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ABSTRACT: A coupled-single-particle and Monte Carlo
model was used to simulate propylene polymerization. To
describe the effects of intraparticle transfer resistance on
the polymerization kinetics, the polymeric multilayer
model (PMLM) was applied. The reaction in each layer of
the PMLM was described with the Monte Carlo method.
The PMLM was solved together with the Monte Carlo
model. Therefore, the model included the factors of the
mass- and heat-transfer resistance as well as the stochastic
collision nature of the polymerization catalyzed with single-
site-type/multiple-site-type catalysts. The model presented
results such as the polymerization dynamics, the physical

diffusion effect, and the polymer molecular weight and its
distribution. The simulation data were compared with the
experimental/actual data and the simulation results from
the uniform Monte Carlo model. The results showed that
the model was more accurate and offered deeper insight
into propylene polymerization within such a microscopic
reaction–diffusion system. VC 2010 Wiley Periodicals, Inc. J Appl
Polym Sci 119: 352–362, 2011

Key words: computer modeling; kinetics (polym.); Monte
Carlo simulation; poly(propylene) (PP); Ziegler–Natta
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INTRODUCTION

In solid-catalyzed propylene polymerization, small
catalyst particles (10–200 lm in diameter) are contin-
uously fed into a reactor. The catalyst particles are
composed of small fragments with a metal as the
active center and are themselves porous. Propylene
must diffuse through the boundary layer around the
catalyst particles and through their pores to reach
the active centers at which polymerization can take
place.1,2 Finally, the catalyst fragments grow into a
broad distribution of polypropylene particles (1000–
5000 lm in diameter).1,2

Up to now, many catalysts have been used in the
polypropylene industry, and they can be divided
into two types: single-site catalysts (normally silica-
supported metallocene catalysts) and multiple-site
catalysts (normally MgCl2-supported Ziegler–Natta
catalysts). The kinetics of solid-catalyzed polymer-
ization is quite complex and may involve single or
multiple sites on the catalyst surface. What is more
complicated is that diffusion resistance may exist
during the growth of the polymer particles.1,2 How-
ever, the polymerization kinetics in the synthesis

process is always an important part of polymeriza-
tion engineering because of its key role in describing
the relationship between the polymer properties and
polymerization time.1–4 Therefore, a number of mod-
els have been proposed to describe the kinetics of
solid-catalyzed propylene polymerization.2,5–22 In
general, they are divided into two categories: physi-
cal models (single-particle models) and chemical
models.
Physical models have been used to describe the

interparticle and intraparticle mass and heat transfer
during polymerization.2,5–11 On the basis of the ex-
perimental evidence, it has been assumed that cata-
lyst fragments in different radial positions are
exposed to different concentrations of the monomer
and chain-transfer agent (generally hydrogen) and
consequently produce polymers with similar chain
lengths but different spatial arrangements because
of the diffusion resistance. Up to now, three single-
particle models, namely, the solid-core model,5 poly-
meric-flow model,6,7 and multigrain model,8 have
been widely used to describe particle growth in the
field of olefin polymerization. In addition, the poly-
meric multilayer model (PMLM), which is a versatile
model, can also be used to simulate olefin polymer-
ization.11 From our point of view, some points
linked to this work are as follows. First, the classical
reaction–diffusion equation has been applied with
the average chain propagation rate as the total poly-
merization rate in previous physical models. How-
ever, the actual polymerization rate at any time is
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the stochastic elementary reaction/collision rate. Sec-
ond, the diffusion effect on the kinetics is increased
because of the application of the classical reaction–
diffusion equation. Finally, to the best of our knowl-
edge, thus far, the application of the PMLM to solid-
catalyzed propylene polymerization has not been
common.

Models of the second category, chemical mod-
els,4,12–22 neglect heat- and mass-transfer resistance
in the polymer particle. In these models, in the case
of single-site-type catalysts such as most metallo-
cenes, a polymerization scheme can be used along
with a set of kinetic constants. For multiple-site-type
catalysts such as heterogeneous Ziegler–Natta cata-
lysts, it has generally been assumed that two or
more active site types are present, each one having a
distinct set of constants for polymerization kinetics
and therefore leading to different average properties
of the polymer chains. The chemical models are
mainly based on mathematical models. So far, some
mainstream mathematical modeling techniques
include the well-known method of moments,23,24 the
Galerkin h–p finite element method,25,26 and continu-
ous variable approximation.27 The Galerkin h–p fi-
nite element method has been implemented in the
commercial software package PREDICI, as devel-
oped by Wulkow.28 The former two methods start
with a population balance, and they both suffer
from the enclosure problem when they are dealing
with higher dimensionality. The continuous variable
approximation method seems to be encountered
more often for the modeling of random scission.
Recently, the Monte Carlo method was introduced,
and it has attracted more attention in the field of
polymerization kinetics with the development of
computer techniques and mathematical algo-
rithms.15–22,29 The Monte Carlo method is employed
for problems when analytical or differential equation
approaches are not feasible because of high dimen-
sionality, especially in the case of very complex reac-
tion schemes for which conventional methods
require a high level of sophistication and include
many simplified assumptions. The Monte Carlo
method seems to be a simple and flexible alternative.
Luo et al.18 described the kinetics of propylene poly-
merization catalyzed with typical catalysts with a
single-site/multiple-site (active) type in a liquid-
phase stirred-tank reactor with the Monte Carlo
method, but they ignored the mass- and heat-diffu-
sion effects. Simon and Soares30 developed a
dynamic Monte Carlo model (MCM) to describe the
chain length distribution of polyolefins produced
with the help of coordination catalysts dependent on
the polymerization time. They also ignored the phys-
ical diffusion. Simon et al.31 also studied the copoly-
merization kinetics of ethylene and a-olefins by the
Monte Carlo method. Although particular emphasis

was given to the unique branch distribution of the
copolymer, still the physical diffusion was ignored.
Furthermore, Simon et al.15 applied the Monte Carlo
method to simulate the branching distribution in
nickel diimine catalyzed polyethylene without con-
sidering the physical diffusion.
In practice, the effects of transfer resistances and

catalyst site types on polymerization and product
properties are evidently not exclusive; the heteroge-
neity caused by the presence of multiple-site types
can be increased by transfer resistances during the
polymerization. Both effects can affect the polymer-
ization process and therefore the product properties
because, for the diffusion–reaction system of propyl-
ene polymerization, models accounting for multiple-
site types and transfer resistances simultaneously
can provide the most complete description of the
solid-catalyzed propylene polymerization.
In this work, we develop a comprehensive model

for simulating the kinetics of solid-catalyzed propyl-
ene polymerization. To describe the effects of mass-
and heat-transfer resistance on the kinetics, the
PMLM is applied. The polymerization occurring in
each layer of the PMLM is described by the Monte
Carlo technique. The PMLM is solved together with
the MCM. The comprehensive model, which com-
bines the relative merits of the PMLM and Monte
Carlo technique, is called the multilayer Monte Carlo
model (MLMCM). In addition, the simulation data
are compared with the experimental/actual data
and the simulation results from the uniform MCM.
The experimental/actual data have been collected
from plants in which propylene polymerization fol-
lows the classical Himont Spheripol loop process by
means of a continuously stirred tank (CSTR) in the
presence of a fourth-generation Ziegler–Natta cata-
lyst or silica-supported metallocene catalyst.1

MLMCM

Model idea

In our previous study,18 we applied the Monte Carlo
technique to simulate the kinetics of propylene poly-
merization. Our previous work distinguished the
effects of single-site-type and multiple-site-type cata-
lysts on propylene polymerization and product
properties. In this work, our previous model is
called the uniform MCM. Moreover, many experi-
mental studies32,33 have shown that a catalyst parti-
cle ruptures into many fragments (subparticles) dur-
ing the initial stage of polymerization, and all the
catalyst subparticles remain spherical during the po-
lymerization. The monomer must diffuse through
the boundary layer around the subparticles and
through their pores to reach the active sites at which
polymerization takes place. In essence, the catalyst is
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a microreactor and acts as a template during the
growth of polymer particles, with one catalyst parti-
cle yielding one polymer particle. Therefore, it is
possible to couple the MCM to the physical model.

Furthermore, as described previously, the later ex-
perimental/actual data have been collected from
loop reactors in plants. The main plant operational
parameters are listed in Table I. Under these condi-
tions, it is possible to consider the loop reactors as
CSTRs with a constant volume but with a variable
reactor density.1 In CSTRs, the mixed reactants (the
monomer, active catalyst sites, etc.) can be consid-
ered to be uniformly distributed, and the heat trans-
fer within and among the catalyst–polymer particles
can be ignored.1,2,8,9 In addition, for the fourth-gen-
eration Ziegler–Natta and silica-supported metallo-
cene catalysts, their fragmentation and activation are
instantaneous, and their initial sizes are adjacent.
Therefore, for the coupled model, the following
modeling assumptions have been made:1,2,8,9,16

1. Monomers and catalyst active sites within the
reactor are uniformly mixed.

2. Catalyst particles are of the same size at the
beginning of polymerization.

3. Heat transfer within and among the catalyst–
polymer particles is negligible.

4. Catalyst particle fragmentation and activation
take place instantaneously at time t ¼ 0.

Moreover, the physical model applied in this
work is the PMLM,11 which accounts for the effect
of diffusion resistance within the catalyst particle.
For more information on the PMLM, the reader is
encouraged to refer to Sun et al.11 According to the
PMLM, the catalyst–polymer particles are divided
into many concentric, spherical layers, and micro-
particles are neglected.11 Before polymerization, all
layers have the same concentration of active sites as
the whole catalyst particle. The bulk monomer dif-
fuses with time from the edge of the particle into the
inner layers and is driven by the monomer concen-
tration gradient. The monomer diffusion between
adjacent layers follows Fick’s diffusion law. The
Monte Carlo technique, which can reflect the sto-
chastic collision nature during polymerization, is
applied to simulate the reaction. Kinetic reactions

occur when there are adequate monomer molecules
and catalyst active centers within each layer. The ra-
dius of each layer should be recalculated with
monomer concentration and polymerization rate
data after a given time. On the basis of this model
idea, it is obvious that the suggested model simu-
lates the polymerization kinetics by coupling the
PMLM and the Monte Carlo technique (i.e., the
MLMCM). Furthermore, we emphasize here that the
MLMCM concentrates on propylene homopolymeri-
zation microscale phenomena concerning different
categories of single-site-type and multiple-site-type
catalysts as well as the effects of diffusion resistance
within the catalyst particle simultaneously.
The MLMCM is schematically shown in Figure 1.

Detailed descriptions regarding the MLMCM are
presented in the next sections.

Bulk kinetic scheme

The kinetic mechanism used in this work was intro-
duced by Zacca et al.1,34 Zacca et al. attributed the
different natures of active site types to different oxi-
dation states of the titanium atom, and they pro-
posed for the Ziegler–Natta catalyst a two-site-type
model reflecting the oxidation state of the catalyst
from Ti3þ to Ti2þ. The two-site-type kinetic model
can be presented as follows:

Site activation: C� �!k
k
a
Pk
0 (1)

Initiation: Pk
0 þM�!k

k
i
Pk
1 (2)

Propagation: Pk
r þM�!

kkp
Pk
rþ1 (3)

Site deactivation: Pk
r �!

kd
Cd þDk

r (4)

Site transformation: Pk
r �!

kt
PI
r (5)

Chain transfer: Pk
r þH2 �!

kktH
Pk
0 þDk

r (6)

where, H2 is hydrogen; C* is the active site; Dk
r is the

dead polymer of chain length r on the kth type of
active site; kka, k

k
1, k

k
p, kd, kt, and kktH are the reaction

rate constants on the kth type of active site; M is the
monomer; and Pk

r
(l) is the living polymer chain of

length r on the kth (lth) type of active site.

TABLE I
Main Plant Parameters

Reactor type Catalyst type Polymerization process Temperature (�C) Time (h)

Continuous stirred-tank
reactor (CSTR)

Fourth-generation Ziegler–
Natta catalyst and metallo-
cene catalyst (Himont
catalysts)

Spheripol process (slurry
system)

70 6

This table is based on refs. 1 and 34–36.
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The bulk kinetic model eliminates the site trans-
formation when it simulates propylene polymeriza-
tion catalyzed with a single-site-type catalyst (silica-
supported metallocene). In practice, the site transfor-
mation reaction reflects the uniform type of active
center of the catalyst, which is the main distinction
from the two-site-type kinetic model. The parame-
ters used in these two kinetic models are shown in
Tables II and III, respectively.

Model algorithm

The MLMCM has been derived and partially inher-
ited from the PMLM for the sake of diffusion con-
sideration. The Monte Carlo simulation can be
described as follows.

The innermost layer is considered to be a solid
core in which polymerization does not take place,
and its volume remains unchanged during the poly-
merization. The outer part of the catalyst–polymer
particle is divided into 10 concentric, spherical layers
in which catalyst active centers are uniformly dis-
tributed. Monomer molecules diffuse through the

bulk phase into different particle layers driven by
the monomer concentration gradient. D1 represents
the diffusion coefficient between adjacent particle
layers. qpol and dpol denote the density of the poly-
mer and the initial particle diameter, respectively.
Parameters for the diffusion effect are not treated
separately for single-site-type and two-site-type
MLMCMs; they are shown in Table IV and are
based on refs. 8 and 35–37.
Monomer concentrations within each layer should

be updated after a given interval. According to
Fick’s diffusion law, the number of monomer mole-
cules transferred between adjacent layers because of
the concentration gradient can be determined as fol-
lows:

DM¼D1�ðMi�Mi�1Þ=ðRi�Ri�1Þ�4pR2
avg�Dt�NA

(7)

Ravg ¼ ðRiþRi�1Þ=2 (8)

where, NA is the Avogadro’s number; DM is the
monomer concentration gradient between adjacent
layers; Mi and Mi�1 are the monomer concentrations
of the ith and (i � 1)th layers, respectively; Ravg is
the average radial position as described in eq. (8), Ri

TABLE II
Simulation Parameters Used for the Two-Site-Type

Model (TiCl4/MgCl2 Ziegler–Natta Catalyst)

Parameter Unit Value at 70�C Reference

[Al] mol/m3 10 8
vTi* — 0.40 1,34
l1 — 0.8064 1,34
l2 — 0.1936 1,34
Mb mol/m3 9917 1,34
/ — 0.479 1,34
k1p m3/mol/s 0.3428 1,34
k2p m3/mol/s 0.03428 1,34
k12t s�1 2.835 � 10�4 1,34
k2d s�1 7.95 � 10�5 1,34

TABLE III
Simulation Parameters Used for the Single-Site-Type

Model (Metallocene Catalyst)

Parameter Unit Value at 70�C Reference

[Al] mol/m3 10 14
vTi* — 0.40 8,12
Mb mol/m3 9917 8,12
/ — 0.479 8,12
k1p m3/mol/s 0.2691 8,12
k1d s�1 1.811 � 10�4 8,12

Figure 1 Equivalent interpretation of the MLMCM used in this study (R is the radius of each layer, and S is the area of
each layer).
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and Ri�1 are the radial positions of the ith and
(i�1)th layers in the growing polymer particle,
respectively; and Dt is a predetermined time interval
determined according to the reaction time interval in
the outermost layer. Therefore, Dt can be determined
with the following equation:19–21

Dt¼ s¼ 1Pn
i¼1 cihi

ln 1=r3ð Þ (9)

where, ci is the stochastic rate constant, hi is the
number of reactant molecules of the ith elementary
reaction, n is the overall number of elementary reac-
tions, r3 is a random number, and s is the time
interval.

The layers within catalyst–polymer particles are
always growing when propagation occurs. After
each reaction step, the radius and volume of each
layer should be recalculated:

V0
i ¼ 4p

3
r0iþ1

� �3� r0i
� �3h i

(10)

Vkþ1
i ¼ Vk

i

RpMWDt

qp
þ 1

" #
(11)

rkþ1
iþ1 ¼ 3

4p
Vkþ1

i þ rkþ1
i

� �3� �1
3

(12)

where

Rp ¼ kpMiPact; Pact ¼
X1
j¼1

Pj:

where, Pact and Pj are the total and the jth reaction
probabilities, respectively; ri is the radial radius of
the ith layer; Rp is the polymerization rate; Vk

i is the
volume of the ith layer on the kth type of active site;
W is the monomer molecule mass; qp is the particle
density; Dt is the time interval.

A detailed flow chart of the MLMCM algorithm is
given in Figure 2. The initial simulation conditions,
including selected parameter data in the MCM,18

were the same as those in the MLMCM.
The simulation of the single-site-type MLMCM

was almost the same, except that it was compared to
different site types in the two-site-type MLMCM.

RESULTS AND DISCUSSION

Polymer yield profile

Because the main parameters used in this model
were selected from refs. 1, 8, 12, and 34, the results
derived from our model were first quantitatively
compared with the original ones. In addition, the
simulation data of the model were compared with
the simulation data of the MCM.
The polymerization kinetics at 70�C was simulated

with the aforementioned MLMCM. A series of simu-
lation results, including the polymer yield, polymer
molecular weight and its distribution, fraction of
active centers, and layer radius evolution, was
obtained. Although the yield data could be directly
obtained from polymerization experiments and were
reported previously,1,38 the data for the time de-
pendence of the yield were used to verify the model.
Figures 3 and 4 present profiles of the polymer

yields at different polymerization times versus the
experimental data with the single-site-type and two-

TABLE IV
Diffusivity Parameters for the MLMCM

Parameter Unit Value Reference

qpol kg/m3 905 8
D1 m2/s 10�9 35, 36
dpol m 10�7 35, 37

Figure 2 Flow sheet of the MLMCM methodology.
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site-type MLMCMs, respectively. The correlation
coefficients between the predictions by the single-
site-type and two-site-type MLMCMs and the exper-
imental data of Di Drusco and Rinaldi1,38 could be
as high as 0.9990 and 0.9993, respectively. The corre-
lation coefficients between the predictions by the
single-site-type and two-site-type MCMs and the ex-
perimental data are 0.9923 and 0.9925, respectively.
This shows that the predictions by the MLMCMs are
more fitted to the experimental data obtained by Di
Drusco and Rinaldi than those from the MCMs. This
is because the MLMCMs provide a more precise
description of propylene polymerization with a dif-
fusion effect than the MCMs. Actually, the diffusion
resistance restrains the rapid increase in the polymer
yield at the initial stage of polymerization and
increases the value of the yield at the end of
polymerization.

According to the yield curves shown in Figures 3
and 4, the polymerization process can be divided
into three temporal sections. The first section is dif-
fusion-dominated. Because of the diffusion resist-
ance, monomers around the catalyst active center
are no more excessive, even it suffers from monomer
starvation at the inner layers in this section. The
MLMCM shows this kind of phenomenon, which is
extremely obvious in the first hour of polymeriza-
tion. In this section, the timescale of the reaction is
negligible versus the timescale of diffusion, which is
a slow and dominated process. Meanwhile, as time
continues, the monomer concentration values within
different layers become closer to one another, and
this makes the driving force of Fick’s diffusion
lower. For 1–4 h, the state of monomer starvation no
longer exists, and the monomer begins to accumu-
late around the catalyst active centers. This section
should be called reaction-dominated because the
reaction within each layer becomes the key factor
during this time period. The last section is still
steady-state because when the concentration of the
monomer and active site goes down, there is no dis-
tinct increase in the yield curve any more.

Polymer number-average chain length profile

In this work, the number-average chain length data
were also obtained and used to verify the model.
Figures 5 and 639,40 present profiles of the number-
average chain length at different polymerization
times in contrast to the actual (experimental) data
with the single-site-type and two-site-type
MLMCMs, respectively. According to Figures 5 and
6, we can confirm that the number-average chain
length data predicted by the MLMCMs were more

Figure 3 Polymerization yield versus the time with the
single-site-type MLMCM and MCM.

Figure 4 Polymerization yield versus the time with the
two-site-type MLMCM and MCM.

Figure 5 Polymer number-average chain length versus
the time with the single-site-type MLMCM and MCM (the
polymerization conditions were the same as those used for
Figures 3 and 4 and reported in refs. 1 and 34).
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fitted to the actual data than those from the MCMs.
In practice, the aforementioned results derived from
the MLMCMs provide a more precise description of
propylene polymerization with a diffusion effect
than the MCMs. In addition, the main parameters
used in this work are connected to the yield data in
refs. 1 and 38 and are still the parameters used to
obtain the number-average chain length data by the
MLMCMs (MCMs). Accordingly, the predicted pre-
cision shown in Figures 5 and 6 is less than that in
Figures 3 and 4. However, in all, we can find that all
correlation coefficients between the predictions by
the single-site-type and two-site-type MLMCMs and
the actual data could be up to 0.9000 according to
Figures 5 and 6. Besides, Figures 5 and 6 show that
the predicted curves by MCMs are more even than
those by MLMCMs. They also show that the num-
ber-average chain length indicates an asymptotic

increase approaching their maximum values. For
detailed descriptions of this change, readers are
encouraged to refer to our past work.18

Active site fraction profile

The active site concentration transformation was
investigated with the MLMCM. Because there is no
transformation reaction in the single-site-type
MLMCM, as shown in Figure 7, the concentration of
the active centers drops with time on account of the
deactivation reaction. Meanwhile, the multiple-site-
type MLMCM assumes that the first site type (Ti3þ)
transforms into a lower oxidation state (Ti2þ) over
time that is less active with propylene. As shown in
Figure 8, the assumption gives rise to the fact that
the fraction of active site type 1 decreases rapidly to
almost 0 after 4 h of polymerization, and this pro-
motes the fraction of active site type 2 to a

Figure 7 Fraction of active sites versus the time with the
single-site-type MLMCM.

Figure 8 Fraction of active sites versus the time with the
two-site-type MLMCM.

Figure 6 Polymer number-average chain length versus
the time with the two-site-type MLMCM and MCM (the
polymerization conditions were the same as those used for
Figures 3 and 4 and reported in refs. 1 and 34).

Figure 9 PDI versus the time with the single-site-type
MLMCM and MCM.
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maximum value of about 24% after 2 h of polymer-
ization. The fraction of active site type 2 then
declines to about 5% in the next 4 h of polymeriza-
tion because of its deactivation reaction.

Polydispersity index (PDI) profile

Figures 9 and 10 show the evolution of PDI with the
single-site-type and two-site-type MLMCMs and
MCMs, respectively. The single-site-type MLMCM
can predict a narrow molecular weight distribution
with a PDI value of 2, which is precisely the theoreti-
cal value predicted by Flory.41 The case is totally dif-
ferent for the two-site-type MLMCM: the PDI of the
final polymer can be up to almost 4 (larger than the
former one). In addition, according to Figures 9 and
10, we can know that the predicted PDIs for the final
polymer by the single-site-type and two-site-type
MCMs are about 1.8 and 2, respectively. On the
whole, the nature of the catalyst multicenter makes

contributions to a broader molecular weight distribu-
tion. Furthermore, the diffusion effect can make the
polymer PDI much higher.5–11 Therefore, the PDI data
predicted by the single-site-type and two-site-type
MCMs (MLMCMs) are different. Moreover, the PDI
data predicted by the MLMCM are more fitted to the
industrial and experimental PDI data than those from
the MCM.41 Accordingly, the MLMCM does have an
advantage in precisely simulating propylene poly-
merization and predicting the product properties.

Polymer molecular chain length distribution
(MCD) profile

The polymer molecular weight distribution was also
obtained with the MLMCM. Here, the molecular
weight distribution was based on the chain length
(i.e., MCD).
The simulation data at intervals of 900 s are listed

in this work and are shown in Figures 11 and 12;
they clearly show corresponding messages. Here,
Figures 11 and 12 show the MCD evolution with the

Figure 11 MCD evolution with the single-site-type
MLMCM at intervals of 900 s.

Figure 12 MCD evolution with the two-site-type
MLMCM at intervals of 900 s.

Figure 10 PDI versus the time with the two-site-type
MLMCM and MCM.

Figure 13 Particle size evolution with the single-site-type
MLMCM.
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single-site-type and two-site-type MLMCMs at inter-
vals of 900 s, respectively.

According to Figures 11 and 12, we can see that
the active polymer MCD increases and the distribu-
tion property of the polymers also changes during
the beginning of polymerization. The polymer MCD
approaches a constant level as the polymerization
proceeds and reaches a constant value after about
3.5 h. That is, the distribution property of the poly-
mers is basically constant since 3.5 h. In practice,
according to Figures 3 and 4, it is obvious that the
low concentrations of the monomer and active
chains correspond to the parallel line with the time
coordinate. Accordingly, it leads to a small probabil-
ity of chain propagation since 3.5 h. It also proves
that the viewpoint of the steady-state section
obtained from the MLMCMs is correct. Furthermore,
according to Figure 11, the simulated MCD of the
final polymers by the single-site-type MLMCM
exhibits a single peak. However, the simulated MCD

of the final polymers by the two-site-type MLMCM
shows two peaks, as shown in Figure 12.

Particle size profile

On the other hand, the MLMCM is a discrete
description of a propylene polymerization system.
The reaction and diffusion are interrelated within
the MLMCM because the reaction within each layer
makes a contribution to the expansion of the layer
radius, and meanwhile, the layer radius has a direct
effect on the amount of the monomer between the
adjacent layers. More combination research of these
two factors could make much more sense for vali-
dating our model.
Derived from the single-site-type MLMCM, Fig-

ures 13 and 14 present the catalyst–polymer particle
size evolution and layer radius evolution, respec-
tively. In the diffusion-dominated period, the rate of
increase in the particle layer is not so fast because

Figure 14 Layer radius evolution with the single-site-
type MLMCM (the innermost layer in which polymeriza-
tion did not take place was layer 0).

Figure 15 Particle size evolution with the two-site-type
MLMCM.

Figure 16 Layer radius evolution with the two-site-type
MLMCM (the innermost layer in which polymerization
did not take place was layer 0).

Figure 17 Monomer fraction evolution within each layer
with the single-site-type MLMCM.
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the monomers around the catalyst active centers are
not adequate. In the reaction-dominated period, the
particle grows faster than before, and the situation
of monomer starvation no longer exists. At the end
of polymerization, that is, the steady-state period,
the layer radius no longer grows as intensively as
before but remains almost unchanged. The two-site-
type MLMCM, as shown in Figures 15 and 16,
exhibits almost the same tendency and values dur-
ing the whole polymerization.

The amount of the monomer within each layer is
the outcome of diffusion accumulation (monomer
diffused from the outer layer � monomer diffusing
into the inner layer) on the one hand and the
consumption of the monomer on the other hand.
Figures 17 and 18 show the monomer fraction pro-
files within each layer with the single-site-type and
two-site-type MLMCMs. Except for layer 10, the
monomer concentrations within the layers experi-
ence a higher-to-lower process. All the monomer
fractions at the end of polymerization are restrained
within the range of 5–8%.

CONCLUSIONS

According to the simulation results, we can under-
stand that the propylene polymerization process can
be divided into three temporal sections: diffusion-
dominated, reaction-dominated, and steady-state. In
addition, the MLMCM can make better predictions
of polymerization kinetics in the reaction system,
and this shows that interparticle and intraparticle
diffusion effects can have distinct influences on the
product properties.

On the whole, simulations were performed for
propylene polymerization with single-site-type and
two-site-type catalysts with a novel MLMCM. Tak-
ing into consideration diffusion resistance, the

MLMCM provides a precise description of the pro-
pylene polymerization process and therefore the
product properties.
Certainly, this MLMCM has some limitations, such

as absence of the entire polymer distribution (not pre-
sented here).42 It is also limited for homopolymeriza-
tion systems in CSTRs because of some necessary
assumptions. Further improvements and develop-
ment of this model are in progress in our group.

The authors thank the anonymous referees for comments on
this article.
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