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2 INTRODUCTION

The production of polymer materials was 1.7 million tonnes in 1950, 310 million tonnes
in 2014 and is estimated to reach 1800 tonnes in 2050 . For this reason, it is important to focus
not only on the efficient use and recycling of polymers but also on the development of materials
suitable for recycling. One of these polymers is polypropylene, widely utilized
in many industries.

Karl Ziegler and Giulio Natta were crucial scientists in the global utilization of polyolefins.
In October 1953, Karl Ziegler as a first person synthesised linear polyethylene using catalysts
based on Cr, Zr, and Ti. Giulio Natta utilized Ziegler's results and successfully prepared
isotactic polypropylene in March 1954 2. Since then, the development of Ziegler-Natta catalysts
and methods of the ethylene and propene polymerization has undergone many changes and
improvements. However, the exact polymerization mechanism isn't yet known. The most
widely used model for the mechanism and kinetics description was proposed by Cossee in 1964.

Subsequently, other possibilities to prepare polyolefins with improved properties were
discovered, such as the implementation of internal or external donors or prepolymerization.
Over time, activity of the catalysts and isotactic part of polymers increased, while
polydispersity (D) decreased. For better and more precise understanding of the mechanisms of
a-olefin polymerization was developed stopped-flow technique, which can describe
polymerization process in its early stages. Terano and Keii used SF for studying coordination
catalysts for first time in 1987. The technique is able perform the polymerizations in very short
times, on the order of hundredths and tenths of seconds. In such a short time, there is minimal
influence of secondary polymerization reactions, such as monomer transfers or the formation
of defects in the growing chain. Terano performed polymerizations with various reaction times
and preparing polypropylene with very short molecular chains and a narrow distribution.
Based on these results, he explained the Kkinetics polymerization in initiation phase.
Furthermore, he clarified the process of particle growth, size, and distribution, confirming the
theory of particle fragmentation.

Understanding the principles and mechanisms of polymerization is important not only
at the scientific research level but also in the implementation of industrial production and the
optimization of its processes. Only with a complete understanding of the fundamentals of
polymerization reactions is it possible to predict the influences of used components, such as
comonomers, electron donors, additives, or variable reaction conditions like polymerization
temperature and pressure. All these knowledge leads to obtain materials with improved
mechanical properties, reduce the energy of production and facilitate their easier recycling.

For this reason, the doctoral thesis deal with reaction conditions similar to industrial
facilities. The utilized stopped-slow apparatus enables perform very short polymerizations and
prepolymerizations at pressures and temperatures comparable to industrial reactors.
The possibility of using these reaction conditions increases its application potential not only in
academic research, but also for industrial purposes.



3 THEORETICAL PART

3.1 CATALYSTS FOR COORDINATION POLYMERIZATION

Discovery of Ziegler-Natta and Phillips catalysts in the early fifties caused the development
of coordination catalysts for the polymerization of olefins. These were the first coordination
catalysts used in coordination polymerization. Since that moment, these types of catalysts have
undergone many improvements and changes. Both types of catalysts caused revolution in the
field of polymer industry, and their potential allows for continuous enhancements even in
present times. However, there was discovered another catalyst for coordination
polymerizations. High efficiency metallocene catalysts were first used in the eighties and were
complemented in the nineties by catalysts based on late transition metals . The advantage of
all these catalysts is ability creates of a monouniform microstructure with a broad molecular
distribution. The reason is the presence of a greater number of active centers, which lead to the
formation of chains with different properties, such as the molar mass of the producing chains,
the amount of incorporated copolymer, stereoregularity, etc. In other words, the prepared
polymer is a mixture of polymer chains formed at various active centers. There is no exact
agreement regarding the number of active centers. Nevertheless, the distribution of molar mass
and chemical composition deconvolution are commonly used today for their description. There
is also no general agreement about their different behaviour, although several hypotheses have
been proposed, such as differences in oxidation states or coordination with cocatalysts 2.

3.1.1 Heterogeneous Ziegler-Natta Catalysts

In general, heterogeneous Ziegler-Natta catalysts can be defined as a compound of
a transition metal of the fourth to seventh groups, most often titanium or vanadium, and an
alkylated metal of the first to third groups, known as a cocatalyst. The first ZN catalysts showed
low activity and stereoregularity 4. Despite heterogeneous ZN catalysts have undergone a long
development, their modifications can be divided into four basic categories
according to generation.

The low activity and the necessity to purify the catalyst residues were characteristic of first
and second generation catalysts. These complications were one of the factors why a support for
TiCls was introduced in 1960 in third generation of ZN catalyst. The reason for support
implementation was a very small amount of active TiCls, which was around 0.1 wt. % °.
As a support was used magnesium chloride MgCl: in the form of spherical particles. Content
of deposited titanium was around 1-3 wt.%.

The catalyst prepared with MgCl> support and activated with the cocatalyst (TEA) has
an order of magnitude higher activity compared to previous generations, but the stereoregularity
is very low. This problem was subsequently solved by the addition of a compound known
as an electron donor 3 8,

In the 1980s, the development of fourth-generation catalysts began with the discovery of
the influence of combinations of external and internal donors. Ethyl benzoate was mainly used
as internal donor and alkoxysilanes were wused as external donors, especially



diisobutyldimethoxysilane  (DIBDMS), cyclohexylmethyldimethoxysilane (CHMDMS)
or diisopropyldimethoxysilane (DIPDMS). Initially, when aromatic monoesters such as ethyl
benzoate were used as an internal donors, the isotacticity increased from 40 to 60 wt. %.
However, when aromatic monoesters, such as methyl p-toluate were also used as an external
donors, the isotacticity of the polymer was around 95 wt. % (Table 1) 3.

Table 1: Overview of electron donors for Ziegler-Natta catalysts 3.

Internal donor External donor Isotacticity index [wt. %]
Aromatic monoesters (EB) - 60
Aromatic monoesters (EB) Aromatic monoesters 95
(methyl p-toluate)
Aromatic diesters (DIBP) Alkoxysilanes 97-99
Diethers (1,3-diether) - 97-99

The regioselectivity and stereoselectivity of catalysts with diisobutyl phthalate (DIBP)
internal donor depend on the alkoxysilane external donor 7. In case of 1,3-diethers as internal
donors, very high isotacticity (97—99 wt. %) can be achieved without external donors.

3.1.2 Mechanism of Polymerization of a-olefins on a Bimetallic Active Center

The first difference between monometallic and bimetallic mechanisms is in the reduction
of TiCls to a lower oxidation state by the cocatalyst. In the case of the bimetallic model,
the organometallic cocatalyst is part of the active center and affects the polymerization
mechanism (Figure 1) &.

CoHs--Al(CHs), CHs
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| | | s,
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Figure 1: Formation of the ZN catalyst active center in the presence of a cocatalyst 2.

The cocatalyst alkyl group interacts with the vacancy orbital of the titanium catalyst,
stabilizing the conformation of the transition state (Figure 2). After monomer insertion, the
position of the vacant titanium orbital is restored at the same location of the active center &,

Terano et al. predicted that the concentration of active centers decreases with the bulkiness
of the alkyl group of the cocatalyst bound to titanium. The monomer interacts with the vacancy
orbital of titanium to form a t-complex. Subsequently, maximal overlap of the bonding orbitals
occurs. The orientation of the olefin molecule is determined by the polar interaction between
its double bond and the C-Ti bond. The stereospecific orientation of the alkyl group depends
on the steric interaction with the external groups on the aluminium atom. Subsequently, the
insertion of the olefin with the m-complex into the Ti-C bond occurs according to Cossee's



proposal, while the AI-C bond is broken. After insertion, the olefinic carbon C1 (according to
IUPAC numbering) becomes the o-carbon of the polymer chain. The alkyl group
CH2-CH(Et)-CH3 is bounded only to titanium and the C1 atom of the olefin molecule takes the
place of the previous valence orbital. This rearrangement of atoms is preferred because of
creating the coordination between the a-carbon of the polymer chain (C1 atom of the olefin)
and the aluminium atom. In the end, active center is recovered, which is necessary
to ensure stereoregularity °.
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Figure 2: Polymerization mechanism on a Ziegler-Natta catalyst on a bimetallic active center 4,

3.1.3 Kinetics of Polymerization of a-olefins on Heterogeneous Ziegler-Natta Catalysts

The rate of polymerization on Ziegler-Natta catalysts is not constant. First of all,
the formation of the active center occurs. Its formation occurs approximately 0.01 s after the
start of the reaction, with the resulting active form being completed within the first
tenth of a second °,

The time dependence of the homopolymerization rate of ethylene and propene is shown in
Figure 3. Comparison shows that the kinetic profiles of the polymerization of the two monomers
are very different . In the case of propene polymerization, the very sharp increase in the
polymerization rate occurs almost immediately, followed by a gradual decrease. In the case of
ethylene polymerization, the situation is different. The rate of polymerization slowly increases
until it reaches a constant value and then the polymerization rate is stable for several hours.

10
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Figure 3: Comparison of homopolymerization kinetics of ethylene and propene on
TiCls/DIBP/MgCI; catalyst system with TEA/PhSi(OEt)s cocatalyst mixture 2.

3.2 STOPPED-FLOW POLYMERIZATION

long polymerization time (1-2 hours) in industrial polymerization causes transfers that lead
to inhomogeneity of the system. In addition, the activity of the catalyst varies with the
polymerization time *2. The stopped-flow method was developed to study polymerizations with
extremely short times (0.1-0.2 s) without these transfers. SF allows polymerization which is
shorter than the lifetime of a growing chain (Figure 4) 3. The stopped-flow method has been
shown to be one of the most suitable techniques for studying the creation of active centers
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Figure 4: Dependence of yield, M, and polydispersity (Mw/Mn) on polymerization time in SF
polymerization of propene using TiCls/ethyl benzoate/MgCl, based catalyst 3.
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4 OUTLINE OF THESIS

The aim of the research is to study the influence of different polymerization methods of the
1% period on the kinetic profile of the 2" main period of bulk polymerization and on the
properties of produced polymer (Table 2). Kinetic profiles of polymerizations are described and
evaluated by two models.

The thesis compares two different methods of the 1% polymerization period with conditions
similar to the industrial process. As 1% method of the 1% period was chosen 10 min
polymerization in batch reactor at different temperature levels in 350 ml of liquid propene.
There were 7 temperature levels from 10 °C to 70 °C. In addition, at the temperature levels
of 20 and 40 °C, the effect of the cocatalyst per titanium ratio was also described. For the
2" method of the 1% period a stopped-flow apparatus was used. In this case, the catalyst was
exposed to conditions similar to stopped-flow polymerization and prepolymerized in 3-part
cascade reactor. The resulting SF prepolymerized catalyst was reversibly terminated with
carbon dioxide and isolated. After isolation the SF prepolymerized catalyst was transferred to
the mineral oil and utilized for propene polymerization in stainless steel batch reactor.

The 2" period of polymerization was carried out at 70 °C for 90 min with 32 mmol of
hydrogen. The kinetic profiles of the 2" polymerization period are described by two different
models based on fundamental functions according to the first and second order. The obtained
kinetic constants of these models describe the behaviour of the prepolymerized catalyst during
polymerization in liquid propene.

Table 2: Description of the individual phases of the polymerization process.

Polymerization process consisting of two periods

1% period 2" period
2) 1%t method — Batch prepolymerization in 4-litre reactor, Batch polymerization in
10 min, temp. levels 10-70 °C, 350 cm?® of liquid propene 4-litre reactor, 70 °C,
b) 2M method — SF prepolymerization in 3-part cascade | 90 min, 1100 g of propene

reactor 40 °C, 2.1 MPa

5 EXPERIMENTAL PART

For the polymerizations the 4-litre stainless steel reactor and the polymerization methods
developed at ORLEN Unipetrol RPA, s. r. 0. — POLYMER INSTITUTE BRNO, o. z. were
utilized. In addition to the 4-litre stainless steel batch reactor, the stopped-flow apparatus was
used for the 1% period of polymerization. Due to the need to isolate the prepolymerized catalyst
without deactivation, the stopped-flow apparatus was modified and new method for catalyst
capture and isolation was developed.

12



5.1 CHEMICALS

The polymerization grade propene was obtained from the PP plant (Orlen Unipetrol RPA,
s. 1. 0., Litvinov, Czech Republic). The propene was further purified by passing through six
purification columns.

Triethylaluminium cocatalyst with ultra-low aluminium hydride content (< 0.05 wt. %,
TEA-ULH grade) originated from Lanxess (Germany) was used as n-heptane solution.

The commercial polymerization catalyst was obtained as a dry powder from an external
company. The catalyst was transferred to the mineral oil (Shell Ondina Oil 933). The final
catalyst concentration in the mineral oil slurry was about 25 wt. %.

5.2 STRUCTURAL ANALYSIS METHOD

5.2.1 SEC/GPC - Molar Mass Distribution Determination

The molar mass of polymers was determined by SEC/GPC analysis. The measurements
were performed on a SEC/GPC Polymer Char instrument containing two columns.
As the stationary phase was utilized a 7.8x300 mm PLgel Olexis with a 13 pm grain size..

5.2.2 PSD - Particle Size Distribution

The particle size distribution (PSD) is measured on a Mastersizer 2000 Malvern laser
analyser, which is equipped with a dispersion unit (Hydro 2000MU) with a corresponding
measuring cell. The measurements are carried out according to 1ISO 13320-1:2020 Particle size
analysis - Laser diffraction methods.

5.2.3 MFR - Melt Flow Rate

The melt flow rate measurement is based on 1SO 1133-1:2022 on a MI-ROBO instrument
from GOTTFERT. The sample was stabilized with 0.5wt. % BHT. Measurement was
performed at 230 °C with a mass load 2.16 Kkg.

5.2.4 XS - Xylene Solubles

The measurement of xylene soluble fraction of polypropylene is based on the standard
method 1SO 16152:2022(E) "Plastics - Determination of the xylene soluble fraction in
polypropylene”. 0.5 g of polymer sample was dissolved for 1 h in 25 ml of o-xylene at 135 °C.
Precipitate of crystalline fraction is filtered and polymer content remaining in solution (XS) is
evaluated using FIPA instrument with GPC column (Malvern Instruments Ltd).

525 ICP-OES - Ti Content

Spectro Blue instrument from SPECTRO CS was used for the ICP determination of Ti
in prepolymerized catalyst. Measurements with detection limit 0.02 mg/l were evaluated
by Smart Analyzer Vision Software Version 6.01.0951.

13



5.3 4-LITRE BATCH REACTOR

5.3.1 Procedure of 15t Method of the 15t Period

The defined amount of TEA diluted by n-heptane was charged to the reactor
by micropipette Microman (Gilson). Then the reactor was filled with defined amount
of propene leading to the constant liquid phase volume 350 ml at various prepolymerization
temperatures. Concurrently with propene 32 mmol of hydrogen was added. After stabilization
of the starting polymerization temperature, the catalyst suspension was charged by Microman
micropipette into the catalyst injection device. Subsequently, the catalyst was injected to the
reactor by a flush of 40 g of liquid propene. In all experiments the final volume of liquid
propene during the 1% polymerization period of 1% method remained constant at 350 ml.

5.3.1.1 Short Isothermal Experiment

After the catalyst injecting the polymerization proceeded at constant temperature
and stirring speed 630 rpm for 10 min. Afterwards, the reactor was vented and the mass
of the polymer was determined.

5.3.1.2 Sequential Two Periods Experiment

After the catalyst injection, the 1% method of the 1% polymerization period at defined
temperature level was carried out for 10 min. The reactor was then filled with a further dose
of propene to total amount 1100 g followed with temperature raise to 70 °C. In the case of the
2" method of the 1%t polymerization period (described in Chapter 5.4), the filling of the reactor
with propylene up to 1100 g is carried out first. The 2" polymerization period was started after
reaching 98% of the main polymerization temperature (i.e. 68.6 °C of 70 °C).
The 2" polymerization period was carried out at 70 °C in liquid propene for 90 min. During
the whole 2" polymerization period additional propene flow of 250 g/h was applied to the
reactor to approximately compensate the consumed propene.

5.3.2 Polymerization Data Processing

5.3.2.1 Data Collection

The Figure 5 shows that during the experiment the liquid propylene temperature was
monitored using the thermocouple Tr located at the bottom of the reactor, and the temperature
of the gas phase using the thermocouple Tr2 placed close to the reactor cover. The temperature
of the incoming water reactor jacket was monitored by the thermocouple Tw. During the
polymerization, the special double-ribbon stirrer with bottom blades was rotated at 630 rpm to
ensure temperature homogeneity throughout the reactor, and all internal walls were in contact
with the liquid propene. This statement was supported by the same readings from both internal
thermocouples, Tr and Tr2. With such conditions, the technical arrangement of the 4-litre
reactor allowed the heat flow released by the polymerization reaction to be monitored.

14
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Figure 5: Scheme of 4-litre reactor for propene polymerization in liquid phase.

5.3.2.2 Polymerization Data Evaluation

The heat signal was automatically corrected for temperature scatter using a calibrated linear
function of instant temperature and its derivation. All the collected DT (Tr-Tw, AT = 2.0 °C)
points are depicted in light blue “DT(all)”, while the dark blue points “DT(incl)” correspond to
those used for kinetic curve fitting. Example collected data are depicted in Figure 6.
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Figure 6: Example of 2-step polymerization data record with 1% method of 1% period.
Polymerization started at 50 °C, after 10 min the temperature it was gradually
increased to 70 °C; Tistper.. Temperature in the 1% polymerization period; Yistper.: Polymer
yield in the 1% period; Y2naes: Polymer yield between end of 1% period and temperature rise to
Tpol =98 % (=68.6 °C); Yana: Polymer yield between temperature rise to Tpo = 98 % and end
of 2" polymerization period; Yr: Total yield.

5.3.2.3 Kinetic Function

The polymerization process starts immediately after the activated catalyst comes into
contact with propene. This sub-second starting phenomenon is not detectable by the reactor
as set up, even if the catalyst is charged at the final 70 °C temperature level, because the
charging procedure disturbs the temperature reading for about 1-2 min. On the other hand,
if the catalyst is charged at a lower temperature than the final polymerization level, significant
activity increase is observed even several minutes after the final polymerization temperature is
reached. Thus, the acceleration patterns of the polymerization kinetics are governed not only
by the increasing temperature between the periods, but also by the time itself. To include this
observation in the polymerization kinetic computation for the whole polymerization period,
suitable compensation for the activity increase has to be included in the kinetic functions.
To facilitate the subsequent kinetic profile computation deceleration, a simple mathematic
approach was chosen to describe the catalyst activity increase between the polymerization
periods, based on the linear combination of two non-dimensional transition functions separately
describing the temperature increase and also the final polymerization rate increase after the final
temperature is reached:

16



Acc(t) = %'{l-e[_(éﬂ) I]H-e[_(l%az) 2]} (1)

Where t is time since the catalyst injection into reactor (i.e. activation), Kai, Ka2, P1 and P2
are the process activation parameters.

The function (1) applied in combination with deceleration functions facilitates the transition
of the polymerization rate level from zero at zero time to an increased level after which
Acc(t) = 1. However, this research is focused namely on the 2" polymerization period, and zero
time is defined as the end of the 1 polymerization period, when catalyst activity is already
significant. Thus, additional modification of the acceleration function (1) is necessary:

Acc(t) = Aj; +% : {1_e['(KLM)PI]Jrl-e['(KLaz)PZ]} )

Where t is the time since the end of the first polymerization period, Aii is a constant
dimensionless parameter that allows us to compute the polymerization rate profile
of the 2" polymerization period from the final polymerization rate reached at the end
of the 1 polymerization period.

The infinity time limit of the acceleration function (2) is defined as:

Acc(o0) =A;; + 1 (3)

During the process of polymerization kinetic parameters optimization the parameter Ay; is
constant. Its value is derived from the experimentally assessed yield of short 10 min runs
performed in the same way as the 1 polymerization period of the sequential runs.

At the beginning of the temperature increase between the 1%t and 2" periods,
the experimental DT points are not applicable as input data for optimization of the process
activation parameters of the acceleration function due to their large scatter caused by the high
power of the thermostat heaters enabling the fast temperature increase. Thus, at the beginning
of the temperature increase, the parameters are optimized according to the instant temperature
reading and in the context of the experimentally verified dependence of catalyst activity on the
instant temperature (Figure 7). Before 70 °C is reached, the thermostat heaters are automatically
switched to a mode in which they maintain the polymerization temperature level.
Then, the kinetic profile can be evaluated directly using experimental DT points automatically
corrected for the instant reactor temperature and its derivation.
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After the highest polymerization activity, decrease in catalyst activity was observed.
Two approaches were studied to describe the polymerization rate decrease:

1: Two types of polymerization active centers deactivation according to the first order:

DeclSt(t) =A, f.e(-Kdlf't) + Azf.e(-Kde't) )
2: One type of polymerization active center deactivation according to the second order:
Al
D 2nd ) = s
€C ( ) 1+Kdls‘t (5)

Where t is time since the end of the 1% polymerization period, Aif, Az, Ais and Az are
parameters corresponding to the polymerization rate at zero time of the deceleration functions,
from which the active centers deactivate according to their deceleration nature described by the
parameters Kair, Kazr and Kais.

The zero time in our kinetic description is the end of the 1% polymerization period, when
the polymerization process proceeds at various temperature levels rendering to the process
various polymerization rates. Thus, to fit the experimental DT points on the kinetic equation
FDT over the entire 2" polymerization period, the simple product of the combination of
deceleration functions (4) or (5) and the equation (2) was used:

FDT1%(t) = Acc(t)Decl® (1) (6)
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and
FDT2"(t) = Acc(t)-Dec2™ (1) 7

The experimental DT points profile (Figure 6) are assumed to be a linear measure
of the instant polymerization rate, linearly transferable from their dimension (°C) to the
dimension of the polymerization rate — kgep/(Qcat'h):

Rp(t) = DTc-FDT(Y) (8)

Where Rp(t) is polymerization rate profile; DTc is semi-empirical constant
of the polymerization run; FDT(t) is profile fitted to experimental DT data according to
equations (6) or (7).

The product of the acceleration and deceleration function defined using the equation (6)
or (7) can easily describe polymerization start-up upon constant or increasing temperature.
Another advantage of this practical approach is in the easy definition of the kinetic maximum
of the polymerization rate Rp(0) at zero time of deceleration (theoretical instant acceleration,
where Ka1 and Ka are zero), which results in the same equation as the extrapolation
of the acceleration time to infinity — see the equations (1) and (2). Thus, the extrapolated kinetic
maximum of polymerization rate according to the two kinetic approaches is defined as:

The 1% order of deceleration:
Rp1°(0) = (Ayi+1)-(Ar+Ag) DTe ©)

The 2" order of deceleration:
Rp2™(0) = (A};+1)-A;DTe (10)

Fitting the selected experimental points (dark blue) since the end of prepolymerization to
the function (4) and (5) is depicted in Figure 6. The fitting procedure computes in several steps
all parameters of the function (6) and (7), performing the best fit to the experimental DT points.

Computation of DTc is the next following step after fitting the DT points. According to the
equation (8), each data point DT can be transferred into instant heat flow produced by
the polymerization rate. Thus, the time integral of the fitted function FDT(t) (6) including
the temperature start-up period, represents the total heat produced by the polymerization
process, which corresponds to the total yield of polymer produced during the 2" period,
including the temperature-increase part of the 2" period. Then, the multiplication factor DTc
in the equation (8) valid for the second polymerization period can be computed as a simple ratio
of the total yield (corrected for the amount of polymer developed during the 1% period) and the
total heat computed as the integral FDT(t) from the end of the 1% period to the end of the 2"
polymerization period:

YT'Ylst per.

DTc= —5———
J.1 FDT(t)dt (11)
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Where Y7 is the total polymer yield (1% + 2" periods), as determined by the polymer
weighting, Yistis the polymer yield produced in the first 10 min period calculated from
the equation (12) and cumulative integral value of FDT (t) function (6).

@]
Yist per.(T) =Pr {l'e . } (12)
Where T is polymerization temperature, P1, P2 and P3 are optimized parameters.

5.4 3-PART CASCADE REACTOR

The 2" method of catalyst prepolymerization was carried out in stopped-flow apparatus.
In this study, the classical stopped-flow capillary reactor was replaced by a 3-part cascade
polymerization reactor (Figure 8) located in a 100-litre pressure vessel.
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Figure 8: Scheme of 3-part cascade stopped flow reactor.
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54.1 Stopped-Flow Apparatus
The high pressure stopped-flow facility was constructed at ORLEN Unipetrol,

s.r.0.— POLYMER INSTITUTE BRNO, o. z. by Hoza and Cejpek. Hoza used it for research
on P/E copolymers 4 and by Tvrdy it was utilized for the kinetic study ®°. Its design enables
polymerization in a very short time scale and under the conditions close to an industrial
production process.

The Stopped Flow apparatus consists of the following main parts (Figure 9):

o A 6-litre water-tempered stainless steel pressure vessel (green), which was used as a storage
vessel for the catalyst suspension in liquid propene. It was filled with 2500 g of propene
before the start of each experiment.

e An 8-litre water-tempered stainless steel pressure vessel (purple) used as a storage vessel
for the terminating agent in liquid propene.

e A special device for dosing the TEA solution in n-hexane based on a piston flow of the TEA
solution in a 12 m long stainless steel pipe with an internal diameter of 4 mm
(blue container).

e 100-litre stainless steel pressure vessel (max. pressure 2.2 MPa) with 3-part cascade reactor
inside. The absence of mixing allows the pressure in the vessel to be kept constant,
regardless of the temperature of the components located inside the vessel.
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Figure 9: Scheme of stopped-flow polymerization apparatus 4.
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6 RESULTS AND DISCUSSION

6.1 1 POLYMERIZATION METHOD IN BATCH REACTOR

6.1.1 Catalyst Activity upon Increasing the Temperature (15t Method of the 1t Period)

Within the scope of this two-polymerization-period research, we separately investigated
the effect of different temperatures in the range 10-70 °C on catalyst activity during
the 1% period in the short isothermal experiment mode (Chapter 5.3.1.1).

The results of this set of runs are depicted in Figure 7. The experimental polymer yield
points corresponding to the temperature levels are fitted by a function constructed according
tothe transition function (1) described above in the context of the Kkinetics
acceleration in equation (12).

A plausible explanation for the described increase in polymerization activity with
a decrease in polymerization temperature during the catalyst activation period is related to the
monomer-dimer equilibrium of TEA. At a lower temperatures, TEA occurs in dimer form
which is unable to create an active center on the catalyst. Thus, after the catalyst is introduced
into the reactor at low temperature, the formation of the active center upon dissociation the TEA
dimer occurs slowly during the temperature ramp between the polymerization periods,
and the polymerization heat is easily transferred into the surrounding space of
the catalyst particles.

6.1.2 The Impact of Temperature in the 1% Period of the 15t Method on Activity in
the 2" Period

This study was focused on the catalyst performance using the results of 10 min isothermal
polymerizations described in Chapter 6.1.1 and the subsequent widening of the scope by
searching the catalyst performance during the 90 min after the reactor was heated to 70 °C.
Naturally, the duration of the temperature increase depends on the temperature difference
between the 1% and 2" polymerization periods. To facilitate the definition of the end of the
temperature increase phase, the limit of 98 % of the targeted 70 °C level (68.6 °C) was defined
as the important milestone, after which the duration of the 2" period was counted until the next
90 min time elapsed.

As the temperature levels in the 1% period were the only variable in this study, all the
resulting values in the relevant comparisons for all 14 runs performed at seven temperature
levels (two runs at each level) were related to the temperature levels. At first, polymer yields
between the milestones of the entire process are shown in Figure 10.

The data related to polymer yield formed in the 1% period were already discussed above
in Chapter 6.1.1. The yields were directly determined by weighting the polymer yield obtained
from the reference 10 min experiments. Similarly, the total polymer yield obtained after
the whole experiment (1% + 2" periods) was also determined by simple weighting.

On the other hand, the most important value — the polymer yield formed during 90 min at
a constant temperature of 70 °C is inherently connected with polymer yield formed during
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the intermediate temperature increase that lasted over various periods (Yand Te8). The most
suitable solution to the intermediate yield evaluation is based on computing the overall
polymerization kinetics describing the whole 2" period, including the temperature increase.

Then, the intermediate yield during the temperature increase phase (Y2nd T98) is evaluated
as the integral of the kinetic function until the defined limit of 98 % of the targeted 70 °C level
(i.e. 68.6 °C) is reached. The functional construction for the description of the polymerization
rate acceleration during the intermediate period defined by the equation (1) was already found
to be in congruence with the experimentally constructed polymerization yield dependence on
the temperature in the equation (12). Also, further indirect support of the correctness of this
approach is the independence of DTc (11) on the temperature differences and also on the
duration of the intermediate period. This independence is demonstrated in Figure 10.
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Figure 10: Polymer vyield in 1% and 2" polymerization periods, Mmct=4 mg,
TEA/Ti = 120 mol/mol, nuz =32 mmol; o Yistper. (10 min at various temperatures);
0Y2nates (The yield produced during the temperature rise from the end of 1t period to 68.6 °C);
A Y2ng (90 min after the temperature reached 68.6 °C); ¢ Yt (whole yield of sequential run);
x DTconst ( DT constant of the polymerization run).

Computation of the polymerization kinetics as described in the Chapter 5.3.2.3 was
performed automatically for both kinetic approaches in relation to the active center aging
process, the equations (4) and (5). Computing all 14 runs of this experimental series revealed
that the resulting optimized Kq2r values are close to zero, which indicate not realistic statement

DTe (gpp/(°C-min)
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about their everlasting performance. In other words, it was revealed that the aging of the more
stable active centers according to the first order of their decay is negligible. Thus, the equation
(4) could be modified as follows:

Decl®(t) = A e 1A, (13)

Then, the Kkinetic computation of all results of the 14 runs was repeated for the
equations (7) and (13). A typical example of the comparison of the best fit to the experimental
points for both kinetic approaches is exemplified in Figure 6.

The resulting comparison of the kinetic profiles of the seven temperature levels for the first
order approach and single selected runs from the duplicates is depicted in Figure 11 and, for the
second order, in Figure 12.

100 A Initial Temperature [°C]:
--70
90 60
=50
80 --4(0
70 -o-3()
-e-20

60 —~-10
50
40
30

20

10

Rate of propene polymerization Rp(t) [kgpp/(g..ch)]

0 10 20 30 40 50 60 70 8 90 100 110 120
Polymerization time since the catalyst introduction [min]

Figure 11: Polymerization kinetic profiles assuming the first order of deceleration;
Mcat = 4 mg, TEA/Ti = 120 mol/mol, ny2 = 32 mmol.
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Figure 12: Polymerization kinetic profiles assuming the second order of deceleration;
Mcat = 4 mg, TEA/Ti = 120 mol/mol, ny2 = 32 mmol.

The almost identical kinetics of the relevant profiles are shown in Figure 11 and Figure 12.
Although the shape of the curves was calculated in the same manner as described above for
the 2" period, their accuracy is limited due to the relatively small volume of the liquid phase
inside the reactor. This situation could be a source of error in the interpretation of the heat
transfer data because the smaller volume may not fully cover the entire inner surface of the
reactor. However, the instant activity at the joint point for both periods (10 min) is assessed
with high accuracy, because it corresponds to the average activity calculated from
the experimental yields of the short (10 min) isothermal runs discussed in Chapter 6.1.1
and presented in Figure 7.

After 10 min the kinetic curves in Figure 11 and Figure 12 enter into the polymerization
temperature increase stage, which corresponds to their sharp increase to maximum
polymerization rate, typically occurring during several minutes after the temperature level of
70 °C is reached (Figure 6).

Optimized parameters for both kinetic approaches might also be in good correlation with
the only variable in this research — the polymerization temperature in the 1% period (Figure
13 and Figure 14).
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While the three parameters optimized for the first order of kinetic approach don't form any
correlation, as presented in Figure 13, the two parameters of the second order approach (Figure
14) indicate a good ability to be fitted to some subsequent functional expressions, as they both
follow smooth monotone trends.

One explanation for these results might be as follows: During the optimization process of
the first order approach, the parameters Axrand A2 both related to the maximum polymerization
rate at zero time partially compensate each other. This effect, however, also disturbs the single
parameter Kqif, which describes the deceleration features of the polymerization rate.

Moreover, the parameter Az, here representing stationary active centers in the first order
approach, is naturally regarded as unrealistic. Thus, the second order kinetic approach is
the most appropriate for a mathematical description of the observed kinetic curves. However,
further research will be necessary to elucidate an explanation for the chemistry
behind this finding.

6.2 3-PART CASCADE POLYMERIZATION

6.2.1 Activation Zone of 3-Part Cascade Reactor

The activation zone of the 3-part cascade reactor is the section where the catalyst
suspension was mixed with propene and TEA. Two different mixing approaches were chosen
for the study. In the first type of activation zone, the TEA solution is fed from four sides
perpendicular to the flow of catalyst suspension (Figure 15, left).
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Figure 15: Two different mixing approaches of catalyst suspension with TEA. TEA supply by
4-side injection (left); TEA supply by needle (right).

The perpendicular mixing of the streams results in immediate homogenization of catalyst
and cocatalyst. The position where the catalyst suspension stream and the TEA solution are
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mixed is defined as the polymerization start point. However, during polymerization with this
set-up (Figure 15, left), the catalyst powder sticking to the metal parts of the cocatalyst junction
inlet was observed, resulted in undefined polymer particles grow at this point. In the case of
this activation system, small amounts of polymer were found at the inlet of the TEA solution
after polymerization. This sticking effect of the catalyst causes an inhomogeneous flow of
catalytic particles, resulting in higher productivity (10.2 vs 2.13 kgep/molti), molar mass
(Mnh=52 vs 102 kg/mol) and polydispersity (3.8 vs 5.2) compared to the second type of
activation zone, based on the needle (Figure 15, right). This capillary is introduced into
the middle of the catalyst suspension stream and instant homogenization is achieved
by turbulent flow.

Figure 16 shows GPC curves of polymers synthesised with different types of activation
zones. The broader peak in a case with 4-side TEA injection confirms the inhomogeneous
residence time of catalytic particles. For this reason, the needle type of activation zone was used
in all the experiments carried out in this thesis.
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Figure 16: GPC curves of polymers synthesised with different types of activation zones.
® 4-sided TEA inlet, ® Needle system, Termination system CO in propene; Tpo. =40 °C;
p = 2.1 MPa; TEA/Ti = 2000 mol/mol; CO termination concentration 0.21 mol. %.

6.2.2 Termination Zone of 3-Part Cascade Reactor

The thesis focuses on the application of the stopped-flow apparatus to the method
of prepolymerization under industrial conditions, rather than on basic research in the field
of stopped-flow polymerization. Thus, the stopped-flow apparatus was modified for reversible
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termination of polymerization reaction. The purpose of the research was to subsequently
reactivate the stopped-flow prepolymerized catalyst in the 4-litre batch reactor.

In the second part of the cascade reactor, stream of liquid monomer, catalyst and TEA was
mixed with terminating agent. The efficiency of the termination is characterised
by the polymerization activity (or the productivity gee/molyi ratio), the molar mass and
polydispersity of the synthesised polymer. The titanium concentration corresponds to
the amount of catalyst.

Two types of terminating agent dissolved in liquid propene were used in this research. First,
carbon monoxide as a non-reversible terminating system and second, carbon dioxide,
as reversible terminating system. Both systems interact directly with active center of catalyst.
The aim of the termination system was to terminate all active centres as quickly as possible.
If the concentration of the terminating agent is sufficient, the polymerization activity remains
constant even with increasing catalyst concentration in the capillary reactor. For this reason,
the dependence of the productivity [ger/molri] on the concentration of the flowing titanium in
the propene stream was measured with constant terminating agent flow.

6.2.2.1 Termination System Based on Carbon Dioxide/Propene

Carbon dioxide in liquid propene was suggested as the second termination system.
The active center terminated by a CO2 molecule can be reactivated by the addition of TEA.

The saturation of COz in liquid propene was carried at 46 °C up to a pressure of 2.1 MPa,
(concentration of 0.91 mol. %). The productivity of the synthesised polymers and their Mn are
shown in Figure 17. Despite the low dependence of M, on titanium concentration, a strong
dependence of productivity on titanium concentration is evident.

250 - - 100
- 90
200 - - 80
'—é_ - 70
_&% 150 - - 60 %
E 50 E
= o
S 100 1 40 =
5
S 30
&
50 20
10
O L] L] L] L] L] L] 0
0 20 40 60 80 100 120 140

Concentration of Ti in propene stream [pumoly/h]

Figure 17: Dependence of polymer productivity and molar mass on concentration of titanium
in monomer stream. Termination system CO: in propene, Tpo. =40 °C; p=2.1 MPa;
TEA/Ti = 2000 mol/mol; CO, termination concentration in propene 0.91 mol. %.
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6.2.2.2 Influence of Termination System Concentration

A further optimization of the termination was to increase the CO> concentration in the liquid
propene. The temperature of the 8-litre reactor was lowered, resulting in a reduction in the
saturated vapour pressure of propene. After reducing the pressure of termination system, next
CO2 was added to the same pressure level. Figure 18 shows dependence of productivity and My
of synthesised polymers on the concentration of CO- in the reaction system of propene stream
in needle glass reactor. The molar flow rate of Ti in propene stream of evaluated polymers was
27 umolri/h. Based on the dependence, it was found that the concentration of terminating agent
significantly affects both of these properties.
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Figure 18: Dependence productivity and number-average molar mass of polymers on the
concentration of the CO> termination system in propene stream; Tpo. =40 °C; p = 2.1MPa;
TEA/Ti = 2000 mol/mol, cat. flow = 27 umolilh.

6.2.3 Influence of Stopped-Flow 3-Part Reactor on Catalyst Performance

Ziegler-Natta catalysts are substances that are sensitive to impurities. Their activity rapidly
decreases in the presence of polar compounds as water or oxygen. This fact is one of the most
important issues in prepolymerization in SF apparatus. For this reason, the purity
of the stopped-flow apparatus was evaluated before starting the reactivation experiments.
Catalyst was subjected to process simulating polymerization in 3-part cascade reactor
in the stopped-flow apparatus, but without the addition of TEA cocatalyst. After this blank
experiment, the catalyst was isolated, transferred to mineral oil and tested in 4-litre batch
reactor under the conditions of the 2"! polymerization period. Then the purity of the SF system
was evaluated by comparing the activity of original catalyst and the catalyst exposed to the SF
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apparatus. By comparing the particle size distributions (PSD) (Figure 19), it was found out that
exposure to the stopped-flow apparatus did not cause fragmentation of the catalyst.
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Figure 19: PSD of original catalyst and catalyst after exposure to SF apparatus (without TEA).

After catalyst exposure in the stopped-flow apparatus, polymerization was carried out
in batch reactor. Polymerization conditions were identical to those of the 2" polymerization
period starting at 40 °C. Figure 20 shows kinetic profiles of batch polymerization with original
catalyst (green) and polymerization with catalyst exposed to the SF apparatus (brown).
The comparison of the curves shows that SF apparatus did not change shape the kinetic curve
of the catalyst.
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These results confirmed that the stopped-flow apparatus with 3-part cascade system
and the method of catalyst isolation are applicable for the project focused on the catalyst
prepolymerization in SF apparatus as the 1% period of two-period polymerization experiment.

6.3 CATALYST PREPOLYMERIZATION BY USING 3-PART CASCADE
REACTOR

6.3.1 PSD of Catalysts after 1%t period of polymerization

The catalysts polymerized by different 1% period methods and at different temperatures
were evaluated by particle size distribution method. The data in Figure 21 confirm the expected
trend that particle size increases with increasing temperature in addition to increasing yield.
Furthermore, it can be seen that both of 1% period polymerization methods did not caused the
fragmentation of catalytic particles.
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Figure 21: PSD of original non-prepolymerized catalyst and catalysts after different 1% method
polymerization.

6.3.2 Effect of Prepolymerization in 3-Part Cascade Reactor

Figure 22 shows the difference in the kinetic profiles between the batch polymerization
with non-prepolymerized catalyst exposed to the 3-part cascade reactor in SF apparatus and
batch polymerization with catalyst, which was prepolymerized in 3-part cascade reactor
at reversibly terminated by CO.. The maximum polymerization rate was reached in both cases
around 17 min after catalyst injection into 4-litre reactor. It can be seen that few minutes after
the temperature reaches 70 °C, the rate of polymerization decreases in the case of
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polymerization with non-prepolymerized catalyst. This trend did not occurred in the case of
polymerization with prepolymerized catalyst, where the kinetic profile shows a very stationary
pattern. However, polymerization with non-prepolymerized catalyst is characterised by a higher
rate of polymerization.
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Figure 22: Kinetic profiles of bulk polymerization; e Catalyst exposed to the 3-part cascade
reactor without activation by TEA; e Catalyst prepolymerized in 3-part cascade reactor
(TEA/Ti ratio = 208 mol/mol, CO> termination concentration 3.82 mol. %, prepolymerization
degree 15.6 grr/gcat); ® Temperature profile of polymerizations.

6.3.3 Influence of TEA/Ti Ratio on Activity and Kinetic Profile

The catalyst reversible terminated in 3-part cascade reactor was reactivated by TEA.
Reactivation of catalyst terminated by CO, was studied by polymerizations performed with
different TEA/Ti molar ratios. The experiments were carried out at 70 °C for 90 min with
TEA/Ti ratio 62, 104, 208 and 418 mol/mol.

Figure 23 shows kinetic profiles of batch polymerization experiments performed with SF
prepolymerized and reversibly terminated catalyst. In all cases stationary behaviour without
sharp decrease of polymerization rate after reaching 70 °C was observed. From the comparison
of the curves it is clear that kinetic profiles of catalyst prepolymerized in SF apparatus are
affected by TEA/Ti ratios lower than ca. 200 mol/mol.
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Figure 23: Kinetic profiles of polymerizations with different TEA/Ti molar ratios (2" order
model); SF prepolymerized catalyst, CO. termination concentration 3.82 mol. %,
prepolymerization degree 15.6 gpp/Qcat, Mcat = 8.6 mg, nHz = 32 mmol.

7 CONCLUSION

Thesis is focused on the kinetic profiles of two-period propene polymerizations with diether
based Ziegler-Natta MgCl,-supported catalyst. The influence of the 1% polymerization period,
on the kinetic profile of the 2" period carried out at 70 °C for 90 min in liquid propene in
a stainless steel batch reactor, was determined. It was found that both of the 1% period methods
(stopped-flow and batch prepolymerization) used in the research significantly affect kinetic
profiles of the 2" polymerization period.

Subsequently, a procedure was developed to evaluate the kinetics of the 2" period of
propene polymerization. Experimental points of kinetic profiles were utilized as input data for
kinetic models of active centers deactivation according to the first and second order. For better
resolution, the deceleration part of the kinetic functions was evaluated by difference between
the temperature of the reactor and the temperature of the incoming water (DT). The model was
fitted based on a simplex optimization procedure that fits the experimental data with high
accuracy using semi-empirical equations. The deviations of both models are similar for each
polymerization experiments, confirming their suitability.

In the case of the 1% method of the 1% period, carried out in batch reactor at seven different
temperature levels in the range 10-70 °C in 350 ml of liquid propene, it was found that higher
temperature of the 1% period leads to higher yield of the 1% period, lower yield of the 2" period
and more stationary kinetic profile. These results are confirmed by the decreasing dependence
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of the kinetic constants of the model, which is based on the deactivation of active centers
according to the second order.

Despite the accurate fitting of the experimental data, the dependence of the kinetic constants
on the temperature of the 1% period was only found for the second order model. The dependence
of the kinetic constants on the prepolymerization temperature was not observed for the first
order model. 1% period temperature does not affect melt flow rates and the xylene solubles of
the resulting polymers.

In the case of prepolymerization temperature levels 20 and 40 °C, in addition
to 120 mol/mol TEA/Ti ratio, the influence of 60 and 240 mol/mol TEA/Ti ratio on the kinetic
profiles and properties of the polymers was described. For both temperature levels it was found
that the total yield increased with increasing TEA/Ti ratio. This effect was more significant
in the case of prepolymerization at 20 °C and is probably related to the monomer-dimer
equilibrium of TEA. The dissociation of TEA is temperature dependent and at lower
temperatures TEA is present in an inactive dimeric form. The relatively slow temperature ramp
between polymerization periods slows the dissociation of TEA into its active form, resulting in
slower activation of the catalytic particle. The slowing down of this exothermic reaction results
in a slower release of heat from the catalytic particle into the surrounding space. Due to
sufficiently fast heat transfer to the surroundings, the deactivation of the active centres of the
catalyst due to local overheating is suppressed. This phenomenon is also related to the Kinetic
constants. The values of the kinetic constants Ais and Kdzs are higher in the case of a first period
temperature level 20 °C, which corresponds to higher activity. Thus, the dissociation
phenomenon is more significant at lower prepolymerization temperatures. The TEA/Ti ratio
has no effect on the MFR and XS values.

The 2" method of the 1% period was carried out by polymerization in stopped-flow
apparatus in 3-part cascade polymerization reactor. For this reason, a procedure was developed
for suitable reversible termination and isolation of the prepolymerized catalyst. The needle
activation zone was found to sufficiently mix the TEA, catalyst and monomer without the
accumulation of polymer powder in 3-part cascade polymerization reactor. Polymers prepared
with this activation zone had lower M, My and polydispersity B than polymers prepared with
four-sided activation zone.

The non-reversible terminating agent CO/propene was selected as the first termination
system. With this termination system, a productivity of 1.25 kgep/molti was achieved at the
most efficient termination. Using a CO2/propene reversible termination system, a productivity
of 233 kgee/molti with Mw = 249 kg/mol was achieved. The order of magnitude higher
productivity is due to slower termination by the CO>/propene mixture. Subsequent optimization
of the reaction conditions by increasing the concentration of the terminating agent resulted in
amore efficient termination with final productivity of polymerization 9.1 kg/mol,
Mw = 68 kg/mol and B = 4. These conditions were used for the preparation of the catalyst
prepolymerized in a 3-part cascade reactor in SF apparatus, which was subsequently used for
the 2" polymerization period. To confirm the suitability of the apparatus designed for
2"method of prepolymerization, the catalyst was exposed to the 3-part cascade reactor in
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the Stopped-Flow apparatus without activation with TEA, subsequently isolated and its activity
in bulk polymerization was compared with the reference polymerization. The activity of the
catalyst, which was exposed to the SF apparatus without TEA addition, was determined to
be 90 %.

Particle Size Distribution (PSD) of the original catalyst and the catalysts prepolymerized
by both methods were compared. The catalyst with the lowest degree of prepolymerization,
around 14.6 grp/geat, Was prepared by prepolymerization in a 3-part cascade polymerization
reactor in the SF apparatus. The degree of prepolymerization of catalyst prepared by the first
prepolymerization method in the batch reactor was ranged from 74 to 11 000 gpp/gcat and
depended on the polymerization temperature. Based on comparison of PSD curves of original
and prepolymerized catalysts, no fragmentation was observed.

The activity of the 2" polymerization period in the case of catalyst prepolymerized in the
3-part cascade reactor was lower than in the case of bulk prepolymerization, specifically
21.1 kgpp/(gearh) compared to =~ 60 kgee/(geat'h). This may be due to insufficient reactivation of
all active centers terminated by CO>. However, the kinetic profile of polymerizations with
a prepolymerized catalyst, which was reversibly terminated by CO,, was significantly
modified. After reaching the polymerization temperature, no immediate and significant
decrease in polymerization activity was observed. The resulting kinetic profile showed
a stationary behaviour with only a slightly decreasing trend. These observations are also
described by the values of the kinetic constants Kqis, Which characterise the non-stationary
behaviour of the polymerization system. The values of the Kgis Kinetic constants are
significantly lower than in the case of polymerizations with the catalyst prepolymerized upon
various temperatures employing the 1% method.

The optimum TEA/Ti ratio for reactivation of the reversibly terminated catalyst in the batch
reactor was found to be around 200 mol/mol. At a lower ratio, the kinetic profile and kinetic
constants are affected, the activity is lower and therefore full reactivation does not occur.
The TEA/Ti ratio does not affect values of MFR and XS.

The ageing effect on the catalyst prepolymerized in 3-part cascade reactor was also studied.
It was found that the activity of the catalyst decreased with time, especially within first 6 days
after catalyst prepolymerization. Catalyst ageing affects activity but has no effect on the values
of MFR and XS.
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ABSTRACT

Thesis is focused on the kinetic profiles of two-period polymerizations of propene with
diether based Ziegler-Natta MgCl» supported catalyst. The effect of two methods characterising
the 1% polymerization period, on the Kinetic profile of the main the 2" period carried out
at 70 °C for 90 min in a stainless steel batch reactor, was described. The Kkinetic profiles based
on the heat transfer data of the 2" periods were fitted and characterised by two models.

The 1% period was performed by two different methods with conditions similar to the
industrial process. The 1% method was performed as 10 min polymerization in a batch reactor
at seven temperature levels in the range 10-70 °C in 350 ml of liquid propene. In addition,
at the 20 and 40 °C temperature levels, the effect of the cocatalyst per titanium ratio was
also described. For the 2" method, a stopped-flow (SF) apparatus with a 3-part cascade reactor
was utilized. The polymer prepared by this method was reversibly terminated with carbon
dioxide and subsequently reactivated during the 2" polymerization period. For this method, the
thesis also describes the types of activation zones, the influence of termination reagents
concentration and the procedure for reversible termination of the catalyst.

The kinetic profiles of the 2" polymerization period were fitted by simplex optimization
procedure by suitable semi-empirical equations. These were derived from fundamental kinetic
approaches using the first and the second order of the catalyst active centers decay. The kinetic
constants of these models describe the behaviour of the system with the prepolymerized catalyst
during the 2" polymerization period. Based on the correlation between the 1% polymerization
period conditions and the kinetic constants, the differences and the suitability of the models for
further mathematical operations were discussed.

The synthesised prepolymerized catalysts and the resulting polymers were analysed and
characterised by structural analytical methods. The resulting properties such as molar mass,
polydispersity, melt flow rate, xylene solubles and particle size distribution were evaluated.
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