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Preface

More than four years of work is being finished by these lines. It is a strange feeling to end
the work that has been with me every day and many nights for such a long period. A relief
in one way, but also a little sad.

The reason why I choose to work with the topic that you find in this thesis is somewhat
incidental. I was working with my diploma thesis when Bjgrn Hafskold, my excellent
supervisor at that time, came to me and said that a position as a graduate student was
announced in the polymer reaction engineering field. Because I wanted to turn more
practical compared to my basic studies at the Department of Physical Chemistry, I applied
and luckily got the position. As I started out I did not know exactly what it would involve.
The problems have more or less been formulated as I progressed. A nice way of freedom on
one side, but also sometimes frustrating not knowing where to go. Anyway, when looking
back at the time I have spent working in this field, I feel it has given me a lot. I have had
the chance to work in many different fields and with quite different topics in this project,
which has given me a wide practice in the polymer reaction engineering field. However,
the main experience 1 will bring with me is probably the way of solving problems: There
is never a real short cut, the fastest is always to be thorough the first time; all problems
are more complex as you go deeper and deeper; and you have to limit your work to finish
in time. I will bring this experience with me in future projects.

Finally I hope you as the reader of this thesis find something worth reading. I have
struggled to make the models presented in this thesis more useful than wrong. Hope you
agree!
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Abstract

This thesis is in the field of polymer reaction engineering. The purpose of the work is
to obtain tools which can be used to design catalytic systems for the production of poly-
olefins with new and better chemical and physical properties. This is achieved through an
increased understanding of engineering related phenomena in the production of polyolefins.
The thesis is divided into three parts according to the scale of the reactor at which the
phenomena are taking place: macro-, meso- and microscale.

The first part treats macroscale phenomena, particularly gas-liquid mass transfer. Meth-
ods to evaluate the effect of gas-liquid mass transfer resistance in a reactor used for slurry
polymerization is described. Propene was polymerized using a modern Ziegler-Natta cat-
alyst dispersed in decane. The stirring rate was changed during polymerization, and the
observed monomer feed rates were analyzed using methods based on steady state and dy-
namic mass balances to obtain mass transfer coefficients. A model of gas to liquid mass
transfer in a stirred laboratory reactor is developed with the purpose to control mass trans-
fer limitations in kinetic studies of olefin polymerizations. Renewal of the liquid surface
is controlling the mass transfer. Generally, two different scales of eddies can be envisaged
responsible for the renewal; at low stirring rates the mean liquid flow is the controlling
mechanism, at high stirring rates small scale turbulence provides the renewal. The model
predictions are compared with the experimental data. It is found that a small scale tur-
bulence model is most appropriate, and fit the data within a factor 2, an accuracy which
is good enough for many applications, e.g. when determining the necessary operating con-
ditions for neglecting mass transfer resistance. The models are theoretically founded and
are believed to be generally valid.

The second part treats mesoscale phenomena, particularly single particle mass transfer
and morphology effects. Several more or less independent works are presented. The first
work deals with the buildup and relaxation of elastic tensions inside growing particles dur-
ing heterogeneous polymerization of olefins. Mass transfer resistance or inhomogeneous
catalyst distribution can lead to spatial variation in the expansion rate of polymer which
creates tension. This can cause the particle to break up. The focus is on the reciprocal
interaction between morphology and mass transfer resistance, which is examined by ap-
plying the model to two cases where experimental data is available. It was found that
the model predicts the formation of hollow particles under the most severe mass transfer



limitations, in accordance with what is found experimentally.

Another work concerns a study of the effect of changing the polymer particle morphology
on the mass transfer properties in it. High impact modified polypropene was made by
copolymerization of ethene and propene, making ethene-propene-rubber (EPR). It was
found that above a critical copolymer content at approximately 40 wt%, it was impossible
to obtain high reaction rates. This is thought to be due to a fundamental change in particle
morphology and mass transfer properties due to the presence of a soft EPR copolymer phase
in the micropores.

The introduction of a meso particle scale can be important in the description of mass
transfer effects in the heterogeneous polymerization of olefins. E.g. the morphology-activity
study referred to above, shows the presence of the described morphological level, with size
on the order of some tenths of the size of the whole particle. Using traditional models,
with only mass transfer effects at the macro- and microscales, gives conflicting results, as
the mass transfer resistance at the mesolevel becomes significant. A new model to account
for these effects is shown.

The last topic in the mesoscale part of this thesis, is a study of the effect of including
convection inside growing polymer particles. Direct application of the complete mass flux
equation leads to an expression that includes both molar diffusion and a molar average
velocity. In cases where a highly reactive species is present in a concentrated state and
is polymerized with a less reactive comonomer, this second monomer can be entrained by
the convective currents and accumulate inside the particle. In a similar fashion, convective
currents can also lead to the accumulation of an inert species inside the particles.

The final part concerns chemical kinetics, which are classified to be at the microscale of
the reactor. Different methods for modeling kinetics are reviewed. Examples, ranging
from a basic kinetic scheme to more realistic schemes, are used to demonstrate some of
the methods: the use of pseudo components; the Monte Carlo method; and the continuous
variable transformation method. The focus is more on the methods than the chemistry
itself. It is shown that different objectives require different methods, and particularly that
single site catalysts can produce nonideal MWD if the properties of the chemical reactions
vary with time.

Polymer reaction engineering covers a very large field, and just a few of the problems
present in a real industrial system have been examined in this thesis. All parts of this
work are basically about tools for describing, optimizing and designing catalytic processes
at different scales of the reactor, and important improvements have been achieved. In the
field of gas-liquid mass transfer and chemical kinetics, this work has mainly shown the use
of existing methods and models with small modifications. However, in the field of mass
transport effects at the polymer particle level, significant improved understanding of the
phenomena occuring has been obtained. This knowledge can be used for designing new
catalytic systems for olefin polymerization where the benefit is better control of the poly-
mer properties, which in turn, means new materials with improved physical and chemical
properties.
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Chapter 1

Introduction

1.1 Background

1.1.1 Polymers and the polymer industry

Polymers are materials characterized by large molecules which are multiples of simpler
units, monomers. Both natural and synthetic polymers exist. Examples of natural poly-
mers are hair, sugar and wood. However, this thesis will focus on polyolefins, a synthetic
polymer.

Synthetic polymers are grouped according to the monomers from which they are formed.
Examples of groups are polyamides, polyesters and polyurethanes which all have a het-
erochain backbone (different types of atoms forming the main chain), whereas acrylic
polymers, fluorinated polymers and polyolefins all have a pure carbon backbone. This
hierarchy of materials is illustrated in Figure 1.1.

The production of polyolefins is the concern of this thesis. Polyolefins means in practice
the polymers of ethene (polyethene, PE) and propene (polypropene, PP) together with
some modifications of the two, achieved by incorporating comonomers such as e.g. hexene.
Polyolefins are by far the most important industrial polymer, and is the most widely
produced plastic material worldwide, with an annual production of 85-95 million tonnes.
This distributes into 50-60 million tonnes of PE and 35 million tonnes of PP (based on
production data for 1999 and 2000 [59]). According to the statistics of Association of Plastic
Manufactures in Europe (APME), about 60% of the thermoplastics are polyolefins [38].
To get a more tractable number, the annual consumption of polyolefins per inhabitant in
Norway was about 35 kg in 1998. Thus, the market for polyolefins is enormous, and is still
increasing, with an annual growth rate of about 4-5% [59, 74].

The reason for the popularity of polyolefins is their large variety in properties. By varying

1
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Figure 1.1: The position of polyolefins in the material hierarchy.

the chain length, the chain length distribution and the branches of the backbone, the
properties of the polymer material can be tailor-made for a lot of products. Changing from
polyethene to polypropene gives generally a stiffer material with higher melting point, but
more sensitive to oxidation [37]. Polyolefins consist only of carbon and hydrogen atoms
and are therefor harmless to humans, and only CO, and water are emitted by proper
combustion. Another important property is the relative ease in shaping the product and
to recycle it, since the olefins melt at moderate temperatures (110-180°C [37]). Many
products are therefore made by molding. The products made from polyolefins are countless.
According to APME the major uses of thermoplastics (polyolefins included) were packing
(41%) and building/construction materials (19%). Some examples of specific products of
polyolefins are listed in Table 1.1.

The raw material for polyolefins, olefinic monomers, are made from natural gas or low
molecular weight constituents of petroleum. By cracking these compounds, the olefins
with their “heart”, the double bond, are formed. Norway, with its rich resources in oil and
gas from the North Sea, is therefore well suited for a plastic industry. Borealis AS is one
of Europe’s largest polyolefin producers! and has a strong position in the Nordic countries.

1Borealis is 50% owned by the Norwegian oil company Statoil, 25% by the Austrian oil and gas company
OMYV, and 25% by the International Petroleum Investment Company (IPIC) of Abu Dhabi. Borealis is
the second largest polyolefin producer in Europe based on Borealis’ own data from 1998 [39] and the fact
that Basell, a merger of Montell, Elenac and Targor in October 2000, is now the largest in Europe and
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Table 1.1: Examples of products from polyolefins. From APME [38]

Type of polyolefin Products

High density polyethene (HDPE) Containers, toys, housewares,
industrial wrappings and film, gas pipes

Low density polyethene (LDPE)  Pallet and agricultural film, bags,
toys, coatings, containers, pipes

Polypropylene (PP) Film, battery cases, microwave-proof containers,
crates, automotive parts, electrical components

Borealis is an important contributor to the research in polyolefin area at NTNU. Borealis
produced some 3 million tonnes of PE and PP in 1998, and had a turnover of 3 billion
Euro in 1999 [39].

The polyolefin industry can be divided into three groups: those making the polymer from
monomer; those processing the polymer into products; and those who produce the machin-
ery for the polymer processing. It is only the first group of industry that will be focused
on in this thesis.

1.1.2 Polyolefin processes

Mainly, four different processes exist for producing polyolefins: radical polymerization
(only ethene); solution catalyzed processes; gas phase catalyzed processes; and slurry phase
catalyzed processes.

Radical polymerization is done at high temperature (150-300°C) and at high pressure
(1500-3500 bar) [33]. Chains are formed by chain reactions where radicals provide the
chain propagation. Radical initiators are continuously fed to the reactor to keep up the
reaction. Because the radicals do not only react with monomer, but also with terminated
chains, there is a high probability of forming long chain branching in this process. Low
density polyethene (LDPE) is made this way. If polypropene is made with this process, it
will be atactic (random orientation of the methyl group), and the polymer will be useless
from an industrial point of view.

In solution processes the polymer goes directly into solution. The catalyst can be soluble
or solid. This type of processes are not as common as those utilizing heterogeneous cat-
alysts where the polymer is deposited on the solid catalyst. However, some systems for
producing ethene-propene and ethene-propene-dimer polymers (rubbers) are normally run
in solution [34]. Solution systems are also often used in laboratory scale processes for the
development of new catalyst systems. In particular, the new metallocene systems are more

one of the dominating ones in the world.
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easily used in solution.

Gas phase processes are normally run in fluidized-bed reactors, but dry stirred tanks are
also used. The normal temperature range for these processes is 70-100°C, and the pressure
range is 540 bar [33]. The catalyst is supported on a carrier to form solid polymer particles
that are suitable for fluidization.

Slurry processes can take on several different forms. The reactors used are stirred tanks
(autoclaves) and loop reactors. The continuous fluid phase in this process can either
be an inert hydrocarbon component such as e.g. isobutane, or, as in the case of propene
polymerization, a liquid propene monomer?. Normal operating conditions in the autoclaves
are 520 bar and 60-90°C. A somewhat higher temperature and pressure are used in the
loop reactors. When using liquid propene as the diluent, the pressure is normally 30-40
bar and the temperature about 70°C [33]. In these processes the polymer is deposited on
solid catalyst particles.

The trend in the polyolefin industry today is to utilize several reactors in the same process
in order to combine the properties of polymers made at different conditions by blending
different polymers grades at the molecular level. In such plants it is quite common to com-
bine several of the processes described above. Examples of such processes are the Basell’s
Spheripol process [33] and Borealis’ Borstar process [39], both of which consist of one or
more slurry loop reactors followed by one or more fluidized-bed reactors. Another new
concept presented by Galli [31] and Covezzi and Mei [10] is Basell’s “MultiZone Circulat-
ing Reactor Technology”. The reactor is a riser-downer reactor, a sort of gas phase loop
reactor, with zones where different conditions prevail. A polymer/catalyst particle will
circulate in this loop and make polymer under rapidly alternating conditions. This means
that a true mixing of properties on the molecular level is achieved. Such technologies
theoretically expand the property and performance envelope of the polymer.

1.1.3 Catalysts for polymerization of olefins

We are now down to the core of the polymerization, the catalyst. Using catalysts for pro-
ducing polyolefins allows high reactivity combined with milder reaction conditions com-
pared to the extreme conditions used in for instance radical polymerization. Catalysts
also improve the control of the stereochemistry of the polymer. Three major groups of
catalysts are used for commercial olefin polymerization: the Ziegler-Natta catalysts; the
metallocene catalysts; and the Phillips catalyst. Their common property is that a tran-
sition metal atom acts as the catalytic center. It is believed that the double bond of the
monomer is coordinated by one free ligand of the transition metal before reacting with the

2This is understood on the basis of the thermodynamic properties of propene and ethene. Their critical
temperatures and pressures are: 9°C and 50 bar for ethene; and 92°C and 46 bar for propene [65]. Thus
at normal reaction temperatures (60-90°C), it is possible to operate with propene as a liquid, but pure
ethene will always stay in a gas/supercritical fluid state.
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growing chain which is bound to another ligand of the metal.

The first catalytic route to make polyethene was discovered by Hogan and Bank at Phillips
Petroleurn Company in the early fifties [7]. These type of catalyst are called Phillips
catalysts, and are based on chromium oxide. These catalysts are only used for polyethene
production. The difference from Ziegler-Natta catalysts, apart from the metal atom, is that
Phillips catalysts do not contain an alkylmetal. About 20% of all polyethene (including
radical processes) is made by Phillips catalysts [59].

A somewhat milder catalytic route (lower pressure and temperature necessary) was dis-
covered Karl Ziegler, actually by accident®. Because Karl Ziegler’s laboratory assistant did
not clean the reactor properly (some traces of nickel were left), Ziegler discovered that his
aluminium compound was able to polymerize ethene at low pressure and temperature [91].
This happened in 1953. The year after, Guilio Natta modified the same kind of catalyst
and was able to polymerize propene to isotactic polypropene. Ziegler and Natta shared
the Nobel price in chemistry in 1963 for these achievements and this type of catalyst was
named after them: the Ziegler-Natta catalyst. These catalysts consist of a transition metal
salt of elements of groups IV to VIII (normally titanium) and a metal alkyl of an element
of groups I to III (cocatalyst/activator).

Metallocene catalysts are organometallic coordination compounds in which one or two
cyclopentadienyl rings, or substituted cyclopentadienyl rings, are bound to a central tran-
sition metal atom [34]. In addition, a cocatalyst/activator is needed and normally alkylalu-
miniumoxane (MAO) is used. Metallocene catalysts as we know them today, are youngsters
compared to the Ziegler-Natta catalysts. In the early eighties Walter Kaminsky discovered,
also by accident?, that adding small amounts of water to the metallocene/alkylaluminium
mixture, considerably increased their reactivity. This was attributed to the reaction be-
tween water and alkylaluminium to form alkylaluminiumoxane. Metallocenes are very ver-
satile catalysts. By changing the geometry of the surrounding rings of the central metal,
one can control the stereochemistry in new ways compared to what is possible with Ziegler-
Natta catalysts. Metallocenes have also made it possible make completely new grades of
polymers, such as stereospecific polystyrene. In terms of market share, metallocenes are
still quite small, although their impact is expected to increase in the next years. Tattum
and Potter [74] project that 4% of all PP will be made by metallocenes by 2005.

Most catalysts need to be supported on an inert material. This will ensure an effective use
of the catalyst because more sites then become available for polymerization. A particle
consisting of only catalyst would have many sites in unavailable places for the monomer.
The use of a support also has to do with control of the morphology of the final polymer
particle, and we will come back to this in the next section. Magnesium chloride (MgCly)
and silica (SiOy) are the most used supports. The productivity of catalysts used in the
industry today is several thousands of grams of polymer per gram of catalyst. This means
that polymers made with these catalysts only contain a very small fraction of catalyst

3That’s why I always try to make accidents when I'm in the lab.
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residue, which without problems can be left in the polymer with no detrimental effects.
The costly separation stage of catalyst residue and polymer used in the early ages of the
polyolefin industry can therefore be omitted.

1.1.4 The role of polymer reaction engineering

This thesis is in the field of polymer reaction engineering, which is the link between the
chemistry of the polymerization and the commercial product of polyolefins. As I see it,
polymer reaction engineering is the science about the surroundings of the reaction itself,
making the reaction perform optimally, analogous to the service teams you find around
a formula-1-driver. It is not enough to have a perfect catalyst, you must also be able to
make it work the way you want.

The process of a typical polymerization starts by the injection of a catalyst particle of 15—
60 pm in diameter. The monomer contained in the continuous phase must be transported
by diffusion and convection from the bulk to the boundary layer of the catalyst particle,
into the pores, through a polymer layer surrounding the active sites, before it finally can
take its place in the growing polymer chain. Because the polymerization is exothermic,
heat must be transported the other way.

Another example of a process that can be classified as part of polymer reaction engineering,
is the change of structure and size of the catalyst particle as it progresses from a virgin
catalyst particle, mainly consisting of an inert support material, to become a polymer
particle with diameter 10-50 times larger. In the virgin catalyst particle, polymer starts to
form and fill up the pores and vacancies. When there is no more room for polymer, if the
support is not too strong, it ruptures and fragments, but normally does not disintegrate as
the individual fragments of the support are held together by the formed polymer. However,
if the support is too strong, the pores will soon be blocked with polymer and the reaction
will stop. If the support is too weak, the particle will start to break before enough polymer is
made to hold the fragments together, and disintegration results. Disintegrated particles can
cause large problems in the operation of the process because these smaller fragments can
more easily cause fouling of the reactor and cause problems downstream of the reactor with
e.g. the powder handling/separation. Thus, understanding and controlling the breakup and
growth of catalyst/polymer particles is essential to make the process work properly.

Polymer reaction engineering involves phenomena at different scales. The two examples
above were both on the particle level. The description of the reaction kinetics is at a
smaller scale, whereas for instance the description of the fluid dynamics in the reactor
is at a larger scale. Harmon Ray, one of the pioneers in polymer reaction engineering,
classified the different phenomena in polyolefin processes in three scales: macro-; meso-
and microscale [64]. This classification is illustrated in Figure 1.2, and general examples of
phenomena at these scales are given below [59,64]. This thesis contains descriptions and
modeling of phenomena at all these three scales.
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Figure 1.2: Levels of modeling polyolefin processes, based on classification by Ray [64] and a
figure by Hamielec and Soares [34]. The circles in the macroscale part symbolize polymer particles
and gas bubbles, the small magnification in the mesoscale frame represents catalyst fragments
with surrounding polymer and the dots in the microscale frame symbolize the catalyst sites.

e Macroscale: Reactor fluid dynamics such as mixing properties, particle residence
time distributions and entrainment, (monomer) gas-liquid mass transfer, and removal
of heat.

e Mesoscale: Particle-particle and particle-wall interactions, particle boundary and
intra-particle mass and heat transfer, particle growth and morphology development.

e Microscale: Reaction kinetics and nature and number of active sites. In this thesis
I use the term kinetics for the description of the mechanisms of chemical reactions.
In terms of polymerization, the kinetics describe the mechanism by which monomers
are assembled to become polymer chains.

There are several benefits from a good description and understanding of the processes
listed above. Ray [64], Galli [32] and Cozewith [11] list the following possible outcomes
from good process models:

e The influences of reaction conditions on polymer properties can be predicted. Thus
they contribute to an understanding and control of the dynamic reactor behavior.

e A good model will help to interpret observed phenomena. Chemical effects can be
discriminated from physical effects.
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e The model can be used to optimize the process and be a tool for scale-up, avoiding
trial-and-error strategy.

e The model can be a basis for making online estimates of polymer properties.

e New processes, making polymer with new properties, can be designed. By process is
meant all parts of the process, from reactor design to catalyst particle and type of
active sites.

1.2 Purpose

1.2.1 The framework of this work

This thesis is a part of a Strategic University Project (SUP) on polyolefin technology at
NTNU. Also SINTEF, the University of Oslo and Borealis are involved in the project.
The main focus has been basic metallocene catalysis. Several other PhD projects in this
field have been completed at NTNU, and others are under way. Thorshaug [78] studied
the kinetics of ethene polymerization with unbridged zirconocene catalysts. The work is
continued by Liu [49]. Eilertsen [18] examined the structure and role of the metallocene
cocatalyst methylaluminoxane (MAOQO), whereas Wigum [86] and Bruaseth [9] mainly study
copolymerization reactions on different metallocenes. Other work is going on in the pro-
cessing field. Tanem [73] studied the blendability of different polymers from single site
catalysts and Kamfjord [42] is investigating new ways of making heterophasic PP in a post
reactor process. The work closest to this thesis is the study by Seland [67], who developed
an NMR method to measure the diffusion coefficients in heterogeneous polymer systems.

My role in this project has been to investigate chemical engineering aspects of the poly-
merization of olefins, i.e. polymer reaction engineering, particularly with metallocenes.
However, we soon found out that these aspects could not be separated from polymer reac-
tion engineering aspects of more traditional Ziegler-Natta and Phillips catalysts. Industrial
metallocene catalyzed processes face the same challenges regarding heat and mass transfer,
particle fragmentation, reactor mixing and so on. Thus, most of this work is general to
catalyzed polyolefin processes, and the use of metallocenes as the catalyst is only one of
several possibilities.

1.2.2 Problem formulation

The purpose of this work has been to obtain tools that can be used to design catalytic
systems for the production of polyolefins with new and better chemical and physical prop-
erties. This is achieved through an increased understanding of different engineering related
phenomena in the production of polyolefins. This thesis is especially concerned with:



1.3 Organization of the thesis 9

e Providing methods to determine gas-liquid mass transfer limitations through experi-
ments and through models. This topic is particularly important when doing labora-
tory scale reaction kinetic studies where the measured rate of monomer consumption
is the measure of the reactivity. For reaction kinetic control to dominate, it is neces-
sary (but not sufficient, because a possible resistance in the polymer particles) that
the gas-liquid mass transfer rate is large enough to eliminate the gas-liquid mass
transfer resistance.

e Providing increased understanding and better description of single particle mass
transfer and morphology. We examine how a variation in morphology changes the
mass transfer conditions, and conversely, how mass transfer resistance can change the
morphology of the growing polymer particle. Further, we examine improved single
particle mass transfer models, including the effects of convection and by introducing
a more detailed morphology description.

e Providing an overview of methods for modeling the kinetics of catalyzed olefin poly-
merization. This includes showing how the methods can be used on practical exam-
ples.

1.3 Organization of the thesis

This thesis is divided into three parts according to the scale of the phenomena taking
place, i.e. at the micro-, meso- and macroscales of the polymer process (see definitions
above). The individual chapters are similar to journal articles in the form, but somewhat
more detailed. The chapters can be read as independent work, thus the interaction ef-
fects between different phenomena have not been widely discussed. When discussing mass
transfer and morphology phenomena at the single particle level, the reaction kinetics are
kept simple, and when treating reaction kinetics, the effects of mass transfer resistance
are not important. In this way the primary effects of the studied phenomena are clearly
demonstrated, the possible interaction effects with other phenomena are left out. This
was done because it gives a simpler approach, where the main effect of a phenomenon
comes clearly visible. However, in practice the different phenomena will for sure interact
under certain circumstances. E.g. when there is significant mass transfer resistance at the
catalyst particle level, the catalyst sites will “see” different concentrations of the reactive
species, which of course influences the reaction kinetics.

You will find a wide spread in processes and catalyst used in this thesis. Often, experimental
results as parts of other projects were used in this thesis, in which they were analysed for
chemical engineering phenomena. In this way, the discussions are founded on real problems
plus it is an economical way of working. On the other hand, some of the experiments could
have been differently designed to reveal more of the phenomena investigated.
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Going into more detail, the first part of the thesis concerns gas-liquid mass transfer lim-
itations. Chapter 2 describes and discusses an experimental method to determine the
gas-liquid mass transfer coefficient in a laboratory scale stirred reactor where the monomer
enters the reactor as a gas and is transferred to an inert liquid hydrocarbon solvent in which
the catalyst is dispersed. Chapter 3 describes and discusses models for the gas-liquid mass
transfer and how to predict the importance of the mass transfer limitation. These two
chapters are relevant for people doing polymerization kinetic studies with a setup as de-
scribed above. A significant mass transfer resistance will often mask the kinetic study, and
is therefore important to control.

The second part of this thesis concerns single particle mass transfer and morphology effects.
With single particle it is meant the study of a single polymer/catalyst particle and no
interaction with other particles or walls are considered. Chapter 4 describes how a spatial
variation in growth rate of the catalyst/polymer particle can influence the morphology
of the final polymer particle. The variation can originate from mass transfer resistance
in the polymer particle or from a spatial variation in the catalyst concentration. The
next three chapters are all about different aspects of mass transfer in growing polymer
particles. Chapter 5 shows an experimental study of how changes in the morphology can
affect the mass transfer properties. A denser particle is made by filling the smallest pores
with ethene-propene-rubber (EPR), increasing the length scale of diffusion. Chapter 6
presents a new single particle mass transfer model which has three levels of morphological
structure, one more than the popular multigrain model. Both the study in chapter 5 and
recent published work express the need for this extra morphological information. Finally,
chapter 7 describes a general mass transfer model where also the effect of self-induced
convection is included. In processes where the monomer has a high mole fraction in the
bulk phase, e.g. in a gas phase process, the reaction itself will set up a net convective flow
towards the reactive centers. This has not been treated well in any previous literature.
The topics of this part of the thesis are particularly important when designing new catalyst
particles and processes, and when interpreting observed responses from experiments. Thus,
people working on developing new processes and catalysts should be the target audience.

Finally, the topic of chapter 8 is catalyzed olefin polymerization kinetics. Different tech-
niques for modeling kinetics are shown. The main focus is on how to come from reaction
schemes to reaction rates and molecular weight distributions. The opposite is also impor-
tant, how to interpret the reaction rate and molecular weight distribution in terms of what
reactions are taking place. Three examples illustrate the use of some of these techniques.
This chapter should be relevant for both people working on polymerization kinetic studies,
trying to reveal the secrets of the catalysts, and to those working on modeling polymer
properties in industrial processes.
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A study on mass transport and reaction kinetic phenomena in catalytic polymerization of
olefins has been done. The work is divided into three parts according to the scale at which
the phenomena occur. Mass transport effects at the macro- and mesoscales of the reactor,
and polymerization kinetic effects at the microscale were studied. The main achievements
and conclusions of this study are:

At the macroscale, the gas-liquid mass transfer in a stirred semi-batch laboratory reactor
was investigated experimentally and theoretically. The objective was to find useful models
for the gas-liquid mass transfer and under which operating conditions the effect of the gas-
liquid mass transfer could be neglected. New experimental methods for determining mass
transfer coefficients directly in a polymerizing reactor were developed. The methods are
based on analyses of the dynamic and steady-state monomer feed rates as functions of the
stirring rate. The results from the dynamic and steady-state methods differed significantly,
and the transient responses could not be described using an ideally mixed reactor model.
The discrepancy between the results can be qualitatively explained by nonideal mixing in
the reactor.

Models for the mass transfer were developed and were based on the gas-liquid mass transfer
being controlled by the renewal of the liquid surface. At low turbulent Reynolds numbers,
the mean liquid flow provides the renewal, and at high turbulent Reynolds numbers, small-
scale turbulence is the controlling mechanism. For the present system, the small-scale
turbulence model was found to be most appropriate, and fitted the experimental data
within a factor of 2. This accuracy is good enough for many applications, e.g. when
determining the necessary operating conditions for neglecting mass transfer resistance.
The models are theoretically founded and are believed to be generally valid.

At the mesoscale, mass transport phenomena in single catalyst/polymer particles were in
focus. A model was developed where the stresses arising from the formation and growth of
polymer were calculated and used to predict the rupture of the catalyst/polymer particle.
It was shown that the largest stretch tension is normally found in the center of the particle
for cases with large monomer concentration gradients or with inhomogeneous catalyst
distribution. This can lead to the formation of hollow particles. It was found that the
breakup of the catalyst is important when determining the final morphology.
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An experimental study of the influence of polymer particle morphology on mass transfer
properties was done. A three step polymerization was developed where PP was made to
build a matrix, the EPR content was varied to change the morphology, and PE was made
to investigate the activity with these different morphologies. It was found probable that
the EPR initially forms underneath the PP produced in the first stage of the reaction, and
then seeps out to partially fill the micropores of the host matrix. EPR does not change the
overall particle morphology significantly. Chemical kinetic studies of the PE stage suggest
that the transformation of the internal morphology can provoke mass transfer resistance
at high levels of activity for a moderate to high mass fraction of rubbery polymer. This
can be explained by the closing of the micropores, creating a longer diffusional path for the
monomer. Models describing monomer transport by diffusion on the scale of mesoparticles
of size 20-30% of the original particle agree well with the experimentally observed activity
drop.

To better account for the effects of particle morphology on mass transport properties, a
new mass transfer model to be used in single particle models for olefin polymerization
was developed. The difference between this and traditional single particle models, is the
introduction of a third level of morphology, the mesolevel, with a length scale between the
size of the microparticles and the size of the whole particle. The model shows that given
typical parameters, the main path for mass transport in the particles is a radial diffusion
in the macropores and then diffusion in the tangential direction to the active sites at the
mesoparticle level. The mesoscale level contributes only to a small fraction of the total
radial mass transport. Some of the influence on the effective reaction rate with variation
in morphology as found with this model cannot be explained by traditional models.

A model was developed to account for convective effects in the gas phase and liquid
monomer polymerization of olefins. It was found that convective transport will be more
important for higher mole fractions of the monomer and insignificant in dilute systems,
where the mole fraction of monomer is low. In cases where convection is important, the
less reactive or inert species will accumulate in the center of the catalyst/polymer particle.
This can lead to a particle size dependent incorporation of comonomer in the polymer. Un-
der common industrial operating conditions today, there seems to be no significant effect
of accumulation of comonomers or inerts in the particles.

Three different methods for modeling of chemical kinetic phenomena, occurring at the
microscale level of the reactor, were demonstrated on practical examples. The use of
pseudo-components was found appropriate for modeling and description of polymerization
rates, the Monte Carlo method was useful in cases where a very complex kinetics scheme
makes it difficult to set up mass balances, and the use of the continuous variable trans-
formation was one possible way of calculating the complete molecular weight distribution.
The choice of which technique to use, should be determined by the purpose of the study.

Important improvements have been achieved through this study. In the fields of gas-liquid
mass transfer and in reaction kinetics, the work has mainly shown the use of existing
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methods and models with small modifications. However, in the field of mass transport
effects at the polymer particle level, significant improved understanding of the phenomena
occuring has been achieved. The models presented can be used as tools for designing new
catalytic systems for olefin polymerization with the results of better control of the poly-
mer properties, which in turn means new materials with improved physical and chemical
properties.

I think for a chemical engineer, among the topics covered in this work, the main focus of
future work should be placed on single particle modeling. Gas-liquid mass transfer is well
covered in literature, and is well understood. Moreover, it is seldom a dominating effect
in industrial processes. The field of reaction kinetics is a very important aspect of olefin
polymerization, but I would say that most work to be done is for chemists; to develop new
catalysts and understand which mechanisms are controlling the kinetics. The methods to
describe and model the rates, MWD and other properties, once the individual reactions
are known, are in place. In the field of single particle modeling, much work is still to
be done. New, more efficient and selective catalysts, will call for accurate control of the
transport processes and the particle morphology. Existing models, partly working well
with less reactive catalysts, often fail at the conditions used today as was shown in this
thesis. I think some problems that lack good answers are:

e What controls the formation of the particle morphology?
e How is the coupling between particle morphology and mass transfer effects?

e How does the particle morphology affect the polymer properties?

I think the starting point for answering these questions is to examine the early stages of the
“life” of a catalyst particle, get an estimate of which forces that are involved in the particle
breakup, and to incorporate the necessary detailed description of the particle morphology
to get a reliable mass transfer model. This model must necessarily be quite complex, so
much experimental validation will be needed to achieve reliable conclusions.
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