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ABSTRACT: A detailed model describing particle growth and morphology in polyolefins
synthesized using supported metallocene catalysts is presented. The multigrain model
(MGM) is extended to consider metal extraction and the effects of polymer particle
compressibility, in addition to monomer sorption and mass and heat transfer consid-
erations. The effects of active metal extraction into the polymer phase and the pores of
the particle on the kinetics of polymerization and morphological features of the polymer
particle are studied. The effects of greater compressibility of polymer particles on
morphological features such as particle porosity are studied. Model predictions for
porosity and morphology are shown to reproduce similar trends as have been reported
in experimental studies. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 79: 2565–2579, 2001

INTRODUCTION

Traditionally, polyolefins are synthesized using
supported Ziegler–Natta catalysts such as TiCl4
or Cr oxide chemically bound to support particles.
Emerging technology in olefin polymerization us-
ing metallocene or other single-site catalysts en-
ables the synthesis of homo- and copolymers with
narrow molecular weight distributions (MWD),
narrow chemical compositional distributions
(CCD), and better semicrystalline polymer prop-
erties. Because most existing processes for olefin
polymerization use supported catalysts, the het-
erogenization of the metallocene catalysts (by
supporting it on a suitable support) is often cru-
cial to their adaptation to commercial technology.
Thus, the use of supported metallocenes makes it
possible to retain the same reactor/process config-
urations as are in use in current technology using
supported Ziegler–Natta catalysts. However, it
has been reported widely that the particle mor-

phology of polyolefins obtained from supported
metallocenes differs greatly from those obtained
under the same conditions using traditional
Ziegler–Natta catalysts. For example, it has been
observed that the porosity of polymer particles
obtained from supported metallocenes is much
lower than the porosities obtained with tradi-
tional Ziegler–Natta catalysts.1,2 Lower melting
points at similar density and crystallinity levels
and smaller crystallite sizes have also been ob-
served with the metallocenes. Some of the ob-
served features in the morphology of metallocene
catalyzed polyolefin particles can be explained by
considering the mobility of the active metal due to
extraction into the polymer phase from the sup-
port structure. As discussed later, in slurry sys-
tems, the possibility of polymerization in the
pores caused by the extracted metal can lead to
low porosities.

Polymer particles synthesized using metal-
locenes have a lower melting point at the same
density and crystallinity and are believed to pos-
sess less stable crystalline lamellae. Thus, during
the growth of the polymer particle, the forces of
outward growth can lead to a greater degree of
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compression of the softer polymer particles as
compared with polymer particles synthesized us-
ing tradition supported Ziegler–Natta catalysts.
Thus, it can be hypothesized that another plausi-
ble reason for the lowered porosity, especially in
gas phase systems where there is usually no
metal extraction into the pores, is the greater
degree of compressibility of the porous polymer
particles under reaction conditions.

Here a detailed model of polyolefin particle
technology, applicable to both slurry and gas
phase reactors, is developed for prediction of
these distinctive features observed in supported
metallocene systems. The effects of metal extrac-
tion with possible polymerization in the pores of
the polymer particle and of softer polymer parti-
cles on the kinetics and the morphology of the
polyolefin particles are studied. The morphologi-
cal features observed with supported metallocene
catalysts are simulated by extending the frame-
work of the multigrain model (MGM), which
has been previously used for modeling polyolefin
particle morphology using Ziegler–Natta cata-
lysts.3–7

POLYMERIC PARTICLE MODEL

Various models have been developed to model the
particle morphology of a growing polymer particle
for supported Ziegler–Natta catalysts, where the
active metal for the catalyst sites is chemically
bound to the support. The general picture may be
seen in Figure 1, where the catalyst particle frac-
tures as polymerization begins, but the catalyst
fragments remain “glued” together by the poly-
mer produced. These catalyst fragments and re-
sulting polymer becomes a polymer particle

whose shape and initial morphology are deter-
mined by the shape and morphology of the origi-
nal catalyst support as well as by the manner of
catalyst particle breakup. Gentle breakup and
controlled particle temperature are desirable for
the best morphology; thus, prepolymerization of
highly active catalyst particles is often employed.

The MGM is one of the most extensively used
models for the prediction of polyolefin particle
morphology3,4,6,7 and is well supported with ex-
perimental evidence from electron microscope
and TEM studies.8–13 The model assumes instan-
taneous fragmentation of the catalyst particle
into a large number of catalyst fragments that
remain encapsulated by growing polymer to form
microparticles. These microparticles are the
building blocks of the entire polymer particle,
termed the macroparticle. Detailed studies on the
effect of mass and heat transport resistance for
typical reaction conditions in liquid and gas phase
systems using typical Ziegler–Natta catalysts
have been previously reported.6,7,14–18 The MGM
models the transport of mass across the external
boundary layer of the macroparticle as well as
mass transport through the pores of the macro-
particle (i.e., in the voids between the micropar-
ticles). Diffusion limitations in the pores can lead
to concentration gradients of species such as
monomers, cocatalyst, and donor. At every radius
of the macroparticle, sorption equilibrium is as-
sumed for the monomer and other species at the
outer surface of the microparticles. This is fol-
lowed by diffusion of these species through the
semicrystalline polymer of the microparticles to
catalyst sites located on the catalyst fragment. In
a typical Ziegler–Natta supported catalyst, all re-
actions occur on the surface of the catalyst frag-
ments inside the microparticles. The particle en-

Figure 1 Schematic of polymer growth in polyolefin synthesis.
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ergy balance is similar, except that heat is trans-
ported out from the catalyst fragment where the
large heat of reaction is released, across the
radius of the microparticle, through the pores
and polymer at every radius of the macropar-
ticle, and through the macroparticle boundary
layer. Convective transport of heat and mass
within the polymer particle is assumed to be
negligible.

POLYMERIZATION BY SUPPORTED
METALLOCENES

Metal Extraction

When heterogeneous catalysts are considered, it
is important to consider the interactions of the
metallocene catalyst (and the cocatalyst) with the
support structure and its effect, if any, on the
polymerization kinetics and on the morphology of
the polyolefin particles. Two of the three main
routes for metallocene immobilization on sup-
ports involve ionic interactions between the met-
allocene and surface sites of the support or an-
chored cocatalyst.19 In these cases, it is possible
that the physically sorbed metallocene can be ex-
tracted off the support structure during polymer-
ization. For example, Munoz-Escalona et al.20

have reported the leaching of the metallocene in
cases where the metallocene is directly adsorbed
over inorganic supports as well as in cases where
it is supported on previously passivated supports
treated with methylaluminoxane, a common co-

catalyst in metallocene systems. Thus, while con-
sidering modeling of the particle growth and mor-
phology development during polyolefin synthesis
by supported metallocenes, it is necessary to in-
corporate the effects of metal extraction. Thus,
new features need to be incorporated into the
MGM described above to model the effects of
metal extraction. In both slurry as well as gas
phase systems, the metal can be extracted from
the support into the swollen polymer phase
around the catalyst as shown in Figure 2. In the
case of slurry systems, the liquid in the particle
pores can extract the catalyst from the polymer
and allow it to diffuse out of the particle. In the
case of gas phase processes, metal diffuses
through the polymer phase in the microparticles
and can accumulate on the surface of the micro-
particles, with possible surface diffusion along the
microparticle surface. The metal that collects on
the outer surface of the microparticles can cata-
lyze polymerization, leading to the distribution or
oozing of polymer into the pores. In addition,
when operating condensed mode gas phase reac-
tors, it is possible that capillary condensation of
the inerts, diluents, or even the comonomer takes
place. If that were to happen, the presence of a
liquid in the pores would lead to similar consid-
erations as for slurry systems. It will be shown
that the morphological features of polymer parti-
cles synthesized using supported metallocene cat-
alysts can be affected by the extraction of active
catalyst in both slurry as well as gas phase sys-
tems, but particularly so in slurry systems.

Figure 2 Schematic of multigrain model, with metal extraction.
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The MGM is extended here to model the extrac-
tion of the metal and its effect on the kinetics and
morphology of the growing polymer particle.
Thus, it is necessary to consider the diffusion of
metal in a radial direction out of the micropar-
ticles and macroparticles (Fig. 2). For traditional
Ziegler–Natta catalysts, all reactions occur on the
surface of the catalyst fragments within the grow-
ing microparticles. However, for physically ad-
sorbed catalysts, extraction of the metal leads to
the free metal functioning as a homogeneous cat-
alyst dissolved in the polymer phase surrounding
the catalyst fragment and in the liquid in the
pores of the polymer particle. In this case, poly-
merization can occur not only at the surface of the
catalyst fragments, but also in the polymer of the
microparticles and in the pores of the macropar-
ticle. In addition, for slurry systems, where poly-
mer is present in the pores of the macroparticle,
both metal and monomer are assumed to parti-
tion between the liquid present and the polymer
being formed in the pores.

It should be noted that it is assumed in this
discussion that the cocatalyst is present uni-
formly at all points in the particle, whereby metal
on the support as well as the metal extracted out
has the same activation and deactivation kinetics.
However, it is possible to extend this analysis to
cases in which the cocatalyst may be nonuni-
formly distributed.

Model Assumptions

Other than the usual assumptions made in the
modeling of polyolefin particle morphology, using
the MGM the following assumptions are made:

(i) The physical picture of the model is shown
in Figure 2.

(ii) Metal extraction from the catalyst support
into the surrounding polymer phase is
governed by extraction equilibrium, and is
characterized by the parameter kextr

@Me#polymer 5 kextr@Me#het (1)

(iii) In the case of slurry systems, metal dif-
fuses through the polymer phase in the
microparticles and is extracted out of the
polymer phase into the liquid present in
the pores of the particle. The equilibrium
relation between metal in the polymer
phase and that sorbed to the diluent in the
pores gives

@Me#void 5 ksorp,me@Me#polymer (2)

For gas phase systems, one could imagine
metal accumulating at the outer surface of
the microparticles. In the modeling equa-
tions developed here, a no flux condition is
considered since metal cannot be ex-
tracted into the gaseous phase. However,
if there is capillary condensation of
comonomer or inerts in the pores, then
there could be extraction just as in the
slurry case, and results from the slurry
simulations can in such a case be applied
to gas phase systems.

The mass balance equation for the metal in the
microparticle (rc # rs # Rs) is written in spherical
polar coordinates as:

@Me#s

t 5
Ds,me

rs
2

Frs
2

@Me#s

rs
G

rs

rs 5 rc @Me#s 5 kextr,me@Me#het

rs 5 Rs 5 frc @Me#s 5
1

ksorp,me
@Me#void ~slurry!

d@Me#s

drs
5 0 ~gas phase!

t 5 0 @Me#s 5 0
(3)

The radial profile of monomer concentration in
the microparticle is then given by

@Mi#s

t 5
Ds,mon

rs
2

Frs
2

@Mi#s

rs
G

rs
2 ~Rp!i

rs 5 rc 4prc
2Ds,mon

@Mi#s

rs
5

4
3 prc

3 ~Rp!i
S

rs 5 Rs 5 frc @Mi#s 5 hmoni@Mi#void

t 5 0 @Mi#s 5 hmoni@Mi#
0 (4)

Here, hmoni
represents a Henry’s law type of equi-

librium relationship between the monomer con-
centration in the voids and monomer concentra-
tion in the polymer. Obviously more complex ther-
modynamics could be used if desired. As can be
seen from eq. (4), reaction takes place not only at
the surface of the catalyst fragment (as given by
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(Rp)i
s in the boundary condition at rs 5 rc) but also

at all points along the radius of the microparticle
(as given by (Rp)i) due to the extracted metal. The
polymerization rates in the microparticle and at
the catalyst fragment surface are:

~Rp!i 5 kp@Mi#s@Me#s~1 2 C# dead 2 C# pot! (5a)

~Rp!i
S 5 kp@Me#uhet@Mi#surc~Ecat 2 C# dead 2 C# pot! (5b)

where Ecat is the maximum moles of active sites
per mole of metal on the support. It is conceivable
that the unsupported catalyst may behave differ-
ently from the supported one. For supported cat-
alysts, since some of the metal can be shielded
from the monomer due to the support cage, not all
of the metal can be activated; thus a value of Ecat
less than unity is usually observed. However, we
assume that all the extracted metal can be acti-
vated, thus leading to an increase in productivity
upon metal extraction. To avoid confounding the
results on porosity and particle morphology
caused by the higher activity of the extracted
metal, the simulations for slurry systems assume
that there is no change in catalyst activity as the
metal is extracted from the support (i.e., Ecat 5 1
for both supported and extracted metal in this
case). Thus, changes in properties such as particle
porosity or diffusional limitations are compared
with catalyst effectiveness the same in each
phase. The effect of the enhanced activity of the
extracted metal is presented in the case of gas
phase systems, where there is no metal extraction
into the pores. As will be discussed later, in such
a case, with no polymer being formed in the pores,
effects on the particle porosity and diffusional
limitations are only due to the enhanced catalyst
effectivity and consequent higher yields obtained
with the extracted homogeneous catalyst.

The concentration of metal and monomer in
the pores of the particle at any radial position is a
composite of the concentrations in the voids of the
pores and the concentration in the polymer
present in the pores:

@Me#l 5 «void@Me#void 1 «pol@Me#pol (6a)

@Me#pol 5
1

ksorp,me
@Me#void (6b)

@Mi#l 5 «void@Mi#void 1 «pol@Mi#pol (7a)

@Mi#pol 5 hmoni@Mi#void (7b)

The governing equation for the diffusion of metal
in the pores of the macroparticle involves the
weighted sum of the diffusive flux through the
void spaces in the pores as well as diffusion
through the polymer present in the pores:

@Me#l

t 5 «void

1
rl

2



rl
Frl

2~Dv,me!eff

@Me#void

rl
G

1 «pol

1
rl

2

2

rll

Frl
2Dp,me

@Me#pol

rl
G 1 ~Rv!me

rl 5 0
@Me#l

rl
5 0

rl 5 Rl @Me#void 5 @Me#bulk

t 5 0 @Me#void 5 @Me#l 5 0 (8)

where the overall rate of metal flux into the pores
((Rv)me) is given by the total flux of metal out of all
the microparticles in a given shell:

~Rv!me 5 2
3
rc

Ds,me

d@Me#s

drs
U

frc

3
~1 2 «void 2 «pol!

f
(9)

The monomer concentration profile can be simi-
larly written as

@Mi#l

t 5 «void

1
rl

2



rl
Frl

2~Dv,moni!eff

@Mi#void

rl
G

1 «pol

1
rl

2



rl
Frl

2Dp,moni

@Mi#pol

rl
G 2 ~Rv!moni

rl 5 0
@Mi#l

rl
5 0

rl 5 Rl @Mi#void 5 @Mi#bulk

t 5 0 @Mi#void 5 @Mi#
0 (10)

where the total rate of consumption of monomer
at a given radius of the macroparticle can be
given as

~Rv!moni 5 @«cat~Rp!i
S 1 «s~Rp!i,ave#

1 @«void~Rp!i,void 1 «pol~Rp!i,pol# (11)
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The terms in the second bracket are applicable
only for slurry systems (or other systems where
there may be liquid in the pores) as they account
for reaction taking place in the pores (in the void
space and in the polymer phase present in the
pores) of the macroparticle. The average rate of
reaction in all the microparticles in a given mac-
roshell, is given by

~Rp!i,ave 5

E
rc

frc

4pr2~Rp!idr

E
rc

frc

4pr2dr

(12)

while the reaction rates in the voids and in the
polymer of the pores are

~Rp!i,void

5 kp@Me#void@Mi#void~1 2 C# dead 2 C# pot! (13a)

~Rp!i,pol

5 kp@Me#pol@Mi#pol~1 2 C# dead 2 C# pot! (13b)

The macroparticle diffusivities in the above equa-
tion are obtained from the bulk diffusivity of the
species in the liquid/gas, corrected by the void
fraction and a tortuosity factor.

~Dv,i!eff 5 Db,i

«void

t
i 5 me, mon (14)

The microparticle diffusivities and diffusivity
through the polymer in the pores are obtained from
the Michaels and Bixler correlation21 by consider-
ing diffusion through the amorphous polymer.

Dp,i 5 Ds,i i 5 me, mon (15)

The rate of change of metal concentration on the
support is calculated by considering the flux of
metal diffusing out of the catalyst fragment sur-
face at any time

d@Me#het

dt 5
3
rc

Ds,me

d@Me#s

drs
U

rc

Initial condition: t 5 0 @Me#het
0 5

wmercat

MWme
(16)

where wme is the weight fraction of metal on the
catalyst (grams of metal/gram of catalyst), rcat is
the catalyst density, and MWme is the molecular
weight of the metal.

Excessive particle temperatures also can cause
particle sintering with reductions in particle po-
rosity and increased diffusion limitations in the
particle.22,23 However, we will assume an isother-
mal particle in the present study.

The quasi-steady-state assumption (QSSA) can
be made for microparticle diffusion of the metal
and monomer since the time constant for mono-
mer/metal concentration to reach a quasi-steady-
state value in the microparticle is of the order of a
fraction of a second to a few seconds, at most.
Finite difference methods are used to compute the
macroparticle and microparticle monomer con-
centration profiles. The macroparticle model
equations are solved for Nl shells at varying ra-
dial distances in the macroparticle. The method of
solution is similar to that described by Hutchin-
son and Ray6 and Debling and Ray,7 with the
complete set of discretized macroparticle and mi-
croparticle mass balances and corresponding sets
of catalyst site balances sent to a differential-
algebraic system equation solver (DASSL).24 The
microparticle growth factor, w, which is estimated
from the sum of the volume of polymer formed at
the catalyst fragment surface (Vpol,1) and the vol-
ume of polymer formed by the extracted metal in
the polymer phase surrounding the catalyst frag-
ment (Vpol,2) is used to update the grid positions.
In slurry systems, the total volume of polymer
formed in the pores (Vpol,pore) is used to compute
«pol, the fraction of shell volume occupied by the
polymer in the pores. Thus, the volume of polymer
formed at the (heterogeneous) catalyst surface
(cm3 of polymer/cm3 of catalyst) is calculated as

dVpol,1

dt 5

O
i51

NMon

~Rp!i
S MWMi

rpol

Initial condition: t 5 0 Vpol,1 5 ~f0!3 2 1
(17)

The volume of polymer formed by the extracted
metal in the microparticles (cm3 of polymer/cm3 of
amorphous polymer in the microparticles) is cal-
culated by summing the total polymer formed due
to reaction at each micro-radius within a micro-
particle:
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dVpol,2

dt 5

O
i51

NMon

~Rp!i,aveMWMi

rpol

Initial condition: t 5 0 Vpol,2 5 0 (18)

The volume of polymer formed in the pores is
given by the sum of the polymer formed in the
voids and that formed in the polymer present in
the pores:

dVpol,pore

dt 5

O
i51

NMon

~Rp!i,voidVvoidMWMi

rpol

1

O
i51

NMon

~Rp!i,polaVpol,poreMWMi

rpol

Initial condition: t 5 0 Vpol,pore 5 0 (19)

In order to compute the void fraction across the
macroparticle radius, it is assumed that the spa-
tial arrangement of microparticles within the
growing particle does not change. A volume bal-
ance over the shell, taking into account the dif-
ferent microparticle growth rates and the poly-
mer formed in the pores, is used to compute the
variable void fraction across the macroparticle
radius.

Slurry Systems

Under the QSSA assumption, eq. (3) can be solved
for slurry systems to obtain the following analytic
solution for the metal concentration profile in the
microparticle:

@Me#s 5

1
ksorp,me

@Me#l 2
1
w

kextr@Me#het

1 2
1
w

2

1
ksorp,me

@Me#l 2 kextr@Me#het

1 2
1
w

Frc

rs
G 5 A 1

B
rs

(20)

where f is the microparticle growth factor, which
can be estimated from a mass balance of polymer

produced per microparticle. The flux of metal out
of all the microparticles gives the total metal ex-
tracted into the pores in a given shell. Using the
QSSA assumption and substituting eq. (20) for
the metal concentration profile in the micropar-
ticle, the microparticle monomer balance [eq.
(4)] becomes

Ds,moni

rs
2

Frs
2

@Mi#s

rs
G

rs
2 kp~1 2 C# dead 2 C# pot!@Mi#s

SA 1
B
rs
D 5 0

rs 5 rc

@Mi#s

rs
5

rc

Ds,moni

kp~Ecat 2 C# dead 2 C# pot!

3 @Mi#surckextr@Me#het

rs 5 Rs 5 f0rc @Mi#s 5 hmoni@Mi#void (21)

In order to obtain the microparticle monomer pro-
file, the spatial derivative is discretized using fi-
nite differences into Ns micro-shells within each
of the macro-shells. An analytical solution is also
possible in terms of confluent hypergeometric
functions, with the solution rendered as a sum of
Whittaker functions.25 However, the evaluation
of these functions is more computationally inten-
sive and complicated, and hence the numerical
solution based on a finite-difference discretization
is used here.

Gas Phase Systems

For gas phase systems, an analytic solution can
be derived for both monomer and metal micropar-
ticle profiles. The total metal within a micropar-
ticle at any time is a constant, since a no flux
condition is considered at the outer edge. Thus a
volume balance for the metal gives us the amount
of metal at any micro-radius (constant profile
across the microparticle due to the QSSA assump-
tion):

@Me#s 5 kextr@Me#het

5 kextr

@Me#het
0

1 1 akextr~f3 2 1!
(22)

The transport equation for the monomer in the
microparticle then reduces to the form of the clas-
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sic equation for diffusion with first order reaction,
and can be solved analytically. Thus, eq. (21) be-
comes:

1
rs

2

Frs
2

@Mi#s

rs
G

rs
5 L2@Mi#s

rs 5 rc

@Mi#s

rs
5

rc

3Ds,moni

kp~Ecat 2 C# dead 2 C# pot!

3 @Me#het@Mi#surc

rs 5 Rs 5 f0rc @Mi#s 5 hmoni@Mi#void (23)

where

L2 5
kp~1 2 C# dead 2 C# pot!kextr

Ds,moni

@Me#het
0

1 1 akextr~f3 2 1!

(24)

The solution, which gives the monomer concen-
tration profile across the microparticle radius,
can be then given in the form:

@Mi#s 5 c1

cosh~Lrs!

rs
1 c2

sinh~Lrs!

rs
(25)

where the boundary conditions give the values of
c1 and c2.

c1 5

hmoni@Mi#voidSL cosh~Lrc!

rc
2

sinh~Lrc!

~rc!
2 D 2

rc

3Ds,moni

3 kp~Ecat 2 C# dead 2 C# pot!@Me#het@Mi#surc

sinh~Lfrc!

frc

cosh~Lfrc!

frc
SL cosh~Lrc!

rc
2

sinh~Lrc!

~rc!
2 D 2 SL sinh~Lrc!

rc
2

cosh~Lrc!

~rc!
2 D sinh~Lfrc!

frc
(25a)

c2 5

rc

3Ds,moni

kp~Ecat 2 C# dead 2 C# pot!@Me#het@Mi#surc

cosh~Lfrc!

frc
2 hmoni@Mi#voidSL sinh~Lrc!

rc
2

cosh~Lrc!

~rc!
2 D

cosh~Lfrc!

frc
SL cosh~Lrc!

rc
2

sinh~Lrc!

~rc!
2 D 2 SL sinh~Lrc!

rc
2

cosh~Lrc!

~rc!
2 D sinh~Lfrc!

frc
(25b)

Polymer Compressibility

The use of single-site metallocene catalysts has
made it possible to obtain polyolefins with narrow
molecular weight distributions (MWD), narrow
chemical compositional distributions (CCD), more
uniform sequence length distribution, and higher
comonomer incorporation. Because of these
unique features, it has been observed that the
properties and morphology of these polymers are
very different than those obtained under similar
reaction conditions with traditional Ziegler–
Natta catalysts. In particular, the narrow chem-
ical composition distribution and more uniform
sequence length distribution leads to the synthe-
sis of polymers with lower melting points than
those produced using traditional Ziegler–Natta
catalysts. For example, Furtek2 reported lower
melting points for LLDPE synthesized using a
metallocene cocatalyst compared with that pro-
duced with a commercial Ziegler catalyst, even
though both polymers had the same density
(0.918 g/cm3). Nascent polymer melting points

10–20°C lower for metallocene polymers are
widely reported. It has also been reported that the
polymer crystallite sizes are smaller in the case of
metallocene polymers. For example, Churdpunt
and Isayev26 reported lower melting points for
metallocene-based isotactic polypropylene com-
pared with the Ziegler–Natta catalyst product. At
the same molecular weight, the rate of crystalli-
zation and spherulitic growth rates were lower for
the metallocene-based polymer, with a much
smaller spherulite size. In the case of polypro-
pylene resins, Bond and Spruiell27 suggest that
the crystalline lamellae produced by the metallo-
cene catalysts are not as stable as the lamellae
produced by Ziegler–Natta, causing a lowering of
the melting point. Figure 3 compares the mor-
phology of a resin particle for the two catalyst
systems. The metallocene polymer is found to be
much denser, with very little porosity. In light of
these and other experimental observations, it is
possible that in the case of a metallocene polymer,
the lower melting point produces softer and more
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compressible polymer microparticles. This means
that as the macroparticles grow, the enormous
pressures required to expand the particle cause
the softer metallocene polymer microparticles to
deform rather than rigidly to grow larger (cf.
Fig. 4).

Here, this compression of the microparticles
has been modeled within the framework of the
MGM by defining a compressibility factor as used
previously7 to model decreasing particle porosity
with increasing polymer yield. A geometric corre-
lation is used to compute the microparticle com-
pressibility factor (z), which gives the diameter of
the compressed microparticle (perpendicular to
the radial coordinate) with respect to that of a
perfect sphere:

z 5 1 2 b~f 2 1!n (26)

where b and n are user-specified coefficients. As
discussed earlier, a volume balance over the shell,
taking into account the different microparticle
growth rates and the polymer formed in the pores,
is used to compute the variable void fraction
across the macroparticle radius. The effects of
variable void fraction and microparticle com-
pressibility are incorporated into the MGM model
by updating the grid positions along the particle
radius based on the growth factor and the com-
pressibility coefficient at that radius. Thus, the
position of grid point rn for a given macroshell (n)
can be calculated using the constant spatial posi-
tion assumption as

Figure 3 Comparison of morphology of polyolefin particles synthesized from a met-
allocene catalyst and from a traditional Ziegler–Natta catalyst.2

Figure 4 Compressibility of microparticles.
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rn 5 rn0fnzn (27)

Typical values for b and n are 1.25 3 1026 and 3,
respectively. Varying the value of b, it is possible
to model different levels of microparticle com-
pressibility and to study the effects on polymer
morphological features such as porosity and on
the kinetics and mass transfer limitations within
the polymer macroparticle.

RESULTS AND DISCUSSION

Effects of Metal Extraction

The results are presented for the case of pro-
pylene homopolymerization catalyzed by a single
site metallocene catalyst. The particle model and
simulation results, however, would apply equally
well to the copolymerization of other monomers
with metallocene catalysts. A general kinetic

scheme for olefin polymerization has been dis-
cussed by Chen28 and Shaffer and Ray.29 This
kinetic scheme (summarized in Table I) accounts
for multiple active sites, with each active site
having its own kinetic scheme involving activa-
tion, deactivation, site transformation, chain
transfer, propagation, as well as internal and ter-
minal double bond reactions. In the present
study, only site activation, propagation, and site
deactivation are considered for a single-site met-
allocene catalyst. The detailed kinetic model will
be used in a future publication to evaluate the
effects of metal extraction and simultaneous het-
erogeneous and homogeneous polymerization on
polymer properties, MWD broadening, and com-
positional heterogeneity. Parameters used in the
simulations are summarized in Table II.

The site balance equations for the chosen ki-
netic scheme are given by eqs. (28)–(30), where
the concentrations of sites, expressed on a frac-

Table I General Kinetic Scheme for Olefin Polymerization

Site
Activation

Chain
Initiation Propagation

Chain
Transfer

Site
Transformation

Site
Deactivation

TDB
Formation

Hydrogen F F F F

Cocatalyst F F F F

Electron donor F F F F

Solvent F F

Transfer agent F

Inhibitor F F

Byproduct F

Spontaneous F F F F F

Monomer(s) F F F F F F F

(F) Reactions that are possible and that can be considered in the kinetic scheme.

Table II Stimulation Model Parameters

Catalyst parameter
RL (t 5 0): 25 mm (macroparticle)
rc: 0.01 mm (microparticle)
2 wt % metal loading (wme 5 0.02)
rcat 5 2.33 g/cm3

«void(t 5 0): 0.25
MWme 5 47.9
Catalyst activity: 12,000 g PP/(g cat h)

at [M]bulk of 2 mol/L (slurry)

Sorption factor for propylene
hmon 5 0.5 (polymer/liquid)
hmon 5 1.52 (polymer/gas):

Amorphous fraction of polymer, a 5 0.37
Bulk diffusivity through liquid (cm2/s): Db,me: 1.6 3 1026

Db,mon: 4.2 3 1026

Bulk diffusivity through gas (cm2/s): Db,mon: 0.45 3 1022

Gas phase
Pressure: 20 atm, temperature: 70°C
DHp 5 225,500 cal/mole

Diffusivity through polymer phase (cm2/s): Ds,me: 1 3 10213

Ds,mon: 1.3 3 1027

Tortuosity factor, t 5 6.0

2574 NAIK AND RAY



tional basis, are normalized by the total amount of
active metal in the catalyst and have units of moles/
mole of metal. Thus, fractional dead site concen-
tration (moles dead site/mole metal) is given as

dC# dead

dt 5 kd0expS2
Ed

RTDC# act

Initial condition: t 5 0 C# dead 5 0 (28)

and the fractional potential site concentration
(moles potential sites/ mole metal) is

dC# pot

dt 5 ka0expS2
Ea

RTDC# pot

Initial condition: t 5 0 C# pot 5 0.2xEcat (29)

For the single site metallocene catalyst, the frac-
tional active site concentration (moles active
sites/ mole metal) is found from the values ob-
tained from eqs. (28) and (29) for the dead site and
potential site concentrations, respectively, as

C# act 5 Ecat 2 C# dead 2 C# pot (30)

Slurry Systems

As discussed above, polymerization occurs not
only because of the heterogeneous catalyst but
because of the homogeneous catalyst extracted
into the polymer phase and into the pores of the
particle as well. This leads to a lowering of the
porosity of the particle with time, as polymer is
formed in the pores. Figure 5 shows the effect of

ksorp,me on the void fraction of the polymer parti-
cle. Since ksorp,me governs the amount of metal
extracted into the pores, a higher value of ksorp,me
lead to greater amounts of polymer being formed
in the pores (Fig. 6), giving a polymer particle
with very low porosity (Fig. 5). Figure 7 shows
that as metal diffuses out of the supported cata-
lyst, the fraction of polymer formed at the heter-
ogeneous catalyst sites decreases, with polymer
also being formed in the polymer phase of the
microparticles and in the pores by the extracted
homogeneous catalyst. A difference in the charac-
teristics and properties of the active metal sites,
depending on whether it was on the support or in
the polymer/pore phases, can have a direct impact
on polymer properties, possibly leading to MWD
broadening and compositional heterogeneity (in
copolymer systems). These effects will be dis-
cussed in a later publication, when additional

Figure 5 Slurry systems. Effect of metal extraction
on average particle porosity.

Figure 6 Slurry systems. Fraction of shell volume
occupied by the polymer in the pores.

Figure 7 Slurry systems. Fraction of polymer formed
by the heterogeneous (supported) catalyst.
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experimental information is available on these
differences in the supported and extracted metal.
The role of the cocatalyst and its interaction with
the support also needs to be investigated thor-
oughly.

As the macroparticle pore volume fills up with
polymer, lowering the porosity and pore volume,
monomer diffusional limitations in the macropar-
ticle can arise, lowering the rate of polymeriza-
tion. As a comparison of pure heterogeneous ca-
talysis versus the case with catalyst extraction,
Figure 8 shows the extent to which diffusional
limitations in the polymer particle are aggravated
by the formation of polymer in the pores. Since
diffusion of monomer through the polymer phase
is much slower than through the liquid phase,
this can lead to a pore plugging effect, with more
polymer formed in pores on the outside of the
particle due to a steep gradient in monomer con-
centration within the particle. Thus, in the ex-
treme case, hollow polymer particles can even be
expected.

Gas Phase Systems

In the case of gas phase systems, since all the
metal is present within the confines of the grow-
ing microparticles at any time, considering the
same catalyst activity for both the supported
and the extracted metal gives us identical mor-
phology and porosity profiles. The catalyst ac-
tivity can be defined in terms of the maximum
number of moles of active sites per mole of

metal (Ecat). In the case of supported catalysts,
this value is less than unity, since not all the
metal atoms can be activated due to shielding of
some of the metal atoms due to the support cage
structure. In such a case, the extracted metal
(Ecat 51) has a higher activity than that of the
supported metal.

Thus, metal extraction leads to a system with
higher overall activity of the catalyst, resulting in
higher yields, greater degree of compression of
the microparticles at these yields, and lowered
porosity (Fig. 9). However, this effect is only at-
tributable to the enhanced activity of the ex-
tracted metal and not to any direct or indirect
physical effect of the extraction process. Thus, in
gas phase systems, unless there is condensation
of diluents or comonomers in the pores, extraction
of metal only has an effect on particle morphology
owing to the differences in activity and properties
of the extracted metal from the supported metal.
In case there is a liquid phase in the pores due to
capillary condensation, similar considerations as
in the slurry case hold. Thus, in that case, it is
necessary to consider extraction of metal into the
pores and subsequent decrease in porosity of the
particle due to the formation of polymer in the
pores.

Effect of Microparticle Compressibility

The effect of the microparticle compressibility is
to cause rapidly decreasing particle porosity with
increasing polymer yield. As discussed before, be-

Figure 8 Slurry systems. Monomer macroparticle diffusional limitation, with and
without metal extraction.
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cause of the unique properties of the polymer
formed using a single-site metallocene catalyst, it
is possible to get softer polymer particles. Thus,
the microparticles are compressed during the
growth of the polymer particle to a greater extent
than in Ziegler–Natta synthesized polyolefins.
This compression of the microparticles can be
modeled within the framework of the MGM model
by considering the variation in the compressibil-
ity coefficient, z, in eq. (26). Thus, in order to

study the impact of higher compressibilities of the
metallocene polymers on the porosity of the par-
ticle, the parameter b is varied. Figure 10 shows
a drastic effect of the polymer compressibility on
the particle porosity. Note that higher values of b
lead to a lower value for the compressibility factor
z, i.e., higher compressibilities. This decrease in
polymer porosity has a direct effect on the mono-
mer accessible within the particle. Figure 11

Figure 10 Effect of compressibility of microparticles
on particle void fraction.

Figure 11 Effect of compressibility of microparticles
on macroparticle diffusional limitations to monomer
transport.

Figure 9 Gas phase systems. Effect of higher reactivity of the extracted metal on
particle porosity.
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shows the effect of higher compressibility and
lowered porosity on the macroparticle effective-
ness factor for the diffusing monomer. Thus, it
can be seen that the use of supported metal-
locenes can lead to more compressible particles,
which in turn leads to lowered porosity and the
possibility of increased mass transfer limitations
for monomer diffusion. When this is accompanied
by metal extraction, the lowering of porosity and
the aggravation of diffusional limitations to
monomer transport into the particle are even
greater. Figure 12 compares the combined effect

of higher compressibility and metal extraction in
a gas phase system with a case with no metal
extraction.

These results show that it is possible to obtain
polymer particles with very low porosities due to
the effects of metal extraction and the synthesis
of softer, more compressible polymer. The model
simulations are in good qualitative agreement
with experimentally observed results.1,2

SUMMARY

It is clear that a wide variety of porosity profiles
for polyolefin particles can be predicted using the
MGM. Figure 13 presents a schematic of the typ-
ical porosity profiles that can be expected as a
result of various physical processes. The MGM
can predict all these cases, in agreement with
observed experimental data. However, further
modeling and experimental work is required to
fully understand and control polymer morphology
with supported metallocenes. It is well known
that the adsorption of the organometallic species
onto inorganic surfaces can also alter their reac-
tivities and catalytic activities. This needs to be
explored further. In addition, the effects of ex-
tracted or separately added cocatalyst require
further study. A future communication will deal
with the effect of metal extraction on polymer

Figure 12 Combined effect of compressibility of mi-
croparticles and metal extraction on particle void frac-
tion.

Figure 13 Schematic of possible porosity profiles in olefin polymerization.
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properties such as MWD broadening, and compo-
sitional heterogeneity arising from metal extrac-
tion and simultaneous heterogeneous/ homoge-
nous polymerization.
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