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CHAPTER I 
 

INTRODUCTION 
 

 

Introduced in the early 1990s, metallocene catalysts were engineered to radically 

change the molecular structure of polyolefins and create new application markets. This 

new catalysts system was estimated to have the same impact on the polymers industry as 

the discovery of Ziegler-Natta (ZN) catalysts in  the 1950s [1]. ZN catalysts are still the 

workhorse of the global polyethylene (PE) and  polypropylene (PP) industries. The 

course of this revolution would draw on the unique characteristics offered by 

metallocenes: 

 

• The ability to polymerize almost any vinyl unsaturated monomer 

• Inherent ability to produce extremely uniform homopolymers and 

copolymers of very narrow molecular weight distribution (MWD) and 

composition distribution  

• Capability to control stereoselectivity of the  catalysts and produce new 

molecular structures such as highly syndiotactic polymers 

• Unprecedented precision in assembling polymers of predictable  structure 

and properties as if each metallocene holds the genetic code for a specific 

family of polymers 

 

The metallocene catalyst technologies  became a “must do” R&D objective for 

many global polyolefins companies. The development field soon broadened to include 

systems that were not true metallocenes. However these catalysts have the same 

characteristics derived from single active site or species (SSC). The early  expectations of 

SSC usage for low-density PEs has been met well and exceeded for some resin types 

such as for linear low-density polyethylene (LLDPE) large volume applications.  

It is known that the coplymerization of ethylene with higher 1-olefins is a 

commercial importance for productions of LLDPE.  LLDPE (density 0.920 to 0.940) is one 
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of the most widely used polyolefins in many applications, especially, for plastic films. 

However, in some cases, the use of polyolefins or LLDPE is limited by their drawbacks 

such as low mechanical strength, low thermal resistance, poor optical properties and so on.  

Thus, in order to improve the specific properties of these polymers, some additives need to 

be blended with them.   

It has been known that blending polymer with inorganic materials is recognized as 

a powerful method to produce new materials called polymer composites or filled 

polymers.  However, due to the significant development in nanotechnologies in the recent 

years, nano-inorganic materials such as SiO2, Al2O3 and TiO2 have brought much 

attention to this research field.  

There are several reasons for many researchers to consider the nano-material 

replace the traditional micro-material. One of the important reasons is the effect of size 

on particle properties[2], the small size of the filler leads to an exceptionally large 

interfacial area in the composites. Figure 1a shows the surface area per unit volume as a 

function of particle size for spherical particles that are ideally dispersed. The increase in 

surface area below 100 nm is dramatic. 

As defined in traditional composites, the interfacial region is the region of altered 

chemistry, altered polymer chain mobility, altered degree of cure, and altered crystallinity. 

Interface size has been reported to be as small as 2 nm and as large as about 50 nm. 

Figure 1b shows interparticle spacing as a function of particle size for an ideally 

dispersed nanoparticle composite: at low volume fractions the entire matrix is essentially 

part of the interfacial region. Even if the interfacial region is only a few nanometers, very 

quickly the entire polymer matrix has a different behavior than the bulk. If the interfacial 

region is more extended, then the polymer matrix behavior can be altered at much smaller 

loadings. Therefore, by controlling the degree of interaction between the polymer and the 

nanofiller, the properties of the entire matrix can be controlled. 
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Figure1.1  

(a) Surface area per unit volume vs. particle size for spherical particles that 

are ideally dispersed. 

(b) Interparticle distance for spherical that are ideally dispressed.[2] 

 

 The polymer composites filled with nano-inorganic materials are well recognized 

as polymer nano-composites. Basically, there are probably three methods used to produce 

the filled polymer; (i) melt blending, (ii) solution blending, and (iii) in situ 

polymerization.  Due to the direct synthesis via polymerization along with the presence of 

nano materials, the in situ polymerization is perhaps considered to be the most powerful 

techniques to produce polymer nano-composites with good dispersion of the nano-

particles into polymer matrix.  Although, LLDPE composites have been investigated by 

many authors [3-8], no such a study has been done on synthesizing polymer nano-

composites via the in situ polymerization. 

In the present study, LLDPE/nano-SiO2 composites synthesized via the in situ 

polymerization with MAO/zirconocene catalyst was investigated for the first time.  For 
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the first part of this study, the nano-SiO2 filled materials will be synthesized using sol-gel 

method. For the second part ,the two different sizes of filler used were obtained from 

Sigma-Aldrich .In the both parts, the amounts of nano-materials filler were also varied.  

Yields, activities, and polymer properties were further investigated and discussed.   

 

1.1. Objective of the Thesis 

- To synthesize LLDPE nano – SiO2 composites with zirconocene and MAO by 

in situ polymerization method. 

- To study properties of LLDPE nano – SiO2 composites prepared by in situ 

polymerization method.  

 

1.2.    Scope of the Thesis  

- Synthesize nano – SiO2 by sol-gel method with trimethylorthosilicate (TEOS) 

as a precursor. 

- Prepare LLDPE nano – SiO2 composites by in situ polymerization   with [rac-

ethylene bis-(indenyl)] zirconium(IV) dichloride with MAO. 
-     Characterize fillers and catalyst precursors using XRD ,SEM, TEM  and EDX. 
- Characterize the obtained LLDPE nano-SiO2 composites  using SEM, TEM, 

DSC, GPC and 13C –NMR.  



   

CHAPTER II 
 

LITERATURE REVIEW 

 
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 [9]. 

 

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 [10]. 

 

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 [11]. 

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 [11] 

 
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 [12] 
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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 [13].  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[11].   

 

Figure 2.3 Scheme of the different metallocene complex structures [11]. 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) [14].  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 [14]. 

 



 9

The trigger mechanism has been proposed for the polymerization of α-

olefin with Ziegler-Natta catalysts [15].  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 [15]. 

 

  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 )[11].  The first two transfer reactions form the polymer chains containing 

terminal double bonds. 

 

 

      Figure 2.7 Chain transfer via β-H elimination [11] 

 

 

Figure 2.8 Chain transfer via β-CH3 elimination [11] 
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Figure 2.9 Chain transfer to aluminum [11] 

 

Figure 2.10 Chain transfer to monomer [11] 

 

Figure 2.11 Chain transfer to hydrogen [11] 

 

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 [16].  

 



 12

 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%) [17].  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) [18]. 

 

Figure 2.12 Early structure models for MAO [18] 
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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 [19]. 

 

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) [19]. 

 

Cam and Giannini [20] 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.[21] 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 [22].  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. [23].  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. [24].  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 [25].  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 [26]. 

 

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 [27].  

 

The effect of polymerization conditions and molecular structure of the 

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

Pietikainen and Seppala [28] 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 [29] 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 

types of monomers.  The effect of silica and magnesium supports on 
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copolymerization characteristics was also investigated by Nowlin et al. [30].  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 [31].  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. [32] 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.[33] 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 
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silica, MgCl2, and the zeolite sodic mordenite NaM.  The copolymer produced by the 

Et(Ind)2ZrCl2/MAO system 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. [34].  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. [35] 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 
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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 < 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. [36] 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.[37] 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. 
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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 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. [38] 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. 
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Tait et al. [39] 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 

 

The catalytic activities of supported catalyst depended on the 

percentage of the incorporated metallocene was reported by Quijada et al. [40].  

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. [41], 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 

[42].  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 [43].  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. 
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2.3 Polymer nanocomposites 
 

From the many previous study results ,we observe that different composite 

systems can lead to very different  results. One important observation is that 

composites with nano-sized inclusions generally have different properties  than 

composites with larger scale inclusions [44]. The specific reasons why the polymer 

matrix composites with nano-sized reinforcement have different properties than 

composites with micron-sized reinforcement are not fully understood, but several 

theories have been introduced to explain some of the changes in material morphology 

and behavior that are seen at the nano-scale. It is important to point out, however, that 

most of these theories were developed to explain particular results and, therefore, are 

not necessarily applicable to a large number of polymer nanocomposites.  

 

Chan et al. [45] proposed that properties such as elastic modulus, tensile 

strength, and yield strength decrease in nanocomposites with polypropylene matrix 

due to the change in nucleation caused by the nanoparticles (Fig.2.14). The 

nanoparticles produce a much larger number of nucleating sites but, in turn, greatly 

reduce the size of these spherulites. In their experimental work, no spherulites were 

found in the nanocomposites by SEM indicating that either none were present or they 

were reduced to such a small size that SEM could not detect them. It was further 

proposed that there was another mechanism which was causing these same properties 

to increase. The increase occurred when there was a strong interaction between the 

polymer and filler. This interaction had larger impact in nanocomposites due to the 

large interfacial area between the filler particles and the matrix.  

 

Other investigators have suggested that this interaction leads to a layer of 

polymer that is directly adsorbed and bound to the particles [46,47,48,49]. 

Experimental work that has been performed on a polystyrene–cobalt nanocomposite 

with cobalt nanoparticles with an average size of 21 nm has shown that the polymer 

layer was about 24 nm, and varied non-linearly with molecular weight [50]. 
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 Figure 2.14  (a) Pure polypropylene (b) polypropylene with 9.2% volume filler [45]. 

 

An increase in yield and tensile strength and modulus in nanocomposite 

systems as compared to microcomposites can be partially explained on the basis of 

the interaction between the filler and the matrix. It has been found that a greater 

adhesion between the matrix and inclusion causes less debonding when a stress is 

applied and, consequently the elastic modulus and strength are improved [51].  

 

Vollenberg and Heikens [46] explained that if there is a strong interaction 

between the polymer and the particle, the polymer layer in the immediate proximity of 

the particle will have a higher density. For most systems, density is proportional to 

elastic modulus, so the region directly surrounding the inclusions will be a region of 

high modulus. The polymer right outside this high modulus region will have a lower 

density due to the polymer chains that are moved towards the particle. For large 

particles, the size of the low density region will be  relatively large, and the 

contribution of the high modulus filler will be diminished. For nanoparticles, the 

number of particles for a given volume fraction is much larger, thus the particles will 

be much closer to one another. If the particles are densely packed, then the boundary 

layer of polymer at the interface will comprise a large percentage of the matrix and 

can create a system where there is no space for a low modulus region to form. This 

results in the elastic modulus of composites with smaller particle size (nano) being 

greater than the modulus of composites with larger inclusions [46,47].  

 

The small interparticle distance in nanocomposites was used as another 

parameter to explain the changes in the elastic modulus and strength of these 

materials when compared with the composites with micron-sized particles. The same 
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parameter also plays a role in the glass transition temperature changes observed in 

nanocomposites versus composites with micron-sized reinforcement. Ash et al. [49] 

found that for their system the glass transition temperature was constant until around 

0.5% weight fraction of particles, then had a sharp drop, and then it remained constant 

for weight fractions above 1%. When there is little or no interfacial interaction 

between the filler and matrix and the interparticle distance is small enough, the 

polymer between two particles acts as a thin film. For a thin film, the glass transition 

temperature decreases as film thickness decreases. The distance between particles in a 

composite with the filler weight fraction below 0.5% is relatively large, and hence, in 

this case the polymer between each particle is not considered to belong to the thin 

film regime. As the filler concentration increases, the interparticle distance and the 

resulting thickness of the film, decrease. This theory, however, does not explain why 

the glass transition temperature levels off rather than continues to drop as a function 

of increasing weight fraction of the filler. A drop-off in Young’s modulus was found 

for the same filler weight fraction as the drop in glass transition temperature. It was 

proposed that as the glass transition temperature decreased, the relative testing 

temperature increased. Also, the elastic modulus of the matrix, PMMA, decreases as 

temperature increases, so the drop in glass transition temperature is correlated with 

the drop in modulus [48,49]. 

 

 Reynaud et al. [52] found that during tensile testing, the volume of 

polymer nanocomposites increased, with the greatest increase occurring in systems 

with the smallest particles. To explain this, the debonding process of the polymer next 

to the inclusions was examined, as shown in Fig. 2.15. It was proposed that the 

smallest particles tend to aggregate and debonding occurs around each individual 

particle. As a result, the large clusters of small particles act as larger soft particles. On 

the other hand, the larger filler particles do not aggregate and each particle undergoes 

a single debonding process. 
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Figure 2.15 Debonding around 50 and 12 nm particle [52]. 

 

 

Due to the different results obtained and the different nature of the various 

polymer nanocomposite systems, there is no observed universal trend that can be 

modeled and explained.  

 

There are, however, observations that show the behavior of 

nanocomposites different from composites with larger scale inclusions. The particle 

size and the polymer and particle morphology tend to play a very important role. In 

addition, the nature of dispersion and aggregation of particles can affect the properties 

of composites significantly. Filler–matrix interaction is another factor that influences 

the properties. The strength of the interaction plays a role in the thickness and density 

of the interphase, which consists of a layer of high density polymer around the 

particle. The effects of the interface on the behavior of a composite depend upon the 

interparticle distance. For constant filler content, with reduction in particle size, 

number of filler particles in-creases, bringing the particles closer to one another. Thus, 

the interface layers from adjacent particles overlap, altering the bulk properties 

significantly. These issues play a major role in the effect of nano-sized inclusions in a 

polymer matrix. For nanoparticles, any configuration changes in the matrix will have 

a significant effect when the characteristic radius of polymer chains is of the same  

order as the inclusions [51,53]. There are other areas addressed in literature.  

For example, L´opez et al. [54] examined the processing and thermal and 

mechanical properties of magnetic nanocomposites. In another work the mechanical  

properties of clay nanocomposites were analyzed as a function of filler loading and 

orientation [55]. Zhang et al. [56] provided a look at matrix–filler interfacial 
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properties. Effect of matrix on the polymer matrix composites were examined by 

Friedlander et al. [57]. 

 

2.4  Linear low density polyethylene (LLDPE) nanocomposites 
 

Although the high amount of nanocomposite researches have 

done  ,there  still have the low amount of them  relating to LLDPE. The adequately 

experimental made by some researchers include here. 

 

Hotta and Paul [58] studied L-clay nanocomposites . It was prepared 

by melt compounding various combinations of a maleic anhydride grafted linear 

low density polyethylene (LLDPE-g-MA), a linear low density polyethylene 

(LLDPE), and two organoclays. The two types of organoclay were selected to show 

the effect of the number of alkyl groups attached to the nitrogen of the organic 

modifier on exfoliation and improvement of mechanical properties. 

Nanocomposites derived from the organoclay having two alkyl tails, M2(HT)2, 

exhibited better dispersion and improvement of mechanical properties than 

nanocomposites based on the organoclay having one alkyl tail M3(HT)1. This result 

is the opposite of what is observed for nylon-6 nanocomposites. In addition, the 

rheological properties and gas permeability of the nanocomposites derived from the 

organoclay having two alkyl tails, M2(HT)2 were investigated. Both melt viscosity 

and melt tension (melt strength) increased with increased content of clay (MMT) 

and LLDPE-g-MA. Gas permeability was decreased by the addition of MMT. 

 

Ki Hyun Wang et al. [59]  studied maleic anhydride grafted polyethylene 

(maleated polyethylene)/clay nanocomposites  prepared by simple melt 

compounding. The exfoliation and intercalation behaviors depended on the 

hydrophilicity of polyethylene grafted with maleic anhydride and the chain length 

of organic modifier in the clay. When the number of methylene groups in 

alkylamine (organic modifier) was larger than 16, the exfoliated nanocomposite was 

obtained, and the maleic anhydride grafting level was higher than about 0.1 wt% for 

the exfoliated nanocomposite with the clay modified with dimethyl dihydrogenated 

tallow ammonium ion or octadecylammonium ion. The pure LLDPE showed only 

the intercalation, which does not depend on the initial spacing between clay layers. 



 26

 

Lew et al. [60] studied LLDPE-organoclay nanocomposites containing a 

synthetic tetrasilisic fluoromica  prepared from metallocene-catalyzed and 

conventional Ziegler-Natta-catalyzed linear low-density polyethylenes (LLDPE) by 

means of melt-compounding. The effects of maleic-anhydride grafted 

compatibilizer (PE-g-MA) level, clay concentration, and blending procedure were 

investigated and compared. Morphology and structural analysis using transmission 

electron microscopy (TEM) and X-ray diffraction (XRD) suggested the clay 

exfoliation was more intense in the metallocene LLDPE matrix, conceivably 

because of the controlled short-chain branching and viscosity effects. When 

exfoliated, these silicate sheets were shown to restrict the lamellar crystallization, as 

seen by the decrease in crystallinity using differential scanning calorimetry analysis 

(DSC). The dynamic mechanical thermal analysis (DMTA) study suggested that the 

three α ,β and γ −relaxations of the LLDPE were affected by polymer chain 

branching and clay exfoliation level.  

 

Sometime LLDPE was used as a form of blending polymer to investigate 

the properties of nanocompossites. Tsu-Hwang Chuang et al. [61] blended  

ethylene-vinyl acetate copolymer (EVA)/montmorillonite (MMT) composite with a 

linear low density polyethylene (LLDPE). X-ray diffraction and transmission 

electron microscopy (TEM) image of the EVA/MMT composite are in support of an 

intercalated with partially delaminated nanocomposite. The tensile strength of the 

nanocomposite is about 20% higher than that without layered silicates, MMT. 

Furthermore, the incorporation of MMT into polymer blend delays the main 

thermo-oxidative degradation. Cone calorimeter test points out that the addition of 

layered silicates into the pristine EVA/LLDPE blend or the blend with a low smoke 

non-halogen (LSNH) fire retardants, aluminum trihydroxide, and antimony trioxide, 

can reduce the maximum heat release rate by 30–40%. The smoke suppressing 

effect of layered silicates is only observed in the nanocomposite containing flame 

retardants. According to the limiting oxygen index (LOI) data and cone calorimeter 

test, the addition of the nanodispersed layered silicate and LSNH flame retardants to 

the EVA/LLDPE exhibits a synergistic effect on the flame retardancy and smoke 

suppression. 

 



 27

2.5  Silica nanocomposites 

 

 In heterogeneous polymerization research field, many inorganic support 

such as SiO2, Al2O3 and MgCl2 have been investigated. It was reported that SiO2 is 

perhaps the most attractive support so far. Beside be the excellent support, silica 

also be claimed to be the excellent filler in the polymer composites. Hence when 

talking about the study of nanocomposites , silica is usually the first filler that the 

most of researchers thinking of. To fill the silica into polymer matrix, melting 

method and solution mixing method is more favor than in situ polymerization in the 

present time. However the in situ polymerization was found to be the promising 

method. 

 

 Fayna Mammeri et al [62] investigated thin film from in situ polymerization 

of tetraethoxysilane in poly(methyl methacrylate). The sol–gel process allows to 

design hybrid organic–inorganic materials constituted by organic molecules or 

macromolecules and inorganic metal oxo-polymers interpenetrated at the nanometer 

scale. These hybrids were deposited as functional coatings with tunable thickness on 

float glass substrates. Good adhesion and mechanical behaviour of the coatings are 

required to keep their functionality in time hence; the performance of the PMMA-

SiO2 based thin films was investigated using nanoindentation. This study validates 

nanoindentation measurements as an appropriate technique to characterize hybrid 

organic–inorganic thin films, despite visco-elastic behaviours. Specific analysis 

procedures and the use of appropriate models allowed us to determine the indentation 

modulus and hardness of the hybrid layers reproductively. The structure and the 

mechanical behaviour are reported for thin films as a function of the fraction of silica. 

 

 Liu et al [63] prepared poly(ethylene oxide)–SiO2 composite polymer 

electrolytes by in situ method. Amorphous poly(ethylene oxide) (PEO)–SiO2 

composites are prepared by in situ reactions that involve the simultaneous formation 

of the polymer network and inorganic nanoparticles. The polymer matrix is formed by 

ultraviolet irradiation of a PEO macromer, and silica is produced in situ by the sol–gel 

method. The PEO–SiO2 composite mixed with LiBF4 is used as a lithium-ion 
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conducting solid electrolyte and electrochemical transport properties such as ionic 

conductivity and Li+ transference number are measured. A significant increase in the 

Li+ transference number, up to 0.56, is found together with a slight decrease in the 

ionic conductivity. The results are interpreted in terms of interactions between the 

surface OH groups of the inorganic particles, the cations, the anions, and the ether 

oxygen atoms on the PEO backbone. 

    

 Feng-Xian Qiu et al[64]. studied he synthesis and characteristic of 6FDA–

6FHP–NLO polyimide/SiO2 nanohybrid materials. Hybrid nanocomposite films of 

silica (SiO2) in polyimide (PI) from 4,4?-(hexafluoroisopropylidene) diphthalic 

arhydride (6FDA), 2,2-Bis (3-amino-4-hydroxyphenyl) hexafluoropropane (6FHP) 

and nonlinear optical (NLO) molecule have been successfully fabricated by an in situ 

sol–gel process. The silica content in the hybrid films was varied from 0 to 22.5 wt%. 

These nanocomposite films exhibit fair good optical transparency. Fourier transform 

infrared (FTIR) spectroscopy results confirm the formation of SiO2 particles in PI 

matrix. Scanning electron microscope (SEM) images show that the SiO2 phase is well 

dispersed in the polymer matrix. Their glass transition behavior and thermal stability 

were investigated by differential scanning calorimeter (DSC) and thermal gravimetric 

analysis (TG). 

 

 Papageorgiou et al. [65] studied Crystallization kinetics and nucleation activity 

of filler in polypropylene/surface-treated SiO2 nanocomposites. Isothermal and non-

isothermal crystallization kinetics of polypropylene (PP)/surface-treated SiO2 

nanocomposites were extensively studied. Analysis of the isothermal crystallization 

showed that the phenomenon is characterized by faster rates as the amount of silica is 

increased. In the case of non-isothermal crystallization, it was found that the Ozawa 

analysis was rather inapplicable for the nanocomposites. In contrast, the modified 

Avrami method, as well as the method proposed by Mo was applied giving 

satisfactory results. The effective energy barrier for non-isothermal crystallization was 

estimated as a function of the relative degree of crystallinity using the isoconversional 

analysis of calorimetric data. This was found to vary with the degree of conversion, as 

well as with the presence of filler. Finally, the nucleation activity of the silica 
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nanoparticles on the polymer matrix was explored and it was proved that when the 

content of filler exceeds 7.5 wt.% the nucleation is not drastically improved. 

 

 

 

 

 



   

CHAPTER III 

 

EXPERIMENTAL 
 

 In the present study of LLDPE-SiO2 nanocomposite synthesized via in situ 

polymerization with zirconocene/MAO catalyst was investigated. The experiments 

were divided into four parts: 

(i) Preparation of nano-SiO2 by sol-gel method 

(ii) Preparation of catalyst precursor nano-SiO2/MAO 

(iii) Ethylene and hexene copolymerization Procedure 

(iv) Characterization of nano-SiO2 , catalyst precursor nano-SiO2/MAO  

and ethylene and hexene 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. Methylaluminoxane (MAO) 2.667 M in toluene was donated from Tosoh 

Akso, Japan and used without further purification.  

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

Aluminum Alkyls Ltd., Japan and used without further purification.  

6. Triethyl ortho silicated (TEOS). 

7. Silica nanopowder, 10 nm, 99.5%  from Sigma-Aldrich (surface area 590-

690 m2/g) was calcined at 400 oC for 6 hours under vacuum. 
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8. Silica nanopowder, 15 nm, 99.5%  from Sigma-Aldrich (surface area 140-

180 m2/g) was calcined at 400 oC for 6 hours under vacuum. 

9. Hydrochloric acid (Fuming 36.7%) was supplied from Sigma. 

10. Methanol (Commercial grade) was purchased from SR lab. 

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 3× 10-10 m 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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Figure 3.1 Inert gas supply system 

 

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. 

 
 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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Figure 3.2 Schlenk line 

 

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. 

 
 

Figure 3.3 Schlenk tube 
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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. 

  

 3.2.8 Polymerization line 

   

 
Figure 3.4 diagram of system in slurry phase polymerization                 

 

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 Perkin-Elmer diamond DSC from MEKTEC, at the Center of 

Excellence on Catalysis and Catalytic Reaction Engineering, Department of Chemical 

Engineering, Chulalongkorn University.  The analyses were performed at the heating 
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rate of 20 oC/ min in the temperature range of 50-150 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 reported because the first scan was influenced by the mechanical and 

thermal history of samples. 

 

3.3.2 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 -

dichlorobenzene as solvent and benzene-d6 for internal lock. 

 

3.3.3 Scanning electron microscope (SEM) and energy dispersive X-ray 

spectroscopy (EDX) 

 

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. 

EDX was performed using Link Isis series 300 program. 

  
3.3.4 X-ray diffraction (XRD)  

  

 XRD was performed to determine the bulk crystalline phases of 

sample. It was conducted using a SIEMENS D-5000 X-ray diffractometer with 

CuKα(λ = 1.54439 × 10-10 m). The spectra wrer scanned at a rate 2.4 degree/min in 

the range 2θ = 20-80 degrees. 

 

  3.3.5 Transmission Electron Microscopy (TEM)  

            Transmission Electron Microscopy (TEM) was used to determine the 

distribution of nano-SiO2 within polymer matrix. The sample was dispersed in ethanol  
before using  TEM (JEOL JEM-2010) for microstructural characterizations. 
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3.4 Preparation of fillers. 

All reactions were conducted under argon atmosphere using Schlenk 

techniques and glove box 

 

3.4.1  Preparation of nano- SiO2

The nano-SiO2 filled materials were synthesized using sol-gel method  [66]  to 

obtain the nano-SiO2 with particle size of ca. 50 nm. 

 

3.4.2 Impregnation   

In order to impregnate MAO onto the nano-materials used the method as 

follows was described. First ,1 g of the nano-materials (sol-gel silica or commercial 

nanopowder silica) was reacted with the desired amount of MAO at room temperature 

and stirred for 30 min.  The solvent was then removed from the mixture.  About 20 ml 

of toluene was added into the obtained precipitate, stirred the mixture for 5 min, and 

then removed the solvent.  This procedure was done for 5 times to ensure the removal 

of impurities.  Then, the solid part was dried under vacuum at room temperature to 

obtain white powder of nano-materials/ MAO.  

 

 

3.5 Ethylen and hexene Copolymerization Procedure 

 

Polymerization was conducted upon the methods as follows.  The  ethylene /1-

hexene copolymerization reaction was carried out in a 100 ml semi-batch stainless 

steel autoclave reactor equipped with a magnetic stirrer. At first, 0.1, 0.2, and 0.3 g of 

the nano-materials/MAO ([Al]MAO/[Zr] = 1135) and 0.018 mole of 1-hexene along 

with toluene (to make the total volume of 30 ml) were put into the reactor.  The 

desired amount of Et(Ind)2ZrCl2 (5 x 10-5 M) and TMA ([Al]TMA/[Zr] = 2500) was 

mixed and stirred for 5-min aging at room temperature, separately, then was injected 

into the reactor.  The reactor was frozen in liquid nitrogen to stop reaction for 15 min 

and then the reactor was evacuated to remove argon.  The reactor was heated up to 

polymerization temperature (70oC).   To start reaction, 0.018 mole of ethylene was fed 

into the reactor containing the comonomer and catalyst mixtures.  After all ethylene 

was consumed, the reaction was terminated by addition of acidic methanol (0.1% HCl 
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in methanol) and stirred for 30 min.  After filtration, the obtained copolymer (white 

powder) was washed with methanol and dried at room temperature.  

  

 

The various effects on the ethylene/1-hexene copolymerization with silica-

supported metallocene catalyst and optimized condition were investigated.  The 

effects of copolymerization on production of ethylene/1-hexene copolymer were 

systematically varied as follow in the next page.  
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Research Methodology 

 

 

 

 

Characterize the nano- SiO2  
 by XRD and TEM 

Prepare the catalyst precursor (filler) 
by  impregated MAO  on  
the nano- SiO2  
 

Two sizes of commercial  
nano-SiO2 (10 and 15 nm) 

Prepare nano-SiO2  
by sol gel method 

Preare LLDPE-nanocomposites  
by copolymerization of  
ethylene and 1-hexene  

Effect of the amount of 
filler used   

Effect of the particle size 
of filler used   

Characterize 
the fillers by SEM,EDX, 
 XRD and TEM   

Characterize  
LLDPE- nanocomposites  
by SEM,EDX ,TEM,DSC 
and 13C-NMR   

Analyze data   
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3.6 Characterization   

 

3.6.1 Nano-SiO2  
• Crytallinity  

                        X-ray diffraction (XRD) was performed to determine the bulk 

crystalline phases of each nano-SiO2 sample. 

 

• The distribution of particle 

                       Transmission electron microscope (TEM) was performed to determine 

the distribution and agglomeration of nano-material particle before they were 

imprenated with MAO . 

 

          

           3.6.2 Catalyst precursor nano- SiO2/MAO 

• 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. 

• The distribution of particle 

                Transmission electron microscope (TEM) was performed to 

determine the distribution and agglomeration of filler particle before they were in the 

polymer matrix after copolymerization procedure. 

 

 

   3.6.3 LLDPE-nanocomposites 

• Morphology  

                       The morphology of LLDPE-nanocomposites obtained was observed 

with scanning electron microscopy (SEM). 

 

• Melting  temperature (Tm) 

             Differential scanning calorimetry (DSC) was an instrument designed 

to measure the thermal properties especially melting temperature (Tm).  The melting 
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temperature of LLDPE-nanocomposites were determined from the critical point of 

DSC curve. 

 

• Microstructure 
                                   13C-NMR spectroscopy was widely used to determine comonomer 

incorporation and polymer structure.  Comparison of the positions of peak in the 13C-

NMR spectrum of polymer sample with characteristic led to identification of the 

sequence of the comonomer incorporation. 

 

• The distribution of particle 

                       Energy-dispersive X-ray Spectrometer (EDX) and Transmission 

Electron Microscopy (TEM) were used to determined the distribution and 

agglomeration of                 nano-SiO2 within polymer matrix. 

   

   

 



CHAPTER IV 

 

RESULTS AND DISCUSSIONS 

 
    In this present study, results and discussion were divided into two parts.  In 

the first portion, the study of the activities and characteristics of LLDPE 

/nanocomposite with using sol-gel silica as a filler was obtained. The second portion 

was based on the study of first portion, but a filler was replaced by the commercial 

nanopowder silica with two different sizes (10 and 15 nm). Thus, the particle size effect 

was then reported. In addition, the effect of the amounts of nano-SiO2 when the ratio of 

[Al]MAO/[Zr] was fixed at 2270  was also  reported in this study. 

 

 

4.1 Sol-gel silica as a filler of LLDPE-SiO2 nanocomposite synthesized via in situ 

polymerization with zirconocene/MAO catalyst. 

 

               4.1.1 Characterization of fillers with X-ray diffraction (XRD) 

                 Pure silica and silica doped alumina prepared by sol-gel method and then were 

characterized by X-ray diffraction (XRD)  , the XRD patterns are shown in Figure 4.1. 

It was found that XRD patterns for both materials exhibited similar patterns assigning 

to amorphous silica.  No XRD peaks of Al2O3 were detected indicating highly 

dispersed forms of its.   
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             Figure 4.1 XRD patterns of nano-SiO2 and nano-SiO2-Al2O3
 

 

4.1.2 Effect of the amount of filler on catalytic activity. 

After impregnation of MAO onto the nano-SiO2, copolymerization of 

ethylene/1-hexene was performed with various conditions based on changing types 

and/or amounts of the nano-SiO2 (SiO2-Al2O3) used. Activities and yields of 

LLDPE/nano-composites are shown in Table 4.1.It was observed that activities and 

yields dramatically increased with increasing the amounts of silica (SiO2) particles used 

due to increased MAO as a cocatalyst.  However, at the same amount (0.1 g) of 

particles, the SiO2-Al2O3 exhibited the lowest yield and activity of any other samples. A 

comparison of activities is also shown in Figure 4.2.  It should be noted that activities 

of LLDPE/nano-SiO2 composites obtained in this present study were much lower 

(about 3 times) compared to the LLDPE/micron-SiO2 composite as reported by 

Jongsomjit et al [67].   This was probably due to more steric hindrance arising from the 

nano-particles.   

 

 

 

 

 



 43

 
      Table 4.1 Activity and yield of LLDPE/nano-composites via in situ polymerization 

       Filler Weight olymer yield 

 

Time 

 

Activitya         %SiO2
b

with metallocene catalyst. 

  

(g) 

P

(g) (s)  

0.1 0.1147 360 882 46.58 

0.2 0.4070 318 3544 32.95  
0.3 0.5382 315 4731 35.79 

0.1 0.1006 450 619 49.85 

 

SiO2

SiO2-Al2O3

a Activities (kg of polym/mol of Zr.h) were measured at polymerization temperature of 70oC, [ethylene] = 

 

omposites based on yield 

  

0.018 mole, [1-hexene] = 0.018 mole, [Al]MAO/[Zr] = 1135 to 3405, [Al]TMA/[Zr] = 2500, in toluene with 

total volume = 30 ml and [Zr] = 5 x 10-5 M.

b The amount of SiO2
 present in the LLDPE c

 

 Figure 4.2 Activity profile with various amounts of support used. 
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       4.1.3 The sites.  

be obs

 

 
 

Figure 4.3 Morphologies of LLDPE/nano composites with ; (a) SiO2-Al2O3 (0.1 g), 

effect of nano-silica on the morphologies of LLDPE-nanocompo

       Morphologies of LLDPE/nano composites are shown in Figure 4.3.  It can 

erved that with using SiO2-Al2O3 (0.1 g), SiO2 (0.1 g), and SiO2 (0.2 g), 

morphologies [Figure 4.3 (a) to (c)] were found to be similar indicating only the 

polymer texture as seen in ref. [8].  However, with increasing the amount of nano-SiO2 

to 0.3 g, the morphology as shown in Figure 4.3 (d) was significant changed indicating 

better combination between the silica and polymer textures.  This was suggested that 

the LLDPE/nano-SiO2 composite can be obtained at a certain amount of the nano-SiO2 

particles used.   

 

 a b 

c d 

x 1500 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

 

  

 (b)   SiO2 (0.1 g),  (c)   SiO2 (0.2 g), and (d) SiO2 (0.3 g)  

 
 
 
 
 
 



 45

4.1.4 The distribution of nano- SiO2  in LLDPE-nanocomposites. 

r matrix, 

EDX m

Figure 4.4 .EDX mapping of LLDPE/nano-SiO2 composite with SiO2 (0.3 g) indicating 

In this part, we can prove that the nano-SiO2 had the ability to use as the filler in 

the pr

In order to identify the distribution of SiO2 particles in the polyme

apping was performed on the distribution of Si and O elements as shown in 

Figure 4.4.  It can be observed that Si and O elements exhibited good distribution all 

over the polymer matrix.  

 

 

 

 

 

 

 

 

 

 

 

 

Si O

 

distribution of Si and O. 

 

ocess of polymerization. Although its activity was lower than that of conventional 

SiO2 (microscale), we still can not conclude in this part that the reason for the low 

activity was arising from the steric effect of the small particle only. Because the particle 

size distribution of prepared sol-gel SiO2 can not be controlled and some impurity may 

be exist in the SiO2. To confirm that the particle size distribution of SiO2 used was 

suitably narrow and the purity of SiO2 was acceptable. In the next part, we chose the 

commercial nano-SiO2 from Sigma-Aldrich which have the specification cover our 
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requirement replace to the sol-gel SiO2. And we also used the two different particle size 

(10 and 15 nm) of these commercial SiO2 to study the effect of particle size. 

 

4.2 Nanopowder silica as a filler of LLDPE-SiO2 nanocomposite synthesized via in 

   4.2.1 Effect of particle size of nano-SiO2

 

                4.2.1.1 Characterization of fillers and catalyst precursors with X-

ray d

                 The XRD patterns for the nano-SiO2 before and after impregnation with 

h 

 

 

 

 

 

 
      

situ polymerization with zirconocene/MAO catalysts 

 

  

iffraction (XRD). 

MAO are shown in Figure 4.5. Only broad XRD peaks can ne observed indicating 

amorphous SiO2. There was no significant change regarding after impregnation wit

MAO. 
 

15 nm SiO2  (Impregnated  ) 

2 

10 nm SiO2  (Impregnated  ) 

10 nm SiO2   

15 nm SiO   

         Figure 4.5  XRD patterns of nanopowder-SiO2 before and after  impregnation     

procedure. 
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 4.2.1.2  Characterization of fillers and catalyst precursors with                    

Transmission electron microscope (TEM) 

TEM micrographs of the nano-SiO2 before and after impregnation with MAO 

are shown in Figure 4.6 , 4.6a and 4.6b showed the 10 nm-SiO2 before and after 

impregnation with MAO, respectively. The images of 15 nm-SiO2 before and after 

impregnation with MAO are shown in Figure 4.6c and 4.6d, respectively. In all images, 

they indicated that the dense of amorphous SiO2 did actually agglomerate.  There was 

no significant change regarding before and after impregnation with MAO for both 10 

and 15 nm-SiO2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                
Figure 4.6 TEM micrographs of the nano-SiO2 before and after impregnation with MAO. 

 (a) 10 nm-SiO2 before impregnation   (b) 10 nm-SiO2 after impregnation 
 (c) 15 nm-SiO2 before impregnation   (d) 15 nm-SiO2 after impregnation 
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4.2.1.3  Effect of particle size on activity and characteristics of  

LLDPE-SiO2 nanocomposites. 

 After the in situ polymerization was done, the polymerization time and yield 

were recorded.  They are listed in Table4. 2 along with some other characteristics of 

polymers.  To better illustrate the effect of particle size of nano-SiO2 on the activities at 

the same amounts of it, a plot of activity versus the weight of nano-SiO2 used 

corresponding to different ratios of [Al]MAO/[Zr] is shown in Figure4. 7. 

 

            Table 4.2 Activity and characteristics of LLDPE-SiO2 nanocomposites 

 

Filler 

 

Weight 

(g) 

Polym. 

yield 

(g) 

 

Time

(s) 

 

Activitya

 

 

%SiO2
b

 

Tm 

c(oC) 

1-Hexene 

insertion d

(%) 

0.1 0.1355 1714 380 42.5 102.3 25.7 

0.2 0.9164 326 9483 17.9 70.4 47.7 Nano-SiO2

(10 nm) 0.3 0.8633 330 9762 25.8 86.3 38.7 

0.1 0.5505 400 3811 15.4 99.6 29.7 

0.2 0.9555 149 17758 17.3 89.7 54.5 Nano-SiO2

(15 nm) 0.3 1.002 134 20707 23.1 87.7 70.0 

 

a Activities (kg of polym/mol of Zr.h) were measured at polymerization temperature of 70oC, [ethylene] = 

0.018 mole, [1-hexene] = 0.018 mole, [Al]MAO/[Zr] = 1135 to 3405, [Al]TMA/[Zr] = 2500, in toluene with 

total volume = 30 ml and [Zr] = 5 x 10-5 M. 

b The amount of SiO2
 present in the LLDPE composites based on yield 

c Melting temperature (Tm) was obtained from the DSC measurement 

d 1-hexene insertion or incorporation was calculated based on 13C NMR  
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Figure 4.7 Catalytic activity of LLDPE-SiO2 nanocomposites with two  

particle sizes of nano-SiO2 as a filler. 

 

     It can be observed that increased amounts of nano-SiO2 resulted in increased 

activities during polymerization for both 10 and 15 nm-SiO2.  This can be attributed to 

an increase in the [Al]MAO/[Zr] ratios from 1135 to 2270 and, then to 3405 

corresponding to 0.1, 0.2, and 0.3 g of the nano-SiO2, respectively as also mentioned in 

our previous work[68].  It was reported that the greater amounts of MAO resulted in 

more active species being present during polymerization[69].  It was proposed that 

MAO possibly had many functions, such as an alkylating agent, a stabilizer for a 

cationic metallocene alkyl and/or counterion, an ionizing and/or reducing agent for the 

transition element, and a scavenger for the metallocene catalytic system.  However, one 

of the most important roles of MAO is apparently to prevent the formation of 

ZrCH2CH2Zr species, which is formed via a bimolecular process[70]. 

Considering, activities for both 10 and 15 nm-SiO2, it was found that the 15 nm-

SiO2 exhibited higher activities with the same ratios of [Al]MAO/[Zr] as seen in Figure 

4.7 .The higher activities can be attributed to fewer interactions between SiO2 and 

MAO arising from the larger particles.   It should be noted that SiO2 is one of materials 

having strong interaction with species being present on its surface[71].  A wide range of 

variables including particle size, types of material, and pretreatment condition can 

affect the particle interaction[72]. The smaller particles may interact more with MAO 

resulting in decreased activities because it is more difficult for metallocene to react with 

the strongly interacted MAO on SiO2 surface.   Besides, the strong interaction between 
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SiO2 and MAO, it should be mentioned that the smaller particles also render more steric 

hindrance.  Apparently, the more steric hindrance results in more difficulty for 

monomer insertion.  Hence, low activities for the 10 nm-SiO2 was observed.  In order 

to give a better point of view on the particle size effect, the conceptual model drawn 

based on the resulted activities is illustrated in Figure 4.8.  

 

 

 

Figure 4.8. The conceptual model of  nano-particle interacting with MAO. 

 

         4.2.1.4 The effect of nanopowder-silica on the morphologies of 

LLDPE-nanocomposites.  

 

Morphologies of LLDPE/nano-SiO2 composites are shown in Figure 4.9.  
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Figure 4.9 Morphologies of LLDPE/nano composites with two particle sizes of 
nano-SiO2 as a filler. 

   : 10 nm-SiO2  (a) 0.1 g  (b) 0.2 g  (c) 0.3 g   
 : 15 nm-SiO2  (c) 0.1 g  (d) 0.2 g   

 

 

Figure 4.9a, 4.9b, and 4.9c represented LLDPE with 10 nm-SiO2 at 0.1, 0.2, and 

0.3 g of SiO2, respectively. Figure 4.9d and 4.9e showed LLDPE containing 15 nm-

SiO2 at 0.1 and 0.2 g of SiO2, respectively.  However, there was no SEM micrograph 

for the LLDPE with 15 nm-SiO2 at 0.3 g of SiO2 due to its gel-like form, which was 

unable to be seen by SEM.  Based on the SEM results, there was no significant change 

in polymer morphologies for LLDPE nanocomposites containing 10 and 15 nm-SiO2 

with the same amounts of SiO2.  However, significant differences can be observed with 

changing amounts of nano-SiO2 in the LLDPE composites. As seen, increased amounts 

of the nano-SiO2 resulted in more agglomeration of particles.  Therefore, the bigger 

patches of LLDPE can be observed with larger amounts of the nano-SiO2 added.  It 

should be mentioned that EDX was also used to identify the elemental distribution in 

LLDPE/nano-SiO2 composites. EDX mapping in Figured 4.10 revealed that even with 

agglomeration, the nano-SiO2 had good distribution inside the polymer matrix as well.   
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             Figure 4.10 EDX mapping of LLDPE/nano-SiO2 composite with S

indicating distribution of Si and O. 

 

 

           

             4.2.1.5 Characterization of LLDPE-nanocompos

transmission electron microscope (TEM). 

 

As known, images from high resolution transmission electron 

(TEM) is an essential component of nanoscience, therefore TEM was p

identify the dispersion of nano-SiO2 in LLDPE.  The TEM mic

LLDPE/nano-SiO2 are shown in Figure 4.11. 

 

 

 

 

O
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Figure 4.11  TEM micrographs of LLDPE/nanocomposites with two particle 
size of nanosilica as a filler. 

 : 10 nm-SiO2  (a) 0.1 g (b) 0.2 g (c) 0.3 g 
 : 15 nm-SiO2  (d) 0.1 g (e) 0.2 g (f) 0.3 g 

 

 

Figure 4.11a, 4.11b, and 4.11c represented LLDPE with 10 nm-SiO2 at 0.1, 0.2, 

and 0.3 g of SiO2, respectively. Figure 4.11d , 4.11e and 4.11f showed LLDPE 

containing 15 nm-SiO2 at 0.1 and 0.2 g of SiO2, respectively.  The poor dispersion was 

probably due to interaction between particles leading to agglomeration.  In addition, 

there was no pronouncedly different among each LLDPE/nano-SiO2 sample. Thus, in 

order to obtain well dispersion, the modification of the nano-SiO2 needs to be further 

investigated for future work. 
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             4.2.1.6 Characterization of LLDPE-nanocomposites with nuclear 

magnetic resonance (NMR) 

Among a bunch of important aspects of making a polymer composite, one should 

mention how the filler affects the molecular structure of polymer produced.  Then, 13C 

NMR is one of the most powerful techniques to identify the polymer microstructure, 

especially polyolefins.  The resulted 13C NMR spectra (not shown) for all samples were 

assigned typically to the LLDPE obtained from copolymerization of ethylene/1-hexene.  

The triad distribution was identified based on the method described by Randall[73].  It 

can be observed that the LLDPE consisting of 10 and 15 nm-SiO2 exhibited similar 13C 

NMR patterns indicating similar molecular structure of polymer.  Based on calculations 

described by Galland et al.[74], the triad distribution of monomer is listed in Table 4.3.  It 

indicated that all LLDPE samples were random copolymer with the difference in 1-

hexene insertion. 

 

 

 Table 4. 3 Triad distributiona obtained from 13C NMR of LLDPE-SiO2 nanocomposites 

 

Filler 

 

Weight

(g) 

 

EEE 

EEH 

+ 

HEE 

 

HEH 

 

EHE 

EHH 

+ 

HHE 

 

HHH 

0.1 0.66 0.09 0 0.04 0.21 0 

0.2 0.39 0.12 0.02 0.06 0.41 0 

Nano-SiO2

(10 nm) 

0.3 0.47 0.13 0.02 0.07 0.31 0 

0.1 0.61 0.09 0 0.05 0.25 0 

0.2 0.31 0.12 0.03 0.07 0.47 0 

Nano-SiO2

(15 nm) 

0.3 0.19 0.12 0.04 0.08 0.57 0 

 

a E refers to ethylene and H refers to 1-hexene 
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  This result was also similar with what we found in our previous works without 

the addition of nano-SiO2[75-78].According to the triad distribution shown in Table 

4.3, the  1-hexene insertion can be calculated based on ref. 74.   The 1-hexene insertion 

in LLDPE/nano-SiO2 is shown in Table 4.2. It can be observed that larger particle 

resulted in increased 1-hexene insertion due to less steric hindrance as also described by 

Scheme 4.1.  Hence, the large molecule of 1-hexene can insert more.  The melting 

temperature (Tm) as also shown in Table 4.2 trended to decrease with more insertion of 

1-hexene due to decreased crytallinity.                    

  

  

4.2.2 Effect of the amount of nano-SiO2. 

     In the first part, the ratios of [Al]MAO/[Zr] were varied with the amounts of 

nano-SiO2 used. This was because the amounts of MAO being present in 1 g of nano-

SiO2 were the same during MAO impregnation. Hence, larger amounts of nano-SiO2 

meant higher ratios of [Al]MAO/[Zr].  In this part, the ratio of [Al]MAO/[Zr] was kept 

constant at 2270 by changing the catalyst concentrations, [Zr]. Thus, the amounts of 

nano-SiO2 can be varied without changing the [Al]MAO/[Zr] ratio.  In fact, only 15 nm-

SiO2 was chosen for study the effect of amounts of nano-SiO2. 

 

 

4.2.2.1 Effect of the amount of nano-SiO2 on activity and 

characteristics of LLDPE-SiO2 nanocomposites. 

             Using the similar ways as mentioned in 3.1, activities and characteristics of 

LLDPE/15 nm-SiO2 composite were obtained as shown in Table 4.4. 
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    Table 4.4 Activity and characteristics of LLDPE-SiO2 nanocomposites at [Al]MAO/[Zr] 

= 2270 

 

Filler 

 

Weight 

(g) 

Polym. 

yield 

(g) 

 

Time

(s) 

 

Activitya

 

 

%SiO2
b

 

Tm 

c(oC) 

1-Hexene 

insertion d

(%) 

0.1 0.1000 717 386 50 107.6 19.86 

0.2 0.9555 149 17758 20.9 89.7 54.5 

Nano-SiO2

(15 nm) 

0.3 0.7545 248 8425 39.8 101.2 67.5 

 

a Activities (kg of polym/mol of Zr.h) were measured at polymerization temperature of 70oC, [ethylene] = 

0.018 mole, [1-hexene] = 0.018 mole, [Al]MAO/[Zr] = 2270, [Al]TMA/[Zr] = 2500, in toluene with total 

volume = 30 ml and [Zr] = 5 to 15, x 10-5 M 
b The amount of SiO2 present in the LLDPE composites based on yield 
c Melting temperature (Tm) was obtained from the DSC measurement 
d 1-hexene insertion or incorporation was calculated based on 13C NMR  

 

         It was found that at the specified condition the activity went to a 

maximum with the certain amount of nano-SiO2 (0.2 g), then went down with increased 

amount of nano-SiO2 (0.3 g).  Increased activity with increasing the amount of nano-

SiO2 at the beginning can be attributed to increased distribution of MAO.  

Consequently, this also resulted in increased 1-hexene insertion as also shown in Table 

4.5.  However, increased amounts of nano-SiO2 more resulted in decreased activity.  

This was probably due to stronger interaction between particles. 

 

4.2.2.2  The effect of the amount of nanopowder-silica on the 

morphologies of LLDPE-nanocomposites. 

 

Morphologies of LLDPE/nano-SiO2 composites are shown in Figure 4.12.  
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Figure 4.12 Morphologies of LLDPE/nano composites with 15nm silica  

   as  a filler.      (a) 0.1 g (b) 0.2 g (c) 0.3 g 

 

Figure 4.12a, 4.12b, and 4.12c represented LLDPE with 15 nm-SiO2 at 0.1, 0.2, 

and 0.3 g of SiO2, respectively. Significant differences can be observed with changing 

amounts of nano-SiO2 in the LLDPE composites.This result were similar to that of  the 

previous part (4.2.1.4). So, we can confirm that the amount of nano-silica effect the 

morphology of LLDPE-nanocomposite even the ratio of [Al]MAO/[Zr] was kept 

constant. 
             

              4.2.2.3 Characterization of LLDPE-nanocomposites ( fixed ratio of 

[Al]MAO/[Zr] )with Transmission electron microscope (TEM).  
The TEM micrographs of LLDPE/nano-SiO2 are shown in Figure 4.13. 

 

 

 

 

Figure 4.13 TEM micrographs of LLDPE/nano-SiO2   with 15 nm silica as a filler. 
60 nm 

                      (a) 0.1 g  (b) 0.2 g  (c) 0.3 g 
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     Figure 4.13a, 4.13b, and 4.13c represented LLDPE with 15 nm-SiO2 at 

0.1, 0.2, and 0.3 g of SiO2, respectively. There was no pronouncedly different among 

each LLDPE/nano-SiO2 sample similar to the previous part (4.2.1.5). So in the same 

way, the modification of the nano-SiO2 needs to be further investigated for future work 

to obtain the good dispersion. 

 

 

 

            4.2.2.4 Characterization of LLDPE-nanocomposites( fixed ratio of 

[Al]MAO/[Zr] ) with Nuclear Magnetic Resonance (NMR) 

 

The triad distribution of monomer is listed in Table 4.5.  It indicated that all 

LLDPE samples were random copolymer with the difference in 1-hexene insertion. 

 

Table 4.5 Triad distributiona obtained from 13C NMR of LLDPE-SiO2 nanocomposites 

 

Filler 

 

Weight 

(g) 

 

EEE 

EEH 

+ 

HEE 

 

HEH 

 

EHE 

EHH 

+ 

HHE 

 

HHH 

0.1 0.61 0.09 0 0.05 0.25 0 

0.2 0.31 0.12 0.03 0.07 0.47 0 

Nano-SiO2

(15 nm) 

0.3 0.19 0.12 0.04 0.08 0.57 0 

 

a E refers to ethylene and H refers to 1-hexene 



   

CHAPTER V 

 

CONCLUSIONS & RECOMMENDATIONS 

 
5.1 CONCLUSIONS 

 

In the first part, the sol-gel silica was used as a filler for LLDPE-SiO2 

nanocomposite obtained via the in situ polymerization with MAO/metallocene 

catalyst.  It was found that silica particles were well distribution in the polymer matrix 

at some certain amounts of them.  However, activities and yields of polymerization 

were apparently low probably due to more steric hindrance arising from the nano-

particles.  Thus, polymerization conditions, catalysts used, and types of nano-particles 

need to be further investigated in order to increase productivity.  

In the second part, it can be concluded that different particle size of the nano-

SiO2 had effect on catalytic properties for LLDPE/nano-SiO2 composites.  It was 

found that the larger particle (15 nm-SiO2) exhibited higher activity due to fewer 

interactions between SiO2 and MAO. The larger particle also rendered higher 

insertion of 1-hexene. This was due to less steric hindrance arising from the larger 

particle.  Apparently, higher 1-hexene insertion resulted in decreased melting 

temperature due to decreased crystallinity.  No change in molecular structure of 

LLDPE was detected (only random copolymer was found).  It should be noted that 

even with good distribution of the SiO2, the particle still exhibited poor dispersion 

inside the polymer matrix as seen by TEM due to agglomeration.   

  

  
5.2 RECOMMENDATIONS 

 

 In order to overcome the poor dispersion of particle, the SiO2 needs to 

be modified prior to use.  The modification of SiO2 should be further investigated in 

the near future.   
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APPENDIX A  
 

Differential Scanning Calorimeter 
 
 
 
 
 
 

 



 

 
Figure A-1. DSC curve of LLDPE-nanocomposites with 0.1 g of 10 nm-silica  
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Figure A-2. DSC curve of LLDPE-nanocomposites with 0.2 g of 10 nm-silica  
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Figure A-3. DSC curve of LLDPE-nanocomposites with 0.3 g of 10 nm-silica  
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Figure A-4. DSC curve of LLDPE-nanocomposites with 0.1 g of 15 nm-silica  
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Figure A-5. DSC curve of LLDPE-nanocomposites with 0.2 g of 15 nm-silica  
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Figure A-6. DSC curve of LLDPE-nanocomposites with 0.3 g of 15 nm-silica 
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Figure A-7. DSC curve of LLDPE-nanocomposites with 0.1 g of 15 nm-silica ( fixed ratio of Al/Zr) 
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Figure A-8. DSC curve of LLDPE-nanocomposites with 0.3 g of 15 nm-silica ( fixed ratio of Al/Zr) 
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APPENDIX B 
 

 Nuclear Magnetic Resonance 



 

 

 
Figure B-1. 13C-NMR spectrum of LLDPE-nanocomposites with 0.1g of 10 nm-silica 
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Figure B-2. 13C-NMR spectrum of LLDPE-nanocomposites with 0.2 g of 10 nm-silica 
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Figure B-3. 13C-NMR spectrum of LLDPE-nanocomposites with 0.3 g of 10 nm-silica 
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Figure B-4. 13C-NMR spectrum of LLDPE-nanocomposites with 0.1 g of 15 nm-silica 
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Figure B-5. 13C-NMR spectrum of LLDPE-nanocomposites with 0.2 g of 15 nm-silica 
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Figure B-6. 13C-NMR spectrum of LLDPE-nanocomposites with 0.3g of 15 nm-silica 
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Figure B-7 13C-NMR spectrum of LLDPE-nanocomposites with 0.1g of 15 nm-silica (fixed ratio of Al/Zr) 
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Figure B-8 13C-NMR spectrum of LLDPE-nanocomposites with 0.3g of 15 nm-silica (fixed ratio of Al/Zr) 
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APPENDIX C 
 

The specification of commercial nano-SiO2
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Nano-SiO2 10 nm, 99.5%   
Aldrich  Silica  
 

      Molecular FormulaSiO2 
 

Molecular Weight 60.08  
 
CAS Number7631-86-9 
 
MDL number MFCD00011232   

 
Properties
           form spherical (porous)  
 
           surface area BET surf. area 590-690 m2/g  
 
           bp >100 oC(lit.)  
 

2230 oC(lit.) 
  
mp >1600 oC(lit.)  
 

            density 2.2-2.6 g/mL at 25 oC  
 

bulk density 0.068 g/mL 
 
References 
 

Merck Merck 13,8567 
  Reference Corp MSDS 1 (2), 3090:A / RegBook 1 (3), 3535:B / Sax 6, 2395 
 
Safety 
 
Safety Statements 22-24/25  
WGK Germany 2  
RTECS VV7310000 
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Nano-SiO2 15 nm, 99.5%   
Aldrich  Silica  

 
Molecular Formula SiO2

  
Molecular Weight 60.08 

  
 
Properties 
 

surface area BET surf. area 140-180 m2/g 
  

bp >100 oC(lit.) 
  

 2230 oC(lit.) 
  

mp >1600 oC(lit.) 
   

density 2.2-2.6 g/mL at 25 oC 
  

bulk density .011 g/mL 
 

References 
 

Merck Merck 13,8567  
Reference Corp MSDS 1 (2), 3090:A / RegBook 1 (3), 3535:B / Sax 6, 2395 
 

Safety 
 
Safety Statements 22-24/25  
WGK Germany 2  
RTECS VV7310000 
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