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Abstract

In the present article, a comprehensive mathematical model for single particle propylene polymerization mainly extended from polymeric
multigrain model (PMGM) and multigrain model (MGM) has been developed to describe kinetic behavior, molecular weight distribution,
monomer concentration, degree of polymerization and polydispersity index (PDI) for slurry-phase propylene polymerization using
heterogeneous Ziegler—Natta catalysts. The modified model gives a more valid mathematical description by accounting for the monomer
diffusion phenomena at two levels, namely, taking the effect of monomer diffusion at both the macro- and microparticle levels into account,
and the latter is aside from the subject under consideration by PMGM. It has been observed that the present model can predict higher values
of polydispersity index (PDI about 6-25) with obtaining some results which are more applicable to the conditions existing in most
polymerizations of industrial interest such as the reasonable monomer concentration at the center of particles throughout polymerization
process and the effect come nearer to the actual physical process of the initial radius of macro- and microparticles as well when using single-
site, non-deactivating catalyst. Further, special attention is also paid in this article to discuss the computational rate, which is the most
disadvantage of MGM. It has been shown that the significant computational time saving is also acquired by employing the novel solution

methodology.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Olefin polymerization on Ziegler—Natta catalysts is
gaining importance due to widening of the polymer
properties window. It is obviously complex and requires
to be treated at widely different length scales. According to
many open literatures on the engineering aspects of Ziegler—
Natta polymerizations of several monomers, and particu-
larly of propylene, one can associate different characteristic
lengths and phenomena with three different levels [3]:
Macroscale, mesoscale and microscale, respectively. This
article concentrates on mesoscale phenomena. For more
information on mesoscale models, the diffusional resist-
ances with supported heterogeneous Ziegler—Natta
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catalyzed propylene polymerization has been modeled in
form of the solid core model (SCM) [17,23], the polymeric
flow model (PFM) [8,23,25,27] and later more elaborately
as the multigrain model (MGM) [2,7,9,17,26] and poly-
meric multigrain model (PMGM) [21,22].

SCM does not assume the fragment of catalyst particle and
the polymer is considered to grow around a solid catalyst core
with all active sites located on its surface. This assumption is
obviously in contradiction with experimental observations
and model cannot predict broad MWDs for single type of
active site only if the concentration of monomer at the surface
of the catalyst changes significantly due to the increasing
mass diffusion resistance caused by the deposition of the
polymer chains around the particle during the course of
polymerization. The PFM, first proposed by Schmeal and
Street [23] which considering only Fickian diffusion lead to
monomer transfer assumes growing polymer chains and
catalyst fragments form a continuum. If the polymerization is
diffusion controlled, namely only at Thiele modulus values
greater than V10, the radial profiles of monomer in the
particle may cause significant MWD broadening. This class
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Nomenclature

C* catalyst active site concentration (mol site m )
Desy effective macroparticle diffusion coefficient , at
ith grid point (m?s™h

D, monomer diffusivity in purely polymer (m”s ')
DP_av degree of polymerization in the macroparticle
Dy effective microparticle diffusion coefficient
kp propagation rate constant (m> mol ' s™")
ke chain transfer rate constant, for H,
(m>2 mol2 s~ 1)
ky liquid film mass transfer coefficient (m2 sfl)
H, concentration of H, in the bulk
M; monomer concentration in the macroparticles, at
the ith grid point (mol m ™)
M, bulk monomer concentration (mol m 3 )
M, modified monomer concentration at the catalyst

surface in the microparticle, at the ith hypothesis
shell (mol m~?%)

M, number average molecular weight

M, x number average molecular weight in the kth
shell

M, number average molecular weight in the
macroparticle

M, weight average molecular weight

M,  weight average molecular weight in the kth shell

M, weight average molecular weight in the
macroparticle

MW molecular weight of monomer (g mol ~")

N initial number of shells

N; number of catalyst subparticle in ith shell
monomer units attached (mol m73catalyst)

Py concentration of empty sites (mol m ~>catalyst)

Pn concentration of sites with a growing chain of n
monomer units attached (mol m_3catalyst)

(0] polydispersity index

0 cumulative polydispersity index

r radial position at the macroparticle level (m)

Ts radial position at the microparticle level (m)

Roverann  time-dependent reaction rate (kg kg—caf1 h™ 1)

R. radius of catalyst subparticles (m)

Ry+> macroparticle radius (m)

Ry initial particle radius (m)

Ry the radius of ith hypothetical shells

Ry, the radius of microparticle at ith hypothetical
shell

Rpv.i rate of reaction per unit volume at ith grid point
(mol (m*>h)™h

R, universal gas constant (Pa m>mol 'K~ l)

T time (h)

Greek letters

o Thiele modulus of propagation

Bi indicator of the monomer convection
contribution

€ porosity

Pe density of catalyst, (g m~ )

Pp density of polymer(g m ™~ >)

Dy mass fraction of polymer in kth shell

A moment of live polymer (P,) MWD

A moment of dead polymer (M,)) MWD

of models is a significant improvement over earlier models
even though it is not consistent with the large number of
experimental values as it does not explicitly consider the
fragmentation of the catalyst particle and the values of the
parameters used by PFM to generate results are not
physically meaningful. MGM more directly takes into
account the heterogeneous nature of the growing polymer
particle, particularly since it can incorporate catalyst
fragmentation, diffusional resistance, as well as active site
heterogeneity, the three most important physico—chemical
effects, so it is probably the most comprehensive of all the
models. The major disadvantage of this model is that the
computational times required to obtain the PDIs are
extremely high. This makes this model inconvenient for
use in more interesting engineering studies like the
simulation of industrial reactors, optimization, control etc.
For this reason, studies on PMGM by Sarkar et al. leading to
the development of more diffusion negligible at the
microparticle level, they use a formulation similar to that
of Laurence and Chiovetta [12] using specified size and
porosity data. The most advantage of this model is that its

solution methodology makes the computational rate improve
significantly, especially using clubbed shell computational
algorithm (CSA) [22]. Unfortunately, some results from
PMGM are not very applicable to the conditions existing in
most polymerization of industrial interest, such as the
monomer concentration at the centre of the particles drops
very quickly to nearly zero, and remains there for over 2 h of
polymerization [16] as well as the great effect of the number
of microparticles while PMGM think it does not lead to much
change in the result which differs from the Nagel’s research
[17] when varying initial radius of microparticle (R.) with
radius of macroparticles (R;) constant.

The purpose of this study is to develop an efficient model,
which combines the polymer property, particle morphology
and computational time perfectly. In this manuscript, a
modified polymeric multigrain model, therefore, has been
obtained in our work based upon the relative merits of
MGM and PMGM mentioned above. The results about the
effect of several important physical parameters on PDI or
some relevant outcome in the area of introparticle mass
transfer for propylene polymerization with Ziegler—Natta
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catalysts is figured out simultaneously both for industrial
and academic applications. Additionally, the computational
rate, which is another significant performance indicator of
model is also discussed and compared.

2. Model description

In the present study, a modified polymeric multigrain
model has been developed based on the experimental
observation [1,15] that the catalyst is present as small
fragments in a polymer continuum. Kakugo’s experiment
advanced that all the radius of catalyst subparticle remains
same and unchanged after experiencing the instantaneous
fragmentation during the process of polymerization. The
pores amount the microparticles through which monomer
diffuse into the surface of catalyst subparticle and the
catalyst subparticles move radially outwards in time.
Limiting the consideration now to homopolymerization,
spherical catalyst particle, only a single type of active site,
heat transfer negligible, [2,6,9,14,27] and retain the
assumption of instantaneous fragmentation which are also
employed by SCM, PFM, MGM and PMGM to maintain
simplicity although the fragmentation process during the
polymerization has been modeled [4,5,13,24].

The following well-known diffusion-reaction differential
equations are obtained for the concentration, M, of the

Computational
shell
Computational

monomer at any radial position, 7, and time, ¢, in a single
spherical macroparticle:

M D9 [,M

w—r—za(” W) Ko (1)
oM

Zr=0,0=0 (1b)
ar

oM

Defw(r =Ry, 1) = k{(My, —M) (Ic)
M@r,t=0)=M,=0 (1d)

where Ry, is the volumetric rate of polymerization in the
macroparticle, D is the effective diffusively of monomer in
the macroparticle, k; is the mass transfer coefficient in the
external film, M,, is the bulk monomer concentration in the
reactor. M and M, are the evolving and initial monomer
concentrations in the macroparticle, respectively. Ry, is the
radius of macroparticle in this model, since the catalyst
fragments are assumed to be in a continuum of polymer also
employed by Sarkar [21] in PMGM, there is no macro-
particle porosity term in Eq. (1), in contrast to that in the
multigrain model MGM [6].

The radial profile of monomer concentration in the
microparticle is the same as that for the solid core model:
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Fig. 1. Catalyst subparticles distribution at time 7 in the modified polymeric multigrain model.
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oM 1 0 /Dg*oM,
C _ S C 2
a2 6r< or ) (22)
oM 4
4TR2D, ar° (r=R.10) = 5TcRiRpc (2b)
M. (r=R,0)=M"=n"M<M (2¢)
M.(r,t = 0) = M, (2d)

where Dy is the effective diffusivity of monomer in the
microparticle, M* is the equilibrium concentration of
monomer in the interface between micro- and macro-
particles, M. is the monomer concentration in the
microparticle, Rp. is the rate of polymerization on the
surface of the catalyst fragments, and Ry is the radius of
the microparticle. And boundary condition (2b) allows for
the possibility of sorption equilibrium at the surface of the
microparticles.

The rate of polymerization on the microparticles is
generally given by

Ry = ky(DC™ (DMsp 3)

where Mg, is the concentration of monomer on the active
site and C*(¢) is the time-dependent concentration of active
sites on the surface of the microparticle.

Using the quasi steady state approximation (QSSA)
presented in Hutchinson et al. [9], M. is easily obtained as

n'M
Rc *
- (1-%)kC

where M. is the monomer concentration at the catalyst
surface in the microparticle. n* represents the correspond-
ing equilibrium constant for monomer absorption in the
microparticle. We should pay special attention on this point
which is ignored by PMGM and this is one of the
contributions of this work.

The number of the small particles in any shell, N, are
assumed to be unchanged during polymerization progresses
and all the catalyst subparticle radii for each microparticle
in the ith shell at a given macroparticle radius are assumed
to be all the same size [7,10]. Then Eq. (1) is written in finite
difference form to give a set of ordinary differential
equations (ODEs) for Mi, the monomer concentration at
each of the N+ 2 different computational grid points shown
in the Fig. 1 and these ODEs are listed as follows:

M. =
1+

“)

R:
3D,

oM M,—M
! = Def,l !

- va,l (5a)

oM [y (L Y (]
at ef.i i+l AriRi Arlz IAriz Ar,-_lAri

1 1
M ()| =R
! I(Ari_lArl- Arl-R,->:| pwt

i=23,..,N+1

(5b)
OMyiy _ M [ ky Detn+a 2k, }
- N+2 2
ot Aryyr o (Ary41)” Ry
+ My, [ZDef,N+2]
+
(Ary+1)
ko 2k
+ M, + —R 5
° (A'"NH RN+2> pr-AE2 (5¢)

here R;, Ar;, Des;, Ryy; can be computed through the
‘hypothetical’ shell we defined (as in Fig. 1(a)).

According to Fig. 1, the number of subparticles in ith
shell at time r=0, N,, is calculated using the porosity &
which has been taken to be a constant, as in the early MGM
[7] just as N; in the polymerization process, associated with
close-packed sphere:

N] =1 (63)

N, =24(1—e)i—1?% i=2,3,..,N (6b)

The total volume of polymer, V;, and the volume of
microparticle at ith shell, V;,, all produced by catalyst
particles are given by:

AV, _ 0.001k,C* M, (N, 4ERY) (MW)
dr Py

)

Vs,  0.001k,C*M,;(*=R3)(MW)
i Pp

i=12,...,N (8)

with V(t=0) and Vg (r=0) being the initial total volume
and volume of every polymer microparticle of ith volume,
respectively.

Ni(*FR:)
Vit=0)=—3"°2 j=1,2,..,N )
(I—e¢
Vol =0) = TR (10

and the M.; which is modified monomer concentration
value of catalyst surface in microparticle at the ith
hypothesis shell, Ry,;, computed by Eq. (4), the detailed
form expressed in what follows:
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_ n*M;
et = 1+ (1—Rc)k C*
3D, R, )"p
n* i+1

- (1
35 (1= )kt

It is obvious that M, | is equal to M/ for i=2,3,....N+1,
due to they belong to the same computational shell as shown
in Fig. 1. This point is amended to perfect PMGM by taking
the factor of diffusion at the microparticle level under
advisement. The detailed form of Eq. (4) is originated from
this reason.

The hypothetical shells, Ry, ;, can be defined at any time
whose physical meaning of a already refer to when describe
M. by:

. 113
3¢ .
Ry = <H ZVJ> c i=1,2,...,N (12)

J=1

where Ry, o=0 and the radius of microparticle at ith shell
being:

3 1/3
Ry = (E vs,,-> (13)

The catalyst particles are assumed to be placed at the mid-
points of each hypothetical shell:

Ry; =Ry + %(Rhy,- —Ry,) 1=2,3,...,N (14)
Then the computational grid points are related to R ; by:

R, =0 (15a)
R, =R, (15b)
Rit1 =Ry, +Ry;; i=2,3,...,N (15c¢)

Here Ry, =Ry . Thus the values of Ar; to be used in the
equations of Table 1 are given by:

Ar, =Ry —R i=12_..,N+1 (16)

To account for the resistance due to the presence of the
solid catalyst fragments after finishing all previous work, an
effective diffusivity is introduced to this equation. Most
models have tried to related the effective diffusivity, Deg, to
the value of the diffusivity of the component in question in
the bulk phase of the reactor, D;, Using the expression

Table 1
Simplified kinetic mechanism of Ziegler—Natta catalyzed propylene
polymerization

Description Reaction
Initiation k
Py+M,.—> P,
Propagation kp
Pn + Mc I PrH—l
Termination

ke
P,+ 12H, —>D, + P,

commonly used for heterogeneous catalysts:
&

Dey = Dy — 17
T

where ¢ and 7 are the porosity and tortuosity of the
macroparticle, respectively. Note that due to the macro-
particle fragmentation and growth, it is very likely that both
¢ and 7 are functions of time as well as radial position.
Sarkar and Gupta make the diffusivity be corrected by a
factor proportional to the amount of polymer in the
particles, i.e. the term &/7 of above-mentioned equation
for a correction factor equal to the area-fraction of polymer
(assumed to be the same as its volume fraction) in the
macroparticle at any radial location. Thus, as the particle
fills up with polymer, the effective diffusivity decrease as
follows:

Dty = Degy12 = Dy (18a)
R
Dyt = DIN| —5— (18b)
Ry,
(Vcs,i - Vcc,i) _ Ra,i _Ra,i—l _NiRg

Detjv1 = Dy

I (18c)

Vcs,i R?l,[ - R}31,i—1
where D; is the diffusion of monomer through pure polymer
and Deg 1 =Detn+2=D). Vs, and V. ; being the volume of
the ith hypothesis shell and the volume of catalyst in shell i,
respectively. So the effecitive diffusion coeffiecient here is
considered to be change any time during particle growth in
opposition to [6].

Then as the net rate of consumption of monomer per unit

macrosopic volume at any radial location, Ry, at the mean
time, also can be figured out by:
Ry1 = Rpyni2 =0 (19a)
k,C*M. N\R
Rpvp =+ —5—— (19b)
h,1
kyC*Me 1 Ny R
= : (19¢)

pvii 3 __R3
Rii =R

where R, =Ry, ny—>=0. So the corresponding overall
time-dependent reaction rate can be calculated:

N
0.001(MW)k,C* S (N:M,.;)
i=1

Roverall = (20)

N
Pc z:lNi
i=

In heterogeneously catalyzed propylene polymerization,
the monomer concentration at catalyst active sites surface
should be known to calculate the overall time-dependent
particle polymerization rate, given by Eq. (20). In solid-
catalyzed polymerizations, the polymer grows at the active
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sites of the catalyst until chain transfer occurs, or the site is
deactivated.

Thus, there is present ‘live’ polymer, which is still
attached to an active site, and ‘dead’ polymer, which has at
its end a group from a chain transfer or deactivating agent.
The moment of the live and dead polymer can be calculated,
using the method also outlined by Floyd. Table 1 gives the
simplified kinetic mechanism of Ziegler—Natta catalyzed
propylene polymerization. Application of the method for
solid-catalyzed olefin polymerization is described below.
From Table 1, P, represents the unreacted active catalyst
sites, while P, and D,, are the concentration of live and dead
polymer of chain length n, respectively. Both the rate
constants for initiation, propagation are k, and ki, for
termination by chain transfer to hydrogen. In this work, only
the chain transfer with hydrogen is considered to avoid
adding more complexity of the model due to its
predominates [20]. Detailed description on material
balance, moment equation and the computational method
of PDI has already been particularly noted by some open
literatures [7,8].

3. Results and discussion

All of the results presented below in this paper are used to
explain the broad MWD obtained during polymerization
with Ziegler—Natta catalysts and study the advantage of the
modified PMGM which also amounts to a significant
computational simplification by computing the sets of
ordinary differential equations demonstrated above in detail.
We also speculate the effects of various parameters such as
catalyst propagation rate constant k,, the radius of catalyst
subparticles (R.), initial radius of macroparticle at =0 (R),
catalyst active site concentration (C*) on time-dependent
polymerization rate (Roverall) and cumulative polydisper-
sity index (Q_av) and so on. These simulations included the
effects of external mass transfer by diffusion, assuming k,
and k. are independent of the type of active site, taking no

Table 2
Reference values of parameters for simulation of slurry polymerization of
propylene

Parameter Value Unit

D, 1x107 1! m2s!

D, 1x107 12 m?s™!

M, 4%10° mol m~?

R. 2%x1077 m

C* 1 mol site m ™ >cat ™!
kp 0.5 m® mol site s !
ky 0.186 m*?mol ™21
H, 1 mol m™?

ky 1x1073 ms™!

Pp 900 kgm™?

Pe 2260 kgm 3

Ro 1.42%x107° m

account of catalyst decay which is also employed by Sarkar
[21].

A PMGM program is developed from Sarkar [21,22]
simultaneously as a basis of comparison and a set of
reference values have been selected for the parameters listed
in Table 2 as also employed by Sarkar et al. for slurry-phase
polymerization of propylene in order to make it convenient
to have a comparison with PMGM [19,30]. A parametric
sensitivity study is conducted by varying some of the
parameters of our present model one by one while
remaining all other values invariable. Analyses are then
carried out in connection with some unreasonable results,
which are not applicable to the conditions existing in most
polymerizations of industrial interest in PMGM as below.

3.1. Comparison on Q_av and M of PMGM and modified
PMGM

Fig. 2 shows the comparison of cumulative polydisper-
sity index (Q_av) and the distribution of monomer
concentration in the macroparticle between modified
PMGM and PMGM for the reference conditions in
Table 2. In theory, the diffusion resistance abandoned by
PMGM obviously exists and should be put up in the
mesoscale model [28]. The modified PMGM, however,
revised it and can predict higher values of polydispersity
index from 6 to 25 compared with that of PMGM (from 4 to
15) due to the steeper modified monomer concentration
profile in the catalyst macroparticles which is more
reasonable as talking in physics meaning.

The monomer concentration at the macroparticle level of
PMGM as showed in Fig. 2(b) is not applicable to the
conditions existing in most polymerization of industrial
interest since the monomer concentration at the centre of the
particles drop very quickly to nearly zero and remains there
for over 2 h of polymerization [16]. The proposed model
modified it, which is displayed in Fig. 2(b) with dash—dot
line and the monomer concentration at the centre of the
particle is about 1800 mol m ™~ after 1.5 h polymerization
reaction which comes closer to the industrial practice.

3.2. Effect of the radius of microparticle

Results for the modified PMGM are also generated under
the conditions of changing the radius of microparticle (R.)
while remaining the initial particle radius (R;) constant.
Nagel et al. [17] notes that it has a strong effect on
polydispersity when varying the number of microparticle
with other conditions constant. PMGM indicates, however,
that there is not much change to the results under such
circumstance. This result does not correspond to the actual
physical process obviously. It is revised by this modified
PMGM and can be observed from Fig. 3 that Q_av of the
polymer decreases while DP_av increases when R is
lowered from 14.2 to 7.1 um in the condition that all other
values being equal. The reason why DP_av are higher for
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(a) 30

Qav

1000 2000 3000 4000 5000

(b) 4000

3000F

M(mol/m3)

1000

% ] 05 ]
Dimentionless radius

Fig. 2. Comparison of cumulative polydispersity index (Q_av) and
monomer concentration profile between modified PMGM (dash—dot line)
and PMGM (solid line).

lower values of Ry is because of lower diffusional
resistances encountered in smaller catalyst particles so to
make the difference of monomer concentration between
inside and outside of the particle diminish. And we also
found that DP_av is very sensitive to the parameter of R,
when retaining C* constant, namely, C* have no connection
with the total surface area of the microparticle. Similarity as
Fig. 3 showed that DP_av and Q_av go in an opposite
direction, the former increases while the latter decreases
when varying R, from 0.3 to 0.1 um at the same value
of Ry. So with single site catalysts, both larger initial
catalyst particles and larger subparticles can give rise to
high PDIs.

3.3. Effect of k, and C,

This fraction turns the attention to the study of the effects
of parameter variation for the modified PMGM. The effect
of varying the three different catalyst activities, or,
equivalently, the catalyst active site concentration, C* are

(a) ® - - - :

DPav*1073

3000 4000 5000

time(s)

0 1000 2000

(b) 30

25

20

Qav

o

1000 2000 3000 4000 5000
time(s)

Fig. 3. Effect of change in R, while maintaining R, unchanged on (a) degree
of polymerization (DP_av), (b) cumulative polydispersity index (Q_av). (1)
R.=0.3 um, Ry=14.2 pm; (2) R.=0.2 pm, Ry=14.2 um; (3) R.=0.1 um,
Ry=14.2 um; (4) R.=0.1 um, Ry="7.1 um.

first studied. The value of the catalyst activity for k,=0.25,
05,1 m> mol s7! and C*=0.5 and C*=1 mol site m73,
respectively. Fig. 4 shows that both monomer concentration
gradient in the macroparticle and cumulative polydispersity
index are higher by increasing the value of k,. And it is
observed that Q_av is very sensitive to this parameter when
kp, increase up to 0.5. The reason why there are higher Q_av
and steeper M, gradient (lower DP_av) for the higher k; is
because the effect on Q_av produced by monomer diffusion
is weaken since the influence of k, predominates with its
rise. A study of Fig. 5 also shows that the trend for Q_av is
opposite to DP_av, the former is increasing and the latter is
decreasing when reducing C* from 1 to 0.5 mol site m~?
while keeping the k;, unchanged. This is because the term of
chain transfer rate (k,C*[H,]) decreases and monomer
concentration in the particle gets higher with lowing of C*.
This variation will make the monomer concentration
predominate and then go up the degree of polymerization
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Fig. 4. Effect of change in k;, on M, (a) and Q_av (b).

at the macroparticle level (DP_av) and reaction rate
(Roveran)- It is reveals that, therefore, DP_av and Q_av
move in the same trend when varying kj,, while changing in
the opposite direction under the influence of C*.

3.4. Analysis for computational time

The comparison between PMGM and modified PMGM
on computational rate is listed in Table 3. It has been shown
that the CPU running time of modified model is a little
higher than PMGM. Note that over N algebraic differential
equation are added into the modified PMGM by considering
the diffusion at microparticle level. It can be seen from the
current model that differential Eq. (8) is added in order to
figure out the the gradient of monomer concentration in the
microparticle, namely the monomer concentration (M) at
the surface of subparticle, and other relative equations have
to call M. which substitutes the original monomer
concentration M simultaneously. Algebraic Egs. (9), (10),

. . . . 0
0 1000 2000 3000 4000 5000
time(s)

Fig. 5. Effect of change in Cy while maintaining k, unchanged at the level of

0.5 m®> mol site ™! s ™! on Q_av (solid line) and DP_av (dash—dot line): (1)
C.=1mol site m > (conference value); (2) Cy=0.5 mol site m ™~ °.

(14), similarly, are also added for the same purpose
mentioned above. In spite of this, the increasing rate is not
large enough to affect total computationally efficiency by
using this model with the accuracy of results is assured
simultaneously and can be convenient for use in more
interesting engineering studies like the simulation of
different types of polypropylene reactors, optimization,
control etc.

4. Conclusions

The modified polymeric multigrain model which is based
on the experimental observation and some features of both
PMGM and MGM indicates the sensitivity of cumulative
polydispersity index (Q_av) to the diffusional constraints
and some other parameters is more visibly. It can easily lead
the value of Q_av to as high as around 20 when changing
some parameters such as k,, C* or R. even after 1h
polymerization time due to the consideration of monomer
diffusion at the microparticle level, not to mention the case
of catalyst decay and multiple active site or copolymeriza-
tion, non-uniformity of catalyst loading and so on [18].

We also amend some unreasonable conclusions of
PMGM since the monomer concentration at the centre of
the particles drops so quickly to nearly zero and remains

Table 3

Computational time (Pentium IV 1.7G/256M) for the reference run
Model Computational time (s)
PMGM (EA with QSSA) 28

PMGM (CSA with QSSA) 4

Modified PMGM (EA with QSSA) 38

Modified PMGM (CSA with QSSA) 6

*EA indicates the earlier algorithm of PMGM [21].



9442 Y. Chen, X. Liu / Polymer 46 (2005) 9434-9442

there for over 2 h of polymerization even though only larger
initial catalyst particles can give rise to high PDIs even with
higher monomer diffusivities while larger R, does not lead
to much change in the results with single site catalyst. It has
been found from this model, however, that DP_av and PDI
are very sensitive to the parameter of R, when it has no
connection with the total surface area of the microparticle.
DP_av and Q_av go in opposite directions, the former
increases while the latter decreases when varying R. from
0.3 to 0.1 pm at the same value of R,. So with single site
catalysts, both larger initial catalyst particles and larger
subparticles can contribute rise to high PDIs.

This model has also been made computationally very
efficient. The corresponding CPU times are pretty much the
same level with PMGM and certainly lower significantly
than MGM. It is clearly, therefore, convenient for use in
more interesting engineering studies like the simulation of
different types of polypropylene reactors (continuous stir
liquid slurry, liquid loop reactor or fluidized bed etc.),
optimization, control etc.

For overall polymerization rate, which is closely related
to reactor stability and safety, plays a key role in the
propylene polymerization process. Although the value of
this parameter obtained by our model is greatly larger than
that of PMGM (around 100 kg kg~ ' h) but it still cannot
meet current industrial rate about nearer 100,000 kg kg~ h
[11]. It is important to indicate, however, that some ideas
can be involved which are already developed by Weickert et
al. [29] who give a detailed solution on this problem by
considering the issue of convection inside growing particles.
This work is in progress.
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