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ABSTRACT (ENGLISH) 

# # 6071421921 : MAJOR CHEMICAL ENGINEERING 
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ZIEGLER-NATTA CATALYST ON OLEFIN POLYMERIZATION. Advisor: Prof. BUNJERD 
JONGSOMJIT, Ph.D. 

  
This research focused on effect of cocatalyst types (TEA, TnOA, and TEA+TnOA) on 

titanium-based Ziegler-Natta catalyst in olefin polymerization both in slurry and gas-phase 
systems. This study has been divided into four sections. The commercial titanium-based 
catalyst was selected to investigate effect of reaction temperature and oxidation state of 
titanium from ESR measurement on slurry ethylene and propylene polymerization in the first 
and the second parts, respectively. The commercial catalyst with TEA exhibited the highest 
activity in ethylene polymerization. However, divalent, and trivalent of titanium (Ti2+ and Ti3+) 
was active in ethylene polymerization to produce more polymer. Stability of Ti3+ was 
demonstrated to assist insertion of 1-hexene. Hence, propylene polymerization under different 
reaction temperatures was conducted to evaluate the titanium oxidation state (Ti3+). The ESR 
results revealed that TEA+TnOA at 50oC can stabilize titanium (III) state. 

Regarding to the third and fourth parts, different magnesium sources supported-
catalyst; MgCl2 (Cat A), MgO (Cat B), and Mg(OEt)2 (Cat C); were compared in gas-phase ethylene 
polymerization. The modification of supported catalyst could improve the performance of 
catalyst and polymer. The results presented that Cat C or Mg(OEt)2 reacting with TEA showed 
the highest catalytic activity for both homo- and co-polymerization of ethylene. The addition 
of 1-hexene as comonomer could improve the activity and higher comonomer response called 
as “comonomer effect”. Moreover, the polymer obtained in gas-phase process exhibited 
remarkably better morphology than in slurry process. 
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CHAPTER 1 

INTRODUCTION 

1.1 General introduction 

  Plastic is widely used to make everything, such as packaging, bags, bottle, and 

so on [1, 2]. The plastic is extremely produced and consumed to tend upward 

nowadays. Due to its low cost to produce, good chemical and mechanical properties, 

good processability, excellent electrical insulation properties and flexibility, the 

plastic is also highly popular. One of the most common plastic or polyolefins used is 

polyethylene (PE). Its primary use is in food packaging, grocery bags, plastic films, 

bottles, sheets, pipes, plastic wrap etc. Among many types of polyethylene, linear 

low-density polyethylene (LLDPE) consisting of ethylene and 1-olefins (1-butene, 1-

hexene, etc.) is commonly produced. Moreover, the second-most famous plastic is 

followed by polypropylene. Its properties are similar to polyethylene, but being 

harder and more heat resistance [3]. Then, the polypropylene production necessary 

concerns high purity, rigidity, and strength [4]. For good quality of production, the 

important factor in produced polymer is catalyst used. One of popular catalysts is 

Ziegler Natta catalyst [5-7] having the high performance in polymerization of olefins. 

Ziegler Natta catalyst is also selected as the first optional catalysts and utilized in 

industrial due to low cost, high productivity, less poison, broad molecular weight 

distribution (MWD) and chemical composition distribution (CCD) when comparison 

with other catalysts [8]. The main substitution of its catalyst precursor is transition 
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metal (titanium, vanadium or chromium). One important thing in industrial seriously 

concern is how to control polymer morphology because it affects the mechanical 

properties of polymer and transportation in process rule [9]. The support is preferred 

to improve morphology of polymer and protect fouling in the reactor. Generally, 

magnesium chloride (MgCl2) support [10, 11] on Ziegler Natta catalyst is well known 

and commonly used in olefins polymerization industry. Moreover, it is one of the 

most effective supports in modify the structure on surface catalyst to improve 

morphology and particle size including high catalytic activity. Besides, there are many 

ways in preparation of MgCl2 support from magnesium source (magnesium ethoxide; 

Mg(OEt)2, magnesium powder; MgO, and MgCl2) to increase performance of catalyst 

and polymer. For example, M-catalyst as commercial catalyst prepared from Mg 

powder to MgCl2 is commonly chosen in olefins polymerization industries. For the 

purpose that, its support is to control morphology and enhancement of catalyst 

performance. In previous study, MgCl2 as support was formed by reaction of MgR2 

and cocatalyst for olefins polymerization. Thus, the approach leads to good 

dispersion of MgCl2 support in immobilization method [12]. The support is one 

important factor for improvement of potential catalyst.  

  Not only the support, but also cocatalyst types influence on catalyst and 

polymer potentially. So, the cocatalyst types are further significant factor in process. 

The supported catalyst essentially completed with suitable cocatalyst. The optional 

alkylaluminum groups, AlR3 as cocatalyst components assist to reduce titanium on 

the catalyst oxidation state, increase types of active center distribution, and each 

cocatalyst exhibits reducing power to different catalyst. As the nature of Ziegler Natta 

catalyst reacted with triethylaluminum (TEA) having high reducing power and this 

cocatalyst has been selected. Moreover, difference of activator types affected on 

catalytic activity and polymer properties along with stability of trivalent titanium and 
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1-hexene insertion is studied. From many researches, effect of the cocatalyst was 

studied in ethylene polymerization. It showed that TEA exhibited the highest 

catalytic activity and followed by tri-iso-butyl aluminum (TIBA) and tri-n-octyl 

aluminum (TnOA). Moreover, alkylation power of the cocatalyst mixture is still 

determined [13, 14]. This may be the reason for studying one and mixed cocatalyst 

both in olefins polymerization. To investigate the change of oxidation state of 

titanium with different cocatalyst affected on insertion of 1-olefins, it brings to 

polymerization of propylene for checked titanium state.  

  In addition, gas-phase ethylene polymerization is simple process design, low 

operating cost, improve incorporation of 1-hexene and controlled morphology of 

polymer. The commercial catalyst and synthesized catalyst method using 

tetrahydrofuran (THF) as low price is compared. THF as Lewis base influences to 

control of morphology’s polymer and decrease activity in this process for limited 

over heat temperature [15].     

 In the current study, it researches about effects of cocatalyst activation both 

single and combination cocatalyst on commercial titanium-based Ziegler Natta 

catalyst with the behaviors of olefins polymerization process comprise of the change 

trivalent titanium (Ti3+) state and how to develop 1-hexene incorporation on 

polyethylene. 

1.2 Research objective 

1) To investigate different cocatalyst activation on a commercial Ti-based ZN 

catalyst on the change of Ti3+ state to behaviors of ethylene 

polymerization and ethylene/1-hexene copolymerization.  

2) To investigate polymerization temperature with different cocatalyst on 

propylene polymerization using Ti-based ZN catalyst. 
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3) To investigate the effects of magnesium sources along with different 

cocatalyst types on catalytic activity and improving morphology in gas-

phase ethylene polymerization.  

1.3 Research scopes 

  All parts of this research on difference of cocatalyst types on the Ti oxidation 

state and catalytic activity with titanium-based Ziegler Natta catalyst in ethylene 

polymerization, ethylene/1-hexene copolymerization in both slurry phase and gas-

phase, and propylene polymerization.  

1) The commercial titanium-based Ziegler Natta catalyst was studied in 

ethylene polymerization, copolymerization of ethylene with 1-hexene, 

and propylene polymerization. 

2) Difference of cocatalyst types in both single cocatalyst (TEA and TnOA) 

and mixed cocatalyst (TEA + TnOA) was mainly studied in this research. 

3) Slurry ethylene polymerization and ethylene/1-hexene copolymerization 

in 2L-autoclave, Al/Ti molar ratio =140, total pressure 8 bar, partial 

pressure of hydrogen gas 3.5 bar, time 1 hour, 80oC for 

homopolymerization, and 70oC and 80oC for copolymerization were 

performed.  

4) Propylene polymerization in 100 ml-stainless steel, total pressure 5 bar, 

time 15 minutes, Al/Ti molar ratio = 140 was fixed and varied 

polymerization temperature at 50oC, 60oC, and 70oC. 

5) The synthesis of supported-catalyst as different magnesium sources was 

prepared in gas-phase ethylene polymerization and copolymerization of 

ethylene with 1-hexene system. 
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6) Gas-phase ethylene polymerization and ethylene/1-hexene 

copolymerization in 1L-cylindrical reactor, partial pressure of hydrogen gas 

0.5 bar, total pressure 13.5 bar, time 1 hour at 75oC was operated. 

7) Characterization of the catalyst by the following method;  

• Inductively Coupled Plasma (ICP) 

• Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 

Spectroscopy (EDX) 

• Fourier Transform Infrared Spectroscopy (FTIR) 

• X-ray Diffraction (XRD) 

• Electron Spin Resonance (ESR) 

8) Characterization of polymer by the following method;  

• Scanning Electron Microscopy (SEM) 

• Differential Scanning Calorimeter (DSC) 

• X-ray Diffraction (XRD) 

• Carbon-13 Nuclear Magnetic Resonance Spectroscopy (13C NMR) 

• Soxhlet extractor for analyzing isotacticity index (I.I.) and insertion 
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1.4 Research methodology 

Research methodology is as shown;  

Part I: Facile investigation of Ti3+ state in Ti-based Ziegler-Natta catalyst with a 

combination of cocatalysts using electron spin resonance (ESR) 
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Part II: Temperature effect on propylene polymerization behavior over Ziegler-Natta 

catalyst with different cocatalyst systems 
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Part III: Gas-phase polymerization of ethylene over Ti-based Ziegler-Natta catalysts 

prepared from different magnesium sources and  
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Part IV: Different magnesium source supported titanium-based Ziegler-Natta catalyst 

in gas-phase ethylene/1-hexene copolymerization 

 

 

 

 

1.5 Research plan 

Table 1. 1 The research plan  
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Research plan 

2017 
(Semester) 

2018 
(Semester) 

2019 
(Semester) 

2020 
(Semester) 

1 2 1 2 1 2 1 

1. Literature reviews        

2. Slurry ethylene polymerization 
and copolymerization of 
ethylene with 1-hexene  

   
 

  
 

3. Characterization of catalyst 
and polymer 

       

4. Propylene polymerization     
 

   

5. Preparation of different 
magnesium sources 

  
 

    

6. Gas phase ethylene 
polymerization and 
copolymerization of ethylene 
with 1-hexene 

     
 

 

7. Results and discussion        



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

25 
 

 
 

CHAPTER 2 

THEORY AND LITERATURE REVIEWS 

2.1 Polyolefins in industrial 

  Polyolefins are formed macromolecules by olefin monomer polymerization. 

The most polyolefins produced are polyethylene (PE) and polypropylene (PP). These 

polymers are preferable in applications depending on the characteristics of polymer. 

Molecular properties related to many parameters, such as material fatigue, impact 

strength, and resistance to degradation. These properties are routinely evaluated as 

part of research and development (R&D) as well as for quality control and assurance.  

  Polyolefin polymers have been commonly used as shown in various types;  

• Polyethylene (PE) with high density polyethylene (HDPE), low density 

polyethylene (LDPE), and linear low-density polyethylene (LLDPE) 

• Polypropylene (PP) 

• Ethylene-propylene rubber (EPR) 

  The requirements of catalyst for olefins polymerization both slurry and gas-

phase polymerization [16] are summarized in Table 2. 1. 

Table 2. 1 The requirements of commercial catalysts for olefins polymerization 

Requirements of process Improving polymer properties 

Control morphology of polymer Chain-transfer and distribution 

High productivity Molecular weight of polymer  

Incorporation of comonomer Bulk density and particle size 

Morphology of catalyst Density and insertion of monomer 

Low cost, save environment and reproducible catalyst 
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 2.1.1 Polyethylene 

  Polyethylene is probably produced in plastic product and has different 

molecular weight and structure forms. The operation of polyethylene at low 

pressure and low temperature produces linear polyethylene with high molecular 

weight or high-density polyethylene. However, low density polyethylene is produced 

at high temperature and high pressure. Its polymer occurred from ethylene 

monomer (-CH2-CH2-)n; n = amount of monomer as shown in Figure 2. 1.  

 

Figure 2. 1 Repeating units of polyethylene 

  In case of copolymer, 1-olefins have been used in industry process, such as 1-

butene, 1-hexene, and 1-octene etc. Comonomer inserted in main chain have effect 

on degree of crystallinity from c.a.60% as polyethylene to 30-40% as shown semi-

crystalline or amorphous [17]. The polyethylene has been classified in several types 

on mechanical properties as presented in Table 2. 2 [18]. 

Table 2. 2 Polyethylene classification types 

Polyethylene types Crystallinity (%) Density (g/cm3) 

Ultra-high molecular weight (UHMWPE) >65 >0.960 

High density polyethylene (HDPE) 60-65 0.941-0.960 

Linear low-density polyethylene (LLDPE) 30-45 0.915-0.925 

Low density polyethylene (LDPE) <25 <0.915 
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Figure 2. 2 Effect of branching on density 

  The difference of various polyethylene sheeting liners on density. Each 

polyethylene types have different its thickness and its flexibility due to molecules 

bond, structure forms.  

  High density polyethylene (HDPE) is the toughest, strongest, most chemical 

resistant of all polyethylene, but has the distinction least flexible plastic sheeting. It 

is also the most UV resistant packages. Strength of HDPE forms tight structure make it 

very difficult for other molecules to pass through its structure on a microscopic level. 

In industrial, the range of thickness is from 12 mils to 100 mils thick. HDPE is used as 

secondary containment liners for oil tanks, and most industrial ponds and canal 

liners where chemical resistance is needed. Applications of this are bottle caps, 

plastic bottles, fuel tanks, gas pipe, and fertilizer bag, etc. [19] 

  Low Density Polyethylene (LDPE) is the most common plastic sheeting types. 

It is not as strong or dense as some other types of plastic sheeting. LDPE is formed 

much flexible from 0.5 mils thick to 40 mils because its flexibility adapts variety of 

surfaces. LDPE is widely used in agriculture, construction, surface protection 
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applications, and covers of all sorts; tarps, a tubing, plastic wrap, liquid containers, 

and waterproof membrane. 

  Linear low-density polyethylene (LLDPE) is the most flexible of polyethylene 

or the plastic sheeting films. LLDPE is combined form of LDPE that film has much 

more flexibility, tensile strength, softer and more conformability. Its polymer is used 

for blended into other films to make more flexibility and extra strength. The most 

range of common thickness is from 0.5 mils to 40 mils. Examples of this is film 

products, shopping bags, stretch wrap, toys, etc. It is strong enough to withstand foot 

traffic, the molecules all line up and strongly hold together as the film is stretched.  

  The applications of polyethylene depend on types of plastic sheeting to do 

all sort of thing to protect the surface.  

  Polyethylene branches is made by free radical polymerization. The 

metallocene catalyst produces ultra-high molecular weight polyethylene (UHMWPE). 

In part of Ziegler Natta catalyst, its produces linear polyethylene to more 

complicated procedure and makes linear density polyethylene (LDPE). For 

copolymerization of ethylene monomer with alkyl-branched comonomer (short 

hydrocarbon branches), this are called linear low-density polyethylene (LLDPE). 

LLDPE is formed ethylene with a comonomer as catchy 4-methyl-1-pentene and it is 

produced plastic films as shown it below (Figure 2. 3). 
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Figure 2. 3 Process of LLDPE from ethylene with 4-methyl-1-pentene 

 2.1.2 Polypropylene 

  In 1954, Giulio Natta found that first polymerized propylene to isotactic 
polymer as crystalline as well as by the German chemist Karl Rehn [20]. However, 
syndiotactic polypropylene was still synthesized by Natta and group. In 1957, the 
Italian firm Montecatini discovery led to large-scale commercial production of 
isotactic polypropylene. Polypropene or polypropylene is introduced chain transfer 
of polymerization from propene (propylene) of monomer as shown in Figure 2. 4. 
Polypropylene is non-polarity and semi-crystalline. Its features like polyethylene, but 
it is more heat resistant, higher chemical resistance, tough, flexible, and harder [21]. 
Polypropylene is the second-most commonly produced plastic.  

 

Figure 2. 4 Repeating units of propylene 

  The properties of polypropylene depend on molecular weight (MW), 

molecular weight distributions (MWD), stereotactic polypropylene (I.I.), and 
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crystallinity. This arrangement created a greater degree of crystallinity and resulted in 

Table 2. 3. A stiffer material that is more resistant to creep than both atactic 

polypropylene and polyethylene. It is used in many applications. The production of 

polypropylene is packaging and labeling, piping, roofing, hinges, carpet, and auto 

parts.  

Table 2. 3 Density of polypropylene 

Polymer types Density (g/cm3) 

Amorphous polypropylene 

Crystalline polypropylene 

0.855 

0.946 

   

  Thermal properties, the melting temperature (Tm) of polypropylene showed 

different values from difference of structure polymer. Isotactic polypropylene has 

melting temperature around 160-170oC in perfect structure. However, Syndiotactic 

polypropylene has crystallinity 30% and melting point of 130oC. The thermal of 

polypropylene is very larger than polyethylene [22, 23]. Atactic polypropylene lacked 

any regularity which makes it unable to crystallize and amorphous (not crystalline).  

  The properties of polymer are summarized in Table 2. 4. 

Table 2. 4 Summary of polymer properties 

Polymer Flexibility 
Chemical 
resistance 

Stress 
Crack 

Impact 
Resistance 

HDPE Flexible (more rigid than LDPE) Good Good  

LDPE Very Flexible Good Good Good 
LLDPE Very Flexible Good Good Good 

PP Rigid for containers Good Excellent Excellent 
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2.2 Ziegler-Natta catalyst 

  In the past (1950s -1980), original Ziegler Natta catalyst used active 

component was titanium trichloride (TiCl3) with usual cocatalyst as triethylaluminum 

(TEA). Then, to increase catalytic activity for producing linear polyethylene and 

stereoregular polypropylene was improved from Lewis base (electron donor). In 

addition, the improvement of Ziegler Natta catalyst was used by support as 

magnesium chloride (MgCl2) or magnesium alkoxide (Mg(OR)2) and silica (SiO2) [24-29]. 

In the 1980s, morphology of Ziegler Natta catalyst was controlled for developed 

polyolefins and functional process. This process was commanded growing of porous 

particle with spherical shape. Since 1990s, MgCl2 supported titanium catalyst 

produced polymer blends with polyolefins for improving mechanical and physical 

properties [30].  

  Transition metal catalysts in polyolefins industry was vital. The commercial 

catalyst in polymerization of olefins has been divided into three types; titanium 

halide, vanadium /aluminum alkyl or Ziegler Natta catalyst, organometallic 

(metallocene); titanium, hafnium, and zirconium-based catalyst, and Phillips (chrome-

on-silica) catalysts. The Ziegler Natta catalysts were originally based on magnesium 

supports as MgCl2, but silica was used to be supported its catalyst for produced 

polyethylene and polypropylene. Hence, ZN catalyst is mainly performed TiCl4 [31].  

  Active centers of titanium-based catalyst occur around surface of grain 

particles. The reaction between active titanium species of catalyst and 

organoaluminium as cocatalyst is catch [32]. Ethylene molecules is inserted into 

active titanium (Ti-C bond) and growth chain of polyethylene [33]. Mechanism of 

ethylene polymerization depend on active center structural features and influence 

on formation of polymer. In addition, ethylene monomer pushed through between 
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titanium active and cocatalyst. All polyethylene formation counts on several factors; 

ethylene concentration, addition of hydrogen, and temperature.  

  From more researches [33], summary about active center (C*) in ethylene 

polymerization introduced it below: 

• The C* formation rate extremely depends on temperature. 

• The C* formation rate does not rely on the free ethylene concentration. A 

small ethylene amount is enough to change titanium species on the catalyst 

surface into C*. 

• The C* formation rate does not depend on concentration of TEA or Al(C2H5)3 

cocatalyst. 

• Addition of hydrogen into ethylene polymerization essentially speed up the 

C* formation stage independently of the catalyst type. 

• Incorporation of 1-olefins into ethylene polymerization essentially accelerates 

the C* formation rate. 

• The C* formation rates in ethylene polymerization with various solid and 

supported catalysts based on different Ti (IV) and Ti (III) species are similar 

suggested that the nature of immediate precursors to the active centers is 

similar. Nevertheless, the C* formation rates are noticeably higher when the 

catalysts are derived from Ti (II) species as shown in Figure 2. 5. 
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Figure 2. 5 Chemistry formation of active center 

  Reduction of titanium-based catalyst occurs from reaction of catalyst and 

cocatalyst from Ti4+ to Ti3+ and then Ti2+ species. Titanium isolated species form the 

surface of MgCl2 easier than islands species. Due to MgCl2 as Lewis acid withdraws 

alkyl anions from organometallic compounds [12, 34, 35].  

 2.2.1 Synthesis Ziegler-Natta catalyst  

   The supported catalyst was prepared with some Lewis base method, such as 

alcohol (adduct), tetrahydrofuran (THF), etc. In slurry ethylene polymerization, MgCl2 

adducts was commonly arranged by alcohol and this way is the most popular 

method due to get high activity and yield of polymer. The procedure has two steps; 

(1) synthesis of MgCl2 support and (2) impregnation of supported with TiCl4. MgCl2 is 

formed with alcohol in different amounts. Alcohol dispersed into the supported for 

recrystallized. Other paths were THF. Its material is weak Lewis base that molecular 
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complex formed with transition metal halides [36]. Metal complex are MCl3(THF)3 (M: 

metals) and widely used reagents. In the presence of a solid acid catalyst, THF was 

reacted with hydrogen sulfide to give tetrahydrothiophene [37].  

  Ziegler Natta catalyst on magnesium supported with tetrahydrofuran (THF) 

was synthesized to obtain any TiCl4(MgCl2)x(THF)y complex. Then, the solvent was 

removed and evacuated [38-40].  

MgCl2 + TiCl4 + THF          (TiCl4)(MgCl2)3.14(THF)x 

MgCl2 + TiCl3•1/3AlCl3 + THF          (TiCl3)(AlCl3)1/3(MgCl2)3.14(THF)y 

MgCl2 + TiCl3 + THF          (TiCl3)(MgCl2)3.14(THF)z 

 After that, the complex of support catalyst was impregnated by cocatalyst as 

TEA being very active in ethylene polymerization. The supported catalyst was 

performed by THF [15]. Moreover, THF still removed complex form.  

  Ziegler Natta catalyst synthesis from many titanium sources. The effect of 

titanium chloride with different oxidation state of titanium, such as titanium 

tetrachloride (TiCl4), titanium trichloride (TiCl3), and titanium dichloride (TiCl2) was 

investigated about ethylene/1-hexene copolymerization [41]. This study showed that 

divalent and trivalent titanium exhibited stable polymerization profile with 

concentration of cocatalyst increased whereas tetravalent titanium firstly increased 

and dropped down when increased concentration of activators.  

2.3 Preparation method for magnesium Sources (MgCl2) 

  MgCl2 support was attached by titanium-based Ziegler Natta catalyst in olefin 

polymerization. MgCl2 support has been prepared in several methods. Ziegler Natta 

catalyst presented three components on scheme: active titanium/support/carrier. 
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The first component is active titanium consisting to titanium tetrachloride (TiCl4), 

titanium trichloride (TiCl3) or titanium alkoxide (Ti(OR)4). The physical catalyst was 

mainly used a spherical shape of particles. However, fine particles of catalyst were 

not used. The support performed moderate activity, control morphology of polymer, 

and high reactive toward olefins. The second component in the major catalyst is 

support as microcrystalline MgCl2. It associated to enhance activity of the catalyst. 

There are three preparation methods for formed to MgCl2 support, such as soluble 

complexes of MgCl2 method, chemical method as Grignard, and grinding method.  

 2.3.1 Solution method by Magnesium chloride (MgCl2) 

  Many ways of magnesium chloride support were organized by anhydrous, 

hydrated, alcohol adducts [38]. After magnesium compound reacted with electron 

donor (i.e., ester or ether), titanium-based catalyst was added in during the 

preparation.  

  N Kashiwa (1980) studied to get a high activity for olefin polymerization by a 

supporting Ziegler-type catalyst on MgCl2 was carried out. Only heating anhydrous 

MgCl2 with TiCl4 very little amount of TiCl4 was fixed because of high crystallinity and 

small surface of anhydrous MgCl2. A pretreatment by some organic electron donner 

such as butanol or methyl acetate before the reaction with TiCl4, resulted a 

considerable fixation of TiCl4 onto MgCl2 and gave high activity for ethylene 

polymerization by 70—90 times of conventional TiCl3 catalyst [42]. 

 2.3.2 Chemical method  

  Normally, magnesium alkyls and magnesium alkoxides reacts with titanium 

chloride compound while preparation of catalyst was activated with magnesium 

chloride support [19, 43].  
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2.3.2.1 Magnesium alkyls (MgR2) and Grignard reagents (RMgX) 

 There is preparation of magnesium source using magnesium alkyls in Ziegler 

Natta catalyst was synthesized. Using magnesium alkyls (MgR2) in Ziegler Natta 

catalyst was furnished by the discovery that magnesium salts [44]. Magnesium alkyls 

was encompassed both dialkylmagnesium compound (R2Mg) and Grignard reagents or 

organomagnesium halides (RMgX) as following below; 

2RMgX            R2Mg + MgX2 

An alkyl halide reacted with magnesium metal in an ether; usually 

tetrahydrofuran (THF) or diethyl ether produced Grignard reagents. Temperature, rate 

of addition, rate of stirring, holding times affected on particle size distribution of 

catalyst. The tert-butyl chloride (t-BuCl) was slowly dropped into MgR2 or 

dialkylmagnesium compound in the molar ratio of BuCl to MgR2 and conversed to 

MgCl2; 

MgR2 + 2 t-BuCl  MgCl2 + 2 t-BuCl-R 

From above reaction, the spherical porous had diameter of 25 – 50 mm. and 

MgCl2 support was interacted TiCl4 as Ti precursor and then reacted with AlR2Cl for 

reducing titanium oxidation states.  

TiCl4 + AlR2Cl   TiCl3 + AlRCl2 + R-R 

 Changing the nature of modified organic compound and varied amount 

produced active titanium catalyst in olefins [19]. 

 

Figure 2. 6 Dialkylmagnesium oligomer structures 
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  Dialkylmagnesium compounds are highly associated structure of linear as 

shown in Figure 2. 6. their magnesium atoms are tetracoordinate. However, excess 

amounts of ethers exhibited low activity of polymerization because of R2Mg having 

poor hydrocarbon solubility in case of high molecular weight of R. Among Grignard 

reagents were not used in industrial Ziegler Natta catalyst [45].  

  In many research, magnesium chloride does not directly prepare. However, 

Grignard reaction between alkylmagnesiumalide (RMgX) and chlorinating agent as 

TiCl4 was used in this research [46]. It was found that one of the highly effective ways 

to improve performance catalyst. Propylene polymerization activity increased 

although it was absence of electron donor. Moreover, chlorination agents have many 

types, such as alkylhalide (RX), aluminumhalide and thionylhalide (SOCl2) and so on 

[47, 48].  

2.3.2.2 Magnesium alkoxide (Mg(OR)2) 

 Preparation of magnesium source, alcohol was dispersed into MgRR’. Then, 

MgCl2 was fell and this form of MgCl2 get high catalytic activity in olefin 

polymerization [49]. After that, chlorination agent was filled in suitable amount of its 

material. One of the chlorination agents is titanium chloride (TiClx). The addition of 

electron donor was to control particle size distribution of catalyst. Above preparation 

was mentioned by Shijing et al [50]. The interaction between Mg(OEt)2 and TiCl4 as 

precursor was converted to MgCl2 and complex of magnesium and titanium being 

Mg(OEt)xCl2-x and Ti(OEt)yCl4-y; which x = 0-2 and y = 0-4), respectively.  

TiCl4 + Mg(OEt)2           Mg(OEt)xCl2-x + Ti(OEt)yCl4-y 

 Mg(OEt)2 is transformed to MgCl2 in the theory as shown it below.  

2TiCl4 + Mg(OEt)2           MgCl2 + 2Ti(OEt)Cl3 / MgCl2 + Ti(OEt)2Cl2 
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  However, an ethoxyl titanium chloride is really formed; 

TiCl4 + Mg(OEt)2           Mg(OEt)Cl + Ti(OEt)Cl3 

  The ethoxyl titanium chloride obtained was removed by dissolved with 

solvent. Reaction of dibutylmagnesium by tert-butyl chloride in a diisoamyl ether-

hexane mixture produces MgCl2 with very narrow particle size distribution. Highly 

porous MgCl2 supports are prepared by the dealcoholysis of a MgCl2∙3EtOH adduct. 

These can react with zirconocene-MAO mixtures to form active supported catalysts 

for ethylene homo- and copolymerizations. The Cp2TiCl2-MAO- MgCl2 catalysts 

exhibits higher activity in the xylene slurry polymerization of ethylene than does the 

homogeneous catalyst. Unlike the homogeneous catalyst, the catalyst activity 

increases with increasing temperature, but when hexane is the diluent, the activity 

declines above 50oC. A Cp2ZrCl2-MgCl2 adduct is more active in ethylene 

polymerization (heptane slurry) if treated with a trialkylaluminum before contacting 

with MAO. The number of active sites is only about 20% of those in the 

homogeneous catalyst. [51] 

  The using MgCl2 alcohol adduct are interesting for the support catalysts. Over 

years, many researchers have studied to effective immobilization, activation of 

catalyst and develop the catalyst. These researchers are shown as follows; 

  Han Seock C. and Wha Young L., (2003) [52] studied the preparation of MgCl2-

alcohol adduct for the impregnation of metallocene catalysts. The supported 

metallocene catalysts were characterized by XRD, ICP, TGA. This result to be 

concluded that anhydrous MgCl2 showed a strong XRD pattern at 2 theta = 15, 35 

and 50o. However, MgCl2 adduct was found that peak intensities were weaker than 

anhydrous MgCl2. Then, using TGA shows that MgCl2 adduct desorbed at around 110, 

140 and 250oC. 
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  M. Smit et al., (2006) [53] showed that the reaction of AlR3 with MgCl2-ethanol 

adduct obtained MgCl2/AlEtn(OEt)3-n , which gives higher activity than using SiO2. The 

develop the support catalyst by using borate immobilization immobilized on MgCl2. 

This research studied the compare between MgCl2 and SiO2 in ethylene and 

propylene polymerization. The results are MgCl2-based support had higher activities 

than SiO2-based support. The polymer molecular weight distributions were also 

somewhat narrower using MgCl2-based support, the results indicating effective 

retention of the single-site characteristics of the catalyst. The morphology of polymer 

particle showed MgCl2-derived polymer has spherical polymer having the more 

porous particle surface. 

  S. Damavandi et al., (2012) [54] investigated MgCl2 may work as an activator 

for the bis(phenoxy-imine)Ti complexes since these complexes possess O and N 

heteroatoms in the ligands, which are capable of electronically interacting with 

MgCl2. Thus, researcher decided to investigate MgCl2 as an activator for the 

bis(phenoxy-imine)Ti complexes in the hope of developing high performance 

catalysts based on these complexes. 

   The use of a carrier in organometallic catalysts makes it possible to modify 

their catalyst performance in polymerization processes. Both SiO2 and MgCl2 may be 

employed as carriers for post-metallocene catalysts, with the latter obtained 

predominantly by thermal dealcoholizing of the adduct of MgCl2 and alcohol, or its 

reaction with an alkylaluminium compound.  

 2.3.3 Grinding method  

  This procedure is to change physical properties of magnesium chloride 

(MgCl2) for requested. This system is suitable with stopped-flow due to get high 

activity in the first period and reaction was stopped before catalyst was deactivated. 
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2.3.3.1 Ball Milling technique 

  Ball-milled solid or synthesis of solid-state was one of the most important 

industrial processes used in nanomaterials. Ball milling is a grinding method that 

grinds nanotubes into extremely fine powders. This process usually used spherical 

stainless steel balls, ceramic, flint pebbles, and alloying mechanical [19]. The quality 

of dispersion was improved, and functional groups was introduced onto nanotube 

surface. The milling time, speed of rotation, size of balls was the factor to affect to 

quality of dispersion [55].   

2.3.3.2 Spray Drying technique 

 Spray drying is a technique of producing a dry power from slurry of liquid by 

using hot gas for elimination of moisture. This method is thermally-sensitive drying 

such as pharmaceuticals and foods [56]. A particle size distribution was controlled 

from spray drying some industrial products (i.e., catalysts). The spray nozzle to 

disperse, variety of factors, namely the spray dryer design, the feed characteristics 

and the processing parameters influenced on spray dryers. Fine particle powder is 

produced to occur in both poorly flow and dust, and then new generation of spray 

dryers called multiple effect spray dryers have been produced.  

2.4 Cocatalysts or Aluminum Alkyls 

  The alkyl aluminum included a direct carbon-aluminum σ-bond and 

encircled sesquichlorides (R3Al, R2AlCl, and R3Al2Cl3) as shown in Table 2. 5. Ziegler 

Natta catalyst were worked with cocatalyst or alkylaluminum compound (sometimes 

called “activators”) to improve catalyst for activated form. The cocatalysts were the 

key role of activated catalyst in olefin polymerization. Moreover, important ways to 

produce stereoregular polymer, especially ethylene and propylene. The 
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stereospecific polymer or structure of polymer lead to polymer chain closed packing 

and high crystallinity [40]. Trialkyl aluminum compounds are promoted over the 

halogen of catalyst. There are some alkylaluminums, such as triethylaluminum (TEA), 

trimethylaluminum (TMA), tri-n-octyl aluminum (TnOA), tri-n-hexyl aluminum (TnHA), 

triisobutylaluminum (TiBA), and diethyl aluminum chloride (DEAC) have been studied 

in olefin polymerization [42, 49, 57-61]. Moreover, they still assist to insert of 

monomer to provide active form. Cocatalyst changed oxidation state of titanium-

based catalyst from tetravalent (Ti4+) to trivalent (Ti3+) and divalent (Ti2+) state [62]. 

Based on olefin polymerization, ethylene polymerization has active all titanium 

oxidation state (i.e., tetravalent (Ti4+), trivalent (Ti3+), and divalent (Ti2+)). For 

ethylene/1-olefins copolymerization was active both Ti4+ and Ti3+, titanium (IV) 

produces low molecular weights and high comonomer contents. On the contrary, 

titanium (III) produces high molecular weights. Either way, the same titanium state in 

ethylene/1-olefin copolymerization (tetravalent and trivalent) is active for propylene 

polymerization [41, 63]. However, stereospecificity and catalytic activity still 

depended on the structure of cocatalyst. In addition, aluminum alkyls also 

scavenged poison in catalyst, such as oxygen, moisture, others impurity. 

Contaminants were eliminated by poison in polyolefin process [64]. Each cocatalyst 

types showed different activity and yields.  

• Synthesis of catalyst with metal alkyls  

  "Pre-catalyst” occurs the reduction of metal catalyst (TiCl4) with ethyl 

aluminum sesquichloride ((C2H5)3Al2Cl3); 
 

2TiCl4 + 2(C2H5)3Al2Cl3 →  2TiCl3 + 4C2H2Al2Cl2 +  C2H4 + C2H6 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

42 
 

 
 

 

Table 2. 5 Commercially available alkyl aluminum 

 

 2.4.1 Triethylaluminum (TEA) 

  Triethylaluminum (TEA) as commonly used cocatalyst is reported being 

effective cocatalyst and the highest catalytic activity and important in Ziegler Natta 

catalyst [65].  

  Key reactions in Ziegler Natta catalyst process reacted with TEA as shown in 

hydrogenation and addition as presented in Figure 2. 7: 
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Figure 2. 7 The reactions of cocatalyst 

• Metal alkyls as cocatalysts in synthesis of catalyst: 

  Titanium trichloride (TiCl3) was reacted with triethylaluminum (TEA) in the 

alkylation of the transition metal compound reaction and reduced to produce active 

sites in polymerization as shown in Figure 2. 8. The interaction of catalyst with 

cocatalyst leads to transition oxidation state [63, 66, 67]. One of alkyl group in 

cocatalyst incorporates with transition metal; ethyl group of TEA as cocatalyst 

displaces in chlorine ion of TiCl4 as catalyst  

 
Figure 2. 8 Alkylation of the transition metal compound 

 Titanium tetrachloride (TiCl4) with cocatalyst mechanism process showed 

alkylation reactions as predication of basic steps; 

TiCl4 + AlEt3 →  EtTiCl3 + AlEt2Cl 

TiCl4 + AlEt2Cl →  EtTiCl3 + AlEtCl2 

TiCl4 + AlEtCl2 →  EtTiCl3 + AlCl3 

  Titanium has been formed in active forms, which are Ti-C2H5 bond [17]. The 

chain propagation of ethylene occurs at Ti-C bond as vacant site of active centers at 
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𝜋-complex, and then vacant site is free again and correlated with next ethylene 

molecule. Ethylene grows on the catalyst surface as shown in Figure 2. 9.  

  Because of Ti-C (alkyl) is unsteady, the monomer inserts into Ti-C (alkyl) bond, 

while difference on the contributor of Al-alkyl to Ti-alkyl. The coordination of Al-alkyl 

is stabilized Ti-C2H5 active sites. 

  

Figure 2. 9 The propagation step of ethylene on active catalyst 

  The termination step, polymer chain removes from active centers reaching to 

lower propagation rate [68]. Nevertheless, termination of polymer occurs from 

transfer of monomer to titanium. Monomer or hydrogen is used to done reaction of 

chain transfer.  

  Alkyls aluminum still assist to scavenge impurities or contaminants and 

poisons, such as oxygen, moisture, etc. Normally, alkylaluminum reacts with the 
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catalyst, and then alkyls aluminum is used in more amounts than catalyst for 

scavenge.   

  Polymerization time influences on the nature of catalyst. Cocatalyst types 

have affected on productivity of polymer. Moreover, molar ratio of Al/Ti, contacting 

time of catalyst with cocatalyst, polymerization condition, etc. were studied in many 

researchers [65]. Among modify of the catalyst has been achieved performance and 

product.  

 The other resulted [69] about titanium complexes on MgCl2 support were 

higher activity than the absence of support, and then the activators change in 

efficiency as following by; MAO > Me3Al > Et3Al > Et2AlCl > EtAlCl2, while the last two 

of all offer negligible yields of polymer only.  

 2.4.2 Combination of cocatalysts 

  Mixed cocatalyst has also been found to generate new alkyl group around 

aluminium. Mixture of TEA+TIBA in propylene polymerization. The study by Zhang B. 

et al. [70] revealed that the catalyst activated with TEA/TiBA mixture had the highest 

catalytic activity in propylene polymerization and highly isotactic polypropylene 

chains. Mixed cocatalyst showed the fast alkyl exchanges in mixture between 

different cocatalyst types. Effect of TEA and TiBA mixture in propylene 

polymerization exhibited less power of alkylation and lower Lewis acidity than pure 

TEA.  

 From research of D. Liu et al., (2006) [71] studied compared with different 

cocatalyst types (Et3Al, He3Al, Me3Al with MAO) over bis(phenoxy-imine)zirconium 

complexes. The activity of complexes 1 with Et3Al is as well as with MAO at the 

same Al/Zr molar ratio, while the activity of others cocatalyst is lower than with 
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MAO. It resulted that the activity of cocatalyst had efficiency as follow in the order 

Et3Al > Me3Al > He3Al.  

  Not only oxidation state of titanium as active center, but also molecular 

weight distribution of polymer is influenced by cocatalysts types. Fukuda et al. 

studied molecular weight distribution of polyethylene variety induced by different 

cocatalyst types (triethylaluminum; TEA and diethylaluminumchloride; DEAC) using 

silica supported Ziegler Natta catalyst [72]. This resulted that cocatalyst types affect 

on active site multiplicity and effect on polymer properties. This purposed that 

increase of molecular weight maybe due to occur cocatalyst chain transfer [73]. The 

diffusion of cocatalyst on catalyst to active site depends on bulky group size. Hence, 

chain of polymer from bulky cocatalysts became long, concluding in high molecular 

weight of polymers [74].   

2.5 Olefins Polymerization 

 2.5.1 Slurry polymerization processes 

  This process is one of the most process in olefins production. The advantages 

of this process are mainly simple process, high yields, high conversions, high purity 

product, and easy to remove heat [75]. Normally, slurry polymerization was operated 

around 80 to 110oC. Diluents with inert gas are usually fulfilled hydrocarbons, such as 

hexane, heptane, propane. Polyolefins was suspended in diluent. Generally, the 

conversion of ethylene to polyethylene is around 98% and in case of propylene 

conversed to polypropylene is lower (c.a. 90%) than polyethylene. Ethylene 

polymerization is also enabled direct recycle of diluent back to reactor, which is 

without purified, drying, and classified oligomer system.  
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 2.5.2 Gas-phase ethylene polymerization 

  Slurry reactors are commonly used in laboratory studies of olefins 

polymerization and more than preferable gas-phase reactors. Including semi-batch 

slurry process is still easier to operate than semi-batch gas-phase process. Gas-phase 

system has substantially produced for polyolefins in commercial production [76]. The 

problem in its process has two main operation. For example, temperature control 

and typical suspension of particles or stirring [77, 78]. Heat exchange of active sites in 

core catalyst influenced on effective surrounding for gas-phase being poor heat 

transfer and removal heat to the surface reactor [79]. Hence, the chain transfer of 

polymer had higher temperature than measured in the autoclave. Too high 

temperature affects on deactivation of catalyst and maybe melted polymer to cover 

catalyst. Nevertheless, design of gas-phase and operating methods and conditions 

relieved these problems.   

 From comparing of slurry and gas-phase polymerization, slurry process 

requires solvent for improving dispersion of catalyst. The advantages of slurry process 

are to control temperature in system but purification of solvent, removal of solvent, 

recycle of solvent, and drying production necessarily have this section. The other 

process is lower cost in plant [80] and save environment [81].



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

48 
 

 
 

CHAPTER 3 

EXPERIMENTAL 

  This chapter describes about all chemical materials, the preparation of 

supported catalyst, olefins polymerization procedure consisting of slurry 

polymerization of ethylene, propylene, and ethylene/1-hexene copolymerization 

and gas-phase reaction for both ethylene polymerization and copolymerization of 

ethylene/1-hexene. Moreover, characterization techniques of the catalyst and 

polymer are also explained.  

3.1 Chemicals 

The chemical materials used in this research were specified with details as following 

below; 

Chemicals Donation/Supplier 

Anhydrous magnesium chloride (MgCl2) Thai Polyethylene Co., Ltd. 

Magnesium oxide (MgO) Thai Polyethylene Co., Ltd. 

Magnesium ethoxide (Mg(OEt)2) Thai Polyethylene Co., Ltd. 

Commercial titanium-based catalyst  Thai Polyethylene Co., Ltd. 

Triethylaluminum (TEA) Thai Polyethylene Co., Ltd. 

Tri-n-octyl aluminum (TnOA) Thai Polyethylene Co., Ltd. 

n-hexane for polymerization grade Thai Polyethylene Co., Ltd. 

Titanium tetrachloride (TiCl4) Merck Ltd. 

Tetrahydrofuran (THF) Sigma-Aldrich Inc. 

Ethanol Sigma-Aldrich Inc. 

Heptane (C7H16) Sigma-Aldrich Inc. 
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Chemicals Donation/Supplier 

Ethylene gas (C2H4) Linde (Thailand) PLC. 

Propylene gas (C3H6) Linde (Thailand) PLC. 

1-hexene (1-C6H12) Thai Polyethylene Co., Ltd. 

Hydrogen gas (H2) Linde (Thailand) PLC. 

Argon gas (Ar) Linde (Thailand) PLC. 

Nitrogen gas (N2) Linde (Thailand) PLC. 

Sodium chloride (NaCl 0.5 mm.) Fisher Co., Ltd. 

 

3.2 Titanium-based ZN catalyst preparation method 

 3.2.1 Commercial titanium-magnesium supported Ziegler-Natta catalyst 

(TMC) 

  The industrial titanium-based Ziegler-Natta catalyst (M-cat) for polyethylene 

production was supplied from Thai Polyethylene Co., Ltd. M-catalyst was prepared 

from magnesium powder source by Grignard method. This catalyst was used for 

catalyzing ethylene polymerization and reacting with cocatalyst.  

 3.2.2 Preparation of TiCl4/MgCl2/THF supported catalyst 

The MgCl2-supported Ziegler-Natta catalyst was synthesized under nitrogen 

atmosphere. First, anhydrous MgCl2 supports (2 g) was added into 500 ml three-neck 

flask with magnetic stirrer and followed by 150 ml tetrahydrofuran (THF) at room 

temperature. After 1-hour of the mixture, 2 ml titanium tetrachloride (TiCl4) was 

slowly dropped. The flask was heated to reflux at 70oC and kept it constant for 2 

hours. The supported catalyst was washed out more than five times with n-hexane, 

dried under vacuum, and stored in glove box. 
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 3.2.3 Preparation of magnesium powder supported catalyst 

First, 2 g of magnesium powder, 250 ml of n-hexane, and iodine were 

consequently added into 500 ml glass flask with magnetic stirrer at room 

temperature. Then, the desired amount of ethanol and titanium precursor (titanium 

alkoxide) were introduced, respectively. The flask was suddenly heated up to 80oC 

and maintained at this temperature for 2 h. After that, 10 ml of titanium tetrachloride 

and n-butyl chloride (BuCl) having molar ratio of BuCl:Mg = 0.75:1 was slowly 

dropped around 10 min. The brown slurry mixture was observed. The catalyst slurry 

was purified by washing with n-hexane for seven times and dried under vacuum [82].  

 3.2.4 Preparation of magnesium ethoxide supported catalyst 

A mixture of 2 g of Mg(OEt)2 and n-hexane was added into the 500 mL four-

necked round bottom flask with magnetic stirrer. Under controlled low temperature, 

10 ml of TiCl4 was slowly dropped and heated up to 70°C within 1 h and kept at this 

temperature for 2 h. Then, the mixture was cooled down and washed with n-hexane 

for seven times to obtain the final catalyst. 

3.3 Slurry ethylene polymerization and ethylene/1-hexene copolymerization 

  Ethylene polymerization and ethylene/1-hexene copolymerization were 

executed in 2L-autoclave equipped with monitoring stirrer. The reactor directly linked 

with nitrogen, hydrogen and ethylene gases line. Before polymerization, the 

autoclave was dried by heating at 70oC under vacuum and purged with nitrogen gas 

more than three times for purify system. After that, dry nitrogen gas was 

accumulated in the system for 50 minutes. Designed volume of n-hexane was 

injected into the reactor under nitrogen gas. Cocatalyst types (TEA, TnOA, and 

combination of TEA and TnOA) and slurry commercial catalyst were introduced in 
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Al/Ti molar ratio at 140. Then, atmosphere nitrogen gas and hydrogen 3.5 bars were 

filled into the reactor, respectively. At 80oC, ethylene gas was kept continuously 

within the autoclave at total pressure of 8 bars during polymerized for 1 hour. 

Finally, the obtained polymer was dried and filtered at room temperature. 

Ethylene/1-hexene copolymerization was conducted under the similar procedure. 

The addition of 20 ml of 1-hexene as comonomer was performed after feeding 

solvent. Moreover, copolymerization of ethylene with 1-hexene was varied by 

comparing the polymerization temperature at 70 and 80oC.   

3.4 Propylene polymerization 

  The propylene polymerization was carried out in 100 ml semi-batch stainless 

steel reactor with a magnetic stirring bar. Preparation of all chemicals including to 

solid titanium-based catalyst powder, n-hexane as solvent, and cocatalyst (TEA, 

TnOA, and mixtures of TEA and TnOA) was conducted under argon atmosphere in 

glove box. The desired amount of Al/Ti molar ratio was at 140 and cocatalyst with 

solvent (total volume 30 ml) was successively added into the reactor and followed 

by catalyst. The reactor was evacuated and filled propylene gas for many times to 

purify system at different polymerization temperature (50, 60, and 70oC). Gaseous 

propylene at 5 bars was supplied to the reactor and kept constant during the 

reaction for 15 minutes. The termination of polymerization was stopped by adding 

acidic solution with excess methanol. The polymer was precipitated and vacuum 

dried.   
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3.5 Gas phase ethylene polymerization and ethylene/1-hexene 

copolymerization 

  The gas phase ethylene polymerization and copolymerization of ethylene 

with 1-hexene were performed in 1L-semi-batch cylindrical reactor. The reactor was 

related to all purified gas line. First, 80 g of NaCl was added into the reactor, and 

then the autoclave was dried by heating it with evacuation at 90oC overnight for 

removal of moisture. After the system was evacuated and flushed with dry nitrogen 

for five times, nitrogen gas was introduced at 0.5 bar. In case of copolymerization at 

70oC, 10 %vol of 1-hexene was added and stirred. After 25 minutes, cocatalyst was 

injected into the reactor for scavenging of impurity. Then, feeding catalyst by purged 

nitrogen gas of 1.5 bar and stirring for 30 minutes was elucidated. After that, 

pressurized 0.5 bar of hydrogen gas was filled. The ethylene gas was immediately 

filled to autoclave to control a total pressure 15 bar and continuously fed during 

polymerization. After 1-hour polymerization, the ethylene gas was stopped by 

released pressure and cooled down the reactor. The solid polymer was washed by 

DI water to remove salt, and then dried at 60oC. 

3.6 Characterization of catalyst and polymer  

3.6.1 Inductively Coupled Plasma (ICP) 

  The titanium (Ti) and aluminium (Al) element contents in bulk of solid 

supported catalyst were determined by inductively couple plasma optical emission 

spectrometer (ICP-OES) on a 2100 DV from Perkin Elmer. The sample was seriously 

weighted of 0.01 g and dissolved with hydrochloric acid (5 ml), and then DI water 

diluted the solution. The energy from coupled plasma was used in this instrument. 
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3.6.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 

Spectroscopy (EDX) 

The catalyst and polymer morphology were observed using SEM on JEOL 

model S-3400, while the element contents on surface of supported catalyst was 

performed by EDX using Link Isis series 300 program.  

3.6.3 Fourier Transform Infrared Spectroscopy (FTIR) 

Functional groups of supported catalyst were identified by Fourier transform 

infrared spectroscopy (FT-IR) using Nicolet 6700 FT-IR measurement. The sample was 

analyzed in the scanning range of 4000-500 cm-1. The solid catalyst was covered on 

NaCl disk under argon atmosphere.  

3.6.4 X-ray Diffraction (XRD) 

Powder XRD measurement of the catalyst and polymer was carried out using 

Bruker of D8 Advance model. This analyzer was to investigate crystalline phases and 

crystallinity of catalyst and polymer. The time per step was 0.3 and the scan size was 

0.02o and used in the diffraction 2ϴ range = 10o to 70o. 

3.6.5 Electron Spin Resonance (ESR) 

The interaction between slurry catalyst and cocatalyst was determined by 

ESR using Bruker Elexys 500 model to study about intensity of titanium oxidation 

state (unpaired electron of titanium). The samples were prepared under argon 

atmosphere in glove box. This technique was operated as following polymerization 

temperature for 90 minutes and recorded for each 15 minutes until operation.   
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3.6.6 Differential Scanning Calorimeter (DSC) 

Melting temperature (Tm) and crystallinity percentage (%𝑋𝑐 ) were 

determined by DSC analysis. The stepwise annealed fraction DSC analysis was 

performed with TA Instrument SDT Q600 V.81 Build 99. The heating rate of 

10oC/minute in temperature from 20 to 300oC was studied. The crystallinity of 

polymer can calculate from equation below; 

%𝑋𝑐 =  
∆𝐻

∆𝐻0
 × 100 

Where; 

  ∆𝐻 refers to heat of fusion of polyethylene and polypropylene sample 

∆𝐻0 refers to heat of fusion of polyethylene and polypropylene reference 

having 291.7 J/g and 207 J/g, respectively. 

3.6.7 Carbon-13 Nuclear Magnetic Resonance (13C NMR) 

The insertion of comonomer in main chain polymer was also analyzed by 13C 

NMR Bruker DRX 500 spectrometer. The polymer samples were dissolved in 

benzene-D6 and recorded at 125oC. The pulse angle 90o and a pulse interval of 12 

sec were studied. 

3.6.8 Kumagawa Soxhlet Extractor 

A Soxhlet extractor based on Kumagawa extractor was used to study the 

isotactic index (I.I.) of polypropylene. Using 1 g sample in filtered paper was extracted 

with boiling n-heptane for 6 hours, and then the insoluble part was dried and taken 

the isotactic index. In addition, copolymer from gas-phase copolymerization of 
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ethylene with 1-hexene was analyzed in this measurement for observed amorphous 

and crystallize of polymer. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 This topic has been divided into 4 main parts. All this section, the effect of 

cocatalyst types in titanium-based Ziegler-Natta catalyst on olefin polymerization is 

studied. The commercial catalyst and different magnesium sources are used in first 

two parts and Part 3, 4, respectively. All parts studied about effect of cocatalyst 

types (TEA, TnOA, and TEA+TnOA).  
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Part 1: Facile investigation of Ti3+ state in Ti-based Ziegler-Natta 

catalyst with a combination of cocatalysts using electron spin 

resonance (ESR) 

Abstract  

  This study aims to investigate the influences of a combination of cocatalysts 

including triethylaluminum (TEA) and tri-n-octylaluminum (TnOA) for activation of a 

commercial Ti-based Ziegler-Natta catalyst during ethylene polymerization and 

ethylene/1-hexene copolymerization on the change in Ti3+ during polymerization.  

Thus, electron spin resonance (ESR) technique was performed to monitor the change 

in Ti3+ depending on the catalyst activation by a single and combination of 

cocatalyst. It revealed that the amount of Ti3+ played a crucial role on both ethylene 

polymerization and ethylene/1-hexene copolymerization. For ethylene 

polymerization, the activation with TEA apparently resulted in the highest catalytic 

activity. The activation with TEA+TnOA combination exhibited a moderate activity, 

whereas TnOA activation gave the lowest activity. In case of ethylene/1-hexene 

copolymerization, it revealed that the presence of 1-hexene decreased activity. The 

effect of different cocatalysts tended to be similar to the one in the absence of 1-

hexene. The decrease of temperature from 80 to 70 C in ethylene/1-hexene 

copolymerization tended to lower catalytic activity for TnOA and TEA+TnOA, 

whereas only slight effect was observed for TEA system. The effect of different 

cocatalyst activation on the change of Ti3+ state of catalyst was elucidated by ESR 

measurement. It appeared that the activation of catalyst with TEA+TnOA 

combination essentially inhibited the reduction of Ti3+ to Ti2+ leading to lower 

activity.  Furthermore, the polymer properties such as morphology and crystallinity 

can be altered by different cocatalysts. 
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Keywords:  Ethylene polymerization; Ziegler-Natta catalyst; Cocatalysts; Titanium 

oxidation state; Electron spin resonance  

4.1 Introduction 

  Currently, the demand of plastics leads to high productivity of polyolefins, 

especially films for bags, sheets, and the packaging industry. Plastics are made from 

different structure of polyolefins such as polyethylene (PE) and polypropylene (PP), 

but somehow those popularly produced from polyethylene are widely used [83, 84]. 

Linear-low density polyethylene (LLDPE) as linear polymer with short branches is one 

of the most consumption of PE and importance in industries. LLDPE is produced by 

copolymerization of ethylene and higher olefins such as 1-butene, 1-hexene, 1-

octene, etc. The insertion of olefins as comonomer can be obtained differently 

depending on various comonomer sizes, its content, its structure, catalysts and 

cocatalysts used, and condition of polymerization. It is well known that types of 

catalyst play important roles on improvement of polymerization process and activity. 

The productions of this copolymer normally undergo using supported metallocene 

catalyst or Ziegler-Natta catalysts (ZN) with proper cocatalysts [85-87]. In fact, the 

metallocene catalysts as single site catalyst produces polymers with narrow 

molecular weight distribution (MWD) and chemical composition distribution (CCD) 

including high insertion of comonomer. Conversely, the Ziegler-Natta catalysts 

generate polymers with broader MWD and CCD. Although metallocene catalyst is an 

effective catalyst, it only shows enhancement of 1-olefins insertion in polymer chain 

without increasing catalytic activity [88]. In industrial scale, the metallocene catalysts 

can be used in ethylene polymerization [89], but the polymerization system is more 

sensitive and it requires large amounts of cocatalyst such as methylalumoxane (MAO) 

[87, 90, 91]. It is necessary to rely on more suitable catalyst for improving properties 
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of polymer and easy control of the catalytic system.  

  Ziegler-Natta catalyst is one of the most suitable choices of catalysts in the 

polyolefins industry used to control mechanical polymer properties having high 

catalytic activity. Furthermore, ZN catalysts still have low cost and less poison. This 

catalyst must have support for improving morphology, protecting fine particles, and 

fouling in reactor. Since these titanium catalysts cannot activate themselves, they are 

essential to use with cocatalyst in olefins polymerization. The cocatalysts or 

activators are mainly composed of alkyl aluminum compounds, which have been 

used in polymerization of olefin. Many industries use alkylaluminums such as 

triethylaluminum (TEA), trimethylaluminum (TMA), tri-iso-buthylaluminum (TiBA), tri-

n-octylaluminum (TnOA), and diethyl aluminum chloride (DEAC) in polymerization 

processes [92-94]. The main function of these alkyl aluminum groups is to reduce the 

oxidation state of titanium (Ti) complex in catalyst into the suitable active forms for 

olefin polymerization. As known, ethylene polymerization can occur via both 

titanium (II) and titanium (III) species, whereas propylene polymerization needs only 

active titanium (III) ions [41]. Based on many researches, ZN catalyst is more popular 

for polymerization of ethylene due to its high activity. Thus, this research chose the 

commercial ZN catalyst for ethylene polymerization and ethylene/1-hexene 

copolymerization. As well known, LLDPE is produced using the commercial catalyst 

probably due to increased insertion of comonomer [95]. Hence, the suitable 

cocatalysts are preferred for reduction of Ti4+ to obtain high polymer yields. In 

addition, alkyl aluminums also scavenge impurities. In this reason, these activators 

are used in polymerization of ethylene and copolymerization of ethylene/1-olefins 

with Ziegler-Natta catalysts [95]. Previously, Hongmanee et al. revealed the effect of 

different reducing power of cocatalyst and Al/Ti molar ratios in synthesized ZN 

catalyst for ethylene polymerization. They showed that TEA exhibited the highest 
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activity and the activity enhanced with increased Al/Ti molar ratios (from 2 to 5). 

They concluded that an increase in Al/Ti molar ratios can alter the catalytic activity 

[82]. Later, other researchers suggested that different activators likely increased the 

insertion of 1-hexene in polyethylene. Furthermore, using different types of single 

and combination of alkylaluminum compounds for suitable alkyl aluminum groups 

were investigated [13, 65, 96]. Commonly, TEA as activator having high reducing 

power is preferred. However, several cocatalysts have been also studied. For 

instance, TnOA was selected because it is also available and has octyl group, which 

can combine with other cocatalysts.  This perhaps facilitate the insertion of 1-olefins 

and stability of Ti3+. Since the catalyst and cocatalysts in this system are very 

sensitive to oxygen and moisture, it is a difficult task to characterize the change in 

catalyst properties under inert condition. Therefore, more powerful techniques are 

crucial to monitor the change in active sites during activation with cocatalyst and 

polymerization. One of the most powerful techniques is electron spin resonance 

(ESR) that can be used to observe the change in Ti3+ state in Ti-based ZN catalysts. 

Although the application of ESR is promising, only few studies [82, 97] were used this 

technique to determine the change in active species in polymerization catalysts.  

  In this present work, effects of different cocatalyst activation on a commercial 

Ti-based ZN catalyst on the change of Ti3+ state were elucidated by means of ESR. 

The change in Ti3+ state essentially plays an important role on the behaviors of 

ethylene polymerization and ethylene and 1-hexene copolymerization. 
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4.2 Materials and Methods 

4.2.1 Materials 

  A commercial ZN catalyst (Cat-A) containing ca. 4 wt% of Ti was used. 

Triethylaluminum (TEA), trioctylaluminum (TnOA), and n-hexane for polymerization 

grade were donated from Thai Polyethylene Co. Ltd. Ethylene gas, hydrogen, and 

nitrogen were supplied from Linde (Thailand) Ltd. 1-hexene (1-C6H12) was purchased 

from Sigma Aldrich and dehydrated with the 3Å molecular sieve. All chemicals were 

prepared under argon atmosphere with glove box and 1-hexene was handled with 

Schlenk technique under nitrogen atmosphere. 

4.2.2 Polymerization procedure 

  The slurry ethylene polymerization and ethylene/1-hexene copolymerization 

were operated in 2L-autoclave reactor linked with the purified nitrogen, hydrogen, 

and ethylene gases line and directly connected with purified n-hexane as solvent 

line. First, all equipment as the reactor and all feed lines were evacuated and purged 

with nitrogen gas to purify system many times at 70 °C. Then, purging nitrogen gas to 

fill in for 50 minutes. Next, the reactor was cooled down to 40 °C and 1 L of n-

hexane as solvent was filled into the reactor. In case of ethylene/1-hexene 

copolymerization, 20 ml of 1-hexene as comonomer was injected into the reactor at 

constant stirring. Cocatalysts [TEA, TnOA and TEA+TnOA (1:1)] were added into the 

system, followed by injection of desired amount of slurry catalyst at Al/Ti molar ratio 

equal to 140 and heated up to 70 °C. Then, nitrogen gas was released until steady at 

1 bar of nitrogen and pressurized with 3.5 bars of hydrogen gas followed by total 

pressure of ethylene gas at 8 bars. Polymerization was started at 75 °C and continued 
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for 1 h at 80 °C. Finally, the polymerization was terminated by diluting hydrochloric 

and methanol. The obtained polymer was dried. 

 The polymer nomenclatures are given as listed in Table 4. 1. 

Table 4. 1 Given polymer nomenclatures depending on different polymerization 

systems 

Polymer Samples 

Nomenclatures 

Monomer Activator 
Polymerization 

Temperature (oC) 

PE/TEA/80 Ethylene TEA 80 

PE/TnOA/80 Ethylene TnOA 80 

PE/TEA+TnOA/80 Ethylene TEA+TnOA 80 

CoPE/TEA/80 Ethylene/1-hexene TEA 80 

CoPE/TnOA/80 Ethylene/1-hexene TnOA 80 

CoPE/TEA+TnOA/80 Ethylene/1-hexene TEA+TnOA 80 

CoPE/TEA/70 Ethylene/1-hexene TEA 70 

CoPE/TnOA/70 Ethylene/1-hexene TnOA 70 

CoPE/TEA+TnOA/70 Ethylene/1-hexene TEA+TnOA 70 

 

4.2.3 Measurement of Ti3+ state by electron spin resonance (ESR) 

  Intensity of Ti3+ oxidation state was analyzed by electron spin resonance (ESR) 

technique. The slurry catalyst in n-hexane was prepared and activated by activators 

as TEA, TnOA, and mixed cocatalysts (TEA+TnOA, 1:1) in glove box. To collect the 

ESR spectra, the microwave frequency (9.419 GHz) was measured by Bruker Elexys 

500 model under in situ condition. A typical microwave power 2.005 mW was chosen 
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in ESR method. The ESR tubes were heated to 70 °C and held for 90 minutes. And 

then, the ESR spectra were captured for each 15 minutes until 90 minutes. 

4.2.4 Characterization of polymer 

  The polymer morphology at x50 and x1k micrographs was observed by SEM. 

Melting temperature of polymer and %crystallinity was analyzed by differential 

scanning calorimetry (DSC). These measurements were operated in the temperature 

range from room temperature to 300 ºC and heating rate of 10 ºC/min. Moreover, 

calculation of %crystallinity of polymer was conducted based on this following 

equation as shown in Equation (1). The crystalline phase of obtained polymer was 

determined with XRD using Bruker of D8 advance model. Diffraction patterns were 

examined in diffraction angle range of 2ϴ = 10-80 degree with scan size of 0.02 and 

scan speed of 0.3 sec/step. 13Carbon Nuclear Magnetic Resonance (13C NMR) using a 

high solution 13C NMR Bruker DRX 500 spectrometers was performed to determine 

the comonomer incorporation. The samples were measured in benzene-D6 at 125oC. 

The 13C NMR was operated pulse angle 90o and pulse interval 12 sec. 

% crystallinity (𝐗𝐜) = ∆𝐇𝐟 ×  
𝟏𝟎𝟎

𝟐𝟗𝟏.𝟕 𝐉/𝐠
 ; ∆Hf is heat of fusion of polyethylene (1) 
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4.3 Results and Discussion  

4.3.1 Catalytic activity 

  Table 4. 2 Catalytic activity of ethylene polymerization and ethylene/1-

hexene copolymerization under different activator a 

Run number Polymer Samples PE yield (g) 
Catalytic Activity 

(kgPE/gTi.h) 

1 PE/TEA/80 297 776 

2 PE/TnOA/80 109 285 

3 PE/TEA+TnOA/80 185 483 

4 CoPE/TEA/80 185 484 

5 CoPE/TnOA/80 96 250 

6 CoPE/TEA+TnOA/80 167 437 

7 CoPE/TEA/70 184 480 

8 CoPE/TnOA/70 38 100 

9 CoPE/TEA+TnOA/70 133 348 
a Polymerization condition: 2-L autoclave reactor, catalyst 0.008 mmol Ti, solvent = n-hexane, 

total pressure = 8 bars, H2 = 3.5 bars, Al/Ti molar ratio = 140, polymerization time = 1 h, ICP_Ti = 

3.99% 

  Ethylene polymerization and ethylene/1-hexene copolymerization activity 

data are shown in Table 4. 2. There are four variables studied including bulkiness 

size of cocatalyst types (TEA and TnOA), a single (TEA or TnOA) and combination 

(TEA+TnOA) of cocatalysts, polymerization types (homo- or copolymerization) and 

polymerization temperatures (70 or 80 oC in copolymerization). First, when 

considered the ethylene polymerization (Runs 1-3), it appeared that TEA (Run 1, 
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PE/TEA/80) exhibited the highest catalytic activity among other cocatalysts including 

TnOA and TEA+TnOA (Runs 2 and 3).  It is known that the larger size of activator 

group diffuses slower than small one.  Thus, the bulkiness of cocatalysts responds to 

the diffusion of activator through titanium active site, and then catalytic activity. On 

the other words, the less bulkiness of cocatalysts exhibit high reducing power (TEA > 

TnOA). Considering in the case of TEA+TnOA, the polymerization activity was in 

between both activators.  It was not surprising since the combination of cocatalysts 

may result in the random insertion of different alkyl groups from each cocatalyst to 

form new cocatalyst having mixed alkyl groups as shown in Scheme 4. 1. It is 

presumable that the reducing power of the mixed cocatalyst should be in the 

average value, and then giving the average polymerization activity.    

 

Scheme 4. 1 The possible new alkyl aluminum to produce suitable activators (A and 
B refer to randomly -C2H5 or – C8H17) 

  In case of ethylene/1-hexene copolymerization (Runs 4-6), the catalytic 

activity tended to be similar as seen from the homopolymerization system (TEA > 

TEA+TnOA > TnOA). However, it seemed that the catalytic activities for the 

copolymerization system was lower than those obtained from the homogeneous 

system for all cocatalysts.  It should be mentioned that with the use of TEA (Runs 1 

and 4), the catalytic activity of copolymerization system (Run 4) remarkably 

decreased (from 776 to 484 kgPE/gTi.h) when compared to the homopolymerization 

system (Run 1), whereas only slight decrease in catalytic activities of 

copolymerization system using TnOA (Run 5) and TEA+TnOA (Run 6) was observed. It 
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indicated that the change in active Ti species activated by TEA played a key role on 

different catalytic activity for both homo- and copolymerization in this specified 

condition. To study the temperature effect on copolymerization system, the 

polymerization temperature was lower from 80 to 70 C (Runs 7 to 9). It revealed 

that activity decreased with decreasing polymerization temperature for TnOA and 

TEA+TnOA, whereas it did not affect in case of TEA.  It suggested that the use of 

TnOA was more sensitive to polymerization temperature.   

 In order to elucidate the change of active Ti species depending on different 

cocatalysts, the electron spin resonance (ESR), which is one of the most powerful 

techniques, was performed. It is known that in ethylene polymerization or 

ethylene/1-hexene copolymerization, TiCl4 (Ti4+) as catalyst was reduced to bulk TiCl3 

(Ti3+) by cocatalysts. In this investigation, the in situ ESR was conducted at 70 C after 

activation of catalyst with different cocatalysts for 90 minutes. The ESR spectra of 

catalyst activated with various activators are shown in Figure 4. 1(a) to (c). In fact, 

the change in Ti3+ oxidation state, which was reduced from TiCl4 [98] can be 

monitored. The major peaks of Ti3+ were observed at the g-factor value of 1.95, 1.96, 

1.98, and 1.99 in Figure 4. 1(a) for TEA activation, 1.95, 1.97, 1.98, and 1.99 in Figure 

4. 1(b) for TnOA activation, and 1.94, 1.95, 1.96, 1.97, 1.98, and 2.00 in Figure 4. 1(c) 

for TEA+TnOA activation. In the absence of interaction between the catalyst and 

cocatalyst, peaks at g-factor of 1.98, 1.95, and small peak at g = 1.96 were assigned 

to tetrahedral Ti3+ species, probably lowest Ti/Mg ratios, and interaction between Ti3+ 

and electron donor, respectively. [99] The peak at 1.95 tended to increase with time 

indicating the transformation of Ti4+ to Ti3+. The generation of a new signal at g-value 

of 1.99 can be assigned to the lowest Ti/Mg stoichiometry. However, addition of TEA 

results in the disappearance of peaks at g-factor of 1.96 and 1.98 [100, 101]. In recent 
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work, more complex EPR spectrum of titanium- magnesium catalysts are commonly 

observed for signals with wide ranges between 1.89 and 1.99. Figure 4. 1(b) shows a 

broad peak with g = 1.99 indicating the lowest Ti to Mg molar ratio and increased 

signal of g-factor at 1.97 in the ESR spectrum [101, 102]. Moreover, the g value at 

1.94 refers to six-coordinated Ti3+ dissolved in MgCl2 and isolated octahedral Ti3+ ions 

[102, 103]. From other researches, ESR spectra of TiCl3 were observed with g = 1.94 

along with a new g-factor of 1.97 corresponding to alkylated Ti3+ on surface [100, 

104]. After activation of the catalyst with TEA+TnOA as shown in Figure 4. 1(c), the 

appearance of peak at g = 1.98 also assigned to tetrahedral Ti3+ and a small signal g 

value of 1.97 was observed showing the alkylated Ti3+ on surface. In addition, the g-

value of 1.95 appeared to increase with the activation time indicating the presence 

of Ti3+ ions. 
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Figure 4. 1 The in situ ESR spectra of catalyst activated with different cocatalysts;  
(a) TEA, (b) TnOA, and (c) TEA+TnOA 

(a) 

(c) 

(b) 
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  For quantitative analysis of Ti3+ species, ESR peak area relating to the relative 

amounts with activation time of Ti3+ species was calculated by double integration 

[82]. In addition, the ESR results obtained from Figure 4. 1 were further calculated by 

double integration technique and normalized peak areas of interval time to compare 

with the data at initial time (no activation) to obtain the plot of relative area 

(corresponding to the amount of changes in Ti3+) with time in Figure 4. 2. In Figure 4. 

2, it shows the Ti3+ intensity change (relative area) in catalyst and cocatalyst system 

with time at 70oC. The relative peak area corresponding to the amounts of Ti3+ 

species and activation time are plotted as shown in Figure 4. 2. It was found that the 

Ti3+ amounts of TEA activation tended to abruptly increase within 15 min, and then 

consistently decrease. Similarly, for TnOA activation, the relative area Ti3+ reached 

the maximum within the first 15 min, and then consistently declined with time.  It is 

worth noting that the Ti3+ amounts for TEA+TnOA activation tended to slightly 

decrease within first 30 min, and then being quite constant with time. On the other 

words, the Ti3+ can be stabilized with the combination of TEA+TnOA. Moreover, all 

cocatalysts also reduced titanium state from Ti4+ to Ti3+ and then to Ti2+ differently. 

For TEA activation, it showed the highest catalytic activity in ethylene polymerization 

because ethylene polymerization is active both Ti3+ and Ti2+, but Ti2+ is recognized to 

be more active than Ti3+ [105, 106]. In case of TnOA activation, the catalytic activity 

was found to be the lowest relating to the lowest relative area of Ti3+ because it is 

too bulky resulting in low reducing power. 
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Figure 4. 2 Stability of Ti3+ in the catalyst activated with different cocatalysts at 70 °C 
for 90 min. 

4.3.2 Polymer properties 

  Morphology of polymers was observed as seen in Figure 4. 3 and Figure 4. 4.  

The shapes of polymer obtained with different cocatalysts were highly porous and 

had both small and large spheroidal lump. When compared the polymer samples in 

Figure 4. 3 and Figure 4. 4, it revealed that no significant differences in morphology 

of polymers and copolymer obtained from different cocatalysts.  
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Figure 4. 3 SEM micrographs of the obtained polymer samples 
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Figure 4. 4 SEM micrographs of the obtained copolymers 

  The XRD technique was used to ensure the characteristics of polyethylene 

obtained. The crystal structure of homopolymer and copolymer under ambient 

condition was confirmed using XRD measurement as shown in Figure 4. 5. All 

homopolymer and copolymer samples exhibited the two sharp peaks at 2ϴ degree 

CoPE/TEA/80 (x50) 

 

CoPE/TnOA/80 (x50) 
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of ca. 21.6o and 23.8o attributed (110) and (200) plane of polyethylene. Previously, 

Kageyama et al. [107] also confirmed the XRD peaks of polyethylene located at 21.6° 

and 23.8°.  

 

Figure 4. 5 XRD patterns of the obtained polymer samples 

  In addition, the intensity of XRD peaks may relate to the degree of 

crystallinity in polymer obtained from DSC technique under thermal condition.  
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Table 4. 3 Properties of homopolymer and copolymer with different cocatalysts 
types and polymerization temperature a 

Run 

number 
Polymer Samples Tm 

a (oC) 

Heat 

reaction 

(J/g) 

%Crystallinity b 

1-hexene 

insertion c 

(%mol) 

1 PE/TEA/80 135.62 210.9 72.3 - 

2 PE/TnOA/80 135.15 221.2 75.8 - 

3 PE/TEA+TnOA/80 134.60 218.4 74.9 - 

4 CoPE/TEA/80 128.63 164.8 56.5 0.67 

5 CoPE/TnOA/80 130.61 183.3 62.8 0.38 

6 CoPE/TEA+TnOA/80 128.27 172.8 59.2 0.59  

7 CoPE/TEA/70 129.86 171.9 58.9 0.40 

8 CoPE/TnOA/70 132.73 167.5 57.4 0.29 

9 CoPE/TEA+TnOA/70 130.00 179.2 61.4 0.35 
a Melting temperature (Tm) was analyzed by DSC. 

b %crystallinity (𝑋𝑐) = ∆𝐻𝑓 ×  
100

291.7 𝐽/𝑔
 

c analyzed by 13C NMR 

  Thus, in this study, we used DSC technique to determine the meting 

temperature (Tm) and crystallinity of polymer as reported in Table 4. 3. Based on 

DSC results, %crystallinity of polymer was calculated from heat of fusion and the 

typical DSC spectra for polymer samples are also shown in Figure 4. 6.  
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Figure 4. 6 Typical DSC spectra of polyethylene and ethylene/1-hexene copolymers 

  However, different types of cocatalysts and variety of polymerization 

temperature may not affect crystallinity of polyethylene. It is known that increased 

comonomer insertion would result in decreased crystallinity degree. The decrease in 

melting temperature perhaps suggests a higher degree of comonomer insertion. It is 

obvious that Tm of homopolymers (134-135 oC) was higher than that of copolymers 
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PE/TnOA/80 
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(128 to 132 oC). The 13C NMR analysis is one of the most powerful techniques used 

to determine the degree of comonomer insertion. The % insertion of 1-hexene is 

also listed in Table 4. 3.  The incorporation of 1-hexene into polyethylene slightly 

improved in the order of TEA > TEA+TnOA > TnOA. However, changing the 

temperature of polymerization did not have significant effect on the polymer 

properties. 
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Part 2: Temperature effect on propylene polymerization behavior over 

Ziegler-Natta catalyst with different cocatalyst systems 

Abstract  

  This study focused on the effect of temperature in propylene polymerization 

behaviors up on different cocatalysts employed. It revealed that triethylaluminum 

(TEA) exhibited higher activity than tri-n-octylaluminum (TnOA) with the optimal 

temperature of 60oC, whereas the over reduction of catalyst occurred at 70oC. 

However, at low temperature (ca. 50oC), the mixed cocatalysts (TEA + TnOA) gave the 

highest activity among the sole cocatalyst. This can be attributed to the occurrence 

and stabilization of proper Ti oxidation state (Ti3+) form as proven by the electron 

spin resonance (ESR) with the combination of cocatalysts. In addition, temperatures 

and types of cocatalyst did not have significant effects on morphology and 

crystallinity of polymer. 

Keywords: Propylene polymerization; Temperature effect; Triethylaluminum; 

Trioctylaluminum; Electron spin resonance; Ziegler-Natta catalyst 

4.1 Introduction 

  Titanium-based Ziegler-Natta (ZN) catalyst is widely used in industrial olefins 

polymerization. Majority of titanium-based catalyst is employed in ethylene 

polymerization and highly active [108-110]. For ethylene polymerization, this 

produces more active sites of titanium for both divalent (Ti2+) and trivalent (Ti3+). 

Hence, these valences are the key to improve catalytic activity in polymerization of 

ethylene. Besides, the synthesis of this catalyst is not complicated. Therefore, 

catalysts for ethylene polymerization are usually employed in propylene 

polymerization with a slight adjustment. For propylene polymerization, it can be 
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catalyzed by only titanium state of oxidation at trivalent [41]. Therefore, the 

stabilization of Ti3+ is very crucial for this reaction and types of cocatalyst play 

important roles on this. In the activation process, the catalyst must react with 

cocatalyst or alkyl aluminum compounds to transform the inactive titanium (Ti4+) 

into active form (Ti3+). In general, cocatalysts such as triethylaluminum (TEA), tri-iso-

butyl aluminum (TIBA), and tri-octyl aluminum (TnOA) are used widely [92-94]. Each 

cocatalyst or activator has different reducing power depending on the steric 

hindrance. Thus, the suitable cocatalyst must be chosen in order to stabilize the 

active form of Ti state [13, 111].  

  Besides types of cocatalyst, polymerization temperature strongly affects the 

polymerization behaviors. This is because a change in temperature can essentially 

alter the activation and stabilization of active form of Ti state. In previous study, 

effect of temperature in propylene polymerization with metallocene catalysts was 

investigated to produce isotactic polypropylene [112-114]. Based on researches, 

various temperatures were manipulated and found to differently produce isotactic 

and syndiotactic polypropylene [115]. These results reveal that both temperature 

effect and types of cocatalyst play a key role to alter the polymerization behaviors, 

especially for the stabilization of active Ti species.  

  Therefore, the present study aims to investigate the effects of polymerization 

temperature along with different types of cocatalyst on propylene polymerization 

behaviors using titanium-based ZN catalyst. The polymerization temperature was 

varied from 50 to 70C, whereas TEA, TnOA and mixed TEA + TnOA as cocatalyst 

were used for each temperature. Moreover, the real time of Ti3+ present during 

activation of catalyst was monitored using electron spin resonance (ESR). The effects 

of polymerization temperature up on variation of cocatalyst types can be elucidated 

by the stabilization of Ti3+ in each catalytic system.  
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4.2 Experimental 

4.2.1 Materials  

  All materials and steps in operation were conducted under oxygen and 

moisture free system in nitrogen and argon atmospheres using glove box. 

Polymerization grade of propylene gas (99.9%) and purified nitrogen gas were 

supplied from Linde Co., Ltd. The commercial titanium-magnesium catalyst (TMC) 

(ca. 4 wt% of titanium) for propylene polymerization, n-hexane, triethylaluminum 

(TEA), and tri-n-octylaluminum (TnOA) were donated from Thai polyethylene Co., 

Ltd. 

4.2.2 Polymerization procedure 

  The polymerization of propylene was operated in 100 ml semi-batch stainless 

steel autoclave reactor with magnetic stirrer. All chemicals such as catalyst, 

cocatalysts (TEA, TnOA, and TEA + TnOA mixtures), and n-hexane as solvent were 

prepared in glove box. The purification of reactor was evacuated and purged with 

propylene gas for many times. First, the designed amount of cocatalyst and catalyst 

was injected into the reactor, consecutively. The Al/Ti molar ratio of 140 was used in 

this study. Then, 30 ml of n-hexane was introduced under argon atmosphere into the 

reactor. The polymerization was started by pressurizing with propylene gas to 5 bars. 

The polymerization time was kept for 15 min at each run and polymerization 

temperatures were varied at 50, 60, and 70oC. Then, polymerization was terminated 

by addition of acidic methanol (HCl in excess methanol). Finally, the precipitated 

polymer powder was filtered and vacuum dried. The nomenclature of polymers 

obtained was given as follows; 
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PP-X-Y 

Where; 

PP refers to polypropylene 

X refers to polymerization temperature in oC (50, 60, and 70) 

Y refers to cocatalyst types (A is TEA, B is TnOA, and AB is TEA + TnOA) 

4.2.3 Characterization of catalyst 

  The commercial Ziegler-Natta catalyst (TMC) was chosen. The catalyst 

components mainly consist of titanium and magnesium-based compounds.  The 

alkylaluminums such as TEA, TnOA, and mixed TEA + TnOA were used as cocatalyst 

or activator to obtain proper oxidation state of Ti3+ for propylene polymerization. 

Besides high catalytic activity, the stabilization of titanium states is crucial for this 

reaction. It is known that the polymerization temperature up on different cocatalysts 

play important roles in polymerization behavior due to the stabilization of titanium 

active species. Thus, it is captivating to determine the temperature effect with 

different cocatalysts in this present study. Moreover, the electron spin resonance 

(ESR) is one of the most powerful techniques used for studying unpaired electrons. In 

this study, ESR was used to observe the trivalent titanium state (Ti3+) intensity during 

the activation of TMC with different cocatalyst system under specified temperature. 

The Bruker Elexys 500 model of ESR instrument with magnetic frequency of 9.419 

GHz was used for this analysis. ESR was performed to elucidate the different 

activation behaviors regarding to different cocatalyst systems at 50oC. It was 

conducted under three different cocatalyst systems including TMC with TEA, TMC 

with TnOA, and TMC with TEA + TnOA using Al/Ti molar ratio of 140 as being used in 

polymerization. Besides, ESR was also used to track the change of Ti3+ with time. For 
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each measurement, it was operated at 50oC for 90 minutes. The relative amount of 

Ti3+ as a function of time for each measurement was calculated and compared [116].  

4.2.4 Characterization of polymer  

  Polymeric crystalline structure of polypropylene and the degree of 

crystallinity were determined by X-ray diffraction (XRD) analysis. The XRD 

measurement was performed using Bruker D8 advance model, operating Cu Kα 

radiation with step time of 0.3 sec and 0.02o of scan size in range of 2ϴ equals to 

between 10o and 60o. Differential scanning calorimeter (DSC) was carried out to 

determine melting temperature of polymer and percentage of polypropylene 

crystalline. The heat of fusion value obtained from DSC is used to calculate the 

crystallinity of polymer. This analysis was conducted using TA instruments SDT Q600 

V8.1 Build 99 with a heating rate of 10oC/min. The range of temperature was scanned 

from room temperature to 200oC. % crystallinity (𝑋𝑐 ) can be calculated from 

equation below; [117, 118]  

𝑋𝑐 = ℎ𝑒𝑎𝑡 𝑜𝑓 𝑓𝑢𝑠𝑖𝑜𝑛 𝑜𝑓 𝑝𝑜𝑙𝑦𝑝𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒 (𝛥𝐻𝑓) ×
100

207 𝐽/𝑔
 

  Scanning electron microscope (SEM) with JEOL S-3400N of Hitachi mode was 

used to scan over polymer morphology to obtain SEM micrographs at 20x 

magnification. The isotactic index (I.I.) of polypropylene was measured using Soxhlet 

extraction (Kumagawa extractors). It was performed using 1 g of polymer in 250 ml of 

boiling n-heptane as extraction solvent for 6 h. The obtained heptane-insoluble 

residue (as isotactic PP portion) was dried at 70oC for 16 h, and then weighted.  
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4.3 Results and discussion 

4.3.1 Catalytic activity    

Table 4. 4 Catalytic activity and characterization of polypropylene obtained by Ti-

based ZN catalyst 

Run 

number 

Polymer 

Samples 

Activity 

(gPP/gTi.h) 
Tm 

a (oC) %Crystallinityb 
Isotactic 

indexc (%) 

1 PP-70-A 836 154.2 36.6 71.2 

2 PP-70-B 868 152.8 32.7 68.1 

3 PP-70-AB 756 153.6 38.3 71.3 

4 PP-60-A 1486 157.0 34.7 74.7 

5 PP-60-B 1059 153.2 30.3 72.4 

6 PP-60-AB 977 155.1 30.7 74.1 

7 PP-50-A 1185 152.2 38.2 75.6 

8 PP-50-B 624 153.0 33.5 69.4 

9 PP-50-AB 1242 153.9 39.8 78.3 
a Melting temperature (Tm) was analyzed by DSC. 
b Calculated from DSC. 
c Calculated from residual polymer after extracted with boiling n-heptane for 6 h. 

Table 4. 4 shows the polymerization activity under different temperatures 

and cocatalysts. Considering polymerized at 70oC (high temperature) up on different 

cocatalyst types (Run 1-3), the TnOA (PP-70-B) exhibited the highest catalytic activity 

followed by TEA (PP-70-A) and mixed cocatalysts (PP-70-AB).  It is well known that 

TEA has higher reducing power than TnOA due to its less steric hindrance. Thus, it 

would have higher activity than that obtained from TnOA. However, in propylene 
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polymerization, the active site is Ti3+, while Ti2+ is inactive form [41]. Therefore, the 

over reduction of Ti3+ to Ti2+ was likely occurred with TEA activation at 70oC resulting 

in lower activity compared to the system with TnOA activation. The mixed 

cocatalysts rendered the lowest activity at 70oC. When the polymerization 

temperature was lower down to 60oC (Run 4-6), the polymerization behavior is quite 

different. As expected, the TEA activation system exhibited the highest activity (1486 

gPP/gTi.h.) among other systems (PP-60-A > PP-60-B > PP-60-AB). This can be 

attributed to the optimal temperature to activate the catalyst for each cocatalyst 

system. Moreover, the polymerization temperature at 50oC (Run 7-9) was also 

studied. Surprisingly, at this low temperature, it can be observed that the mixed 

cocatalyst system (PP-50-AB) gave the highest activity (1242 gPP/gTi.h). It was 

suggested that the stabilization of Ti3+ at this temperature was suitable for the 

activation of this catalyst with mixed TEA+TnOA cocatalysts. In order to better 

understand the temperature effect up on different cocatalyst types, the summarized 

result is illustrated in Figure 4. 7. It can be concluded that for a single cocatalyst 

system including TEA and TnOA, the optimal temperature for polymerization is 60oC 

due to both cocatalysts exhibited high activity.  Increased temperature to 70oC 

apparently led to over reduction of Ti3+ to Ti2+ resulting in low activity. However, 

when this polymerization was performed at 50oC, it is quite interesting that the 

mixed TEA + TnOA cocatalyst system render the highest activity. As we mentioned 

earlier, the high activity found it this low temperature should be related to the 

stabilization of Ti3+.  
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Figure 4. 7 Catalytic activity to effect of temperature of propylene polymerization 

compared with difference activators at Al/Ti =140 

  The ESR technique detects only unpaired spin of the radicals such as trivalent 

Ti (Ti3+). In case of Ti-based Ziegler-Natta catalyst, Ti has oxidation state of 4+ at the 

beginning, and then it is reduced to Ti3+ by cocatalyst in the activation process. 

However, polymerization of propylene can be energetic with Ti4+ and Ti3+ species. It 

is attested that active species as Ti3+ of catalyst can be measured from this 

technique. The obtained ESR raw data between field wavelength (G) and intensity 

values were captured in every 15 minutes until 90 minutes and computed to double 

integration. Therefore, these data were resulted in normalized peak with no reaction 

time. Thus, a change of Ti3+ amount with time was plotted in relative area form as 

seen in Figure 4. 8.  
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Figure 4. 8 Relative area correlated with reaction time in effect of cocatalyst types at 

Al/Ti =140 and T = 50oC 

  Figure 4. 8 shows ESR spectra at 50oC for the catalyst during activation with 

three different cocatalyst types over a period of 90 minutes. The relative area of all 

cocatalysts tended to significantly rise with increased time. For TnOA activation, the 

relative area of Ti3+ was the lowest and slightly increased at the beginning, and then 

it was rather constant throughout the measurement. When compared to TnOA, the 

TEA activation rendered higher relative area of Ti3+ indicating that TEA system 

exhibited higher activity due to higher amount of Ti3+.  

  This result is in accordance with that as seen from Table 4. 4.  Moreover, it 

was found that for the mixed cocatalyst system, the relative area of Ti3+ is the 

highest suggesting that this system exhibited the highest activity as also confirmed by 

the results from Table 4. 4. Thus, results from ESR measurement are in agreement 

with those seen from Run 7-9 in Table 4. 4.  
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Scheme 4. 2 Plausible mechanism of mixed cocatalyst (TEA+TnOA) at different 

temperature 

It is likely that the mixed cocatalysts generate new active site formation as 

shown in Scheme 4. 2. From previous theories and literatures, propylene 

polymerization is active for both 4+ and 3+ of titanium site, but bivalence of the 

catalyst was not active in reaction. Thus, new active center formation was possibly 

produced, and then more active centers can stabilize the Ti oxidation state [119-

122]. Moreover, it indicated that Ti-based Ziegler-Natta catalyst slowly decomposed 

or the active centers moderately deactivated. In agreement with at low reaction 

temperature directly replied on propylene chain-transfer because of new cocatalysts 

model and mainly saved thermal energy. It is surprising that combination of 

cocatalyst impacts on the increment in the catalytic activity with decreased 

temperature of reaction. In consequence of new formation model of cocatalysts, it 

may be due to more stabilization of trivalent titanium can facilitate the yield of 
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polymer [106, 123-125]. Hence, it is interesting that stability of Ti3+ for combination of 

activators at 50oC can powerfully confirm from ESR technique.  

4.3.2 Polymer characteristics 

  Morphologies of polymer obtained using different cocatalyst types at reaction 

temperature of 50oC were typically displayed as shown in Figure 4. 9. All 

polypropylenes obtained exhibited similar shape. The PP-50-A had characteristic of 

fluffy pellet, whereas PP-50-B exhibited mostly inflexible fiber. As expected, the PP-

50-AB was present as the combination of both PP-50-A and PP-50-B morphologies.  

   

 

Figure 4. 9 Typical morphologies of polypropylene in variation of cocatalyst at 50oC 

  The crystalline structure under ambient condition of polymer is simply 

determined using X-Ray diffraction (XRD). The XRD patterns of polypropylene with 

(a) PP-50-A (b) PP-50-B 

(c) PP-50-AB 
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different cocatalyst types, and polymerization temperature are displayed in Figure 4. 

10. Typically, it showed two diffraction sharp peaks located at 2ϴ angles of 14.2o 

and 17.2o indicating isotactic PP in (110) and (040) planes, respectively. Moreover, 

there were also two peaks at 2ϴ degree of 18.6o and 21.6o for isotactic PP at planes 

(130) and (111) reflection [126, 127]. At 50oC, the XRD peaks were sharper than those 

obtained at 60 and 70oC. The crystallinity and melting temperature are shown in 

Table 1. It revealed that PP-50-AB exhibited high crystallinity at ca. 40 %. The other 

PPs gave almost similar crystalline value. Based on DSC measurement, 

polypropylenes have melting temperature about 152-156oC [128]. It can predict that 

high melting point is related to more isotactic since its better tendency to crystal 

formation.  

 

Figure 4. 10 XRD patterns of polypropylene obtained from different cocatalyst and 

temperature 
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  In addition, isotacticity index (I.I.) indicated the formation of stereoregularities 

of polypropylene. Combination of cocatalyst also presented more isotacticity 

polymer than that obtained from a single activator. On the contrary, TnOA activators 

exhibited the lowest isotactic index because alkyl group of activators maybe blocked 

to chain-transfer and interaction of propylene. Furthermore, isotacticity also directly 

affected stereoregularity, and then a stereoregulated adsorption of catalyst active 

sites [129-131]. It is possible that different cocatalyst types attached dissimilar alkyl 

group around aluminum reported that selectively stereospecific sites to more 

isotactic. In case of polypropylene, it is possible that catalytic centers had α-TiCl3 on 

surface (random), but β-TiCl3 surface (linear) appeared to be covered with polymer. 

Thus, α and β having arrangements of Ti3+ state was different. It should be noted 

that the variation of Ti oxidation state can alter the polymer structure and can be 

confirmed as also seen from Figure 4. 8.   
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 Part 3: Gas-phase polymerization of ethylene over Ti-based Ziegler-

Natta catalysts prepared from different magnesium sources 

Abstract 

This study focuses on gas-phase polymerization of ethylene using the 

titanium-based Ziegler-Natta catalysts prepared from different magnesium sources 

including MgCl2 (Cat A), magnesium powder (Cat B) and Mg(OEt)2 (Cat C). During 

polymerization, different cocatalysts were also employed.  It was found that Cat C 

with TEA as cocatalyst exhibited the highest activity. This was likely attributed to 

optimal distribution of active site on catalyst surface. It can be observed by increased 

temperature in the reactor due to highly exothermic reaction during polymerization. 

By the way, the morphologies of polymer obtained from this catalyst were spherical, 

which is more preferable. Besides the catalytic activity, crystallinity and morphology 

were also affected by the different magnesium sources used to prepare the catalysts.  

Keywords: Gas-phase ethylene polymerization; Magnesium sources; Ziegler-Natta 

catalyst; Triethylaluminum; Trioctylaluminum 

4.1 Introduction 

  Ziegler-Natta (ZN) catalyst is popularly used in olefin polymerization 

industries, especially in the slurry polymerization system [132-134]. This catalyst 

mainly consists of transition metal compounds mostly including titanium and 

vanadium precursors [135, 136]. Commonly, Ziegler-Natta catalyst has been chosen 

as the first choice due to its high productivity in olefin polymerization industries and 

good morphology control [14, 137, 138]. Moreover, the catalyst is activated with 

activator or cocatalyst to change an inactive into active form as trivalent and divalent 
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state of metal for ethylene polymerization [139]. Many kinds of alkylaluminum such 

as triethylaluminum (TEA), tri-iso-butyl aluminum (TIBA), and tri-octyl aluminum 

(TnOA) are normally used as cocatalyst. In fact, each cocatalyst has different alkyl 

groups bound to aluminum affecting the reducing power to activate the catalyst. So, 

the selection of suitable cocatalyst type is very crucial for polymerization process 

[82]. Furthermore, this catalyst can be immobilized on proper carriers for improving 

catalytic activity. One of the most important aspects in polymerization is good 

morphology of polymer. Among all supports or carriers, magnesium chloride (MgCl2) 

is the most employed support in Ziegler-Natta catalyst [139-141]. However, the 

magnesium chloride support can be prepared using different magnesium sources. 

Different magnesium sources can be used to prepare the catalyst using different 

methods, especially the catalysts for ethylene polymerization. The mostly applied 

polymerization operation modes are usually slurry process and gas-phase process 

[142, 143]. At present, gas-phase ethylene polymerization becomes more captivating, 

especially for modern olefin polymerization industries [144, 145]. This is due to good 

properties of produced polyethylene, absence of solvent and low capital cost for 

none removal or recycle of solvent [146-148]. However, gas-phase olefin 

polymerization is also difficult to handle due to increased temperature during 

polymerization arising from exothermic reaction. This problem can result in melted 

polymer and agglomeration along with deactivation of the catalysts. Thus, the 

catalyst design and the proper cocatalyst chosen for gas-phase polymerization are 

the key to overcome these problems. The suitable catalyst and cocatalysts must be 

considered.  

This research aims to investigate the effects of magnesium source along with 

different cocatalyst types on the catalytic behaviors of titanium-based Ziegler-Natta 

catalysts for gas-phase ethylene polymerization. In fact, TEA was employed because 
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it has been the most used cocatalyst for Ziegler-Natta catalysts, whereas TnOA is 

also available and used in some industrial process. The mixture of TEA and TnOA can 

possibly compromise to obtain the proper catalytic system. The magnesium sources 

in this study included MgCl2, magnesium powder and Mg(OEt)2. The catalysts were 

prepared with different routes and used in gas-phase ethylene polymerization. The 

catalytic activity and polymer properties related to different catalytic system are 

elucidated.  

4.2 Catalyst preparations and Methods 

4.2.1 Materials 

  All reactions and material handling were performed in moisture and oxygen 

free system under nitrogen or vacuum atmospheres using glove box or Schlenk 

technique. Polymerization grade of ethylene gas (99.9%), hydrogen and nitrogen 

were supplied from Linde Co., Ltd. Titanium (IV) chloride (TiCl4) and ethanol were 

purchased from Merck. Tetrahydrofuran (THF) was obtained from Sigma-Aldrich. 

Anhydrous MgCl2, magnesium powder, magnesium alkoxide, butyl chloride, n-hexane, 

triethylaluminum (TEA), and trioctylaluminum (TnOA) were donated by Thai 

polyethylene Co., Ltd. 

4.2.2 Synthesis of titanium-based ZN catalyst with different magnesium 

sources 

  The catalysts were synthesized up on different magnesium sources including 

MgCl2, magnesium powder and Mg(OEt)2. Details are shown as follows;  

Cat A was synthesized according to the use of magnesium chloride (MgCl2) 

source [140]. First, 2 g of anhydrous MgCl2 and 150 mL tetrahydrofuran (THF) were 

mixed in the 500 mL four-necked round bottom flask and stirred with a magnetic 
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stirrer at room temperature for 2 h. After that, 10 ml of TiCl4 was introduced 

dropwise. Then, the solution was heated up to 70°C and held for 3 h. The mixture 

was filtered, and the precipitate was then washed with n-hexane for seven times and 

dried under vacuum to obtain the final catalyst. 

Cat B was synthesized according to the use of magnesium powder source. 

First, 2 g of magnesium powder, 250 ml of n-hexane, and iodine were consequently 

added into 500 ml glass flask with magnetic stirrer at room temperature. Then, the 

desired amount of ethanol and titanium precursor (titanium alkoxide) were 

introduced, respectively. The flask was suddenly heated up to 80oC and maintained 

at this temperature for 2 h. After that, 10 ml of titanium tetrachloride and n-butyl 

chloride (BuCl) having molar ratio of BuCl:Mg = 0.75:1 was slowly dropped around 10 

min. The brown slurry mixture was observed. The catalyst slurry was purified by 

washing with n-hexane for seven times and dried under vacuum [82].  

Cat C was synthesized according to the use of Mg(OEt)2 source. First, a 

mixture of 2 g of Mg(OEt)2 and n-hexane was added into the 500 mL four-necked 

round bottom flask with magnetic stirrer. Under controlled low temperature, 10 ml 

of TiCl4 was slowly dropped and heated up to 70°C within 1 h and kept at this 

temperature for 2 h. Then, the mixture was cooled down and washed with n-hexane 

for seven times to obtain the final catalyst. 

4.2.3 Gas-phase ethylene polymerization procedure 

  All catalysts and activators (TEA, TnOA, and TEA + TnOA mixtures) were 

arranged under argon atmosphere in glove box or Schlenk techniques. The gas-phase 

ethylene polymerization was carried out in 1 L stirred-bed cylindrical reactor with 

monitoring stirrer under semi-batch mode. This stirred-bed reactor for gas-phase 

polymerization system is illustrated in Scheme 4. 3 and was donated by Wanke et 
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al. [147, 148] with some modification by our group. Prior to reaction, about 80 g of 

sodium chloride used as gas and catalyst distributor was added and dried at 90oC 

under nitrogen overnight for removal of moisture in the reactor. After that, the 

system was purified by vacuity and purged with nitrogen gas for several times. Then, 

cocatalyst was injected into the reactor at 70oC. The Al/Ti molar ratio of 20 was used 

in this study. The catalyst was fed with nitrogen gas at 3.5 bar and constant stirring 

for 30 minutes. After that, hydrogen gas at 0.5 bar was filled and followed by feeding 

ethylene gas to operate at total pressure of 15 bar. The polymerization of ethylene 

started after ethylene gas was added into the reactor at 80oC for 1 h. After 1 h, the 

polymerization was terminated by released pressure and cooled down. Finally, solid 

polymer was collected and cleaned by DI water to remove NaCl and dried at 60oC.  

 

Scheme 4. 3 Model of gas-phase polymerization system 

4.2.4 Morphology observation  

  The external morphologies of catalyst and polymer were overlooked by JEOL 

S-3400N of Hitachi model scanning electron microscope (SEM). Preparation of all 

catalysts was eliminated under nitrogen atmosphere. SEM micrographs were obtained 

to reveal the morphology of samples after the particles were sputtered with gold. 
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Moreover, distribution of elements on surface particles was examined using Link Isis 

series 300 program energy dispersive X-ray spectroscopy (EDX). This analysis can 

determine the distribution of elements such as titanium (Ti) and magnesium (Mg) 

located on the external surface of catalyst. 

4.2.5 Characterization of catalyst 

  All catalysts are prepared under argon and nitrogen atmosphere to prevent 

the deactivation of catalyst. The elemental composition in bulk catalyst was 

analyzed by inductively couple plasma techniques (ICP) using ICP-OES optima 2100 

DV from Perkin Elmer. N2 physisorption was performed to obtain a single point on 

specific surface area of catalysts from the Micromeritics Chemisorb 2750 Pulse 

Chemisorption by N2 physisorption isotherm method. The X-ray diffraction (XRD) as 

SIEMENS D-5000 X-ray diffractometer was used to observe the crystal forms and 

identify the crystal phases of catalyst. The samples were put into the center holder 

with the scanning range of 2θ = 10 to 70 degrees with scan speed of 0.3 sec/step 

and step size of 0.02. Moreover, the catalysts can recognize the functional groups of 

chemical bonds from Fourier transform infrared spectroscopy (FT-IR) using the Nicolet 

6700 FTIR spectrometer in transmittance mode. Scanning is recorded from 400 to 

4000 per cm. 

4.2.6 Characterization of polymer  

  Crystalline structure and crystallinity degree of polyethylene were confirmed 

by X-ray diffraction (XRD) analysis. The XRD patterns were examined using Bruker D8 

advance model from performing with Cu Kα radiation with scan size of 0.02o and step 

time of 0.3 sec per step in range of 2θ equals to 10o-70o. In addition, properties of 

polymer as melting temperature and % crystallinity of polymer were also measured 
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by differential scanning calorimetry (DSC). Operation condition in this measurement 

was as following; heating rate of 10oC/min and final temperature was 300oC. Besides, 

% crystallinity (Xc) was calculated from heat of fusion of polymer in equation:  

𝑋𝑐 = ∆𝐻𝑓 ×  
100

291.7 𝐽/𝑔
 

4.3 Results and discussion 

4.3.1 Characteristics of different catalysts 

  Morphology of different catalysts identified by SEM images is shown in Figure 

4. 11. All catalyst particles were scanned in several magnifications (x200, x600, and 

x2.5k micrographs) for better view through overall morphology of catalysts. Cat A 

shows the bar shape covering with particles as seen in irregular shape of catalyst 

particles attached on support surface. On the contrary, Cat B displays characteristic 

of fluffy pellet and more porous layers, while Cat C presents the spherical shape due 

to its replication from magnesium alkoxide having a global shape.  
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Figure 4. 11 Morphologies of catalyst particles from SEM images  

Table 4. 5 Elemental composition in bulk catalysts obtained from ICP 

Catalysts 
Elemental contents (%wt) Ti/Mg 

(mol/mol) %Ti %Mg 

Cat A 3.21 5.95 0.27 

Cat B 4.80 10.54 0.23 

Cat C 5.12 8.98 0.29 

 

  To identify the elemental composition in bulk catalysts, ICP result is 

presented in Table 4. 5. The composition of elements on titanium-magnesium 

(a) Cat A 

(b) Cat B 

(c) Cat C 
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catalysts was measured from ICP techniques. The titanium content in all catalysts 

was around 3-5 wt%, while Cat C (magnesium alkoxide support) exhibited the highest 

titanium content (ca. 5.12 wt%). Moreover, elemental distribution on catalyst surface 

was also analyzed by EDX technique. All catalysts displayed higher titanium content 

at surface than that in the bulk catalysts.  

Table 4. 6 Elemental distribution on catalyst surface (EDX), particle sizes (SEM), and 

specific surface area of each catalyst 

Catalysts 

Elemental 

contents (%wt) 
Ti/Mg 

(mol/mol) 

Particle 

size 

(µm) 

Particle size 

distribution 

(µm) 

Specific 

surface area 

(m2/g) %Ti %Mg 

Cat A 38.84 61.16 0.32 6.45:1* n/a 119 

Cat B 43.17 56.83 0.39 35.92 20.5-64.4 127 

Cat C 44.28 55.72 0.40 36.14 24.8-48.5 143 

* aspect ratio (wide: length) of particles 

 

Figure 4. 12 Particle size distribution of Cat B and Cat C 
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  Table 4. 6 shows that Cat C had the highest titanium dispersion on catalyst 

surface and Ti/Mg ratio. The amount of titanium on catalyst surface tends to be 

similar to the titanium content in bulk catalysts. It should be mentioned that the 

dispersion of active sites was mainly located on the external surface of catalyst 

rather than within pores of catalyst. It can be estimated that active site of titanium 

on surface of Ziegler-Natta catalyst is beneficial for catalytic activity during 

polymerization. Moreover, the particle size of catalysts is also listed in Table 4. 6. 

The average diameter size (Figure 4. 12) of catalyst granules (Cat B and Cat C) 

obtained from SEM measurement was approximately 36 µm, whereas Cat A showed 

the particle size in term of aspect ratio equaled to 6.45:1. Besides, their specific 

surface area is also the most important characteristic of these catalysts as shown in 

Table 4. 6. Cat C exhibited the largest specific surface area 143 m2/g. and followed 

by Cat B and Cat A had the surface area as 127 m2/g, and 119 m2/g respectively. 

These catalysts have a few diversities of the specific surface area. Whatever, the 

physico-chemical properties of catalyst related to the polymerization behaviors were 

described with several techniques.  

 
Figure 4. 13 FT-IR spectra of the catalysts  
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  For instance, IR spectroscopy was used to specify the functional group of 

chemical linkage of these catalysts as shown in Figure 4. 13. The characteristic of 

Ziegler-Natta catalyst peak at 1380-1260 and 1080-910 cm-1 was observed indicating 

the C-O-C asymmetric and symmetric stretching of ester group indicating interaction 

of catalyst with alcohol group. Moreover, THF peak at 1080-910 cm-1 revealed C-O-C 

stretching for both asymmetric and symmetric stretching. The Ti (III)-Mg-THF complex 

exhibited the vibration of the C-O-C stretching bands of THF [102, 149]. The C-H 

stretching band from 2950 to 2850 cm-1 also appeared in these catalysts [150]. For 

Cat A, the IR band in the range of 3500 to 3350 cm-1 was attributed to the O-H 

stretching for alkoxide titanium species with THF opening ring. It suggests that the 

incorporation of MgCl2 and THF likely changed the titanium species and generated 

alkoxide titanium species to open ring of THF [151].  

 

Figure 4. 14 XRD patterns of catalyst with different magnesium sources 
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The crystal structure of catalysts was analyzed from the obtained XRD 

patterns in the range of 10-70 degree as illustrated in Figure 4. 14. It showed MgCl2 

support as mentioned, in which the four diffraction sharp peaks located at 2θ of 

14.7o, 29.9o, 34.5o, and 49.9o indicated the formation of α-MgCl2 support (anhydrous 

MgCl2). The stacking faults of Cl-Mg-Cl triple layers as the direction of crystallographic 

structure were also identified. The peaks at 2θ = 34.5o and 49.9o were defined as the 

(104) and (110) plane of MgCl2 triple layers, respectively [53, 152, 153]. Cat A 

displayed the characteristic peaks of TiCl4/THF and TiCl4/MgCl2/THF complex, which 

were observed around 2θ = 11.8° and 17.8o, respectively [154-156].  For Cat B and 

Cat C, they showed broad peak or amorphous (less crystallinity). This is likely due to 

the interaction of Mg2+ and alcoholic adduct. This is suggested that the addition of 

alcohol group can result in less crystallinity. Moreover, the increased distance of 

plane and decreased 2θ depends on insertion of alcohol group into between MgCl2 

triple layers [157]. It is suggested that the presence of alcohol group assisted good 

dispersion and decreased crystallize size, in which the smaller size than 3 nm cannot 

be detected by XRD resulting in broad peak observation. 

4.3.2 Polymerization of different catalysts 

  As known, the titanium and magnesium-based Ziegler-Natta catalyst (TMC) is 

the most employed catalyst in slurry polymerization of polyolefin industries. In this 

study, TMCs prepared from different magnesium sources and used in gas-phase 

polymerization were investigated. In addition, different activators (TEA, TnOA, and 

mixed cocatalyst) affected the polymerization behavior were also studied as 

mentioned earlier. Catalytic activity of ethylene polymerization with various catalysts 

and cocatalysts is revealed in Table 4. 7.  
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Table 4. 7 Catalytic activity and particle size distribution of polymer samples 

Run 

number 
Polymer Samples 

Activity 

(gPE/gTi.h) 

Particle size 

(µm) 

Particle size 

distribution (µm) 

1 PE-Cat A-TEA 48 254.3 119-514 

2 PE-Cat A-TnOA 44 289.2 126-539 

3 PE-Cat A-TEA+TnOA 71 248.2 88-643 

4 PE-Cat B-TEA 557 272.6 99-599 

5 PE-Cat B-TnOA 158 274.8 104-469 

6 PE-Cat B-TEA+TnOA 305 258.7 95-596 

7 PE-Cat C-TEA 1317 431.9 159-754 

8 PE-Cat C-TnOA 120 172.9 56-402 

9 PE-Cat C-TEA+TnOA 1129 492.2 254-782 

 

  Considering Cat A up on different cocatalyst types (Run number 1-3), the 

mixed cocatalyst (Cat A-TEA+TnOA) has the highest catalytic activity in ethylene 

polymerization followed by TEA (Run 1) and TnOA (Run 2). It was suggested that 

MgCl2/TiCl4 catalyst has good response on coordination of TEA and TnOA. For Cat B, 

the magnesium powder was used in synthesis and the activity results (Runs 4-6) are 

also shown. The activity obtained from Cat B-TEA exhibited the highest activity 

among other cocatalyst systems in the order of Cat B-TEA > Cat B-TEA+TnOA > Cat 

B-TnOA. This is because TEA has high reducing power compared to other cocatalysts 

(TnOA and mixed TEA+TnOA) based on its less steric hindrance. Thus, TEA is more 

active during polymerization. Not only magnesium chloride (MgCl2) and magnesium 

powder (MgO) were used as support, but the magnesium alkoxide [Mg(OEt)2] (Runs 7-

9) was also employed. From Table 4. 7, Cat C tended to exhibit the similar activity 
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trend as observed in the Cat B system and it rendered the maximum catalytic activity 

in gas-phase ethylene polymerization among other catalysts. It was observed that 

TEA (Cat C-TEA) also exhibited the highest activity (1,317 gPE/gTi.h) followed by the 

mixed cocatalyst system (1,129 gPE/gTi.h). To compare the catalytic activity 

depending on types of catalyst and cocatalyst, results are illustrated in Figure 4. 15. 

It should be emphasized that Cat B and Cat C had a similar trend of catalytic activity, 

whereas Cat A was different. In addition, Cat C reacting with TEA and combination of 

TEA and TnOA, exhibited high activity. This is due to TEA has high reducing power for 

changing the titanium species to be high active form. One of important keys in gas-

phase ethylene polymerization is temperature profile in reactor during 

polymerization, which is related to activity of catalyst. The temperature profiles of all 

catalyst systems are shown in Figure 4. 16 indicating the fluctuation of temperature 

in the range of ca. 80 to 90 C.  It can be observed that Cat C-TEA showed the 

highest increased temperature due to its high activity resulting in highly exothermic 

released from the polymerization.  
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Figure 4. 15 Catalytic activity affected by magnesium sources compared with 

different activators 

 

Figure 4. 16 Temperature profiles in reactor with reaction time affected by 

magnesium sources and cocatalyst types 
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  In addition, the kinetic profiles up on ethylene consumption of each catalyst 

with combination of cocatalysts (TEA+TnOA) are quite similar as seen in Figure 4. 17.  

As known, the ethylene consumption profiles are distinct the quantities of ethylene 

consumption for each catalyst, which is related to the polymerization behaviors. As 

seen in Figure 4. 17, all catalysts exhibited the similar ethylene consumption pattern 

indicating similar polymerization behavior for all catalysts. However, the amounts of 

ethylene consumption were different, and it reflected the different activity among 

three catalysts. For instance, using the mixed cocatalyst system, Cat C exhibited the 

highest activity (highest ethylene consumption rate) followed by Cat B and Cat A as 

also mentioned in Table 4. 7. 

 

Figure 4. 17 Typical kinetic profiles of each catalyst based on ethylene consumption 

with mixed cocatalysts 
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4.3.3 Characteristics of polymer obtained from different catalysts 

  All polyethylenes obtained were observed from scanning overall morphology 

as seen from typical SEM images, which are illustrated in Figure 4. 18. As shown, the 

polymer obtained from PE-Cat A-TEA displays fluffy irregular shapes, whereas that 

derived from PE-Cat B-TEA mostly exhibits spheroidal lump and the one obtained 

from PE-Cat C-TEA shows spherical particles.  

    

    

    
Figure 4. 18 Typical morphologies of polyethylene in variation of catalysts with TEA 

(a) PE-Cat A 

(b) PE-Cat B 

(c) PE-Cat C 
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  When compared polymers obtained from these catalysts, they all replicated 

the morphology of catalysts with larger size as shown in Table 4. 7. In addition, 

polymer particle distribution of each catalyst with different cocatalyst types is 

displayed in Figure 4. 19. Differently, the particle size of PE-Cat C-TEA and PE-Cat C-

TEA+TnOA was around 450-500 µm, which was larger than other polymers (ca. 250-

280 µm). As expected, the polyethylenes had almost tenfold in size of support, 

whereas PE-Cat C-TEA and PE-Cat C-TEA+TnOA was over tenfold in size. The activity 

of Cat C increased along with the growth of polymer size indicating that 

polymerization gradually proceeded. Furthermore, active sites on surface were 

directly affected by titanium distribution on support. It can be attributed to different 

magnesium sources used to prepare the catalysts and cocatalysts leading to different 

formation of polymer seed, which was related to the growing of monomers into 

catalyst porous causing in differences on particle size of polymer.  
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Figure 4. 19 Particle size distribution up on different catalyst types and cocatalysts 
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  Besides, X-ray diffraction (XRD) measurement was used to analyze the 

crystalline structure of polymer under ambient condition. Figure 4. 20 shows that 

the characteristics of polyethylene peaks, in which they all exhibited two diffraction 

sharp peaks at the 2θ position of 21.7° and 23.9°, indicating polyethylene in (110) 

and (200) plane, respectively [158-161]. Polymer obtained from Cat B and Cat C had 

higher intensities than that obtained from Cat A. It is suggested that the crystal 

structures of polymer also depend on the magnesium sources and cocatalyst types 

as seen from the XRD results. Another measurement used to obtain melting 

temperature and crystallinity of polymer is DSC measurement. Results are shown in 

Table 4. 8. Melting temperature of polyethylene was observed between 125oC and 

129oC. From melting temperature data, catalyst types have only slight effect on 

melting temperature using different cocatalysts. Considering %crystallinity, it revealed 

that PE-Cat C-TEA+TnOA presented high crystallinity (79%).  
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Table 4. 8 Melting temperature and heat of fusion of polyethylene 

Run 

number 
Polymer Samples Tm (oC) 

Heat 

reaction (J/g) 
%Crystallinity 

1 PE-Cat A-TEA 125.58 160.9 55.1 

2 PE-Cat A-TnOA 126.97 166.5 57.1 

3 PE-Cat A-TEA+TnOA 127.08 182.9 62.7 

4 PE-Cat B-TEA 127.08 201.8 69.2 

5 PE-Cat B-TnOA 126.32 158.0 54.2 

6 PE-Cat B-TEA+TnOA 128.81 218.3 74.8 

7 PE-Cat C-TEA 127.88 225.4 77.3 

8 PE-Cat C-TnOA 126.12 167.1 57.3 

9 PE-Cat C-TEA+TnOA 128.68 230.4 79.0 

 

 

Figure 4. 20 XRD patterns of polyethylene obtained from different catalysts and 

cocatalysts 
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Part 4: Different magnesium source supported titanium-based Ziegler-

Natta catalyst in gas-phase ethylene/1-hexene copolymerization  

4.1 Results and discussion 

4.1.1 Catalytic activity with different support sources and polymer 

properties 

  Various magnesium sources on titanium-based catalyst from part 3 was 

studied in gas-phase copolymerization of ethylene with 1-hexene. Moreover, effect 

of cocatalyst types was also investigated as well. Catalytic activity of 

copolymerization between ethylene and 1-hexene with different magnesium sources 

and cocatalysts is presented in Table 4. 9.  

Table 4. 9 Activity and particle size distribution of copolymer from different 

magnesium sources 

Run 

number 
Polymer Samples 

Activity 

(gCoPE/gTi.h) 

Particle size 

distribution (µm) 

1 CoPE-Cat A-TEA 992 159.4 

2 CoPE-Cat A-TnOA 381 181.4 

3 CoPE-Cat A-TEA+TnOA 502 207.1 

4 CoPE-Cat B-TEA 612 420.6 

5 CoPE-Cat B-TnOA 425 263.8 

6 CoPE-Cat B-TEA+TnOA 703 224.6 

7 CoPE-Cat C-TEA 1382 242.1 

8 CoPE-Cat C-TnOA 1006 423.0 

9 CoPE-Cat C-TEA+TnOA 1141 284.8 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

115 
 

 
 

  Considering MgCl2/THF catalyst in Run number 1-3 with different cocatalyst 

types, Cat A-TEA (Run 1) exhibits the highest value of copolymerization activity of 

ethylene and 1-hexene due to THF as Lewis base improved insertion of 1-olefin in 

copolymerization. Even though THF provides low catalytic activity in polymerization, 

yield of polymer from copolymerization increases when compared with homo-

polymerization of ethylene. Moreover, TEA is more highly active to activate the 

titanium-based catalyst in polymerization. It was concluded that MgCl2/THF was 

appropriate to cooperate with TEA in enhancement of 1-hexene into main chain 

polymer. As mentioned, for magnesium powder (MgO) and activator types in Run 

number 4-6, the activity value shows that Cat B-TEA+TnOA had the highest activity 

followed by Cat B-TEA (Run 4) and Cat B-TnOA (Run 5). This indicated that the mixed 

cocatalyst was suitable depending on the combination of activators and properly 

satisfied. Besides, the magnesium ethoxide based titanium catalyst is also used in 

gas-phase ethylene/1-hexene copolymerization as shown in Table 4. 9. As described 

in Runs 7-9, Cat C-TEA also exhibited the maximum catalytic activity (1382 g of co-

polyethylene/gTi.h) in the gas-phase system among other supported-catalysts.  

  The catalytic activity between homo- (Table 4. 7) and co-polymerization of 

ethylene/1-hexene (Table 4. 9) is correlated. It is observed that all copolymerization 

system had higher catalytic activity than all homo- system. The polymerization rate is 

counted on the addition of 1-olefin as comonomer. This is called “comonomer 

effect”. The numbers of active sites or titanium species are increased and activated 

by comonomer as Lewis base in polymerization.  

  Gas-phase polymerization system mainly concerns about good morphology of 

polymer or spherical shape. Surface and morphology of polymer is previewed in SEM 

micrographs (see Figure 4. 21). Perspective polymer shows almost spherical polymer. 
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Furthermore, surface of polymer is also more porous and smoother coated by 1-

olefin. Moreover, the particle size of polymer obtained from Cat A has an average 

size between 150–200 µm, but CoPE-Cat B and CoPE-Cat C exhibits larger size than 

CoPE-Cat A. From Table 4. 9, the average polymer size was around 220-430 µm. As 

expected, particle sizes of polymer probably indicate insertion to attach 1-hexene on 

surface catalyst.  

    

    

    

Figure 4. 21 Typical overall structure of polymer from 1-hexene and ethylene by 
mixed TEA and TnOA 

(c) CoPE-Cat C 

(b) CoPE-Cat B 

(a) CoPE-Cat A 
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Table 4. 10 Suggested insertion of 1-hexene on polyethylene from extraction 

method  

Run 

number 
Polymer Samples 

Activity 

(gCoPE/gTi.h) 

Boiling n-heptane 

solution (%wt) 

1 CoPE-Cat A-TEA 992 10.4 

2 CoPE-Cat A-TnOA 381 11.4 

3 CoPE-Cat A-TEA+TnOA 502 13.0 

4 CoPE-Cat B-TEA 612 16.3 

5 CoPE-Cat B-TnOA 425 13.4 

6 CoPE-Cat B-TEA+TnOA 703 15.3 

7 CoPE-Cat C-TEA 1382 20.5 

8 CoPE-Cat C-TnOA 1006 25.4 

9 CoPE-Cat C-TEA+TnOA 1141 25.1 

 

  In addition, the polymers obtained from ethylene/1-hexene copolymerization 

were analyzed in Soxhlet extraction method. This method is estimated for implied 

incorporation of 1-hexene. Boiling n-heptane can dissolve some parts of polymer in 

amorphous section (1-hexene insertion), but insoluble part refers to crystallization of 

main chain polyethylene. These previous reason hints the amount of 1-olefin 

insertion. From Table 4. 10, Cat C (Mg(OEt)2) introduces the highest solubility of 

polymer in boiling n-heptane. TnOA and mixed cocatalyst (TEA+TnOA) show the 

similar percentage of soluble weight. This is due to cocatalyst group had more steric 

hindrance and affected to rapid reaction. However, polymer obtained from Cat C is 

also more soluble than other catalysts. Cat A and Cat B has nearly soluble polymer 

between 10 to 16. CoPE-Cat C-TnOA and CoPE-Cat C-TEA+TnOA suggesting higher 
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incorporation of 1-hexene. It means that polymer obtained are more insertion and 

influence on more amorphous polymer. Another analysis used to confirm insertion of 

1-hexene in polymer is DSC analyzer measured melting temperature and crystallinity 

of polymer as seen in Table 4. 11. All copolymers reveal melting temperature 

around 112oC -115oC when compared homo-polyethylene (see Table 4. 8) showed 

these values between 125oC and 129oC. It indicated that 1-hexene is incorporated in 

polyethylene. Hence, crystallinity of polymer decreases when insertion of 1-hexene 

increases. In agreement with %copolymer crystallinity, the melting temperature of 

polymer relates to heat of reaction and %crystallinity. CoPE-Cat A exhibits more 

amorphous than other polymers. This is due to enhancement of 1-hexene insertion 

had an effect on crystal structure.  

Table 4. 11 Copolymer properties from DSC measurement 

Run 

number 
Polymer Samples Tm (oC) 

Heat 

reaction (J/g) 
%Crystallinity 

1 CoPE-Cat A-TEA 113.7 31.27 10.72 

2 CoPE-Cat A-TnOA 112.6 37.32 12.79 

3 CoPE-Cat A-TEA+TnOA 114.5 38.24 13.11 

4 CoPE-Cat B-TEA 114.0 50.51 17.32 

5 CoPE-Cat B-TnOA 113.7 42.3 14.50 

6 CoPE-Cat B-TEA+TnOA 114.5 70.34 24.11 

7 CoPE-Cat C-TEA 115.3 52.74 18.08 

8 CoPE-Cat C-TnOA 112.1 45.35 15.55 

9 CoPE-Cat C-TEA+TnOA 113.9 47.84 16.40 
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CHAPTER 5 

General conclusions 

5.1 General summary 

This dissertation focused on titanium-based Ziegler-Natta catalyst with 

different cocatalyst types (TEA, TnOA, and mixed TEA+TnOA) using in olefin 

polymerization system for both ethylene and propylene. Chapter 4 has been divided 

into 4 parts. In the first two parts, the commercial catalyst as titanium-based was 

used in slurry polymerization. In the first part, the commercial catalyst using TEA had 

the highest activity in both homo- and co-polymerization system and different 

reaction temperatures. Besides, this part chiefly emphasized the titanium (III) 

oxidation state to verify by ESR technique. The results showed that mixed cocatalyst 

(TEA+TnOA) can stabilize titanium (III) state. As expected, the stability of titanium 

state (Ti3+) brought about more insertion of 1-olefin and more polypropylene yields. 

To confirm the oxidation state of titanium, effect of cocatalyst types and reaction 

temperature (50oC-70oC) using similar catalyst in propylene polymerization was also 

investigated in Part 2. At 60oC, TEA provided the maximum catalytic activity, whereas 

combination of TEA and TnOA at 50oC exhibited the second highest activity and the 

most isotactic index for PP. It was found that combination of cocatalyst at 50oC 

resulted in more stabilized Ti3+. Not only slurry polymerization was evaluated, but 

also gas-phase polymerization was studied in Parts 3 and 4. Different magnesium 

sources-based titanium Ziegler-Natta catalyst were considered. Cat C-TEA [Mg(OEt)2 

supported] was employed to obtain the maximum polymerization activity for both 

ethylene polymerization and ethylene/1-hexene copolymerization. However, the 

yield of copolymer was higher than homopolymer. It called “Comonomer effect” 
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that surely occurred in gas-phase process. Moreover, the main point of gas-phase 

polymerization is good morphology of polymer. It obtained nearly spherical particles. 

5.2 Conclusions 

Part 1: Facile investigation of Ti3+ state in Ti-based Ziegler-Natta catalyst with a 

combination of cocatalysts using electron spin resonance (ESR) 

  In summary, the TEA activation exhibited the highest catalytic activity in both 

ethylene polymerization and ethylene/1-hexene copolymerization. From ESR 

measurement, it revealed that TEA has high reducing power having more Ti2+, which 

is highly active for ethylene polymerization. The TnOA activation resulted in the 

lowest activity due to its lowest reducing power. It was surprising that the use of 

TEA+TnOA combination to activate ZN catalyst led to increase the stability of Ti3+ 

species, even though it exhibited lower activity in ethylene polymerization. In most 

case, different cocatalysts did not have significant effect on polymer properties. 

Part 2: Temperature effect on propylene polymerization behavior over Ziegler-

Natta catalyst with different cocatalyst systems 

Among effects of polymerization temperature (ca. 50, 60 and 70oC) for three 

cocatalyst systems, TEA exhibited the highest activity at 60oC (PP-60-A) for propylene 

polymerization. At 70oC, the catalyst seemed to be over reduction to Ti2+ leading to 

decreased activity for each cocatalyst system. When the polymerization temperature 

was lower to 50oC, the mixed cocatalyst system rather gave the highest activity. This 

can be attributed to the stabilization of Ti3+ throughout polymerization as proven by 

ESR measurement. Moreover, isotactic polypropylene can confirm from melting 

temperature around 152-156oC and XRD patterns indicating at 14.2o, 17.2o, 18.6o and 
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21.6o. It resulted that no significant effect found on the polymer properties regarding 

to changes of polymerization temperature and types of cocatalysts.  

Part 3: Gas-phase polymerization of ethylene over Ti-based Ziegler-Natta 

catalysts prepared from different magnesium sources   

  Different magnesium sources used to prepare the catalysts with various 

cocatalyst types apparently affected the gas-phase ethylene polymerization 

behaviors. It revealed that Cat C [Mg(OEt)2] exhibited the highest catalytic activity 

using TEA as cocatalyst (Cat C-TEA). This is likely due to optimal distribution of active 

sites in this catalyst.  Based on activity results, Cat C was the most active catalyst 

probably due to good active site distribution under the specified condition. In 

addition, Cat B tended to similarly behave like Cat C when TEA was employed 

showing high activity. Nevertheless, Cat A with combination of cocatalysts (Cat A-

TEA+TnOA) exhibited the highest activity among other cocatalyst systems. 

Morphology of catalyst and polymer was depicted. The polymer size appeared over 

tenfold of catalyst size using Cat C-TEA and Cat C-TEA+TnOA, whereas the other 

catalysts gave almost tenfold. It can be concluded that catalyst has more 

pronounced effect on polymer size than cocatalyst. 

Part 4: Different magnesium sources supported titanium-based Ziegler-Natta 

catalyst in gas-phase ethylene/1-hexene copolymerization 

  The catalyst in part 3 (different magnesium sources) was used in gas-phase 

ethylene/1-hexene copolymerization. The Cat C-TEA exhibited the maximum activity. 

Comparison between homo- and co-polymerization using the similar catalyst was 

studied. The yield from copolymerization was higher than homo- system; called 

“comonomer effect”. The Soxhlet extraction was used to indirectly analyze 1-
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hexene insertion into main polyethylene. Cat C-TnOA and Cat C-TEA+TnOA provided 

the most solubility polymer (comonomer insertion) in boiling n-heptane. It presumed 

that the polymer was more soluble, more amorphous (more insertion) was 

predicated. Moreover, incorporation of 1-hexene was also confirmed from DSC 

analyzer showing melting temperature and %crystallinity of polymer obtained. So, 

both results in copolymerization presented lower than homo- process. 

5.3 Recommendations 

• The X-ray photoelectron spectroscopy (XPS) measurement would be used to 

analyze all oxidation state of titanium (Ti2+, Ti3+, and Ti4+). 

• The morphology of polymer would be improved good spherical particles 

from the other methods.  

• The addition of Lewis acid sites in TiCl4/Lewis acid/MgCl2/THF would be 

demonstrated in gas-phase copolymerization for study of insertion of 1-hexene. 
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APPENDIX A 

FOURIER TRANSFORM INFRARED SPECTROSCOPY 

Table A.1 Characteristic IR and Raman vibrations of the Ziegler-Natta catalyst  

Vibration Type of vibration 
Region (cm-1) 

IR Raman 

C–HAr Stretching 3070 3080 
CH2/CH3 Stretching 2800–3000 2800–3000 

CO Stretching 1684 1685 
C-CAr Stretching – 1592 

CH2/CH3 Deformation vibration 1454 1449 

CH3 
Symmetric deformation 
vibration 

1392 1395 

C–O–C Asymmetric stretching 1308 1302 
C–O–C Symmetric stretching 1156 1156 
C–HAr In plane deformation vibration – 1140 

O–C=O Asymmetric stretching 1082 – 
C–HAr In plane deformation vibration – 1052 

O–C=O Symmetric stretching 934 – 

C–H 
Out of plane deformation 
vibration 

736 647 

M–O (Mg–O or Ti-O) Stretching 460 – 
Titanium compound Stretching – 419 
M–O (Mg–O or Ti-O) Stretching 350 350 
M–O (Mg–O or Ti-O) Stretching 314 303 

Ti–Cl Stretching 375 – 
Ti–Cl Stretching 365 – 
Ti–Cl Stretching 382 – 
Mg–Cl Stretching 233 238 
Mg–Cl Stretching 242 – 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX B  

LIST OF PUBLICATIONS 

B-1 Publications 

1. Thanyaporn Pongchan, Piyasan Praserthdam, and Bunjerd Jongsomjit, “Facile 

Investigation of Ti3+ State in Ti-based Ziegler-Natta Catalyst with A 

Combination of Cocatalysts Using Electron Spin Resonance (ESR)”, Bulletin of 

Chemical Reaction Engineering & Catalysis, 15 (1) 2020, 55-65.  

2. Thanyaporn Pongchan, Piyasan Praserthdam, and Bunjerd Jongsomjit, 

“Temperature effect on propylene polymerization behavior over Ziegler-Natta 

catalyst with different cocatalyst systems”, Materials Research Express, 7 

(2020) 025309. 

3. Thanyaporn Pongchan, Piyasan Praserthdam, and Bunjerd Jongsomjit, “Gas-

Phase Polymerization of Ethylene over Ti-based Ziegler-Natta Catalysts 

prepared from Different Magnesium Sources”, Materials Today Chemistry, 18 

(2020) 100366. 

B-2 Conference contributions 

1. Oral presentation: Thanyaporn Pongchan, Piyasan Praserthdam, and Bunjerd 

Jongsomjit, Effect of Co-Catalyst Combination on Ti-Based Ziegler-Natta 

Catalyst in Gas-Phase Ethylene Polymerization, Fourth edition of International 

Conference on Catalysis and Chemical Engineering 2020 (CCE-2020), Los 

Angeles, California, United States, February 24-26, 2020. 

 
REFERENCES 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

125 

 

REFERENCES 
 

 

[1] R.M. Patel, Polyethylene, Multilayer Flexible Packaging, Elsevier2016, pp. 17-34. 
[2] S. Ronca, Polyethylene, Brydson's Plastics Materials, Elsevier2017, pp. 247-278. 
[3] K.S. Whiteley, Polyethylene, Ullmann's Encyclopedia of Industrial Chemistry  (2000). 
[4] J. Fischer, P.J. Freudenthaler, P.R. Bradler, R.W. Lang, S.C. Mantell, Effect of beta-
nucleation on aging and crack growth resistance of polypropylene exposed to 
chlorinated water, Proceedings of the Plastic Pipes XIX, Las Vegas, NV, USA 30 (2018). 
[5] F.M. Coutinho, J.L. Xavier, Properties of ethylene-propylene copolymers synthesized 
by a supported Ziegler-Natta catalyst based on TiCl4/MgCl2/PCl3, Eur Polym J 33(6) 
(1997) 897-901. 
[6] Y.-p. Chen, Z.-q. Fan, Ethylene/1-hexene copolymerization with TiCl4/MgCl2/AlCl3 
catalyst in the presence of hydrogen, Eur Polym J 42(10) (2006) 2441-2449. 
[7] Y.P. Chen, Z.Q. Fan, J.H. Liao, S.Q. Liao, Molecular weight distribution of 
polyethylene catalyzed by Ziegler–Natta catalyst supported on MgCl2 doped with 
AlCl3, J appli polym sci 102(2) (2006) 1768-1772. 
[8] L. Zhang, K. Blackmon, D. Rauscher, Ziegler-natta catalyst composition with 
controlled morphology, Google Patents, 2012. 
[9] M. Yin, Z. Zhang, Y. Xiong, M. Liu, Y. Zhang, P. Mi, Ethylene/1-Hexene 
Copolymerization with Modified Ziegler-Natta Catalyst, Chemical Research in Chinese 
Universities   1-6. 
[10] M. Kaminaka, K. Soga, Polymerization of propene with the catalyst systems 

composed of Al2O3‐or MgCl2‐supported Et [IndH4] 2ZrCl2 and AlR3 (R= CH3, C2H5), 
Die Makromolekulare Chemie, Rapid Communications 12(6) (1991) 367-372. 
[11] H.S. Cho, J.S. Chung, J.H. Han, Y.G. Ko, W.Y. Lee, Polymerization of ethylene and 

ethylene/1‐hexene over Ziegler–Natta/metallocene hybrid catalysts supported on 
MgCl2 prepared by a recrystallization method, Journal of applied polymer science 70(9) 
(1998) 1707-1715. 
[12] Y.V. Kissin, T.E. Nowlin, R.I. Mink, A.J. Brandolini, A new cocatalyst for metallocene 
complexes in olefin polymerization, Macromolecules 33(12) (2000) 4599-4601. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

126 

 

[13] N. Senso, S. Khaubunsongserm, B. Jongsomjit, P. Praserthdam, The influence of 
mixed activators on ethylene polymerization and ethylene/1-hexene copolymerization 
with silica-supported Ziegler-Natta catalyst, Molecules 15(12) (2010) 9323-9339. 
[14] D. Ribour, R. Spitz, V. Monteil, Modifications of the active sites distribution in the 

Ziegler‐Natta polymerization of propylene using Lewis acids, Journal of Polymer 
Science Part A: Polymer Chemistry 48(12) (2010) 2631-2635. 
[15] K. Czaja, M. Białek, Microstructure of ethylene-1-hexene and ethylene-1-octene 
copolymers obtained over Ziegler–Natta catalysts supported on MgCl2 (THF) 2, Polymer 
42(6) (2001) 2289-2297. 
[16] H. Imhausen, J. Hippenstiel-Im-Hausen, P. Newman, R. Berndt, F. Schoffel, J. Zink, A 
COMPARISON OF A MODERN HIGH-PRESSURE TUBULAR LOW-DENSITY POLYETHYLENE 
PROCESS WITH GAS-PHASE LINEAR LOW-DENSITY POLYETHYLENE TECHNOLOGY, 
Commodity and engineering plastics: symposium held during the 181st National 
Meeting of the American Chemical Society, Atlanta, Georgia, March 29-April 8, 1981, 
John Wiley & Sons, 1981, p. 1. 
[17] D.B. Malpass, Introduction to industrial polyethylene: properties, catalysts, and 
processes, John Wiley & Sons2010. 
[18] Y.V. Kissin, Polyethylene End-Use Properties and their Physical Meaning, 2013, 
Hanser. 
[19] Y.V. Kissin, Catalysts for the Manufacture of Polyethylene, Handbook of industrial 
polyethylene and technology  (2017) 25-60. 
[20] P.J. Morris, Polymer pioneers: a popular history of the science and technology of 
large molecules, Chemical Heritage Foundation2005. 
[21] K. Whiteley, T. Heggs, H. Koch, R. Mawer, Polyolefins, Ullmann’s Encyclopedia of 
Industrial Chemistry, Ed. B. Elvers et all, VCH, New York, United States, 1982. 
[22] C. Maier, T. Calafut, Polypropylene: the definitive user's guide and databook, 
William Andrew1998. 
[23] W. Kaiser, Kunststoffchemie für Ingenieure: von der Synthese bis zur Anwendung, 
Carl Hanser Verlag GmbH Co KG2015. 
[24] Y.V. Kissin, X. Liu, D.J. Pollick, N.L. Brungard, M. Chang, Ziegler-Natta catalysts for 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

127 

 

propylene polymerization: Chemistry of reactions leading to the formation of active 
centers, Journal of Molecular Catalysis A: Chemical 287(1-2) (2008) 45-52. 
[25] K. Ziegler, E. Holzkamp, H. Breil, H. Martin, The Mulheim normal pressure 
polyethylene process, Angewandte Chemie-International Edition 67(19-2) (1955) 541-
547. 
[26] K. Ziegler, H. Breil, E. Holzkamp, H. Martin, Polymerization catalysts, Google Patents, 
1975. 
[27] T. Nowlin, R. Mink, F. Lo, T. Kumar, Ziegler–Natta catalysts on silica for ethylene 
polymerization, Journal of Polymer Science Part A: Polymer Chemistry 29(8) (1991) 
1167-1173. 
[28] L. Böhm, Ethylene polymerization process with a highly active Ziegler-Natta 
catalyst: 1. Kinetics, Polymer 19(5) (1978) 553-561. 
[29] L. Böhm, Ethylene polymerization process with a highly active Ziegler-Natta 
catalyst: 2. Molecular weight regulation, Polymer 19(5) (1978) 562-566. 
[30] P. Galli, L. Luciani, G. Cecchin, Advances in the polymerization of polyolefins with 
coordination catalysts, Die Angewandte Makromolekulare Chemie: Applied 
Macromolecular Chemistry and Physics 94(1) (1981) 63-89. 
[31] R. Haward, A. Roper, K. Fletcher, Highly active catalysts for ethylene polymerization 
by the reduction of TiCl4 with organomagnesium compounds, Polymer 14(8) (1973) 
365-372. 
[32] G.D. Bukatov, V.A. Zakharov, Y.I. Yermakov, A. Zambelli, Comparative study of 

polypropylene stereoregularity for one‐and two‐component catalysts based on 
titanium chlorides, Die Makromolekulare Chemie: Macromolecular Chemistry and 
Physics 179(8) (1978) 2093-2096. 
[33] Y.V. Kissin, Active centers in Ziegler–Natta catalysts: Formation kinetics and 
structure, Journal of catalysis 292 (2012) 188-200. 
[34] Y.V. Kissin, R.I. Mink, A.J. Brandolini, T.E. Nowlin, AlR2Cl/MgR2 combinations as 

universal cocatalysts for Ziegler–Natta, metallocene, and post‐metallocene catalysts, 
Journal of Polymer Science Part A: Polymer Chemistry 47(13) (2009) 3271-3285. 
[35] D. Hedden, T.J. Marks, [(CH3) 5C5] 2Th (CH3) 2 surface chemistry and catalysis. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

128 

 

Direct NMR spectroscopic observation of surface alkylation and ethylene 
insertion/polymerization on MgCl2, Journal of the American Chemical Society 110(5) 
(1988) 1647-1649. 
[36] L. Manxzer, J. Deaton, P. Sharp, R. Schrock, 31. Tetragtdrfuran Complexes of 
Selected Early Transition Metals, Inorganic Syntheses 21 (1982) 135-140. 
[37] J. Swanston, Thiophene, Ullmann's Encyclopedia of Industrial Chemistry  (2000). 
[38] R. Jamjah, G. Zohuri, J. Vaezi, S. Ahmadjo, M. Nekomanesh, M. Pouryari, 

Morphological study of spherical MgCl2. nEtOH supported TiCl4 Ziegler‐Natta catalyst 
for polymerization of ethylene, Journal of applied polymer science 101(6) (2006) 3829-
3834. 
[39] B. Diedrich, K.D. Keil, Process for the polymerization of olefins, Google Patents, 
1972. 
[40] F.J. Karol, Studies with high activity catalysts for olefin polymerization, Catalysis 
Reviews Science and Engineering 26(3-4) (1984) 557-595. 
[41] N. Senso, P. Praserthdam, B. Jongsomjit, T. Taniike, M. Terano, Effects of Ti 
oxidation state on ethylene, 1-hexene comonomer polymerization by MgCl 2-
supported Ziegler–Natta catalysts, Polymer bulletin 67(9) (2011) 1979-1989. 
[42] N. Kashiwa, Super active catalyst for olefin polymerization, Polymer Journal 12(9) 
(1980) 603. 
[43] Y.V. Kissin, T.E. Nowlin, R.I. Mink, Supported Titanium/Magnesium Ziegler Catalysts 
for the Production of Polyethylene, Handbook of Transition Metal Polymerization 
Catalysts  (2018) 189. 
[44] H. Makio, N. Kashiwa, T. Fujita, FI catalysts: a new family of high performance 
catalysts for olefin polymerization, Advanced Synthesis & Catalysis 344(5) (2002) 477-
493. 
[45] R.B. Seymour, T. Cheng, Advances in polyolefins: The world’s most widely used 
polymers, Springer Science & Business Media2013. 
[46] J. Xu, L. Feng, T. Xie, S. Yang, The roles of Grignard reagent in the Ziegler–Natta 
catalyst for propylene polymerization, Journal of applied polymer science 65(5) (1997) 
925-930. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

129 

 

[47] J.T. Räsänen, Optimisation of the Recovery Section of a Polyolefin Catalyst 
Manufacturing Process,  (2010). 
[48] V.C. Vives, C.W. Kruse, R.F. Kleinschmidt, Use of tert-Butyl Chloride as a 
Chlorination Agent in The Production of Tertiary Monoolefins, Industrial & Engineering 
Chemistry Product Research and Development 8(4) (1969) 432-435. 

[49] A. Munoz‐Escalona, H. Garcia, A. Albornoz, Homo‐and copolymerization of 
ethylene with highly active catalysts based on TiCl4 and grignard compounds, Journal 
of applied polymer science 34(3) (1987) 977-988. 

[50] 肖士镜, 陆宏兰, 张明辉, STUDIES ON TiCI4/Mg (OEt) 2/EB SUPPORTED 

CATALYSTS FOR PROPYLENE POLYMERIZATION, 高分子科学: 英文版 (3) (1990) 
253-260. 
[51] G.G. Hlatky, Heterogeneous single-site catalysts for olefin polymerization, Chemical 
Reviews 100(4) (2000) 1347-1376. 
[52] H.S. Cho, W.Y. Lee, Synthesis of inorganic MgCl 2–alcohol adduct via 
recrystallization method and its application in supported organometallic catalysts for 
the polymerization of ethylene with 1-hexene, Journal of Molecular Catalysis A: 
Chemical 191(2) (2003) 155-165. 

[53] M. Smit, J. Severn, X. Zheng, J. Loos, J. Chadwick, Metallocene‐catalyzed olefin 

polymerization using magnesium chloride‐supported borate activators, Journal of 
applied polymer science 99(3) (2006) 986-993. 
[54] S. Damavandi, G. Zohuri, R. Sandaroos, S. Ahmadjo, FI catalyst for polymerization of 
olefin, INTECH Open Access Publisher2012. 
[55] J. Gou, J. Zhuge, F. Liang, Processing of polymer nanocomposites, Manufacturing 
Techniques for Polymer Matrix Composites (PMCs), Elsevier2012, pp. 95-119. 
[56] A. Mujumdar, Handbook of Industrial Drying, ; CRC, London, Teylor and Frensis  
(2007). 
[57] K. Gardner, I.W. Parsons, R.N. Haward, Polymerization of propene with 

organomagnesium–reduced titanium (IV) chloride‐based catalyst, Journal of Polymer 
Science: Polymer Chemistry Edition 16(7) (1978) 1683-1696. 
[58] A. Muñoz-Escalona, J. Hernandez, J. Gallardo, Design of Supported Ziegler-Natta 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

130 

 

Catalysts Using SiO2 as Carrier, Studies in Surface Science and Catalysis, Elsevier1986, 
pp. 123-146. 
[59] J.A. Licchelli, R.N. Haward, I.W. Parsons, A.D. Caunt, Polymerization catalysts for 
propene from the reduction of titanium tetrachloride with halogen-free magnesium 
alkyls, Polymer 22(5) (1981) 667-672. 
[60] V.A. Zakharov, G.D. Bukatov, Y.I. Ermakov, The Mechanism of the Catalytic 
Polymerisation of Olefins Based on the Number of Active Centres and the Rate 
Constants for Individual Stages, Russian Chemical Reviews 49(11) (1980) 1097. 
[61] J. Machon, R. Hermant, J. Houzeaux, CATALYTIC EFFECT OF VIOLET TITANIUM 
TRICHLORIDE IN HIGH-TEMPERATURE POLYMERIZATION OF ETHYLENE, JOURNAL OF 
POLYMER SCIENCE PART C-POLYMER SYMPOSIUM, JOHN WILEY & SONS INC 605 THIRD 
AVE, NEW YORK, NY 10158-0012, 1975, pp. 107-117. 

[62] N. Kashiwa, J. Yoshitake, The influence of the valence state of titanium in MgCl2‐

supported titanium catalysts on olefin polymerization, Die Makromolekulare Chemie: 
Macromolecular Chemistry and Physics 185(6) (1984) 1133-1138. 
[63] P.C. Barbé, J. Brosse, G. Cecchin, D. Derouet, Catalytical and radical polymerization, 
Springer1986. 
[64] R. Hoff, R.T. Mathers, Handbook of transition metal polymerization catalysts, John 
Wiley & Sons2010. 
[65] G. Nooijen, On the importance of diffusion of cocatalyst molecules through 
heterogeneous ziegler/natta catalysts, European polymer journal 30(1) (1994) 11-15. 
[66] A. Peacock, Handbook of polyethylene: structures: properties, and applications, 
CRC press2000. 
[67] J.R. Severn, J.C. Chadwick, Tailor-made polymers: via immobilization of alpha-olefin 
polymerization catalysts, John Wiley & Sons2008. 
[68] K.J. Chu, J.B. Soares, A. Penlidis, Polymerization mechanism for in situ supported 
metallocene catalysts, Journal of Polymer Science Part A: Polymer Chemistry 38(3) 
(2000) 462-468. 
[69] M. Białek, A. Pietruszka, Titanium (IV) chloride complexes with salen ligands 
supported on magnesium carrier: synthesis and use in ethylene polymerization, Journal 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

131 

 

of Polymer Science Part A: Polymer Chemistry 47(23) (2009) 6693-6703. 
[70] B. Zhang, Q. Dong, Z. Fu, Z. Fan, Improving microisotacticity of Ziegler–Natta 
catalyzed polypropylene by using triethylaluminum/triisobutylaluminum mixtures as 
cocatalyst, Polymer 55(19) (2014) 4865-4872. 
[71] D. Liu, S. Wang, H. Wang, W. Chen, Trialkylaluminums: Efficient cocatalysts for bis 
(phenoxy-imine) zirconium complexes in ethylene polymerization, Journal of Molecular 
Catalysis A: Chemical 246(1) (2006) 53-58. 
[72] K. Fukuda, B. Liu, H. Nakatani, I. Nishiyama, M. Yamahiro, M. Terano, Significant 
variation of molecular weight distribution (MWD) of polyethylene induced by different 
alkyl-Al co-catalysts using a novel surface functionalized SiO2-supported Ziegler-Natta 
catalyst, Catalysis Communications 4(12) (2003) 657-662. 
[73] H.-X. Zhang, Y.-J. Lee, J.-R. Park, D.-H. Lee, K.-B. Yoon, Control of molecular weight 
distribution for polypropylene obtained by commercial Ziegler-Natta catalyst: Effect of 
electron donor, Macromolecular Research 19(6) (2011) 622-628. 
[74] Y.V. Kissin, R. Mink, T. Nowlin, Ethylene polymerization reactions with Ziegler–Natta 
catalysts. I. Ethylene polymerization kinetics and kinetic mechanism, Journal of Polymer 
Science Part A: Polymer Chemistry 37(23) (1999) 4255-4272. 
[75] V. Chandrasekhar, P. Srinivasan, S. Sivaram, Recent Developments in Ziegler--Natta 
Catalysts for Olefin Polymerization and Their Processes, Indian J. Technol. 26(2) (1988) 
53-82. 
[76] F.J. Karol, Catalysis and the Polyethylene Revolution, History of Polyolefins, 
Springer1989, pp. 193-211. 
[77] R.P. Quirk, Transition metal catalyzed polymerizations: alkenes and dienes: papers 
presented at the Eleventh Midland Macromolecular Meeting held August 17-21, 1981 in 
Midland, Michigan; edited by Roderic P. Quirk...[et al.], Taylor & Francis1983. 
[78] M. Jejelowo, N. Bu, D. Lynch, S. Wanke, 4. Ethylene Polymerization in Gas-Phase 
and Slurry Reactors, Studies in Surface Science and Catalysis, Elsevier1990, pp. 39-53. 
[79] T. Keii, K. Soga, Catalytic polymerization of olefins, Elsevier1986. 

[80] J.J.C. Samson, B. van Middelkoop, G. Weickert, K.R. Westerterp, Gas‐phase 

polymerization of propylene with a highly active ziegler‐natta catalyst, AIChE journal 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

132 

 

45(7) (1999) 1548-1558. 
[81] U. Romano, F. Garbassi, The environmental issue. A challenge for new generation 
polyolefins, Pure and applied chemistry 72(7) (2000) 1383-1388. 
[82] G. Hongmanee, S. Sripothongnak, B. Jongsomjit, P. Praserthdam, Observation on 
different reducing power of cocatalysts on the Ziegler–Natta catalyst containing 
alkoxide species for ethylene polymerization, J appli polym sci 131(20) (2014). 
[83] T. Lee, W.-K. Kim, Y. Lee, M.-H. Ryou, Y.M. Lee, Effect of Al 2 O 3 coatings prepared 
by RF sputtering on polyethylene separators for high-power lithium ion batteries, 
Macromolecular Research 22(11) (2014) 1190-1195. 

[84] M. Jeon, C.J. Han, S.Y. Kim, Polymerizations of propylene with unsymmetrical (α-
diimine) nickel (II) catalysts, Macromolecular research 14(3) (2006) 306-311. 
[85] J.C. Chien, D. He, Olefin copolymerization with metallocene catalysts. III. Supported 
metallocene/methylaluminoxane catalyst for olefin copolymerization, J of Polymer Sci 
Part A: Polymer Chem 29(11) (1991) 1603-1607. 
[86] J.C. Chien, D. He, Olefin copolymerization with metallocene catalysts. I. 
Comparison of catalysts, J Polym Sci Part A: Polym Chem 29(11) (1991) 1585-1593. 
[87] W. Kaminsky, New polymers by metallocene catalysis, Macromol Chem Phys 
197(12) (1996) 3907-3945. 
[88] P. Kaivalchatchawal, S. Samingprai, T. Shiono, P. Praserthdam, B. Jongsomjit, Effect 
of Ga-and BCl3-modified silica-supported [t-BuNSiMe2 (2, 7-t-Bu2Flu)] TiMe2/MAO 
catalyst on ethylene/1-hexene copolymerization, Eur Polym J 48(7) (2012) 1304-1312. 
[89] S. Lee, K.Y. Choi, Ethylene polymerization over metallocene catalysts supported on 
highly fibrous silica nanoparticles, Macromol Reac Eng 11(1) (2017) 1600027. 
[90] Z. Mohamadnia, E. Ahmadi, M.N. Haghighi, A. Farandpour, Z. Rezazadeh, M. Fallahi, 
Preparation of LLDPE through tandem ethylene polymerization using chromium and 
zirconium catalysts, Iran Polym J 24(8) (2015) 621-628. 
[91] S.C. Gagieva, V.A. Tuskaev, I.V. Fedyanin, M.I. Buzin, V.G. Vasil'ev, G.G. Nikiforova, E.S. 
Afanas' ev, S.V. Zubkevich, D.A. Kurmaev, N.A. Kolosov, Novel titanium (IV) diolate 
complexes: Synthesis, structure and catalytic activities in ultra-high molecular weight 
polyethylene production, J Organometal Chem 828 (2017) 89-95. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

133 

 

[92] W. Kaminsky, Discovery of methylaluminoxane as cocatalyst for olefin 
polymerization, Macromolecules 45(8) (2012) 3289-3297. 

[93] L. Noristi, P.C. Barbè, G. Baruzzi, Effect of the internal/external donor pair in high‐

yield catalysts for propylene polymerization, 1. Catalyst‐cocatalyst interactions, Die 
Makromolekulare Chemie: Macromol Chem Phys 192(5) (1991) 1115-1127. 
[94] H. Mori, H. Iguchi, K. Hasebe, M. Terano, Kinetic study of isospecific active sites 

formed by various alkylaluminiums on MgCl2‐supported Ziegler catalyst at the initial 
stage of propene polymerization, Macromol Chem Phys 198(4) (1997) 1249-1255. 
[95] T. Garoff, L. Mannonen, M. Väänänen, V. Eriksson, K. Kallio, P. Waldvogel, Chemical 

composition distribution study in ethylene/1‐hexene copolymerization to produce 

LLDPE material using MgCl2‐TiCl4‐based Ziegler‐Natta catalysts, J appli polym sci 
115(2) (2010) 826-836. 
[96] C.L.P. Shan, K.J. Chu, J. Soares, A. Penlidis, Using alkylaluminium activators to tailor 

short chain branching distributions of ethylene/1‐hexene copolymers produced with 

in‐situ supported metallocene catalysts, Macromol Chem Phys 201(16) (2000) 2195-
2202. 
[97] J. Pinyocheep, S.K.N. Ayudhya, B. Jongsomjit, P. Praserthdam, Observation on 
inhibition of Ti3+ reduction by fumed silica addition in Ziegler-Natta catalyst with in situ 
ESR, Journal of Industrial and Engineering Chemistry 18(6) (2012) 1888-1892. 
[98] T. Risse, J. Schmidt, H. Hamann, H.J. Freund, Direct Observation of Radicals in the 
Activation of Ziegler–Natta Catalysts, Angewandte Chemie International Edition 41(9) 
(2002) 1517-1520. 
[99] L.-B. Xiong, J.-L. Li, B. Yang, Y. Yu, Ti 3+ in the surface of titanium dioxide: 
generation, properties and photocatalytic application, J Nanomater 2012 (2012) 9. 
[100] E.I. Koshevoy, T.B. Mikenas, V.A. Zakharov, A.A. Shubin, A.A. Barabanov, Electron 
Paramagnetic Resonance Study of the Interaction of Surface Titanium Species with AlR3 
Cocatalyst in Supported Ziegler–Natta Catalysts with a Low Titanium Content, J 
Physical Chem C 120(2) (2016) 1121-1129. 
[101] P. Brant, A.N. Speca, Electron spin resonance, titanium oxidation state, and 
ethylene polymerization studies of a model supported Ziegler-Natta catalyst. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

134 

 

Spectroscopic detection of titanium tetrachloride, Macromolecules 20(11) (1987) 2740-
2744. 
[102] K.-J. Chu, H.-S. Chang, S.-K. Ihm, Effects of diethyl aluminum chloride (DEAC) 
addition to the catalysts prepared by reduction of TiCl4 with EtMgCl on ethylene-
propylene copolymerization, European polymer journal 30(12) (1994) 1467-1472. 

[103] M. Křižan, J. Honzíček, J. Vinklárek, Z. Růžičková, M. Erben, Titanocene (III) 
pseudohalides: an ESR and structural study, New J Chem 39(1) (2015) 576-588. 
[104] D.V. Stukalov, I.L. Zilberberg, V.A. Zakharov, Surface species of titanium (IV) and 
titanium (III) in MgCl2-supported Ziegler− Natta catalysts. A periodic density functional 
theory study, Macromolecules 42(21) (2009) 8165-8171. 

[105] G. Han‐Adebekun, W. Ray, Polymerization of olefins through heterogeneous 
catalysis. XVII. Experimental study and model interpretation of some aspects of olefin 
polymerization over a TiCl4/MgCl2 catalyst, J appli polym sci 65(6) (1997) 1037-1052. 
[106] D. Ludlum, A. Anderson, C. Ashby, The Polymerization of Ethylene by Lower 
Valent Compounds of Titanium, J American Chemical Society 80(6) (1958) 1380-1384. 
[107] K. Kageyama, J.-i. Tamazawa, T. Aida, Extrusion polymerization: catalyzed 
synthesis of crystalline linear polyethylene nanofibers within a mesoporous silica, 
Science 285(5436) (1999) 2113-2115. 

[108] M. Berger, B. Grieveson, Kinetics of the polymerization of ethylene with a ziegler‐
natta catalyst. I. Principal kinetic features, Die Makromolekulare Chemie: Macromol 
Chem Phys 83(1) (1965) 80-99. 
[109] L. Brambilla, G. Zerbi, F. Piemontesi, S. Nascetti, G. Morini, Structure of MgCl2–
TiCl4 complex in co-milled Ziegler–Natta catalyst precursors with different TiCl4 
content: Experimental and theoretical vibrational spectra, Journal of Molecular 
Catalysis A: Chemical 263(1-2) (2007) 103-111. 
[110] Z. Zhao, T. Mikenas, V.A. Zakharov, M. Nikolaeva, M. Matsko, E. Bessudnova, W. 

Wu, Copolymerization of ethylene with α-olefins over highly active supported Ziegler-
Natta catalyst with vanadium active component, Polyolefins Journal 6(2) (2019) 117-
126. 
[111] Z. Zhang, B.-Y. Jiang, B. Zhang, Z.-S. Fu, Z.-Q. Fan, Deactivation Effect Caused by 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

135 

 

Catalyst-Cocatalyst Pre-contact in Propylene Polymerization with MgCl 2-supported 
Ziegler-Natta Catalyst, Chinese Journal of Polymer Science 37(10) (2019) 1023-1030. 
[112] B. Rieger, X. Mu, D. Mallin, M.D. Rausch, J.C. Chien, Degree of Stereochemical 
Control of rac-Et (Ind) sub 2 ZrCl sub 2/MAO Catalyst and Properties of Anisotactic 
Polypropylenes, Macromolecules 23(15) (1990) 3559-3568. 
[113] J.C. Chien, R. Sugimoto, Kinetics and stereochemical control of propylene 

polymerization initiated by ethylene bis (4, 5, 6, 7‐tetrahydro‐1‐indenyl) zirconium 
dichloride/methyl aluminoxane catalyst, J Polym Sci Part A: Polym Chem 29(4) (1991) 
459-470. 

[114] W.M. Tsai, M.D. Rausch, J.C. Chien, Low‐temperature isospecific polymerization of 

propylene catalyzed by alkylzirconocene‐type ‘cations’, Applied organometallic 
chemistry 7(1) (1993) 71-74. 
[115] B. Jiang, F. He, P. Yang, Z. Zhang, Y. Weng, Z. Cheng, Z. Fu, Z. Fan, Enhancing 
stereoselectivity of propylene polymerization with MgCl2-supported Ziegler-Natta 
catalysts by electron donor: Strong effects of titanium dispersion state, Catalysis 
Communications 121 (2019) 38-42. 
[116] T. Pongchan, P. Praserthdam, B. Jongsomjit, Facile Investigation of Ti3+ State in Ti-
based Ziegler-Natta Catalyst with A Combination of Cocatalysts Using Electron Spin 
Resonance (ESR), Bulletin of Chemical Reaction Engineering & Catalysis 15(1) (2020) 55-
65. 
[117] B. Wunderlich, Thermal analysis of polymeric materials, Springer Science & 
Business Media2005. 

[118] J. Li, W. Cheung, D. Jia, A study on the heat of fusion of β-polypropylene, 
Polymer 40(5) (1999) 1219-1222. 
[119] P. Aaltonen, J. Seppälä, The attempted copolymerization of styrene and ethylene 
with monocyclopentadienyltitanium trichloride/methylaluminoxane catalyst. Effect of 
polymerization conditions, Eur Polym J 31(1) (1995) 79-83. 
[120] V. Busico, P. Corradini, L. De Martino, A. Proto, E. Albizzati, Polymerization of 

propene in the presence of MgCl2‐supported Ziegler‐Natta catalysts, 2. Effects of the 

co‐catalyst composition, Die Makromolekulare Chemie: Macromol Chem Phys 187(5) 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

136 

 

(1986) 1115-1124. 

[121] M. Glasius, A. Calogirou, N. Jensen, J. Hjorth, C. Nielsen, Kinetic study of gas‐phase 
reactions of pinonaldehyde and structurally related compounds, International Journal 
of Chemical Kinetics 29(7) (1997) 527-533. 
[122] N. Ishihara, M. Kuramoto, M. Uoi, Stereospecific polymerization of styrene giving 
the syndiotactic polymer, Macromolecules 21(12) (1988) 3356-3360. 
[123] A. Malatesta, REACTIONS OF TITANIUM HALIDES WITH ORGANOMETALLIC 
COMPOUNDS: I. STOICHIOMETRY OF THE REACTIONS BETWEEN TITANIUM 
TETRACHLORIDE AND SOME ORGANOMETALLIC COMPOUNDS, Canadian Journal of 
Chemistry 37(7) (1959) 1176-1186. 
[124] M.L. COOPER, H.M. KELLER, E.W. WALTERS, J.C. PARTIN, D.E. BOYE, E.W. Perry, J.J. 
Partin, G. Nagao, C. Neilson, Isolation of enteropathogenic Escherichia coli from mothers 
and newborn infants, AMA journal of diseases of children 97(3) (1959) 255-266. 
[125] R. Kern, H. Hurst, W. Richard, Triethylaluminum—titanium tetrachloride catalysts 
for preparation of crystalline polystyrene, Journal of Polymer Science 45(145) (1960) 
195-204. 
[126] L. Poussin, Y. Bertin, A. Hardy, Characterization of polypropylene texture, 
Composites Engineering 5(3) (1995) 313-320. 
[127] D.G. Papageorgiou, D.N. Bikiaris, K. Chrissafis, Effect of crystalline structure of 
polypropylene random copolymers on mechanical properties and thermal degradation 
kinetics, Thermochimica acta 543 (2012) 288-294. 
[128] J. Fatou, Melting temperature and enthalpy of isotactic polypropylene, Eur Polym 
J 7(8) (1971) 1057-1064. 
[129] A.T. Jones, J.M. Aizlewood, D. Beckett, Crystalline forms of isotactic 
polypropylene, Die Makromolekulare Chemie: Macromol Chem Phys 75(1) (1964) 134-
158. 
[130] G. Natta, P. Corradini, Structure and properties of isotactic polypropylene, Il 
Nuovo Cimento (1955-1965) 15 (1960) 40-51. 
[131] H. Matsuoka, B. Liu, H. Nakatani, M. Terano, Variation in the Isospecific Active Sites 

of Internal Donor‐Free MgCl2‐Supported Ziegler Catalysts: Effect of External Electron 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

137 

 

Donors, Macromolecular rapid communications 22(5) (2001) 326-328. 
[132] M. D’Amore, K. Thushara, A. Piovano, M. Causa, S. Bordiga, E. Groppo, Surface 
investigation and morphological analysis of structurally disordered MgCl2 and 
MgCl2/TiCl4 Ziegler–Natta catalysts, ACS Catalysis 6(9) (2016) 5786-5796. 
[133] S. Pirinen, K. Jayaratne, P. Denifl, T.T. Pakkanen, Ziegler–Natta catalysts supported 
on crystalline and amorphous MgCl2/THF complexes, Journal of Molecular Catalysis A: 
Chemical 395 (2014) 434-439. 
[134] W. Kaminsky, Polyolefins: 50 years after Ziegler and Natta II, Advances in Polymer 
Science, Polyolefins by Metallocenes and Other Single-Site Catalysts  (2013). 
[135] J.B. Soares, J.D. Kim, G.L. Rempel, Analysis and control of the molecular weight 
and chemical composition distributions of polyolefins made with metallocene and 
Ziegler− Natta catalysts, Industrial & engineering chemistry research 36(4) (1997) 1144-
1150. 

[136] R. Zannetti, C. Marega, A. Marigo, A. Martorana, Layer‐lattices in Ziegler–Natta 
catalysts, Journal of Polymer Science Part B: Polymer Physics 26(12) (1988) 2399-2412. 
[137] M.I. Nikolaeva, T.B. Mikenas, M.A. Matsko, L.G. Echevskaya, V.A. Zakharov, Ethylene 

polymerization over supported titanium‐magnesium catalysts: Effect of polymerization 
parameters on the molecular weight distribution of polyethylene, Journal of Applied 
Polymer Science 122(5) (2011) 3092-3101. 
[138] A.K. Hasan, Y. Fang, B. Liu, M. Terano, Surface analytical approach to TiCl3-based 
Ziegler–Natta catalysts combined with microstructure analysis of polymer, Polymer 
51(16) (2010) 3627-3635. 
[139] M. D’Amore, R. Credendino, P.H. Budzelaar, M. Causá, V. Busico, A periodic hybrid 
DFT approach (including dispersion) to MgCl2-supported Ziegler–Natta catalysts–1: TiCl4 
adsorption on MgCl2 crystal surfaces, Journal of catalysis 286 (2012) 103-110. 

[140] W. Phiwkliang, B. Jongsomjit, P. Praserthdam, Effect of ZnCl2‐and SiCl4‐doped 
TiCl4/MgCl2/THF catalysts for ethylene polymerization, Journal of Applied Polymer 
Science 130(3) (2013) 1588-1594. 
[141] B. Jiang, L. Du, F. Wang, J. Ye, J. Wang, Y. Yang, TiCl4 immobilized on a composite 

support SiO2/MgCl2· x (1, 4‐butanediol)/poly [styrene‐co‐(acrylic acid)] for ethylene 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

138 

 

polymerization: The barrier effect of poly [styrene‐co‐(acrylic acid)], Journal of applied 
polymer science 125(2) (2012) 1207-1218. 

[142] H. Hammawa, S.E. Wanke, Influence of support friability and concentration of α‐

olefins on gas‐phase ethylene polymerization over polymer‐supported 
metallocene/methylaluminoxane catalysts, Journal of applied polymer science 104(1) 
(2007) 514-527. 
[143] D. Harrison, I.M. Coulter, S. Wang, S. Nistala, B.A. Kuntz, M. Pigeon, J. Tian, S. 
Collins, Olefin polymerization using supported metallocene catalysts: development of 
high activity catalysts for use in slurry and gas phase ethylene polymerizations, Journal 
of Molecular Catalysis A: Chemical 128(1-3) (1998) 65-77. 

[144] P. Kumkaew, S. Wanke, P. Praserthdam, C. Danumah, S. Kaliaguine, Gas‐phase 
ethylene polymerization using zirconocene supported on mesoporous molecular 
sieves, Journal of applied polymer science 87(7) (2003) 1161-1177. 
[145] E. Ali, A. Abasaeed, S. Al-Zahrani, Optimization and control of industrial gas-phase 
ethylene polymerization reactors, Industrial & engineering chemistry research 37(8) 
(1998) 3414-3423. 

[146] J.M. Zhou, N.H. Li, N.Y. Bu, D.T. Lynch, S.E. Wanke, Gas‐phase ethylene 

polymerization over polymer‐supported metallocene catalysts, Journal of applied 
polymer science 90(5) (2003) 1319-1330. 
[147] L. Wu, D. Lynch, S. Wanke, Kinetics of gas-phase ethylene polymerization with 
morphology-controlled MgCl2-supported TiCl4 catalyst, Macromolecules 32(24) (1999) 
7990-7998. 

[148] D.T. Lynch, S.E. Wanke, Reactor design and operation for gas‐phase ethylene 

polymerization using ziegler‐natta catalysts, The Canadian Journal of Chemical 
Engineering 69(1) (1991) 332-339. 

[149] J.H. Kim, T.K. Han, H.K. Choi, I. Kim, S.I. Woo, Copolymerization of ethylene and 1‐

butene with highly active TI/MG bimetallic catalysts. Effect of partial activation by 
Alet2Cl, Macromolecular rapid communications 16(2) (1995) 113-118. 
[150] D.T. Magalhães, O. Do Coutto Filho, F. Coutinho, Ziegler-natta catalyst for 
ethylene and propylene polymerization supported on adducts of magnesium chloride 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

139 

 

with methyl and ethyl alcohols, European Polymer Journal 27(8) (1991) 827-830. 
[151] E. Grau, A. Lesage, S.b. Norsic, C. Copéret, V. Monteil, P. Sautet, Tetrahydrofuran in 
TiCl4/THF/MgCl2: A Non-Innocent Ligand for Supported Ziegler–Natta Polymerization 
Catalysts, ACS Catalysis 3(1) (2013) 52-56. 
[152] R. Huang, F. Malizia, G. Pennini, C.E. Koning, J.C. Chadwick, Effects of MgCl2 

crystallographic structure on active centre formation in immobilized single‐centre and 
Ziegler–Natta catalysts for ethylene polymerization, Macromolecular rapid 
communications 29(21) (2008) 1732-1738. 
[153] P. Corradini, G. Guerra, L. Cavallo, Do New Century Catalysts Unravel the 
Mechanism of Stereocontrol of Old Ziegler− Natta Catalysts?, Accounts of chemical 
research 37(4) (2004) 231-241. 
[154] M. Wannaborworn, B. Jongsomjit, Ethylene/1-octene copolymerization over Ga-
modified SiO2-supported zirconocene/MMAO catalyst using in situ and ex situ 
impregnation methods,  (2009). 
[155] K. Seenivasan, A. Sommazzi, F. Bonino, S. Bordiga, E. Groppo, Spectroscopic 
investigation of heterogeneous Ziegler–Natta catalysts: Ti and Mg chloride 
tetrahydrofuranates, their interaction compound, and the role of the activator, 
Chemistry–A European Journal 17(31) (2011) 8648-8656. 
[156] T. Pothirat, B. Jongsomjit, P. Praserthdam, Effect of Zr-modified SiO 2-supported 
metallocene/MAO catalyst on copolymerization of ethylene/1-octene, Catalysis letters 
121(3-4) (2008) 266-273. 
[157] K. Thushara, T. Ajithkumar, P. Rajamohanan, C.S. Gopinath, Structural 
investigations of porous MgCl2–2-butanol molecular adduct as support for olefin 
polymerization, Applied Catalysis A: General 469 (2014) 267-274. 

[158] F.M. Mirabella Jr, E.A. Ford, Characterization of linear low‐density polyethylene: 

Cross‐fractionation according to copolymer composition and molecular weight, Journal 
of Polymer Science Part B: Polymer Physics 25(4) (1987) 777-790. 
[159] A. Supri, H. Salmah, K. Hazwan, Low density polyethylene-nanoclay composites: 
the effect of poly (acrylic acid) on mechanical properties, XRD, morphology properties 
and water absorption, Malaysian polymer journal 3(2) (2008) 39-53. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

140 

 

[160] S. Rabiej, A. Wlochowicz, SAXS and WAXS investigations of the crystallinity in 
polymers, Die Angewandte Makromolekulare Chemie: Applied Macromolecular 
Chemistry and Physics 175(1) (1990) 81-97. 
[161] D. Li, L. Zhou, X. Wang, L. He, X. Yang, Effect of Crystallinity of Polyethylene with 
Different Densities on Breakdown Strength and Conductance Property, Materials 12(11) 
(2019) 1746. 

 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VITA 
 

VITA 
 

NAME Thanyaporn Pongchan 

DATE OF BIRTH 01 May 1993 

PLACE OF BIRTH Utharadith 

HOME ADDRESS 44 Soi Rawadee 63, Taladkhwan, Muang, Nonthaburi 
11000 

PUBLICATION 1.  Thanyaporn Pongchan, Piyasan Praserthdam, and 
Bunjerd Jongsomjit, “Facile Investigation of Ti3+ State in 
Ti-based Ziegler-Natta Catalyst with A Combination of 
Cocatalysts Using Electron Spin Resonance (ESR)”, Bulletin 
of Chemical Reaction Engineering & Catalysis, 15 (1) 2020, 
55-65.   
2.  Thanyaporn Pongchan, Piyasan Praserthdam, and 
Bunjerd Jongsomjit, “Temperature effect on propylene 
polymerization behavior over Ziegler-Natta catalyst with 
different cocatalyst systems”, Materials Research Express, 
7 (2020) 025309.  
3.  Thanyaporn Pongchan, Piyasan Praserthdam, and 
Bunjerd Jongsomjit, “Gas-Phase Polymerization of 
Ethylene over Ti-based Ziegler-Natta Catalysts prepared 
from Different Magnesium Sources”, Materials Today 
Chemistry, 18 (2020) 100366. 

  

 

 


	ABSTRACT (THAI)
	ABSTRACT (THAI)
	ABSTRACT (ENGLISH)
	ABSTRACT (ENGLISH)
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER 1 INTRODUCTION
	1.1 General introduction
	1.2 Research objective
	1.3 Research scopes
	1.4 Research methodology
	1.5 Research plan

	CHAPTER 2 THEORY AND LITERATURE REVIEWS
	2.1 Polyolefins in industrial
	2.1.1 Polyethylene
	2.1.2 Polypropylene

	2.2 Ziegler-Natta catalyst
	2.2.1 Synthesis Ziegler-Natta catalyst

	2.3 Preparation method for magnesium Sources (MgCl2)
	2.3.1 Solution method by Magnesium chloride (MgCl2)
	2.3.2 Chemical method
	2.3.3 Grinding method

	2.4 Cocatalysts or Aluminum Alkyls
	2.4.1 Triethylaluminum (TEA)
	2.4.2 Combination of cocatalysts

	2.5 Olefins Polymerization
	2.5.1 Slurry polymerization processes
	2.5.2 Gas-phase ethylene polymerization


	CHAPTER 3 EXPERIMENTAL
	3.1 Chemicals
	3.2 Titanium-based ZN catalyst preparation method
	3.2.1 Commercial titanium-magnesium supported Ziegler-Natta catalyst (TMC)
	3.2.2 Preparation of TiCl4/MgCl2/THF supported catalyst
	3.2.3 Preparation of magnesium powder supported catalyst
	3.2.4 Preparation of magnesium ethoxide supported catalyst

	3.3 Slurry ethylene polymerization and ethylene/1-hexene copolymerization
	3.4 Propylene polymerization
	3.5 Gas phase ethylene polymerization and ethylene/1-hexene copolymerization
	3.6 Characterization of catalyst and polymer
	3.6.1 Inductively Coupled Plasma (ICP)
	3.6.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX)
	3.6.3 Fourier Transform Infrared Spectroscopy (FTIR)
	3.6.4 X-ray Diffraction (XRD)
	3.6.5 Electron Spin Resonance (ESR)
	3.6.6 Differential Scanning Calorimeter (DSC)
	3.6.7 Carbon-13 Nuclear Magnetic Resonance (13C NMR)
	3.6.8 Kumagawa Soxhlet Extractor


	CHAPTER 4 RESULTS AND DISCUSSION
	Facile investigation of Ti3+ state in Ti-based Ziegler-Natta catalyst with a combination of cocatalysts using electron spin resonance (ESR)
	Part 1: Facile investigation of Ti3+ state in Ti-based Ziegler-Natta catalyst with a combination of cocatalysts using electron spin resonance (ESR)
	4.1 Introduction
	4.2 Materials and Methods
	4.2.1 Materials
	4.2.2 Polymerization procedure
	4.2.3 Measurement of Ti3+ state by electron spin resonance (ESR)
	4.2.4 Characterization of polymer

	4.3 Results and Discussion
	4.3.1 Catalytic activity
	4.3.2 Polymer properties


	Temperature effect on propylene polymerization behavior over Ziegler-Natta catalyst with different cocatalyst systems
	Part 2: Temperature effect on propylene polymerization behavior over Ziegler-Natta catalyst with different cocatalyst systems
	4.1 Introduction
	4.2 Experimental
	4.2.1 Materials
	4.2.2 Polymerization procedure
	4.2.3 Characterization of catalyst
	4.2.4 Characterization of polymer

	4.3 Results and discussion
	4.3.1 Catalytic activity
	4.3.2 Polymer characteristics


	Gas-phase polymerization of ethylene over Ti-based Ziegler-Natta catalysts prepared from different magnesium sources
	Part 3: Gas-phase polymerization of ethylene over Ti-based Ziegler-Natta catalysts prepared from different magnesium sources
	4.1 Introduction
	4.2 Catalyst preparations and Methods
	4.2.1 Materials
	4.2.2 Synthesis of titanium-based ZN catalyst with different magnesium sources
	4.2.3 Gas-phase ethylene polymerization procedure
	4.2.4 Morphology observation
	4.2.5 Characterization of catalyst
	4.2.6 Characterization of polymer

	4.3 Results and discussion
	4.3.1 Characteristics of different catalysts
	4.3.2 Polymerization of different catalysts
	4.3.3 Characteristics of polymer obtained from different catalysts


	Part 4: Different magnesium source supported titanium-based Ziegler-Natta catalyst in gas-phase ethylene/1-hexene copolymerization
	4.1 Results and discussion
	4.1.1 Catalytic activity with different support sources and polymer properties


	CHAPTER 5 General conclusions
	5.1 General summary
	5.2 Conclusions
	5.3 Recommendations

	APPENDIX A FOURIER TRANSFORM INFRARED SPECTROSCOPY
	APPENDIX B  LIST OF PUBLICATIONS
	REFERENCES
	VITA

