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Study on Kinetics of propylene polymerization
at different temperatures via Monte Carlo simulation
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Abstract: The elementary reactions of propylene polymerization catalyzed by conventional Ziegler-Natta
catalysts was proposed according to the comprehensive view and without considering the effect of any impurity
in the material on propylene polymerization. The Monte Carlo simulation technique was employed to investigate
the kinetics of propylene polymerization in order to determine the validity of the stationary state assumption and
the effects of the polymerization temperature on the polymerization. The simulated total amount of active
species, which only increases quickly at the beginning of the polymerization, indicates that the stationary state
assumption in the studied system is valid. Moreover, significant effects of polymerization temperature on the
polymerization conversion, and the molecular weight and its distribution were also analyzed. The simulated
results show that the consumption rate of propylene increases with the increase of polymerization temperature;
the maximum values of the number-average degree of polymerization are constant at different polymerization
temperatures, however, the peak appears earlier with the higher temperature; as the polymerization temperature
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increases, the average molecular weight decreases and the molecular weight distribution changes greatly.
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Polypropylene is a popular thermoplastic polymer,
which is produced via bulk polymerization in the petro-
leum chemical industry. The molecular configuration of
polypropylene and the characteristics of polymer can be
controlled by the catalyst and polymerization method.
Moreover, other factors, such as polymerization condi-
tions, can also influence the industrial production. The
catalyst influences the rate and the quality of the poly-
mer, and it is a key factor in industrial production. Up
to now the catalyst and reactor for propylene polymeri-
zation have been well developed in industry'"* . There
are also a series of publications on polymerization con-
ditions”” “® . Based on the conservation equations, Zacca
et al. ® ' presented a model for propylene polymeriza-
tion to theoretically analyze the effects of polymeriza-
tion conditions on the polymerization. Chaves et al. '*!
investigated the effects of polymerization conditions on
propylene polymerization experimentally. In short, past
studies were mostly concentrated on the polymerization
itself and the resultant products by means of classic
physical chemistry methods. However, little investiga-
tion on the effects of the polymerization conditions has
been done by means of the stochastic method.
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During the last decades, the Monte Carlo simula-
tion has been shown to be a powerful stochastic meth-
od to investigate polymerization kinetics. It has been
successfully applied in polymer science to study the
complicated polymerization kinetics'’ ™™, and it has at-
tracted more and more attention recently. With the help
of the Monte Carlo simulation, this paper focuses on
the effects of polymerization temperature on propylene
polymerization catalyzed by the conventional Ziegler-
Natta catalyst.

1  Polymerization Mechanism and Monte
Carlo Simulation

Zacca et al. "~ investigated the kinetics of pro-
pylene polymerization catalyzed by the conventional
Ziegler-Natta catalyst. According to the view of Zacca
et al. , the mechanism proposed for the polymerization
is as follows:

Propylene initiation reaction

kg
C" +M—R(1) (1)
Propylene propagation reaction
k
R(i) +M —R(i +1) (2)

Chain transferring to propylene
k,

R(i) +M —P(i) +R(1) (3)

Chain transferring to hydrogen
k

R(i) +H, —P(i) +C" (4)
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Chain transferring to cocatalyst (AIR;)

kia
R(i) + AIR, —P(i) +C~ (5
Deactivation reaction
ky
R(i) +R(j))—P(i +)) (6)
Spontaneous deactivation reaction
ko
R(i)—P(i) +C” (7)
Deactivation reaction
kg
R(i) +R(j)—P(i) +P()) (3)

where C* is the active catalyst site; M represents pro-
pylene; H, represents hydrogen; R(i), R(j) represent
polypropylene chain radical with chain length i or j (i,
j=1,2,...); P(i), P(j) represent polypropylene with
chain length i or j (i,j=1,2,...); k, is the propylene
initiation rate constant; k, is the chain propagation rate
constant; k,, is the rate constant of chain transferring to
cocatalyst ( AIR;); k, is the rate constant of chain
transferring to hydrogen; k,, is the rate constant of
chain transferring to propylene; k,, is the chain termina-
tion rate constant according to Eq. (6); k,, is the chain
termination rate constant according to Eq. (7); k, is the
chain termination rate constant according to Eq. (8).

By the mechanism involved with all the elementa-
ry reactions, the kinetics of propylene polymerization
can be studied through simulation. According to Refs.
[1 -3], we assume that: (I) All the active radicals have
the same activation energy; (2) The efficiency of initia-
tor and all the kinetic parameters of the elementary re-
actions are constant in reactions. Here we review the
fundamental principles of the Monte Carlo method
briefly, which were reported in Refs. [7 —9].

First, a small control volume from the reaction
system containing 10° molecules is specified, and we
consider the control volume containing 10° molecules
as 1 mol/L. Secondly, we calculate the reaction proba-
bilities of eight elementary reactions and the time inter-
val between two reactions in the simulation. Finally, we
arrange P, P,, ..., P; in a confirmed sequence, produce
a random number and determine the reaction order ac-
cording to a certain rule.

All the programs were written in C ++ language,
debugged and executed in a Pentium IV 2.4 GHz per-
sonal computer.

2 Results and Discussion

The values of the kinetic rate constants of the
Monte Carlo simulation are listed in Tab. 1. Those pa-
rameters are calculated by k =k exp( — E,/RT), where
Ry, E, are taken from Refs. [1 —3]. The other simula-
tion parameters—the initial molecular numbers of pro-
pylene, hydrogen, catalyst (initiator) and cocatalyst

(AIR;)—are 108, 2 000, 2 000, 1 000, respectively. The
polymerization temperatures depend on the simulation
conditions.

Tab.1 Kinetic rate constants

Type of constant  k,/(L+(mol-s) ~') E,/(kJ+(g-mol) ")

ky/(L+(mol+s) ") 4.97 x107 50. 16
k,/(L+(mol-s) ") 4.97 x 10’ 50.16
K/ (L+(mol-s) ") 6.16 x 10° 50.16
kyy/(L+(mol-s) ") 4.4 x10° 50. 16
kp/(L+(mol-s) =) 7. 04 x 10> 50.16
ky/(L-(mol-s) 7" 7.92 x 10° 50.16

ky/s™! 7.92 x10° 50.16
ks/(L+(mol-s) ™" 7.92 x10° 50.16

Using the Monte Carlo simulation, at first, the re-
lationship between the polymerization time and the to-
tal amount of R(1) of the studied system was simula-
ted and plotted in Fig. 1. Fig. 1 shows that the total
amount of active species of the system increases in the
period of 0 to 0. 04 s, and reaches its maximum value,
and remains unchanged after about 0.04 s, which is
short enough in comparison with the whole reaction
times of reaching high conversion. So the stationary
state assumption is valid.
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Fig.1 Simulated amount of active species vs. time at 348 K

Fig. 2 illustrates the time-dependent amount of
the propylene at different polymerization tempera-
tures. The curves in Fig. 2 show that the amount of
monomer decreases as the polymerization time increa-
ses. It means that the polymerization conversion in-
creases with the increase of polymerization time. From
Fig. 2, we can also determine that the consumption
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Fig.2 Simulated amount of propylene vs. time at differ-
ent temperatures
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rate of the propylene increases with the increase of
polymerization temperature, which may be due to the
increase of the values of the kinetic rate constants with
the increase of polymerization temperature.

Fig. 3 illustrates that the relationship between the
polymerization time and the number-average degree of
polymerization at different polymerization temperatures.
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Fig.3 Number-average degree of polymerization vs. time
at different temperatures

It is shown from all the curves in Fig. 3 that the
number-average degree of polymerization increases as
the polymerization time increases until about 400 s.
The number-average degree of polymerization increa-
ses up to its maximum and then decreases a little bit
to become constant. From Fig. 3, we also notice that
the maximum values of the number-average degree of
polymerization are constant and their positions are dif-
ferent at different temperatures. The peak appears ear-
lier with the higher temperature. It means that the time
from the minimum value to the maximum value de-
creases with the increase of polymerization tempera-
ture. According to k = kyexp( — E,/RT), we can ob-
tain that the values of the kinetic rate constants in-
crease with the increase of polymerization tempera-
ture. However, the value of kP increases faster than
that of other constants listed in Tab. 1, where the value
of k, is greater than the other k,. Therefore, the rate
of propylene propagation increases faster comparative-
ly, and the peak appears earlier with the increase of
polymerization temperature.

To indicate the effects of the polymerization tem-
perature on the molecular weight in detail, we ob-
tained the molecular weight distribution data at differ-
ent temperatures via the Monte Carlo simulation. Ac-
cording to Fig. 3, we chose 500 s as the simulation
time when the number-average degree of the simula-
ted system is closer to that of a factory in industry.
The simulated average molecular weights and their
polydispersity indices at different temperatures are lis-
ted in Tab. 2. The corresponding molecular weight
distribution curves at different temperatures are shown
in Fig. 4.

Tab.2 Molecular weight and its polydispersity
index at different temperatures

Tempera- Number-average mo- Weight-average mo- Polydispersity

ture/K lecular weight/10°  lecular weight/10° index
328 1.646 40 3.407 88 2.0699
338 1.630 46 3.393 80 2.0815
348 1. 605 66 3.35776 2.0912
358 1.58753 3.33397 2.100 1
.57
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Fig.4 Weight fraction vs. number degree of polymeriza-

tion at different temperatures

Tab. 2 shows that the average molecular weight
(the number-average molecular weight and the weight-
average molecular weight) decreases a little when the
polymerization time is 500 s, but the polydispersity in-
dex increases a little as the polymerization temperature
increases. From Fig. 4, we can obtain that the higher
the temperature, the less the peak’s value. It means that
the curve changes more evenly and its width changes
more greatly with the increase of polymerization tem-
perature. So, we can determine that the molecular
weight distribution shifts to wider distribution with the
increase of polymerization temperature, namely, the
polymers with the higher molecular weight and narro-
wer molecular weight distribution can be obtained at a
lower polymerization temperature. This result is similar
to that obtained by Choi et al.'" and is attributed to
Ziegler-Natta catalyst with multi-active sites. In fact,
the multi-active sites lead to the wide molecular weight
distribution. Moreover, with the increase of polymeriza-
tion temperature, the consumption rate of the propylene
increases. Accordingly, the concentration of the propyl-
ene near the active sites decreases with the increase of
polymerization temperature. According to Ref. [ 10],
lower concentration of the propylene leads to wider
molecular weight distribution. In short, the Monte Carlo
simulation shows that the average molecular weight de-
creases, yet the molecular weight distribution changes
more broadly with the increase of polymerization tem-
perature.



120 Luo Zhenghong, Huang Kai, and Cao Zhikai

3 Conclusion

The Monte Carlo simulation was used to study
the validity of the stationary state assumption and the
effects of the polymerization temperature on the poly-
merization. The simulated results show that the sta-
tionary state assumption used in the system of the pro-
pylene polymerization is valid. For simulated polymer-
ization time, the consumption rate of propylene increa-
ses with the increase of polymerization temperature.
The maximum values of the number-average degree of
polymerization are constant at different polymerization
temperatures; however, the peak appears earlier with
the higher temperature, and as the polymerization
temperature increases, the average molecular weight
decreases and the molecular weight distribution chan-
ges greatly. Further study on propylene polymerization
systems via the Monte Carlo simulation is in progress.
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