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Gas-Phase Polymerization with Transition Metal

Catalysts Supported on Montmorillonite – A Particle

Morphological Study

Sang-Young A. Shin,1 Leonardo C. Simon,*1 João B. P. Soares,*1 Günter Scholz,2

Timothy F. L. McKenna3

Summary: This investigation focuses on the mechanism of particle fragmentation

and growth when clay-supported metallocene catalysts are used to polymerize

ethylene in gas-phase reactors. We supported bis(cyclopentadienyl)-zirconium

dichloride (Cp2ZrCl2) on montmorillonite (MMT) pretreated with triisobutylaluminum

and 10-undecence-1-ol to produce in-situ polyethylene-clay nanocomposites. During

gas phase polymerization, the MMT layers were exfoliated by the growing polymer

chains, starting from the openings of the clay galleries. After microtoming, the cross-

section of the fragmented MMT particles showed bundles of distorted silicate layer

stacks, proving that exfoliation took place during polymerization, producing an in-

situ polyethylene-clay nanocomposite. Calculations of d-spacing by transmission

electron microscopy (TEM) matched those measured by X-ray diffraction (XRD)

analysis.
Keywords: clay; gas-phase polymerization; montmorillonite; metallocene catalysts;

nanocomposites; polyethylene
Introduction

When supported transition metal catalysts

are used for polymerization, the final

polymer particle replicates the shape of

the support when the polymerization and

supporting conditions are favorable. Inves-

tigations on particle morphology, particle

growth and fragmentation have been

approached experimentally and theoreti-

cally, as discussed in recent reviews.[1–3]

Many different types of inorganic car-

riers have been tested as supports for

metallocene catalysts.[2,4–7] The most fre-

quently investigated supports are spherical

silica and polymeric particles.[8–14] Gener-

ally, spherical silica particles lead to good
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polymer particle morphology and have

been widely employed.

One of the supporting techniques com-

monly described in literature is to impreg-

nate the catalyst on a MAO-treated silica

support.[13] Although this method has been

investigated by a number of research

groups in slurry or gas-phase polymeriza-

tion reactors, the use of clay-supported

catalysts for gas-phase polymerization have

been seldom reported,[14] even though this

is a very attractive procedure to produce

polyolefin-clay nanocomposites.

In this paper, a novel approach to

prepare in-situ polyolefin nanocomposites

in gas-phase reactors using catalysts sup-

ported on montmorillonite (MMT) is

described. The catalyst is supported inside

the MMT galleries. In-situ polymerization

allows the layered structure of MMT

particles to be exfoliated directly in the

reactor during the polymerization. Because

polymerization is carried out in gas-phase,

there is no solvent in the system to extract
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the catalyst sites (Cp2ZrCl2) from theMMT

surface. The present study focuses on

understanding the mechanism of particle

morphology formation and particle growth

using scanning (SEM) and transmission

(TEM) electron microscopy.
Experimental Part

Materials

Commercial MMT (M-KSF) was pur-

chased from Aldrich and used after the

washing and drying steps described in

our previous publication.[15] The catalyst,

bis(cyclopentadienyl)-zirconium dichloride

(Cp2ZrCl2) was purchased from Aldrich.

Triisobutyl aluminum (TIBA), (Al(C3H7)3,
1.9mol/L solution in toluene), methylalu-

moxane (MAO), 10-undecence-1-ol

(UOH), and monochlorobenzene were

purchased from Aldrich Co. and used

without further purification. Ethylene and

nitrogen were supplied by PRAXAIR

Products, Inc.

Catalyst Preparation

The pre-contacting of MMT with Cp2ZrCl2
was carried out at room temperature

(23� 2 8C) in a 250-mL glass reactor

equipped with a stirrer. Dried MMT (1 g)

was first treated with TIBA and UOH in

toluene solution (MMT/TIBA/UOH), fol-

lowed by addition of a solution containing

the transition metal catalyst. The solvent

was evaporated under vacuum for 3 hours

at room temperature until a free flowing

powder was obtained. The supported

catalyst was transferred to a glass vial

(5mL) and soaked with 0.2 g of MAO

(10wt.-% MAO in toluene) at room

temperature in a glove box before poly-

merization.

Pre-Polymerization

Pre-polymerizations were carried out under

mild conditions (room temperature and

atmospheric pressure) without stirring,

using a 5-mL glass vial, located inside a

250-mL Schlenk tube. Before the pre-

polymerization, the Schlenk tube was
Copyright � 2009 WILEY-VCH Verlag GmbH & Co. KGaA
purged 3 times with with ethylene. Two

polymerization times, 3 and 24 hours, were

used for the study of MMT particle

fragmentation under mild polymerization

conditions.

Gas-Phase Polymerization in a High-

Pressure Autoclave

For high pressure gas-phase polymeriza-

tions, a turbo-sphere reactor equipped with

gas purification, temperature control, and

data acquisition devices was used.[16,17] One

hundred grams of NaCl was used as a seed

bed and TMA was used to scavenge

impurities. For all the polymerization runs,

the residual TMA was removed from the

reactor prior to catalyst injection by

evacuation or successive dilution with

ultra-high purified N2 and venting after

the impurity scavenging stage.

Polymerization was carried out under

constant stirring by pressurizing the reactor

with ethylene after injection of the pre-

polymerized catalyst particles. Catalyst

activities were calculated from the ethylene

flow rates measured with amass flowmeter.

After 1 hour, the polymerization was

quenched by adding methanol and stirred

for additional 10 minutes. The polymer

particles, with NaCl, were transfer to a 1-L

beaker, filled with acidic ethanol, and then

filtered with a filter paper. After being

washed with 30mL of acidic ethanol 3

times, the polymer particles were finally

dried at 78 8C for 24 hours under vacuum to

obtain the polyethylene-MMT nanocom-

posites.

Characterization

X-Ray diffraction (XRD) patterns for wide

angle (4� 65 2u degree) were recorded on a

Simens-500 diffractometer. The beam was

CuKa radiation (l¼ 0.154 nm) operated, at

40 kV and 30mA in transmission mode.

The basal spacing of MMT before and after

intercalation was estimated from the posi-

tion of (d100) peak in the XRD pattern.

XRD for small angle (0� 10 2u degree) was

D8-ADVANCE powder X-ray diffract-

ometer operating at 40 kV and 30mA,

which was made in BRUKER AXS, INC.
, Weinheim www.ms-journal.de
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The nanocomposite morphology was

examined by high resolution transmission

electron microscopy (TEM) using a Philips

CM-20 Super Twin unit (200 kV, resolution

0.24 nm), operating at an acceleration

voltage of 80KV. The specimens were

sliced in a liquid nitrogen chamber with a

diamond knife (LEICA EM UC6). The

thickness of the specimens was 50–80 nm.

The morphology was also investigated with

a scanning electron microscope (SEM)

(LEO 1530, LEO Electron Microscopy,

Ltd.). MMT was analyzed as received to

identify the particle size and its distribution

in the polymer matrices. The powder was

place over a double-face adhesive conduc-

tive tape on top of an aluminum stub. The

sample was then gold-coated for 5 minutes

to produce a film of gold approximately

15–20 nm on the sample surface. The

polymer fluff obtained after polymerization

was prepared as nanocomposite specimens.

The small specimens were glued onto the

aluminum stubs. Before SEM observation,

the dry samples were painted with

15–20 nm thick gold for electron conduc-

tion. The pressure in the vacuum chamber

for SEM analysis was approximately

2.5� 10�6mBar, and the electron gun

current was 10 kV.

The spectra in transmission mode in

Fourier transform infrared (FT-IR) spec-

troscopy were recorded in the range from

400 to 4000 cm�1, after 32 scans, with

resolution of 4 cm�1. Calibration of the

wavenumber was automatically done by

the instrument using an internal polystyr-

ene film. Spectra reported here were
Figure 1.

MMT particle morphology after 3 hours of pre-polymeriz

thin film, prepared with ultra microtoming under �160

Copyright � 2009 WILEY-VCH Verlag GmbH & Co. KGaA
subtracted from a background spectrum

obtained with no sample.
Results and Discussion

Stirring was not used during pre-polymer-

ization because we wanted to observe

changes in particle morphology without

the interference of outer mechanical

forces. Particle morphology after 3 hours

of polymerization is shown in Figure 1.a.

Hereafter this sample will be called 3HP

(3HP stands for 3 hours of pre-polymeriza-

tion). Three different types of particles

are observed in Figure 1.a: A – barely

polymerized surface, B – polymer on MMT

surface without cracks or fragmentation,

and C – MMT platelets fragmented into

smaller particles. Figure 1.b shows a TEM

image of intercalated MMT particles. The

different contrast levels observed in

Figure 1.b represent stacked MMT parti-

cles, the darker regions representing higher

staking levels. During in-situ polymeriza-

tion, aggregates of MMT primary particles

are first separated into smaller particles by

the growing polymer. Each primary particle

consists of several layers with a distance of

27 nm between the platelets, as can be

inferred from Figure 1.b. Each intercalated

plate has a thickness of approximately 5 nm,

and appears to be bent at the edges.

In a second set of experiments, the pre-

polymerization was allowed to proceed for

24 hours. These samples will be called 24HP.

They are compared to the 3HP samples

with the same degree of magnification (2K,
ation (3HP): (a) SEM image, (b) TEM image of an 80 nm

8C in a cryo-chamber.
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Figure 2.

Comparison of particle morphologies after 3 hours (A, B, C) and 24 hours (D, E, F) of polymerization.
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30K and 100K) in Figure 2. Inspection

of the micrographs shows that the pre-

polymerization induced the fragmentation

of the MMT particles after 3 hours (A, B

and C) and further encapsulation by

polymer after 24 hours (D, E and F).

In micrograph B, MMT has been

fragmented in particles of about 10mm

diameter and 100 nm polymer projections

are observed on the surface of the MMT

platelets, whereas in micrograph E, the

presence of 1mm polymer threads are

observed. It is likely that these polymer

threads grew from inside the particles

during polymerization. Other researchers
Copyright � 2009 WILEY-VCH Verlag GmbH & Co. KGaA
have described the formation of polymer

threads or fibrils on the catalyst support

during early stages of polymerization with

Ziegler-Natta catalysts.[18] Polyethylene

fibres were also reported in the polymer-

ization with a metallocene catalyst

supported on MCM-41 particles at low

temperature.[19] At the largest magnifica-

tion (30K times, scale bar of 200 nm), the

surface morphology of 3HP and 24HP

particles are clearly different. The 3HP

particles shows polymer projections on

their surface (micrograph C), whilst the

24HP particles present curved platelets on

fragmented surfaces (micrograph F) with
, Weinheim www.ms-journal.de
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polymer threads that are approximately

1mm (micrograph E), probably coming

from inside the MMT particles. As the

polymerization proceeds, it is reasonable to

assume that the continuous production of

polymer inside and around the MMT par-

ticles leads to the accumulation of polymer

and further fragmentation. The polymer

accumulation around the tactoids is res-

ponsible for fragmentation of the MMT

particles and the polymer accumulation

inside the clay galleries is responsible for

the exfoliation of the MMT layers.

Selected polymer particles obtained in

the pre-polymerization step were micro-

tomed and studied with TEM and XRD to

better understand the mechanism of parti-

cle growth and fragmentation. Figure 3.a

shows the TEM image of a section of a pre-

polymerized 24HP particle already shown

in Figure 2 (micrographs D to F). It seems

that the exfoliation of the MMT sheets

starts from the edges of the clay layers, due

to the growth and accumulation of polymer

chains between the layers. Figure 3.b shows

that the clay platelets of the same sample

are well aligned. The distance of 12.5 layers

was measured to be 15.5 nm and the

d-spacing was calculated as 12.4 Å
´
, which

is equivalent to a XRD peak at 2u¼ 7.28.
This indicates that the structure of some

MMT particles after the polymerization
Figure 3.

TEM pictures of a microtomed 24HP particle: (a) the inne

the MMT platelets were exfoliated and curved, (b) MMT
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remains very close to that of the original

MMT. The XRD for pristine MMT, and

3HP and 24HP particles, show a d-spacing

peak at approximately 7.5o, corresponding

to an interlayer distance of 12.3 Å
´
. This

XRD data matches well the calculation

based on the TEM image shown in

Figure 3.b. It seems that, during the gas-

phase pre-polymerization, polymer inter-

calation or exfoliation starts from the edges

of the MMT particles, but the core of some

of the MMT particles are not substantially

exfoliated during polymerization.

Figure 4 shows the diffractograms of

pure MMT and 3HP and 24HP nanocom-

posites. The peaks located at around 218
and 248correspond to the diffraction

planes (110) and (200) of the unit cell of

polyethylene crystal. Their intensities

increase as the polymer weight percent in

the polymerized particles increase from

MMT< 3HP< 24HP. The combined evi-

dence of SEM and TEM images, together

with XRD patterns, demonstrates that

polymerization in the gas-phase starts on

the surface of MMT particles, and further

induces particle fragmentation.

The morphology of polymer particles

made in the high pressure gas-phase reactor

was different from the morphology

observed after the low pressure pre-

polymerization. SEM images in Figure 5
r edge of the particle after microtoming, showing that

layered platelets.

, Weinheim www.ms-journal.de



Figure 4.

X-ray diffractograms of pure MMT, 3HP (45 wt.-% MMT) and 24HP (20 wt.-%) nanocomposites.

Figure 5.

Morphology of polymer particles after gas-phase polymerization: (a) Expanded image of a particle with polymer

outer shell, (b) Several types of particle morphologies, (c) Expanded image of a spherical type particle,

(d) Particles without polymer outer shell, (e) Overall morphology, (f) Particles with and without polymer outer

shells.

Copyright � 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de
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Figure 6.

Morphology of particles after gas-phase polymerization: (a) Attached particles just after fragmentation within

particle clusters, (b) Divided particles after fragmentation continued within particle clusters.

Macromol. Symp. 2009, 285, 64–7370
show some spherical particles covered by a

polymer outer shell and some particles with

bare surfaces. The diameter of spherical

particles varies from 20mm to 300mm

(Figure 5.a to 5.c). Fragmented sub-parti-

cles were observed with dimension of a few

micrometers in Figures 5.d to 5.f. The

particle fragmentation observed here seem

to follow that proposed in the multigrain

model, which has been developed to des-

cribe the fragmentation mechanism of

magnesium-supported Ziegler-Natta cata-
Figure 7.

Activity profile of 24HP samples as a function of polymer

temperature¼ 73 8C, Al/Zr¼ 2000.

Copyright � 2009 WILEY-VCH Verlag GmbH & Co. KGaA
lysts.[3] The projection, or fibril, morphol-

ogy described above for pre-polymerization

was not observed in polymer particles made

under high pressure polymerization.

Figure 6 shows the intraparticle mor-

phology at higher magnifications. In

Figure 6.a, some particles seem to be kept

attached during the fragmentation, whereas

Figure 6.b shows that some particles are

linked by polymer threads.

Figure 7 depicts the catalyst activity

profile for the gas-phase polymerization
ization time. Ethylene pressure¼ 6 bar, polymerization

, Weinheim www.ms-journal.de



Macromol. Symp. 2009, 285, 64–73 71
(sample 24HP). An unexpected induction

period was observed during the first

20 minutes of polymerization. The reason

for this induction period is not totally

clear. It may be caused by reactor over-

pressure during catalyst injection or by side

reactions between the supported catalyst

and TMA used as impurity scavenger.

It could also be related to mass transfer

limitation during ethylene diffusion from

the gas phase to the pre-polymerized

catalyst. After the induction period, the

polymerization rate increased steadily as

the ethylene concentration between

the MMT platelets increased during the

polymerization. The fragmentation process

of the particles could make monomer

more accessible to the active sites by

increasing surface area and decreasing the

characteristic monomer diffusion length.

The induction period is followed by a

steady growth in activity (acceleration-type

kinetics). This type of behaviour is not

observed when ethylene is polymerized

with unsupported Cp2ZrCl2 and is clearly

related to the clay fragmentation mechan-

ism in this system.

According to the multigrain model

mechanism, a mechanically strong catalyst

support that does not fragment easily
Figure 8.

FT-IR transmittance spectra for 3HP and 24HP pre-polym

modes. The spectra were obtained at room temperatur

Copyright � 2009 WILEY-VCH Verlag GmbH & Co. KGaA
during polymerization will not favor an

increase in surface area. Hence, there will

be a mass transfer limitation for monomer

diffusion to the active sites that will

decrease the catalyst activity and lower

the polymerization yield.

The topological structure of alkyl chains

inside the MMT galleries has been studied

using transmission FT-IR andXRD.[20] The

polymer chains are thought to extend either

parallel to the clay layers, forming lateral

mono- or bi-layers, or radiate away from

the surface, forming extended (paraffin-

type) mono- or bimolecular arrange-

ments.[21–23] Figure 8 shows the FT-IR

spectra (1400 cm�1–1520 cm�1) for 3HP

and 24HP pre-polymers, and polyethylene.

The CH2 bending mode, d(CH2), is located,

between 1460 and 1474 cm�1. While the

d(CH2) band for 3HP pre-polymer ranged

between 1460 cm�1 and 1474 cm�1, the

d(CH2) band for the pre-polymer 24HP

was shifted to a lower frequency range

(1457 cm�1–1473 cm�1) and became

broader. In the case of polyethylene, the

band is located in the lower frequency

range (1467 cm�1–1454 cm�1). This type of

change is normally associated with more

disordered polymer chains (lower trans/

gauche conformation ratio). This indicates
ers and polyethylene displaying different methylene

e.
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Figure 9.

Proposed mechanism for particle fragmentation with MMT/TIBA/UOH/Cp2ZrCl2.

Macromol. Symp. 2009, 285, 64–7372
that, as pre-polymerization proceeds from

3 to 24 hours, the polymer chains favor a

more disordered configuration due to the

tendency of the chains to maximize their

conformational entropy.

In Figure 9 we propose an overall

particle fragmentation mechanism for

MMT-supported catalysts. During the poly-

merization, polymer chains grow on the

surface of MMT particles, around the

tactoids, and inside the galleries, establish-

ing the onset of intercalation and exfolia-

tion. The MMT particles are also fragmen-

ted into the smaller particles, possibly into

clusters of tactoids. Finally, polymer parti-

cles with good morphology (free flowing

powder with spherical shape particles) are

formed during the high-pressure polymer-

ization stage.
Copyright � 2009 WILEY-VCH Verlag GmbH & Co. KGaA
Conclusions

Through this morphological and kinetic

study of ethylene gas phase polymerization

with a MMT-supported catalyst, it can

be concluded that MMT fragments due to

polymer growth in the early stages of

polymerization, and intercalation and exfo-

liation occurs only to some extent. These

conclusions are supported by XRD, SEM

and TEM analyses.

Ethylene polymerization with MMT/

TIBA/UOH/Cp2ZrCl2 had a long induction

time, lower activity, and acceleration-type

kinetics. Ethylene mass transfer resistances

may explain, at least in part, some of these

polymerization kinetics characteristics.

A tentative mechanism for particle

fragmentation during pre-polymerization
, Weinheim www.ms-journal.de
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and high pressure ethylene polymerization

was also proposed.
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