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Effects of initiator and surfactant concentrations and temperature on styrene 
conversion and polymer particle size distribution (PSD) in a batch emulsion 
polymerization are investigated through simulation and experimental studies.

The detailed model based on population balance (zero-one model), accounting for
nucleation, growth and coagulation phenomena has been used for prediction of 
particle size distribution. In checking the effect of initiator concentration on final PSD, it
was noticed that when critical micelle concentration (CMC) is kept constant, the model
cannot predict PSD very well. Thus, a correlation for calculating critical micelle 
concentration has been proposed and incorporated in modelling to justify the effect of
initiator concentration on final PSD. By increasing the initiator concentration, 
conversion increases and final average polymer particle size drops, resulting in a
broader PSD. The results show that by reducing the surfactant concentration, 
polymerization rate becomes slower and the final average polymer particle size
increases, resulting in a narrower particle size distribution. The obtained results 
indicate that at higher temperatures, polymerization rate is higher leading to increase
in total number of particles which leads to a smaller final average polymer particle size
and a narrower PSD. In all cases good agreements are observed between simulation
and experimental results.

INTRODUCTION

The final latex properties such as
rheological and optical properties,
mechanical strength, film forma-
tion, adhesion, drying time and the
latex stability are determined by
particle size distribution (PSD) 
[1-3]. Considering this fact, 
development of tools for PSD 
prediction and studying the effects
of operating conditions on PSD is
thus well motivated. The dynamic
evolution of the latex PSD is 
mathematically described by the

population balance equation
(PBE), or a set of PBEs, that
accounts for various phenomena
affecting particle size; namely,
growth, nucleation and coagulation
of particles. The simplest approach
and also the most commonly used
in polymer reaction engineering is
the pseudo-bulk (PB) model which
neglects compartmentalization
between particles of the same size.
Another option, a more complex
and particularly used in mechanistic
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studies is the zero-one (0-1) model which assumes
that particles contain at most one radical [4]. 

There are relatively few works on the experi-
mental and simulation studies of operating conditions
and their effects on conversion and PSD of produced
polymer in a wide range of operations. Coen et al. [1]
investigated the effects of surfactant and initiator 
concentrations on total number of particles produced
in a batch emulsion polymerization of styrene
through simulation and experimental studies. The
effects of initiator concentrations on styrene
monomer conversion and total number of produced
particles in batch emulsion polymerizations have
been experimentally studied by Chern et al. [5].
Zeaiter et al. [2] studied the effect of monomer feed
rates on conversion and particle size distribution in a
semi-batch styrene emulsion polymerization through
experimental and simulation studies. Meadows et al.
[6] developed a non-isothermal model to study the
effects of temperature on polymerization rate and
PSD in batch and semi-batch styrene poly-
merizations, but no result regarding coagulation 
phenomena is being reported in their work. Kinetics
of styrene emulsion polymerization above the critical
micelle concentration has been considered by
Herrera-Ordonez et al. [7,8]. Later, Sood also studied
the particle size distribution in emulsion poly-
merization [9,10].   

In the present work the effects of operating con-
ditions such as surfactant and initiator concentrations
and temperature on styrene conversion and polymer
particle size distribution (PSD) in a batch emulsion
polymerization are investigated. The model used in
this study is based on the zero-one population balance
model [1,2,11,12] and has been modified to include
coagulation phenomenon [13,14] and temperature
variations [6]. 

As stated by other researchers [6] the coagulation
model presented by Coen et al. [1] does not produce
acceptable results. To improve this model, some
equations are substituted from other references
[13,14] and the model parameters have been tuned.
The improved model cannot predict the effect of 
initiator concentration on the final PSD very well.
Therefore, a correlation has been proposed and 
incorporated in modelling to justify this effect on the
final PSD. The experimental results showed that the

application of the proposed correlation improves the
model prediction. Using a suitable numerical method,
simulations are performed and the results are 
compared with those obtained by experiments. In
experimental study, particle size distribution is 
measured using transmission electron microscopy
(TEM) technique. Simulation results have been 
confirmed by experimental data and the effects of 
different parameters have been justified.

MODELLING OF EMULSION POLYMERIZA-
TION 

A detailed mathematical model based on the zero-one
population balance model [1,2,11,15] is modified in
this work to account the effects of initiator con-
centration, coagulation and temperature on the poly-
merization rate and particle size distribution of
styrene emulsion polymerization. 

Initiation
The Kinetics scheme for emulsion polymerization is
illustrated in Table 1. Polymerization is initiated in
the aqueous phase. Free radicals produced by 
decomposition of initiator, [I]W, can react or diffuse
into any of the two phases. The material balance for
the initiator is given as follows [11,15]:

(1) 

where, Vaq is the aqueous phase volume, kd is 
coefficient of initiator decomposition rate and νI is
initiator molar flow rate. The initiator radical, Rw,
reacts with the soluble monomer in the aqueous phase
and initiates the polymerization. The following 
material balance is given for Rw [15].

(2)

where, [Plw] is the concentration of aqueous phase
oligomers of chain length l, jcr is the critical chain
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length, kr and kt
w are coefficients of initiation and 

termination rates, respectively and [M]w is the 
concentration of monomer in the aqueous phase.

The polymerization process starts by the initiator
decomposition in the aqueous phase, producing 
primary radicals (Rw) that react with monomer 
molecules to generate oligomeric radicals [Plw]. The
value of [P0w] is the concentration of monomeric 
radicals that have a lipophilic nature and can therefore
diffuse easily into the particles and desorbing out of
the particles. At the critical chain length, z, polymer
radicals can enter polymer particles or micelles
(micellar nucleation) and jcr is the chain length at
which the radicals become insoluble in water and 
thus precipitate as new particles (homogeneous 
nucleation).The material balances for these oligomers
are given by Edouard et al. [15]. 

Nucleation
Nucleation is the process of formation of particles.
Micellar nucleation occurs when the free surfactant
concentration in the aqueous phase, Sw, exceeds the
critical micelle concentration (CMC). At the values
above the CMC value, the excess surfactant 
molecules aggregate in the aqueous phase and
micelles are produced. The concentration of these
micelles is given by eqn (3) [1,2]:

(3)

where, nagg is aggregation micellar number. Critical
micellar concentration of the surfactant is decreased
by increasing the ionic strength of emulsion [6]. In
this work, for justification of the effect of initiator
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concentration on PSD, as observed in experimental
data, a correlation for calculation of CMC has been
proposed which is given in eqn (4):

(4)

where, Isc, is  the ionic strength without the surfactant
contribution and calculated as follows:

(5)

The rate of micellar nucleation is given by eqn (6)
[11,16]:

(6)

where, the entry rate constant e1micelle is given by 
eqn (7) as fallows:

(7)

where, Dw represents the diffusion coefficient of
monomer when n=1 and mass transfer coefficient
when n=2 and rmicell is the radius of a micelle. 
In this study, n=1 has been considered in the 
simulation.

Upon reaching the critical chain length, the
oligomers precipitate out of the aqueous phase and
form new particles (called homogeneous nucleation).
The rate of homogeneous nucleation is given by eqn
(8) [11,16]:

(8)

The total rate of nucleation (Rnuc) is the summation
of micellar and homogeneous nucleation rates.

Monomer Balance, Monomer Partitioning and
Phases Volume
In a semi-batch reactor the material balance for
monomer is given by eqn (9) [11,16] as shown in
Scheme I, where, νM is monomer molar flow rate,
[M]p is the concentration of monomer in the polymer
phase, ktr and kp are the coefficients of  the rates of
monomer transfer and propagation in the polymer
phase and n(r,t) is the average number of radicals per
particle with radius r . 

Concentration of monomers in the particle and
aqueous phases can be calculated using simple 
partitioning coefficients [17]. 

Surfactant Balance
One of the main roles of surfactant is to stabilize the
polymer particles in the continuous aqueous phase.
Free surfactant concentration is calculated from the
surfactant balance eqn (10) [11,16] as shown in
Scheme I, where, ST represents the total mole of 
surfactant in the reactor and [S]W is the free 
surfactant concentration. Values of Ks and Ksd are the
coefficients of surfactant partitioning between 
aqueous phase and particles and droplets phases,
respectively. Values of  Sa and Sd are the moles of 
surfactant adsorbed on the surfaces of particles and
droplets. Parameter of Sa can be modelled using the
Langmuir adsorption isotherm [1,2,15].  

Zero-one Model for Polymer Particles
The polymer particles are characterized by a 
population density. The particle density f(r,t) is
defined as the moles of unswollen particles with sizes
between r and r+dr at time t. The zero-one model 
distinguishes particles that have a polymeric radical
(f1p), particles that have no radicals (f0), and particles
that have a monomeric radical (f1M). Nucleation 
produces particles with one radical (f1p). Distinction
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between particles containing one polymeric radical
and particles containing a monomeric radical is neces-
sary in the 0-1 model because desorption concerns
only monomeric radicals. The population balance
equations for the three particle types (f1p, f0 and f1M)
are presented as eqn (11)-(14) [1,2] in Scheme II,
where the entry coefficient is given by eqns (15) and
(16) [2,15]:

(15)

(16)

The rate coefficient for desorption of monomeric 
radicals, kdM, is given by eqn (17) as fallows [2,15]:

(17)

where, Dmon is the diffusion coefficient of monomer
in polymer particles.

The overall rate for radical entry, ρ, is obtained
from the following equations [2,15,18]:

(18)

(19) 

The propagation growth rate is given as follows
[2,15]:

(20) 

where, ρp is the polymer density.
The average number of radicals per particle is

given by eqn (21) [2]:

(21)

The total number of particles per unit volume, Ntot,
can be calculated from the following equation:

(22)

At high monomer conversion, the viscosity inside the
polymer particles increases sharply and further 
polymerization takes place through a diffusion 
controlled process. To account for these changes, the
propagation rate coefficient can be expressed as 
follows [2]:

(23)

(24)

(25)

where α is the mean-squared end-to-end distance per
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monomer unit in a polymer chain and σ is the Van der
Waals radius. The diffusion coefficient of monomer in
polymer (styrene in this case), Dmon, is expressed as a
function of the polymer volume fraction (ΦP) inside
the particle [2]:

(26)

(27)

An additional entry phenomenon is restricted at high
monomer conversion and the entry rate coefficient for
particles is reduced by entry efficiency coefficient
which is calculated from an empirical equation [2]:

(28)

Coagulation
The coagulation rates (R1coag and R0coag in zero-one
population balance equations (PBEs) can be 
calculated from eqns (29) and (30) as presented in
Scheme III [1,2]:

The first and second terms on the right-hand side
of the eqns (29) and (30) represent the rate of 
formation and disappearance of particles of size ν,
respectively. For example, the first term on the right-
hand side of both equations accounts for collisions
between particles of sizes ν′ and ν-ν′ that leads to for-
mation of new particles. Note that when writing eqns
(29) and (30) it is implicitly assumed that 
coagulation is a binary phenomenon. The main 
problem in using eqns (29) and (30) is the evaluation
of the coagulation rate coefficient (β(ν,ν′)). For 

calculation of coagulation rate coefficient a model
based on DLVO theory have been used [1,13,14]. In
emulsion polymerization the coagulation assumed to
be independent of shear effects and governed by
Brownian diffusion and inter-particle interactions,
caused by the Van der Waals and electrostatic forces.
The latter force arises from electrically charged 
particles, such as polymer particles covered by ionic
emulsifier layers. Based on the above assumptions,
coagulation rate constant can be expressed as follows
[1,14]: 

(31)

where, D0 is the mutual diffusion coefficient,
expressed according to the Stokes-Einstein equation
as fallows [1,8]:

(32)

and W is the Fuchs' stability ratio. W can be com-
puted as a function of the potential energy associated
with the inter-particle interactions, ϕ, using the 
following equation [14]:

(33)

(34)

(35)
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The total potential energy between two particles, ϕ, is
the sum of attractive (ϕA) and repulsive (ϕR) energies.
The energy of attraction between two particles can be
described by eqn (36) as shown in Scheme IV
[1,13,14].

The repulsive potential is determined as a function
of the zeta potential of each particle (ζ), the Debye
double-layer thickness (k), and the distance between
the surfaces of the two particles, L, as shown by eqn
(37) in Scheme IV [1,7,8]: 

The Debye double-layer thickness, κ, is given by
eqn (38) [1]:

(38)

The ionic strength of the solution, Is, and permittivity
of the solution, ε, can be calculated from the 
following equations:

(39)

(40)

The zeta potential of each particle (ζ) are obtained
from solving the implicit algebraic eqns (41)-(45) as
fallows [11]:

(41)

(42)

(43)

(44)

(45)

The total surface charge density due to adsorbed 
surfactant is given by eqn (46) [1]:

(46)

Numerical Solution of Population Balance
Equations
Numerical methods used for solving emulsion poly-
merization population balance equations (PBEs) have
been critically reviewed by Vale et al. [3] and
Immanuel et al. [19]. As pointed out by these authors,
a practical and easy-to-implement approach consists
of using the finite volume (FV) method combined
with a suitable discretization formula for the coagula-
tion terms, such as the well-reputed fixed pivot 
technique [20,21]. The finite volume method is 
closely related to the finite difference (FD) method,
but it is derived from the integral forms of the 
differential equations, which has a number of 
advantages for discrertization of the nucleation term
in eqn (11) [3,4]. In this method, the truncated radius
domain is subdivided into N cells and the average
value of the density function for any type of particle
over cell j at time t is defined as given in eqns (47)
and (48):

(47)

(48)
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In the FV method, the PBE are not solved directly,
and its integrated version is used. Integrating eqns
(11)-(13) over the jth cell, changing the order of 
differentiation and integration and dividing by Δrj
results in eqns (49)-(51) as shown in Scheme V,
where, R1coag and R0coag  are discretized 
coagulation rates (eqns (29) and (30)) in the jth cell.

The discretization of the coagulation integrals 
appearing in PBEs is a difficult task. The fixed-pivot
technique presented by Kumar et al. [20] has been
used by Park et al. [21], as well. This method 
guarantees preservation of particles population and
masses and is compatible with the finite-
volume formulation. By applying this technique to
integrated version of eqns (29) and (30), discretized
coagulation rates for the jth cell are obtained as 
eqns (52)-(54) as shown in Scheme V.

By finite volume method three population balance

equations (eqns (11)-(13)) are transformed into 3N
ordinary differential equations (eqns (49)-(51)). The
ordinary differential equations obtained from 
discretization of PBE with equations for initiator and
monomer mass balances and thermodynamic 
relations are solved simultaneously. The model
parameters used to describe styrene polymerization
are listed in Table 2. 

EXPERIMENTAL

Materials
Commercial grade styrene was distilled under
reduced pressure and stored in a refrigerator prior to
use. Initiator (potassium persulphate or KPS) was
supplied by Merck. Surfactant sodium dodecylsul-
phate (SDS) was provided by Fluka. 
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Preparation and Characterization
Experimental and simulation runs were performed
under conditions given in Table 3. An initial charge of
monomer was added to the reactor along with water
and surfactant (SDS). The reactor contents were
brought to the desired reaction temperature and 
initiator solution (K2S2O8 or KPS) was added 
subsequently. The reactor was under nitrogen blanket.
Monomer conversion was determined off-line by 
taking samples from the reactor. The wet sample
weighed and inhibitor was added to stop poly-
merization. The sample was dried and weighed to 
calculate the conversion. The particle size distribution
is measured using transmission electron microscopy
(TEM) technique. Nearly 15-20 numbers of 

micrographs are taken for each sample and particles
in these micrographs (more than 500 particles per run)
were examined for their size estimation and their
PSDs were calculated. A sample TEM micrograph is
selected (run 4) and shown in Figure 1. For all runs,
the number and weight average diameter, standard
deviation and polydispersity index from the TEM
measurements are calculated and given in Table 4.

RESULTS AND DISCUSSION 

In investigating the effect of initiator on final PSD, it
was noticed that by keeping CMC (0.003 mol.L-3)
constant [1,2] and unaffected by initiator concen-
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Table 2. Parameters used for simulation of styrene polymerization.

Parameter Value Reference

Kp0 (dm3 mol-1 s-1)
Ktr (dm3 mol-1 s-1)
Kt0 (dm3 mol-1 s-1)
Kd (s-1)
dp (g dm-3)
z
jcrit

Kr (dm3 mol-1 s-1)
[M]wsat ( mol.dm-3)
KPw

Dw (dm2 s-1)
nagg

as = aed (dm2)
bs (dm3 mol-1)
σ
α
rmin = rnuc (nm)

1.259×107 exp(-2900/RTK)
kp×10-0.658 exp(-23400/RTK)

1.3×109 exp(-9900/RTK)
8×1015 exp(-135000/RTK)

1050.1-0.621T
3
5

100 kP0

exp(-1.514-1259/TK)
1348

1.55×10-7

60
45×10-18

2100
0.602×10-8

0.74×10-8

2.6

[2]
[2]
[2]

[22]
[2]
[1]
[1]

[15]
[2]

[15]
[2]
[1]
[1]
[1]
[2]
[2]
[1]

Run 1 Run 2 Run 3 Run 4 Run 5

Styrene (g.L-1)
Persulphate (g.L-1)
SDS (g.L-1)
Total volume (L)
Temperature (°C)

112.00
1.35
4.33
0.80

50.00

112.00
1.35
2.16
0.80

50.00

112.00
1.08
2.16
0.80

50.00

112.00
1.08
2.16
0.80

70.00

112.00
1.69
2.16
0.80

50.00

Table 3. Recipes of batch styrene emulsion polymerization used in simulation and experimental runs.



Figure 1. A sample TEM micrograph (run 4).   

tration, the model cannot predict PSD values with
much precision (Figure 2). Therefore, a correlation
(eqn (4)) is proposed to take into account the effect of
initiator concentration. 

Meadows et al. [6] have discussed the dependence
of CMC value on ionic strength and they have 
proposed a correlation for calculating CMC as a 
function of ionic strength. Their correlation predicts
high values for CMC (0.006-0.0067 mol.L-3) which
is far from the common value used for CMC 
(0.003 mol.L-3) in the interested range of operation
[1,2]. The corresponding values predicted by the 
proposed correlation for the CMC are between
0.0026-0.0043 mol.L-3 and their average is 
0.0034 mol.L-3 within the range of operation. To
obtain the correlation parameters, the result of two
runs (2 and 3) are used and parameters are adjusted
such that the predicted PSD fits the experimental
results. The result of run 5 is used to check the 
correlation accuracy. As it is evident in Figure 3a,
there is an acceptable agreement between predicted
and experimental values of PSD. 

Figure 2. Final particle size distribution for different initial
initiator concentrations for runs 2 and 3 using constant CMC
(0.003 mol.L-3) in simulations.

The corresponding experimental and simulation
conversions of these runs are shown in Figure 3b. It is
observed that, there are good agreements between
simulation and experimental results and the initiator
concentration has considerable effect on conversion
and final particle size distribution. Variations of nucle-
ation rate and total number of particles versus time are
depicted in Figures 3c and 3d, respectively.  By
increasing initiator concentration which leads to
increase in solution ionic strength, the critical micelle
concentration (CMC) value is lowered (eqn (4)). It
subsequently results in a higher initial micelle 
concentration and nucleation rate (Figure 3c), leading
to increased total number of particles (Figure 3d). As
a result initial conversion is increased (Figure 3b) and
final average particle size is decreased (Figure 3a). As
shown in Figure 3c, by decreasing the initiator 
concentration, the nucleation interval is decreased and
consequently particles are produced uniformly in a
shorter time with a narrower distribution (Figure 3a
and Table 4) of their sizes.
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Run 1 Run 2 Run 3 Run 4 Run 5

Number average diameter, dn

Weight average diameter, dw

Polydispersity index, dw/dn

Standard deviation (%)

77.610
84.440

1.088
15.450

83.410
89.680

1.075
14.580

95.520
99.840

1.045
12.610

84.680
87.420

1.032
9.720

76.70
85.50

1.11
16.87

Table 4. Average diameter, standard deviation and polydispersity index for experimental runs.



The experimental and simulation results of con-
version versus time and final particle size distribution
of two different initial surfactant concentrations are
shown in Figures 4a and 4b, respectively. As can be
seen, there are relative good agreements between the
experimental and simulation results. Variations of
nucleation rate and total number of particle versus
time, obtained by simulation, are shown in Figures 4c
and 4d. By increasing the surfactant concentration,
micelle concentration and nucleation period are
increased (Figure 4c) and consequently the total 
number of particles is increased (Figure 4d). This in
turn results in a slightly higher conversion 
(Figure 4a) and smaller final average particle size
(Figure 4b). As shown in Figure 4c, by decreasing the

surfactant concentration, nucleation interval is
decreased and consequently particles are produced
uniformly in a shorter time, which leads to a narrow-
er distribution (Figure 4b and Table 4) of their sizes. 

To investigate the effect of coagulation on particle
size distribution, simulations were conducted without
considering coagulation term. The simulation results
with corresponding experimental data are shown in
Figure 5. It may be observed in Figures 4b and 5, the
deviations from experimental results are higher when
coagulation effect is not taken into account. It is also
noted that by increasing the surfactant concentration,
deviation from experimental results is increased. This
can be explained as follows. By increasing the 
surfactant concentration, on the one hand the total 
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(a) (c)

(b) (d)

 

 

 

Figure 3. Simulation and experimental results for different initial initiator concentrations (runs 2, 3, and 5): (a) final
particle size distribution, (b) conversion vs. time, (c) nucleation rate vs. time, and (d) total number of particles vs. time. 



Figure 5. Final particle size distribution for different initial
surfactant concentrations without considering coagulation
term in simulations (runs 1 and 2).

Figure 6. Coagulation rate vs. time for different initial 
surfactant concentrations (runs 1 and 2).
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(a) (c)

(b) (d)

Figure 4. Simulation and experimental results for different initial surfactant concentrations (runs 1 and 2): (a) conversion
vs. time, (b) final particle size distribution, (c) nucleation rate vs. time, and (d) total number of particles vs. time.

 

 

 

  



number of particles increases and consequently the
average particle size is decreased. On the other hand,
the rate of coagulation is highly dependent on particle
size which is higher for small particles [1]. Therefore,
the effect of ignoring coagulation phenomenon
results in higher deviation from the experimental
results. To check this hypothesis, coagulation rates
for these runs are calculated and shown in Figure 6. It
is noticed that, the coagulation rate for the run with
more SDS is higher at the reaction starting time, 
confirming the above reasoning. It should be also
noted that, smaller average particle size means
greater total particles surface area which needs more
surfactant for stabilization. Also non-linear variation
of number of particles at higher surfactant concentra-
tion (Figure 4d) is due to the effect of coagulation

phenomenon. As surfactant concentration increases,
the particle size decreases and consequently the 
initial coagulation rate increases which results in the
reduction of number of particle. As time passes, 
particle size increases and the coagulation impact
decreases, leading to increased number of particles.

The effects of temperature on conversion and 
particle size distribution are shown in Figures 7a and
7b. Experimental and simulation results show that as
temperature increases, initial conversion increases
significantly. This is expected since the rates of 
reactions are exponentially temperature dependent
functions according to Arrhenius law. Nucleation rate
and total number of particles are shown in Figures 7c
and 7d. At higher temperature, concentration of
oligomer radicals in the aqueous phase and nucle-
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(a) (c)

(b) (d)

Figure 7. Simulation and experimental results for different reactor temperatures (runs 3 and 4): (a) conversion
vs. time, (b) final particle size distribution, (c) nucleation rate vs. time, and (d) total number of particles vs. time.

 

 

 



ation rate (Figure 7c) increase and consequently the
total number of particles increases (Figure 7d). This
in turn leads to a smaller final average particle size
(Figure 7b). As shown in Figure 7c, by increasing
the temperature, nucleation interval is decreased and
consequently particles are produced in a shorter time
with more uniformity, which results in a 
narrower distribution (Figure 7b and Table 4). The
same trend has been observed by Meadows et al. [6]
through their simulation study. 

It should be noted that the secondary nucleation
which is observed at 70°C in Figure 7d is minor and
has not any significant effect on the final PSD, but
its occurrence can be explained as follows. At the 
beginning of the reaction the micellar nucleation rate
is much higher than that of homogeneous nucleation
rate (about 104 times), therefore the micellar 
nucleation becomes dominant. By plotting homoge-
neous nucleation rate versus time Figure 8 is
obtained which shows under the run conducted at
70°C and time t = 40 min, the homogeneous nucle-
ation rate is maximum and at this time the micellar
nucleation rate is almost zero. Therefore, the second-
ary nucleation is due to homogeneous nucleation.
Also according to eqns (15), (16) and (28) the entry
of z-mer into a glassy particle is impeded due to slow
diffusion at the interface at high φP. The foiled 
z-mer then desorbs back into the aqueous phase and

Figure 8. Homogeneous nucleation rate vs. time for 
different reactor temperatures (runs 3 and 4).

may propagate to a jcr-mer and generate secondary
nucleation [2].

CONCLUSION 

In this work, a detailed model based on population
balance (zero-one model), accounting for nucleation,
growth and coagulation phenomena is used for 
prediction of particle size distribution of styrene
emulsion polymerization. In evaluating the effect 
of initiator on final PSD, it was noticed that by
assuming the critical micelle concentration (CMC) 
constant, the model cannot predict PSD very well.
Thus, for calculating CMC a correlation is proposed
and incorporated in modelling to detect the effect of
initiator concentration on the final PSD. The 
experimental study indicates that application of the
proposed correlation improves the model capability
in predicting the final PSD. By increasing the 
initiator concentration, conversion increases and
final average polymer particle size decreases which
leads to a broader final PSD. The results show that
by decreasing the surfactant concentration, the poly-
merization rate is decreased and final average poly-
mer particle size is increased resulting to a narrower
final PSD. The obtained results indicate that, at 
higher temperatures, the initial polymerization rate
is higher and the final average polymer particle size
is smaller resulting in a narrower final PSD, as well.
In all cases, the experimental results confirm model 
predictions accurately.
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SYMBOLS AND ABBREVIATIONS 

A : Hamaker constant
Ap : Total area of polymer particles
aed : The area stabilized on a monomer droplet 

by one surfactant molecule
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as : The area stabilized on a polymer particle by 
one surfactant molecule

bs : Langmuir constant
CMC : Critical micelle concentration
Cmicelle : Concentration of micelles
Dmon : Diffusion coefficient of monomer in 

polymer particles
Dw : Diffusion coefficient of monomer in 

aqueous phase 
e : Charge on an electron
enmicelle: Coefficient of entry rate for oligomers of  

chain length n into micelles 
en(r) : Coefficient of entry rate for oligomers of  

chain length n into particles with radius r
Elect : Electrolyte
f(r,t) : Particle density distribution
f1p : Density of  particles that have a polymeric 

radical 
f0 : Density of  particles that have no radical
f1M : Density of  particles that have a monomeric

radical
Is : Ionic strength
jcr : Critical chain length 
kB : Boltzmann's constant
Kdw : Coefficient of monomer partitioning 

between monomer droplets and the
aqueous phase 

KPw : Coefficient of monomer partitioning 
between polymer particle and the aqueous 
phase

KS : Coefficient of surfactant partitioning 
between aqueous phase and particles 

KSd : Coefficient of surfactant partitioning 
between aqueous phase and droplets

kd : Coefficient of initiator decomposition rate
kr : Coefficient of initiation rate 
krw : Coefficient of termination rate
ktrw : Coefficient of monomer transfer rate 
kpw,n : Coefficient of propagation rate of aqueous

phase oligomers of chain length n in the 
aqueous phase

kdM : Coefficient of desorption rate for monomeric
radicals

ktr : Coefficient of monomer transfer rate in the 
polymer phase 

kp : Coefficient of propagation rate in the poly-
mer phase

[M]p : Concentration of monomer in the particle 
phase

[M]w : Concentration of monomer in the aqueous 
phase

[M]wsat : Saturation concentration of monomer in the 
aqueous phase

M : Total of monomer in the reactor
Mw : Molecular weight  of monomer
NA : Avogadro's number 
nagg : Aggregation micellar number
n(r,t) : Number of radicals per particle
Ntot : Total number of particles
Plw : Concentration of aqueous phase oligomers of 

chain length l
r : Radius of  the unswollen particles
rd : The average of monomer droplet radius
rmicelle : Radius of  a micelle
rnuc : Radius of  particle produced by nucleation
rs : Radius of  the swollen particles
Rw : Initiator radical
Sa : Moles of surfactant adsorbed on surface of 

polymer particles 
Sd : Moles of surfactant adsorbed on surface of 

monomer droplets
[S]w : Free surfactant concentration
ST : The total mole of surfactant in the reactor
Vaq : Aqueous phase volume
Vd : Droplet phase volume
Vp : Particle phase volume
W : The Fuchs' stability ratio
z : The critical chain length at which polymer 

radicals can enter particles or micelles
z+ : The species valence 

Greek letters:
β(r,r′) : Coagulation rate coefficient
ε : Permittivity of water 
ε0 : Permittivity of free space
κ : Debye double-layer thickness
φ : Total potential energy between two particles 
φA : Attractive potential energy
φR : Repulsive potential energy
μ : Viscosity of water
σ : Surface charge density
ρm : Mass density of monomer
ρp : Mass density of polymer
νI : Initiator molar flow rate  
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νM : Monomer molar flow rate
ζ : Zeta potential of particle 
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