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Modelado matemático de procesos

discontinuos de polimerización en masa

de estireno utilizando iniciadores

multifuncionales

Autor: Ing. Emilio Berkenwald

Directores: Dra. Diana A. Estenoz, Dr. Dardo Marqués

Buenos Aires, Argentina

Abril 2016
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abrazos.

A mis amigos, mi familia de la vida, los que saben quiénes son, porque sin ellos no hay
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Resumen

Modelado matemático de procesos discontinuos de polimerización en masa

de estireno utilizando iniciadores multifuncionales

por Emilio Berkenwald

Los poliestirenos son termoplásticos del tipo “commodity” que poseen una gran variedad de

aplicaciones. La polimerización en masa del estireno por mecanismos de radicales libres es una

de las rutas más utilizadas, tanto para la obtención de poliestirenos de uso general como para

la de otros tipos de poliestirenos, tales como el poliestireno de alto impacto. La utilización de

iniciadores qúımicos es un aspecto fundamental de este sistema de reacción, ya que posee un

efecto directo sobre la productividad del proceso y las propiedades f́ısicas del producto obtenido.

El modelado matemático de este proceso de polimerización debe reproducir adecuadamente las

caracteŕısticas principales de este sistema complejo multivariable y puede ser utilizado para

simulación, optimización y control.

En esta tesis, se estudia el uso de iniciadores multifuncionales para la polimerización en masa de

estireno. El objetivo general es desarrollar modelos matemáticos detallados, y a la vez genéricos,

que permitan describir la compleja fisicoqúımica de estos procesos y predecir las variables prin-

cipales de polimerización, la evolución de la estructura molecular y las caracteŕısticas f́ısicas del

producto obtenido. La labor teórica se complementa con trabajos experimentales que permiten

ajustar y validar los modelos propuestos.

Se introducen los procesos de polimerización de estireno iniciados qúımicamente y, en especial, se

analiza el empleo de iniciadores multifuncionales. Se hace hincapié en el modelado matemático

de dichos sistemas, sobre la base de cinéticas complejas e involucrando un gran número de

ecuaciones diferenciales no lineales.

Se desarrolla un modelo matemático detallado para la polimerización del estireno en presen-

cia de un iniciador trifuncional ćıclico (TPDEC) a temperaturas donde la descomposición del

iniciador es secuencial. Se estudia teórica y experimentalmente el efecto de las condiciones de

polimerización sobre las caracteŕısticas moleculares del producto y sobre la productividad del

proceso.

El modelo desarrollado es extendido a fin de considerar rangos más amplios de temperatura,

incluyendo el mecanismo de descomposición total del iniciador. Se simulan diferentes condiciones

a efectos de determinar las de mayor interés tecnológico para el iniciador. Los resultados teóricos

son ajustados y validados utilizando nuevos datos experimentales.

ebk@itba.edu.ar
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Se propone un modelo matemático genérico para la polimerización en masa discontinua de es-

tireno empleando iniciadores multifuncionales. El modelo permite considerar iniciadores con

distintas funcionalidades y estructuras moleculares. Se evalúa y compara teórica y experimen-

talmente la performance de diferentes iniciadores, tales como el trifuncional ćıclico TPDEC, el

bifuncional ćıclico DPP y el bifuncional lineal L331.

Finalmente, se presenta un modelo matemático para la polimerización en masa de estireno en

presencia de polibutadieno para la producción de poliestireno de alto impacto utilizando ini-

ciadores multifuncionales. El modelo permite estimar la evolución y la estructura molecular del

poliestireno libre, polibutadieno residual y copoĺımero de injerto, aśı como variables de interés

para el procesamiento del material tales como el ı́ndice de fluidez (MFI). El modelo es ajustado

y validado utilizando resultados experimentales.
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Abstract
Mathematical modeling of discontinuous bulk styrene polymerization

processes using multifunctional initiators

by Emilio Berkenwald

Polystyrenes are commodity thermoplastics with a wide range of applications. Bulk polymeriza-

tion of styrene by free-radical polymerization is one of the most widespread routes for obtaining

both general purpose and other polystyrene types, such as high impact polystyrene. The use of

polymerization initiators is a key feature of this reaction process, and has a direct effect on both

process productivity and physical properties of the obtained product. The mathematical mo-

deling of this process must adequately simulate the main features of this complex multivariable

system and could be used for simulation, optimization and control purposes.

In this thesis, the use of multifunctional initiators for the bulk polymerization of styrene is exa-

mined. The general objective is to develop both detailed and generic mathematical models that

describe the complex physics and chemistry of these processes, to predict the main polymerization

variables, the evolution of the molecular structure and the physical characteristics of the obtained

product. The theoretical labor is complemented with experimental work that allow to adjust

and validate the proposed models.

An overview of chemically-initiated styrene polymerization systems and the problematic ad-

dressed by the use of multifunctional initiators is presented. Special emphasis is made on the

modeling of said reacting systems, based on complex kinetics and a large number of non-linear

differential equations.

A detailed mathematical model for the discontinuous bulk polymerization of styrene using a

trifunctional cyclic initiator (DEKTP) is presented, considering temperatures where initiator

decomposition is sequential. The effect of polymerization conditions on process productivity and

the molecular characteristics of the obtained product is investigated.

The developed model is extended in order to consider wider temperature ranges, including the

total decomposition mechanism of the initiator. Different conditions are simulated in order to

determine the working zones of technological interest for the initiator. The theoretical results

are adjusted and validated using new experimental data.

A generic mathematical model for the batch bulk polymerization of styrene using multifunctional

initiators is presented. The model considers initiators with different functionalities and mole-

cular structure. The performances of the initiators DEKTP (cyclic trifunctional), PDP (cyclic

bifunctional), L331 (linear bifunctional) are evaluated and compared.

Finally, a mathematical model for the bulk polymerization of styrene in the presence of polybu-

tadiene, for producing high impact polystyrene using multifunctional initiators is presented.

The model allows estimating the evolution and molecular structure of free polystyrene, residual

polybutadiene and graft copolymer, as well as variables related to the processing, such as the

melt flow index (MFI). The model is adjusted and validated using experimental results.

ebk@itba.edu.ar
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Preface

Polystyrenes are extensively used materials, ranging from products of everyday use to

engineering thermoplastics. Among the latter, high impact polystyrene (HIPS) has

become one of the most important heterogeneous polymers. The presence of an elas-

tomeric phase in HIPS provides an improved impact resistance, without a significant

loss in mechanical and processing properties.

The industrial styrene polymerization processes aim at obtaining materials with a given

set of final properties, while achieving a high productivity. To this end, the use of

chemical initiators for triggering the chain polymerization reaction has been widely in-

creased over the last few decades. The specialty chemicals used as initiators are the

focus of research, with new compounds being continuously developed. In particular,

multifunctional initiators have gained industrial relevance, since they have shown to be

efficient to achieve high polymerization rates, high molecular weights and good reaction

control.

Even though the technology employed in the synthesis of polystyrenes has been deve-

loped over the last six decades, there are still non-elucidated aspects regarding kinetics

of complex systems, as well as structure-properties relationships. Mathematical models

have been developed in order to theoretically study styrene polymerization processes.

These models can be used for process simulation and control purposes, as well as for

developing new recipes to obtain “tailor-made” materials. With the advent of improved

numerical methods and reduced calculation times, the use of these models for simulation

of industrial process has gained momentum and is nowadays a field of technological

interest.

The use of new compounds as polymerization initiators, namely multifunctional initia-

tors, can be studied with the aid of deterministic mathematical models. This approach

xiii
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allows a better understanding of the physics and chemistry of the more complex polyme-

rization processes and at the same time develops relevant tools to be used for industrial

simulation purposes. Mathematical models involving certain multifunctional initiators

are available, but there has been no attempt at developing a general framework or com-

prehensive models. In addition, no works address systems in which an initiator can

simultaneously suffer two types of decomposition reactions. Finally, the effect of initia-

tor functionality and molecular structure in styrene polymerization processes has not

yet been thoroughly studied from a theoretical standpoint.

Considering all of the above, the development of mathematical models in the synthesis

of polystyrenes using multifunctional initiators represents a challenge in the field of

research. Therefore, the main objective of this thesis is to develop mathematical models

for complex styrene polymerization processes using multifunctional initiators in order to

study: i) the polymerization of styrene using a cyclic trifunctional initiator that can suffer

two types of decomposition reactions, ii) the effect of initiator functionality and structure

in a styrene polymerization process, and iii) the synthesis of high impact polystyrene

using multifunctional initiators. The theoretical developments are complemented with

experimental work in order to evaluate the performance of the multifunctional initiators

and adjust and validate the mathematical models.



Chapter 1

Introduction

1.1 Styrene and polystyrene materials

Styrene (St), known commercially as styrene monomer (SM), is one of the simplest

and most important unsaturated aromatic monomers [1]. It was initially isolated by

distillation of a natural occurring resin [2] and is currently typically obtained from

dehydrogenation of ethylbenzene, which is in turn obtained from benzene and ethylene,

all derived from petroleum refining.

Global production of SM was 26 · 106 t in 2012 [3], with a market value of around 40

billion USD [4, 5]. Its manufacture consumes more than half the commercial benzene

in the world. Asia accounts for the production of approximately 50% of the world St

output, followed by Europe and North America [3]. SM is considered to be a commodity

chemical, due to its large production volume and low cost [1].

Due to the presence of the vinyl group, St is highly reactive and can readily polymerize

in air [2].

Styrene polymers include a broad range of types, from commodity plastics to enginee-

ring polymers. Polystyrene (PS) accounts for about 65% of St use and over 12 · 106

t of PS are commercialized each year [6]. PS homopolymer is easy to extrude and

mold, it is one of the volumetrically least expensive thermoplastics [1]. In addition,

the characteristics of St copolymers allow a wide range of applications. Due to the

1
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high demand and expected growth of St polymers, there is an interest to improve and

optimize the industrial production techniques.

1.1.1 General purpose polystyrene

General purpose polystyrene (GPPS) or crystal polystyrene are common names for the

linear PS homopolymer. Due to its chemical structure, GPPS is an vitreous solid for

temperatures up to the glass transition temperature Tg of around 100 ◦C [6]. GPPS

possesses a high resistance to mechanical compression below the Tg, which allows it to

be used for load bearing. Above the Tg, polystyrene behaves as a viscoelastic melt whose

viscous properties are strongly related to the average molecular weight of the polymer,

while the polydispersity greatly influences the shear compliance [7].

The main characteristics of GPPS as a material are stiffness, brilliance, gloss, hardness

and a high refractive index. It is often used in audio/video cassettes packs, beakers,

transparent food packagings, lamp covers, etc. [2].

1.1.2 Expanded polystyrene

Expanded polystyrene (EPS) is obtained from a polystyrene foam by addition of around

6% of a blowing agent (e.g. pentane) during the polymerization process [6]. These foams

can then be molded into lightweight, closed-cell, low cost materials [2]. The density of

an EPS foam can range from 10 to 30 kg/m3, depending on its particular use [8].

The technical properties of EPS, such as low weight, rigidity and formability, allow a wide

application range. It is widely used in packaging because of its good damping properties

and as an insulator in the construction industry due to its very low thermal conductivity

(0.03–0.004 W/m·K) [8]. It is additionally used in cold-storage refrigeration, cut ceiling

ties [2] and for producing molded articles by “lost-foam” casting [8].

1.1.3 Heterogeneous styrene polymers

The addition of an elastomer or rubber can enhance some of the mechanical properties

of St polymers [2] compared to the inherently brittle GPPS [9].
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While GPPS and EPS are homopolymeric materials, high impact polystyrene (HIPS)

and acrylonitrile butadiene styrene (ABS) are the most important heterogeneous St

thermoplastics [10].

In the synthesis of HIPS, polybutadiene (PB) is the most commonly used rubber, al-

though in some cases block copolymers consisting of St and butadiene (B) blocks are

used. The final product consists essentially of a mixture of approximately 80% free PS,

18% B−g−St graft copolymer (GC) and 2% residual PB [11]. The microstructure of

HIPS consists of a free PS matrix with a dispersed rubber phase (particles), which is in

turn heterogeneous in nature. These rubber particles can present different morphologies

as observed in a microscope, with the “salami” and “core-shell” types being those of

most commercial interest (see Figure 1.1). In the former, particle diameter is around

2-5 µm and there are several free PS occlusions. In the latter, the particles have di-

ameters smaller than 1 µm and present single occlusions [12]. Core-shell morphologies

occur commonly in HIPS synthesized from diblock St, B copolymers [13] and allow ob-

taining transparent grades of HIPS (Transparent Impact Polystyrene, or TIPS). Other,

less common morphologies have also been reported [14].

Figure 1.1: Typical HIPS morphologies: a) salami, b) core-shell [12].

ABS is a graft terpolymer, mainly synthesized by polymerizing a mixture of acrylonitrile

(AN) and St in the presence of a rubber. The copolymerization generates a random

copolymer of St and AN (SAN), of uniform chemical composition during the course of

the reaction. The morphologies obtained in a bulk polymerization process are similar

to those of HIPS, where the occluded rubber particles are dispersed in a vitreous SAN

matrix [10].

Typical values for the properties of various St polymers (GPPS, SAN, HIPS and ABS)

are presented in Table 1.1 [1, 2, 6]. With the exception of transparency and elastic

modulus, it is observed that the increase in impact resistance does not necessarily result

in a significant deterioration of other final properties [10].
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Property GPPS HIPS SAN ABS

Density (kg/m3) 1.05 1.03–1.05 1.07–1.25 1.04–1.21

Melt Flow Indexa (g/10 min) 1–30 2–20 1–40 1–45

Elastic Modulus (MPa) 3000–3400 1400–2800 3400–3900 1800–3200

Yield Strength (MPa) 35–60 20–45 42–82 29–65

Rupture Elongation (%) 1.5–3.0 25.0–70.0 1.0–7.0 2.0–110.0

Impact Resistanceb (kJ/m2) 1–2 5–13 1–2 16–28

Softening Temperaturec (◦C) 78–102 75–97 107–111 91–108

Thermal Conductivity (W/m·K) 0.16–0.17 0.16–0.17 0.11–0.19 0.13–0.19

Transparency Transparent Opaqued Transparent Opaqued

a200 ◦C, 5 kg, bCharpy,cVicat (50 ◦C/h, 5 kg). dPolymers with small particle diameters may be
transparent.

Table 1.1: Mechanical properties of styrene polymers[1, 2, 6]

Due to its improved mechanical properties, HIPS is commonly used in packagings, house-

hold appliances, toys and construction, with packaging accounting for more than 30% of

its use [2]. Due to the presence of the polar AN group, ABS provides a higher chemical

resistance and good surface finishing. More than 50% of the global ABS production

is used by the household appliances and automotive parts industries, namely for car

bumpers and dashboard trim kits [15].

1.2 Polystyrene production processes

Currently, PS and HIPS materials are mainly produced by continuous polymerization

processes [6], as expected for products with a high production volume and low value. The

plant setup generally comprises a polymerization section, a devolatilization section and

a pelletizing section. In the polymerization section, a continuous stirred-tank reactor

(CSTR) is commonly used, and a second stirred-tank or tubular plug-flow reactor can

be added to increase conversion. The removal of the heat of polymerization (around 71

kJ/mol [6]) and the handling of highly viscous melts are the most difficult aspects of the

industrial operation [16].



Chapter 1. Introduction 5

The polymerization reactions commonly proceed via free-radical polymerization (FRP)

mechanisms, which will be discussed in further detail below (see 1.3.1). Even though

St polymerization occurs spontaneously at high temperature by thermal initiation [17],

a polymerization initiator (see 1.3) is usually added to generate the radical species via

chemical initiation, providing a better control of the polymerization rates, as well as the

morphology in the case of heterogeneous materials [11].

1.2.1 Bulk polymerization

The bulk polymerization reaction can be carried in the monomer phase or in a highly

concentrated monomer-containing solution. In the former case, the higher reagent con-

centration provides higher polymerization rates and better final properties, although

high polymerization rates increase heat removal requirements. A solvent (e.g. toluene

or ethylbenzene) may be added in small proportions (5–15%) to provide better control of

the polymerization rate, melt viscosity and cross-linking reactions of the rubber phase,

in the case of HIPS [11]. The solvent, as well as the unreacted monomer, are removed

in the devolatilization (or degassing) section.

For HIPS production, the polymerization section is divided into a prepolymerization

and a finishing stage, in a series of three to five reactors [11]. The morphology of the

material is developed in the prepolymerization stage until around 15–30 % conversion.

Higher conversions are reached in the finishing stage, commonly using non-stirred tower

or tubular reactors, in order to preserve particle morphology. A flow diagram of different

plant setups for HIPS production, according to technology owners, is presented in Figure

1.2.

In the CSTRs, heat removal is usually achieved by means of reflux cooling, using the

evaporation of the monomer and condensers with a high surface area. Anchor stirrers,

impellers, or helical ribbon agitators are commonly used for the effective mixing of the

reactor contents. The reactor commonly operates at temperatures comprised between

100 and 170 ◦C and pressures of 0.5 to 2 bar [6].
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Figure 1.2: Plant configurations for HIPS production: a, b, d and g are stirred-tank
reactors, c is a horizontal plug-flow reactor and f is a tower reactor [6].

1.2.2 Emulsion polymerization

Emulsion polymerization leads to the production of a fine dispersion of a polymer in

a continuous medium (latex). This stable suspension has particle sizes in the order of

10–100 nm and particle concentrations of around 1014–1029L−1 [18].

Typically, emulsion polymerization is carried out in stirred-tank reactors, commonly

operating in semi-batch mode. Batch and continuous operations are also possible [19].

As in batch emulsion polymerization, a monomer mixture is dispersed in water by means

of a surfactant, which stabilizes the droplets, either by ionic (electrostatic) or non-ionic

(steric) effects. The excess of surfactant forms micelles that are swollen with monomer. A

free-radical polymerization reaction is chemically initiated with a water-soluble initiator.
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The formed radicals enter the micelles and the reaction generates a polymer particle,

either by homogeneous or heterogeneous nucleation.

Compared with bulk and solution polymerization, emulsion polymerization is advanta-

geous because the low viscosity of the latex allows high heat removal rates. In addition,

the water absorbs large amounts of heat with only a moderate increase in temperature.

This allows combination of high polymerization rates and good temperature control [19].

Emulsion polymerization is the main production process for ABS, as well as other St and

butadiene copolymers, such as Styrene-Butadiene Rubber (SBR). This type of polymer-

ization allows better control of the particle morphology and presents a higher versatility

for the incorporation of high amounts of rubber, compared to bulk processes [2].

Due to the lack of industrial processes employing emulsion polymerization for GPPS or

HIPS production, this type of polymerization process is outside the scope of this thesis.

1.2.3 Suspension polymerization

In a suspension polymerization process, St is dispersed in water with addition of a

suspension agent to stabilize the organic phase. Each of these droplets then acts as a

microreactor (see Figure 1.3) where the reaction proceeds by addition of an initiator.

Temperatures (80–110 ◦C) are usually lower than those involved in bulk processes [6].

Figure 1.3: Schematic representation of suspension polymerization [18].

The effective viscosity of the reacting solution remains low during the polymerization

process, so efficient agitation is possible [19]. This results in better temperature control,

which has a direct effect on polymerization rates, molecular weights and copolymer

composition.
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Monomer droplets are converted to small polymer particles, with diameters in the order

of 100 µm, which settle as soon as agitation is stopped. Particle size distribution is

an important variable in suspension polymerization processes [20], and depends on the

choice of the suspension agent, as well as reactor design. If the polymer is soluble in the

monomer, such as PS, the suspension polymerization process will form “beads” or non-

porous polymer particles. When the polymer is insoluble, irregular grains or particles

are formed by precipitation, leading to a “powder” polymer [18].

Suspension polymerization is the main process used in the synthesis of EPS. In addition,

the combined bulk-suspension process is sometimes used in HIPS production [6]. SAN

copolymers are also largely produced using this type of polymerization process [19].

It should be noted that the kinetics of suspension polymerization are similar to that of

bulk and solution polymerization [18], so that mathematical models developed for the

latter can be used in suspension polymerization systems.

The main advantages and drawbacks of the different types of polymerization processes

are summarized in Table 1.2. It should be noted, however, that the choice of a given

process will also depend on t.he desired final properties for the synthesized material.

Process Advantage Drawback

Bulk Simplicity, good product clarity. Difficult temperature control,
highly viscous materials.

Solution Good temperature control. Use of solvent reduces molecu-
lar weights and polymerization
rates.

Bulk–Solution Homogeneous product, good
product clarity and color, low
volatile species content.

Highly viscous materials.

Suspension Excellent temperature control,
simple reactors, high conver-
sions.

Possible contamination with wa-
ter and/or suspension agent.

Emulsion Excellent temperature control,
fast reactions.

Possible contamination with wa-
ter and/or surfactant, poor pro-
duct clarity and color, broad
molecular weight distribution.

Table 1.2: Polystyrene production processes advantages and drawbacks [21].
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1.3 Polymerization initiators

1.3.1 Free-radical polymerization

Since St is both a donor and acceptor of electrons, it can be polymerized by free-radical,

anionic, cationic or coordination reactions. In spite of this versatility, GPPS, HIPS

and ABS are industrially synthesized almost exclusively by free-radical polymerization

(FRP) [10], given its simplicity and good reproducibility.

From an industrial stand-point, a major virtue of FRPs is that they can often be car-

ried out under relatively undemanding conditions. In general, high molecular weight

polymers can be produced without removal of the stabilizers present in commercial

monomers, in the presence of trace amounts of oxygen, or in solvents that have not been

rigorously dried or purified [22].

Free-radical polymerization, like other chain growth mechanisms, involves the sequential

addition of monomers to an active center, i.e. radical species. In general, a bulk St

FRP reaction involves steps of initiation, propagation, transfer and termination. In

the traditional kinetic approach, each of these steps consists of a series of elementary

chemical reactions [21]. The active centers that can start the polymerization reaction

as a result of the initiation step are initiating radicals.

Styrene polymerizations can be initiated simply by applying heat [17, 23, 24]. In this

case, the initiating radicals are derived from reactions involving only the monomer.

Several mechanisms for spontaneous thermal St initiation have been proposed [23], with

the Mayo and Flory mechanisms being the most widely accepted [24]. In the first

mechanism, thermal initiation proceeds by a Diels-Alder dimerization of St, followed by

assisted homolysis [22, 23] between the dimer and a third St molecule, generating two

initiating monoradicals. For the second mechanism, Flory proposed that St dimerizes to

form a diradical and a third St abstracts a hydrogen atom from the diradical to generate

a initiating monoradical. Molecular modeling studies have found the Diels-Alder dimer

to be the key intermediate for the reaction, thus favoring the mechanism proposed by

Mayo [24].
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Industrially, even though the controlled thermal polymerization would theoretically pro-

duce the highest molecular weights in a St FRP process, undesirable spontaneous poly-

merizations could clog production facilities [24]. In addition, as previously stated, if

temperatures are low the polymerization rate would be too low for the process to be

economically advantageous. In practice there must be a compromise between polymer

productivity, mainly related to polymerization rate, and product quality, mainly related

to molecular weight [18]. For these reasons, polymerization initiators are widely used

in industrial polymerization processes [6, 22]. Removal of initiator residues from the

finished product is not needed in most cases, avoiding possible purification steps [25].

Polymerization initiators are chemical species that contain thermally labile radical-

generating functional groups. They are added to the recipe in a small proportion,

usually < 1% by weight based on the monomer [26]. The use of chemical initiators

has been found to increase the polymerization rates, while keeping molecular weights at

acceptable levels.

The decomposition of a labile group in a polymerization initiator generates a primary

radical, which adds to the St C–C double bond to form an initiating radical. This

decomposition can be characterized by the rate of decomposition kd or its half-life time,

given by1

t1/2 =
ln 2

kd
(1.1)

Most conventional polymerization processes require values of kd in the range of 10−6 −

10−4 s−1, i.e half-life times in the order of 1–100 h. Initiators typically have acceptable

half-life times only within a relatively narrow temperature range, around 20–30 ◦C [22].

The dependance with pressure is very weak and should only be considered for very high

pressure systems [19].

Given their technological value, polymerization initiators are the object of a number of

patents and patent applications [27–33].

The two most important types of polymerization initiators contain azo or peroxide

groups as labile groups. Due to their very limited use in industrial process, other types

of polymerization initiators, such as carbon-carbon and photochemical initiators, will

not be considered in this thesis.

1Equation 1.1 is strictly only valid for initiators that suffer unimolecular decomposition.
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1.3.2 Azo compounds

Dialkyldiazenes and dialkyl hyponitrites are the main classes of azo initiators.

Dialkyldiazenes, of general formula R−N=N−R′ are sources of alkyl primary radicals.

Most dialkyldiazenes employed as polymerization initiators are symmetrical, and their

substituents are usually tertiary, which gives the generated radical greater stability. The

most common compounds of this category include 2,2’-azobis(isobutyronitrile) (AIBN),

1,1’-azobis(cyclohexanecarbonitrile) (ACBN), 2,2’-azobis(2-methylbutanenitrile) and 4,4’-

azobis(4-cyanovaleric acid), as shown in Figure 1.4. Asymmetrical dialkyldiazenes, such

as triphenylmethyl-azobenzene yield radicals with different reactivities, and are fre-

quently used in controlled polymerization reactions [22].

Figure 1.4: Symmetrical dialkyldiazene initiators: a) AIBN, b) ACBN, c) 2,2’-
azobis(2-methylbutanenitrile) and d) 4,4’-azobis(4-cyanovaleric acid).

Hyponitrites, of general formula R−O−N=N−O−R′ and esters of hyponitrous acid

(HO−N=N−OH), are sources of alkoxy or acyloxy primary radicals. Their use as poly-

merization initiators is limited because of their complex synthesis methods and low

commercial availability [25].

The main characteristics of selected azo initiators are presented in Table 1.3. As the

temperature ranges are in the lower values, these types of initiators are mainly used in

suspension or emulsion polymerization systems. Water-soluble initiators, suitable for

these types of polymerization, include 4,4’-azobis(4-cyanovaleric) acid and amidinium

hydrochlorides. The byproducts of decomposition of certain dialkyldiazenes can be a

concern and can require purification of the obtained polymer [22].

Arkema and DuPont are the main worldwide producers of azo initiators, although their

market is small compared to that of peroxide initiators [1].
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1.3.3 Peroxides

Peroxides, of general formula R−O−O−R′, are widely used as polymerization initiators.

Among the most used peroxide types are diacyl peroxides, peroxycarbonates, perox-

yesters, dialkyl peroxides, hydroperoxides and inorganic peroxides (e.g persulfate) [22].

Dibenzoyl peroxide (BPO) and dilauroyl peroxide (LPO) are among the most common

diacyl peroxide initiators, which are sources of primary alkyl radicals (see Figure 1.5).

The main characteristics of selected peroxide initiators are presented in Table 1.3. Given

that some peroxides are suitable initiators in a higher value temperature range, peroxide

initiators are suitable for bulk polymerization processes.

Figure 1.5: Peroxides initiators: a) BPO, b) LPO.

The relative ease of synthesis of peroxide type initiators compared to azo compounds

makes their industrial use advantageous [25]. The leading producers of organic peroxide

initiators are Arkema (with trade names such as Luperco, Luperox, Lupersol), Akzo

(Trigonox, Perkadox) and Solvay. The worldwide market of peroxide initiators is about

10 times larger than the market for azo initiators [1]. It is worth around 1.5 billion USD

and expected to have a growth of about 6.6 % until 2020 [34].

1.3.4 Multifunctional initiators

Multifunctional or polyfunctional initiators are chemical species with more than one

radical-generating group. This category includes polyperoxides, polyazo compounds

and azoperoxidic compounds. The chemical structure of the multifunctional initiators

studied in this thesis are presented in Figure 4.1.

Multifunctional initiators may suffer two types of decomposition reactions.

Total or concerted decomposition can occur in initiators where radical generating labile

groups are in appropriate proximity, such as in peroxyoxalate esters and α-hydroperoxy

diazenes [22]. In addition, it may also occur in cyclic perketals [35] as well as cyclic

multifunctional peroxide initiators [25, 36], depending on reaction temperature. In this

decomposition mechanism, all labile groups decompose simultaneously.
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Sequential or non-concerted decomposition- occurs when labile groups are sufficiently

remote from each other [22] and generate radical species that may contain undecom-

posed labile groups. The labile groups decompose, generating new primary radicals and

re-initiating the polymerization reaction. Bis-diazenes [22], azoperoxides [37, 38] and

several polyperoxides [25, 39–41] present this decomposition behavior. Some cyclic com-

pounds can be too sterically hindered for sequential decomposition to be possible, and

thus fail to initiate the reaction [25]. Styrene polymerization was successfully achieved

with certain cyclic peroxides [25, 36, 42] and it was found that the thermolysis of peroxide

bonds in cyclic polyperoxide initiators involves diradical species [25]. The polymeriza-

tion mechanism may cause the polymer species to contain these undecomposed labile

groups, either at the chain end [39] or within the polymer chain [43]. The subsequent

decomposition -second decomposition in the sequential mechanism- may form long chain

radicals.

The use of multifunctional initiators has been increased in the recent decades, since

they allow obtaining high polymerization rates and polymers with high average molecu-

lar weights, as a consequence of the sequential decomposition of the initiator [25, 39, 41].

Azoperoxidic compounds are also employed in the production of block and graft copoly-

mers due to the different decomposition rates of the azo and peroxide groups [22, 44, 45].

Polyperoxide initiators are often categorized according to their “active oxygen content”,

[46–48] corresponding to the weight percentage of the active oxygen atoms (i.e. one per

peroxide group) in the initiator molecule.

1.4 Modeling, optimization and control of styrene free-

radical polymerization

Industrial bulk St polymerization process may optimized in order to maximize produc-

tivity or obtain a product with pre-specified final properties. Both productivity and

physical properties are intimately related to the recipe and operating conditions (i.e.

reaction temperature, reagent concentration, etc.) of the polymerization process. PS

production processes are highly complex and involve a large number of interrelated vari-

ables.
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From a process control stand-point, an industrial polymerization process generally presents

a total of four control loops [50], as shown in Figure 1.6. A first inner loop considers the

process variables that are measured and controlled, such as temperature, pressure, flow

rate and reactor level. Said loop is usually closed by feedback controllers. A second,

more external loop considers properties to be measured off-line, which specify product

quality (e.g., average molecular weights, melt flow index, mechanical properties). Said

loop is closed by the process engineer. A third loop is closed by consumers, which pro-

cess the material and define the required properties. A fourth loop considers the final

application of the product and is closed by global demand, usually by means of the

adjacent inner loop [10, 50].

Figure 1.6: Control loops in an industrial HIPS polymerization process [50].

There are numerous molecular features that can have an impact on the final application

properties of polymers. The molecular structure–properties relationships for most poly-

mer materials remains poorly understood and relies heavily on empirical observation

and testing [10]. In addition, as these relationships are very often strongly non-linear,

advanced non-linear control techniques are to be used in many process applications [16].

Both optimization and process control generally rely on the availability of adequate

mathematical models for the polymerization process [51]. Detailed models, which pro-

vide valuable information on how operation variables affect the molecular structure of

produced polymer materials, are highly desirable for control of end-use properties.
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For these reasons and due to the availability of better computational tools, the deve-

lopment of mathematical models for St polymerization processes has significantly grown

over the last decades [18, 51–54]. Industrial applications of these models in the pro-

duction of St polymers include simulation of an continuous industrial HIPS plant [11],

determination of residence times in reactors using computational fluid dynamics [55],

optimization of time between steady-state operations [56, 57], product grade transitions

[50] as well as determining stability for open-loop control of a HIPS production process

[58].

Most mathematical models that are suitable for optimization and control purposes are

mechanistic -or deterministic- models, based on the mass balance equations for the

polymerization system. For homogeneous systems, said equations are written as follows

[11]:
d

dt
([Ri]V ) = Q̇in[Ri]in − Q̇out[Ri]out +

∑
j

rijV (1.2)

where [Ri] is the volume average concentration of chemical species Ri in the reaction

volume V , Q̇ is the volume flow rate, subscripts “in” and “out” designate inlets and

outlets and rij is the rate of reaction of species i in reaction j. The term involving the

rates of reactions are derived from a kinetic mechanism for the polymerization reaction.

In general, these mechanisms consist of a series of elementary reactions, for which the

rate can be expressed as

rij = νijkij
∏
m

[Rm]αm (1.3)

where νij and kij are respectively the stoichiometric and kinetic coefficients for reaction

j of species i, and the product involves all chemical species m in reaction j and αm is

the partial order of reaction with respect to that species.

The use of mechanistic models is justified when a basic understanding of the system is

needed or when the state of the art is advanced enough to make a useful mechanistic

model easily available [51].

Since every radical and polymer species must be considered in the balance equations,

these mathematical models often consist of a very high number of ordinary differential

equations. Because of the different orders of magnitude of the kinetic parameters, these

systems are usually stiff and require specific numerical methods for their resolution.
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In addition, polymerization processes have several characteristics that should be consi-

dered when developing detailed mathematical models. Volume contraction, a conse-

quence of the differences in the densities of monomer and polymer, is accounted for by

a linear decrease in reaction volume with increasing monomer conversion. This effect

can generate a change in volume of up to 20 % in bulk St polymerization [19]. The gel

effect, due to diffusion-controlled radical termination in a viscous medium, is also a ma-

jor feature of bulk St polymerization systems. There are several different approaches to

model this effect [17, 59, 60], it is generally accepted that the gel effect can be accounted

for by appropriately reducing the value of the termination rate constant, either with

increasing conversion [17] or average molecular weight [18], both of which are related to

the increase in viscosity.

Mechanistic models for relatively simple St polymerization processes, e.g. thermal poly-

merization [17, 61–64], and polymerization using monofunctional initiators have been

widely available. Said low-dimensionality systems can be successfully dealt with using

analytical or simple differential methods [19]. Full information about the detailed mole-

cular weight distribution (MWD) is readily available from the mass balances. Chemical

species in these systems are usually characterized as Rn, where n is the kinetic chain

length.

Systems involving more complex kinetics, e.g. using multifunctional initiators, usually

yield higher-dimensional polymerization models. In particular, considering the sequen-

tial decomposition of a multifunctional initiator, polymers with undecomposed labile

groups may form. If a mechanistic model is sought, a chemical species R
(i)
n is character-

ized by chain length n as well as number of undecomposed labile groups i. Non-linear

kinetics are also frequent in these types of systems [19]. It should also be noted that

for cyclic multifunctional initiators, diradical species are expected to be involved in the

polymerization mechanism [25].

Given the technological relevance of multifunctional initiators in St polymerization pro-

cesses, they have been the subject of numerous theoretical and experimental works.

The use of bifunctional initiators has been thoroughly studied [35, 39, 41, 43, 65–73],

while works related to the use of initiators of a higher functionality are less numerous

[25, 42, 74–79]. Several methods are used to overcome the mathematical complexity of

these polymerization systems, with the method of moments being the most widely used.
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This method reduces the dimension of the problem, leading to averaging in one of the

dimension with the consequent loss of information about the full MWD [19]. Transform

techniques, such as the probability-generating functions can also be applied in order

to estimate the full MWD of the obtained polymer [73, 80, 81]. These polymerization

systems have also been studied using stochastic techniques, namely the Monte Carlo

method [82–84].

None of the mathematical models for St polymerization using multifunctional initiators

available in the literature are “generic”, as they cannot be readily applied to initiators

of any given functionality. Theoretical studies of the influence of initiator functionality

and structure are relatively scarce.

It should also be noted that no mathematical models consider both sequential and total

decomposition mechanisms for multifunctional initiators. The predominance of either

decomposition mechanism for a given initiator can be a function of reaction tempera-

ture. Since the sequential decomposition is generally considered the cause of the higher

molecular weights provided by multifunctional initiators [39, 41], the decomposition

mechanism of the initiator could define a temperature zone of technological interest for

its use. It is generally accepted that initiators that decompose sequentially at a given

temperature may decompose totally at higher temperatures [25, 36] If a temperature

is selected such that initiator decomposition is total, its use will present little or no

advantage over using a monofunctional one [26].

In the particular case of the synthesis of HIPS, bifunctional initiators have been theoret-

ically and experimentally evaluated [41], while only experimental results for a trifunc-

tional initiator are available [76]. Modeling a HIPS polymerization process involves com-

plex co-polymerization kinetics and a much larger number of chemical species [41, 85, 86]

and structure-properties relations may be needed in order adequately characterize the

obtained material [10].

In view of the above, the general objective of this thesis is to theoretically and experi-

mentally study bulk St polymerization processes using multifunctional initiators and to

develop detailed mechanistic mathematical models that could suit industrial optimiza-

tion purposes in the obtention of GPPS, HIPS and other St polymers.

The particular objectives are:
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• To develop, adjust and validate a detailed mathematical model for bulk St poly-

merization using the cyclic trifunctional initiator DEKTP at temperatures of

120− 130 ◦C where decomposition is mostly sequential.

• To extend, re-adjust and re-validate the previous mathematical model to temper-

atures of 150−200 ◦C in order to consider the total decomposition of DEKTP and

develop a tool to evaluate the working zone of technological interest.

• To develop, adjust and validate a comprehensive detailed mathematical model for

bulk St polymerization using multifunctional initiators of any given functionality

and structure.

• To develop, adjust and validate a comprehensive detailed mathematical model for

a HIPS polymerization system and predict product quality variables for process

simulation purposes.

All theoretical developments are complemented with experimental work that allow to

experimentally study the effect of the use of multifunctional initiators on polymer cha-

racteristics, as well as adjust and validate the mathematical models.



Chapter 2

Bulk styrene polymerization

using the trifunctional cyclic

initiator DEKTP at low

temperatures (120–130 ◦C)

2.1 Introduction

The industrial use of multifunctional initiators in the bulk polymerization of St has been

increased due to the possibility of obtaining high reaction rates and molecular weights

simultaneously, as well as enhanced mechanical properties compared to PS obtained by

using traditional initiators [41, 66, 69].

The use of peroxide type initiators has been preferred over the use of azo or C–C initia-

tors, due to their relative ease of synthesis and lower rate of self-induced decomposition

reactions [2, 35]. With the use of monofunctional initiators it is difficult to obtain an

adequate balance between reaction rate, molecular weight, polydispersity and monomer

conversion [39, 65, 70].

With the use of bifunctional initiators, it was possible to achieve optimization of poly-

merization processes, while enhancing the final properties of the product (i.e. molecular

weight, monomer conversion and polydispersity) [39, 41, 65, 67, 69]. Both symmetrical

20
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and asymmetrical initiators were used, showing that it was possible, under the right tem-

perature and initiator concentration, to obtain high reaction rates and high molecular

weights simultaneously. Reaction temperature affects the thermal stability of perox-

ide groups, while initiator concentration affects the rate of polymerization and reduces

polymerization times without substantially lowering the molecular weight of the final

product [39].

A few works have theoretically studied the synthesis of PS using bifunctional initiators.

Mathematical models were developed, allowing prediction of reacting species concentra-

tions, as well as molecular structure of the obtained polymer during the course of the

polymerization reaction. Choi and Lei [69] and Kim and Choi [68] developed detailed

kinetic models for the bulk St homopolymerization with symmetrical and asymmetrical

diperoxyester initiators. They showed that operating at high temperatures, it is possible

to obtain high reaction rates and molecular weights, with relatively narrow molecular

weight distributions (MWDs). Villalobos [39] theoretically and experimentally investi-

gated the polymerization of St with the following bifunctional initiators: 2,5-dimethyl-

2,5-bis(2-ethylhexanol peroxy) hexane (Lupersol-256, L-256); 1,1-di(t-butyl-peroxy) cy-

clohexane, (Lupersol-331-80B); and 1,4-bis(t-butyl peroxycarbo) cyclohexane, (D-162).

Compared to the standard monofunctional case, bifunctional initiators reduced poly-

merization times as much as 75%, without substantial changes in the final product

properties. In Estenoz et al. [41] a detailed mathematical model was developed to sim-

ulate the synthesis of high impact polystyrene (HIPS) using symmetrical bifunctional

initiators such as L-256 and L-118 [2,5-dimethyl-2,5-bis(benzoyl peroxyl) hexane]. High

reaction rates and high molecular weights were observed, and the phase inversion periods

were produced at lower conversions.

There are a number of works dealing with the use of multifunctional initiators [25, 42, 74–

77, 82, 87–91]. Cerna et al. [89] studied the bulk polymerization of St using initiators

with different functionalities (mono-, bi- and trifunctional initiators). The particular

case of initiation by diethyl ketone triperoxide (DEKTP), a cyclic trifunctional peroxide

initiator, at 120–130 ◦C, yielded polymers with high molecular weights (250,000–450,000

g/mol) at relatively short polymerization times (4–6 h). The obtained average molecular

weights were higher than those obtained by using the bifunctional initiator pinacolone

diperoxide (PDP), which has a close molecular structure to that of DEKTP. Two mecha-

nisms have been proposed for the decomposition of DEKTP: a total decomposition of the
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3 O–O groups at temperatures higher than 130 ◦C, and a sequential decomposition of the

O–O groups at temperatures between 110–130 ◦C. In the latter case, Cerna et al. [89]

were able to synthesize PS with undecomposed O–O in the polymer backbone. Sheng et

al. [42] studied the use of the cyclic trifunctional initiator 3,6,9-triethyl-3,6,9-trimethyl-

1,4,7-triperoxonane in the bulk polymerization of St. Experimental results showed that

it was possible to produce polymers with higher molecular weights and lower polydis-

persities at a higher rate. The obtained PS had O–O bonds in the molecular chains.

In Scorah et al. [74, 75], the bulk polymerization of St and methyl methacrylate in the

presence of the tetrafunctional initiator polyether tetrakis(tert-butylperoxy carbonate)

(JWEB50) was experimentally and theoretically studied. The developed model allowed

the calculation of monomer conversion, average molecular weights and polymer structure

and was validated with experimental results.

This chapter deals with the experimental and theoretical study of the bulk polymer-

ization of St using the trifunctional cyclic initiator DEKTP. A mathematical model is

developed to predict of the evolution of the reacting species concentration, monomer

conversion and detailed polymer molecular structure. The effect of reaction conditions

on process productivity and final product molecular characteristics is investigated.

The work presented in this chapter was reported in Berkenwald et al. [78], “Mathematical

model for the bulk polymerization of styrene using the symmetrical cyclic trifunctional

initiator diethyl ketone triperoxide. I. Chemical initiation by sequential decomposition”,

J. Appl. Pol. Sci., 128, 1, 2013.

2.2 Experimental work

The experimental work consisted on the synthesis and characterization of the organic

peroxide DEKTP and isothermal batch bulk polymerizations of St using the cyclic tri-

functional initiator DEKTP. The selected polymerization temperatures are such that

initiator decomposition is mostly sequential [89].
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2.2.1 Synthesis of DEKTP

DEKTP initiator was synthesized according to the following procedure [89]: in a 250

mL Erlenmeyer flask 4.6 mL of hydrogen peroxide and 7.3 mL of sulfuric acid (70% v/v)

were added and the temperature was kept at -10 ◦C. Then, 5.6 mL of diethyl ketone

was added into the reaction medium and the reaction remained under agitation for 3

h. Thereafter, the organic phase was extracted with petroleum ether and dried with

sodium sulfate for 12 hours. The petroleum ether was removed under distillation and

the product was crystallized from methanol, yielding a white powder.

2.2.2 Polymerization reactions

Several bulk polymerizations of St were carried out in the presence of DEKTP at diffe-

rent temperatures and different initiator concentrations. In each experiment, a certain

amount of DEKTP was dissolved in 2 mL of previously distilled St. The solution was

placed in clean and dry test tubes, degassed by successive cycles of freezing-cooling from

−180 ◦C (using liquid nitrogen) to room temperature, at reduced pressure. The tubes

were sealed under vacuum and immersed in an oil bath. The selected polymerization

temperatures were 120 ◦C, and 130 ◦C in order to ensure sequential decomposition of

the initiator molecule. Preliminary studies show that at higher reaction temperatures

(150–200 ◦C), the decomposition mechanism of the initiator is no longer sequential, and

consists of a simultaneous decomposition of all three peroxide groups [89].

The first stage in the sequential decomposition reaction for DEKTP is presented in

Figure 2.1, where only one peroxide group of the DEKTP molecule suffers a decompo-

sition reaction. Further stages of the sequential decomposition arise as polymerization

reaction generates polymer chains with undecomposed peroxide groups. Initiator con-

centrations were varied in the range of 0.005 and 0.02 mol/L. Monomer conversion was

determined gravimetrically and molecular weights by gel permeation chromatography

(GPC) at different reaction times. The equipment used was a Hewlett-Packard HPLC

1050 with software from Polymer Laboratories for Chemstation. Refraction Index and

UV detectors were used, with ultrastyragel columns (103, 104, and 105 Å). Polystyrene
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standards (580–3,900,000 g/mol) were used, at room temperature. To measure conver-

sion, the obtained polymer was directly precipitated in methanol (volume ratio 1:10),

filtered and dried under vacuum until constant weight (approximately 24 hours).

Figure 2.1: Sequential decomposition of DEKTP.

The experimental results are presented in Table 2.1, and Figures 2.2 and 2.3. It can

be observed that initiation by DEKTP provides high reaction rates and high average

molecular weights simultaneously. As expected, increasing the initiator concentration

increases reaction rates. The existence of an initiator concentration that yields the

highest molecular weights at a given polymerization temperature is also observed. An

initiator concentration of 0.01 mol/L seems to be optimal for obtaining high reaction

rates and molecular weights at a reaction temperature of 120 ◦C.
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Figure 2.2: Conversion as a function of time for Experiments 2 and 4 of Table 2.1.
The evolution of conversion for St thermal polymerization at 130 ◦C is also presented.
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Experiment T [I(3)]0 Time Conversion M̄n × 10−5 M̄w × 10−5

No. (◦C) (mol/L) (min) (%) (g/mol) (g/mol)

15 2.78 (3.05) 2.61 (1.84) 5.33 (3.58)
60 13.05 (11.68) 2.17 (1.88) 4.27 (3.65)

1 120 0.005 180 38.66 (33.03) 2.19 (1.99) 4.30 (3.88)
240 42.58 (43.86) 2.39 (2.04) 4.57 (4.00)
360 — (68.64) 2.28 (2.14) 4.46 (4.21)

15 4.35 (3.70) 2.32 (1.97) 3.60 (3.79)
60 16.23 (14.30) 1.75 (2.01) 3.38 (3.87)

2 120 0.01 180 42.14 (42.20) 2.00 (2.13) 3.81 (4.14)
240 62.12 (58.32) 2.18 (2.19) 4.21 (4.27)
360 92.05 (95.62) 2.50 (2.28) 5.32 (4.44)

15 3.83 (4.77) 2.23 (2.02) 4.30 (3.95)
60 17.88 (18.47) 2.21 (2.05) 4.84 (3.98)

3 120 0.02 180 55.16 (59.20) 1.94 (2.18) 3.65 (4.24)
240 71.22 (87.39) 2.00 (2.23) 3.63 (4.34)
360 98.22 (99.93) 1.74 (2.21) 3.16 (4.31)

15 4.42 (6.63) 1.86 (1.37) 3.52 (2.70)
30 11.70 (13.26) 1.47 (1.39) 2.81 (2.73)

4 130 0.01 45 20.04 (19.39) 1.41 (1.41) 2.61 (2.77)
60 26.64 (25.53) 1.50 (1.42) 2.67 (2.81)
90 40.48 (38.05) 1.47 (1.46) 2.67 (2.88)
180 86.51 (82.94) 1.50 (1.55) 2.77 (3.08)
240 98.10 (99.57) 1.57 (1.56) 3.30 (3.11)

Table 2.1: Experimental results and theoretical predictions for polystyrenes synthe-
sized using DEKTP. Theoretical predictions are indicated in parenthesis.

Figures 2.2 and 2.3 show the evolution of conversion and average molecular weights for

the reactions using a 0.01 mol/L concentration of DEKTP (experiments 2 and 4 in Table

2.1). The evolution of conversion for the thermal polymerization of St is also presented

in Figure 2.2 for comparison purposes. In Figure 2.2, an increase in the polymerization

rate is observed as temperature increases. For experiments 2 and 4, an inflection point

in the conversion evolution curve can be observed, due to the sequential nature of the

initiator decomposition. As expected, this inflection point does not appear in the case

of purely thermal St polymerization. For the period of time evaluated, the molecular

weights increase along the reaction (Figure 2.3). The calculated polydispersities are

around 2 in agreement to the reported results for multifunctional initiators [39, 69]. As

it was informed in Cerna et al. [89], these behaviors in the temperature range of 120–130

◦C indicate that the initiator is decomposed by a sequential mechanism of decomposition
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Figure 2.3: Average molecular weights as a function of conversion for Experiments 2
and 4 of Table 2.1.

of the peroxide groups, by which the diradicals formed by initiator decomposition have

2 undecomposed peroxide groups.

2.3 Mathematical model

2.3.1 Kinetic mechanism

The proposed kinetics involves initiation via a symmetrical cyclic trifunctional initiator,

thermal initiation by the Mayo mechanism, propagation, transfer to the monomer, com-

bination termination and re-initiation. Consider the global kinetic mechanism presented

in Table 2.2. The following nomenclature is adopted:
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I(3) Trifunctional initiator (DEKTP)

·I·(2) Initiator diradical with 2 undecomposed peroxide groups

·S1·(2) Monomer diradical with 2 undecomposed peroxide groups

S1·(0) Monomer monoradical without undecomposed peroxide groups

Sn·(i) PS monoradical of chain length n and i undecomposed peroxide groups

·Sn·(i) PS diradical of chain length n and i undecomposed peroxide groups

S
(i)
n Polymer with n repetitive units of St and i undecomposed peroxide groups

Initiation
Chemical initiation

I(3)· 3kd1−−−→ ·I·(2)

·I·(2) + St· 2ki1−−→ ·S1·(2)
Thermal initiation

3St
ki0−−→ 2S1·(0)

Propagation (n = 1, 2, 3...; i = 0, 1, 2...)

Sn·(i) + St
kp−→ Sn+1·(i)

·Sn·(i) + St· 2kp−−→ Sn+1·(i)

Transfer to monomer (n = 1, 2, 3...; i = 0, 1, 2...)

Sn·(i) + St
kfM−−−→ Sn

(i) + S1·(0)

·Sn·(i) + St
kfM−−−→ Sn ·(i) +S1·(0)

Re-initiation (n = 2, 3, 4...;m = 1, 2, ..., n− 1; i = 1, 2...; j = 0, 1, ..., i− 1)

Sn
(i) ikd2−−→ Sn−m·(i−j) + Sm

(j−1) ·

Combination Termination (n,m = 1, 2, 3...; i, j = 0, 1, 2...)

·Sn·(i) + · Sm·(j)
4ktc−−→ ·Sn+m·(i+j)

·Sn·(i) + Sm·(j)
2ktc−−→ Sn+m·(i+j)

Sn·(i) + Sm·(j)
ktc−−→ Sn+m

(i+j)

Table 2.2: St polymerization using DEKTP at low temperatures - Proposed kinetic
mechanism.

The following has been assumed: a) at the considered reaction temperature, initiator

decomposition is due exclusively to sequential decomposition [39, 89]; b) intramolecular

termination is negligible [41]; c) disproportion termination is negligible [92]; d) all pero-

xide groups present in the trifunctional initiator and in the accumulated polymer exhibit

the same thermal stability [41]; e) due to the short life time of radicals, decomposition

of undecomposed peroxide groups cannot occur in radical molecules [41]; f) propagation
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and transfer reactions are unaffected by chain length or conversion [41]; g) degradation

reactions are negligible [17].

Note the following: i) when two monoradicals with i and j undecomposed peroxide

groups terminate, the formed polymer will contain i+ j undecomposed peroxide groups;

ii) diradicals only have an even number of peroxide groups, as they are generated only by

propagation of the initiator diradical (with only 2 peroxide groups), and by combination

termination of other diradicals, all of which have an even number of peroxide groups; iii)

re-initiation involves the decomposition of a peroxide group within a polymer chain with

undecomposed peroxide groups, which generates two monoradicals capable of further

growing. Due to the molecular structure of the DEKTP molecule, only linear di- and

mono radicals and linear polymer chains can be formed in the reaction system.

2.3.2 Homogeneous model

From the kinetics of Table 2.2 and assuming homogeneous bulk polymerization, the

mathematical model of Appendix A was developed. This model is based on the mass

balances for the chemical species present in the reaction system. In order to model

the re-initiation reactions, polymeric chains were assumed to have uniformly distributed

peroxide groups. A random chain scission can then be performed by using a uniformly

distributed random variable (see Appendix A).

The mathematical model consists of two modules: the Basic module and the Distri-

butions module. The Basic module allows the prediction of global chemical species

evolution along the reaction (total mono- and diradicals, total polymer). The Distri-

butions module allows simulation of the evolution of all chemical species characterized

by their chain length and their number of undecomposed peroxide groups, and allows

simulating the evolution of the molecular weight distribution -MWD- of each chemical

species, characterized by the number of undecomposed peroxide groups.

The proposed model considers constant temperature, assuming that the reactor cool-

ing/heating system is ideal in the sense that it is capable of providing/removing the

exact amount of heat in order to keep the temperature constant. However, it is possible
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Parameter Units Arrhenius expression Reference

kd1, kd2 s−1 4.16 · 108e−25506/RT Adjusted in this work

ki0
L2

mol2S
1.1 · 105e−27340/RT [93]

ki1, kp
L

mol s 1.0 · 107e−7067/RT [39]

kfM
L

mol s 1.17 · 1010e−18651/RT Adjusted in this work

ktc
L

mol s 1.26 · 109e−(1667.3/RT )−2(C1x+C2x2+C3x3)
a

[17]

f 0.98 [25]

aC1 = 2.75 − 0.00505T ;C2 = 9.56 − 0.0176T ;C3 = −3.03 + 0.00785T , with x monomer conversion

Table 2.3: St polymerization using DEKTP at low temperatures - Adopted kinetic
parameters.

to simulate reactions at different temperatures through the use of Arrhenius expres-

sions for the kinetic constants. The gel effect was indirectly considered by appropriately

reducing the value of the termination kinetic constant with increasing conversion [17].

The Basic module is self-sufficient from the calculation point of view, and for its resolu-

tion equations A.1, A.2, A.4, A.7, A.8, A.16 and A.22, must be simultaneously solved.

The equations of the Distributions module must be integrated using the Basic module

results.

The Basic module is solved by a standard stiff differential equation numerical method

based on a modified Rosenbrock formula of order 2. In the Distributions module, a large

number of equations (more than 250,000) must be integrated. For this reason, an explicit

forward Euler method was used, using the time intervals obtained from resolution of the

Basic module. A typical simulation requires less than 1 second for the Basic module

and about 5 minutes for the Distribution module using an Intel Core i3 based processor

at 2.40 GHz.

2.3.3 Model adjustment and validation

The adopted kinetic parameters used for the simulation are presented in Table 2.3.
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The expressions for kd1, kd2 and kfM were adjusted in this work. Since peroxide groups

in the polymer chains were assumed to have the same thermal stability as peroxide

groups in the initiator, kd1 = kd2. Due to the short simulation times required, a fast

interactive adjustment was possible. The adjusted values for kd1 are in agreement with

the reported results for DEKTP decomposition [25, 89]. The value of kfM is within the

ranges reported for St polymerization [19]. The Basic module allowed the adjustment

for kd1 and kd2 from the estimation of the monomer conversion from the experiments

in Table 2.1. The parameter kfM was adjusted to fit the experimental data of average

molecular weights using the Distributions module.

The values for all other kinetic parameters were directly adopted from the literature

[17, 39, 65, 94] and the value for f was obtained from experimental results by Cerna

[25].

2.4 Simulation results

The model was used to simulate experiments 1 through 4 of Table 2.1. Simulated results

are compared with experimental results in Table 2.1 and Figures 2.2 and 2.3. In general,

a very good agreement between predicted and measured values is observed. Figures 2.2

and 2.3 show the simulation results corresponding to the evolution of conversion and

average molecular weights for experiments 2 and 4 of Table 2.1. The change of the slope

in the conversion curve in Figure 2.2 at approximately and 200 min at 120 ◦C and 150

min at 130 ◦C, is due to the combined effect of thermal and chemical initiation, which

includes initiator decomposition and decomposition of unreacted peroxide groups within

the polymer chains, together with the gel effect, globally producing an increase in the

rate of polymerization. The re-initiation reactions within the polymer chains are also

responsible for the high molecular weights observed experimentally and predicted by the

model, as the scission of polymer chains can generate long chain monoradicals, capable

of further growing by propagation reactions.

The mathematical model was also used to study the coupling effect of thermal and

chemical initiation on the polymerization rate. In Figure 2.2, experimental and simu-

lated conversion curves for polymerizations carried out at 130 ◦C in absence of initiator
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were shown. Results indicate that at temperatures of 130 ◦C, thermal polymerization

contributes on average to about 60% of the total rate of polymerization.

Aside from the prediction of experimental results presented in Table 2.1 and Figures 2.2

and 2.3, the model was used to simulate other variables. Model predictions are shown

in Figures 2.4, 2.5, 2.6, 2.7.

0 100 200 300
0,0

3,0

6,0

9,0

R
p x

 1
04 

(m
ol

/L
2 s)

t (min)

 T = 120 C
 T = 130 C
 Thermal Polymerization, 

          T = 130 C

Figure 2.4: Rate of polymerization as a function of time for Experiments 2 and 4 of
Table 2.1. The rate of polymerization for St thermal polymerization at 130 ◦C is also

presented.

Figure 2.4 represents the evolution of the rate of polymerization Rp, as defined by

Equation A.2, as a function of time, which can be computed using the Basic module

of Appendix A [17]. Figure 2.1 shows that around 200 min at 200 ◦C and 150 min

at 130 ◦C, the rate of polymerization increases as a result of chemical and thermal

initiation, decomposition of peroxide groups within the formed polymer chains and gel

effect, as explained for Figure 2.2. This increase in the rate of polymerization could also

be observed indirectly in the change of the slope of the conversion curve in Figure 2.2.

The drop in the value of the rate of polymerization at around 300 min at 120 ◦C and 200

min at 130 ◦C is due to monomer depletion. For comparison purposes, the evolution of

the rate of polymerization in the absence of DEKTP initiation (that is, a purely thermal
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Figure 2.5: Evolution of total polymer, dead polymer and total polymer with unde-
composed peroxide groups for: a) Experiments 2 and b) Experiment 4 of Table 2.1.

polymerization) is also represented. It can be seen that the rate of polymerization in

this case is a monotonically decreasing function of time.

In Figure 2.5, the evolutions of the total polymer species molar concentration, as defined

by Equation B.16 are presented. Total polymer consists of total dead polymer (i.e.

without undecomposed peroxide groups) and total temporarily dead polymer (i.e. with

undecomposed peroxide groups). Dead polymer concentration monotonically increases

along the reaction time, exhibiting a slope that increases at around 200 min at 120 ◦C

and 150 min at 130 ◦C coinciding with the time at which polymerization rate increases

(as indicated for Figure 2.2 and Figure 2.5). The figure shows that the molar fraction of

total polymer with undecomposed peroxide groups at the end of polymerization is close

to about 30 %.

Figure 2.6 shows the evolutions of the different polymer species, characterized by the

number of undecomposed peroxide groups within the polymeric chains. A logarithmic
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Figure 2.6: Evolution of total polymeric species characterized by the number of
undecomposed peroxide groups for: a) Experiments 2 and b) Experiment 4 of Table

2.1.

scale was used in the concentration axis in order to show the differences in magnitudes.

Only polymer chains with 1, 2, 3, 4, 5, 6 and 8 undecomposed peroxide groups are

considered in the figure for clarity reasons. The evolution of the concentration of the

different polymers species is highly dependent on the number of undecomposed peroxide

groups, due to the fact that peroxide groups in the polymer are a result of propaga-

tion, transfer and termination of diradicals generated by initiator decomposition, but

also to the decomposition of polymeric chains with a higher number of peroxide groups.

A great number of monoradicals without peroxide groups is also produced by thermal

initiation of the monomer at 120 and 130 ◦C, and in consequence dead polymer is the

most abundant polymer species. It is possible to observe that the molar concentration

of the polymer decreases with increasing peroxide group number per chain when con-

sidering polymers with even number of peroxide groups. The same can be stated for

polymers with an odd number of peroxide groups. For polymers with an even number
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Figure 2.7: MWD of the polymeric species at the end of polymerization for: a)
Experiments 2 and b) Experiment 4 of Table 2.1.

of peroxide groups, the concentrations show a similar evolution, indicating that most of

the peroxide groups in polymer chains are generated by initiator decomposition. This

is not the case for polymers with an odd number of peroxide groups, because radicals

with an odd number of peroxide groups are generated only after polymer decomposition

reactions. For this reason, polymers with an odd number of undecomposed peroxide

groups are formed in the reaction system later than polymers with an even number of

peroxide groups. These types of behaviors are a clear result of the sequential decom-

position of the initiator molecule. The raise in polymer concentration for high peroxide

group numbers (more than 3) at high reaction times can be explained as follows: when

conversion is close to a value of 1, little monomer is left for thermal initiation reactions.

However, initiator decomposition is still important, and all the radicals generated have

2 undecomposed peroxide groups. Re-initiation reactions also generate radicals with

undecomposed peroxide groups and polymer generation is mostly by termination reac-

tions between these radicals. These factors result in an increase in the concentration of
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[I(3)] M̄n × 10−5 M̄w × 10−5 M̄n × 10−5 M̄w × 10−5

(mol/L) (g/mol) (g/mol) (g/mol) (g/mol)

T = 120 ◦C T = 130 ◦C

0.001 2.14 4.22 1.50 2.99
0.002 2.16 4.26 1.53 3.07
0.005 2.22 4.36 1.56 3.11
0.01 2.28 4.44 1.57 3.11
0.02 2.21 4.31 1.56 3.08
0.05 2.12 4.02 1.49 2.86

Table 2.4: Theoretical study of the effect of initial initiator concentration in average
molecular weights at total conversion for temperatures of 120 ◦C and 130 ◦C.

polymer with a high number of undecomposed peroxide groups towards the end of the

polymerization.

Figure 2.7 shows the MWD of the formed polymer species at the end of the polymeriza-

tion reaction. Only MWDs of a few polymeric species are represented in order to keep

the picture clear but still representative. The obtained MWD shows that polymers with

a high number of undecomposed peroxide groups have a wider distribution, over higher

molecular weights. This is consistent with the fact that high peroxide group numbers

arise from termination combination or transfer of monoradicals that have been gener-

ated by diradicals of initiator decomposition. These diradicals can propagate before

terminating, so it is expected that termination of two diradicals will generate a long

chain monoradical, which can itself terminate with another long chain monoradical. As

expected, polymer chains with 1 undecomposed peroxide group are in average shorter

than the ones from the polymer with 2 undecomposed peroxide groups, because the for-

mer is generated mostly by decomposition of the latter, after transfer to the monomer

or termination with a radical without peroxide groups. Polymers with a greater num-

ber of peroxide groups have a relatively low mass fraction, but enough to significantly

increase the average molecular weight. By comparing the MWDs obtained at different

temperatures, it is possible to see that lower temperatures tend to increase the mass

fraction of polymer with undecomposed peroxide groups compared to total polymer.

In Table 2.4, the effect of initiator concentration on average molecular weights is theo-

retically investigated. The model allowed calculating the average molecular weights for
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total conversion as a function of initial initiator concentration. The simulated results

indicate that at a given reaction temperature, there is an initiator concentration that

yields the maximum values of the average molecular weights, indicating the presence

of an optimum for initiator concentration. This fact was also observed experimentally

at 120 ◦C as shown in Table 2.1 in experiments 1 through 3. The existence of this

optimum can be interpreted as follows: at low initiator concentration, a low proportion

of diradicals is generated by initiator decomposition. As these radicals propagate before

generating a monoradical, which is capable of further propagation, the effect in average

molecular weight is less significant. Increasing initiator concentration rises the propor-

tion of diradicals, which results in an increase in average molecular weights. At high

initiator concentrations, the dominating effect is the large number of active sites in the

system, both by chemical and thermal initiation. This results in shorter polymer chains

and lower average molecular weights. The value of this optimum concentration depends

on the polymerization temperature, which also modifies the polymerization rate. For

polymerization temperatures of 120–130 ◦C the optimum concentration is found to be

0.01 mol/L.

As it has been shown, the proposed mathematical model allows prediction of the con-

centration and MWD of polymer species with undecomposed peroxide groups at the

end of the polymerization reaction. These variables could be used to study the evo-

lution of polymer structure in the course of post-polymerization processes carried out

at high temperatures, such as devolatilization, where decomposition of the remaining

peroxide groups could take place, thereby modifying the values of final (processing and

mechanical) properties.

In order to estimate the decrease in molecular weights due to decomposition of the re-

maining peroxide groups, the model was used to simulate the evolution of a polymer

(obtained at 130 ◦C and with an initial DEKTP concentration of 0.01 mol/L) subjected

to a process at temperatures of 180–200 ◦C with a residence time of 25 min. These values

for the temperature and residence time are typical values for a devolatilization process

[11, 95]. Simulation results indicate a decrease in molecular weights of about 30–40 %

depending on process temperature. These results should be only considered estimative

values, as the model does not include high temperature degradation reactions. In addi-

tion, in order to evaluate the performance of this initiator in an industrial polymerization

process and the effect on final average molecular weights, it is required to consider not
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only the polymerization reaction stage, but also the downstream post-reaction stages,

for which the model developed in this work might not be appropriate.

2.5 Conclusions

This chapter experimentally and theoretically investigates the use of the symmetrical

trifunctional initiator DEKTP in the bulk polymerization of St. The experimental work

consisted of a series of isothermal batch polymerizations at different temperatures, in

which conversion and average molecular weights were determined. For the theoretical

analysis, a mathematical model was developed, allowing simulation the evolution of the

chemical species characterized by the number of undecomposed peroxide groups within

the chains, including di- and monoradicals as well as polymeric species. Re-initiation

reactions are accounted for by using a uniformly distributed random variable in order

to simulate random chain scission.

The main result is that the use of DEKTP allows obtaining high polymerization rates

and high molecular weights simultaneously, because of its sequential decomposition.

This leads to the formation of di- and monoradicals with undecomposed peroxide groups.

These peroxide groups are then found in the polymeric chains, which are susceptible of

re-initiation. Simulation of the proposed kinetic mechanism provides values which are

in very good agreement with experimental results.

For a given polymerization temperature, experimental and simulation results show the

existence of an optimum initiator concentration, for which the produced average mole-

cular weights are highest.

The fact that undecomposed peroxide groups remain within the polymer chains is an

important issue that should be taken into consideration for an industrial polymerization

process. Simulation of the complete polymerization process would require an extension

of the model, to account for high temperature reactions and other phenomena that could

alter the polymer molecular structure in downstream post-reaction processes.

In the following chapters, the kinetic mechanism is extended to include the total decom-

position of the initiator molecule at higher reaction temperatures and a generic model

for multifunctional initiators is developed.



Chapter 3

Bulk styrene polymerization

using the trifunctional cyclic

initiator DEKTP at high

temperatures (150–200 ◦C)

3.1 Introduction

It has been experimentally found that the compounds used as multifunctional initia-

tors can suffer both sequential and total decomposition reactions [22, 25]. The total

decomposition of DEKTP is presented in Figure 3.1. While the sequential decomposi-

tion mechanism can be used to explain the high molecular weighs obtained by the use

of multifunctional initiators, total decomposition of a multifunctional initiator is often

undesirable, since the beneficial effect on molecular weights is lost [6].

Figure 3.1: Total decomposition of DEKTP.

38
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There are no works in the available literature containing mathematical models including

both sequential and total decomposition mechanisms for multifunctional initiators. In

Chapter 2, a detailed mathematical model, also reported in Berkenwald et al. [78], for

the bulk polymerization of St in the presence of DEKTP was developed, considering

reaction temperatures at which the initiator decomposition is mostly sequential (120–

130 ◦C). This model allowed obtaining the complete MWD, but had limited validity

when considering polymerization temperatures higher than 130 ◦C.

This chapter deals with the experimental and theoretical study of the bulk polymeriza-

tion of St using DEKTP at temperatures of 150–200 ◦C, where initiator decomposition

consists of two parallel decomposition reactions (sequential and total decomposition). A

mathematical model is developed, based on an extended kinetic mechanism considering

both decomposition reactions, allowing the prediction of the evolution of the reacting

species concentration, monomer conversion and detailed polymer molecular structure.

The effect of reaction temperature on process productivity and final product molecular

characteristics is investigated.

The work presented in this chapter was reported in Berkenwald et al. [79], “Mathematical

model for the bulk polymerization of styrene chemically initiated by sequential and total

decomposition of the trifunctional initiator diethyl ketone triperoxide”, Pol. Eng. Sci.,

55, 1, 2015.

3.2 Experimental work

The experimental work consisted on initiator synthesis and bulk polymerizations of St

using DEKTP at different reaction temperatures, using the procedures described in the

previous chapters. The selected polymerization temperatures were 150 ◦C and 200 ◦C.

Initiator concentration was 0.01 mol/L, previously found to be the optimal initiator

concentration for bulk polymerization of St using DEKTP [78].

The experimental results are presented in Figure 3.2. Results for temperatures of 120–

130 ◦C are included for comparison purposes. As stated in the previous chapter, it can

be observed that initiation by DEKTP allows for high reaction rates and high average

molecular weights simultaneously at a polymerization temperature of 120–130 ◦C. For

polymerization temperatures of 150 and 200 ◦C, polymerization rates are higher, but the
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Figure 3.2: Conversion and Weight-Average Molecular Weight as a Function of Time
for T = 120 ◦C, T = 130 ◦C, T = 150 ◦C and T = 200 ◦C.

produced average molecular weights are lower. The polydispersity of the obtained pro-

duct is approximately 2, which is expected for these types of initiators at temperatures

higher than 130 ◦C [25]. On the other hand, an increase in the rate of polymerization

is observed as temperature increases from 120, 130 to 150 ◦C. At 200 ◦C, the rate of

polymerization is high at the beginning of the reaction, but it becomes lower than the one

at 150 ◦C after a short period of time (about 30 min). Molecular weights increase along

the reaction for polymerization temperatures of 120–130 ◦C. At higher temperatures,

molecular weights remain relatively constant (150 ◦C) or decrease along the reaction

(200 ◦C).
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3.3 Mathematical model

3.3.1 Kinetic mechanism

The proposed kinetics involves initiation via a symmetrical cyclic trifunctional initiator

by sequential and total decomposition reactions, thermal initiation, propagation, transfer

to the monomer, combination termination and re-initiation. Consider the global kinetic

mechanism presented in Table 3.1, which is an extension of the kinetic mechanism from

the previous chapter. In addition to the nomenclature from the preceding chapter, the

following nomenclature is adopted:

·I·(0) Initiator diradical without undecomposed peroxide groups

·S1·(0) Monomer diradical without undecomposed peroxide groups

·Sn·(0) PS diradical of chain length n and i undecomposed peroxide groups

αn Stoichiometric coefficient corresponding to a PS monoradical of chain length n

generated by total decomposition of a polymer with undecomposed peroxide groups

βn Stoichiometric coefficient corresponding to a PS diradical of chain length n

generated by total decomposition of a polymer with undecomposed peroxide groups

The following has been assumed: a) at the considered reaction temperatures, initiator

decomposition consists of two parallel reactions: sequential and total decomposition

[22, 25]; b) intramolecular termination is negligible [41]; c) disproportion termination

is negligible [92]; d) all peroxide groups present in the trifunctional initiator and in

the accumulated polymer exhibit the same thermal stability [41]; e) due to the short

life time of radicals, decomposition of undecomposed peroxide groups cannot occur in

radical molecules [41]; f) propagation and transfer reactions are unaffected by chain

length or conversion [41]; g) degradation reactions are negligible [17].

Note the following: i) when two monoradicals terminate, if one of then has a number

of undecomposed peroxide groups greater than zero, the formed polymer will contain

undecomposed peroxide groups; ii) diradicals only have either zero or an even number

of peroxide groups, as they are generated only by propagation of the initiator diradical

(either without or with only 2 peroxide groups), and by combination termination of

other diradicals, all of which have zero or an even number of peroxide groups; iii) due to

assumption c), polymeric chains may suffer both sequential decomposition reactions or
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Initiation
Chemical Initiation

by sequential decomposition

I(3)· 3kd1−−−→ ·I·(2)

·I·(2) + St· 2ki1−−→ ·S1·(2)
by total decomposition

I(3)· 3kdt−−→ 3 · I·(0)

·I·(0) + St· 2ki1−−→ ·S1·(0)
Thermal Initiation

3St
ki0−−→ 2S1·(0)

Propagation (n = 1, 2, 3...; i = 0, 1, 2...)

Sn·(i) + St
kp−→ Sn+1·(i)

·Sn·(i) + St· 2kp−−→ Sn+1·(i)

Transfer to monomer (n = 1, 2, 3...; i = 0, 1, 2...)

Sn·(i) + St
kfM−−−→ Sn

(i) + S1·(0)

·Sn·(i) + St
kfM−−−→ Sn ·(i) +S1·(0)

Re-initiation (n = 2, 3, 4...;m = 1, 2, ..., n− 1; i = 1, 2...; j = 0, 1, ..., i− 1)

Sn
(i) ikd2−−→ Sn−m·(i−j) + Sm

(j−1) ·

Sn
(i) ikdt−−→

n−1∑
l=1

αlSl·(0)+
n−1∑
k=1

βik · Sk·(0)

where αl = 1, 2 and βik = 1, 2, ...i− 1 with
∞∑
k=1

βik = i− 1.

Combination termination (n,m = 1, 2, 3...; i, j = 0, 1, 2...)

·Sn·(i) + · Sm·(j)
4ktc−−→ ·Sn+m·(i+j)

·Sn·(i) + Sm·(j)
2ktc−−→ Sn+m·(i+j)

Sn·(i) + Sm·(j)
ktc−−→ Sn+m

(i+j)

Table 3.1: St polymerization using DEKTP at high temperatures - Proposed kinetic
mechanism.
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total decompositions reactions. In the former, two monoradicals which may contain un-

decomposed peroxide groups are generated. In the latter, the chain may fragment itself

in both monoradicals and diradicals (depending on the position of the peroxide groups

within the chains) without undecomposed peroxide groups; (iv) due to the molecular

structure of the DEKTP molecule, only linear di- and mono radicals and linear polymer

chains can be formed in the reaction system.

3.3.2 Homogeneous model

From the kinetics of Table 3.1 and assuming homogeneous bulk polymerization, the

mathematical model of Appendix B was developed. This model is based on the mass

balances for the chemical species present in the reaction system. In order to model the

re-initiation reactions, polymeric chains were assumed to have uniformly distributed per-

oxide groups. Two random chain scission can then be performed by using two uniformly

distributed random variables, corresponding to both sequential and total decomposition

of peroxide groups.

The mathematical model consists of two modules: the Basic module of Appendix B.1 and

the Distributions module of Appendix B.2. The Basic module allows the prediction of

global chemical species evolution along the reaction (monomer, initiator, total mono- and

diradicals). The Distributions module allows simulation of the evolution of all chemical

species characterized by their chain length and their number of undecomposed peroxide

groups, and allows estimating the evolution of the molecular weight distribution -MWD-

of each species, characterized by their number of undecomposed peroxide groups.

The proposed model considers constant temperature, assuming that the reactor coo-

ling/heating system is ideal in the sense that it is capable of providing/removing the

exact amount of heat in order to keep the temperature constant. However, it is possible

to simulate reactions at different temperatures through the use of Arrhenius expressions

for the kinetic constants. The gel effect was indirectly considered by appropriately

reducing the value of the termination kinetic constant with increasing conversion.[17]

The Basic module is self-sufficient from the calculation point of view, and for its reso-

lution equations B.1, B.2, B.4, B.5, B.13, B.14, B.19, must be simultaneously solved.
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Parameter Units Arrhenius expression Reference

kd1, kd2 s−1 1.87 · 108e−25500/RT Adjusted in this work

kdt s−1 1.53 · 1030e−67549/RT Adjusted in this work

ki0
L2

mol2S
2.19 · 105e−27340/RT [17]

ki1, kp
L

mol s 1.051 · 107e−7082/RT [17]

kfM
L

mol s 3.84 · 109e−17836/RT Adjusted in this work

ktc
L

mol s 1.225 · 109e−(1667.3/RT )−2(C1x+C2x2+C3x3)
a

[17]

f 0.98 [25]

aC1 = 2.75 − 0.00505T ;C2 = 9.56 − 0.0176T ;C3 = −3.03 + 0.00785T , with x monomer conversion

Table 3.2: St polymerization using DEKTP at high temperatures - Adopted kinetic
parameters.

The equations of the Distributions module must be integrated using the Basic module

results.

The Basic module is solved by a standard stiff differential equation numerical method

based on a modified Rosenbrock formula of order 2. In the Distributions module, a large

number of equations (more than 300,000) must be integrated. For this reason, an explicit

forward Euler method was used, using the time intervals obtained from resolution of the

Basic module. A typical simulation requires less than 1 second for the Basic Module

and about 5 minutes for the Distribution module using an Intel Core i3 based processor

at 2.40 GHz.

3.3.3 Model adjustment and validation

The adopted kinetic parameters are presented in Table 3.2.

The adjusted parameters correspond to initiator decomposition (kd1, kd2 and kdt) and

transfer to monomer reactions (kfM ). Since all peroxide groups (in the initiator or in

the polymer chains) were assumed to have the same thermal stability, kd1 = kd2. All

other kinetic parameters were taken from the literature and are valid in a temperature
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range of 100-230 ◦C [17]. The Basic module allowed the adjustment for kd1 and kdt

from the estimation of the monomer conversion. The parameter kfM was adjusted to fit

the experimental data of average molecular weights using the Distributions module. A

sensitivity analysis was performed by decreasing and increasing the adjusted values for

the kinetic parameters and checking that the model response is within the acceptable

range for this type of system

3.4 Simulation results

The model was used to simulate the experiments described in the previous section. Simu-

lated results are compared with experimental measurements in Figure 3.2. Note that

experiments at 120–130 ◦C were re-simulated using the extended model. As expected,

theoretical predictions for these experiments are very similar to those reported in the

previous chapter.

A very good agreement between predicted and measured values for high temperature

experiments (150–200 ◦C) is observed. Figure 3.2 shows the simulation results corres-

ponding to the evolution of conversion and average molecular weights. The simulated

polydispersity of the formed polymer is around 2, in agreement with the experimental

value. As stated in the preceding chapter, the change of the slope in the conversion

curve in Figure 3.2 at approximately 200 min at 120 ◦C and 150 min at 130 ◦C, is due

to the combined effect of thermal and chemical initiation, which includes initiator de-

composition and decomposition of unreacted peroxide groups within the polymer chains,

together with the gel effect, globally producing an increase in the rate of polymerization.

The re-initiation reactions within the polymer chains are also responsible for the high

molecular weights observed experimentally and predicted by the model at temperatures

of 120–130 ◦C, where initiator decomposition is mostly sequential. The change of the

slope in the conversion curves at 150 ◦C is less noticeable. At this temperature, the

molecular weights are lower than in the previous temperature, and do not significantly

increase along the reaction. At 200 ◦C, initiator decomposition is completely total, and

its behavior is similar to the one of a classic monofunctional initiator, rather than a mul-

tifunctional initiator. The slope of the conversion curve decreases with reaction time, as

the initiator is fully consumed after approximately 1 min, with the remaining initiation

reactions due exclusively to thermal initiation. At this polymerization temperature,
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simulation results predict the existence of a limiting conversion which may be lower

than unity, indicating a polymerization mechanism corresponding to a “dead-end” poly-

merization, where radicals are rapidly consumed by termination and transfer reactions,

resulting in short polymer chains [96, 97]. This behavior and its relation to the initiator

decomposition reaction will be discussed in detail below. At 150 ◦C, both decomposi-

tion mechanisms coexist, but the total decomposition of the initiator does not generate

polymer chains with undecomposed peroxide groups, therefore reducing the amount of

re-initiation reactions that contribute to the increase of the rate of polymerization. As

expected, thermal initiation at these high temperatures accounts for 80 to nearly 100%

of total initiation (thermal and chemical), depending on the system temperature and

reaction time.

Aside from the prediction of experimental results presented in Figure 3.2, the model

was used to simulate other variables. Other model predictions are shown in Figures 3.3

through 3.7 and Table 3.3.
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Figure 3.3: Evolution of peroxide groups in the polymer for different reaction tem-
peratures.

Figure 3.3 represents the evolution of the concentration of the peroxide groups within

the polymer chains for different reaction temperatures. For a polymerization tempera-

ture of 130 ◦C, sequential decomposition of the initiator generates polymeric chains with
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undecomposed peroxide groups. As initiator decomposition is relatively slow, there is

initiator left in the system throughout the polymerization reaction. For this reason, the

rate of generation of peroxide groups within the polymer chains exceeds their rate of

decomposition, resulting in an increasing function of time until the end of the polymer-

ization reaction. Note that peroxide groups within the polymer chains still decompose

and generate long chain monoradicals, which result in high average molecular weights

predicted by the model for temperatures of 120–130 ◦C. If temperature is increased

above 130 ◦C, initiator decomposition increases due to both thermal activation and to-

tal decomposition. In this case, the concentration of peroxide groups in the polymer

might decrease with time in the course of the polymerization reaction. Total decompo-

sition of the initiator molecule becomes comparable with the sequential decomposition

at temperatures of approximately 150 ◦C. For this reason, even though the obtained Rp

are high, the obtained molecular weights are low and do not increase along the reaction,

as opposed to the case in the previous temperature range of 120–130 ◦C. At higher

temperatures (170, 180 ◦C), initiator decomposition becomes very rapid, with a small

contribution of sequential decomposition. This contribution increases the concentration

of peroxides in polymer, which then decreases as a result of the decomposition unde-

composed peroxide groups in polymer chains. At a temperature of 200 ◦C, initiator

decomposition is mostly total and the concentration of peroxide groups in the polymer

becomes zero almost instantaneously after the beginning of the reaction. These groups

decompose so rapidly that the effect on molecular weights and average rate of polymer-

ization is negligible. For this reason, at temperatures of 200 ◦C, the initiator behaves

as a traditional monofunctional initiator, and while high Rps are obtained, high average

molecular weights might be difficult to achieve.

Comparing the conversion curves for 150 and 200 ◦C in Figure 3.2, it can be observed

that the slope of the conversion curve (related to the rate of polymerization) is almost

constant at 150 ◦C, whereas at 200 ◦C, conversion reaches a high value in a short

period of time, and the slope of the curve largely decreases after said period. This

behavior is common to “dead-end” polymerization, which is caused by an extremely

rapid consumption of the initiator [96, 97]. In this system, such behavior arises due to

the total decomposition mechanism, which has a high activation energy and becomes

important at high temperatures.

From the experimental and theoretical results, it can be seen that both systems (150 and
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T (◦C) R̄p0.9 (mol/(L ·min))

130 0.0401
150 0.131
170 0.673
180 1.030
185 0.140
190 0.125
200 0.149

Table 3.3: Theoretical study of the effect of temperature on average rates of poly-
merization up to 90% conversion.

200 ◦C) reach about 90% conversion in about the same period of time, despite their large

temperature difference (50 ◦C). This indicates a similar average rate of polymerization.

The average rate of polymerization to attain a given conversion value can be theoretically

calculated using Equation B.26, for different reaction temperatures.

Table 3.3 shows the average rates of polymerization predicted by the model for different

reaction temperatures for a conversion value of 90%. It can be seen that the average

rate of polymerization increases with temperature up to a temperature of 180 ◦C. At

185 ◦C, a drastic decrease in the average rate of polymerization is observed. The rapid

decomposition of the initiator and the lack of peroxide groups in polymer chains to

re-initiate the reaction (due to total decomposition), generate a decrease in the poly-

merization rate. This decrease is not compensated by the increase in thermal initiation

of styrene. For temperatures higher than 190 ◦C, a slight increase in polymerization

rate can be observed. This is due to the increase of St thermal initiation, which is the

main radical generation mechanism at 190 ◦C and higher temperatures, where there is

almost no contribution from peroxide groups.

To better illustrate the change in rate of polymerization, the conversion curves corre-

sponding to 180, 190 and 200 ◦C at short polymerization times are represented in Figure

3.4, together with the evolution of total peroxide groups, as defined by B.19. It can be

observed that the decrease between the rate of polymerization at 180 ◦C and the rate

of polymerization at 190 ◦C is due to the rapid decomposition of total peroxide groups,

generating a large number of radicals at very short reaction times. For a temperature

of 190 ◦C, the system becomes exclusively thermally activated for a time of around
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7 minutes, in agreement with the time in which peroxide groups throughout the sys-

tem are totally consumed. For a lower temperature of 180 ◦C, the total peroxides are

not fully consumed within the time at which the reaction reaches full conversion, the

polymerization rate is almost constant up to high conversion values.
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Figure 3.4: Theoretical conversion and evolution of total peroxide groups for T = 180
◦C, T = 190 ◦C and T = 200 ◦C.

Figure 3.5 shows the theoretical MWDs of all formed polymer species at the end of the

polymerization reaction. Only MWDs of a few polymeric species are represented in order

to keep the picture clear but still representative. The polymeric species are characterized

by both their chain length and number of undecomposed peroxide groups, as calculated

by the Distributions module of the mathematical model (see Appendix B.2). When the

polymerization temperature is such that the initiator decomposition is mostly sequential

(130 ◦C), polymeric chains with undecomposed peroxide groups remain in the obtained

product. Polymers with two undecomposed peroxide groups have higher concentration

than polymers with a higher number of undecomposed peroxide groups, because these

are the main products of an initiator diradical that propagated and terminated to form

a polymeric chain. As the reaction temperature increases the fraction of polymers with

undecomposed peroxide groups decreases. When the polymerization temperature is such

that the initiator is consumed by both sequential and total decomposition (150 ◦C) this
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Figure 3.5: Theoretical MWD of the polymeric species at the end of polymerization
for: a) T = 130 ◦C, b) T = 150 ◦C and c) T = 200 ◦C.

fraction is lowered, and when the polymerization temperature is such that initiator de-

composition is mostly total (200 ◦C), there are no polymeric species with undecomposed

peroxide groups at the end of the polymerization reaction. In this case, the simulated

molecular structure of the obtained product is analogous to the one obtained in the

bulk polymerization of St using a traditional monofunctional initiator. It can be seen

that polymers with undecomposed peroxide groups have longer chains than the polymer

with no undecomposed peroxide groups for a temperature of 130 ◦C, where initiator

decomposition is mostly sequential. This is not the case for a temperature of 150 ◦C,

due to the similar contribution of both decomposition mechanisms.

Figure 3.6 shows the comparison between experimental and simulated normalized MWDs

of the total polymer (i.e. the sum of all polymeric species over number of peroxide

groups) at the end of the polymerization reaction for different reaction temperatures.

The mass fraction is normalized by dividing by the maximum mass fraction in order to
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represent the MWDs for temperatures of 130, 150 and 200 ◦C in the same figure. A

good agreement between experimental and simulated values is observed.
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Figure 3.6: Experimental and theoretical MWDs of the total polymer for T = 130
◦C, T = 150 ◦C and T = 200 ◦C.

The experimental and theoretical results for the bulk polymerization of St using DEKTP

indicate that the initiator decomposition reaction can determine the behavior of the poly-

merization system, in terms of rates of polymerization and final properties of the ob-

tained polymer (average molecular weight, presence of undecomposed peroxide groups).

These different behaviors can be related to the reaction temperature.

Figure 3.7 shows the fraction of the rate of chemical initiation by total decomposition

as a function of temperature. This fraction ia defined by Equation B.29 which involves

the kinetic parameters for sequential (kd1) and total decomposition (kdt). Figure 3.7

consists of four different “working zones”, each of them determined by the polymerization

temperature. For each of these working zones, the polymerization system has different

characteristics.

In Zone I (120–130 ◦C), initiator decomposition is mostly sequential, since the value

for kd1 is about one order of magnitude greater than the one for kdt (about 3 to 10%

chemical initiation by total decomposition). In this region, high rates of polymerization

(0.024–0.040 mol·L−1min−1) and high molecular weights (450,000–297,000 g/mol) are
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Figure 3.7: Fraction of chemical initiation by total decomposition of DEKTP and
working zones as functions of temperature.

simultaneously obtained. Average molecular weights increase along the reaction, and

the final product is a polymer containing undecomposed peroxide groups.

In Zone II (130–165 ◦C), initiator decomposition consists of both sequential and total

decomposition mechanism, since both kinetic parameters have values in the same order

of magnitude. This zone covers a wide range of temperatures for which the fraction of

chemical initiation by total decomposition ranges from 10 to about 90%. In this working

zone, polymerization rates are high (0.040 - 0.440 mol·L−1min−1), but the obtained

molecular weights are significantly lower than those obtained in Zone I (297, 000−77, 000

g/mol), and it is observed that the average molecular weights remain constant or decrease

along the reaction. Simulation results also show that polymers containing undecomposed

peroxide groups might be obtained when the system reaches full conversion up to a

temperature of 160 ◦C.

In Zone III (165–185 ◦C), the dominant decomposition mechanism is the total decom-

position, as the value for kd1 is about one order of magnitude lower than the one for

kdt (90-95% chemical initiation by total decomposition). In this region, rates of poly-

merization are very high (0.44−0.14 mol·L−1min−1), but the average molecular weights
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are low (77,000–48,000 g/mol) and decrease along the reaction. No polymers with un-

decomposed peroxide groups are obtained at the end of the reaction.

In Zone IV (185–200 ◦C), initiator decomposition is mainly total (more than 95% chem-

ical initiation by total decomposition) and so rapid that the system behaves as a “dead-

end” polymerization system, and exhibits a limiting value for conversion which can be

lower than unity. In this region, the rates of polymerizations can be lower than those

of Zone III (0.14–0.15 mol·L−1min−1) and the obtained molecular weights are very low

(48,000–44,000 g/mol).

Zone I is therefore the zone of technological interest, in which high polymerization rates

and high average molecular weights can be obtained simultaneously. However, in indus-

trial polystyrene processes where the final stages are carried out at high temperatures

(above 180 ◦C), the effect of the decomposition of the undecomposed peroxide groups

remaining within the polymer, and their effect on average molecular weights must be

evaluated. In order to preliminarily estimate this effect, simulations were carried out

considering only peroxide group decomposition at high temperatures, as in the previous

chapter. Simulations results show a decrease of about 30–40 % in average molecular

weight. Nevertheless, the obtained molecular weights are still comparable to those ob-

tained in traditional radical styrene polymerization using monofunctional initiators, but

the polymerization rates are higher, resulting in higher overall process productivity.

The working zones defined in this analysis can be directly related to the values of the

kinetic parameters of the initiator decomposition reaction. This type of analysis can be

performed for another multifunctional initiator, once the model parameters have been

validated with experimental data, in order to find the zone of technological interest, for

given reaction conditions and desired physical properties.

3.5 Conclusions

The bulk polymerization of St in the presence of DEKTP at temperatures of 150 and

200 ◦C was experimentally and theoretically investigated.

A mathematical model was developed, considering two simultaneous initiator decompo-

sition mechanisms: sequential and total decomposition of DEKTP. The model allows the
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prediction of the evolution of the reacting species concentration, monomer conversion

and detailed polymer molecular structure.

The mathematical model can be applied to simulate polymerizations in a wide tempera-

ture range (120–200 ◦C), where experimental information shows that both decomposition

mechanisms can be present.

Chemical initiation by DEKTP can be modeled as a set of two parallel reactions for

temperatures of 120–200 ◦C. Experimental and theoretical results indicate a strong

dependence of initiator decomposition kinetics with polymerization temperature. For

polymerization temperatures of 120–130 ◦C, initiator decomposition is mostly sequen-

tial, resulting in high Rps and high molecular weights simultaneously. For polymerization

temperatures of 130–160 ◦C, where both decomposition mechanisms are present, higher

rates of polymerization can be obtained, at the cost of reducing the average molecular

weight of the final product. For polymerization temperatures higher than 160 ◦C, initia-

tor decomposition is mostly total. The obtained polymers exhibit low molecular weights.

In addition, no undecomposed peroxide groups remain within the polymer chains at these

reaction temperatures. For temperatures higher than 185 ◦C, the system can behave as

a “dead-end” polymerization system, with low average rates of polymerization and low

molecular weights.

The mathematical model can be applied to choose the operating conditions in order to

obtain a good balance between process productivity and quality of the obtained product.

In addition, this approach could be extended to other multifunctional initiators or other

polymers obtained via radical polymerization, as a tool for understanding the process

kinetics and their interrelation with reaction conditions.

In the following chapter, a general mathematical model for the bulk polymerization of

St for multifunctional initiators of different functionality and structure is presented.



Chapter 4

Bulk styrene polymerization

using multifunctional initiators

4.1 Introduction

With the use of monofunctional initiators used in bulk St polymerization, it has been

proven difficult to achieve an appropriate balance between residence times, polymer-

ization rates, molecular weights and polydispersities, while also maintaining high con-

versions, the latter in order to maximize process productivity and minimize residual

monomer concentration in the product [2, 65, 70].

As mentioned in Chapter 2, the use of multifunctional initiators provided a solution to

the former problem. This type of initiators allows obtaining both high reaction rates

and molecular weights, while also enhancing final properties of the product [39, 41,

43, 66, 69]. This improvement was attributed to the existence of additional radical-

generating reactions given by the rupture of undecomposed labile groups, which are

disseminated in the growing and temporarily dead polymer chains. These species can

be involved in further initiation, propagation, chain transfer and termination reactions

during the course of polymerization, leading to high average molecular weights. Several

works have theoretically studied the synthesis of PS with bifunctional initiators and

developed mathematical models to predict the reacting species concentrations and the

molecular structure of the obtained polymer in the course of the polymerization reaction.

55
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Kuchanov and Ivanova [87] studied different mono-, bi-, and trifunctional peroxide-

type initiators of similar structures at a constant peroxide concentration and found

similar polymerization rates that were independent of the initiator employed, provided

the peroxide groups have a similar thermal stability. In Ivanov and Kuchanov [88], a

statistical model was proposed for polymerization using multifunctional initiators. A few

years later, the works of Choi and Lei [69], Kim and Choi [66] and Villalobos et al. [39]

theoretically and experimentally investigated the polymerization of St with bifunctional

initiators.

The majority of experimental and modeling works involved bifunctional initiators, speci-

fically in the polymerization of St. Works involving experimental studies and modeling

of polymerization systems using initiators with functionalities greater than two in free

radical polymerization are less numerous [42, 75, 77, 89]. Cerna et al. [89] experi-

mentally studied the bulk polymerization of styrene using initiators with different func-

tionalities (monofunctional, bifunctional, and trifunctional initiators), while Scorah et

al. [75] experimentally and theoretically studied the tetrafunctional initiator polyether

tetrakis(tert-butylperoxy carbonate) (JWEB50). Works comparing monofunctional with

bifunctional initiators can also be found in the literature [43, 65, 66, 69, 70] as well as

works employing mixtures of mono- and bifunctional initiators [70].

With respect to initiator structure, it was observed that the use of cyclic multifunctional

initiators (e.g. triperoxide cyclohexanone (CHTP), diethylketone triperoxide (DEKTP),

acetone triperoxide (ATP), cyclohexanone diperoxide (CHDP) and pinacolone diperox-

ide (PDP)) in polymerization reactions represents a promising alternative [36, 42, 78, 79].

Sheng et al. [42] experimentally studied the use of the cyclic trifunctional initiator 3,6,9-

triethyl-3,6,9-trimethyl-1,4,7-triperoxonane in the bulk polymerization of St, obtaining

polymers with high molecular weights at high rates. In Berkenwald et al. [78], the use

of diethyl ketone triperoxide (DEKTP), a cyclic trifunctional peroxide initiator, in the

bulk polymerization of St was experimentally and theoretically studied. A mathemati-

cal model was developed to predict the evolution of the reacting species concentration,

monomer conversion, and detailed polymer molecular structure. In this study, initiation

by DEKTP at 120–130 ◦C yielded polymers with high molecular weights at relatively

short polymerization times. In Berkenwald et al. [79] the bulk polymerization of styrene

using DEKTP at higher temperatures (150–200 ◦C) was studied. Experimental and

theoretical results are consistent with a total rupture of the initiator molecule at these
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higher temperatures, resulting in lower average molecular weights. The working tempe-

rature zone of technological interest for the use of a multifunctional initiator is therefore

that where initiator decomposition is mostly sequential.

From the works available in the literature that were previously discussed, it is observed

that the theoretical determination of the detailed molecular structure of PS obtained in

the bulk polymerization of St using multifunctional initiators is addressed by relatively

few works, due to complexity of the polymerization system and the high calculation

times involved in detailed species distributions. When considering cyclic multifunctional

initiators, multiradical species may be generated and the polymer species will have

undecomposed peroxide groups within their chains. Their position inside the chain

should be estimated in order to evaluate the effect of the re-initiation reactions on the

molecular weight distribution. Mathematical models based on moment equations can

adequately predict the obtained average molecular weights, but fail to evaluate the

full molecular weight distribution (MWD) [75]. If the mathematical models were used

for simulating the complete industrial polymerization process, it is of importance that

the detailed polymer MWD be simulated due to its effect on quality variables such as

oligomer content, mechanical properties and processing properties [98]. Some works have

used stochastic models, such as Dynamic Monte Carlo Simulation, in order to quantify

the full MWD [82, 84]. These models can be mathematically complex and are not

particularly well suited for optimization purposed. In addition, the mathematical models

involving multifunctional initiators are limited to specific cases, in terms of initiator

functionality and structure [65, 66, 69, 70, 75, 78, 79]. These models cannot be readily

applied to initiators with other functionalities or structures, where more complex kinetics

may be involved.

This objective of this chapter is to develop a general framework and a comprehensive

mathematical model for a bulk styrene polymerization system initiated by multifunc-

tional initiators. An advantageous feature of this model is that it allows the estimation

of the evolution of the detailed MWD of each polymer species, and full information of

the molecular structure of the obtained product. Additionally, this model is a compre-

hensive model, in the sense that it can be used to simulate any mono- or multifunctional

initiator, either linear or cyclic. The model is adjusted and validated using new expe-

rimental results for the bulk polymerization of St using different peroxide initiators in
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a batch reactor. The model is then used to theoretically study the use of multifunc-

tional initiators and the effect of process conditions on polymerization rate and product

quality.

The work presented in this chapter was reported in Berkenwald et al. [99], “Bulk Poly-

merization of Styrene using Multifunctional Initiators in a Batch Reactor : A Compre-

hensive Mathematical Model”, Int. J. Chem. React. Eng., 14, 1, 2016.

4.2 Experimental work

The experimental work consisted on the synthesis and characterization of the organic

peroxide PDP and isothermal batch bulk polymerizations of St using the multifunctional

initiators PDP and L331 at 0.01 mol/L. The experimental data for bulk polymerization of

styrene using the trifunctional cyclic initiator DEKTP were taken from a previous work

[78]. The selected polymerization temperatures are such that initiator decomposition is

mostly sequential [36, 79, 89].

4.2.1 Reagents

Styrene (99%) was provided by Sigma-Aldrich and it was purified by vacuum distilla-

tion over sodium before use. 1,1-Bis(tert-butylperoxy)cyclohexane (Luperox-331M80)

was supplied by Arkema and it was used as received. Ammonium chloride (NH4Cl, 99.5

%), 3-pentanone (99 %), 3,3-dimethyl-2-butanone (98 %), sodium sulfate anhydrous

(Na2SO4, 99 %), petroleum ether (ACS reagent), methanol (99.8 %) and tetrahydro-

furan (THF, 99 %) were supplied by Sigma-Aldrich and they were used without extra

purification. Sulfuric acid (H2SO4, 98%) and hydrogen peroxide (H2O2, 50%) were

purchased from J. T. Baker and they were used as received.

4.2.2 Synthesis of PDP

Pinacolone diperoxide (PDP) was obtained according to a method reported in the li-

terature [36]. 50 mmol of 3,3-dimethyl-2-butanone were dripped into a stirred mixture of

H2O2 (56 mmol) and H2 SO4 (195 mmol) at −15 to −20 ◦C. After 3 hours of reaction,

the mixture was extracted with petroleum ether (3×25 mL). The organic layer was
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freed of H2O2 by washing with a saturated solution of NH4Cl (3×10 mL) and with

water (3×10 mL). The organic layer was dried over Na2SO4 for 24 hours. The solution

was filtered and the product was isolated by solvent evaporation. The obtained white

solid was recrystallized twice from methanol and its purity was confirmed by nuclear

magnetic resonance (NMR).

4.2.3 Polymerization reactions

A metal polymerization reactor was filled with 900 mL of St, and initiator was added

in order to reach 0.01 mol/L for all initiators. The reaction mixture was de-gassed and

blanketed with nitrogen and the reactor was heated to the selected temperature with a

heating coil containing flowing hot oil. The employed peroxide initiators were:

• Cyclic trifunctional initiator diethyl ketone triperoxide (DEKTP) (IUPAC Name:

3,3,6,6,9,9-hexaethyl-1,2,4,5,7,8-hexaoxacyclononane)

• Cyclic bifunctional initiator pinacolone diperoxide (PDP) (IUPAC Name: 3,6-

ditertbutyl-3,6-dimethyl-1,2,4,5-tetraoxacyclohexane)

• Linear bifunctional initiator Luperox-331M80 (L331) (IUPAC Name: 1,1-Bis(tert-

butylperoxy)cyclohexane)

The chemical structures of the different polyperoxide initiators are presented in Figure

4.1.

Figure 4.1: Chemical structures of multifunctional initiators: a) DEKTP b) PDP, c)
L331.

The reaction conditions are summarized in Table 4.1. Note that polymerizations using

DEKTP were taken from Berkenwald et al. [78]. The reaction temperature was moni-

tored and controlled using a 4842 PID controller and an air-cooling system in order to
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keep the temperature at the desired value. The stirring rate was 50 rpm. Samples were

taken along the reaction using a sampling valve located at the bottom of the reaction

vessel. The samples were then dissolved in 10 times their volume of toluene under

agitation.

Initiator Concentration Temperature
(mol/L) (◦C)

DEKTP 0.01 120
DEKTP 0.01 130
PDP 0.01 110
PDP 0.01 120
L331 0.01 110
L331 0.01 116

Table 4.1: Reactions conditions for St polymerization using multifunctional initiators.

4.2.4 Analytical techniques

Cyclic peroxide initiator PDP was characterized by 1H and 13C NMR using a JEOL

Eclipse-300 MHz spectrometer. CDCl3 was used as solvent and analysis were performed

at room temperature. The resulting NMR spectra are presented in Figure 4.2.

Figure 4.2: NMR spectra for synthesized PDP: a) 1H NMR b) 13C NMR.

Polymers were isolated from the samples by precipitation in methanol and filtration.

Conversion was determined by gravimetric analysis from the weights of the samples and

the weight of the filtered, dry polymer.
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Molecular weights of polymer samples were determined by size exclusion chromatography

(SEC) at 40 ◦C using a Hewlett-Packard instrument (HPLC series 1100) equipped with

UV light and refractive index detectors. A series of three PLGel columns at porosities of

103, 105, and 106 Åwas used. Calibration was carried out with PS standards and THF

(HPLC grade) was used as eluent at a flow rate of 1 mL/min.

4.2.5 Experimental results

The results for conversion and average molecular weights of the experiments of Table 4.1

are presented in Figure 4.3. Experimental results for the molecular weights distributions

at the end of polymerization are presented in Figure 4.3.

The experimental results show that polymerizations rates are higher for PDP than for

DEKTP at equivalent reaction temperature and initial initiator concentration. Further,

initiation by L331 provides a higher initial polymerization rate than the one for PDP

at the same temperature of 110 ◦C. As expected, increasing the reaction temperature

increases the initial polymerization rate. It is observed that PDP initiation provides a

greater initial Rp compared to DEKTP, indicating that the peroxide groups in PDP are

less stable than those of DEKTP. The stability of peroxide groups inside the initiator

molecules has been theoretically investigated using molecular simulations, which have

shown that several stable conformers exist for DEKTP, while only two are stable in the

case of PDP [100]. Similarly, the peroxide groups in L331 would be less stable than

those in PDP. As regards the molecular weights, it can be seen that higher molecular

weights are obtained when using DEKTP with respect to PDP and L331. This can be

attributed to a higher stability -and lower decomposition rate- of peroxide groups in

cyclic initiators, as well as the presence of diradicals in the reaction system.

4.3 Mathematical model

4.3.1 Homogeneous polymerization model

The mathematical model is based on the kinetic mechanism presented in Table 4.2,

which includes initiation via a symmetrical cyclic or linear multifunctional initiator,

thermal initiation, propagation, transfer to the monomer, combination termination and
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re-initiation. In addition to the nomenclature from the preceding chapters, the following

nomenclature is adopted:

I(φ) Cyclic multifunctional initiator with φ undecomposed peroxide groups

Ī(φ) Linear multifunctional initiator with φ undecomposed peroxide groups

·I·(i) Initiator diradical with i undecomposed peroxide groups

I·(i) Initiator monoradical with i undecomposed peroxide groups

·S1·(i) Monomer diradical with i undecomposed peroxide groups

S1·(i) Monomer monoradical with i undecomposed peroxide groups

Initiation(φ = 1, 2, 3; i < φ)
Thermal Initiation

3St
ki0−−→ 2S1·(0)

Chemical Initiation

I(φ)
φkd1−−−→ ·I·(φ−1)

Ī(φ)
φkd1−−−→ Ī·(i)

·I·(i) + St
2ki1−−→ ·S1·(i)

I·(i) + St
ki1−−→ S1·(i)

Propagation (n = 1, 2, 3...; i = 0, 1, 2...)

Sn·(i) + St
kp−→ Sn+1·(i)

·Sn·(i) + St· 2kp−−→ Sn+1·(i)

Transfer to monomer (n = 1, 2, 3...; i = 0, 1, 2...)

Sn·(i) + St
kfM−−−→ Sn

(i) + S1·(0)

·Sn·(i) + St
2kfM−−−→ Sn ·(i) +S1·(0)

Re-initiation (n = 2, 3, ...;m = 1, 2, ..., n− 1; i = 1, 2...; j = 0, 1, ..., i− 1)

Sn
(i) ikd2−−→ Sn−m·(i−j) + Sm

(j−1) ·

Combination termination (n,m = 1, 2, 3...; i, j = 0, 1, 2...)

·Sn·(i) + · Sm·(j)
4ktc−−→ ·Sn+m·(i+j)

·Sn·(i) + Sm·(j)
2ktc−−→ Sn+m·(i+j)

Sn·(i) + Sm·(j)
ktc−−→ Sn+m

(i+j)

Table 4.2: St polymerization using multifunctional initiators - Proposed kinetic
mechanism

The following was considered: i) at the temperatures employed, the initiators decompo-

sitions are due exclusively to sequential decomposition [36, 39, 89]; ii) intra-molecular
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termination is negligible [41]; iii) disproportion termination is negligible [92]; iv) all pe-

roxide groups present in the initiator and in the accumulated polymer exhibit the same

thermal stability [41]; v) because of the short lifetime of radicals, the decomposition of

undecomposed peroxide groups does not occur in radical molecules [41]; vi) propaga-

tion and transfer reactions are unaffected by the chain length or conversion [41]; vii)

degradation reactions are negligible [17].

Note the following: 1) when two mono-radicals with i and j undecomposed peroxide

groups terminate, the formed polymer will contain i+ j undecomposed peroxide groups;

2) with a cyclic trifunctional initiator, diradicals only have an even number of pero-

xide groups, as they are generated only by propagation of the initiator diradical (with

only two peroxide groups) and by the combination termination of other diradicals, all of

which have an even number of peroxide groups; 3) re-initiation involves the decomposi-

tion of a peroxide group within a polymer chain with undecomposed peroxide groups,

which generates two mono-radicals capable of further growth. Because of the molecular

structure of the initiator molecules considered, only linear diradicals and mono-radicals

and linear polymer chains can be formed in the reaction system.

At temperatures of 110–130 ◦C, peroxide groups in the initiators considered in this work

decompose sequentially, and thus polymeric species containing undecomposed peroxide

groups are generated. Said species can further decompose during the course of polymer-

ization, adding to the complexity of the polymerization mechanism. Both the radical

and polymer chain length distributions are modified by the rupture of one of these perox-

ide groups. Even though the values for the average molecular weights could be obtained

by a moments-based mathematical model, a more detailed model is required in order to

simulate the evolution of the full MWD.

A first-order, bi-dimensional, non-linear polymerization model was developed from the

kinetic mechanism detailed in Table 4.2. The model consists of a set of non-linear diffe-

rential equations, which are derived from the mass balances for the reacting species (see

Appendix C), including the living radical species, dead and temporarily dead polymer

species for all kinetic chain lengths and number of undecomposed peroxide groups.

The mathematical model consists of three modules:
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• The Basic module (Appendix C.1), which allows the prediction of global chemical

species evolution along the reaction (monomer, initiators, total radical species).

• The Moments module (Appendix C.2), consisting of equations for the evolution of

the 0th, 1st and 2nd moments of the reacting species chain length distributions.

Said moments can be used to estimate the evolution of average molecular weights

during the course of polymerization.

• The Distributions module (Appendix C.3), which simulates the evolution of all

chemical species, characterized by their chain length and number of undecom-

posed peroxide groups. The equations estimate the evolution of the complete

MWD of each radical and polymer species. In order to consider the effect of re-

initiation reactions in the MWDs, polymer chains were assumed to have uniformly

distributed peroxide groups. A random-chain scission can be simulated with a

uniformly distributed random variable. The uniform peroxide group distribution

hypothesis is expected to be valid for cyclic initiators and for linear initiators with

functionalities greater than two.

The proposed model considers an ideal cooling/heating system, which allows the poly-

merization temperature to be set at a specific value. However, the effect of temperature

on reaction kinetics is considered through the use of Arrhenius expressions for the kinetic

parameters. The gel effect was indirectly considered by appropriately reducing the value

of the termination kinetic coefficient with increasing conversion [17].

The Basic module can be solved independently from the other two, and for its resolu-

tion, Equations C.1 to C.4, C.6, C.7, and C.15 to C.16 must be simultaneously solved.

For predicting polymer molecular structure, the Moments module or alternatively the

Distributions modules can be solved using the results from the Basic module, in order

to estimate the average molecular weights or the detailed MWD of the polymer species,

respectively. The Basic and Moments modules are solved by standard stiff differential

equation numerical methods based on a second-order modified Rosenbrock formula, pro-

grammed in MATLAB v. 8.3. In the Distributions module, a large number of equations

(more than 500,000) must be integrated. For this reason, an explicit forward Euler

method was used, with the time intervals obtained from resolution of the basic module.

A typical simulation requires less than 1 s for the Basic module, 1 min for the Moments
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module and about 5 min for the Distributions module with an Intel Core i5 based pro-

cessor at 2.40 GHz. These calculation times are considerably shorter than what has

been reported with similar moments-based models for bifunctional initiators [84].

4.4 Simulation results

The model was adjusted using the experimental data in Figure 4.3 and Figure 4.4. Model

parameter adjustment was sequential and consisted of two steps, using least-squares

optimization algorithms. Firstly, kd1, kdp, f1 and f2 for each initiator were adjusted

with the conversion data. Since all peroxide groups are assumed to have the thermal

stability, kdp = kd1 and it was assumed that f1 = f2. Secondly, kfM was adjusted with

the average molecular weight data. The obtained values for the decomposition constants

are in accordance with what has been reported for the decomposition rates of organic

peroxides [89], and the values for the transfer constants are within the expected range

reported in the literature [19]. All other values for the kinetic parameters were taken

from the literature [17]. Model parameters are presented in Table 4.3.

Model parameter adjustment yields kd1 (L331) > kd1 (PDP) > kd1 (DEKTP), their

differences being of orders of magnitude, which is in agreement with the experimental

results. The higher value for L331 is related to the higher initial Rp, as discussed earlier.

In addition, simulation results indicate that, in the case of L331 at 116 ◦C, the initiator

is totally consumed at around 100 min, which is in agreement with the experimental

results, as the slope of the conversion curve decreases at around 100 min at 116 ◦C.

Once the initiator is fully consumed, the system becomes almost exclusively thermally

activated and the Rp decreases.

As it can be observed in Figures 4.3 and 4.4, theoretical and experimental results are

in very good agreement. The differences in molecular weights are, in all cases, within

the experimental error range (below 10%). Note that the major differences in molecular

weight values occur for the linear bifunctional initiator L331. The result is expected

due to the uniform peroxide group distribution hypothesis. As an additional verifica-

tion, simulations were carried out modifying the peroxide group distribution for the

specific case of a bifunctional linear initiator, for which all peroxide groups are located
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Figure 4.3: Conversion and average molecular weights as functions of time for a)
DEKTP, b) PDP and c) L331.
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Figure 4.4: Experimental and theoretical MWDs for a) DEKTP, b) PDP and c) L331.
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Parameter Units Arrhenius expression Reference

kd1, kdp (DEKTP) s−1 4.0e−5440/T Adjusted in this work

kd1, kdp (PDP) s−1 7.0 · 1017e−19761/T Adjusted in this work

kd1, kdp (L331) s−1 5.0 · 1020e−21331/T Adjusted in this work

f1, f2 (DEKTP) 0.03T − 11.29 Adjusted in this work

f1, f2 (PDP) 0.0025T − 0.708 Adjusted in this work

f1, f2 (L331) 0.0033T − 12.32 Adjusted in this work

ki0
L2

mol2S
2.19 · 105e−13810/T [17]

ki1, kp
L

mol s 1.051 · 107e−7082/RT [17]

kfM
L

mol s 7.0 · 1010e−10185/T Adjusted in this work

ktc
L

mol s 1.686 · 109e−(844/T )−2(C1x+C2x2+C3x3)
a

[93]

aC1 = 2.75 − 0.00505T ;C2 = 9.56 − 0.0176T ;C3 = −3.03 + 0.00785T , with x monomer conversion

Table 4.3: St polymerization using multifunctional initiators - Adopted kinetic pa-
rameters.

at chain ends (see Appendix C.3). In this case, as expected, a broader simulated MWD

is obtained, which is in better agreement with the experimental values.

To confirm the consistency of the different modules, the following verifications were

carried out:

• It was verified that the results from the Basic, Moments and Distributions mo-

dules were equivalent. Specifically, it was verified that average molecular weights

calculated with the Moments module had the same values as the MWD averages

obtained with the Distributions module, conversion calculated with Distributions

module matched the one calculated with the Basic module and that peroxide group

concentrations calculated by the Basic, Moments and Distributions modules are

equivalent.
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• It was verified that, when using the initiator L331 (linear bifunctional), polymers

had a maximum of two undecomposed peroxide groups. When using a bifunc-

tional linear initiator, polymer species with more than two peroxide groups are

not generated in the course of polymerization.

Other simulation results using the model are presented in Figure 4.4, Figure 4.5 and

Table 4.4.

Figure 4.5 shows the evolution of the total polymer species concentrations as functions of

conversion, characterized by the number of (undecomposed) peroxide groups, as defined

by Equation D.35. The simulated conditions correspond to the conditions in Table 4.1.

In Figure 4.5, it can be observed that species containing different numbers of peroxide

groups are generated in the polymerization system. For these systems, the polymer

without peroxide groups is the most abundant polymer species. This species is mainly

generated by thermal initiation of the monomer.

In the case of the trifunctional cyclic initiator DEKTP and 130 ◦C, the species with two

peroxide groups is the most abundant peroxide-containing species. This is because said

polymer species is generated mostly by chemical initiation, and the primary initiator di-

radical contains two peroxide groups. The polymer with one peroxide group is generated

at around 10% conversion, since the polymer with two peroxide groups must decompose

for a growing chain containing one peroxide group to be generated. An analogous rea-

soning applies to polymers with a higher number of peroxide groups. It should be noted

that polymers with an even number of peroxide groups are also generated by termination

between two initiator diradicals and further propagation of the generated diradical (con-

taining an even number of peroxide groups), accounting for their higher concentrations

in the system. For the peroxide-containing species, the speed of generation exceeds that

of decomposition, and their concentration increases with conversion.

In the case of the bifunctional cyclic initiator PDP at 120 ◦C, initiator decomposition

generates a growing diradical with one undecomposed peroxide group. As the decom-

position rate is higher than for the case of DEKTP, and the contribution of thermal

initiation is lower, a larger number of peroxide containing species is generated. In the

case of the species with a high number of peroxide groups (three or four), the rate of

decomposition can exceed the rate of generation, and the polymer concentration can
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Figure 4.5: Evolution of the polymeric species for a) DEKTP, T = 130 ◦C, b) PDP,
T = 120 ◦C, c) L331, T = 116 ◦C.



Chapter 4. Bulk St polymerization using multifunctional initiators 71

decrease with increasing conversion. Before the system reaches full conversion, the poly-

mer with three peroxide groups is almost fully consumed and the polymer with four

peroxide groups is fully consumed.

In the case of the linear bifunctional initiator L331 at 116 ◦C, the decomposition rate is

highest, and the contribution of thermal initiation is lowest. The polymer containing one

peroxide group, generated by propagation of the initiator radical, is in a larger proportion

than the polymer without peroxide groups at very early stages in the polymerization.

However, due to the decomposition of the peroxide groups, its concentration eventually

decreases. The polymer with two peroxide groups is fully consumed before the system

reaches full conversion. Due to the linear structure of the initiator molecule, polymers

with a higher number of peroxide groups are not generated in this system.

In Figure 4.4, the MWDs of the most relevant molecular species, characterized both by

chain length and number of peroxide groups, are presented. As expected, the polymer

without peroxide groups is the most abundant species at the end of the polymerization

for all initiators. As previously stated, in the case of DEKTP the polymer with two

peroxide groups is the most abundant among these peroxide-containing species. In the

case of PDP, due to the lower temperature and lower decomposition rate of the peroxides,

a greater number of polymer species containing peroxide groups is present at the end of

the polymerization. The polymer with one peroxide group, mainly generated from an

initiator radical, is the most abundant peroxide-containing polymer species. In the case

of L331, only a small fraction of polymer with one peroxide group remains in the system

at the end of polymerization, due to the very high decomposition rate of the peroxide

groups.

The model was also used to theoretically evaluate the influence of initiator functionality

and structure in different polymerization processes. A series of simulations were carried

out, corresponding to theoretical experiments, varying the initiator functionality and

structure for given process conditions. In all of the simulations, it was assumed that

the peroxide groups have a decomposition constant of kd1 = kdp = 4 · 10−6 s−1 and

f1 = f2 = 0.5 at a temperature of 120 ◦C. For the simulations, the functionality and

structure of the initiators were varied, while the initial peroxide group concentration

was set to 0.02 mol/L for all simulated initiators, so that the results can be compared.

Simulation results are presented in Table 4.4.
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Functionality Structure R̄p,100% × 104 M̄n × 10−5 M̄w × 10−5

(mol/L·s) (g/mol) (g/mol)

3 cyclic 3,19 2,80 5,31
3 linear 3,20 2,15 3,95
2 cyclic 3,19 2,77 5,20
2 linear 3,20 2,12 3,96
1 cyclic 3,19 2,73 5,37
1 linear 3,19 2,09 4,01

Table 4.4: Theoretical study of initiator functionality and structure in a St polymer-
ization process.

As expected, all initiators provide equivalent rates of polymerization, if the same initial

peroxide group concentration is used. The fact that the rate of initiation is independent

of initiator functionality when all peroxides have the same thermal stability had been

already experimentally verified in the work of Kuchanov and Ivanova [87]. It is also

observed that higher average molecular weights are obtained when using initiators with

higher functionalities, as the effect of re-initiation reactions on molecular weights is in-

creased. A cyclic initiator provides higher average molecular weights than a linear one

of the same functionality. This is explained by the fact that diradicals can propagate by

their two ends, generating longer chain radicals. In addition, termination or transfer re-

actions of diradicals can form monoradicals, capable of further propagation and growth.

The effect on polymerization rate of the diradicals containing two active reacting sites is

small, since the concentration of monoradicals exceeds that of diradicals, due to thermal

decomposition.

If a hypothetical family of initiators were to be synthesized, for which all peroxide groups

had the same thermal stability, theoretical results show that:

• A cyclic initiator provides higher average molecular weights compared with a cor-

responding linear one, by about 30%. The structure of the initiator has little effect

on the rate of polymerization

• At the same initiator concentration, an initiator of higher functionality provides

higher polymerization rates and higher average molecular weights.
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• At the same initial peroxide group concentration, an initiator of higher functio-

nality provides higher average molecular weights while maintaining a high polyme-

rization rate.

4.5 Conclusions

A comprehensive mathematical model was presented, which simulates the evolution of

all the chemical species in the course of a bulk styrene polymerization process using

multifunctional initiators.

The model was adjusted and validated using the experimental data from batch poly-

merization reactions using initiators DEKTP, PDP and L331. The proposed kinetic

mechanism considers the re-initiation reactions due to undecomposed peroxide groups

within the polymer chains, and the derived model can be used to evaluate the molec-

ular structure of the obtained polymer. Theoretical and experimental results indicate

that initiator structure and functionality are key variables determining initiator perfor-

mance. An initiator of a high functionality and a cyclic structure provides polymers of

high molecular weights, while maintaining high polymerization rates.

The model can be extended to simulate an industrial process with a polymerization

initiator of a specific functionality and structure and for plant optimization purposes.



Chapter 5

Bulk styrene polymerization in

the presence of polybutadiene

using multifunctional initiators

5.1 Introduction

High impact polystyrene is a reinforced engineering thermoplastic, produced by bulk

polymerization of St in the presence of a rubber (PB or butadiene copolymer). This

heterogeneous material consists of a vitreous PS matrix, containing dispersed rubber

particles. Said particles contain PS occlusions, which can have either salami or core-shell

morphologies. HIPS properties depend not only on the recipe and operating conditions,

but also on the technology employed in the production process [101, 102].

The industrial bulk process for the production HIPS involves four main stages: disso-

lution, prepolymerization, termination, and devolatilization [11]. In the first stage, the

rubber is dissolved into the monomer at relatively low temperatures. The prepolyme-

rization stage consists of the addition of a chemical initiator, under continuous stirring,

reaching usually approximately 10–20 % conversion. In said stage, the morphology of

the material is developed. Termination takes place at higher temperatures, in order to

reduce the viscosity and promote the thermal initiation of the monomer. This stage is

74
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carried out without stirring, to avoid destruction of the morphology. During the de-

volatilization stage, the unreacted monomer is removed, under vacuum and at elevated

temperatures.

During the prepolymerization, the system is initially homogeneous. However, the ther-

modynamic incompatibility between PB and PS causes the system to separate into

two phases: a continuous, rubber-rich phase and a dispersed, PS-rich phase [103, 104].

The reaction then proceeds with the generation of free PS, and graft copolymer (GC)

[104, 105]. Towards the end of the prepolymerization stage, a crucial for the development

of morphology takes place, known as phase inversion (PI). After the PI, the morphology

remains almost unchanged during the following stages [12]. The PI is basically deter-

mined by the volume and viscosity of the phases, the presence of GC, and the stirring

conditions [106, 107]. The PI phenomenon has been studied [108–112] but is still poorly

understood.

The GC is generated by H-abstraction reactions involving the rubber and a free radical

species, resulting in an active site from which a polymer chain can grow. Said radi-

cal species can be generated by chemical decomposition of an initiator molecule, which

contains a certain number of labile groups, depending on its functionality. As in other

industrial free-radical polymerization processes, with the use of monofunctional initia-

tors it is difficult to achieve a good balance between process productivity and product

properties [39].

Bifunctional initiators in processes for obtaining HIPS have been studied [41, 70, 113]

both experimentally and theoretically. It was observed that said initiators allow high

productivity and high molecular weights. The cyclic trifunctional initiator DEKTP has

also been experimentally studied in the obtention of HIPS [76], obtaining products with

adequate particle morphology and a good physical properties. It has been observed that

the sequential decomposition of the initiators leads to significant increases in the rate

of polymerization, high molecular weights and may introduce branching in the chains

leading to improvements in the rheological and processing properties [74].

Most of the mathematical models of the bulk HIPS process assumed the reaction system

to be homogeneous and allowed to simulate both batch [41, 94] as continuous industrial

processes [11, 57, 113]. Except in Estenoz et al. [41] in which mono- and bifunctional

initiators are considered, in all the above models are limited to the use of monofunctional
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initiators. Even though multifunctional initiators are widely used in industrial HIPS

processes, there are no available mathematical models to simulate a HIPS polymerization

process using linear initiators with functionalities greater than 2 or cyclic multifunctional

initiators.

This chapter is the first attempt to develop a comprehensive mathematical model for

the bulk HIPS process using multifunctional initiators. The model allows the estimation

of the evolution of the detailed MWD and molecular structure of the obtained products

(free PS, GC and residual PB). This model can be used to simulate processes using any

mono- or multifunctional initiator, either lineal or cyclic. The model is adjusted and

validated using new experimental results for the bulk polymerization of St in the presence

of PB using different peroxide initiators. The model is also used to theoretically study the

use of multifunctional initiators and the effect of process conditions on polymerization

rate and product quality.

The work presented in this chapter was reported in Berkenwald et al. “Experimental

and theoretical study of the use of multifunctional in the high impact polystyrene bulk

process”, submitted to Int. J. Chem. React. Eng., ID ijcre-2016-0069, 2016.

5.2 Experimental work

The experimental work consisted on the synthesis and characterization of high impact

polystyrenes using three initiators with different functionalities: DEKTP (cyclic trifunc-

tional), PDP (cyclic bifunctional) and L331 (linear bifunctional). The selected polyme-

rization temperatures are such that initiator decomposition is mostly sequential [25, 36].

5.2.1 Reagents

Styrene (99 %) was provided by Sigma-Aldrich and it was purified by vacuum distillation

over sodium before use. 1,1-bis(tert-butylperoxy)cyclohexane (Luperox-331M80) was

supplied by Arkema and it was used as received. Sodium sulfate (Na2SO4, 99 %),

petroleum ether (ACS reagent), methanol (99.8 %) and tetrahydrofuran (THF, 99 %)

were supplied by Sigma-Aldrich and they were used without extra purification. Sulfuric

acid (H2SO4, 98 %) and hydrogen peroxide (H2O2, 50 %) were purchased from J. T.
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Baker and used as received. The medium cis-PB was provided by Dynastol Elastómeros

S.A de C.V., Mexico (M̄n = 215, 000g/mol, M̄w = 410, 000g/mol). Cyclic initiators

DEKTP and PDP were synthesized and characterized as indicated in Chapters 2 and 4.

5.2.2 Polymerization reactions

The polymerization reactions consisted of a series of bulk polymerizations of St in the

presence of PB, with the main stages of an industrial HIPS process (dissolution, pre-

polymerization and finishing) using different multifunctional peroxide initiators. In the

industrial process, the dissolution and prepolymerization take place in a series of con-

tinuously stirred tank reactors, while the finishing takes place in a series of non agitated

reactors [11]. The peroxide initiators employed and reaction conditions, including initial

initiator concentration of functionality φ [I
(φ)
0 ] and prepolymerization temperature TPP

are presented in Table 5.1.

Initiator [I
(φ)
0 ] (mol/L) TPP (◦C)

DEKTP 1.56 · 10−3 120
DEKTP 1.56 · 10−3 130
PDP 1.56 · 10−3 110
PDP 1.56 · 10−3 120
L331 1.56 · 10−3 110
L331 1.56 · 10−3 116

Table 5.1: Experimental conditions for HIPS polymerization using multifunctional
initiators.

5.2.2.1 Dissolution

A metal polymerization reactor was filled with 64 g of PB and 736 g of St and was left

under agitation at 70 rpm for 2 hours until a homogeneous mixture was obtained.

5.2.2.2 Prepolymerization

The selected peroxide initiator was added in order to reach a concentration of 1.56 ·10−3

mol/L for all initiators. The reaction mixture was de-gassed and blanketed with nitrogen

and the reactor was heated to the selected temperature with a heating coil containing
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flowing hot oil. The reaction temperature was monitored and controlled using a 4842

PID controller and an air-cooling system in order to keep the temperature at the desired

value. Samples were taken along the reaction using a sampling valve located at the

bottom of the reaction vessel. In the industrial process, the prepolymerization stage

proceeds until phase inversion. For the experimental setup, the prepolymerization time

was set to 120 min in order to ensure phase inversion, which was visually verified.

5.2.2.3 Finishing

After the prepolymerization, 5 samples were taken from the reaction medium and placed

into glass tubes, which are immersed in a bath of deionized water, in order to reach full

conversion for 20 hours at a finishing temperature TF of 150 ◦C.

5.2.3 Characterizations

5.2.3.1 Conversion

The samples taken at the prepolymerization stage were dissolved in 10 times their volume

of toluene under agitation at room temperature until full dissolution. The polymer was

then precipitated dropwise from methanol, filtered and dried under vacuum at 50 ◦C

until constant weight.

5.2.3.2 Grafting efficiency

The grafting efficiency EGS is defined as the ratio between the grafted PS mass and the

total PS mass (free and grafted).

The free PS was isolated from the other polymer species (PB and GC) using the following

solvent extraction technique: 0.5 g of each sample was dissolved in 25 mL of methyl ethyl

ketone/dimethylformamide (MEK/DMF; 50 % in volume) mixture; under agitation at

room temperature until full dissolution. The mixture was then centrifuged at 20,000 rpm

at −20 ◦C for 4 h, and an insoluble precipitate and a soluble supernatant were obtained.

The free PS from the soluble fraction was precipitated dropwise from methanol, filtered

and dried under vacuum at 50 ◦C until constant weight. The precipitate, consisting of
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the species PB and GC, was isolated from the soluble fraction and dried under vacuum

at 50 ◦C until constant weight. The grafted PS was calculated by subtracting the initial

PB mass to the PB and GC mass.

5.2.3.3 Molecular weights

The molecular weight distribution of the free PS and PB and the corresponding average

molecular weights (M̄n and M̄w) were determined by Size Exclusion Chromatography,

using a Hewlett-Packer chromatograph with a series of three PLgel columns (nominal

pore size 105, 104 and 103 Å). In all cases, a linear molecular weight calibration was

obtained with either PS or PB standards. Tetrahydrofuran (THF, HPLC grade) was

used as the eluent at a flow rate of 1 mL/min and the samples were analyzed at room

temperature.

5.2.3.4 Morphology

The internal morphology of the obtained polymers was analyzed by Transmission Elec-

tron Microscopy (TEM) using a JEOL TEM. The measurements were carried out at

10 kV on sample cuts with a Leica Ultracut ultramicrotome and stained with osmium

dioxide during 2 h. The sample cuts were performed at a temperature of −180 ◦C in

the ultramicrotome chamber, yielding cuts of no more than 100 nm thickness.

5.2.3.5 Melt flow index

Melt flow index (in g/10 min) of the final polymers was determined as per ASTMD-

1238-13, using a Dynisco Ph 800-322-2245 plastomer, a total charge of 5 kg and at a

temperature of 200 ◦C.

5.2.4 Experimental results

The experimental results are presented in Figures 5.1 and 5.2, and Table 5.2. Figure 5.1

corresponds to the prepolymerization stage, while Table 5.2 presents the characteristics

of final HIPS samples (at conversion ≈ 100 %). In Figure 5.2, the morphologies of the

final HIPS samples as observed by TEM are presented.
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Figure 5.1: Experimental (points) and theoretical (continuous curves) results for
HIPS prepolymerization stage using multifunctional initiators: a) conversion, b) free

PS weight average molecular weight, and c) grafting efficiency.
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Figure 5.2: Morphologies as observed by TEM for HIPS synthesized with a) L331,
b) PDP, and c) DEKTP.
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Initiator TPP (◦C) TF (◦C) M̄w,PS (g/mol) EGS (%) MFI (g/10 min)

DEKTP 130 150 178712 (17640) 17 (15) 18 (10.7)
PDP 120 150 175762 (183090) 18 (17) 12 (9.2)
L331 116 150 299887 (275060) 20 (19) 2.0 (3.5)

Table 5.2: Final properties of the synthesized HIPS materials. Theoretical predictions
are indicated in parenthesis.

The evolution of conversion with time during the pre-polymerization stage can be ob-

served in Figure 5.1. From the slopes of the curves, the rate of polymerization Rp can be

estimated. It can be seen that Rp(L331)> Rp(DEKTP)> Rp(PDP) for the lower temper-

ature experiments. At higher temperatures, it is observed that Rp(PDP)> Rp(DEKTP)

up to a prepolymerization time of about 75 min. This could be attributed to the differ-

ent thermal stability of the peroxide groups of the initiators. Note that the Rp are not

always determined at the same prepolymerization temperature.

The highest polymerization rates for L331 can be attributed to a higher decomposition

rate of the peroxide, as well as higher initiator efficiency. The decompositions of peroxide

groups in PDP appears to be more thermally activated than that of peroxide groups in

DEKTP, which would explain the observed differences in relative Rp behavior at lower

or higher temperatures.

As regards the molecular weights, it can be seen that in the case of the cyclic initia-

tors DEKTP and PDP, molecular weights are approximately constant throughout the

prepolymerization reaction, both at higher and lower temperatures. At lower tempe-

ratures, molecular weights obtained with L331 are slightly lower than those obtained

using the cyclic initiators, in accordance with a higher decomposition rate of peroxide

groups in L331. However, for the experiment at higher temperature, it can be observed

that molecular weights increase along the reaction. At the end of the prepolymerization

stage, average molecular weights obtained with L331 are higher than those obtained

with cyclic initiators.

The behaviors observed for the evolution of conversion and free PS average molecular

weights attributed to the higher stability of the cyclic initiators DEKTP and PDP are

consistent with what was found in the previous chapter with respect to the different

decomposition rates of these multifunctional initiators.
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As regards the grafting efficiency, it should be noted that this variable is expected to

have a large uncertainty due to the experimental technique employed for its determi-

nation [86]. The differences in experimental values are relatively small, although it can

generally be seen that EGS(L331)> EGS(PDP)> EGS(DEKTP). This can be attributed

to a higher rate of H-abstraction reactions by initiator radicals, which generate grafting

points in the PB chains. An increase in prepolymerization temperature promotes higher

grafting efficiencies for the cyclic initiators DEKTP and PDP.

The different values for grafting efficiencies and number of grafting points during pre-

polymerization are also related to the differences in the observed morphologies for the

final products of Figure 5.2. It can be observed that the product obtained with L331

presents a larger number of smaller particles, of an average diameter of approximately

290 nm and core-shell morphologies. In contrast, the product obtained with PDP and

DEKTP presents a smaller number of larger particles, with average diameters of ap-

proximately 510 nm and 870 nm respectively, and salami morphologies.

With respect to the final properties of the HIPS samples in Table 5.2, it can be seen

that the products synthesized with the cyclic initiators PDP and DEKTP present similar

values for M̄w,PS, EGS and MFI. Initiation by DEKTP produces a product of higher

molecular weight than the product obtained with PDP, in accordance with the values

of the molecular weights during the prepolymerization stage. Additionally, the higher

M̄w,PS and EGS values observed in the case of L331 are consistent with the differences

in values observed during the prepolymerization stage. The experimental results for the

product synthesized with DEKTP show an unexpected behavior in the high MFI value,

which is inconsistent with the higher molecular weight. This result can be attributed to

the possible presence of small amounts of monomer in the melt.

5.3 Mathematical model

5.3.1 Pseudo-homogeneous polymerization model

The mathematical model is based on the kinetic mechanism presented in Table 5.3,

which includes initiation via a symmetrical cyclic or linear multifunctional initiator,
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thermal initiation, propagation, transfer to the monomer, transfer to the rubber, combi-

nation termination and re-initiation. In addition to the nomenclature from the preceding

chapters, the following nomenclature is adopted:

P (i) Copolymer with i undecomposed peroxide groups in the grafted chain

P0·(i) Primary radical produced by attack to a butadiene repetitive unit (B)

present in the residual PB or the P (i)

Pn·(i) Copolymer radical with i undecomposed peroxide groups and

n repetitive units of St in the active branch

The following was considered: i) at the temperatures employed, the initiators decompo-

sitions are due exclusively to sequential decomposition [36, 39, 89]; ii) intra-molecular

termination is negligible [41]; iii) disproportion termination is negligible [92]; iv) all

peroxide groups present in the initiator and in the accumulated homo- and copolymers

exhibit the same thermal stability [41]; v) because of the short lifetime of radicals, the

decomposition of undecomposed peroxide groups does not occur in radical molecules [41];

vi) propagation and transfer reactions are unaffected by the chain length or conversion

[41]; vii) degradation reactions are negligible [17].

Assuming a pseudo-homogeneous bulk polymerization [41], a mathematical model was

developed from the kinetic mechanism detailed in Table 5.3. The model consists of a

set of nonlinear differential equations, which are derived from the mass balances for

the reacting species (see Appendix D), including the living radical species, dead and

temporarily dead polymer and copolymer species for all kinetic chain lengths and number

of undecomposed peroxide groups.

The mathematical model consists of three modules:

• The Basic module (Appendix D.1), which allows the prediction of global chemical

species evolution along the reaction (monomer, initiators, total radical species,

unreacted B units, grafting efficiency).

• The Distributions module (Appendix D.2), which simulates the evolution of all

chemical species, characterized by their chain length and number of undecomposed

peroxide groups. The equations estimate the evolution of the complete MWD

of each radical and polymer species, including free PS, residual PB and GC. In

order to consider the effect of re-initiation reactions in the MWDs, PS chains were
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Initiation(φ = 1, 2, 3; i < φ; j = 0, 1, ...)
Thermal Initiation

3St
ki0−−→ 2S1·(0)

Chemical Initiation

I(φ)
φkd1−−−→ ·I·(φ−1)

Ī(φ)
φkd1−−−→ Ī·(i)

·I·(i) + St
2ki1−−→ ·S1·(i)

I·(i) + St
ki1−−→ S1·(i)

·I·(i) + P (j) 2ki2−−→ P0·(j) + I·(i)

I·(i) + P (j) ki2−−→ P0·(j) + Ī(i)

Propagation (n = 1, 2, 3...; i = 0, 1, 2...)

Sn·(i) + St
kp−→ Sn+1·(i)

·Sn·(i) + St
2kp−−→ Sn+1·(i)

P0·(i) + St
kp−→ P1·(i)

Pn·(i) + St
kp−→ Pn+1·(i)

Transfer to monomer (n = 1, 2, 3...; i = 0, 1, 2...)

Sn·(i) + St
kfM−−−→ Sn

(i) + S1·(0)

·Sn·(i) + St
2kfM−−−→ Sn ·(i) +S1·(0)

P0·(i) + St
k′fM−−−→ P (i) + S1·(0)

Pn·(i) + St
kfM−−−→ P (i) + S1·(0)

Transfer to rubber (n = 1, 2, 3...; i, j = 0, 1, 2...)

Sn·(i) + P (j) kfG−−→ Sn
(i) + P0·(j)

·Sn·(i) + P (j) 2kfG−−−→ Sn ·(i) +P0·(j)

P0·(i) + P (j) kfG−−→ P (i) + P0·(j)

Pn·(i) + P (j) kfG−−→ P (i) + P0·(j)

Re-initiation (n = 2, 3, ...;m = 1, 2, ..., n− 1; i = 1, 2...; j = 0, 1, ..., i− 1)

Sn
(i) ikdp−−→ Sn−m·(i−j) + Sm

(j−1) ·
P (i) ikdp−−→ Pn−m·(i−j) + Sm

(j−1) ·

Combination termination (n,m = 1, 2, 3...; i, j = 0, 1, 2...)

·Sn·(i) + · Sm·(j)
4ktc−−→ ·Sn+m·(i+j)

·Sn·(i) + Sm·(j)
2ktc−−→ Sn+m·(i+j)

Sn·(i) + Sm·(j)
ktc−−→ Sn+m

(i+j)

P0·(i) + P0·(j)
k′tc−−→ P (i+j)

P0·(i) + Pm·(j)
k′tc−−→ P (i+j)

Pn·(i) + Pm·(j)
k′tc−−→ P (i+j)

P0·(i) + · Sm·(j)
2k′′tc−−→ Pm·(i+j)

Pn·(i) + · Sm·(j)
2k′′tc−−→ Pn+m·(i+j)

P0·(i) + Sm·(j)
k′′tc−−→ P (i+j)

Pn·(i) + Sm·(j)
k′′tc−−→ P (i+j)

Table 5.3: HIPS polymerization using multifunctional initiators - Proposed kinetic
mechanism.



Chapter 5. Bulk St polymerization in the presence of PB using multifunctional initiators 86

assumed to have uniformly distributed peroxide groups. A random-chain scission

can be simulated with a uniformly distributed random variable. The uniform

peroxide group distribution hypothesis is expected to be valid for cyclic initiators

and for linear initiators with functionalities greater than two [99].

• The Melt flow index module which estimates the MFI of the obtained polymer

by considering the mass and momentum balances in a plastometer [57]. The

MFI module inputs are the plastomer characteristics -dimensions and operating

conditions- as well as the final HIPS characteristics.

The proposed model does not include an energy balance. However, non isothermal

reactions can be simulated through the use of standard or modified Arrhenius expressions

for the kinetic constants [17, 86]. When a temperature profile is imposed, the reactor

cooling/heating system is considered ideal, in the sense that it is capable of exactly

following said profile. The gel effect was indirectly considered by appropriately reducing

the value of the termination kinetic coefficient with increasing conversion [17].

For the Basic module, Equations D.1 to D.4, D.8, D.9, and D.23 to D.24 must be

simultaneously solved. The Distributions module is then solved using the results from

the Basic module. Finally, the MFI module is solved using the weight average molecular

weights calculated with the Distribution module. The Basic Module is solved by a

standard stiff differential equation numerical method based on a second-order modified

Rosenbrock formula, programmed in MATLAB v. 8.3. In the Distributions module, a

large number of equations (more than 500,000) must be integrated. For this reason, an

explicit forward Euler method was used, with the time intervals obtained from resolution

of the basic module. The MFI module is solved using a Newton-Raphson method for

solving a system of non-linear algebraic equations. A typical simulation requires less

than 1 s for the Basic module, about 5 min for the Distributions module and less than

1 s for the MFI module with an Intel Core i5 based processor at 2.40 GHz. For the

copolymer bivariate distribution, a very large number of differential equations must be

solved, involving large variables in order to consider every possible number of St and B

units. For this reason, a cruder numerical method was employed, considering for each

time interval, the instantaneous chain length distribution (CLD) of the grafted St and

number of grafting points estimated from the Basic module. It was assumed that the

instantaneous CLD of the grafted PS chains is equal to the CLD the free PS [114].
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5.4 Simulation results

The model was adjusted using the experimental data in Figure 5.1 and Table 5.2. Model

parameter adjustment was sequential, using least-squares optimization algorithms. Firstly,

kd1, kdp, ki2 f1 and f2 for each initiator were adjusted with the conversion and grafting

efficiency data. Since all peroxide groups are assumed to have the thermal stability,

kdp = kd1 and it was assumed that f1 = f2. Secondly, kfM and kfG were adjusted with

the average molecular weight data. The obtained values for the decomposition constants

as well as the rubber initiation constants are in accordance with what has been reported

for the decomposition rates of organic peroxides [41, 89, 99], and the values for the

transfer to monomer and transfer to rubber constants are within the expected range

reported in the literature [41]. All other values for the kinetic parameters were taken

from the literature [17]. Model parameters are presented in Table 5.4.

It was found that f1kd1 (L331) > f1kd1 (PDP) > f1kd1 (DEKTP), which is in accordance

to what was found in the previous chapter for St homopolymerization. In addition, it

was found that ki2 (L331) > ki2 (PDP) > ki2 (DEKTP), indicating that the bifunctional

linear initiator generates a higher number of grafting points at a given temperature. This

result is in agreement with the lower grafting efficiencies observed for DEKTP and PDP

compared to L331 and with the different morphologies observed in the final products.

Simulation results are compared to experimental results in Figure 5.1 and Table 5.2. In

general, a fair agreement between experimental and predicted values is observed.

The predicted evolution of average molecular weights during the prepolymerization stage

shows an increase in the values for linear initiator L331, while the molecular weights

remain approximately constant for cyclic initiators PDP and DEKTP. This behavior is

in agreement with the results from the previous chapter. As the temperature is increased

to 150 ◦C for the finishing stage, the values of average molecular weights decrease.

Other simulation results using the model are presented in Figures 5.3. As shown, the

model can be used to obtain smooth surfaces given by the values of M̄n and EGS at a

given instant during the polymerization, as a function [I(φ)]0 and TPP . Given that the

characteristics of the final product are greatly determined at the PI point, said point was

chosen to evaluate the number average molecular weight of the free PS and the grafting

efficiency. To estimate the PI point, the evolution of the volumes of hypothetical PS- and
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Parameter Units Arrhenius expression Reference

kd1, kdp (DEKTP) s−1 3.4 · 1042e−43548/T Adjusted in this work

kd1, kdp (PDP) s−1 4.1 · 1061e−58622/T Adjusted in this work

kd1, kdp (L331) s−1 1.9 · 1020e−21034/T Adjusted in this work

f1, f2 (DEKTP) - 0.034T − 12.7 Adjusted in this work

f1, f2 (PDP) - 0.017T − 6.40 Adjusted in this work

f1, f2 (L331) - 0.0073T − 1.96 Adjusted in this work

ki0
L2

mol2S
1.1 · 105e−13810/T [93]

ki1, kp
L

mol s 1.051 · 107e−7067/RT [41]

ki2 (DEKTP) L
mol s 7.6 · 104e−2115/T Adjusted in this work

ki2 (PDP) L
mol s 8.3 · 108e−6103/T Adjusted in this work

ki2 (L331) L
mol s 1.8 · 103e−492/T Adjusted in this work

kfM , k′fM
L

mol s 3.2 · 1012e−11698/T Adjusted in this work

kfG
L

mol s 9.8 · 109e−4892/RT Adjusted in this work

ktc, k
′
tc, k

′′
tc

L
mol s 1.686 · 109e−(844/T )−2(C1x+C2x2+C3x3)

a
[93]

A - 1.8 [115]
B - 1.35 [115]

aC1 = 2.75 − 0.00505T ;C2 = 9.56 − 0.0176T ;C3 = −3.03 + 0.00785T , with x monomer conversion

Table 5.4: HIPS polymerization using multifunctional initiators - Adopted kinetic
parameters.

PB-rich phases was calculated using the results from the model. It was assumed that

the PI point is the point at which the volumes of both phases is equal [93]. The value of

conversion at which PI occurs in the simulated conditions is found to be approximately

12 %, within the range reported in the literature [12].

For all initiators, it can be seen that increasing the prepolymerization temperature for a

given initial concentration results in lower molecular weights at the PI, as expected. The

effect of the initial initiator concentration at a given temperature depends on the choice

of the initiator. For the cyclic peroxides DEKTP and PDP, it can be seen that M̄n,PS
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Figure 5.3: Theoretical simulations for HIPS Polymerization using multifunctional
initiators.

at the PI point is very slightly dependent on initiator concentration. This has been

experimentally verified in previous works [76] and is related to the higher stability and

lower decomposition rate of the cyclic initiators. In the case of L331, molecular weights

decrease with increasing initiator concentration, due to the higher decomposition rate

which generates a higher number of active sites.

As regards grafting efficiencies at the PI point, it can be seen that cyclic initiators pro-

vide lower values than the linear initiator, indicating a lower selectivity toward grafting

reactions with this type of initiators, as previously reported [76]. As expected, increasing

initiator concentration increases the grafting efficiency. The effect of the prepolymeriza-

tion temperature depends on the initiator: for cyclic initiators, an increase in grafting

efficiency with increasing temperature is observed.

If the molecular structure at the PI point was correlated to the final product morpholo-

gies, this model could be used to find the optimum conditions of the prepolymerization

stage (TPP , [I(φ)]0) to obtain a product with a pre-specified morphology. Analogously,
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the model can also be used to obtain the optimum temperature profile during the fin-

ishing stage in order to obtain a pre-specified MFI. Simulations such as the ones shown

in Figure 5.3 are a first step towards model inversion.

The model can also be used to estimate the molecular structure of the graft copolymer

at the PI point. Figure 5.4 shows the detailed weight chain length distributions at

the PI point obtained using the multifunctional initiators at a given prepolymerization

temperature TPP and an initial concentration of 1.56 · 10−3 mol/L.

Figure 5.4: Copolymer bivariate distributions at the phase inversion point for HIPS
polymerization using multifunctional initiators.

Initiator TPP (◦C) M̄n,C (g/mol) M̄w,C (g/mol) ω̄St J (#/molecule)

DEKTP 130 196325 370403 0.49 0.64
PDP 120 206747 401301 0.50 0.64
L331 116 173727 315098 0.41 0.63

Table 5.5: Copolymer average molecular weights, chemical composition and number
of grafted branches at the phase inversion point.

The average molecular characteristics of the graft copolymer (average molecular weights,

average St mass fraction ω̄St and average number of grafted St branches per reacted PB

molecule J as estimated by the model are presented in Table 5.5. As expected, it can

be observed the cyclic initiators provide higher copolymer average molecular weights.

The chemical compositions and average number of St branches are within the ranges

reported in previous works [41, 86].
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5.5 Conclusions

A mathematical model for the bulk polymerization of styrene in the presence of polybuta-

diene using multifunctional initiators was presented. The model simulates the evolution

of all the chemical species in the reaction system, consisting of a prepolymerization stage

and a finishing stage and predicts the melt flow index of the obtained HIPS.

The model was adjusted and validated using the experimental data from batch HIPS

polymerizations using initiators DEKTP, PDP and L331. The kinetic mechanism in-

cludes the re-initiation reactions due to undecomposed peroxide groups within the

polystyrene chains and the derived model can be used to evaluate the detailed molecu-

lar structure of all polymer species, including free PS, residual PB and graft copolymer.

Theoretical and experimental results indicate that the decomposition rates of the ini-

tiator functional groups are key variables in determining the characteristics of the final

products, namely average molecular weights, grafting efficiency and particle morphology.

The model can be used to evaluate the influence of the recipe and operating conditions

on the molecular and physical characteristics of the obtained polymer and find the

conditions for synthesizing a polymer with a set of pre-specified properties.



Chapter 6

Concluding remarks

6.1 Main results

In the work described in the preceding chapters, mathematical models for complex

styrene polymerization processes using multifunctional initiators were developed. The

models were adjusted and validated using experimental data and were used to theore-

tically study the effect of recipe and operating conditions on the characteristics of the

obtained materials.

In Chapter 2 and Chapter 3, the bulk polymerization of styrene in the presence of the

cyclic trifunctional initiator DEKTP was experimentally and theoretically studied. A

model considering the complex kinetics involving diradicals and re-initiation reaction

was developed, in order to simulate the evolution of the chemical species in the course of

polymerization and the detailed molecular structure of the obtained polymer. Chapter

2 considers the sequential decomposition of the initiator molecule at lower temperatures

of 120− 130 ◦C. In Chapter 3, the kinetic mechanism was extended to include the total

decomposition of the initiator at higher temperatures of 150 − 200 ◦C. The extended

model was used in the complete temperature range in order to find the working zone of

technological interest for this initiator. It was found that a temperature of 120− 130 ◦C

and an initial initiator concentration of 0.01 mol/L provide high polymerization rates

and high molecular weights simultaneously.

In Chapter 4, a novel general approach was proposed for the bulk polymerization of

St using multifunctional initiators of different functionalities and structures. A generic,

92
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comprehensive model was developed, which allows studying the influence of initiator

functionality and structure on the obtained materials. It was found that the decom-

position rate of the peroxide groups is the key variable affecting initiator performance,

and that a cyclic initiator provides molecular weights about 30 % than a corresponding

linear one with equal thermal stability.

Chapter 5 presents a mathematical model for the bulk polymerization of styrene in

the presence of polybutadiene using multifunctional. The model is an extension of

the generic model from Chapter 4 to a HIPS polymerization process, considering the

chemical species appearing due to the presence of the rubber, as well as different stages

of a HIPS polymerization process (prepolymerization and finishing). In addition to

the variables calculated by the previous model, the model provides full insight on the

molecular structure of the different polymer species (free PS, residual PB and graft

copolymer). Finally, the model was complemented with a melt flow index prediction

module adapted for HIPS and was used to evaluate the influence of prepolymerization

conditions on the molecular structure of the obtained materials.

6.2 Recommendation for future works

There is a wide range of possible works with the developed mathematical models. Two

direct applications would be the static or dynamical optimization of a PS or HIPS

production process. To this end, the current models could be adapted to continuous

processes, and the possibility of initiator mixtures could be considered. For the static

operation of a production process, the model could be used to obtain productivity maxi-

mization strategies that do not alter product quality. For the dynamic operation, the

model would allow studying the dynamic evolution with changes in product grade of

production levels, or combined changes in product grades in production levels.

It should be noted that the models available in the literature for continuous process

do not include the modeling of the devolatilization stage, in which high temperatures

are involved [95, 116]. In order to have a full mathematical description of a polyme-

rization process, a model for the devolatilization stage should be developed. The model

should consider the mass transfer phenomena that take place inside the devolatiliza-

tion equipment, as well as the high temperature reactions that could alter the product
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characteristics, including crosslinking reactions in the rubber particles [117], oligomer

formation [95, 118] and possible decomposition reactions [119]. Specifically, with the use

of multifunctional initiators, peroxide groups that could remain in the polymer chains

could decompose at the high devolatilization temperatures, causing a decrease in mole-

cular weight [78] with the consequent loss in mechanical properties.

In the particular case of the HIPS process, further research is needed in order to com-

plete the yet poorly understood structure-properties relationships. In addition, the

phenomenon of phase inversion should be adequately investigated and modeled, due to

its crucial role in the development of the morphology [104, 109, 110].

The main long-term objective using the models for a continuous process would be to

“invert” the model, in order to find the optimum recipe and operating conditions to

obtain tailor made products in an industrial continuos process.

The presented models could also be extended to other St polymers, such as SAN and

ABS, to which all improvements related to devolatilization and phase inversion apply.
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Mathematical model for the bulk

polymerization of styrene at

120–130 ◦C using DEKTP

The mathematical model is based on the kinetic mechanism of Table 2.2 and considers

the mass balances for the chemical species in the reaction system.

A.1 Basic module

Balances for non-polymeric reagents and products

Initiator (DEKTP)
d

dt

(
[I(3)]V

)
= −3kd1[I

(3)]V (A.1)

Monomer (St)

Assuming the long chain hypothesis, by which propagation is the only monomer-consuming

reaction:
d

dt
([St]V ) = −RpV = −kp[St] ([R·] + 2[·R·])V (A.2)
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where Rp is the global St polymerization rate, and

[R·] =
∞∑
i=0

∞∑
n=1

[Sn·(i)] (A.3a)

[·R·] =
∞∑
i=0

∞∑
n=1

[·Sn·(i)] (A.3b)

represent the total concentrations of mono- and diradicals respectively.

Radical species

Consider the mass balances of all free radicals appearing in the global kinetics. Such

balances provide:

d

dt

(
[·I·(2)]V

)
=
(

3fkd1[I
(3)]− 2ki1[·I·(2)][St]

)
V (A.4)

d

dt

(
[S1·(0)]V

)
=
{

2ki[St]3 −
(
kp[S1·(0)]− kfM ([R·] + 2[·R·])

+kfM [S1·(0)]
)

[St]− ktc[S1·(0)] ([R·] + 2[·R·])
}
V (A.5)

d

dt

(
[·S1·(2)]V

)
=
{(

2ki1[·I·(2)]− 2kp[·S1·(2)]− 2kfM [·S1·(2)]
)

[St]

−2ktc[·S1·(2)] ([R·] + 2[·R·])
}
V (A.6)

d

dt

(
[·Sn·(i)]V

)
=
{

2kp[St]
(

[·Sn−1·(i)]− [·Sn·(i)]
)
− 2kfM [St][·Sn·(i)]

−2ktc ([R·] + 2[·R·]) [·Sn·(i)] + 2ktc

i∑
j=0

n−1∑
m=1

[·Sn−m·(i−j)][·Sm·(j)]

V

(n ≥ 2, i = 2, 4, 6...) (A.7)
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d

dt

(
[Sn·(i)]V

)
=
{(
kp

(
[Sn−1·(i)]− [Sn·(i)]

)
+ kfM

(
2[·Sn·(i)]− [Sn·(i)]

))
[St]

− ktc ([R·] + 2[·R·]) [Sn·(i)] + 2ktc

i∑
j=0

n−1∑
m=1

[·Sn−m·(i−j)][Sm·(j)]

+kd2

∞∑
j=i+1

∞∑
m=n+1

pmj(n, i)j[S
(j)
m ]

V

(n ≥ 2, i = 0, 1, 2, 3...) (A.8)

Where pmj(n, i) denotes the probability that a scission of a chain of dead polymer of

length m and j peroxide groups yields a monoradical of chain length n with i peroxide

groups. Adding this probability over all ns and is, the following can be proven:

∞∑
i=1

∞∑
n=1

∞∑
j=i+1

∞∑
m=n+1

pmj(n, i)j[S
(j)
m ] = 2

∞∑
i=1

∞∑
n=1

i[S(i)
n ] = 2[PeP] (A.9)

where [PeP] is the concentration of peroxide groups in the polymer chains. The 2 in

Equation A.16 arises from the fact that the scission of any polymer chain with peroxide

groups produces 2 monoradicals.

From equations A.5 through A.16 the total concentration of mono- and diradicals may

be obtained:

d

dt
([R·]V ) =

{
2ki[St]3 + 4kfM [St][·R·]− ktc[R·]2 + 2kd2[PeP]

}
V (A.10)

d

dt
([·R·]V ) =

{(
2ki1[·I·(2)]− 2kfM [·R·]

)
[St]− 2ktc[·R·] ([R·] + 2[·R·]) + 2ktc[·R·]2

}
V

(A.11)

Balances for the polymeric species

d

dt

(
[Sn

(i)]V
)

=

kfM [St][Sn·(i)] +
ktc
2

i∑
j=0

n−1∑
m=1

[Sn−m·(i−j)][Sm·(j)]− kd2i[Sn(i)]

V

(n ≥ 2, i = 0, 1, 2...) (A.12)

Note that only polymers with peroxides (i 6= 0) can decompose.
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The concentration of the polymer with i undecomposed peroxide groups can be defined

as

[P (i)] =
∞∑
n=1

[Sn
(i)] (A.13)

Define the total polymer concentration [P ]

[P ] =
∞∑
i=0

[P(i)] =
∞∑
i=0

∞∑
n=2

[Sn
(i)] (A.14)

By adding up Equation A.12 over allns and all is, the balance for the molar concentration

of polymer can be written:

d

dt
([P ]V ) =

{
kfM [St][R·] +

ktc
2

[R·]2 − kd2[PeP]

}
V (A.15)

Peroxide groups

The total concentration of peroxide groups is

[Pe] = 3[I(3)] + 2[·I·(2)] + [PeR·] + [Pe·R·] + [PeP] (A.16)

with

[PeR·] =

∞∑
i=1

∞∑
n=1

i[Sn·(i)] (A.17a)

[Pe·R·] =

∞∑
i=1

∞∑
n=1

i[·Sn·(i)] (A.17b)

[PeP] =

∞∑
i=1

∞∑
n=1

i[Sn
(i)] (A.17c)

where [Pe], [Pe·R·], and [PeP] respectively represent the molar concentration of peroxide

groups accumulated in monoradicals, diradicals and polymer species. From Equation

A.16 and assuming pseudosteady-state for radical species, by which all time derivatives

may be set to zero:
d[Pe]

dt
= 3

d[I(3)]

dt
+
d[PeP]

dt
(A.18)

Peroxide groups are consumed only by decomposition reactions in the initiator and the

polymer chains. Therefore:

d[Pe]

dt
= −3kd1[I

(3)]− kd2[PeP] (A.19)
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By considering equations A.1 and A.19 and from Equation A.18, the total peroxide

groups contained in the polymer chains can be calculated from the following equation:

d[PeP]

dt
= 6kd1[I

(3)]− kd2[PeP] (A.20)

Conversion

x =
[St]0V0 − [St]V

[St]0V0
(A.21)

where the subscript “0” indicates initial conditions. In this model, the effect of volume

contraction is neglected and therefore

x =
[St]0 − [St]

[St]0
(A.22)

Equations A.1, A.2, A.4, A.10, A.11, A.15, A.20, A.22 can be simultaneously solved to

find the evolutions of [I(3)], [St], [·I·(2)], [R·], [·R·], [P ], [PeP] and x.

A.2 Distributions module

Consider equations A.7 and A.8. Assuming pseudosteady-state, all time derivatives may

be set to zero and the following recurrence formulas can be obtained:

[·Sn·(i)] =

kp[St][·Sn−1·(i)] + ktc
i∑

j=1

n−1∑
m=1

[·Sn−m·(i−j)][·Sm·(j)]

kp[St] + kfM [St] + ktc ([R·] + 2[·R·])

(n ≥ 2, i = 2, 4, 6...) (A.23)

[Sn
(i)·] =

(
kp[Sn−1·(i)] + 2kfM [·Sn·(i)]

)
[St] + 2ktc

i∑
j=0

n−1∑
m=1

[·Sn−m·(i−j)][Sm·(j)]

kp[St] + kfM [St] + ktc ([R·] + 2[·R·])

+

kd2
∞∑

j=i+1

∞∑
m=n+1

pmj(n, i)j[S
(j)
m ]

kp[St] + kfM [St] + ktc ([R·] + 2[·R·])
(n ≥ 2, i = 0, 1, 2, 3...) (A.24)
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Define the following molar ratio:

σ2 =
[·S1(2)·]

[R·] + 2[·R·]
(A.25)

and the following dimensionless kinetic parameters:

τ =
kfM
kp

(A.26)

β =
ktcRp

(kp[St])2
=
ktc ([R·] + 2[·R·])

kp[St]
(A.27)

α = τ + β (A.28)

γ =
kd2
kp

(A.29)

By replacing the definitions in A.25, A.26, A.27 and A.28 in Equation A.23 and solving

the recurrence formula, the following explicit expression for diradicals MWD can be

obtained:

[·Sn(2k)·] =
1

(1 + α)n−1
(βσ2)

k−1 (n+ k − 2)!

(n− k)!k!(k − 1)!
[·S1(2)·] (n ≥ 2, k = 1, 2, 3...)

(A.30)

Equation A.24 can be written

[Sn
(i)·] =

1

1 + α

[Sn−1·(i)] + 2τ [·Sn·(i)] +
2β

[R·] + 2[·R·]

i∑
j=0

n−1∑
m=1

[·Sn−m·(i−j)][Sm·(j)]

+
γ

[St]
Ψ(n, i)

)
(n ≥ 2, i = 1, 2, 3...) (A.31)

where

Ψ(n, i) =

∞∑
j=i+1

∞∑
m=n+1

pmj(n, i)j[S
(j)
m ] (A.32)

Equations A.30 and A.31 must be solved by using equations A.5 and A.6. The Number

Chain Length Distribution (NCLD) for the PS species can then be found by integrating

equations in A.12 with the expressions found for [Sn
(i)·].

The maximum chain length (maximum value of n) and number of peroxide groups

(maximum value of i) simulated by resolution of the model are determined as follows:

simulations are carried out with a large number for maximum undecomposed peroxide

groups within the polymer chains (up to 30) and a very large number for maximum chain
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length (up to 25 000 monomer units). The maximum chain length and number of pe-

roxide groups simulated is then adapted in order to ensure that the system simulates the

species that determine the molecular structure of the polymer and the average molecular

weights values, and at the same time minimize the time required for the simulations.

In order to account for the formation of monoradicals from random scission of the

polymer chains containing peroxide groups, consider a polymer chain with length n

and i peroxide groups (where i > 0), all of which have the same thermal stability. It

will be assumed that the peroxide groups are uniformly distributed within the polymer

chain. when Let m be a uniformly distributed random variable whose value ranges

from 1 to n − 1 and represents the position in which the peroxide group is located

within the polymer chain, starting from either chain end. For a given instant, upon

peroxide group decomposition, a polymer chain of length n generates 2 monoradicals,

one of length m, and the other one with length n − m. These chains will have i − j

and j − 1 undecomposed peroxide groups respectively. If the hypothesis is made that

peroxide groups are uniformly distributed in the formed monoradicals, the following

relation must hold:
j − 1

n−m
=
i− j
m

Therefore,

j =

[
i(n−m) +m

n

]
where the brackets indicate the integer part of the expression.

The scission of [S
(i)
n ] generates two monoradicals, one with length m and i− j peroxide

groups, the other one with length n−m and j − 1 peroxide groups, namely [S
(i−j)
m ] and

[S
(j−1)
n−m ]. Said monoradicals are generated at a rate given by ikd2[S

(i)
n ].

Average molecular weights
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The number average molecular weight, weight average molecular weight and polydisper-

sity are calculated with:

M̄n = MSt

∞∑
i=0

∞∑
n=2

n[Sn
(i)]

∞∑
i=0

∞∑
n=2

[Sn
(i)]

(A.33a)

M̄w = MSt

∞∑
i=0

∞∑
n=2

n2[Sn
(i)]

∞∑
i=0

∞∑
n=2

n[Sn
(i)]

(A.33b)

D =
M̄w

M̄n
(A.33c)

where MSt is the molar mass of the repeating styrene unit.
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Mathematical model for the bulk

polymerization of styrene at

120–200 ◦C using DEKTP

The mathematical model is based on the kinetic mechanism of Table 3.1 and considers

the mass balances for the chemical species in the reaction system.

B.1 Basic module

Balances for non-polymeric reagents and products

Initiator (DEKTP)

d

dt

(
[I(3)]V

)
= −3(kd1 + kdt)[I

(3)]V (B.1)

Monomer (St)

Assuming the long chain hypothesis, by which propagation is the only monomer-consuming

reaction:
d

dt
([St]V ) = −RpV = −kp[St] ([R·] + 2[·R·])V (B.2)
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where Rp is the global St polymerization rate, and

[R·] =
∞∑
i=0

∞∑
n=1

[Sn·(i)] (B.3a)

[·R·] =
∞∑
i=0

∞∑
n=1

[·Sn·(i)] (B.3b)

represent the total concentrations of mono- and diradicals respectively.

Radical Species

Consider the mass balances of all free radicals appearing in the global kinetics. Such

balances provide:

d

dt

(
[·I·(2)]V

)
=
(

3fkd1[I
(3)]− 2ki1[·I·(2)][St]

)
V (B.4)

d

dt

(
[·I·(0)]V

)
=
(

6fkd1[I
(3)]− 2ki1[·I·(0)][St]

)
V (B.5)

d

dt

(
[S1·(0)]V

)
=
{

2ki[St]3 −
(
kp[S1·(0)]− kfM ([R·] + 2[·R·])

+kfM [S1·(0)]
)

[St]− ktc[S1·(0)] ([R·] + 2[·R·])
}
V (B.6)

d

dt

(
[·S1·(2)]V

)
=
{(

2ki1[·I·(2)]− 2kp[·S1·(2)]− 2kfM [·S1·(2)]
)

[St]

−2ktc[·S1·(2)] ([R·] + 2[·R·])
}
V (B.7)

d

dt

(
[·S1·(0)]V

)
=
{(

2ki1[·I·(0)]− 2kp[·S1·(0)]− 2kfM [·S1·(0)]
)

[St]

−2ktc[·S1·(0)] ([R·] + 2[·R·])
}
V (B.8)

d

dt

(
[·Sn·(i)]V

)
=
{

2kp[St]
(

[·Sn−1·(i)]− [·Sn·(i)]
)
− 2kfM [St][·Sn·(i)]

−2ktc ([R·] + 2[·R·]) [·Sn·(i)] + 2ktc

i∑
j=0

n−1∑
m=1

[·Sn−m·(i−j)][·Sm·(j)]

V

(n ≥ 2, i = 2, 4, 6...) (B.9)
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d

dt

(
[Sn·(i)]V

)
=
{(
kp

(
[Sn−1·(i)]− [Sn·(i)]

)
+ kfM

(
2[·Sn·(i)]− [Sn·(i)]

))
[St]

− ktc ([R·] + 2[·R·]) [Sn·(i)] + 2ktc

i∑
j=0

n−1∑
m=1

[·Sn−m·(i−j)][Sm·(j)]

+kd2

∞∑
j=i+1

∞∑
m=n+1

pmj(n, i)j[S
(j)
m ] + δi0kdt

∞∑
j=i+1

∞∑
m=n+1

p′mj(n, 0)j[S(j)
m ]

V

(n ≥ 2, i = 0, 1, 2, 3...) (B.10)

Where pmj(n, i) denotes the probability that a scission of a chain of dead polymer of

length m and j peroxide groups yields a monoradical of chain length n with i peroxide

groups. Adding this probability over all ns and is, the following can be proven:

∞∑
i=1

∞∑
n=1

∞∑
j=i+1

∞∑
m=n+1

pmj(n, i)j[S
(j)
m ] = 2

∞∑
i=1

∞∑
n=1

i[S(i)
n ] = 2[PeP] (B.11)

where [PeP] is the concentration of peroxide groups in the polymer chains. The 2 in

Equation A.16 arises from the fact that the scission of any polymer chain with peroxide

groups produces 2 monoradicals.

Similarly, in Equation B.10 p′mj(n, 0) is the probability that a scission of a chain of

dead polymer of length m and j peroxide groups yields a monoradical of chain length

n without peroxide groups, due to a total decomposition reaction. It is assumed that

total decomposition reactions generate monoradicals without undecomposed peroxide

groups. It should be noted that diradicals would also be generated when a polymeric

chain with undecomposed peroxide groups suffers a total decomposition reaction. These

probability coefficients will be related to the stoichiometric coefficients αn and βn in the

kinetic mechanism of Table 3.1. However, this is expected to have little or no effect on

the detailed polymer MWD, as polymeric chains with undecomposed peroxide groups

in systems in which initiator decomposition is mostly total are expected to have very

low concentrations, because in these systems the behavior of the initiator is close to the

one of a traditional monofunctional initiator, and the MWD for temperatures at which

initiator decomposition is not exclusively sequential is controlled by transfer to monomer

reactions.

The generation of monoradicals from decomposition of peroxide groups within polymeric

chains due to total decomposition must be considered only for monoradicals without

undecomposed peroxide groups (i.e., species of the form [Sn·(0)]).
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The following assumption is made:

∞∑
i=0

∞∑
n=1

∞∑
j=i+1

∞∑
m=n+1

δi0p
′
mj(n, 0)j[S(j)

m ] ≈ 2[PeP] (B.12)

which is equivalent to asserting that the total decomposition of any polymer chain with

undecomposed peroxide groups (without characterizing it by chain length) generates

two monoradicals (which contain no undecomposed peroxide groups), which is in turn

equivalent to stating that the polymer chains may have only one undecomposed peroxide

group. This is a simplification since the total decomposition of a polymer chain generates

as many radicals as undecomposed peroxide groups were within the chain, and the

number of peroxide groups within the chains is a variable. However, it allows for a much

more simple form for the equations in the Basic Module, and simulations show that, in

the simulated conditions, this assumption has little effect on the values of the theoretical

predictions that are of interest.

From equations B.6 through B.19 the total concentration of mono- and diradicals may

be obtained:

d

dt
([R·]V ) =

{
2ki[St]3 + 4kfM [St][·R·]− ktc[R·]2 + 2(kd2 + kdt)[PeP]

}
V (B.13)

d

dt
([·R·]V ) =

{(
2ki1([·I·(2)] + [·I·(0)])− 2kfM [·R·]

)
[St]− 2ktc[·R·] ([R·] + 2[·R·]) + 2ktc[·R·]2

}
V

(B.14)

Balances for the polymeric species

d

dt

(
[Sn

(i)]V
)

=

kfM [St][Sn·(i)] +
ktc
2

i∑
j=0

n−1∑
m=1

[Sn−m·(i−j)][Sm·(j)]− (kd2 + kdt)i[Sn
(i)]

V

(n ≥ 2, i = 0, 1, 2...) (B.15)

The concentration of the polymer with i undecomposed peroxide groups can be defined

as

[P (i)] =

∞∑
n=1

[Sn
(i)] (B.16)
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Define the total polymer concentration [P ]

[P ] =
∞∑
i=0

[P (i)] =
∞∑
i=0

∞∑
n=2

[Sn
(i)] (B.17)

By adding up Equation B.15 over allns and all is, the balance for the molar concentration

of polymer can be written:

d

dt
([P ]V ) =

{
kfM [St][R·] +

ktc
2

[R·]2 − (kd2 + kdt)[PeP]

}
(B.18)

Peroxide groups

The total concentration of peroxide groups is

[Pe] = 3[I(3)] + 2[·I·(2)] + [PeR·] + [Pe·R·] + [PeP] (B.19)

with

[PeR·] =
∞∑
i=1

∞∑
n=1

i[Sn·(i)] (B.20a)

[Pe·R·] =
∞∑
i=1

∞∑
n=1

i[·Sn·(i)] (B.20b)

[PeP] =
∞∑
i=1

∞∑
n=1

i[Sn
(i)] (B.20c)

where [Pe], [Pe·R·], and [PeP] respectively represent the molar concentration of peroxide

groups accumulated in monoradicals, diradicals and polymer species. From Equation

B.19 and assuming pseudosteady-state for radical species, by which all time derivatives

may be set to zero:
d[Pe]

dt
= 3

d[I(3)]

dt
+
d[PeP]

dt
(B.21)

Peroxide groups are consumed only by decomposition reactions in the initiator and the

polymer chains. Therefore:

d[Pe]

dt
= −3(kd1 + kdt)[I

(3)]− (kd2 + kdt)[PeP] (B.22)
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By considering equations B.1 and B.22 and from Equation B.21, the total peroxide

groups contained in the polymer chains can be calculated from the following equation:

d[PeP]

dt
= 6(kd1 + kdt)[I

(3)]− (kd2 + kdt)[PeP] (B.23)

Conversion

The monomer conversion can be calculated from

x =
[St]0V0 − [St]V

[St]0V0
(B.24)

where the subscript “0” indicates initial conditions. In this model, the effect of volume

contraction is neglected and therefore

x =
[St]0 − [St]

[St]0
(B.25)

Equations B.1, B.2, B.4, B.13, B.14, B.18, B.23, B.25 can be simultaneously solved to

find the evolutions of [I(3)], [St], [·I·(2)], [R·], [·R·], [P ], [PeP] and x.

Average rate of polymerization

The average rate of polymerization can be defined, for a given value of conversion x as

R̄px =
1

tx

∫ tx

0
Rpdt (B.26)

where tx is the time at which value for conversion is x. In view of Equation B.2, it may

be written

R̄px = − 1

tx

∫ tx

0

1

V
d ([St]V ) =

1

tx

(
[St]0 − [St]tx

)
(B.27)

where constant volume is assumed. Considering the definition of conversion of B.25, the

average rate of polymerization may be calculated as

R̄px =
[St]0x

tx
(B.28)

The fraction of chemical initiation by total decomposition can be defined as

ftd =
−3kdt[I

(3)]

−3 (kd1 + kdt) [I(3)]
=

kdt
kd1 + kdt

(B.29)
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B.2 Distributions module

Consider equations B.13 and B.14. Assuming pseudosteady-state, all time derivatives

may be set to zero and the following recurrence formulas can be obtained:

[·Sn·(i)] =

kp[St][·Sn−1·(i)] + ktc
i∑

j=1

n−1∑
m=1

[·Sn−m·(i−j)][·Sm·(j)]

kp[St] + kfM [St] + ktc ([R·] + 2[·R·])

(n ≥ 2, i = 2, 4, 6...) (B.30)

[Sn
(i)·] =

(
kp[Sn−1·(i)] + 2kfM [·Sn·(i)]

)
[St] + 2ktc

i∑
j=0

n−1∑
m=1

[·Sn−m·(i−j)][Sm·(j)]

kp[St] + kfM [St] + ktc ([R·] + 2[·R·])

+

kd2
∞∑

j=i+1

∞∑
m=n+1

pmj(n, i)j[S
(j)
m ] + δi0kdt

∞∑
j=i+1

∞∑
m=n+1

p′mj(n, 0)j[S
(j)
m ]

kp[St] + kfM [St] + ktc ([R·] + 2[·R·])
(n ≥ 2, i = 0, 1, 2, 3...)

(B.31)

The Number Chain Length Distribution (NCLD) for the PS species can then be found

by integrating equations in B.15 with the expressions found for [Sn
(i)·].

The maximum chain length (maximum value of n) and number of peroxide groups

(maximum value of i) simulated by resolution of the model are determined as follows:

simulations are carried out with a large number for maximum undecomposed peroxide

groups within the polymer chains (up to 30) and a very large number for maximum chain

length (up to 25 000 monomer units). The maximum chain length and number of pe-

roxide groups simulated is then adapted in order to ensure that the system simulates the

species that determine the molecular structure of the polymer and the average molecular

weights values, and at the same time minimize the time required for the simulations.

In order to account for the formation of monoradicals from random scission of the

polymer chains containing peroxide groups, consider a polymer chain with length n

and i peroxide groups (where i > 0), all of which have the same thermal stability. It

will be assumed that the peroxide groups are uniformly distributed within the polymer

chain. when Let m be a uniformly distributed random variable whose value ranges

from 1 to n − 1 and represents the position in which the peroxide group is located
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within the polymer chain, starting from either chain end. For a given instant, upon

peroxide group decomposition, a polymer chain of length n generates 2 monoradicals,

one of length m, and the other one with length n − m. These chains will have i − j

and j − 1 undecomposed peroxide groups respectively. If the hypothesis is made that

peroxide groups are uniformly distributed in the formed monoradicals, the following

relation must hold:
j − 1

n−m
=
i− j
m

Therefore,

j =

[
i(n−m) +m

n

]
where the brackets indicate the integer part of the expression.

The scission of [S
(i)
n ] generates two monoradicals, one with length m and i− j peroxide

groups, the other one with length n−m and j − 1 peroxide groups, namely [S
(i−j)
m ] and

[S
(j−1)
n−m ]. Said monoradicals are generated at a rate given by ikd2[S

(i)
n ].

For the case of a total decomposition, it is assumed that the scission of a polymer with

chain length n and i undecomposed peroxide groups generates (i+1) monoradicals, each

with a chain length of

m =

[
n

i+ 1

]
which are generated at a rate given by ikdt[S

(i)
n ].

Average molecular weights

The number average molecular weight, weight average molecular weight and polydisper-

sity are calculated with:

M̄n = MSt

∞∑
i=0

∞∑
n=2

n[Sn
(i)]

∞∑
i=0

∞∑
n=2

[Sn
(i)]

(B.32a)

M̄w = MSt

∞∑
i=0

∞∑
n=2

n2[Sn
(i)]

∞∑
i=0

∞∑
n=2

n[Sn
(i)]

(B.32b)

D =
M̄w

M̄n
(B.32c)

where MSt is the molar mass of the repeating styrene unit.
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Mathematical model for the bulk

polymerization of styrene using

multifunctional initiators

The mathematical model is based on the kinetic mechanism of Table 4.2 and considers

the mass balances for the chemical species in the reaction system.

C.1 Basic module

Balances for non-polymeric reagents and products

Multifunctional initiators (φ = 1, 2, 3)

d

dt

(
[I(φ)]V

)
= −φkd1[I(φ)]V (C.1)

d

dt

(
[Ī(φ)]V

)
= −φkd1[Ī(φ)]V (C.2)

Secondary initiator species (φ > i = 1, 2)

d

dt

(
[Ī(i)]V

)
= −ikd1[Ī(i)]V + (1− f1)

φ∑
j=i+1

jkd1

(
[I(j)] + [Ī(j)]

)
V (C.3)

111
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Monomer (St)

Assuming the long chain hypothesis, by which propagation is the only monomer-consuming

reaction:
d

dt
([St]V ) = −RpV = −kp[St] ([R·] + 2[·R·])V (C.4)

where Rp is the global St polymerization rate, and

[R·] =

∞∑
i=0

∞∑
n=1

[Sn·(i)] (C.5a)

[·R·] =

∞∑
i=0

∞∑
n=1

[·Sn·(i)] (C.5b)

represent the total concentrations of mono- and diradicals respectively.

Radical species (i = 0, 1, ...;n = 2, 3,...)

Consider the mass balances of all free radicals appearing in the global kinetics. Such

balances provide:

d

dt

(
[·I·(i)]V

)
= f1(i+ 1)kd1[I

(i+1)]V − 2ki1[St][·I·(i)]V (C.6)

d

dt

(
[I·(i)]V

)
=

φ∑
j=i+1

pj(i)f1jkd1[Ī
(j)]V − ki1[St][I·(i)]V (C.7)

Where pi(j) is the probability that the decomposition of the initiator of functionality j

generates a monoradical with i undecomposed peroxide groups.

d

dt

(
[·S1·(i)]V

)
= 2ki1[·I·(i)][St]V − 2 (kp[St] + kfM [St] + ktc ([R·] + 2[·R·])) [·S1·(i)]V

(C.8)

d

dt

(
[S1·(i)]V

)
=
{
ki1[I·(i)][St] + δi0

(
2ki0[St]3 + kfM [St] ([R·] + 2[·R·])

)}
V

− (kp[St] + kfM [St] + ktc ([R·] + 2[·R·])) [S1·(i)]V (C.9)

where δi0 is the Kronecker Delta (δi0 = 1 if i = 0 and δi0 = 0 otherwise).

d

dt

(
[·Sn·(i)]V

)
= 2kp[St]

(
[·Sn−1·(i)]− [·Sn·(i)]

)
V−2 (kfM [St] + ktc ([R·] + 2[·R·])) [·Sn·(i)]V

+ 2ktc

i∑
j=0

n−1∑
m=1

[·Sn−m·(i−j)][·Sm·(j)]V (C.10)
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d

dt

(
[Sn·(i)]V

)
=
(
kp

(
[Sn−1·(i)]− [Sn·(i)]

)
+ 2kfM [·Sn·(i)]

)
[St]V

− (kfM [St] + ktc ([R·] + 2[·R·])) [Sn·(i)]V+2ktc

i∑
j=0

n−1∑
m=1

[·Sn−m·(i−j)][Sm·(j)]V

+ f2kdp

∞∑
j=i+1

∞∑
m=n+1

(
pmj(n, i)j[S

(j)
m ]
)
V (C.11)

In Equation C.11, pmj(n, i) is the probability that a scission of a chain of dead polymer

of length m and j peroxide groups yields a growing monoradical of chain length n with i

peroxide groups. Adding this probability over all ns and is, the following can be proven:

∞∑
i=1

∞∑
n=1

∞∑
j=i+1

∞∑
m=n+1

pmj(n, i)j[S
(j)
m ] = 2

∞∑
i=1

∞∑
n=1

i[S(i)
n ] = 2[PeP] (C.12)

where [PeP] is the concentration of peroxide groups in the polymer chains. The 2 in

Equation C.12 arises from the fact that the scission of any polymer chain with peroxide

groups produces 2 monoradicals.

From equations C.8 and C.10 the total concentration of diradicals may be obtained:

d

dt
([·R·]V ) = 2ki1

φ−1∑
j=0

[·I·(j)][St]V + 2ktc[·R·]2V − 2 (kfM [St] + ktc ([R·] + 2[·R·])) [·R·]V

(C.13)

From Equation C.9 and C.11 and considering Equation C.12, the total concentration of

monoradicals may be obtained:

d

dt
([R·]V ) = ki1

φ−1∑
j=0

[I·(j)][St]V + 4kfM [·R·][St]V + 2ki[St]3V

− ktc ([R·] + 2[·R·]) [R·]V + 2f2kdp[PePS]V (C.14)

The total radicals are calculated as [R] + 2[·R·]. Using Equations C.13 and C.14,

d

dt
(([R·] + 2[·R·])V ) = ki1

φ−1∑
j=0

(
4[·I·(j)] + [I·(j)]

)
[St]V + 2ki[St]3V

+2f2kdp[PePS]V − ktc([R·] + 2[·R·])2V (C.15)

Peroxide groups

Neglecting the concentration of peroxide groups in the radicals, the total concentration
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of peroxide groups is

[Pe] =

φ∑
j=1

j
(

[I(j)] + [̄I(j)]
)

+ [PePS] (C.16)

with

[PePS] =
∞∑
i=0

∞∑
n=1

i
[
Sn

(i)
]

(C.17)

Peroxide groups are consumed only by decomposition reactions. Therefore:

d

dt
([Pe]V ) = −

φ∑
i=1

jkd1

(
[I(i)] + [̄I(i)]

)
V − kdp[PePS]V (C.18)

Using this result and Equation C.16, the molar concentration of undecomposed peroxide

groups accumulated in the polymer can be calculated from the difference

d

dt
([PePS]V ) =

d

dt
([Pe]V )−

φ∑
j=1

j
d

dt

((
[I(j)] + [̄I(j)]

)
V
)

(C.19)

Conversion and volume

The monomer conversion can be calculated from

x =
[St]0V0 − [St]V

[St]0V0
(C.20)

where the subscript “0” indicates initial conditions. The evolution of the reaction volume

V is obtained from

V = V St
0 (1− εx) (C.21)

with

ε =
V St
0 − V St

f

V St
0

(C.22)

Where ε is the St volume contraction factor, V St
0 is the initial St volume and V St

f is the

final volume at full conversion.

Equation C.1 to C.4, C.6, C.7, C.15, and C.12 to C.21 are solved simultaneously to find

the evolution of species [I(i)], [Ī(i)], [St], [·I·(i)], [I·(i)] ([R·] + 2[·R·]), [PeP], x and V .
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C.2 Moments module

Distribution moments equations

Define the kth moment of the distribution of diradicals (σ
(i)
k ), monoradicals (λ

(i)
k ) and

polymer (µ
(i)
k ) species, characterized by their number of undecomposed peroxide groups

i:

σ
(i)
k =

∞∑
n=1

nk[·S(i)
n ·] (C.23)

λ
(i)
k =

∞∑
n=1

nk[S(i)
n ·] (C.24)

µ
(i)
k =

∞∑
n=1

nk[S(i)
n ] (C.25)

The evolution of the 0th, 1st and 2nd moments of the distributions of diradicals, mono-

radicals and polymer species are written:

d
(
σ
(i)
0 V

)
dt

= 2ki1[·I·(i)][St]V+2ktc

i∑
j=0

σ
(i−j)
0 σ

(j)
0 V−2

(
kfM [St] + ktc

∞∑
i=0

(
λ
(i)
0 + 2σ

(i)
0

))
σ
(i)
0 V

(C.26)

d
(
σ
(i)
1 V

)
dt

= 2ki1[·I·(i)][St]V + 2kp[St]σ
(i)
0 V + 2ktc

i∑
j=0

(
σ
(i−j)
0 σ

(j)
1 + σ

(i−j)
1 σ

(j)
0

)
V

− 2

(
kfM [St] + ktc

∞∑
i=0

(
λ
(i)
0 + 2σ

(i)
0

))
σ
(i)
1 V (C.27)

d
(
σ
(i)
2 V

)
dt

= 2ki1[·I·(i)][St]V + 2kp[St]
(

2σ
(i)
1 + σ

(i)
0

)
V

+ 2ktc

i∑
j=0

(
σ
(i−j)
0 σ

(j)
2 + 2σ

(i−j)
1 σ

(j)
1 + σ

(i−j)
2 σ

(j)
0

)
V

− 2

(
kfM [St] + ktc

∞∑
i=0

(
λ
(i)
0 + 2σ

(i)
0

))
σ
(i)
2 V (C.28)
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d
(
λ
(i)
0 V

)
dt

= ki1[I·(i)][St]V + 2kfM [St]σ
(i)
0 V + 2ktc

i∑
j=0

σ
(i−j)
0 λ

(j)
0 V + 2kdp

∞∑
j=i+1

µ
(j)
0 V

+ kfM [St]δi0

∞∑
j=0

λ
(j)
0 V −

kfM [St] + ktc

∞∑
j=0

(
λ
(j)
0 + 2σ

(j)
0

)λ
(i)
0 V (C.29)

d
(
λ
(i)
1 V

)
dt

= ki1[I·(i)][St]V+kp[St]λ
(i)
0 V+2kfM [St]σ

(i)
1 V+2ktc

i∑
j=0

(
λ
(i−j)
0 σ

(j)
1 + λ

(i−j)
1 σ

(j)
0

)
V

+2kdp

∞∑
j=i+1

µ
(j)
1 V+kfM [St]δi0

∞∑
j=0

(
λ
(j)
0 + 2σ

(j)
0

)
V−

kfM [St] + ktc

∞∑
j=0

(
λ
(j)
0 + 2σ

(j)
0

)λ
(i)
1 V

(C.30)

d
(
λ
(i)
2 V

)
dt

= ki1[I·(i)][St]V + kp[St]
(

2λ
(i)
1 + λ

(i)
0

)
V + 2kfM [St]σ

(i)
2 V

+ 2ktc

i∑
j=0

(
λ
(i−j)
0 σ

(j)
2 + 2λ

(i−j)
1 σ

(j)
1 + λ

(i−j)
2 σ

(j)
0

)
V + 2kdp

∞∑
j=i+1

µ
(j)
2 V

+ kfM [St]δi0

∞∑
j=0

(
λ
(j)
0 + 2σ

(j)
0

)
V −

(
kfM [St] + ktc

∞∑
i=0

(
λ
(j)
0 + 2σ

(j)
0

))
λ
(i)
2 V (C.31)

d
(
µ
(i)
0 V

)
dt

= kfM [St]λ
(i)
0 V +

1

2
ktc

i∑
j=0

λ
(i−j)
0 λ

(j)
0 V − ikdpµ

(i)
0 V (C.32)

d
(
µ
(i)
1 V

)
dt

= kfM [St]λ
(i)
1 V +

1

2
ktc

i∑
j=0

(
λ
(i−j)
0 λ

(j)
1 + λ

(i−j)
1 λ

(j)
0

)
V − ikdpµ

(i)
1 V (C.33)

d
(
µ
(i)
2 V

)
dt

= kfM [St]λ
(i)
2 V +

1

2
ktc

i∑
j=0

(
λ
(i−j)
0 λ

(j)
2 + 2λ

(i−j)
1 λ

(j)
1 + λ

(i−j)
2 λ

(j)
0

)
V −ikdpµ

(i)
2 V

(C.34)

The average molecular weights and polydispersity can then be calculated from

M̄n =

∞∑
i=0

µ
(i)
1

∞∑
i=0

µ
(i)
0

(C.35)
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M̄w =

∞∑
i=0

µ
(i)
2

∞∑
i=0

µ
(i)
1

(C.36)

D =
M̄w

M̄n
(C.37)

C.3 Distributions module

Radical species (i = 0, 1, ...;n = 2, 3, ...)

Consider equations C.10 and C.11. Assuming pseudosteady-state, all time derivatives

may be set to zero and the following recurrence formulas can be obtained:

[·Sn·(i)] =

kp[St][·Sn−1·(i)] + ktc
i∑

j=0

n−1∑
m=1

[·Sn−m·(i−j)][·Sm·(j)]

kp[St] + kfM [St] + ktc ([R·] + 2[·R·])
(C.38)

[Sn·(i)] =

(
kp[Sn−1·(i)] + 2kfM [·Sn·(i)]

)
[St]

kp[St] + kfM [St] + ktc ([R·] + 2[·R·])

+

2ktc
i∑

j=0

n−1∑
m=1

[·Sn−m·(i−j)][Sm·(j)] + kdp
∞∑

j=i+1

∞∑
m=n+1

pmj(n, i)j[S
(j)
m ]

kp[St] + kfM [St] + ktc ([R·] + 2[·R·])
(C.39)

Polystyrene species (i = 0, 1, ...;n = 2, 3, ...)

The mass balances for the PS species provide

d

dt

(
[Sn

(i)]V
)

= kfM [St][Sn·(i)]V +
ktc
2

i∑
j=0

n−1∑
m=1

[Sn−m·(i−j)][Sm·(j)]V − ikdp[Sn(i)]V

+ (1− f2) kdp
∞∑

j=i+1

∞∑
m=n+1

pmj(n, i)j[S
(j)
m ]V (C.40)

In order to account for the generation of monoradicals from random scission polymer

chains by sequential decomposition of peroxide groups within the chains, consider a

polymer chain with length n and i peroxide groups, all of which have the same thermal

stability. Let m be a uniformly distributed random variable whose value ranges 1 from 1

to n−1. The polymer chain may form 2 monoradicals, one with length m, and the other

one with length n−m. These chains will have i− j and j − 1 undecomposed peroxide
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groups respectively. If the peroxide groups are assumed to be uniformly distributed

within the polymer chains in the course of polymerization, the following relation must

hold:
j − 1

n−m
=
i− j
m

Therefore,

j = [
i(n−m) +m

n
]

where the brackets indicate the integer part of the expression.

The scission has then generated two monoradicals, one with length m and i− j peroxide

groups, the other one with length n−m and j − 1 peroxide groups.

Note that this chain scission algorithm can be modified for specific cases. For example,

in the case of a linear bifunctional initiator, since all peroxide groups are located at a

chain end, m = 1 for every scission.

The Number Chain Length Distribution (NCLD) for the PS species is

N
(i)
PS(n) = [Sn

(i)]V (C.41)

found by integrating Equation C.40 with equations C.38 and C.39 using also Equation

C.8 and C.9 for species [·S1·(i)] and [S1·(i)]. The concentration of the total PS species

characterized by the number of undecomposed peroxide groups can be calculated with

[P (i)] =
∞∑
n=1

[Sn
(i)] (C.42)

The NCLD for the total polymer can be calculated using

Pn =

∞∑
i=0

[Sn
(i)]V (C.43)

The total moles of PS are

NPS =
∞∑
i=0

∞∑
n=1

N
(i)
PS(n) (C.44)

To obtain the corresponding Weight Chain Length Distribution (WCLD), multiply the

NCLD by sMSt and replace n by s to obtain

G
(i)
PS(s) = sMSt[Ss

(i)]V (C.45)
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The mass of PS can then be calculated as

GPS =

∞∑
i=0

∞∑
s=1

G
(i)
PS(s) (C.46)

The average molecular weights and polydispersity can then be calculated from

M̄n =
GPS

NPS
=

∞∑
i=0

∞∑
s=1

G
(i)
PS(s)

∞∑
i=0

∞∑
n=1

[Sn
(i)]V

(C.47)

M̄w =

∞∑
i=0

∞∑
s=1

sG
(i)
PS(s)

GPS
=

∞∑
i=0

∞∑
s=1

sG
(i)
PS(s)

∞∑
i=0

∞∑
s=1

G
(i)
PS(s)

(C.48)

D =
M̄w

M̄n
(C.49)
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Mathematical model for the bulk

polymerization of styrene in the

presence of polybutadiene using

multifunctional initiators

The mathematical model is based on the kinetic mechanism of Table 5.3 and considers

the mass balances for the chemical species in the reaction system.

D.1 Basic module

Balances for non-polymeric reagents and products

Multifunctional initiators (φ = 1, 2, 3)

d

dt

(
[I(φ)]V

)
= −φkd1[I(φ)]V (D.1)

d

dt

(
[Ī(φ)]V

)
= −φkd1[Ī(φ)]V (D.2)

Secondary initiator species (φ > i = 1, 2)

d

dt

(
[Ī(i)]V

)
= −ikd1[Ī(i)]V + (1− f1)

φ∑
j=i+1

jkd1

(
[I(j)] + [Ī(j)]

)
V (D.3)

120
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Monomer (St)

Assuming the long chain hypothesis, by which propagation is the only monomer-consuming

reaction:
d

dt
([St]V ) = −RpV = −kp[St] ([R·] + 2[·R·])V (D.4)

where Rp is the global St polymerization rate, and

[R·] = [S·] + [P ·] =

∞∑
i=0

∞∑
n=1

[Sn·(i)] +

∞∑
i=0

∞∑
n=1

[Pn·(i)] (D.5a)

[·R·] =

∞∑
i=0

∞∑
n=1

[·Sn·(i)] (D.5b)

represent the total concentrations of mono- and diradicals respectively. In Equation D.5,

an S species is a PS homoradical and a P species is a PB or copolymer radical.

Unreacted B units

Let us represent with B∗ an unreacted B unit in the copolymer or in the initial (or

purely crosslinked) PB. When a P molecule is attacked, a B∗ unit is consumed, and a

B∗ unit is generated in transfer reactions of a P0· radical. Therefore,

d

dt
([B∗]V ) = −

ki2
2

φ−1∑
j=0

[·I·(j)] +

φ−1∑
j=0

[I·(j)]

+ kfG ([R·] + 2[·R·])

 [B∗]V

+ kfM [St][P0·]V (D.6)

with

[P0·] =

∞∑
i=0

[P0·(i)] (D.7)

Radical species (i = 0, 1, ...;n = 2, 3,...)

Consider the mass balances of all free radicals appearing in the global kinetics. Such

balances provide:

d

dt

(
[·I·(i)]V

)
= f1(i+ 1)kd1[I

(i+1)]V − 2 (ki1[St] + ki2[B∗]) [·I·(i)]V (D.8)

d

dt

(
[I·(i)]V

)
=

φ∑
j=i+1

pj(i)f1jkd1[Ī
(j)]V + 2ki2[B∗][·I·(j)]V − (ki1[St] + ki2[B∗]) [I·(i)]V

(D.9)
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Where pi(j) is the probability that the decomposition of the initiator of functionality j

generates a monoradical with i undecomposed peroxide groups.

For PS homoradicals,

d

dt

(
[·S1·(i)]V

)
= 2ki1[·I·(i)][St]V

− 2
(
kp[St] + kfM [St] + kfG[B∗] + ktc ([R·] + 2[·R·]) + k′′tc[P0·]

)
[·S1·(i)]V (D.10)

d

dt

(
[S1·(i)]V

)
=
{
ki1[I·(i)][St]+

}
V + +δi0

(
2ki0[St]3 + kfM ([R·] + 2[·R·]) [St]

)
V

−
(
kp[St] + kfM [St] + kfG[B∗] + ktc ([R·] + 2[·R·]) + k′′tc[P0·]

)
[S1·(i)]V (D.11)

where δi0 is the Kronecker Delta (δi0 = 1 if i = 0 and δi0 = 0 otherwise).

d

dt

(
[·Sn·(i)]V

)
= 2kp[St]

(
[·Sn−1·(i)]− [·Sn·(i)]

)
V

− 2
(
kfM [St] + kfG[B∗] + ktc ([R·] + 2[·R·]) + k′′tc[P0·]

)
[·Sn·(i)]V

+ 2ktc

i∑
j=0

n−1∑
m=1

[·Sn−m·(i−j)][·Sm·(j)]V (D.12)

d

dt

(
[Sn·(i)]V

)
=
(
kp

(
[Sn−1·(i)]− [Sn·(i)]

)
+ 2kfM [·Sn·(i)]

)
[St]V + 2kfG[·Sn·(i)][B∗]V

−
(
kfM [St] + kfG[B∗] + ktc ([R·] + 2[·R·]) + k′′tc[P0·]

)
[Sn·(i)]V

+2ktc

i∑
j=0

n−1∑
m=1

[·Sn−m·(i−j)][Sm·(j)]V

+ f2kd2

∞∑
j=i+1

∞∑
m=n+1

(
pmj(n, i)j[S

(j)
m ] + p′mj(n, i)j[P

(j)
m ]
)
V (D.13)

In Equation D.13, pmj(n, i) is the probability that a scission of a chain of temporarily

dead free PS of length m and j peroxide groups yields a growing monoradical of chain

length n with i peroxide groups and p′mj(n, i) is the probability that a scission of a

temporarily dead PS chain in the GC of length m and j peroxide groups yields a growing

monoradical of chain length n with i peroxide groups.
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Adding this probability over all ns and is, the following can be proven:

∞∑
i=1

∞∑
n=1

∞∑
j=i+1

∞∑
m=n+1

(
pmj(n, i)j[S

(j)
m ] + p′mj(n, i)j[Pm

(j)]
)

=
∞∑
i=1

∞∑
n=1

(
2i[S(i)

n ] + i[P (i)
n ]
)

= 2[PePS] + [PeC] (D.14)

where [PePS] is the concentration of peroxide groups in the free PS chains and [PeC] is

the concentration of peroxides groups in the GC. Note that the scission of any free PS

chain with peroxide groups produces 2 PS homoradicals, whereas the scission of a chain

within the copolymer generates only one PS homoradical and one copolymer radical.

For PB radicals and copolymer radicals,

d

dt

(
[P0·(i)]V

)
=

ki2 φ−1∑
j=0

(
2[·I·(j)] + [I·(j)]

)
+ kfG ([R·] + 2[·R·])

 [B∗(i)]V

−
(
kp1[St] + k′fM [St] + k′tc[P0·] + ktc ([R·] + 2[·R·])

)
[P0·(i)]V (D.15)

d

dt

(
[P1·(i)]V

)
= ki1[St][P0·(i)]V + 2ktc

i∑
j=0

[P0·(i−j)][·S1(j)·]V

−
(
kp[St] + kfM [St] + kfG[B∗] + k′′tc[P0·] + ktc ([R·] + 2[·R·])

)
[P1·(i)]V (D.16)

d

dt

(
[Pn·(i)]V

)
= kp[St][Pn−1·(i)]V

+ f2kd2

∞∑
j=i+1

∞∑
m=n+1

p′mj(n, i)j[P
(j)
m ]V + 2ktc

i∑
j=0

n−1∑
m=1

[Pn−m·(i−j)][·Sm·(j)]V

−
(
kp[St] + kfM [St] + kfG[B∗] + k′′tc[P0·] + ktc ([R·] + 2[·R·])

)
[Pn·(i)]V (D.17)

where [B∗(i)] is the molar concentration of total B units in PB or copolymer molecules

with i undecomposed peroxide groups and

[B∗] =

∞∑
i=0

[B∗(i)] (D.18)

Note that i = 0 for PB.
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Summing Equation D.15 all over is,

d

dt
([P0·]V ) =

ki2 φ−1∑
j=0

(
2[·I·(j)] + [I·(j)]

)
+ kfG ([R·] + 2[·R·])

 [B∗]V

−
(
ki1[St] + k′fM [St] + k′tc[P0·] + ktc ([R·] + 2[·R·])

)
[P0·]V (D.19)

From Equations D.16 and D.17, summing all over ns and is, the total concentration of

PB and copolymer radicals may be obtained:

d

dt
([P ·]V ) = ki1[St][P0·]V + kfG ([S·] + 2[·R·]) [B∗]V

+ kd2[PeC]V −
(
kfM [St] + k′′tc[P0·] + ktc ([S·] + [P ·])

)
[P ·]V (D.20)

From Equations D.10 and D.12, the total concentration of diradicals (which are only PS

homoradicals) may be obtained: obtained:

d

dt
([·R·]V ) = ki2

φ−1∑
j=0

2[·I·(j)][St]V + 2ktc[·R·]2V

− 2
(
kfM [St] + kfG[B∗] + ktc ([R·] + 2[·R·]) + k′′tc[P0·]

)
[·R·]V (D.21)

From Equation D.11 and D.13 and considering Equation D.14, the total concentration

of PS monoradicals may be obtained:

d

dt
([S·]V ) =

ki2 φ−1∑
j=0

[I·(j)] + kfM ([P ·] + 4[·R·])

 [St]V +2ki[St]3V +2kfG[B∗][·R·]V

−
(
ktc ([S·] + [P ·] + 2[·R·]) + kfG[B∗] + k′′tc[P0·]

)
[S·]V + f2kd2 (2[PePS] + [PeC])V

(D.22)

The total radicals are calculated as [R·] + 2[·R·] = [S·] + [P ·] + 2[·R·]. Using Equations

D.20 trough D.22,

d

dt
(([R·] + 2[·R·])V ) = ki1

φ−1∑
j=0

(
4[·I·(j)] + [I·(j)]

)
[St]V + 2ki[St]3V + ki1[St][P0·]V

+2f2kd2 ([PePS] + [PeC])V − ktc([R·] + 2[·R·])2V − k′′tc ([R·] + 2[·R·]) [P0·]V (D.23)
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Peroxide groups

Neglecting the concentration of peroxide groups in the radicals, the total concentration

of peroxide groups is

[Pe] =

φ∑
j=1

j
(

[I(j)] + [̄I(j)]
)

+ [PePS] + [PeC] (D.24)

with

[PePS] =
∞∑
i=0

∞∑
n=1

i[Sn
(i)] (D.25a)

[PeC] =
∞∑
i=0

i[P(i)] (D.25b)

Peroxide groups are consumed only by decomposition reactions. Therefore:

d

dt
([Pe]V ) = −

φ∑
i=1

jkd1

(
[I(i)] + [̄I(i)]

)
V − kd2 ([PePS] + [PeC])V (D.26)

Using this result and Equation D.24, the molar concentration of peroxide groups accu-

mulated in the free PS and the GC can be calculated from the following difference

d

dt
({[PePS] + [PeC]}V ) =

d

dt
([Pe]V )−

φ∑
j=1

j
d

dt

((
[I(j)] + [̄I(j)]

)
V
)

(D.27)

Conversion and volume

The monomer conversion can be calculated from

x =
[St]0V0 − [St]V

[St]0V0
(D.28)

where the subscript “0” indicates initial conditions. The evolution of the reaction volume

V is obtained from

V = V St
0 (1− εx) + V PB

0 (D.29)

with

ε =
V St
0 − V S

f

V St
0

(D.30)

Where ε is the St volume contraction factor, V St
0 and V PB

0 are the initial St and PB

volumes respectively and V S
f is the final volume of free and grafted St at full conversion.
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Equation D.1 to D.6, D.8, D.9, D.19, D.23, and D.24 to D.29 are solved simultaneously

to find the evolution of species [I(i)],[Ī(i)], [St], [B∗], [·I·(i)], [I·(i)], [P0·], ([R·] + 2[·R·]),

([PePS] + [PeC]), x and V .

D.2 Distributions module

D.2.1 Free PS

Radical species (i = 0, 1, ...; n = 2, 3, ...)

Consider equations D.12 and D.13. Assuming pseudosteady-state, all time derivatives

may be set to zero and the following recurrence formulas can be obtained:

[·Sn·(i)] =

kp[St][·Sn−1·(i)] + ktc
i∑

j=0

n−1∑
m=1

[·Sn−m·(i−j)][·Sm·(j)]

kp[St] + kfM [St] + kfG[B∗] + ktc ([R·] + 2[·R·]) + k′′tc[P0·]
(D.31)

[Sn·(i)] =

(
kp[Sn−1·(i)] + 2kfM [·Sn·(i)]

)
[St] + 2kfG[·Sn·(i)][B∗]

kp[St] + kfM [St] + kfG[B∗] + ktc ([R·] + 2[·R·]) + k′′tc[P0·]

+

2ktc
i∑

j=0

n−1∑
m=1

[·Sn−m·(i−j)][Sm·(j)] + kd2
∞∑

j=i+1

∞∑
m=n+1

(
pmj(n, i)j[S

(j)
m ] + p′mj(n, i)j[P

(j)
m ]
)

kp[St] + kfM [St] + kfG[B∗] + ktc ([R·] + 2[·R·]) + k′′tc[P0·]
(D.32)

Polystyrene species (i = 0, 1, ...; n = 2, 3, ...)

The mass balances for the PS species provide

d

dt

(
[Sn

(i)]V
)

= kfM [St][Sn·(i)]V +
ktc
2

i∑
j=0

n−1∑
m=1

[Sn−m·(i−j)][Sm·(j)]V − i[Sn(i)]V

+ (1− f2) kd2
∞∑

j=i+1

∞∑
m=n+1

(
pmj(n, i)j[S

(j)
m ] + p′mj(n, i)j[P

(j)
m ]
)
V (D.33)

In order to account for the generation of monoradicals from random scission of the free

PS or graft copolymer chains by sequential decomposition of peroxide groups within

the chains, consider a PS chain with length n and i peroxide groups, all of which have

the same thermal stability. Let m be a uniformly distributed random variable whose

value ranges 1 from 1 to n− 1. The polymer chain may form 2 monoradicals, one with
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length m, and the other one with length n−m. These chains will have i− j and j − 1

undecomposed peroxide groups respectively. If the peroxide groups are assumed to be

uniformly distributed within the polymer chains in the course of polymerization, the

following relation must hold:
j − 1

n−m
=
i− j
m

Therefore,

j =

[
i(n−m) +m

n

]
where the brackets indicate the integer part of the expression.

The scission has then generated two monoradicals, one with length m and i− j peroxide

groups, the other one with length n−m and j − 1 peroxide groups.

Note that this chain scission algorithm can be modified for specific cases. For example,

in the case of a linear bifunctional initiator, since all peroxide groups are located at a

chain end, m = 1 for every scission.

The Number Chain Length Distribution (NCLD) for the free PS species is

N
(i)
PS(n) = [Sn

(i)]V (D.34)

found by integrating Equation D.33 with Equations D.31 and D.32 using also Equation

D.10 and D.11 for species [·S1·(i)] and [S1·(i)]. The concentration of the total PS species

characterized by the number of undecomposed peroxide groups can be calculated with

[P (i)] =

∞∑
n=1

[Sn
(i)] (D.35)

The NCLD for the total polymer can be calculated using

Pn =

∞∑
i=0

[Sn
(i)]V (D.36)

The total moles of PS are

NPS =
∞∑
i=0

∞∑
n=1

N
(i)
PS(n) (D.37)
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To obtain the corresponding Weight Chain Length Distribution (WCLD), multiply the

NCLD by sMSt and replace n by s to obtain

G
(i)
PS(s) = sMSt[Ss

(i)]V (D.38)

The mass of free PS can then be calculated as

GPS =

∞∑
i=0

∞∑
s=1

G
(i)
PS(s) (D.39)

The average molecular weights can then be calculated from

M̄n,PS =
GPS

NPS
=

∞∑
i=0

∞∑
s=1

G
(i)
PS(s)

∞∑
i=0

∞∑
n=1

[Sn
(i)]V

(D.40a)

M̄w,PS =

∞∑
i=0

∞∑
s=1

sG
(i)
PS(s)

GPS
=

∞∑
i=0

∞∑
s=1

sG
(i)
PS(s)

∞∑
i=0

∞∑
s=1

G
(i)
PS(s)

(D.40b)

D.2.2 Residual PB

Let NPB(b) denote the moles of PB with b units of B (b ≥ 1). Consider only the

reactions involving the unreacted PB and the reactions at each chain length b, bNPB(b)

is therefore the molar concentrations of B∗ at each chain length. Assuming that the

number of attacked B∗ is proportional to the B∗ contents of each chain length class,

the fraction of P0· radicals that are primary PB radicals of chain length b is therefore

bNPB(b)/[B∗]. Then, from the kinetic mechanism,

d

dt
NPB(b) = −

ki2 φ−1∑
j=0

(
2[·I·(j)] + [I·(j)]

)
+ kfG ([R·] + 2[·R·])

 bNPB(b)

+ k′fM [St][P0·]
bNPB(b)

[B∗]
(D.41)

where NPB(b) at t = 0 is a priori known from experimental data. The corresponding

WCLD for the residual PB can be obtained from

GPB(b) = bMBNPB(b) (D.42)
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The total moles and mass of residual PB are

NPB =

∞∑
b=1

NPB(b) (D.43)

GPB =
∞∑
b=1

GPB(b) (D.44)

Grafting efficiency and average number of St branches

The grafted St mass can be calculated from

GGS = MSt[St]0V0x−GPS (D.45)

The St grafting efficiency is calculated from

EGS =
GGS

GPS +GGS
(D.46)

The average number of St branches per reacted PB molecule is

J =
GGS

/
M̄n,PS

NPB0 −NPB
(D.47)

Phase volumes

The volume of the individual phases, considered completely immiscible, is obtained from

VI =
GPB +GGS

ρPB
(D.48a)

VII =
MSt[St]VIIρSt + GPS

ρPS
(D.48b)

where ρk is the density of chemical species k.

D.2.3 Graft copolymer

The complete copolymer distribution, characterized by grafted St and B units in the

copolymer and number of undecomposed peroxide groups, is derived from the detailed

kinetic mechanism in Table for copolymer radicals and copolymer species. The following

nomenclature was used:
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P (i)(s, b) Copolymer with s styrene units, b butadiene units and i undecomposed

peroxide groups in the grafted chains

P0 ·(i) (s, b) Primary radical produced by attack to a butadiene repetitive unit (B)

present in P (i)(s, b)

Pn ·(i) (s, b) Copolymer radical with i undecomposed peroxide groups,

s styrene units, b butadiene units and n units of St in the active branch

Initiation(φ = 1, 2, 3; i < φ; j = 0, 1, ...; s, b = 1, 2, ...)

·I·(i) + P (j)(s, b)
2ki2−−→ P0·(j)(s, b) + I·(i)

I·(i) + P (j)(s, b)
ki2−−→ P0·(j)(s, b) + Ī(i)

Propagation (n, s, b = 1, 2, 3...; i = 0, 1, 2...)

P0·(i)(s, b) + St
kp−→ P1·(i)(s, b)

Pn·(i)(s, b) + St
kp−→ Pn+1·(i)(s, b)

Transfer to monomer (n, s, b = 1, 2, 3...; i = 0, 1, 2...)

P0·(i)(s, b) + St
k′fM−−−→ P (i)(s, b) + S1·(0)

Pn·(i)(s− n, b) + St
kfM−−−→ P (i)(s, b) + S1·(0)

Transfer to rubber (n, s, b, c, t = 1, 2, 3...; i, j = 0, 1, 2...)

Sn·(i) + P (j)(s, b)
kfG−−→ Sn

(i) + P0·(j)(s, b)
·Sn·(i) + P (j)(s, b)

2kfG−−−→ Sn ·(i) +P0·(j)(s, b)
P0·(i)(s, b) + P (j)(t, c)

kfG−−→ P (i)(s, b) + P0·(j)(t, c)
Pn·(i)(s− n, b) + P (j)(t, c)

kfG−−→ P (i)(s, b) + P0·(j)(t, c)

Re-initiation (s, b = 1, 2, 3, ...;n = 1, 2, ..., s− 1;m = 1, 2, ..., n− 1; i = 1, 2...; j = 0, 1, ..., i− 1)

P (i)(s, b)
ikdp−−→ Pn−m·(i−j)(s− n−m, b) + Sm

(j−1) ·

Combination termination (n,m, s, b, c, t = 1, 2, 3...; i, j = 0, 1, 2...)

P0·(i−j)(s− t, b− c) + P0·(j)(t, c)
k′tc−−→ P (i)(s, b)

P0·(i−j)(s− t−m, b) + Pm·(j)(t, c)
k′tc−−→ P (i)(s, b)

Pn·(i−j)(s− n−m− t, b− c) + Pm·(j)(t, c)
k′tc−−→ P (i)(s, b)

P0·(i−j)(s, b) + · Sm·(j)
2k′′tc−−→ Pm·(i)(s, b)

Pn·(i−j)(s, b) + · Sm·(j)
2k′′tc−−→ Pn+m·(i)(s, b)

P0·(i−j)(s−m, b) + Sm·(j)
k′′tc−−→ P (i)(s, b)

Pn·(i−j)(s− n−m, b) + Sm·(j)
k′′tc−−→ P (i)(s, b)

Table D.1: Detailed kinetic mechanism for graft copolymer bivariate distribution.
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Copolymer radicals

For deriving the equations, it was considered that [B∗(i)(s, b)] ≈ b[P (i)(s, b)]. From the

detailed kinetic mechanism of Table and using the pseudosteady-state hypothesis,

ki2 φ−1∑
j=0

(
2[·I(j)·] + [I(j)·]

)
+ kfG ([R·] + 2[·R·])

 b[P (i)(s, b)]

−
(
ki1[St] + k′fM [St] + k′tc[P0·] + k′′tc ([R·] + 2[·R·])

)
[P0·(i)(s, b)] = 0 (D.49)

ki1[St][P0·(i)(s, b)] + 2k′′tc

i∑
j=0

[P0·(i−j)(s, b)][·S1(j)·]

−
(
kp[St] + kfM [St] + kfG[B∗] + k′tc[P0·] + k′′tc ([R·] + 2[·R·])

)
[P1·(i)(s, b)]V = 0

(D.50)

kp[St][Pn−1·(i)(s, b)] + f2kd2

∞∑
j=i+1

∞∑
m=n+1

∞∑
t=s+1

∞∑
c=b

p′′mjtc(n, i, s, b)j[P
(j)
m (t, c)]

+ 2k′′tc

i∑
j=0

n−1∑
m=1

[Pn−m·(i−j)(s, b)][·Sm·(j)]V + 2k′′tc

i∑
j=0

[P0·(i−j)(s, b)][·Sn·(j)]

−
(
kp[St] + kfM [St] + kfG[B∗] + k′tc[P0·] + k′′tc ([R·] + 2[·R·])

)
[Pn·(i)(s, b)] = 0

(D.51)

In Equation D.51, p′′mjtc(n, i, s, b) is the probability that a scission of a temporarily dead

PS chain from P (j)(t, c) having m repetitive units of St and j peroxide groups yields

a growing PS monoradical of chain length n with i peroxide groups, with the resulting

copolymer radical having s units of St and b units of B.
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Copolymer bivariate distribution

d

dt

(
[P (i)(s, b)]V

)
= −ki2

φ−1∑
j=0

(
2[·I(j)·] + [I(j)·]

)
b[P (i)(s, b)]V

− kfG ([R·] + 2[·R·] + [P0·]) b[P (i)(s, b)]V − ikd2f2[P (i)(s, b)]V

+ (1− f2)kd2
∞∑

j=i+1

∞∑
t=s+1

p′jt(i, s)j[P
(j)(t, b)]V

+ kfG[B∗]
s∑

n=1

[P (i)
n ·(s− n, b)]V + kfG[B∗][P (i)

0 · (s, b)]V

+ kfM [St]
s∑

n=1

[P (i)
n ·(s− n, b)]V + kfM [St][P

(i)
0 · (s, b)]V

+
1

2
k′tc

i∑
j=0

s∑
t=0

b−1∑
c=1

[P
(i−j)
0 · (s− t, b− c)][P (j)

0 · (t, c)]V

+ k′tc

i∑
j=0

s−1∑
t=0

s−t∑
m=1

b−1∑
c=1

[P
(i−j)
0 · (s− t−m, b− c)][P (j)

m · (t, c)]V

+
1

2
k′tc

i∑
j=0

s−t−m∑
n=1

s−t∑
m=1

s−1∑
t=0

b−1∑
c=1

[P (i−j)
n · (s− t−m− n, b− c)][P (j)

m · (t, c)]V

+k′′tc

i∑
j=0

s∑
n=1

[P
(i−j)
0 · (s− n, b)][S(j)

n ·]V+k′′tc

i∑
j=0

s−m∑
n=1

s−1∑
m=1

[P (i−j)
m · (s− n−m, b)][S(j)

n ·]V

(D.52)

The total copolymer NCLD can be obtained from

N(s, b) =
∞∑
i=0

P (i)(s, b)V (D.53)

and the corresponding WCLD from

G(s, b) = (sMSt + bMB)N(s, b) (D.54)

Copolymer average composition and molecular weights

The average chemical composition of the graft copolymer is estimated with the mass

fraction of St

ω̄St =

∞∑
i=0

∞∑
s=1

∞∑
b=1

[P (i)(s, b)]sMSt

∞∑
i=0

∞∑
s=1

∞∑
b=1

[P (i)(s, b)](sMSt + bMBd)

(D.55)
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The copolymer average molecular weights are calculated with

M̄n,C =

∞∑
i=0

∞∑
b=1

∞∑
s=1

[P (i)(s, b)](sMSt + bMB)

∞∑
i=0

∞∑
b=1

∞∑
s=1

[P (i)(s, b)]

(D.56a)

M̄w,C =

∞∑
i=0

∞∑
b=1

∞∑
s=1

[P (i)(s, b)](sMSt + bMB)2

∞∑
i=0

∞∑
b=1

∞∑
s=1

[P (i)(s, b)](sMSt + bMB)

(D.56b)

D.3 Melt flow index module

The Melt Flow Index (MFI) is the mass flow rate, in units of g/10 min, of a HIPS melt

that flows through a plastometer capillary when forced by a piston loaded with constant

weight. The polymer accumulates in a barrel, prior to entering the capillary. Between

the barrel and the capillary there is an abrupt contraction or “entrance” zone. First,

the apparent shear viscosity η(γ̇) is related to the apparent shear rate γ̇ by means of a

three-parameter Carreau expression [120, 121].

η(γ̇) =
η0[

1 + (τrγ̇)2
]n′/2 (D.57)

where η0 is the zero-shear viscosity, τr the relaxation time and n′ is a rheological pa-

rameter [122]. The relaxation time of the polymer is calculated as:

τr =
6η0,P M̄w,PS

π2ρRT
(D.58)

For η0,P , the polymer shear-viscosity, the following expression is used

η0,P = η0,PSe
AφD

1−BφD (D.59)

where η0,PS is the zero-shear viscosity of the free PS, A and B are constants taken

from the literature [115] and φD is the volume fraction of the dispersed phase, which is

estimated as φD ≈ φR where φR is the total rubber in the final product, calculated as

φR =

∑
i=PB,GC

Gi/ρi∑
i=PS,PB,GC

Gi/ρi
(D.60)
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This approximation estimates φD by defect, since φR does not include the occluded PS

contained in the rubber particles [57]. Finally, η0,PS is estimated from

ln η0,PS = −20.95 + 3.4 ln

(
M̄w,PS

33000

)
+

11000

T
(D.61)

The MFI is estimated using the model proposed by Seavey et al. [98]. The model

assumes: a) steady-state flow; b) zero velocity at the capillary wall; and c) the elonga-

tional viscosity can be estimated using Trouton’s ratio. While assumption b) is valid for

homogeneous systems [120], it is extended here to an heterogeneous one. The following

nomenclature was used:

Rb Barrel radius

Lb Barrel length

Rc Capillary radius

Lc Capillary length

Rp Piston radius

∆Pb Pressure drop in the barrel

∆Pc Pressure drop in the capillary

∆Pe Pressure drop in the entrance zone

m Piston weight

g Acceleration of gravity

γ̇Rb Shear rate at the barrel wall

γ̇Rc Shear rate at the capillary wall

ε̇a Apparent elongational rate in the capillary

ηRb Apparent viscosity at the barrel wall

ηRc Apparent viscosity at the capillary wall

ηec Apparent elongational viscosity in the capillary

The MFI is calculated as

MFI = ρQ̇ (D.62)

where Q̇ is the volumetric flow rate through the plastometer, and ρ is the density of the

final HIPS, calculated as

ρ =
∑

i=PS,PB,GC

ωiρi (D.63)
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where the ωi are the mass fractions of the different polymer species. The volumetric flow

Q̇ is calculated from the relation between η and ·γ given by Equation and the following

mass and momentum balances in the plastometer [98, 123]:

Q̇ =
πR3

b γ̇Rb
3

− π

3

(
2Lb
∆Pb

)3 ∫ γ̇Rb

0
[η(γ̇)γ̇]3dγ̇ (D.64)

Q̇ =
πR3

c γ̇Rc
3

− π

3

(
2Lc
∆Pc

)3 ∫ γ̇Rc

0
[η(γ̇)γ̇]3dγ̇ (D.65)

γ̇RbηRb =
∆PbRb

2Lb
(D.66)

γ̇RcηRc =
∆PcRc

2Lc
(D.67)

The total pressure drop is given by

∆Pb + ∆Pe + ∆Pc =
mg

πR2
p

(D.68)

where ∆Pe is estimated as in the work of Rohlfing and Janzen [123]:

∆Pe =
4
√

2γ̇a
3(n′ + 1)

(
4n′

3n′ + 1

)(1+n′/2)√
ηa,cηe,c (D.69)

The expressions for γ̇a and ε̇a are

γ̇a =

(
4

3 + 1/n′

)
γ̇Rc (D.70)

ε̇a =
4ηa,cγ̇a

3(n′ + 1)∆Pe

(
4n′

3n′ + 1

)n′+1

(D.71)

where the Trouton ratio is used to relate the elongational viscosity to the shear viscosity

ηe(ε̇) = 3η(γ̇) (D.72)

with γ̇ = εa [98].

The values for the numerical parameters related to plastometer geometry are: Rb = 4.78

mm, Rc = 1.05 mm, Rp = 4.74 mm, Lb = 46 mm, Lc = 8 mm, m = 5 kg and

g = 9, 81 m/s2 with an essay temperature of T = 200 ◦C. Equations D.64 to D.71 are

simultaneously solved in order to evaluate the MFI with Equation D.62.
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of styrene catalyzed by bi- and trifunctional cyclic initiators. Journal of Applied

Polymer Science, 83(1):1–11, January 2002. ISSN 0021-8995. doi: 10.1002/app.

2225. URL http://doi.wiley.com/10.1002/app.2225.
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