copolymers of ethylene/α-

olefins in both supported system were not determined for the melting point except 

copolymer of ethylene/1-decene in supported system had lower melting point than 

homopolyethylene. 

 

4.6.4 Average Molecular Weight and Molecular Weight Distribution 

 

The molecular weight and molecular weight distribution of copolymer 

produced at different catalyst precursors were presented in Tables 4.15 and GPC curves 

were also shown in Appendix C. 

 

Table 4.15 Mw and MWD of the obtained ethylene/α-olefin copolymer using various 

catalyst precursor 

 

Precursor Copolymerization 

or polymerization 

Mw Mn Mw/ Mn 

SiO2/MAO- 

Et(Ind)2ZrCl2+ 

TMA 

Ethylene/1-hexene 

Ethylene/1-octene 

Ethylene/1-decene 

Ethylene 

27930 

23042 

25179 

55833 

11701 

10292 

10467 

18649 

2.4 

2.2 

2.4 

3.0 

SiO2/MAO/Et(In

d2ZrCl2+TMA 

Ethylene/1-hexene 

Ethylene/1-octene 

Ethylene/1-decene 

Ethylene 

27450 

32727 

46949 

65599 

11999 

13289 

14567 

23637 

2.3 

2.5 

3.2 

2.8 

 

From Table 4.15, the Mw and Mn of ethylene/α-olefins copolymer are 

lower than homopolyethylene which the ratios of Mn/Mn are in the interval of 2.24-3.22.  

This might be resulted from chain transfer to monomer [25].  
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Cerrada et. al. [69] reported that metallocene catalysts present single-site 

characteristics (and very high activities) and thus all the sites produce nearly the same 

chain architecture, leading to polymers with narrow molecular weight distributions, an, in 

the case of copolymer with α-olefins, the side branches are randomly distributed along 

the polymer backbone.  If the comonomer content in linear low density polyethylene 

(LLDPE) is high enough, around 4 mol% depending upon the used catalyst system, a 

material behaving as a plastomer can be achieved.  The plastomer term refers to a 

polymeric material that exhibits the dual characteristic of plastic and elastomeric 

behavior.  Plastomer are ethylene/α-olefin copolymers with lower density than typical 

LLDPE for use in a variety of films and polymer modification applications. 

 

From Shan, Soares, and Penlidis [25], ethylene is copolymerized with α-

olefins to produce polymers with lower densities.  It is commonly observed that the 

addition of a comonomer generally increases the polymerization rate significantly.  This 

comonomer effect is sometimes linked to the reduction of diffusion limitations by 

production a lower crystallinity polymer or to the activation of catalytic sites by the 

comonomer.  The polymer molecular weight often decreases with comonomer addition, 

possibly because of a transfer to comonomer reactions.  An increase in activity was 

observed with an increased addition of 1-octene.  This increase is presumably due to the 

comonomer effect that is often associated with polymerization rate enhancement.  The 

origin and nature of this effect are still debated and it is believed that it might be both 

physical and chemical in nature.  Physically, the presence of 1-octene enhances the 

diffusion of ethylene to the active sites because a polymer with low crystallinity is 

formed.  The presence of 1-octene may also activate and increase the number of catalytic 

site that were not formerly present in the absence of 1-octene.  Recently, Ystenes [1] 

proposed an insertion mechanism that involves a monomer unit triggering the insertion of 

an already complexed monomer.  This mechanism accounts for the formation of different 

catalytic sites and different propagation rates in the presence of a comonomer.  Other 

researchers have reported that the molecular weight increases and sometimes decreases 

with the addition of 1-octene, but generally the molecular weight decreases because of 

increased transfer to 1-octene.  PDI decrease as the amount of 1-octene increases.  The 

SCBD can vary greatly, and MWD can still remain narrow [25]. 
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  Chu et al. [3] carried out ethylene polymerization with an in-situ 

supported metallocene catalyst.  In the absence of trimethyl aluminum (TMA), in-situ 

supported Et(Ind)2ZrCl2 was not active, while Et(Ind)2ZrCl2 was active.  The addition of 

TMA during polymerization activated the catalyst.     

 

Soga et al. [70] reported that TMA can act as a cocatalyst in ethylene 

polymerization without MAO present when in-situ supported Cp2ZrCl2 with Cl2Si(CH3)2 

modified silica was used. 

 

Chien  and He [71] suggested that TMA is a scavenger, which may help in 

reducing the amount of impurities in the system thereby leading to an increase in activity.  

TMA is also able to inhibit certain functions of MAO.  Since TMA is a stronger 

alkylating and reducing agent than MAO, TMA could cause the reduction of the 

zirconocene compound resulting in an inactive species.  It may also compete with MAO 

as a complexing ligand leading to a catalyst of lower polymerization activity.  Moreover, 

addition of TMA can lower the degree of oligomerization of MAO and ts overall 

effectiveness.  Therefore, addition of TMA has both advantages and disadvantages to 

activity.  Molecular weight slightly decreased when more TMA was added.  This might 

result from increasing the chance of the chain transfer to alkylaluminum reaction leading 

to termination of the growing chain.  However, chain transfer to TMA might not be the 

major chain transfer reaction in this system since only little change in Mw resulted even 

when a high excess of TMA was added.  MWD broadening likely resulted from the 

interactions between the metallocene and the support, which leads to the formation of 

active sites differing in electronic and steric character.  Ethylene incorporation in 

copolymers was found to be close to the ratio of the ethylene to propylene feed ratio.  No 

significant effect to TMA on ethylene incorporation was observed, All the copolymers 

produced were amorphous with no melting temperature. 

 

Liu, Stovneng and Rytter [72] studied ethylene polymerization with the 

catalytic system L2ZrCl2/MAO/TMA (where L=Cp, Me5Cp, or  Me4Cp).  The 

polymerization activity was reduced with the addition of TMA for L=Cp but was almost 

unaffected for the methyl-substituted catalysts.  Increasing the TMA concentration 

resulted in a lower molecular weight of the polymer, with the largest effect for L=Me5Cp.  

A gel permeation chromatography analysis of the polymers revealed a high molecular 
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weight shoulder and a nearly bimodal distribution for L=Me5Cp at high TMA 

concentration.  The origin of this effect more likely stemmed from competition between 

chain transfer to aluminum and β-hydrogen transfer reactions at two different sites, one 

TMA sensitive and one TMA insensitive.  Complexation of Me3Al to Zr was much 

stronger for L=Cp than for L=Me5Cp.   However, the overall chain transfer barrier was 

much higher for L=Cp.  These resulted agree both with the reduced activity for L=Cp and 

the strongly reduced molecular weight for L=Me5Cp observed with the addition of TMA.  

With the addition of TMA, polymer chains produced at a TMA sensitive site are to an 

increasing extent the result of chain transfer to TMA, whereas chains produced at a TMA 

insensitive sites mainly terminate via other mechanisms, such as β-hydrogen transfer to 

Zr or a co-ordinated monomer.  For L=Cp, there is both experimental and theorectical 

evidence that the dominating termination mechanism is β-hydrogen transfer to a 

coordinate monomer.  For L=Me5Cp, β-hydrogen transfer to Zr is equally important 

because of a more hindered monomer coordination, and moreover, a relatively more 

stable zirconocene hydride with such sterically crowned ligands.  The β-agostic 

conformation is the natural precursor also for chain transfer to Al in TMA.  The influence 

of the TMA concentration on the molecular wegh and, therefore, on the rate of chain 

trasfer is found to be much stronger with Me5Cp ligands with the addition of TMA. 

 

Brondao, Correa, Boaventura and Vianna [73] studied the heterogenization 

of biscyclopentadienyl-zirconium dichloride (Cp2ZrCl2) on silica surface and the use of 

the heterogenized catalyst for ethylene polymerization.  The  supported catalysts when 

acivated with a co-catalyst composed of equal parts of TMA and MAO had activity about 

twice as that using of the pure MAO as co-catalyst; oppositely, TMA at any concentration 

had always a deleterious  effect on the homogeneous metallocene activity.  The support 

used was silica previously calcined and chemically treated with trimethylaluminum 

(TMA); this step apparently prevented the formation of inactive surface species.  The 

main feature of the heterogenized metallocene catalyst is the loss of polymerization 

activity as compared with the homogeneous catalyst; similar trend has been observed in 

most works in this area.  This activity loss may be attributed to surface silanol groups, 

present on the solid support, that were not modified by the TMA treatment; the 

homogeneous zirconocene species anchored on these residual silanol groups via the 

formation of µ-oxo bridges, resulting in surface species not active for ethylene 
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polymerization.  For the homogeneous metallocene catalyst, the presence of TMA in the 

polymerization reactor, at any concentration, showed a deleterious effect on the catalyst 

activity; TMA alone did not activate either the homogeneous or heterogeneous 

metallocenes, producing no polymer. 

 

Haag et al. [74] studied the effect of MAO in ethylene/propylene 

copolymerization using SiO2/MAO supported Et(Ind)2ZrCl2 with an external addition of 

MAO.  The copolymer produced gave plural CCD.  The copolymer produced at higher 

Al(MAO)/Zr was found to have higher ethylene content, higher melting temperature and 

higher molecular weight. 

 

Chao et al. [66] suggested that MAO has many possible function in 

metallocene catalyst systems, such as scavenging of impurities, alkylation, ionization 

and/or reduction of the transition element, stabilization of cationic metallocene alkyl 

and/or the counter ion, and perhaps others.  One important role of MAO is apparently to 

prevent the formation of a ZrCH2CH2Zr species (bimolecular processes).  This is one of 

the reasons why a very large amount of MAO is needed to realize the maximum catalytic 

activity of the ansa-metallocene complexes in solution polymerization.  With increased 

amounts of MAO used in the catalyst precursor, catalytic activity was continuously 

increased with increase of MAO while no significant effect on molecular weight was 

observed.  The increase in activity did not linearly depend on amount of MAO used but 

the activity increased more when using a high level of MAO. 

 

Charpentier, Zhu, Hamielec and Brook [97] studied polymerization of 

ethylene using bis(cyclopentadienyl)zirconium dichloride (Cp2ZrCl2).  The structure and 

type of aluminoxane co-catalyst were found not to influence the molecular weight 

distribution (MWD) of Polyethylene (PE) although to influence the activity of the 

Cp2ZrCl2 catalyst.  Increasing aluminium/zirconium (Al/Zr) molar ratio, by increasing the 

MAO concentration, led to increasing catalyst activity up to a maximum activity at an 

Al/Zr molar ratio was found not to influence the PE MWD.  The MAO co-catalyst is 

believed to alkylate the metallocene catalyst and functions as a Lewis acid, promoting the 

formation of an active cationic form of metallocene catalyst.  It has been found by 1H and 
13C NMR studies with Cp2Ti(CH3)(X) complexes where X is CH3 or Cl, that (1) MAO 

was a better alkylating agent than TMA; and (2) MAO had a greater capacity for 
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producing and stabilizing cation-like complexes than TMA.  This study, and several 

others for similar systems, found that the following equillibrium takes place : Cp2TiMe+[-

Al(Me)O-]-
n                          Cp2TiMe+S[-Al(Me)O-]-

n , where S is a solvent molecule and 

that the active catalytic species (Cp2TiMe+[-Al(Me)O-]-
n ) is a cation-like species.  The 

equilibrium is believed to be shifted to the right for higher Al/Group IV metal molar 

ratios, thus increasing the concentration of the active cationic catalyst and hence 

increasing the activity of the catalyst.  Of course, a maximum activity will be produced at 

a certain co-catalyst/catalyst ratio depending on various conditions.  The polymerization 

of ethylene using Cp2ZrCl2/MAO that the PE MW decrease when the concentration of 

aluminoxane increases.  For the same system, when using an additional alkylaluminium, 

the PE MWs were found to increase with increasing concentration of TMA or TEA 

through a maximum at a TMA/MAO or TEA/MAO ratio of about 0.5 with decreasing PE 

MWs at higher ratios.  Due to the high levels of MAO necessary for polymerization 

(Al/Zr ratios upwards of 1000:1 were most reproducible) MAO is believed to act as a 

scavenger, mopping up active-site impurities in the diluent like O2 and H2O.  As 

metallocene polymerization is essentially cationic in nature, this form of  polymerization 

is extremely sensitive to impurities which would react with the active site and kill 

polymerization.  In order to have a significant active-site/impurity ratio, a sufficient 

amount of MAO must be present in order to mop up impurities in the diluent for a 

reproducible polymerization.  It is clear that the role of MAO or TMA/MAO mixture is 

that of a cocatalyst in the activation of the catalyst.  MAO may also act as a scavenger in 

the removal of impurities from the polymerization mixture and may, as an oligomer or 

polymeric form have a role in the prevention of the precipitation of polymer chains.  

Clearly, if the coordination of MAO co-catalyst was competitive with coordination of 

ethylene to the active form of the zirconocene complex, changes in the MAO structure 

and MAO concentration would affect the catalyst termination to propagation ratio and 

one would observe changes in the PE MWD, which were not observed.  Aluminoxane 

structure and any added stabilizers were found to have no effect on the catalytically active 

zirconocene site type.  The type of aluminoxane influenced the activity of the catalyst 

with generally, MAO≥  MMAO ≥ IBAO for polymerization activity.  By increasing the 

MAO concentration (increasing Al/Zr mole ratio), the polymerization activity was found 

to increase up to a maximum at an Al/Zr ratio of 2400, after which further increase of 

Al/Zr molar ratio decreased the catalytic activity .  The studied polyethylene MWs and 

PDIs were found not to vary with MAO type or concentration.  Use of TMA, along with 
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MAO, gives lower activity than MAO by itself for a given Al/Zr molar ratio, but has no 

effect on MWs or PDIs of the formed PE.  

 

D. Bianchini et al. [76] studied the effect of Al content on MAO-modified 

silicas that was evaluated on catalyst activity, on polymer properties and on residual metal 

content in the resulting polyethylene.  MAO has many functions in the polymerization 

such as to remove impurities (scavenger), to alkylate the metal center, to abstract methyl 

of alkylated complex, to produce and to stabilize active species.  MAO plays a steric role 

during the surface reaction, preventing non-consumed OH groups to react further.  Silica 

surface is covered with silanol group (Si-OH) and adsorbed H2O molecules. When silica 

is submitted to thermal treatment, H2O molecules are removed and silanol groups density 

is decreased by intermolecular reaction. After treatment at higher temperatures (450 oC) 

the silica surface presents mainly isolated and, to a lesser extent, geminal hydroxyl groups 

and surface siloxane bridges. Zirconocene reacts with the silica surface through the 

silanol groups.  Isolated hydroxyl groups generate active species, while geminal hydroxyl 

groups bidentate species, which are inactive for polymerization. The immobilization of 

zirconocene on MAO-modified silicas with different AL content seems to generate 

different active species for polymerization reaction. Molecular weight for polymers 

obtained in the Al/Zr = 500 is higher than that using Al/Zr = 2000. These results might 

suggest that MAO can act as a chain transfer a chain transfer agent. Homogeneous system 

has lower molecular weight than those obtained with heterogeneous systems. This fact 

could be attributed to the blocking of one of the sides of the active site by the support, 

hindering the deactivation step. In other words, the β-elimination transfer reaction 

between two metallocene centers are hindered, resulting in a larger growth of the polymer 

chain, and therefore in a higher molecular weight. The zirconocene species generated 

with MAO-modified silicas, containing Al content below and above the saturation level, 

produce different polymeric species.  

 

Moroz et al. [77] studied ethylene polymerization by using supported 

catalysts that prepared by interaction of Cp2ZrX2 (X = Cl or CH3) with silica modified by 

(CH3)3SiCl (TMCS) or trialkylaluminium compounds AlR3 (R = C2H5 (TEA) and i-C4H9 

(TIBA). The addition of the co-catalyst (MAO or TIBA) led to a further increase in the 

activity of the supported catalysts. Aluminium alkyls are known to react with accessible 
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OH groups of silica at room temperature to form surface ≡ Si-O-AlR2 groups and to 

evolve alkane RH. Dimethyl zirconocene may be supposed to interact with surface silanol 

groups of SiO2 to form ‘µ-oxo-like’ complexes    ≡ Si-OH + Cp2Zr (CH3)2                 

≡ Si-O-Zr (CH3) Cp2 + CH4. The dissolved Cp2Zr (CH3)2 shows no 

polymerization activity in the absence of MAO or AlR3. The catalyst prepared by 

supporting Cp2Zr (CH3)2 onto silylated SiO2 exhibited the highest activity. The absence 

of MAO the zirconocene is bonded to the surface of silylated silica during a 

polymerization run, whereas the addition of MAO to the polymerization medium caused 

the desorbtion of some or all of the metallocene compound from the support and thus the 

heterogeneous catalytic system acts as a homogeneous one. The fact that Cp2Zr (CH3)2, 

when adsorbed on silylated silica, shows a sufficiently high activity in ethylene 

polymerization, even without any co-catalyst specially added. The Al3+ ions, occurring at 

the surface of silylated silica as impurities, behave as relatively strong Lewis acids. 

Presumably, after the removal of Bronsted acid OH groups by silylation, the surface Al3+ 

cations become the main sites which interact with the supported zirconocenes and activate 

them. 

 

 

 

 



CHAPTER V 

 

CONCLUSIONS & RECOMMENDATIONS 

 
5.1 CONCLUSIONS 

 

The ethylene/alpha-olefin (1-hexene, 1-octene, 1-decene) copolymerizations using 

two different supported catalyst systems of SiO2 support modified with MAO (in-situ 

supported catalyst system) and SiO2 support modified with MAO and Et(Ind)2ZrCl2 

(preformed supported catalyst system) were studied. A number of conclusions may be 

summarized as follows: 

1. Both of in-situ supported (SiO2/MAO-Et(Ind)2ZrCl2+TMA) system and 

preformed supported (SiO2/MAO/Et(Ind)2ZrCl2+TMA) system, the effect of 

amount of MAO indicated that the catalytic activity for ethylene/alpha-olefin 

(1-hexene, 1-octene, 1-decene) copolymerizations  continuously increased 

with increasing the amount of MAO.  While the effect of TMA found that the 

catalytic activity for ethylene/α-olefin copolymerizations increased with 

increasing Al(TMA)/Zr mole ratio up to optimum range (2500), further an 

increase in Al(TMA)/Zr mole ratio resulted in a decrease in the activity. 

2. When all factors were fixed (comonomer, Al(MAO)/Zr mole ratio and Al(TMA)/Zr 

mole ratio), the in-situ supported catalyst system showed higher catalytic 

activity than the preformed supported catalyst system at catalyst concentration 

of 5.00x10-5 M and polymerization temperature of 70 oC. 

3. For the in-situ supported catalyst system, the pattern of relationship between 

the catalytic activity for ethylene/alpha-olefin copolymerization and the  

amount of TMA for using 1-octene as comonomer was significantly different 

from that for using either 1-hexene or 1-decene as comonomer.  However, the 

pattern of relationship between the catalytic activity and the amount of MAO 

for all comonomers was rather similar.  On the other hand, the preformed 

supported catalyst system indicated the similarity of the pattern of relationship 

between the catalyst activity and the amount of TMA or MAO for all 

comonomers. 
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5.2. RECOMMENDATIONS 

 

1. The effect of trimethylaluminum (TMA) on the activity of ethylene/α-olefin 

copolymerizations should be studied by using the same comonomer 

concentration in feed.  

2. The effect of other alkylaluminums on polymer properties should be studied. 
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APPENDIX A  
(Nuclear Magnetic Resonance) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



                                 

                            
Figure A-1. 13C-NMR spectrum of ethylene/1-hexene copolymer produce with SiO2/MAO-Et[Ind]2ZrCl2+TMA 

 



 
 
 

Figure A-2. 13C-NMR spectrum of ethylene/1-octene copolymer produce with SiO2/MAO-Et2[Ind]ZrCl2+TMA 
 



 
 

Figure A-3. 13 C-NMR spectrum of ethylene/1-decene copolymer produce with SiO2/MAO-Et2[Ind]ZrCl2+TMA 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX B 
(Differential Scanning Calorimeter) 

 
 
 
 



 
 
Figure B-1. DSC curve of ethylene/1-hexene copolymer produce with SiO2/MAO-Et[Ind]2ZrCl2+TMA 
 
 



 
 
Figure B-2. DSC curve of ethylene/1-octene copolymer produce with SiO2/MAO-Et[Ind]2ZrCl2+TMA 
 
 
 



 
 
 
 
Figure B-3. DSC curve of ethylene/1-decene copolymer produce with SiO2//MAO-Et[Ind] 2ZrCl2+TMA 



 
 
Figure B-4. DSC curve of polyethylene produce with SiO2/MAO-Et[Ind]2ZrCl2+TMA 
 



 
 
 
Figure B-5. DSC curve of ethylene/1-hexene copolymer produce with SiO2/MAO/Et[Ind] 2ZrCl2+TMA 
 
 



 
 
 
Figure B-6. DSC curve of ethylene/1-octene copolymer produce with SiO2/MAO/Et[Ind] 2ZrCl2+TMA 
 



 
 
 
Figure B-7. DSC curve of ethylene/1-decene copolymer produce with SiO2/MAO/Et[Ind] 2ZrCl2+TMA 
 



 
 
Figure B-8. DSC curve of polyethylene produce with SiO2/MAO/Et[Ind2ZrCl2+TMA 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

APPENDIX C 
(Gel Permeation Chromatrography) 

 
 
 
 



 
 
 
 
Figure C-1. GPC curve of ethylene/ α-olefin copolymerization produced with SiO2/MAO-Et[Ind]2ZrCl2+TMA 



 
 
Figure C-2 GPC curve of ethylene/ α-olefin copolymerization produced with SiO2/MAO/Et[Ind]2ZrCl2+TMA 
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