
                                                
 
 
 
 
 
 
 
 
 
Final Draft  
of the original manuscript 
 
 
 
 
Kandelhard, F.; Georgopanos, P.:  
Predici as a Polymer Engineers’ Tool for the Synthesis of 
Polymers via Anionic Polymerization.  
In: Industrial & Engineering Chemistry Research. Vol. 60 (2021) 30, 
11373 - 11384. 
First published online by American Chemical Society: 16.07.2021 
 
https://dx.doi.org/10.1021/acs.iecr.1c01319  

https://dx.doi.org/10.1021/acs.iecr.1c01319


Predici as a polymer engineers’ tool for the

synthesis of polymers via anionic

polymerization

Felix Kandelhard and Prokopios Georgopanos∗

Helmholtz-Zentrum Hereon, Institute of Membrane Research, Max-Planck-Str. 1,

Geesthacht, 21502 Germany

E-mail: *prokopios.georgopanos@hereon.de

Phone: +49(0) 4152 87-2420. Fax: +49(0) 4152 87-2499

Abstract

In this study, the potential of a combined reaction kinetics model and a heat trans-

fer model for the process development and scale-up of polystyrene synthesis via anionic

polymerization, which is later extended to a copolymerization with isoprene, is pre-

sented. In an innovative way, the program Predici was utilized to describe the require-

ments needed in the modeling of polymerization in larger scale. This model combines

the precise description of the polymerization reaction kinetics and the prediction of

macromolecular properties offered by the program Predici with a heat transfer model

to predict safety-relevant parameters such as the temperature and pressure profiles of

the reaction system. In this way, it enables the precise investigation of interactions be-

tween process parameters and product properties as well as opens the path to optimal

process control. Furthermore, changes associated with the scale-up of the process were

studied using the model. The developed model was successfully applied to all these

tasks and could be used for fast screening in the development of polymer synthesis.
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Introduction

Modeling and simulation are important tools in chemical process development that have

gradually gained more importance over the last decades.1,2 They can assist the development

of processes in different areas ranging from product properties to heat and mass transfer

behavior, which is influenced by the reactor type and geometry. One of these areas is the

kinetics of the chemical reactions, which determines the reaction rates, product selectivity.

In some cases, e.g., polymer synthesis, it even has impact on the physical properties of the

products.3 If the reaction is an exothermic, the kinetic are directly linked to the rate of heat

generation, which is one of the most important safety-relevant parameters.4 As all important

polymerizations are exothermic reactions,5 they are often accompanied by a strong increase

of the reaction temperature. This phenomenon is known for many polymerization systems,

especially in case of polymerization of vinyl monomers such as acrylates,6 dienes or styrene.7

The strong temperature increases can result in thermal runaway situations, making the heat

generation rate a crucial safety parameter for polymerization processes.7

Many different programs and tools are used for modeling and simulation in research and

industry. This includes specialized solutions developed in programming languages such as

Fortran, C++, or Python, open-source applications, e.g., OpenFoam® 8,9 as well as com-

mercial software like COMSOL Multiphysics®,10 Aspen®, or Ansys®.4,11,12 One of these

commercial simulation tools is the program Predici, which was developed by M. Wulkow

and was first introduced in the early nineties of the 20th century for the modeling of poly-

merization kinetics.13 It uses the discrete Galerkin method to calculate the molar weight

distributions of polymers14 and was extended by a hybrid Monte Carlo approach15 as well

as functions for parameter estimation and optimization of process parameters.16 The pro-

gram Predici was successfully used in the past to model polymerization reactions ranging

from free-radical polymerization performed in bulk,17–20 solution,21 suspension,22 or emul-

sion;23,24 controlled-radical polymerizations;25–27 living anionic;28,29 and step-growth poly-

merizations.30,31 Anionic polymerizations were investigated by further model-based studies
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for various reactor types and monomers.32–38

The focus of Predici lies on the modeling of the material balance with the associated

chemical reaction kinetics but also offers the possibility to integrate heat balances.16 In a

recent study, the anionic polymerization of isoprene in cyclohexane carried out in laboratory

and industrial scale was modeled with a different approach.39 It is stated that Predici does

not satisfy the requirements to model an industrial scale polymerization process, especially

in the estimation of the thermal behavior of the reactor and its intrinsic risk potential.

However, Predici offers the possibility to be customized by user scripts. An approach to

model the thermal behavior of a chemical process in Predici is presented in this work. This

is achieved by implementing an extended heat balance that includes the reaction volume as

well as the reactor jacket. The heat balance parameters such as the heat transfer coefficients

are estimated based on geometrical and material parameters using empirical correlations and

dimensionless numbers. By using this approach, the model should enable a quick screening

of the investigated reaction with regard to the heat transport behavior of the reactor system

but still using the efficiency of Predici in the description of polymer reactions as well as

theprediction of the polymer physical properties (e.g., molecular mass distribution).

Model

The model was developed using the program Predici Version11.Bayes3 (Dr. Michael Wulkow

Computing in Technology GmbH, Rastede, Germany). Due to its focus on the modeling

of polymerization kinetics, the program Predici contains many built-in functions that are

helpful in the implementation of polymerization kinetics. Nevertheless, Predici also offers

an open interface with its own scripting language that can be used to work on further

model development (e.g., heat-balances, particle size distributions, or radial concentration

gradients). These have to be representable in the form of algebraic and differential equations.

Predici uses the assumption of an ideal mixed reactor. As the model system, the basic
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system of an anionic polymerization of styrene conducted in cyclohexane (solvent) was chosen

because the focus of this work lies in the implementation of the heat transfer model into

Predici. In a second step, the model was extended in order to describe the copolymerization

with isoprene for the synthesis of block or statistical copolymers. All simulations were carried

out using the full distribution mode of Predici.16

The heat balance of a chemical process is influenced by the convective heat flow inside

and outside of the reactor as well as other source terms, the most important one being the

reaction heat. Because there is no convective mass and heat transfer entering or leaving the

reactor in a batch process, the heat balance-equation could be simplified (see Equation 1).

The amount of thermal energy accumulated in the reactor (Q̇Accumulation) is determined by

the reaction heat (Q̇Reaction), the conductive heat transfer through the wall (Q̇Conductive), the

frictional heat introduced by the stirrer (Q̇Stirrer), and additional heat sources (Q̇other) such as

internal heaters. This approach was first utilized in the modeling of an evaporative-cooled

process observed via reflux calorimetry.40 The thermal energy is accumulated in the heat

capacity of the reaction mixture as well as the reactor’s material. The relative contribution

of the reactor will decrease with increasing reactor size but is still an important factor within

the orders of magnitude considered in this work. The masses and heat capacities of the

reactor (stirrer plus wall) estimated for the calculations are summarized in the supporting

information (Table S3).

Q̇Accumulation = Q̇Reaction + Q̇Conduction + Q̇Stirrer + Q̇other (1)

The reaction heat is given by the product of the reaction rate (r), the volume of the reaction

mixture (VR), and the reaction enthalpy (∆HR). In a batch process, the reaction heat can

only be directly influenced by the concentration of the reactants loaded into the reactor as

well as the process temperature, which is mostly regulated via a heating or cooling jacket.

For this reason, the conductive heat transfer from the tempering jacket through the reactor
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wall with a surface area AR is a crucial factor for the thermal safety of a chemical process.

Therefore, it should closely be examined in process development. The heat flow is driven

by the temperature gradient between the reactor (TR) and the jacket (Tj) and is given by

Equation 2.

Q̇Conduction = k · AR · (TR − Tj) (2)

In this context, the thermal transmittance or overall heat transfer coefficient (k), which

describes the heat transfer from the tempering jacket through the reactor wall into the

reaction medium, is the central engineering parameter. The thermal transmittance can be

divided into three separate heat transfer steps and calculated using the Equation 3. The

first step is the heat transfer from the reaction medium to the reactor wall represented by the

inner heat transfer coefficient (αR). It is followed by the conductive heat transfer through

the reactor wall characterized by the quotient of the thickness of the wall (dwall) and the

thermal conductivity of its material (λwall). The third step is the heat transfer from the

reactor wall to the cooling/heating fluid of the jacket (αj).

1

k
=

1

αR

+
dwall

λwall

+
1

αj

(3)

The heat transfer coefficients can be derived from the dimensionless Nusselt-number

(Nu = α·L
λ

) for a specific characteristic length (L). Several empiric relationships exist,

describing the dependency of the Nusselt-number from the flow conditions represented by

the Reynolds-number (Re = ρ·v·L
η

) and the thermal properties of the medium (Prandtl-

number: Pr = η·cp
λ

). Besides the flow velocity (v), physical properties that are important

in this context are the density (ρ), the dynamic viscosity (η), the thermal conductivity

(λ), and the specific heat capacity (cp) of the fluids involved in the process. The applied

Nusselt correlations, which are summarized in the supporting information (Equation S1-

S6), are dependent on the stirrer type and taken from literature.41 The jacket fluid used in
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the simulations is modeled after the thermo-fluid Malotherm® XC. All physical parameters

used in the equations are summarized in the supporting information (Equation S18-S21)

and taken from the product data-sheet.42 In the simulations, glass reactors with varying sizes

between 0.5 L and 15.0 L are used. The geometrical data of the reactors are based on those

of the Polyclave (0.5 L, 1.0 L, 2.0 L, and 5.0 L) and Kiloclave (15.0 L) series from Büchi

(Büchi AG, Uster, Switzerland) and summarized in the supporting information (Table S1).

The heat balance was implemented in Predici in the form of interconnected user scripts (see

blue and red boxes in Figure 1) and is influenced by several parameters (orange boxes).

The heat introduced by the stirrer is negligible and thus can be estimated using the Newton

number (Ne, see Equation S43-S44).43 This was done for different simulation results and

shown in the supporting information (see Figure S2). The equations for these calculations

are taken from literature.44 The heat introduced by the stirrer during the reaction is well

below 10% compared to the heat of reaction in all setups investigated. The reason for this

is the highly diluted reaction solution, which leads to a less significant increase in viscosity.

Figure 1: Schematic model structure showing the input parameter (orange), mass balance
space (violet), and implemented scripts (dotted frame). The scripts are divided into heat
balance scripts (red) and supporting scripts (blue). The arrows indicate how the variables
and parameters are used in and transferred between the scripts.

The implemented heat-balance with an automated calculation of the heat transfer pa-

rameters makes it possible to quickly check the effect of parameter adjustments (e.g., poly-

merization recipe or temperature) on the thermal behavior of the chemical process. These

data can assist in the scale-up of a polymerization process. To generate reliable and useful
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data, it is necessary to have an exact knowledge of the reaction kinetics. If the kinetics of the

reaction or crucial physical properties such as the viscosity of the reaction mixture, are not

known from practice or literature, the model has to be carefully validated using experimental

data.

This approach was tested based on the anionic polymerization of styrene conducted in

cyclohexane. These reactions are often carried out in a temperature range of 30 °C to 60 °C.

The polymerization kinetics are implemented in form of a model containing only the initia-

tion, chain propagation, and deactivation steps (Equation 4 - 6). The involved species are

the initiator sec-butyllithium (s-BuLi), the monomer styrene (St), the propagating polymer

chain with n monomeric units (P ∗
n,s), and the terminated polymer chain (P dead

m+n). The rate

coefficient of the initiation is calculated from the reaction rates reported by Hsieh.45 The

deactivation reaction step and its rate coefficient (kd) describe a thermally driven LiH elimi-

nation that occurs at higher temperatures.46,47 The propagation rate coefficient48 (Table 1),

as well as the physical properties of the involved species4,39,44,49–51(see Equation S22-S37

in the supporting information), are taken from the literature. The viscosity of the poly-

mer solution is calculated using a combination of the Mark-Houwink (Equation S39) and

Huggins-equation(Equation S38 in the supporting information).7,52 A similar approach was

applied by Cortese et al. in a computational fluid dynamic study dealing with the anionic

polymerization of styrene in micro reactors.53 It should be noted that the viscosity model

neglects the effect introduced by the aggregation of living chains. The heat of polymerization

(∆Hp) of styrene was set to -60 kJ mol−1.54

s-BuLi+ St
ki−→ P ∗

1,s (4)

P ∗
n,s + St

kp,ss−→ P ∗
n+1,s (5)

P ∗
n

kd−→ P dead
n (6)
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Table 1: Reaction rate coefficients of the initiation (ki), propagation (kp,ss), and deactivation
step (kd) for the anionic polymerization of styrene carried out in cyclohexane with sec-BuLi
as the initiator. The constants are written in form of temperature-dependent Arrhenius
parameters with the frequency factor (Af ) and the activation energy divided by the universal
gas constants (Ea

R
). The rate coefficient of the initiation is calculated from the reaction rates

reported by Hsieh.45

Rate Coefficient Af [different units] Ea
R [K]

ki 8.85 · 109[s−1] 7.18 · 103
kp,ss

48 7.73 · 109[L0.5mol−0.5 s−1] 8.25 · 103
kd

47 3.92 · 106[s−1] 8.70 · 103

The anionic species involved in the polymerization form different aggregates depending

on their properties and their interaction with the solvent. In case of the initiator sec-BuLi,

there are different findings in the literature concerning this behavior and its effects on the

reaction order.55 While the reaction order of sec-BuLi in aromatic solvents is four, some

studies reported a reaction order of nearly one in the case of aliphatic solvents such as cyclo-

hexane.45,55 Living polystyrene anions with their counter-ion lithium arrange themselves as

dimers in cyclohexane.48,56 Due to this aggregates, the reaction order concerning the living

chain is also changed. This effect could be represented in the model using effective rate co-

efficients for the initiation and propagation reactions that are functions of the initiator and

chain concentrations. Because different reaction orders for sec-BuLi are given in literature,

a first-order reaction was assumed for the model. The effective rate coefficient of the propa-

gation reaction can be calculated using Equation 7 based on the finding of Steube et. al..48

The equation is slightly adapted in order to fit into Predici’s framework. As there are no

chains formed at the beginning of the simulated reaction, the propagation rate coefficients

are instead dependent on the initiator concentration in the first simulation step to prevent

a division by zero error in the computation.

d[M ]

dt
= −kp,ss · [P ∗

n,s]
1
2 · [M ] = − kp,ss

[P ∗
n,s]

1
2︸ ︷︷ ︸

kp,ss,eff

·[P ∗
n,s] · [M ] (7)
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In a second step, the kinetic model is extended to a copolymerization model that includes

isoprene as the second monomer. This extended model adds the propagation step of isoprene

as well as cross polymerization steps between living chains with either of the two monomers.

The extended copolymerization model is described in more detail in the supporting informa-

tion (Equation S7-S17). The rate coefficients and copolymerization parameters,48 as well

as the temperature-dependent functions of the physical parameters of isoprene, are taken

from the literature.39,57

In addition to the heat transfer behavior, the pressure inside the reactor is another

important safety parameter. The pressure in the reactor (pR) is calculated from the partial

pressure of the components (pi) in the reaction mixture, their mole fraction (xi, which can be

derived from the concentration values of the species), and the pressure of the non-condensable

material (p̄0) using an equation (Equation 8) already applied in a recent study.39 All values

of pressure are given in the unit bar. The calculation of the pressure of the non-condensable

material is shown in the supporting information (Equation S40).

pR = p̄0 +
∑
i

xi · pi (8)

The temperature-dependent partial pressure is determined with the Antoine-equation

(Equation 9). The Antoine equation parameters for styrene, isoprene, and cyclohexane are

summarized in Table S4 in the supporting information.58–60

ln(pi) = A− B

C + T
(9)
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Results

As already mentioned, the above described process model used combines the simulation of

safety-relevant parameters centered around the thermal behavior of the reactor with the

strength of Predici in the prediction of polymer properties. To show the capability of this

model, the anionic polymerization of styrene in cyclohexane was investigated regarding the

influence of parameters in three areas. First, the reaction mixture and conditions in form

of the monomer content and starting temperature. Second, the effects of different process

parameters regarding the stirrer and jacket of the reactor, and third the changes in the re-

actor scale (scale-up). In a last step the extended copolymerization model was tested. The

performance of the model is evaluated using four simulated process variables, the monomer

conversion (from now on referred to as conversion), the number average molar mass of the

polymer (referring to the polymer molecular characteristics), the temperature of the reaction

mixture, and the pressure inside the reactor. This work focuses exclusively on the devel-

opment and implementation of the model and its predictions with regard to the questions

mentioned above. However, it is important to carefully validate the model based on experi-

mental data in future studies. The reaction calorimetry is a method which could be used to

validate heat transfer parameters such as the heat transfer coefficients as well as the reaction

heat. The heat transfer coefficients are calculated by the model using empirical correlations,

which assumes ideal conditions as for example an ideal flow behavior in the jacket, and are

known to have varying degrees of deviation from the experiments.41,43 Furthermore, some

material properties, especially the viscosity have to be experimentally validated.
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Temperature and Monomer Content

Initially, the starting temperature was varied between 20 °C and 60 °C with a monomer

content of 5, 10, 20, and 30 wt% with a target molecular weight of 100 kg mol−1. All

reactions are simulated in a 0.5 L stirred tank reactor with a spiral stirrer (diameter: 40 mm),

and a stirring speed of 250 min−1. The inlet-temperature of the thermo-fluid was set to the

starting temperature with a volume flow rate of 10 L min−1. The simulated temperature and

conversion profiles are shown in Figure 2. Due to the strong differences in the reaction rates

introduced by concentration and temperature, the profiles for are plotted with a logarithmic

scale for better visualization.

Figure 2: Simulated temperature and conversion profiles for varying monomer content
(5 wt%: straight lines, 10 wt%: dashed lines, 20 wt% dotted lines, and 30 wt%:
dashed/dotted lines) and starting temperature (20 °C: black, 40 °C: red, and 60 °C: blue)

As it can be seen in the conversion profiles, the anionic polymerization of styrene in

cyclohexane is very sensitive to the change of temperature and the monomer concentration.

The faster reaction rates are accompanied by an equally fast rise in the temperature due to

the high reaction heat which is released in a shorter time frame. To quantify this effect, a

couple of parameters were extracted from the simulated data. In Table 2, the time after
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conversion of 0.95 was reached (t0.95), the number average molecular mass at this conversion

(Mn,0.95), the maximal temperature (Tmax), and the time in which it was reached (tmax) as

well as the maximal pressure (pmax) are summarized. Although anionic polymerizations can

reach nearly full conversion, a value of 0.95 conversion was selected to measure the reaction

time. This facilitates the comparability of the different simulations because the reactions

become very slow at the end.

Table 2: Simulated time with 0.95 conversions (t0.95), the number average molecular mass
(Mn,0.95) at this point, maximal reaction temperature (Tmax), and time in which this tem-
perature is reached (tmax) as well as maximal pressure (pmax) for varying monomer content
and starting temperature.

Polymer Content [%] TS [°C] t0.95 [min] Mn,0.95 [kg mol−1] Tmax[°C] tmax [min] pmax [bar]
5 20 569 95.2 20.2 14 1.10

40 91 93.3 41.1 11 1.32
60 16 92.4 63.8 6 1.70

10 20 402 95.1 20.6 37 1.10
40 58 92.8 43.5 13 1.34
60 7 92.0 71.8 5 1.85

20 20 273 92.1 21.8 44 1.11
40 19 92.4 56.1 11 1.47
60 2 92.3 93.4 3 2.35

30 20 205 94.3 41.0 24 1.17
40 7 92.0 80.0 7 1.81
60 1 92.3 112.4 2 2.92

The reaction time in which a conversion of 0.95 is reached drops from 569 min (20 °C

and 5 wt%) to approximately 1 min (60 °C and 30 wt%). The maximum temperature is

also reached earlier (after 2 min) and is higher (112 °C) for the highest monomer content

and starting temperature. The reaction temperature increases by over 52 °C, which is only

20 °C lower than the adiabatic temperature rise (see supporting information Equation S41)

of 70 °C at these reaction conditions. This occurs due to the fact that the heat dissipation

through the cooling jacket with a maximum of 65 W is far slower than the heat flow generated

by the reaction with a maximum of 914 W. The pressure rises much higher (up to 2.92 bar)

compared to the other tested reaction set-ups. It has to be noted that anionic polymerization

in praxis is rarely performed with a monomer content higher than 20 wt%. However, the
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strength of a modeling approach is the ability to go to regions that are not feasible in reality.

A further increase of the monomer content to 50 wt% would lead to a maximum temperature

of over 180 °C, a pressure of over 4.8 bar and an increase in viscosity to over 14 Pa s. Such

strong changes in temperature should be avoided in order to assure a safe reaction control.

The reactions carried out at 60 °C with either 10 wt% or 20 wt% are also accompanied by

a temperature increase of 12 °C and 33 °C as well as a maximum pressure of 1.85 bar and

2.35 bar. Depending on the recipe and temperature, the viscosity rises from 0.1 mPa · s up

to 3.2 Pa · s for the highest monomer content of 30 wt%. The simulated viscosity profiles

are summarized in the supporting information (Figure S1).

One of the most dangerous scenarios that can occur in exothermic chemical processes is

a thermal runaway situation. In this case, the temperature increased by the reaction heat

leads to a self acceleration of the reaction rate. Thermal runaways have been the cause of

many major accidents in the history of the chemical industry, such as the Seveso disaster of

1976.61 Because of the danger associated with thermal runaways, many criteria to prevent

such an incident have been developed by engineers and scientists. A work of Van Welsenaere

and Froment has shown that the difference between the temperature of the reaction mixture

and the coolant temperature should not exceed the term of R·T 2
R

Ea
.61,62 The simulated reactions

were evaluated according to this criterion (Table 3).

All reactions simulated with a monomer content above 20 wt% and a temperature above

40 °C do not meet the criterion. Therefore, these formulations have the risk of leading to a

thermal runaway of the process. The reactions with 5 wt% and 10 wt% can be carried out

safely. This corresponds to the results of the study by Rodriguez-Guadarrama, who found

that the polymerization of isoprene could be carried out safely up to a monomer content of

20 wt%.39
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Table 3: Evaluation of the runaway risk of reactions carried out with varying temperatures
and monomer content. A comparison of the maximum temperature difference between re-
actor and jacket temperature (∆TR−J,max) as well as the term (R·T 2

R

Ea
) is given. Whether this

criterion is fulfilled by the reaction is indicated by the check marks and crosses.

Polymer TS ∆TR−J,max
R·T 2

R
Ea

Did criterion
Content [%] [°C] [K] [K] meet?
5 20 0.2 10.7 ✓

40 1.1 12.3 ✓
60 3.8 14.1 ✓

10 20 0.6 10.7 ✓
40 3.5 12.4 ✓
60 11.8 14.8 ✓

20 20 1.8 10.8 ✓
40 16.1 13.5 ×
60 33.4 16.7 ×

30 20 21.0 12.2 ×
40 40.0 15.5 ×
60 52.4 18.4 ×

Another method to further evaluate the risk associated with a process is the reaction

trajectory plotted in the temperature/conversion plane. As the conversion is a dimensionless

quantity, the temperature is also converted to a dimensionless temperature θ to be able

to better compare different trajectories. The dimensionless temperature (θ) is calculated

(Equation 10) from the activation energy of the propagation step (Ea), the universal gas

constant (R), the jacket temperature (Tj), and the temperature of the reaction mixture

(TR).

θ =
Ea

R · Tj

TR − Tj

Tj

(10)

In the adiabatic case, θ increases linearly with the conversion. The adiabatic trajectory

can be calculated from the integration of an equation developed by Balakotaiah et al. and

can be used as a benchmark for the simulated or experimental data.61,63 This procedure is

exemplarily shown in Figure 3 for the reactions carried out at 60 °C.
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Figure 3: Dimensionless temperature trajectories plotted against the conversion for four re-
actions carried out at 60 °C with varying monomer content (between 5 wt% and 30 wt%).
The straight lines represent the theoretical adiabatic case and the dashed lines are the sim-
ulated trajectories.

The trajectories in the temperature as a function of conversionconversion plane also

show that the risk of a thermal runaway is significantly higher for reactions carried out with

20 wt% and 30 wt% compared to the ones with lower monomer content. Especially in the

case of a reaction with 30 wt%, the trajectory nearly follows the theoretical adiabatic case.

Balakotaiah et. al. have defined (based on findings of Adler and Enig) that if the second

derivative of the reaction trajectory stays negative (negative curvature), the process will be

insensitive to a runaway behavior.63,64 The reaction carried out with 30 wt% even shows

positive values in the second derivative at some conversions.

Both evaluations concerning the risk of runaway behavior confirm that reactions with

more than 10 wt% carried out with the proposed reactor set-up and process parameters are

not safe to handle and carry the risk of leading to a thermal runaway. This corresponds

to the results of the study by Rodriguez-Guadarrama, who found that the polymerization
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of isoprene could be carried out safely up to a monomer content of 20 wt%.39 The reac-

tion with 10 wt% carried out at 60 °C is also only slightly below the safety criteria and

should be further optimized regarding the thermal behavior. It should be also kept in mind

that these criteria were developed to investigate experimentally obtained data. The kinetic

model used in this study does not include possible secondary and side reactions that could

occur at a higher temperature and further accelerate the heat generation rate in the pro-

cess. In the case of styrene, one of these side reactions could be the thermal self-initiation

via a Diels-Alder reaction, which could start a radical process in addition to the planned

anionic polymerization.7,65 Therefore, the process settings that are considered safe by this

simulation should be further evaluated by experimental methods in particular calorimetric

measurements. It should also be noted that in industrial applications most anionic polymer-

ization of vinyl monomers are carried out in thermal runaway conditions as it is shown by

Rodriguez-Guadarrama for butadiene-styrene block copolymerisation.66 This is only possible

by a careful selection of process parameters in order to assure that these reaction still remain

in a controllable process window concerning the temperature and pressure.

The reaction process could be adjusted with a couple of measures to come closer to an

isothermal process. One way would be to change the process from a batch to a semi-batch

process. This approach is often used to control highly exothermic and fast reactions and

was applied for the anionic polymerization of styrene carried out in tetrahydrofuran on an

industrial scale in a study of Saban et al.37 However, the semi-batch reaction is not the

focus of this work. The increase in temperature could also be influenced by different process

parameters coupled to the stirring of the reaction mixture.
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Heat Transfer Parameters

The reaction with 10 wt% monomer content carried out at 60 °C was chosen to investigate

the heat transfer parameters. The influence of the volume flow rate of the thermo-fluid

in the reactor jacket (varied between 5 L min−1 and 10 L min−1), the temperature of the

thermo-fluid (varied between 40 °C and 60 °C), the stirrer speed (varied between 150 min−1

and 350 min−1), and the stirrer type on the heat transfer behavior were examined.The stirrer

types included a Paravisc and an anchor-stirrer, both with a diameter of 68 mm, an inclined

blade stirrer with four blades and a diameter of 40 mm, and a standard spiral stirrer (40

mm). All parameters were varied independently while the other three were kept constant

according to the standard settings (i.e., the same settings used in the first simulations). The

simulated data sets were evaluated with regard to their temperature profiles (Figure 4).

Figure 4: Simulated temperature profiles of reactions with varied heat transfer parameters.
The investigated parameters are the stirrer speed (upper left), stirrer type (upper right), the
volume flow rate of the thermo-fluid (lower left), and the temperature of the thermo-fluid
(lower right).
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The investigated parameters show a varying degree of influence on the temperature be-

havior of the reactor. The temperature of the thermo-fluid has the strongest effect because

it directly influences the driving force of each heat transfer process, because it directly influ-

ences the temperature gradient, which is driving force of every heat transfer process. There is

also an additional indirect effect on the thermal transmittance of the reactor wall. Lowering

the jacket temperature by 10 °C reduces the temperature increase induced by the reaction

heat to only about 2.67 °C (compared to 11.8 °C with standard settings). A gradient of

20 °C totally changes the form of the temperature profile with no observation of a maximum

in the temperature profile. However, this could influence the conversion of the reaction or

the product properties. These values in form of the time after conversion of 0.95 are reached

(t0.95, given in decimal minutes) and the number average mass at this point (Mn,0.95) are

summarized in Table S5. It also contains the maximum temperature (Tmax) reached.

The effect of the changed jacket temperature on the conversion behavior is clearly visible

in the time after 0.95 conversion is reached. The reaction time increases from 7.5 min to

40.4 min when the jacket temperature is lowered from 60 °C to 40 °C. At the same time, the

Mn,0.95 is nearly staying on the same level. Therefore, it is possible to produce a product

with similar properties but in a longer reaction.

The flow rate in the jacket, the stirring speed as well as the stirrer type have an indirect

influence on the heat transfer by affecting the thermal transmittance (k). Compared to the

changes introduced by the jacket temperature, their effects on the maximal temperature are

much smaller but also vary from one another. The type of the stirrer has the strongest influ-

ence. Specifically, using an inclined blade stirrer leads to a maximum reaction temperature

of 74.70 °C, while the Paravisc could remove the heat in the most efficient way, reducing

the maximal temperature to 69.83 °C. This behavior could be expected because the stirrer

type changes the flow field inside the reactor, which determines the material transport and

the convective proportion of the heat flow coupled to it. While the impact on the material

transport, which could also strongly influence the reaction by introducing concentration or
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temperature gradients inside the reactor, is not captured by the model, the direct effect

on the convective heat transfer from the reaction solution on the reactor wall (inner heat

transfer coefficient) is included in the computation of the Nusselt number. The introduction

of gradients inside the reactor is a very interesting and important topic that was already

investigated by some studies experimentally as well as based on modeling. (e.g., computa-

tional fluid dynamics).4,11,12,61 However, this is not part of this work due to the assumption

of an ideally mixed reactor.

The effect of the volume flow rate and stirring speed on the maximum temperature

lies in the range of 2-3 °C. It could be observed that their impact becomes weaker with

increasing flow rates or stirring speeds. This behavior could also be observed in the thermal

transmittance (Figure 5).

Figure 5: Change in the simulated thermal transmittance over the course of the reaction for
varied volume flow rates of the thermo-fluid, stirring speed, and stirrer type.

19



At the beginning of the reaction, the thermal transmittance values are in the region

between 120 W m−2 K−1 and 160 W m−2 K−1 depending on the setting of the heat transfer

parameters. These values of the thermal transmittance correspond to data known from

literature for batch reactors.67 After the polymerization is started, the thermal transmittance

decreases with increasing conversion due to the change of the viscosity.

The simulation results show that the model is able of accurately describing changes in the

heat transfer behavior of polymerizations introduced by the variation of different parameters.

This could be used to study the consequences associated with a scale-up of the polymerization

as described in the following paragraph.

Scale-Up

The scale-up of the polymer synthesis process comes with some major challenges. Never-

theless, it is important in order to enable the utilization of polymer materials for a variety

of applications such as fabrication of membranes, nonporous structures, or other materials.

The simulation results shown so far were based on a small-scale polymerization reaction.

However, due to the necessity for the production of larger polymer amounts, the scale-up of

the synthesis of homo- and copolymers is investigated via modeling and simulation as well.

First, the surface-to-volume ratio of the reactor will decrease, resulting in lower cooling

capacity because the rate of heat generation scales with the volume, while the heat removal

happens through the reactor surface. At the same time, due to the increasing reaction mass

associated with a scale-up, the consequences of a thermal runaway are also much higher both

in regard to the energy potential of the reaction as well as the amount of potentially harmful

substances that could be released in case of an incident. In this context, it is even more

important to ensure that such a runaway is prevented by the chosen process conditions.

How a scale-up will influence the temperature and the conversion profile (see Figure 6)

was evaluated using the model described above. Therefore, simulations with five different

reactor volumes (0.5 L, 1.0 L, 2.0 L, 5.0 L, and 15.0 L) were carried out. The composition

20



of the reaction mixture (10 wt% monomer content), the temperature (60 °C), and the other

heat parameters (stirrer speed, flow rate, and temperature in the jacket) were kept constant.

The size of the spiral stirrer was scaled-up based on the diameter of the respective reactor.

Figure 6: Temperature and conversion profiles of five simulations in different reactor volumes.

As expected, going to larger volumes increases the maximum temperature that is reached

over the course of the reaction. The reactors with 0.5 L and 1.0 L as well as 2.0 L and 5.0 L

have similar geometric proportions (same diameter with different height) which explains why

the associated profiles resemble each other. The maximum temperature is reached later (after

6 min compared to 5 min) in the course of the reaction and the cooling behavior is slower.

The reaction in the 15 L reactor differs significantly from the others in its course. The reason

for this lies in the different geometric shape of this reactor. It has a larger diameter resulting

in a lower surface-to-volume ratio. Compared to the temperature profile, the influence of

the reactor size on the conversion behavior is weaker. Because of the risks coming with the

scale-up, it is important to evaluate these data with regard to their thermal stability.
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This was done in the same way as for the first data set using the criteria of Van Welsenaere

(Table 4) and Froment and Balakotaiah et. al. (Figure 7).

Table 4: Evaluation of the runaway risk of five reactions carried out in reactors with different
volumes. A comparison of the maximum temperature difference between reactor and jacket
temperature (∆TR−J,max) as well as the term (R·T 2

R

Ea
)is given. Whether or not this criterion

is met by the reaction is indicated by a ✓ and ×.

Reactor Volume [L] ∆TR−J,max [K] R·T 2
R

Ea
[K] Was criterion meet?

0.5 11.8 14.8 ✓
1.0 11.4 14.7 ✓
2.0 13.6 14.9 ✓
5.0 14.3 15.0 ✓
15.0 17.7 15.3 ×

Figure 7: Dimensionless temperature trajectories plotted against the conversion for five
reactions carried out at 60 °C, with a monomer content of 10 wt%, and in reactors with five
different volumes (increasing from 0.5 L to 15 L). The straight lines represent the theoretical
adiabatic case and the dashed lines are the simulated trajectories.

22



The reaction carried out on a 15 L scale does not meet the criterion of Van Welsenare,

while the reaction in the 5 L reactor (14.3 K) is also only slightly below the threshold

(15.0 K). Both reactions differ clearly from the adiabatic trajectory in the temperature-

conversion plane, while also maintain positive values in the second derivative over the entire

reaction course. As already pointed out, the approach in this study does not cover all

side reactions and other factors like mixing that could influence the thermal behavior of the

reactor. Therefore, the two reactions in the 5 and 15 L reactor should be further optimized in

regard to safe process control. As shown in the previous chapters, ways to achieve this include

adjusting the coolant temperature, reducing the monomer content, and lowering the starting

temperatures. The process parameters in the model were adjusted based on the findings in

the previous chapter. The reaction in the 15 L reactor serves as an example. According to

the simulations, the increase of temperature could be reduced to 8.8 °C (compared to 17.7 °C

with the standard settings) by using a Paravisc stirrer with a stirring speed of 250 min−1, a

jacket volume flow rate of 20 L min−1, and a jacket temperature of 40 °C. Using the same

settings with a jacket temperature of 50 °C for the 5 L reaction the increase of temperature

could be reduced to 5.6 °C compared to 14.3 °C. The data of these simulations are shown in

Figure S3 in the supporting information.

An alternative to these changes is a transfer of the reaction to a semi-batch process,

resulting in a lower heat production rate due to the lower monomer concentration. Another

option is the careful selection of the process parameters to keep the reaction controllable

despite it being carried out under runaway conditions.66
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Copolymerization

Anionic polymerization is typically used to synthesize polymers with controlled molecular

weight properties. Apart from the synthesis of homopolymers, very often statistical, or block

copolymers deriving from the pairs of monomers styrene-isoprene or styrene-vinyl pyridine

are synthesized.68,69 Therefore, it is important that a process model is capable to describe

the copolymerizations in order to be useful in a broader field of applications. To meet these

requirements, the model presented in this study was extended to a copolymerization model

of styrene and isoprene. The extended model was tested based on two different procedures.

The monomers were added either together (statistical copolymerization) or subsequently

(block copolymers) into the reactor. Both are carried out in the 1 L reactor with a starting

temperature of 60 °C and 10 wt% monomer content. Both monomers were added in a weight

ratio of 50:50, resulting in a styrene concentration of 39.5 % and isoprene concentration of

60.5 % in regard to the total monomer concentration of 0.81 mol L−1. The other heat transfer

parameters are kept at their standard values. The conversion, temperature, and pressure

profiles are shown in Figure 8.

The model is successfully extended to describe copolymerization and does work both for

a statistical as well as a block copolymerization. In the case of statistical copolymerization,

the isoprene is the first to react due to the comparatively very low rate coefficient of the

cross-reaction between an isoprene anion and styrene.48 This also leads to a short drop in the

reaction rate after the isoprene is fully consumed, which can be observed in the temperature

profile. The temperature rises again when the styrene begins to react. The comparison of

the two reactions shows that the heat generation of the isoprene polymerization is a bit

higher compared to styrene. The reason for this lies in the higher heat of polymerization of

isoprene, which is about 1.6 times higher per unit mass compared to styrene. In addition,

the rate coefficient of isoprene is slightly higher than that of styrene, resulting also in a

higher heat generation rate. In the case of block copolymerization, the two reactions are

separated from one another. Isoprene is added after the reaction has cooled down to the
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Figure 8: Conversion, temperature, and pressure profiles of a statistical and block copoly-
merization of styrene and isoprene.

starting temperature. The same is true for the pressure. At this point, the polymerization

could be optimize by reducing the time window between the isoprene is added and the time

styrene had been fully converted. In order to optimize the reaction, two adjusted recipes

were tested. In the optimized recipes, the beginning of the isoprene feed was changed from 33

min to 20 min and 15 min. At these points, the styrene has a conversion of 97 % and 90 %,

respectively. The model can now be used to investigate, whether these changes influence

the temperature profile, conversion profile, Mn profile, or the molecular mass distribution

(Figure 9).
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Figure 9: Conversion, temperature, Mn profile and molecular mass distribution at the end of
the block copolymerization of styrene and isoprene with varying feeding time of the second
monomer. The second monomer fed after 33 min, 20 min or 15 min.

A variation of the feeding time leads to a minimal increase of the maximal temperature

(from 68 °C to 70 °C) that is reached during the polymerization. At the same time, only

a small influence on the molar mass distribution and the Mn can be observed. With an

earlier start of the isoprene feed, the molar mass distribution is slightly shifted to lower mass

(112 kg mol−1 to 110 kg mol−1). However, these small changes will not have a significant effect

on the polymer properties. On the other hand, the time until full conversion is reached and

the time the reactor is cooled down to the starting temperature is reduced by approximately

20 min, resulting in a 33 % reduction of the reaction time.
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The simulation with the copolymerization model indicates that a transfer to another

monomer system or an extension of the kinetic model can be realized and works in com-

bination with the heat transfer model. If the rate coefficients and physical properties of

the involved substances are available, the combined model enables a fast screening of an-

ionic batch polymerization with regard to safety-relevant variables such as the temperature

and pressure behavior, as well as other parameters such as conversion, or molecular weight

properties. The simulations can be used to optimize the polymerization process to shorter

reaction times.

Conclusions

The program Predici was successfully used to model the mass and heat balances of the

anionic homopolymerization process of styrene as well as the copolymerization of styrene

and isoprene carried out in cyclohexane. The automated computation of the heat transfer

properties makes it possible to quickly check the effect of process parameters such as the

starting temperature, changes in the formulation of the reaction mixture, heating/cooling

temperature, and changes in the reactor size and geometry on the thermal behavior of the

reaction system. It can also be used to optimize these parameters. The acquired data can

be further used to evaluate safety-relevant questions such as the risk of a thermal runaway.

The basic model can easily be extended in order to describe other monomer systems

or copolymerizations. The model has to be validated in the future based on experimen-

tal data gathered with inline, online, and offline analytical methods as infrared or Raman

spectroscopy (for the conversion), gel permeation chromatography (for the molecular weight

properties), and especially calorimetric methods (for the temperature profiles and heat flows).

After this is accomplished, the kinetic and heat transfer model can be combined or trans-

ferred to a higher dimension in order to include the effects of mass- and heat-transport

phenomena by using computational fluid dynamic simulations.
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