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ABSTRACT: The morphological and kinetic characteris-
tics of novel Ziegler–Natta catalysts were studied. Catalysts
were prepared by Borealis Polymers Oy using a new syn-
thesis technique (emulsion technology). Video microscopy
was used to study the growth of single catalyst particles
during polymerization in the gas and liquid phases. The
distribution of single particle activity was very narrow in the
catalyst without external support and was rather broad in
the the silica-supported catalyst. Video microscopy of mol-
ten polymer particles allowed observation of the process and
degree of fragmentation of the catalyst particles. A correla-
tion between the activation period during the initial stage of
polymerization and catalyst fragmentation was found. Frag-
mentation was faster and more uniform with the catalyst
without external support than with the silica-supported cat-

alyst. Scanning electron microscopy provided information
on morphology evolution and shape replication of the cata-
lyst particles. With the catalyst without external support,
good shape replication was observed, and compact and
spherical particles were formed. With the silica-supported
catalyst, shape replication was poor, and nonspherical po-
rous polymer particle were formed. Modeling of the kinetics
of propylene polymerization was done using a simple three-
step reaction scheme neglecting mass and heat transport
effects. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 98:
2191–2200, 2005
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INTRODUCTION

Results of polymerization studies of �-olefins using
supported catalysts on fragmentation of catalyst sup-
port, replication of particle morphology, and model-
ing of particle growth have been reported in several
articles, for example, those of Kakugo et al. and Chio-
vetta. Experimental studies and modeling were based
on characterization of the morphology of the catalyst
and the polymer particles applying microscopy tech-
niques such as SEM and TEM and X-ray techniques, as
well as BET measurement and mercury porosimetry.1

The morphology of the supported catalysts used in
olefin polymerization has a significant influence on
polymerization. McDaniel2 studied the activity of sup-
ported polymerization catalysts as a function of po-
rosity and changes in morphology. He showed that
catalysts possessing higher porosity showed higher
polymerization activity. This was not observed in the
Ziegler–Natta catalysts prepared using an emulsion
technology, which showed that high activity could

also be achieved without having a high degree of
porosity.3–6

It has been well documented in the literature that
growing polymer particles act as individual microre-
actors and can have their own mass and heat balances.
The morphology of polymer particles was found to be
a replicate of the catalyst particle morphology.7–8 In
general, good replication of catalyst particles takes
place with a uniform polymerization rate, which is the
result of homogeneous distribution of the active com-
plex among the catalyst particles as well as the ab-
sence of concentration and temperature gradients
within the reacting particles.9–13 If requirements for
shape replication are not fulfilled, growing polymer
particles can suffer from morphological deformations
and particle rupturing could result, causing a com-
plete loss of the original shape.14

In general, catalyst fragmentation depends mainly
on two factors: hydraulic pressure generated by the
formed polymer inside the catalyst pores and the ri-
gidity of the support material.15 The support must
have a mechanical strength great enough to withstand
handling and low enough to break down during po-
lymerization.16 Several published articles have ex-
plained the fragmentation of different catalyst sys-
tems. Chiovetta studied the fragmentation of catalysts
in detail.17–19 Ferrero and Chiovetta studied the effects
of catalyst morphology and fragmentation on the po-
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lymerization process.20,21 In studies that used com-
puter simulation to investigate heterogeneous
Ziegler–Natta propylene catalysts, it was found that
fragmentation occurred as a sequential formation of
concentric onion-skin type layers containing solid
fragments surrounded and linked by polymer mole-
cules. According to Chiovetta, the sequential forma-
tion of concentric layers takes place if the the pores in
the catalyst support are, on average, small in size.18

The fast reaction rate causes rapid accumulation of
polymer in the outermost portions of the macropar-
ticle and continues gradually toward the interior of
the pellet. Chiovetta also considered another model
for a catalyst support rich in mesopores. In this model,
the initial support/catalyst particles break first, ac-
cording to the distribution of their large pores, into a
certain number of fragments, which become smaller
until they reach a final catalyst fragment size (FCF).

For industrial gas-phase, slurry, or bulk polymer-
ization, it is very essential to support the active cata-
lytic components on a support (drop-in technology) in
order to achieve a product with a defined morphol-
ogy.22 The type of catalyst support affects the overall
activity and activity profile of heterogeneous catalysts
and determines the type of catalyst fragmentation.23–25

MgCl2, as a support for polymerization catalysts, frag-
ments much more extensively at low polymer yields
than does as an SiO2 support. MgCl2 as a support is
believed to consist of agglomerations of small crystal-
line subparticles that are more loosely aggregated than
they would with SiO2.16

The current study found a correlation between cat-
alyst morphology and type of support with reaction
kinetics, which is detailed in this article. In addition,
the particle growth process for a Ziegler–Natta cata-
lyst without an external support and for a silica-sup-
ported Ziegler–Natta catalyst, especially in the initial
stages of polymerization, is presented, along with a
comparision of the morphology and fragmentation
behavior of the original catalyst particles with those of
the polymer produced. Also, the distribution of the
activity of single catalyst particles in both systems
along with the overall catalyst activity profile is
shown.

EXPERIMENTAL

Polymerization setup

Propylene polymerization both in the gas phase and in
slurry was carried out in a special minireactor (reactor
volume 100 mL) constructed by Premex AG, Switzer-
land. The temperature is controlled with a jacket ther-
mostat and the gas pressure with a gas controller
connected to the gas cylinder. The polymerization
setup as well as an analysis of the microscopic pictures
were reported previously.23–24

Catalyst system

The catalysts studied were prepared with a novel
catalyst preparation technique developed by Borealis
Polymers Oy. The new synthesis route is based on an
emulsion system. The first stage consists of in situ
formation of a liquid/liquid two-phase system in
which one phase is a solution of the catalyst compo-
nents or its precursor (TiCl4, magnesium alkoxide,
internal donor) in an inert solvent. The second stage is
the emulsification, which is performed using a special
kind of surfactant for stabilizing the catalyst droplets.
At this stage particle size and the size distribution of
the final catalyst already have been determined by the
mixing conditions. The final stage of the route is so-
lidification of the catalyst droplets. This is performed
simply by changing the reaction conditions of the
emulsion system. Subsequently, catalyst particles are
isolated and dried. The catalyst particles so obtained
are characterized by an extremely small surface area
(under the detection limit of BET), particles of per-
fectly spherical shape, and a narrow distribution of
particle size.3–6 The catalyst produced is referred to in
this article as nonsupported catalyst because it did not
contain an external support. Also prepared was an-
other catalyst that was supported on silica and was
based on the same catalyst chemistry. The silica used
for catalyst support came from Grace Davison (55SJ,
SYLOPOL). Triethyl aluminum (TEA) was used as the
cocatalyst. The internal donor was di-(2-ethyl-hexyl)
phthalate, and the external donor was dicyclo pentyl
dimethoxy silane (d-donor). In all the polymerization
experiments performed, the molar ratios of Al : Ti and
Al : Si were kept constant at 250 and 10, respectively.
The specifications of the different catalyst systems are
shown in Table I.

Materials

All sample preparations for microscopic analysis were
conducted in a glove box under an N2 atmosphere
with an O2/H2O content of less than 1 ppm. Propylene
gas with a purity of 3.5 (�99.95 vol %) with propane as
the major impurity was purchased from Messer–
Griesheim (Germany) and was used without further
purification. Pentane and heptane were purified by
drying over sodium and distillated under nitrogen.

TABLE I
Specifications of Different Catalysts Used for Propylene

Polymerization

Catalyst Cat E Cat B

Ti (wt %) 3.0 2.7
Mg (wt %) 10.2 6.0
External support — silica
Average particle size 23 �m 57 �m
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TEA of 96% purity was purchased from Merck (Ger-
many).

Catalyst activation and polymerization procedure

Around 5 mg of catalyst was weighed and introduced
into a septa bottle containing a solution of TEA/ext.
donor/pentane previously complexed for 5 min. The
suspension was gently shaken for 4 min, and then
solids were allowed to settle out for an additional
minute. Then the activation solution was removed,
and activated catalyst particles were dried. As a result,
a fine, darkly colored powder of the activated catalyst
was obtained. Meanwhile, a scavenger solution was
prepared consisting of TEA/ext.donor/heptane.

A small amount of the activated catalyst particles
(�1 mg) was spread on the table for video microscopic
measurements. Some drops of the scavenger solution
were introduced above the particles. The rest of the
catalyst particles were placed on the bottom of the
reactor for overall activity measurements. and the rest
of the scavenger solution was added. The reactor was
then closed, taken out of the glove box, and connected
to the gas line. The time needed for the reactor to reach
reaction temperature was around 4 min, during which
a prepolymerization step occurred. Experiments were
performed at a total propylene pressure of 5 bar and a
reaction temperature of 25°C–80°C. No hydrogen or
comonomer was used, and the reacting particles were
not mixed during the polymerization reaction.

Slurry polymerizations also were performed in the
minireactor equipped with a magnetic stirrer. Hep-
tane was used as a solvent, and the polymerization
reactions were performed at a propylene pressure of 5
bar and a reaction temperature of 45°C in the absence
of hydrogen and comonomer.

Analytical methods

Video microscopy (VM)

During the course of polymerization, pictures of
growing catalyst particles were gathered and evalu-
ated using picture analysis software.23,24 Relative vol-
ume growth factors (volumes of the polymer particles
divided by the original volumes) of individual catalyst
particles were determined in order to study the activ-
ity distribution and growth behavior of single catalyst
particles. More than 100 particles were analyzed for
particle growth measurements,.

Video microscopy of polymer melt was employed to
study the fragmentation of the support/catalyst par-
ticles. The polypropylene samples were first placed on
the microscope stage and fixed in a metal ring. They
were then heated to 170°C (above the melting point).
The temperature was held constant for some minutes,

during which melting and crystallization of polymer
was monitored.

Scanning electron microscopy (SEM)

Video microscopy in connection with scanning elec-
tron microscopy (SEM) allowed deeper insight into
the detailed microstructure of the polymer particles,
where important structural and morphological infor-
mation could be gained. Catalyst particles as well as
polymer particles produced at different polymeriza-
tion times were studied. Samples were mounted on
aluminum stubs via double-sided conductive carbon
tape and sputter-coated with gold to make them con-
ductive. Special care was taken during the sample
preparation to study catalyst particles because of re-
actions of the catalyst with air, causing shape defor-
mation and production of cracked particles covered
with a layer of foam. Pictures were taken with a Hi-
tachi S-2700 at various magnification levels.

Microanalysis (EDX)

EDX microanalysis was performed at different points
on catalyst particles as well as on low-yield polymer
particles. The abundance of titanium was investigated
in order to check the distribution of titanium.

RESULTS AND DISCUSSION

Activity of single catalyst particles

An important advantage of video microscopy is its
ability to quantitatively measure particle growth. It
can describe the growth and startup behavior of indi-
vidual catalyst particles. Figure 1 shows an example of
the relative volume growth of a few randomly selected
catalyst particles of different initial sizes produced
during the gas-phase propylene polymerization with

Figure 1 Growth in volume (relative to initial volume) of
four randomly selected catalyst particles. The shaded area
represents the growth characteristic of 100 particles. Poly-
merization was performed using the nonsupported Ziegler–
Natta catalyst (Cat E) in gas phase at a propylene pressure of
5 bar and a temperature of 45°C.
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the nonsupported Ziegler–Natta catalyst (Cat E). The
shaded area represents the growth characteristics of
100 catalyst particles and shows a similar and steady
growth of the particles starting from time zero and
continuing through the entire reaction period (30
min).

In contrast, catalyst particles of silica-supported
Ziegler–Natta catalyst (Cat B) exhibited a very differ-
ent growth behavior. Most catalyst particles started to
grow immediately after monomer exposure, some
particles started growing after a certain period of in-
hibition, and a very small fraction of catalyst particles
did not show growth at all. It is important to mention
that the observed induction period for some catalyst
particles lasted a few minutes but not longer, as has
been observed for some polymerization catalysts sup-
ported on silica.25–26 Figure 2 shows an example of the
growth of a few catalyst particles that were selected to
show the broad distribution of activities of single cat-
alyst particles. The shaded area represents the growth
characteristics of 100 catalyst particles. Possible rea-
sons for the differences in growth behavior include the
heterogeneity of the porosity or rigidity of the support
concerning or heterogeneous distribution of the active
complex among different catalyst particles. Some cat-
alyst systems reported in the literature had single
particle activity that was found to depend on particle
size (larger particles were shown to be more active).26

This was not found for the catalyst system used in the
present study, which showed no trend in particle ac-
tivity and particle size. The difference in findings
could possibly be explained by differences in the
chemistry of the catalyst, in the support properties
(porosity, rigidity, etc.), in the catalyst supporting
method, and in the reaction conditions.

A small degree of scattering in growth of single
catalyst particles was observed, mainly because of
error in picture evaluation, which was magnified
upon conversion of the apparent area to volume and
was therefore not a real effect.

Distribution of catalyst elements

Homogeneous distribution of the active complex in
the catalyst particles is a condition for good shape
replication. Titanium, the element involved in active
site formation, was investigated using EDX microanal-
ysis (point analysis). Analysis was executed on differ-
ent spots of the same catalyst particle and among
different catalyst particles for both the nonsupported
and silica-supported catalysts. The results showed
similar concentrations of titanium, indicating a rather
homogeneous distribution of the active complex. The
observed broad distribution of activity of single cata-
lyst particles in the silica-supported Ziegler–Natta is
more likely to be a result of the different properties of
the support than to problems of active complex distri-
bution among the different catalyst particles.

Because of microscopic limitations, determining ti-
tanium concentrations in the polymer particles that
had a high polymer/catalyst ratio was not feasible.

Overall activity and activity profile

Simple averaging of the activity of single catalyst par-
ticles can be used to study the activity and activity
profile of a catalyst system. The mass of polymer
particles was calculated on the basis of normalized
volumes of polymer particles at different polymeriza-
tion times and then converted to single particle activ-
ities. The density of polypropylene particles produced
with the nonsupported Ziegler–Natta catalyst was
considered the density of polypropylene because of
the compactness of the polymer particles and was
assumed to be constant during polymerization. In con-
trast, the porosity of the polymer particles produced
with the silica-supported Ziegler–Natta catalyst was
considered in the determination of the density of the
polymer particles and also was assumed to be con-
stant during polymerization.

Activities of single particles were averaged and
plotted versus time. With the nonsupported Ziegler–
Natta catalyst, a fast initial increase in activity (5 min
until maximum activity) followed by decay was ob-
served [Fig. 3(a)]. A reason for the fast initial increase
could be the rapid catalyst fragmentation. In contrast,
the slower fragmentation of the silica-supported
Ziegler–Natta catalyst could explain the longer activa-
tion period (10 min until maximum activity). Notice
that both catalyst systems (Cat E and Cat B) had
comparable overall activity. It is worth mentioning
that with the nonsupported Ziegler–Natta catalyst,
averaging the activities of a small number of catalyst
particles was sufficient to study average particle activ-
ity. This was because of the narrow activity distribu-
tion of single catalyst particles. With the silica-sup-
ported Ziegler–Natta catalyst, it was necessary to av-
erage the activities of a large number of particles for a

Figure 2 Relative volume growth (relative to initial vol-
ume) of four catalyst particles. The shaded area represents
the growth characteristic of 100 particles studied. Polymer-
ization was performed using the silica-supported Ziegler–
Natta catalyst (Cat B) in the gas phase at a propylene pres-
sure of 5 bar and a temperature of 45°C.
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good determination of catalyst activity because of the
broad activity distribution of single particles of this
catalyst.

The average particle activity profile determined us-
ing video microscopy for the nonsupported Ziegler–
Natta catalyst was similar to the overall activity profile
measured using a flow meter, excluding the initial
stage (Fig. 4). An additional advantage of video mi-
croscopy is the ability to study the startup of polymer-
ization (the very first minutes), which is usually not
accurately measured using a flow meter.

Catalyst particle morphology

The nonsupported Ziegler–Natta catalyst (Cat E) con-
sisted of spherical particles with smooth surfaces. In
contrast, the particles of the silica-supported Ziegler–
Natta catalyst (Cat B) were nonspherical and had
rough and cracked surfaces (Fig. 5).

Particle morphology evolution

SEM pictures taken of polymer particles at different
polymerization times (0, 0.5, 10, and 60 min) offered
information on the evolution of the morphology of the
polymer particles. Most informative were pictures
taken of polymer particles polymerized for a short
time because initial morphological changes have a
major effect on the morphology and microstructure of
a mature polymer particle.

In the initial stage of polymerization using the non-
supported Ziegler–Natta catalyst, catalyst particles
showed a clear change in morphology. Polymer glob-
ules started to form on the catalyst surface (Fig. 6). In
the initial stage and under severe reaction conditions
(high temperature and/or pressure, slurry or gas
phase), the catalyst particle already showed an open
structure at the beginning of polymerization (Fig. 7).

During the initial stage of polymerization with the
silica-supported Ziegler–Natta catalyst, undefined
cracking took place for all the polymer particles stud-

Figure 3 Activity profile determined by video microscopy
of (a) nonsupported Ziegler–Natta catalyst (Cat E) and (b)
silica-supported Ziegler–Natta catalyst (Cat B). Polymeriza-
tion was performed in the gas phase at a propylene pressure
of 5 bar and a temperature of 45°C.

Figure 4 Activity profile measured by (a) flow meter and
(b) video microscopy for the gas-phase propylene polymer-
ization with the nonsupported Ziegler–Natta catalyst (Cat
E). Polymerization was performed under similar reaction
conditions.

Figure 5 SEM images of catalyst particles of the (a) non-
supported (Cat E) and (b) silica-supported (Cat B) Ziegler–
Natta catalysts (not activated).

Figure 6 Initial microstructural changes of the nonsup-
ported Ziegler–Natta catalyst (Cat E): (a) catalyst particle
after 20 s of polymerization, (b) polymer globules 500 nm–1
�m in size formed at the catalyst surface.
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ied. First, monomer reached the most accessible active
sites, and polymer started to form at the pore throats.
This led to hydraulic tension on the pore walls, caus-
ing the fracturing of the original support particle. The
first formed fractures propagated inside the whole
support matrix. Because of heterogeneity of the rigid-
ity or porosity of a particle, fragmentation might occur
with different intensities in different parts of the par-
ticle, leading to the production of catalyst fragments of
very different sizes. SEM images of polypropylene
particles produced with SiO2 supported catalysts in
the literature were similar to those produced with the
studied silica-supported Ziegler–Natta catalyst.25

Polymer particle morphology

Nonsupported ziegler–natta catalyst

Studies performed on polypropylene particles pro-
duced with the nonsupported Ziegler–Natta catalyst
exhibited either a spherical or a broken spherical
structure (Fig. 8).

The different morphologies could be found with
varying frequencies based on the reaction conditions
and polymerization technique. Under mild reaction
conditions (low temperature and pressure), the non-
supported Ziegler–Natta catalyst (Cat E) produced a
perfect replication of the shape of the spherical cata-
lyst particles [Fig. 8(a)]. Under more severe reaction
conditions (high temperature and/or high pressure),
no replication of catalyst morphology took place, and
only particles of broken structures were produced
[Fig. 8(b,c)]. The nonreplicated shapes were already
observed at the very beginning of polymerization,
possibly a result of the thermal runaway of growing

particles during the initial stage of polymerization,
when reacting particles were most sensitive to over-
heating. A prepolymerization step (low temperature
and/or pressure in the initial stage) increased the
chance of having good shape replication. Prepolymer-
ization can increase the surface area of the reacting
particle without the risk of overheating, which allows
controlled fragmentation of the catalyst support.27

Silica-supported Ziegler–Natta catalyst

Replication of the catalyst morphology was observed
for polymer particles produced by the silica-sup-
ported Ziegler–Natta catalyst (Cat B). The morphol-
ogy of the polymer particles was characterized by
nonspherical shapes (Fig. 9). The morphology of the
polymer particles produced by the silica-supported
Ziegler–Natta catalyst (Cat B) was minimally affected
by changing reaction conditions. This may be because
of the significant porosity of the original catalyst par-

Figure 7 A catalyst particle shortly after polymerization
(20 s) showing an open structure [polymerization with the
nonsupported Ziegler–Natta catalyst (Cat E) performed at a
propylene pressure of 5 bar and a temperature of 80°C].

Figure 8 SEM images of polypropylene particles produced
by the nonsupported Ziegler–Natta catalyst (Cat E).

Figure 9 Figure 9 SEM images of polypropylene particles
produced by the silica-supported Ziegler–Natta catalyst (Cat
B). Polymerization was performed for 1 h in the gas phase at
a propylene pressure of 5 bar and a temperature of 45°C.
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ticles and the slower catalyst fragmentation during
polymerization, making the particles more flexible
and less likely to rupture.

Catalyst particle fragmentation process

The type of fragmentation that occurred in both cata-
lyst systems (Cat E and Cat B) was investigated. It was
noted that analyzing polymer particles produced at
different polymerization times could provide informa-
tion about the support breakup rate and degree of
fragmentation during polymerization. Figure 10
shows an example of how catalyst fragments were
distributed in molten polypropylene particles pro-
duced with the nonsupported Ziegler–Natta catalyst.
To best observe fragmentation, this polymerization
was performed in the absence of scavenger solution
(to keep activity as low as possible). Catalyst frag-
ments of the nonsupported Ziegler–Natta catalyst
could no longer be observed at the same magnification
with polymer particles polymerized for longer times
or at a higher activity level. Analysis showed that
fragmentation of the catalyst particles was already fast

and uniform from the beginning of polymerization
and in the whole catalyst matrix (not only from the
outside, as had been assumed for some catalyst sys-
tems). Fragmentation continued until the catalyst frag-
ments became smallest in size as subunits or subpar-
ticles, which remained dispersed and entrapped in the
growing polymer mass and acted as a nucleus for
further polymer growth. This kind of substantial frag-
mentation is well documented in the literature, for
example in the studies by Buls et al.28 and, later, by
Ferrero et al.,29 Niegisch et al.,30 and Kakugo et al.31,32

Another advantage of molten polymer analysis is
the ability to study the activity distribution of single
catalyst particles. This can be demonstrated simply by
comparing the degree of support disintegration in
different molten polymer particles. With the nonsup-
ported Ziegler–Natta catalyst [Figure 10(a)], polymer
particles are characterized by a similar degree of cat-
alyst disintegration, that is, similar activity indepen-
dent of their size. Catalyst fragments were uniformly
distributed in the polymer phase. A large number of
molten polymer particles were analyzed and fragment
sizes were compared to the initial catalyst particle size.
Particle size distribution of catalyst fragments in a
short polymerization time with the nonsupported cat-
alyst showed a narrow distribution of fragment sizes
[Fig. 10(b)].

Polypropylene particles produced with the silica-
supported Ziegler–Natta catalyst also were analyzed.
Polymer particles polymerized at a high level of activ-
ity (1 h, 5 bar, and 45°C) and then melted showed a
different support disintegration behavior [Fig. 11(a)].
Catalyst fragments of different sizes and shapes were
found to be distributed inside the polymer particles.
This is another indication of the broad activity distri-
bution of single catalyst particles observed for the
silica-supported Ziegler–Natta catalyst. Fragmenta-
tion of the catalyst was not completed even at a very
high polymer yields. On average, around 20% of each
catalyst particle remained unfragmented after 1 h of
polymerization under these reaction conditions. Sizes
of the catalyst fragments also were analyzed and com-
pared to the initial catalyst particle size. The fragment
size distribution was found to be rather broad [Fig.
11(b)].

Because of the better detectable fragmentation of the
silica-supported catalyst, an intensive study using this
catalyst was performed in order to investigate a cor-
relation between catalyst fragmentation and activation
period. Surface area, number, and perimeter of the
original catalyst particles and fragments (resulting
from the same number of catalyst particles) at differ-
ent polymerization times were investigated. After a
short polymerization time, fragmentation started in
the whole catalyst matrix [Fig. 12(a)]. Over the course
of polymerization the fragments increased in number
and their particle size distribution became broader

Figure 10 (A) Light microscope image of molten polypro-
pylene particles showing catalyst fragments inside the melt.
Polymer particles produced by gas-phase polymerization
with the nonsupported Ziegler–Natta catalyst (Cat E) at
low-level activity after 10 min of polymerization at a pro-
pylene pressure of 5 bar and a temperature of 45°C. (B) Size
distribution of the original catalyst particles and catalyst
fragments after a 10-min polymerization.
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[Fig. 12(b)]. The original catalyst particles were con-
sidered one-fragment particles at time zero, and after-
ward a continuous increase in fragment number and
fragment surface area over the polymerization period
studied was observed. The rate of increase of the
surface area was found to correspond to the rate of
polymerization (Fig. 13). Both showed similar profiles:
an initial increase reaching a maximum and then fall-
ing during the time studied. The activation period
therefore seemed to a great extent to be a physical
process.

Modeling of average particle activity of
polymerization

The kinetics of catalyst particle activity resulting from
video microscopic studies can be modeled by using a
simple reaction scheme and neglecting mass and heat
transport effects. A simple chemical model was ap-
plied without considering physical processes, even
though it was shown that catalyst activation was
mainly a result of support fragmentation. The model
presented is based on that of Bartke33 and is valid for

gas-phase polymerization of propylene with the non-
supported and silica-supported Ziegler–Natta cata-
lysts (Cat E and Cat B). Average particle activity de-
termined using video microscopy at 45°C and 5 bar in
the absence of hydrogen or comonomer was simu-

Figure 11 (a) Light microscope image of molten polypro-
pylene particles showing catalyst fragments inside the melt.
Polymer particles were produced by gas phase polymeriza-
tion with the silica-supported Ziegler–Natta catalyst (Cat B)
after 1 h at a propylene pressure of 5 bar and a temperature
of 45°C. (B) Size distribution of the original catalyst particles
and catalyst fragments.

Figure 12 (a) Light microscope image of a polymer particle
polymerized for a short time (30 s) and then melted. (B)
Frequency of support fragments determined starting from
the same number of catalyst particles at three polymeriza-
tion times (0, 15, and 60 min). Polymerization was per-
formed with the silica-supported Ziegler–Natta (Cat B) at a
propylene pressure of 5 bar and a temperature of 45°C.

Figure 13 Activity profile of the silica-supported Ziegler–
Natta catalyst (Cat B) along with the rate of increase of the
surface area of the catalyst fragments. Polymerization was
performed at a propylene pressure of 5 bar and a tempera-
ture of 45°C.
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lated. The model considered one type of active site,
monomer participation in active site formation, and a
first-order deactivation reaction:

1. Formation of active sites: Ti � MO¡
ki

P*1

2. Chain propagation: P*n � MO¡
kp

P*n�1

3. Deactivation of active sites: P*nO¡
kd

Dn � Tiinactive

The analytical solution of the mass balances was:

A�t� � 36
MMkikpCM

2 XTi

�kd � kicM�MTi
[exp� � kicMt� � exp� � kdt�]

� gpp

gcat
� h�

Figure 14 shows the activity, measured by video
microscopy, along with the simulated activities of Cat
E and Cat B versus reaction time. Fitting was per-
formed by keeping kp constant and only varying ki and
kd. The determined rate constants are shown in (Table
II).

CONCLUSIONS

This study has shown that a nonporous catalyst may
have a high level of activity. Until now, it was believed

that a highly porous catalyst was needed in order to
achieve high activity.

The synthesis of a catalyst system with a narrow
activity distribution of catalyst particles requires a
support with the characteristics of homogeneous frag-
mentation and uniform distribution of the active cat-
alyst complex.

Mass transport effects seemed to play a minor role
during polymerization with the novel catalyst system
because the activity of catalyst particles was observed
to be independent of their size under the reaction
conditions studied.

We thank Dr. Peter Denifl of Borealis Polymers Oy for
supplying the catalysts.
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