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ABSTRACT: A mathematical model of the molecular
weight distribution (MWD) based on a multilayer model
and an improved intrinsic kinetics model was proposed to
simulate the MWD of the gas-phase polymerization of buta-
diene with a heterogeneous catalyst. Intrinsic kinetics and
heat and mass-transfer resistances based on the multilayer
model of a polymeric particle were considered in the mod-
eling of the MWD. The effects of the reaction conditions,
catalyst particle size, mass-transfer resistance, deactivation
of active sites, and transfer of the polymer chain on the
molecular weight and MWD were simulated. The results

show that the effects of the deactivation of active sites and
transfer of the polymer chain on the average molecular
weight are significant and that the effect of the catalyst
particle size on the MWD is not significant. The simulation
results of the molecular weight and MWD are compared
with the experimental results. © 2003 Wiley Periodicals, Inc.
J Appl Polym Sci 88: 88–103, 2003

Key words: molecular weight distribution/molar mass dis-
tribution; modeling; simulations

INTRODUCTION

Gas-phase polymerization of butadiene catalyzed by
heterogeneous catalysts has been of increasingly inter-
est in recent years. Several patents describing catalysts
for gas-phase polymerization of butadiene have been
published.1–3 Eberstein et al.4 and Zhao et al.5 studied
the effect of the operation conditions on the kinetics of
polymerization in a model reactor. Garmatter6 and
Sun et al.7,8 proposed models for this process and for
particle growth using a multilayer model. Zhao et
al.9,10 also constructed a model based on the multi-
grain model to simulate the particle growth and mor-
phology in the gas-phase polymerization of butadiene.
To date, no articles dealing with the modeling of the
molecular weight distribution (MWD) of the gas-
phase polymerization of butadiene based on the mul-
tilayer model have been published.

The object of this article was the development of a
mathematical model based on a multilayer model,
which can be used to simulate the MWD of the gas-
phase polymerization of butadiene with a heteroge-
neous catalyst. An improved intrinsic kinetic model,
weight distribution function, and numerical solution
technique are proposed. The simulations include
mainly the effects of the reaction conditions, mass-

transfer resistance, and catalyst particle size on the
average molecular weight and MWD.

EXPERIMENTAL

A heterogeneous rare-earth catalyst, whose main cat-
alyst was neodymium–triethyl and cocatalyst was tri-
ethylaluminum, was used in the experiment.11 The
mol ratio of aluminum and neodymium was 33. The
catalyst was loaded on silica gels (SiO2 955).

The experimental apparatus is shown in Figure 1.
The polymerization was carried out in a horizontal
agitating bed reactor made of stainless steel. The self-
cleaning agitator with double axes was used to pre-
vent polybutadiene particles from agglomerating.
Monomer (butadiene) must be treated with KOH and
an Al2O3 molecular sieve to remove the polymeriza-
tion inhibitor and trace H2O, respectively, before use.
A Ag molecular sieve (the argentum content is 28%)
and an Al2O3 molecular sieve were used to remove
trace O2 and trace H2O in the inert gas (argon), respec-
tively.

The reactor was dried at 120°C for several hours to
eliminate trace H2O. The argon gas was used as a
replacement gas to carry the vapor of trace H2O out of
the reactor.

The dispersing medium (SiO2 powder) was charged
into the reactor before the addition of the catalyst. It
must be dried under 400°C for 24 h to eliminate ad-
sorbed water prior to addition. Since there are many
hydroxyl groups on the surface of the SiO2 particles,
the dispersing medium must first deal with the alkyl
aluminum; otherwise, they will deactivate the catalyst.
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The catalyst was then fed to the reactor under the
protection of argon.

Operating parameters, such as the reaction temper-
ature, reaction pressure, and mass flow of butadiene,
were measured by a temperature sensor, a pressure
sensor, and a trace gas flowmeter, respectively, mon-
itored online by a computer. As the reaction pro-
gressed, the concentration of the monomer in the re-
actor decreased. To keep the pressure invariable, buta-
diene gas was flowed into the reactor continuously.
The mass of gas flowing into the reactor in a specific
time was equal to the consuming rate of the monomer.

The experiment was carried out under the condi-
tions shown in Table I.12 In the experiment, the kind of
catalyst, the properties of the catalyst, and the kind of
dispersing medium are much different from those in
the experiment of Zhao.5 So, the kinetic behaviors are
not the same as before. The kinetic curves are shown
in Figures 2 and 3.

The product (polybutadiene) was dissolved by THF.
The measurement of the average molecular weight

and the MWD were carried out by a Waters 150C gel
permeation chromatograph (GPC) at 30°C. Under this
condition, the value of K was 0.0076 mL/g and the
value of � was 0.68.5

MULTILAYER MODEL OF
POLYMER PARTICLE

Sun et al. used the multilayer to simulate the particle
growth in the gas-phase polymerization of butadiene.7

The simulation results predict that the resistance of
heat transfer can be neglected because the temperature
profile in the polymeric particle is almost uniform and

Figure 1 Schematic of butadiene gas-phase polymerization system: (1) thermostat bath; (2) equipment for adding inert
powder; (3) heater; (4) stirred-bed reactor; (5) inlet for catalyst; (6) pressure regulator; (7) mass flowmeter; (8) activated
aluminum oxide; (9) KOH; (10) Mn molecular sieves; (11) butadiene; (12) Ar gas; (13) trace amounts of oxygen analyzer; (14)
trace amounts of water analyzer; (15) computer.

TABLE I
Reaction Conditions of Gas-phase

Polymerization of Butadiene

Reaction pressure (p) 0.65–1.4 atm
Reaction temperature (T) 30–50°C
Concentration of monomer

gas (Mgas) 0.026–0.054 mol/L
Initial concentration of active

sites (C*0) 2.418 � 10�5 mol Nd/g Cat
Dispersing medium SiO2

Figure 2 Effect of reaction temperature on polymerization
rate at 100 kPa.
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the mass-transfer limitation is significant. Soares and
Hamielec simulated the chain-length distribution of
the gas-phase copolymerization of olefin monomers
on the basis of the multilayer model.13 Zhao et al. used
the multigrain model to simulate the particle growth
and morphology in the gas-phase polymerization of
butadiene.9,10 Although the multigrain model can give
good computational results of the particle growth and
morphology, it is too complicated to be used in the
simulation of the MWD of the gas-phase polymeriza-
tion of butadiene. The multilayer model is better to

simulate the MWD in this case. The boundary condi-
tions of the multilayer model here are somewhat dif-
ferent from those of the multilayer model used before.
A schematic graph of the multilayer model is shown
in Figure 4.10

In the multilayer model, the polymeric particle is
divided into several concentric spherical layers. Every
layer is the uniform body. The monomer, active sites,
and polymers are dispersed in it. There are no micro-
particles in every layer, which is not the same as in the
multigrain model.

At the beginning of the reaction, the concentration
of active sites in each layer is the same. The catalyst
particle becomes the polymer particle immediately
after the beginning of the reaction. The polymer chains
are produced in the layers, which makes the particle
layers grow.

The mass balance of the monomer can be described
by the following diffusion-reaction equations:

�M�r, t�
�t �

De

r2

�

�r �r2
�M
�r � � Rp (1)

I.C. M�r, 0� � 0 (2)

B.C.
�M�0, t�

�t � 0 (3)

M�R, t� � Mp (4)

Figure 3 Effect of reaction pressure on polymerization rate
at 40°C.

Figure 4 Scheme of polymeric multilayer model.
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The energy-balance equations are shown as the fol-
lowing:

�pCp

�T�r, t�
�t �

ke

r2

�

�r �r2
�T
�r � � ���Hp�Rp (5)

I.C. T�r, 0� � Tgas (6)

B.C.
�T�0, t�

�r � 0 (7)

ke

�T�R, t�
�r � h�Tgas � T�R, t�� (8)

The polymerization rate Rp is calculated using the
average concentration of the monomer of each layer.
Since the polymeric particle is growing during the
polymerization, the volume of every layer must be
updated according to the amount of polymer pro-
duced in each time interval.

The updating equations can be expressed as

Vi
0 �

4�

3 ��ri�1
0 �3 � �ri

0�3� (9)

Vi
k�1 � Vi

k�RpMW�t
�p

� 1� (10)

ri�1
k�1 � � 3

4�
Vi

k�1 � �ri
k�1�3� 1/3

(11)

The monomer concentration and temperature at each
node were calculated by the three-point Lagrangrian
interpolation polynomial method. L’Hôptial’s rule10

was used for the situation at the center of the polymer
particle. Then, the radial profile of the monomer con-
centration and temperature can be described as fol-
lows:

dM�ri�

dt � 2De�AiM�ri�1� � BiM�ri� � CiM�ri�1��

� Rp�ri� i � 2 . . . N � 2 (12)

dM�r0�

dt � De�B0M�r0� � B0M�r1�� � Rp�r0� (13)

dT�ri�

dt � 2
ke

Cp�p
�AiT�ri�1� � BiT�ri� � CiT�ri�1��

�
���HpRp�

Cp�p
i � 2 . . . N � 3 (14)

dT�r0�

dt �
ke

Cp�p
�B0T�r0� � B0T�r1�� �

���HpRp�

Cp�p
(15)

dT�rN�1�

dt �
2ke

Cp�p
� rN�2

rN�1�rN�1 � rN�2�
2 T�rN�2�

� � rN�2

rN�1�rN�1 � rN�2�
2 �

h
ke�rN�1 � rN�2�

�T�rN�1��
�

� �HpRp

Cp�p
(16)

Ai �
2ri � ri�1

ri�ri�1 � ri��ri�1 � ri�1�
. (17)

Bi �
3ri � ri�1 � ri�1

ri�ri � ri�1��ri � ri�1�
(18)

Ci �
2ri � ri�1

ri�ri�1 � ri�1��ri�1 � ri�
(19)

B0 � �
6

�r1 � r0�
2 (20)

The intrinsic kinetics should be considered for the
modeling of the MWD, which is not the same as the
kinetic model used in the multilayer model of Sun et
al.10 At the beginning of the reaction, a sorption pro-
cess would occur. This makes the boundary condition
of the concentration of the monomer not the same as
that of the bulk concentration of the monomer gas,
differing from the assumption of Soares and Hamielec
and Sun et al. After the sorption process, the monomer
will diffuse into the particle and the reaction will take
place. The boundary condition must be calculated us-
ing sorption equations, which will be shown later.

In eq. (8), h is the heat-transfer coefficient given by
the Ranz–Marshall correlation, which can be used to
describe the heat transfer at the external layer7,14:

Nu � 2 � 0.6Re
1/2Pr

1/2 (21)

where Nu is the Nusselt number hdp/kgas; Re, the Reyn-
old’s number, �gasudp/�gas; and Pr, the Prandt num-
ber, �gasCpgas/kgas.

Using the multilayer model introduced above, the
monomer concentration and the temperature at each
node are obtained, which is important to calculate the
MWD of each layer of the polymeric particle. The
calculation method of the average concentration of the
monomer in each layer is shown in Figure 4. Besides
the distribution of the monomer concentration, to fur-
ther the modeling of the MWD of gas-phase polymer-
ization, constructing the suitable intrinsic kinetics
model is an important step.

INTRINSIC KINETICS MODEL

The reaction kinetics mechanism considered here in-
cludes mainly site formation, initiation, propagation,
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transfer to the monomer, transfer to the impurities,
and deactivation of the living polymers and active
sites, as follows:

Cpot � Mi ¡
kf

C*

C* � Mi ¡
ki

P1

Pj � Mi ¡
kp

Pj�1

Pj � MiO¡
ktm

P1 � Qj

Pj � IMiO¡
ktIM

C*d � Qj

Pj ¡
kd

C*d � Qj

C* O¡
kd

C*d

C* � IMiO¡
kIM

C*d

where Cpot is the concentration of potential active sites
of a catalyst and they must react with a monomer to
format the active sites; C*, the concentration of an
active site; Mi, the average concentration of the mono-
mer in the ith layer; Pj and Qj, the concentration of the
living polymer and the dead polymer, respectively;
and IMi, the concentration of impurities in the ith
layer. Since the reactor must be cleaned before the
reaction, the concentration of an impurity in the reac-
tor is so low that it could be considered negligible. For
polymerization of polyolefins using heterogeneous
catalysts, their MWDs are broad. For example, their
polydispersing index (PI) range is from 4 to 20 or even
broader.15 Some researchers have found that multiac-
tive sites will lead to a wide MWD (PI 	 2).15,16 In this
article, the MWD of the gas-phase polymerization of
butadiene is relatively narrow. From the experiment
result, the PI of the gas-phase polymerization of buta-
diene is about 2.12 So, only one kind of active site is
considered here. At the same time, there are many
kinds of factors that can affect the deactivation reac-
tion. All of them can be concluded in the kd. In addi-
tion, kinetic research has found that the deactivation
reaction approached being a first-order reaction.12 To
simplify the problem, a first-order deactivation reac-
tion mechanism is assumed.

A series of equations can be expressed to describe
the system of the gas-phase polymerization of buta-
diene:

dCpot

dt � �kfMiCpot (22)

dC*
dt � kfMiCpot � kiMiC* � kdC* (23)

dPact

dt � kiC*Mi � kdPact � ktmPactMi (24)

Pact � �
j	1




Pj (25)

When t 	 0,

Cpot�0� � C*0 (26)

C*�0� � 0 (27)

Pact�0� � 0 (28)

The equation of the reaction rate is

Rp � kpMiPact (29)

Equation (29) is then solved simultaneously with eqs.
(22)–(28) to get the intrinsic kinetics as follows:

Rp �
kpkikfM3C*0

kiM � kfM � kd
�e�kfMt

�
�

e��kd�kiM�t



�

e��kd�ktmM�t

� �
(30)

� � kd � ktmM � kfM (31)


 � ktmM � kiM (32)

� �
kiM � kd � kfM

�ktmM � kiM��kd � ktmM � kfM�
(33)

Since the sorption process will occur instantly at the
beginning of the reaction, the monomer concentration
at the surface of the particle is the sorption concentra-
tion of the monomer, not the bulk concentration of the
monomer gas. The concentration of the monomer in
eq. (30) is much higher than is the calculated bulk
concentration of the monomer gas. The sorption con-
centration of the monomer can be obtained using eqs.
(34) and (35)9,17:

S �
Mp

p � kDe�Mp (34)
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S �
Mp

p � S0e��Hs/RT (35)

Zhao et al. calculated some sorption concentrations at
different reaction conditions of the gas-phase poly-
merization of butadiene.5 Mp is the sorption concen-
tration of the monomer and p is the reaction pressure.
By using the model to fit the kinetic curves obtained in
the experiment, the kinetic constants in the model
equation can be obtained.

MWD MODEL

The nth moment of the generic distribution f(j) is
defined by the equation

�n � �
j	1




jnf�j� (36)

In the case of the gas-phase polymerization of buta-
diene, f(j) is the concentration of the living polymer or
dead polymer and j is the degree of polymerization. �n

a

and �n
d are nth moment of the living and dead poly-

mers, respectively.
From the mechanism of kinetics and population

balance, the balance equation of the living polymer
and the dead polymer can be solved to get the mo-
ment equations of the living and dead polymers:

dP1

dt � kiC*M � kpPjM � kdP1 (37)

dPj

dt � kpPj�1M � kpPjM � ktmPjM � kdPj (38)

dQj

dt � ktmPjM � kdPj (39)

The population balance for all chains of the living
polymer can be obtained by summing eq. (38) from j
equal to 2 to infinity plus eq. (37). On the other hand,
the population balance for the dead polymer of all
chain lengths is obtained by summing eq. (39) from j
equal to 2 to infinity. In fact, these are the differential
equations of the zero moment of the living and dead
polymers:

d�0
a

dt �
kikfM2C*0

kiM � kfM � kd
�e�kfMt � e��kiM�kd�t� � kd�0

a

(40)

d�0
d

dt � �ktmM � kd���0
a � P1� (41)

�0
a � �

j	1




Pj (42)

�0
d � �

j	2




Qj (43)

The first and second moments of the living polymer
are obtained by multiplying eq. (38) by j and j2, re-
spectively, and summing from 2 to infinity plus eq.
(37). It is the same with the dead polymer:

d�1
a

dt � �kpM � ktmM��0
a � �ktmM � kd��1

a � kiC*M (44)

d�2
a

dt � �kpM � ktmM��0
a � 2kpM�1

a

� �kd � ktmM��2
a � kiC*M (45)

d�1
d

dt � �ktmM � kd���1
a � P1� (46)

d�2
d

dt � �ktmM � kd���2
a � P1� (47)

�1
a � �

j	1




jPj (48)

�2
a � �

j	1




j2Pj (49)

�1
d � �

j	2




jQj (50)

�2
d � �

j	2




j2Qj (51)

Equations (40)–(51) are solved with eqs. (37)–(39) si-
multaneously. The moments of the polymer chains
will be obtained. Here, all the living chains are as-
sumed to have the same activity. From the moments,
the average molecular weight of each layer can be
estimated. MW is the molecular weight of butadiene:

M� n,i �
�1,i

a � �1,i
d

�0,i
a � �0,i

d MW (52)

M� w,i �
�2,i

a � �2,i
d

�1,i
a � �1,i

d MW (53)
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PIi �
M� n,i

M� w,i

(54)

The weight-distribution function is used here to get
the MWD:

Fw,i�j� �
jPj,i � jQj,i

�
j	1




jPj,i � �
j	2




jQj,i

�
jPj,i � jQj,i

�1,i
a � �1,i

d (55)

Equation (55) can also be written into the following
formation:

FXYi�j� � Fw,i�j���1,i
a � �1,i

d � � jPj,i � jQj,i (56)

From the population balance eqs. (37)–(39), Pj and Qj

can be expressed using mathematical induction:

P1,i �
A

kpM � kd � kfM
e�kfMt �

A
kpM � kiM

e��kiM�kd�t

� A� 1
kpM � kd � kfM

�
1

kpM � kiM
� (57)

P2,i � e��kpM�ktmM�kd�tAkpM�K1e�kpM�ktmM�kd�kfM�t

� K2e�kpM�ktmM�kiM�t � K3e�kpM�ktmM�kd�t � K� (58)

P3,i � e��kpM�ktmM�kd�tA�kpM�2� K1

kpM � ktmM � kd � kfM
e�kpM�ktmM�kd�kfM�t �

K2

kpM � ktmM � kiM
e�kpM�ktmM�kiM�t

�
K3

kpM � ktmM � kd
e�kpM�ktmM�kd�t � Kt � � K1

kpM � ktmM � kd � kfM
�

K2

kpM � ktmM � kiM
�

K3

kpM � ktmM � kd
�� (59)

Pj,i � �kpM�j�1� K1

�kpM � ktmM � kd � kfM�j�2 e�kfMt

�
K2

�kpM � ktmM � kiM�j�2 e��kd�kiM�t

�
K3

�kpM � ktmM�j�2 e�kdt �
K4

�j � 1�! tj�1

�
K1 � K2 � K3

�j � 2� � ! tj�2 � � K2

�kpM � ktmM � kiM�j�2

�
K1

�kpM � ktmM � kd � kfM�j�2 �
K3

�kpM � ktmM�j�2�
� �

m	1

j�3 �� K1

�kpM � ktmM � kd � kfM�j�2

�
K2

�kpM � ktmM � kiM�j�2

�
K3

�kpM � ktmM�j�2� tj�2�m

�j � 2 � m�!�� j 
 4 (60)

Qj,i � 	 j�ktmM � kd�Pj,idt j 
 2 (61)

K1 �
l1

kpM � ktmM � kd � kfM
(62)

TABLE II
Thermal, Physical, and Transport Properties
of Gas-phase Polymerization of Butadiene

Property Value Reference

C*0 (mol Nd/g Cat) 2.418 � 10�5 13
Cp (J kg�1 K�1) 1600 9
ke (W m�1 K�1) 0.15 9
Cpgas (J kg�1 K�1) 1681 9
De (m2/s) 10�11–10�9 9
�Hp (J/mol) 73,000 9
Rcat (�m) 10–50 9
kgas (W m�1 K�1) 0.015–0.021 9
S0 [L(STP) L�1 polymer

atm�1] 4.5 � 10�3 7
kD [L (STP) L�1 polymer Pa�1] (9.2–11.25) � 10�5 7
� [L polymer/L (STP)] (8.55–10.18) � 10�3 7
�Hs (kJ/mol) �14.4 7
�p (kg/m3) 890 9
�gas (kg/m3) 4.108–5.4246 9
�cat (kg/m3) 623 9

Figure 5 Fittings of intrinsic model at different reaction
temperatures.
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K2 �
l2

kpM � ktmM � kiM
(63)

K3 �
l3

kpM � ktmM (64)

K4 � l1 � l2 � l3 (65)

l1 � A
kd � kfM � ktmM

�kdM � ktmM��kpM � kd � ktmM � kfM�
(66)

l2 � A
ktm � ki

ki�kpM � ktmM � kiM�
(67)

l3 � A
�kiM � kd � kfM�ktmM

kiM�kd � kfM��kpM � ktmM�
(68)

A �
kikfM2C*0

kiM � kfM � kd
(69)

where M is equal to Mi here. From the above equa-
tions, the value of FXYi(j) of each layer with chain
length j at reaction time t can be shown.

In the model, the catalyst particle becomes the poly-
meric particle immediately after the beginning of the
reaction. So, the whole polymeric particle, using the
fraction of the volume of the particle layer, can show
the MWD:

M� n � �
i	1

N ViM� n,i

Vpoly
(70)

M� w � �
i	1

N ViM� w,i

Vpoly
(71)

PI � �
i	1

N ViPIi

Vpoly
(72)

FXY � �
i	1

N ViFXYi

Vpoly
(73)

where Vi is the volume of ith layer, and Vpoly, the
volume of the whole polymeric particle.

PARAMETER VALUES

For the gas-phase polymerization and construction of
this model, the key parameters are listed in Table II. De

often ranges from 10�11 to 10�9. In the model, De is
chosen to be 10�11. The diameter of the catalyst par-
ticle is 5–100 �m.11 In the model, 60 and 100 �m are
considered.

RESULTS AND DISCUSSION OF SIMULATION

Simulations were made of the gas-phase polymeriza-
tion of butadiene. Different chemical and physical fac-
tors, such as reaction conditions and transport prop-
erties, will affect the kinetics of the gas-phase poly-
merization of butadiene.

Effect of temperature

Curves of the decay type were discovered during the
reaction. As the reaction temperature increases, the
polymerization rate decreases. Fittings of the effect of
temperature on the polymerization rate using the ki-
netic model are shown in Figure 5, which are clearly in
good agreement with the experimental results.

From previous research results,7,9,10 the heat-trans-
fer resistance can be neglected for a low-activity cata-
lyst. So, the temperature in the polymeric particles is
almost the same as that in the reactor, that is, the
kinetics constants can be used in the all the particle
layers from the fitting to the whole polymer particle.
The mass transfer in the polymeric particle includes
two procedures: sorption on the surface of the particle
and transfer in the layers of the particle. In the model,
the concentration of the monomer is the sorption con-

TABLE III
Compare with Mp and Mgas

P
(atm) T (°C)

Mgas
(mol/L)

Mp (mol/L
polymer) Reference

1.0 30 0.039 1.2 7, 12
1.0 40 0.038 1.0 7
1.0 50 0.037 0.86 7
1.4 40 0.054 1.4 7, 12

TABLE IV
Rate Constants in the Intrinsic Kinetics Model

T (°C)
kf (�10�4 L polymer

mol�1 s�1)
ki (�10�4 L polymer

mol�1 s�1)
kp (�102 L polymer

mol�1 Nd s�1)
kd

(�10�3 L/s)
ktm (�10�3 L polymer

mol�1 s�1)

30 7.29 7.37 2.59 4.37 3.94
40 9.45 9.21 3.54 7.84 5.50
50 9.85 9.82 4.60 8.51 7.61
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centration listed in Table III. The kinetics constants
from the fitting results are shown in Table IV. From
Table IV, it can be seen that the kp is increased with
increase of the temperature. But the influence of de-
activation and transfer are also greatly remarkable,
which makes the polymerization rate much lower at
high temperature. So, the kinetics results do not show
that the polymerization rate increases as the reaction
temperature increases.

Figure 6 shows the simulations of the concentration
profiles of the monomer in the polymeric particle un-
der the condition of 40°C, 100 kPa. The number of
layers (N) is 20. After 1 h, the monomer concentration
in each layer is almost near to the sorption concentra-
tion on the surface of the particle. Figure 7 gives the
schematics of the concentration profiles under differ-
ent reaction conditions. After 1 h from the beginning
of the reaction, the concentration of the monomer at
30°C is lower than that of the others, because of the

high polymerization rate under the conditions as
shown in Figure 2. The profiles of 40 and 50°C are
more similar to each other. The reaction at 40 and 50°C
is “calm,” so the average molecular weight and the
MWD of the polymer in the range of both tempera-
tures will not change too much.

Figure 8 shows the particle growth under different
reaction temperatures. After quick growth, the curves
are almost parallel to the x-axis, which are the corre-
sponding phenomena to the low reaction rate at a later
stage of the reaction. For the low-active catalyst, the
volume of the particle is not remarkably changed,
which is not greater than 3.5 Rcat.

Figure 9 shows the change of the number-average
chain length of the polymer at different reaction times
at 30°C, 100 kPa. The simulations clearly show that the
longest chains are produced at the external layer of the
particle. As the reaction progresses, the number-aver-
age chain length is almost the same in each layer, as

Figure 6 Simulation of concentration profiles of monomer in the polymeric particle with De 	 10�11 m2/s and Rcat 	 30 �m,
at T 	 40°C and p 	 100 kPa.

Figure 7 Simulation of concentration profiles of monomer
in the polymeric particle with De 	 10�11 m2/s, Rcat 	 30
�m at t 	 1 h at different reaction temperatures and 100 kPa.

Figure 8 Simulation of particle growth at different temper-
atures at p 	 100 kPa (De 	 10�11 m2/s, Rcat 	 30 �m).
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shown in Figure 10. In Figure 10, it can be seen that the
number-average chain length in each layer is almost
the same under different reaction temperatures when
the experiments are finished (t 	 9000 s).

Figure 11 shows simulations of the change of the
overall number-average chain length of the polymer
as the reaction progresses under different reaction
temperatures. The increase of the overall number-av-
erage chain length is similar at the beginning of the
reaction for all the conditions, but at the later stages of
all these reactions, the chain length appears different.
Despite the curves being almost parallel to the x-axis
at the later stages, the length of the chain is different.
Because of the effect of deactivation and transfer to the
monomer, the chain length at 30°C, 100 kPa, is longer
than with the other conditions, as shown in Figure 11.
The curve of 40°C exhibits similarity to that of 50°C
although the height of curves is not same.

Because of the different concentration profiles of the
monomer in the polymeric particle, the MWDs in each
layer are different. Figure 12 shows the difference at
30°C, 100 kPa. The chain length is almost the same in
each layer, as shown in Figure 12. But at a short
reaction time, the MWD in each layer is not the same,
as shown in Figure 13. Not only does the fraction of
long chains increase, but, also, the MWD moves to the
direction of the longer chains. At this time, the con-
centrations of the monomer of the outer layers are
higher than are those of the inner layers. So, the MWD
shows a change like that in Figure 13. In fact, at the
time when the experiment is finished, the MWD of
every layer can be used to represent the MWD of the
whole polymeric particle.

Figure 9 Simulation of change of number-average chain
length in every layer at different times at T 	 30°C and p
	 100 kPa (De 	 10�11 m2/s, Rcat 	 30 �m).

Figure 10 Simulation of number-average chain length in
every layer at reaction time t 	 9000 s at different reaction
temperatures and p 	 100 kPa (De 	 10�11 m2/s, Rcat 	 30
�m).

Figure 11 Simulation of change of overall number-average
chain length of whole particle with reaction time at different
reaction temperatures and p 	 100 kPa (De 	 10�11 m2/s,
Rcat 	 30 �m).

Figure 12 Simulation of different MWDs at different layers
of particles when reaction time t is 9000 s and reaction
conditions are T 	 30°C and p 	 100 kPa (De 	 10�11 m2/s,
Rcat 	 30 �m).
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Figure 14 shows simulations of the overall MWD
under the different reaction temperatures. At a lower
temperature, more long chains are produced. This
difference is not remarkable as is the increasing of the
temperature. The phenomenon is decided by the de-
activation of active sites and the living polymer and
the effect of transfer to the monomer at high temper-
ature.

Effect of pressure

As the reaction pressure increases, the polymerization
rate increases. Figure 15 shows the simulation of the
polymerization rate under different reaction pres-
sures. From the kinetics curve shown in Figure 3 and

the simulation, the polymerization rate is almost the
same under different reaction pressures at the late
stage of the reaction. During the reaction, budadiene
also can make active sites deactivate. Under higher
pressure, the monomer concentration is higher. Al-
though there is a higher concentration of the monomer
at the later stage, a lower concentration of active sites
makes the polymerization rate low. But a higher
monomer concentration will lead to a broader MWD.

Figure 16 gives schematics of the concentration pro-
files under different reaction pressures. At high pres-
sure, the concentration of the monomer in the layers is
high, leading to the acceleration of the polymerization
rate and the high average molecular weight. The poly-
mer chains with a high molecular weight will make
the particle larger, as shown in the simulations (Fig.
17). From the simulation, one can see that, although

Figure 13 Simulation of different of MWDs at different
layers of particles when reaction time t is 30 min and reac-
tion conditions are T 	 30°C and p 	 100 kPa (De 	 10�11

m2/s, Rcat 	 30 �m).

Figure 14 Simulation of overall MWD of gas-phase poly-
merization of butadiene under different reaction tempera-
tures and p 	 100 kPa after simulation (De 	 10�11 m2/s,
Rcat 	 30 �m), reaction time t 	 9000 s).

Figure 15 Simulations of intrinsic model under different
reaction pressures.

Figure 16 Simulations of concentration profiles of mono-
mer in the polymeric particle with De 	 10�11 m2/s, Rcat
	 30 �m at t 	 1 h at different reaction pressures at T
	 40°C.
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the polymerization rate is almost the same at the later
stage, the particle is larger under 140 kPa. This means
that the molecular weight and the particle growth are
decided at an early stage. From Figure 18, it can be
seen that the number-average chain length of the poly-
mer in each layer is almost the same under different
reaction pressures when the experiments are finished
(t 	 9000 s).

Figure 19 shows the simulation of the change of
chain length of the polymer as the reaction progresses
under different reaction pressures. The increase of the
chain length is similar at the beginning of the reaction
for all the conditions, but at the later stages of all these
reactions, the chain length appears different.

Figure 20 shows the overall MWD under different
reaction pressures. The research has shown that the
relationship between the polymerization rate and the
reaction pressure is first order,5 so the reaction pres-
sure in gas-phase polymerization has a great effect on
the average molecular weight.

Effect of mass transfer

Figures 21 and 22 show different profiles of the mono-
mer concentration in the polymeric particle under a
larger diffusion coefficient. The profiles of the concen-
tration of the monomer and the particle growth are
important to understand the MWD of the gas-phase
polymerization of butadiene because it is well known
that the average molecular weight and its distribution
are related to the monomer concentration and the
consuming rate of the monomer.

A larger diffusion coefficient will accelerate the
mass transfer. The concentration of the monomer will
be larger than that in a small diffusion coefficient. This
will lead to a larger molecular weight in a larger
diffusion coefficient. The simulation, shown in Figure
23, describes these phenomena.

Figure 17 Simulations of particle growth under different
pressures at T 	 40°C (De 	 10�11 m2/s, Rcat 	 30 �m).

Figure 18 Simulations of number-average chain length in
every layer at reaction time t 	 9000 s at different reaction
pressures and T 	 40°C (De 	 10�11 m2/s, Rcat 	 30 �m).

Figure 19 Simulation of change of overall number-average
chain length of whole particle with reaction time at different
reaction pressures and T 	 40°C (De 	 10�11 m2/s, Rcat 	 30
�m).

Figure 20 Simulation of overall MWD of gas-phase poly-
merization of butadiene at different reaction pressures and T
	 40°C after simulation (De 	 10�11 m2/s, Rcat 	 30 �m,
reaction time t 	 9000 s).
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Effect of catalyst particle size

Figures 24 and 25 show simulations of the particle
growth when the radius of the catalyst particle is 50
�m. This will affect the overall MWD at last because
the larger size will make mass transfer difficult. Figure
26 shows that the simulation of the average molecular
weight when Rcat is 30 �m is a little larger than that
when Rcat is 50 �m. For the bigger polymeric particle,
the transport of the monomer and concentration of the
active sites will change.

COMPARISON OF SIMULATION AND
EXPERIMENTAL RESULTS

Table V shows a comparison between the simulation
results and the experiment results. Figure 27 shows a
comparison of the PI. The experimental points agree
with the simulation points basically in spite of some

difference. Although the number 10’s superscripts of
simulated molecular weight are coincident with that
of the experiment results on the whole, some differ-
ences exist at the same time. These differences are
perhaps caused mainly by the distribution of the ini-
tial concentration of active sites among the catalyst
particles. From the dynamic research on the particle
growth in the gas-phase polymerization of butadiene,8

the rates of particle growth are different even if the
catalyst particles have the same diameters. This means
that the initial concentrations of active sites of the
catalyst particles are different from each other, which
has a great effect on the MWD of the polymer in the
gas-phase polymerization of butadiene. In the model
of MWD proposed in this article, the difference of the
initial concentration of active sites among the catalyst
particles was not considered. The theoretical loading
amount of the catalyst was used as the initial concen-

Figure 21 Simulation of concentration profiles of monomer in the polymeric particle with De 	 10�10 m2/s, Rcat 	 30 �m
at t 	 1 h at different reaction temperatures and 100 kPa.

Figure 22 Simulation of concentration profiles of monomer in the polymeric particle with De 	 10�10 m2/s, Rcat 	 30 �m
at t 	 1 h at different reaction pressures at T 	 40°C.
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tration of the active sites. Further research should be
done to obtain the distribution of the initial concen-
tration of the active sites among the catalyst particles,
and then a more accurate model, which can describe
the MWD of the gas-phase polymerization of buta-
diene, might be obtained. From comparison of the PI,
one can know that the MWD of the gas-phase poly-
merization of butadiene, in this catalyst system, does
not change much under different reaction conditions.

CONCLUSIONS

Simulations of the MWD were carried out for the
gas-phase polymerization of butadiene. The model is
based on the multilayer model of the polymeric par-
ticle and new intrinsic kinetics. From the simulations,
the following conclusions may be drawn:

1. The deactivation of active sites of the catalyst
and the transfer of polymer chains has a great
effect on the intrinsic kinetics and the MWD. At
lower temperature, this effect is not so great that
large molecular weight averages are obtained.

2. As temperature increases, the average molecu-
lar weight decreases; as the reaction pressure
increases, the molecular weight averages in-
crease. So, at low temperature and high pres-
sure, polybutadiene with a high average molec-
ular weight can be obtained.

3. In this catalyst system, the PI will not change
too much under different reaction conditions.

The proposed model can be used to predict the
average molecular weight and the MWD of the gas-
phase polymerization of butadiene.

Figure 23 Simulation of overall MWD of gas-phase poly-
merization of butadiene at T 	 30°C and p 	 100 kPa after
simulation (De 	 10�10 m2/s, Rcat 	 30 �m; De 	 10�11

m2/s, Rcat 	 30 �m; reaction time t 	 9000 s).

Figure 24 Simulation of particle growth at different tem-
peratures at p 	 100 kPa (De 	 10�11 m2/s, Rcat 	 50 �m).

Figure 25 Simulation of particle growth under different
pressures at T 	 40°C (De 	 10�11 m2/s, Rcat 	 50 �m).

Figure 26 Simulation of overall MWD of gas-phase poly-
merization of butadiene under T 	 30°C and p 	 100 kPa
after simulation (De 	 10�11 m2/s, Rcat 	 50 �m; De 	 10�11

m2/s, Rcat 	 30 �m; reaction time t 	 9000 s).
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NOMENCLATURE

Symbol
Abbreviation Description

C* concentration of active sites (mol Nd/g Cat)
C*0 initial concentration of active sites (mol Nd/g

Cat)
Cpot potential active sites/concentration of catalyst

(mol Nd/g Cat)
C*d concentration of deactivated sites (mol Nd/g

Cat)
Cp heat capacity of polymer (J kg�1/K)
Cpgas heat capacity of monomer gas (J kg�1/K)
De molecular diffusion coefficient of butadiene in

polybutadiene (m2/s)
dp diameter of polymer particles (�m)
Fw( j) weight-average distribution function
h external film heat-transfer coefficient (W m�2

K�1)
i ith layer of particle
IMi concentration of impurity in ith layer
j degree of polymerization
k reaction moment (s)
kD sorption coefficient when concentration ap-

proaches zero [L(STP) L�1 polymer Pa�1]
ke effective thermal conductivity of polymer par-

ticle (W m�1 K�1)

kd deactivation constant (l/s)
kf constant of formation of active sites (L poly-

mer mol�1 s�1)
kgas thermal conductivity of gas-phase bulk (W

m�1 K�1)
ki initiation constant of reaction (L polymer

mol�1 s�1)
kIM rat constant of reaction with impurity (L poly-

mer mol�1 s�1)
kp rate constant of propagation (L polymer mol�1

Nd s�1)
ktIM rate constant of transfer to impurity (L poly-

mer mol�1 s�1)
ktm rate constant of transfer to monomer (L poly-

mer mol�1 s�1)
M concentration of monomer
MW molecular weight of butadiene monomer (kg/

mol)
M� n overall number-average chain length of the

whole polymeric particle
M� n,i number-average chain length in ith layer
Mp sorption concentration of monomer at surface

of particle (mol/L polymer)
M� w overall weight-average chain length of the

whole polymeric particle
M� w,i weight-average chain length in ith layer
N number of layers
Nn number-average chain length
Nu Nussel number
p reaction pressure (kPa)
PI overall dispersing index of molecular weight
PIi dispersing index of molecular weight in ith

layer
Pj concentration of living polymer (mol/m3

polymer)
Pr Prant number
Qj concentration of dead polymer (mol/m3 poly-

mer)
r radius of polymeric particle (m)
R radius of outermost layer of particle (m)
Rcat radius of catalyst particle (m)
Re Reynolds number
Rp polymerization rate (g BD g�1 Cat h�1 or mol

BD mol�1 Nd s�1)

Figure 27 Comparison of PI of simulation and experimen-
tal results.

TABLE V
Compare with the Experiment Results and Simulation Results

Experimental results Simulation results

Mn Mw PI Mn Mw PI

30°C (100 kPa) 10.3 � 105 1.87 � 106 1.8 9.2 � 105 1.85 � 106 2.0
40°C (100 kPa) 5.00 � 105 1.06 � 106 2.1 6.18 � 105 1.24 � 106 2.0
50°C (100 kPa) 4.91 � 105 1.08 � 106 2.2 6.21 � 105 1.24 � 106 2.0
40°C (140 kPa) 10.5 � 105 1.72 � 106 1.7 8.6 � 105 1.71 � 106 2.0
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S sorption coefficient [L(STP) L�1 polymer Pa�1]
S0 frequency factor of sorption [L(STP) L�1 poly-

mer Pa�1]
T reaction temperature (°C or K)
t reaction time (s)
Tgas temperature of bulk monomer gas (°C or K)
u particle-fluid relative velocity (m/s)
Vi

k volume of ith layer at moment k (m3)
Vpoly volume of whole particle after reaction (m3)
�Hp heat of polymerization (J/mol)
�t time step (s)
�Hs heat of mol sorption (kJ/mol)

Greek Symbols

�gas density of butadiene gas (kg/m3)
�p density of polymeric particle (kg/m3)
�gas viscosity of gas phase (Pa s)
�n

a
nth moment of living polymer

�n
d

nth moment of dead polymer
� coefficient of sorption effect [L polymer/

L(STP)]
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