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Abstract 

Scope of this PhD work is the kinetic study of four Ziegler-Natta catalysts in the gas phase 

polymerization of propylene under industrially relevant conditions. The focus is placed on the 

effect of catalyst overheating in lab-scale with particle heat transfer conditions that apply to 

those of industrial plants. 

Modern, highly active Ziegler-Natta catalysts show high initial polymerization rates and thus 

face the challenge of overheating which causes a reduction in the overall catalyst activity and 

poor particle morphology. One method to overcome this issue is prepolymerization which is 

industrially realized by an additional reactor before the main reactors operated at low 

temperatures. However, this prepolymerization reactor adds costs and complexity to the 

process. This lab-scale study therefore seeks to analyze the effect of overheating on the 

polymerization kinetics. 

First, the effect of a seed bed is analyzed for two catalysts in detail. Experiments are 

performed in a 5 L horizontal stirred tank reactor under industrially relevant conditions. After 

establishment of the seed bed polymerization method, a kinetic study is conducted for three 

Ziegler-Natta catalysts with focus on the effect of hydrogen on the catalyst activity and melt 

flow rate. Moreover, the morphology of the produced polypropylene particles is investigated. 

The effect of overheating is studied by comparing two different methods: prepolymerization 

and direct injection at the main reaction temperature in presence of a seed bed. 

The concentration of propylene in polypropylene is crucial for kinetic modeling since it is 

directly linked to the polymerization rate. As literature results differ widely, an experimental 

solubility study is conducted in a high pressure magnetic suspension balance. State-of-the-

art thermodynamic models relevant for process modeling are tested in describing the 

propylene/polypropylene system. 

The analysis of the polymerization kinetics is extended by developing a phenomenological 

kinetic model which is combined with an experimentally validated thermodynamic equation of 

state. The catalyst specific kinetic parameters are estimated and the kinetic model is 

validated. 
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Abstract 

Zielsetzung dieser Doktorarbeit ist die kinetische Untersuchung von vier Ziegler-Natta-

Katalysatoren in der Gasphasenpolymerisation von Propen unter industriell relevanten 

Bedingungen. Der Schwerpunkt liegt auf der Untersuchung der Katalysatorüberhitzung im 

Labormaßstab, wobei die Partikelwärmeübertragungsbedingungen industrieller Anlagen 

nachgeahmt werden. 

Moderne, hochaktive Ziegler-Natta-Katalysatoren weisen hohe Anfangsreaktionsraten auf 

und neigen daher zur Überhitzung, was zu einer Verringerung der Gesamtkatalysatoraktivität 

und einer schlechten Partikelmorphologie führt. Eine Methode zur Überwindung dieses 

Problems ist die Präpolymerisation, welche industriell durch einen zusätzlichen, bei niedriger 

Temperatur betriebenen Reaktor vor den Hauptreaktoren realisiert wird. Dieser Reaktor 

erhöht jedoch die Kosten und die Komplexität des Prozesses, sodass in dieser Studie die 

Auswirkungen der Überhitzung auf die Polymerisationskinetik genauer analysiert werden 

sollen. 

Zunächst wird die Wirkung eines Saatbetts für zwei Katalysatoren im Detail analysiert. Die 

Experimente werden in einem horizontalen 5 L Rührkesselreaktor unter industriell relevanten 

Bedingungen durchgeführt. Nach Etablierung der Saatbettpolymerisationsmethode wird eine 

kinetische Studie für drei Ziegler-Natta-Katalysatoren durchgeführt, wobei der Schwerpunkt 

auf der Wirkung von Wasserstoff auf die Katalysatoraktivität und den Schmelzflussindex 

liegt. Darüber hinaus wird die Morphologie der erzeugten Polypropylenpartikel untersucht. 

Die Auswirkung der Überhitzung wird durch den Vergleich zweier verschiedener Methoden 

untersucht, nämlich durch Präpolymerisation und Direkteinschuss bei 

Hauptreaktionsbedingungen in Gegenwart eines Saatbetts. 

Die Propenkonzentration in Polypropylen ist für die kinetische Modellierung entscheidend, da 

sie direkt mit der Polymerisationsrate verknüpft ist. Da Literaturergebnisse diesbezüglich 

sehr unterschiedlich sind, wird eine experimentelle Löslichkeitsstudie in einer 

Hochdruckmagnetschwebewaage durchgeführt. Zur Beschreibung des Propen/Polypropylen-

Systems werden moderne thermodynamische Modelle verwendet, die für die 

Prozessmodellierung relevant sind. 

Die Analyse der Polymerisationskinetik wird durch die Entwicklung eines 

phänomenologischen kinetischen Modells erweitert, welches mit einer experimentell 

validierten thermodynamischen Zustandsgleichung kombiniert wird. Darin werden die 

katalysatorspezifischen kinetischen Parameter bestimmt und das kinetische Modell validiert. 
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1 Introduction 

1.1 Polypropylene market and applications 

Polymers are one of the most important materials nowadays and have largely influenced the 

modern world. They are found in a vast variety of applications and have become 

indispensable. The global production of plastics reached almost 360 million tons in 2018. The 

European plastic demand amounted up to 62 million tons in the same year with 

polypropylene (PP) having the second largest market share of 19 % next to polyethylene 

(PE) with about 30 % (Figure 1.1). [1] Global installed capacities of PP approached 70 million 

tons in 2015 [2] and average annual growth rates are expected to maintain at about 5 % in 

the next years [3]. 

The high PP demand can be explained by its superior cost/performance balance. PP is 

produced at relatively low costs in comparison to other polymers. Nevertheless, PP products 

can be produced with versatile properties suitable for various application areas. It is one of 

the plastics that is relatively equally applied over a range of segments such as packaging 

(largest segment), building and construction, automotives, electronics, agriculture and 

household and sport items. PP products range from films, hinged caps and containers for 

food packaging over pipes, fibers and industrial tanks to interior parts for cars, capacitors or 

bank notes. [1–3] 

 

Figure 1.1: European plastic demand by resin type. [1] 
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1.2 Polypropylene: Microstructure, properties and resin types 

Polypropylene is a semi-crystalline polymer. The crystallinity is essentially determined by the 

polymer microstructure. In case of polypropylene, this is particularly the orientation of the 

methyl groups of the propylene repeating units along the polymer backbone. Depending on 

how these methyl groups are arranged in relation to each other, a different tacticity results 

(Figure 1.2). The three most common polypropylene configurations are: 

a) Isotactic: The methyl groups are all on the same side of the polymer backbone. 

b) Syndiotactic: The methyl groups alternate sides on the polymer backbone. 

c) Atactic: The methyl groups are randomly distributed along the polymer chain. 

The isotactic type dominates the polypropylene market as it is readily produced with modern 

heterogeneous Ziegler-Natta or metallocene catalysts. It is highly crystalline and shows a 

melting temperature of about 165 °C. Syndiotactic polypropylene is also semi-crystalline, but 

generally shows a slightly lower melting temperature than isotactic PP. It is only produced by 

some metallocene catalysts and has yet little commercial relevance. Due to the random 

distribution of the methyl groups, the atactic type does not (or barely) crystallize. It shows a 

much lower melting temperature of about 128 °C and has marginal commercial value. [4, 5] 

 

Figure 1.2: The three main polypropylene configurations: a) isotactic, b) syndiotactic and c) atactic. [4] 

The majority of polypropylene is produced by heterogeneous Ziegler-Natta catalysts. State-

of-the-art catalysts create products with high isotactic content and a very small fraction of 

atactic material. Non-specific catalyst sites are considered to be responsible for the formation 

of atactic byproducts. Minimization of the number of these sites was achieved over decades 

by improvement in catalyst design (section 2.1). Besides high stereo-regularity, polymer 

chains produced with modern catalysts show a low number of regio-errors. Head-to-tail 

enchainment (1,2-insertion) is favored resulting in highly regio-regular polymers. Defects 

such as a 2,1-insertion (Figure 1.3) lead to irregularities (head-to-head and tail-to-tail 

addition) which decreases the crystallinity and melting temperature of the polymer. [4] 
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Figure 1.3: Regio-regularity in polypropylene: a) head-to-tail, b) head-to-head and c) tail-to-tail. [4] 

The properties of polypropylene are governed by various factors. They depend to a large 

extent on the molecular weight, molecular weight distribution and polymer microstructure, all 

which are defined by the used catalyst system and polymerization conditions. Furthermore, 

thermal processing and the use of additives influence the crystalline structure which in return 

affects the mechanical properties. [5] As a thermoplastic, polypropylene is readily processed 

in conventional equipment for this type of plastic. With 40 to 50 %, injection molding is the 

largest method for processing of PP. Extrusion of fibers and films, especially processed by 

the use of orientation to develop enhanced properties, accounts for the remaining 

processes. [6, 7] Commercial PP grades typically have weight average molecular weights 

between 200 and 600 kg/mol [5]. The molecular weight distribution is rather broad with 

polydispersity indices of 3 up to 20 [2] (for the mainly used heterogeneous Ziegler-Natta 

catalysts). PP is a lightweight material (lighter than PE) and shows a narrow density range of 

about 900 to 920 kg/m3 [5]. The Young’s modulus is in the range of 1300 to 1800 MPa [8], 

the melting temperature 162 to 168 °C [5] and the glass transition temperature relatively high 

with about 0 °C [5]. Improvement in the performance of PP at low temperatures is achieved 

by copolymerization (see below). Generally, PP comes with various useful end-use 

properties. It is a rigid and tough material, has a high upper working temperature of about 

100 to 120 °C (20 °C higher than PE) and it shows strong resistance to a wide range of 

chemicals except for powerful oxidizing agents and highly aromatic or chlorinated 

solvents. [6] 

The property range of polypropylene is further broadened by the use of comonomers in the 

polymerization process. Beyond homopolymers, two other PP-modifications are 

commercially relevant and therefore, PP resins are generally categorized into three different 

product classes: 

a) Homopolymers 

b) Random copolymers 

c) High impact copolymers 
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Random copolymers contain up to about 6 wt% ethylene or other comonomers (e.g. 

1-butene) which are randomly distributed along the polymer chain. This leads to a lower 

crystallinity and melting temperature. These products come along with improved clarity and 

lower modulus. [7] Heterophasic high impact copolymers consist of a polypropylene or 

random copolymer matrix and an amorphous ethylene-propylene rubber phase. These resins 

are produced in at least two reactors in series. In the first reactor, the rigid polypropylene 

matrix is generated. The second reactor is a gas phase reactor in which the rubber phase is 

produced and dispersed in the PP matrix, although these two compounds are immiscible. 

The rubber phase largely increases impact strength of the final product, especially at low 

temperatures, overcoming some disadvantages of the pure homopolymer. [4, 7, 9] 

 

1.3 Industrial processes for the production of polypropylene 

The industrial development of Ziegler-Natta catalysts (section 2.1) for the polymerization of 

propylene went hand in hand with the evolution of PP production processes. During the last 

60 years, commercial plants record major improvements in efficiency and throughput while 

decreasing capital investment costs. Single line production capacities have increased from a 

few kilo tons to above 500 kt per year [10]. The plants from the 1970s typically included a 

series of up to seven stirred tank reactors using low activity catalysts. The polymerization 

was conducted in slurry using diluents ranging from C6 to C12 hydrocarbons. Due to the 

attained low yield products, catalyst removal (deashing) was required. Furthermore, another 

energy intensive step was necessary: The removal of atactic PP to achieve better product 

properties. Nowadays, slurry (inert diluent) processes have become rare and produce 

specialty products for niche markets. They cannot compete in efficiency with modern bulk 

(liquid propylene) or gas phase processes. As the polymerization is conducted in liquid or 

gaseous monomer, much higher reaction rates are achieved due to the higher propylene 

concentration. Additionally, polymer and monomer are separated by flashing and an 

extensive diluent recovery unit is avoided. Modern plants run with advanced catalyst systems 

(section 2.1) which give high polymerization rates, good polymer microstructural control and 

controlled particle morphology. Neither deashing nor atactic PP removal is required anymore. 

A variety of different processes exist each offering their own advantages such as low capital 

investment costs, high productivity or a broad range of products with diverse application 

properties. [2, 4] 
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1.3.1 Bulk (liquid propylene) processes 

In bulk processes, the polymerization takes place in liquid propylene. Sometimes these 

processes are also referred to as mixed phase processes because after one or two liquid 

phase reactors, often gas phase reactors are used for the production of heterophasic 

copolymers. Advantages are the enhanced polymerization rates due to the higher monomer 

concentration and better heat removal than in gas phase processes. Examples of such 

processes are the Borstar (Borealis), the Hypol (Mitsui) and the Spheripol process 

(LyondellBasell) with the latter one being briefly described in the following. [2] 

The Spheripol process of LyondellBasell is the dominant process for the production of PP by 

which about one third of the world’s polypropylene is produced [4]. A typical process 

configuration consists of a small loop for prepolymerization, two main loops for bimodal 

homopolymer synthesis and a fluidized bed reactor (FBR) for high impact PP production 

(Figure 1.4). The prepolymerizer guarantees morphology control and ensures high catalyst 

activity. The main loop reactors are operated at 75 to 80 °C and 40 to 45 barg. A pump 

circulates the liquid propylene and solid PP particles with up to 55 wt% with high velocities 

enabling turbulent flow. Thus solids settlement is avoided and heat transfer is improved. The 

polymerization heat is removed by jacket cooling. The residence time distribution (RTD) is 

close to a continuous stirred tank reactor (CSTR) because of the high recirculation rates and 

the residence time of one loop is in the order of 1 h. Parts of the bulk mixture are withdrawn 

from the second loop and the solid PP particles are separated from liquid propylene by a 

high-temperature flash before entering the FBR for high impact copolymer production. This 

reactor is operated at 70 to 80 °C and 10 to 14 barg and cooling is achieved by a gas 

recirculation loop. The final solid products are separated from monomer and unreacted 

gases are recycled. [2, 4, 10] 
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Figure 1.4: Schematic flowsheet of the Spheripol process. [4, 10] 

 

1.3.2 Gas phase processes 

The gas phase polymerization of propylene comes with the disadvantages of lower reaction 

rates (lower monomer concentration than in liquid propylene) and more difficulties in heat 

removal because of the lower thermal conductivity of gases compared to liquids. On the 

other hand, an advantage is the lower energy requirement for the flash separation of 

gaseous monomer and polymer leading to cost reductions. Besides, as there is no solubility 

limit for hydrogen or ethylene, a broader product range (higher melt flow rates and 

comonomer contents) is possible. Various commercial technologies exist such as the Unipol 

(Grace), the Innovene (INEOS), the Novolen (Lummus Technology), or the Spherizone 

process (LyondellBasell). Each one uses a different reactor technology, specifically a FBR, a 

horizontal stirred bed reactor, a vertical stirred bed reactor and a multizone circulating 

reactor, respectively. The two latter gas phase processes are shortly explained as 

examples. [2, 4] 

Developed by BASF in the 1960s and now licensed by Lummus Technology, the Novolen 

process dates back to the first PP technologies and was one of the first gas phase processes 

for the production of PP. In principle, the reactor is a stirred autoclave with a bottom-mounted 

helical stirrer (Figure 1.5). The polymerization heat is removed by condensed mode cooling. 

Monomer is recycled through an external heat exchanger and part of the monomer is 
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condensed and re-enters the reactor as liquid, whereas the other part is returned as cooled 

gas. The process typically consists of two such vertical stirred bed reactors which can be 

operated in series or parallel for the production of high impact copolymer or homopolymer 

(and random copolymer), respectively. The advantage of the process is its simple design and 

operation resulting in low capital and operating costs. The catalyst system, monomers and 

hydrogen are fed to the reactors in series or parallel (depending on operational mode) and 

the produced polymer particles are separated from the gases in a discharge vessel close to 

atmospheric pressure. Residual propylene is removed by nitrogen in a purge silo and the 

polymer powder is formed to pellets in an extruder. Unreacted gases are recovered and 

recycled into the reactors. [4, 11] 

 

Figure 1.5: Schematic flowsheet of the Novolen process. [11] 

The latest PP process technology development was introduced in the early 2000s by 

LyondellBasell in form of the Spherizone process. The major breakthrough is the new multi-

zone circulating reactor (MZCR) which allows the production of a homogeneous two-phase 

polypropylene in one reactor (Figure 1.6). The reactor is basically a loop reactor that consists 

of two reaction zones with different polymerization conditions. Growing polymer granules 

circulate multiple times between the two zones leading to enhanced polymer phase 

homogeneity and thus better product properties than in two reactors which are operated in 

series. In the MZCR, catalyst particles first enter the “riser” zone, which behaves like an 

expanded FBR, operated above the critical fluidization velocity. At the top, the formed PP 

particles are separated from the riser by a cyclone and pass into the “downer” zone which 

behaves like a moving packed bed. A barrier fluid is injected at the top of the “downer”. It has 
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a higher density than the “riser” gas phase in order to stop the entrainment of lighter gases, 

specifically hydrogen and/or ethylene, into the “downer” zone. Thus two distinct reaction 

zones can be achieved within one reactor. The particles of the “downer” move downwards by 

the force of gravity. Some of the PP particles are withdrawn at the bottom of the “downer”, 

but most re-enter the “riser” zone as the MZCR is operated with high recycle ratios. The 

overall process is very similar to the Spheripol process with the MZCR replacing the two 

main loop reactors, i.e. process units such as monomer recovery and a FBR for the 

production of high impact copolymer are adapted from the Spheripol technology. [2, 4, 12, 

13] 

 

Figure 1.6: Schematic flowsheet of the Spherizone process. [2, 12] 
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2 Theory and Literature Review 

2.1 Catalysts for the polymerization of propylene 

All polyolefins, with the exception of low density polyethylene which is synthesized by radical 

polymerization under very high reaction pressures, are industrially produced by coordinative 

polymerization. The catalyst greatly determines the polymer microstructure and thus the 

product properties. The industrial aim for enhanced polymer properties and process 

performance has and will push the development of new catalysts. 

The wide range of commercial polyolefin products with varying rheological and mechanical 

properties resides in the use of different types of catalysts. Polyolefin coordination catalysts 

can be grouped into four main families: Ziegler-Natta (ZN), Phillips, metallocene and late 

transition metal catalysts. Ziegler-Natta catalysts are the workhorse of the polypropylene 

industry and have a large share in the production of polyethylene. Phillips catalysts were 

discovered in the early 1950s and are based on chromium oxide supported on SiO2. They 

are of great importance in the production of high density polyethylene. Metallocene catalysts, 

in contrast to Ziegler-Natta and Phillips catalyst, offer the advantage of producing polymers 

with very narrow molecular weight distributions and unimodal and narrow chemical 

composition distributions. They can be used as homogeneous catalysts in solution 

polymerization, but need to be supported for the use in slurry or gas phase processes. 

Metallocenes have a niche market in the production of polypropylene, but are used to 

produce 20 to 25 % of the world’s polyethylene. Late transition metal catalysts were 

discovered in the early 1990s by Brookhart and researchers from DuPont, however, a 

commercial breakthrough has not yet happened. [2, 4, 14] 

Heterogeneous Ziegler-Natta catalysts are predominantly used in the production of 

polypropylene. State-of-the-art catalysts are spherical particles of 10 to 100 µm diameter 

consisting of titanium chloride as active compound supported on typically porous magnesium 

chloride or sometimes silica particles. A so called internal electron donor is added during 

catalyst synthesis to attain a high isotactic polymer content. Electron donors tend to 

coordinate to non-stereospecific catalyst sites. These sites are hereby poisoned or modified 

resulting in an increased isotacticity index of the produced PP. In addition to the supported 

catalyst, an organometallic cocatalyst is needed for the activation of the metal sites – most 

commonly used is triethylaluminum (TEA). Furthermore, an external electron donor is 

typically introduced to the polymerization reactor to guarantee high isotacticity since the alkyl 

aluminum cocatalyst generally causes the partial removal of the internal donor. [2, 4, 7] 

Supported ZN catalysts are considered to be multi-site catalysts. They have more than one 
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type of active site resulting in polymer products of broad molecular weight distributions with 

polydispersity indices between 3 and 10 or even up to 20. [2] Each site type can be 

considered to have its own individual kinetic response leading to a specific polymer chain 

population. Thus the produced PP can be seen as a blend of different polymers each one 

contributing with a different number and mass average molecular weight, stereo-regularity, 

regio-regularity and so on. [4] 

Ziegler-Natta catalysts are commonly divided into different generations based on their 

historic development (Table 2.1). After the discovery of Ziegler in 1953 to polymerize 

ethylene at mild reaction conditions by the use of mixtures of TiCl4 and aluminum alkyls, 

Natta used the same catalyst system and succeeded in synthesizing polypropylene one year 

later. He then increased the isotactic contents up to 90 % by using crystalline TiCl3. [7] 

Further research led to what now is considered the first generation of ZN catalysts: The 

combination of TiCl3 and aluminum chloride with AlEt2Cl (DEAC). However, the thereby 

produced PP resins required energy intensive removal of atactic polymer and catalyst 

residues (deashing). Further improvements by Solvay in the 1970s led to the second 

generation. By the use of diisoamyl ether in the catalyst synthesis route, the polymerization 

activity was greatly increased along with enhanced stereo-selectivity. [2] The third generation 

was developed by supporting TiCl4 on porous MgCl2. By the addition of an appropriate Lewis 

base during catalyst preparation (internal electron donor), typically ethyl benzoate, and 

another Lewis base to the polymerization reactor (external electron donor) such as methyl 

p-toluate or ethyl p-ethoxybenzoate, high activities were achieved. These catalysts were 

sufficiently active to avoid the need for catalyst deashing, i.e. the catalyst was not removed 

and remained in the final polymer product. [7] Further research on the combination of the 

electron donors led to the fourth generation of ZN catalysts. The application of phthalates as 

internal and alkoxysilanes as external donors once more enhanced the polymerization 

productivity. Additionally, isotacticity indices up to 99 % were achieved. [4] Furthermore, 

improvement in the morphology of the final PP particles was enabled by the use of spherical 

MgCl2 catalysts based on chemical activation of magnesium chloride. At present, the 

phthalate-based ZN catalysts are the most widely used system for the production of 

polypropylene since they cover the majority of product properties and applications. [2] A new 

group of internal donors, such as diethers or succinates, can be seen as the basis of the fifth 

generation of Ziegler-Natta catalysts. Diethers are not removed from the support upon 

contact with the alkyl aluminum cocatalyst enabling the production of highly isotactic 

polypropylene in the absence of any external donor. The diether-based catalysts give 

particularly high polymerization rates resulting in yields above 100 kgPP/gCat. [2] 
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Table 2.1: Overview of the development of heterogeneous Ziegler-Natta catalysts. [7] 

Generation Catalyst System Yield 

[kgPP/gCat] 

Isotacticity 

[wt%] 

Comment 

First TiCl3/AlCl3 + DEAC 0.8-1.2a 90-94 Deashing + atactic 

PP removal 

Second TiCl3 + DEAC 3-5a 94-97 Deashing 

Third TiCl4/MgCl2/Ester + 

AlR3/Ester 

15-30b 90-95 Atactic PP removal 

Fourth TiCl4/MgCl2/Diester + 

TEA/Silane 

30-60b 95-99 No purification + 

morphology control 

Fifth TiCl4/MgCl2/Diether + 

TEA 

70-120b 95-99 No purification + 

morphology control 

a Hexane slurry, 70 °C, 7 bar, 4 h, with H2 
b Bulk (liquid) propylene, 70 °C, 2 h, with H2 

 

2.2 Experimental methods and polymerization kinetics 

2.2.1 Measurement of gas phase polymerization kinetics 

The catalyst is often regarded as the heart of a chemical process. In coordinative 

polymerization, the catalyst defines, in dependence on the process conditions, the 

polymerization kinetics and the polymer properties. Industrial catalyst development is 

therefore crucial to optimize the polymerization process and design products with enhanced 

properties. Before a new catalyst can be used in an industrial plant, it is carefully tested in 

reactors of smaller sizes, e.g. at bench and pilot scale. In the laboratory, the catalyst’s 

specific polymerization kinetics can be gathered in reactors operating under industrially 

relevant conditions, i.e. reaction pressures, temperatures and catalyst activities close to 

commercial plants. Stirred tank reactors of 0.1 to 5 L are typically used for gas phase 

polymerizations. A thermostat and a pressure controller ensure isothermal and isobaric 

conditions, respectively. Such reactors are operated in semi-batch mode in order to obtain 

the monomer conversion as a function of time. During the course of reaction, gaseous 

monomer is converted to solid polymer. In absence of a monomer feed into the reactor 

(batch mode), a pressure drop would result as a consequence of the much higher density of 

the polymer than of the monomer. This pressure drop is overcome in semi-batch mode by 

continuously feeding monomer via a mass flow controller within a pressure control loop. At 

constant pressure and temperature, the fed monomer mass rate equals the consumption of 

monomer by reaction which is proportional to the gross polymerization rate. By dividing the 
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monomer mass feed by the used catalyst amount, the catalyst activity can be calculated over 

the reaction time resulting in the catalyst specific activity-time profile. 

When performing kinetic investigations of coordinative catalysts in the gas phase, the 

temperature and pressure have to be controlled in a narrow range to gather reliable data. 

Furthermore, external mass transfer limitations need to be avoided which can be achieved by 

assuring stirring rates that are high enough. [15] Kinetic investigations of the gas phase 

polymerization of propylene were conducted by a variety of researchers such as Choi and 

Ray [16], Han-Adebekun and Ray [17], Meier et al. [18, 19], van Putten [20], Patzlaff [21] and 

Kettner [22]. Kröner [23] studied the kinetics of the high impact copolymerization of propylene 

and ethylene in a 5 L horizontal stirred tank reactor operated in semi-batch mode. The gas 

composition was analyzed by a µ-gas chromatograph. Thus the individual consumption rates 

could be obtained. In combination with experimentally determined mass transport properties 

of the polymer particles, a diffusion-reaction model was developed. Eventually, model-based 

analysis revealed a pronounced diffusion limitation of ethylene in the copolymerization stage. 

 

2.2.2 The effect of hydrogen 

Hydrogen is an effective chain transfer agent in the polymerization of olefins and thus used 

to control the molecular weight in industrial plants. The effect of hydrogen is not solely limited 

to chain transfer, but the catalyst activity is often observed to change upon variations in the 

hydrogen concentration. Contrary to the coordinative polymerization of ethylene, hydrogen 

generally leads to rate enhancement in the polymerization of propylene. [4] 

The widely accepted explanation for the increase in polymerization rate is based on the so-

called dormant site theory. During polymerization of propylene, the catalyst favors 

1,2-insertion of the monomer into to the growing polymer chain, i.e. a head-to-tail addition is 

most likely (section 1.2). However, there is a small chance that regio-errors happen. A 2,1-

misinsertion leads to a dormant chain which is assumed to be marginally reactive for further 

propagation (Figure 2.1). The active center of this polymer chain is sterically hindered 

because the methyl group is closer to the metal active center. Theoretically, this should lead 

to a lower propagation rate for this dormant site. Hydrogen, as a much smaller molecule in 

comparison to propylene, is still able to efficiently react with this dormant chain resulting in a 

dead polymer molecule and a yet active metal (hydride) center. This reactivated center is 

considered to now be available for further chain propagation reactions. Thus, based on the 

dormant site theory, an increase in hydrogen concentration leads to a higher rate of 

reactivation of dormant chains by hydrogen. This leads to a higher concentration of active 

centers resulting in an overall higher polymerization rate. [4] 
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The concept of dormant sites is supported by various experimental investigations. [16, 24–

28] It was observed that the addition of hydrogen during a polymerization experiment led to 

an elevation in activity and that this new activity level agreed well with the one from an 

experiment which was already started at the same hydrogen concentration. Vice versa, 

removal of hydrogen during polymerization caused an activity drop to the level which was 

observed for an experiment conducted without hydrogen. [28] This reversibility agrees well 

with the dormant site theory. Furthermore, experimental chain-end analysis supports the 

formation of dormant chains. An increased number of n-butyl chain ends was found for high 

hydrogen concentrations which are formed by the reactivation step. [26] 

 

Figure 2.1: Hydrogen effect based on the dormant site theory: Regio-regular propagation by 
1,2-insertion in comparison to regio-irregular propagation by 2,1-insertion leading to a dormant chain, 
and reactivation of the dormant site by hydrogen to a dead polymer chain and a reactivated metal 
center. [4] 

 

2.2.3 Prepolymerization 

The term prepolymerization refers to the method of starting the polymerization at mild 

conditions, i.e. much lower temperatures and/or monomer concentrations than in the main 

reaction, in order to enhance the catalyst activity and improve particle morphology. This 

method is covered in several patents [29–32] and commercially applied in technologies such 

as the Spheripol [4, 14] (section 1.3.1) or the Borstar process [2]. 

Modern, highly active Ziegler-Natta catalysts are associated with challenges regarding heat 

removal upon polymerization start, particularly from the catalyst particle to the surrounding 

and especially in the gas phase (due to much lower thermal conductivities of gases than 

liquids). These catalysts typically show a very fast activation period and a maximum activity 
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right at the polymerization start. Upon injection of the fresh catalyst into a reactor operated at 

high temperatures (60 to 80 °C) and pressures (close to or above the vapor pressure), the 

high initial polymerization rate is accompanied with a rapid generation of heat due to the 

exothermic nature of the reaction. When the heat is not sufficiently removed from the particle, 

the particle temperature rises which can cause thermal deactivation of the catalyst sites 

resulting in an overall lower activity level. Thus the full productivity potential of the catalyst is 

not exploited. In extreme cases, the temperature may rise close to the melting temperature of 

the polymer leading to softening or partial melting of the particles which causes the formation 

of agglomerates. In addition, the rapid initial polymerization rate can cause an uncontrolled 

catalyst fragmentation. Loss of the ideal spherical morphology and generation of fines are 

likely consequences. The presence of large amounts of fines in industrial continuous plants 

can cause severe operational problems such as fouling, plugging, clogging and/or 

intensification of electrostatic charging. [4] 

To overcome these particular issues of highly active catalysts, a prepolymerization step can 

be employed. In commercial continuous plants, the prepolymerization stage is realized by an 

additional small reactor. This prepolymerization reactor is operated at low temperatures of 

about room temperature and after a certain residence time, the prepolymerized catalyst 

particles are transferred to the first main reactor. In the laboratory, prepolymerization is often 

realized by injecting the catalyst at much lower temperatures than applied for the main 

polymerization. After a certain prepolymerization time, the reactor is heated to the main 

reaction conditions and the polymerization is continued. This method is referred to as in-situ 

prepolymerization. Although the prepolymerization step comes along with clear benefits, the 

additional unit operation increases capital and operating costs and adds complexity to the 

process. This should be considered because the extent of the prepolymerization advantages 

are, as always in coordinative polymerization, catalyst specific; thus they vary from catalyst 

to catalyst. 

The advantages of prepolymerization can be grouped into different aspects. The low rate 

conditions lead to a less pronounced heat release avoiding or at least reducing particle 

overheating. Therefore, as the applied conditions are also far away from critically high 

temperatures, the catalyst does not suffer from thermal deactivation. Furthermore, during the 

prepolymerization stage, the catalyst particles grow resulting in a larger particle surface area. 

This facilitates heat removal in the main stage polymerization. Thus overheating is avoided 

and higher polymerization rates can be achieved. Besides, the catalyst has more time for 

activation in the prepolymerization step, possibly increasing the number of active sites which 

in return should increase the overall activity. In addition to the benefits on the catalyst 

activity, morphology control is improved. The low rate conditions lead to a controlled catalyst 
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fragmentation by which just enough stress is generated to evenly fragment the particle, but to 

avoid particle disintegration. The spherical catalyst morphology is preserved and typically 

high bulk densities of the final polymer particles are observed allowing higher plant 

productivity. [4] 

The effect of prepolymerization was studied by a number of researchers. [22, 33–38] 

Samson et al. studied the polymerization of propylene both in liquid [33] and in gaseous [34] 

monomer and found an increase in yield of up to 30 and 15 %, respectively, when applying a 

prepolymerization step. Pater et el. [35–38] investigated various aspects of 

prepolymerization. Using a prepolymerization step, high polymerization rates could be 

achieved even at high reaction temperatures of up to 80 °C. [37] This was explained by the 

prevention of thermal runaway on particle scale. During prepolymerization, the particle 

surface area was enlarged allowing for increased heat transfer in the main stage 

polymerization. Further studies revealed that a very short prepolymerization time was already 

sufficient to obtain high catalyst activities. [36] Instead of performing the prepolymerization 

for a certain time at a constant temperature, it was also possible to produce high yields by 

injecting the catalyst at a low temperature and then directly heating up the reactor to the 

main reaction temperature. This non-isothermal prepolymerization method additionally gave 

good particle morphology (high bulk density and good replication of the catalyst particle) 

since, as concluded, the initial polymerization rate was the main factor which determined the 

final particle morphology. [38] Kettner [22] analyzed the effect of prepolymerization on the 

lab-scale gas phase polymerization kinetics of two supported Ziegler-Natta catalysts. Without 

a prepolymerization step, catalyst activities decreased after exceeding a reaction 

temperature of 70 °C. Applying a prepolymerization step, the particle morphology could be 

improved and the polymerization rate was enhanced, especially at high reaction 

temperatures. The effect of prepolymerization on the activity was found to be catalyst specific 

with the more active catalyst showing higher activities upon prepolymerization. The 

normalized kinetic profiles with and without a prepolymerization were identical suggesting 

that the difference in the activity level could be explained by a different number of active 

sites. The harsh injection conditions in absence of a prepolymerization step likely resulted in 

a lower number of active sites due to particle overheating which caused thermal catalyst 

deactivation and/or uncontrolled catalyst fragmentation leading to reduced activation of 

titanium sites. 
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2.2.4 Seed bed polymerization and heat transfer 

For lab-scale polymerization of olefins, a bed material is sometimes used to improve catalyst 

distribution throughout the reactor upon catalyst injection. The inert particles are added to 

prevent catalyst agglomeration and to ensure proper fluidization of the catalyst particles. This 

so-called seed bed is placed inside the reactor as part of the preparation of the 

polymerization experiment. Several bed materials ranging from polymers [39–42], salts [18, 

19, 34, 43, 44] and silica [45, 46] were used in the literature. The selection of a certain 

support material depends on different factors. As an example, sodium chloride offers the 

advantage of easy separation from the polyolefin product after the experiment. Nevertheless, 

it has to be noted that by the addition of a bed material into the reactor a supplementary 

source for possible impurities is created and thus catalyst poisoning may occur. Therefore, 

certain pretreating steps are commonly applied, e.g. drying the bed material at high 

temperatures and vacuum, in order to remove residues of moisture and air. Eventually, a 

seed bed material has to be chosen for which no catalyst poisoning is observed since the 

two main criteria for bed selection are good experimental reproducibility and high activity. 

Samson et al. [34] and Meier et al. [18, 19] used NaCl as seed bed, whereas Marx [41] and 

Piduhn [45] observed catalyst poisoning for this material and chose PP and silica instead, 

respectively. Although various studies on different bed materials can be found in the open 

literature, the effect of the seed bed on the polymerization reaction in terms of heat transfer 

and activity was not analyzed yet. 

Heat transfer investigations on polymerization catalysts by means of computational fluid 

dynamics calculations of McKenna et al. [47–49] revealed that classical Nusselt correlations 

such as the commonly used Ranz-Marshall correlation [50, 51] are only valid for large 

particles. Here, convection is the dominant heat transfer mechanism. In contrast, for small 

particles of diameters below 100 µm, i.e. catalyst particles, conduction by particle-particle 

contact also plays an important part in the evacuation of heat. Generally, catalysts will likely 

have a much higher temperature than their surrounding upon injection due to their high initial 

polymerization rates in combination with a low surface area for heat removal. Whereas 

grown polymer particles will have a temperature close to the reactor temperature due to 

lower reaction rates and a much larger surface area. Upon contact of these particles, heat is 

efficiently transferred from small, hot catalyst particles to much larger, relatively cool polymer 

particles. This particle-particle interaction is encountered in continuous, industrial gas phase 

plants where the fresh catalyst is fed to a reactor with high solid contents of polymer 

particles. Catalyst heat removal should therefore be facilitated in such systems. Since the 

heat transfer conditions of a lab-scale seed bed polymerization are similar to the continuous 
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process, the use of a bed material should also help to improve heat transfer and reduce 

catalyst overheating. 

 

2.3 Solubility and diffusion of propylene in polypropylene 

During the gas phase polymerization of propylene, monomer is consumed at the active 

catalyst centers which are distributed inside the growing polymer particle. These centers can 

be regarded as a monomer sink. Fresh monomer molecules originating from the gas phase 

are first transported through the particle boundary layer, then through the pore network of the 

particle and finally through the polymer phase to reach the catalyst centers. Here, they react 

and are converted to polypropylene. The effective concentration at the catalyst centers, i.e. 

the monomer concentration inside the polymer phase, is directly linked to the rate of 

polymerization. Therefore, this concentration, which can be calculated from the solubility, is 

essential for the determination of kinetic parameters and process simulation. Additionally, 

knowing the mass transport properties of the studied polymer particles, possible mass 

transfer limitations can be detected which adds valuable information about the catalyst 

system. Moreover, mass transport properties of the polymer particles might not only be 

important during the polymerization stage, but also during the degassing step in the down-

streaming section of a polymerization plant. 

 

2.3.1 Equilibrium solubility 

The solubility of propylene in polypropylene can be obtained by various experimental 

techniques such as chromatography [40, 52], pressure decay methods [53, 54] or gravimetric 

measurements [18, 55–61]. In the commonly employed gravimetric measurement, a 

magnetic suspension balance is typically used which can be operated at various 

temperatures and pressures, ideally at the same conditions as in the polymerization reactor. 

The polymer sample is placed in the sorption chamber and the mass uptake upon sorption of 

the monomer into the sample is measured by the magnetic balance. The solubility S is 

defined as the ratio of absorbed propylene mass mC3 and PP mass mPP: 

 𝑆 =
𝑚𝐶3
𝑚𝑃𝑃

 (2.1) 

Since the monomer is only absorbed in the amorphous phase of the polymer [62, 63], the 

amorphous solubility Sam can be calculated knowing the crystalline mass fraction wcr of the 

polymer: 
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 𝑆𝑎𝑚 =
𝑚𝐶3
𝑚𝑎𝑚

=
𝑆

1 − 𝑤𝑐𝑟
 (2.2) 

The crystallinity can be determined by different methods such as differential scanning 

calorimetry (DSC), polymer density measurements via for instance helium pycnometry or 

X-ray diffraction (XRD). The correct determination of the crystalline mass (or volume) fraction 

is crucial as it directly affects the calculation of the effective monomer concentration. 

However, different methods were reported to give different results [53, 54, 59] which should 

be considered when comparing solubility data. Eventually, the effective (amorphous) 

monomer concentration cam that is proportional to the polymerization rate can be calculated 

by using the (swollen) amorphous polymer volume Vam: 

 𝑐𝑎𝑚 =
𝑛𝐶3
𝑉𝑎𝑚

=
𝑆𝑎𝑚𝜌𝑎𝑚

(𝑆𝑎𝑚 + 1)𝑀𝑊𝐶3
 (2.3) 

At low gas pressures, the monomer concentration increases linearly with monomer pressure 

PC3 and can be expressed by Henry’s law: 

 𝑐𝑎𝑚 = 𝑘𝐻𝑃𝐶3 (2.4) 

Stern et al. [64] analyzed the sorption behavior of several gases in semi-crystalline 

polyethylene and proposed a correlation for the calculation of the Henry constant kH as a 

function of only temperature and critical temperature Tc of the gas. Hutchinson and Ray [65] 

used this correlation to fit various literature data on the gas solubility of hydrocarbons 

including propylene in PE. The best fit was obtained by the following Stern correlation: 

 log 𝑘𝐻 = −2.38 + 1.08 (
𝑇𝑐
𝑇
)
2

 (2.5) 

A number of researchers found a good agreement between this correlation and their 

experimentally determined solubility of propylene in PP at low pressures. [52, 57] At higher 

pressures, the solubility becomes non-linear due to the plasticizing effect of the penetrant 

and Henry’s law is not applicable any more. [65] Stern et al. [64] proposed a correlation to 

estimate at which pressures Henry’s law solubility starts to deviate by 5 %. As an example 

for propylene, this deviation in solubility can be found at a pressure of 11.8 bar for a 

temperature of 80 °C. Above these pressures, other thermodynamic models should be 

applied. 

Several researchers investigated the sorption of propylene in polypropylene at elevated 

pressures. However, some of the authors only analyzed a limited number of samples and 

conditions since their research was focused on additional gases and polymers. Sato et 
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al. [54] studied the solubility of propylene in PP in detail. Two PP samples with very different 

stereo-regularities and thus different crystalline mass fractions of 19 and 47 wt% (DSC) were 

analyzed at 50 and 75 °C up to the vapor pressure. With lower temperature, the solubility 

increased. The sample with the lower crystallinity showed a much higher solubility even 

when comparing the purely amorphous solubility. Swelling was experimentally analyzed by 

measuring the change in length of a thin PP film placed inside a high pressure view cell. A 

maximum swelling of about 15 vol% was observed. The solubility data could be well 

described with the Sanchez-Lacombe equation of state, whereas the swelling data was 

underestimated with average deviations of 20 % and linear additivity of the volumes of liquid 

propylene and polymer better described the swelling behavior. In a further study on different 

gases in PP homopolymer and high impact copolymer, Sato et al. [53] reported the solubility 

of propylene in PP at 50, 70 and 90 °C up to the vapor pressure for a sample with 66.9 wt% 

crystallinity (chromatography). Meier et al. [18] studied the propylene solubility between 41 

and 73 °C up to a pressure of 25 bar for a PP sample with 44 wt% crystallinity (DSC) by 

applying a gravimetric method. They considered swelling by assuming that the volumes of 

PP and (liquid) propylene add linearly. Bobak et al. [56] analyzed the morphology 

characteristics of PP particles governing mass transport in a magnetic suspension balance. 

In their study, the propylene solubility isotherm was measured at 85 °C up to 30 bar for a 

sample with a crystallinity of 37 wt% (DSC). Swelling was experimentally determined via 

video-microscopy. Kröner and Bartke [58] studied the solubilities of ethylene and propylene 

in high impact copolymers, but also measured the solubility of propylene in PP (39 wt% 

crystallinity by XRD) at 70 °C. Cancelas et al. [59] analyzed the solubility of gas mixtures in a 

high impact copolymer. Solubility isotherms of propylene in PP (72 wt% by density method) 

were measured at 50, 70 and 85 °C up to 20 bar. 

 

2.3.2 Diffusion 

Mass transfer in polyolefin particles is strongly affected by the particle morphology. The 

distribution of pore and polymer space throughout the polymer particle is characteristic for a 

given catalyst system and will differ from catalyst to catalyst. In common mathematical 

models that combine polymerization kinetics and mass transfer such as the multi-grain model 

(section 2.4.3), three different levels of mass transport resistance are often considered: a) 

through the particle boundary layer, b) through the particle pores and c) through the polymer 

phase of small micro-grains. [56] Although the existence of these micro-grains of about 1 µm 

was experimentally validated by electron microscopy techniques [66, 67], further imaging 

studies revealed the existence of larger compact zones of aggregated micro-grains [39, 68, 

69]. In recent experimental investigations on diffusion in polyolefin particles, the main 
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resistance for mass transfer was found to be diffusion through the polymer phase of these 

large compact zones [55, 56, 58] or even of the entire particle [40, 52]. 

Sliepevich et al. [52] studied the diffusivity of olefins in PP particles by gas chromatography. 

They found that the rate determining step is the diffusion in the polymer and not in the 

macro-pores with a characteristic diffusive length close to the particle diameter suggesting 

that the particles consist of a pseudo-continuum polymer phase rather than a cluster of 

segregated micro-particles. Bartke et al. [55] analyzed the diffusion of propylene and 

ethylene in PP homopolymers and heterophasic copolymers in a magnetic suspension 

balance. By combined sorption studies with powder samples and compressed films, the 

effective length scale for diffusion could be determined which was not the particle diameter, 

but much smaller with about 125 µm for all particles and independent of the particle size. 

They concluded that the effective length scale for diffusion was thus in between the micro- 

and macro-particle scale as used in classical particle modeling. Bobak et al. [56] performed 

gravimetric degassing experiments to estimate the morphology characteristics of porous PP 

particles. They found that a simple Fick’s diffusion model could not be used to model the 

degassing behavior. By proposing a particle model including two sizes of compact polymer 

granules, i.e. depicting the particle morphology to consist of a certain number of small and 

large polymer sub-particles, the degassing curves could be described and the fractions of 

small and large compact zones were estimated. The large polymer granules could be well 

estimated to have a diameter of 240 µm and the rate determining step was found to be the 

diffusion through the polymer phase of the compact granules. Kröner and Bartke [58] 

measured sorption rates of ethylene and propylene in PP homopolymers and high impact 

copolymers using a high pressure sorption balance. Non-porous films were first studied to 

obtain the material specific diffusion coefficients. Using these coefficients, the sorption 

curves of the powders were used to estimate the integral, effective diffusion length. This 

revealed that subdomains (micro-grain clusters) of 250 to 500 µm were the rate determining 

length scale for mass transport. By correlating the size of these clusters with the yield of the 

different powder samples, conclusions about the morphology development during 

(co)polymerization could be drawn. 

 

2.4 Modeling of coordinative olefin polymerization 

2.4.1 Multi-scale modeling 

In a polyolefin reactor, the various chemical and physical phenomena occur at different 

length scales. To account for these scales within a mathematical model, a model hierarchy 
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can be defined. According to the leading work of Ray [70, 71], the polymerization model can 

be classified into three different length scales: 

1) Micro-scale (kinetic model) 

2) Meso-scale (particle model) 

3) Macro-scale (reactor model) 

At the micro-scale, the (molecular) polymerization kinetics taking place at the catalyst sites 

are considered. The phenomena occurring at the particle scale such as particle growth, heat 

transfer and mass transfer are modelled at the meso-scale. The reactor dynamics including 

overall heat balances, reactor hydrodynamics, residence time distributions and so on are 

covered at the macro-scale. 

The phenomena taking place at the different scales are of course coupled with each other. 

For instance, the polymerization rate at the active catalyst site (micro-scale) affects both the 

temperature and heat transfer of the polymer particle (meso-scale) as well as the integral 

reactor heat balance (macro-scale). When considering all processes occurring at the three 

different length scales, polymerization models can become very complex. Depending on the 

modeling objective, a specific length scale is sometimes focused on (e.g. the meso-scale to 

analyze particle mass transfer limitations) while the other scales are strongly simplified or 

even neglected.  

 

2.4.2 Kinetic modeling 

At the micro-scale, the polymer chain reactions take place that determine the chain 

microstructure which in return is linked to the final polymer properties. [72] To model the 

molecular processes of this length scale, a kinetic model is used. In this model, the 

polymerization is expressed in terms of kinetic rate constants and concentrations of reactants 

in order to describe the temporal course of the polymerization rates and molecular property 

distributions (e.g. molecular weight distributions). Since the kinetic constants needed for the 

model are catalyst specific, these need to be estimated using experimentally determined 

polymerization data, i.e. polymerization profiles for various conditions, in order to eventually 

simulate the polymerization behavior of the studied catalyst. 

The elementary reaction steps occurring during the coordinative polymerization of olefins are 

very complex and not fully understood. To reduce the complexity but still being able to model 

the kinetic behavior of common industrial Ziegler-Natta catalysts, the kinetic mechanism is 



 

 

22 

described by a set of standard reaction steps. [14, 72–74] Depending on the modeling 

objective and the experimental data available to estimate the numerous kinetic rate 

constants, a set of reaction steps is chosen which best describes the experimental 

observations. The general kinetic scheme (Table 2.2) for the polymerization of olefins via 

organometallic catalysts consists of the following basic reaction steps: 

1) Catalyst activation 

2) Chain initiation 

3) Chain propagation 

4) Chain transfer 

5) Catalyst deactivation 

The titanium sites of ZN catalysts are typically activated by a cocatalyst (e.g. 

triethylaluminum). Other activation paths such as the activation by hydrogen, by monomer, or 

spontaneously are also possible. By this activation step, the potential catalyst site is 

converted to a vacant active site. A new polymer chain is created by the initiation step, in 

which one monomer molecule is added to the vacant active center forming a living polymer 

chain with a chain length of one. This chain can now grow by chain propagation. Here, the 

monomer is attached to the active site of the living chain, increasing the chain length by one 

monomer unit in each propagation step. The chain growth continues until a transfer reaction 

occurs. In the chain transfer reaction, the living polymer chain reacts with a chain transfer 

species. The living chain is terminated and a dead polymer chain and a vacant active site are 

produced. In industry, hydrogen is used to control the molecular weight since it is an effective 

chain transfer agent. Additionally, the transfer step may occur by other species such as 

monomer, cocatalyst or spontaneously (β-hydride elimination). The typical activity loss of 

Ziegler-Natta catalysts observed over time during the polymerization of olefins is believed to 

occur because of catalyst site deactivation. Both the vacant sites as well as the living 

polymer chains can deactivate forming a dead catalyst site or a dead polymer chain and a 

dead site, respectively. The deactivation step may happen spontaneously or by monomer, 

cocatalyst, hydrogen, or other species. 

To the general kinetic scheme presented in Table 2.2 further reaction steps may be added. 

Site transformation [73, 75–77] and the multi-site nature of ZN catalyst [78, 79] are often 

considered. For the latter case, the kinetic scheme is still valid, but would apply to each 

single catalyst site type. The multi-site approach is required in order to model the broad 

molecular weight distributions (MWD) of ZN catalysts. This can be achieved by MWD 

deconvolution techniques by which the number of site types is estimated. [4, 80] 



 

 

23 

Table 2.2: Overview of standard reaction steps for the kinetic modeling of coordinative 
polymerization. [14, 72] In this scheme, Sp, CoCat, Sa, M, H2, Pn, Dn and Sd are symbols for the 
potential catalyst site, cocatalyst, active catalyst site, monomer, hydrogen, living polymer of length n, 
dead polymer of length n and dead catalyst site, respectively. 

Reaction Step Chemical Equation 

Activation 

 by cocatalyst 

 by monomer 

 by hydrogen 

 spontaneous 

 

𝑆𝑝  +  𝐶𝑜𝐶𝑎𝑡  
𝑘𝑎𝐶𝑜
→   𝑆𝑎 

𝑆𝑝  +  𝑀  
𝑘𝑎𝑀
→   𝑆𝑎 

𝑆𝑝  +  𝐻2   
𝑘𝑎𝐻
→   𝑆𝑎 

𝑆𝑝  
𝑘𝑎𝑆𝑝
→   𝑆𝑎 

Initiation 𝑆𝑎  +  𝑀  
𝑘𝑖
→ 𝑃1 

Propagation 𝑃𝑛  +  𝑀  
𝑘𝑝
→  𝑃𝑛+1 

Transfer 

 by hydrogen 

 by monomer 

 by cocatalyst 

 spontaneous 

 

𝑃𝑛  +  𝐻2   
𝑘𝑡𝑟𝐻
→   𝑆𝑎 + 𝐷𝑛 

𝑃𝑛  +  𝑀  
𝑘𝑡𝑟𝑀
→   𝑃1 + 𝐷𝑛 

𝑃𝑛  +  𝐶𝑜𝐶𝑎𝑡  
𝑘𝑡𝑟𝐶𝑜
→    𝑆𝑎 + 𝐷𝑛 

𝑃𝑛   
𝑘𝑡𝑟𝑆𝑝
→    𝑆𝑎 + 𝐷𝑛 

Deactivation 

 spontaneous 

 

 by species X 

(e.g. H2, M, or CoCat) 

 

𝑃𝑛   
𝑘𝑑𝑆𝑝
→   𝑆𝑑 + 𝐷𝑛 

𝑆𝑎   
𝑘𝑑𝑆𝑝
→   𝑆𝑑 

𝑃𝑛  +  𝑋  
𝑘𝑑𝑋
→   𝑆𝑑 + 𝐷𝑛 

𝑆𝑎  +  𝑋  
𝑘𝑑𝑋
→   𝑆𝑑 

 

A further important kinetic phenomenon observed for the polymerization of propylene is the 

rate enhancement by hydrogen. This can be explained by the dormant site theory (section 

2.2.2) which was implemented in kinetic models in different forms. [4, 27, 36, 73, 81] The 

kinetic scheme can be simplified to three reaction steps (Table 2.3). [81] The dormant chain 

is formed by the regio-irregular 2,1-insertion of a propylene molecule into a living polymer 

chain. This dormant species can now be reactivated in two different ways: via hydrogen or 

monomer. The dormant chain can react with hydrogen to form a dead polymer chain and a 

hydrogenated active site (equally treated as a vacant active site). The reactivation step with 

hydrogen models the polymerization rate enhancement observed upon increase of the 

hydrogen concentration. With this kinetic step, the concentration of active sites is effectively 

increased, whereas the concentration of dormant chains not contributing to the 

polymerization rate is decreased. In a third reaction step, the reactivation of dormant chains 

is modeled in absence of hydrogen. By the 1,2-insertion of monomer into the dormant chain, 
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a living polymer chain is formed. Without this second reactivation step, the polymerization 

would come to a standstill in absence of hydrogen. 

Table 2.3: Kinetic scheme for the rate enhancement by hydrogen based on the dormant site 
theory. [81] In this scheme, Pn, M, Pn

dorm, H2, Sa and Dn are symbols for the living polymer of length n, 
monomer, dormant polymer of length n, hydrogen, active catalyst site and dead polymer of length n, 
respectively. 

Reaction Step Chemical Equation 

Dormant Chain Formation 𝑃𝑛  +  𝑀  
𝑘𝑑𝑜𝑟𝑚
→     𝑃𝑛+1

𝑑𝑜𝑟𝑚 

Reactivation 

 by hydrogen 

 by monomer 

 

𝑃𝑛
𝑑𝑜𝑟𝑚  +  𝐻2   

𝑘𝑟𝑒𝐻
→   𝑆𝑎 + 𝐷𝑛 

𝑃𝑛
𝑑𝑜𝑟𝑚  +  𝑀  

𝑘𝑟𝑒𝑀
→    𝑃𝑛+1 

 

2.4.3 Single particle models 

The polymerization of olefins via supported catalysts starts on the catalyst particle and 

proceeds within the growing polymer particle. Since the (spatial) conditions within the particle 

such as temperature and monomer concentration directly affect the polymerization rates and 

therefore also the polymer properties, a special interest lies in modeling the processes of this 

length scale. To account for the physical processes occurring at the meso-scale, single 

particle models are employed connecting the micro- and macro-scale. Here, phenomena 

such as heat and mass transfer through the particle boundary layer and within the particle, 

particle growth and catalyst fragmentation are considered. Various particle models and 

modifications of these exist which were reviewed by Dubé et al. [82] and McKenna and 

Soares [83]. The two most common ones, the multigrain model (MGM) and the polymeric 

flow model (PFM), are explained briefly in the following. 

The multigrain model was first developed by Yermakov et al. [84], Crabtree et al. [85] and 

Nagel et al. [86] between 1970 and 1980. Two levels of mass and heat transfer resistances 

are considered. The particle (macro-particle or secondary particle) is assumed to consist of 

an agglomerate of micro-particles (primary particles) (Figure 2.2) resembling the 

heterogeneous morphology of real polyolefin particles as observed by researchers such as 

Hock [87], Kakugo et al. [66, 67] and Noristi et al. [88]. Each micro-particle consists of a 

catalyst fragment covered by a layer of dead and living polymer. Monomer from the bulk 

phase first diffuses through the pores of the macro-particle and then through the polymer 

layer of the micro-particles to reach the active sites at the surface of the catalyst fragments 

where the polymerization occurs. The newly formed polymer accumulates there which leads 

to micro-particle and thus macro-particle growth. The MGM was further developed by 
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researchers such as Floyd et al. [51, 89], who used it to study aspects of heat and mass 

transfer, and Hutchinson et al. [90, 91] who analyzed particle overheating, particle growth 

and development of particle morphology. 

The polymeric flow model was developed by Schmeal and Street [92], Singh and Merril [93] 

and Galvan and Tirrell [94, 95] in the 1970s and 1980s. The essential assumption is that 

polymer chains and catalyst fragments form a continuum. Heat and mass transfer take place 

through the pseudo-homogeneous polymer matrix. The PFM is less complex than the MGM 

both in terms of the number of required parameters (only one level of transport resistance) 

and the numerical solution, but still gives qualitatively similar predictions. [4] Bartke and 

Reichert [96] calculated the complete molecular weight distribution as a function of the radial 

position within a growing polymer particle using the PFM. Kittilsen et al. [97] extended the 

PFM to include convection effects which was further developed by Parasu Veera et al. [98, 

99]. Yiagopoulos et al. [100] studied heat transfer phenomena at the early growth of catalyst 

particles following the PFM developments of Hoel et al. [101]. Kanellopoulos et al. [102] 

extended the PFM to include both convective effects and a dual diffusion mechanism 

accounting for the change in particle morphology leading to the “random-pore polymeric flow 

model”. 

 

Figure 2.2: Schematic representation of the multigrain model (left) and of the polymeric flow model 
(right). [83] 

 

2.4.4 Thermodynamic modeling 

Important variables of the described models, e.g. reactant concentrations in kinetic modeling, 

can be obtained via thermodynamic models. More general, physical properties relevant for 

process modeling are typically calculated based on thermodynamic models. For polyolefin 

systems, the Sanchez-Lacombe (SL) and Perturbed-Chain Statistical Association Fluid 

Theory (PC-SAFT) equations of state (EoS) are regarded as the two major state-of-the-art 

thermodynamic models. Both account for the size and shape of molecules and describe 

thermodynamic properties and phase behavior of polymer systems well. The SL EoS stands 
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out with its simplicity, whereas the PC-SAFT model, although more complex, shows superior 

predictive capabilities. [103, 104] 

The SL EoS is based on lattice theory (Figure 2.3) and can be viewed as an extension of the 

classical Flory-Huggins theory. The basic model concept is that molecules consist of “mers” 

(parts) which are arranged within a lattice structure. Three macroscopic parameters are 

needed to describe a pure component: the characteristic temperature T*, pressure P* and 

closed-packed mass density ρ*. Originally developed by Sanchez and Lacombe [105, 106], 

the SL model was applied to many different polyolefin systems [53, 54, 107–109]. 

The PC-SAFT EoS is a continuum model in which molecules are pictured to consist of 

spherical segments freely jointed and exhibiting repulsive and attractive forces among them. 

A pure component is characterized by three parameters: the number of segments per 

molecule m, the segment diameter σ and the energy related to the interaction of two 

segments 𝜀. A detailed description of the PC-SAFT EoS is found in the original works of 

Gross and Sadowski [110, 111]. Applications of the PC-SAFT model to polyolefin systems 

are described in further literature [79, 112–114]. 

 

Figure 2.3: Schematic comparison of model concepts of the Sanchez-Lacombe (left) and PC-SAFT 
(right) equations of state. [103] 
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3 Research Objectives and Thesis Outline 

Ziegler-Natta catalysts are considered as the workhorse of the polypropylene production 

industry. Since the catalyst greatly defines the process productivity as well as the product 

properties, process and product development is mainly driven in search of new catalysts with 

enhanced polymerization performance. One aspect in the development of these is lab-scale 

testing before pilot or commercial trials are tackled. However, the typical semi-batch reactor 

used for measuring gas phase polymerization kinetics is not directly comparable to an 

industrial continuous plant in which the catalyst is not fed to an empty reactor, but one with 

high solid contents of polymer particles. This mismatch may affect the information output of a 

lab-scale kinetic study. 

Scope of this work is to study the kinetics of four modern Ziegler-Natta catalysts for the gas 

phase polymerization of propylene under lab-scale conditions that more resemble the 

situation in continuous industrial plants. A special emphasis is put on the effect of catalyst 

overheating which is a common challenge for highly active catalysts. 

The thesis is grouped into three main sections. The first section deals with the kinetic study 

in which experiments were conducted in a 5 L horizontal stirred tank reactor under industrial 

relevant conditions. A seed bed polymerization method is established by analyzing the effect 

of a PP bed material on the kinetics of two catalysts. Subsequently, the polymerization 

kinetics are analyzed for three ZN catalysts with focus on the effect of catalyst overheating 

by comparing two different methods: prepolymerization and seed bed polymerization. The 

activity and MFR responses towards hydrogen as well as the particle morphology are 

investigated. 

In the second section, the solubility of propylene in PP is measured in a high pressure 

magnetic suspension balance. State-of-the-art thermodynamic models relevant for process 

modeling are tested in describing the propylene/PP system. 

In the third section, a phenomenological kinetic model is developed based on the results of 

the polymerization experiments and combined with an experimentally validated 

thermodynamic equation of state. The catalyst specific kinetic parameters are estimated and 

the kinetic model is validated. 
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4 Experimental Setup and Polymer Characterization 

4.1 Setup for the polymerization experiments 

Polymerization experiments were conducted in an existing laboratory setup (Figure 4.1). [22, 

23, 41] The setup can be divided into four main parts: The raw material supply including the 

propylene purification unit, the polymerization reactor, the control units and the data 

acquisition system. 

 

4.1.1 Raw material supply and purification 

The used Ziegler-Natta catalysts are sensitive to feed stream impurities such as water, 

oxygen and other polar compounds. In order to achieve high activities and good 

reproducibility, the raw materials were purified before entering the reactor. In particular, the 

monomer was purified by a multi-stage purification system. 

Propylene (Air Liquide) was supplied in gas bottles with a purity of 99.5 mol%. A diaphragm 

pump (ORLITA MhS 18/5, ProMinent) guaranteed the monomer conveyance through the five 

stage purification system. In the first column, molecular sieve with a pore size of 4 Å was 

used to remove traces of water. In the second stage, an oxidized copper catalyst (PuriStar® 

R3-12, BASF) assured the removal of sulfur, arsine, H2S and COS compounds. In the third 

column, a 50:50 mixture of Selexsorb® CDL/COS (BASF) was used to adsob a wide range 

of polar compounds. The fourth column contained PuriStar® R3-17 (BASF) in order to 

remove CO. The last stage consisted of two columns filled with Dynocel 680 which has a 

high capacity for polar organic and acid gas compounds. For improved removal of impurities, 

the liquid propylene was recycled several times through the purification system at a pressure 

of 40 bar. 

Hydrogen (Linde) of purity 5.0 was supplied in gas bottles and applied as chain transfer 

agent. It was used as received without further purification. 

In-house nitrogen (liquid storage tank, Air Liquide) of quality 5.0 was used for inertization of 

the reactor system. Further purification was performed by passing the gas over an Oxisorb® 

cartridge (Linde) in order to remove oxygen traces. 
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Figure 4.1: Experimental setup for the gas phase polymerization of propylene. 

 

Table 4.1: Gas supply and quality. 

Gas Supplier Purity 

Propylene Air Liquide 2.5 

Hydrogen Linde 5.0 

Nitrogen Air Liquide 5.0 
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4.1.2 Lab-scale polymerization reactor 

The gas phase polymerization experiments were performed in a 5 L horizontal stirred tank 

reactor under industrial relevant conditions (Figure 4.2). The reactor is designed for 

pressures up to 40 bar and temperatures up to 120 °C. The stainless steel reactor is cooled 

and heated via the jacket using a commercial thermostat (Proline RP 855, Lauda) with a 

maximum heating power of 3.5 kW and a maximum cooling power of 1.6 kW. A thermal oil 

(Therminol® ADX 10, Fragol) was used as thermostating liquid. Since propylene is fed to the 

reactor in the liquid state, cooling is additionally caused by monomer evaporation. However, 

this only amounts up to a fraction of about 20 % as the specific heat of evaporation is 

18.4 kJ/mol [115] and the specific reaction heat is 102 kJ/mol [116]. The temperature is 

measured in the center of the reactor with a Pt100. The pressure is measured with a digital 

pressure sensor (IUT-10, WIKA) within a range of 0 to 40 bar and a relative error of 0.15 %. 

The anchor-type stirrer is rotated via a magnetic coupling (bmd 300, Büchi) driven by a three 

phase variable gear motor (Büchi). Stirring speeds up to 800 rpm can be realized. 

The gases and the catalyst system are inserted via the top of the reactor. Propylene is fed 

via a liquid phase mass flow controller (Flomega 5882, Brooks) and hydrogen via a gas 

phase mass flow controller (MF50S, Brooks). The catalyst system is injected directly with 

liquid propylene from the purification unit without passing the mass flow controller. The fast 

injection fluid flow is caused by the pressure difference of liquid propylene at 40 bar and the 

reactor pressure. 

A slide vane rotary vacuum pump (P 6 Z, Ilmvac) and the in-house nitrogen are connected to 

the reactor for inertization. 

 

Figure 4.2: Horizontal gas phase polymerization reactor. 
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4.1.3 Measurement of reaction kinetics and control units 

The polymerization reactor is operated in semi-batch mode at isobaric and isothermal 

conditions. During the reaction, gaseous propylene is converted to solid polypropylene. The 

density of the solid is much higher than the density of the gas. The consequent pressure 

drop is compensated by constantly feeding monomer to the reactor. At constant pressure 

and temperature, the mass flow of propylene into the reactor is equal to the gross propylene 

consumption by reaction which is proportional to the polymerization rate or activity of the 

catalyst. Thus the reaction rate is accessible during the polymerization experiment. 

In order to maintain isobaric conditions, monomer is fed to the reactor in a closed pressure 

control loop. The pressure value is transmitted from the WIKA pressure sensor to a PID 

controller (i16, Omega i-Series, Newport) via a voltage signal. Depending on the difference 

between the measured pressure value and the set point, the controller forwards a voltage 

signal to a control box (Brooks Instrument) which regulates the propylene flow via the mass 

flow controller. 

Isothermal conditions are achieved by a cascade closed loop control which is available via 

the Lauda thermostat. The cascaded control consists of an outer and an inner PID controller. 

The outer PID controller compares the reactor temperature with the manually entered 

temperature set point and adjusts the inner thermostat bath temperature set point in order to 

maintain the target reactor temperature. The inner PID controller manipulates the heating 

power in order to achieve the set thermostat bath temperature. 

 

4.1.4 Data acquisition 

The commercial software DASYLab 9 (National Instruments) was used for data acquisition. A 

snapshot of the interface during a typical polymerization experiment is shown in Figure 4.3. 

During an experiment, pressure, temperature and mass flows are collected, processed and 

displayed. The data of each experiment is recorded and stored in an ASCII-file. For safety 

reasons, the process inputs, i.e. the set temperature and pressure, could also be set 

manually directly at the corresponding controllers. 
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Figure 4.3: User interface of DASYLab 9 during a polymerization experiment. 

 

4.2 Chemicals and catalyst preparation 

Four different commercial Ziegler-Natta catalysts were studied in the gas phase 

polymerization of propylene. The catalysts were provided by the industrial partner and can be 

grouped into the 4th and 5th generation with catalyst A and B being phthalate-based and C 

and D diether-based. The active compound of all catalysts is titanium. 

Triethylaluminum (TEA, 93 %, Sigma Aldrich) was used as cocatalyst. TEA does not only 

function as cocatalyst, but also as a scavenger reacting with impurities which might still be 

present in the reactor. A fixed TEA amount of 0.3 mL was used in all polymerization 

experiments. Isobutylisopropyldimethoxysilane (abcr) was used as external donor in form of 

a 0.5 M solution in n-heptane (Sigma Aldrich). The external donor was used in a fixed ratio 

with respect to the catalyst. 

ZN catalysts are very sensitive to impurities such as water or air and contact with such media 

results in catalyst poisoning. Furthermore, the cocatalyst TEA is extremely reactive with air 

(and water) and exposure to air must be avoided. Therefore, catalyst preparation was carried 
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out under inert conditions in a glove-box (Jacomex). For catalyst preparation, 8 to 12 mg of 

the dry catalyst were weighed in a glass weighing boat and transferred to one chamber of a 

specially designed double-chambered steel injector (short: feeder, Figure 4.4). 0.6 mL of 

mineral oil (Primol 352, ExxonMobil) were added to the catalyst in order to remove possible 

electrostatic charges, mechanically protect the catalyst during injection and reduce 

overheating. The latter case is because upon catalyst injection, oil needs to be exchanged 

with monomer to start the polymerization and thus the initial polymerization rate is 

reduced. [117] The external donor and TEA were filled into the second chamber. Precontact 

of catalyst and cocatalyst is avoided by the separation of the two chambers by a ball valve. 

Once the feeder was filled with all needed components and the valves were closed, the 

feeder could be safely transferred to the reactor. 

 

Figure 4.4: Double-chambered steel injector for catalyst/oil (left chamber) and external 
donor/cocatalyst (right chamber). 

 

4.3 Polymerization procedure 

4.3.1 Reactor inertization 

Due to the high sensitivity of ZN catalysts to traces of oxygen or water, careful reactor 

inertization is needed prior to each polymerization experiment in order to obtain high activity 

and reproducibility. The reactor was therefore heated up to 100 °C to remove any moisture 

on the reactor walls. Vacuum was applied for about 30 min followed by pressurizing the 

reactor with nitrogen up to 10 bar for about 5 min. The vacuum-nitrogen cycle was repeated 

for at least six times. After these steps, the reactor was cooled down and pressurized with 

nitrogen. 

When a seed bed polymerization was performed, a certain amount (standardly 100 g) of PP 

powder was placed inside the reactor prior to the inertization procedure. The reactor was 

prepared in the same way as described above with the seed bed being stirred at 10 rpm 

during the vacuum/nitrogen cycle. 
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4.3.2 Polymerization with a prepolymerization step 

Polymerization experiments including a prepolymerization step, i.e. starting the 

polymerization at a relatively low temperature, were conducted as follows (Figure 4.5). After 

the reactor was rendered inert, vacuum was applied for about 15 min. Then, the reactor was 

filled with propylene and hydrogen and heated to the desired initial reaction temperature. 

Note that the standard prepolymerization temperature was 40 °C, but some variations were 

performed with respect to this temperature. The stirrer was turned on and the stirring speed 

set to 350 rpm. The initial pressure was controlled to be about 2 bar below the vapor 

pressure of propylene in order to avoid formation of liquid propylene. Prior to the 

polymerization start, the catalyst was prepared as described in section 4.2. The feeder was 

connected to the reactor under nitrogen flow with the catalyst chamber mounted closest to 

the reactor. The connections were rendered inert by alternating nitrogen and vacuum for at 

least 20 times. The polymerization was started by catalyst injection with liquid propylene. 

Here, the bottom valve of the feeder was opened first and directly afterwards simultaneously 

the middle and top valves resulting in flushing of catalyst, cocatalyst and external donor into 

the reactor. The valves were opened for a few seconds resulting in a pressure increase of 

1 bar. It was assured that gas phase conditions were preserved. Upon catalyst injection, the 

reactor was directly heated to the desired main polymerization temperature. The feeder was 

flushed for a second time with liquid propylene to ensure complete injection of the catalyst 

system. Parallel to the reactor heat up, propylene was fed to the reactor via the mass flow 

controller with the maximum flowrate of about 1 kg/h while maintaining gas phase conditions 

inside the reactor. When the reaction temperature and pressure of 28.5 bar were reached, 

the monomer feed was changed to the controlled mode. Propylene was fed via the pressure 

control loop according to the set pressure. The reaction was carried out for one hour (with 

the polymerization starting upon catalyst injection). The experiment was stopped by releasing 

the pressure and cooling down the reactor. The remaining propylene in the produced PP was 

removed by nitrogen purging for 30 min. The full deactivation of the catalyst system was 

achieved by inserting air into the reactor before opening the reactor and collecting the 

produced polymer. 

 

4.3.3 Polymerization without a prepolymerization step 

Polymerization experiments without a prepolymerization step differed only slightly in the 

operational procedure: The initial temperature and pressure of the reactor were set to the 

main reaction conditions. Furthermore, no heat up was needed since the required reaction 

conditions were achieved right upon polymerization start. 
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The experimental procedure without a prepolymerization step is shown in Figure 4.6. The 

reactor was evacuated, filled with propylene and hydrogen, and heated up to reaction 

temperature. The initial pressure was adjusted to be 1 to 2 bar below the reaction pressure of 

28.5 bar since the catalyst injection further increased the reactor pressure. The catalyst 

feeder was prepared and the catalyst system was injected with liquid propylene as described 

before. Propylene was fed via the pressure control loop and the reaction was carried out for 

one hour upon catalyst injection at a stirring rate of 350 rpm. 

 

Figure 4.5: Experimental polymerization procedure with a prepolymerization step. 

 

Figure 4.6: Experimental polymerization procedure without a prepolymerization step. 
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4.3.4 Seed bed polymerization experiments 

Seed bed polymerization experiments were carried out in the exact same ways as the 

procedures with and without a prepolymerization step. The only difference is the use of a 

seed bed. For that, prior to rendering the reactor inert, a defined amount of PP (standard: 

100 g) from earlier polymerization runs was placed inside the empty reactor. The reactor was 

rendered inert and the polymerization was performed according to section 4.3.2 or 4.3.3. 

 

4.4 Experimental plan 

The polymerization kinetics of four different ZN catalysts A to D were analyzed 

experimentally in the 5 L gas phase reactor. The main focus was to study the influence of the 

initial temperature, seed bed mass and hydrogen mass. The main reaction temperature and 

pressure were not varied. The following industrial relevant conditions were studied: 

 Reaction temperature: 80 °C (Cat A&B) or 75 °C (Cat C&D) 

 Reaction pressure: 28.5 bar 

 Initial temperature: 40 to 80 °C 

 Seed bed mass: 0 to 200 g 

 Hydrogen mass: 0 to 400 mg 

The experimental analysis can be separated into two objectives. First, the effect of the initial 

temperature and a seed bed was studied in detail for catalysts A and B at a fixed hydrogen 

mass of 100 mg. The influence of the seed bed mass was then extended to catalysts C and 

D. Having established a seed bed polymerization procedure, the second objective was to 

study the effect of hydrogen on the polymerization kinetics of catalysts A, C and D for the two 

different polymerization methods of prepolymerization (catalyst injection at 40 °C) and seed 

bed polymerization (catalyst injection at the main reaction temperature in presence of a seed 

bed). 

 

4.5 Polymer characterization 

The PP products were characterized by their melt flow rate, weight average molecular weight 

and crystallinity. The morphology of the produced powders was qualitatively analyzed by light 

and scanning electron microscopy and quantitatively by bulk density, porosity and particle 
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size distribution measurements. Note that for the seed bed polymerization experiments the 

obtained samples are a mixture of the freshly produced PP powder and the seed bed 

particles and the characterization was performed for the mixture of particles. 

 

4.5.1 Melt flow rate and molecular weight 

The melt flow rate (MFR) correlates with the melt viscosity and thus the molecular weight of a 

polymer sample. It is a standardized test which is very common for quality control at 

commercial polyolefin plants and one of the grade’s property specifications for PP 

processors. The MFR is defined by the mass rate of molten polymer that flows through a 

standardized orifice at a given temperature under pressure of a standardized load. [4] The 

unit is g/10 min. This standard test method is defined by ASTM D 1238 [118] and ISO 1133 

[119] with the specific test temperature of 230 °C and test load of 2.16 kg for PP. 

For MFR measurements, a micro flow melt indexer (CSI-127MF, Custom Scientific 

Instruments) was used which allowed the estimation of the MFR for small quantities of 

polymer. The output of the measurement was the recorded time the molten sample needed 

to pass through a certain distance of a die. A calibration curve was therefore established to 

correlate the measured time with the actual MFR (Figure 4.7). Various samples with known, 

but different MFR (provided by the project partner) were measured with the micro flow melt 

indexer. The measurement time t [s] and MFR [g/10 min] could be correlated by: 

 𝑀𝐹𝑅 = 428.06 𝑡−1.137 (4.1) 

To determine the MFR of a produced PP sample, at least five measurements were 

performed and the average recorded time was used to calculate the MFR.  

Based on the obtained MFR, the weight average molecular weight Mw [kg/mol] was 

calculated by an empirical correlation provided by the industry partner: 

 Mw = 538.445 MFR
−0.249 (4.2) 

The experimental error of the MFR measurement was estimated to be of 15 %. The 

reproducibility of the MFR measurements is shown in Figure 4.8. Note that each MFR was 

obtained from a separate PP powder produced in the gas phase reactor under the same 

conditions. 
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Figure 4.7: Calibration curve fit (R2 = 0.993) for MFR and measured time of the micro flow melt 
indexer. 

 

Figure 4.8: Reproducibility of MFR measurements. Each MFR value was obtained from a separate 
PP sample which was produced under identical polymerization conditions. 

 

4.5.2 Crystallinity  

The crystallinity of polypropylene correlates with its mechanical properties. Depending on 

how the PP chains are able to align, few or many crystalline domains are present in a given 

PP powder. The alignment depends on the stereo- and regio-regularity of the polymer chains 

and crystallinity is highest for isotactic PP with a low number of stereo- and regio-defects. In 

case of the commercially relevant isotactic PP, the crystallinity varies only in a narrow range 

of about 40 to 70 % and is mainly determined by the catalyst system in use. [7] 
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The term crystallinity is actually not very precise and one should distinguish between the 

crystalline mass and volume fraction. In this thesis, crystallinity is used as a short term for the 

crystalline mass fraction wcr which is defined as: 

 𝑤𝑐𝑟 =
𝑚𝑐𝑟

𝑚𝑎𝑚 +𝑚𝑐𝑟
=
𝑚𝑐𝑟
𝑚𝑃𝑃

 (4.3) 

The crystalline volume fraction vcr is given by: 

 𝑣𝑐𝑟 =
𝑉𝑐𝑟

𝑉𝑎𝑚 + 𝑉𝑐𝑟
=
𝑉𝑐𝑟
𝑉𝑃𝑃

 (4.4) 

As sorption only takes place in the amorphous fraction of the polymer, the determination of 

crystallinity is crucial in order to calculate the effective monomer concentration in the 

amorphous phase. Different analytical methods can be used to obtain the crystallinity of a 

given PP sample such as differential scanning calorimetry, X-ray diffraction or Helium 

pycnometry (via density). 

 

4.5.2.1 Differential scanning calorimetry 

The crystalline mass fraction of PP can be determined by differential scanning calorimetry 

(DSC). By integration of the first melting peak, the specific enthalpy of fusion ΔHf of the 

sample can be obtained. By relating this specific enthalpy to the theoretical enthalpy of fusion 

of 100 % crystalline PP ΔHf,100 %, the crystalline mass fraction can be estimated: 

 𝑤𝑐𝑟 =
𝛥𝐻𝑓

𝛥𝐻𝑓,100 %
 (4.5) 

DSC measurements (UNIX DSC7, Perkin Elmer) were performed at the Experimental 

Polymer Physics Group of the Martin-Luther-University Halle-Wittenberg. 10 mg of a sample 

were used for each run. The sample was heated up from room temperature to 200 °C with a 

heating rate of 10 K/min. Only the first scan was used for crystallinity analysis to determine 

the nascent polymer powder properties. The integration was conducted from 60 to 180 °C 

and the theoretical enthalpy of fusion of 100 % crystalline PP was taken to be 209 J/g [116]. 
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Figure 4.9: DSC curve of a PP sample. 

 

4.5.2.2 Wide angle X-ray scattering 

Another method for crystallinity estimation is wide angle X-ray scattering (WAXS). Selected 

samples were analyzed at the Experimental Polymer Physics Group of the Martin-Luther-

University Halle-Wittenberg. WAXS experiments were performed in transmission mode using 

a SAXSLAB laboratory setup (Retro-F) equipped with an AXO microfocus x-ray source and 

an AXO multilayer x-ray optic (AXO Dresden GmbH) used as monochromator for Cu-Kα 

radiation (λ = 0.154 nm). A two-dimensional (2D) detector (PILATUS3 R 300K, DECTRIS) 

was used to record the 2D scattering patterns. The samples were measured at room 

temperature and in the molten state at 180 °C to obtain the spectrum of the completely 

amorphous PP. The resulting spectra (Figure 4.10) were used to calculate the crystalline 

volume fraction. Here, the obtained intensity spectra needed to be integrated and the ratio of 

the integration areas of the completely amorphous (molten) sample Aam and the sample 

measured at room temperature Asample was used to estimate the crystalline volume fraction: 

 𝑣𝑐𝑟 = 1 −
𝐴𝑎𝑚
𝐴𝑠𝑎𝑚𝑝𝑙𝑒

 (4.6) 
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Figure 4.10: Example of the WAXS spectra of a PP powder sample obtained at room temperature 
(semi-crystalline) and at 180 °C in the molten state (amorphous). The sample was synthesized with 
catalyst A at 80 °C, 28.5 bar and 100 mg hydrogen with the method of prepolymerization. 

 

4.5.2.3 Helium pycnometry 

The polymer density was measured at room temperature via Helium pycnometry 

(Pycnomatic ATC, Porotec GmbH) at the Department of Industrial Chemistry of the Martin-

Luther-University Halle-Wittenberg. Helium pycnometry is a non-destructive method which is 

commonly applied in order to estimate the density of porous materials. The density of PP is 

directly correlated with its crystallinity. Once the polymer density ρPP of a given PP sample is 

known, the crystalline volume fraction can be calculated by using the theoretical density 

values for completely amorphous ρam and completely crystalline PP ρcr, which were taken to 

be 852 and 937 kg/m3 [116], respectively [60, 65, 120]: 

 𝑣𝑐𝑟 =
𝜌𝑃𝑃 − 𝜌𝑎𝑚
𝜌𝑐𝑟 − 𝜌𝑎𝑚

 (4.7) 

The crystalline mass fraction is given by: 

 𝑤𝑐𝑟 =
𝜌𝑐𝑟
𝜌𝑃𝑃

𝜌𝑃𝑃 − 𝜌𝑎𝑚
𝜌𝑐𝑟 − 𝜌𝑎𝑚

=
𝜌𝑐𝑟
𝜌𝑃𝑃

𝑣𝑐𝑟 (4.8) 

 

4.5.3 Particle morphology 

Selected powders were analyzed by different methods to receive an insight into the particle 

morphology. Light and scanning electron microscopy were used as a rather qualitative 
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description of the morphology, whereas measurements of the bulk density were used in an 

attempt to quantitatively capture the powder morphology. Furthermore, the porosity and 

particle size distribution measurements were conducted. 

 

4.5.3.1 Light and scanning electron microscopy 

Selected samples were analyzed by light microscopy in order to capture the particles “outer 

morphology”, i.e. to identify rather spherical or non-spherical particles. Images were taken by 

a digital camera (EOS 600D, Canon) mounted onto a stereomicroscope (S8AP0, Leica 

Biosystems) at the Group of Developmental Biology of the Martin-Luther-University Halle-

Wittenberg. 

For further magnification, scanning electron microscopy (SEM) was used. Selected samples 

were analyzed at the Group of General Material Science of the Martin-Luther-University 

Halle-Wittenberg. The polymer samples were fixed on a SEM sample holder and sputtered 

with a conductive chromium layer. The prepared samples were analyzed under high vacuum 

(10-6 mbar) using the scanning electron microscope Philips ESEM XL 30 FEG with an 

acceleration voltage of 1 to 2 kV in the secondary electron mode. 

 

4.5.3.2 Bulk density 

The bulk density can be used as an approximate, but quantitative evaluation of the 

morphology of the produced PP powders. To measure the bulk density, a graduated 

measuring cylinder with a diameter of 25 mm was filled with PP powder up to the 20 mL 

mark. During filling, the cylinder was tapped several times until the volume remained 

constant. Thus the results presented in this thesis refer to the so called tapped bulk density. 

The tapped density was chosen instead of the poured bulk density because a better 

reproducibility was found for the former case. The filled cylinder was weighted. This 

procedure was performed at least three times and the bulk density was calculated by dividing 

the average powder mass by the filled volume of 20 mL. An estimation of the reproducibility 

of the bulk density measurements is given in Figure 4.11. 

Although the bulk density may be affected by many different factors such as the porosity of 

the powder, the shape of the particles, or the particle size distribution (small particles might 

fill void spaces and lead to an increase in bulk density), it allows a simple estimation of 

powder morphology. In combination with other analytical methods, a more detailed 

comparison of the produced powders is possible. 



 

 

43 

 

Figure 4.11: Reproducibility of bulk density measurements. Each bulk density value was obtained 
from a separate PP sample which was produced under identical polymerization conditions. 

 

4.5.3.3 Mercury porosimetry 

The porosity of the polymer powders was measured via Mercury porosimetry. Both low and 

high pressure runs were performed on a Pascal 140 (up to 4 bar) and Pascal 440 (up to 

4000 bar) porosimeter (both Thermo Finnigan), respectively, at the Department of Industrial 

Chemistry of the Martin-Luther-University Halle-Wittenberg. By combining both measurement 

results, the total porosity was evaluated. 

 

4.5.3.4 Particle size distribution 

The particle size distribution (PSD) was measured by the method of laser diffraction using a 

Mastersizer 3000 (Malvern Panalytical). The entire PP sample was mixed thoroughly by 

moving the sample bag continuously changing its orientation in order to achieve a 

representative measurement. In order to avoid plugging inside the Mastersizer setup, a sieve 

was used to remove particles larger than about 4 mm. These particles were typically 

agglomerates or sheet like particles of a negligible fraction. About 10 g of the sample were 

used for one measurement run. Two to three runs were performed for each sample to check 

for reproducibility (Figure 4.12). Since the upper detection limit is 3.5 mm in diameter, 

particles larger than this size could not be detected. However, the amount of particles larger 

than 3.5 mm was found to be rather small. 
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Figure 4.12: Reproducibility of particle size distribution measurements. Each PSD was obtained from 
a single measurement run from the same sample. 
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5 Experimental Study of the Gas Phase Polymerization of 

Propylene 

This chapter is divided into two parts. In the first one, the polymerization kinetics are 

discussed based on mainly the results of catalyst activity and MFR. In the second part, the 

particle morphology aspects are elevated in detail. 

 

5.1 Results of the gas phase polymerization experiments 

In this section, the experimental kinetic results of the gas phase polymerization of propylene 

with the four different Ziegler-Natta catalysts A, B, C and D are presented. In the first part, 

the effect of the initial temperature and a seed bed on the polymerization kinetics of catalysts 

A and B are discussed and the effect of the seed bed mass is extended to catalysts C and D. 

After having established the prepolymerization and seed bed polymerization method, in the 

second part, the effect of hydrogen is presented for catalysts A, C and D for the two 

methods. 

 

5.1.1 Reaction condition profiles and catalyst activity 

The obtained experimental data of a typical polymerization run for both direct injection and 

prepolymerization are presented in Figure 5.1 and Figure 5.2. When isothermal and isobaric 

conditions are reached, the mass flow of propylene into the reactor equals the gross 

consumption of propylene by reaction and the kinetic profile is accessible. This stage is 

typically reached after about 10 min for the case of direct injection (Figure 5.1). Upon 

polymerization start (catalyst injection), first the temperature needs to be stabilized by the 

temperature controller. The bath temperature has to be lowered by several degrees Celsius 

in order to remove the heat of polymerization. Additionally, the reaction pressure needs to be 

reached as well. 

In case of the prepolymerization experiment (Figure 5.2), upon catalyst injection, first the 

temperature is raised to reaction conditions. Propylene is fed simultaneously (maintaining 

gas phase conditions) in order to obtain the desired reaction pressure. After the reaction 

conditions are reached, the system needs to stabilize and typically after about 20 min the 

kinetic profile is available. 



 

 

46 

 

Figure 5.1: Propylene mass flow, pressure and temperature during a polymerization experiment for 
the seed bed polymerization method using catalyst A, i.e. without a prepolymerization step and in 
presence of a seed bed. Reaction conditions: 80 °C, 28.5 bar, 100 mg H2. 

 

Figure 5.2: Propylene mass flow, pressure and temperature during a polymerization experiment 
including a prepolymerization step using catalyst A. Reaction conditions: 80 °C, 28.5 bar, 100 mg H2. 

Once the reactor is under constant pressure and temperature, the mass flow of propylene 

can be used to calculate the time-dependent catalyst activity. The activity is defined as the 

mass of polypropylene that is produced per mass of catalyst and time. Since the mass feed 

of monomer into the reactor equals the mass production of PP by reaction, the activity A can 

be calculated by simply dividing the propylene mass flow 𝑚̇𝐶3 by the used catalyst mass 
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 𝐴(𝑡) =
𝑚̇𝐶3(𝑡)

𝑚𝐶𝑎𝑡
 (5.1) 

The calculated activity profile is shown as an example in Figure 5.3 together with the 

pressure profile. Note that the fluctuations in the activity are not due to the actual 

polymerization reaction, but because of control oscillations caused by the pressure controller. 

Besides the actual activity profile, the yield y of each polymerization experiment was 

obtained by relating the weighted final polymer mass to the used catalyst amount: 

 𝑦 =
𝑚𝑃𝑃
𝑚𝐶𝑎𝑡

 (5.2) 

When dividing the yield by the reaction time tr, the average activity Ā is received: 

 𝐴̅ =
𝑦

𝑡𝑟
 (5.3) 

In this work, the reaction time was always one hour. It was counted from the injection of the 

catalyst system to the end of the reaction which was defined by opening the valve to vent off 

the monomer. The average activity was used as a simple quantity to compare the influence 

of different conditions affecting the polymerization rate. 

 

Figure 5.3: Activity and pressure profile during a polymerization experiment including a 
prepolymerization step using catalyst A. Reaction conditions: 80 °C, 28.5 bar, 100 mg H2. 
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5.1.2 Reproducibility of catalyst activity 

Ziegler-Natta catalysts are sensitive to impurities and even minor traces of these may affect 

the activity by partial poisoning of the catalyst. Therefore, it is crucial to obtain reproducible 

results in order to discuss the experimental observations on a solid basis. To verify the 

reproducibility of the experiments, several polymerization runs were carried out under the 

exact same conditions. Three activity profiles of catalyst A including a prepolymerization step 

are compared in Figure 5.4 and show good agreement. Furthermore, the average activities 

of repeated experiments show minor deviations (Figure 5.5). Generally, an error of 10 % was 

assumed for the experimental determined average activities. 

 

Figure 5.4: Reproducibility of activity profiles for three identical polymerization experiments of catalyst 
A including a prepolymerization step. Reaction conditions: 80 °C, 28.5 bar, 100 mg H2. 

 

Figure 5.5: Reproducibility of the average activity for five identical polymerization experiments of 
catalyst A including a prepolymerization step. Reaction conditions: 80 °C, 28.5 bar, 100 mg H2. 
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5.1.3 Influence of the initial temperature 

To analyze the prepolymerization effect, the initial temperature was varied from 40 °C up to 

the reaction temperature. The results -without seed bed- are presented for catalysts A and B 

in Figure 5.6. Both catalysts show the same trend of decreasing average activity with 

increasing initial temperature. For the initial temperature of 40 °C, the activity of both 

catalysts is about 28 kgPP/gCat/h. For the injection at 60 °C, the activity decreases by about 

32 % to 19 kgPP/gCat/h. Whereas for direct injection (polymerization start at the main reaction 

temperature of 80 °C), the activity of about 11 kgPP/gCat/h is only 39 % of the 

prepolymerization activity, i.e. the catalyst loses about two thirds of its potential. Thus starting 

the polymerization at a lower temperature than the reaction temperature, i.e. performing a 

prepolymerization step, generates a much higher productivity of the catalyst. 

When comparing the two catalysts A and B, they show the very same trend and can be 

viewed identical in their activity response. Catalyst B shows a higher activity by 2 kgPP/gCat/h 

at the injection temperature of 60 °C, whereas this is opposite for direct injection at 80 °C. All 

in all, the two catalyst show the same activity within the experimental deviations with respect 

to the variation of the initial temperature. 

The explanation for the enhancement in activity with lower starting temperature was 

discussed in detailed in section 2.2.3. Highly active Ziegler-Natta catalysts tend to overheat 

upon polymerization start at high temperatures due to the fast initial polymerization rates. 

The heat of reaction may not be removed efficiently resulting in poor catalyst fragmentation 

and thermal deactivation of catalyst active sites. This can be prevented by a 

prepolymerization step, where the polymerization rate is largely reduced resulting in better 

catalyst fragmentation. Furthermore, the surface area is increased leading to improved heat 

transfer for the subsequent reaction stage of high polymerization rates. 
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Figure 5.6: Effect of the initial reactor temperature on the average activity for catalyst A and B. 
Reaction conditions: 80 °C, 28.5 bar, 100 mg H2. 

 

5.1.4 Establishment of the seed bed polymerization method 

In literature, lab-scale gas phase polymerization experiments of olefins were performed with 

various bed materials such as different polymers, sodium chloride or silica. [18, 19, 34, 39–

46] The inert particles were used as a support bed to prevent catalyst agglomeration and to 

ensure proper fluidization of the catalyst particles. However, with the addition of a bed 

material to the reactor, a supplementary source for possible impurities is created that may 

lead to catalyst poisoning. Therefore, it is crucial to remove air and moisture from the support 

bed by certain pretreating steps. 

When reviewing the results of the first polymerization experiments, it can be concluded that 

no bed material was necessary. At least for the experiments including a prepolymerization 

step, no agglomeration was observed suggesting proper distribution of the catalyst particles 

inside the reactor. For the experiments with direct injection, minor agglomeration was found, 

nevertheless good reproducibility was achieved. Therefore, it is assumed that poor 

fluidization can be neglected. However, the bed material may have an effect on the heat 

transfer of the catalyst particles [49] which in turn is crucial to prevent particle overheating. 

That is why a closer look of the effects of a support bed on the polymerization rate was 

taken. 

In this study, polypropylene was used as a seed bed. The PP bed material was taken from 

previous gas phase polymerizations with a prepolymerization step in order to have spherical 

particles with relatively large particle size (high yield). The PP seed bed was chosen from 

5

10

15

20

25

30

35

40 50 60 70 80

A
v
e

ra
g

e
 A

c
ti

v
it

y
 [

k
g

P
P
/g

C
a
t/
h

]

Initial Temperature [°C]

Cat A

Cat B



 

 

51 

experiments that were performed under the exact same reaction conditions (catalyst type, 

temperature, pressure, hydrogen mass, etc.) as planned for the target seed bed 

polymerization conditions. For instance, a polymerization experiment with a 

prepolymerization step was performed for a given catalyst under certain conditions. Then a 

part of the obtained PP powder was taken as the seed bed for the following seed bed 

polymerization experiment which was conducted under the same reaction conditions except 

for the initial temperature. The disadvantage of choosing PP as the bed material is that the 

resulting product will be a mixture of the seed bed and the freshly produced polymer. 

Important product characteristics such as MFR, bulk density, crystallinity and so forth will be 

properties of the mixture and the true property of the newly synthesized PP may be hard or 

even impossible to obtain. However, for most of the studied properties, as will be shown in 

the following passages, a good agreement between the seed bed property and the one from 

the mixture was found. Whenever this is the case, the property from the freshly produced PP 

can be directly taken from the mixture property. For other characteristics, at least a 

qualitative comparison can be drawn. Although other bed materials such as sodium chloride 

salt can be easily removed from the polymer product, in this work PP was used as a seed 

bed as it gave reproducible results with relatively high activities suggesting simple and 

successful removal of support material impurities. Furthermore, when using PP powder as a 

seed bed, the particle-particle heat transfer will be very close to the situation in an industrial, 

continuous plant. Here, the fresh catalyst is fed to a reactor which has a high content of 

larger PP particles comparable to the seed bed polymerization conditions. 

The first seed bed polymerization experiments were conducted with 100 g of PP bed 

material. In case of insufficient purification of the seed bed material, impurities are introduced 

into the reactor and the activity should decrease. Therefore, as a control test, the 

prepolymerization experiment of catalyst A was re-performed in presence of a seed bed. The 

average activity is identical to the one without a seed bed (blue squares, Figure 5.7). This 

means that the catalyst activity is not reduced by possible impurities and the bed material is 

inert. However, for the method of direct injection, the average activity increases strongly by 

about 70 % (red diamonds, Figure 5.7). 
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Figure 5.7: Effect of the seed bed mass on the activity of catalyst A. Prepolymerization refers to 
injection of catalyst at 40 °C, direct injection at 80 °C. Reaction conditions: 80 °C, 28.5 bar, 100 mg H2. 

The observed results can be explained by improved heat transfer in presence of a seed bed. 

As expected from theory, overheating is not an issue in case of the prepolymerization step. 

Therefore, improved heat transfer does not change the polymerization rate and the activities 

in absence and presence of a bed material are identical. For the case of direct injection of 

catalyst at the reaction temperature of 80 °C, overheating is much likely to occur and thermal 

deactivation of possible active sites decreases the activity level. In presence of a seed bed, 

heat transfer is improved by conduction from relatively hot, small catalyst particles to 

relatively cold, large seed bed PP particles. The catalyst thus shows a higher activity and the 

difference to the prepolymerization activity is reduced. 

The variation of the initial temperature was also performed in presence of a seed bed. For 

catalyst A, generally a higher activity was observed for all injection temperatures except for 

40 °C (prepolymerization), where the activities are identical (Figure 5.8). The highest relative 

and absolute difference is found at 80 °C (direct injection). For catalyst B, this is also the 

case. However, the loss in activity with increasing initial reactor temperature is not linear as 

for catalyst A, but shows a sharp drop between 60 and 80 °C. 
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Figure 5.8: Effect of the initial reactor temperature on the average activity of catalyst A (top) and B 
(bottom) in absence and presence of 100 g seed bed. Reaction conditions: 80 °C, 28.5 bar, 100 mg 
H2. 

As presented before, when comparing the two catalysts in absence of a seed bed, there is 

almost no difference in the activity response (Figure 5.6). However, in presence of a seed 

bed, the comparison turns out to give very different results (Figure 5.9). At an initial 

temperature of 40 °C, the activities are identical. When increasing the starting temperature to 

60 °C, catalyst B shows a higher activity which is close to the prepolymerization activity level, 

whereas the activity of catalyst A decreases by about 20 %. Between 60 and 70 °C the 

largest difference in the activity response of the two catalysts can be found: Whereas the 

activity of catalyst A continues to drop linearly, a sharp drop is observed for catalyst B. This 

uneven decrease causes the activity level of catalyst B to drop below the one of catalyst A 

above initial temperatures of 70 °C. Curiously, a further increase of the initial temperature 

from 70 to 80 °C is not changing the activity of both catalysts which is difficult to explain by 
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theory. It might be that a certain threshold in the initial polymerization rate is achieved which 

negatively effects fragmentation and distribution of the catalyst active sites in the growing 

polymer particle. 

 

Figure 5.9: Effect of the initial reactor temperature on the average activity in presence of 100 g seed 
bed for catalyst A and B. Reaction conditions: 80 °C, 28.5 bar, 100 mg H2. 

From the results of the seed bed polymerizations, it can be concluded that a very different 

activity response of the two catalysts is found. For the case of prepolymerization, the activity 

remains identical. However, at high initial temperatures (direct injection), the activity 

increases largely in presence of a seed bed by about 60 % for both catalysts. Furthermore, 

the activity responses with respect to the initial temperature are different and catalyst A 

proves to be more active at high initial temperatures. 

When performing kinetic investigations of newly developed catalysts in lab-scale, the 

presented seed bed polymerization method shows to be very important in order to correctly 

capture the kinetic characteristics of the catalysts relevant for the industrial scale. In an 

industrial, continuous gas phase polymerization plant, the fresh catalyst enters a reactor full 

of grown polymer particles. This is much alike the presented seed bed polymerization 

experiments. Therefore, when transferring the lab-scale results to the next larger scale, the 

seed bed results should give a better prediction of the polymerization kinetics. When the 

catalyst is prepolymerized to a large extent (high Prepo degree), the seed bed experiments 

are not necessary. However, when no prepolymerization step is used or the catalyst is only 

shortly prepolymerized (low Prepo degree), the characteristic kinetics are much likely to be 

found by the seed bed experiments. As a concrete example, catalysts A and B would much 

likely perform identical using a prepolymerization step, but when no such step is applied, 

catalyst A should give the higher activity. Furthermore, when looking at the initial temperature 
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of 60 °C (Figure 5.9), it might be interpreted that a catalyst B of low Prepo degree could give 

a higher polymerization rate based on the assumption that this initial temperature resembles 

a short prepolymerization step. However, this would have to be verified in separate 

experiments. 

Besides the effect of the seed bed on the activity, also the morphology of the resulting 

powders was analyzed (Figure 5.10). In absence of a seed bed, it was found that for the 

prepolymerization step, the particles are spherically shaped resembling the preferred powder 

morphology (lower chance for fine generation, higher bulk density). In contrast, when 

injecting the catalyst directly under the main reaction temperature, poor particle morphology 

is generated. Non-spherical particles were obtained that can be described as flakes and the 

effect of sheeting was observed. These observations are in agreement with the results of 

Kettner [22]. She found that by performing a prepolymerization step, the formed prepolymer 

replicated the spherical catalyst particle. During the main polymerization stage, the particle 

maintained its shape and the polymer particle grew regularly. In contrast, polymerization 

without a polymerization step led to non-spherical particles. 

 

Figure 5.10: Effect of the seed bed on the particle morphology for catalyst A. From left to right: 
prepolymerization, seed bed polymerization, direct injection without a seed bed. Reaction conditions: 
80 °C, 28.5 bar, 100 mg H2. 

When a seed bed is used for catalyst injection at the main reaction temperature (SB 

polymerization method), the resulting PP particles seem rather like the one from the 

prepolymerization method (Figure 5.10). They seem spherical, but more irregular. The 

particle morphology of the seed bed experiment can be seen as an intermediate between the 

two extremes of good (prepolymerization) and poor particle morphology (direct injection). 

Note that the resulting powder of each seed bed polymerization is a mixture of the actual bed 

material and the freshly produced PP particles. However, the original seed bed particles can 

be easily identified due to the different particle shape. The bed material particles were taken 

from the previous prepolymerization experiment and show a smooth surface whereas the 

freshly produced particles have a rough surface. It can be concluded that not only the 
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activity, but also the morphology of the PP particles is improved in presence of a seed bed 

when the catalyst is directly injected under main reaction conditions. This is an important 

aspect when considering that the seed bed polymerization method resembles the situation of 

the continuous industrial scale. The particle morphology generated by a newly developed 

catalyst can thus be analyzed in lab-scale by this method and included as a criterion for 

catalyst development. 

As shown and discussed in the preceding passages, the use of a seed bed can have a 

strong effect on the catalyst activity, especially when the catalyst is directly injected under 

main reaction conditions. In presence of a seed bed, not only is the activity of the individual 

catalyst influenced, but also different conclusions had to be made for the comparison of 

catalyst A and B. In order to extend the analysis of the seed bed effect, the seed bed mass 

variation was also studied for catalysts C and D. The focus was now shifted to two injection 

temperatures: the initial temperature of 40 °C which is defined as prepolymerization in this 

work and direct injection at the main reaction temperature. 

When comparing the three catalysts A, C and D, it can be seen that there is a minor 

tendency of increasing activity with increasing seed bed mass for the prepolymerization 

method (Figure 5.11). The maximum increase is clearly below 10 % and within the 

experimental error. Generally, it can be concluded that the seed bed mass has no effect on 

the activity for the prepolymerization method. The reason was given before in section 5.1.4. 

During prepolymerization, catalyst overheating is avoided. The low initial temperature 

assures controlled catalyst fragmentation for highly active catalysts because of the 

accompanied low polymerization rate. Furthermore, the heat transfer area of the particle is 

increased by the growth of the particle before it is exposed to high temperatures and thus to 

high rates of heat generation. The improved heat transfer conditions which are introduced by 

the seed bed thus do not affect the activity. 
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Figure 5.11: Seed bed mass variation for prepolymerization experiments of catalysts A, C and D. 
Reaction conditions: 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar, 100 mg H2. 

The picture is quite different when the catalyst is injected directly under the main reaction 

conditions (high temperature). Here, improved heat transfer due to the presence of a seed 

bed should have an effect on highly active catalysts since catalyst overheating is attenuated. 

This effect can be clearly seen for all three catalysts in Figure 5.12. The activity increases 

first steeply from 0 to 100 g seed bed for all catalysts. Then the gradient levels off at 150 g. 

 

Figure 5.12: Seed bed mass variation for direct injection experiments of catalysts A, C and D. 
Reaction conditions: 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar, 100 mg H2. 

The experimental results can be explained by the improved heat transfer in presence of a 

seed bed. The more seed bed particles are present, the higher the chance for fresh and hot 

catalyst particles to transfer heat by conduction to large and cold seed bed PP particles. 

When the content of bed material reaches a certain threshold, enough particles are present 
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to evacuate the heat from the fresh catalyst particles and further addition of seed bed should 

not improve the heat transfer and thus the activity. From theory, a decrease in activity should 

not be expected and is in contrast with the experimental observations for seed bed masses 

above 150 g. However, for the seed bed experiments with high mass of bed material, 

plugging in the injection pipe and polymer chunks were observed. Thus some of the catalyst 

particles overheated due to agglomeration. Therefore, these catalyst particles became 

inactive and overall less catalyst particles contributed to the production of PP resulting in a 

lower yield. It can be concluded that high seed bed masses put an experimental limit to 

reactor operation. Note that this occurs at relatively low solid contents of the reactor. 

Assuming a bulk density of 400 kg/m3, the solid volume fraction of the reactor amounts up to 

10 vol% before the polymerization reaction and rises up to 30 vol% at the end of reaction. 

This is much lower than in commercial plants. Nevertheless, operational problems were 

observed starting at 200 g of seed bed. 

Using the seed bed variation results, a standard seed bed mass of 100 g was selected. The 

activity difference between 100 and 150 g of seed bed is almost negligible. Furthermore, as 

seen at 200 g of bed material, with increasing bed support, the chance of agglomeration 

increases. Additionally, the seed bed content in the final product remains between 20 and 

40 wt% by using a relatively low mass of seed bed of 100 g. 

 

5.1.5 Hydrogen variation 

Once the seed bed polymerization procedure had been established, a detailed kinetic 

analysis of the three different Ziegler-Natta catalysts A, C and D was conducted. The 

objective of this study is to analyze the kinetic response of these catalysts under industrial 

relevant conditions, in particular the effect of the hydrogen concentration which is an 

important parameter in industry. For all conditions, the prepolymerization method (catalyst 

injection at 40 °C in absence of a seed bed) is compared to the seed bed polymerization 

method (catalyst injection at the main reaction temperature in presence of a seed bed) in 

order to examine the individual catalyst response to overheating. The seed bed 

polymerization experiment better resembles the situation of a continuous industrial plant 

without a prepolymerization reactor than the direct catalyst injection method in absence of 

bed material. The prepolymerization method should simulate the catalyst behavior in a plant 

operating with a prepolymerization reactor. From the comparison of these two methods, 

conclusions can be made on how the tested catalysts would perform in industrial scale and 

valuable information for catalyst design can be obtained before testing the catalysts at larger 

scale. 
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One of the most important kinetic aspects in the polymerization of propylene is the individual 

catalyst response to hydrogen. Hydrogen acts as chain transfer agent and is used to control 

the molecular weight and thus the MFR of the final PP product. Furthermore, the hydrogen 

concentration may affect the activity of the catalyst. In the following section, the effect of 

hydrogen on the activity and the MFR response of the three different Ziegler-Natta catalysts 

A, C and D is discussed. 

The hydrogen mass was varied from 0 to 400 mg for the standard reaction conditions of 

28.5 bar and 80 °C (Cat A) or 75 °C (Cat C&D). Comparing the seed bed polymerization 

results (Figure 5.13), all three catalyst show a rate enhancement with increasing hydrogen 

up to a plateau. However, this rate enhancement differs from catalyst to catalyst. For catalyst 

A, the activity is doubled from 0 to 50 mg hydrogen and the activity remains unchanged at 

20 kgPP/gCat/h for higher hydrogen masses. Catalyst C also shows a sharp increase in activity 

from 5 to 20 kgPP/gCat/h for hydrogen mass of 0 to 50 mg, respectively. Further addition of 

hydrogen only partially enhances the polymerization rate. For catalyst D, this is also the case 

except that the plateau is reached at a higher hydrogen mass of about 100 mg. 

 

Figure 5.13: Hydrogen mass variation for the seed bed polymerization experiments of catalysts A, C 
and D. Reaction conditions: 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar. 

The observed effect can be explained by the dormant site theory. It is assumed that by the 

2,1-misinsertion of monomer into a growing polymer chain a dormant chain is created, which 

does not contribute to further chain growth. This dormant species can be freed by the 

addition of hydrogen resulting in a reactivated site. Thus, the more hydrogen is present, the 

more active chains will be available for further chain growth. Therefore, the higher the 

hydrogen concentration is, the higher the polymerization rate or activity is. At very high 
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hydrogen concentrations, this effect is vanishing since the concentration of dormant species 

becomes relatively small with respect to the overall number of active sites/chains. 

When comparing the average activity of the three catalysts for the case of seed bed 

polymerization, it can be found that the activity increases from A to D. Catalyst A shows a 

maximum activity of about 20 kgPP/gCat/h, whereas catalyst C initially shows the same activity 

level, but upon further hydrogen a maximum average activity of 26 kgPP/gCat/h is found. 

Catalyst D clearly has the highest activity with a maximum of about 32 kgPP/gCat/h. Thus the 

catalysts differ in their activity level by up to 50 %. 

When comparing the catalysts in case of the prepolymerization method (Figure 5.14), similar 

results can be found: an activity enhancement with hydrogen up to a plateau. However, for 

catalyst A, a decline from 100 to 250 mg hydrogen can be observed. This was only found for 

this catalyst and only under the conditions of prepolymerization. This result goes in contrast 

with theory. The presence of excess hydrogen might have a negative effect on 

prepolymerization of catalyst A. As the effect is relatively small, it was not further analyzed. 

 

Figure 5.14: Hydrogen mass variation for the prepolymerization experiments of catalysts A, C and D. 
Reaction conditions: 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar. 

The catalyst’s individual resistance to overheating (withstanding high initial polymerization 

rates without suffering loss in activity) or in other terms, its prepolymerization potential, can 

be analyzed when comparing the prepolymerization experiments with the seed bed ones 

(Figure 5.15). The activity difference between the prepolymerization and the seed bed 

experiments shows to be independent of the hydrogen concentration for the three catalysts 

as no clear hydrogen trend is visible. The activity difference is in the order of 4 to 

14 kgPP/gCat/h, respectively. Catalyst D shows the highest prepolymerization potential, i.e. a 

prepolymerization step for this catalyst is the most effective in enhancing the activity. For 
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catalyst C, a prepolymerization step is the least useful in terms of increasing the catalyst 

activity. On the other hand, this catalyst shows the highest resistance to overheating. This 

information is important for catalyst development in case a new catalyst should be designed 

for plants operating without a prepolymerization reactor. 
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Figure 5.15: Hydrogen mass variation of catalyst A, C and D for prepolymerization and seed bed 
polymerization experiments. Reaction conditions: 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar. 
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Since hydrogen acts as chain transfer agent in the polymerization of propylene, its effect on 

the molecular weight was analyzed by measuring the MFR of the produced PP. The 

hydrogen dependence of the MFR is compared for all three catalysts for both conditions of 

prepolymerization and seed bed polymerization in Figure 5.16. One important result is that 

the MFR of all three catalysts is independent of the initial reaction conditions. At any given 

hydrogen concentration, the prepolymerization and seed bed experiment lead to the same 

MFR. However, the three catalysts show a very different MFR response to the same 

hydrogen variation. Catalyst D shows the highest MFR over the entire hydrogen range. The 

MFR increases from 10 g/10 min at 25 mg hydrogen to about 130 g/10 min at 250 mg 

hydrogen. A similar strong increase is found for catalyst C, but at an about 50 % lower MFR 

level. Catalyst A shows similar MFR values at low hydrogen concentrations as catalyst C, but 

a less pronounced increase with higher hydrogen masses is found. The MFR at 250 mg 

hydrogen is below 40 g/10 min and overall catalyst A gives the lowest MFRs. 

 

Figure 5.16: Hydrogen effect on MFR for the prepolymerization and seed bed polymerization 
experiments of catalysts A, C and D. Reaction conditions: 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar. 

Besides the average activity and the MFR, the recorded activity profiles of each experiment 

are adding valuable kinetic information about the catalysts. Since the activity is not directly 

accessible at the polymerization start, the activity profiles are presented only when 

isothermal and isobaric conditions are reached. This is generally after 20 min for the case of 

prepolymerization due to heat-up and further propylene feeding and after 10 min for seed 

bed polymerization experiments. The actual time to reach this stage depends on the 
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polymerization method, but also on the propylene consumption, e.g. larger amounts of a very 

active catalyst would lead to a delay in reaching isobaric conditions due to the high propylene 

conversion. 

The activity profiles of catalysts A, C and D are compared for experiments with 

prepolymerization and a hydrogen mass of 100 mg (Figure 5.17). Catalyst D shows the 

highest activity over the whole reaction time, whereas catalyst A and C show an identical 

activity level. This is in agreement with the reported average activities (Figure 5.14). All three 

catalysts show a decay in activity over time which is typically observed for Ziegler-Natta 

catalysts in the polymerization of propylene. Generally, the relative activity loss with time is 

about the same for all catalysts. Catalyst A and C show the same deactivation behavior, 

whereas catalyst D shows a stronger absolute decay, but at a higher activity level. The same 

findings are valid for the seed bed polymerization experiments, although the activity 

differences are lower (Figure 5.18). Additionally, the activity decay seems to be less 

pronounced. 

 

Figure 5.17: Activity profiles of catalysts A, C and D for the prepolymerization method. Reaction 
conditions: 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar, 100 mg H2. 
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Figure 5.18: Activity profiles of catalysts A, C and D for the seed bed polymerization method. 
Reaction conditions: 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar, 100 mg H2. 

A relative comparison between all the activity profiles of different conditions can be made by 

normalizing the profiles by the corresponding average activities. Thereby it can be clearly 

stated that all three catalysts show the same relative deactivation behavior at 100 mg of 

hydrogen for the case of prepolymerization (Figure 5.19). This can also be observed for the 

seed bed polymerization experiments (Figure 5.20) with catalyst A showing a slightly faster 

decay with time and catalyst C a slightly slower one. The relative loss in activity shows to be 

more pronounced for the case of prepolymerization for all catalysts. 

 

Figure 5.19: Normalized activity profiles of catalysts A, C and D for the prepolymerization method. 
Reaction conditions: 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar, 100 mg H2. 
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Figure 5.20: Normalized activity profiles of catalysts A, C and D for the seed bed polymerization 
method. Reaction conditions: 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar, 100 mg H2. 

The normalized activity profiles are also compared for the different hydrogen concentrations 

for the three catalysts for both methods of prepolymerization and seed bed polymerization 

(Figure 5.21 and Figure 5.22). Generally, it can be stated that for all catalysts hydrogen does 

not affect the deactivation behavior. A trend such as pronounced activity decay with 

increasing hydrogen mass is not visible. Furthermore, the tested catalysts show a very 

similar deactivation behavior independent of the polymerization method. 
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Figure 5.21: Normalized activity profiles of catalysts A, C and D for different hydrogen concentrations 
for the prepolymerization method. Reaction conditions: 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar. 
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Figure 5.22: Normalized activity profiles of catalysts A, C and D for different hydrogen concentrations 
for the seed bed polymerization method. Reaction conditions: 80 °C (Cat A) or 75 °C (Cat C&D), 
28.5 bar. 
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5.2 Crystallinity and particle morphology 

5.2.1 Crystallinity by DSC 

The crystallinity was measured for selected samples via differential scanning calorimetry 

(DSC). Generally, a good reproducibility was found for the DSC measurements and the error 

was estimated to be of about 1 wt%. The crystallinities of PP samples produced with 

catalysts A and C are about 40 wt%, whereas powders produced with catalyst D show a 

lower crystallinity of about 35 wt% (Table 5.1). The crystallinity is almost identical for the two 

methods of prepolymerization and seed bed polymerization. 

Table 5.1: Crystallinities of selected PP powders as determined by DSC (first scan). PP powders were 
synthesized at 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar and 100 mg hydrogen with the method of 
prepolymerization (Prepo) or seed bed polymerization (SB). 

Polymerization Catalyst Crystallinity 

Method  [wt%] 

Prepo 

A 40 

C 39 

D 35 

SB 

A 38 

C 39 

D 36 

 

The here reported values refer to the nascent crystallinity of the PP powders directly after 

synthesis, i.e. there was no thermal treatment or processing and the first DSC scan was 

taken for crystallinity analysis. For the PP sample of catalyst A, a second DSC scan was also 

performed. This thermal treatment of melting and recrystallization caused the crystallinity to 

increase from 40 to 54 wt%. As for all semi-crystalline polymers, thermal treatment 

influences the crystallinity and in industry, the processing steps after the polymerization 

reactor will affect the final product crystallinity. 

For catalyst A, the effect of hydrogen on the crystallinity was studied (Figure 5.23). At 25 and 

100 mg hydrogen, the crystallinities are identical with about 38 to 41 wt%. Slightly higher 

crystallinities of 43 wt% are found at a hydrogen mass of 400 mg. Given the experimental 

error, it can be reasoned that the crystallinity is independent of the hydrogen concentration. 

Thus the PP crystallinity is not affected by the employed variations in the polymerization 

conditions (method of polymerization and hydrogen mass) and seems to be pre-determined 

by the catalyst. 
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Figure 5.23: Effect of the hydrogen mass on the final polymer crystallinity as determined by DSC (first 
scan). PP powders were synthesized with catalyst A at 80 °C and 28.5 bar with the method of 
prepolymerization (Prepo) or seed bed polymerization (SB). 

 

5.2.2 Particle morphology 

Another important factor is the morphology of the produced polymer particles. Spherical and 

compact particles represent the desired particle morphology suitable for smooth process 

operation. Improper catalyst break-up upon polymerization leads to poor morphologies which 

might result in the undesired formation of fines. 

Morphology is a rather qualitative quantity and was captured by different analytical methods 

in this thesis. Light and scanning electron microscopy (SEM) were used to visualize the 

particle shape and particle surface. Measurement of the particle porosity gave an estimate of 

the inner morphology. Additional information was gathered by particle size distribution (PSD) 

measurements. Furthermore, the bulk density was analyzed in order to quantitatively capture 

the morphology of the different PP samples. Although the bulk density is affected by various 

parameters (porosity, PSD, etc.) than solely the particle shape, in combination with the 

former techniques a simple and quantitative estimation of the powder morphology is 

possible. 

Camera images were taken of PP powders produced with catalysts A, C and D (Figure 5.24). 

Particles produced via prepolymerization are all spherical independent of the used catalyst. 

The particles differ in size and a small amount of agglomerates can be identified. In contrast 

to the spherically shaped particles of the prepolymerization method, the PP particles 

produced by seed bed polymerization seem rather of irregular shape and clearly less 
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spherical. Note that the powder samples of the SB polymerization method are a mixture of 

the actual seed bed particles and the freshly produced polymer particles. However, having 

the images of the prepolymerization particles at hand, the original SB particles can be easily 

identified by their perfectly spherical nature. Based on the camera images, it can be stated 

that the prepolymerization method leads to spherical, regularly shaped particles and thus a 

good replication of the catalyst particles. Whereas under the SB polymerization injection 

conditions of higher temperatures, irregular, “popcorn-like” particles are produced and the 

original catalyst geometry is lost. 

 

Figure 5.24: Camera images of selected PP samples synthesized with catalysts A, C and D using the 
method of prepolymerization (Prepo) or seed bed polymerization (SB). PP powders were synthesized 
at 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar and 100 mg hydrogen. 

A more detailed analysis of the particle shape and specifically surface structure was 

performed via scanning electron microscopy. Four levels of magnifications of particles 

synthesized with catalyst A using the method of prepolymerization are presented in Figure 

5.25. The PP particles have all the same spherical shape. The surface appears smooth and 

cracks are not visible. Overall, the surface shows a low amount of irregularities. The particle 
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is not completely covered with a closed polymer skin, but small holes of different sizes are 

visible which possibly form the entrance of macro-pores. At very high magnifications, the 

multi-grain structure can be identified: The particle seems to consist of a vast number of 

grains of about 1 µm in diameter. The grains themselves seem to be fused together and the 

particle can be described to consist of compact zones of agglomerated micro-grains or 

clusters of micro-grains as reported in literature [39, 68, 69]. 

 

Figure 5.25: SEM images with four levels of magnification of PP particles synthesized with catalyst A 
using the method of prepolymerization. The sample was synthesized at 80 °C, 28.5 bar and 100 mg 
hydrogen. 

When comparing the SEM images of powders produced with the different catalysts A, C and 

D, it is clear to see that spherical particles with a smooth surface are obtained by the method 

of prepolymerization for all catalysts (Figure 5.26). The seed bed polymerization method 

leads to non-spherical particles with rough surfaces. The non-spherical geometry combined 

with the irregular surface makes these particles more prone to attrition and particle breakup. 

This can cause the creation of fines increasing difficulties in plant operation. 
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Figure 5.26: SEM images of selected PP samples synthesized with catalysts A, C and D using the 
method of prepolymerization (Prepo) or seed bed polymerization (SB). PP powders were synthesized 
at 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar and 100 mg hydrogen. 

The analysis of particle morphology by imaging techniques allowed to qualitatively study the 

particle shape and surface of selected samples, but may not be representative for the entire 

PP sample. Using bulk density measurements, the morphology can be characterized in a 

representative manner and quantitatively. Although not only the particle shape, but also other 
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factors influence the bulk density, in combination with the results of the camera images and 

SEM studies, detailed conclusions on the particle morphology may be drawn. Therefore, the 

bulk density was measured for various PP samples (Figure 5.27). The method of 

polymerization clearly affects the bulk density: Prepolymerization leads to high bulk densities, 

whereas seed bed polymerization gives lower bulk densities for each catalyst. Again it is 

mentioned that the PP powders produced by SB polymerization are a mixture of the seed 

bed and the freshly produced particles. The SB fraction was typically 30 wt%, but varied 

between 20 to 40 wt%. Thus, the bulk density of the SB polymerization experiment is rather 

an estimation of the true bulk density of the newly produced powder, but the analysis is still 

suited for a relative comparison. 

The bulk densities are independent of the reactor hydrogen concentration, but differ from 

catalyst to catalyst. Catalyst A gives the highest bulk densities with on average 510 kg/m3 via 

the method of prepolymerization, whereas catalysts C and D give lower values of 490 and 

450 kg/m3, respectively. The absolute difference for the two polymerization methods of 

70 kg/m3 is the same for all catalysts with average bulk densities for the SB method of 450, 

410 and 390 kg/m3 for catalysts A, C and D, respectively. The bulk density of the 

prepolymerization method seems to be intrinsic for each catalyst, determined by factors such 

as porosity and PSD. However, the catalyst specific bulk density is lowered by the injection 

conditions, i.e. applying the method of SB polymerization decreases the bulk density by the 

same magnitude. Although the catalysts showed a very different heat resistance in terms of 

activity, the “morphology resistance” seems to be the same. For example, catalyst C showed 

the lowest difference in activity for the two methods of prepolymerization and SB 

polymerization, but the latter method nevertheless caused a reduction in bulk density in the 

same order as for the other catalysts. 

Generally, the final particle shape is determined by the catalyst fragmentation step. The 

balance between the initial polymerization rate and mechanical properties of the support 

material determines how the catalyst fragments and thus the final particle morphology. [2, 4, 

38] In case of SB polymerization, the higher reaction temperature causes a higher initial 

polymerization rate which is the likely reason for uneven catalyst fragmentation and loss of 

morphology control. 
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Figure 5.27: Effect of hydrogen on the bulk density. PP powders were synthesized at 80 °C (Cat A) or 
75 °C (Cat C&D), 28.5 bar and 100 mg hydrogen with the method of prepolymerization (Prepo) or 
seed bed polymerization (SB). 
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Porosity was measured via mercury intrusion. The high pressures of up to 4000 bar applied 

during the measurement likely caused compression and/or deformation of the PP material 

leading to an over-estimation of the porosity results. However, a relative comparison should 

be still feasible. The determined porosities are in the range of 30 to 40 vol%. PP samples 

produced via prepolymerization have lower porosities than samples produced via SB 

polymerization (Table 5.2). Catalysts A and C give particles with porosities of 30 vol% for the 

method of prepolymerization and of 37 vol% for the SB method. PP powders produced with 

catalyst D give higher porosities of 34 and 43 vol% for the Prepo and SB method, 

respectively. A clear trend on the effect of the hydrogen concentration on the porosity was 

not found (Figure 5.28). 

Table 5.2: Porosity of selected PP powders as determined by mercury intrusion. PP powders were 
synthesized at 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar and 100 mg hydrogen with the method of 
prepolymerization (Prepo) or seed bed polymerization (SB). 

Polymerization Catalyst Porosity 

Method  [vol%] 

Prepo 

A 29 

C 31 

D 34 

SB 

A 38 

C 36 

D 43 

 

 

Figure 5.28: Effect of hydrogen on the particle porosity. PP powders were synthesized with catalyst A 
at 80 °C and 28.5 bar with the method of prepolymerization (Prepo) or seed bed polymerization (SB). 

25

30

35

40

45

50

0 100 200 300 400 500

P
o

ro
s
it

y
 [

v
o

l%
]

Hydrogen [mg]

Prepo

SB



 

 

77 

As a further characterization step, the particle size distribution (PSD) was measured by laser 

diffraction. PP powders of catalysts C and D show almost identical, symmetric PSDs with 

mean particle diameters of about 1100 µm for both polymerization procedures (Figure 5.29, 

top). Catalyst A leads to PP particles of smaller size with a mean diameter of about 700 µm 

and a less symmetric PSD. There is a certain difference between the prepolymerization and 

SB method for catalyst A in that the latter method gives a narrower PSD with a lower fraction 

of large particles. Breakage of large particles might be the reason for this discrepancy of 

Prepo and SB PSDs. For particles of catalyst A, also a tail at small particle diameters is 

observed for both polymerization methods indicating a certain amount of fines. This is also 

observed for catalysts C and D, but only for the SB method and less pronounced. A clear 

effect of hydrogen on the PSD is not found when analyzing the samples produced with 

catalyst A (Figure 5.29, bottom). 

Based on the experimental investigations by particle shape and surface imaging, bulk 

density, porosity and PSD measurements, it can be concluded that the particle morphology is 

affected by mainly one factor which is the initial polymerization conditions. The low-rate 

prepolymerization conditions lead to a good morphology with regularly shaped, spherical 

particles with a smooth surface. Contrary, the higher reaction temperature at the 

polymerization start in case of SB polymerization causes a higher initial reaction rate which 

leads to loss of morphology control. The catalyst particle is not perfectly replicated and 

irregular, non-spherical particles with rough surfaces are obtained. The resulting bulk 

densities are lower and porosities are higher as a consequence of the faster fragmentation 

process. Although the three catalysts showed very different heat resistances, the loss of 

morphology is approximately equal for all catalysts and there is no distinguishable 

“morphology resistance”, e.g. catalyst C showed the lowest activity difference between the 

Prepo and SB method, but the same reduction in bulk density as the other catalysts. The 

PSDs are rather similar for the two polymerization methods. Therefore, it can be concluded 

that the fast initial polymerization rates of the SB method do not lead to an extensive 

breakup. The particles maintain their integrity and only low amounts of fines are generated. 

Rather, the SB method leads to a poor morphology of the individual particle likely because of 

uneven fragmentation. The final powder bulk density was found to be catalyst specific, 

whereas the reduction of it by the SB method was equal for all catalysts. Interestingly, this 

catalyst specific bulk density differed in the same order as the bulk density difference of the 

two polymerization methods, e.g. the bulk densities of catalyst A and D were the same with 

450 kg/m3 for the SB and Prepo method, respectively. 
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Figure 5.29: Particle size distribution of selected PP powders. Top: Comparison of powders produced 
with catalysts A, C and D. Bottom: Hydrogen variation for samples produced with catalyst A. PP 
powders were synthesized at 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar and 100 mg hydrogen with 
the method of prepolymerization (Prepo) or seed bed polymerization (SB). 
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6 Solubility and Diffusion of Propylene in Polypropylene 

Sorption experiments of propylene in selected PP samples were conducted in a high 

pressure magnetic suspension balance. One objective was to obtain correct solubility data 

which are needed for the calculation of reaction rates (section 7) since literature results for 

the propylene solubility in PP deviate (see below). The second objective aims at determining 

the transport properties of the PP particles. These are characteristic for a given PP powder 

and can be used to identify possible mass transfer limitations during reaction (section 6.5.2). 

 

6.1 Comparison of literature solubility data 

In this section, the solubility data of propylene in PP which was found in the open literature 

for experiments conducted at elevated pressures is compared. Contrary to mass transport 

properties which can be very different from sample to sample since mass transfer is greatly 

affected by the particle morphology [23, 40, 52, 55, 56, 58], the equilibrium solubility should 

only be affected by temperature, pressure and polymer density (thus polymer crystallinity). 

The effect of polymer density on the solubility of different gases in PE was studied by the 

group of Kosek [113, 114] showing that the amorphous solubility decreases with increasing 

polymer crystallinity. This was explained by the concept of elastic constraints in which the 

amorphous phase of a semi-crystalline polymer is constrained by the surrounding crystallites. 

It suggests that the higher the crystallinity of a polymer, the more constrained will be the 

amorphous phase leading to a lower gas solubility. 

Contrary to the broad density range found for PE, state-of-the-art PP grades show a very 

narrow density range and thus the gas solubility should only differ slightly from sample to 

sample. However, in contrast to this assumption, literature solubilities show high deviations 

(Figure 6.1). Depending on the literature source, the amorphous solubility may differ by more 

than a factor of two. However, this is a crucial variable for kinetic modeling as it is 

proportional to the effective concentration of the monomer (see Equation (2.3)) which is 

directly linked to the polymerization rate. In view of the available literature data, the selection 

of the solubility values for modeling purposes seems arbitrary. Therefore, based on these 

findings, it was believed that a further experimental study on the solubility of propylene in PP 

combined with a critical review of literature data was necessary. 
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Figure 6.1: Comparison of literature solubility data at 70 °C of Sato [53], Meier [18], Kröner [58] and 
Cancelas [59] with the Stern correlation [64, 65]. The literature data was recalculated in terms of 
amorphous solubility (see appendix) for better comparison. 

 

6.2 Experimental method 

6.2.1 Magnetic suspension balance and operational procedure 

Sorption experiments were performed by the gravimetric method using a high pressure 

magnetic suspension balance (Rubotherm, Figure 6.2). Detailed descriptions of the balance 

and experimental procedures can be found in [23] and [58]. The pressure chamber can be 

operated up to 25 bar and 80 °C. Isothermal conditions are ensured by jacket heating (Lauda 

E300 thermostat). Monomer is fed from the preheated ballast reservoir to the pressure 

chamber via a needle valve. 

The sorption experiments were conducted as described in [23]. One to two grams of polymer 

were used for each experiment. The chamber was heated up to the desired temperature and 

vacuum was applied for one hour in order to remove traces of sorbed gases from the 

polymer sample. Propylene was fed via the needle valve to the pressure chamber requiring 

about 10 seconds for each pressure step. A small temperature rise usually occurred upon 

propylene feeding, but isothermal conditions were typically reached within one minute. 

0

50

100

150

200

250

0 5 10 15 20 25 30

S
o

lu
b

il
it

y
 [

g
C

3
/k

g
P

P
a
m

]

Pressure [bar]

Sato

Meier (73 °C)

Kröner

Cancelas

Stern Correlation



 

 

81 

 

Figure 6.2: Flow sheet of the high pressure magnetic suspension balance. 

 

6.2.2 Buoyancy force correction and polymer swelling 

The measured balance weight mbal has to be corrected for the buoyancy force: 

 𝑚𝑐𝑜𝑟𝑟 = 𝑚𝑏𝑎𝑙 + 𝜌𝑔𝑎𝑠(𝑉𝑐𝑜𝑛 + 𝑉𝑃𝑃) (6.1) 

The gas density ρgas of propylene was calculated at each time step by a virial equation which 

Kröner [23] fitted to experimental gas densities of propylene between 50 and 80 °C up to a 

pressure of 30 bar with a maximum deviation of 1 %. The container volume Vcon (all metal 

parts on which the buoyancy force acts on) was determined in a blank measurement in which 

the container was subjected to nitrogen at different pressures. The polymer volume VPP is 

given by the sum of the polymer volume at vacuum conditions VPP,0 and the increase in 

volume by swelling 𝛥𝑉𝑠𝑤𝑒𝑙𝑙: 

 𝑉𝑃𝑃 = 𝑉𝑃𝑃,0 + 𝛥𝑉𝑠𝑤𝑒𝑙𝑙 (6.2) 

The polymer volume at vacuum can be calculated from the polymer mass at vacuum and the 

polymer density. The polymer density at vacuum conditions ρPP,0 was calculated as: 

 𝜌𝑃𝑃,0(T) = 𝑣𝑐𝑟𝜌𝑐𝑟(𝑇) + (1 − 𝑣𝑐𝑟)𝜌𝑎𝑚(𝑇) (6.3) 

The temperature effect on the polymer density was considered by using the temperature-

dependent amorphous ρam(T) and crystalline densities ρcr(T) (see appendix), whereas the 
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crystalline volume fraction was assumed to be constant. DSC measurements revealed that 

the crystallinity only increased by 2 wt% when the sample was exposed to 90 °C for 1 h and 

remained constant at a temperature of 70 °C supporting the made assumption. 

The effect of swelling becomes important at elevated pressures. Bobak et al. [56] examined 

swelling of PP by propylene at 85 °C up to 26 bar by video-microscopy. The swelling volume 

could be well fit to the following linear equation: 

 𝛥𝑉𝑠𝑤𝑒𝑙𝑙 = 1.7844 𝑆 𝑉𝑃𝑃,0 (6.4) 

Further studies from the same research group [121] on the swelling of ethylene in PE 

showed that there is no temperature dependence of the swelling which suggests that the 

above correlation might be used for other temperatures than 85 °C. Note that a strong effect 

of the PE density on swelling was observed in their study, however, contrary to PE, the 

densities of PP synthesized with state-of-the-art ZN catalysts show a very narrow range and 

swelling should be similar for all of these type of PP samples. 

Another study on swelling was conducted by Sato et al. [54] in which the elongation of a PP 

film was studied in a high pressure observation cell. The experimental swelling data was 

underestimated by using the Sanchez-Lacombe EoS, but could be well described by 

additivity of saturated propylene volume and polymer volume: 

 𝛥𝑉𝑠𝑤𝑒𝑙𝑙 =

[
 
 
 
𝑤𝑐𝑟

𝜌𝑐𝑟(𝑇, 𝑃)
+

𝑤𝑎𝑚
𝜌𝑎𝑚(𝑇, 𝑃)

+ 
𝑤𝑎𝑚

𝜌𝐶3
𝑙𝑖𝑞
(𝑇, 𝑃𝑣𝑎𝑝)

𝑆𝑎𝑚 

𝑤𝑐𝑟
𝜌𝑐𝑟(𝑇, 0)

+
𝑤𝑎𝑚

𝜌𝑎𝑚(𝑇, 0)

− 1

]
 
 
 
𝑉𝑃𝑃,0 (6.5) 

Neglecting the pressure effect on the amorphous and crystalline densities of the polymer in 

the numerator, the swelling can be simplified to: 

 𝛥𝑉𝑠𝑤𝑒𝑙𝑙 =
𝜌𝑃𝑃,0(𝑇)

𝜌𝐶3
𝑙𝑖𝑞
(𝑇, 𝑃𝑠𝑎𝑡)

𝑆 𝑉𝑃𝑃,0 (6.6) 

Thus this expression for swelling involves a temperature-dependent factor, whereas the 

experimental correlation of Bobak et al. [56] simply uses the constant factor of 1.7844. The 

two correlations are compared in Figure 6.3. As can be clearly seen, linear additivity leads to 

higher swelling. At 50 °C, linear additivity and the correlation of Bobak et al. [56] are very 

similar, whereas at higher temperatures, the deviation increases. However, when Sato et 

al. [54] studied the swelling behavior at 50 and 75 °C, linear additivity could well describe the 

swelling at 50°C, but over-predicted the swelling by about 12 % at the higher temperature of 

75 °C. When considering this mismatch, the swelling curves of Sato et al. [54] are identical at 



 

 

83 

50 and 75 °C (Figure 6.3) suggesting no temperature effect. Furthermore, the two curves are 

close to the one of Bobak et al. [56]. It can thus be concluded that swelling of propylene in 

PP can be considered temperature independent based on the available experimental data. 

Nevertheless, further experimental swelling studies should be conducted to verify this 

conclusion. 

 

Figure 6.3: Comparison of the experimental correlation for swelling of propylene in PP of Bobak et 
al. [56] with linear additivity of polymer and monomer volumes as experimentally observed by Sato et 
al. [54]. A constant polymer density of 890 kg/m3 was used in the calculations since the temperature 
effect on polymer density was found to be negligible. 

Eventually, depending on the applied swelling correlation, the solubility can be calculated. In 

case swelling is neglected, the sorbed mass of propylene is simply calculated by subtracting 

the mass of the container mcon (mass of all metal parts at vacuum which was obtained via a 

blank measurement) and the sample mass at vacuum from the corrected mass mcorr: 

 𝑚𝐶3 = 𝑚𝑐𝑜𝑟𝑟 −𝑚𝑐𝑜𝑛 −𝑚𝑃𝑃 (6.7) 

As the sorption experiments were conducted at elevated pressures, swelling should be 

considered. Based on the conclusion about the swelling behavior of propylene in PP, in this 

work the correlation of Bobak et al. [56] was used for all temperatures. When considering this 

swelling correlation, the sorbed propylene mass is given by: 

 
𝑚𝐶3 =

𝑚𝑐𝑜𝑟𝑟 −𝑚𝑐𝑜𝑛 −𝑚𝑃𝑃

1 − 1.7844
𝜌𝑔𝑎𝑠
𝜌𝑃𝑃,0

 
(6.8) 

Eventually, the solubility and amorphous solubility can be calculated by Equations (2.1) and 

(2.2). 
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6.2.3 Experimental plan 

The experimental study can be divided into two objectives: the determination of solubility 

data and the evaluation of the particle’s mass transport properties. The experimental results 

are accordingly presented in two separate sections: equilibrium solubility and diffusion. The 

latter was obtained from the slope of the mass uptake profile, whereas the former was 

received from the (average) values of the sorption curve at long measurement times, i.e. 

when the balance weight did not increase any longer (Figure 6.4). 

Different samples were analyzed at various conditions to study the influence of the sample, 

temperature and pressure on the solubility of propylene in PP (Table 6.1). To study the effect 

of the sample characteristics, various samples were analyzed up to 25 bar at 70 °C (for 

comparison as most literature data are available for 70 °C). Additionally, sample A was 

measured in a temperature range from 40 to 80 °C. For mass transport analysis, selected 

samples were studied at the corresponding reaction temperatures (section 6.5.1). 

Note that a large amount of the experiments was conducted as part of the master thesis of 

Klabunde [122]. The respective experiments are labelled and her contribution to this section 

is greatly acknowledged. 

 

Table 6.1: Samples and experimental plan for solubility measurements. PP powders were synthesized 
at 80 °C (Cat A&B) or 75 °C (Cat C&D), 28.5 bar and 100 mg hydrogen with the method of 
prepolymerization (Prepo). 

Sample Catalyst Polymerization 
Method 

DSC-Crystallinity 
[wt%] 

Sorption 
Temperature [°C] 

A A Prepo 40 40-701; 80 

A-Film A Pressed film of sample A 53 701 

B B Prepo - 70 

C C Prepo 39 701 

D D Prepo 35 701 

E2 anonymous Bulk phase - 701 

  1Experiments were performed by Klabunde [122] 
  2Sample from a different research project 
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Figure 6.4: Sorption curve of sample A at 70 °C. 

 

6.3 Equilibrium solubility results 

6.3.1 Solubility 

The reproducibility of the measurements was tested by measuring the total solubility of 

sample A in three separate experiments (Figure 6.5). For the solubility measurements, a 

good reproducibility was found with almost no deviations between the different reproduced 

isotherms. 

 

Figure 6.5: Reproducibility for the solubility of propylene in sample A at 70 °C. 
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Various different samples were measured at 70 °C to study the effect of the sample influence 

on the solubility. Samples A, B, C and E show the same solubility isotherms although these 

samples were produced with different catalysts and at different conditions (Figure 6.6). 

Sample D shows a slightly higher solubility which was expected because of the lower 

crystallinity of 35 wt% (DSC) in contrast to the crystallinities of sample A and C of 40 wt%. 

The produced film of sample A showed a lower propylene solubility than all the other 

samples. This can be explained by the thermal treatment of the PP powder which caused an 

increase in crystallinity (53 wt%) and thus a lower solubility since monomer is only absorbed 

in the amorphous polymer fraction. Comparing the solubilities at 23 bar indicates that a 

higher difference in crystallinity leads to a higher difference in solubility. 

The temperature dependence on the propylene solubility in PP was studied for sample A 

(Figure 6.7). The solubility decreases with increasing temperature and the solubility 

isotherms all show a non-linear increase with pressure. 

 

Figure 6.6: Solubility of propylene in PP at 70 °C for various samples. 
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Figure 6.7: Solubility of propylene in sample A at temperatures between 40 and 80 °C. 

 

6.3.2 Comparison of solubility results with literature data 

As shown in section 6.1, literature solubility data of propylene in PP can deviate by a factor of 

more than two when comparing the amorphous solubility. In the following, the solubility 

presented in mass of propylene per mass of the entire sample is compared, i.e. crystallinity 

determination is not needed. In this way, assuming that the literature solubility data was 

correctly determined, the qualitative crystallinity difference between the various samples is 

directly visible since the solubility of samples with different crystallinity will be different. Only 

sample A is used for comparison with literature data since it well represents most of the PP 

powders studied in this work. 

The comparison of the solubility isotherm at 70 °C of literature data and sample A reveal 

good agreement (Figure 6.8). Up to a pressure of 15 bar, the solubilities are identical. Above 

20 bar, a difference in solubility is found: The reported values of Meier et al. [18] and Kröner 

and Bartke [58] agree well with the solubility of sample A, whereas the solubility of Sato et 

al. [53] and Cancelas et al. [59] is slightly lower suggesting a higher crystallinity of their 

samples. The comparison at other temperatures reveals very similar results of this work and 

literature solubilities (Figure 6.9). The solubility isotherms of sample A and the ones from 

Meier et al. [18] at 40 and 60 °C are almost identical, except for the last solubility value close 

to the vapor pressure, which is always higher for the isotherms of Meier et al. [18]. At 50°C, 

the compared isotherms are all identical up to a pressure of 10 bar. At higher pressures, the 

deviations increase with the solubility of sample A falling in between the results of Sato et 

al. [53] and Meier et al. [18]. Note that the chosen correlation for swelling becomes important 
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at elevated pressure. Here, Sato et al. [53] used the Sanchez-Lacombe EoS for swelling 

correction which underestimated the swelling by linear additivity as considered by Meier et 

al. [18]. The isotherms at around 85 °C show the highest deviations. However, the results of 

this work and the ones of Bobak et al. [56] agree well and the lower solubility of Sato et 

al. [53] can be explained by the generally lower solubility found at all temperatures (likely due 

to a higher crystallinity) and the higher temperature of 90 °C. 

 

Figure 6.8: Comparison of the solubility of propylene in PP for sample A and literature values at 
70 °C. Literature data were taken from the publications of Sato et al. [53], Meier et al. [18], Kröner and 
Bartke [58] and Cancelas et al. [59]. 
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Figure 6.9: Comparison of the solubility of propylene in PP for sample A and literature values at 40, 
50, 60 and between 80 to 90 °C. Literature data was taken from the publications of Sato et al. [53], 
Meier et al. [18], Bobak et al. [56] and Cancelas et al. [59]. 
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Based on the results of the various samples studied in this work and the literature results, it 

can be concluded that the solubility of propylene in PP does only vary little from sample to 

sample in accordance with the small density range of PP grades produced with state-of-the-

art Ziegler-Natta catalysts. Some variations may be found, but large differences are not 

expected (contrary to PE). 

The strong deviations found for the reported amorphous solubility can thus be ascribed to the 

assigned crystallinities. Therefore, in order to determine the crystallinity with high accuracy, 

sample A and D were analyzed by three different methods: DSC, WAXS and density (via He-

pycnometry). All three different methods gave different crystalline mass fractions of 40, 46 

and 56 wt% for sample A (Table 6.2). The same trend is found for sample D with all methods 

indicating a lower crystallinity in agreement with the solubility isotherm of sample D. DSC 

gave very accurate results in terms of reproducibility, but relies on the chosen value for the 

theoretical enthalpy of fusion of 100 % crystalline PP. Furthermore, Kong and Hay [123] 

argued that a simple integration of the DSC heat endotherm may give wrong results and a 

more sophisticated analysis is needed to obtain the correct DSC crystallinity which should 

agree with values obtained by for instance WAXS or the density method. For WAXS 

measurements, a good reproducibility was found and the largest error in crystallinity 

determination is likely caused by the analysis of the XRD spectra. The density of the porous 

PP powders was measured via He-pycnometry. A higher crystallinity than by DSC was 

obtained which was also reported by Sato et al. [54]. This method showed the highest 

inaccuracy in terms of reproducibility and for sample D, also crystallinity values that agreed 

well with the ones by WAXS were found. Overall, the crystallinity seems to be dependent on 

the selected method. However, deviations in this work are much smaller than the ones found 

in the publications about propylene solubility. For the calculation of the amorphous solubility 

and the monomer concentration in the amorphous phase, the WAXS results are used as they 

fall in between the other two methods with a deviation of about 10 %. 

Table 6.2: Crystalline mass fractions of sample A and D as determined by DSC, WAXS and density 
(via He-pycnometry). The values in brackets correspond to the deviations found by two separate 
measurements. 

Sample Crystalline Mass Fraction [wt%] 

 DSC WAXS Density 

A 40 (±1) 46 (±1) 56 (±5) 

D 35 (±1) 43 (±1) 53 (±12) 
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It can be concluded that literature amorphous solubility results were found to largely disagree 

by a factor of more than two. The reason for this is the determined crystallinity value of the 

studied samples. When the solubility as mass of propylene per mass of PP is compared, 

literature data and solubility results of this work are very similar suggesting that the 

compared samples all should have almost identical densities and thus crystallinities. This is 

supported by the various samples studied in this work. Crystallinity results of the different 

methods DSC, WAXS and density deviate to a certain extent and the crystallinity can only be 

described with a minimum error of about 10 %. 

 

6.3.3 Effective propylene concentration 

Based on the solubility results and the determined crystallinity of sample A, the propylene 

concentration in the amorphous polymer phase can be calculated. This effective monomer 

concentration is directly linked to the polymerization rate and therefore crucial for kinetic 

modeling. The experimental propylene concentration in the amorphous phase, incorporating 

the effect of swelling according to Bobak et al. [56], is calculated as: 

 𝑐𝑎𝑚 =
𝑛𝐶3

𝑉𝑎𝑚,0 + 𝛥𝑉𝑠𝑤𝑒𝑙𝑙
=

𝑆 𝜌𝑃𝑃,0(𝑇)

𝑀𝑊𝐶3[1 − 𝑣𝑐𝑟 + 1.7844 ∙ 𝑆]
 (6.9) 

The amorphous concentration is compared to the literature correlation of Stern [64, 65] in 

Figure 6.10. At low pressures, the experimental results agree well with the literature 

correlation, whereas with rising pressure, the deviation increases. Stern et al. [64] proposed 

a correlation to estimate when the deviation from Henry’s law becomes larger than 5 %. At 

70 °C, this correlation gives a pressure of 9.2 bar for propylene above which deviations 

should become larger than 5 % due to plasticizing effects of the penetrant. This can 

qualitatively be seen in the Figure 6.10. At low pressures Henry’s law is applicable, whereas 

at high pressures, a non-linear increase in concentration is caused by interactions of 

penetrant and polymer for which other thermodynamic models should be used. The 

experimentally determined concentrations are about 20 % higher in the low-pressure region 

and up to 35 % at 25 bar. Note that Hutchinson and Ray [65] fitted the Stern correlation 

based on experimental solubilities of gases in polyethylene and not polypropylene which 

might explain the found deviations at low pressures. 

The effect of temperature on the amorphous concentration is presented in Figure 6.11. The 

propylene concentration decreases with increasing temperature like the solubility, but 

increases less non-linearly with pressure over the studied temperature range. 
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Figure 6.10: Comparison of the experimental propylene concentration in the amorphous polymer 
phase for sample A at 70 °C with the Stern correlation [64, 65]. 

 

Figure 6.11: Concentration of propylene in the amorphous PP polymer phase for sample A for 
different temperatures. 

 

6.4 Thermodynamic modeling 

6.4.1 Sanchez-Lacombe and PC-SAFT equations of state 

Both the Sanchez-Lacombe and the PC-SAFT model were tested in order to describe the 

equilibrium solubility of propylene in PP. The SL EoS was implemented in the open-source 

software GNU Octave 5.1.0 [124] which is largely compatible with MATLAB®. The involved 

equations can be found in the publication of Neau [125]. Different methods for the calculation 
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of mixtures exist for the SL EoS. Although the formulation of the chemical potential by 

McHugh and Krukonis [126] is commonly used [60, 104, 107–109, 127], in this work the 

fugacity coefficient as derived by Neau [125] is applied which should be used for 

thermodynamically consistent phase equilibrium calculations. Quadratic mixing rules were 

used for the characteristic volume 𝑣∗ and energy 𝜀∗ of the mixture: 

 𝑣∗ =∑∑𝜙𝑖𝜙𝑗𝑣𝑖𝑗
∗  (6.10) 

 𝜀∗𝑣∗ =∑∑𝜙𝑖𝜙𝑗𝜀𝑖𝑗
∗ 𝑣𝑖𝑗

∗  (6.11) 

with 

 𝑣𝑖𝑗
∗ =

1

2
(𝑣𝑖
∗ + 𝑣𝑗

∗) (6.12) 

and 

 𝜀𝑖𝑗
∗ = √𝜀𝑖

∗𝜀𝑗
∗(1 − 𝑘𝑖𝑗) (6.13) 

For the PC-SAFT EoS, the open-source GNU Octave (or MATLAB®) programs [128, 129] 

provided by the High Pressure Process Group of the University of Valladolid were used 

which are based on the original PC-SAFT publication of Gross and Sadowski [110]. 

The solubility was calculated from the thermodynamic equilibrium at a given temperature and 

pressure which is determined by the point of equal fugacities in the gas and liquid phase: 

 𝑓𝑖
𝑔𝑎𝑠

= 𝑓𝑖
𝑙𝑖𝑞

 (6.14) 

Note that within the model framework, the amorphous polymer phase is considered as the 

liquid phase. The semi-crystalline nature of the polymer phase is thus neglected and 

crystallinity cannot be described by the thermodynamic model. 

Using the fugacity coefficient φ, the point of equal fugacities can be expressed for propylene 

by: 

 𝜑𝐶3
𝑔𝑎𝑠
𝑦𝐶3 = 𝜑𝐶3

𝑙𝑖𝑞
𝑥𝐶3 (6.15) 

Assuming the amount of polymer in the gas phase is negligible, the molar fraction of 

propylene in the gas phase becomes one and the solubility of propylene in PP can be 

calculated by solving the following equation: 
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 𝜑𝐶3
𝑝𝑢𝑟𝑒

= 𝜑𝐶3
𝑙𝑖𝑞
𝑥𝐶3 (6.16) 

where 𝜑𝐶3
𝑝𝑢𝑟𝑒

 refers to the fugacity coefficient of pure propylene. 

 

6.4.2 Pure component parameters and density calculations 

Three characteristic parameters are needed to describe a pure component for both the SL 

and the PC-SAFT model. Literature parameters for the SL and PC-SAFT EoS are listed in 

Table 6.3 and Table 6.4, respectively. As an example, the gas density of propylene at 80 °C 

is presented in Figure 6.12 for the different literature parameters. Both models describe the 

vapor density very accurately. The PC-SAFT clearly best agrees with the experimental data. 

Generally, the PC-SAFT equation is superior in describing the propylene density close to the 

critical point as pointed out by Krallis and Kanellopoulos [104]. At high pressures, the SL EoS 

shows higher deviations from the experimental propylene gas density. The very similar 

parameters of Sato et al. [54] and Krallis and Kanellopoulos [104] give almost the same 

simulation results, whereas the parameters of Khare [130] tend to slightly better describe the 

experimental gas density at 80 °C. It can be concluded that all literature parameters for the 

SL EoS give accurate results and the selection of a given set of parameters is arbitrary. For 

further SL simulations of the propylene solubility, the parameters of Khare [130] are chosen 

as they seem to better describe the propylene gas density close to the critical temperature 

which are the relevant conditions for the studied gas phase polymerizations (75 and 80 °C at 

28.5 bar). 

Table 6.3: Literature pure component parameters of propylene and polypropylene for the Sanchez-
Lacombe EoS. T*, P* and ρ* denote the characteristic temperature, pressure and closed-packed mass 
density, respectively. 

Component T* [K] P* [bar] ρ* [kg/m3] Reference 

Propylene 

345.4 3788 755 [54] 

356 3790 755 [104] 

360.43 3100 670.83 [130] 

PP 
690.6 3007 885.6 [54] 

724.3 2800 938.87 [130] 
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Table 6.4: Literature pure component parameters of propylene and polypropylene for the PC-SAFT 
EoS. m, σ, 𝜀, kB and Mn denote the number of segments per molecule, segment diameter, energy 
related to the interaction of two segments, Boltzmann constant and number average molecular weight, 
respectively. 

Component m [-] σ [Å] 𝜀/kB [K] m/Mn [mol/g] Reference 

Propylene 1.9597 3.5356 207.19 - [110] 

PP 
- 4.147 298.6 0.0253 [79] 

- 4.1 217.0 0.02305 [111] 

 

 

Figure 6.12: Comparison of the experimental gas density of propylene at 80 °C [131] with the SL and 
PC-SAFT EoS using the literature parameters of Sato et al. [54], Krallis and Kanellopoulos [104], 
Khare [130] and Gross and Sadowski [110]. 

The experimental densities of amorphous and semi-crystalline PP are compared with the SL 

and PC-SAFT model using the different literature pure component parameters in Figure 6.13. 

As can be clearly seen, both the SL with the parameters of Sato et al. [54] and the PC-SAFT 

EoS with the parameters Khare et al. [79] well describe the experimental amorphous density. 

The proposed parameters of Khare [130] for the SL model are the matter of choice when 

simulating the semi-crystalline PP density, whereas the parameters of Gross and 

Sadowski [111] do not accurately describe the experimental densities. Since the model 

approach is to only consider the solubility of propylene in the amorphous polymer phase, the 

parameters of Sato et al. [54] (SL) and Khare et al. [79] (PC-SAFT) were chosen for further 

simulations. Combining the EoS based amorphous density with the crystalline density (Tait 
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equation) offers a valid method to calculate the semi-crystalline density of PP if needed (see 

appendix). 

 

Figure 6.13: Comparison of the experimental PP densities with the SL and PC-SAFT EoS. The 
experimental amorphous density was taken from Zoller [132], the semi-crystalline density from Sato et 
al. [133] and the pure component parameters from Sato et al. [54] and Khare [130] (SL) and Gross 
and Sadowski [111] and Khare et al. [79] (PC-SAFT). The polymer was assumed to be monodisperse 
with a number average molecular weight of 50 kg/mol. 

 

6.4.3 Simulation of amorphous solubility and concentration 

The simulation of the solubility of propylene in amorphous PP is discussed for the SL and 

PC-SAFT EoS in the following. The pure component parameters for propylene and PP were 

taken from Khare [130] and Sato et al. [54] for the SL model and Gross and Sadowski [110] 

and Khare et al. [79] for the PC-SAFT model, respectively, based on the previous density 

analysis. One binary interaction parameter (BIP), i.e. kij = k, is used as fitting parameter. PP 

was modelled as a monodisperse polymer with a number average molecular weight of 

50 kg/mol for all simulations. 

The experimental amorphous solubility isotherm of sample A at 70 °C, which was carefully 

studied and for which the solubility comparison revealed good agreement with various 

literature data, was compared to simulations of the SL and PC-SAFT EoS. Both models 

cannot predict a-priori (k = 0) the amorphous solubility and a fit of the binary interaction 

parameter to the experimental data was required. The BIPs of 0.0794 and 0.0185 for the SL 
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and PC-SAFT model, respectively, support the higher predictive capabilities of the latter EoS 

since the adjusted BIP is closer to zero. The fitted models can both well describe the 

experimental results (Figure 6.14). The SL EoS represents the experimental results very 

accurately with an average relative deviation (ARD) of less than 1 %. The PC-SAFT EoS 

shows a higher ARD of 9 % and seems to over-predict the solubility at higher pressures. The 

same conclusion can be drawn for the propylene concentration in the amorphous polymer 

fraction (Figure 6.15) with identical ARDs. 

 

Figure 6.14: Comparison of the experimental amorphous solubility at 70 °C with the SL and PC-SAFT 
EoS. k denotes the binary interaction parameter. 

 

Figure 6.15: Comparison of the experimental propylene concentration in the amorphous PP phase at 
70 °C with the SL and PC-SAFT EoS. k denotes the binary interaction parameter. 
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polymer density with increasing propylene pressure is perfectly predicted by both EoS 

models (Figure 6.16). Note that the experimental amorphous PP density was calculated 

based on the temperature-dependent PP density (see appendix) combined with the swelling 

correlation of Bobak et al. [56] as: 

 𝜌𝑎𝑚 =
𝑚𝐶3 +𝑚𝑎𝑚
𝑉𝑎𝑚,0 + 𝛥𝑉𝑠𝑤𝑒𝑙𝑙

=
(𝑆 + 1 − 𝑤𝑐𝑟)𝜌𝑃𝑃,0(𝑇)

1 − 𝑣𝑐𝑟 + 1.7844 ∙ 𝑆
 (6.17) 

Since the polymer density upon propylene sorption is described accurately, also the polymer 

swelling is well captured by both models (Figure 6.17). The experimental swelling was 

calculated based on the empirical correlation of Bobak et al. [56] and compared to the model 

swelling which is given by [121]: 

 
𝑉𝑃𝑃
𝑉𝑃𝑃,0

=
𝑉𝑎𝑚 + 𝑉𝑐𝑟
𝑉𝑎𝑚,0 + 𝑉𝑐𝑟

= (1 − 𝑤𝑐𝑟)(1 + 𝑆𝑎𝑚
𝐸𝑜𝑆)

𝜌𝑃𝑃,0

𝜌𝑎𝑚
𝐸𝑜𝑆 +𝑤𝑐𝑟

𝜌𝑃𝑃,0
𝜌𝑐𝑟

 (6.18) 

The crystalline PP density was calculated by the Tait equation using the parameters of Sato 

et al. [54]. The PP density prior to swelling ρPP,0 was calculated by combing the density of the 

crystalline and the amorphous (based on EoS) phase (see appendix). Although the PC-SAFT 

slightly better predicts the swollen polymer density, the lower accuracy in describing the 

solubility and the original amorphous density prior to swelling leads to a better agreement of 

the SL EoS simulation results and the experimental swelling data. 

 

Figure 6.16: Comparison of the experimental amorphous PP density as function of the propylene 
pressure at 70 °C with the SL and PC-SAFT EoS. The experimental amorphous PP density was 
calculated based on the temperature-dependent PP density (see appendix) combined with the 
swelling correlation of Bobak et al. [56]. k denotes the binary interaction parameter. 
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Figure 6.17: Comparison of the experimental swelling as function of the solubility at 70 °C with the SL 
and PC-SAFT EoS. The experimental data is based on the swelling correlation of Bobak et al. [56]. k 
denotes the binary interaction parameter. 

Using the obtained BIPs from the parameter estimation at 70 °C, the solubility isotherms 

were simulated and compared to the experimental ones (Figure 6.18). Both EoS models 

show good predictions at 60 and 80 °C, but an increased mismatch is found at lower 

temperatures, i.e. the mismatch increases the further the temperature of prediction differs 

from the temperature at which the BIP was estimated. The SL EoS represents the 

experimental solubility data with an ARD of 6 % and the PC-SAFT model with an ARD of 

13 %. The latter model better captures the low temperature solubility at higher pressures, but 

the inaccuracy at lower pressures causes an overall higher relative deviation. Thus based on 

the available experimental data and a constant BIP, the SL EoS is more suitable in modeling 

the propylene solubility in PP. 
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Figure 6.18: Comparison of the experimental amorphous solubility isotherms with the SL (top) and 
PC-SAFT (bottom) EoS predictions using the BIPs of 0.0794 and 0.0185, respectively, which were 
obtained by model fitting at 70 °C. 

To improve the SL model description of the solubility, a temperature-dependent BIP can be 

used. Thus instead of one, two parameters can be used to capture the solubility of propylene 

in PP with higher accuracy using the SL EoS. The BIP k can be expressed by a linear 

temperature dependence (Figure 6.19) as: 
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 𝑘 = −0.0757 ∙ 𝑇𝑟 + 0.1664 (6.19) 

with 

 𝑇𝑟 =
𝑇

298.15 𝐾
 (6.20) 

 

 

Figure 6.19: Dependency of the SL BIP on temperature for the system propylene/PP and linear fit 
(R2=0.986). 

The agreement of experimental and model solubility is further improved by using the 

proposed temperature-dependent BIP which is resembled by an ARD of 3 % (Figure 6.20). 

Although only the solubility isotherms were fitted, the propylene concentration is predicted 

with the same ARD of 3 % because of the correct swelling description by the model (Figure 

6.21). 

Note that the swelling may not always be predicted correctly by the EoS [54, 121]. For 

example, Sato et al. [54] found an underestimation of the experimental swelling by about 

20 % using the SL model. Inaccuracy in density modeling however causes inaccurate 

calculation of the effective monomer concentration relevant for polymerization kinetics. The 

difference found in swelling prediction between the work of Sato et al. [54] and this work, 

although in both cases the SL EoS was used, could be explained by the chosen method for 

equilibrium calculation and the experimental data. Instead of using formulations for the 

chemical potential, in this work the thermodynamically consistent equations for the fugacity 

coefficients were used. Furthermore, the experimental swelling was considered to be 

temperature independent as concluded in section 6.2.2. 
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In can be stated that here obtained results based on detailed experimental as well as 

thermodynamic modeling studies provide valuable information for process modeling of PP 

production plants. 

 

Figure 6.20: Comparison of the experimental amorphous solubility (top) and propylene concentration 
(bottom) with the SL EoS simulations using a temperature-dependent binary interaction parameter k. 
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Figure 6.21: Comparison of the experimental polymer swelling with the SL EoS simulations using a 
temperature-dependent binary interaction parameter k. The experimental swelling was calculated 
based on the swelling correlation of Bobak et al. [56]. 

 

6.5 Diffusion results 

6.5.1 Sorption curves 

Not only the equilibrium solubility can be obtained from sorption experiments, but moreover 

important information about the mass transfer within the analyzed PP particles can be 

gathered from sorption curves, i.e. the mass uptake over time. Mass transport in these 

porous particles is largely influenced by the specific interior particle morphology, that is, the 

distribution of pore and polymer space. [56] Therefore, mass transport properties are 

characteristic for a given PP powder. Once these properties are known, the effect of mass 

transport on the actual polymerization rate can be analyzed and possible mass transfer 

limitations can be detected. Such limitations are undesirable since they not only reveal that 

the intrinsic catalyst activity is not fully exploited, but they can also cause inferior product 

properties due to property gradients within the growing polymer particles. 

To experimentally study mass transfer close to the relevant polymerization conditions, six 

selected powder samples were investigated in the magnetic suspension balance at the 

reaction temperatures of 75 and 80 °C up to a pressure of 23 bar (Table 6.5). The objective 

was to identify the characteristic mass transport properties of each sample in order to test 

possible mass transfer limitations. 
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Table 6.5: Overview of selected samples for which mass transfer was studied. PP powders were 
synthesized at 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar and 100 mg hydrogen with the method of 
prepolymerization (Prepo) or seed bed polymerization (SB). 

Polymerization Catalyst Sorption Temperature 

Method  [°C] 

Prepo 

A 80 

C 75 

D 75 

SB 

A 80 

C 75 

D 75 

 

The experimental raw data, i.e. the course of the balance mass over time, was recalculated 

in terms of solubility and then expressed as normalized mass profiles for each pressure step: 

 
𝑚𝐶3(𝑡)

𝑚𝐶3,𝑒𝑞
=

𝑆(𝑡) − 𝑆(𝑡 = 0)

𝑆(𝑡 → ∞) − 𝑆(𝑡 = 0)
 (6.21) 

As an example, the sorption curves of the PP powder produced with catalyst D are shown in 

Figure 6.22 for two different pressure steps. Both curves show a very similar mass uptake 

over time with more than 90 % of the equilibrium mass mC3,eq reached after about 2 min. 

Although the two profiles were recorded for different pressure steps, they seem identical from 

about 30 s onwards. Note that the measurement signal of the balance is not reliable for the 

first seconds upon pressure increase due to oscillations and should therefore not be used for 

analysis since pressure and temperature need to stabilize yet. Thus, for the presented 

sample, no clear difference in the mass uptake rate between the pressure step at low (0 to 

11 bar) or high (17 to 23 bar) pressures was found. Overall, this was found for all analyzed 

powders. Furthermore, the difference in initial and final pressure of a pressure step did not 

influence the normalized mass curves, i.e. a pressure step from 0 to 6 bar or 0 to 11 bar 

resulted in the same normalized mass uptake over time. This leads to the following first 

conclusions: The mass uptake over time is independent of both the magnitude of the 

pressure step and the pressure at which the pressure step was conducted. 
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Figure 6.22: Comparison of sorption curves at 75 °C for a pressure step at low pressures from 0 to 
11 bar and at high pressures from 17 to 23 bar. The analyzed sample powder was synthesized with 
catalyst D using the method of prepolymerization at reaction conditions of 75 °C, 28.5 bar and 100 mg 
hydrogen. 

Comparing the sorption curves of the different powder samples (Figure 6.23), it is interesting 

to find that all curves are very similar indicating comparable transport properties of all studied 

PP particles, even despite the different measurement temperatures for catalyst A (80°C) vs. 

catalyst C and D (75°C) . When looking closely at the normalized mass uptake profiles, minor 

deviations are found. Both powders of catalyst D show a slightly faster mass increase, 

whereas the sample produced with catalyst C using the method of prepolymerization reveals 

a slightly slower mass uptake. But generally speaking, all mass uptake profiles seem alike – 

even for the different polymerization methods. Surprisingly, although the outer morphology is 

very different for the powders produced with the method of prepolymerization and seed bed 

polymerization (section 5.2.2), the resulting mass transfer behavior seems to be comparable, 

which might be a hint, that interior particle morphology of the studied samples particles is 

comparable. 
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Figure 6.23: Comparison of sorption curves at 75 and 80 °C for a pressure step from 0 to 11 bar of 
PP powders synthesized with catalysts A, C and D. The analyzed samples were synthesized with the 
method of prepolymerization (Prepo) or seed bed polymerization (SB) at reaction conditions of 80 °C 
(Cat A) or 75 °C (Cat C&D), 28.5 bar and 100 mg hydrogen. 

 

6.5.2 Effective diffusion coefficients and test for mass transfer limitations 

Effective diffusion coefficients can be estimated from the experimental sorption curves and 

later on, these can be used to identify possible mass transfer limitations by balancing 

diffusion and reaction. Mass transfer in the spherical PP particles can be mathematically 

depicted as diffusion in a sphere. For a constant diffusion coefficient D, the diffusion equation 

is given by [134]: 

 
𝜕𝑐

𝜕𝑡
= 𝐷 (

𝜕2𝑐

𝜕𝑟2
+
2

𝑟

𝜕𝑐

𝜕𝑟
) (6.22) 

The diffusion equation is only strictly valid for pore-free particles, which is here not the case. 

Hence, the used diffusion coefficient cannot be seen as molecular diffusion coefficient, but as 

an effective diffusion coefficient taking into account particle morphology. 

In case of a constant surface concentration and an initially uniform concentration throughout 

the sphere, the total amount of diffusing substance entering the sphere is given by 

Crank [134] as: 

 
𝑚𝐶3(𝑡)

𝑚𝐶3,𝑒𝑞
= 1 −

6

𝜋2
∑

1

𝑛2

∞

𝑛=1

exp (−
𝐷𝑛2𝜋2𝑡

𝑅2
) (6.23) 
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This solution can be directly applied to fit the experimental mass uptake curve (Figure 6.24). 

For the sphere radius R, the particle radius obtained from the PSD measurements, i.e. via 

the D50 value, was taken for each powder sample. The effective diffusion coefficient is used 

as the fitting parameter which comprises the characteristic powder morphology and is thus 

only valid for the specific sample. The estimated diffusion parameters are summarized in 

Table 6.6. The parameters are in the order of 2·10-10 m2/s for powders of catalyst A. PP 

particles synthesized with catalysts C and D have slightly higher diffusion coefficients in the 

range of 5 to 7·10-10 m2/s, indicating more favorable internal structures with respect to 

mass-transfer. In agreement with the conclusions from the experimental mass uptake curves, 

the effective diffusion coefficients are independent of the pressure step and polymerization 

method (Prepo or SB). The estimated effective diffusion coefficients are comparable in 

magnitude to reported literature values for porous PP particles of 2.3 to 3.5·10-10 m2/s at 

85°C [56] and 0.2 to 1.6·10-10 m2/s at 70°C [57]. A direct comparison is however not possible 

since the individual particle morphology is part of the estimated diffusion coefficient. 

 

Figure 6.24: Comparison of the experimental sorption curve (80 °C, pressure step from 0 to 11 bar) 
with the model fit using Crank’s solution for diffusion in a sphere. The analyzed sample powder was 
synthesized with catalyst A using the method of prepolymerization at reaction conditions of 80 °C, 
28.5 bar and 100 mg hydrogen. 

 

 

 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 2 4 6 8 10

N
o

rm
a

li
z
e

d
 M

a
s
s

 m
C

3
/m

C
3
,e

q
[-

]

Time [min]

Experiment

Fit (Crank)



 

 

108 

Table 6.6: Estimated effective diffusion coefficients Deff from sorption curves at 80 °C (Cat A) and 
75 °C (Cat C&D) for a pressure step from 0 to 11 bar and from 17 to 23 bar. PP powders were 
synthesized at 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar and 100 mg hydrogen with the method of 
prepolymerization (Prepo) or seed bed polymerization (SB). Rparticle denotes the particle radius as 
obtained by PSD measurements (via D50). 

Polymerization Catalyst Rparticle Deff [10-10 m2/s] 

Method  [µm] 0 to 11 bar 17 to 23 bar 

Prepo 

A 379 3.0 2.1 

C 560 5.0 6.0 

D 580 7.0 6.5 

SB 

A 317 2.0 1.9 

C 550 6.0 7.0 

D 555 6.0 5.5 

 

It has to be mentioned that the model of diffusion in a sphere cannot accurately describe the 

experimental mass uptake curve and a small discrepancy between experiment and model is 

found for all curves (Figure 6.24 represents this minor mismatch as an example). Main 

reason for the observed differences is likely the strong simplification of particle morphology in 

the mass transfer model used here. Kröner [23] found out, that for PP particles, the particle 

diameter is not the relevant length scale for diffusion and assumed that clusters of 

micrograins within the porous particle are the relevant domain for mass transfer. Bobak et 

al. [56] studied experimental mass uptake curves of porous PP particles and found out, that 

these could not be described by a simple Fick’s model (i.e. diffusion in a sphere) consisting 

of one diffusion coefficient and just one effective diffusion length, but rather two diffusion 

lengths were needed. The model thus considered two different sizes of compact polymer 

granules which better resembled the real particle morphology. However, to keep it simple 

and since the discrepancy between experiment and model found in this work is relatively 

small, the estimated diffusion coefficients will be used for further analysis. 

In the following, a simple, pseudo-stationary model that accounts both for diffusion and 

chemical reaction in a spherical particle is used for a rough estimation of the balance 

between reaction and mass-transfer at a polymerization time of 60 min. Analogous to 

classical models of pore diffusion and surface reaction in solid catalyst pellets [135, 136], the 

polymerization can be expressed as a balance of monomer diffusion in the spherical PP 

particle and consumption of monomer by the polymerization reaction [137]. Simplifying the 

latter process to a first-order reaction, i.e. reducing the rate of polymerization rP to: 

 𝑟𝑝 = 𝑘𝑝𝑐𝑎𝑚𝑐𝑃
∗ = 𝑘𝑟𝑐𝐶3 (6.24) 
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the steady-state mass balance of monomer in the spherical polymer particle can be 

described by: 

 𝐷𝑒𝑓𝑓 (
𝜕2𝑐𝐶3
𝜕𝑟2

+
2

𝑟

𝜕𝑐𝐶3
𝜕𝑟
) − 𝑘𝑟𝑐𝐶3 = 0 (6.25) 

with the boundary conditions: 

 𝑐𝐶3(𝑟 = 𝑅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒) = 𝑐𝐶3,𝑒𝑞     and     
𝜕𝑐𝐶3
𝜕𝑟
|
𝑟=0

= 0 (6.26) 

Using the dimensionless variables: 

 𝜓 =
𝑐𝐶3
𝑐𝐶3,𝑒𝑞

     and     𝜆 =
𝑟

𝑅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
 (6.27) 

the mass balance can be written as [135]: 

 
𝜕2𝜓

𝜕𝜆2
+
2

𝜆

𝜕𝜓

𝜕𝜆
− 𝜙𝑇ℎ𝑖𝑒𝑙𝑒

2𝜓 = 0 (6.28) 

with the Thiele modulus: 

 𝜙𝑇ℎ𝑖𝑒𝑙𝑒 = 𝑅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒√
𝑘𝑟
𝐷𝑒𝑓𝑓

 (6.29) 

Based on the Thiele modulus, the effectiveness factor 𝜂, which corresponds to how much the 

reaction rate is lowered because of diffusion resistance, can be calculated as [135, 136]: 

 𝜂 =
3

𝜙𝑇ℎ𝑖𝑒𝑙𝑒
2
(𝜙𝑇ℎ𝑖𝑒𝑙𝑒 coth𝜙𝑇ℎ𝑖𝑒𝑙𝑒 − 1) (6.30) 

Hence, three parameters are needed to calculate the effectiveness factor and detect possible 

diffusion resistances. The effective diffusion coefficient Deff was already obtained by fitting 

the experimental sorption curves and the particle radius Rparticle by PSD measurements. 

However, these are only valid for the end of the polymerization reaction, i.e. at a reaction 

time of 60 min, as these parameters correspond to the final polymer product. Therefore, the 

effectiveness factor is only calculated for the end of the reaction. The first-order kinetic rate 

coefficient kr can be calculated from the intrinsic activity Aint and yield y. Defining the intrinsic 

activity as: 

 𝐴𝑖𝑛𝑡 =
𝑘𝑟𝑐𝐶3,𝑒𝑞𝑀𝑊𝐶3𝑉𝑃𝑃

𝑚𝐶𝑎𝑡
 (6.31) 

the rate coefficient can be obtained by: 
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 𝑘𝑟 =
𝐴𝑖𝑛𝑡𝜌𝑃𝑃

𝑐𝐶3,𝑒𝑞𝑀𝑊𝐶3(𝑆 + 1)𝑦
=

𝐴𝑖𝑛𝑡𝜌𝑎𝑚
𝑐𝑎𝑚,𝑒𝑞𝑀𝑊𝐶3(𝑆𝑎𝑚 + 1)(1 − 𝑤𝑐𝑟)𝑦

 (6.32) 

The amorphous propylene concentration cam,eq, amorphous polymer density ρam and 

amorphous equilibrium solubility Sam were calculated for the relevant reaction conditions of 

75 or 80 °C and 28.5 bar using the SL EoS with temperature-dependent BIP. The intrinsic 

activity was calculated iteratively so that the product of intrinsic activity and effectiveness 

factor, i.e. the activity reduced by diffusional limitations, was equal to the experimentally 

observed activity Aexp at 60 min (taken from the activity profiles): 

 𝐴𝑒𝑥𝑝 (𝑡 = 60 𝑚𝑖𝑛) = 𝜂𝐴𝑖𝑛𝑡 (6.33) 

The comparison of the effectiveness factors and of the intrinsic and experimental activities 

are presented in Table 6.7. For calculations of 𝜂, the lowest diffusion coefficient of the two 

sorption pressure steps was chosen. 

Table 6.7: Effectiveness factors 𝜂 based on a pseudo-stationary diffusion-reaction model. The 
reported effective diffusion coefficients Deff, intrinsic activities Aint and experimental activities Aexp as 
well as the calculated effectiveness factors are only valid for a reaction time of 60 min. PP powders 
were synthesized at 80 °C (Cat A) or 75 °C (Cat C&D), 28.5 bar and 100 mg hydrogen with the 
method of prepolymerization (Prepo) or seed bed polymerization (SB). Rparticle denotes the particle 
radius as obtained by PSD measurements (via D50). 

Polym. Catalyst Rparticle Deff Yield Aint 𝜂 Aexp 

Method  [µm] [10-10 m2/s] [kgPP/gCat] [kgPP/gCat/h] [%] [kgPP/gCat/h] 

Prepo 

A 379 2.1 27.4 18 91 16 

C 560 5.0 24.8 17 92 16 

D 580 6.5 41.3 32 93 30 

SB 

A 317 1.9 19.7 14 92 13 

C 550 6.0 21.3 16 93 15 

D 555 5.5 27.3 23 91 21 

 

The model results reveal that diffusion limitations at the end of the polymerization reaction 

are very small with high effectiveness factors of 91 to 93 % for the analyzed PP powders. In 

other words, less than 10 % of the catalyst’s intrinsic activity are “lost” due to diffusional 

resistances which cause a reduction in activity of 1 to 2 kgPP/gCat/h. The obtained 

effectiveness factors are almost identical to the value of Kröner [23] who studied the effect of 

diffusion on polymerization kinetics in detail. In his work, the effectiveness factor was 

calculated over the course of the reaction and increased from 75 % at the beginning of the 

reaction to 93 % after one hour of homopolymerization. The average effectiveness factor was 

about 90 % and thus close to the final value. Given the fact that the conditions which Ziegler-
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Natta catalysts face at the very beginning of reaction determine the overall activity and 

particle morphology, it is reasonable to assume that the here calculated effectiveness factors 

will be very similar to the average effectiveness factors of the entire reaction. Therefore, 

diffusion limitations can be assumed to be negligible for the studied polymerizations of this 

work. 

In summary, effective diffusion coefficients were estimated from experimental sorption curves 

and used in a simplified diffusion-reaction model to calculate effectiveness factors which 

quantify the reduction in activity due to diffusion limitations. All calculated factors were above 

90 % independent of the polymerization method suggesting negligible diffusion limitations. 

Interestingly, although the outer morphology was largely affected by the chosen method of 

polymerization as discussed previously, the interior morphology governing the mass 

transport properties was found to be alike for the two methods of prepolymerization and seed 

bed polymerization. 
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7 Kinetic Model 

Objective of the model development is to characterize the three experimentally studied 

Ziegler-Natta catalysts A, C and D by their specific kinetic parameters. A simplified kinetic 

model is therefore derived in order to describe the polymerization kinetics of the catalysts. 

The two main targets are the correct description of the catalyst activity and the melt flow rate 

as a function of the reaction conditions, specifically the hydrogen concentration. The final 

model including the estimated parameters is useful for catalyst development as it allows to 

compare the catalysts based on the kinetic parameters rather than the experimental raw 

data. Furthermore, the kinetic model may be coupled with process models allowing 

simulation studies on the catalyst performance in the pilot and/or commercial scale 

supporting process and product development. 

Modeling of the propylene polymerization of Ziegler-Natta catalysts can become relatively 

complex when accounting for all possible aspects such as multiple active sites, various 

kinetic reaction steps as well as different length scales (section 2.4). However, since the 

overall aim is to obtain the catalyst-specific rate constants based on the conducted 

experiments, the model is largely reduced to only describe the experimentally observed 

results focusing on micro-scale effects. Ultimately, it is a simplified, phenomenological kinetic 

model. 

The model is implemented in the commercial software gPROMS® ModelBuilder 5.1 (Process 

Systems Enterprise). The kinetic parameters are estimated based on the experimentally 

obtained data, that is, the activity profiles, the yields and the weight-average molecular 

weights which were calculated from the MFRs via an empirical equation (Equation (4.2)). 

 

7.1 Derivation of the kinetic model 

7.1.1  Model assumptions 

The kinetic model involves a number of assumptions. First, the multi-site nature of Ziegler-

Natta catalysts is neglected by only considering one type of active catalyst site. Multiple sites 

are commonly used to model the broad MWD of ZN catalysts or to account for particular 

polymerization kinetics that can only be modeled with more than one catalyst site. Neither 

case applies to this work as no MWDs were measured and the reaction kinetics can be 

described with one type of site. 
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Since the model only focuses on the micro-scale, phenomena of other length scales are 

neglected. At the particle scale, it is assumed that heat and mass transfer do not influence 

the polymerization kinetics, i.e. there are no transport limitations. The assumption of 

negligible diffusion limitations is supported by the study of the sorption curves (section 6.5). 

The effect of particle heat transfer on the activity was indirectly observed experimentally, 

however, the different activity levels of the prepolymerization and seed bed polymerization 

methods are simply described by a different number of active sites. At the macro-scale, ideal 

mixing and good heat removal can be assumed, since the polymerization experiments were 

conducted in a small lab-scale reactor. Isothermal and isobaric conditions are assumed 

throughout the reaction, which is close to reality in the semi-batch experiments performed in 

this study, at least at the main-stage conditions. The heat-up stage of the prepolymerization 

experiments is neglected and the catalysts are modeled to be injected directly at the main 

reaction conditions and polymerized for one hour at constant temperature and pressure. 

To summarize, the following three main assumptions are made: 

 Only one type of catalyst site is considered. 

 Isothermal and isobaric conditions are assumed throughout the entire reaction time of 

one hour. 

 Mass and heat transfer effects are neglected. 

Based on the experimental results, a kinetic scheme consisting of a set of standard reaction 

steps has to be chosen. The experimental findings are therefore shortly summarized in the 

following: 

 All catalysts show an enhancement in polymerization rate with increasing hydrogen 

mass. This hydrogen response is different for each catalyst. 

 The MFR is different for each catalyst and increases with the hydrogen concentration. 

 The deactivation behavior seems to be independent of the hydrogen amount. 

 For the prepolymerization method, a larger catalyst activity is found for all catalysts. 

However, only the activity level seems to be changed by this method, whereas rate 

enhancement by hydrogen, MFR and deactivation appear to be unaffected. 
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7.1.2 Kinetic scheme 

Based on the experimental findings, the kinetic scheme is derived from standard reaction 

steps commonly applied in kinetic modeling of coordinative olefin polymerization (section 

2.4.2). The effect of rate enhancement by hydrogen is considered by employing the three 

main reaction steps of the dormant site theory. The molecular weight response is modeled by 

using two different transfer reactions. The difference in the activity level between the method 

of prepolymerization and seed bed polymerization is described by different numbers of active 

catalyst sites. 

The applied kinetic scheme is presented in Table 7.1. The activation of Ziegler-Natta 

catalysts usually occurs by the reaction with the cocatalyst. In large excess of TEA as in all 

conducted experiments, this is equivalent to a spontaneous activation step from the 

mathematical point of view since the concentration of the cocatalyst can be considered 

constant: 

 
d[S𝑝]

dt
= −𝑘𝑎𝐶𝑜[CoCat][S𝑝] ≈ −𝑘𝑎[S𝑝] (7.1) 

The spontaneously activated catalyst site reacts further with propylene to form an active 

chain with a length of one. By propagation, this living chain grows by monomer addition. The 

experimentally observed change in MFR and thus molecular weight upon hydrogen mass 

variation is incorporated by chain transfer reaction to hydrogen. In that, the living chain reacts 

with hydrogen to form a dead polymer chain and a vacant active site which can further 

contribute to chain growth. In absence of hydrogen, the model would overpredict the 

molecular weight without an additional transfer step. Therefore, spontaneous chain transfer 

(e.g. β-hydride elimination) is included as a further transfer reaction. Here, a living chain 

reacts to form a vacant active site and a dead polymer chain. Other transfer steps such as 

chain transfer by cocatalyst or monomer are not considered, but could also be implemented. 

As no detailed microstructural analysis was performed and modeling of this is not the 

objective, for simplicity, only spontaneous chain transfer was implemented into the kinetic 

model. 

All activity profiles show a decay over time which is explained by catalyst deactivation. 

Deactivation can occur by different species. Since the comparison of the normalized activity 

profiles for different hydrogen concentrations do not indicate a hydrogen effect, hydrogen is 

excluded to participate in deactivation. The deactivating effect of poisons is assumed to be 

negligible due to the use of excessive amounts of TEA which acts as scavenger. To 

conclude, the deactivation step is thought to occur simply spontaneously in which a living 
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polymer chain forms a dead chain and a dead site or a vacant active site turns into a dead 

catalyst site. 

Table 7.1: Reaction steps of the phenomenological kinetic model. In this scheme, Sp, Sa, M, Pn, H2, 
Dn, Sd and Pn

dorm are symbols for the potential catalyst site, active catalyst site, monomer, living 
polymer of length n, hydrogen, dead polymer of length n, dead catalyst site and dormant polymer of 
length n, respectively. 

Reaction Step Chemical Equation 

Activation 𝑆𝑝  
𝑘𝑎
→  𝑆𝑎 

Initiation 𝑆𝑎  +  𝑀  
𝑘𝑖
→ 𝑃1 

Propagation 𝑃𝑛  +  𝑀  
𝑘𝑝
→  𝑃𝑛+1 

Transfer 

 by hydrogen 

 spontaneous 

 

𝑃𝑛  + 𝐻2   
𝑘𝑡𝑟𝐻
→   𝑆𝑎 + 𝐷𝑛 

𝑃𝑛   
𝑘𝑡𝑟𝑆𝑝
→    𝑆𝑎 + 𝐷𝑛 

  

Deactivation 

 

 

𝑃𝑛   
𝑘𝑑
→  𝑆𝑑 + 𝐷𝑛 

𝑆𝑎   
𝑘𝑑
→  𝑆𝑑 

𝑃𝑛
𝑑𝑜𝑟𝑚   

𝑘𝑑
→  𝑆𝑑 + 𝐷𝑛 

 
 

Dormant Chain Formation 𝑃𝑛  +  𝑀  
𝑘𝑑𝑜𝑟𝑚
→     𝑃𝑛+1

𝑑𝑜𝑟𝑚 

𝑆𝑎  +  𝑀  
𝑘𝑑𝑜𝑟𝑚𝑖
→     𝑃1

𝑑𝑜𝑟𝑚 

Reactivation 

 by hydrogen 

 by monomer 

 

𝑃𝑛
𝑑𝑜𝑟𝑚  +  𝐻2   

𝑘𝑟𝑒𝐻
→   𝑆𝑎 + 𝐷𝑛 

𝑃𝑛
𝑑𝑜𝑟𝑚  +  𝑀  

𝑘𝑟𝑒𝑀
→    𝑃𝑛+1 

 

The experimentally observed rise in activity with increasing hydrogen mass is employed by 

the kinetic steps of the dormant site theory. It assumed that dormant polymer chains are 

formed by the 2,1-misinsertion of a propylene molecule into a growing polymer chain. The 

active center is now sterically hindered leading to a much lower reactivity. This dormant 

species can be reactivated by the small hydrogen molecule resulting in an active catalyst site 

and a dead polymer chain. If no further reactivation step were included, the model would 

predict an enhanced decay in activity in absence of hydrogen. This is because the 

concentration of dormant species would increase over reaction time and thus the 

concentration of active species would decrease leading to a pronounced loss of activity. As 

this was not observed in the experiments, reactivation by monomer is also considered. Here, 

a monomer unit is added to the dormant chain by a regio-regular 1,2-insertion leading to a 

living chain. Note that for completion, a further step for dormant site formation is added by 
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allowing vacant active sites to undergo 2,1-misinsertion. Furthermore, the dormant chains 

are also considered to deactivate. Although this reaction step is not commonly employed in 

literature [27, 36, 81], it is used here based on the experimental finding that all activity 

profiles show the same relative decay independent of the hydrogen concentration (section 

5.1.5). The dormant site theory describes an equilibrium between living and dormant chains. 

At low hydrogen concentrations, this equilibrium is shifted towards a low concentration of 

living chains resulting in a lower activity and also a less pronounced absolute activity decay. 

However, the relative deactivation is only dependent on the deactivation constant and is 

therefore the same at all hydrogen concentrations. This is only valid when also the dormant 

chains deactivate because otherwise they would function as a reservoir for the living chains. 

The decrease in living chains would be counteracted by the reactivation of dormant chains in 

drive of the equilibrium. At low hydrogen concentrations, a higher reservoir is available due to 

the higher dormant chain concentration and thus the deactivation would be less pronounced 

than at high hydrogen concentrations. Therefore, to obtain the same relative decay, the 

deactivation of dormant chains was used in the kinetic scheme. 

All necessary reaction steps were included which should describe the experimentally 

observed phenomena. A further simplification which was made is that all vacant active sites 

that are formed through the selected reaction steps (activation, chain transfer and 

reactivation) are identical. This is not the reality as some sites are for instance actually 

hydride catalyst sites. However, this is a simplification typically used in coordinative 

polymerization modeling. [14, 72] 

 

7.1.3 Mass balances 

From the developed kinetic scheme, the mass balances are derived for each reactive 

species in the following. The potential catalyst sites are simply consumed by the 

spontaneous activation step: 

 
d[S𝑝]

dt
= −𝑘𝑎[S𝑝] (7.2) 

For the vacant active sites, all reaction steps in which these are formed or consumed have to 

be considered. They are formed by activation, chain transfer, reactivation and are consumed 

by initiation, deactivation and dormant chain formation. The vacant active site balance, 

applied over the proposed kinetic scheme, leads to the equation: 
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d[S𝑎]

dt
= 𝑘𝑎[S𝑝] − (𝑘𝑖[M] + 𝑘𝑑 + 𝑘𝑑𝑜𝑟𝑚𝑖[M])[S𝑎] + 𝑘𝑡𝑟𝐿0 + 𝑘𝑟𝑒𝐻[H2]𝐿0

𝑑𝑜𝑟𝑚 (7.3) 

with 

 𝑘𝑡𝑟 = 𝑘𝑡𝑟𝐻[H2]
0.5 + 𝑘𝑡𝑟𝑆𝑝 (7.4) 

 𝐿0 = ∑[P𝑛]

∞

𝑛=1

 (7.5) 

 𝐿0
𝑑𝑜𝑟𝑚 = ∑[𝑃𝑛

𝑑𝑜𝑟𝑚]

∞

𝑛=1

 (7.6) 

Following the same procedure of balancing the chemical species over the kinetic scheme, 

the mass balances of each remaining reactant were derived. 

Dead catalyst sites: 

 
d[S𝑑]

dt
= 𝑘𝑑([S𝑎] + 𝐿0 + 𝐿0

𝑑𝑜𝑟𝑚) (7.7) 

Living polymer chains of length one: 

 
d[P1]

dt
= 𝑘𝑖[M][S𝑎] − (𝑘𝑝[M] + 𝑘𝑡𝑟 + 𝑘𝑑 + 𝑘𝑑𝑜𝑟𝑚[M])[𝑃1] (7.8) 

Living polymer chains of length 𝑛 ≥ 2: 

 

d[P𝑛]

dt
= 𝑘𝑝[M][𝑃𝑛−1] − (𝑘𝑝[M] + 𝑘𝑡𝑟 + 𝑘𝑑 + 𝑘𝑑𝑜𝑟𝑚[M])[𝑃𝑛]

+ 𝑘𝑟𝑒𝑀[M]𝑃𝑛−1
𝑑𝑜𝑟𝑚 

(7.9) 

Dormant polymer chains of length one: 

 
d[𝑃1

𝑑𝑜𝑟𝑚]

dt
= 𝑘𝑑𝑜𝑟𝑚𝑖[M][S𝑎] − (𝑘𝑟𝑒 + 𝑘𝑑)[𝑃1

𝑑𝑜𝑟𝑚] (7.10) 

with 

 𝑘𝑟𝑒 = 𝑘𝑟𝑒𝐻[H2] + 𝑘𝑟𝑒𝑀[M] (7.11) 
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Dormant polymer chains of length 𝑛 ≥ 2: 

 
d[𝑃𝑛

𝑑𝑜𝑟𝑚]

dt
= 𝑘𝑑𝑜𝑟𝑚[M][𝑃𝑛−1] − (𝑘𝑟𝑒 + 𝑘𝑑)[𝑃𝑛

𝑑𝑜𝑟𝑚] (7.12) 

Dead polymer chains: 

 
d[D𝑛]

dt
= (𝑘𝑡𝑟 + 𝑘𝑑)[𝑃𝑛] + (𝑘𝑟𝑒𝐻[H2] + 𝑘𝑑)[𝑃𝑛

𝑑𝑜𝑟𝑚] (7.13) 

Hydrogen: 

 
d[H2]

dt
= −𝑘𝑡𝑟𝐻[H2]

0.5𝐿0 − 𝑘𝑟𝑒𝐻[H2]𝐿0
𝑑𝑜𝑟𝑚 (7.14) 

Note that in the mass balances, the hydrogen concentration is raised to the power of one half 

in case of the chain transfer step by hydrogen because in the literature, the reaction order of 

hydrogen for the transfer reaction via supported catalysts is reported as 0.5. [7, 138, 139] 

Since within the model a constant pressure and therefore a constant propylene concentration 

is assumed, no mass balance is needed for the monomer. The mass production rate of 

polypropylene is obtained by taking account of all reaction steps in which monomer is 

consumed: 

 
dm𝑃𝑃
dt

= (𝑘𝑝𝐿0 + 𝑘𝑖[𝑆𝑎] + 𝑘𝑑𝑜𝑟𝑚𝐿0 + 𝑘𝑟𝑒𝑀𝐿0
𝑑𝑜𝑟𝑚)[M]𝑀𝑊𝐶3𝑉𝑅 (7.15) 

The catalyst activity and yield is given by: 

 A =
1

m𝐶𝑎𝑡

dm𝑃𝑃
dt

 (7.16) 

 y =
m𝑃𝑃
m𝐶𝑎𝑡

 (7.17) 

 

7.1.4 Method of moments and molecular weight averages 

The derived mass balances for the reactive species form a large set of ordinary differential 

equations (ODEs). Different numerical solution techniques exist for such systems and were 

compared by Deuflhard and Wulkow [140] or Bartke and Reichert [96]. One common 

technique to solve the ODE-system with low numerical effort is the method of moments [14, 

72, 74], by which however only polymer weight averages and not the complete molecular 

weight distribution is obtained. Since in this work the polymer samples were only 
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characterized by the weight average molecular weight (indirectly via the MFR), the solution 

technique of choice is obviously the method of moments. Furthermore, this method can be 

readily extended to model the broad MWD of ZN catalysts. [72] 

The method of moments is a statistical technique by which polymer chain averages such as 

the number average molecular weight Mn, the weight average molecular weight Mw and the 

polydispersity index PDI can be calculated. The moments are averages of the polymer chain 

concentrations that are weighted by their chain length. In the following, moments of the 

corresponding number chain length distribution are defined. 

Moments for the living polymers or “live moments”: 

 𝐿𝑖 = ∑𝑛𝑖[P𝑛]

∞

𝑛=1

 (7.18) 

Moments for the dormant polymers or “dormant moments”: 

 𝐿𝑖
𝑑𝑜𝑟𝑚 = ∑𝑛𝑖[𝑃𝑛

𝑑𝑜𝑟𝑚]

∞

𝑛=1

 (7.19) 

Moments for the dead polymers or “dead moments”: 

 𝐷𝑖 = ∑𝑛𝑖[D𝑛]

∞

𝑛=2

 (7.20) 

Moments for all polymers or “bulk moments”: 

 𝐵𝑖 = 𝐿𝑖 + 𝐿𝑖
𝑑𝑜𝑟𝑚 +𝐷𝑖 (7.21) 

The zeroth, first and second moment are sufficient to calculate the following average 

properties: 

 𝑀𝑛 = 𝑀𝑊𝐶3
𝐵1
𝐵0

 (7.22) 

 𝑀𝑤 = 𝑀𝑊𝐶3
𝐵2
𝐵1

 (7.23) 

 𝑃𝐷𝐼 =
𝑀𝑤
𝑀𝑛

 (7.24) 

Using the definition of the moments, the mass balances for the different types of polymer 

chains (Equations (7.8) to (7.13)) can be reduced to the following set of equations. 
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Zeroth moments: 

 
d𝐿0
dt
= 𝑘𝑖[M][𝑆𝑎] − (𝑘𝑡𝑟 + 𝑘𝑑 + 𝑘𝑑𝑜𝑟𝑚[M])𝐿0 + 𝑘𝑟𝑒𝑀[M]𝐿0

𝑑𝑜𝑟𝑚 (7.25) 

 
d𝐿0
𝑑𝑜𝑟𝑚

dt
= 𝑘𝑑𝑜𝑟𝑚𝑖[M][𝑆𝑎] − (𝑘𝑟𝑒 + 𝑘𝑑)𝐿0

𝑑𝑜𝑟𝑚 + 𝑘𝑑𝑜𝑟𝑚[M]𝐿0 (7.26) 

 
d𝐷0
dt
= (𝑘𝑡𝑟 + 𝑘𝑑)𝐿0 + (𝑘𝑟𝑒𝐻[H2] + 𝑘𝑑)𝐿0

𝑑𝑜𝑟𝑚 (7.27) 

First moments: 

 

d𝐿1
dt
= 𝑘𝑖[M][𝑆𝑎] − (𝑘𝑡𝑟 + 𝑘𝑑 + 𝑘𝑑𝑜𝑟𝑚[M])𝐿1 + 𝑘𝑝[M]𝐿0

+ 𝑘𝑟𝑒𝑀[M](𝐿0
𝑑𝑜𝑟𝑚 + 𝐿1

𝑑𝑜𝑟𝑚) 

(7.28) 

 
d𝐿1
𝑑𝑜𝑟𝑚

dt
= 𝑘𝑑𝑜𝑟𝑚𝑖[M][𝑆𝑎] − (𝑘𝑟𝑒 + 𝑘𝑑)𝐿1

𝑑𝑜𝑟𝑚 + 𝑘𝑑𝑜𝑟𝑚[M](𝐿0 + 𝐿1) (7.29) 

 
d𝐷1
dt
= (𝑘𝑡𝑟 + 𝑘𝑑)𝐿1 + (𝑘𝑟𝑒𝐻[H2] + 𝑘𝑑)𝐿1

𝑑𝑜𝑟𝑚 (7.30) 

Second moments: 

 

d𝐿2
dt
= 𝑘𝑖[M][𝑆𝑎] − (𝑘𝑡𝑟 + 𝑘𝑑 + 𝑘𝑑𝑜𝑟𝑚[M])𝐿2 + 𝑘𝑝[M](𝐿0 + 2𝐿1)

+ 𝑘𝑟𝑒𝑀[M](𝐿0
𝑑𝑜𝑟𝑚 + 2𝐿1

𝑑𝑜𝑟𝑚 + 𝐿2
𝑑𝑜𝑟𝑚) 

(7.31) 

 
d𝐿2
𝑑𝑜𝑟𝑚

dt
= 𝑘𝑑𝑜𝑟𝑚𝑖[M][𝑆𝑎] − (𝑘𝑟𝑒 + 𝑘𝑑)𝐿2

𝑑𝑜𝑟𝑚 + 𝑘𝑑𝑜𝑟𝑚[M](𝐿0 + 2𝐿1 + 𝐿2) (7.32) 

 
d𝐷2
dt
= (𝑘𝑡𝑟 + 𝑘𝑑)𝐿2 + (𝑘𝑟𝑒𝐻[H2] + 𝑘𝑑)𝐿2

𝑑𝑜𝑟𝑚 (7.33) 

 

7.1.5 Catalyst site, monomer and hydrogen concentration 

Different species concentrations are required for model calculations. For the initial conditions, 

the potential active catalyst site concentration is needed which was defined as the total 

concentration of potential catalyst sites in the reactor: 

 [S𝑝](t = 0) =
𝑚𝐶𝑎𝑡𝑤𝑇𝑖𝑥𝑎𝑐𝑡𝑖𝑣𝑒
𝑀𝑊𝑇𝑖𝑉𝑅

 (7.34) 
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In the propylene polymerization with Ziegler-Natta catalysts, the titanium atoms distributed on 

the catalyst support act as active sites. However, not all but only 1 to 10 % of these are 

believed to participate in the polymerization reaction and an exact determination is not 

possible so far. [4] Therefore, the term xactive is included in the above equation which 

expresses the fraction of active titanium and which needs to be estimated. 

The effective monomer concentration at the catalyst sites should be used in the calculation of 

reaction rates which is the monomer concentration in the amorphous polymer phase. For this 

purpose, the Sanchez-Lacombe EoS with temperature-dependent binary interaction 

parameter was chosen since it could well describe the experimentally determined 

concentration of propylene in amorphous PP (section 6.4.3). The kinetic model is thus 

combined with an advanced thermodynamic model relevant for process modeling. 

Due to lack of experimental data on the solubility of hydrogen in PP, the hydrogen 

concentration in the gas phase was chosen for the rate expressions: 

 [H2] =
𝑚𝐻2

𝑀𝑊𝐻2𝑉𝑅
 (7.35) 

For the here used relatively low amounts of hydrogen, the gas phase hydrogen concentration 

should be directly proportional to the concentration in the amorphous phase. Additionally, the 

complexity of the thermodynamic calculations is clearly reduced. 

Although the solubility of hydrogen in the polymer phase was neglected, the gas composition 

was modeled via the SL EoS using a BIP of zero (Table 7.2 and Table 7.3). 

As a constant reaction pressure of 28.5 bar was used throughout all polymerization 

experiments, but the hydrogen mass was varied, the propylene partial pressure and thus the 

effective monomer concentration was affected which was considered within the 

thermodynamic model (Figure 7.1). 

Table 7.2: Literature pure component parameters of hydrogen, propylene and polypropylene for the 
Sanchez-Lacombe EoS as used for the kinetic model. T*, P* and ρ* denote the characteristic 
temperature, pressure and closed-packed mass density, respectively. 

Component T* [K] P* [bar] ρ* [kg/m3] Reference 

Hydrogen 45.89 1000 142.66 [130] 

Propylene 360.43 3100 670.83 [130] 

PP 690.6 3007 885.6 [54] 
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Table 7.3: Binary interaction parameters for the Sanchez-Lacombe EoS as used for the kinetic model. 

Binary System BIP [-] Reference 

Hydrogen/Propylene 𝑘 = 0 - 

Propylene/PP 𝑘 = −0.0757
𝑇

298.15 𝐾
+ 0.1664 this work 

 

 

Figure 7.1: Molar vapor phase fraction of propylene as function of the used hydrogen mass for the 
polymerization conditions of 80 °C and 28.5 bar. Pure component parameters for the SL and PC-
SAFT EoS were taken from Khare [130] and Gross and Sadowski [110], respectively. The BIP was set 
to zero for both EoS models. 

 

7.2 Model implementation and parameter estimation 

The derived set of equations was implemented in the software gPROMS® ModelBuilder 5.1 

(Process Systems Enterprise). The available parameter estimation tool was used to 

determine the kinetic rate coefficients as well as the fraction of active sites. These 

parameters were estimated based on the experimental results, meaning the activity profiles, 

yields and weight average molecular weights (obtained via the MFR). Here, MFR values 

obtained at 0 mg hydrogen were not used as well as values above 150 g/10 min due to high 

measurement errors. Additionally, to reduce the computational effort, the activity profiles 

were represented by 4 to 5 data points (Figure 7.2). The experimental error was assumed to 

be of 10 % for the yield and molecular weight, whereas a higher error of 15 % was chosen 

for the activity profiles as these showed some oscillations caused by the pressure controller. 
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Figure 7.2: Example of the reduction of the continuous activity profile to selected data points as used 
for parameter estimation. 

Some of the kinetic rate coefficients such as the activation and initiation constant cannot be 

estimated with the available experimental data or they are strongly correlated (e.g. the 

dormant site theory rate constants). Therefore, the following assumptions were made: 

 𝑘𝑖 = 𝑘𝑝   and   𝑘𝑑𝑜𝑟𝑚𝑖 = 𝑘𝑑𝑜𝑟𝑚 (7.36) 

Furthermore, the values of the rate coefficients for activation, propagation and formation of 

dormant chains were pre-defined (Table 7.4). The activation constant was set to 105 /s and 

thus to the same magnitude as the propagation constant. This results in an instantaneous 

activation and a change of this constant by a few orders of magnitude would not affect the 

simulation results. The fraction of active titanium and the propagation rate coefficient are 

highly correlated. The latter parameter was taken from the work of Kettner [22] who studied 

ZN catalyst kinetics under very similar conditions. The three kinetic constants used within the 

simplified dormant site theory cannot be estimated from the available experimental data, but 

only the ratios of these. If experimental results on the regio-regularity or chain end groups of 

the produced polymer were available, the three constants could be independently 

determined. As this is not the case, the value of kdorm was set to 10-3 L/mol/s. This value was 

chosen so that the value of kreH was in the same order of magnitude as ktrH (or lower). Busico 

et al. [25] argued that these two coefficients should be of about unity. Simplified speaking, 

from the point of modeling, only the ratios of the three dormant site constants determine the 

simulation results. For instance, kdorm could also be set to 1 L/mol/s which would result in a 

number of n-butyl chain ends of about 6 to 14 % as experimentally determined by Chadwick 

et al. [25]. However, in this case, the kinetic constant kreH would become magnitudes higher 

than ktrH and even higher than the propagation rate coefficient. 
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Table 7.4: Pre-defined rate coefficients to break parameter correlations. The kinetic constant for 
propagation kp was taken from Kettner [22]. ka and kdorm refer to the rate constants for activation and 
dormant chain formation, respectively. 

Parameter Value Unit 

ka 105 1/s 

kp (75 °C) 2.19·105 L/mol/s 

kp (80 °C) 2.89·105 L/mol/s 

kdorm 10-3 L/mol/s 

 

The parameter estimation was performed in a step-wise procedure. The fraction of active 

titanium xactive and the deactivation constant kd were first estimated from experimental results 

at high hydrogen concentrations while setting kdorm to zero. In a next step, the dormant site 

parameters were estimated based on the experimental activity profiles and yields. In the last 

step, the transfer constants were determined from the molecular weight data. These steps 

were repeatedly carried out and a final simultaneous estimation of all parameters was 

performed. Since a local optimizer is used within gPROMS® for parameter estimation, each 

step was carefully rechecked and different initial guesses were investigated to find the best 

fit. Nevertheless, it cannot be guaranteed that the global optimum was found. Note that not 

all experimental data was used for parameter estimation, but some was kept for model 

validation, i.e. parts of the experimental results were used for model fitting and parts for 

comparison of model predictions with experimental data. 

A detailed comparison between simulated and experimental data follows in the next section 

7.3. 

The obtained kinetic parameters are summarized in Table 7.5. The different polymerization 

procedures could be well described with the same set of rate coefficients by just using a 

different number of active sites. This was already indicated by the comparison of the 

experimental results: Each catalyst showed different polymerization kinetics, but the 

difference between prepolymerization and seed bed polymerization was simply a different 

activity level. When either polymerization method was fitted individually, very similar kinetic 

constants were obtained. Merely the deactivation constant showed some disagreement. 

Nevertheless, with slightly less accuracy, the experiments could be described with one set of 

kinetic constants for each catalyst and an individual fraction of active sites for each catalyst 

and polymerization procedure. 
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Table 7.5: Parameter estimation results for catalysts A, C and D. xactive and wTi are symbols for the 
active fraction of titanium and the weight fraction of titanium, respectively. ka, ki, kp, kd, ktrH, ktrSp, kdorm, 
kdormi, kreH and kreM denote the rate constants for activation, initiation, propagation, deactivation, 
transfer to hydrogen, spontaneous transfer, dormant chain formation, dormant chain initiation, 
reactivation by hydrogen and reactivation by monomer, respectively. 

Parameter Cat A Cat C Cat D Unit 

 Prepo SB Prepo SB Prepo SB  

xactive·wTi 1.88·10-2 1.26·10-2 3.09·10-2 2.34·10-2 3.83·10-2 2.43·10-2 wt% 

ka* 105 105 105 1/s 

ki* 2.89·105 2.19·105 2.19·105 L/mol/s 

kp* 2.89·105 2.19·105 2.19·105 L/mol/s 

kd 2.21·10-4 1.96·10-4 1.46·10-4 1/s 

ktrH 88.7 133 128 L0.5/mol0.5/s 

ktrSp 10.0 4.20 8.33 1/s 

kdorm* 10-3 10-3 10-3 L/mol/s 

kdormi* 10-3 10-3 10-3 L/mol/s 

kreH 551 4.45·10-1 7.62·10-1 L/mol/s 

kreM 5.57·10-4 1.49·10-4 8.31·10-4 L/mol/s 

*These constants were not estimated and are just shown for completion. 

 

The estimated parameters can be used for a quantitative comparison. The initial active 

catalyst mass fraction (product of xactive and wTi) increases from catalyst A over C to D in 

agreement to the experimentally observed activities. The ratio of these products for the two 

different methods of prepolymerization and seed bed polymerization gives an quantitative 

estimation of the prepolymerization potential or catalyst resistance to overheating. The 

prepolymerization potential is highest for catalyst D with about 60 % increase, whereas lower 

values are obtained for catalysts A and C of about 49 and 32 %, respectively. For catalyst C, 

a prepolymerization step is least beneficial in terms of activity enhancement. The 

deactivation constants are in the range of 1.5 to 2.2·10-4 /s and thus fairly similar. Catalyst C 

and D have the same molecular weight response upon changes in the hydrogen 

concentration as can be seen in the almost identical chain transfer constant ktrH of about 

130 L0.5/mol0.5/s. The different MFR results can be explained by different values in ktrSp. 

Catalyst A shows a less pronounced response to hydrogen with smaller ktrH of about 

90 L0.5/mol0.5/s and similar ktrSp as catalyst D. Catalyst A shows to be most sensitive to 

hydrogen in terms of rate enhancement with the clearly highest value in kreH. Catalyst C and 

D have much lower hydrogen reactivation constants. The ratio of kdorm to kreM is equal to the 

ratio of dormant to living chains in absence of hydrogen (quasi-steady-state approximation). 

This ratio is a measure on how much the activity is increased from zero hydrogen to the 
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plateau activity level. It is highest for catalyst C meaning that this catalyst shows the highest 

total activity enhancement by hydrogen, whereas catalyst D shows the lowest hydrogen 

influence on the activity. 

The standard deviation for the estimated parameters of catalyst A is on average 43 %. The 

highest values of 44 and 185 % were found for the reactivation constants kreM and kreH2, 

respectively. Clearly, this is caused by the lack of experimental data between the hydrogen 

masses of 0 and 25 mg. The detailed activity enhancement by hydrogen up to the plateau 

level is not fully captured by the experimental results and thus leads to high standard 

deviations for the dormant site theory rate constants. Excluding these two standard 

deviations, the average standard deviation was found to be of 15 % showing that the other 

parameters could be precisely estimated. For catalyst D, the average standard deviation was 

24 % with a high value of 55 % found for the hydrogen reactivation constant indicating that a 

relatively large amount of experimental data points is needed to estimate this constant with 

higher accuracy. Note that only part of the experimental data was used for parameter 

estimation and the standard deviations should become smaller when including more 

experimental results. For catalyst C, the highest amount of experimental data was used for 

parameter estimation and the standard deviation was about 15 % on average. 

A comparison of the determined rate coefficients with literature values is difficult because 

each catalyst shows individual polymerization kinetics. Thus, only an order of magnitude 

comparison should be performed. The here used rate constants for propagation fall in 

between reported values of 0.5 and 4.6·105 L/mol/s of Kröner [23] and Reginato et al. [75], 

respectively. The deactivation constants are similar to literature values of 1.0 to 2.7 [36], 

1.7 [23] , 2.1 [22] and 3.2·10-4 /s [75]. The obtained chain transfer to hydrogen constants lie 

in between reported values of 42 [22] and 718 L0.5/mol0.5/s [75]. The ratio of kdorm to kreM is 

clearly catalyst dependent as each ZN catalyst shows a different activity response towards 

hydrogen. Nevertheless, the here obtained ratios of 1.8, 6.7 and 1.2 for catalysts A, C and D, 

respectively, are in the range of literature ratios of 0.9 [22] and 8.0 [81]. Overall, it can be 

concluded that the estimated rate coefficients are of reasonable magnitude and are similar to 

literature constants. 

Both the fitted and validated model results agree well with experimental data (Figure 7.3). 

The deviations between experiment and simulation are on average below 10 %. Although 

only shown for the experimental yield and weight average molecular weight, this also holds 

for the activity profiles. Note that the deviations are on average below 10 % both for the 

experiments which were used for model fitting as well as the ones kept for model validation, 

i.e. the model predictions agree well with selected experimental results. 
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The proposed kinetic model is thus sufficient to describe the experimental results using one 

set of kinetic rate constants for each catalyst and a different fraction of active catalyst sites 

for the specific polymerization method. The comparison reveals that for all catalysts, the 

molecular weight is very accurately described within the model using only two kinetic 

constants for chain transfer. Generally, three molecular weight results of each polymerization 

method were needed for satisfying model predictions. The experimental yield is slightly less 

accurately described with a few values showing more than 10 % deviation. Here, for each 

catalyst a varying amount of data points was needed for model fitting in order to correctly 

predict the plateau activity at high hydrogen concentrations, e.g. for catalyst C only the 

experimental yield at 400 mg could be used for model validation. 
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Figure 7.3: Comparison of model fit (blue squares) and prediction (red diamonds) with experimental 
yield and molecular weight. Dashed lines indicate 10 % deviation. 
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7.3 Comparison of experiment and simulation 

In this section, the experimental results are compared with the simulation results in form of 

overlay charts. The rate enhancement of the activity with increasing hydrogen is well 

captured by the validated kinetic model for all three catalysts both for the method of 

prepolymerization and seed bed polymerization (Figure 7.4). Whereas for catalysts C and D 

the experimental rise in activity with increasing hydrogen mass up to the plateau level can be 

compared in detail with the simulation results, the fast rate enhancement of catalyst A from 0 

to 25 mg hydrogen and therefore lack of experimental data does not allow this. The 

experimental MFR is well described by the model (Figure 7.5). Average deviations were 

found to be of 15, 10 and 3 % for catalysts A, C and D, respectively, and thus in range with 

the observed experimental error. Selected experimental activity profiles at 0, 100 and 400 mg 

hydrogen for both polymerization methods are compared with simulated activities in Figure 

7.6 and Figure 7.7. The highest deviation is found for the activity profile of catalyst A at 

400 mg hydrogen for the case of prepolymerization. Here, the model largely over-predicts the 

activity level. This is because experimentally, a decline in activity was observed for catalyst A 

at high hydrogen masses. As this phenomena was only observed for catalyst A and the 

method of prepolymerization, no kinetic step was considered within the model to account for 

this effect. Overall, the simulated activity profiles agree well with the experimental ones 

showing little mismatch. 

In conclusion, the validated kinetic model is capable of accurately describing the key 

variables activity and MFR for all three catalysts for both polymerization procedures. It 

therefore adds valuable information for process development allowing to analyze the 

dynamic performance of these catalysts in industrial scale. Moreover, the prepolymerization 

potential can be studied. Since the model was only validated for experiments performed at a 

fixed temperature and pressure, further experiments at different pressures and temperatures 

would be useful to widen the model capabilities. The effect of temperature can be easily 

incorporated within the kinetic model by making use of the Arrhenius equation for the rate 

coefficients. Activation energies could be obtained from a number of experiments performed 

at different temperatures. The main effect of pressure is the change in effective monomer 

concentration which is in principle already incorporated in the model as part of the SL EoS, 

but should be validated based on selected experiments at different pressures. 
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Figure 7.4: Comparison of experimental and simulated average activities of catalysts A, C and D. 
Reaction conditions: 80 °C (Cat A) or 75 °C (Cat C&D) and 28.5 bar.  
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Figure 7.5: Comparison of experimental and simulated MFR of catalysts A, C and D. Reaction 
conditions: 80 °C (Cat A) or 75 °C (Cat C&D) and 28.5 bar. 
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Figure 7.6: Comparison of experimental and simulated activity profiles of catalysts A, C and D for 
selected hydrogen masses of 0, 100 and 400 mg for the prepolymerization method. Reaction 
conditions: 80 °C (Cat A) or 75 °C (Cat C&D) and 28.5 bar. 
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Figure 7.7: Comparison of experimental and simulated activity profiles of catalysts A, C and D for 
selected hydrogen masses of 0, 100 and 400 mg for the seed bed polymerization method. Reaction 
conditions: 80 °C (Cat A) or 75 °C (Cat C&D) and 28.5 bar. 
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8 Summary 

The objective of this work was to investigate the kinetics of four Ziegler-Natta catalysts in the 

gas phase polymerization of propylene under industrial relevant conditions. The main aspect 

was to study conditions that resemble the situation in continuous industrial plants in terms of 

particle-particle heat transfer by performing seed bed polymerization experiments. The focus 

was placed on the effect of catalyst overheating by comparing two polymerization methods: 

prepolymerization and direct injection of catalyst at the main reaction conditions in presence 

of a seed bed. 

Experiments were performed in a 5 L horizontal stirred tank reactor operated in semi-batch 

mode. Isobaric conditions were maintained via a pressure control loop allowing to monitor 

the catalyst activity over time. First experiments were conducted for catalysts A and B at the 

main reaction conditions of 80 °C, 28.5 bar and 100 mg hydrogen. The effect of the initial 

temperature was studied between 40 and 80 °C revealing that a lower initial temperature led 

to a higher catalyst activity. Both catalysts showed almost identical kinetic behavior and 

prepolymerization (initial temperature of 40 °C) increased the average activities to about 

28 kgPP/gCat/h in contrast to much lower activities of about 11 kgPP/gCat/h obtained for the case 

of direct catalyst injection at the main reaction temperature. The use of 100 g PP seed bed 

was evaluated for the same conditions and showed a strong increase in activity for the latter 

case of direct injection. The activity increased for catalyst A by 65 % simply by the addition of 

a seed bed. Variation of the initial temperatures was therefore conducted again in presence 

of a seed bed and revealed that the activity of both catalysts differed with catalyst A being 

more heat resistant, i.e. showing a lower decline in activity with increasing initial temperature. 

For the case of prepolymerization, the activity of both catalysts remained unchanged leading 

to the conclusion that merely improved heat transfer was the reason for the enhanced 

activities observed at higher initial temperatures. Particle-particle heat transfer led to 

improved evacuation of heat from small catalyst particles to large PP bed particles reducing 

catalyst overheating and thus improving both activity and particle morphology. No effect on 

the activity or morphology was observed for prepolymerization because at low initial 

temperatures overheating should not be an issue. Based on the seed bed polymerization 

results, it was concluded that studying kinetics of new ZN catalysts in lab-scale should be 

performed in a presence of a seed bed in order to obtain results that would be more 

applicable to the continuous gas phase pilot or commercial scale. 

After establishment of the seed bed polymerization method, a detailed kinetic study was 

conducted for catalysts A, C and D with focus on the effect of hydrogen as well as the initial 

temperature by comparing prepolymerization and seed bed polymerization (catalyst injection 
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directly at the main reaction temperature). The average activity was found to be highest for 

catalyst D with a maximum activity of 44 kgPP/gCat/h and lowest for catalyst A with a maximum 

of 28 kgPP/gCat/h. It turned out that the effect of the polymerization method and thus initial 

temperature was merely a change in the overall catalyst activity. All catalysts showed a 

higher overall activity level for the method of prepolymerization, but the difference in activity 

for the two methods varied from catalyst to catalyst. Catalyst C showed the lowest difference 

and thus highest heat resistance, whereas catalyst A and D showed an increase in activity by 

about 50 %. All three catalysts showed a rate enhancement with increasing hydrogen 

concentration which was catalyst specific. The sensitivity in activity towards hydrogen was 

highest for catalyst A and lowest for catalyst C. The plateau activity value was already 

reached at 25 mg hydrogen for catalyst A, but only at 250 mg for catalyst C. The overall 

effect of hydrogen on the activity was strongest for catalyst C with an increase from about 5 

to 30 kgPP/gCat/h for hydrogen masses of 0 and 400 mg, respectively. For catalysts A and D, 

the effect was less pronounced, but still activity increased by factor two upon raising the 

hydrogen concentration. The analysis of the kinetic profiles revealed that a similar 

deactivation behavior was observed for all catalysts independent of the hydrogen 

concentration. The activity profiles of the seed bed polymerization method showed a slightly 

lower relative decline in activity for all catalysts. Generally, the deactivation behavior was not 

found to be strongly catalyst specific. The MFR increased with hydrogen, but differently for 

the three catalysts. The MFR was about 12, 18 and 38 g/10 min at 100 mg hydrogen for 

catalysts A, C and D, respectively. Catalysts A and C both showed similar MFR values at low 

hydrogen amounts, but the MFR increased much stronger for catalyst C. Catalyst D showed 

a similar relative increase as catalyst C and the highest MFR values. The MFR was found to 

be unaffected by the polymerization method. 

The particle morphology, which was studied by light microscopy, SEM, bulk density, porosity 

and PSD measurements, proved to be less catalyst specific, but rather depend on the 

polymerization method. Prepolymerization led to spherical, regular particles with smooth 

surfaces for all catalysts. Injecting the catalyst directly under main reaction conditions without 

a seed bed led to a complete loss of the spherical catalyst geometry and sheet like particles 

were obtained. In presence of a seed bed, the particle morphology was considered to be an 

intermediate between the two morphology extremes. The particles showed a close to 

spherical geometry, but were irregular and had a rough surface. Thus the initial 

polymerization rate determined the morphology which was lowest for prepolymerization. 

Improved heat transfer in presence of a seed bed reduced the initial polymerization rate 

leading to less pronounced loss of morphology at high initial temperatures. The PSDs were 

catalyst specific and unaffected by the polymerization method indicating particles produced 

by the seed bed polymerization method did not suffer breakage or fine formation although 
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they showed poorer morphology. The bulk density was found to be catalyst specific with 

about 510, 490 and 450 kg/m3 for catalysts A, C and D, respectively, for the 

prepolymerization method. The seed bed polymerization method led to an almost equal 

reduction in bulk density by 70 kg/m3. It was concluded that prepolymerization clearly 

enhanced the morphology equally for all catalysts and there was no catalyst specific 

“morphology resistance”. 

The experimental results gave valuable information for catalyst and process design. 

Generally, prepolymerization led to higher activity and better morphology, without changing 

the general polymerization kinetics such as rate enhancement with increasing hydrogen 

concentration and MFR response. However, important characteristics such as overall activity 

level and bulk density as well as the effect of prepolymerization on the activity were catalyst 

specific. Lab-scale studying of catalysts under conditions closer to the ones in industrial 

plants was concluded to be crucial for catalyst design and process development in order to 

facilitate the transition of new catalysts with enhanced properties to the commercial scale. 

The solubility of propylene in PP was measured using a high pressure magnetic suspension 

balance. Various samples synthesized with different catalysts were studied at 70 °C and up 

to 25 bar showing very similar solubility. Additionally, one sample was measured between 40 

and 80 °C revealing that the solubility decreased with increasing temperature. A detailed 

analysis of literature solubility data was conducted. When the amorphous solubility was 

compared, differences amounted up to a factor of two. Whereas a comparison of the 

solubility in mass of propylene per mass of PP showed almost identical results and literature 

data agreed well with the measured solubilities of this work. This led to the conclusion that 

commercial PP grades produced with modern ZN catalysts should all show similar solubility 

only dependent on temperature and pressure. Literature discrepancies could thus be 

explained by the applied crystallinity determination methods. The crystallinity was therefore 

estimated via DSC, WAXS and He-pycnometry. Although each method gave different results, 

these deviated in a small range of about 40 to 50 wt%. The mean value of 46 wt% as 

measured by WAXS was chosen for amorphous solubility and concentration calculations. A 

comparison with the well-known Stern correlation for the calculation of the amorphous 

concentration showed good agreement at low pressures, but up to 35 % higher experimental 

concentrations at high pressures. 

Two state-of-the-art thermodynamic models relevant for process modeling were tested in 

describing the propylene/PP system based on the experimental sorption studies. Both the 

Sanchez-Lacombe (SL) and the PC-SAFT EoS could not predict a-priori the solubility, but 

fitting to experimental data was needed. The former EoS could very accurately describe the 

amorphous solubility at 70 °C with an average relative deviation (ARD) of 1 %, whereas the 
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latter resulted in an ARD of 9 %. Using the estimated binary interaction parameter (BIP) to 

predict the solubility between 40 to 80 °C revealed better performance of the SL model with 

an ARD of 6 %. Using a temperature-dependent BIP, the ARD could be further reduced to 

3 %. The experimental concentrations were described with the same accuracy by both 

models, since the swelling of amorphous PP was very accurately predicted. Based on the 

model comparison, it was found that the SL EoS was better suited for modeling the solubility 

of propylene in PP. 

A phenomenological kinetic model was developed in order to describe the polymerization 

kinetics. Basic kinetic reaction steps were chosen based on the experimental observations. 

Chain transfer was modeled to occur spontaneously and by hydrogen. The rate 

enhancement with increasing hydrogen concentration was considered by the dormant site 

theory. Here, the deactivation of dormant chains was also included which was typically not 

used in literature, but which was necessary to account for the same relative activity decay 

independent of the hydrogen concentration. The resulting mass balances were derived using 

the method of moments. The monomer concentration and gas composition were calculated 

using the SL EoS. The kinetic parameters were estimated based on the experimentally 

obtained yields, weight average molecular weights (indirectly obtained via MFR by an 

empirical correlation) and activity profiles. Parts of the experimental data were used for 

model validation. Individual kinetic rate constants were needed for each catalyst, but the 

method of prepolymerization and seed bed polymerization could be described with the same 

set of rate coefficients by only using a different number of active catalyst sites. Overall, the 

validated model could accurately describe the experimental results with an ARD below 10 

and 15 % for the activity and MFR, respectively, and thus in the same order as the 

experimental errors. The validated model including estimated kinetic parameters and based 

on a thermodynamic EoS was considered to be well suited for further studies regarding 

catalyst and particularly process development. 
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9 Appendix 

9.1  Data of the gas phase polymerization experiments 

Table 9.1: Reproducibility. Reaction conditions: 80 °C, 28.5 bar, 100 mg H2, prepolymerization 
method. 

Experiment Cat Hydrogen Average Activity MFR Bulk Density 

  [mg] [kgPP/gCat/h] [g/10 min] [kg/m3] 

A1 A 100 28.4 14.4 512 

A2 A 103 26.6 13.0 503 

A3 A 101 27.1 10.8 518 

A4 A 100 28.3 13.0 510 

A5 A 101 26.5 12.8 509 

 

Table 9.2: Variation of the initial temperature. Reaction conditions: 80 °C, 28.5 bar, 100 mg H2. 
Experiments A2 to A5 of Table 9.1 are not listed again. 

Experiment Cat Initial Temperature Average Activity 

  [°C] [kgPP/gCat/h] 

A1 A 40 28.4 

A7 A 60 16.8 

A8 A 60 17.7 

A9 A 80 12.3 

A10 A 80 11.5 

B1 B 40 27.8 

B2 B 40 29.5 

B3 B 40 27.7 

B4 B 40 30.4 

B5 B 60 20.9 

B6 B 60 20.4 

B7 B 60 19.3 

B8 B 60 17.3 

B9 B 80 8.8 

B10 B 80 11.0 
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Table 9.3: Variation of the initial temperature in presence of a seed bed and seed bed mass variation 
experiments. Reaction conditions: 80 (Cat A&B) or 75 °C (Cat C&D), 28.5 bar, 100 mg H2. 
Experiments A2 to A5 of Table 9.1 are not listed again. 

Experiment Cat Initial Temperature SB Mass Average Activity 

  [°C] [g] [kgPP/gCat/h] 

A1 A 40 0 28.4 

A11 A 40 100 28.2 

A12 A 40 100 26.5 

A13 A 40 100 28.5 

A17 A 60 100 22.5 

A18 A 60 100 23.2 

A19 A 70 100 18.7 

A20 A 70 100 18.8 

A21 A 70 100 20.2 

A14 A 80 99 19.3 

A6 A 80 100 19.5 

A15 A 80 100 20.0 

A16 A 80 104 20.2 

B11 B 40 100 29.5 

B12 B 60 100 27.2 

B13 B 60 100 25.0 

B14 B 70 100 16.3 

B15 B 70 100 17.3 

B16 B 80 100 16.1 

B17 B 80 100 16.3 

C1 C 40 0 24.6 

C2 C 40 0 25.1 

C3 C 75 100 21.3 

C4 C 75 150 23.6 

C5 C 75 200 16.7 

C6 C 75 200 14.3 

C24 C 75 0 11.3 

C25 C 40 100 25.4 

D1 D 40 0 40.4 

D2 D 40 0 42.1 

D3 D 40 100 44.4 

D4 D 40 100 45.3 

D5 D 75 100 25.7 
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Experiment Cat Initial Temperature SB Mass Average Activity 

  [°C] [g] [kgPP/gCat/h] 

D6 D 75 100 26.4 

D7 D 75 100 27.8 

D8 D 75 101 28.0 

D9 D 75 100 28.6 

D10 D 75 50 22.0 

D11 D 75 50 22.2 

D12 D 75 150 29.6 

D13 D 75 150 30.8 

D14 D 75 150 27.5 

D15 D 75 200 23.4 

 

Table 9.4: Hydrogen variation for the prepolymerization method. Reaction conditions: 80 °C (Cat A) or 
75 °C (Cat C&D), 28.5 bar. Experiments A2 to A5 of Table 9.1 are not listed again. 

Experiment Cat Hydrogen Mass Average Activity MFR Bulk Density 

  [mg] [kgPP/gCat/h] [g/10 min] [kg/m3] 

A22 A 0 12.4 0.1 514 

A23 A 26 26.3 3.3 514 

A24 A 26 25.0 3.5 522 

A25 A 25 25.4 - 508 

A26 A 54 27.5 6.8 516 

A1 A 100 28.4 14.4 512 

A27 A 251 25.1 34.9 509 

A28 A 408 23.0 70.6 524 

C7 C 0 8.0 0.1 497 

C8 C 0 7.6 0.1 489 

C9 C 26 16.1 3.3 502 

C10 C 25 18.3 3.7 477 

C11 C 50 22.4 6.2 486 

C1 C 100 24.6 19.9 488 

C2 C 100 25.1 15.5 489 

C13 C 252 28.6 81.1 - 

C14 C 250 31.1 77.4 492 

C15 C 407 31.7 234.0 485 

C16 C 400 28.6 243.0 483 

D16 D 0 25.7 0.1 - 
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Experiment Cat Hydrogen Mass Average Activity MFR Bulk Density 

  [mg] [kgPP/gCat/h] [g/10 min] [kg/m3] 

D17 D 0 25.1 0.1 455 

D18 D 25 36.0 8.7 447 

D19 D 50 38.1 15.7 462 

D1 D 100 40.4 - - 

D2 D 100 42.1 37.8 448 

D20 D 250 43.5 125.9 455 

D21 D 400 43.0 242.2 454 

 

Table 9.5: Hydrogen variation for the seed bed polymerization method. Reaction conditions: 80 °C 
(Cat A) or 75 °C (Cat C&D), 28.5 bar, 100 g SB. 

Experiment Cat Hydrogen Mass Average Activity MFR Bulk Density 

  [mg] [kgPP/gCat/h] [g/10 min] [kg/m3] 

A29 A 0 9.6 0.1 425 

A30 A 33 19.3 2.9 470 

A31 A 25 18.0 1.9 451 

A32 A 50 20.7 5.7 444 

A6 A 103 19.5 - - 

A14 A 102 19.3 - - 

A15 A 101 20.0 10.4 - 

A16 A 106 20.2 13.6 437 

A33 A 248 18.7 29.1 437 

A34 A 399 19.3 53.3 466 

C17 C 0 5.1 0.1 418 

C18 C 0 5.0 0.1 423 

C19 C 27 12.3 2.4 426 

C20 C 25 14.1 3.3 410 

C21 C 50 20.3 6.2 424 

C3 C 100 21.3 15.5 404 

C22 C 250 24.2 74.8 378 

C23 C 401 26.0 239.0 404 

D22 D 0 18.9 0.1 403 

D23 D 25 21.6 8.1 395 

D24 D 50 23.1 16.2 407 

D5 D 100 25.7 - - 

D6 D 100 26.4 - - 
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Experiment Cat Hydrogen Mass Average Activity MFR Bulk Density 

  [mg] [kgPP/gCat/h] [g/10 min] [kg/m3] 

D7 D 100 27.8 - - 

D8 D 101 28.0 42.2 381 

D9 D 100 28.6 32.3 386 

D25 D 250 29.9 134.6 398 

D26 D 400 32.1 280.6 390 

 

9.2 Experimental solubility data 

Table 9.6: Reproducibility at 70 °C. 

Experiment Sample Pressure Solubility 

  [bar] [gC3/kgPP] 

sA1 A 6.2 15.4 

sA1 A 12.3 32.0 

sA1 A 17.1 48.0 

sA1 A 20.3 60.4 

sA1 A 25.1 82.8 

sA2 A 5.7 13.9 

sA2 A 10.9 27.3 

sA2 A 16.4 44.6 

sA2 A 20.9 61.6 

sA2 A 22.7 69.7 

sA3 A 6.1 15.3 

sA3 A 16.1 45.3 

sA3 A 23.9 78.6 

 

Table 9.7: Different samples at 70 °C. 

Experiment Sample Pressure Solubility 

  [bar] [gC3/kgPP] 

sA1 A 6.2 15.4 

sA1 A 12.3 32.0 

sA1 A 17.1 48.0 

sA1 A 20.3 60.4 

sA1 A 25.1 82.8 

sA-Film A-Film 3.9 6.8 
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Experiment Sample Pressure Solubility 

  [bar] [gC3/kgPP] 

sA-Film A-Film 13.8 27.5 

sA-Film A-Film 22.8 55.9 

sB B 6.2 15.4 

sB B 14.6 39.5 

sB B 21.3 64.9 

sC C 6.3 15.7 

sC C 14.2 37.9 

sC C 23.3 74.4 

sD D 4.7 13.0 

sD D 10.1 29.4 

sD D 16.6 53.4 

sD D 19.5 66.5 

sD D 23.0 86.6 

sE E 5.5 13.4 

sE E 14.7 39.6 

sE E 23.0 74.8 

 

Table 9.8: Temperature variation for sample A. 

Experiment Temperature Pressure Solubility 

 [°C] [bar] [gC3/kgPP] 

sA4 40 3.1 12.5 

sA4 40 8.6 37.4 

sA4 40 13.5 67.1 

sA5 50 3.3 20.9 

sA5 50 8.5 30.0 

sA5 50 16.7 71.6 

sA6 60 4.0 11.6 

sA6 60 14.9 49.9 

sA6 60 23.2 94.9 

sA1 70 6.2 15.4 

sA1 70 12.3 32.0 

sA1 70 17.1 48.0 

sA1 70 20.3 60.4 

sA1 70 25.1 82.8 
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Experiment Temperature Pressure Solubility 

 [°C] [bar] [gC3/kgPP] 

sA7 80 10.6 22.5 

sA7 80 17.2 39.3 

sA7 80 23.0 58.1 

sA7 80 25.2 66.2 

 

9.3 Recalculation of literature solubility data 

The literature solubility data is presented in different ways. For better comparison, the 

literature data was recalculated as follows. 

The solubility of Sato et al. [53] was used as reported and the amorphous solubility was 

calculated based on the reported crystalline mass fraction of 66.9 wt%. 

The solubility of Meier et al. [18] was calculated from the reported propylene volume fractions 

ϕC3. These fractions were obtained by the Flory-Huggins equation which well described their 

experimental results based on the reported interaction parameter. After comparison with the 

reported graphs, only a limited number of data points per isotherm was chosen to represent 

their data. The amorphous solubility was calculated by: 

 𝑆𝑎𝑚 =
𝜙𝐶3

1 − 𝜙𝐶3

𝜌𝐶3
𝑙𝑖𝑞

𝜌𝑎𝑚,0
 (9.1) 

The solubility was calculated based on the reported crystallinity of 43.5 wt%. 

The solubility isotherm of Bobak et al. [56] was evaluated from the presented graph and 

recalculated based on the reported crystallinity of 37 wt%. 

Kröner and Bartke [55] reported the solubility in terms of monomer concentration in the 

amorphous polymer phase cam including swelling. The amorphous solubility was recalculated 

as: 

 𝑆𝑎𝑚 =
𝑐𝑎𝑚𝑀𝑊𝐶3

𝜌𝑎𝑚,0 − 1.7844 ∙ 𝑐𝑎𝑚𝑀𝑊𝐶3
𝜌𝑎𝑚,0
𝜌𝑃𝑃,0

 (9.2) 

The densities were used as reported and the solubility was obtained from the reported 

crystallinity of 39 wt%. 

The Stern correlation [64] was used to calculate the monomer concentration based on the 

parameters of [65] and the amorphous solubility was calculated by: 
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 𝑆𝑎𝑚 =
𝑐𝑎𝑚𝑀𝑊𝐶3
𝜌𝑎𝑚,0

 (9.3) 

 

9.4 Density of amorphous and crystalline PP 

The density of PP was experimentally determined by Zoller [132] and Sato et al. [54] (Figure 

9.1). The reported density of Zoller [132] clearly represents the amorphous density and 

agrees well with the amorphous density given by Sato et al. [54]. Both authors used the Tait 

equation which could well describe the experimental amorphous (v0 = 1.1606 cm3/g and 

α0 = 6.70·10-4 /K [132]) and crystalline (v0 = 0.943 cm3/g and α0 = 3.774·10-4 /K  [54]) 

densities: 

 𝜌𝑎𝑚/𝑐𝑟 =
1

𝑣0𝑒
𝛼0𝑇

 (9.4) 

Combining the amorphous and crystalline densities using Equation (6.3) well describes the 

semi-crystalline PP density (Figure 9.1). 

The same approach of calculating the semi-crystalline PP density can be used when 

simulating the amorphous density based on the SL or PC-SAFT EoS and combining it with 

the crystalline density obtained via the Tait equation (Figure 9.2). 

 

Figure 9.1: Experimental densities of polypropylene. Sato et al. [133] determined the PP density (red 
diamonds) and based on that calculated the crystalline density [54]. The reported values of the PP 
density of Zoller [132] clearly represent the amorphous density and agree well with the values for 
amorphous density of Sato et al. [54]. Combination of the amorphous and crystalline densities (red 
line) based on the respective Tait equations well describes the experimental PP density using the 
reported crystallinity of 66 wt%. 
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Figure 9.2: Combination of the EoS based amorphous density and the crystalline density to calculate 
the semi-crystalline PP density. The experimental amorphous density was taken from Zoller [132], the 
semi-crystalline density from Sato et al. [133] and the pure component parameters for the SL and PC-
SAFT EoS from Sato et al. [54] and Khare et al. [79], respectively. Combination of the EoS simulation 
for the amorphous density and the crystalline density based on the Tait equation well describes the 
experimental semi-crystalline PP density using the reported crystallinity of 66 wt%. 
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10 Nomenclature 

Abbreviation Description 

ARD Average relative deviation 

BIP Binary interaction parameter 

C3 Propylene 

Cat Catalyst 

CoCat Cocatalyst 

CSTR Continuous stirred tank reactor 

DEAC Diethylaluminum chloride 

DSC Differential scanning calorimetry 

EoS Equation of state 

EPS Expanded polystyrene 

FBR Fluidized bed reactor 

M Monomer 

MFR Melt flow rate 

MGM Multigrain model 

MWD Molecular weight distribution 

MZCR Multi-zone circulating reactor 

ODE Ordinary differential equation 

P Pressure 

PC-SAFT Perturbed-Chain Statistical Association Fluid Theory 

PDI Polydispersity index 

PE Polyethylene 

PE-HD High density polyethylene 

PE-LD Low density polyethylene 

PE-LLD Linear low density polyethylene 

PE-MD Medium density polyethylene 

PET Polyethylene terephthalate 

PFM Polymeric flow model 

PID Proportional-integral-derivative (controller) 

PP Polypropylene 

Prepo Prepolymerization 

PS Polystyrene 

PSD Particle size distribution 

PUR Polyurethane 

PVC Polyvinyl chloride 
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Abbreviation Description 

RTD Residence time distribution 

SB Seed bed (polymerization) 

SEM Scanning electron microscopy 

SL Sanchez-Lacombe 

T Temperature 

TEA Triethylaluminum 

WAXS Wide angle X-ray scattering 

XRD X-ray diffraction 

ZN Ziegler-Natta 

 

Capital letters Description Unit 

A Catalyst activity kgPP/gCat/h 

A̅ Average activity kgPP/gCat/h 

Aam Integration area of amorphous WAXS spectrum - 

Aexp Experimental catalyst activity kgPP/gCat/h 

Aint Intrinsic catalyst activity kgPP/gCat/h 

Asample Integration area of sample WAXS spectrum - 

Bi i’th bulk moment mol/L 

[CoCat] Cocatalyst concentration mol/L 

D Diffusion coefficient m/s2 

Deff Effective diffusion coefficient m/s2 

Di i’th moment of dead polymer chains mol/L 

[Dn] Concentration of dead polymer chains mol/L 

[H2] Hydrogen concentration mol/L 

ΔHf Heat of fusion J/g 

ΔHf,100 % Heat of fusion of 100 % crystalline polypropylene J/g 

Li i’th moment of living polymer chains mol/L 

Li
dorm i’th moment of dormant polymer chains mol/L 

[M] Monomer concentration mol/L 

Mn Number average molecular weight kg/mol 

Mw Weight average molecular weight kg/mol 

MWC3 Molecular weight of propylene kg/mol 

MWH2 Molecular weight of hydrogen kg/mol 

MWTi Molecular weight of titanium kg/mol 

P Pressure bar 
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Capital letters Description Unit 

P* Characteristic pressure  bar 

PC3 Propylene pressure bar 

PDI Polydispersity index - 

[Pn] Concentration of living polymer chains mol/L 

[Pn
dorm] Concentration of dormant polymer chains mol/L 

Pvap Vapor pressure bar 

R Sphere radius m 

Rparticle Particle radius m 

S Solubility gC3/kgPP 

[Sa] Concentration of active catalyst sites mol/L 

Sam Amorphous solubility gC3/kgPPam 

Sam
EoS Amorphous solubility calculated by an equation of state gC3/kgPPam 

[Sd] Concentration of dead catalyst sites mol/L 

[Sp] Concentration of potential catalyst sites mol/L 

T Temperature K 

T* Characteristic temperature  K 

Tc Critical temperature K 

Tr Reduced temperature - 

Vam Amorphous polypropylene volume m3 

Vam,0 Amorphous polypropylene volume at vacuum m3 

Vcon Sample container volume m3 

Vcr Crystalline polypropylene volume m3 

VPP Polypropylene volume m3 

VPP,0 Polypropylene volume at vacuum m3 

VR Reactor volume m3 

ΔVswell Polypropylene volume increase upon swelling m3 

 

Small letters Description Unit 

c Concentration mol/L 

cam Propylene concentration in amorphous polypropylene mol/LPPam 

cam,eq Propylene concentration in amorphous PP at equilibrium mol/LPPam 

cC3 Propylene concentration in polypropylene mol/LPP 

cC3,eq Propylene concentration in PP at equilibrium mol/LPP 

cp
∗  Concentration of all active polymer chains mol/L 

f𝑖
gas

 Fugacity of component i of the gas phase Pa 
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Small letters Description Unit 

f𝑖
liq

 Fugacity of component i of the liquid phase Pa 

k Binary interaction parameter - 

kr Rate constant for a simplified first-order reaction L/mol/s 

ka Rate constant of activation 1/s 

kaCo Rate constant of activation by cocatalyst L/mol/s 

kaH Rate constant of activation by hydrogen L/mol/s 

kaM Rate constant of activation by monomer L/mol/s 

kaSp Rate constant of spontaneous activation 1/s 

kB Boltzmann constant J/K 

kd Rate constant of deactivation 1/s 

kdorm Rate constant of dormant chain formation L/mol/s 

kdormi Rate constant of dormant chain initiation L/mol/s 

kdSp Rate constant of spontaneous deactivation 1/s 

kdX Rate constant of activation by species X L/mol/s 

kH Henry’s constant mol/LPPam/atm 

ki Rate constant of initiation L/mol/s 

kij Binary interaction parameter of components i and j - 

kp Rate constant of propagation L/mol/s 

kre Rate constant of reactivation 1/s 

kreH Rate constant of reactivation by hydrogen L/mol/s 

kreM Rate constant of reactivation by monomer L/mol/s 

ktr Rate constant of chain transfer 1/s 

ktrCo Rate constant of chain transfer by cocatalyst L/mol/s 

ktrH Rate constant of chain transfer by hydrogen L0.5/mol0.5/s 

ktrM Rate constant of chain transfer by monomer L/mol/s 

ktrSp Rate constant of spontaneous chain transfer 1/s 

m Segment number - 

mam Amorphous polypropylene mass kg 

mbal Balance mass kg 

mC3 Propylene mass kg 

ṁC3 Propylene mass flow kg/h 

mC3,eq Propylene mass absorbed in polypropylene at equilibrium kg 

mCat Catalyst mass g 

mcon Sample container mass kg 

mcorr Buoyancy corrected balance mass kg 

mcr Crystalline polypropylene mass kg 
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Small letters Description Unit 

mH2 Hydrogen mass kg 

mPP Polypropylene mass kg 

nC3 Moles of propylene mol 

r Radius m 

rp Rate of polymerization mol/L/s 

t Time s 

tr Reaction time h 

v* Characteristic volume of the mixture  m3/mol 

v0 Coefficient in Tait equation cm3/g 

vcr Crystalline volume fraction vol% 

vi
∗ Characteristic volume of component i m3/mol 

vij
∗  Characteristic volume of component i and j m3/mol 

wcr Crystalline mass fraction wt% 

wTi Mass fraction of titanium wt% 

xactive Active fraction of titanium - 

xC3 Propylene molar fraction of the liquid phase - 

y Yield kgPP/gCat 

yC3 Propylene molar fraction of the gas phase - 

 

Greek symbols Description Unit 

α0 Coefficient in Tait equation 1/K 

𝜀 Segment energy J 

𝜀* Characteristic energy of the mixture  J/mol 

εi
∗ Characteristic energy of component i J/mol 

εij
∗  Characteristic energy of component i and j J/mol 

𝜂 Effectiveness factor - 

𝜆 Dimensionless radius - 

ρ* Characteristic density  kg/m3 

ρam Density of amorphous polypropylene kg/m3 

ρam,0 Density of amorphous polypropylene at vacuum kg/m3 

ρam
EoS Density of amorphous PP calculated by an equation of state kg/m3 

ρcr Density of crystalline polypropylene kg/m3 

ρC3
liq

 Liquid density of propylene kg/m3 

ρgas Gas density of propylene kg/m3 
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Greek symbols Description Unit 

ρPP Density of polypropylene kg/m3 

ρPP,0 Density of polypropylene at vacuum kg/m3 

σ Segment diameter Å 

φC3
gas

 Fugacity coefficient of propylene of the gas phase - 

φC3
liq

 Fugacity coefficient of propylene of the liquid phase - 

φC3
pure

 Fugacity coefficient of pure propylene - 

ϕi Volume fraction of component i - 

ϕThiele Thiele modulus - 

ψ Dimensionless concentration - 

 

Chemical formula Description 

AlCl3 Aluminum trichloride 

AlEt2Cl Diethylaluminum chloride 

AlR3 Trialkylaluminum 

CH Methine group 

CH2 Methylene group 

CH3 Methyl group 

CO Carbon monoxide 

COS Carbonyl sulfide 

H Hydrogen atom 

H2 Hydrogen molecule 

H2S Hydrogen sulfide 

MgCl2 Magnesium chloride 

NaCl Sodium chloride 

SiO2 Silicon dioxide 

Ti Titanium 

TiCl3 Titanium(III) chloride 

TiCl4 Titanium tretrachloride 
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