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Research Note

Simulation of Styrene Radical Polymerization
in Batch Reactor: A Modified
Kinetic Model for High Conversion

M. Frounchi*, F. Farhadi! and R. Pourdarvish Mohammadi’

In this paper, bulk and suspension free radical polymerization of styrene in batch reactor has been
modelled. This research contains two parts. In the first part, the derivation of a mathematical
model from kinetics of reactions was performed. The solution of this mathematical model
required roughly 10000-50000 stiff-differential equations to be solved simultaneously. However,
the number of equations were reduced to only five non-stiff differential equations and six algebraic
equations using moment model and quasi-steady-state assumption. Due to an enormous increase
in viscosity during polymerization, the system translates into diffusion-controlled state, which
causes gel and glassy effects. These effects along with initiator cage effect influence termination
rate constant, propagation rate constant and initiator efficiency, respectively. In the second part,
effective rate constants were defined as a function of free volume and temperature in order to
describe gel and glassy effects in the model. The efficiency of initiators was also defined as a
function of free volume and temperature in the same manner to account for cage effect. The
model presented here has been solved by Matlab software. Also Matlab optimization software
was used to obtain the adjustable parameters of effective rate constants. The model predicted
the monomer conversion, number and weight average molecular weights as a function of time
with a high rate of accuracy particularly at high conversions. Results were in good agreement
with experimental data obtained from different sources. The predictions were found to be better
than the so far published models including Marten-Hamielec [1] and Vivaldo-Lima [2] models.

INTRODUCTION

At high monomer conversions in radical polymeriza-
tion, the termination, propagation and initiation reac-
tions can become diffusion-controlled due to highly vis-
cous reaction medium. Diffusion-controlled phenomena
have been related to the well-known gel and glassy
effects [3]. Several semi-emperical models have been
reported dealing with the mathematical description
of diffusion-controlled kinetic rate constants in free
radical polymerization [1,2,4,5]. Among these models
Marten-Hamielec (1] and Vivialdo-Lima [2] models
have proven to be the most successful in predicting
conversion and molecular weight particularly at low
and medium conversion. In this work, a model has
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been presented which modifies the various assumptions
made in Marten-Hamielec and Vivaldo-Lima models in
order to achieve better agreement between theoretical
predictions and experimental values, particularly at
high conversions.

KINETICS OF FREE-RADICAL
POLYMERIZATION

The general description of the reactions involved in
initiated bulk or suspension polymerization can be
written as follows [6]:

Initiator decomposition 1% 9o
Initiation R+ M L R;
Propagation R.+M it 241
Termination by disproportionation Rx—i—Ry}m’PZ-f—Ry
Termination by combination RI+Ryk—'$ 4y

ko,

Chain transfer to monomer R_+M-3R+P,
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Table 1. Differential equations of the model.
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Table 1 shows the differential equations of the
model, which have been suggested, based on the free
radical polymerization kinetics. In derivation of these
squations, the following assumptions were made to
simplify the mathematical descriptions:

1. Reactions of polymerization are elementary and
irreversible;

2. The reaction rate constant is independent of chain
length;

3. There is no temperature gradient and the reactor is
well mixed.

The last two expressions in Table 1 represent an
infinite number of differential equations since z can
vary from 2 to infinity. Therefore, a rigorous solution
requires roughly 10000-50000 stiff differential equations
to be solved simultaneously [7]. This large number of
equations can be reduced to a set of fewer non-linear
differential equations by the method of moments. In
this method, the kth moment of the live radical and
the dead polymer concentration are defined as:

/Lk = Zxkpru (1)
r=1

=3 2R, (2)
c=1

where )¢ represents the total concentration of free
radicals and pg denotes the total polymer concen-
tration. Consequently, the number of equations will
reduce to nine stiff differential equations and three
algebraic equations. To eliminate the stiff condition
of the equations, quasi-steady-state assumption was
made to reduce the number of equations to six non-stiff
differential and five algebraic equations. The quasi-
steady-state assumes that the rate of change of radical
concentration is almost zero [7-10]. Table 2 shows the
final simplified mathematical model.

EFFECT OF MASS TRANSFER ON
KINETICS OF FREE RADICAL
POLYMERIZATION

In bulk polymerization systems, the viscosity of the
medium increases enormously as the reaction pro-
ceeds. Therefore, the termination and propagation

Table 2. The final simplified mathematical model.
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reactions are affected by the diffusion phenomena.
Both diffusion-controlled termination and propagation
reactions have been reported to be related to gel
and glassy effects, respectively. Also because of the
“cage effect” an initiator efficiency has to be defined
to account for the fraction of primary free radicals
that are successfully involved in the initiation of the
polymerization.

Cage Effect

Initiation step involves generation of active primary
radicals. However, not all of these radicals can ap-
proach the monomer molecules to initiate the reaction.
due to a “cage effect”. It is believed that owing to
the very close proximity of the generated radicals, only
part of them can escape from their “cages”. Thus,
an initiator efficiency factor is defined to account for
cage effect. In this work, 2,2'-Azobisisobutyronitrile
(AIBN) has been selected as a radical initiator. The
efficiency of AIBN has been defined as a function of
temperature and total free volume as follows:

f=0—289.91 exp(—14.24 kJ mol™'/RT), (3)

;- 1+(?1(; — 1) exp [0.158 (Vif— %;)H‘l’m)
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in which fo is the initial initiator efficiency defined as
the function of temperature only and f is the efficiency
of the initiator during the polymerization reaction.

Gel Effect

Gel effect has been attributed to the decrease of termi-
nation rate constant which is caused by the reduction of
the polymer chain mobility. This phenomenon leads to
a broader molecular weight distribution. In the present
work, the combination termination rate constant has
been assumed to be a function of temperature, free
volume and average molecular weight and propagation-
diffusion as described below [1,2]:

My \™ 1 1
o () (g L)

where [M] denotes the monomer concentration, A, m
and C,4 are adjustable parameters and M,,., and Vier
are critical values of M,, and Vj, respectively. The
term C.4k,[M] accounts for the propagation-diffusion
termination [2]. The critical values are given by [1]:

+Crdkp{]\/f},
(5)

Ko = 9.6exp(1929/T), (6)

(7)

A critical value K, for the system, denoting the onset
of the translational diffusion-controlled termination re-
actions, was defined as a function of temperature only.
According to Marten-Hamielec when K(X)equals K.,
then Vy and My take their critical values, i.e., Vy., and
Myer, respectively. It.should be noted that termination
rate constant by disproportionation was neglected.

K(X) = My(X)" exp(A4/V;(X)).

Glassy Effect

Glassy effect has been related to the decrease of the
propagation rate constant caused by a decrease of the
mobility of monomer molecules. The glassy effect
appears in polymerization taking place at temperatures
below the glass transition temperature of the polymer.
The propagation rate constant is a function of temper-
ature and free volume as follows [1]:

1 1
l\'r, = kO X [* l:—,— — ’_._:'] .
r P p ‘/f ‘/f("l‘z

Here Vi, o is the free volume of the system at a critical
conversion where the reaction mix becomes glassy,
which is given hy:

(8)

1
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Calculation of Free Volume

To calculate the overall available free volume, th
sum of the individual contribution must be taken
Therefore, considering [2], this quantity is obtainec
from the following equation:

N

- Vi ‘
V= 3.00.025 + o, (T - T3 (10)

=1

where i = monomer, polymer, ..., N.

RESULT AND DISCUSSION

The mathematical model presented in Table 2 was
simulated by Matlab package and the adjustable pa-
rameters that were used by Marten-Hamielee anc
optimized by the toolbox facility in the package using
experimental data from the literature. The obtained
adjustable parameters are as follows:

A=0385 m=17072, C,4=135.

Chemical kinetics and physical parameters de-
picted in Tables 3 and 4 were used in the mathematical
model.

Figures 1 to 6 show the model predictions for the
variation of extent of polymerization versus time at
three different temperatures and initiator concentra-
tions. The range of temperature and initiator concen-
tration covered was 333.15 — 353.15 (°K) and 0.0212 —
0.05 (gmole/l), respectively. Comparison between the
model predictions and experimental data indicates an
excellent agreement, especially at high conversions.
which was very good compared to earlier models

AIBN initiator
T=333.15°K, Iy = 0.0268

(+) Experimental data

0.3}
0.2}

0.1F £ (-) Model prediction

0 500 1000 1500 2000

Time (min)

2500

Figure 1. Variation of conversion versus time in
polymerization of styrene at 60°C. [[5] = 0.0268 (gmol
AIBN/L), data of [1].
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Table 3. Physical parameters used in the model.

Styrene Polystyrene
a(°eCY) 0.001 0.00048
T, (°K) 185 366.65
d (kg/1) 0.924 — 0.000918(T — 273.15) 1.084 — 0.000605(T — 273.15)

-eported elsewhere. In Marten-Hamielec model, the
sgreement between predicted and experimental data is
sbserved but only at conversions below 85% [1]. The
sxperimental data used in Figures 1 to 6 are the same
{ata that have been used by Marten-Hamielec and
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T=333.15°K, Ip=0.05
o2y (+) Experimental data
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Figure 2. Variation of conversion versus time in
polymerization of styrene at 60°C. [Io] = 0.05 (gmol
AIBN/1), data of {1].
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Figure 3. Variation of conversion versus time in
polymerization of styrene at 70°C, [{o] = 0.0214 (gmol
AIBN/1), data of [4].

Vivaldo-Lima in their own models. The comparison
with the experimental molecular weight data and the
theoretical prediction have been illustrated in Figures 7
to 10. The agreement between M, and M, values
is excellent. Tt should be noted that Marten-Hamielec
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Figure 4. Variation of conversion versus time in
polymerization of styrene at 70°C, {{o] = 0.0236 (gmol
AIBN/1), data of [4].
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Figure 5. Variation of conversion versus time in
polymerization of styrene at 75°C, {lo] = 0.0235 (gmol
AIBN/1), data of [4].
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Figure 6. Variation of conversion versus time in

polymerization of styrene at 80°C, [Io] = 0.0212 (gmol
AIBN/1), data of [4].
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Figure 7. Variation of M,, and M,, versus conversion in

polymerization of styrene at 60°C, [Io] = 0.024 (gmol
AIBN/1), data of [1].

model predictions for M, is relatively good but for M,,
is unsatisfactory.

The poor prediction by Marten-Hamielec could be
attributed mainly to two factors:

Table 4. Kinetic constants used in the model.

k9 (1/min) 6.128 x 108 exp (—7068/RT)

kJ. (1/mol.min) | 7.55 x 1010 exp (—1677/RT)

km (1/mol.min) | 6.128 x 108 exp (—13450/RT)

kq (min—1) 12 x 1018 exp (—30714.02/RT)

LR(cal/mol.k) 1.987
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Figure 8. Variation of M,, and M,, versus conversion in
polymerization of styrene at 70°C, [/y] = 0.0236 (gmol
AIBN/1), data of [4].

x 10°
35 T T T T T T T T T
*
AIBN initiator
T=348.15°K, I5=0.0235
(*) My experimental data
2.5} (0) Mn experimental data

(-) Model prediction

Mn, My

0 0.2 0.4 0.6 0.8 1
Conversion

Figure 9. Variation of M, and M, versus conversion in
polymerization of styrene at 75°C, [Iy] = 0.0235 (gmol
AIBN/1), data of [1].

1. Vicr2 is considered as a fixed value independent of
temperature variation;

2. The efliciency of initiator is also assumed to be
constant.

The first factor could be the main cause of de-
viation at high conversions between Marten-Hamielec
model predicted conversion values and the experimen-
tal data. The second factor is believed to cause
deviation between predicted M,, values and the experi-
mental data at high conversions. In the present model,
Vtera has been defined as a function of temperature as
shown in Equation 9. Furthermore, a novel correlation
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Figure 10. Variation of M,, and M, versus conversion in

polymerization of styrene at 80°C, [Ip] = 0.0238 (gmol

AIBN/1), data of [1].

for initiator efficiency has been employed (Equations 3
and 4).

In Vivaldo-Lima model, two different termination
constants are considered for M,, and M,, predictions,
which is not justified in terms of polymerization mech-
anism. The agreement between the Vivaldo-Lima
model predictions and the experimental data is just
good. Moreover, in Vivaldo-Lima model, V.o is a
temperature-independent value and fy (initial initiator
efficiency) is considered as a fixed value independent
of temperature while in the model presented here fq
is defined as a function of temperature (Equation 3).
In addition, the correlation between f and free volume
employed in Vivaldo-Lima model could be considered
as another cause of deviation. It must be emphasized,
that in the model presented here only one termination
constant is considered.

CONCLUSION

A new kinetics model for free radical polymerization
of styrene has been developed. The model is a
modification of the earlier models presented namely,
Marten-Hamielec and Vivaldo-Lima models. In this
model, V.o and fp are considered as a function
of temperature, while in earlier models these values
have been assumed to be constant. Also the initiator
efficiency, f, is defined by a correlation which leads to
better prediction than the correlation used by Vivaldo-
Lima model. The model illustrates an excellent agree-
ment with the experimental data at high conversions
compared to the earlier models reported.

NOMENCLATURE

A constant

91

Crdg constant

d density

f initiator efficiency

1 initiator concentration

kq initiator decomposition kinetic
constant

kp propagation kinetic constant

km chaintransfer to monomer kinetic
constant

kig termination by disproportionation
kinetic constant

kie termination by combination kinetic
constant

m constant

M, weight-average molecular weight

M, number-average molecular weight

Myer critical value of M, for gel effect

P concentration of polymer

R concentration of free radicals

T temperature

T, glass transition temperature

Vi total free volume

Vier critical total free volume for gel effect

Viera critical total free volume for glassy
effect

V volume of reacting mixture

Greek Letter

€ fractional volume change

A moments of live radical distribution

7 moments of dead polymer distribution
Subscripts

0 initial conditions at t = 0

z,Y chain length
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