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Abstract

The microstructural and molecular characteristics of the butadiene-styrene copolymer are investigated depending on the feeding mode of the
chain transfer agent in the paper. The study is based on mathematical simulation of the butadiene-styrene copolymerization process by the
Monte Carlo method, where the tert-dodecyl mercaptan is used as the chain transfer agent. The dependences of the values of the weight-
average molecular weight, molecular weight distribution and microheterogeneity index on the serial index of the reactor in the cascade are
obtained.
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1. Introduction

One of the leading branches of modern petrochemistry is the synthetic rubber industry. Butadiene-styrene rubbers obtained by
the method of cold emulsion-type polymerization at the temperature of 5-8 °C are the most common and popular types of
synthetic rubbers. These rubbers are widely used in the production of rubber products, but the main area of their usage is the tire
industry. That is due to the high technical properties of tires obtained on their basis, as well as to the availability of monomers.

2. The object of the study

The production of butadiene-styrene synthetic rubber is carried out in the cascade of connected polymerizers, each of which is
a continuous stirred tank reactor. This process is carried out in the continuous mode with a feed of new reagents to the reactor
and an extraction of reaction products from it, which provides the continuation of the reactions. But due to the peculiarities of
the copolymerization process, the product obtained is heterogeneous in composition and microstructure of the macromolecules.

One of the ways to correct the parameters of the butadiene-styrene copolymer is the effect of the chain transfer agent on the
macromolecules growth of the product. The chain transfer agent is continuously added to the reaction mixture at several points
of the mechanism of process [1, 2]. But the optimum quantity of the chain transfer agent’s feed and the selection of the feeding
mode in the cascade of reactors can only be established by the experiment. In connection with this, it is relevant to study the
characteristics of the butadiene-styrene copolymerization product depending on the mode of production and the composition of
the reaction mixture.

3. Methods

In modern conditions, methods of mathematical modeling are used to study technological processes within the framework of
industrial production. The obtained mathematical model allows to predict the physicochemical parameters of the product yielded
under exploitation’s conditions for a given kinetic scheme and parameters of process.

The kinetic scheme of butadiene-styrene copolymerization was described in paper [3], and an algorithm for simulation the
synthesis of butadiene-styrene copolymer in the cascade of reactors by continuous mode has been described in papers [4, 5, 6].
The algorithm of simulation of processes is based on the Monte Carlo method. Since the process under study is continuous, the
residence time distribution of the product’s macromolecules is taken into account during the simulation.

The choice of this approach was conditioned by the fact that the basis of simulation is an imitation of the formation of
copolymer’s macromolecules, which allows to store the information about the composition and length of the chains being
formed in the dynamics of the synthesis. This, in its turn, allows to determine the values of the product’s characteristics at any
time during the simulation.

A software was developed to simulate the synthesis of butadiene-styrene copolymer which is carried out in the cascade of
stirred tank reactors on continuous mode on the basis of the created model. For the design Visual Studio programming
environment was used with C # and Visual C ++ languages [7, 8].

4. Results and Discussion

The developed software was used to investigate the effect of the chain transfer agent’s feed mode on the characteristics and
microstructure of the obtained product. For this purpose, series of computational experiments were performed under the
following conditions:

e the load on the cascade by monomers: 3.5 t/h (100 w.p., butadiene — 70 w.p., styrene — 30 w.p.),
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dosage of initiator (pinane hydroperoxide): 0.054 w.p.,

ratio water / monomers — 220:100,

working volume of polymerizer — 10.8 m’,

volumetric flow rate — 9.5982 m3/h,

residence time of the reaction mixture in polymerizer — 1.125 h.

In this case, we will use the following chain transfer agent’s feed mode: 3 points (1* reactor — 0.125 w.p., 3" reactors — 0.027
w.p., 6™ reactor — 0.027 w.p.,) and 2 points of the cascade (1* reactor — 0.125 w.p., 6™ reactor — 0.027 w.p.).

Fig. 1 depicts the dependence of the weight-average molecular weight of the butadiene-styrene copolymer on the index of
the reactor in the cascade. The additional feed of the chain transfer agent in the third point of the cascade promotes to slow
growth of the values of the product’s weight average molecular weight. The molecular weight distribution (MWD) is
characterized by an increase in the low molecular weight’s fractions and a decrease in the high molecular weight’s fractions of
the formed copolymer (Fig. 2).
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Fig. 1. Changing the weight-average molecular weight of the formed copolymer depending on the index of reactor in the cascade: the dotted line — two-point
feed mode, the solid line — three-point feed mode of chain transfer agent.
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Fig. 2. Differential curve of the molecular weight distribution of the styrene-butadiene copolymer: the dotted line — two-point feed mode, the solid line — three-
point feed mode of chain transfer agent.

The constructed model allows to investigate the sequence of the combination of monomeric units in the formed copolymer’s
chains. At the same time, the microstructure of macromolecules is usually characterized not by fractions of different sequences
of units, but by parameters that represent some of their combinations. This parameter is the microheterogeneity index for the
binary copolymer.

If the chain of the binary copolymer can be represented as a sequence of dyads of butadiene-butadiene (BB), butadiene-
styrene (BS), styrene-butadiene (SB), styrene-styrene (SS), whose fractions are denoted Ppp, Pps, Psz Pss, then the
microheterogeneity index can be calculated from the following formula:

PBS
= N 1
" PP, (1)
where the fractions of butadiene and styrene in the chains are calculated according to the formulas:
PBiPBB+PBS’ )
By = Py + Py
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In Fig. 3 the dotted line shows the dependence of the microheterogeneity index of the copolymer on the index of the reactor
in the cascade. Values of the microheterogeneity index vary from 0.98 in the first reactor to 0.87 in the last reactor of the
cascade. It characterizes the final product as a statistical copolymer with a tendency to form long blocks. The additional feed of
the chain transfer agent to the third point of the cascade helps to narrow the range of variation of the microheterogeneity index
and decrease the probability of formation of long blocks: the microheterogeneity index varies from 0.98 in the first reactor to
0.94 in the last reactor of the cascade.

It can be noted that the range of the change in the fraction of butadiene-butadiene homodyads from 0.78 to 0.38 corresponds
to the two-point feed mode of the chain transfer agent to versus the range of the change from 0.78 to 0.52 for the three-point
feed mode. The fraction of styrene-styrene homodyads varies from 0.02 to 0.2 at the two-point feed mode of the chain transfer
agent versus the change from 0.02 to 0.09 at the three-point feed mode. The range of the change in the fraction of butadiene-
styrene heterodyads at different feed mode of the chain transfer agent varies insignificantly: from 0.2 to 0.42 in the two-point
feed mode and from 0.2 to 0.39 in the three-point feed mode. A significant change in the fraction of dyads in the last reactors of
the cascade is associated with the total consumption of the chain transfer agent (Fig. 4-5).
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Fig. 3. Changing the microheterogeneity index of the formed copolymer depending on the index of reactor in the cascade: the dotted line — two-point feed mode,
the solid line — three-point feed mode of chain transfer agent.

5. Conclusion

Simulation of the synthesis of the butadiene-styrene copolymer makes it possible to study the characteristics of the obtained
product on the basis of the Monte Carlo method. Since simulation is based on imitating the growth of copolymer’s
macromolecules and tracking the given processes, it contributes to the accumulation of information on the composition and
length of the formed chains in the dynamics of synthesis. This makes it possible to predict and analyze the microstructure of the
product. It is established that the fractional feed mode of the chain transfer agent supply leads to the narrowing of the range of
the copolymer’s microheterogeneity index. The high molecular weight fractions of the copolymer increase during the course of
the process, which results in the rigidity of the product obtained on the basis of the copolymer. At the same time, the increase in
the content of styrene homodyads in macromolecules contributes to the decrease in the elasticity of the product.
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Fig. 4. Changing the values of the butadiene-butadiene homodyads fraction in copolymer chains depending on the index of reactor in the cascade: the dotted line
— two-point feed mode, the solid line — three-point feed mode of chain transfer agent.
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Fig. 5. Changing the values of the styrene-styrene homodyads fraction in copolymer chains depending on the index of reactor in the cascade: the dotted line —
two-point feed mode, the solid line — three-point feed mode of chain transfer agent.
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Fig. 6. Changing the values of the butadiene-styrene heterodyads fraction in copolymer chains depending on the index of reactor in the cascade: the dotted line —
two-point feed mode, the solid line — three-point feed mode of chain transfer agent.
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