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ABSTRACT: An extensive lumped model was developed
for emulsion polymerization. It incorporated all of the
complex processes: aqueous-phase radical balances for all
radical species arising from initiator decomposition and
from exit; determination of radical number inside the par-
ticles by balance among rates of radical entry into, exit
from, and termination inside the particles; determination
of the monomer concentration inside the particles and in
the aqueous phase by a thermodynamic equation; and par-
ticle formation by micellar, homogeneous, and coagulative
nucleation. Model validation was done for the system
with styrene (monomer), potassium persulfate (initiator),

and sodium dodeceyl sulfate (emulsifier) and for the vari-
ables, which included the duration of nucleation, conver-
sion at the end of nucleation, and total number of particles
formed. The validation process revealed that coagulation
during nucleation needed to be included in the model,
even for emulsifier concentrations above the critical mi-
celle concentration. The model predictions were in good
quantitative agreement with the experimental data. VC 2011
Wiley Periodicals, Inc. J Appl Polym Sci 122: 517–531, 2011
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INTRODUCTION

Emulsion polymerization follows the kinetics of free-
radical-initiated vinyl addition polymerization
superimposed on a heterogeneous colloidal latex
system. A typical emulsion polymerization reactor,
therefore, consists of many components and phases
undergoing numerous mass-transfer and reaction
processes simultaneously and with strong interac-
tions. The important physical and chemical events in
emulsion polymerization include radical generation;
chain propagation; chain termination; particle nucle-
ation; the mass transfer of radicals, monomer(s), and
emulsifier(s) to and from the latex particles; particle
coalescence; and variation of the termination rate
constant and propagation rate constant with conver-
sion. A general modeling framework that incorpo-
rates all of the relevant mechanisms can be very
complex. Much simplicity can be brought about by
developing a lumped model, which does not
account for the full particle size distribution. Such a
model can be developed without the investment of
too much time, effort, cost, or computational resour-
ces and can serve as a learning model and stepping

stone for the development of a more detailed, dis-
tributed, or population balance model that accounts
for the full particle size distribution.
A mathematical model, based on the population

balance approach, was developed for emulsion poly-
merization.1 Particle nucleation (micellar) and
growth were modeled in adequate detail. The model
was validated against the data of Harada et al.2 for
the emulsion polymerization of styrene with water
as the dispersion medium, potassium persulfate as
the initiator, and sodium dodecyl sulfate as the
emulsifier. Variables considered for the model vali-
dation were the total number of particles formed,
duration of the nucleation period, conversion at the
end of nucleation, variation of the monomer volume
fraction inside the particles with conversion, and
conversion–time curves for different emulsifier, ini-
tiator, and monomer concentrations. Close agree-
ment was found between the simulations and the
experimental data.
We started this study with the aim of developing

a lumped model based on the monodispersed
approximation (all of the particles having the same
size at a given time) to evaluate some of the
assumptions made in the aforementioned model.
Aqueous-phase radical termination and radical exit,
which were neglected in the previous model, were
included in this model. Individual radical balances,
which were not incorporated into the previous
model, were now incorporated. The dependence of
the monomer volume fraction inside the particles on
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the particle size and interfacial tension were also
included. Different nucleation mechanisms, which
included micellar nucleation, homogeneous nuclea-
tion, and coagulative nucleation, were sequentially
included to assess their effect on the experimental
variables. The validation process revealed that the
coagulation of the particles during the nucleation pe-
riod needed to be included to match the simulation
results with the experimental data.

PHYSICAL PICTURE

The model simulates an isothermal, well-stirred,
batch emulsion polymerization reaction. At the very
beginning of the polymerization, the reaction system
consists of monomer droplets (ca. 1–10 lm in diame-
ter, 1012–1014 dm�3 in number) dispersed in the con-
tinuous aqueous phase with the aid of the emulsi-
fier.3 Monomer-swollen micelles (ca. 5–10 lm in
diameter, 1019–1021 dm�3 in number) also exist in
the reaction system, provided the concentration of
the emulsifier is above its critical micelle concentra-
tion. Only a very small amount of relatively hydro-
phobic monomer is solubilized in the micelles and
dissolved in the aqueous phase. The majority of the
monomer molecules are present in large monomer
droplets. The polymerization is initiated by the addi-
tion of an initiator. The radicals generated from the
decomposition of the initiator propagate in the aque-
ous phase, are captured by micelles (and also by
particles after nucleation), and terminate in the aque-
ous phase with other radicals. Monomer droplets,
because of their large size and, consequently, rela-
tively small interfacial area are not effective in com-
peting with micelles and particles in capturing free
radicals from the aqueous phase. When a free radi-
cal enters a micelle and begins to polymerize with
the monomer present in it, particle formation or
nucleation takes place. This mode of particle nuclea-
tion is called micellar nucleation. The particles are
also generated if the propagating oligomers exceed a
critical chain length, depending on their water solu-
bility, and precipitate out of the aqueous phase. The
precipitating oligomers may flocculate with other
oligomers to acquire necessary colloidal stability.
This mode of particle formation is called homogene-
ous nucleation. The particles thus formed grow
because of polymerization. It is now suggested that
the growing particles, formed by micellar nucleation,
homogeneous nucleation, or both, undergo coagula-
tion during the nucleation stage. This mode of nucle-
ation, involving the coagulation of newly formed
particles, is called coagulative nucleation. The mono-
mer is transported to the growing particles from the
monomer droplets by diffusion through the aqueous
phase. The free radicals enter the particles intermit-
tently, and their number is governed by the balance

between the rates of radical entry into, exit from,
and termination inside the particles. In a typical
emulsion polymerization reactor, the aqueous-phase
radical concentration is about 1015 number/dm3. The
number of particles is about 1017 number/dm3.
Thus, there is 1 radical per 100 particles. The exit of
radicals may take place during polymerization. Rad-
ical exit proceeds by a stepwise mechanism involv-
ing discrete processes. The first is the transfer of
free-radical activity from a growing polymer chain
to a monomer molecule. The monomeric radical so
formed is highly mobile and may diffuse to the sur-
face of the particle before the addition of one or
more monomer molecules. From the surface of the
particles, the radical may diffuse away from the sur-
face into the bulk of the aqueous phase. The exited
radicals may propagate in the aqueous phase, be
captured by the micelles and the particles, or termi-
nate with other aqueous-phase radicals. To maintain
the adequate colloidal stability of the growing par-
ticles, micelles that do not contribute to the particle
nucleation give up their emulsifier to supply the
increasing demand of emulsifier on the growing par-
ticle interfacial area. The particle nucleation stage
(interval I) ends immediately after all of the micelles
are depleted. About 1 of every 100–1000 micelles can
be successfully converted into latex particles. The
rest disband to give their emulsifier to stabilize the
growing particle interfacial area. After the particle
nucleation is completed, the number of latex par-
ticles or reaction loci remains relatively constant
until the end of polymerization. The particles grow
in size because of polymerization. The monomer
droplets serve as reservoirs to supply the growing
particles with monomer. The majority of the mono-
mer is consumed in the particle growth stage, which
ranges from about 10–20 to 60% monomer conver-
sion. The particle growth stage (interval II) ends
when monomer droplets disappear from the reaction
system. In interval III, the particles become mono-
mer-starved, and the concentration of the monomer
in them decreases until the end of polymerization.
The polymerization rate begins to decrease. The po-
lymerization rate may increase drastically with
increasing conversion; this is attributed to the
greatly reduced bimolecular termination between
two polymeric radicals in the very viscous reaction
loci when the polymerization is carried out at a tem-
perature below the glass-transition temperature of
the monomer–polymer solution. This phenomenon is
called auto-acceleration, or the Trommsdorff effect.

OVERALL REACTOR BALANCES

The overall reactor balances include the material bal-
ance for the polymer and initiator and the balances
for the volume of the reactor and the total number
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of particles formed. The material balances, which
express the rate of change of moles of polymer and
initiator, contain accumulation and reaction terms.
The volume of the reactor changes because of the
density differences between the monomer and the
polymer. The number of particles changes because
of the nucleation of the particles, as shown in the
following equations:

d½P�RVR

dt
¼ RPVR (1)

where [P]R is the polymer concentration in the reac-
tion medium (mol/cm3), VR is the volume of the
reaction medium (cm3), t is time (s), and RP is the
rate of polymerization (mol/s):

RP ¼ kp
qM

MWMNA
NPUi

where kp is the propagation rate constant in the par-
ticles (cm3 mol�1 s�1), qM is the density of the mono-
mer (g/cm3), MWM is the molecular weight of the
monomer (g/mol), NA is Avogadro’s number, NP is
the total number of particles formed, U is the mono-
mer volume fraction inside the particles, and i is the
average number of radicals per particle.

d½I�WVW

dt
¼ �kd½I�WVW (2)

where [I]W is the initiator concentration in the aque-
ous phase (mol/cm3), VW is the volume of the aque-
ous phase (cm3), kd is the initiator decomposition
rate constant (s�1).

dVR

dt
¼ � 1

qM
� 1

qp

 !
RPMWM (3)

where qp is the density of the polymer (g/cm3).

dNP

dt
¼ Rnuc (4)

where Rnuc is the rate of nucleation (s�1).
The evaluation of the rate of nucleation is dis-

cussed in the next section. The evaluation of the rate
of polymerization required the values of the mono-
mer volume fraction inside the particles and the av-
erage number of radicals per particle. Their evalua-
tion is also discussed later.

RATE OF NUCLEATION

Many mechanisms have been proposed for particle
nucleation in conventional or macroemulsion poly-

merization. The important ones are nucleation in
monomer-swollen micelles, nucleation in the aque-
ous phase, or homogeneous nucleation and coagula-
tive nucleation. A review of these mechanisms can
be found elsewhere.1

The micellar nucleation mechanism, postulated by
Harkins4,5 and quantified by Smith and Ewart,6 com-
prises particle formation by the entry of radicals,
generated in the aqueous phase, into the monomer-
swollen micelles. The nucleation is over when all of
the micelles have been transformed into polymer
particles or have given up their monomer and emul-
sifier to growing particles.
In the homogeneous nucleation theory or nuclea-

tion in the aqueous phase, the radicals generated in
the aqueous phase add monomer molecules dis-
solved in the aqueous phase until the oligomeric
radicals so formed exceed their solubility in the
aqueous phase and precipitate. The precipitating
radicals either nucleate a particle by adsorbing emul-
sifier molecules and absorbing monomer molecules
or flocculate among themselves or particles already
formed. Flocculation develops until a critical surface
potential develops to prevent further flocculation. A
surface charge is provided by the initiator end
groups and emulsifier molecules. This mechanism
was proposed independently by Priest7 and Jacobi8

and was developed further by Fitch and Tsai.9 Han-
sen and Ugelstad10 proposed that the free radicals in
the aqueous phase propagate with the dissolved
monomer. When a critical chain length is reached,
primary particles form by precipitation. Before
growth from a free radical to a primary particle,
each oligomer can (1) terminate with other radicals,
(2) precipitate if its chain length exceeds the critical
chain length, or (3) be captured by the particles and
micelles (if present). Maxwell et al.11 suggested that
the values to be used for the critical chain length are
much smaller than that originally thought and gave
a value of 5 for styrene.
A relatively recent development is the idea of

coagulative nucleation theory, which may be
thought of as an extension to the micellar and the
homogeneous nucleation mechanisms. According to
this mechanism, proposed by Lichti et al.12 and Fee-
ney et al.,13 the formation of a stable polymer parti-
cle occurs in a two-step process. The first step
involves the formation of colloidally unstable pre-
cursor particles through either micellar or homoge-
neous nucleation. This is followed by a second step,
involving the coagulation of these precursor particles
to form stable true or mature particles. This theory
is based on the positive skewness of the particle size
distribution as a function of volume during interval
II. This implies that the rate of nucleation in interval
I increases with time until it drops with the cessa-
tion of nucleation. The authors claimed that micellar
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nucleation and homogeneous nucleation incorrectly
predict either decreasing or constant nucleation
rates.

The rate of micellar nucleation is given by the rate
of radical entry into micelles. Radical entry into
micelles (and particles) has been postulated to take
place via different mechanisms, the important ones
being radical entry due to propagation in the aque-
ous phase,11 radical entry due to diffusion,14 and
radical entry due to collision.15 In this article, the
rate of radical entry into the micelles (Rem; s�1) is
given as follows:

Rem ¼ kmmAmRtot (5)

where kmm is the mass-transfer coefficient of radical
entry into the micelles (cm�2 s�1), Am is the total
surface area of the micelles (cm2), and Rtot is the
total aqueous-phase radical concentration (mol/cm3).
Here, we use the collisional radical entry model, as
we have done in our previous studies.1,16–19

According to the propagational entry model, only
radicals derived from water-soluble initiators with a
chain length above a critical degree of polymerization
(2–3 for styrene) can enter the particles. However,
there now exists experimental evidence provided by
Tauer et al.20 that persulfate radicals also enter the
particles. They reported in their article that any kind
of radical that is present in the aqueous phase can
enter the particles with a probability proportional to
its concentration. Thus, both primary initiator radi-
cals and oligomeric radicals can enter the particles.
There is obviously no preference of the particles to
allow only a special sort of radicals to enter.

These different entry models give different particle
size dependencies of the entry rate coefficient.
Although the propagational entry model gives that
the first-order entry rate coefficient is independent
of the particle radius, the diffusional entry model
gives that the entry rate coefficient is proportional to
the particle radius varying from 1 to 3 power, and
the collisional entry model gives that the entry rate
coefficient is proportional to the square of the parti-
cle radius. Hernandez and Tauer21 showed that the
Smoluchowski equation for diffusion-controlled reac-
tions, which assumes that one particle is dispersed
in an infinite medium, is applicable for a very low
number concentration of particles, for small particle
diameters, and therefore, for low dispersed-phase
volume fractions. A significant deviation from this
equation was reported for a high particle number
concentrations and large diameters or for high dis-
persed-phase volume fractions. They confirmed that
only for very dilute dispersions could entry rate
coefficients be represented by the Smoluchowski
equation. They pointed out that when the collision
rate coefficient is expressed as a function of the par-

ticle diameter, depending on the range of values for
the number concentration and size of the particles,
different functional dependencies of the entry rate
coefficient on the particle diameter were observed;
these ranged from a linear to a forth-power relation-
ship. This means that the effect of the dispersed-
phase volume fraction on the collision kinetics under
diffusion-controlled conditions could explain the dif-
ferent results obtained during the determination of
radical entry coefficients in emulsion polymerization.
The authors suggested that the precise determination
of the radical entry mechanism can be reliable only
if a wide range of values for the dispersed-phase
volume fraction, from very diluted (0.1%) to concen-
trated (>10%) dispersions, is considered.
The total surface area of the micelles in the previ-

ous equation is calculated from

Am ¼ Am0 � AP; if Am > 0 (6)

where Am0 is the total initial surface area of the
micelles (cm2) and AP is the total particle surface
area (cm2). Otherwise, when Am ¼ 0.

Am0 ¼ me=MWENAaem (7)

where me is the mass of the emulsifier in the reaction
medium (g) MWE is the molecular weight of the
emulsifier (g/mol), and aem is the emulsifier surface
coverage area on the micelles (cm2/molecule). Also

AP ¼ NP4pr
2 (8)

where r is the radius of the particle (cm).
The radius of the particle is calculated as follows:

vP ¼ ½P�RVRMWM=½NPqpð1� UÞ� and r ¼ ð3vP=4pÞ
1
3

(9)

where vP is the volume of a particle (cm3).
The rate of homogeneous nucleation (Rhom; s

�1) is
given in this study as follows:

Rhom ¼ kp½M�aqðR5 þM5Þ (10)

where [M]aq is the monomer concentration in the
aqueous phase (mol/cm3), Ri is the total aqueous-
phase concentration of a radical with chain length i
derived from the initiator decomposition (mol/cm3;
¼ 1, 2, 3, 4, or 5), and Mi is the aqueous-phase con-
centration of a radical with chain length i derived
from the exited radical (mol/cm3; i ¼ 1, 2, 3, 4, or 5).
The rate of coagulative nucleation (Rcoag; s

�1) in this
study is given as follows:

Rcoag ¼ �bN2
P (11)
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where b is coagulation rate constant (number of par-
ticles)�1 s�1. It was treated as an adjustable parame-
ter in this study.

Thus, Rnuc is given as the sum of all of these
nucleation rates:

Rnuc ¼ Rem þ Rhom þ Rcoag

¼ kmmAmRtot þ kp½M�aqðR5 þM5Þ � bN2
P ð12Þ

The calculation requires Rtot, the concentration of
an oligomeric radical of chain length 5 initiated from
the initiator radical (R5), and the concentration of an
oligomeric radical of chain length 5 initiated from
the exited monomeric radical (M5). Their calculations
are discussed next.

AQUEOUS-PHASE RADICAL BALANCES

The aqueous-phase radical balances consist of balan-
ces for radicals of different chain lengths (up to 5 for
styrene) derived from the initiator decomposition
and their further propagation in the aqueous phase
and also from exited radicals and their further prop-
agation in the aqueous phase.

Writing the steady-state balances for initiator radi-
cals and oligomers derived from their further propa-
gation by reaction with the dissolved monomer in
the aqueous phase, we get the following balance
equations for each:

R1 : 2fkd½I�W � kpw½M�aqR1 � kmmAmR1 � kmpAPR1

� ktwR1ðR1 þ R2 þ R3 þ R4 þ R5

þM1 þM2 þM3 þM4 þM5Þ ¼ 0

or; R1 : 2fkd½I�W � kpw½M�aqR1 � kmmAmR1 � kmpAPR1

� ktwR1ðRþMÞ ¼ 0

whereR ¼ R1 þ R2 þ R3 þ R4 þ R5

and M ¼ M1 þM2 þM3 þM4 þM5 ð13Þ
where f is the initiator decomposition efficiency, kpw
is the propagation rate constant in the aqueous
phase (cm3 mol�1 s�1), kmp is the mass-transfer coef-
ficient of radical entry into the particles (cm�2 s�1),
ktw is the termination rate constant in the aqueous
phase (cm3 mol�1 s�1), R is the total aqueous-phase
concentration of radicals derived from the initiator
decomposition (mol/cm3), and M is the total aque-
ous-phase concentration of radicals derived from
exited radicals (mol/cm3). Similarly, for R2, R3, R4,
and R5, we get

R2 : kpw½M�aqR1 � kpw½M�aqR2 � kmmAmR2 � kmpAPR2

� ktwR2ðRþMÞ ¼ 0 ð14Þ
R3 : kpw½M�aqR2 � kpw½M�aqR3 � kmmAmR3 � kmpAPR3

� ktwR3ðRþMÞ ¼ 0 ð15Þ

R4 : kpw½M�aqR3 � kpw½M�aqR4 � kmmAmR4 � kmpAPR4

� ktwR4ðRþMÞ ¼ 0 ð16Þ
R5 : kpw½M�aqR4 � kpw½M�aqR5 � kmmAmR5 � kmpAPR5

� ktwR5ðRþMÞ ¼ 0 ð17Þ

Writing the balances for exited radicals and
oligomers derived from them by further propagation
by reaction with the dissolved monomer in the aque-
ous phase, we get the following equations:

M1 : kdeNPi� kpw½M�aqM1 � kmmAmM1 � kmpAPM1

� ktwM1ðRþMÞ ¼ 0 ð18Þ
M2 : kpw½M�aqM1 � kpw½M�aqM2 � kmmAmM2

� kmpAPM2 � ktwM2ðRþMÞ ¼ 0 ð19Þ
M3 : kpw½M�aqM2 � kpw½M�aqM3 � kmmAmM3

� kmpAPM3 � ktwM3ðRþMÞ ¼ 0 ð20Þ

M4 : kpw½M�aqM3 � kpw½M�aqM4 � kmmAmM4

� kmpAPM4 � ktwM4ðRþMÞ ¼ 0 ð21Þ

M5 : kpw½M�aqM4 � kpw½M�aqM5 � kmmAmM5

� kmpAPM5 � ktwM5ðRþMÞ ¼ 0 ð22Þ

where kde is the radical exit coefficient (s�1). Adding
these equations, we note that the propagation terms
cancel one another, and only the last propagation
terms remain, that is, kpw[M]aqR5 þ kpw[M]aqM5,
which is the rate at which oligomers exceeding a
chain length of 5 precipitate out of the aqueous
phase and, hence, do not contribute to the aqueous-
phase radical balance. Also, the radical entry to the
micelle terms add up to yield �kmmAm(R þ M), the
radical entry to the particles terms add up to yield
�kmpAP(R þ M), and the termination terms add up
to yield �ktw(R þ M)2. Therefore, after adding, we
get:

2fkd½I�W þ kdeNPi� kmmAmðRþMÞ � kmpAPðRþMÞ
� ktwðRþMÞ2 ¼ 0 ð23Þ

Writing R þ M as Rtot, we get:

2fkd½I�W þ kdeNPi� kmmAmRtot � kmpAPRtot � ktwR
2
tot ¼ 0

(24)

From the previous equations, the individual radi-
cal concentrations can be expressed as follows:

R1 ¼ 2fkd½I�W=ðkpw½M�aq þ kmmAm þ kmpAP þ ktwRtotÞ
(25)
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R2 ¼ kp½M�aqR1=ðkpw½M�aq þ kmmAm þ kmpAP þ ktwRtotÞ
¼ ð2fkd½I�WÞðkpw½M�aqR1Þ

=ðkpw½M�aq þ kmmAm þ kmpAP þ ktwRtotÞ2 ð26Þ

Similarly, we have

R3 ¼ ð2fkd½I�WÞðkpw½M�aqÞ2=ðkpw½M�aq þ kmmAm

þ kmpAP þ ktwRtotÞ3 ð27Þ
R4 ¼ ð2fkd½I�WÞðkpw½M�aqÞ3

=ðkpw½M�aq þ kmmAm þ kmpAP þ ktwRtotÞ4 ð28Þ
R5 ¼ ð2fkd½I�WÞðkpw½M�aqÞ4

=ðkpw½M�aq þ kmmAm þ kmpAP þ ktwRtotÞ5 ð29Þ
M1 ¼ kdeNPiðkpw½M�aq þ kmmAm þ kmpAP þ ktwRtotÞ (30)

M2 ¼ ðkdeNPiÞðkp½M�aqÞ
=ðkpw½M�aq þ kmmAm þ kmpAP þ ktwRtotÞ2 ð31Þ

M3 ¼ ðkdeNPiÞðkp½M�aqÞ2=ðkpw½M�aq þ kmmAm

þ kmpAP þ ktwRtotÞ3 ð32Þ

M4 ¼ ðkdeNPiÞðkpw½M�aqÞ3

=ðkP½M�aq þ kmmAm þ kmpAP þ ktwRtotÞ4 ð33Þ
M5 ¼ ðkdeNPiÞðkpw½M�aqÞ4

=ðkpw½M�aq þ kmmAm þ kmpAP þ ktwRtotÞ5 ð34Þ

Defining A ¼ 2fkdI, B ¼ kpw[M]aq, C ¼ (kpw[M]aq þ
kmmAm þ kmpAP þ ktwRtot), and A0 ¼ kdeNPi, we get
on adding the following equation:

Rtot ¼ ðR1 þ R2 þ R3 þ R4 þ R5 þM1 þM2 þM3

þM4 þM5Þ
¼ ðA=Cþ AB=C2 þ AB2=C3 þ AB3=C4 þ AB4=C5Þ

þ ðA0=Cþ A0B=C2 þ A0B2=C3 þ A0B3=C4

þ A0B4=C5Þ
¼ A=Cð1þ B=Cþ B2=C2 þ B3=C3 þ B4=C4Þ

þ A0=Cð1þ B=Cþ B2=C2 þ B3=C3 þ B4=C4Þ
¼ ðAþ A0Þ=Cð1þ B=Cþ B2=C2 þ B3=C3 þ B4=C4Þ
¼ ðAþ A0Þ=Cf½1� ðB=CÞ5�=ð1� B=CÞg ð35Þ

Because B ¼ (kpw[M]aq) � C ¼ (kpw[M]aq þ kmmAm

þ kmpAP þ ktwRtot), B/C � 1, and (B/C)5 � 0, we get

Rtot ¼ ðAþ A0Þ=ðC� BÞ

or

Rtot ¼ ð2fkdI þ kdeNPiÞ=ðkmmAm þ kmpAP þ ktwRtotÞ

or see eq. (24), which is the same as the aqueous-
phase radical balance derived before. Here, the de-
pendence of the rate constants on the chain length
was neglected.

MONOMER VOLUME FRACTION INSIDE THE
PARTICLES

Monomer diffusion into the particles ordinarily
occurs at a very fast rate.22,23 Thus, one can make
the quasi-steady-state assumption that monomer
concentration inside the particles is at thermody-
namic equilibrium at all times. The equilibrium
monomer volume fraction can be obtained from eq.
(36), given by Min and Ray,24,25 which is an exten-
sion of that developed by Morton et al.26

2cMWM=rRGT þ ½1� Uþ lnU� vð1� UÞ2�
¼ lnf½M�aq=½M�satg ð36Þ

where c is the interfacial tension (dyne/cm), RG is
the universal gas constant (cal mol�1 K�1), T is the
absolute temperature (K), v is the Flory–Huggins
interaction parameter, and [M]sat is the monomer
concentration at saturation in the aqueous phase
(mol/cm3).
The previous equation results from the balance

between the gain in free energy caused by the
increase in the interfacial area on swelling, the loss in
free energy caused by mixing of the monomer with
the polymer, and the gain in free energy caused by
the separation of the monomer from the aqueous
phase. This equation is coupled to the monomer bal-
ance because of the presence of [M]aq. [M]aq can be
determined from the following equation:

½M�RVR ¼ ½M�PVP þ ½M�DVD þ ½M�aqVW (37)

where [M]R is the monomer concentration in the
reaction medium (mol/cm3), [M]P is the monomer
concentration in the particles (mol/cm3), VP is the
volume of the particles (cm3), [M]D is the monomer
concentration in the droplets (mol/cm3) and VD is
the volume of the droplets (cm3). Alternatively, we
can write

½M�aqVW ¼ ½M�RVR � ½M�PVP � ½M�DVD

The amount of monomer dissolved in the aqueous
phase ([M]aqVW) is obtained by the difference
between the total amount of monomer present in the
reactor ([M]RVR) and the monomer present inside
the particles ([M]PVP) and the monomer droplets
([M]DVD).
When the monomer droplets are present in the re-

actor, the aqueous phase is saturated with the
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monomer ([M]aq ¼ [M]sat). Thus, U can be calculated
from eq. (36); however, when the droplets are absent
(VD ¼ 0), then eqs. (36) and (37) must be solved
simultaneously for U and [M]aq. In that case, [M]aq
can be calculated from the following equation:

½M�aqVW ¼ Nm0ð1� XÞ � U=ð1� UÞ �Nm0X � qM=qp

(38)

where Nm0 is the initial number of moles of the
monomer (mol) and X is the conversion. In eq. (36),
r is the swollen particle radius. It can be expressed
in terms of the unswollen or dry particle radius
(rdry) as follows:

r ¼ rdry=ð1� UÞ13 (39)

where rdry is given by

rdry ¼ ½3=4pðNm0XMWM=qpNPÞ�
1
3 (40)

AVERAGE NUMBER OF RADICALS PER
PARTICLE

The average number of radicals per particle is deter-
mined by the rates of radical entry into, exit from,
and termination inside the particle. This is given by
the quasi-steady-state eq. (41), which is the Smith–
Ewart recursion relation:6

ke Fi�1 � Fi½ � þ kde iþ 1ð ÞFiþ1 � iFi½ �

þ kt
2vPNA

iþ 2ð Þ iþ 1ð ÞFiþ2 � i i� 1ð ÞFi½ � ¼ 0 ð41Þ

where ke is the radical entry rate coefficient (s�1), Fi
is the number of particles containing i radicals, and
kt is the radical termination rate constant inside the
particles (cm3 mol�1 s�1).

The Stockmayer–O’Toole solution of the previous
equation for the average number of radicals per par-
ticle [i(mP, t)] is given by the following equation:27,28

i mP; tð Þ ¼
X1
i¼0

iFi
F v; tð Þ ¼

a

4

Ib að Þ
Ib�1 að Þ (42)

where Ib(a) is the modified Bessel function of the
first kind of order b and argument a, where

a ¼ 4
mPNAke

kt

� �1=2

and b ¼ 2mPNAkde
kt

(43)

where parameter a accounts for the relative impor-
tance of radical entry with respect to radical termi-
nation and parameter b accounts for the relative

importance of radical exit with respect to radical ter-
mination inside the particle.
For this study, the continued fraction form, first

used by Ugelstad et al.,29 was used:

i ¼ a

4

IbðaÞ
Ib�1ðaÞ ¼

1

2

a2
�
4

bþ
a2
�
4

bþ 1þ
a2
�
4

bþ 2þ (44)

In this simulation study, the following expression
for the radical exit coefficient, used by Rawlings and
Ray,30 was used:

kde ¼ ð3Dmktrm=kpÞ=ðDmMWm=qMkpUþ r2Þ (45)

where Dm is the effective diffusivity of the mono-
meric radical inside the particle (cm2/s) and ktrm is
the rate coefficient for chain transfer to the monomer
(cm3 mol�1 s�1).
The increase in the polymerization rate with

increased conversion is well known and is called
autoacceleration or the Trommsdorff effect. The increase
in the polymerization rate is due to diffusional limi-
tations causing a decrease in kt. At sufficiently high
conversion, kp also decreases. In this study, the fol-
lowing expression for kt, given by Liotta31 was used:

kt ¼ kt0 expð�19w2:1
p Þwhenwp � 0:75 (46)

kt ¼ ð0:707w3
p þ 1:886w2

p þ 1:67wp þ 4:96Þ
� 109 whenwp � 0:75

where kt0 is the termination rate constant in the par-
ticles without the gel effect (cm3 mol�1 s�1) and wp

is the weight fraction of the polymer in the particles,
which is given by the following equation:

wp ¼ ð1� UÞ � qp=½UqM þ ð1� UÞqp� (47)

MODELING PARAMETERS

Table I lists the values of the various parameters
used in this study and the references from which
they were taken.

NUMERICAL IMPLEMENTATION

The first-order explicit Euler method was used to
integrate the ordinary differential equations with a
time step of 10 s. IMSL MATH/LIBRARY version
3.0 Fortran subroutine ZREAL (Absoft Corp., Roch-
ester Hills, MI), which uses the Muller method, was
used to solve the nonlinear algebraic equation to
obtain the value of the monomer volume fraction
inside the particles. As already stated, the continued
fraction form developed by Ugelstad et al.29 was
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used to evaluate the average number of radicals per
particle.

RESULTS AND DISCUSSION

Role of the radical exit and aqueous-phase
termination in the aqueous-phase radical balance

The version of the lumped model used to evaluate
the assumptions of neglecting radical exit and aque-
ous-phase radical termination in the aqueous-phase
radical balance from the detailed, population balance
model developed previously1 was the same as the
previous model. Hence, only micellar nucleation
was included. Also, the Morton effect from the ther-
modynamic equation for monomer partitioning [eq.
(36)] or the first term in that equation was neglected.
This version of the lumped model is referred to as
model 1 in this article. Different submodels for aque-
ous-phase radical balance were included one by one.
These are summarized in Table II. RAD1 included
radical generation due to initiator decomposition,
radical entry into the micelles, and particles and
neglected radical exit and termination; RAD2
included radical generation due to initiator decom-

position, radical entry into the micelles, and particles
and radical termination and neglected radical exit;
RAD3 included radical generation due to initiator
decomposition, radical entry into the micelles, and
particles and radical exit and neglected termination
of the aqueous-phase radicals; and RAD4 contained
all of the terms. The value of v was chosen as 0.692
to give a value for the saturated monomer volume
fraction of Usat ¼ 0.6 when monomer droplets were
present or the aqueous phase was saturated with the
monomer. This value of Usat was given by Gardon.34

First, the predictions for the total number of par-
ticles formed were considered with model 1 and var-
ious submodels for the aqueous-phase radical

TABLE I
Values of the Parameters Used in the Simulations

Reference Source

MWM ¼ 104.15 g/mol 32
qM ¼ 0.906 g/cm3 32
qp ¼ 1.04 g/cm3 33
Usat ¼ 0.6 34
[M]sat ¼ 2.6 � 10�6 g mol cm�3 24
kp ¼ 212, 000 cm3 g mol�1 s�1 (at 50�C) 2
kpw ¼ kp This study
kt0 ¼ 6.52 � 1016 exp(�8870/RGT) cm

3 g mol�1 s�1 30
ktw ¼ kt0 This study
ktrm ¼ 7 � 10�5 kp 30
Dm ¼ 7.1 � 10�11 cm2/s 30
MWE ¼ 288.33 g/mol
[E]cmc ¼ 0.0005 g/cm3 (at 50�C) 2
aem ¼ aep ¼ 35 � 10�16 cm2/molecule 2
MWI ¼ 270.33 g/mol 35
kd ¼ 1.8 � 1017 exp(�34,100/RGT) 36
f ¼ 0.5
kmp ¼ 28 24
kmm ¼ ekmp

e ¼ 0.08 1, this study
e ¼ 0.01 (when radical exit is considered in aqueous-phase radical balance)
v ¼ 0.692 (detailed model1 and model 1) 1, this study
v ¼ 0.45 (models 2, 3, and 4) This study
v ¼ 0.15 (model 5) This study
c ¼ 32 dyne/cm 2
b ¼ 0 (detailed model,1 models 1 and 2) 1, this study
b ¼ 6 � 10�23 (number of particles)�1 s�1 (model 3) This study
b ¼ 50 � 10�23 to 800 � 10�23 (number of particles)�1 s�1 (model 4) This study
b ¼ 60 � 10�23–1000 � 10�23 (number of particles)�1 s�1 (model 5) This study

[E]cmc, critical micelle concentration (g/cm3); MWI, molecular weight of the initiator
(g/mol).

TABLE II
Summary of the Various Aqueous-Phase Radical

Balance Submodels

Submodel
Initiator

decomposition
Radical
entry

Radical
exit

Radical
termination

RAD1 Yes Yes No No
RAD2 Yes Yes No Yes
RAD3 Yes Yes Yes No
RAD4 Yes Yes Yes Yes
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balance. These are given in Table III. Also given are
the experimental values and the predictions of the
detailed model.1 The amounts of initiator (potassium
persulfate), monomer (styrene), and water for all of
these runs were 1.25 g, 500 g, and 1000 cm3, respec-
tively. Model 1 with RAD1 and RAD2 predicted the
same values. Hence, we concluded that the inclusion
of aqueous-phase radical termination had no effect
and could safely be neglected. Further, with the
inclusion of radical exit (RAD3 and RAD4), the
inclusion of aqueous-phase radical termination had
an insignificant effect. Also, the inclusion of radical
exit (RAD3 and RAD4) led to lower values of
e (¼ kmm/kmp) and higher values of the total number
of particles formed. e had to be lowered to provide a
close match at the lowest emulsifier concentration.
With the inclusion of radical exit, the aqueous-phase
radical concentration increased; this resulted in a
larger number of nucleated particles. The exclusion
of radical exit (RAD1 and RAD2) gave a number of
particles close to the experimental values. Hence, we
concluded that radical exit should not have contrib-
uted to the aqueous-phase radical balance. Probably,
the exited hydrophobic monomeric radicals are not
able to penetrate the hydrophilic exterior of the
micelles and participate in particle nucleation.

In Table IV, the experimental values of conversion
at the end of nucleation (Xn) at different emulsifier
concentrations are compared with the predictions of
model 1 with different submodels for the aqueous-
phase radical balance. The inclusion of the aqueous-

phase radical termination had no or an insignificant
effect and could be safely neglected. However, the
inclusion of radical exit led to an improvement in
the predicted values.
The experimental values of the duration of the

nucleation period (tn) are compared with the pre-
dicted values in Table V. Model 1 with the inclusion
and exclusion of the radical termination predicted
similar values. Hence, we concluded again that the
aqueous-phase radical termination had no effect on
the model predictions and could be safely neglected.
Further, the inclusion of radical exit led to much lower
and closer values of the duration of the nucleation pe-
riod. Only the exclusion of radical exit led to closer
predictions to the experimental values of the duration
of the nucleation period. Thus, radical exit had to be
excluded from the aqueous-phase radical balances.
The predictions of model 1 for the variation of the

monomer volume fraction inside the particles with
time are given in Figure 1. The monomer volume
fraction inside the particles was constant at 0.6 dur-
ing intervals I and II because of the continuous sup-
ply of monomer from the droplets to the particles.
Once the droplets disappeared, the monomer vol-
ume fraction in the polymer particle started decreas-
ing with time. The time when it started to decrease
(the end of interval II) increased with decreasing
emulsifier concentration. A lower number of par-
ticles or reaction sites was formed as the emulsifier
concentration decreased, and therefore, the mono-
mer droplets existed for a longer period.

TABLE IV
Comparison of the Experimental Values of the Conversion at the End of the Nucleation with the Detailed Model1 and

Model 1 with Different Aqueous-Phase Radical Balance Submodels

[E]
(g/L of water)

Experimental
value of Xn

Detailed model
(RAD1, e ¼ 0.08)

Model 1
(RAD1,
e ¼ 0.08)

Model 1
(RAD2,
e ¼ 0.08)

Model 1
(RAD3,
e ¼ 0.01)

Model 1
(RAD4,
e ¼ 0.01)

1.88 — 0.005 0.0080 0.0080 0.0095 0.0098
3.13 0.005 0.012 0.0151 0.0151 0.0165 0.017
6.25 0.03 0.03 0.0352 0.0352 0.0342 0.035
12.5 0.06 0.073 0.0817 0.0817 0.0698 0.070
25.0 0.146 0.173 0.1837 0.1837 0.141 0.142

TABLE III
Comparison of the Experimental Values of the Total Number of Particles Formed with the Detailed Model1 and

Model 1 with Different Aqueous-Phase Radical Balance Submodels

[E]
(g/L of water)

Experimental
value of NP

(�1017/L of water)

Detailed model
(RAD1,
e ¼ 0.08)

Model 1
(RAD1,
e ¼ 0.08)

Model 1
(RAD2,
e ¼ 0.08)

Model 1
(RAD3,
e ¼ 0.01)

Model 1
(RAD4,
e ¼ 0.01)

1.88 1.8 1.76 2.08 2.08 1.74 1.58
3.13 2.2 2.61 2.82 2.82 2.66 2.49
6.25 4.0 4.17 4.29 4.29 4.94 4.76

12.5 6.0 6.49 6.82 6.82 9.45 9.28
25.0 10.0 9.97 10.51 10.51 18.44 18.27
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Roles of the inclusion of individual radical
balances, homogeneous nucleation, and Morton
effect in the thermodynamic equation

Model 1 was extended to include individual radical
balances; this was necessary for including homoge-
neous nucleation in the model. Also, the Morton
effect, or the first term in eq. (36), was included. The
value of interfacial tension was chosen as 32 dyne/
cm, as reported by Harada et al.2 for the nucleation
period. A value of v was chosen as 0.45 to predict
that the droplets disappear at 43% conversion for
the lowest emulsifier concentration, as reported by
Harada et al.2 The value of 0.45 for v was close to
the value of 0.43 reported by Morton et al.26 and
Gardon34 for styrene monomer and its homopoly-
mer. This choice of v also ensured that the predicted
values of U were less than Usat ¼ 0.6, as reported by
Harada et al.2

Because radical exit was not considered to con-
tribute to the aqueous-phase radical balance, the
balances for M1, M2, M3, M4, and M5 were not
included. This version of the model is referred to
as model 2.

The number of particles formed due to homogene-
ous nucleation was negligible compared to those
formed from micellar nucleation. The number of
particles formed at the lowest emulsifier concentra-
tion of 1.88 g/L by homogeneous nucleation was
3042 compared to 3.97 � 1017 formed by micellar
nucleation. Also, the contributions of R2, R3, R4, and
R5 to the overall aqueous-phase radical balance were
negligible compared to that of R1. Near the begin-
ning of the run (at 8 min), R1, R2, R3, R4, and R5

were 7.27 � 105, 701, 6.76 � 10�2, 6.52 � 10�6, and
6.28 � 10�10, respectively. We inferred from the sim-
ulation results that at all times, R1/Rtot � 1, and the
remaining ratios (R2/Rtot, R3/Rtot, R4/Rtot, and R5/
Rtot) were approximately 0. Hence, homogeneous
nucleation could be safely neglected for the reaction
system and for the reaction conditions simulated in
this study. Also, the individual radical balances
need not be written. Because R1 � Rtot, only the bal-
ance for the radical concentration generated by the
decomposition of initiator should be considered. For

the sake of generality, homogeneous nucleation and
individual radical balances were included in this
and further versions of the model.
The values of the duration of nucleation, conver-

sion at the end of the nucleation period, and total
number of particles formed at different emulsifier
concentrations as predicted by model 2 are given in
Table VI. Model 2 overpredicted the number of par-
ticles formed compared to model 1. The deviation
between the predictions of model 2 for the number
of particles formed and the experimental value is
also given in Table VI as a difference between these
two quantities. The deviation increased as the emul-
sifier concentration increased. The deviation
occurred because, with the inclusion of the Morton
effect, the value of the monomer volume fraction
inside the particles decreased below 0.6 during the
nucleation period, as predicted by model 1 (cf. Figs.
1 and 2). Hence, the particles grew at a slower rate,
and as a result, the consumption of emulsifier to sta-
bilize the growing particle surface area also occurred
at a slower rate. Therefore, micelles existed in the

Figure 1 Prediction of model 1 for the variation of mono-
mer volume fraction inside the particles with time at dif-
ferent emulsifier concentrations. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

TABLE V
Comparison of the Experimental Values of the Duration of the Nucleation Period with the Detailed Model1 and

Model 1 with Different Aqueous-Phase Radical Balance Submodels

[E]
(g/L of water)

Experimental
value of
tn (min)

Detailed model
(RAD1, e ¼ 0.08)

Model 1
(RAD1,
e ¼ 0.08)

Model 1
(RAD2,
e ¼ 0.08)

Model 1
(RAD3,
e ¼ 0.01)

Model 1
(RAD4,
e ¼ 0.01)

1.88 — 3.67 4.33 4.33 5.67 7.00
3.13 5.1 5.39 6.00 6.00 6.57 7.58
6.25 9.2 8.59 9.16 9.16 7.50 8.11

12.5 12.5 13.36 13.83 13.83 8.18 8.53
25.0 18.0 19.45 20.00 20.00 8.70 8.88
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reaction medium for a longer time; this resulted in
the higher number of particles predicted by model 2
as compared to model 1. Higher predicted values of
the number of particles suggested that coagulation
should be included in the model. Also, the extent of
coagulation should increase with increasing the
emulsifier concentration.

As shown in Figure 2, with decreasing emulsifier
concentration, the value of U increased because
larger particles existed in the system at a given time.

Role of inclusion of coagulation

Initially, the coagulation was considered to occur
throughout the course of polymerization. We found
the value of b by fitting of the predicted value of the
total number of particles formed at the highest emul-
sifier concentration to the experimental value. The
value of b so obtained was 6.0 � 10�23 L (number of
particles)�1 s�1. This value of b was kept the same
for all of the emulsifier concentrations. This version
of the model is referred to as model 3. The predic-
tions of model 3 for the various variables are given

in Table VII. As shown, they were in good agree-
ment with the experimental values.
Harada et al.2 reported that the number of par-

ticles was constant after the cessation of nucleation
or after interval I. Recently, Carro et al.37 also
reported the same finding. Also, Carro et al.37

reported that there was coagulation during interval I
and its extent increased with increasing emulsifier
concentration. The experimental conditions were the
same in these two studies. Thus, coagulation
throughout the course of polymerization was ruled
out. It was included only during the nucleation pe-
riod. Hence, the number of particles were allowed to
change during interval I only until the time when
area of the micelles become zero. The values of b
were adjusted to give a close match between the pre-
dicted values and the experimental values of the
number of particles formed at each emulsifier con-
centration. The predicted values are given in Table
VIII for different emulsifier concentrations. Also, the
values of b are given. This version of the model is
referred to as model 4.
The value of b increased with decreasing emulsi-

fier concentration. This was expected because the
particles were likely to be more unstable at the
lower emulsifier concentrations. Further, the model
now overpredicted the values of the duration of
nucleation and the conversion at the end of the
nucleation period. Thus, micelles existed in the sys-
tem for a longer period. We believed that the dura-
tion of the nucleation period could be reduced if the
particles were allowed to grow at a faster rate than
what was predicted by model 3. In model 4, the

TABLE VI
Predictions of Model 2 for the Duration of Nucleation Period, Conversion at the End

of the Nucleation Period, and Total Number of Particles Formed

[E] (g/L of water)
tn

(min) Xn

NP (�1017/L
of water)

(NModel2
P � N

exp
P )

(�1017/L of water)

1.88 5.50 0.0087 3.97 2.17
3.13 7.16 0.0168 5.49 3.29
6.25 10.16 0.0348 9.03 5.03

12.5 14.83 0.741 15.9 9.90
25.0 23.00 0.1521 29.96 19.96

Figure 2 Prediction of model 2 for the variation of mono-
mer volume fraction inside the particles with time at dif-
ferent emulsifier concentrations. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

TABLE VII
Predictions of Model 3 for the Duration of the
Nucleation Period, Conversion at the End of the
Nucleation Period, and Total Number of Particles

Formed

[E] (g/L
of water)

tn
(min) Xn

NP (�1017/L
of water)

1.88 5.66 0.0092 1.52
3.13 7.167 0.0159 2.09
6.25 10.33 0.0357 3.39

12.5 15.16 0.0763 5.82
25.0 23.83 0.1616 10.08
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value of v was taken as 0.45, as was the case with
models 2 and 3. This value was lowered to 0.15 at
this point to allow a higher monomer volume frac-
tion inside the particles and, thereby, increase their
rate of growth during the early times. The value of
U was 1 in the micelles, and as soon as the nuclea-
tion started, it did not drop to 0.6, as was the case in
model 1, or to a very low value, as was the case
with models 2, 3 and 4. The value of U in the newly
formed particles was between 1 and what was pre-
dicted by the various models so far. The lowering of
v allowed us to account for this. This version of the
model with coagulation during the nucleation period
and v ¼ 0.15 is referred to as model 5. The predic-
tions of this model are given in Table IX. Also, the
new values of b are given. As shown, the predicted
values were in good agreement with the experimen-
tal values. The predictions of model 5 for the varia-
tion of monomer volume fraction inside the particles
with time for different emulsifier concentrations are
plotted in Figure 3. As shown, higher values of U
were predicted compared those predicted with
model 2.

Both model 1 (with micellar nucleation, no coagu-
lation, and no consideration of Morton’s effect) and
model 5 (with micellar and homogeneous nuclea-
tion, coagulation during the nucleation stage, and
consideration of Morton Effect) gave good agree-
ment with the experimental values of the various
variables considered. However, they predicted dif-
ferent profiles of change in the number of particles

formed with time. Model 1 predicted that the num-
ber of particles formed would increase with time
until the end of nucleation and reach a constant
value thereafter. This is shown in Figure 4. Model 5
predicted that the number of particles formed would
pass through a maximum during the nucleation pe-
riod. The height of the maxima increased with
increasing emulsifier concentration. This is shown in
Figure 5. As the model 5 predictions were supported
by the recent findings of Carro et al.,37 model 5 was
taken as the one representing the reality.

TABLE VIII
Predictions of Model 4 for the Duration of the
Nucleation Period, Conversion at the End of the
Nucleation Period, and Total Number of Particles

Formed

[E] (g/L of
water)

tn
(min) Xn

NP (�1017/L
of water) b

1.88 8.667 0.0124 1.83 800 � 10�23

3.13 11.667 0.0228 2.33 500 � 10�23

6.25 15.33 0.0478 4.07 210 � 10�23

12.5 23.33 0.1083 5.90 110 � 10�23

25.0 34.16 0.2332 9.82 50 � 10�23

TABLE IX
Predictions of Model 5 for the Duration of Nucleation
Period, Conversion at the End of the Nucleation Period,

and Total Number of Particles Formed

[E] (g/L
of water)

tn
(min) Xn

NP (�1017/L
of water) b

1.88 6.16 0.0099 1.78 1000 � 10�23

3.13 8.00 0.0172 2.38 600 � 10�23

6.25 10.66 0.0371 4.12 250 � 10�23

12.5 16.33 0.0832 6.00 140 � 10�23

25.0 23.66 0.1715 10.80 60 � 10�23

Figure 3 Prediction of model 5 for the variation of mono-
mer volume fraction inside the particles with time at dif-
ferent emulsifier concentrations. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 4 Prediction of model 1 for the variation of the
number of particles formed with time for different emulsi-
fier concentrations. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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CONCLUSIONS

The aim of this study was to develop and validate a
lumped model for emulsion polymerization that
incorporated all complex, competing processes. Ini-
tially, the roles of aqueous-phase radical termination
and radical exit were evaluated. We found that the
inclusion of aqueous-phase termination had either
no or an insignificant effect on the variables chosen
for model validation, namely, the duration of nuclea-
tion, conversion at the end of the nucleation period,
and total number of particles formed. Hence, it
could be safely neglected. The inclusion of radical
exit in the aqueous-phase radical balance greatly
enhanced particle nucleation, and hence, the total
number of particles formed was overpredicted. It
also resulted in a decrease in the duration of the
nucleation period. Only when it was not included in
the model did the predictions for the aforemen-
tioned variables come into good agreement with the
experimental values. For this reason, it was not
included thereafter in the aqueous-phase radical bal-
ance. Probably, the exited hydrophobic monomeric
radicals are never able to penetrate the hydrophilic
exterior of the micelles and participate in particle
nucleation.

Next, we evaluated the roles of individual radical
balances and homogeneous nucleation. It was found
that contributions of oligomeric radicals to the over-
all radical balance were negligible. Also, the number
of particles nucleated by homogeneous nucleation
was insignificant compared to the number of those
nucleated by micellar nucleation. The effect of the
inclusion of Morton effect in the thermodynamic
equation for monomer distribution among various

phases was evaluated. We found that with the inclu-
sion of this effect, the number of particles formed
was overpredicted. This led to the inclusion of coag-
ulation in the model.
Initially, coagulation was thought to occur

throughout the course of polymerization. With a sin-
gle value of b, found by the fitting of the predicted
value of the number of particles at the highest emul-
sifier concentration to the experimental value, we
found that the predicted values of all the variables
for different emulsifier concentrations were close to
their experimental values. However, on the basis of
the experimental results of Harada et al.2 and Carro
et al.,37 which showed that the number of particles
were constant after the cessation of nucleation or af-
ter interval I, and the results of Carro et al.,37 in
which coagulation occurred for all of the emulsifier
concentrations only during interval I, coagulation
was included during interval I only. The values of b
at different emulsifier concentrations were found by
the fitting of the predicted values of the number of
particles formed to the experimental values. These
values were found to increase with decreasing emul-
sifier concentrations and were in the range 10�23 to
10�20 L (number of particles)�1 s�1. The value of v
had to be lowered from 0.43 to 0.15 to provide a bet-
ter fit of the predicted variables to their experimen-
tal values. Model 5, with micellar and homogeneous
nucleation and coagulation during the nucleation pe-
riod and with the Morton effect considered, should
be considered the one closest to reality.
A number of areas for future studies have

emerged from this study and include emulsifier
adsorption and desorption kinetics, coagulation
kinetics, kinetics of monomer transport during the
early stages, which must include micellar monomer
transport also, and the role of radical exit in affect-
ing the aqueous-phase radical balance and, hence,
nucleation kinetics.

NOMENCLATURE

a parameter accounting for the relative
importance of radical entry with respect
to radical termination

aem emulsifier surface coverage area on the
micelles (cm2/molecule)

Am total surface area of the micelles (cm2)
Am0 total initial surface area of the micelles

(cm2)
AP total particle surface area (cm2)
b parameter accounting for the relative

importance of radical exit with respect
to radical termination inside the particle

Dm effective diffusivity of the monomeric
radical inside the particle (cm2/s)

[E]cmc critical micelle concentration (g/cm3)

Figure 5 Prediction of model 5 for the variation of the
number of particles formed with time for different emulsi-
fier concentrations. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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[E] emulsifier concentration (g/l)
f initiator decomposition efficiency
Fi number of particles containing i radicals
i average number of radicals per particle
Ib(a) modified Bessel function of the first kind

of order b and argument a
[I] initiator concentration (mol/cm3)
[I]W initiator concentration in the aqueous

phase (mol/cm3)
kd initiator decomposition rate constant (s�1)
kde radical exit coefficient (s�1)
ke radical entry rate coefficient (s�1)
kmm mass-transfer coefficient of radical entry

into the micelles (cm�2 s�1)
kmp mass-transfer coefficient of radical entry

into the particles (cm�2 s�1)
kp propagation rate constant in the particles

(cm3 mol�1 s�1)
kpw propagation rate constant in the aqueous

phase (cm3 mol�1 s�1)
kt radical termination rate constant inside

the particles (cm3 mol�1 s�1)
kt0 termination rate constant in the particles

without the gel effect (cm3 mol�1 s�1)
ktrm rate coefficient for chain transfer to the

monomer (cm3 mol�1 s�1)
ktw termination rate constant in the aqueous

phase (cm3 mol�1 s�1)
M total aqueous-phase concentration of

radicals derived from exited radicals
(mol/cm3)

me mass of the emulsifier in the reaction
medium (g)

Mi aqueous-phase concentration of a radical
with chain length i derived from the
exited radical (mol/cm3; i¼ 1, 2, 3, 4, or 5)

MWE molecular weight of the emulsifier
(g/mol)

MWI molecular weight of the initiator (g/mol)
MWM molecular weight of the monomer (g/mol)
[M]aq monomer concentration in the aqueous

phase (mol/cm3)
[M]D monomer concentration in the droplets

(mol/cm3)
[M]P monomer concentration in the particles

(mol/cm3)
[M]R monomer concentration in the reaction

medium (mol/cm3)
[M]sat monomer concentration at saturation in

the aqueous phase (mol/cm3)
NA Avogadro’s number
Nm0 initial number moles of the monomer

(mol)
NP total number of particles formed
[P]R polymer concentration in the reaction

medium (mol/cm3)
r radius of the particle (cm)

R total aqueous-phase concentration of
radicals derived from the initiator
decomposition (mol/cm3)

Rcoag rate of coagulative nucleation (s�1)
rdry unswollen or dry particle radius (cm)
Rem rate of radical entry into the micelles (s�1)
RG universal gas constant (cal mol�1 K�1)
Rhom rate of homogeneous nucleation (s�1)
Ri total aqueous-phase concentration of a

radical with chain length i derived from
the initiator decomposition (mol/cm3;
i ¼ 1, 2, 3, 4, or 5)

Rnuc rate of nucleation (s�1)
RP rate of polymerization (mol/s)
Rtot total aqueous-phase radical concentration

(mol/cm3)
t time (s)
T absolute temperature (K)
tn duration of the nucleation period (s)
VD volume of the droplets (cm3)
vP volume of a particle (cm3)
VP volume of the particles (cm3)
VR volume of the reaction medium (cm3)
VW volume of the aqueous phase (cm3)
wp weight fraction of the polymer in the

particles
X conversion
Xn conversion at the end of nucleation

Greek letters

b coagulation rate constant (number of
particles)�1 s�1

e kmm/kmp

c interfacial tension (dyne/cm)
v Flory–Huggins interaction parameter
U monomer volume fraction inside the

particles
Usat saturated monomer volume fraction inside

the particles
qM density of the monomer (g/cm3)
qp density of the polymer (g/cm3)
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