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Monte Carlo simulation of gas phase polymerization of 1,3-butadiene
Part I. Modeling and programming
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Abstract

Monte Carlo method has been firstly applied to gas phase polymerization system. The kinetics of gas phase polymerization of 1,3-
butadiene catalyzed by rare earth complex with trialkyl aluminum is discussed. Both absorption and diffusion of monomer in polymer
particles are considered. A model and a computer program to simulate gas phase polymerization system are established. The reaction rate
constants are obtained by simulating all the five elemental reactions of the polymerization including propagation. According to the results of
Monte Carlo simulation, three reasonable polymerization rate versus time curves coincide with experiments with errors between 0.91 and

5.78%. Two kinds of chain transfer reaction contain similar possibilities but play different roles in polymerizat00 Published by
Elsevier Science Ltd.
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1. Introduction 2. Kinetics presumption

Monte Carlo methods have been applied for a long time  According to our experiments and the data reported in
in simulating coupled chemical reactions [1] and polymer- literature on 1,3-butadiene solution polymerization [9-
ization reactions [2] in order to investigate the kinetic beha- 12], the elemental reactions of gas phase polymerization
vior at the molecular level. Owing to the speedy of 1,3-butadiene are presumed as follows:
development of computer science, recently, Monte Carlo
simulation has made a great progress. Platkowski [3]
reviewed the concepts and the practices of Monte Carlo
simulation methods. Meanwhile, some papers had used a

initiation k: C+ M — R; Rate= k;-[C]-[M]
propagatiorky: Ry + M — Ry,;  Rate= ky-[Ry]:[M]
deactivationkg: Ry — P, Rate= ky-[Rj]

Monte Carlo simulation method for the inverse emulsion
polymerization [4], anionic polymerization and copolymer-
ization [5], copolymerization by ester interchange reaction

chain transfer to AIR
k{rAI: R; + A|R3—’ Pn + C Rate= k{rA|[R;][A|R3]
chain transfer to monomer

in miscible polyester blends [6]. Tobita [7,8] established a  kum: Ry + M — P, + Ry Rate= kyw-[Ry]-[M]
simulation system for the degradation of polymers.

Gas phase polymerization of 1,3-butadiene catalyzed byWhere C is the catalytic center and M the monomer.
rare earth complex with trialkyl aluminum has been success- It was found that 1,3-butadiene cannot be polymerized by
fully carried out in our laboratory. This paper reports the trialkyl aluminum alone during gas phase polymerization,
first modeling and programming of Monte Carlo simulation Which was similar to that in solution polymerization [10,11].
of gas phase polymerization of 1,3-butadiene. A set of reac- 1herefore, in this paper the active site of growing chaif) (R
tion rate constants in kinetic assumptions was obtained fromiS regarded as rare earth metal—carbon bond and the inser-

Monte Carlo simulation, and two kinds of chain transfer tion of monomer to aluminum—carbon bond is neglected.
reactions are discussed. Polymerization rate versus time curve, shown in Figs. 1—-

3, reveal a peak that usually appears at 6—10 min after the
reaction process begins. The rate of monomer’s first inser-
tion into the active site of catalyst is much slower than that
of the subsequent propagation. Furthermore, a highly stereo-
regular polybutadiene withcis-1,4 content >97% is
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Fig. 1. Comparison of the polymerization rate—time curve of simulation and experiment. Run 1=[&&fx 10 ° mol/l; monomer= 0.201 MPa;
T=40C,; error%=5.78.

obtained from gas phase polymerization. According to measured timed&t) which is correlated to the decreased
Furukawa’s “back-biting” mechanism [13}is-1,4 chain pressure §p) in the reactor. As the polymer absorbs the
structure accelerates the propagation. Therefore, “slowmonomer, the amount of the consumed monomm) (
initiation, fast propagation” is presumed, ile< k. equals the sum of both the part that is correlated to apparent

Besides initiation, propagation and deactivation, two pressure decreasér(,) and the part that is released from the
types of chain transfer reactions in polymerization are polymer @ng): én = dn, + éns. The functionésn, = f(5p)
taken into account: transfer to the trialkyl aluminum and is derived from Peng’s equation [14]:

transfer to the monomer.
p_ RT _ am)
 Vp—b  V,(Vy +b)+ bV, — b)

3. Modeling and simulation
which was used to replace the ideal gas equation for calcu-

Gas phase polymerization was performed in a stainlesslating monomer concentration of the bulk gas phase.
steel reactor with a stirrer under constant temperattije ( Absorption factor,Srp, is defined as the amount of 1,3-
and pressure R). The apparent polymerization rate is butadiene absorbed by polybutadiene under established
defined as the consumption of 1,3-butadieRg:= &n/ét, temperature {) and pressureR). S;p is presumed to be
whereédn is the amount of consumed monomer during the independent of the size of the polymer particles and of the
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Fig. 2. Comparison of the polymerization rate—time curve of simulation and experiment. Run 2=[&.ax 10 °> mol/l, monomer= 0.176 MPa;
T=40C; error%= 3.07.
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Fig. 3. Comparison of the polymerization rate—time curve of simulation and experiment. Run 3=[&88x 10 ° mol/l; monomer= 0.201 MPa;
T=40°C; error%= 0.91.

structure mode of accumulation. Thus the decreased pres<oncentration is used in the Monte Carlo simulation. There-
sure @p) correlates with the amount of absorptiody: fore, k;, k, andkyy obtained from simulation contain a factor
dns = Npgy-8S 8Sis measured by collecting the 1,3-buta- K given by K = [M]%[M] (where [M]° denotes the real
diene gas released from polybutadiene. However, the monomer concentration), and real rate constah?,s,ma)
measurement 06S is not very precise. The value &S are described a§ ;i = K-I{-O,p,trM.
has also been calculated theoretically which will be Based on the above assumptions, polymerization rate
discussed later. According to the measurement, monomerobtained from experiment&R() and the amount of polybu-
concentration in the polymer is about 1.6 mol/l at@@&nd tadiene calculated by integral method are iterated from the
0.2 MPa. following equation:

Diffusion of the monomer in polymer particle is consid- 1
ered in the study. The monomer is absorbed at the surface ofR,, = [f(8p) + NpgydS]- —
the polymer particles as it enters them. During the polymer- ot
ization, growing centers are wrapped in polymer particles. until an error of 0.01% is reached. Meanwhil&S is
Because of the diffusion resistance in particles, radial distri- obtained by comparinlypgywith the quantity of the product
bution of monomer concentration develops along the parti- obtained from experiment. The comparison of the iteration
cle diameter coinciding with Sun’s model [15]. In order to curve and experiment results is shown in Fig. 4.
simplify the modeling, only gas phase 1,3-butadiene  Monte Carlo method used for programming in this paper
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Fig. 4. Iterated yield of the polymer byS adjustment.
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Table 1 Table 3
Optimal reaction constants (| mdimin™; kg, min™%) Monte Carlo simulation results of chain transfer reaction in polymerization
(polymerization conditions are same as Table 2)
ki kp k{rAI ktrM kd
Run CTR-Al CTR-M CTR total CTR-AI/CTR-M
3.6+0.2 19000+1000 40+5 1.0+0.1 0.0140+ 0.0005
1 3.0 3.1 6.1 0.97
2 34 2.6 6.0 1.31
2.0 3.3 5.3 0.61

is based mainly on the literature with a few modifications
[2,3]. All five elemental reactions of polymerization includ-
ing propagation are involved in simulation. As far as e except propagation. It costs 20 min to finish a 60 min

reaction is concerned, its possibility &= m;-[]; X ; at polymerization on a Pentium Il 350 MHz computer.

timet, whereX; ; is the number of thgth kind of molecules. Monte Carlo simulation program builds a Rm—time curve
After normalization, above equations becoms® = with given rate constants. The optimal constants are
a/>; a. Accumulated possibilities are shown & = obtained when the minimum difference between the experi-

S a’. Then the kind of reaction is determined by drawing mental and simulation results is reached. The confidence
a random number; from P;. The time increment is deter- intervals of every constant are defined as their adjustment
mined by Gillespie’s method [1] values in the simulation. To examine the quality of simula-
tion, average error is calculated as

_In(lr, )
= . 1 |RmS|m _ RmExp|
2l =S - - 1
Z error%= - D e

It is well known that the major problem in programming experiment, respectively, amlis the number of experimen-
Monte Carlo method is the huge amount of calculation tal data.
needed and the limited memory capacity of the computer.  1ables 1-3 and Figs. 1-5 summarize the results of the
The program in our study is designed in the € language. ~ Monte Carlo simulations.
Random numbers are obtained from the generator-of-C
compiler. The time in computer serves as the seeds in initi- 4 Results and discussion
ating random numbers, and reset the generator several times

with the help of random number; during the program In order to examine the absorption mentioned above, the
running to guarantee that the random numbers had a longjteration curve of polymerization yield versus time in a
period. Huge arrays are established for recording 120,000single experiment according %S modification has been
units per chain, which give the macromolecules with a made. Fig. 4 shows the remarkable agreement of the four
molecular weight over six million. Because the possibility experimental results with iterations and proves that the
of propagation is much larger than other reactions, Tong’s assumption of monomer absorption in polymer particles is

method [16] is applied for the small possibility events correct, anddSvaries from 0.0015 to 0.0025 under various
, n-a polymerization conditions.
as = n'a, WF = o Rm-—time curves of Monte Carlo simulation correspond

to experiments as shown in Figs. 1-3 with average errors
where the factor WF is predetermined as 0.001. Because ofbetween 0.91 and 5.78% by using the rate constants in Table
the limit of the computer’'s memory, the number of mono- 1. Errors in Figs. 2 and 3 are very little. The large difference
mer molecules in the simulations are fixed as 10° which between the experimental and simulation results in Fig. 1,
occupy simulation volumes between 10 and 10| occurring at the beginning of polymerization, may be
under various experimental conditions. Thus, the averagecaused by larger amount of catalyst, higher monomer pres-
time increment was about I®ms in all the reactions sure and the poor transfer of reaction heat to the outside.

Table 2
Molecular weights from Monte Carlo simulations and experiments (polymerization conditiofS; 80 min; catalyst contains a fixed ratio of trialkyl
aluminum)

Run [Catalystx 107 (mol/l) Pressure (MPa) M2x 1074 M2 x 1074 M, 2% 1074 MWD?
1 4.87 0.201 435 43.9 85.1 1.95
2 5.05 0.176 38.9 425 75.6 1.94
3 3.03 0.201 52.3 44.9 100.6 1.92

@ Obtained from Monte Carlo simulations.
® Measured by viscosity in toluene at°g0
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Fig. 5. Simulated molecular weight and its distribution of Run 1.

After 20 min, polymerization reached a “pseudo-stability” phase polymerization systems by Monte Carlo simulation
due to the small deactivation constant and the balance main-are in progress.
tained between the concentrations of the active center and
the catalyst.
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Fig. 5, molecular weights and molecular weight distribution 29734130 and 29974024), The Ministry of Education of
increase along with the reaction time approaching their China (G98402), and Zhejiang Provincial Commission of
maximum values. Science and Technology.

Two kinds of chain transfer reactions: CTR-Al and CTR-
M are affected by the catalyst amount and monomer pres-
sure as shown in Table 3. On average a growing chain References
involves about six times of transfer reactions. In gas phase
polymerization, trialkyl aluminum concentration is less than [l Gillespie DT. J Phys Chem 1977;81(25):2340. _
the monomer concentration. Moreover, trialkyl aluminumis 2 Yang YL, zhang HD. Monte Carlo method in polymer science.

. . . . . Shanghai: Fudan University Press, 1993 (chap. 7, p. 237).

supported on a carrier with a lower diffusion velocity than [3] Platkowski K, Reichert K-H. Polymer 1999:40:1057.
that of the monomer. Despite the fact that the trialkyl alumi- 4] platkowski K, Pross A, Reichert K-H. Polym Int 1998;45:229.
num transfer constant is higher than that of the monomer [5] Hamaide T. Actual Chim 1997;10:26 (Chem Abstr 128:74904f).

(ktrAI/k{rM — 40), the two reactions occur at the same level. [6] Jang SS, Ha WS, Jo WH, Youk JH, Kim JH, Park CR. J Polym Sci:
Polym Phys Ed 1998;36:1637.

[7] Tobita H. Macromolecules 1996;29:3000.
5. Conclusions [8] Tobita H. Macromolecules 1996;29:3010.
[9] lovu H, Hubca G, Racoti D, Hurst JS. Eur Polym J 1999;35:335.

Monte Carlo simulation has been applied to a gas phase[lo] fggz-fé(f)hsoonlg o e DL Oweng o Ada chim Sinea

polymerization system. 1,3-butadiene acts as an example t0j11] pan E, zhong CQ, Xie DM, Ouyang J. Acta Chim Sinica
verify the modeling method and the program. Coinciding 1982;40(5):395.

with experimental results, the Monte Carlo simulation gives [12] Ji XZ, Feng SF, Li YL, Ouyang J. Chin J Appl Chem 1985;2(4):16.
a set of reaction rate constants and three reasonable polyl[ii} E‘;rn“kaD"\V(a ;-0 E:Jnfso’:pggcl';zm;g??‘éi(:r)r:]“gj’r-]dam 1976:15(1):58
merization rate versus time curves with errors between 0.91 |, Sunng, Eberstein C, Reichert KH. 2 Appl Polym Sci 1997;64:203.
and 5.78%. Two kinds of chain transfer reaction containing [16] Tong WD, Lu JM, Sun M, Yang YL. Chem J Chin Univ 1997;12:979.
similar possibilities are derived. Further studies on gas [17] Danusso F, Moraglio G, Gianotti G. J Polym Sci 1961:51:475.



