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Abstract. The method of calculation of the molecular weight distribution (MWD) of rubber
SDRN synthesized in the cascade of reactors with a continuous mixer in the presence of chain
transfer to the polymer (by direct numerical solution system of equations arising from the
kinetic scheme of polymerization with special selection of boundary conditions, maximum
length of macromolecules and calculation step value). Numerical solution of mathematical
model that is systems of differential equations for concentrations of monomer, co-catalyst and
macromolecules of polymer together with thermal balance is obtained. The influence of regime
parameters on MWD and molecular mass characteristics of the final product obtained using
molecular weight distribution are analyzed.

The most important characteristic of the molecular structure of polymers, determining their
rheological and physical and mechanical properties, is the molecular weight distribution (MWD) by
the number of monomeric links [1-3]. A lot of methods of modeling with the aim of exhaustive
description of process including creating neural network model [4]. Information on the influence of
polymerization conditions and catalyst composition on the polymer MWD allows to find out the
mechanism of polymerization reaction, the nature of active centers, as well as formulate approaches
for obtaining of a wide range of polymers with specified properties [5,6]. That's why defining MWD
and searching methods of its task-oriented regulation are an important task of scientific and technical
research in the catalytic polymerization.

There are a number of unresolved problems (overgrowing by the polymer of the first reactor,
quality mismatch of rubber to international standards), which can be solved by technological methods,
for the industrial process of synthesis of butadiene rubber on the neodymium-based catalytic system
(SDRN) [7-14].

Molecular-mass characteristics of rubber vary in wide range and depend on the ratio of components
of the catalytic system, concentrations of catalyst and monomer, process design The influence of the
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temperature regime on polymerization processes is also an important factor determining the
guantitative and qualitative characteristics of the obtained products[15-24].

Therefore, the study of the joint processes of heat transfer and chemical transformation on the
polymer MWD together with modeling of the branching (branching process) of macromolecules will
allow to more clearly control the properties of rubber.

SDRN rubber is obtained by the method of coordinated ionic polymerization of butadiene in the
“nephras” solution under the action of a neodymium-based catalytic system: neodymium versatate
/diisobutylaluminium hydride/ethylaluminium sesquichloride. The butadiene polymerization process
in the “nephras” solvent in the presence of a catalyst is carried out continuously in 2-4 polymerizers in
a cascade. Each polymerizer is a machine equipped with a helicoidal mixer and a jacket for cooling.
The temperature in the last reactor can reach 110°C (figure 1).
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Figure 1. Technological scheme of the process of solution polymerization of butadiene on a
neodymium containing catalyst.

I

The kinetic scheme of the polymerization process of butadiene on the neodymium-based catalytic
system was developed on the basis of the analysis of the process mechanism by literature sources and
experimental data. Moving from a kinetic scheme to a system consisting of large number of
differential equations describing the process butadiene polymerization on a neodymium catalyst in a
cascade of continuous reactors is occurred based on the laws of kinetics of polymerization processes.
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where Ry (b, i, ) is the concentration of macromolecules with the number of branches b, i active
centres and | monomeric links in the k-th cascade reactor, Ky, «, Kim, k, Kai, « Kip, k Ksp, k@re constants of
growth rate, chain transfer to monomer, organic-aluminum-compound, polymer and spontaneous
chain transfer in k-th reactor, respectively; &; is Kronecker symbol, & (I) is a generalized Dirac
function.

Differential equations (1) for the concentration of macromolecules Ry (b, i, 1) in the k-th reactor of
cascade contain members describing the increase in the length of macromolecules as a result of
growth, the change in the number of active centers owned by these macromolecules due to chain
transfer reactions, short chain formation during transmission and instantaneous reinitiation, as well as
input and output flows. Equations (1) are written in the approximation of long chains used for high
molecular weight polymers.

This system of equations (1) together with the equations of thermal balance is a mathematical
model of the considered process and is solved directly numerically.

The MWD function calculation is carried out. Molecular weight distributions of the polymer
obtained in the cascade of perfect mixing reactors are constructed on the basis of a mathematical
model. The influence of transfer reaction and polymerization conditions on the change of molecular
weight distribution (MWD) of polymerization products is theoretically researched.

The function of molecular weight distribution is defined as follows:
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It is known that numerical methods for solving the system of differential equations are

approximate. To ensure that the solutions of the system of differential equations for the concentration
of macromolecules R; (1) were obtained with acceptable accuracy, the relative error was determined:
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This check is based on the fact that the first moment of the MWD py is equal to the concentration
of formed polymer: py = My X¢. The correct choice of chain length N, and the value of the calculation
step allows to ensure the necessary accuracy of calculations Ay < e. In addition, the program for
constructing distribution functions R; (1) has been probed in specific cases where only one of the
intensity of spontaneous chain transfer or chain transfer to monomer, for which analytical solutions
of equations (1) are obtained, is different from zero. The distribution functions constructed
numerically and by analytical formulas practically coincide (¢ <0.02).

An important task is to establish the relation between the properties of polymers and the regime
parameters of process. This problem can be solved by using a mathematical model that takes into
account the main characteristics of the process and the MWD of the resulting product. In this regard,
numerical experiments on the developed mathematical model were carried out, the influence of
technological parameters on the polymer MWD and, as a result, on molecular-mass characteristics was
researched.

Increasing the input temperature leads to an increase in the intensity of the chain transfer resulting
in an increase in the proportion of low-polymeric fraction and the polydispersity index (figure 2).
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Figure 2. MWD at the output from the third reactor of cascade at different input temperature; curve 1
— T"™"=20°C,2—30°C,3—40°C,4—50°C,5—60°C.

Increasing the initiator concentration leads to the increase of low-polymeric fractions and the
decrease of high-polymetric fractions. Consequently, the MWD shifts to the left, the polydispersity
index increases. At the same time, the characteristic viscosity of the polymerizate grows.

Enlarging the monomer concentration leads to a slight growth in the polydispersity index. The
MWD is expanding: the proportion of high-polymeric fraction increases, the low-polymeric fraction
decreases.

The polydispersion index and the cold flow of polymer are in a certain dependence. It is important
that the polydispersion slightly change under reducing cold flow. This problem in production is solved
purely mechanically: the final product (polymer) coming from different batteries (with different
number of reactors) is simply mixed, thereby averaging molecular mass characteristics.

Numerical experiments were carried out to add the MWD functions of polymers obtained under
different process modes and, consequently, by different characteristics, which confirmed the tendency
to averaging the molecular mass characteristics of the final (total) product in relation to the
components, as shown by MWD diagrams for batteries with different input temperatures and initial
monomer concentrations.

A comparison of the MWD function calculated according to the proposed model and measured by
gel permeation chromatography was also carried out. As a result, it was found out that the calculation
function of the MWD describes experimental data. The relative error did not exceed 15% (figure 3).
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Figure 3. Comparison of experimental and calculated MWD functions.

In addition, this comparison was made for experimental data obtained after mixing rubber at the
output of 7 batteries with different modes. Mathematical models were developed and mathematical
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modeling of polybutadiene synthesis process on the catalytic system of neodymium
versatate/diisobutylaluminium hydride/ethylaluminium sesquichloride in the cascade of continuous
action reactors taking into account the branching was carried out. Numerical solution of mathematical
model, that is systems of differential equations for concentrations of monomer, co-catalyst and
polymer together with thermal balance, relatively to concentrations of macromolecules in the reaction
system was obtained. A method for calculating the molecular weight distribution function was
developed. The influence of regime parameters on MWD and molecular-mass characteristics of the
final product obtained using MWD was analyzed.
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