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I. Introduction

The production of polyolefins such as polyethylene
(PE) or polypropylene (PP) and their copolymers
increases continuously due to their outstanding
product properties and their environmental compat-
ibility. They are commonly applied as packing mate-
rial, foils, fibers, as well as components for the
automotive and electrical industry. In 1996 the
worldwide production of PE and PP counted 40
million and 20 million tons, respectively. On the basis
of the global demand,1 the growth rate of PP produc-
tion is predicted to rise up to 7% per year until 2002/
2003.

Polyolefins are commercially produced either by
employing the classical heterogeneous Ziegler cata-
lysts on MgCl2 support or by using chromium cata-
lysts on SiO2 or Al2O3 supports, which are better
known as Phillips catalysts. With the introduction
of Achieve, a metallocene-catalyzed polypropylene
(mPP), in 1995 Exxon Chemical has taken the
first step toward a new catalyst generation.2 Only
two years later Targor GmbH was the first company
in Europe to make metallocene polypropylene com-
mericially available.3 The success of metallocene
mainly depends on the fact that the modern PP
technologies and plants of gas-phase and slurry
reactors can by used for heterogeneous metallocene
catalysts (so-called drop-in catalysts).4,5 This will
certainly speed up the replacement of the PP pro-

duced by Zieglercatalysts. According to the neutral
estimations, in 10 years 20% of the standard PP will
be synthesized applying supporting metallocene cata-
lysts.

The major objective of the heterogenization process
was, on the one hand, to preserve the advantages of
homogeneous metallocenes, such as the high versa-
tility and flexibility of the corresponding synthesis,
the ability to control polymer microstructure, and
their high activity. On the other hand, it was in-
tended to combine these feature with the properties
of supported catalyst technologies (good morphology,
little reactor fouling, high powder density).

Amorphous and porous SiO2 at present constitute
the best support for metallocenes and MAO as
cocatalyst because they possess a high surface area
and porosity, have good mechanical properties, and
are stable and inert under reaction and processing
conditions.6-8 As a result of immobilization, the
metallocene/MAO molar ratio can be decreased by
approximately 2 orders of magnitude as compared to
homogeneous systems.9,10 In certain cases, 40 equiv
is already sufficient to obtain reasonable polymer
activities. Nevertheless, less common supporting
materials were analyzed along with the classical
MgCl2 and Al2O3 materials.11 Examples are zeo-
lites12-14 and polymeric aluminoxanes.15 Attempts
were also carried out to imitate the surface of silica
by using cyclodextrine16 and polysiloxane deriva-
tives.17 Most recent experiments employ cross-linked
polystyrene as supporting material for metallocene
catalysts.18,19 A new method for the preparation of
heterogeneous catalysts is the approach of self-
immobilizing metallocene catalysts. The metallocenes
containing alkenyl substituents are incorporated as
comonomers into the formed polyolefin chain.20-22

Many of these supports yielded agreeable polymer
morphologies but lacked activities similar to the ones
of the SiO2 support.

Heterogenization has increased the complexity of
metallocene-catalyzed systems, as it has added the
influence of the support and the supporting method
(Figure 1). This review will summarize how and by
which parameters polymerization kinetics, polymer
growth, polymer morphology, and particle fragmen-
tation are influenced. This article focuses on the
research performed in our group, since we believe
that we have contributed to a great extent to the
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understanding of the polymerization behavior of
SiO2-supported metallocene catalysts. The conditions
chosen for the slurry polymerization of propene (low
temperature, low catalyst concentration, low mono-
mer concentration) facilitated a time-resolved repre-
sentation of the polymerization and its various
stages. It is only after detailed electron-microscopic
and kinetic studies that the polymerization process
could be interpreted and led to the development of a
model for propene polymerization. Most references
have been taken from the literature from 1991
onward.
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II. Silica Gel as Supporting Material

A. Physical and Chemical Properties

The right choice of supporting material as well as
the choice of suitable properties (pore size, specific
surface, chemical surface composition) are important
factors influencing the immobilization of the metal-
locene catalyst and the fragmentation of the support
during polymerization. Commercially applied porous
silica gels are prepared by neutralization of aqueous
alkali metal silicate with acid. The pore structure and
pore size distribution can be controlled by the type
of chemical reaction and experimental conditions.23,24

The pore size distribution is very narrow: it ranges
from 1 to 20 nm.25 The pores can therefore be
classified as micro- and mesopores.26 These pores are
substantially responsible for the high specific surface
which ranges from 250 to 1000 m2/g, depending on
whether micro- or mesopores prevail. The chemical
properties of amorphous silica are mostly governed
by the chemistry of its surface, especially by the
presence of silanol groups. A change in structure due
to thermal or subsequent chemical treatment can
strongly alter the properties. Therefore, it is possible
to broaden the field of application for metallocene-
supporting materials. The composition of silanol
groups on the inner and outer surface of the silica
gels was analyzed by paramagnetic samples,27,28

infrared spectroscopy,29,30 and titration.27,6 Figure 2
shows the thermally induced change of a silica gel
surface from silanol to siloxane.

The surface of pure silica gel is covered with silanol
groups, at a maximum concentration of 8 Broensted
acid OH groups per nm2.31 They are mostly found as
geminal or isolated pairs and are neither very acidic
nor very basic (pKa ≈ 6). The hydroxylated surface
is hydrophilic and easily adsorbs moisture from the
air. This physically adsorbed water can be desorbed
by raising the temperature to 100-200 °C. In the
course of this heating a partial dehydroxylation of

the silica gel takes place, reducing the number of OH
groups per nm2 to approximately 5.5 (approximately
5 wt % silanol groups attached to 300 m2/g silica).
One-half of these OH groups are geminal pairs; the
other half are vicinal ones. The number of hydroxyl
groups decreases continuously as the temperature is
raised, until at a temperature of 600-800 °C an
almost completely dehydroxylated silica with ap-
proximately 1 OH group per nm2 is left. From this

Figure 1. Parameters which influence polymerization kinetics, polymer structure, polymer morphology, and the
fragmentation process of a silica-supported metallocene/MAO catalyst during olefin polymerization.

Figure 2. Schematic representation of the dehydration
of a silica gel surface.
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silanol concentration onward the surface is hydro-
phobic.

B. Particle Form, Surface and Bulk Structure

Porous silica gels used as supporting material for
metallocene catalysts are applied in two particle
modifications with different diameters: they are
either irregularly formed granulates or spherical
particles.

The edged granulates result from grinding the
filter cake which is obtained during the drying
process of the silica gel production. It is possible to
extract the desired particle size using conventional
methods such as air separation or sieving processes
(Figure 3a). However, to obtain higher powder densi-

ties of these materials they are predominantly em-
ployed as spherical particles (Figure 3b). The gran-
ules are obtained by applying a spray-drying method
or by emulsification of a silica sol in an immiscible
nonpolar liquid.

In the course of the first method, the ground
granulate particles of desired particle sizes ranging
from 10 to 100 µm are redispersed in a mineral acid
and are subsequently dried using a spray-drying
procedure.32 For spray drying the wet stock is sprayed
through a nozzle into a countercurrent of dry gas.
This procedure yields a fine powder in a very short
time. Particles can be prepared in the desired sizes
of 10-100 µm.33,34 The second method of pelletizing
starts with the emulsification of a silica sol in an

Figure 4. SEM micrographs of the bulk structure of the
(a) granular and (b) spray-dried silica gel. The water glass
serves as cement for the granulate fragments to form a
spherical particle during the spray-drying process.

Figure 3. Morphological SEM micrographs of the (a)
granular and (b) spray-dried silica gel.
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immiscible nonpolar liquid by stirring, dropping, etc.,
and converting the droplets being formed in this way
into gelled beads of silica hydrogel. The particle size
is controlled by the drop size and the viscosity of the
sol.

Figure 4 shows the bulk structures of differently
shaped silica gels. Considering the compact uniform
volume structure, the granulated material clearly
differs from the spherical silica. The spray-dried silica
gels have a distinctive secondary bulk structure
which derives from the cementation of larger granu-
late fragments. The size and shape of the resulting
cavity structure depends on the size and size distri-
bution of the employed granulates. Singular granu-
late fragments can be identified as dark areas in the
cross section; they are surrounded by a thin white
layer of water glass (alkali metal silicates) (Figure
4b).

The macroscopically different bulk structures of
granulate and spray-dried silica gels are composed
of small, almost spherically shaped particles, which
can be seen in an enlarged transmission electron
microscopic (TEM) micrograph (Figure 5). The latter

particles have a mean size of approximately 10 nm
and form their own pore system, which is recogniz-
able as lighter areas in Figure 5. These primary
particles comprise the smallest unit of the silica gels.
In his book The Colloid Chemistry of Silica and
Silicates (1955) Iler35 proposed a minimum primary
particle size of 1 nm. This was later confirmed by
Barby,36 who performed TEM analysis. The primary
particles were found to be condensed polysilic acids,
which are obtained by reacting water glass and
mineral acids. Their size and density are controlled
by the unstable transition state of the sol. The high
specific surface and the porosity of the particles is
caused by the agglomeration of certain primary
particles which build up micro- and mesopores. The
micropores contribute the main share of the specific
surface. Silica gels with a mean average particle size
of 2.5 nm, for example, have a specific surface of 1000
m2/g.37

Regarding the surface of a silica gel at a magnifica-
tion of 40000:1 (Figure 6), one can see that the 10-

nm-sized primary particles form 80-120 nm-sized
silica clusters.

Niegisch38 has made similar observations for a
Davison 952 silica gel used in a Phillips catalysis.
He found the smallest units of 10-50 nm, which
again form clusters of 200-500 nm.

III. Supporting Methods and Procedures
The objective of supporting a catalyst is to im-

mobilize and template it in order to get a good
polymer morphology in a low-temperature heteroge-
neous process (i.e., slurry or gas phase), which is
usually associated with a loss of activity relative to
the homogeneous case. Partial lack of the catalyst
components metallocene/MAO on the porous sup-
porting material causes an incomplete fragmentation
of the silica gel, which leads to larger amounts of
unfragmented silica within the polymer. The result-
ing polymer is of inferior quality and cannot be used
for further processing to, e.g., foils. It is therefore
important to choose the right combination of sup-
porting procedure and silica supporting material.

Ribeiro et al. recently described different prepara-
tion procedures for MAO-activated metallocene cata-
lysts.39 According to this comprehensive review, the
methods can be divided into three main methods:
The first and at the same time oldest method
comprises the direct immobilization of the metal-
locene on a pretreated SiO2 support.11,40,41 This
method yields only low activities since the metal-
locenes are decomposed by reaction with the surface
OH groups.6,42 Variations of this method describe the
in situ synthesis of metallocene on a support43,44 and
the reaction of metallocene complexes having func-
tional anchors with the support surface, which leads
to covalently bonded catalysts on the support.45,46

Although this procedure has the advantage that the
metallocene does not bleed during polymerization and
reactor fouling is prevented,47,48 it is not yet of
commercial consequence.

The second method is the reaction of the cocatalyst
MAO with the hydroxyl surface of the silica gel,
followed by washing, drying, and impregnation with
an appropriate zirconocene complex.7,41,49 Presum-

Figure 5. HRTEM micrograph of a microtomed thin
section of a spray-dried silica gel. The channels between
the 10 nm spherical formed primary particles are void
pores.

Figure 6. Surface microstructure of the spray-dried silica
gel. The primary particles are loosely cemented into larger
aggregates which, in turn, are packed into even larger
clusters of 80-120 nm diameters.
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ably, the absorbed MAO transforms the zirconocene
to a “cation like” species. The activity of this material
is often inadequate, but it can by augmented with
an activator such as AlR3 or MAO, which scavenges
impurities, alkylates zirconocene complexes, sepa-
rates ion pairs, etc. The third and best method to
produce highly active polymerization catalysts con-
sists of a one-step immobilization of a preactivated
MAO/metallocene complex on a porous SiO2 support.
The activities and the polymer growth can be influ-
enced by choosing distinct concentrations and the
viscosity of the organic solvent.50

The three supporting methods are related to the
chemistry of the catalytic compounds. There is one
additional parameter which has an enormous influ-
ence on the activity and the impregnation of the
catalytically active compounds on the support: reac-
tion engineering. In the following section two differ-
ent supporting procedures are described, the prima-
rily applied suspension impregnation (SiO2/solved
metallocene/MAO compounds) and the gas-phase
impregnation (fluidized bed reactor) procedure, which
is applied to a smaller extent.

A. Suspension Impregnation
The distribution degree of the catalytic components

on the support is determined by X-ray analysis of
bulk cross sections. Our energy-dispersive X-ray
(EDX) line scan analysis of a cross section of a
suspension-supported particle depicted in Figure 7

shows a homogeneous distribution of the cocatalyst
MAO. This holds for most of the catalyst particles,
although EDX investigations of some suspension-
supported particles show that 10-15% have an

irregular distribution of MAO. The weight percentage
of Al on the support usually is 5-10%41,51 and,
therefore, is analytically easily accessible. With a
weight percentage of about 0.1-0.3%, the metal-
locene concentration, however, is distinctly lower
than the detection limit and, therefore, cannot be
directly determined. It is assumed that both the
metallocene component and the MAO are homoge-
neously immobilized on the support.

Figure 8 shows a combination of a HRTEM micro-
graph and an EDX point analysis and confirms the
homogeneous distribution of MAO in the microstruc-
tural region of the support. During the supporting
procedure, the metallocene/MAO solution completely
penetrates into the micro- and mesopores of the silica
gel, without formation of a concentration gradient.
BET measurements were carried out to investigate
changes in the pore size distribution of the supported
silica gels. These measurements revealed that while
reacting with the silica gel the MAO component does
not simply cover the outer surface of the particle and
fill up the inside of the pores, but builds up a pore
structure itself. The portion of pores with medium
and larger pore radii (10-40 nm) are filled up in the
course of the immobilization. The loss of specific
surface is compensated by newly formed pores with
smaller radii (1-5 nm).52

Figure 7. EDX line scan analysis of a metallocene/MAO-
supported silica gel regarding the silicon and aluminum
distribution in the volume.

Figure 8. (top) HRTEM micrograph of a metallocene/
MAO-supported silica gel. The EDX point analysis of the
marked areas (a-b) are given in EDX spectra (bottom).

1382 Chemical Reviews, 2000, Vol. 100, No. 4 Fink et al.



B. Gas-Phase Impregnation

As an alternative to the suspension process, Witco
GmbH developed (1995) a technique which im-
mobilizes the active compounds on a spray-dried
silica support by utilizing a fluidized bed reactor.
They claimed to produce supported metallocene
catalysts with a controllable distribution of active
centers achieved by using the three different sup-
porting methods.53,54 Controlling the addition of tri-
methylaluminum and water in the different reactor

zones it is possible to produce catalyst systems with
a homogeneous and inhomogeneous distribution of
MAO on the porous support. The metallocene com-
ponent is added to the support after the formation
of MAO. Figure 9 presents a catalytic system in
which MAO was not formed in the pore system by
diffusing TMA but instead was already obtained in
the reaction zone due to the controlled dosage of
water and TMA.55

The large MAO drops cover the outer surface of the
particle as a thin layer, thereby sealing the outer
pores and preventing further diffusion into the inner
cavities. The EDX analysis presented in Figure 9b
confirms the completely MAO-free particle interior.

IV. Polymerization Kinetics

The kinetics of a propene polymerization which is
promoted by SiO2-supported metallocene catalysts
depends on various factors: (1) On the applied
reaction engineering (gas-phase,56 bulk,57 and slurry
polymerization);50 (2) On the degree of catalyst/
cocatalyst distribution on the support; and (3) On the
chosen reaction conditions and parameters (Figure
10).58

A high polymerization temperature and concentra-
tion of active species on the support lead to an
increase in polymerization activity, as well as a high
monomer concentration in the reacting solution. A
detailed kinetic investigation of the polypropene
growth using metallocenes prepared by suspension
impregnation is facilitated by choosing especially
mild reaction conditions (low temperature, low cata-
lyst concentration, low monomer concentration).
In doing so it is possible to resolve the individual
phases of polymerization and polymer growth
from the start of the reaction. The polymeriza-
tion rate/time plot (Figure 10a, Tpolym ) 40 °C)
shows a course which is characteristic of these
systems under the chosen conditions. The reaction
starts with a short increase in activity, the “prepo-
lymerization period”, followed by a drop of the reac-
tion velocity to almost zero. The low level is kept for
some minutes, in the case of supported metallocene
catalysts the length of this “induction period” can
vary distinctively. After the induction period the
activity rises again (“polymer growth”) until a plateau
of maximum activity is reached (“particle expan-
sion”).

The individual kinetic stages of the propene po-
lymerization, which were elucidated by detailed
electron microscopic studies, can be interpreted as
follows. During the prepolymerization stage the
polymer forms a regular thin layer around the
particle, which partially continues to grow into the
marginal areas of the micro- and mesoporous silica
gel. The layer of highly crystalline polypropene (up
to 75%) serves as a diffusion barrier for following
propene and induces the induction period of very low
activity. As the polymerization time increases, the
polymer growth from the outside to the inside con-
tinues accompanied by a slowly beginning fragmen-

Figure 9. (a) TEM micrograph of a supported metallocene/
MAO catalyst particle prepared by gas-phase impregnation
with TMA/H2O. (b) EDX line scan analysis of the metal-
locene/MAO-supported silica gel regarding the silicon and
aluminum distribution in the volume. Under this condition,
the active sites are formed on the outer surface of the
particle. The mean particle size shifted from 50 µm for the
silica support to 70 µm for the catalyst.
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tation of the support. This fragmentation produces
new active centers, and the reaction proceeds until
the highest possible activity is reached and the
whole support is fragmented in the polymer. The
crystallinity of the polypropene decreases also with
increasing polymerization time (50% crystallinity at
30 min polymerization time, 30% crystallinity at 90
min) and the diffusion barrier for the propene is
reduced.

Increasing the polymerization temperature from 40
to 48 or 57 °C, respectively, leads to a rise of the total
activity of the catalyst system and a shift of the
maximum activity to shorter reaction times (Figure
10a). At the same time the induction period shortens,
nevertheless retaining the prepolymerization maxi-
mum. Therefore, an increase in temperature yields
a more active catalysts system for propene polymer-
ization. This gain in activity leads to an increase of
the velocity with which the individual stages of
polymerization are passed.

If the catalyst particle diameter is varied (Figure
10b), it is also possible to influence the kinetics and
total activity of the system. The larger the particle
diameter is, the longer the induction period takes and
the slower the reaction velocity increases. This is
partially due to the smaller outer surface of a larger
particle compared to a smaller particle with the same
amount of catalyst. Another reason is the particle

fragmentation, which starts earlier for small par-
ticles, since less volume is connected with less dif-
fusion limitation of the polymer layer.

Apart from the increase in temperature or the use
of smaller catalyst particles, there are additional
possibilities to shorten the induction period and to
improve the polymerization kinetics. The amorphous
poly(1-octene) layer on the particle which is gener-
ated by a prepolymerization of 1-octene causes a less
significant diffusion limitation for the monomer gas
compared to the one induced by a highly crystalline
polypropene layer (Figure 10c). As another alterna-
tive, the active centers are chemically activated by
the addition of gaseous hydrogen during propene
polymerization.59 This interesting phenomenon was
first observed for a MgCl2-supported catalyst60 and
confirmed for the phthalate/alkoxysilane systems.61-63

The addition of hydrogen to the reactor leads to a
drastic increase in activity (Figure 10d). The hydro-
gen which diffuses easily through the polymer layer
activates sterically hindered sites for regioregular
insertions of propene.64-67

V. Polymer Morphology

The morphology of the polymer particle depends
strongly on the form of the employed SiO2 support.

Figure 10. Propene polymerization profiles of a silica-supported metallocene/MAO catalyst prepared by suspension
impregnation: (a) depending on polymerization time and polymerization temperature and (b) depending on particle size
and polymerization time. (c) Comparison of the activity profiles between an 1-octene prepolymerized catalyst and an
untreated system. (d) Comparison of the activity profiles between a catalyst system employing 2 vol % hydrogen and the
not activated system.
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If edged, ungeometric SiO2 granulate particles are
employed (Figure 11a); the resulting polymer is an
exact replica of the support (Figure 11b). If, however,
spray-dried spherical particles are used (Figure 11c),
the obtained polymer particles are spherical as well
(Figure 11d).

Detailed transmission and scanning electron
microscopic studies of shortly polymerized SiO2-
supported metallocene catalysts facilitated the
time-resolved representation of the morphology of
the various polymerization stages from the start
of the reaction until the maximum activity was
reached.

The SEM micrographs of a catalyst system polym-

erized for 5 min (Figure 12a,b) show that the polym-
erization starts at the most easily accessible centers
on the particle surface and that a thin, net-like layer
of polypropene is formed. With increasing polymer-
ization time (Figure 12c,d) a compact polymer layer
is built; the particle diameter, however, rises only
insignificantly during the induction period due to
the low activity. Only after distinctly leaving the
induction period does the morphology conserving
particle growth continue along with the polymer
growth.

It was intended to observe the initial polymer
growth directly below the forming polymer shell.
Therefore, the active centers on the particle sur-

Figure 11. SEM micrographs of the metallocene/MAO-supported granular (a) and spray-dried silica gels (c) and of their
polymer products (b,d). The polymer particles show the identical morphology of the supporting materials with the difference
that the particle size has increased by the factor of 3.
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face were specifically deactivated, and a catalyst
prepared in such way was used for a propene polym-
erization. The SEM micrographs presented in Figure
13 show the surface of a particle polymerized for
5 min. A heterogeneous polymer growth takes
place producing polymer strings of defined struc-
ture. These strings clearly derive from the sub-
surface of the particle. They break up the porous
silica gel layer and thereby enable further fragmen-
tation of the support. As a consequence of the
turbulent mixing of the catalyst particle in the
reactor, the position of the polymer strings on the
surface is disordered.

These SEM investigations show for the first
time how the polymer, which is formed in the

pores of the silica gel, is able to use its hydraulic
forces and mechanically break up the structure
of the support,thereby setting free new active
centers.

The morphology control of the polymer is not only
caused by the support, but also by its fragmenta-
tion and the resulting distribution of catalyst
and cocatalyst on the support during polymeriza-
tion. This was clarified by analyzing a catalytic
system, the active centers of which are exclusively
on the surface and the volume of which is completely
free of catalyst.55 For this reason, the polymeriza-
tion can only take place on the outside and even
after long polymerization times the support remains
unfragmented and covered by the polymer (Figure

Figure 12. SEM micrographs of a metallocene/MAO-supported spray-dried silica gel after a polymerization time of 5 and
22 min. The enlarged polymer morphology is shown in a magnification on the right side.
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14). The obtained polymer morphologies are not
uniform and depend on the form of the employed
silica gel.

VI. Fragmentation Process

The morphological studies of catalyst systems
polymerized for different times revealed that the
particle growth starts only after distinctly exceeding
the induction period and proceeds continually as the
polymerization activity increases. The onset of frag-
mentation of the support is a prerequisite for the
particle growth and the simultaneous conservation
of morphology.

To achieve fragmentation of the porous support, the
hydraulic forces produced by polymerization within
the micro- and mesopores have to be sufficiently high.
During the induction period a regular polymer layer
forms around the particle (Figure 15a), accompanied
by the splitting of small SiO2 fragments from the
surface of the support (Figure 15b). At the same time,
monomer diffuses into the marginal regions of the
silica gel which are then filled with polymer (Figure
16a).

The produced polymer layer, which consists of
approximately 70% crystalline polypropene, strongly
impedes the diffusion of monomer and is responsible
for the decrease of the total activity to a low level.
At this polymerization stage the hydraulic forces
in the outer regions of the particle are not suf-
ficient to induce fragmentation of the support (Figure
16b).

With increasing polymerization time, the polymer
growth slowly continues from the outside to the
inside of the pore system of the SiO2 support. The

Figure 13. Enlarged SEM micrographs of a deactivated
catalyst surface after a polymerization time of 5 min. The
polymer starts growing from an internal layer by breaking
up the outer SiO2 surface.

Figure 14. SEM micrographs of a supported metallocene/
MAO catalyst particle prepared by gas-phase impregnation
after a polymerization time of 5 and 45 min. The active
sites are located exclusively on the outer surface of the
supporting material, and the absence of the particle
fragmentation during the polymerization leads to an
uncontrolled polymer morphology.
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slowly beginning particle fragmentation sets free new
active centers and causes an increase in polymeri-
zation activity. As the maximum activity is reached,
the SiO2 support is completely fragmented and
homogeneously distributed in the polymer matrix
(Figure 17a). The size of the SiO2 fragments, which
consist of agglomerates of small, 10-nm-sized spheri-
cal primary particles (Figure 17b), vary from 30 to
200 nm. These agglomerates comprise the smallest
unit of the support, particle sizes cannotseven in
the course of longer polymerization timessfall below
the size of this unit. The size of the fragments seems
to be governed by the preparation procedure of the
silica gels, which consist of 50-100 nm clusters,
which themselves are based on 10 nm primary
particles.

VII. Conclusions

Electron microscopic studies of the polymer mor-
phology and the fragmentation of the support lead
to the clarification of the chronological course of a
propene polymerization on SiO2-supported metal-
locene catalysts (Figure 18). According to these
findings, the polypropene growth on SiO2-supported
metallocene catalysts can be described by a “particle
growth model” which was developed (1995) in our
group52 and is now refined.68 This model was suc-
cessfully applied for a mathematical simulation of the
polymerization process. It was also successfully trans-
ferred to the mathematical simulation of the polym-
erization kinetics affiliated with differently sized
grain diameters.68 Part of the polymerizations were
carried out in liquid monomer to confirm that at least

Figure 15. (a) SEM micrographs of a catalyst particle
after a polymerization time of 5 min. The bulk structure
reveals the starting points of the propene polymerization
at the outer and inner surface of the silica gel. (b) This
polymer layer includes small SiO2 fragments which were
separated from the support during the polymerization
process (TEM).

Figure 16. (a) SEM micrographs of a catalyst particle
after a polymerization time of 30 min. The polymer layer
grows with increasing polymerization time from the outside
into the inner part of the particle. (b) The HRTEM
micrographs indicate the filling of the micro- and mesopo-
res of the silica gel without fragmentation of the supporting
material.
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at low temperatures the model also holds for the
industrially relevant mass polymerizations.57 Prepo-
lymerization experiments with 1-octene showed that
the kinetics of both slurry and mass processes can

be influenced in a way that the induction period is
significantly shortened and the reaction is acceler-
ated. The decrease of crystallinity of the initially
formed polymer shell as the shell is changed from
polypropene to poly(1-octene) plays a key role in this
process. Furthermore, it is possible to eliminate the
induction period by adding small amounts of gaseous
hydrogen to the propene polymerization under reten-
tion of the polymer morphology.59

Later the growth model developed for a neodymium
catalyst system was applied for the butadiene po-
lymerization in gas phase. The ideas concerning the
initial polymerization stages are in agreement with
a “core-shell model”.69,70 The subsequent polymeri-
zation stages correspond to the “polymeric flow
model”.71,72

Due to these kinetic and electron microscopic
investigations of SiO2-supported metallocene cata-
lysts for propene polymerization, it was possible for
the first time to gain insights into the operation of
the support and the different polymer growth pro-
cesses. Further attempts will be focused on the
development of model supports for metallocene cata-
lysts, with which the polymer growth can be studied
on well-defined reproducible two-dimensional support
surfaces. Magni and Somarjai73,74 were the first to
report on a successful model Ziegler catalyst which
polymerized ethylene and propene at good yields.
Two years later, a planar surface model for a Phillips
catalyst was introduced by a Dutch group headed by
Thüne and Niemantsverdriet.75,76

To determine the degree of distribution of a met-
allocene catalyst despite its low concentration on
the support, we investigated a radioactive label
method that allows us to locate the catalyst with an
good spatial resolution by means of electron micros-
copy.

Additional approaches concern the determination
of single diffusion coefficients at various polymeri-
zation stages and while using polymeric support for
the covalent fixing of the metallocene components.

Figure 17. Microtomed thin sections (HRTEM) of a
catalyst particle after a polymerization time of 90 min. The
silica gel support is homogeneously distributed in the
polymer matrix (a). The magnified micrograph (b) reveals
the 50-100 nm SiO2 fragments as an agglomeration of
primary particles.

Figure 18. Schematic particle growth model for the propene polymerization of a silica-supported metallocene/MAO catalyst.
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