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Chapter 1 

General Introduction 

  



2 
 

1.1 Introduction 

Catalyst is a substance which increases the chemical reaction rate and selectivity. It is 

able to reduce energy of chemical reaction and improve rate of atom efficiency drastically 

in the progress of objective chemical reaction. Various catalysts have been used in 

industrial manufacturing as helpful substances and been made growth along with the 

industrial expansions by vigorous researches and developments, because of those 

attractive and important features. Various investigations have been conducted, and 

enormous kinds of catalysts have been invented and used in industrial manufacturing up 

to the present time for to satisfy various demands. Therefore, catalysts are working 

important roles in various industrial fields such as petroleum refining, gas refining, 

petroleum chemistry, food chemistry, biochemistry, fine chemistry and so on. Thus 

catalysts are crucial substances which produces from commodities to energies for 

conservation of our life.  

Catalyst is recently focused on not only economic importance by improvement of 

industrial production efficiencies but also environmental importance by decrease  

energy and reduction of environmentally hazard substances. Therefore, much further 

improvement of catalytic performances and addition of novel functions are desired. Thus 

various catalyst investigations such as elucidation of catalysis mechanism, exploring of 



3 
 

materials which has novel catalysis, designs of catalyst architectures, establishment of 

preparation methods etc. have been conducted enthusiastically and novel catalysts have 

been reported continually. 

 

1.2 Catalyst 

Catalyst is generic name of substance which can promote chemical reaction without 

any reduction itself. The definitions of catalyst are as follows [1]:  

i) It is a substance which can promote chemical reaction with relatively less amount than 

reaction and not consume itself during reaction 

ii) It is a substance which increase the speed of chemical reaction and not appear in 

stoichiometric equation 

iii) It is a substance which possesses ability of decrease activation energy and makes new 

route of atom reconstruction. 

The substance which can meet the above definitions is regarded as catalyst in scientific 

field. Thus, the catalyst can be consist of any materials such as organic chemical, 

inorganic chemical, biochemical and so on. Moreover, it can be any state such as solid, 

liquid and gas. 

Catalyst was used broadly in industrial manufacturing and make enormous benefits by 
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those helpful features. The growth of industrial benefit which relates to catalyst is shown 

in Figure 1-1 [1]. Obviously, few production was conducted by using catalyst in the early 

1900. Subsequently, inventions and improvements of new catalyst were performed in turn 

and made industrial range broad. Thus, various new catalysts not only made explosive 

profits but also these products made our life richness around that time. The enthusiastic 

developments and researches have been conducted until now. These results progress 

catalyst chemistry such as improvement of performance, invention of new catalyst, 

elucidation of catalysis and so on. The current catalyst has been used in most of industrial 

manufacturing processes by previous enormous efforts.  

 

Figure 1-1.  Increase of chemical production output related to catalyst using process 
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1.2.1. Catalysis in chemical reactions 

The catalyst does not appear in stoichiometric equation because it never consumes 

itself during reactions. Originally, the equilibrium of chemical reaction is decided by 

difference of the state between before reaction and after reaction. It means that 

equilibrium of chemical reaction independent on reaction route. Hence, the function of 

catalyst is the acceleration of the reaction speed for closing to equilibrium without change 

equilibrium state. This phenomena is occurred by decrease of activation energy because 

the catalyst makes new route of chemical reaction. 

This phenomena is explained with the reaction between hydrogen and iodine as example. 

The stoichiometric equation of this reaction is as follows;  

)1.1(222 HIIH       

In the case of progress this reaction without catalyst, it need the temperature more than 

300˚C. This high temperature is used for acquisition of higher thermal agitation energy 

than activation energy, because this reaction is occurred by conversion from transitional 

state of hydrogen and iodine. Therefore, high temperature is necessary to progress this 

reaction. 

In the case of progress reaction with catalyst, reaction proceeds via successive reaction 

which was showed below, 
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)2.1(22 HH   

)3.1(22 II   

)4.1(HIIH   

 

The catalyst can proceed the reaction with greatly lower temperature than non-using 

catalyst. This is because the catalyst makes activation energy low by generation of new 

reaction pathway of hydrogen and iodine. The relationship between activation energy and 

reaction heat at any state is shown in Figure 1-2.  

 
Figure 1-2.  Activation energy and reaction heat in chemical reaction with 

 catalyst or noncatalyst 
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As can be seen from Figure 1-2, conversion of hydrogen and iodine need over Ea(homo) 

in the reaction without catalyst. However, catalyst decrease activation energy to Ea(cat) to 

proceed conversion. Thus, existence of catalyst in chemical reaction makes activation 

energy low and help to proceed reaction to equilibrium state. 

The activity energy change in different condition which presence or absence of catalyst 

and different chemical reaction was shown in Table 1-1. As can be seen, the existence of 

catalyst in chemical reaction decreases activation energy regardless of reaction species. 

Moreover, different catalyst change degree of activation energy, even if the reaction is 

same. 

 

Table 1-1.  Activation energy of various reactions and conditions [1] 

 Noncatalytic reaction Catalytic reaction 

Reaction 
Activation energy 

(kJ·mol‒1) 

Activation energy 

(kJ·mol‒1) 
Catalyst 

2HI → H2 + I2 184 
59 Pt 

105 Au 

2N2O → 2 N2+3H2 245 
134 Pt 

121 Au 

2NH3 → N2 + 3H2 326 

197 Os 

134 ~ 176 Mo 

163 W 

159 ~ 176 Fe 
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The rate of chemical reaction also related to activation energy. The reaction rate constant 

k is explained by following equation which is used activation energy. 

 

)5.1(exp 





 

RT

E
Ak a  

 

This equation (1.5) is called Arrhenius equation and often used prediction of the 

chemical reaction rate. A is pre-exponential factor, Ea is activation energy, R is gas 

constant and T is temperature. As can be seen from this equation, high temperature and/or 

low activation energy make rate constant increase. Hence, usage of catalyst not only 

reduces energy for progress reaction but also increases constant rate of reaction. 

 

1.2.2 Variety of Catalyst 

Catalyst is general term of special substance which can improve efficiencies of 

chemical reaction. It can be identified any state such as solid, liquid and gas phase. 

Moreover, organic, inorganic and even a living being such as microbe are identified in a 

broad sense. Therefore, there are welter of catalyst spices in the world. 

Catalyst is classified type of process as homogeneous catalyst and heterogeneous 

catalyst. Homogeneous catalyst was defined catalyst which does not have boundary 
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surface between catalyst and reaction substrates in a chemical reaction. In the same way, 

heterogeneous catalyst has boundary surface between substrates. Each of them have 

available features respectively. 

The reaction, which does not have boundary surface between catalyst and substrate, is 

homogeneous catalytic reaction. Generally, combination is gas-gas or liquid-liquid. The 

catalyst which is used in homogeneous catalytic reaction is called homogeneous catalyst. 

Solved metal complex and solid acid-base solid are typical substance as homogeneous 

catalyst. A lot of technical innovations and inventions were produced in the following 

rapid and enormous growth of petrochemical industry. For example, olefin 

polymerization using Ziegler-Natta catalyst (combination of titanium chloride and alkyl 

aluminum) [2] and alkene hydrogenation using Wilkinson catalyst (Rh complex 

coordinated by phosphine) [3,4] were one of great inventions and had a big impact on 

industrial chemistry.  

After 1980 decade, homogeneous catalyst came to be used for fine chemicals which has 

high additional value because of its high controllability of performance. Various 

accurately designed catalyst which has high selectivity were develop and used for the 

manufacture the difficult product of separation like a product made by asymmetric 

synthesis. Those invention makes l-DOPA [5,6], chrysanthemic acid [7], l-menthol [8.9] 
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and so on were produced in industry by accurate designed catalyst [10]. Thereby, 

homogeneous catalyst came to be essential substance for synthesis not only fine 

chemicals but also medicinal product and functional polymer. As stated above, 

homogeneous catalyst has important roles for synthesis precise synthesis and is expected 

to use and develop more for produce various chemicals. 

On the other hand, the reaction which has boundary between catalyst and substrate 

were heterogeneous catalytic reaction. And the catalyst which is used in heterogeneous 

catalytic reaction is called heterogeneous catalyst. Contents of heterogeneous catalyst is 

various solid species such as transition metal, transition metal compound, metal sulfate, 

metal salt and so on. [1] Thus, it is not rare that heterogeneous catalyst consisted of 

multicomponent. Moreover, porous material such as zeolite and aerogel, and unique 

crystal structure like a perovskite are often used for getting high and/or novel performance. 

In comparison with heterogeneous catalyst and homogeneous catalyst, heterogeneous 

catalyst has better feature such as low cost for operation, easiness of using, easiness of 

separation with substrate, activity and lifetime than homogeneous catalyst. Synthesis 

ammonium using Haber–Bosch process (Fe3O4 including small amount of K2O and 

Al2O3) [11], high stereoregularity propylene production using Ziegler-Natta process 

(TiCl4/InD/MgCl2 + AlEt3 + ExD) [12, 13] are one part of most famous solid catalyst 
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which innovated industrial manufacturing at that time. Other various reactions such as 

hydrogenation, dehydrogenation, oxidation, reduction, alkylation, isomerization, 

purification and etc. support industrial manufacturing by wide variety of applicable 

heterogeneous catalyst. 

 

1.2.3 Multifunctional Catalyst 

Various industrial catalyst generated profits and change our life more rich by a lot of 

energetic research and development after industrial innovation. In recently, industrial 

process has been strongly desired more economic efficiency in the following rising of a 

newly emerging country which is represented and more reduction space for reaction to 

expand to micro reactor like a private electric generator. Application of multifunctional 

catalyst for processes is one of solution. Multifunctional catalyst is one of a catalyst spices 

which has more than one performances. Applications of this catalyst for chemical reaction 

are expected not only improvement of process efficiency but also reduction of additional 

operation and the plural number of reactor. 

The plural number of performances are established by catalyst structure designs. 

Multifunctional catalyst is generally designed and prepared with “multicomponent” 

and/or ”designing hierarchical structure”.  
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Multicomponent means that more than one active spices are used for preparation 

catalyst as active sites. These catalyst has some kinds of active sites which can progress 

different reaction respectively and makes performances higher and/or progress 

consecutive reaction which need some active species with a reactor and a step. For 

example, Al2O3 supported Pt catalyst is one of multifunctional catalyst for catalytic 

reforming of naphtha [14]. Reforming is a chemical process used to convert naphtha (low 

octane products) into high octane products for giving additional values. Various reaction 

such as dehydrogenation, isomerization, cyclization and hydrogenation are conducted in 

this process. Therefore, catalyst was desired various performances at same phase. Table 

1-2 shows the catalytic activity and selectivity of methylcyclopentane reforming by 

combination of Pt catalyst and acid support as example [15]. Silica/alumina supports did 

not progress any reaction, and Pt catalyst itself progress only dehydrated products. 

However, benzene is generated by existence of Pt and Silica/alumina at same catalyst. 

Hence, Pt/Alumina for catalytic reforming is bifunctional catalyst whose Pt has function 

of dehydration and Aluminum has function of isomerization [16]. From above reports, 

multicomponent catalyst comes to have multisite which can progress successive reaction 

with one step. 
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Table 1-2.  Mechanism of bifanctional catalyst in reforming reaction of C6 paraffin 

Catalyst 

Production (mol%) 

 
⇋ ⇋

 
⇋ 

SiO2-Al2O3 98  0  0  0.1 

Pt/ SiO2 62  20  18  0.8 

SiO2-Al2O3 + Pt/ SiO2 65  14  10  0.4 

 

A hierarchical structure means an organizational architecture of catalyst substances like 

an assembled toy building blocks. These structures such as pore, surface, crystal structure 

and particle sharp were much bigger scales than active site. However, these can improve 

catalyst performance such as selectivity [17], activity [18-20] and life time [21,22] so on. 

For example, the control of reactant selectivity by architectonics of porous zeolite is 

introduced as an example. The zeolite pore improves not only activity by increase active 

specific surface area but also selectivity of reactant by molecular shape selectivity. The 

selectivity is derived from correlation between reactant and pore, however various 

reaction mechanism is conducted [17]. Three mechanism is explained as an example. The 

compound which has eight-membered pore such as Ca-A and H-erionite decomposes only 

liner alkane without reaction of alkane which has methyl side chain [24]. Figure 1-3 

shows the image of its reaction. This phenomena is called reactant selectivity which is 

decided correlation size between molecular and pore. The cause of reactive difference 
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between reactant is derived from reaction inside pore [25]. Next phenomena is called 

product selectivity which is selectivity derived from diffusion limitation of reactant in 

pore.  

 
Figure 1-3.  Images of molecular shape selectivity derived from reactant selectivity 

 

The images of disproportionation of toluene using ZSM-5 is depicted in Figure 1-4. As 

can be seen, small reactant such as p-xylene and benzene is obtained selectively by 

reaction in ZSM-5 pore [26]. Various reactant were generated in the pore, however big 

reactant is not able to diffuse freely and trapped until become small molecules. Therefore, 

this catalyst makes small molecules selectively. Last phenomena is called restricted 

transition state selectivity which is selectivity derived from limitation of transition form.  

 

 
Figure 1-4.  Images of molecular shape selectivity derived from product selectivity 
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The image of disproportionation of m-xylene using H-mordenite is shown in Figure 1-

5 as example. In the case of this reaction, 1,3,5 trimethylbenzen is able to go through pore 

channel, however transition state of compounds for production of 1,3,5-trimethylbenzen 

is too bulky to form in pore [27]. Thus, 1,3,4 trimethylbenzen, whose intermediate is not 

bulky compound, is obtained selectively. As mentions above, catalyst hierarchical 

structure has important role for control catalytic functions.  

 

 

Figure 1-5.  Images of molecular shape selectivity derived from restricted  

transition state selectivity 

 

Multifunctional catalyst has excellent performance and improve processes drastically. 

Thus, a lot of investigation is conducted energetically to respond industrial demands. 

However, it is hard work that accomplishment of accurate designing and prepare desired 

multifunctional catalyst whose architecture ranges micro to macro scales. Hence, the 
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reaction which is unclear structure performance relationship and the preparation methods 

which is not able to accurate control make multifunctional catalyst development difficult. 

Therefore researches and developments of multifunctional catalyst are not only synthesis 

and performance test but also elucidation of structure performance relationship and 

exploring method for accurate architecture synthesis.  

 

1.3 Ziegler-Natta catalysts 

Ziegler-Natta catalyst is a one of industrial catalyst for polyolefin manufacturing. 

Especially, this catalyst is used for 99% of polypropylene production in industry. From 

the following importance of polypropylene in the world, this catalyst comes to have very 

important role of industrial field.  

The first report of this catalyst was success of ethylene polymerization without high 

pressure and temperature using combination of TiCl4 and alkylaluminum compounds at 

first in 1953 by Karl Ziegler [2]. Subsequently, propylene polymerization was also 

succeeded by combination of TiCl3 and alkylaluminium compounds in 1954 by Giulio 

Natta [12]. These techniques were able to liner polyolefin without high temperature and 

pressure, and innovated industrial polyolefin manufacture drastically. Therefore, this 

catalyst is named by implementer who are Ziegler and Natta. After invention, enormous 
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researches and developments have been conducted and those catalytic performances have 

kept improving in following industrial importance of polyolefin [28]. Thereby, various 

polyolefin such as wide variety of commodity grade, copolymer grade which polymerized 

with higher α-olefine and so on were invented by enormous efforts and produced in 

industry for sell. In recent year, specialty grade which has high additional values like 

ultra-high molecular weight polyethylene and impact copolymer was invented and 

produced. Therefore various Ziegler-Natta catalysts are developed to produce the wide 

range of polyolefin grade. 

  

1.3.1 Polyolefin 

Polyolefin is generic term of synthesized polymer made from alkene as monomer. 

Especially, polyethylene and polypropylene are well known as commodity plastics. 

Polyolefin possesses not only great mechanical property but also easiness of fabrication, 

cheap process cost from synthesis to molding. Therefore, polyolefin is used in broad wide 

of field as material and product more than 200 million tons every year in the following 

its industrial and practical conveniences [29]. Moreover, the fact that polyolefin is a 

material which processes low impact on environment is acknowledged again because 

polyolefin is composed by only carbon and hydrogen without any toxic material such as 
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chloride and aromatic groups. From these backgrounds, the increase of polyolefin usage 

is predicted. The trends of polyolefin production amount were shown in Figure 1-6 [30]. 

This data suggested that demands of polyolefin keep growth about 5% every year 

nevertheless a huge amounts of production. [31] Therefore, improvement of production 

efficiencies and material properties are strongly desired. 

 

Figure 1-6.  Past and future trends of polyolefin production 

 

Polyethylene is a polymer of ethylene and produced the largest amount in the plastics 

spices. Polyethylene is synthesized by various kinds of catalyst because mechanical 

property is depends on those structure of molecular chain such as length and branches. 

Polyethylene is classified according to their molecular chain structure into three 

categories. The images of molecular structure of classified polyethylene is shown in 
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Figure 1-6 and those general properties are shown in Table 1-3 [32].  

 

 

Figure 1-7.  Images of molecular structure of polyethylene;   

(a) HDPE, (b) LDPE, (c) LLDPE   

 

Table 1-3. Approximate range of properties of different types of PE [32] 

 
density 

(g·cm‒3) 

melting point 

(°C) 

crystallinity 

(%) 

HDPE 0.940-0.965 125-135 65-80 

LDPE 0.915-0.930 106-120 40-60 

LLDPE 0.910-0.940 120-125 40-60 

 

First, high density polyethylene (HDPE) is liner polyethylene without any branches 

and able to be synthesized by Ziegler-Natta catalyst or fillips catalyst. Properties were 

dependent of molecular weight and molecular weight distribution. These trend to become 

different using catalyst spices and polymerization conditions. The features of this polymer 

is higher crystallinity and density than the other polyethylene spices. Thus this possesses 

(a) HDPE

(b) LDPE

(c) LLDPE
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higher righty and opaque state. Taking advantage of those features, this is used film, 

plastic bag, some case, pipe and so on. Second, low density polyethylene possesses long 

chain branches and is synthesized by Philips catalyst. The feature of LDPE is lower 

density and crystallinity than HDPE. Mechanical properties are dependent not only 

information of main molecular chain structure but also amount and length of branches. 

Thus, this mechanical property is flexible and soft. Additionally molding fabrication is 

easier than the other polyethylene. Form those features, LDPE is used as a material for 

making film, plastic bags. Third, linier low density polyethylene is liner polyethylene 

with some amount of short branches and is synthesized by copolymerization between 

ethylene and α-olefin spices using various catalysts. Mechanical properties are dependent 

of molecular weight, α-olefin incorporation amount and spices. Therefore selection for α-

olefin is one of important factor. Basically metallocene catalysts is able to make LLDPE 

with high contents ofα-olefin and narrow molecular weight distributions. Thus this 

possesses is the middle of HDPE and LDPE. From those features, LLDPE is used as a 

material for making for films and cases. Thus, Polyethylene spices are used broad range 

by changing these structures and properties. 

  Polypropylene is polymer made from propylene and synthesized huge amount as an 

available material all over the world. 99% of propylene is produced by Ziegler-Natta 
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catalysts in industrial manufacturing although one part of metallocene spices can 

synthesis polypropylene. Because propylene synthesized by Ziegler-Natta catalysts is 

cheaper and able to possess broad range of mechanical properties by using different 

catalyst type. Mechanical properties are dependent not only molecular weight and 

molecular weight distribution but also stereoregurarity. Stereoregurarity is orientation of 

polymer decided by coordination of molecules. The images of three kinds of 

polypropylene with different stereoregurarity is shown in Figure 1-8 [33].  

 

 
Figure 1-8.  Images of stereoregularity of polypropylene;  (a) isotactic polypropylene, 

 (b) syndiotactic polypropylene, (c) atactic polypropylene 

 

m          m m m m m m

r            r r r r r r

r           m            m r            m           r            r

(a)

(c)

(b )
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Isotactic is state that all methyl groups are positioned at the same side with respect to the 

main chain. Syndiotactic is state that position of methyl group is alternative. Atactic is 

state that position of methyl group is random [34]. Generally, ratio of isotactic part is 

called tacticity as degree of molecular orientation. It is one of most important factor to 

effect on mechanical properties. The higher tacticity polypropylene is, higher rigidity it 

possesses. From those background, Wide range of polypropylene grades are produced and 

used for support any request using various type of Ziegler-Natta catalyst 

Most of polyolefin products are generic and cheap. However some kinds of polyolefin 

grade possess excellent property which put out additional values. For example, ultra high 

molecular weight polyethylene (UHMWPE) has great rigidity, self‐lubricating, abrasion 

resistance regardless of high temperature conditions [35]. This polymer is one part of 

HDPE with extremely high molecular weight. This is made from polymerization using 

Ziegler-Natta catalyst [36,37] or metallocene [38] with reduction of chain transfer 

reaction frequency as little as possible. Nevertheless difficulty of molding fabrication 

because of its rigidity and high melting temperature [39], it is used as special materials 

for gear, fiber, film, artificial bone and so on . Impact copolymer is also well known as 

high value added polyolefin. It is made by multistep polymerization which process is 

propylene polymerization as first step and propylene-ethylene polymerization as second 
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step [39,40]. This multistep process makes polypropylene particles with high dispersed 

ethylene-propylene rubber [41,42]. This polymer possesses high shock resistance under 

low temperature conditions without loss of propylene properties. Because of its excellent 

properties, impact polypropylene is used as a materials for bumper of automobile, 

sporting goods, construction materials and so on.  

  

1.3.2 Hysterical development of Ziegler-Natta catalysts 

Ziegler-Natta catalyst is industrial catalyst to product various kinds of polyolefin 

materials. Especially, this catalyst is used for 99% of polypropylene production in 

industry. From the following importance of polyolefin in the world, this catalyst comes 

to have very important role of industrial field and has kept to be conducted researches and 

developments for improvement catalyst performances since invention. The performance 

improvements of Ziegler-Natta catalyst for propylene polymerization is shown in Figure 

1-9. As can been seen, its performances has kept to improve and continue to grow from 

now on. 

Here, the history of Ziegler-Natta catalyst developments are explained in this section. 
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Figure 1-9.  The performance improvements of Ziegler-Natta catalyst 

for propylene polymerization 

 

1.3.2.1 First and second generation 

In 1953, Karl Ziegler found out that the combination of TiCl4 and alkylaluminum 

compound can synthesize polyethylene under ordinary temperature and pressure [2]. 

Subsequently, Giulio Natta succeeded to obtain polypropylene using TiCl4 and AlEt2Cl 

under ordinary temperature and pressure [12]. These catalysts which are simple 

combination of titanium chloride and alkylaluminum were called first generation catalyst. 

These inventions contributed polyolefin industrial manufacturing drastically. However, 

the catalyst of those days is too low activity and stereoregularity to sell out polymers 

without any post treatments. Hence, decalcification of catalyst residues and separation of 
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atactic part must be conducted to sell. By the way, regioselectivity was high sufficiently 

and was not investigated about more control from the early stage because originally only 

1-2 insertion is occurred by polymerization of titanium catalyst [43,44]. Therefore, 

improvement of activity and stereotacticity was tired to improve. In order to increase 

catalyst stereospecificity, various electron donating compounds were tired to coordinate 

in titanium chloride spices. As results, it is found that amine and ester compounds can 

increase catalyst stereospecificity. Thus, taking advantage of the features, high surface 

area and stereospecific Ziegler-Natta catalyst was developed by cogrinding with TiCl3 

and donor compounds. Like these catalysts which were electron doner added Ziegler-

Natta catalyst were called second generation catalyst. This catalyst performances were 

improved. Activity became so high that decalcification was not necessary by combination 

of bulk polymerization. Additionally, rate of atactic part were reduced only 3-4% by 

improvement of tacticity [28].  

 

1.3.2.2 Third Generation 

In early 1960, support material was started to use in Ziegler-Natta catalyst. At the most 

early stage, some materials which had high specific surface area such as silica, alumina, 

magnesium hydroxide and chlorinated magnesium oxide were used as supports and 
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coordinated with TiCl4. These developed catalysts were used as ethylene polymerization 

catalyst [45]. Soon after, the combination of TiCl4 and activated MgCl2 were found out 

and used as high activity catalysts [46,47]. However, this catalyst possessed too low 

activity and stereoselectivity to use industrial manufacturing in propylene polymerization. 

The investigation for exploring high performances lewis base as donor in order to solve 

problem of low performance for propylene polymerization. In 1970s, it was achieved to 

develop novel solid catalyst which was made by grinding among TiCl4, MgCl2 and lewis 

base compounds (called internal donor). And this catalyst was activated by 

alkylaluminum compound and another lewis base (external donor), and showed high 

activity and stereoselectivity in propylene polymerization. This catalyst systems came to 

be used in industrial manufacturing from 1978 and catalyst performances were increased 

drastically [45]. These catalytic systems which is TiCl4 / Internal donor / MgCl2 + 

alkylaluminum + external donor is used as fundamental combination even now. 

 

1.3.2.3 Fourth and Fifth Generation  

Development of Ziegler-Natta catalyst was mainly conducted by exploring new donor 

and morphological control after invention of combination which was MgCl2 supported 

TiCl4 and Internal donor activated by alkylaluminum and external donor before 
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polymerization. The general performances of Ziegler-Natta catalyst with different donor 

were shown in Table 1-4 [13,44].  

 

Table 1-4. General performances of Ziegler-Natta catalyst with different systems 

Internal 

donor 

External 

donor 

PP yield X.I. mmmm

Mw/Mn H2 responce (PP-Kg· 

cat·g ‒1) 
(%) (%) 

Phthalate Silane 70-40 96-99 94-99 6.5-8 Medium/Low 

Diether None 130-100 96-98 95-97 5-5.5 Excellent 

Diether Silane 100-70 98-99 97-99 4.5-5 Excellent/High 

Succinate Silane 70-40 96-99 95-99 10-15 Medium/Low 

 

The industrial catalyst which used by Montecatini company at first in 1978 is used 

ethyl benzoate and methyl-p-toluate as internal and external donor respectively. Ester 

compounds were often used like this in early stage of using MgCl2 supported Ziegler-

Natta catalyst. Especially ethylbenzoate was often used as internal and external donor. 

Then, the combination of phthalate compounds and alkoxysilane was founded out as 

internal and external donor. This combination possessed superior activity and 

stereoselectivity than combination of ester compounds. From development of this 

combinations, activity and steroreguratiry came to become high enough. Therefore, new 

donor is demanded various performances with good balances which are activity, 

steroselectivity, lifetime, molecular weight length and molecular weight distributions. 
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After that, new donor kept to be explored and founded out. For example, diether 

compounds (especially 1,3 diether) can show higher activity and narrower molecular 

weight distribution than the other donor without using any external donor [48]. 

Additionally, succinate compounds can synthesis polypropylene which has broader 

molecular weight distribution than any other donors [49]. As mentions above, 

improvements and developments of donor comes to not only improve efficiency of 

industrial processes but also synthesize desired polypropylene structure in order to control 

property from first order structure. From its usefulness, exploring new donor is currently 

also performed to control polymer structures accurately.  

  On the other hand, more efficient and simplified processes were desired in early 1970s 

after polymer which is high yield and tacticity could be acquired constantly. Therefore 

improvement of these properties were also conducted by control of catalyst particle 

morphology apart from donor improvement. This catalyst is made by grinding among 

solid catalyst compositions and those particle morphologies were irregular and small at 

that time. Thus, these catalyst performances were high activity and seteroselectivity, 

however low activity stability and irregular morphology made operation difficult. 

Therefore improvement of catalyst performances is demanded and tried to control 

morphology. In early 1980s, precipitation method [50] and chemical reaction method [51] 
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were developed and used for control catalyst morphology. Precipitation method is one of 

methods which prepare catalyst by precipitation from solved catalyst in solution. 

Especially, the method which precipitation from MgCl2/alcohol solution is often used 

because of high performances of resultant catalyst. The features of this catalyst are 

particle density and stiffness. Thus, this catalyst is often used in homo polymerization by 

bulk process and gas process. Other method is chemical reaction methods which prepare 

catalyst by conversion from magnesium precursor to MgCl2 and coordination TiCl4 and 

donor. Mg(OEt)2 is often used for chemical reaction method. The features of this catalyst 

are high morphology control ability because catalyst morphology depends on precursor 

morphology. Thus, catalyst has high control ability of polymer morphology ability. 

Additionally, it has high comonomer insertion ability in copolymerization because 

catalyst has high porosity. From these features, catalyst made by chemical reaction 

method is better suited production of copolymer, Impact copolymer and so on. 

As mentions above, Ziegler-Natta catalyst developments were mainly conducted by 

exploring new donor and control particle morphologies and made performances higher. 

Development of catalyst achieved not only to improve production efficiency but also to 

product high added value polyolefin like UHMWPE and impact copolymer. Current 

catalyst developments keep to be conducted with same objective which are exploring new 
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donor and control particle morphologies for more improvements of Ziegler-Natta catalyst. 

 

1.3.3 Structure performance relationship in olefin polymerization 

Ziegler-Natta catalyst was simple combination of TiCl3 and alkylaluminum compounds 

at first invention. However, usage of donor and MgCl2 made structure complex instead of 

improvement performances. Therefore, elucidation of correlation between structures and 

performances became difficult. The main causes were three. First is difficulty of 

characterization on catalyst structure. Ziegler-Natta catalyst is composed of 

multicomponent and irregularly hierarchic structures which ranges from angstrom scale 

to millimeter. Second is difficultly of systematic change of catalyst morphology because 

current industrial preparation methods are not able to control only one structure 

parameters. Third is difficulty of quantitative elucidation of structure effect because 

catalytic performances were determined by various structural parameters with concerted 

or opposed mechanism. Therefore elucidation of structure performance relationship is 

very difficult task from above problem. However, a lot of investigation reported role of 

structures for performances by importance of Ziegler-Natta catalyst. Here, the role of 

catalyst structural information is explained. 
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1.3.3.1 Role of MgCl2  

In 1970s, Ziegler-Natta catalyst which was called third generation came to use MgCl2 

as support material. It worked not only immobilization of active species and increase 

active surface like other catalyst systems but also electron donation effect to active species. 

The effect of various metal chloride (MnCln) in propylene polymerization activities were 

compared from Ti(OBu)4/AlEt2Cl systems which active site is not easy to change by Soga 

and coworkers. As a results, correlation between activity and electronegativity of Mn+ (χn 

= χ0(1+2n) ; χ0 = electronegativity of metal, n=oxidation number) were founded out. This 

correlation is shown in Figure 1-10 [52]. As can be seen, MgCl2 had the highest activity 

and lowest electronegativity. Therefore, MgCl2 is best support for Ziegler-Natta catalyst.  

 

    

Figure 1-10.  Correlation between activity and electronegativity of metal ion 
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δ-MgCl2 is used for Ziegler-Natta catalyst as support [53,54]. It is called activated 

MgCl2 and those crystalline structures are different between usually used MgCl2. XRD 

patterns for various MgCl2 are shown in Figure 1-11 [55]. As can be seen, only δ-MgCl2 

spectra is broad. It means that crystal size is small and peak is too broad to identify crystal 

structure [56]. Therefore, characterization of MgCl2 is very difficult, especially TiCl4 and 

donor supported MgCl2 is not able to determine those crystalline structures perfectly now.  

 

Figure 1-11.  XRD pattern of various MgCl2; (a) α -MgCl2 (b) δ-MgCl2 activated  

from α -MgCl2 by ballmilling, (c) δ-MgCl2 activated α -MgCl2  

by chemical reaction method 
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δ-MgCl2 has high energy surface which are (110) and (104). This images are shown in 

Figure 1-12 [57]. TiCl4 and donor are considered to adsorb these surface. When TiCl4 is 

adsorbed to MgCl2, structure is changed from tetrahedral to octahedral and coordinated 

with TiCl4 mononuclear and/or Ti2Cl6 dinuclear. Thus, it is considered that titanium can 

be coordinated any site and form various state irregularly. This is causes that Ziegler-

Natta catalyst has multisite.  

 

 

Figure 1-12.  Model of mono and dinuclear TiCl4 species on the (104) surface and  

mononuclear TiCl4 species on the (110) lateral surfaces 
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As mentions above, the role of MgCl2 in Ziegler-Natta catalyst is immobilization of 

titanium species, increase active surface area, regulation of active site symmetry and 

electron donation. All effects are important role for preparation high performance 

Ziegler-Natta catalyst. 

 

1.3.3.2 Role of electron donor 

Olefin polymerization using Ziegler-Natta catalyst is progressed by coordinate anionic  

polymerization which is showed in Figure 1-13 [58].  

 

Figure 1-13.  Cossee Mechanism. R and X indicate a growing chain and chlorine atom 

respectively. 

 

The state of titanium spices effect on polymerization performance greatly. A donor is a 

substance to which the state of titanium and MgCl2 structure can be changed and improves 

catalytic performance. Catalyst performances were improved by donor property not only 

electro donation for active site but also stabilization of activated MgCl2 surface and steric 

hindrance. The role of donor in Ziegler-Natta polymerization is as follows 
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Role of internal donor [28] 

1. stabilization of activated MgC12, resulting in an enhancement of the effective surface 

area 

2. preventing formation of non-stereospecific sites by adsorbing on the MgC12 surface, 

where TiCI4 is supported to form non-stereospecific sites 

3. taking part in the formation of highly isospecific sites 

4. replaced by external donors, to form more isospecific sites. 

Roles of external donors [28]: 

1. poisoning of non-stereospecific sites selectively; 

2. conversion of non-stereospecific sites into highly isospecific sites 

3. conversion of isospecific sites into more highly isospecific sites 

4. increase the reactivity of the isospecific sites. 

 

The elucidation of effect on performance was difficult to identified because 

characterization difficulty of irregular active site. Nevertheless, enormous effort to 

elucidate, it has not resulted to clarify quantitative structure performance relationship 

until now by only experimental results. However, Busico and coworker propose active 

site model by obtained enormous data. This model is called three site model and shown 
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in Figure 1-14 [59]. This model describes that the stereospecificity is not determined TiCl4 

coordinated surface such as (110) or (104) and nuclearity (mono- or dinuclear), and 

according to coordinate or not of bulky regents (donor,Cl) in L1,2 site at near the 

coordinated metal sites (Mg, Ti, or Al). After, Terano and coworker improve more 

expansive and accurate this model [60].  

 

 
Figure 1-14.  Three-site model of active Ti species for highly isospecific (a), poorly 

isospecific (b), and syndiospecific (c).  M = Ti, Mg, or Al, L1,2 = donor or Cl, □ = vacant 

site, and Pn = growing polymer chain. 

 

Recently, cluster DFT calculation comes to be powerful tools for investigation of 

accurate micro active site structure following great development of computer science. this 

method proved that adsorption of two succinate compounds at the L1 and L2 site can 

convert the aspecific titanium species into isospecific active site on the MgCl2 (110) 

surface [61]. Additionally, Taniike reported that monoester donor is adsorbed to (110) 

surface with TiCl4 and improve not only stereospecificity but also regioregularity and 
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polymer molecular weight which are proved by obtained experimental results [62,63]. 

 

1.3.3.3 Particle morphology  

The performances of Ziegler-Natta catalyst was desired not only activity and 

stereospecificity but also operation easiness and application other polymerization method 

from usage of MgCl2 as a support. Therefore, many researcher tried to improve 

performance such as stability of activity, copolymerization performance, catalyst stiffness, 

control ability of synthesized polymer and so on. Thus, precipitation method and chemical 

reaction method which can control catalyst morphology were developed to satisfy 

demands [50,51]. Recently, control of particle morphology comes to be demanded not 

only shape but also inner hierarchical structure because more accurate control of 

performance. Then correlation between particle structures and performances to obtain 

design criteria of particle morphology.  

The cause which MgCl2 morphology has more number of roles than other catalyst is 

changed morphology by fragmentation during polymerization. Fragmentation is a 

phenomenon which is particle braking by internal pressure from generated polymer inside 

pore [64,65]. The image of fragmentation progress is shown in Figure 1-15 [66].  
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Figure 1-15.  Two limiting modes of the fragmentation of catalyst carriers:  

(a) shrinking core, (b) continuous bisection 

 

The fragmentation behavior is decided by size of pore, stiffness of catalyst particle and 

polymer generation speed. Fragmentation behaver is roughly divined by shrinking pore 

model and continues bisectional model. Shrinking pore model is fragmentation form 

outside of particle to inside gradually. This fragmentation behavior tends to be occurred 

when particle pore is small and particle stiffness is high. On the other hand, continues 

bisectional model is fragmentation from inside and fragment particle gradually became 

small. This fragmentation tends to be occurred when particle stiffness is low and polymer 

is easily synthesis inside pore by low diffusion limitation. In practice case, fragmentation 

is occurred with combination of both models and strongly depends on not only particle 

structure but also polymerization species and conditions [67]. 

  The behavior of fragmentation has strong effect on stability of activity behavior. 

Catalyst activity is determined by active site number with balance of activations and 
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deactivations by alkylaluminium compounds. Some active sites are deactivated by 

excessive oxidization and some active sites are generated from new surface by 

fragmentation. Therefore control of activate and deactivate balance by fragmentation 

process is very important role of control activity behavior [68]. The activity behaviors 

which is performed by irregular shaped catalyst and shape controlled catalyst is shown in 

Figure 1-16 [69]. As can been seen, the activity behavior of irregular shaped catalyst is 

confirmed rapid activation and deactivation. The cause of this phenomena is derived from 

preparation method. Irregular shaped catalyst is made by cogrinding method and most of 

active site is placed on near surface. Therefore active site is activated and deactivated at 

one time. As results, activity become increase rapidly and decrease soon. On the other 

hand, activity of morphology controlled catalyst is stable because the balance of 

activation and deactivation is maintain. 

 
Figure 1-16.  Kinetic profiles of propylene polymerization using catalyst whose  

morphology was different; (a) Irregular shaped catalyst, 

(b)Morphology controlled catalyst 
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Additionally, catalyst has an ability to control synthesized polymer morphology. This 

ability is derived from phenomena which the morphology of polymer is dependence on 

catalyst morphology in Ziegler-Natta olefin polymerization. This phenomena is said 

replication phenomenon. The mechanism of replication phenomenon is shown in Figure 

1-17 [70,71]. At the initial stage of polymerization, catalyst fragments are dispersed 

uniformly in polymer particle. As polymerization proceeds, polymer subparticle growth 

with fragmented catalyst. As polymerization proceeds further, fragmented catalyst 

fragment more and growth new subperticle. Polymer particle is grown by these 

mechanism in olefin polymerization. Thus, polymer grows with keeping catalyst 

morphology. From these reason, the morphology of industrial catalyst is demanded 

spherical shape and narrow particle size distribution because demanded polymer 

morphology is spherical shape and narrow particle size distribution for ease operations. 
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Figure 1-17.  Polymer growth mechanism with Ziegler-Natta catalyst fragmentation 

 

As mentioned above, the performance of Ziegler-Natta catalyst is dependent on not 

only micro structure such as chemical composition and active site structure, but also 

catalyst morphology such as pore, particle size, shape and stiffness. Therefore, 

morphology control method keeps to be investigated for improvement of Ziegler-Natta 

catalyst. 

 

1.4 Statistical analysis 

Statistics is the study of big data processing which are collection, analysis, 

interpretation, presentation and organization using applied mathematics. This study 

comes to be used in a broad filed such as medical science, industrial science, social 

catalyst
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problem and so on in accordance with growth of an information-oriented society by 

development of computer and popularization of Internet. Currently, this becomes 

indispensable study in the various field. Statistical analysis is data treatment process 

based on statistics. This is a generic term of the methods which analysis the enormous 

and complex data to obtain right information by various ways. Here, statistical analysis 

is explained. 

 

1.4.1 Correlation coefficient 

Correlation coefficient is statistical indicator which indicates liner correlation between 

two variable. Generally, the value approaches +1 or ‒1, the correlation extent becomes 

higher in a positive or negative direction, respectively. And the value approaches 0, the 

correlation extent becomes lower.  

Correlation coefficient is determined by covariance of two variable and variance of 

each variable. The correlation coefficient r, between two variables (x and y) is defined as  

   )6.1(,
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yx
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C(x,y), Vx and Vy are the covariance and the variances for x and y, respectively.  They are 

defined as  
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where n is the number of data. 

 

1.4.2 Principal component analysis 

Principal component analysis (PCA) is one of multivariate analysis which can reduce 

large number of variables to smaller number without any information losses. This method 

was invented in 1901 by Karl Pearson [72], and investigated various investigators for 

made improvement of itself [73,74] and development of new analysis systems like a 

Principal Component Regression (PCR) [75,76] . This analysis is reduction of variables 

identification of the plural number of variables within multi-dimensional state which 

explain the maximum value of variances in the whole data set in the minimum number of 

dimensions for easy to understand big data. Using this analysis results has great 

information as follows [77]; 

1. Reduction of the dimensions of dataset, enabling a greater quantity of information to 

be visualized. 
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2. Study of the relation between different descriptors 

3. Preparation data for further analysis for removing descriptor or samples which has 

collinearity.  

From this merit, PCA is used only conforming of sample features and classification of 

dataset [78] but also finding out outlier [74,79] and collinearity descriptor combinations 

[80] for pretreatment of other multivariate analyses.  

 

1.4.3 Genetic function approximation  

Genetic function approximation (GFA) is one of multivariate analysis which can construct 

quantitative structure-performance relationship with genetic algorithm. This method was 

established by Rogers and Hopfinger in 1994 [81]. GFA is not the method which is 

calculation from partial regression coefficient and residual parameters of assigned 

descriptors like a Multi Linear Regression (MLS), but a method which is search and 

determination by checking large number of equation models based on genetic algorism. 

Genetic algorism [82] is a search algorism which models on natural genetics and 

evolutions. This algorithm works with a group of variables which called population. This 

population is evolved to next generation in processes which are selection, crossover and 

mutation. Where selection is determination of residual variables by fitting degree like a 
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survival in nature, crossover is blend between survived variables each other and creation 

new variables which has inherit features from both of last variables like a making child, 

mutation is creation variables randomly in order to avoid algorithm stuck suboptimal 

point, generation is the number of trial. These processes are conducted until model fitness 

value becomes convergence [77].  

This method can approach to best fitting model equation with selection of a plenty number 

of models which has various descriptor combinations. Therefore, this method 

appropriates the cases that there are poor information about influence degree of each 

descriptors to performance. It can determine best fitness model efficiently from infinity 

number of descriptors information.  

 

1.4.4 Application for material science    

Statistics is the study for investigation about population and economics originally and 

started to be use in the 17th century. In the later part of 20th century, growth of an 

information-oriented society by development of computer and popularization of Internet 

made this study more useful for other field. The material science was one of them, and 

pharmaceutical chemistry was first example to use statistics for material science. 

Statistical analysis was used as screening of new chemical about evaluation in 
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investigation for new medicine development and performed big contributions to increase 

efficiency of experiment. Its utility became more important by introduction of high-

throughput techniques and used more fields including material science. There are few 

report and example of usage is limited, however statistical analysis becomes to be used 

for prediction about rigidity of polymer material [79], prediction of chemical property 

[83,84], prediction of homogeneous catalyst activity [85,86]and so on.  

In recently, usage of statistical analysis was admitted for Registration of Toxic Substances 

Control Act database (TSCA) and application Registration, Evaluation, Authorisation and 

Restriction of Chemicals (REACH restriction) because validity and utility of this study 

becomes well known. Additionally, new chemistry which set high-through put technique 

and statistical analyses as principal techniques for automatic and efficient development 

of new materials are proposed and developed [87]. Form those background, usage of 

statistical analysis will be developed itself and used in more broad fields.  

 

1.5 Objective of this study 

Multifunctional catalyst is one of a catalyst spices which has more than one 

performances. Applications of this catalyst for chemical reaction are expected not only 

improvement of catalytic performances but also reduction of additional operation and the 
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plural number of reactor.  

Ziegler-Natta olefin polymerization catalyst is one of multifunctional catalyst. This 

catalyst has been improved by usage of multicomponent and construction of hierarchical 

structure to enhance their properties until now. However, its catalyst structure becomes 

complex and irregular. Structure performance of current catalyst systems relationship is 

not elucidated clearly. Therefore, catalyst development has been conducted by only 

experimental developments with enormous try and error, and performance increase rate 

becomes low recently. The cause of this problem is mainly three. First is difficulty of 

characterization on catalyst structure. Ziegler-Natta catalyst is composed of 

multicomponent and irregularly hierarchic structures from micro to macro. It is hard to 

characterize structures only one measurement. Second is difficultly of systematic change 

of catalyst morphology because current industrial preparation methods are not able to 

control only one structure parameters. Third is difficulty of quantitative elucidation of 

structure effect because catalytic performances were determined by various structural 

parameters with concerted or opposed mechanism. Therefore elucidation of structure 

performance relationship is very hard task from above problem 

From those backgrounds, the purpose of this study was elucidation of structure 

performance relationship by multilateral characterization which is a variety of 
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characterization methods in order to achieve structural parameterization over multi scales and 

statistical analysis which is the powerful tool for elucidation of multivariate factor form enormous 

datasets. The results of this study will be expected to contribute not only establishment of 

systematic Ziegler-Natta catalyst development but also preparation of tailor-made catalyst, 

proposal of new catalyst construction indications which has novel performance and so on.   
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2.1 Introduction  

“Multi-components” and “structural hierarchy” are key issues to realize 

multifunctional and performant heterogeneous catalysts. The word, multi-components, 

represents that active components, support materials, modifiers and cocatalysts in a 

system play different roles, while “structural hierarchy” dictates the significance of the 

structural design over multi length scales. The most illuminative example, the three-way 

catalyst [1,2] for automotive catalytic converters typically consists of cordierite 

honeycomb support, whose structure is optimized to enhance the contact efficiency 

without penalizing airflow resistance, and a few-micron-thick washcoat deposited on the 

support. The washcoat consists of BaO-stabilized porous -Al2O3 as a carrier, CeO2 

(/ZrO2) as an attenuator for the oscillation of the air-to-fuel ratio, and nano-sized noble 

metal or metal alloy (Pt/Pd/Rh) as active catalytic materials [1,3,4]. These multifunctional 

catalysts have been invented and developed mainly in an empirical manner from 

viewpoints of performance optimization in terms of activity, selectivity catalytic lifetime, 

and so on. In most of cases, roles of each component and impacts of each structural factor 

on the whole catalytic performance are roughly or qualitatively understood, while it is 

still challenging to embody quantitative structure-performance relationships (SPR) [5-7]. 

The difficulty comes from several reasons: A catalyst performance is usually affected by 

several chemical and structural factors in a complicated way, while to vary one of these 

factors without changing the other factors is not easy in usual preparation procedures [8,9]. 

Furthermore, prepared catalysts contain different extents of chemical and structural 

heterogeneity over multi scales, making it extremely demanding to unexceptionally 
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parameterize factors that affect a catalytic performance [4,10]. 

The heterogeneous Ziegler-Natta catalyst for industrial olefin polymerization is a 

representative example of such those catalysts. Manufacturing high-quality polymer 

products under efficient plant operation generally requires for a catalyst to simultaneously 

fulfill various performances such as high activity at an elevated temperature, (extremely) 

high selectivity, an appropriate kinetic profile, uniform particle sizes with spherical 

morphology, high hydrogen response for the polymer molecular weight control and so on 

[11,12]. While there are a huge variety of preparation routes empirically established in 

terms of performance optimization [13], Ziegler-Natta catalysts at the level of industry 

generally possess the following structural features.  

1) Pro-catalysts consist of TiCl4 and a Lewis basic compound co-supported on activated 

MgCl2 support, where the Lewis base called as internal donor is a key component to 

drastically improve the catalyst stereospecificity as well as to activate the MgCl2 

support during preparation [14-17].  

2) Catalyst macroparticles possess spherical morphology with narrow particle size 

distributions typically between 10-100 m. They are made by hierarchical 

agglomeration of primary structural units of TiCl4/internal donor/MgCl2, whose 

dimensions are believed to be around 1-10 nm [18,19].  

3) The said hierarchical agglomeration leads to the formation of a range of porosity from 

micro to macropores, whose distributions and shapes are sensitively affected by 

employed preparation methods and conditions [20,21]. In Ziegler-Natta olefin 

polymerization, polymer initially formed in accessible pores build up mechanical 
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stresses inside catalyst particles to trigger particle fragmentation (called as pore-

breakage process), due to which fresh catalyst surfaces which are originally hidden in 

inaccessible pores are continuously exposed. These processes enable industrial 

catalysts to retain stable polymerization activity over hours. In this way, inner 

structures of catalyst macroparticles significantly affect the way of fragmentation 

[22,23] and the kinetic behavior during polymerization [12].   

Roughly saying, the first structural feature at the atomic scale is mainly related to the 

primary structure and polydispersity of produced polymer through the performance of 

active sites [13,24], while the latter two at larger scales from nm to m mainly affect the 

kinetic profile of a catalyst and the resultant polymer particle morphology through 

fragmentation and replication phenomena during polymerization [11,25,26]. However, 

from a quantitative viewpoint, all these issues are believed to more or less exert influences 

on each said performance.  

Though several researches have been undertaken with the aim to understand 

relationships between catalyst structures and performances in Ziegler-Natta olefin 

polymerization, quantitative structure-performance relationships have not been reached 

yet. One of the main drawbacks in the previous studies can be attributed to the absence 

of multilateral characterization: They determined only one or a few structural 

parameter(s) of catalyst samples such as crystalline disorder of MgCl2 [27], surface area 

[28], total pore volume [12,29], and average pore size [12], without considering other 

parameters which also affect a targeted performance. Characterization and 

parameterization of the structures of Ziegler-Natta catalysts are actually not trivial in 
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terms of the complexity and heterogeneity in chemical and physical structures as well as 

of their extreme sensitivity to moisture. Nevertheless, reliable quantitative structure-

performance relationships are not to be acquired without parameterizing catalyst 

structures as precisely as possible with various characterization methods.  

Based on these backgrounds, we have set our primary objective to firstly establish and 

apply multilateral characterization for structures of Ziegler-Natta catalysts. Four catalysts 

were prepared based on the chemical conversion of Mg(OEt)2 precursor, which is one of 

the most employed preparation routes in industry due to superior activity and 

copolymerization ability of resultant catalysts. They were subjected to a variety of 

characterization methods in order to achieve structural parameterization over multi scales 

such as electron microscopy, N2 adsorption/desorption, Hg intrusion, and UV/vis 

spectroscopy, and gas chromatography. We also examined impacts of the determined 

structural parameters on the ethylene/1-hexene copolymerization ability of the catalysts.  
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2.2 Experiment  

2.1.1 Materials 

Anhydrous MgCl2, triethylaluminium (TEA), and four kinds of poreless Mg particles 

(termed Mg A-D) were donated from Toho Titanium Co., Ltd., Tosoh Finechem 

Corporation and Yuki Gousei Kogyo Co., Ltd., respectively. The morphologies of Mg A 

and C are flake-like, while those of Mg B and D are spherical (Figure 2-1). 

Characterization results of the Mg particles are shown in Table 2-1. The size of Mg 

particles becomes smaller in the order of A→C→B→D.  

 

 
Figure 2-1.  SEM images of Mg particles: (a) Mg A (x100), (b) Mg B (x1000), (c) Mg 
C (x1000), and (d) Mg D (x1000)  
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Table 2-1.  Characterization results of Mg particles

Sample D10
a (μm) D50

a (μm) D90
a (μm) RSFd

Mg A 15.7 39.7 132 2.93 
Mg B 5.15 10.0 23.4 1.82 
Mg C 7.94 17.2 28.6 1.78 
Mg D 5.13 8.61 18.5 1.56 

a D10, D50 and D90 are the particle diameters at 
10%, 50% and 90% in the cumulative number-base 
particle size distribution obtained by the analysis of 
SEM images over 500 particles. 
b Determined based on Eq. (1). 

 

Ethanol (purity > 99.5%) was dried over 3A molecular sieve with N2 bubbling. Heptane 

(purity > 99.5%), toluene (purity > 99.5%) and di-n-butylphthalate (DBP) (purity > 98%) 

were dried over 4A molecular sieve with N2 bubbling. Cyclohexylmethyldimethoxysilane 

(CMDMS) was purified by distillation under reduced pressure. Ethylene of research grade 

donated by Sumitomo Chemical Co., Ltd. was used as delivered.  

 

2.2.2 Mg(OEt)2 synthesis 

Mg(OEt)2 was synthesized based on a patent [30] with several modifications. 0.25 g of 

MgCl2 (as an initiator) and 31.7 mL of dehydrated ethanol were introduced into a 500 mL 

jacket-type separable flask equipped with a mechanical stirrer rotating at 180 rpm under 

N2 atmosphere. After the dissolution of MgCl2 at 75°C, 2.5 g of Mg and 31.7 mL of 

ethanol were introduced. 2.5 g of Mg and 31.7 mL of ethanol were again added 10 min 

after the reaction was initiated by MgCl2. Thereafter, 2.5 g of Mg and 31.7 mL of ethanol 

were added repeatedly 4 times every 10 min, followed by aging at 75°C for 2 h. Finally, 
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the temperature was decreased to 40°C, and the product was washed with ethanol. In this 

study, four kinds of Mg(OEt)2 particles (MGE 1-4) were synthesized from Mg A-D under 

the same conditions.  

 

2.2.3 Catalyst preparation  

The preparation of Ziegler-Natta catalysts from Mg(OEt)2 was conducted again based 

on a patent [31] with several modifications. 10 g of Mg(OEt)2 and 140 mL of toluene 

were charged in a 300 mL 3-neck flask equipped with a mechanical stirrer rotating at 180 

rpm under N2 atmosphere. 20 mL of TiCl4 was dropwisely added, where the temperature 

of the suspension was kept within 0-5°C. Thereafter, the temperature was once elevated 

to 90°C to add 3.0 mL of DBP and then brought to 110°C. The reaction slurry was 

continuously stirred at 110°C for 2 h. Subsequently, the reaction product was washed with 

toluene twice at 90°C and further treated with 20 mL TiCl4 at 90°C for 2 h. After that, the 

product was washed with n-heptane 7 times to get the final catalyst. Four kinds of Ziegler-

Natta catalysts (Cat 1-4) were obtained from MGE 1-4 under the same conditions.  

 

2.3.4 Polymerization 

Ethylene/1-hexene copolymerization was performed in a 1 L autoclave equipped with 

a mechanical stirrer rotating at 350 rpm. 407 mL of n-heptane was introduced into the 

reactor. TEA ([Al] = 10 mmol/L), CMDMS (Al/ExD = 10) and 93 ml of 1-hexene 

(corresponding to 0.75 mol) were introduced into the reactor, and the solution was 

saturated with 0.5 MPa of ethylene at 50°C. A catalyst ([Ti] = 0.005 mmol/L) was fed 
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into the reactor by a bomb injection technique to initiate the polymerization. The 

polymerization was conducted for 30 min with a continuous supply of ethylene gas at 0.5 

MPa. The polymer was recovered by pouring the reaction slurry into mixture of acetone 

and methanol kept at 0°C and subsequent filtration.  

 

2.3.5 Characterization  

• Scanning electron microscopy 

Particle morphological characteristics of Mg(OEt)2 and catalyst particles were studied 

with scanning electron microscopy (SEM, Hitachi S-4100) operated at an accelerating 

voltage of 20 kV. Before the measurements, particles were subjected to Pt sputtering for 

100 s. To quantify observed particle morphology, SEM images (> 500 particles) were 

analyzed by a software (eizokun software , Ashahikasei). D10, D50 and D90 were defined 

as the particle diameters at 10%, 50% and 90% in the cumulative number-base particle 

size distribution. The relative span factor (RSF) and the circularity degree were 

respectively calculated based on Eqs. (1) and (2),  

50

1090

D

D-D
)RSF(factorspanrelative =

     (1), 

2)lengthboundary(

areaπ4
degreeircularityc

××
=

    (2), 

where the area and boundary length for a two-dimensionally projected particle were 
determined over 500 particles. 

  

• N2 adsorption/desorption measurement 

N2 adsorption and desorption isotherms at 77 K were acquired on BELSORP-max 
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(BEL JAPAN, INC.). Ca. 50-100 mg of catalyst powder in a pyrex tube with a rubber cap 

was outgassed at 80°C over 3 h in vacuo, prior to the measurement. Since the BET 

analysis does not work properly for typical Ziegler-Natta catalysts with a plenty of 

micropores (pore diameter (D) < 2 nm) [17], the specific surface area was not determined. 

Instead, the micropore volume (Vmicro) was approximated with  

dD
dD

)D(V

D

2

V

V
VV

50

2

meso

gas

liquid
4.0micro  

     
(3), 

where V0.4, Vliquid, Vgas, and Vmeso(D) are the N2 adsorption volume at p/p0 = 0.4, the 

volumes of a N2 molecule in gaseous and liquid states, and the mesopore volume at the 

diameter of D nm determined by the method described in the next paragraph. Vmicro was 

estimated by subtracting the contribution of multilayer N2 adsorption onto mesopore 

surfaces from the adsorption volume at p/p0 = 0.4 (converted to the liquid N2 volume). 

Note that the thickness of the multilayer adsorption at p/p0 = 0.4 was approximated as 2 

nm, and the contribution from the multilayer adsorption onto macropore and external 

surfaces was regarded as negligible. The latter is true for typical industrial Ziegler-Natta 

catalysts, whose pore dimensions are mainly micro and/or meso scale(s).  

The mesopore size distributions (2.1 nm < D < 50 nm) were analyzed by the BJH 

method or by the INNES method. Even though the two methods are based on the same 

Kelvin equation for the N2 condensation, cylinder-type and slit-type mesopores are 

assumed in the BJH and INNES methods, respectively. Hence, the BJH method is suitable 

for the hysteresis types H1 and H2 respectively for size-uniform and size-irregular 

cylindrical-type mesopores, while the INNES method for the types H3 and H4 
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respectively for size-uniform and size-irregular slit-type mesopores .  

 

• Mercury intrusion measurement 

The meso and macro pore size distributions (7 nm < diameter < 1000 nm) were 

measured with the mercury intrusion technique (Pascal 440 Porosimeter, Thermo 

Scientific). The pore size was evaluated from the intrusion pressure according to the 

Washburn-Laplace equation. The surface tension (γ) and contact angle (θ) were 

respectively set to 0.480 N / m and 141.3°.  

 

• Chemical analysis 

The Ti content was determined with UV-vis spectroscopy (V-670 JASCO), where a 

measured amount of a catalyst sample was dissolved in HCl/H2SO4/H2O2 solution and 

the intensity of a ligand metal charge transfer band at 410 nm was measured. The DNBP 

content was determined by IR spectroscopy (FT/IR-4100, JASCO): A measured amount 

of a catalyst sample was once dissolved in HCl solution, then DNBP was fully phase 

transferred to n-heptane, and finally the carbonyl absorption band was integrated to 

determine the DNBP content.  

 

•13C NMR  

The 1-hexene incorporation amount, i.e. n-Bu branch content, in ethylene/1-hexene 

copolymer was measured by 13C NMR (Bruker 400 MHz) operating at 100 MHz with 

proton decoupling at 120°C using 1,2,4-trichlorobenzene as a diluent and 1,1,2,2-



 66

tetrachloroethane-d2 as an internal lock and reference.  

 

 

2.3 Results and discussion 

2.3.1 Mg(OEt)2 synthesis 

Four kinds of Mg(OEt)2 particles were synthesized from different Mg particles (whose 

characteristics were given in Figure 2-1 and Table 2-1). Their representative SEM images 

are shown in Figure 2-2. The particles of four Mg(OEt)2 samples more or less possessed 

spherical shapes. However, spheroidal particles, which were probably formed by 

agglomeration of the spherical particles and/or fine particles (< 1 μm) were occasionally 

observed. Magnified images (Figure 2-2c) revealed that the particles were composed by 

aggregation of thin plate-like building blocks, whose dimension and shape were highly 

inhomogeneous. The lateral dimension of the building blocks varied in the range of 100-

1000 nm and the thickness was about 10 nm. Among the four samples, MGE 1,3 were 

relatively spherical compared with MGE 2,4. On the other hand, there was no quantitative 

difference in their surface textures.  
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Figure 2-2.  SEM images of Mg(OEt)2 particles: (a) MGE 1 (x100),  
(b) MGE1 (x1000), (c) MGE 1 (x10000), (d) MGE 2 (x1000),  
(e) MGE 3 (x1000), and (f) MGE 4 (x1000) 

 

The particle characteristics of the Mg(OEt)2 samples such as the particle size 

distribution and the circularity obtained from SEM images are summarized in Table 2-2. 

The average particle size (D50) became in the order of MGE 4 > 3 > 2 > 1. MGE 1,3 

synthesized from flake-like Mg had higher circularity and narrower particle size 

distribution than MGE 2, 4 synthesized from spherical Mg. Moreover, smaller flake-like 

or spherical Mg particles respectively led to larger MGE particles (i.e. MGE 3 > 1 and 

MGE 4 > 2). Tanase and coworkers proposed a particle growth mechanism in the 

Mg(OEt)2 synthesis that Mg(OEt)2 seed particles formed on Mg surfaces fall off from the 

surfaces and aggregate with each other to shape the macroscopic particle morphology. 

According to the mechanism, it was thought that the morphological differences of the 

original Mg particles exert influences on the said detachment and agglomeration 

behaviors of the seed particles through the viscosity (shear force) of the reacting slurry, 
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and differentiate the particle size distribution and circularity. At the best of our knowledge, 

these are the first academic results for the influences of the reaction conditions on the 

morphology of formed Mg(OEt)2 particles. It is notable that additional experiments on 

MGE 3’ (reproduction of MGE 3) proved quantitative reproducibility not only for the 

analysis but also for the synthesis.  

 

Table 2-2.  Particle characteristics for Mg(OEt)2 

Sample 
D10 

(μm) 
D50 

(μm) 
D90 

(μm) 
RSF

Circularity
degreea 

MGE 1 19.6 22.3 26.2 0.298 0.911 
MGE 2 12.1 26.1 35.7 0.904 0.828 
MGE 3 21.0 26.6 30.5 0.359 0.901 
MGE 4 26.6 36.8 46.9 0.554 0.847 
MGE 3’ 21.2 27.7 31.4 0.370 0.915 

a Determined based on Eq. (2).  

 

2.3.2 Catalysts characterization 

2.3.2.1 Morphology evaluation 

From the four Mg(OEt)2 samples, four catalysts were prepared in the same conditions, 

whose SEM images are shown in Figure 2-3. The shapes and sizes of the catalyst particles 

approximately replicated those of the Mg(OEt)2 particles for each. Though the replication 

more or less held at the level of the building blocks, their corners and edges became 

smeared after the catalyst preparation. Thus, macroscopic structural features of the 

particles were more nicely replicated, while structures at a smaller scale likely underwent 

some variation. These tendencies were similar among the four catalyst samples.  
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Figure. 2-3.  SEM images of catalyst particles: (a) Cat 1 (x100), (b) Cat 1 (x1000), 

 (c) Cat 1 (x10000), (d) Cat 2 (x1000), (e) Cat 3 (x1000), 
 and (f) Cat 4 (x1000)  

 

Table 2-3 shows the results of the particle analyses for SEM images of the catalyst 

particles. Again, Cat-3’ prepared from MGE C’ had similar particle characteristics with 

Cat 3 from MGE 3, proving the reproducibility of the catalyst synthesis. The results in 

Table 2-3 are discussed in a comparative way with those in Table 2-3 to clarify 

correlations of the particle morphology between the Mg(OEt)2 and catalyst samples. The 

orders of the particle characteristics among the four samples were slightly altered. For 

example, D50 had the order of Cat 2 > 4 > 3 > 1 against MGE 4 > 3 > 2 > 1, RSF had the 

order of Cat 2 > 4 > 3 > 1 against MGE 2 > 4 > 3 > 1, and so on. The RSF values became 

larger for all of the samples after the catalyzation. Especially, Cat 2,4 formed non-

negligible amounts of fine and agglomerated particles, resulting in more broadening in 

the particle size distribution compared with Cat 1,3. It was believed that the particles of 

MEG 1,3 were mechanically tough probably because the plate-like morphology of Mg 
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1,3 might impose greater shear force during the particle formation. On the contrary, the 

particles of MEG 2,4 formed under lower shear force from the spherical Mg particles 

might be mechanically fragile, causing disintegration and re-agglomeration of the 

particles during the catalyst synthesis.  

 

Table 2-3. Particle characteristics for catalysts 

Sample 
SEM 

D10 (μm) D50 (μm) D90 (μm) RSF Circularity degree 
Cat 1 22.3 25.6 31.0 0.343 0.835 
Cat 2 12.4 37.6 55.5 1.15 0.740 
Cat 3 26.8 30.9 41.9 0.490 0.896 
Cat 4 22.0 36.6 49.8 0.761 0.787 
Cat 3’ 29.9 34.7 45.8 0.457 0.882 

 

2.3.2.2. Pore structure evaluation 

The catalyst pore structures were studied comparatively based on N2 adsorption and 

Hg porosimetry. The N2 adsorption is routinely employed not only for the determination 

of the (BET) specific surface area but also for the micro and mesopore analyses [10]. On 

the other hand, the Hg porosimetry is employed for the meso and macropores analyses 

[32]. Cross-validation between the two pore analysis methods becomes possible by using 

overlapping dimensions of the two methods at the mesopore range.  

Representative N2 adsorption / desorption isotherms are shown for Cat 3 in Figure 2-4 

(the other samples had qualitatively similar isotherms). The adsorption isotherms for all 

the catalysts belonged to the type II of the IUPAC classification for macroporous (D > 50 

nm) or non-porous materials. Meanwhile, the hysteresis loop made by the adsorption and 

desorption branches belonged to the type H3, suggesting the capillary condensation for 
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slit-shaped mesopores (2 nm < D < 50 nm), whose sizes and shapes are non-uniform 

[33,34]. This is consistent with the lamellar morphology of the building blocks observed 

in SEM (Figure. 2-2c). The presence or absence of micropore filling (D < 2 nm) at low 

p/p0 was not readily understandable from the isotherms, since it overlaps with the 

monolayer and multilayer adsorption. We have recently clarified that typical Ziegler-

Natta catalysts including Mg(OEt)2-based one contain at least two classes of micropores 

by means of the αs-plot method, which prevents reliable determination of the monolayer 

capacity in the BET surface area analysis. To be worse, typical methods for the 

determination of the micropore volume or size distribution (such as HK and SF method) 

were not applicable to Ziegler-Natta catalysts either due to the absence of material-

specific parameters for MgCl2 or due to the continuity between the condensation 

micropore filling and mesopore filling in the adsorption isotherm [35,36]. Consequently, 

Eq. (3) was proposed as an intuitive method to estimate the micropore volume in Ziegler-

Natta catalysts.  
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Figure 2-4.  Nitrogen adsorption/desorption isotherms for Cat C 

 

Figure 2-5 represents the Hg intrusion data for Cat-3 (again the other samples had 

similar intrusion curves). Typically for Mg(OEt)2-based Ziegler-Natta catalysts, 

significant intrusion occurred at around 0.1 MPa. Comparison between the size scale for 

0.1 MPa (10-20 m) and a catalyst particle size (20-30 m) dictates that the 

corresponding intrusion mainly arises from interparticle voids. After the intrusion into 

interparticle voids, second intrusion started at around 10 MPa, which was mainly due to 

intraparticle pores. Though it was not possible to clearly distinguish between the intrusion 

into interparticle voids and that into intraparticle pores, we have decided to regard the 

intrusion above 7.4 MPa (corresponding to below 200 nm) as one which mainly arose 

from intraparticle pores.  
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Figure 2-5.  Hg intrusion curve for Cat-C 

 

The INNES method [37] was employed for the mesopore analysis instead of the most 

popular BJH method [38]. The former assumes slit-type pores in agreement with the H3 

hysteresis observed for the catalysts (Figure 2-4), while the latter assumes cylindrical 

pores. Figure 2-6 compares the mesopore volumes obtained by the N2 adsorption and Hg 

porosimetry in the range of 10 nm < D < 50 nm for the four catalysts. The INNES method 

for slit-type pores exhibited relatively nice linear correlation with the pore volume 

determined by the Hg intrusion, while no correlation was detected for the BJH method. 

The deviation in the absolute volumes between the N2 adsorption and the Hg intrusion 

came from different pore network filling mechanisms [39]. The Hg intrusion 

underestimates pore sizes in the presence of bottleneck pores within the pore network, 
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while it is not the case for the N2 adsorption. Thus, the meanings of 10 nm < D < 50 nm 

are not necessarily equal for the N2 adsorption and Hg porosimetry.  

 

 
Figure 2-6.  Comparison of mesopore volumes (10 nm < D < 50 nm) between N2 

adsorption and Hg porosimetry. The mesopore volume for N2 adsorption 
was analyzed either by the INNES or BJH method.  

 

The results of the analyses for the N2 adsorption and Hg porosimetry are summarized 

in Table 2-4. As is seen in Table 2-4, Mg(OEt)2-based Ziegler-Natta catalysts have a wide 

range of porosity from micro to macropores. While the four catalysts exhibited quite 

similar pore volumes in the micropore region, the difference in the pore volume among 

Cat A-D became greater at a larger pore dimension. Compared with Cat B,D that were 

prepared from spherical Mg sources, Cat A,C that were prepared from flake-like Mg 

sources had larger pore volumes in the meso and macropore regions. Since such a 

tendency was not observed at the stage of Mg(OEt)2, it is reasonable to consider that the 
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different meso and macro porosity arose in the course of catalyzation. However, its 

mechanistic origin is yet unclarified without capturing intermediate structures during the 

catalyzation.  

Table 2-4.  Pore volumes for catalyst particles 

 Pore volume (mm3·g1) 
Vmicro  

(D < 2 nm)a 
Vmeso  

(2 nm < D < 50 nm)b 
Vmacro  

(50 nm < D < 200 nm)c 
Cat A 111 194 216 
Cat B 114 187 172 
Cat C 112 196 220 
Cat D 120  166 171 

a Calculated based on Eq. (3) from the N2 adsorption isotherm.  
b Calculated by the INNES method from the N2 adsorption isotherm.  
c Calculated based on the Washburn-Laplace equation from the Hg intrusion curve. 

 

2.3.2.3 Chemical composition  

Table 2-5 summarizes the results of the chemical composition analyses. The chemical 

composition including the Ti and DNBP contents was not significantly different among 

Cat 1-4, where the DNBP/Ti molar ratio always fell in a range of 1-1.2, typical for 

Mg(OEt)2-based Ziegler-Natta catalysts. Thus, macroscopic structural differences in 

Mg(OEt)2 particles did not affect microscopic chemical parameters of the resultant 

catalysts, which enabled us to isolate influences of structural parameters on the 

polymerization performances.  
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Table 2-5.  Chemical composition of catalysts 

 Ti contents 
(wt%) 

DBP contents 
(wt%) 

Cat A 2.4 17 
Cat B 2.5 18 
Cat C 2.7 18 
Cat D 2.7 15 

 

2.3.3 Etylene/1-hexene copolymerization 

In order to investigate correlations between catalyst structural parameters and 

polymerization performances, ethylene/1-hexene copolymerization was conducted. 

Though previous studies pointed out the significance of catalyst pore structures on the 

incorporation efficiency of bulky 1-hexene, quantitative examination has been hardly 

established [40]. The polymerization results are summarized in Table 2-6. The 

copolymerization activity was far the highest for Cat A, and the remaining three showed 

the order of Cat C > B ~ D. Although it was considered that a variety of structural factors 

affected the activity, catalysts with smaller particle sizes tended to show higher activities 

(Figure 2-7a). This fact plausibly suggests the importance of the diffusion limitation in 

ethylene polymerization: when all the catalyst particles were covered by the polymer, 

smaller particles shorten the diffusion length of ethylene in the radial direction.  

 

 

 

 
Table 2-6.  Polymerization resultsa 
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Sample 
Activity  

(kg·Ti-mol‒1·h‒1·atm‒1)
n-Bu branch contentb 

(mol%) 

Cat A 1.5 x 103 6.3 
Cat B 8.6 x 102 5.5 
Cat C 1.1 x 103 6.3 
Cat D 8.5 x 102 5.0 

a Ethylene/1-hexene copolymerization was conducted at 
50ºC in heptane with 10 mmol/L of TEA, 1.0 mmol/L of 
CMDMS, 1.5 mol/L of 1-hexene, and 0.5 MPa of 
continuously supplied ethylene for 30 min.  
b Determined by 13C NMR.  

 

 
Figure 2-7. Correlations between catalyst structural parameters and ethylene/1-hexene 
copolymerization performances: (a) D50 (number-base) vs. activity, (b) Vmeso vs. n-Bu 
branch content, and (c) Vmacro vs. n-Bu branch content  
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The 1-hexene incorporation efficiency followed the order of Cat C > A > B > D, in 

spite of the similarity of the catalyst composition, i.e. the active site nature. Since it was 

expected that the incorporation efficiency would be related to the ease of the diffusion for 

bulkier 1-hexene, the n-Bu branch contents were plotted against the pore-related 

parameters (Figures 2-7b and 2-7c). Positive correlations were found for the mesopore 

volume determined by N2 adsorption and for the macropore volumes by Hg intrusion. As 

reported in recent literature, accessible pores are readily filled by formed polymer at the 

very initial stage of polymerization (roughly corresponding to grams of polymer per gram 

of catalyst) [41]. Therefore, the pore volume is likely to exert its influences on the 1-

hexene incorporation efficiency only at the initial stage. The most plausible scenario is as 

follows: At the initial timing of polymerization when catalyst pores are not filled yet, 1-

hexene needs to reach active sites in competition with ethylene. Pores with the dimension 

comparable with the molecular size of 1-hexene decelerate its diffusion, and the number 

of pores with the dimension larger than the size of 1-hexene directly affects the 1-hexene 

incorporation at the initial stage. Copolymer formed at the initial stage fills accessible 

pores to become diffusion resistance at a later stage of polymerization. In general, the 

diffusion barrier becomes lower when the crystallinity of the polymer gets lower by the 

incorporation of more 1-hexene, subsequently leading to larger 1-hexene incorporation 

even after the initial stage [42]. In conclusion, it was considered that the mesopore and 

macropore volumes affected the 1-hexene incorporation efficiency through the 

crystallinity of the initially formed polymer. The scenario is consistent with a known fact 

that the formation of less crystalline polymer in a pre-polymerization stage drastically 
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enhances the -olefin incorporation efficiency of a catalyst [43].  

 

2.4 Conclusions 

In this study, multilateral characterization was applied to state-of-the-art Ziegler-Natta 

catalysts featured with ill-defined hierarchical structures. Precise parameterization of the 

catalysts through scanning electron microscopy, Hg porosimetry, N2 

adsorption/desorption, and chemical analyses enabled us to tackle structure-performance 

relationships in heterogeneous olefin polymerization.  

Mg(OEt)2-based Ziegler-Natta catalysts possessed nearly spherical particle 

morphology, whose size distribution roughly replicated that of Mg(OEt)2 precursor 

particles. The catalyst particles contained a wide class of internal pores: macropores, slit-

shaped mesopores, and micropores. On the contrary to macroscopic parameters (particle 

size, macropore volume), microscopic parameters (micropore volume, chemical 

composition) were hardly affected by structures of Mg(OEt)2 particles. Among the 

obtained chemical and structural parameters, we found that the number-average particle 

size of the catalysts was negatively correlated with the activity in ethylene/1-hexene 

copolymerization, and that the meso and macropore volumes were positively correlated 

with the 1-hexene incorporation efficiency. These two correlations suggested not only the 

importance of the monomer diffusion in ethylene/1-hexene copolymerization, but also the 

validity of multilateral characterization over multi length scales to depict structure-

performance relationships for such a complicated catalyst whose ill-defined hierarchical 

structure has been empirically optimized.  
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Chapter 3 
The statistical approaches for elucidation 

of structure performance relationship in 

Ziegler-Natta olefin polymerization 
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3.1 Introduction 

Recent catalysts become to be desired to equip the multifunctional performance, 

because industrial demands for catalyst become not only increase activity but also 

improvement of reaction selectivity, easiness of operation, longer life time and so on [1]. 

Thus, the enormous researches and developments of multifunctional catalysts were 

briskly conducted to obtain benefits for industrial manufacturing such as abbreviation of 

reactor number in multistage reaction, extreme control of product characteristics, 

reduction of operation energies and so on. In resent investigations, “multicomponent” and 

“hierarchical structure” were key issues of development and/or improvement 

multifunctional catalyst. The automotive catalyst is excellent multifunctional catalyst and 

explained as example [2,3]. This catalyst possesses “multicomponent” and ”hierarchical 

structure” ranges from micro scale to macro is prepared by washcoat of support chemical 

(ex CeO2) and active metal species (ex. Rh/Pt/Pd) composition on ceramics which has 

honeycomb structures. This catalyst possesses not only the three kinds of active site for 

three kinds of redox reaction but also poisoning resistance, good substrate diffusion, high 

stiffness and so on [4,5]. As in the example catalyst, designing and control 

“multicomponent” and ”hierarchical structure” is most important and essential factor for 

development of multifunctional catalyst which can be used in industry.  
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Ziegler-Natta catalyst is one of multifunctional catalyst used in industrial polyolefin 

manufacturing and possess “multicomponent” and “hierarchical structure” [6,7]. This 

catalyst composed of simple combination between TiCl3 (active species) and 

alkylaluminium (activator) at early development stage [8]. However, this simple systems 

had too low polymerization performances to produce polyolefin of good property with 

efficiently. Since then, enormous researches and developments were conducted to 

improve olefin polymerization performances following importance of polyolefin. Those 

investigations established new multicomponent catalyst which is TiCl4 (active species) 

and donor (active site modifier) supported MgCl2 (support) and new preparation method 

for control hierarchical structures [9]. Those developments not only improve catalyst 

performances drastically and added new functions such as stable activity behavior [10], 

high comonomer insertion [11], long lifetime [9], high particle stiffness [9] and so on. As 

in mentioned, usage of various chemicals and particle hierarchy construction makes 

Ziegler-Natta catalyst performances excellent. 

Catalyst developments keeps to be conducted and desired to control structure more 

accurately for further improvement of olefin polymerization performances at the present 

stage, because polyolefin usage expands more widely fields. Thus, elucidation of 

correlation between catalyst structures and polymerization performances is strongly 
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desired to obtain development index, however, correlation has not elucidated 

quantitatively until now. Because polymerization performances were determined from 

various structural factors with concerted and/or opposed effects in Ziegler-Natta catalyst 

olefin polymerization. Additionally, recent catalyst improvement by preparing catalyst 

multicomponent and hierarchy makes correlation more complex. Therefore, elucidation 

of structure performance relationship is extremely hard task against academic and 

industrial desires [12]. Various investigations tried to elucidate industrial catalyst 

structure performance relationships such as between specific surface area [13,14] and 

activity, pore architecture [15,16] and activity etc. and reported previously. However 

reported correlations had even leaves a big question for the quantitativity as well as 

statistical validity. A serious drawback in previous attempts to find structure performance 

relationships is attributed to severe limitation in the numbers of employed structural 

parameters and samples, while the Ziegler-Natta catalysts are characterized by 

complicated structural hierarchy over multi-length scales as well as a multivariate nature 

in determining their polymerization performances. Essentially, full characterization of 

structural parameters which has possibility to effect on performance and increase of 

sample number until correlation becomes independence on the number sample any more 

must conduct to elucidate structure performance relationship.  
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From those backgrounds, this study aims to prepare dataset and establish evaluation 

way for obtain correct values in multivaliable reaction using statistical techniques for 

elucidation of structure performance relationship which has not elucidated until now. In 

particular, we have accomplished full structural characterization [12] and polymerization 

tests for 16 catalyst samples, which were prepared from Mg(OEt)2 precursor particles.  

Thus obtained dataset was utilized to examine statistical validity of correlation 

coefficients between any arbitrary structural parameter and polymerization performance 

in terms of the sample number that was used to calculate the correlation coefficients. 
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3.2 Experiment 

3.2.1 Materials 

Anhydrous MgCl2, triethylaluminium (TEA), and four kinds of poreless Mg particles 

(termed Mg C) were donated from Toho Titanium Co., Ltd., Tosoh Finechem Corporation 

and Yuki Gousei Kogyo Co., Ltd., respectively. The morphologies of Mg C are flake-like, 

while those of Mg B and D are spherical which are same as Magnesium samples in 

Chapter 2. Ethanol (purity > 99.5%) was dried over 3A molecular sieve with N2 bubbling. 

Heptane (purity > 99.5%), toluene (purity > 99.5%) and di-n-butylphthalate (DBP) (purity 

> 98%) were dried over 4A molecular sieve with N2 bubbling. 

Cyclohexylmethyldimethoxysilane (CMDMS) was purified by distillation under reduced 

pressure. Ethylene of research grade donated by Sumitomo Chemical Co., Ltd. was used 

as delivered.  

 

3.2.2 Mg(OEt)2 synthesis 

Mg(OEt)2 was synthesized based on a patent [17] with several modifications. 0.67 g of 

I2 (as an initiator) and 31.7 mL of dehydrated ethanol were introduced into a 500 mL 

jacket-type separable flask equipped with a mechanical stirrer rotating at 180 rpm under 

N2 atmosphere. After the dissolution of I2 at 75°C, 2.5 g of Mg and 31.7 mL of ethanol 
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were introduced. 2.5 g of Mg and 31.7 mL of ethanol were again added 10 min after the 

reaction was initiated by MgCl2. Thereafter, 2.5 g of Mg and 31.7 mL of ethanol were 

added repeatedly 4 times every 10 min, followed by aging at 75°C for 2 h. Finally, the 

temperature was decreased to 40°C, and the product was washed with ethanol. In this 

study, 16 kinds of Mg(OEt)2 particles (MGE 1-16) were synthesized from Mg A-D under 

the different conditions.  

 

3.2.3 Catalyst preparation  

The preparation of Ziegler-Natta catalysts from Mg(OEt)2 was conducted again based 

on a patent [18] with several modifications. 15 g of Mg(OEt)2 and 200 mL of toluene 

were charged in a 500 mL 3-neck flask equipped with a mechanical stirrer rotating at 180 

rpm under N2 atmosphere. 30 mL of TiCl4 was dropwisely added, where the temperature 

of the suspension was kept within 0-5°C. Thereafter, the temperature was once elevated 

to 90°C to add 4.5 mL of DBP and then brought to 110°C. The reaction slurry was 

continuously stirred at 110°C for 2 h. Subsequently, the reaction product was washed with 

toluene twice at 90°C and further treated with 30 mL TiCl4 at 90°C for 2 h. After that, the 

product was washed with n-heptane 7 times to get the final catalyst. 16 kinds of Ziegler-

Natta catalysts (Cat 1-16) were obtained from MGE 1-16 under the same conditions.  
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3.2.4 Polymerization test 

Propylene and ethylene homopolymerization and copolymerization with 1-hexene.  

Homopolymerization was performed in a 1 L autoclave equipped with a mechanical 

stirrer rotating at 350 rpm.  500 ml of n-heptane was introduced into the reactor. TEA 

([Al] = 10 mmol/L) and CMDMS (Al/ExD = 10) were introduced into the reactor, and 

the solution was saturated with 0.5 MPa of monomer at 50°C.  30 mg of a catalyst was 

fed into the reactor by a bomb injection technique to initiate the polymerization.  The 

polymerization was conducted for 60 min with a continuous supply of monomer gas at 

0.5 MPa. At the end of the reaction, monomer was vented and the polymer slurry was 

filtered immediately.  In the case of copolymerization with 1-hexene, 500 ml mixture of 

n-heptane (407 ml) and 1-hexene (93 ml, corresponding to 0.75 mol) were used instead 

of 500 ml of n-heptane.  The polymerization was conducted for 30 min with 15 mg of a 

catalyst.  The other conditions were the same as those for the homopolymerization. 

 

3.2.5 Characterization  

• Scanning electron microscopy 

Particle morphological characteristics of Mg(OEt)2 and catalyst particles were studied 



91 
 

with scanning electron microscopy (SEM, Hitachi S-4100) operated at an accelerating 

voltage of 20 kV. Before the measurements, particles were subjected to Pt sputtering for 

100 s. To quantify observed particle morphology, SEM images (> 500 particles) were 

analyzed by a software (Image J software, NIH). D10, D50 and D90 were defined as the 

particle diameters at 10%, 50% and 90% in the cumulative number-base particle size 

distribution. The relative span factor (RSF) and the circularity degree were respectively 

calculated based on Eqs. (1) and (2),  
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where the area and boundary length for a two-dimensionally projected particle were 

determined over 500 particles. 
 

 

• N2 adsorption/desorption measurement 

N2 adsorption and desorption isotherms at 77 K were acquired on BELSORP-max 

(BEL JAPAN, INC.). Ca. 50-100 mg of catalyst powder in a pyrex tube with a rubber cap 

was outgassed at 80°C over 3 h in vacuo, prior to the measurement. Since the BET 

analysis does not work properly for typical Ziegler-Natta catalysts with a plenty of 

micropores (pore diameter (D) < 2 nm) [20,21], the specific surface area was not 
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determined. Instead, the micropore volume (Vmicro) was approximated with  
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(3), 

where V0.4, Vliquid, Vgas, and Vmeso(D) are the N2 adsorption volume at p/p0 = 0.4, the 

volumes of a N2 molecule in gaseous and liquid states, and the mesopore volume at the 

diameter of D nm determined by the method described in the next paragraph. Vmicro was 

estimated by subtracting the contribution of multilayer N2 adsorption onto mesopore 

surfaces from the adsorption volume at p/p0 = 0.4 (converted to the liquid N2 volume). 

Note that the thickness of the multilayer adsorption at p/p0 = 0.4 was approximated as 2 

nm, and the contribution from the multilayer adsorption onto macropore and external 

surfaces was regarded as negligible. The latter is true for typical industrial Ziegler-Natta 

catalysts, whose pore dimensions are mainly micro and/or meso scale(s) [12].  

The mesopore size distributions (2.1 nm < D < 50 nm) were analyzed by the BJH 

method or by the INNES method. Even though the two methods are based on the same 

Kelvin equation for the N2 condensation, cylinder-type and slit-type mesopores are 

assumed in the BJH [22] and INNES [23] methods, respectively. Hence, the BJH method 

is suitable for the hysteresis types H1 and H2 respectively for size-uniform and size-

irregular cylindrical-type mesopores, while the INNES method for the types H3 and H4 
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respectively for size-uniform and size-irregular slit-type mesopores .  

 

• Mercury intrusion measurement 

The meso and macro pore size distributions (7 nm < diameter < 1000 nm) were 

measured with the mercury intrusion technique (Pascal 440 Porosimeter, Thermo 

Scientific). The pore size was evaluated from the intrusion pressure according to the 

Washburn-Laplace equation which was shown in equation (3-1). The surface tension (γ) 

and contact angle (θ) were respectively set to 0.480 N / m and 141.3°.  

)43(
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• Chemical analysis 

The Ti content was determined with UV-vis spectroscopy (V-670 JASCO), where a 

measured amount of a catalyst sample was dissolved in HCl/H2SO4/H2O2 solution and 

the intensity of a ligand metal charge transfer band at 410 nm was measured. The DNBP 

content was determined by IR spectroscopy (FT/IR-4100, JASCO): A measured amount 

of a catalyst sample was once dissolved in HCl solution, then DNBP was fully phase 

transferred to n-heptane, and finally the carbonyl absorption band was integrated to 

determine the DNBP content.  
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•13C NMR  

The 1-hexene incorporation amount, i.e. n-Bu branch content, in ethylene/1-hexene 

copolymer was measured by 13C NMR (Bruker 400 MHz) operating at 100 MHz with 

proton decoupling at 120°C using 1,2,4-trichlorobenzene as a diluent and 1,1,2,2-

tetrachloroethane-d2 as an internal lock and reference.  

 
3.2.6 Statistical analysis 

The correlation coefficient is one of statistical index and directly expresses the 

correlation extent between the two variables. As the r value approaches +1 or ‒1, the 

correlation extent becomes higher in a positive or negative direction, respectively. In 

general, the correlation coefficient, r, between two variables (x and y) is defined as  

  )5.3(,

yx

yx

VV

C
r


  

C(x,y), Vx and Vy are the covariance and the variances for x and y, respectively. They are 

defined as  
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where n is the number of data.   
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3.3 Results and discussion 

3.3.1 Catalyst preparation and characterization 

3.3.1.1 Mg(OEt)2 synthesis and their characteristics 

  Sixteen kinds of Mg(OEt)2 particles were synthesized from different conditions. Table 

1 summarized synthesis conditions of Mg(OEt)2 samples.. 

 

 

MGE1-4 corresponds to the samples in chapter 2 which were prepared using different 

samples. Mg-3 (used for MGE3) were used as standard Mg source and fixing the other 

Table 3-1.  Reaction condition for Mg(OEt)2 synthesis 

sample Halide 
Mg source Stirring speed

(rpm) 

Total amount

 of Mg (g) 

Total amount 

 of halide (mmol) 

MGE1 MgCl2 A 180 12.5 2.64 

MGE2 MgCl2 B 180 12.5 2.64 

MGE3 MgCl2 C 180 12.5 2.64 

MGE4 MgCl2 D 180 12.5 2.64 

MGE5 MgBr2 C 180 12.5 2.64 

MGE6 MgI2 C 180 12.5 2.64 

MGE7 I2 C 180 12.5 2.64 

MGE8 I2 C 180 16.7 3.51 

MGE9 I2 C 180 10.0 2.13 

MGE10 I2 C 180 16.7 2.64 

MGE11 I2 C 180 10.0 2.64 

MGE12 I2 C 180 12.5 2.13 

MGE13 I2 C 180 12.5 3.51 

MGE14 I2 C 120 12.5 2.64 

MGE15 I2 C 240 12.5 2.64 

MGE16 I2 C 300 12.5 2.64 
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conditions at the standard one, the kinds of initiators was altered for MGE5-7. At the fixed 

ethanol amount, the amount of Mg source, and iodine amount (as halide initiator) were 

altered for MGE8-13. For MGE14-16, the stirring speed was varied without changing the 

other conditions form those for MGE7. Their SEM pictures were shown in Figure 3-1. 

Moreover, particle morphological characteristics acquired from the statistical analysis of 

SEM images analysis over 500 particles were shown in Table 3-2. 

 

 
Figure 3-1.  SEM images of Mg(OEt)2 samples.  
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Table 3-2.  Mg(OEt)2 morphological characteristicsa 

Sample 
D10

b
 

(μm) 

D50
b
 

(μm) 

D90
b
 

(μm) 
RSFc Circularityd

MGE1 19.6 22.3 26.2 0.30 0.91 

MGE2 12.1 26.1 35.7 0.90 0.83 

MGE3 26.3 31.2 39.7 0.43 0.92 

MGE4 26.6 36.8 46.9 0.55 0.85 

MGE5 15.9 20.9 27.8 0.57 0.88 

MGE6 16.8 18.6 28.4 0.63 0.88 

MGE7 17.2 20.7 34.2 0.82 0.89 

MGE8 10.1 12.4 16.5 0.52 0.82 

MGE9 20.5 24.7 30.7 0.41 0.84 

MGE10 12.6 15.2 20.4 0.51 0.87 

MGE11 18.7 22.1 26.8 0.37 0.89 

MGE12 17.0 20.1 27.2 0.51 0.91 

MGE13 17.8 22.1 29.5 0.53 0.91 

MGE14 19.7 24.6 44.5 1.01 0.87 

MGE15 14.9 19.0 25.6 0.56 0.87 

MGE16 12.2 16.7 22.2 0.60 0.90  
a Particle morphological characteristics were acquired by a statistical analysis of SEM 

images over 500 particles.  b Particle diameters at 10%, 50% and 90% in the cumulative 

number particle size distribution.  c Relative span factor (RSF) defined by (D90-D10)/D50.  
d The circularity degree defined by 4πA/L2, where A and L are the projected area and 

boundary length of a particle, respectively.   

 

  All obtained Mg(OEt)2 particles were basically composed by agglomeration of plate-

like structural unit. While particle morphology was rather sensitive to examined synthetic 

parameters, especially quantitative meanings. The morphology of Mg source has very 

important role for all the particle characteristics (MGE1-4). Spherical Mg sources tends 

to supply a larger diameter, larger particle size distributions and lower circularity 

compared with flake like Mg sources. The kinds of halide initiators mainly affected the 
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particle diameter (MGE3, 5-7). The particle diameter follows the order of MgCl2 >> 

MgBr2 > I2 >MgI2, while the rate of the conversion (measured by the H2 emission rate) 

follows reverse the reverse order. The Mg amount is one of the most important factor on 

Mg(OEt)2 morphology. As the Mg amount increased, the particle sizes were decreased 

while the size distribution became broader (MGE8,10). At the lowest Mg amount 

(MGE9,11), the surface texture became much rougher as the plate-like units did not lie 

down on surfaces. These results were plausibly explained in terms of the viscosity of the 

reaction slurry: A greater Mg amount increases the slurry viscosity so as to impose greater 

shear forces on forming particles (smaller and smoother particles), while higher viscosity 

reduces the uniformity of the stirring (larger RSF). The amount of the I2 initiator hardly 

affected the macro particle characteristics. It seems that the amounts of the initiator added 

here already corresponded to the excess for initiating the reaction (MGE11,12). The 

stirring speed affects the particle morphology through the shear force applied during the 

formation of Mg(OEt)2 particles (MGE14-16). In actual, we found that a higher stirring 

speed not only reduced the particle sizes but also narrowed the particle size distribution 

as a result of more uniform stirring.  

  In summary, various synthesis parameters such as the morphology of Mg sources, the 

kinds of halide initiators, the Mg amount, and the stirring speed have some effects on the 
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particle morphology. However, it can be concluded that strong shear force and uniform 

stirring are prerequisites to have spherical Mg(OEt)2 particles with the smooth surface 

texture and narrow size distribution.  In this sense, the reactor and stirrer design must be 

critically important.   

 

3.3.1.2 Catalyst preparation and their characteristics 

  All Mg(OEt)2 samples were converted into catalysts based on the same scheme showed 

in experimental part, where di-n-buthylphthalate (DNBP) was employed as an internal 

donor. Obtained catalysts are observed by SEM and their representative images are shown 

in Figure 3-2. Moreover, Table 3-2 summarizes the particle characteristics acquired by 

statistical analysis of SEM images. 
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Figure 3-2.  SEM images of catalyst particles 
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Table 3-3.  Morphological characteristics of catalyst particles 

 SEM Light scattering 

Sample 
D10 

(μm) 

D50 

(μm) 

D90 

(μm) 
RSF Circularity

D10 

(μm)

D50 

(μm)

D90 

(μm) 
RSF 

Cat1 20.2 25.7  31.0 0.42 0.84  18.5 34.4 60.3 1.22 

Cat2 12.4 37.6  55.5 1.15 0.74  19.1 40.5 63.1 1.09 

Cat3 27.2 32.4  44.4 0.53 0.87  29.1 40.9 62.8 0.82 

Cat4 22.0 36.6  49.8 0.76 0.79  39.6 65.3 116.9 1.18 

Cat5 16.1 21.9  37.2 0.96 0.82  11.1 34.5 81.5 2.04 

Cat6 7.1 15.4  30.0 1.49 0.64  20.2 34.2 79.1 1.72 

Cat7 17.9 21.7  29.1 0.52 0.88  20.1 31.1 75.8 1.80 

Cat8 13.6 17.5  37.9 1.39 0.77  17.8 67.6 139.3 1.80b

Cat9 12.9 25.7  34.7 0.85 0.72  21.2 40.3 84.3 1.57 

Cat10 14.1 18.3  37.2 1.26 0.77  16.6 36.9 118.9 2.77b

Cat11 21.1 33.6  62.4 1.23 0.82  23.2 47.9 108.8 1.79b

Cat12 16.9 22.2 34.2 0.78 0.83  20.4 30.5 61.5 1.35 

Cat13 18.0 23.7 32.4 0.61 0.83  22.9 47.5 93.6 1.49 

Cat14 22.5 28.4  41.4 0.66 0.84  26.0 56.5 129.0 1.82b

Cat15 15.0 22.6  35.4 0.90 0.82  17.6 34.2 72.6 1.61 

Cat16 21.1 33.6  62.4 1.23 0.82  17.6 34.2 123.5 3.10b

a Modal diameter corresponding to the most frequent diameter.  b A bimodal 

particle size distribution was observed.   

 

As was already mentioned in chapter 2, the catalyst particle morphology more or less 

replicates the morphology of Mg(OEt)2 particles.  However, the catalyst conversion 

tended to enlarge particle sizes, broaden the particle size distribution and reduce the 

circularity, whose degrees were largely dependent on samples. For example, 

Cat8,10,11,16 experienced severe agglomeration, leading to significant increases in D90 
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and RSF. On the other hand, Cat9 formed non-negligible particle disintegration, leading 

to the reduction of D10 as well as the expansion of RSF. Thus, it was found that Mg(OEt)2 

particles with the smallest sizes and/or rough surface texture tended to cause incomplete 

replication. 

  The two kinds of the particle characteristics obtained by SEM and LS has been 

compared. The merits and demerits for the two kinds of the methods are summarized 

below.  

Statistical analysis of SEM images: The particle morphology can be directly observed 

and quantified.  Especially fine particles are visible, while they are mostly neglected in 

the volume-based distribution.  Furthermore, the number-based distribution must be 

more directly correlated with catalyst performances.  The largest problem is the 

difficulty to make fair sampling, especially for samples which are not easily dispersed on 

a SEM grid. 

Light scattering : The merits of LS are at efficient & fair sampling and at the capability 

to capture agglomerated particles, which are not obvious for the number-based 

distribution.  In terms of plant operation, both fine particles for SEM and agglomerated 

particles for LS must be taken into consideration. 
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  From these features, the number-based (for SEM) and volume-based (for LS) particle 

size distributions are not necessarily comparable unless the particle size distribution of a 

sample is narrow enough. On the other hand, comparison of both distributions made 

sample agglomeration degree clear. Those results were shown in Table 3-3. For 

example, the samples which possessed particle distributions are unimodal and narrow 

can be confirmed correlations between SEM analysis and LS. Even if particle size 

distribution spectrum becomes shoulder type that means agglomeration degree become 

little higher, correlations are remained. However, a number of particles agglomerate 

each other frequently and LS spectrum becomes bimodal, correlation is disappeared.  

 

 
Figure 3-3.  Comparison between number-based and volume-based particle size  
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Figure 3-4.  N2 isotherm and Hg intrusion curve of Cat7 

 

  The catalyst pore structures were studied comparatively based on N2 adsorption and 

Hg porosimetry. These results were shown in Table 3-4 respectively. N2 adsorption and 

desorption experiments were conducted at 77 K on Belsorp-max, where the samples were 

preliminary outgassed at 80°C for 3 h.  As was explained in chapter 2, typical Ziegler-

Natta catalysts (including Mg(OEt)2-based ones) contain a non-negligible volume of 

micropores, due to which the BET method for the specific surface area is not applicable.1  

The micropore volume is a more realistic parameter for quantifying the particle structure 

of Ziegler-Natta catalysts. Here, the micropore volume was calculated by the equation 

with the assumption that the N2 adsorption below p/p0 < 0.4 is mainly related to micropore 
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the type H3 for size-irregular slit-type mesopores, the mesopore size distribution was 

calculated based on the Innes method for slit-type mesopores. Hg intrusion were 

conducted and obtained data were analyzed by Washburn-Laplace equation without 

intrusion above 7.4 MPa (corresponding to below 200 nm) which was regarded as 

intraparticle pores effect. Thus calculated pore size distribution is represented only Cat7 

in Figure 3-5, since the other samples shows qualitatively similar distributions.  

 

 

Figure 3-5.  Pore size distribution of Cat7 
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Table 3-4.  Pore size distributions of catalysts   

Sample 

Pore volume (mm3/g) 

<2 

nma 

2-5 

nmb 

5-10 

nmb 

10-20 

nmb 

20-50 

nmb 

50-100 

nmc 

100-200 

nmc 

200-500 

nmc 

Cat1 76.8 29.9 32.2 55.3 76.8 70.1 146.8 79.7 

Cat2 81.8 27.1 28.7 49.8 81.8 72.3 100.0 49.2 

Cat3 83.3 26.2 26.8 48.7 83.3 75.3 80.4 36.0 

Cat4 75.5 22.5 23.5 44.1 75.5 67.4 103.5 40.5 

Cat5 75.2 25.4 28.0 48.0 75.2 57.7 91.5 73.9 

Cat6 78.9 28.0 27.3 48.3 78.9 69.6 51.0 29.5 

Cat7 107 76.1 26.9 28.5 48.5 81.9 60.9 30.0 

Cat8 101 67.4 22.0 19.4 31.7 39.5 24.2 23.0 

Cat9 95 91.6 30.5 32.6 55.3 81.6 81.2 69.1 

Cat10 107 78.3 25.6 19.8 32.2 34.8 18.5 17.2 

Cat11 128 76.3 24.6 23.9 36.6 64.5 82.8 54.7 

Cat12 112 80.5 29.8 32.9 59.0 66.5 59.4 34.4 

Cat13 98 74.5 29.3 32.6 51.6 81.3 104.4 48.6 

Cat14 97 84.5 27.7 30.7 58.8 78.2 65.2 42.0 

Cat15 111 79.6 26.0 25.5 43.8 75.5 59.6 41.9 

Cat16 104 87.3 30.7 28.7 47.4 78.2 46.3 30.6 
a Calculated from Equation (3-3). b Calculated based on the Innes method. c calculated 

from Washburn-Laplace equation 

 

Micro- and meso-pore volume and its distributions were rather insensitive to 

synthetic condition for Mg(OEt)2 particles. However, careful analyses on the detailed 

pore size distributions suggested the following possible tendencies. When the largest 

amount of Mg source was added in the synthesis of Mg(OEt)2 particles (MGE8,10), the 

resultant pore volume for 20-50 nm appeared to be smaller (Cat8,10). This fact could be 

explained in a way that high shear force applied in the formation of Mg(OEt)2 particles 
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limited the macropore volume (i.e. higher bulk density), which might be replicated for 

the catalysts. And, a greater amount of the I2 initiator (MGE8,13) appeared to reduce the 

volume of the pores below 5 nm (Cat8,13), whose mechanistic origin might high 

density comes from increase of precipitation amount by iodine as initiator during 

Mg(OEt)2 synthesis but it was unclear.   

 

Table 3-5 summarizes the results of the chemical composition analyses. The chemical 

composition including the Ti and DNBP contents was not significantly different among 

all catalyst, where the DNBP/Ti molar ratio always fell in a range of 1-1.2, typical for 

Mg(OEt)2-based Ziegler-Natta catalysts. Thus, macroscopic structural differences in 

Mg(OEt)2 particles did not affect microscopic chemical parameters of the resultant 

catalysts, which enabled us to isolate influences of structural parameters on the 

polymerization performances.  
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Table 3-5.  Chemical composition of catalysts 

 Ti contents 

(wt%) 

DBP contents 

(wt%) 

Cat1 2.4  11.3  

Cat2 2.5  20.9  

Cat3 2.7  18.3  

Cat4 2.7  14.8  

Cat5 2.6  16.4  

Cat6 2.7  16.5  

Cat7 2.7  15.7  

Cat8 2.1  14.8  

Cat9 2.6  20.2  

Cat10 2.0  15.2  

Cat11 2.4  13.6  

Cat12 1.9  13.3  

Cat13 2.5  17.0  

Cat14 2.0  13.6  

Cat15 2.7  11.5  

Cat16 2.1  17.3  

 

3.3.1.3 Olefin polymerization test 

In order to examine the impact of particle structures on the polymerization performance, 

each catalyst was subjected to four kinds of polymerization tests: propylene and ethylene 

homopolymerization and copolymerization with 1-hexene. The results of polymerizations 

as well as those polymer characterization with 13C-NMR are shown in Table 3-6. 
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Table 3-6.  Polymerization results   

Sample 

Activity  
(g/g-cat·atm·h) 

Bu branch 
(mol%) 

 mmmm 
(mol% 

C3 homo C3 co C2 homo C2 co C3 co C2 co  C3 homo

Cat1 155 278 122 658 5.0 6.7  96.8 

Cat2 140 153 75 489 4.4 4.3  97.0 

Cat3 129 155 111 401 7.2 6.9  95.0 

Cat4 123 282 106 746 5.2 4.9  93.9 

Cat5 101 243 135 731 3.8 4.0  96.2 

Cat6 185 519 77 294 5.6 5.6  96.1 

Cat7 75  230 77 307 3.5 4.6   95.3 

Cat8 138  336 90 689 5.3 5.7  95.8 

Cat9 154  193 104 742 5.1 4.6  92.9 

Cat10 111  456 46 461 5.4 5.4  95.6 

Cat11 130  260 81  463 6.3 8.0   95.3 

Cat12 127  216 80  426 5.2 6.1   95.9 

Cat13 100  291 89  567 5.8 6.3  95.0 

Cat14 176  398 120  741 6.0 5.4  95.8 

Cat15 184  280  98  554 5.1 4.5   95.5 

Cat16 171  386  95  660 5.2 7.0   95.1 

 

Compared with the catalyst structures, the polymerization activities differed greatly 

among the catalysts.  The catalyst activity tended to follow the order of C2 co > C3 co 

>> C3 homo > C2 homo.  The butyl branch content varied from 3.5 to 8.0 mol%, 

irrespective of the main monomer.  On the other hand, the stereoregularity of PP was 

quite insensitive to the catalysts, around 95 mol% in mmmm.   
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3.3.2 Dataset evaluation based on statistics 

3.3.2.1 Dataset evaluation  

Evaluation of dataset is necessary operation before statistical analyses in order to obtain 

correct and accurate results. For example, it is possible that fake-correlation may be 

obtained when dataset does not possess enough statistical significance each other. 

Because it is not unclear that differences of parameter value are derived from 

experimental errors or correct correlations. Therefore, dataset evaluations are conducted 

generally before statistical analysis.  

Dataset evaluation for all parameter which from structure to performance was 

conducted. In particular, difference value between maximum and minimum in dataset and 

standard deviation value are calculated and obtained values were divided by average for 

standardization. Calculated results are shown in Table 3-7 ~ 3-10. 
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Table 3-7.  Data evaluation for particle morphology 

 SEM Light scattering 

 D10 

(μm) 

D50 

(μm)

D90 

(μm)
RSF

Circul

arity 

D10 

(μm)

D50 

(μm) 

D90 

(μm) 
RSF

Ave (x) 14.9 21.4 31.2 0.76 0.81 18.1 27.6 47.4 1.03

Sx/ Ave 0.31 0.23 0.23 0.42 0.06 0.27 0.26 0.36 0.36

(MAX-MIN) /Ave 0.99 0.88 1.07 1.37 0.26 1.05 0.90 1.29 1.23

 

Table 3-8.  Data evaluation for particle morphology pore architectures 

Sample 

Pore volume (mm3/g) 

<2 

nm 

2-5 

nm 

5-10

nm

10-20

nm 

20-50

nm 

50-100

nm 

100-200 

nm 

200-500

nm 

Ave (x) 117 65.6 27.0 29.3 53.8 68.4 73.5 43.8 

Sx/ Ave 0.20 0.20 0.41 0.56 0.74 0.20 0.44 0.41 

(MAX-MIN) /Ave 0.76 0.71 1.39 2.03 2.96 0.69 1.75 1.43 

 

Table 3-9.  Chemical composition of catalysts

 Ti contents 

(wt%) 

DBP contents

(wt%) 

Ave (x) 3.4 15.6 

Sx/ Ave 0.25 0.23 

(MAX-MIN) /Ave 1.01 0.86 

 

Table 3-10.  Polymerization results   

Sample 

Activity  

(g/g-cat·atm·h) 

Bu branch 

(mol%) 

 mmmm 

(mol% 

C3 homo C3 co C2 homo C2 co C3 co C2 co  C3 homo

Ave (x) 144 302.5 94.5 591.5 5.4 5.7  95.5 

Sx/ Ave 0.20 0.35 0.23 0.26 0.14 0.19  0.01 

(MAX-MIN) /Ave 0.59 1.21 0.94 0.93 0.64 0.70  0.04 
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Sx/Ave value means dispersion degree of dataset and (MAX-MIN) /Ave value has 

information of parameter control ability. As can be seen table, the Sx/Ave values excepted 

mmmm and circularity possess higher value than 0.1 In comparison with catalysts which 

made by same synthesis condition, the change ratio of structural parameters were smaller 

than values noted above. It mentioned that not only smallness of experimental errors for 

structural parameters but also significant difference among prepared catalysts set.  

The Sx/Ave values of parameters related to micro scales such as chemical composition 

and micro pore volume were about 0.1~0.2, while Sx/Ave value of macroscopic 

parameters such as meso-macro pore volume and particle size were about 0.3~0.4. 

Moreover, macroscopic parameter possessed higher (MAX-MIN) /Ave values than 

microscopic parameters. It is suggested that the difference of Mg(OEt)2 structure have 

stronger effect on macro scale morphologies than micro scale. 

 

3.3.2.2 One-to-one correlation evaluation using correlation coefficient  

  The correlation coefficient between structure and performance were calculated as one 

to one correlations, since it was confirmed that dataset possessed enough significant 

difference. Correlation coefficient r is statistical index which describes how strongly units 

in the same group resemble each other and calculated by variance and covariance (equal 
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(1)). r ranges from 1 to -1, ± indicates positive or negative correlation and degree of 

correlation became small with value closes to 0. Moreover, the summarized table which 

contains correlation coefficients of a number of vitiates each other is called correlation 

matrix. This value is very available and often used as not only statistical index but also 

pretreatment before multivariate analysis. However, this value is easily changed to wrong 

by small number of samples because of strong effect from bad leverage points. Therefore, 

preparation of necessary and sufficient number of samples to obtain correct value. At First, 

Figure 3-6 plots the variation of correlation coefficients among representative structure 

parameters and polymerization performances in terms of the sample number.  

 

 

Figure 3-6.  Correlation coefficients between representative structural parameters and 

polymerization performance; (a) ethylene polymerization activity,  

(b) comonomer insertion efficiency in ethylene/1-hexene coporimerization 
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  As can been seen, correlation coefficient value become stable with increase using 

sample number regardless of using structural and/or performance parameters. Concretely, 

coefficients greatly fluctuated when the sample number was below 10. It suggests that the 

risk of fake correlations when the sample number was not sufficient.  

 
Figure 3-7.  Statistical reliability of a correlation coefficient in terms of the sample 

number 
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way. The correlation coefficients were calculated by selecting arbitrary X samples among 
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15 samples, the correlation coefficient was 0.56±0.07. This tendency was confirmed by 

other combination between structure and performance parameters. Its result indicates that 

sample number makes correlation coefficient accurate enough.  

 

3.3.2.3 Correlation matrix of structure performance relationship 

Previous sections clarified that 16 samples are enough number to make one-to-one 

correlation stable in this study. Thus, correlation coefficient of all combinations between 

structure and performance were calculated and these results were shown in Table 3-11.  

 

Table 3-11.  Correlation matrix between structural parameter and polymerization 

performance. 

 D10 

(SEM) 

D50 

(SEM) 

D90 

(SEM) 

RSF 

(SEM) 

Circularity D10 

(LS) 

D50 

(LS) 

D90 

(LS) 

RSF 

(LS) 

Ti 

content 

Donor 

C3ho -0.16 -0.10 -0.11 0.03 -0.13 -0.06 -0.23 -0.07 0.10 0.11 -0.17

C2ho 0.44 0.21 -0.07 -0.52 0.34 0.12 0.14 -0.12 -0.29 0.24 -0.13

C3co -0.31 -0.53 -0.24 0.38 -0.28 -0.15 -0.01 0.48 0.63 -0.23 -0.27

C2co 0.23 0.09 -0.08 -0.39 0.35 0.05 0.28 0.31 0.15 0.00 -0.05

C3Bu 0.52 0.14 0.12 -0.18 0.25 0.52 0.22 0.12 -0.21 0.03 -0.06

C2Bu 0.51 0.17 0.29 -0.08 0.38 0.16 -0.03 0.11 0.09 -0.20 -0.26

 

 Vmicro 

<2 

Vmeso 

2-50 

Vmacro 

50-200 

VN2  

2-5 

VN2  

5-10 

VN2 

 10-20

VN2 

 20-50

VHg 

 7-10

VHg 

10-20 

VHg  

20-50 

VHg 

50-100

VHg  

100-200 

C3ho 0.00 0.29 0.00 0.35 0.27 0.16 0.23 0.11 -0.05 0.33 0.45 -0.20 

C2ho -0.27 0.33 0.56 0.10 0.06 0.38 0.47 0.09 -0.01 -0.04 0.36 0.55 

C3co 0.13 -0.24 -0.51 -0.18 -0.03 -0.30 -0.27 0.15 -0.03 0.24 -0.24 -0.54 

C2co -0.45 0.05 0.19 -0.04 -0.08 0.11 0.13 0.00 0.13 0.14 0.17 0.17 

C3Bu -0.02 -0.02 -0.05 0.11 -0.04 -0.10 -0.07 0.56 0.09 0.03 0.17 -0.13 

C2Bu 0.19 -0.03 0.05 -0.07 0.16 0.02 -0.09 0.30 -0.18 0.18 0.10 0.02 
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As can been seen Table 3-11, there are no combinations which possess strong 

correlations (r>0.7 in generally). It suggested that performances of Ziegler-Natta olefin 

polymerization was determined the plural number of variable.  

   

3.4 Conclusion 

In this study, various data were analyzed based on statistics for the elucidation of 

structure performance relationship between structure and performances. Consequently, 

sixteen kinds of Ziegler-Natta catalyst samples were prepared from different 

morphological Mg(OEt)2, identified by multilateral method which was established in 

chapter 2, and was conducted polymerization performance test. After those operations, 

resulted data were parameterized and evaluated following statistical way.  

As results, it is identified that the dataset of sixteen catalyst samples possessed 

sufficiently larger significant difference to use analysis than experimental error and 

individual difference by evaluation of these standard deviation. And, dependence of 

sample numbers to the correlation coefficient values was investigated to obtain the 

knowledge for improvement of statistical analysis accuracy. The average of correlation 

coefficient was almost constant with change sample number. On the contrary, its standard 

deviations showed monotonic decrease with increase of sample number. It suggested that 
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necessary and sufficient number of sample is indispensable condition to obtain accurate 

correlation. After above dataset evaluations, correlation between structure and 

performance were calculated. However, strong correlation was not found out from all 

combinations. This result is normal fact, because Ziegler-Natta olefin polymerization 

performances were determined by the multivariate. Therefore, no correlation means proof 

of correct dataset evaluation. 

Form those results, this study clarifies the cause of difficulty to elucidate quantitative 

structure performance relationship in Ziegler-Natta olefin polymerization with small 

number of samples and insufficient characterizations from the viewpoint of statistics. 

Then dataset contents such as deviation, parameter species, sample number are 

indispensable factor to obtain correct statistical analysis results.  
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4.1 Introduction 

  Catalyst is a substance which can improve the reaction rate and selectivity by making 

new route of chemical conversion with activation energy reduction. Catalysis is used for 

almost chemical processes in current industrial systems, because of using catalyst for 

chemical reaction makes the processes efficiency such as reduction of energies for 

progress reaction, reaction time, reaction space and so on. Then, catalyst is one of most 

important substance for chemical industry, and further its performance improvements are 

demanded. For example, new demands such as increase production efficiency, saving cost, 

making lower impact on environment and so on. Therefore, catalyst researches and 

developments keep to be conducted aggressively. 

  Catalyst is classified two type of process as homogeneous catalyst and heterogeneous 

catalyst by existence of phase boundary between catalyst and substrate. In the case of 

large scale productions, heterogeneous catalyst systems are preferred because of its 

performance features such as multifunction, operation easiness, lifetime, and so on. Thus, 

various kinds of heterogeneous catalysts have been developed and investigated for 

improvement of performance until now [1]. From those efforts, it is well known that 

heterogeneous catalyst performances were determined by not only active species but also 

hierarchical structure [2,3]. For example, the chemical reaction efficiency and easiness 
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strongly depend on catalyst particle size, shape and inner structure. Specific surface area, 

reaction selectivity change, and crystalline structures are well known as typical structure 

which are able to add new functions such as increase activity, pore molecular shape 

selectivity [4-6]. Thus, particle architecture design from micro scale to macro is 

indispensable for optimization of heterogenenous catalyst performances. 

  Various synthesis methods were developed and used for attainment of desired catalyst 

morphology designs accurately. Especially, establishment of pore architecture control 

methods were importance for not only catalyst field but also censor [7,8], storage [9], 

separation [10,11] and so on. Thus, researches and developments are conducted briskly 

still now, and various new porous material and its synthesis methods were reported. For 

example, regular porous materials like a zeolite which synthesized by crystallization with 

structure directing agent and possesses regular micro-mesopore [12,13], metal-organic 

frameworks which were regular porous materials composed of an organic ligand having 

affinity for a metal ion and an unsaturated organic molecule [14,15] and can be 

coordinated at least bidentately with the metal ion and aerogel which irregular porous 

material synthesized by supercritical drying of solvent from gel [16] were well known as 

valuable porous materials. The porous materials of various substances become possible 

to be synthesized at present by developed synthesis methods and were used in wide field.  
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The heterogeneous Ziegler-Natta catalyst for olefin polymerization is a representative 

example of such those catalysts. It is used for polyolefin materials production in industry. 

Especially, 99% amount of polypropylene was produced using this catalyst. This catalyst 

systems get olefin polymerization performance by contacting with solid ingredients and 

activators. Where solid ingredients are TiCl4 and lewis base compound (active spices) 

supported MgCl2 (support), and activator are alkylaluminium and lewis base compound. 

This olefin polymerization performances were determined from not only chemical 

composition, but also hierarchical structure of solid ingredient such as particle shape, 

density, pore architectures, active site dispersion and so on [17]. Especially, it is well 

known that pore architectures affect important performances such as activity behavior, 

lifetime, comonomer insertion efficiency and produced polymer density [18-21]. 

Therefore, there are a huge variety of preparation routes empirically established in order 

to synthesis catalyst architectures accurately for high performance catalysts preparation.  

The most of industrial Ziegler-Natta catalyst is synthesized by precipitation method using 

alcohol [22] and chemical reaction method using Mg(OEt)2 [23]at the present . Especially, 

latter catalyst possesses higher activity, comonomer insertion abilities and polymer 

morphology control ability than catalyst synthesized by other method. Furthermore, 

particle shape control ability is better than other type catalyst because the feature that 
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precursor morphologies roughly keeps up after conversion from Mg(OEt)2 to MgCl2 [24]. 

While, there are no techniques that can accurate control of Mg(OEt)2 based Ziegler-Natta 

catalyst systematically, nevertheless its importance for industrial manufacturing. Because 

number of report of catalyst analysis, particle growth mechanism and control particle 

morphologies is less. Therefore, It becomes be demanded that elucidation of catalyst 

architectures and establishment of systematically morphology control method at the 

present.  

From those backgrounds, the aim of the present study is to obtain knowledge of pore 

structure engineering for establishment of systematically improvement for Mg(OEt)2 

based Ziegler-Natta catalysts. For this purpose, Magnesium ethoxide which contains 

different alkoxide was synthesized. Then, these were investigated their structural 

characteristics and influences on pore structure of catalysts. From those results, particle 

morphology conversion mechanism and structure relationship between precursors and 

catalysts were tried to elucidate. 

 

 

 

 



127 
 

4.2 Experiment 

4.2.1. Materials 

Anhydrous MgCl2, triethylaluminium (TEA), and nonporous Mg particles were 

donated from Toho Titanium Co., Ltd., Tosoh Finechem Corporation and Yuki Gousei 

Kogyo Co., Ltd., respectively.  

Ethanol (purity > 99.5%), methanol, i-propanol (purity > 99.5%), n-propanol were dried 

over 3A molecular sieve with N2 bubbling. Heptane (purity > 99.5%), toluene (purity > 

99.5%) and di-n-butylphthalate (DBP) (purity > 98%) were dried over 4A molecular sieve 

with N2 bubbling. Cyclohexylmethyldimethoxysilane (CMDMS) was purified by 

distillation under reduced pressure. Iodine (purity > 99%) and titaniumtetrachloride 

(TiCl4) (purity > 99%) were used as received. 

 

4.2.2. Magnesium alkoxide synthesis 

Mg(OR)2 was synthesized based on our recent technique [25] with adding a small 

amount of alcohols. 0.67 g of I2 (as an initiator) and 32 ml of dehydrated alcohol were 

introduced into a 500 mL jacket-type separable flask equipped with a mechanical stirrer 

rotating at 180 rpm under N2 atmosphere. After the dissolution of I2 at 75°C, 2.5 g of 

Magnesium and 32 mL of alcohol were introduced repeatedly 5 times every 10 min. 
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Subsequently, aging at 75°C were conducted for 2 h. Finally, the temperature was 

decreased to 40°C, and the product was washed with alcohol. The reaction slurry was 

evaporated to dryness on a rotary evaporator, and white powder was obtained. In this 

study, Mg(OR)2 particles were synthesized with different ethanol/alcohol ratios or spices 

under the same conditions.  

 

4.2.3 Catalyst preparation 

The preparation of Ziegler-Natta catalysts from Mg(OR)2 was conducted again based 

on a patent [23] with several modifications. 15 g of Mg(OR)2 and 150 mL of toluene were 

charged in a 500 mL 3-neck flask equipped with a mechanical stirrer rotating at 180 rpm 

under N2 atmosphere. 30 mL of TiCl4 was added slowly by dropping, while the 

temperature of the suspension was kept within 0-5°C. Thereafter, the temperature was 

first elevated to 90°C to add 4.5 mL of DBP and then it was brought to 110°C. The 

reaction suspension was continuously stirred at 110°C for 2 h. Subsequently, the reaction 

product was washed with toluene twice at 90°C and further treated with 30 mL TiCl4 at 

90°C for 2 h. After that, the product was washed with n-heptane 7 times to get the final 

catalyst. All Ziegler-Natta catalysts were obtained from each Mg(OR)2 under the same 

conditions. 
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4.2.4 Polymerization 

Ethylene homopolymerization and Propylene homopolymerization were conducted 

with slurry phase as catalytic performance test. Polymerization was performed in a 1 L 

autoclave equipped with a mechanical stirrer rotating at 350 rpm. 500 mL of n-heptane 

was introduced into the reactor. TEA ([Al] = 10 mmol/L), CMDMS (Al/ExD = 10) were 

introduced into the reactor, and the solution was saturated with 0.5 MPa of ethylene or 

propylene at 50°C. 30 mg of a catalyst was fed into the reactor by a bomb injection 

technique to initiate the polymerization. The polymerization was conducted for 60 min 

with a continuous supply of monomer gas at 0.5 MPa. The polymer was filtered by 

pouring the reaction slurry into funnel. The obtained polymers were dried in vacuum oven 

for 6 h prior to use characterization.   

 

4.2.5. Characterization 

4.2.5.1 NMR 

The i-propanol incorporation amount, i.e. ratios between ethanol and i-propanol, in 

Mg(OR)2 were measured by 13C NMR (Bruker 400 MHz) operating at 100 MHz with 

proton decoupling at room temperature using 2-methoxyalcohol as a solvent and 

benzene-d6 as an internal lock and reference.  
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2.4.5.2 Bulk density measurement 

Bulk density of Mg(OR)2 sample was determined by the following procedure. Sample 

powder was introduced to 100 ml measuring cylinder via funnel with same injection speed 

as same as possible, in order not to make filling rate difference. After measurement, bulk 

density was calculated from their mass and volume. 

 

2.4.5.3 SEM 

Particle morphological characteristics of Mg(OR)2 and catalyst particles were studied 

with scanning electron microscopy (SEM, Hitachi S-4100) operated at an accelerating 

voltage of 20 kV. For the preparation of particle cross-sections, particles were cut by razor 

under N2 atmosphere. Before the measurements, particles were subjected to Pt sputtering 

for 100 s.  

 

2.4.5.4 XRD 

The particle crystalline characteristics were measured by XRD (smart lab., RIGAKU) 

operated at stepwise scanning method using CuKα1 radiation (λ = 1.54059 Å), The optics 

used were a fixed divergence slit (2/3°), a fixed incident scatter slit (2/3°), a fixed 

receiving slit (0.3 mm). The X-ray tube worked at 40 kV and 30 mA. The spectrum data 
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were collected from 5° to 40° (2θ). All operations were performed under N2, and samples 

were covered by mylar film for not to contact with air.  

 

4.2.5.4 N2 adsorption/desorption measurement 

N2 adsorption and desorption isotherms at 77 K were acquired on a BELSORP-max 

instrument (BEL JAPAN, INC.). Ca. 50-100 mg of catalyst powder in a pyrex tube with 

a rubber cap was outgassed at 80°C over 3 h in vacuo, prior to the measurement. Since 

the BET analysis is not appropriate for typical Ziegler-Natta catalysts with an abundance 

of micropores (pore diameter (D) < 2 nm) , the specific surface area was not determined 

[26]. Instead, the micropore volume (Vmicro) was approximated with  

dD
dD

)D(V

D

2

V

V
VV

50

2

meso

gas

liquid
4.0micro  

     
(1), 

where V0.4, Vliquid, Vgas, and Vmeso(D) are the N2 adsorption volume at p/p0 = 0.4, the 

volumes of a N2 molecule in gaseous and liquid states, and the mesopore volume at the 

diameter of D nm determined by the method described in the next paragraph. Vmicro was 

estimated by subtracting the contribution of multilayer N2 adsorption onto mesopore 

surfaces from the adsorption volume at p/p0 = 0.4 (converted to the liquid N2 volume). 

Note that the thickness of the multilayer adsorption at p/p0 = 0.4 was approximated as 2 

nm, and the contribution from the multilayer adsorption onto macropore and external 
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surfaces was regarded as negligible. The latter is true for typical industrial Ziegler-Natta 

catalysts, whose pore dimensions are mainly micro and/or meso scale(s) [25].  

The mesopore size distributions (2.1 nm < D < 50 nm) were analyzed by the BJH method 

or by the INNES method. Even though the two methods are based on the same Kelvin 

equation for the N2 condensation, cylinder-type and slit-type mesopores are assumed in 

the BJH [27] and INNES [28] methods, respectively. Hence, the BJH method is suitable 

for the hysteresis types H1 and H2 respectively for uniform-size and irregular-size 

cylindrical-type mesopores, while the INNES method for the types H3 and H4 

respectively for uniform-size and irregular-size slit-type mesopores.  

 

4.2.5.6 Hg mercury porosimetry 

The meso and macro pore size distributions (7 nm < D < 1000 nm) were measured by the 

mercury intrusion technique (Pascal 440 Porosimeter, Thermo Scientific). The pore size 

was evaluated from the intrusion pressure according to the Washburn-Laplace equation. 

The surface tension (γ) and contact angle (θ) were respectively set to 0.480 N / m and 

141.3°. 

 

  



133 
 

4.3 Results and discussion 

4.3.1 Screening of second alcohol for pore architecture control  

Seven kinds of Mg(OR)2 particles were synthesized from different alcohol mixture 

which consisted of ethanol and small amount of second alcohols with same reaction 

procedure. Following lower alcohols were used as second alcohol (methanol, n-propanol 

i-propanol, n-butanol, i-butanol, s-butanol and t-butanol). Their representative SEM 

images are shown in Figure 4-1 with pure Mg(OEt)2 as standard sample.  

 

 
Figure 4-1.  SEM images of Mg(OR)2 particles made from various alcohol mixture; (a) ethanol 

only,  (b) ethanol : methanol = 95 : 5 (mol), (c) ethanol : n-propanol = 95 : 5 (mol), (d) ethanol : i-

propanol = 95 : 5 (mol), (e) ethanol : n-butanol = 95 : 5 (mol), (f) ethanol : i-butanol = 90 : 10 (mol), 

(g) ethanol : s-butanol = 90 : 10 (mol), (h) ethanol : t-butanol = 90 : 10 (mol) 

 

All Mg(OR)2 samples were synthesized and became white powder after drying. 

However, only Mg(OR)2 particles which synthesized by methanol, i-propanol, and t-

butanol more or less possessed spherical shape. The others particles were strongly 
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irregular or agglomerated. It suggested that additional second alcohols made Mg(OEt)2 

particle morphologies distortion even if concentration of second alcohols were low. The 

cause of morphology difference was considered that change the balance agglomeration 

and exfoliation of primary particles. It is well known that morphology of Mg(OEt)2 

depends various reaction condition.[25] Existences of second alcohol change the reaction 

condition which were reaction rate, increase boil point, soluble amount of Mg(OR)2 and 

so on. Therefore, big morphology difference might be confirmed by small amount of mix 

alcohol. 

All Mg(OR)2 were converted to catalyst under same procedure. Obtained catalyst 

samples were observed by SEM and those images are shown in Figure 4-2. 

 

 
Figure 4-2.  SEM images of catalyst particles made from various Mg(OR)2; (a) 

ethanol only,  (b) ethanol : methanol = 95 : 5 (mol), (c) ethanol : n-propanol = 95 : 5 

(mol), (d) ethanol : i-propanol = 95 : 5 (mol), (e) ethanol : n-butanol = 95 : 5 (mol), (f) 

ethanol : i-butanol = 90 : 10 (mol), (g) ethanol : s-butanol = 90 : 10 (mol), (h) ethanol : t-

butanol = 90 : 10 (mol) 
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As can been seen from Figure 4-2, almost particles morphologies were irregular shape 

without methanol and i-propanol contained samples. The reasons of those uncontrolled 

particle morphologies were considered that low particle strength against chlorination 

and/or originally bad morphologies. Those results suggested that second alcohol has large 

effect on catalyst macro morphologies even if concentration is low 

Pore architectures of all catalyst samples were characterized by N2 

adsorption/desorption measurement in order to confirm second alcohol effects on catalyst 

inner structure. These results are shown in Figure 4-3. 

 
Figure 4-3.  Nitrogen adsorption/desorption isotherms for catalyst made from 

various Mg(OR)2; (a) ethanol only,  (b) ethanol : methanol = 95 : 5 

(mol), (c) ethanol : n-propanol = 95 : 5 (mol), (d) ethanol : i-propanol = 

95 : 5 (mol), (e) ethanol : n-butanol = 95 : 5 (mol), (f) ethanol : i-

butanol = 90 : 10 (mol), (g) ethanol : s-butanol = 90 : 10 (mol), (h) 

ethanol : t-butanol = 90 : 10 (mol), 
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Generally, Mg(OEt)2 based Ziegler-Natta catalyst shows isotherm of type II and 

hysteresis loop of H3 like Figure 4-3 (a). This isotherm shape possesses the pore 

architecture information that existence of slit-shape mesopore with non-uniform size and 

macropore [29]. However, there are no techniques for change pore architectures in 

Mg(OEt)2 based catalysts. As can be seen Figure 4-3, 4 samples possessed different 

shaped isotherm surprisingly. These isotherm belongs to type IV isotherm for mesoporous 

materials (without unrestricted sorption at relative high pressure) and H2 hysteresis loop 

for cylindrical pore with non-uniform shape and size. Those results suggested that the 

species of Mg(OR)2 which consisted small amount of second alcohol changed pore shape.  

Additionally, pore size distributions were calculated from obtained isotherms. The 

INNES method was employed to calculate mesopore size distributions of the catalysts 

having the H3 hysteresis, i.e. Mg(OEt)2 based catalyst which possesses slit shaped pore, 

while BJH method was employed for the catalyst having the H2 hysteresis, i.e. i-propanol 

contained Mg(OR)2 based catalyst which had cylindrical pore. 
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Figure 4-4.  Pore volume distributions of catalyst; 

 (a) only ethanol, (b) i-propanol contained  

 

  Mg(OEt)2 ethoxide based catalyst possessed broad pore size distribution from micro- 

to meso-pores with a bimodal character centered at micropore (D<2 nm) and at meso pore 

over 20 nm. While, catalyst made from i-propanol added Mg(OR)2 possessed unimodal 

pore size distribution centered at micropore.  

As mentions above, It is succeeded that change of pore architectures such as 

distribution and shape which has been too difficult to change. However, the uncontrolled 

shape catalyst can not be used from the viewpoint of industrial operation in order to 

manage process efficiency. Therefore, the catalyst systems which made from i-propanol 
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contained Mg(OR)2 were investigated in detail because samples which possesses 

controllability of catalyst shape is only this catalyst.  

 

4.3.2 i-Propanol incorporation effect on particle structure 

4.3.2.1 Mg(OR)2 including i-propanol 

Table 4-1.  The characterization results for synthesized Mg(OR)2 including i-propanol 

Sample 
i-Propanol composition(mol%)

Bulk density (g·ml‒1) 
Solution Particle 

MGE7 0 0.0 0.300 

MGR1% 1 1.1 0.309 

MGR3% 3 2.2 0.323 

MGR5% 5 5.9 0.425 

MGR7% 7 7.5 0.434 

MGR9% 9 9.5 0.437 
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Figure 4-4.  SEM images of Magnesium ethoxide including i-propanol. (a,b) MGE0% 

(x1000, x50000), (c,d) MGE-1% (x1000, x50000), (e,f) MGE-3%( x1000, x50000), (g,h) 

MGE-5% (x1000, x50000), (i,j) MGE-7%( x1000, x50000), (k,l) MGE-9% (x1000, 

x50000) 

 

Figure 4-4 shows SEM images of Mg(OR)2 particles which were synthesized by 

various ratio of ethanol and i-propanol. Mg(OR)2 particles containing below 3 mol% of 

i-propoxide possessed more or less spherical shapes. Magnified images revealed that the 

particles composed by aggregation of thin plate-like building blocks, whose dimension 

of the building blocks varied in the range of 100-700 nm, and whose thickness was about 

10 nm. These architectures were the same as pure Mg(OEt)2 particles in our previous 

report. [25]. On the other hand, the addition of i-propanol up to over 5 mol% hardy 

affected the particle architectures. These particle shapes were less spherical than pure 
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Mg(OEt)2, though particle diameters and particle size distributions mostly same as other. 

The particles consisted of agglomeration of building blocks too, however, whose shapes 

were different with plate-like. The building blocks had distorted lod-like shapes whose 

dimension varied in the range of 100-500 nm, and whose thickness were about 100 nm. 

Because of its thickness, the surface of particles were rougher than pure Mg(OEt)2. The 

drastically change of shape was synchronized with change of bulk density. Thus, the 

particle architectures were drastically changed by the addition of i-propanol over the 

critical amount. 

 

 

Figure 4-5.  XRD patterns for magnesium ethoxide samples; (a) MGE7, (b) MGR1%, 

(c)MGE3%, (d)MGR5%, (e)MGR7%, (f)MGR9% 
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Building block shapes were hardly changed by changing the synthetic conditions when 

pure ethanol reacted with magnesium, in contract, the addition of i-propanol drastically 

changed it. It was possible that formation of building blocks shapes was attributed to 

change of crystalline growth process. Therefore, crystalline structures were measured by 

XRD, in order to clarify the cause of the morphological changes. These results are shown 

in Figure 2. The XRD spectra of MGR-0% possessed almost same characteristics as 

MGE1% and MGE3%, which were exhibited three peaks at 9.0˚, 9.8˚, 10.7˚ . In contrast, 

Mg(OR)2 particles containing over 5 mol% of i-propoxide (MGE5%, MGE7% and 

MGE9%) had almost same spectral characteristics whose high intensity peaks located at 

10.6˚ and 23.3˚ and which were existences of a number of low intensity peaks in the 

ranges of 5-30˚. Thus, crystalline structure of Mg(OR)2 samples had two types, according 

to composition of alcohol ratios. It is a considered that the cause of crystalline structure 

changes were because incorporation of i-propanol. However, the reasons were not 

determined because of complex architectures prevented accurate characterization. In 

addition, the change of crystal structure was synchronized with the change of building 

block shape. This result leads us to presume that change of the building blocks shape is 

attribute to change of crystalline structure. 
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Representative spectrum peaks were accurately analyzed, whose peak tops and full 

width at half maximum (FWHM) were shown in Table 4-2 and Table 4-3 in order to 

obtain the additional information on the crystalline structure. In the cases of MGR0%, 

the spectral peak position shifted toward higher angles and FWHM had no changes with 

increasing incorporation of i-propanol, as can be seen in Table 4-2. It means that the 

addition of i-propanol distorts Mg(OEt)2 crystal structure a little before the drastic 

change with a critical amount of i-propanol. On the other hands, Table 4-3 shows 

changing spectrum characteristics of Mg(OR)2 particles containing over 5 mol% of i-

propoxide, whose peak positions were same and FWHM became broader as increase 

incorporation of i-propanol. It suggested that growth of crystal diameter became slow 

by incorporation of i-propanol without any crystal structure changing after the drastic 

crystal change. In comparison with magnified SEM images which can observe shape of 

building blocks, correlation between crystal size and building block shapes were not 

founded. It is suggested that fundamental crystalline structure affects building block 

shape, however crystal size has too small effect to change building block shapes. 
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Table 4-2.  The summary of XRD peak positions and FWHM for MGE7, MGR1%, 

MGR3% 

Sample 

Peak (I) Peak (II) Peak (III) 

Position 

(deg) 

FWHM 

(deg) 

Position 

(deg) 

FWHM 

(deg) 

Position 

(deg) 

FWHM 

(deg) 

MGE7 8.96 0.40 9.80 0.41 10.73 0.65 

MGR1% 9.09 0.44 9.95 0.42 10.90 0.67 

MGR3% 9.36 0.34 10.12 0.38 11.09 0.45 

 

Table 4-3.  The summary of XRD peak positions and FWHM for MGR5%, 

MGR7%, MGR9% 

Sample 

Peak (IV) Peak (V) 

Position 

(deg) 

FWHM 

(deg) 

Position 

(deg) 

FWHM 

(deg) 

MGR5% 10.67 0.27 23.38 0.34 

MGR7% 10.66 0.28 23.28 0.40 

MGR9% 10.58 0.34 23.29 0.45 

 

From above results, one interpretation of i-propanol effects on Mg(OEt)2 crystal 

changing behaviors is proposed. It is considered that the change of crystal structure 

depends on stableness of the crystal. Mg(OEt)2 crystal can take in i-propanol with a 

little distortion of original crystal structure until over capacity which is energetically 

stable. While, in the case of filling over the capacity, Mg(OEt)2 greatly change its 

crystal structure, because structural change make it more stable. In addition, these 

crystal structure changes effect on the shape of building blocks. Therefore, the addition 

over the critical amount of i-propanol changes particle architectures drastically from 
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micro to macro scales.  

 

4.3.2.2. Catalyst made from Mg(OR)2 including i-propanol 

All Mg(OR)2 samples were converted into catalysts under the same conditions, to bear 

the corresponding catalysts respectively termed as Cat7, Cat1%, Cat3%, Cat5%, Cat7% 

and Cat9%. Their SEM images are shown in Figure 4-6. As can be seen in Figure 4-6, the 

catalyst shape more or less replicated the shape of the original Mg(OEt)2 particles. The 

catalyzation greatly smoothened the building block in a way to reduce the differences in 

the shape of building blocks among the different samples. 
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Figure 4-6.  SEM images of catalyst samples; (a,b) Cat7 (x1000, x10000), (c,d) Cat1% 

(x1000, x10000), (e,f) Cat3% (x1000, x10000), (g,h) Cat5% (x1000, x10000), (i,j) Cat7% 

(x1000, x10000), (k,l) Cat9% (x1000, x10000) 

 

The catalyst pore structures were studied based on N2 adsorption measurement and Hg 

porosimetry. Hg intrusion curves had little differences among these samples, however N2 

isotherms and hysteresis showed obvious difference. Representative N2 adsorption / 

desporption measurement isotherms for Catalysts are shown in Figure 4-7. The adsorption 

isotherms for Cat0%, Cat1% and Cat3% belong to the type II of IUPAC classification for 

macroporous materials and the hysteresis loops to the type H3 for slit-shaped mesopore 

with non-uniform sizes and shapes. Meanwhile, the addition of over 5 mol% of i-propanol 

totally altered the types of adsorption isotherms and hysteresis loops respectively to the 
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type IV for mesoporous materials and to the type H2 for cylindrical mesopores with non-

uniform sizes and shapes.  

 

Figure 4-7.  N2 isotherm for catalyst samples;  

   (a) Cat7, (b) Cat1%, (c) Cat3%, (d) Cat5%, (e) Cat7%, (d) Cat9% 

 

Pore size distribution were calculated from the obtained N2 isotherms and Hg intrusion 

curves. The results are summarized in Figure 4-7. The micropore volume was calculated 

from equation (1). The INNES method was employed to calculate the mesopore size 

distribution of catalysts having the H3 hysteresis, i.e. slit-shaped mesopore such as Cat0%, 

Cat1% and Ca3%. While the BJH method was employed for the catalysts having the H2 

hysteresis, i.e. cylindrical pore such as Cat5%, Cat7% and Cat9%. The macropore volume 
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was calculated by Washburn-Laplace equation from the Hg intrusion curve. It can be seen 

in Figure 4-8, these catalysts showed two types of pore size distribution. Cat0%, Cat1% 

and Cat3% possessed a wide range porosity from micro to macro with bimodal character 

centered at micropore (D < 2 nm) and at macropore from 50 to 100 nm. In contrast, Cat5%, 

Cat7% and Cat9% possessed a narrow range porosity with monomodal character centered 

at micropore. Micropores occupied the largest volume and the pore volume greatly 

decreases as the pore size increases. The mesopore and macropore volumes of its catalysts 

were low. In compared with two types of pore size distributions, big difference of these 

two type is existence of mesopore and macropore.  

Thus, these result imply that catalysts made from Mg(OR)2 whose crystal structure was 

changed by incorporation of i-propanol changed not only shapes of mesopore but also 

pore size distributions from micropore to macropore. 
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Figure 4-8.  N2 isotherm for catalyst samples;  

                (a) Cat7, (b) Cat1%, (c) Cat3%, (d) Cat5%, (e) Cat7%, (d) Cat9% 

From the above, it seems that crystalline structure of Mg(OEt)2 has strong effects on 

pore structure of catalyst. In particular, the change of pore structure in the range of meso 

to macro scales were greater than micro scales. However, it is considered that crystal 

structure has indirectly effects on pore structure of catalyst particles, because size 

difference between crystalline structure and macropore structure is too big to compare. 

Therefore, it was seemed that the cause of micropore change and of meso-macropore 

change were different. The mechanism of influences to catalyst pore structure frrom 

Mg(OR)2 architectures were proposed with separating structural scales. 
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The generation mechanisms of micropore in catalysts were considered at first. To begin 

with, the synthesis conditions of Mg(OEt)2 had little effect for micropore of catalyst. 

Originally, micropore exists little in Mg(OEt)2 structure, it is generated by conversion to 

catalyst. It is considered that micropore comprised void which was generated by 

chlorination of Mg(OR)2. Chlorination progress ligand exchange between ethoxy group 

and chrolide made some voids because of difference of ligand size and crystalline 

structure distortion between Mg(OR)2 and catalyst. From the results, the changes of 

Mg(OR)2 crystal structure had effects to structural difference of catalyst micropore. On 

the other hand, composition of i-propanol had little effects, nevertheless the sizes of 

ethanol and i-propanol were different. It is considered that distortion of crystalline 

structure has big effect, however chemical effects of i-propanol were not important cause 

of changing micropore structures. 

 

The meso-macropore in the catalysts depended on Mg(OEt)2 architectures because of 

the phenomenon that Mg(OEt)2 kept its architectures after conversion to catalyst. 

Therefore, agglomerations degree of building block strongly effects on pore structure. 

The shape of building block strongly affects void of inner particles and bulk density. 

When Mg(OEt)2 converts to catalyst, agglomerated particle shape and building block 
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shape mostly keep those shapes, though building blocks slightly melt and adhere each 

other. Therefore, agglomeration degree of building blocks may affect the catalyst pore 

volume. In fact, Cat5% which has a small amount of meso-macropore was prepared by 

MGE5% whose bulk density value was high. It is difficult to reveal the progress of pore 

generation, because reaction is too fast to detect the structure change. However, It is 

revealed that inner structure of Mg(OR)2 is most important factors to control catalyst 

meso-macropore. 

 

4.3.3 Polymerization test 

The polymerization performance tests for prepared catalysts were conducted. 

Propylene and ethylene homopolymerization and their copolymerization with 1-hexene 

were conducted as performance test. All catalysts were object samples however catalyst 

prepared from Mg(OR)2 including butanol spies because of their terrible particle 

morphologies. The polymerization results and obtained polymer characteristics were 

shown in Table 4-8. Moreover, activity profile was recorded by consumption amount of 

monomer during polymerization and represent data was shown in Figure 4-9. 
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Table 4-8.  Result of polymerization 

Sample 

Activity  

(g/g-cat·atm·h) 

 Bu branch 

(mol%) 

 mmmm 

(mol%) 

C3 homo C3 co C2 homo C2 co C3 co C2 co  C3 homo

Cat7 183 394 83 843 5.3 6.0  95.3 

Cat-methanol 89 115 37 189 4.2 4.8  95.0 

Cat-n-propanol 154 193 233 423 3.9 3.4  95.5 

Cat1% 175  315 138  868 5.0 4.7   95.2  

Cat3% 238  357 148  684 4.5 7.3   95.2  

Cat5% 253  354 93  903 5.0 4.3   95.1  

Cat7% 193  353 70  918 4.6 4.4   96.0  

Cat9% 225  435 83  1084 4.9 5.3   94.6  

 

Figure 4-9.  Activity profile of homopolymerization; (a) ethylene polymerization, 

 (b) propylene polymerization 

 

In Figure 4-9, propylene polymerization activity profile belonged to decay 

type and ethylene polymerization activity profile belonged to build-up type, 

even if using catalyst were changed. In Table 4-8, propylene polymerization 

activity was synchronized with i-propanol composition of converted Mg(OR)2. 

Ethylene polymerization activity was increased with increased composition 
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of used Mg(OR)2 until over 5 mol% and decreased rapidly after structural 

change. Moreover, the morphology of obtained polymers were irregular (not 

replicated catalyst morphology) when catalyst prepared i-propanol contained 

Mg(OR)2 was used. Those results suggests possibility that catalyst structure 

changes not only pore architectures but also stiffness of particles by using 

prepared catalyst from i-propanol containing Mg(OR)2. The cause of activity 

enhancement effect may be derived from increase rate of generate new active 

site by fragmentation. Fragmentation rate might become higher by lower 

stiffness of particle. On the contrast, it is considered that diffusion limitation 

make activity low. The diffusion limitation derived from small pore might 

possess greater effect to activity than increase of fragmentation rate derived 

from low particle stiffness in the strong diffusion limitation situations.  
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4.4 Conclusion 

In this study, several Mg(OR)2 particles with various chemical composition were 

synthesized as precursor using small amount of second alcohols in order to synthesis 

novel pore architectures in Ziegler-Natta catalyst. First of all, six kinds Mg(OR)2 were 

synthesized with different i-propanol/ethanol ratio range from 0-9 mol%. It is conformed 

that synthesized particles possessed more or less spherical shape under any alcohol ratio. 

On another front, the ratio of i-propanol up to 5 mol% hardly affected its building block 

shapes and crystalline structure. Catalyst preparation was conducted to convert catalyst 

from the Mg(OR)2 which structure was changed. As a results, catalysts, whose pore size 

distribution was unimodally centered at the micropore with maintaining its particle shape, 

was prepared. It is considered that the cause of its change derived from the behavior of 

conversion from different particle inner architectures such as crystalline structure, 

building bloke shape, agglomeration degree and so on. The pore structure of traditional 

Ziegler-Natta catalyst prepared by chemical reaction method is not able to control 

systematically and range of structure is strongly limited. However, this study succeeded 

to prepare novel pore structure in Ziegler-Natta catalyst by conversion from i-propanol 

containing Mg(OR)2. This knowledge will contribute development of new type Ziegler-

Natta catalysts and elucidation of structure performance relationship. 
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Chapter 5 
 

Multivariate analysis of structure-performance 

relationships in heterogeneous Ziegler-Natta 

olefin polymerization  
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5.1 Introduction 

Catalyst is a genetic name of substance which can improve the reaction rate and 

chemical selectivity by making new route of chemical conversion with activation energy 

reduction. Because of these merit, catalyst keeps growing continually with industrial 

growth. Catalysts are used in the industrial production of over 7000 compounds worth 

over $3 trillion globally. Catalyst-based manufacturing accounts for about 60% of 

chemicals production and 90% of processes [1]. In recently, catalysts were focused on not 

only economic importance from increase efficiency of industrial processes but also 

environmental importance from reduction of materials emission which possesses adverse 

impacts on environment. Therefore, catalysts are desired that further performance 

improvement and new function addition. 

From these backgrounds, great variety of catalyst investigation has been conducting 

briskly and high performance catalyst has been reported continually. In recently, industrial 

processes becomes to demand that catalyst has multifunction as one of improvement way 

in the viewpoint from economics and environments. Multifunctional catalyst possesses 

complex structure from active species to particle because multifunctional catalyst 

performances is demonstrated by diversification of active species and/or formation of 

hierarchy structures. Therefore, “elucidation of precise structure-performance 
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relationship” to design catalyst architecture and “establishment of control particle 

structure way” to synthesis desired catalyst are indispensable for development of 

multifunctional catalyst. 

Enormous studies are tired and reported “elucidation of precise structure-performance 

relationship” and “establishment of control particle structure way” for catalyst 

development because of its importance. There are many reports about structure-

performance relationship. For example, catalyst performances depend on not only active 

species and structures but also condition of active site neighborhood such as dispersion 

state and interaction between support substances. Catalyst particle morphology such as 

specific surface area, pore architecture and particle shape also affect performances to 

improve activity, selectivity, operation easiness and so on, because of these change 

diffusion efficiency of substrates. In the lately reports, the substance which were 

constructed great architectures of biomaterial by artificial way demonstrated excellent 

performances [2]. From using these knowledge, multifunctional catalyst will be designed. 

On the other hand, reports about establishment of control particle structure way are also 

reported with enormous number. The control of active site structures and dispersion state 

are used coprecipitation method and impregnation method, and control particle shape, 

size, pore architectures are controlled by sol-gel methods and hydrothermal synthesis 
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method as traditional ways [4,5]. The resent reports describe establishment of new 

method and synthesis novel material structures. For example, precise morphology and 

size control methods for nanoparticle [6-8], synthesis method for self-assembling 

materials [9] and synthesis methods of 3DOM [10,11] were established and various kinds 

of materials can be controlled particles structure from micro scale to macro. In recently, 

the pilling up of these available knowledge can conduct precise designing and control of 

catalyst architectures and great performance multifunctional catalysts are prepared and 

used. However, it is difficult that systematic developments of all present multifunctional 

catalyst because systematic development demands clear structure performance 

relationship and establishment of control particle structure. Thus, development way of 

these catalyst is to follow an empirical try-and-error manner only. 

Industrial Ziegler-Natta catalyst is one of the example of multifunctional catalyst which 

can not be conducted systematic development. This catalyst composed of simple 

combination between TiCl3 (active species) and alkylaluminium (activator) at early 

development stage. However, this simple systems possessed too low polymerization 

performances to produce good property polyolefin with efficiently. Since then, enormous 

researches and developments were conducted to improve olefin polymerization 

performances following importance of polyolefin. Those investigations established new 
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multicomponent system which is TiCl4 (active species) and donor (active site modifier) 

supported MgCl2 (support) and new preparation method for control hierarchical structures 

[11,12]. Those developments made catalytic performances greatly high and expanded 

polyolefin industry. After 1990s, catalyst possessed enough activity and stereospecificity 

to fulfill industrial demands, and addition of new functions become to be desired. As 

industrial demands, polymer morphology control ability, copolymerization performance, 

hydrogen responsibility and stable activity were newly desired to add catalyst 

performance with maintenance high activity and stereospecificity. Therefore further 

investigations were conducted about elucidation of structure performance relationship to 

obtain development guideline. Thus various combinations of correlation were 

investigated. For example, correlation between active site structure-activity [14,15], 

chemical component – activity [16], specific area – activity [17,18], pore architecture – 

copolymerization ability [19], particle morphology – polymer morphology [20] and so on. 

However, present catalyst development is not systematic designing and preparation of 

ideal catalyst but optimization of catalyst performance following an empirical try-and-

error manner. Because greatly complex structure performance relationship in Ziegler-

Natta olefin polymerization and imperfect establishment of precise particle morphology 

control method. Therefore, increase of catalytic performance tends to be slumber. 
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Statistical analysis is one of powerful tools for elucidation of complex correlation like 

this. Statistical analysis is data treatment method based on statistical concept which aims 

to understand characteristics and regularity of dataset from small number of variable 

using mathematics techniques. In recently, statistical analysis becomes to get attentions 

with development of information technology and to be used widely field. In the material 

science field, this method has been used as screening of candidate materials of new 

medicine in organic synthesis field since long time ago [21,22]. Then, it becomes to be 

counted on further usages in material science field because of tightening registration of 

chemicals usage in the world. As the example of statistical analysis usage in catalyst 

chemistry, several investigations which used were reported as performance prediction in 

homogeneous catalyst [23,24]. However, there are no example which applied 

heterogeneous catalyst systems with high validity results. Because heterogeneous catalyst 

systems possess many difficulties such as large number of structure parameters which 

affects performance, difficulty of full characterization, difficulty of selection correct 

statistical analysis method and difficulty of preparation dataset which has significant 

difference. It is necessary that not only knowledge of chemistry but also statistics and 

mathematics to solve these problems [1]. Therefore, application of heterogeneous 

reaction system becomes difficult and number of reports are too less and precise structure 
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performance relationship has not been established. 

From these backgrounds, this study aims to elucidate quantitative structure 

performance relationship in industrial Ziegler-Natta olefin polymerization by statistical 

analysis. Mg(OEt)2 based Ziegler-Natta catalyst was used for this study because easiness 

of catalyst morphology control and possession of high performance. Concretely, all 

Mg(OEt)2 and catalyst samples were characterized structures by multilateral 

characterization methods which established in chapter2 [25], and performed olefin 

polymerization test. Then obtained data were parameterized to apply statistical analysis. 

Subsequently, dataset was analyzed based on statistics to elucidate relationship between 

catalyst structures and polymerization performances. Finally, obtained equations were 

evaluated to confirm validity.  

 

5.2 Experiment 

5.2.1 Materials 

Anhydrous MgCl2, triethylaluminium (TEA), and four kinds of poreless Mg particles 

(termed Mg A-E) were donated from Toho Titanium Co., Ltd., Tosoh Finechem 

Corporation and Yuki Gousei Kogyo Co., Ltd., respectively. The morphologies of Mg A , 

C and E are flake-like, while those of Mg B and D are spherical. Characterization results 
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of the Mg particles are shown in Table 1. The size of Mg particles becomes smaller in the 

order of A→C=E→B→D.  

Ethanol (purity > 99.5%) was dried over 3A molecular sieve with N2 bubbling. Heptane 

(purity > 99.5%), toluene (purity > 99.5%) and di-n-butylphthalate (DBP) (purity > 98%) 

were dried over 4A molecular sieve with N2 bubbling. Cyclohexylmethyldimethoxysilane 

(CMDMS) was purified by distillation under reduced pressure. Ethylene of research grade 

donated by Sumitomo Chemical Co., Ltd. was used as delivered.  

 

5.2.2 Mg(OEt)2 synthesis 

Mg(OEt)2 was synthesized based on a patent [26] with several modifications. 0.67 g of 

I2 (as an initiator) and 31.7 mL of dehydrated ethanol were introduced into a 500 mL 

jacket-type separable flask equipped with a mechanical stirrer rotating at 180 rpm under 

N2 atmosphere. After the dissolution of I2 at 75°C, 2.5 g of Mg and 31.7 mL of ethanol 

were introduced. 2.5 g of Mg and 31.7 mL of ethanol were again added 10 min after the 

reaction was initiated by I2. Thereafter, 2.5 g of Mg and 31.7 mL of ethanol were added 

repeatedly 4 times every 10 min, followed by aging at 75°C for 2 h. Finally, the 

temperature was decreased to 40°C, and the product was washed with ethanol. In this 

study, 39 kinds of Mg(OEt)2 particles were synthesized from various conditions but basic 
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operations were shown in below (as MGE7). Mg(OEt)2 synthesis conditions were shown 

in Table 1. MGE1-23 is same sample which synthesized in previous chaptors. A set of 

synthetic conditions for Mg(OEt)2 were simultaneously varied to fill 

multidimensional parametric spaces. 
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Table 5-1.  Mg(OEt)2 synthesis conditions 

Sample 
name 

Mg 
type 

shape 

Stirring 
speed 
(rpm) 

Injection 
frequency 

(times) 

Injection 
amount 
of Mg at 
one time 

(g) 

amount 
of 

Iodine 
(g) 

Third 
component 

(mol%)  

Amount of 
third 

component 
(mol%) 

MGE1 A 180 5 2.5 0.67 - - 
MGE2 B 180 5 2.5 0.67 - - 
MGE3 C 180 5 2.5 0.67 - - 
MGE4 D 180 5 2.5 0.67 - - 
MGE5 C 180 5 2.5 0.67 - - 
MGE6 C 180 5 2.50 0.67 - - 
MGE7 C 180 5 2.50 0.67 - - 
MGE8 C 180 5 3.33 0.89 - - 
MGE9 C 180 5 2.00 0.53 - - 
MGE10 C 180 5 3.33 0.67 - - 
MGE11 C 180 5 2.00 0.67 - - 
MGE12 C 180 5 2.50 0.51 - - 
MGE13 C 180 5 2.50 0.84 - - 
MGE14 C 120 5 2.50 0.67 - - 
MGE15 C 240 5 2.50 0.67 - - 
MGE16 C 300 5 2.50 0.67 - - 
MGE17 C 180 5 2.50 0.67 methanol 5 
MGE18 C 180 5 2.50 0.67 n-propanol 5 
MGE19 C 180 5 2.50 0.67 i-propanol 1 
MGE20 C 180 5 2.50 0.67 i-propanol 3 
MGE21 C 180 5 2.50 0.67 i-propanol 5 
MGE22 C 180 5 2.50 0.67 i-propanol 7 
MGE23 C 180 5 2.50 0.67 i-propanol 9 
MGE24 E 180 5 2.50 0.67 - - 
MGE25 E 120 5 2.00 0.27 - - 
MGE26 E 300 5 3.00 0.68 - - 
MGE27 E 270 5 2.00 0.13 - - 
MGE28 E 210 5 2.25 0.80 - - 
MGE29 E 240 5 1.50 0.56 - - 
MGE30 E 180 7 2.50 0.68 - - 
MGE31 E 180 9 2.50 0.68 - - 
MGE32 E 150 9 3.25 1.00 - - 
MGE33 E 240 9 2.00 0.67 - - 
MGE34 E 300 7 3.00 0.14 - - 
MGE35 E 270 3 2.50 0.54 - - 
MGE36 E 210 3 2.00 0.99 - - 
MGE37 E 150 7 1.75 0.80 - - 
MGE38 E 210 5 3.00 0.40 - - 
MGE39 E 180 3 3.00 0.27 - - 
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5.2.3 Catalyst preparation  

The preparation of Ziegler-Natta catalysts from Mg(OEt)2 was conducted again based 

on a patent [27] with several modifications. 15 g of Mg(OEt)2 and 140 mL of toluene 

were charged in a 500 mL 3-neck flask equipped with a mechanical stirrer rotating at 180 

rpm under N2 atmosphere. 30 mL of TiCl4 was dropwisely added, where the temperature 

of the suspension was kept within 0-5°C. Thereafter, the temperature was once elevated 

to 90°C to add 4.5 mL of DBP and then brought to 110°C. The reaction slurry was 

continuously stirred at 110°C for 2 h. Subsequently, the reaction product was washed with 

toluene twice at 90°C and further treated with 30 mL TiCl4 at 90°C for 2 h. After that, the 

product was washed with n-heptane 7 times to get the final catalyst. 39 kinds of Ziegler-

Natta catalysts (Cat 1-39) were obtained from MGE 1-39 under the same conditions.  

 

5.2.4 Polymerization test 

Propylene and ethylene homopolymerization and copolymerization with 1-hexene.  

Homopolymerization was performed in a 1 L autoclave equipped with a mechanical 

stirrer rotating at 350 rpm. 500 ml of n-heptane was introduced into the reactor. TEA ([Al] 

= 10 mmol/L) and CMDMS (Al/ExD = 10) were introduced into the reactor, and the 

solution was saturated with 0.5 MPa of monomer at 50°C. 30 mg of a catalyst was fed 
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into the reactor by a bomb injection technique to initiate the polymerization. The 

polymerization was conducted for 60 min with a continuous supply of monomer gas at 

0.5 MPa. At the end of the reaction, monomer was vented and the polymer slurry was 

filtered immediately. In the case of copolymerization with 1-hexene, 500 ml mixture of 

n-heptane (407 ml) and 1-hexene (93 ml, corresponding to 0.75 mol) were used instead 

of 500 ml of n-heptane. The polymerization was conducted for 30 min with 15 mg of a 

catalyst.  The other conditions were the same as those for the homopolymerization. 

 

5.2.5 Characterization  

• Scanning electron microscopy 

Particle morphological characteristics of Mg(OEt)2 and catalyst particles were studied 

with scanning electron microscopy (SEM, Hitachi S-4100) operated at an accelerating 

voltage of 20 kV. Before the measurements, particles were subjected to Pt sputtering for 

100 s. To quantify observed particle morphology, SEM images (> 500 particles) were 

analyzed by a software (Image J software, NIH). D10, D50 and D90 were defined as the 

particle diameters at 10%, 50% and 90% in the cumulative number-base particle size 

distribution. The relative span factor (RSF) and the circularity degree were respectively 

calculated based on Eqs. (5-1) and (5-2),  
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where the area and boundary length for a two-dimensionally projected particle were 

determined over 500 particles. 
 

 

• N2 adsorption/desorption measurement 

N2 adsorption and desorption isotherms at 77 K were acquired on BELSORP-max 

(BEL JAPAN, INC.). Ca. 50-100 mg of catalyst powder in a pyrex tube with a rubber cap 

was outgassed at 80°C over 3 h in vacuo, prior to the measurement. Since the BET 

analysis does not work properly for typical Ziegler-Natta catalysts with a plenty of 

micropores (pore diameter (D) < 2 nm) [28,29], the specific surface area was not 

determined. Instead, the micropore volume (Vmicro) was approximated with  
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where V0.4, Vliquid, Vgas, and Vmeso(D) are the N2 adsorption volume at p/p0 = 0.4, the 

volumes of a N2 molecule in gaseous and liquid states, and the mesopore volume at the 

diameter of D nm determined by the method described in the next paragraph. Vmicro was 

estimated by subtracting the contribution of multilayer N2 adsorption onto mesopore 

surfaces from the adsorption volume at p/p0 = 0.4 (converted to the liquid N2 volume). 
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Note that the thickness of the multilayer adsorption at p/p0 = 0.4 was approximated as 2 

nm, and the contribution from the multilayer adsorption onto macropore and external 

surfaces was regarded as negligible. The latter is true for typical industrial Ziegler-Natta 

catalysts, whose pore dimensions are mainly micro and/or meso scale(s) [30].  

The mesopore size distributions (2.1 nm < D < 50 nm) were analyzed by the BJH 

method or by the INNES method. Even though the two methods are based on the same 

Kelvin equation for the N2 condensation, cylinder-type and slit-type mesopores are 

assumed in the BJH [31] and INNES [32] methods, respectively. Hence, the BJH method 

is suitable for the hysteresis types H1 and H2 respectively for size-uniform and size-

irregular cylindrical-type mesopores, while the INNES method for the types H3 and H4 

respectively for size-uniform and size-irregular slit-type mesopores .  

 

• Mercury intrusion measurement 

The meso and macro pore size distributions (7 nm < diameter < 1000 nm) were 

measured with the mercury intrusion technique (Pascal 440 Porosimeter, Thermo 

Scientific). The pore size was evaluated from the intrusion pressure according to the 

Washburn-Laplace equation which was shown in equation (5-4). The surface tension (γ) 

and contact angle (θ) were respectively set to 0.480 N / m and 141.3°.  
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• Chemical analysis 

The Ti content was determined with UV-vis spectroscopy (V-670 JASCO), where a 

measured amount of a catalyst sample was dissolved in HCl/H2SO4/H2O2 solution and 

the intensity of a ligand metal charge transfer band at 410 nm was measured. The DNBP 

content was determined by IR spectroscopy (FT/IR-4100, JASCO): A measured amount 

of a catalyst sample was once dissolved in HCl solution, then DNBP was fully phase 

transferred to n-heptane, and finally the carbonyl absorption band was integrated to 

determine the DNBP content.  

 

• 13C NMR  

The 1-hexene incorporation amount, i.e. n-Bu branch content, in ethylene/1-hexene 

copolymer and isotacticity in polypropylene were measured by 13C NMR (Bruker 400 

MHz) operating at 100 MHz with proton decoupling at 120°C using 1,2,4-

trichlorobenzene as a diluent and 1,1,2,2-tetrachloroethane-d2 as an internal lock and 

reference.  
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5.2.6 Statistical analysis 

• Correlation coefficient 

The correlation coefficient is one of statistical index and directly expresses the 

correlation extent between the two variables. As the r value approaches +1 or ‒1, the 

correlation extent becomes higher in a positive or negative direction, respectively. In 

general, the correlation coefficient, r, between two variables (x and y) is defined as  

  )5.5(,

yx

yx
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C(x,y), Vx and Vy are the covariance and the variances for x and y, respectively. They are 

defined as  
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where n is the number of data.   

In this study, correlation coefficient of various parameters combinations were 

calculated by software (material studio 6.0, accelrys) and used for removing collinearity 

parameters as pretreatment of dataset before principal component analysis. 
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• Principal Component Analysis  

Principal component analysis (PCA) is one of multivariate analysis which can reduce 

large number of variables to smaller number without any information losses. In this study, 

PCA were calculated by software (SIMCA, Umetrics) to classify samples and used for 

removing outlier as pretreatment of dataset. 

 

• Genetic function approximation 

Genetic function approximation (GFA) is one of multivariate analysis which can 

construct quantitative structure-performance relationship with genetic algorithm. In this 

study, GFA were calculated by software (material studio 6.0, accelrys) to construct the 

structure performance relationship model equations. 
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5.3 Results and discussion 

5.3.1 Sample preparation and parameterization 

5.3.1.1 Catalyst structure characterizations 

Thirty nine kinds of Zigler-Natta catalyst were prepared and characterize with 

multirateral characterizations. Cat1-23 corresponds to samples which appeared in 

previous chapter and Cat24-39 are newly synthesized samples. The particle shape 

characteristics were characterized by statistical analysis of SEM images and light 

scattering measurement and these results were shown in Table 5-2. And, particle 

characteristics (D<50 nm) were measured by N2 adsorption measurement and chemical 

compositions were determined by applied spectroscopies. These results were shown in 

Table 5-3.  

As can be seen, characterization and parameterization were conducted without any 

problems. From the viewpoints of dataset evaluation, dataset was improved in 

comparison with previous dataset (16 samples) because sample number and standard 

deviations were increase. It means that validity of dataset were imporved. 
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Table 5-2.  Catalyst particle size characteristics

 SEM LS 

 D10 
(μm) 

D50 
(μm) 

D90

(μm) RSF Circularity D10

(μm)
D50 

(μm) 
D90 

(μm) RSF

Cat1 20.2 25.7 31.0 0.42 0.84 18.5 34.4 60.3 1.22
Cat2 12.4 37.6 55.5 1.15 0.74 19.1 40.5 63.1 1.09
Cat3 27.2 32.4 44.4 0.53 0.87 29.1 40.9 62.8 0.82
Cat4 22.0 36.6 49.8 0.76 0.79 39.6 65.3 116.9 1.18
Cat5 16.1 21.9 37.2 0.96 0.82 11.1 34.5 81.5 2.04
Cat6 7.1 15.4 30.0 1.49 0.64 20.2 34.2 79.1 1.72
Cat7 17.9 21.7 29.1 0.52 0.88 20.1 31.1 75.8 1.80
Cat8 13.6 17.5 37.9 1.39 0.77 17.8 67.6 139.3 1.80
Cat9 12.9 25.7 34.7 0.85 0.72 21.2 40.3 84.3 1.57
Cat10 14.1 18.3 37.2 1.26 0.77 16.6 36.9 118.9 2.77
Cat11 21.1 33.6 62.4 1.23 0.82 23.2 47.9 108.8 1.79
Cat12 16.9 22.2 34.2 0.78 0.83 20.4 30.5 61.5 1.35
Cat13 18.0 23.7 32.4 0.61 0.83 22.9 47.5 93.6 1.49
Cat14 22.5 28.4 41.4 0.66 0.84 26.0 56.5 129.0 1.82
Cat15 15.0 22.6 35.4 0.90 0.82 17.6 34.2 72.6 1.61
Cat16 21.1 33.6 62.4 1.23 0.82 17.6 34.2 123.5 3.10
Cat17 8.1 31.8 46.7 1.21 0.78 20.6 38.0 57.7 0.98
Cat18 7.5 14.4 35.7 1.96 0.57 8.8 16.0 38.4 1.85
Cat19 10.2 22.0 38.7 1.30 0.76 26.4 35.0 49.1 0.65
Cat20 14.6 23.6 53.5 1.65 0.78 20.3 34.1 65.5 1.33
Cat21 11.1 17.0 27.8 0.98 0.82 12.4 20.8 39.7 1.32
Cat22 13.7 19.4 36.6 1.17 0.78 15.1 22.5 33.5 0.81
Cat23 17.9 22.0 30.7 0.58 0.80 17.1 25.0 36.2 0.76
Cat24 15.6 19.6 26.9 0.57 0.85 18.0 32.6 69.0 1.56
Cat25 16.2 21.9 31.3 0.69 0.78 21.4 33.4 63.2 1.25
Cat26 11.3 16.5 29.7 1.11 0.83 19.6 19.6 28.2 0.44
Cat27 9.9 18.0 29.1 1.06 0.66 14.1 22.2 34.2 0.90
Cat28 10.0 26.1 46.0 1.38 0.80 22.3 35.7 81.3 1.65
Cat29 20.6 24.9 32.1 0.46 0.85 22.8 33.0 51.1 0.86
Cat30 16.0 25.8 34.4 0.71 0.86 21.0 29.3 43.0 0.75
Cat31 21.8 26.0 33.4 0.45 0.87 26.8 31.4 39.0 0.39
Cat32 18.4 23.2 29.7 0.49 0.84 17.3 31.9 61.2 1.38
Cat33 23.9 29.3 37.5 0.46 0.84 24.0 37.4 62.1 1.02
Cat34 9.1 10.6 12.7 0.34 0.78 7.8 12.6 20.0 0.97
Cat35 13.0 16.4 23.6 0.64 0.86 13.4 20.7 34.2 1.01
Cat36 10.4 25.8 38.0 1.07 0.81 16.8 33.8 62.8 1.36
Cat37 29.5 38.0 52.4 0.60 0.84 36.7 63.6 135.3 1.55
Cat38 10.8 16.0 24.0 0.83 0.83 14.0 21.3 35.1 0.99
Cat39 11.1 14.4 22.0 0.75 0.84 10.9 18.1 37.3 1.46
AVE 15.6 23.6 36.6 0.90 0.80 19.7 34.5 67.9 1.3

STDEV/AVE 0.35 0.29 0.29 0.42 0.08 0.33 0.37 0.47 0.41
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Table 5-3.  Catalyst pore characteristics and chemical component.
 N2 adsorption (mm3·g‒1) Chemical 

component 
analysis 

 2<D 
(nm) 

2<D<5 
(nm) 

5<D<10
(nm) 

10<D<20
(nm) 

20<D<50
(nm) 

Ti 
cont. 

(wt%) 

Donor 
cont. 

(wt%)
Cat1 111.4 76.8 29.9 106.7 55.3 2.4 11.3
Cat2 113.9 81.8 27.1 108.9 49.8 2.5 20.9
Cat3 103.2 83.3 26.2 109.5 48.7 2.7 18.3
Cat4 120.4 75.5 22.5 98.1 44.1 2.7 14.8
Cat5 108.5 75.2 25.4 100.6 48.0 2.6 16.4
Cat6 124.6 78.9 28.0 106.9 48.3 2.7 16.5
Cat7 107.2 76.1 26.9 103.0 48.5 2.7 15.7
Cat8 101.2 67.4 22.0 89.4 31.7 2.1 14.8
Cat9 94.8 91.6 30.5 122.1 55.3 2.6 20.2
Cat10 107.5 78.3 25.6 103.9 32.2 2.0 15.2
Cat11 128.1 76.3 24.6 100.9 36.6 2.4 13.6
Cat12 112.1 74.5 29.3 103.8 51.6 1.9 13.3
Cat13 98.2 80.5 29.8 110.3 59.0 2.5 17.0
Cat14 97.0 84.5 27.7 112.2 58.8 2.0 13.6
Cat15 110.7 79.6 26.0 105.6 43.8 2.7 11.5
Cat16 103.9 87.3 30.7 118.0 47.4 2.1 17.3
Cat17 100.9 88.9 28.4 117.3 47.9 3.5 13.0
Cat18 100.4 106.9 32.5 139.4 70.6 2.2 13.7
Cat19 119.6 65.7 22.9 88.6 40.1 2.4 18.9
Cat20 116.7 71.2 23.2 94.4 34.4 3.7 18.2
Cat21 128.5 67.0 8.2 75.2 11.2 4.3 19.7
Cat22 144.8 76.9 11.6 88.4 5.8 4.6 18.6
Cat23 128.3 76.7 10.4 87.1 9.5 5.2 17.6
Cat24 118.2 70.4 34.9 105.3 60.9 3.4 10.3
Cat25 104.8 72.9 33.7 106.6 60.4 3.8 10.8
Cat26 110.0 68.2 27.7 95.9 56.2 2.3 12.1
Cat27 101.5 74.3 40.7 115.0 164.1 1.8 17.5
Cat28 120.7 66.0 26.8 92.8 48.9 3.2 12.3
Cat29 108.2 69.3 27.0 96.3 42.9 3.2 15.2
Cat30 104.2 75.9 31.2 107.1 44.7 3.0 17.9
Cat31 106.0 82.6 31.6 114.2 61.3 2.8 16.6
Cat32 115.8 65.7 23.1 88.8 31.6 2.7 14.4
Cat33 108.6 68.6 28.1 96.7 68.3 3.1 23.8
Cat34 111.3 74.2 26.6 100.8 23.8 3.2 12.6
Cat35 101.2 67.3 35.3 102.6 63.5 3.7 16.2
Cat36 82.5 72.6 43.9 116.5 111.2 3.7 14.4
Cat37 95.4 70.1 32.9 103.0 80.9 3.6 11.7
Cat38 94.4 76.3 38.8 115.1 149.8 3.3 16.2
Cat39 91.4 73.1 37.6 110.7 139.1 3.9 13.3
AVE 111 73 28 30 56 3.0 15.5 

STDEV/AVE 0.15 0.16 0.28 0.40 0.61 0.26 0.20 

 



177 
 

5.3.1.2 Polymerization performances 

Polymerization test for 39 samples were conducted. Propylene and ethylene 

homopolymerization and copolymerization with 1-hexene were conducted as 

polymerization test. Stereoselectivity and 1-hexene incorporation amount was determined 

by 13C-NMR. NMR results and polymerization activities were shown in Table 5-4.  

As a results, polymerization and parameterization were conducted without any 

problems and dataset become to be improved as same as structural dataset. 
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Table 5-4.  Results of polymerization performances   
 Activity 

(Kg-polymer·g‒1-cat·atm‒1·h‒1)
Bu-content 

(mol%)
 mmmm

(mol%)
 C2 

homo 
C3 

homo 
C2 
co

C3 
co

C2 co C3 co  C3 homo

Cat1 122 155 658 278 6.7 5.0  96.8 
Cat2 75 140 489 153 4.3 4.4  97.0 
Cat3 111 129 401 155 6.9 7.2  95.0 
Cat4 106 123 746 282 4.9 5.2  93.9 
Cat5 135 101 731 243 4.0 3.8  96.2 
Cat6 77 185 294 519 5.6 5.6  96.1 
Cat7 83 183 843 394 6.0 5.3  95.3 
Cat8 90 138 689 336 5.7 5.3  95.8 
Cat9 104 154 742 193 4.6 5.1  92.9 
Cat10 46 111 461 456 5.4 5.4  95.6 
Cat11 81 130 463 260 8.0 6.3  95.3 
Cat12 80 127 426 216 6.1 5.2  95.9 
Cat13 89 100 567 291 6.3 5.8  95.0 
Cat14 120 176 741 398 5.4 6.0  95.8 
Cat15 98 184 554 280 4.5 5.1  95.5 
Cat16 95 171 660 386 7.0 5.2  95.1 
Cat17 37 89 189 115 4.8 4.2  95.0 
Cat18 232 154 422 193 3.4 3.9  95.5 
Cat19 138 175 868 315 4.7 5.0  95.2 
Cat20 148 238 684 357 7.3 4.5  95.2 
Cat21 93 253 903 354 4.3 5.0  95.1 
Cat22 70 193 918 353 4.4 4.6  96.0 
Cat23 83 225 1084 435 5.3 4.9  94.6 
Cat24 144 141 409 82 3.6 4.2  95.7 
Cat25 131 104 698 247 3.2 4.8  95.5 
Cat26 77 141 798 147 3.7 4.3  92.7 
Cat27 226 158 1294 233 2.6 4.3  95.1 
Cat28 129 160 947 207 4.3 4.8  93.9 
Cat29 147 184 897 275 5.4 5.4  93.9 
Cat30 91 205 779 221 4.5 4.4  94.0 
Cat31 114 170 641 157 5.9 4.7  93.6 
Cat32 78 180 602 176 4.8 5.2  94.0 
Cat33 129 149 809 168 4.4 4.6  95.3 
Cat34 69 182 360 343 2.4 4.0  94.4 
Cat35 234 195 722 256 2.4 4.3  93.7 
Cat36 167 121 487 140 2.3 3.5  94.3 
Cat37 91 132 399 201 4.2 4.2  93.7 
Cat38 170 153 298 551 3.6 3.8  93.7 
Cat39 136 100 516 140 2.2 4.1  93.7 
AVE 114 157 646 269 4.75 4.84  95.0 

STDEV/AVE 0.40 0.25 0.36 0.42 0.30 0.15  0.01 
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5.3.2 Statistical analysis to elucidate structure performance relationship  

5.5.2.1 Outlier removal  

Prior to multivariate analyses, the pretreatment of dataset is necessary in order to 

remove samples as outliers, which would strongly distort regression results through 

leverage. Therefore dataset was analyzed based on the principle component analysis 

(PCA) which can visualized dataset information without any information loss by 

reduction of the dimensions of dataset.  

Inclusion of similar parameters with strong colinearity in PCA leads to overestimated 

impacts of the parameters on the resultant model. Consequently, descriptors for PCA were 

selected based on correlation matrix analyses as well as physical consideration. The way 

of selection parameters were explained using catalyst particle characteristics as follows. 

There were 9 parameters for catalyst particle characteristics. These parameters were used 

to calculate correlation matrix in order to check collinearity and these results shown in 

Table 5-5 (when absolute value of correlation coefficient is over 0.7 or 0.6, cell is turned 

yellow or orange respectively). As can be seen table, D50 possessed strong collinearity 

with D10 and D90 for both SEM and LS, while D50 for SEM and that for LS were also 

collinear with each other. Thus, it would be reasonable to select D50(SEM) (or D50(LS)) 

to represent the particle size. Subsequently, all parameters including performances were 
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checked by this way and selected parameters as descriptors for PCA. Selected descriptors 

were shown in Table 5-6.  

 

Table 5-5. Correlation matrix for catalytst particle characteristics  

 D10(SEM) D50(SEM) D90(SEM) RSF(SEM) Circularity D10(LS) D50(LS) D90(LS) RSF(LS)

D10(SEM) 1.00 0.65 0.38 -0.55 0.58 0.71 0.54 0.42 0.03 

D50(SEM) 0.65 1.00 0.81 -0.12 0.26 0.74 0.63 0.50 0.10 

D90(SEM) 0.38 0.81 1.00 0.41 -0.04 0.55 0.64 0.67 0.40 

RSF(SEM) -0.55 -0.12 0.41 1.00 -0.69 -0.15 0.17 0.36 0.46 

Circularity 0.58 0.26 -0.04 -0.69 1.00 0.16 -0.03 -0.09 -0.15

D10(LS) 0.71 0.74 0.55 -0.15 0.16 1.00 0.72 0.48 -0.13

D50(LS) 0.54 0.63 0.64 0.17 -0.03 0.72 1.00 0.87 0.30 

D90(LS) 0.42 0.50 0.67 0.36 -0.09 0.48 0.87 1.00 0.72 

RSF(LS) 0.03 0.10 0.40 0.46 -0.15 -0.13 0.30 0.72 1.00 

 

 

Table 5-6.  Selected descriptors for PCA 

 
Number of 

descriptor 
Descriptor 

Structural 

descriptor 
7 

D50(SEM), RSF(SEM), Circularity, V<2, 

V2-50, Ti cont., Donor cont. 

Performance 

descriptors 
7 

Activity (C3 homo), Activity (C3 co), 

Activity (C2 homo), Activity (C2 co), 

mmmm, Bu cont. (C3 co), Bu cont. (C2 co) 
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After selection of descriptors to use, PCA was conducted to find out outliers. These results were 

shown in Figure 5-1.  

 

 
Figure 5-1. Results of first PCA: a) Score plot with Hotelling’s T2 at 95% confidence, b) loading 

plot and c) DModX plot  

 

Figure 5-1 (a) and (b) show the score and loading plots for the first two principle 

components (i.e. t1 and t2). Score plot showed sample characteristics and similarity. For 

example, samples plots neighbor in the score plot means sample characteristics are similar 

and vise versa. Loading plot means parameter contribution degree of new axis. While 

Figure 5-1 (c) shows a so-called DModX plot, which represents the residual distance for 

each sample.  

Cat21-23 were found to be strong outliers, being out of Hotelling’s T2 at 95% 
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confidence. This was because these samples prepared using i-propanol over 5 mol% were 

greatly microporous without mesopores (as can be judged from the loading plot). On the 

other hand, the DModX plot shows that Cat2,38 were beyond the critical distance at the 

0.05 level: These samples were not sufficiently explained by the PCA model and therefore 

removed as moderate outliers. Cat2 showed unacceptably low activities compared with 

its large particle size and donor content, while Cat38 possessed a high copolymerization 

activity for propylene in spite of a low copolymerization activity for ethylene.  

In summary, 5 catalyst samples were removed as outliers in the first PCA. The model 

was then updated using the remaining 34 samples (second PCA, not shown), leading to 

the removal of Cat18 and Cat27 as strong outliers due to their extremely high activities 

for ethylene copolymerization with 1-hexene. The third PCA using the remaining 32 

samples finally led to the absence of outliers, as shown in Figure 5-2.  
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Figure 5-2. Results of 3rd PCA: a) Score plot with Hotelling’s T2 at 95% confidence, b) loading 

plot and c) DModX plot  

 

Samples were relatively were relatively evenly dispersed in the score plot. It indicates 

that various catalysts were synthesized with different structures. The loading plot (Figure 

5-2 (b)) indicated interesting collinearly relationships: Samples with large V<2 tend to 

have small V2-50 and a small Ti content as well as large Bu contents, samples with a large 

donor content tend to have a high activity for propylene homopolymerization, and so on.  

From above operations, outliers which stayed in dataset were removed based on 

statistical manner. Multivariate analysis would be conducted this dataset (32 sample) 
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5.3.2.2 Multivariate analysis 

Multivariate analysis was implemented based on Genetic function approximation 

(GFA) was used as in order to establish correlation between structure and performance in 

Ziegler-Natta olefin polymerization. Fundamental analysis conditions were shown in 

Table 5-7, where Npop and Pmutation were respectively set to 200 and 0.1% and the 1-

leave-out method was employed for cross validation (cf. R2CV).   

At First, multivariate analysis was conducted only butyl contents in ethylene/1-

hexene copolymerization in order to examine GFA condition. 

 

Table 5-7.  Conditions for GFA analysis 

condition  

Dataset 
samples Cat1, 3-17, 19, 20, 24-26, 28-37,39 

sample number 32 

 population 200 

 mutation 0.1 % 

GFA analysis maximum generation 10000 

 equation form liner 

 

GFA was implemented with changing equation length in order to confirm multivariate 

of catalyst structure-performance relationship and explore necessary and sufficient 

equation length for establishment of precise model equations. 

The GFA results which the most precise equation with different equation length were 

summarized in Table 5-8. The Comparison between regression model which obtained by 
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multivariate analysis and experimental values were shown in Figure 5-3. Moreover, the 

changing behavior of precision and validity of calculated regression model with different 

equation length were shown in Figure 5-4.  

 

Table 5-8. Equation length effect on regression models for 1-hexene incorporation  

efficiency in ethylene copolymerization 

length Best equation Friedman 

LOF 

R2 R2
cv

1 + 0.59D90(SEM) 2.64 0.35 0.31

2 + 0.50 D90(SEM) – 0.47 Ti cont. 1.88 0.56 0.49

3 + 0.68 D10(SEM) + 0.49 RSF(SEM) – 0.40 V20-50 1.82 0.61 0.49

4 + 0.61 D10(SEM) + 0.44 RSF(SEM) + 0.37 V2-5 – 0.40 V2-50  1.55 0.69 0.59

5 
+ 0.61 D10(SEM) + 0.40 RSF(SEM) + 0.23 V<2 + 0.39 V2-5  

– 0.25 V2-50  
1.47 0.71 0.61

 

 

 
Figure 5-3.  Equation length effect on regression models for 1-hexene incorporation  

efficiency in ethylene copolymerization; (a) equation length : 1, 

(b) equation length : 2, (c) equation length : 4 
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Figure 5-4.  Correlation among equation length and validation factors 

 

As can be seen regression equation in table 5-8, the contents of equation changed with 

appeared same descriptors consistently, after equation length set over three. It suggests 

that identification of important descriptor might be able to determine. And, Table 5-8 and 

Figure 5-3 shows increase of equation precision with increase equation length. It 

suggested that catalyst performances were multivariate factor. Moreover, Figure 4 shows 

monotonic increase R2 and R2
cv and monotonic decrease Friedman LOF during regression 

equation length increase from 1 to 4. Where, Friedman LOF is statistical index of equation 

validity for regression equation with penalty of over fitting by increase equation length 

(lower value means good validity). However, even if equation length become over 5, 
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values does not change. This results suggests that usage of over five descriptors make 

equation over fitting. From above results, it is concluded that equation length possess 

adequate number and it has to use adequate value to obtain precise regression equations. 

In this study, adequate equation length are determined 3 or 4 by Figure 5-4.    

In the viewpoint from catalyst chemistry, amount of small particle and micro pore 

volume are important factor for 1-hexene incorporation efficiency in ethylene/1-hexene 

copolymerization from results of Table 5-8. It is considered that 1-hexene incorporation 

efficiency may be determined by particle surface amount rather than substrate diffusion 

limitation in pore in ethylene/1-hexene copolymerization.  

 

Secondly, effect of sample number and removal outlier on precise and validity of 

regression models was investigated. The following three datasets were employed (Table 

5-9) for multivariate analysis. Where dataset 1 is 15 samples that had been used in 

chapter 3 except Cat2 as an outlier. And dataset 2 is all of the samples including the 

outliers. GFA were implemented with each dataset respectively and obtained regression 

models with highest R2 and R2
CV values are summarized in Table 5-10 for each dataset 

and each equation length. The best-fit results are also given in Figure 5-5. 
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Table 5-9.  Contents of dataset 

dataset sample number samples note 

1 15 1, 3-16 previous dataset 

2 39 1-39 all samples 

3 32 1,3-17,19,20,24-26, 28-37,39 removal outlier by PCA 

 

Table 5-10.  Regression models for 1-hexene incorporation efficiency in ethylene 

copolymerization  

Dataset 
Equation 

length 
Equation R2 R2CV

1 

3 

+ 0.73 D10(SEM) + 1.36 V5-10 – 1.30 V2-50 0.59 0.35

+ 0.76 D90(SEM) + 0.79 V5-10 – 0.69 V2-5 0.52 0.24

+ 0.65 D10(SEM) + 0.78 V5-10 – 0.77 V20-50 0.50 0.17

4 

+ 0.76 D10(SEM) + 0.37 V<2 + 1.40 V5-10 – 1.20 V2-50 0.70 0.25

+ 0.75 D10(SEM) + 1.18 V5-10 – 1.13 V2-50 – 0.32 R_C2+C6 0.68 0.43

+ 1.04 D10(SEM) + 0.75 RSF(SEM) + 0.88 V5-10 – 0.65 V2-5 0.65 0.34

2 

3 

+ 0.42 D10(SEM) + 0.57 V2-5 – 0.69 V5-10 0.55 0.47

+ 0.70 D10(SEM) + 0.44 RSF(SEM) – 0.35 V20-50 0.55 0.43

+ 0.72 D10(SEM) + 0.44 RSF(SEM) – 0.32 V10-20 0.53 0.42

4 

+ 0.32 D10(SEM) + 0.31 D90(SEM) – 0.31 Ti cont. – 0.43 V10-20 0.61 0.50

+ 0.62 D10(SEM) + 0.35 RSF(SEM) – 0.25 Ti cont. – 0.40 V20-50 0.60 0.46

+ 0.63 D10(SEM) + 0.34 RSF(SEM) – 0.28 Ti cont. – 0.41 V10-20 0.60 0.47

3 

3 

+ 0.68 D10(SEM) + 0.49 RSF(SEM) – 0.40 V20-50 0.61 0.49

+ 0.47 D90(SEM) + 0.21 V<2 – 0.43 Ti cont. 0.60 0.53

+ 0.40 D90(SEM) + 0.32 V2-5 – 0.43 V5-10 0.59 0.52

4 

+ 0.61 D10(SEM) + 0.44 RSF(SEM) + 0.37 V2-5 – 0.40 V2-50 0.69 0.59

+ 0.63 D10(SEM) + 0.45 RSF(SEM) + 0.29 V2-5 – 0.39 V20-50 0.68 0.57

+ 0.60 D10(SEM) + 0.44 RSF(SEM) + 0.30 V2-5 – 0.37 V10-20 0.67 0.56
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Figure 5-5.  Dataset effect on regression models for 1-hexene incorporation efficiency  

in ethylene copolymerization; (a) dataset1, (b) dataset2, (c) dataset3 

 

Regression equation calculated from dataset 1 showed high R2 value and low R2
CV. 

Comparison of the R2 and R2
CV values indicated that the small sample number for the 

dataset 2 led to overfitting (R2 >> R2
CV), while the exclusion of the outliers improved the 

fitting (enlarged R2). Regression equation calculated from dataset 2 changed descriptors 

in equation and improved R2
CV greatly. However comparison with R2 value of dataset 3 

(pretreated before analysis) R2 did not reach same values. It suggested that increase 

samples improve validity of regression equations (R2
CV), however outlier had worth 

impacts on precision of equation (R2). From these results, that sample number and 

removal of outlier have positive effects on validly and preciseness for construction of 

regression equation models using multivariate analysis  
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5.3.3.3 Examination of prediction preciseness  

The new catalyst was prepared and used to examine prediction preciseness of obtained 

equation model. The catalyst prepared newly was named Cat40 and conducted structural 

characterization and polymerization performances. These results were shown in Table 

10~12. The predicted performance value calculated by the most precise and valid 

regression equation (dataset3, equation length : 4) using obtained structure characteristics 

were compared with experimental value. This result was shown in Figure 5-6. 

 

Table 5-11.  Particle size characteristics of Cat40
 SEM LS 
 D10 

(μm) 
D50 

(μm) 
D90 

(μm) 
RSF Circularity D10

(μm)
D50 

(μm) 
D90 

(μm) 
RSF

Cat40 10.0 27.2 37.3 1.00 0.83 22.9 33.0 48.8 0.79

 

Table 5-12.  Pore characteristics and chemical component of Cat40 
 N2 adsorption (mm3·g‒1) Chemical component 

analysis 
 2<D 

(nm) 
2<D<5 
(nm) 

5<D<10
(nm) 

10<D<20
(nm) 

20<D<50
(nm) 

Ti cont. 
(wt%) 

Donor cont.
(wt%) 

Cat40 97.9 67.6 27.5 31.9 60.4 2.5 9.8 

 

Table 5-13.  Results of polymerization performances   
 Activity (Kg-polymer·g‒1-cat·atm‒

1·h‒1) 
Bu-content 

(mol%)
 mmmm 

(mol%) 
 C2 homo C3 homo C2 co C3 co C2 co C3 co  C3 homo

Cat40 79 199 704 292 4.0 3.7  93.5 

 



191 
 

 

Figure 6.  Validation test for best regression equation 

 

The prediction values of 1-hexene incorporation amount in ethylene/1-hexene 

copolymerization was 3.77 mol%. On the contrary, experimental value was 4.04 mol%. 

These error was only 6.7%, suggests that obtained regression equation model has strong 

prediction ability without empirical assist. (Figure 5-6) 
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5.4 Conclusion 

In this study, multivariate analysis were employed to elucidate structure performance 

relationship in Ziegler-Natta catalyst systems which featured extremely complex reaction 

mechanism.   

Thirty nine kinds of catalyst were prepared and conducted structural characterization 

and polymerization test. These results were parameterized to form dataset. After checking 

dataset possessed necessary and sufficient significant difference, multivariate analysis 

was implemented based on genetic functional approximation method. After several 

examinations were conducted to obtain high valid and precise regression equation models 

and the importance of sample number, removal outlier and equation length were 

quantitatively proven. Additionally, obtained best fit regression equation model possessed 

high prediction ability with empirically assist were confirmed.   

These results suggested that the combination of multilateral characterization and 

multivariate analyses were powerful tool for direct structure-performance relationships in 

heterogeneous Ziegler-Natta catalysis. Additionally, this established method were able to 

use not only Ziegler-Natta olefin polymerization but also any heterogeneous catalyst 

systems even if catalyst systems possesses multicomponent, complex hierarchy and/or 

complex reaction mechanism. 
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6.1 General Summary  

This dissertation discussed the elucidation of correlation between particle structures 

and polymerization performances in Ziegler-Natta olefin polymerization. The results 

were shown in as follows briefly. 

In chapter 1, general introductions introduced catalyst importance, variety of catalyst 

multifunctional catalyst, historical development of Ziegler-Natta catalyst, polyolefin, 

structure performance relationship of Ziegler-Natta catalyst and statistics based on the 

objectives of this dissertation. 

In chapter 2, multilateral characterization was established and applied to state-of-the-

art Ziegler-Natta catalysts featured with ill-defined hierarchical structures. Precise 

parameterization of the catalysts through scanning electron microscopy, Hg porosimetry, 

N2 adsorption/desorption, and chemical analyses enabled us to tackle structure-

performance relationships in heterogeneous olefin polymerization. The validity of 

multilateral characterization over multi length scales to depict structure-performance 

relationships for such a complicated catalyst whose ill-defined hierarchical structure has 

been empirically optimized.  

In chapter 3, various data were analyzed based on statistics for the elucidation of 

structure performance relationship between structure and performances. Obtained results 
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clarified the cause of difficulty to elucidate quantitative structure performance 

relationship in Ziegler-Natta olefin polymerization with small number of samples and 

insufficient characterizations from the viewpoint of statistics. 

In chapter 4, several Mg(OR)2 particles with various chemical composition were 

synthesized as precursor using small amount of second alcohols in order to synthesis 

novel pore architectures in Ziegler-Natta catalyst. These results succeeded to prepare 

novel pore structure in Ziegler-Natta catalyst by conversion from i-propanol containing 

Mg(OR)2. This knowledge will contribute development of new type Ziegler-Natta 

catalysts and elucidation of structure performance relationship. 

In chapter 5, multivariate analysis were employed to elucidate structure performance 

relationship in Ziegler-Natta catalyst systems which featured extremely complex reaction 

mechanism. Construction of high precise and valid structure performance relationship 

was succeeded by various optimization based on statistical manner. Obtained best fit 

regression equation model possessed high prediction ability with empirically assist. 
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6.2 Conclusion  

  Enormous amount of researches and developments are tired to elucidate the structure 

performance relationship in Ziegler-Natta olefin polymerization, however it has not 

achieved. The main causes are come from three features of Ziegler-Natta catalyst systems. 

First is difficulty of characterization on catalyst structure. Ziegler-Natta catalyst is 

composed of multicomponent and irregularly hierarchic structures which ranges from 

angstrom scale to millimeter. Second is difficultly of systematic change of catalyst 

morphology because current industrial preparation methods are not able to control only 

one structure parameters. Third is difficulty of quantitative elucidation of structure effect 

because catalytic performances were determined by various structural parameters with 

concerted or opposed mechanism. Therefore elucidation of structure performance 

relationship is very difficult task from above problems.  

This study aims to elucidate structure performance relationship quantitatively in 

Ziegler-Natta olefin polymerization with solution of three difficult problems. In concrete 

tem, establishment of multilateral characterizations to identify irregular hierarchy particle 

structure (chapter 2), establishment of new preparation methods for synthesis novel type 

catalyst (Chapter 4) and usage of multivariate analysis to elucidate and evaluate structure 

performance relationships (Chapter 3 and 5) were implemented. As a results, elucidation 
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of structure performance relationship were attained quantitatively by combination of 

above three concept. This accomplishment possesses great meaning that first 

establishment of quantitative structure performance relationship and to obtain knowledge 

of systematical catalyst development.  

Especially, these results suggested that the combination of multilateral 

characterization and multivariate analyses were powerful tool for direct structure-

performance relationships in heterogeneous Ziegler-Natta catalysis. Additionally, this 

established method are able to use not only Ziegler-Natta olefin polymerization but also 

any heterogeneous catalyst systems even if catalyst systems possesses multicomponent, 

complex hierarchy and/or complex reaction mechanism. Therefore, this investigation 

results will largely contribute developments of catalyst chemistry development. 
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1. Introduction 

Polypropylene is one of most famous thermoplastic resin made by polymerization of propylene, and 

has various remarkable characteristics such as good mechanical properties, easiness of forming 

process, high recyclability, cheap price and so on. Therefore it is used as a material for various kinds 

of commercial products currently (approximately 75 billion grams per year) and produced enormous 

amount in various regions [1]. From such a background, expansion of used area and increase 

production is desired. For this purpose, development of Ziegler-Natta catalysts and production 

methods must be important. 

Ziegler-Natta catalysts is olefin polymerization catalyst used in industrial. Especially, it is used the 

99 % of polypropylene production. This catalyst was activated simple chemical combination consist 

of titanium trichloride and diethyl aluminum chloride, however its activities and stereoselectivity was 

low in the early stage of industrial using [2]. Then a lot of investigations and developments were 

conducted because of commercial importance of polypropylene. In 1980, the activity and 

stereoselectivity were improved drastically by using multicomponent such as addition of lewis base 

as active site modifier and magnesium dichloride as support, and control particle structure using 

precipitation method [3] and chemical reaction method [4]. In recent years, the controlled 

performances were not only activity and stereoselectivity but also copolymerization performance, 

hydrogen responsibility, control polymer morphology and so on by designing of particle structure [5]. 
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From the above catalyst developments, the establishment of high efficiency production method 

became desired.  

Slurry polymerization was used at first for industrial manufacturing. This method was conducted 

by autoclave as a reactor under about 1 MPa with inert paraffin solvent such as hexane and heptane. 

In this way, a lot of post treatments such as separation of unreacted propylene, deashing (for removal 

of catalyst), water washing, centrifugation, separation of atactic component and drying were necessary 

to obtain a polypropylene particle. As just describe, process of work was plenty and complex, and a 

lot of cost was fundamental to manufacture polypropylene. Therefore saving process number and cost 

were desired. After a while, bulk polymerization was established and used for industrial manufacturing. 

This method was polymerization of propylene in liquid propylene without any solvent. The merits of 

this method are high polymerization rate and improving efficiency of reactor capacity by using liquid 

propylene as monomer. Therefore miniaturization reactor was able to be conducted. The various post 

treatments came to be abbreviated by high production ability of this method and catalyst performance 

enhancement at that time. This method is often used for industrial homopolymerization currently 

because of high production efficiency. However there were some problems. For example, various 

number of reactor must be prepared for multistage polymerization such as impact copolymer, and 

elution the soluble components such as low molecular weight polymer and rubber to liquid propylene. 

From these background, gas phase polymerization was established and used in this time. This method 
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was polymerization of propylene in propylene gas without any solvent. The gas phase polymerization 

in the early stage of development made low quality polypropylene because there was not conducted 

the process of separation atactic polymer. Therefore, this method was limited to be used only specialty 

production. After a while, it became the most available method for making high quality and various 

kind of polymer by drastic improvement of catalyst performances. Then, this method can produce 

various type of polymer with only one reactor. For example, impact copolymer that manufacturing 

was necessary to conduct multistage polymerization and to control rubber content was made by this 

method with one reactor. Because of such an advantage, many type of reactor such as fluid gas type, 

mixing tank type and so on were invented and widely used at recent year.  

However, the operations of gas phase polymerization were difficult with extremely small scale like 

a laboratory because of sensitivity of catalyst. Therefore, the purpose of this research was 

establishment of stable procedures in laboratory scale. Then, some polymerization were carried out 

with various conditions using gas phase polymerization reactor to obtain knowledge for optimization. 
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2. Experiments  

2.1. Materials 

Ziegler-Natta catalyst and triethylaluminium (TEA) were donated company respectively. Heptane 

and Cyclohexylmethyldimethoxysilane (CMDMS) was purified and used under inert atmosphere. 

Propylene and ethylene were used after pass over purification column. NaCl was used as dispersing 

agent for catalyst after drying by heating three times at 400 °C under extremely reduced pressure. 

(scheme 1) 

 

Scheme 1.  The temperature behavior of NaCl in vaccum line for drying 

 

2.2. Polymerizations 

Propylene or Ethylene homopolymerization was performed in a 1 L autoclave equipped with a 

mechanical stirrer rotating at 350 rpm, provided with temperature control by water bath, pressure 

control and flow meter. (Figure 1) Monomer was introduced from connection lines into the reactor 
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through buffer tank and pressure record. The reactor is dried and cleaned via repeated flushing (three 

times) with argon at 70°C. At this temperature, 10 g of NaCl, 1 ml of 3M TEA and 20 μl of CMDMS 

were introduced into the reactor and stirring 10 min. Monomer was fed so as to reach the desired 

monomer overpressure, generally 7 bar. Once temperature and pressure have been stabilized, the 

catalytist mixture is fed into the reactor from a bomb by nitrogen overpressure. The 

homopolymerization is generally conducted at 70°C and at a total pressure of about 7 bar, usually for 

1 h with continuous supply of monomer gas at 7 bar. Some trials have been performed, for example 

the change of introducing the catalyst mixture, using solvent and monomer etc. The produced polymer 

was cooled by cold water to avoid thermal fusion bonding.  

 

 
 

Figure 1. The images of gas phase reactor; (a) simplified reactor images , (b) reactor, (c) wing 
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3. Results and Discussion 

3.1. Catalyst activities 

The gas phase propylene polymerization was carried out in accordance with operations outlined in 

experimental section. The polymerization conditions and activities are shown in Table 1.  

 

Table 1.  Results of gas phase propylene polymerization(a) 

 Catalyst NaCl (g) Ex donor Activity 

 (g) reactor flask (mg) (Kg-PP·g-

cat‒1·h‒1) 

Run 1 30 10 2 20 0.02 

Run 2 30 10 2 0 0.02 

Run 3(b) 30 10 2 0 0.02 

a) Polymerization condition; propylene, activator : TEA, activator amount : 3 mmol, 

pressure : 7 bar, stirring speed : 350 rpm, injection method : direct injection from flask.  

b) NaCl were dried again by heating and vacuum before using. 

 

Gas phase polymerization was carried out without any problem and reproducibility was confirmed, 

however catalyst activity was extremely low. (Run 1) Generally, this catalyst has more than 30times 

higher activity even if activity of gas phase polymerization is lower than slurry phase. Next 

polymerization was carried out without external donor because of avoidance the reduction effect for 

an activity and purity itself. (Run 2) However, the activity was not improved and value was same as 

Run 1. It suggested that the cause of extremely low activity was not existence of external donor. Then 

polymerization was carried out using NaCl which dried again by heating three times at 400 °C under 

extremely reduced pressure because possibility of remaining water in NaCl. (Run 3) However, Run 3 
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activity was as low as Run 1. It suggested that NaCl had been perfectly dried because an excess drying 

NaCl was inefficiency. From these results, the cause of low activity was not purity of some materials.   

 

3.2. Injection method effects on activity 

The mixture of catalyst and NaCl was transferred to reactor from round flask by argon flow so far. In 

order to improve injection systems much smooth and particularity, bomb injection method was 

adopted. The result of polymerization among different injection methods was shown in Table 2.  

 

Table 2. Results of polymerization among different injection methods(a) 

 Catalyst NaCl (g) Injection Activity 

 (g) reactor flask method (Kg-PP·g-cat‒1·h‒1) 

Run 4 30 10 2 direct injection 0.02 

Run 5 30 10 2 bomb injection (propylene) 0.02 

Run 6 30 10 2 bomb injection (H2) 0.02 

a) Polymerization condition; activator : TEA, activator amount : 3 mmol, pressure : 7 bar, stirring 

speed : 350 rpm, injection method : direct injection from flask.  

 

In order to make same condition without injection method, the catalyst mixture was injected directly 

from flask to reactor. (Run4) Naturally, This batch had an equally low activity as Run 1~3. Then 

stainless steel bomb injection was used form then on. This method is expected improvement of activity 

by not only avoidance of contact water to catalysts by keeping high pressure but also immiscibility of 

inert gas in the reactor. Propylene was used as injection gas, while activity was not changed previous. 

(Run 5) Then, Hydrogen was used as injection gas which has an activation effect, however activity 
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was not improved. 

 

3.3. Pretreatment effects on activities 

The validity of polymerization activity has not been able to obtain by polymerization procedures above. 

It had been possibility that the cause was imperfect activation catalyst by TEA in reactor, because of 

big amount of NaCl as dispersion agent in comparison with TEA amount. Therefore catalyst and NaCl 

mixture was reacted with TEA before transfer reactor as pretreatment (Run 7). This result is shown in 

Table 3 with Run 4 as reference. 

 

Table 3.  Effects of pretreatment on performance(a) 

 Catalyst NaCl (g)  TEA (mmol) Activity 

 (g) reactor bomb pretreat reactor (Kg-PP·g-cat‒1·h‒1) 

Run 4 30 10 2 0 3 0.02 

Run 7 30 10 2 3 0 0.03 

a) Polymerization condition; pressure : 7 bar, stirring speed : 350 rpm, injection method : direct 

injection from flask 

 

The mixture of catalyst and NaCl was reacted well with TEA. The activity was slightly improved by 

pretreatment, however activity was too low to conclude correct value. It suggested that previous 

operations also activated all catalyst. Therefore activity between Run 4 and Run 7 were almost same. 
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3.4. Catalyst concentration in mixture effect on activities 

 

A small amount of catalyst stuck on flask wall after a catalyst mixture transfer stainless-

steel bomb from flask. It was able to be considered that sticking force come from static 

electricity or reaction with water from flask wall, however the direct cause of sticking 

catalyst was uncertain. While the amount of catalyst was increased in order to reduce 

catalyst loss relatively. (Run 8) In addition, another case which the mixture was treated 

with TEA before transfer reactor to avoid inactivation catalyst was performed. (Run 9) 

These results were shown in Table 4 with Run 5 as reference. 

 

Table 4.  Effects of mixture amount for activity(a) 

 Catalyst NaCl (g)  TEA  Activity 

 (g) reactor bomb pretreat reactor (Kg-PP·g-

cat‒1·h‒1) 

Run 5 30 10 2 0 3 0.02 

Run 8 111 10 17 0 3 0.02 

Run 9 89 10 14 3 3 0.03 

a) Polymerization condition; activator : TEA, pressure : 7 bar, stirring speed : 350 rpm, injection 

method : bomb injection method.  

 

The reduction of catalyst sticking on the wall were improved by increase catalyst/NaCl mixture 

amount. However, the value of activity was not increase. It suggested that catalyst loss during transfer 

was not major reason of low activity. 
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3.5. Comparison with slurry polymerization 

The purity of propylene was doubted. While slurry polymerization was performed because propylene 

was purified by scavenger (TEA) in slurry before contact with active site. In addition, the increase of 

monomer contact frequency to active site, and the reduction of monomer diffusion limitation from 

polymer swellhead. The result is shown in Table 5 with Run 1 and Run 8 as references.  

 

Table 5.  Comparison between gas phase and slurry polymerization (a) 

 Catalyst NaCl (g)  TEA Ex donor Activity 

 (g) reactor bomb (mmol) (mg) (Kg-PP·g-cat‒1·h‒1) 

Run 1 30 10 2 3 20 0.02 

Run 8 111 10 17 3 0 0.02 

Run 10 136 0 0 3 20 0.99 

a) Polymerization condition; activator : TEA, pressure : 7 bar, stirring speed : 350 rpm, injection 

method : bomb injection method. 

 

As can be seen, the activity of slurry polymerization was very high compared with gas phase 

polymerization. Originally, it is well known that gas phase polymerization has lower activity than 

slurry polymerization, however, the difference is enormous. It is considered that this difference comes 

from degree of catalyst particle fragmentation and/or monomer diffusion limitation by generated 

polymer. 
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3.6. Monomer effects on activities (comparison between propylene and ethylene) 

The monomer was changed from propylene to ethylene, in order to confirm previous hypothesis. It 

was expected that the activity would be changed by changing monomer, because the progress of 

particle fragmentation was changed by propagation rate. (Run 11) The result was shown in Table 6 

with Run 8 as reference. 

 

Table 6.  Effect of changing monomer on activity 

  Catalyst NaCl (g)  TEA  Activity 

 monomer (g) reactor bomb pretreat reactor (Kg-PP·g-cat‒1·h‒

1) 

Run 8 propylene 111 10 17 0 3 0.02 

Run 11 ethylene 50.3 13.3 2.6 0 3 0.26 

Polymerization condition; activator : TEA, pressure : 7 bar, stirring speed : 350 rpm, injection method : 

bomb injection method. 

 

The gas phase ethylene polymerization activity was more than ten times higher than propylene. It 

can’t be describe as only fragmentation effect because of many reaction situation were different such 

as propagation rate, diffusion limitation in polymer and/or particle. However, the difference were 

conformed which can’t be explained only propagation rate. It suggested that the phenomenon about 

monomer diffusion such as fragmentation behavior and polymer film effect for activity. 
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4. Conclusion 

The gas phase polymerization was not able to be conducted well while many trial was done. However, 

the results suggest that monomer diffusion control is one of most important operation for control 

activity. Therefore it is considered that particle fragmentation control is necessary for gas phase 

polymerization by pretreatment for desirable monomer diffusion. 
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