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In this study, the kinetics of free radical polymerization (FRP) of styrene, initiated by benzoyl peroxide 
in polar solvent, are described. A model was developed based on a set of elementary reactions by mass 
balance of the chemical species and method of moment analysis. The set of modeled equations was 
solved analytically using the Garg et al., (G-model) approach for the estimation of polystyrene average 
properties such as weight and number average molecular weights and polydispersity, which were found 
to vary with reaction conditions and styrene monomer conversion. Our earlier reported styrene 
monomer conversion model was improved upon by the incorporation of the Trommsdoff Norrish 
effect. The modified conversion model was found to give a better prediction.
 Key words: Kinetics, radical polymerization, G-model, polydispersity, method of moment, 
 Trommsdoff Norrish effect.
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Abstract

Introduction

Unlike the cracking process of heavy hydrocarbon, 
polymerization is a building up process with interesting 
fundamental steps. The reaction commences with the 
generation of radicals, followed by the initiation of 
monomers. The growth of the polymer via the process called 
propagation, gives the polymer its characteristic high 
molecular weight. The final step is the bimolecular 
termination reaction in which two radical species react to 
form a'dead' polymer material. It is important to realize that 
the aforementioned reactions take place simultaneously 
during the polymerization process. As a result, the end-
product does not consist of polymer chains with one unique 
size, instead, the polymer consists of a distribution of polymer 
chains with a variety of different sizes [1]. Costas  et al. [2] 
developed a kinetic model capable of predicting the evolution 
of polymerization rate .The free volume model was employed 
to account for diffusion controlled, termination, propagation 
and initiation reaction. Frounchi et al. [3] developed a model 
by modifying the assumptions made in Marten-Hamielec and 
Vivaldo-Lima model to achieve a better conversion prediction 
especially at high conversion. Cunha et al. [4] were able to 
analyze the influence of parameters such as agitation speed, 
initiator concentration etc on the final properties of high 
impact polystyrene (PS). Maafa et al. [5] proposed a dynamic  
Monte Carlo model for bifunctional initiators .The results of 
their model compared well with the popular method of 
moment when applied to the polymerization of styrene. The 
production of polymers with desired end-use properties is of 
significant financial importance to the polymer industry. One 
of the most important molecular properties that control the 
end-use characteristics of polymers is the molecular weight 
distribution (MWD) as it directly affects the physical, 
mechanical and rheological properties of the final product [6]. 
The molecular weight distribution of a polymer can be 
characterized by the number average molecular weight (Mn), 
weight average molecular weight (Mw), and polydispersity 

(PD). Molecular weight distribution (MWD)/ Polydispersity 
(PDI) is considered as a fundamental property that determines 
polymer properties and thus its applications. The 
development of kinetic model for the estimation of 
polystyrene polydispersity is a tasky component of 
polymerization research. Knowledge of the rate coefficients 
of all fundamental steps in a free-radical polymerization 
process is of much importance as these are invariably related 
to the structure and therefore to the properties of the polymer. 
Experimental determination of the important property i.e 
Polydispersity index (PDI), is not only tasking and time 
consuming and but also very expensive. It is on a strong debit 
side in terms of cost in the polymer industry. Molecular 
weight distributions are determined by using the HP 1090 
HPLC (high performance liquid chromatography) system, 
equipped with the HP 1047A RI (refractive index) detector 
and a four-column set configuration (105, 104, 103, 102  Å 30 
cm x 7.8 mm  microstyragel columns) [7]. The purpose of 
constructing a detailed kinetic model is to be able to correlate 
the reaction conditions (e.g. temperature, initiator 
concentration, reaction time etc ) with the polymer quality 
(e.g. Molecular Weight Distribution ). This attempt has been 
seldomly reported until recent time, nonetheless, details of 
modeling technique for the estimation of PDI  that have found 
wide acceptance and those that were recently proposed can be 
found in  [1]. Garg et al. [8] developed an analytical method of 
solving polymer kinetic model that predicts much better than 
previous numerical solution. Their method herein referred to 
as Garg approach is used extensively in this work rather than 
numerical solution. Table 1 contains the reaction mechanism 
considered. Many researchers such as [3,9-10], have used 
various versions of reaction mechanism and recorded varied 
success by comparing the numerical solution with 
experimental. We have limited our side reactions to chain 
transfer to monomer and solvents only to reduce the 
excessively increased level of complexity in the analytical 
solution of the kinetic model. This side reaction limitation 
made our reaction scheme (Table 1) similar to that of  [8] 

Styrene Conversion Modeling and Estimation
of Polydispersity Index

Rasheed Uthman Owolabi*,  Mohammad Awwaal Usman,  John Abiola Kehinde

University of Lagos, Chemical and Petroleum Engineering Department, Akoka, Yaba , 

Lagos State, Nigeria.

*Corresponding Author: uthmanrash642@yahoo.com



except where they introduced  transfer to chain transfer agent.  
As earlier mentioned, the Garg approach we rely on utilizes 
the method of moment analysis in the modeling approach 
which has been found successful in predicting statistically 
averaged properties of polymers, [11-13] .The method of 
moments transforms the original high-dimensional systems 
of differential equations into a low-order system of equations 
by introducing the leading moments of the distributions of 
interest. The major limitation of models based on the method 
of moments (MM) is that they only track average quantities. 
While adequate for most situations, the MM cannot examine, 
for example, the combined effects of chain-scission and long-
chain branching on the polymer architecture, or to incorporate 
chain-length–dependent termination kinetics into the kinetic 
scheme, [14-15]. Summarily, the aim of this study is to carry 
out a mass balance of all the chemical species present in the set 

of elementary reactions considered, derive an improved 
kinetic model for the styrene monomer conversion prediction 
and estimate the polymer PDI. 

Our reaction of study (Polymerization reactions) has created a 
lot of unsolved and complex reaction problems, [16]. A 
problem associated with the reaction is a unique and unified 
set of elementary steps for free radical vinyl  monomers 
polymerization which is still been debated and yet to be found 
wholistically in open literature inspite of the continuous 
intensive research  from polymer reaction engineering 
/polymer and material chemistry  research group. Herein, 
from the report of lengthy list of researchers such as [12-31], a 
basic free radical styrene polymerization chain process 
/mechanism was considered with three essential main 
reaction steps (Table 1)
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Table 1: Kinetic mechanism of styrene polymerization adopted in this study
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Where I= initiator , R* = generated  radical , M = monomer ,Pi 
= growing polymer of lenght i , Dj= dead polymer of lenght j 
,S = solvent

Garg et al. [8] reported the inclusion of  f term in the reaction 
rate 1.When the radicals are formed upon initiator 
decomposition, they need to reach monomer molecules to 
form the primary radicals. However, due to several 
mechanisms induced by impurities and chemical species like 
solvent present in the reaction mixture, many radicals are 
destroyed or consumed before reacting with monomer. Thus, 
only a fraction (f) of radicals formed is able to form these 
primary radicals. Kiparissides et al. [32] in his report observed 
that one of the most important problems in simulating the 
operation of industrial high pressure polymer reactors is the 
selection of appropriate values of the various rate constants.

Kinetic Model Development

For easy expression of the kinetic rate equation using the 
above kinetic scheme, the following assumptions on 
modeling of free radical polymerization were made;

Modeling and Computational Assumptions

  Steady state approximation for radicals.

  The reaction rate constants are independent of chain

  lengths.

  All the reactions are irreversible and elementary

  The reactor contents are perfectly mixed

  Radicals generated are of equal reactivity

  (Flory's principle)

  Constant reactor pressure.

  Constant initiator efficiency.

  Rate constants are independent of viscosity

Mass and Molar Balances for all Species Present 
(Monomer, Initiator, Solvent, Live radical and Dead 
Polymer):

Rate equation was established for each of the reaction steps 
(Table 1).The Garg approach was later employed in this 
aspect of the research. The mass balance of the chemical 
species in an ideal batch reactor was carried out.  Details of the 
resulting chemical mass balances in terms of moment 
equation (Eq. 6-11) can be found in Appendix A of the 
supporting information materials of [8]. The method of 
moments is based on the statistical representation of the 
molecular properties of interest e.g weight- average 
molecular weight (Mw), number-average molecular weight 
(Mn) in terms of the leading moments of the respective 
distributions, [33]. Accordingly, the leading moments of the 
total number chain length distributions (TNCLDs) of live and 
dead polymer chains are defined as;

(1)

(2)

Number(     ) and weight average molecular weights (     );

(3)

(4)

Polydispersity index (PDI) =             (5)

There is need to generate six equations (Eq. 12-17) from the 
chemical mass balances to calculate the six moments              
(                  )for the determination of molecular weight 
distribution (Eq. 3-5).

In conjunction with Eq. 3-5, the values of  λ0,  λ1,  λ2,  μ0,  
μ1, μ2 for each of the reaction conditions (2a-15d) can be 
calculated.

I.

II.

III.

IV.

V.

VI.

VII.

VIII.
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2a. when t = 10 mins ,    CI = 0.0825  mol/L and T = 363 K

2b. when t  = 10 mins,    CI = 0.0620 mol/L   and T = 363 K

2c. when t = 10 mins ,     CI = 0.0413 mol/L   and T = 363 K

2d. when t = 10 mins ,     CI =  0.0206 mol/L and T = 363 K

                     

3a. when t = 10 mins ,     CI = 0.0825  mol/L and T = 333 K

3b. when t  = 10 mins ,    CI = 0.0620 mol/L   and T = 333 K

3c. when t = 10 mins ,     CI = 0.0413 mol/L   and T = 333 K

3c. when t = 10 mins ,     CI =  0.0206 mol/L and T = 333 K

5a. when t = 20 mins ,     CI = 0.0825  mol/L and T = 363 K

5b. when t  = 20 mins ,    CI = 0.0620 mol/L   and T = 363 K

5c. when t = 20 mins ,      CI = 0.0413 mol/L   and T = 363 K

5d. when t = 20 mins ,      CI =  0.0206 mol/L and T = 363 K

6a. when t = 20 mins ,   CI = 0.0825  mol/L and T = 333 K

6b. when t  = 20 mins,   CI = 0.0620 mol/L   and T = 333 K

6c. when t = 20 mins ,    CI = 0.0413 mol/L   and T = 333 K

6d. when t = 20 mins ,    CI =  0.0206 mol/L and T = 333 K

8a. when t = 30 mins ,     CI = 0.0825  mol/L and T = 363 K

8b. when t  = 30 mins,     CI = 0.0620 mol/L   and T = 363 K

8c.  when t = 30 mins ,     CI = 0.0413 mol/L   and T = 363 K

8d. when t = 30 mins ,      CI =  0.0206 mol/L and T = 363 K

9a. when t = 30 mins ,        CI = 0.0825  mol/L and T = 333 K

9b. when t  = 30 mins,       CI = 0.0620 mol/L   and T = 333 K

9c. when t = 30 mins ,        CI = 0.0413 mol/L   and T = 333 K

9d. when t = 30 mins ,        CI =  0.0206 mol/L and T = 333 K

 

11a. when t = 40 mins ,      CI = 0.0825  mol/L and T = 363 K

11b. when t  = 40 mins,      CI = 0.0620 mol/L   and T = 363 K

11c. when t = 40 mins ,       CI = 0.0413 mol/L   and T = 363 K

11d. when t = 40 mins ,       CI =  0.0206 mol/L and T = 363 K

12a. when t = 40 mins ,       CI = 0.0825  mol/L and T = 333 K

12b. when t  = 40 mins,       CI = 0.0620 mol/L   and T = 333 K

12c. when t = 40 mins ,        CI = 0.0413 mol/L   and T = 333 K

12d. when t = 40 mins ,        CI =  0.0206 mol/L and T = 333 K

 

14a. when t = 50 mins ,        CI = 0.0825  mol/L and T = 363 K

14b. when t = 50 mins,         CI = 0.0620 mol/L   and T = 363 K

14c. when t = 50 mins ,        CI = 0.0413 mol/L   and T = 363 K

14d. when t = 50 mins ,         CI =  0.0206 mol/L and T = 363 K

 

15a. when t = 50 mins ,         CI = 0.0825  mol/L and T = 333 K

15b. when t = 50 mins,         CI = 0.0620 mol/L   and T = 333 K    

15c. when t = 50 mins ,        CI = 0.0413 mol/L   and T = 333 K

15d. when t = 50 mins ,         CI =  0.0206 mol/L and T = 333 K

 Monomer Conversion Model

Considering the elementary steps shown below, we have;

Initiation:     

(12)

(13)

Chain Initiation:

(14)

(15)

Propagation:

(16)

Termination by combination:

(17)

Termination by disproportionation:

(18)

The following assumptions were made;

 I. Steady state approximation for radical concentration.

 II. Rate of initiation is equal to the rate of termination.

Mass balance on the generated radicals gives

(19)

(20)

From Eq. (16),             (21)

Considering           (22)

(23)

The factor 2 arises from the fact that at each incidence of 
termination reaction, two radicals disappear.
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(24)

(25)

Put Eq. (25)  in Eq. (21),we have

(26)

From (13),

(27)

Separating the variables and integrating both sides, we have

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

The value of the unknown conversion (x)  is to be calculated 
for each   of the  earlier stated conditions (2a-15d).

Westerhout et al. [34] in their report concluded that all 
published polymerization models are limited to narrow 
conversion ranges.One common trend  observed which may 
further support their opinion in modeling polymerization 
processes is that the tasking direct determination of kinetic 
parameters have made researchers to rely frequently on  
kinetic parameters taken from literature values in which 
experimental conditions may be considerably different .Wu et 
al. [25], in their intensive report on batch polymerization of 
styrene stated a feature of free radical polymerization in bulk 
called the gel or trommsdorff  Norish effect where the rate of 
reaction increases with an increase  in conversion instead of 
decreasing as monomer is consumed. They attributed the  gel 
effect to a decrease in the rate of termination and consequently 
an increase in the macro-radical concentration.They further 
related the decrease in termination  rate to the restricted 
diffusion of macro-radicals in the polymerizing  system of 
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high viscosity. Kee and Kyu [22] observed that the gel effect 
in styrene polymerization is not as strong as in other vinyl 
monomer polymerization especially methylmethacrylate 
(MMA) polymerization. Still, the gel effect is not quite 
negligible at high conversion or low solvent volume 
fraction.The  approach of [22] was adopted in this study to 
correct our earlier monomer conversion model. Herein, the 
gel effect (g(t))correlation suggested by Friis and Hamielec 
[27] for bulk styrene polymerization is used  and  modified for 
solution polymerization as demonstrated by Hamer et al. [35].

(51)

where   and     denote the monomer conversion  and the 
terminal rate constants at zero monomer conversion.

B = 2.57 – 5.05 ×10-3 T(K)             (52)                                                                             

C = 9.56 - 1.76 × 10-2 T(K)             (53)

D = -3.03 -7.85 × 10-3 T (K)             (54)

The  constants A, B and C were the work of Hui and Hamielec 
[28] over four decades ago to correct the gel effect  and are  
used till today in majority of studies of vinyl monomer 
polymerization.

Incorporating the gel effect into the earlier model, we have 

(55)

The incorporation of the gel effect is intended to improve the 
model accuracy though also increases the model complexity.

(56)

(57)

Take the arc ln of both sides

(58)

(59)

Eq. 50 presented our earlier model which was able to predict 
lower styrene conversion especially when poor polar solvents 
such as toluene is used but failed completely to predict high 
styrene conversion. The model was improved upon and 
modified by the introduction of the Trommsdorf Norrish (gel) 
effect (Eq. 51) to obtain modified model (Eq. 59).The 
modified model which is a polynomial of order four was 
solved using Maple17.1 environment. Complex and negative 
roots obtained for the conversion were rejected. 

Examination of compilation of literature values of rate 
parameters often reveals a very wide range of reported values 
in spite of the great number of papers published on the 
modeling of polymer reactors , Gupta et al. [36], Ehrlich and 
Mortimer [29], Goto et al. [24], Lee and Marano ([37], 
Takahashl and Ehrlich [38], Thies and Schoenemann [39], . 
Kiparissides et al. [32] in their review attributed the 
inconsistency of published set of rate constants to the 
complexity of the reaction, the large number of kinetic 

parameters to be determined experimentally and the wide 
range of experimental conditions over which the kinetic 
parameters were estimated. To overcome the wide divergence 
in literature values of kinetic parameters for free radical 
polymerizations under ostensibly the same conditions, agreed 
values were given to some fundamental kinetic parameters for 
simple monomers. The work of Hui and Hamielec [28] and 
host of others (Table 3.1) had for long and up till date 
remained a point of reference. From their previous study of 
styrene homo-polymerization, rate-constants for the various 
elementary steps are given as shown (Table 2.0).

Where kd = Initiator dissociation rate constant

            kfm = Chain transfer to monomer

            kt = Termination rate constant

            kp = Propagation rate constant

            kfs = Chain transfer to solvent

           M0 = Initial monomer concentration

            R = Universal gas constant

            S0 = Initial solvent concentration

            I0 = Initial initiator concentration

RESULTS AND DISCUSSION

The experimental procedure and styrene monomer 
conversion results obtained are as reported in our earlier study 
[41].Herein contains the discussion of every aspect of the 
study and their corresponding graphs and tables.
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Fig. 1:    Experimental data versus model data

Table 2: Rate-constants for the various elementary steps 
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The earlier  model (Eq. 50) was improved upon and modified 
by the introduction of the Trommsdorf Norrish (gel) effect 
(Eq. 55) to obtain modified model (Eq. 59).The modified 
model which is a polynomial of order four was solved using 
Maple17.1 environment. In Fig. 1, the improved model 
similarly mimicked the experimental data up to the 30 
minutes reaction time after which a very slight deviation was 
observed. Our previous conversion model exhibited same 
behaviour with that of Garg et al. The exclusion of the gel 
effect in the Garg et al. [8] conversion model may likely be 
responsible for its poor  predicting potentials.

Eq. 12-17 as earlier mentioned were solved analytically as 
carried out by  [8] for the calculation of the live moments of 
radicals and dead moments of polymers (Eq. 60-66) and the 
subsequent average properties (Mn, Mw, PDI) of the polymer. 
The details can be found in the supporting information of their 
paper. We however present herein a summary of the analytical 
solution.

The PDI sometimes called heterogeneity ratio, dispersion 
ratio or non-uniformity coefficient is commonly used for the 
description of the polymer molecular weight distribution 
(MWD). Similarly, the values of the live moments  are 
infinitesimally small  compared to their corresponding dead 
moments (Table 3.0).The reports of many researchers such as 
[42-44] further confirmed the extremely low value of the live 

moments by modifying eq.19 as PDI =   

The PDI is a measure of the heterogeneity of sizes of 
molecules in the synthesized PS. Polymers of nature are 
typically monodispersed with PDI value of 1.00, [45]. This 
value indicates perfect uniformity, in which all molecules 
about (6.02 × 1023) have exactly the same molecular weight. 
Rogosic et al. [46] in their research concluded that higher 
polydispersity index indeed implies wider MWD. However, 
contrary to the widely accepted belief, the reverse is not true. 
Similarly, as against the widely believed physical significance 
of PDI, Mencer [47] debunked that the ratio is an absolute 
measure of the molecular weight distribution of polymers. In 
the light of these, the main molecular weight of polymers 
remains a key parameter to characterize polymers especially 
in terms of physical property-processability relationship. 
Pinto et al.[48] further stated that temperature variation may 
affect negatively the quality of the polymer produced since 
changes in the polymerization temperature cause increase in 
PDI.

There are many parameters  that control molecular weight of 
the synthesized PS .The tables below (4-5) show a clearer 
trend of how some of these parameters such as reaction time, 
temperature and initiator concentration affects polymer 

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(74)

(66a)

(66b)

(66c)

(66d)

(66e)

(66f)

(66g)
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Table 4: Changes in Polymer average properties
and PDI with Reaction parameters
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Table 3.0: PS Average properties at different reaction conditions
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average properties such as Mw. Mn and the estimated PDI.

Average  polymer properties contained in Tables 4.0-5.0  
when compared with other various reports such as [49-51] 
,one can conclude that  the choice of polymerization agents , 
nature of  solvent, initiator and polymerization temperature, 
as well as the ratio of dose of reagents introduced during 
reaction have  an impact on the final PS and its corresponding 
PDI. We noticed a reduced value of  Mn and Mw at high 
temperature. Teferal et al. [52] similarly reported same trend 
but failed to adduce reason for such inspite of the detailed 
work done. 

The weight average and number average molecular weight 
history with time are in Fig. 2 and 3 at different reaction 
temperature. The respective polydispersity histories are 
simultaeneously shown on the two figures. With increase in 
reaction time, a noticeable increase in Mw and Mn is observed 
accompanied by small increase in PDI. Similar trend was 
observed by [53-54]. 

In all, for a maximum reaction time, the PDI values range 
between 2.076 – 4.345 at temperature histories considered. 
Both Mn and Mw as depicted by Fig. 4 increase with reaction 
time presumably due to the free radical process, [54].The 
figures depict that PDI increases slightly with time with a 
more linear increase at higher temperature. This trend was 
similarly observed in the data published by Ivanchev et al. 
[55].

Conclusion:

Elementary reactions typical of radical polymerization of 
vinyl monomers derived from literature were adopted in this 
study to model the polymerization process by mass balance of 
the chemical the species. The Garg approach to polymer 
kinetic modeling using method of moment and its subsequent 
analytical solution for the determination of PDI, Mw and Mn 
were also adopted. The earlier styrene monomer conversion 
model was improved upon by the inclusion of the trommsdorf 
Norrish affects, though complicated the conversion model but 
improved the model predictive potentials. The models arrived 
at are valuable tools in the design, simulation and 
optimization of PS reactors.

Table 5: Changes in Polymer average properties
and PDI with Reaction parameters.

Fig 2:  Plot of Mw / PDI  vs Time  at  constant
initiator concentration.

Fig 3: Plot of Mn / PDI vs Time  at  constant
initiator concentration

Fig. 4:  Plot of Mw / Mn versus Polydispersity

30Rasheed Uthman Owolabi et al.



Reference:   

[1] R.X.E.Willemse, “New insights into free-radical 
(co)polymerization kinetics”, Ph.D Thesis, Technische 
Universiteit, Eindhoven, 1983.

[2] K.Coatas, A. Krallis, P. Pladis, C. Kiparissides, “A 
comprehensive kinetic model for the combined chemical and 
thermal polymerization of styrene up to high conversion”, 
Macromolecular chemistry physics,  Vol. 204,  2003, pp. 
1305-1314.

[3] M, Frounchi, F.Farhadi, R.P, Mohammadi, “Simulation of 
styrene radical polymerization in batch Reactor: A modified 
kinetic model for high conversion”, Science Iranica, Vol. 9,  
No.1,  2002 ,  pp.86-92.

[4] F.R. Cunha,  J.M. Costa, R.O. Nele, , M.B. Folly, J.R. 
Souza, J.C. Pinto, J.C,“Influence of reaction operation 
conditions on the final properties of high impact  
polystyrene(HIPS)”,Brazilian Journal of Chemical 
Engineering,  Vol.30,  No. 3, 2013,  pp.575-587.

[5] I.M. Maafa, B.P.S. Joao, A. Elkamel,  “Prediction of chain 
length distribution of polystyrene made in batch reactors with 
bifunctional free radical initiators using dynamic Monte Carlo 
Simulation”, Macromolecular Reaction Engineering. Vol 1, 
2007, pp. 364-383.

[6] G.D, Verros, “Calculation of molecular weight 
distribution in non-linear free radical copolymerization”, 
Polymer , Vol. 44,  2003,  pp. 7021–7032. 

[7] F.R .Suryaman, “Mechanistic modeling and model-based 
studies in spontaneous solution polymerization of alkyl 
acrylate monomers”, Ph.D Thesis, Drexel University, U.S.A, 
2006.

[8] G.K.Garg, C.A. Serra, Y. Hoarau, D. Parida, M. Bouquey, 
R. Muller, (2014). “Analytical solution of free radical 
p o l y m e r i z a t i o n :  D e r i v a t i o n  a n d  v a l i d a t i o n ” ,  
Macromolecules, Vol. 47,  No. 14,  2014,  pp. 44567-4586.

[9] P.E. Baillagou, D.S. Song,  (1985). “Major factors 
contributing to the non-linear kinetics of free radical 
Polymerization“. Chemical Engineering Science, vol. 40, no. 
1, 1985,  pp. 75-86.

[10] B.M. Louie,  G.M. Carrat, D.S. Soong, “Modeling the 
free radical solution and bulk polymerization of Methyl-
methacrylate”, Journal of Applied Polymer Science, vol. 30, 
no. 10, 1985,  pp. 3985-4012.

[11] N. Dhib, R.  Al-Nidawy, “Modeling of free radical 
polymerization of ethylene using 

difunctional initiators”, Chemical Engineering Science, Vol. 
57,  2002,  pp. 2735- 2746.

[12] C. Kiparissides, “Challenges in particulate 
polymerization reactor modeling and   Optimization: A 
Population Balance Perspective”. Journal of Process, Vol. 16, 
2006,  pp. 205-224. 

[13] S.Zhu, L. Gu,  A.N. Haymak, R.H. Pelton,   “Kinetics  
and modeling of free radical polymerization of N-
vinylformamide”, Polymer, Vol. 42,  2001,  pp. 3077-3086.

[14] K. Konstadinidis, D. Achilias, C. Kiparissides, 
“Development of a Unified Mathematical Framework For 
Modeling Molecular and Structural Changes Free Radical 
Homopolymerization Reaction”,Polymer,Vol.33, No. 23, 
1992,  pp. 5019-5030.

[15] D.S. Achilias, and C. Kiparissides,  (1992) “Toward the 
development of a general framework for modeling molecular-
weight and compositional changes in free-radical co-
polymerization reactions”, Journal of Macromolecular 
Science-Reviews in Macromolecular Chemistry and Physics, 
Vol.32,  no. 2, 1992,  pp.183-234.

[16] H. Tobita, and S. Zhu, (2014), “Modeling and simulation 
of complex polymerization reactions,macromolecular theory 
and simulations”, Vol. 23, 2014,  pp.107-109.

[17] A.S. Almeida, K. Wada,  and A.R. Secchi,  “ Simulation 
of styrene  polymerization reactors: kinetic and 
thermodynamic modeling”, Brazilian Journal of Chemical 
Engineering,  Vol.25  no.2,  2008,  pp. 337 – 349.

[18] A.H. Mohammad, A.Z. Mohd, S.M. Farouq, 2011. 
“Hybrid modelling and kinetic estimation for polystyrene 
batch reactor using Artificial Neutral Network (ANN) 
approach” , Asia-Pacific Journal of Chemical Engineering, 
Vol. 6,  no. 2,  pp. 274–287.

[19] C. Chen,“Continuous production of solid polystyrene in 
back-mixed and linear-flow reactors”, Polymer Engineering 
and Science,  Vol. 40 , no. 2,  2000, pp.  441-464.

[20] P. Pladis, and C. Kiparissides, “A comprehensive model 
for the calculation of molecular weight-long-chain branching 
distribution in free-radical polymerizations”, Chemical 
Engineering Science,  Vol. 53,  no. 18, 1998,  pp. 3315–3333.

[21] A. Penlidis, S.R. Ponnuswamy, C.Kiparissides, and K.F. 
O'Driscoll, “Polymer reaction engineering:modeling 
consideration for control studies”,The chemical engineering 
journal, Vol. 50, 1992,  pp. 95-107.

[22]  J.K.M. Kee, Y.C. Kyu, “Steady state behaviour of a 
continuous stirred tank reactor for styrene polymerization 
with bifunctional free radical initiators” ,Chemical 
Engineering Science, Vol. 43, no. 4, 1988,  pp. 965-977.

[23] Y.Ogo, “Polymerization at High Pressures”, Journal of 
Macromolecular Science - Reviews in Macromolecular 
Chemistry & Physics.,  Vol. 24 ,  no. 1,  1984,  pp.1-48.

[24] S.Goto, K. Yamamoto, S. Furui, and M. Sugimoto, 
“Computer model for commercial high pressure polyethylene 
reactor based on elementary reaction rates obtained 
experimentally”. Journal of Applied Polymer Science, Vol. 
36,  1981,  pp. 21–40. 

[25] G.Z.A.Wu,  L.A. Denton,   and R.L. Laurence , “Batch 
polymerization of styrene-optimal temperature histories” , 
Polymer Engineering & Science,  Vol.22,  no.1, 1982, pp. 
1–8.

[26] K. Yamamoto, and M. Sugimoto. “Rate constants for 
long chain branch formation in free radical polymerization of 
ethylene”, Journal of Macromolecular Science: Part A – 
Chemistry,  Vol. 13,  no. 8,  pp. 1067-1080.

31 NUST Journal of Engineering Sciences



[27] N. Friis, and A.E. Hamielec, “Gel effect in emulsion 
polymerization of vinyl monomers” .ACS Symposium series, 
Vol. 24, 1976,  pp. 82-91.

[28] A.W. Hui, and A.E. Hamielec, “Thermal polymerization 
of styrene at high conversions and temperatures: An 
experimental study”, Journal of Applied Polymer Science , 
Vol.16,  no.3, 1972,  749–769.

[29] P. Ehrlich,  and G.A. Mortimer, (1970) “Fundamentals of 
the Free-Radical Polymerization of Ethylene”. Advanced  
Polymer Science,  Vol.7, 1970,  pp.  386-448.  

[30] K. Oskada, and L.T. Fan, “Computation of near optimal 
control policies for free radical polymerization reactors”, 
Applied Polymer Science,  Vol.14,  1970,  3065-3082.

[31] A. E. Hamielec, and J.W. Hodgins, (1967) “Polymer 
reactors and molecular weight distribution:part II.Free radical 
polymerizationin a batch reactor”, American Institute of 
Chemical Engineers.  Vol. 13,  no. 6, 1967,  pp. 1087-1091.

[32] C. Kiparissides, G. Verros, and J. Mcgregor,  
“Mathematical Modeling, Optimization and Quality Control 
of High-Pressure Ethylene Polymerization Reactors”. Journal 
of Macromolecular Science  — Reviews in Macromolecular  
Chemistry and physics,  Vol.33,  no. 4,  1993, 437–527.

[33] D. J. Arriola, Ph.D. Thesis ,Department of Chemical 
Engineering, University of  Wisconsin, Madison,1989.

[34]  R.W.J. Westerhout,  J. Waanders,  J.A. M. Kuipers,  and 
W.P.M. Van Swaaij, W. P. M, “ Kinetics of the low-
temperature pyrolysis of polyethene, polypropene, and 
polystyrene modeling, experimental determination, and 
comparison with  literature models and data”, Industrial & 
Engineering Chemistry Research, Vol. 36, no. 6, 1997, 1955-
1964.

[35] J. W. Hamer, T. A. Akramov, W.A.Ray,“The dynamic 
behaviour of continuous polymerization reactors-II”, 
Chemical Engineering Science. Vol. 36,  1981,  pp. 1897-
1914.

[36] S. K. Gupta, A. Kumar and M.V.G. Krishnamurthy 
(1985) .  “S imula t ion  o f  Tubu la r  l ow dens i ty  
Polyethylene”.Polymer Engineering Science, Vol. 25, no. 1, 
1985,  pp.37-47.

[37] K. H. Lee, and J. P. Marano (1979). “High pressure 
polymerization of ethylene and rheological behaviour of 
polyethylene products”. American chemical society 
symposium.  Vol. 104, 1979,  pp. 221.

[38] T.  Takahaski, and P. Ehrlich, “Absolute rate constants for 
the free radical polymerization of ethylene in the supercritical 
phase ”, Macromolecules,  Vol. 15,  1982,  pp.714.

[39] J. Thies, and  K. Schoenemann . 1st International 
symposium chemical. reaction Engineering ,Washington, 
DC.1970.

[40] H. S. Fogler,   Elements of Chemical Reaction 
Engineering. Prentice Hall International Series in the Physical 
and Chemical Engineering Sciences, 3ed.1999

[41] A. J. Kehinde ,M.A. and R.U. Owolabi, (2013).“Solvent 
–initiator compatibility and sensitivity of  conversion of 

styrene homo-polymerization”, Journal of Polymer 
Engineering  ,  Vol.33,  no. 9,  2013,  pp. 775-783.

[42] S. Christophe, S. Nicolas, S. Guy, H. Georges  and H. 
Volker, “Numerical simulation of polymerization in 
interdigital multilamination micromixers”, The Royal 
Society of Chemistry,  Vol.  no. 5,  2005,  pp. 966–973.

[43]  C. Kiparissides, C. Kotoulas.  A. Krallis,  P. Pladis, “A 
Comprehensive Kinetic Model for the Combined Chemical 
and Thermal  Polymerization of Styrene up to High 
Conversions”, Macromol. Chem. Phys.  Vol.204, 2003, pp. 
1305–1314.

[44] J. Gao,  A. Penlidis,  (1998) “A comprehensive simulator 
da t abase  package  fo r  r ev i ewing  f r ee - r ad i ca l  
copolymerization”  Journal of Macromolecular Science-
Reviews in Macromolecular Chemistry and Physics, Vol.38, 
1998,  pp. 651-780.

[45] W. H. Brown, C.S. Foote, B.L, Anslyn, V. Eric, Organic 
chemistry (6 ed.). Cengage Learning. p. 1161. ISBN 978-0-
8400-5498-2,  2012.

[46] M. Rogosic, H.J. Mencer, Z. Gomzi, “Polydispersity 
index and molecular weight distributions of polymers”, 
European polymer journal , Vol. 32. no. 2., 1996,  pp.1337-
1344.

[47] H. J. Mencer, “Efficiency of polymer fractionation—A 
review”, Polymer Engineering & Science, Vol. 28, no. 8, 
1988,  pp. 497–505.

[48] J. M. Pinto, R. Guidici, “Optimization of a cocktail of 
initiators for suspension polymerization of vinyl chloride in 
batch reactors”, Chemical Engineering Science, Vol.56, 2001,  
pp. 1021-1028

[49] H. Wen-Yan, L. Dan, J. Bi-Biao, Z. Dong-Liang,  Y. 
Yang,  C. Jian-Hai, Z. Guang-Qun, K. Lizhi, L. Chun-Lin,  G. 
Fang -Hong ,  L .  A i -Q ing ,  ( 2010 ) .  “Branch ing  
Copolymerization of Styrene and Methyl Methacrylate with 
Divinylbenzene”, Iranian Polymer Journal, Vol.19, no. 8, 
2010, pp. 589-598.

[50] A. Noro, D. Cho, A. Takano, Y.Matsushita, .(2005). 
“Effect of molecular weight distribution on microphase-
separated s t ructures  f rom block copolymers” ,  
Macromolecules,  vol.38,  no.10,  2005,  pp. 4371-4376. 

[51]  N. A. Lynd,  B.D. Hamilton,  M.A.  Hillmyer,  “The 
Role of Polydispersity in the Lamellar Mesophase of Model 
Diblock Copolymers”.  Journal of  Applied Polymer. Physics, 
Vol.45,  no.24,  2007,  3386 – 3393.

[52] N. Tefera, G. Weickert, K.R. Westerterp, (1997) 
“Modeling of free radical polymerization up to high 
conversion. II. Development of a mathematical model”, 
Journal of Applied Polymer Science , Vol.63, no. 12, 1997,  
pp.1663-1680.

[53] Y. V. Kissin,  I.M. Robert , E.N. Thomas, J.B. Anita 
.“–Kinetics and mechanism of ethylene homopolymerization 
and copolymerization reactions with heterogeneous Ti-based 
ZieglerNatta catalysts”. Topics in Catalysis, vol.7, no.1,  
1999,  pp.69-88.

32Rasheed Uthman Owolabi et al.



[54] S. Hakim, M. Nekoomanesh, M. A. Nieat, (2008). 
“Investigating the behaviour of a Bi-supported 
SiO2/TiCl4/THF/MgCl2 catalyst in slurry ethylene 
polymerization: Activity and molecular weight”. Iranian 
Polymer Journal, Vol.17, no.3, 2008, pp.209-216.

[55] S. Amarjit, M. Decheng,  K.  David, “ Enzyme-Mediated 

F r e e  R a d i c a l  P o l y m e r i z a t i o n  o f  S t y r e n e ” .  
Biomacromolecules, Vol.1, no.4, 2000, pp. 592-596.

[56] S. S. Ivanchev, V.K. Badaev, N.I. Ivanchev, S. Y. 
Khaikun, Diklady Physical Chemsitry, Vol. 46,  2004,  
pp.394.

33 NUST Journal of Engineering Sciences


