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Summary: The olefin polymerizations were carried out by using silica supported

metallocene/MAO catalysts and MgCl2 supported Ziegler-Natta catalysts under mild

reaction conditions and stopped at very low yield. The surface and cross sectional

morphology of the polymer particles were characterized by using scanning electron

microscopy (SEM). A homogeneous distribution of (co)catalyst on the support

material is a prerequisite condition to get a homogeneous fragmentation and

uniform polymer particle morphology. In the present work the catalysts show

two different fragmentation behaviors. They can gradually fragment from the outer

to the inner surface of the catalyst particle, or instantaneously break up into a large

amount of small sub-particles at the beginning of the polymerization. The incorpora-

tion of comonomer does not change the general catalyst fragmentation scheme but

delays the catalysts break-up progress.
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1. Introduction

The properties of olefin polymers, e.g.

molecular weight and molecular weight

distribution, chain length distribution, como-

nomer content and composition, greatly

depend on the molecular microstructure of

polyolefin. The control of the molecular

microstructure has been an important task in

olefin polymerization. Significant progress

has beenmade in understanding how catalyst

activity, stereoselectivity, hydrogen

response, etc., can be finely tuned by

operating at the active center level.[1–4] In

olefin polymerization, the single polymer

particle can be viewed as a microreactor,

characterized by its own kinetics and

balances of mass and energy.[1,3,5] Apart

from the nature of the active species, the

microstructure of the final polymer is greatly

affected bymass and heat transfer during the

polymerization, especially in the early stages

of polymerization. When monomer contacts

the active sites on the surface of the catalyst,

polymer production takes place and the fast-

forming polymer will deposit on the catalyst

surface and pores. Therefore, the monomer

must diffuse through the boundary layer

around the catalyst particle, through the thin

polymer layer and through the pores of the

supported catalyst to reach the active sites,

where polymerization takes place. It can be

understood that, for a given reactor system,

the morphology of the polymer/catalyst

particle, e.g., the pore size, pore size

distribution, pore structure, the crystallinity

of polymer formed, is the decisive factor to

determine the mass and heat transport.

Therefore, a good control of particle mor-

phology is of great importance to get a good

control of microstructure and macrostruc-

ture of the final polymer.

It has been generally accepted that the

shape and morphology of a polymer

particle are determined by the shape and
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initial morphology of the original sup-

ported catalyst as well as by the way the

catalyst particle break up.[3,4,6] In industry,

prepolymerization with a highly active

catalyst, which is essentially a polymeriza-

tion step performed under mild conditions

and at low reaction rates, is often employed

to get a gentle break-up and controlled

particlemorphology. The low reaction rates

allow full activation of the catalyst and lead

to a controlled fragmentation of the

supported catalyst. The understanding of

the fragmentation behavior, especially in

the early stages of olefin polymerization,

represents an important research task,

aiming at a good polymer particle morphol-

ogy control without a prepolymerization

procedure. Many attempts have been made

in the past to get a balance between high

catalyst activity and good polymer particle

morphology, which usually means spherical

shape, narrow particle size distribution,

high bulk density, controlled degree of

porosity, controlled internal composition

and high process flowability.[1] The results

are still not very satisfying because there

are too many open parameters that must be

considered.

This paper focusses on the key para-

meters that affect the catalyst fragmenta-

tion and polymer particle morphology.

Olefin homo- and copolymerizations were

carried out in slurry by using MgCl2
supported Ziegler-Natta catalysts or silica

supported metallocene/MAO catalysts

under mild conditions and stopped at low

yield. The surface and cross sectional

morphology of the catalyst and polymer

particles were characterized by using

microscopic techniques, enabling us to

monitor the support fragmentation and

polymer particle growth in the very early

stages of the polymerization.

2. Experimental

2.1 Polymerization Procedure

Olefin homo- and copolymerizations were

carried out in slurry using MgCl2-supported

Ziegler-Natta catalysts and silica-supported

metallocene/MAO catalysts under mild

conditions and stopped at low yield.

Detailed information about the used mate-

rials and the polymerization procedures can

be found in references 7–11.

2.2 Evaluation of Particle Morphology

The surface and cross sectional morpholo-

gies of the samples were investigated using

a Philips environmental scanning electron

microscope XL-30 ESEM FEG (Philips,

The Netherlands, now Fei Co.) equipped

with a filed emission gun and operated in

low voltage mode (LVSEM) or controlled

atmosphere mode. Polymers are generally

susceptible to beam-induced radiation

damage and, as insulators, they charge

heavily under electron beam.[12] To prevent

both, the morphological characterization in

the present work is performed at low

acceleration voltages of 1–1.2 kV, which

still offers high resolution, but results in

negligible beam damage of the samples and

reduced sample charging. No further sam-

ple treatment such as etching or coating

with conductive thin film was done.

To detect the elemental distribution,

energy dispersive X-ray analysis (EDX)

was performed under controlled N2 atmo-

sphere at an accelerating voltage of 20 kV

in controlled atmosphere operation mode.

No additional coating of the sample surface

was done because charging is not an issue

for the chosen imaging conditions.

For the investigation of cross sections,

the catalyst and polymer particles were

embedded in SPURR low viscosity epoxy

resin (SPI Supplies) and cut with a razor

blade. For MgCl2-supported Ziegler-Natta

catalysts, the samples for surface and cross

sectional characterization have to be trans-

ferred into the SEM chamber as quickly as

possible so as to minimize the contact with

moisture and oxygen of the atmosphere.

The porosity (surface area, pore volume

and average pore size) of the catalysts was

measured by BET using nitrogen physi-

sorption (Quantachrome Autosorb-6) at

liquid nitrogen temperature. Before meas-

urements the catalysts were degassed for 2 h

at 250 8C. The results are listed in Table 1.

Macromol. Symp. 2006, 236, 249–258250

� 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de



3. Results and Discussion

3.1 Effect of Catalyst Preparation on

Polymer Particle Morphology

A precondition to get a good polymer

particle morphology is a firm and homo-

geneous distribution of (co)catalyst on the

support material. Numerous techniques

have been disclosed for supporting and

finishing the catalyst in order to optimize

catalyst activity, particle morphology, and

particle bulk density without seriously

affecting polymer properties. MgCl2 has

been found to be the best support material

for Ziegler-Natta catalysts due to simila-

rities in atomic size, shape and coordination

number between Mg and Ti. For metallo-

cene/MAO catalysts, the most common

route to immobilized metallocenes consists

of physisorbing the catalyst precursor onto

an MAO-pretreated silica support or treat-

ing silica with ametallocene/MAOmixture.

The active sites should be firmly anchored

on the surface of the support, to avoid

problems such as catalyst leaching. Leach-

ing of the active sites will result in poor

polymer morphology, very small particles

(fines), and, eventually, in reactor fouling

(Figure 1).

For heterogeneous catalysts, the pre-

paration procedure of immobilizating the

(co)catalyst on support material should be

carefully selected to guarantee a homo-

geneous distribution of (co)catalyst. Impro-

per impregnation conditions will result in a

heterogeneous distribution of (co)catalyst

on support particles, which will finally bring

about polymer particle with poor morphol-

ogy. The EDX mappings in Figure 2 reveal

that the silica calcined at 250 8C gave a

core-shell distribution of aluminumelement,

indicating a relatively high concentration of

MAO at and close to the particle surface,

but very little MAO in the particle interior.

Due to the absence of active sites in the

center of the catalyst particle, the poly-

merization can only take place on the outer

layer of the catalyst particle and even after

long polymerization times the center of the

support remains non-fragmented and cov-

ered by the formed polymer (Figure 2). The

produced polymer particle is of inferior

quality and cannot be used for further

processing. This is evidently not desirable

and therefore should be avoided in indus-

trial processes for olefin polymerization.

If (co)catalyst is distributed throughout

the support particle, while close to the outer

surface the (co)catalyst has higher concen-

tration than that in the center, the catalyst

particle can break up completely, but with a

very rough surfacemorphology, as shown in

Figure 3. As indicated in the literature, a

very useful refinement of the supporting

technique is recommended to solve this

problem, called as ‘‘incipient wetness’’

method, in which the pore volume of the
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Table 1.
Characteristics of catalysts applied.

Catalyst-I Catalyst-II

Ti (%) 2.5 2.0
Cocatalyst AlEt3 AlEt3
Internal donor dibutylphthalate diisobutyl phthalate
External donor diisopropyl dimethoxy silane dicyclopentyl di-methoxy silane
Surface area (m2/g) 106 212
Average pore diameter (Å) 60 97
Pore volume (cm3/g) 0.16 0.51

Figure 1.

Undesired poly(propylene) particle morphology due to

the leaching of active sites from support.
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support is measured and a volume of

catalyst solution is added which only just

fills the pores of the support. The solution is

added to the support held under low

pressure in order to improve penetration

into the pores of the support. One advan-

tage to this method is that the catalyst

occupies the pores of the support and less of

Macromol. Symp. 2006, 236, 249–258252

Figure 2.

a) silica mapping, and b) aluminummapping of catalyst particle cross section; c) cross sectional morphology of a

poly(propylene) particle.
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Figure 3.

a) silica mapping, and b) aluminium mapping of catalyst particle cross section; c) surface morphology of a

poly(propylene) particle.
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the surface, leading to improved particle

morphology.[13–15]

3.2 The Fragmentation Process During

Polymerization

For olefin polymerizations catalyzed by

heterogeneous supported catalysts, one of

the most unique features is the breakup of

the solid catalyst particles, so that active

catalytic sites, which are mostly located in

the inner pore surface, would be exposed to

the bulk fluid by the disintegration of the

original catalyst, and keep the polymeriza-

tion continue. To investigate the fragmen-

tation process at the beginning of the

polymerization, propylene polymerization

was carried out in heptane slurry at 50 8C
and under a monomer pressure of 4 bar

using a silica supported metallocene cata-

lyst (rac-Et(Ind)2ZrCl2) with very low

activity. The surface images of a polymer

particle are shown in Figure 4. It should be

noted that the yield of polymer is about 1.7

g/g (polymer/ catalyst); however, the yield

of every single polymer particle can be

different because of the polydispersity. At

the beginning of the polymerization, a small

amount of already produced polymer

breaks up the catalyst particle, as the cracks

can be observed (Figure 4b). At high

magnification, it shows that polymer formed

on the surface of the catalyst particle is in

the shape of flake (Figure 4c). With

increasing polymer-production, hydraulic

force is built up increasingly and results in

further fragmentation (Figure 4d). The

catalyst particle breaks into irregular sub-

particles with the diameter ranging

from 5 to 20 mm. The individual catalyst

fragments are held together by the polymer

formed. Figure 4 shows that the fragmenta-

tion takes place at the very beginning of the

propylene polymerization and illustrates

how the hydraulic force of the polymer

formed in the pores of the support breaks

up the catalyst particle.

3.3 Different Fragmentation Behavior

Over the years many attempts have been

made to understand the catalyst fragmenta-
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Figure 4.

LVSEM images of the surface morphology of a) catalyst particle, b) poly(propylene) on catalyst particle at very

low yield. c) high magnification of marked area in b, and d) poly(propylene) on catalyst particle at higher yield.
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tion and polyolefin particle growth using

supported catalysts.[5–11,16–27] Two catalyst

fragmentation behaviors are reported in

these studies. Ferrero, Chiovetta and Fink
[18–26] used electron microscopy technique

to investigate the key parameters that affect

the catalyst fragmentation in MgCl2 sup-

ported Ziegler-Natta catalysts and silica

supported metallocene catalysts. The frag-

mentation of catalysts in their work was

described as ‘‘layer-by-layer’’, which indi-

cates that the catalyst particle breaks up

from the external surface to the center of

the particle until the whole catalyst particle

is fragmented. However, a different particle

growth mechanism has been reported in the

work of Pater and Weickert.[16] They

showed a rapid fragmentation of the

catalyst into a large number of small sub-

particles in a low rate poly(propylene)

polymerization. It was reported that the

whole catalyst particle breaks up into a lot

of small pieces at the beginning of the

polymerization. The fragments remain

entrapped and dispersed in the growing

polymer mass and move outward in pro-

portion to the local volumetric expansion

due to polymerization. In this section,

propylene homopolymerization and propy-

lene-ethylene copolymerization were car-

ried out using MgCl2-supported Ziegler-

Natta catalysts in heptane slurry at 25 8C
under the monomer pressure of 1.25 bar

and stopped at different polymerization

time to get different yield. Two different

Ziegler-Natta catalysts were applied,

denoted as catalyst-I and catalyst-II. The

characteristics of the catalysts are listed in

Table 1.

The SEM images in Figure 5 show

the cross-sectional morphology of the

poly (propylene) particles prepared from

catalyst-I at the yield of 2.2 g/g and 7.2 g/g.

The bright phase is the catalyst particle, and

the dark phase belongs to the freshly

formed polymer phase. The cross sectional

morphology of the polymer particle shows

that, at the yield of 2.2 g/g, the polymer
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Figure 5.

LVSEM images of cross sectional morphology of poly(propylene) particles polymerized from catalyst-I at the

yield of a) 2.2 g/g, and b) 7.2 g/g. The rectangles mark the area of the corresponding higher magnification

images.
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grows on the surface of the particle, and the

catalyst particle remains unfragmented in

the center of the particle. At higher

magnification and close to the surface of

the catalyst in the center, the catalyst

microparticles with the diameter in the

order of 1–2 mm can be clearly recognized

(Fig. 5b). It shows that the polymer growth

takes place on the surface and the hydraulic

force can only break the external layer of

the catalyst particle. With polymer growth

the catalyst breaks intensively (Figs. 5c and

5d). Not only the catalyst close to the outer

surface breaks up into a large amount of

sub-particles, but also the catalyst in the

center starts to fragment. The polymer

phase formed is very compact. The catalyst

break-up in propylene homopolymeriza-

tion from catalyst-I shows a typical layer-

by-layer fragmentation, because the cata-

lyst fragmentation starts at the outer sur-

face of the particle and break-up gradually

continues to the center.

A very different type of fragmentation

was observed in propylene polymerization

by using catalyst-II (Figure 6). Although

polymerization conditions, such as mono-

mer pressure and polymerization tempera-

ture, are the same as for polymerization

with catalyst-I, catalyst-II shows a very

rough and instantaneous fragmentation.

Figures 6a and 6b show the cross sectional

morphology of polymer particles at the

yield of 0.8 g/g. It is seen that just a little

amount of already produced polymer

breaks the whole catalyst particle into a

large amount of small sub-particles, with

the diameter up to 10 mm. The cross

sectional morphology of polymer from

catalyst-II at the yield of 1.4 g/g is shown

in Figures 6c and 6d. The polymer particle

presents a very porous structure. The

catalyst particles have been broken up

intensively and it is hard to detect the

catalyst fragments. The fragmentation

behavior of catalyst-II is similar to the

report in Pater’s work.[16]

From the morphological investigation

of propylene homopolymerization in

Figures 5 and 6 it is seen that the catalysts

can break up in different ways. It can

fragment layer-by-layer, from the outer

surface gradually to the center of the

catalyst particle, or it can break up

instantaneously at the beginning of the

polymerization. The different fragmenta-

tion behavior observed is believed to be the

result of different particle porosity. The

BET measurements show that catalyst-II

has larger pores (Table 1) and at the same

time a larger surface area than catalyst-I. It

can be deduced that polymerization with

less porous particles tends to take place

only at the exterior and close to the catalyst/

polymer particle surface due to the mono-

mer diffusion limitation. In contrast, the

highly porous catalyst particles have large

pores, therefore, less monomer diffusion

limitation. Monomer can easily diffuse into

the pores of the catalyst/polymer particles

and polymerization happens not only on

the outer surface but also at the center of

the catalyst particle. The hydraulic pressure

build-up throughout the whole particle

generates an instantaneous fragmentation.

Propylene-ethylene copolymerization

were carried out by using the two catalysts

to investigate the influence of the como-

nomer incorporation on the catalyst frag-

mentation. The cross sectional morphology

of the copolymer particles is shown in

Figure 7. Comparing the morphology of

copolymer (Figure 7) and homopolymer

particles (Figures 5 and 6), it is seen that the

incorporation of ethylene delayed the

catalysts break-up progress, as it is seen

that copolymer particles at higher yield

show a similar fragmentation degree as the

corresponding propylene homopolymer

particles at lower yield. This is believed

to be the result of the high mobility of

copolymer molecular chains. In propylene-

ethylene copolymerization, the comonomer

incorporation disrupts the polymer crys-

tallization ability and results in a copolymer

with low crystallinity. Furthermore, the

polymerization temperature (60 8C) is

much higher than the glass transition

temperature of the copolymer (below

0 8C). As in rubbery state, the copolymer

molecules have good mobility. When the

copolymer grows around the active sites

Macromol. Symp. 2006, 236, 249–258256
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Figure 6.

LVSEM images of cross sectional morphology of poly(propylene) particles polymerized from catalyst-II at the yield of

a, b) 0.8 g/g, and c, d) 1.4 g/g. The rectangles mark the area of the corresponding higher magnification images.

Figure 7.

LVSEM images of cross sectional morphology of propylene-ethylene copolymer particles a, b) from catalyst-I at

the yield of 7.0 g/g, and c, d) from catalyst-II at the yield of 1.4 g/g. The rectangles mark the area of the

corresponding higher magnification images.
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and accumulates in the pores of the support,

the hydraulic pressure builds up. Under

stress, the copolymer can deform or even

flow away from where it forms. The

hydraulic pressure is therefore released.

Only when more copolymer is formed in

the pore and the hydraulic pressure is

increasingly built up, the catalyst eventually

can break up. Therefore, the catalysts used

in copolymerization show a delayed frag-

mentation.

Conclusion

The fragmentation of the catalyst and the

growth of the polymer particle are gov-

erned by the competition between the

buildup and relaxation of stresses in the

catalyst particle. In the present work

several parameters are discussed influen-

cing the catalyst fragmentation in the early

stages of the polymerization. The active

sites distribution on the catalyst particle is a

prerequisite condition for a homogeneous

fragmentation and good polymer particle

morphology. For similar polymerization

conditions, the porosity of the catalyst

and polymer particle influence the way

the catalysts fragment because of different

mass transport capabilities. Polymerization

with less porous particles tends to take

place only at the exterior of a particle due to

the monomer diffusion limitation. In con-

trast, the highly porous catalyst particles

have large pores, therefore, less monomer

diffusion limitation. The monomer diffuses

easily into the pores of the catalyst/polymer

particles and polymerization happens at the

entire supported catalyst particle. The

hydraulic pressure build-up throughout

the whole catalyst results in instantaneous

fragmentation. The catalyst’s break-up

progress is retarded in copolymerization,

as the result of the high mobility of

copolymer molecules.
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