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Synopsis

A comprehensive model of emulsion polymerization batch reactors is presented. The nucleation
mechanism via micelles is examined in detail through the introduction of a micellar equilibria model.
This allows to predict the influence on the process of the emulsifier amount and type and of the so-
Iution ionic strength. A comparison with experimental data of styrene and butadiene polymerization
is performed.

INTRODUCTION

Emulsion polymerization is an important process in the manufacture of
products such as paints, coatings, adhesive, and others. For this reason in the
last few years there have been considerable efforts in developing reliable math-
ematical models for the simulation of emulsion polymerization reactors. Ex-
cellent reviews have been published!~* where a detailed discussion and a critical
analysis of the proposed models are reported. The most comprehensive math-
ematical description of emulsion polymerization processes is given in the last
one. In it amodel is presented, which includes distribution functions of several
characteristics of the polymer particles, such as volume, radical number, and
polymer chain length. The complexity of the overall model clearly shows the
difficulties involved in the design of emulsion polymerization reactors.

The development of the balance equations implies the knowledge of the par-
ticle formation mechanisms. In this process an important role is played by the
aggregates of emulsifier molecules, which represent the sites of micellar nucle-
ation. The aim of the present paper is to explicitly include equilibria and size
distribution of micelles in a simplified comprehensive model of a batch emulsion
polymerization reactor. The model has been tested through its application to
the simulation of some available experimental data, relative to the styrene and
butadiene polymerization reaction. The influence of the emulsifier type and
amount and of the solution ionic strength on the micellar nucleation mechanism
has been examined in detail.

MATHEMATICAL MODEL

The qualitative picture of the phenomena occurring in a well-stirred batch
reactor, which still represents the basic frame of most of the models developed
later, has been given by Harkins® since 1945. According to this representation,
schematically depicted in Figure 1, the material balance equations, which de-
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Fig. 1. Physical picture of an emulsion polymerization system.

scribe the transient behavior of the system under examination, have been stated
on the basis of the following assumptions: the temperature of the reactor is kept
constant throughout the entire process by a suitable temperature control; chain
transfer and termination by disproportionation are neglected; all the kinetic rate
constants do not depend on the polymer chain length.

Particle Size Distribution Balance

A distribution function of particle volume f(v,t) is introduced, such that
f(v,t)dv gives the concentration of polymer particles between the volumes v and
(v + dv) at time t. The population balance equation has been applied, in order
to describe the evolution of the particle size distribution, as follows:
of

Pe]
e —_ 5 — U
ot ov (gvf) +rn5(v Up) + rpo(v — vy)

+‘—; fo * fw = o))V’ — Bf(w) fo Tfondv (1)

where g, = dv/dt is the particle growth rate, r,,, and r,, are the particle nucleation
rates, via micelles and via aqueous phase oligomer precipitation, respectively,
the Dirac function 6 indicates that the particle nuclei are characterized by a
specific volume v,, or v,; and  represents the rate coefficient of coalescence.
Various numerical techniques have been proposed so far in the literature®-?
for solving the integro-differential equation (1). In this work the method of
moments according to Hulburt and Katz® has been used. It is based on the ap-
proximation of the size distribution in terms of series of associated Laguerre
polynomials (orthogonalized respect to the I'-distribution weighting function)
. truncated at the third term, which is particularly suitable for unimodal distri-
butions of only positive arguments. This allows us to estimate the distribution
moment of any order, once the first three wg, 1, and us are known. The problem
is then reduced to the evaluation of the time evolution of the first three moments
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TABLE I
Summary of the Equations Constituting the Solving Procedure
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of the distribution, which can be obtained directly from eq. (1). All the equations
which constitute the solving procedure are summarized in Table I. In the fol-
lowing we will concern about the evaluation of all the quantities appearing in
these equations, in particular g,,, rp,, and r,.

Environmental Balances

The solution polymerization will be described using the following free-radical
kinetic scheme:
Initiation:

ki
I—-2R
kps
R+M—>P1

Propagation:

kps
P,+M—P,

kps
Pn + M—"Pn+1

Termination:

kts
P,+R—P,,
R (n,m =1, )
Pn + Pm_t;Pn+m,
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According to this scheme and to the assumptions summarized at the beginning
of this section, the material balances for each species present in the aqueous
solution can be derived. Defining the concentrations with reference to the
aqueous solution volume, which is constant during the reaction, it follows
that

dl
- = —'ki 1 2
o (@)
dR
S = kil =~ kpMR = 1~ ktRP — kRS, 3)
dP
E = kps MR — ks P2 — ks PR — r, (P) — £, PS, (4)
% = ks PR+ kP2 = 7, () = £, PS, (5)

where P = Z7_ P, and P = Z;_; P, represent the total aqueous concentrations
of growing and dead polymer chains, respectively. The last term in the rhs of
the material balances of species R, P, and P represents the disappearance of each
species due to polymer particles absorption; S, represents the total particle
surface area, and can be evaluated as S, = (367)1/3uy/3, where ua/3 can be cal-
culated as shown in Table 1. '

Monomer: A distinction must be made in this case depending on whether
or not monomer droplets are present in the aqueous solution.

In the first case, the monomer concentration M is assumed constant and equal
to its saturation value M*. Applying then the liquid-liquid equilibrium, it fol-
lows that

M = M* = pyxm/Keq (6)

where x,, is the monomer mole fraction in the droplets (usually, x,, = 1) and K¢q
is the liquid-liquid equilibrium constant. This equation clearly derives from
the assumption, usually satisfied in practice, that the monomer mass transfer
from droplets into the aqueous solution is faster than the polymerization reaction.
The total volume of monomer droplets is evaluated through the equation

e —Vppﬂ [ps M(R + P) + ¢ (MD)] ™

The first two terms in brackets represent the monomer consumption due to the
polymerization reaction in aqueous solution, while the third represents the
consumption of monomer due to the polymerization reaction which takes place
in particles.

In the latter case, that is in the absence of monomer droplets, V, = 0. In this
case the above-mentioned saturation condition is not valid any more, and the
monomer concentration is given by

M

2 —[kpsMR + P) + y(M)] (8)

Emulsifier: The material balance of the emulsifier is simply given by the
condition C,; = const, where C,; indicates the initial total concentration of sur-
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factant in the system. The distribution of the emulsifier among the different
phases present in the reactor will be described shortly.

POLYMER PARTICLE FORMATION

Two different parallel nucleation mechanisms have been taken into consid-
eration. In the former, a radical present in the aqueous phase enters a micelle
and starts polymerization. In the latter, the particle formation occurs through
precipitation of polymer chains present in solution.

Particle Formation via Micelle

According to this mechanism, the rate of nuclei formation is equal to the rate
of radicals absorption into emulsifier micelles, which, according to Gardon,19
can be expressed as follows:

Im = knRSn (9)

where S,, is the total surface of micelles per unit volume of solution. It can be

evaluated from the concentration of micellar emulsifier C.,,, which is given
by

Com = Cet - Cea - Ces (10)

In this equation C,; is the total emulsifier concentration, C., represents the
emulsifier adsorbed on particles, and C., the free emulsifier dissolved in
water.

The concentrations can be evaluated assuming very fast rate transfer and the
usual priorities? for distribution of the emulsifier; that is: (1) polymer particles;
(2) aqueous solution; (3) micelles. It can be reasonably assumed that up to (C,;
— Ceq) > emc, Cy is very close to cme.  The value of C,, can be calculated on the
basis of adsorption equilibrium isotherms of emulsifier on polymer particles.
This equilibrium can be described by means of the well-known Langmuir iso-
therm11:

1 14 by(Cos + Com)
Pa Fmba(ces + Cem)

where a, is the area occupied by an emulsifier molecule on the polymer surface
and I', the emulsifier surface concentration. Thus

NAasp = (11)

Cea = p/NAasp (12)
Similarly, S,, is directly related to C.,, as follows:
Sm = asmNACem (13)

where a;,, is defined as the area occupied by an emulsifier molecule present in
a micelle, and it is assumed constant and independent of the emulsifier con-
centration C,,,. In previously proposed models?12 it was assumed that a;,, =
asp. Actually, this is a rather poor approximation; in fact, a reliable value of a,
can be obtained only through an analysis of the micelles formation equilibria,
by taking into account also the effect of the solution ionic strength. This will
be done shortly.
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Particle Formation via Precipitation

According to Fitch and Tsai,!3 particle nuclei can be formed by precipitation
when the polymer chains in the aqueous solution exceed their solubility limit.
The rate of this process can be expressed, as a first approximation, as follows:

rn =k, (P +P) (14)

It is worthwhile pointing out that the nucleation rate was originally represented
in a different form by Fitch and Tsai,!3 in order to include the competitive effect
of absorption by preexisting particles. In the present model this formulation
is not necessary, since such effect is already included in the material balances
(4) and (5) of the growing and dead polymer chains, respectively.

RATE OF PARTICLE GROWTH

A lumped model is employed to describe the polymerization reaction inside
the particles. It implies the use of a mean concentration value of monomer and
polymer inside the particle, independent of the radial position within the par-
ticle.1* Since emulsion polymerization reactors are usually well stirred, the
monomer inside the particle is assumed in thermodynamic equilibrium with the
monomer in the aqueous phase. The monomer volume fraction in the particle
can then be evaluated through the following equilibrium condition?:

2y PM,,
RTr pn,

which represents the balance between the interfacial free energy change and the
free energy of mixing. The term on the rhs of eq. (15) accounts for the interfacial
free energy contribution, and then it involves the interfacial tension vy and the
particle average radius r; x is the Flory—Huggins constant, used for the evaluation
of the mixing free energy of monomer in polymer. Note that the value of x de-
pends only on the system monomer—polymer, while the interfacial tension v is
a function of the amount of emulsifier adsorbed on the particle surface. Inthe
present work the value of this parameter will be tuned in order to reproduce the
experimental values of ¢ measured during the polymerization reaction. In
particular it has been assumed the ratio (7y/r) constant with time, according to
Gardon.15
The particle growth rate g, is given by the sum of two terms:
dv PM,, , d

y === + = 16
g TP o v dt(d)v) (16)

where the polymerization rate r; is given by

(1-¢)+In¢g + x(1 - ¢)> - In(M/M*) = - (15)

& opm
—p, X 9Pm 1
» = %N v PM,, an

and @ indicates the average number of radicals per particle.

It is now necessary to evaluate the number of radicals per particle as a function
of the particle volume. This has been done by Stockmayer!® in the case of
negligible radicals desorption from particles and applying the quasi-steady-state
approximation to the radical concentration. This last approximation is ac-
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ceptable when the following condition is satisifed:

kt >_¢__BL"_ (18)

p 41— ¢) Pp
Equation (18) holds for various systems of practical import, including those
examined in detail in the following sections of this work. It is worthwhile
pointing out that other expressions of the same type as Stockmayer one are
available317 for systems where the two conditions mentioned above are not
satisfied.

In order to introduce the Stockmayer equation in the above-developed model,
it is necessary to rewrite it in a different form, more suitable for the application
of the method of moments. In particular, a polynomial expression has been
developed:

Q = 0.5+ ary¥s + g% + a3y¥5 + agy!? (19)

where a; = 4.7572 X 1071, a5 = —3.9368 X 1073, a3 = 4.0954 X 1075, and a4 =
—1.6817 X 10~7. This expression reproduces the Stockmayer equation results
with an error which never exceeds 10%. The variable v in eq. (19) is similar to
the one used by Stockmayer, although here refers only to the class of particles
with volume v. In particular,

Pal
Nk,

where N, = f(v,t)dv and p, represents the rate of radical absorption in the N,
particles, given by

v = Nj (20)

a = (BmpR + k, P)(367)1/302/3N,, (21)
Substituting eq. (21) in eq. (20) gives
v = Kp5/3 (22)
where
= (kmpR + B, P)(367)3N%/k, (23)

Using egs. (16), (17), and (19) it is now possible to explicitly calculate the integrals
appearing in the solving equations reported in Table I, and the total monomer
consumption rate in the polymer particles (M), appearing in egs. (7) and (8).
The following equations are obtained:

¢ de¢ .
f gvajdv ( kp Na Xj+1+ - dt Iv'vj+1)a ] =01 (24)
Xj+1 = 0.5 pj + a1K%5 i1 + aoK%5ujis + asK¥pjus + a K %op0y  (25)
¢ ¢ py_d¢
M kp 1+———|+ 26
v = PM " Na ( Ppl"¢) 1—¢dt] 26

MICELLAR EQUILIBRIA IN AQUEOUS SOLUTION

In the subsection Particle Formation via Micelle it has been pointed out that
the description of particle nucleation via micelles through eq. (9) implies the
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correct evaluation of the total micellar surface S,,. This possibility is offered
by a recently proposed model of micelle formation,8 in which the distribution
of micelle sizes is expressed as a function of the total concentration of emulsifier
in the aqueous solution C, = C,,, + C,s. We will here summarize the basic fea-
tures of this model, in the case of emulsifier molecules which can be schematized
as a hydrophilic head group (either ionic or nonionic) with a hydrocarbon tail.
The shape of the micellar aggregates is assumed spherical. Discrepancies from
such assumptions have been considered elsewhere.1?

The examined micellar equilibria model is essentially based on the following
equations:

N, ( ) ( gAueb+#)
28 g—rteb ~ g -
’ g—'2737'~'y°° (27)
Ntot Ntot

Nigt=N;+ N, + Zngg (28)
g=

where N, is the number of micelles containing g molecules of emulsifier, N, the
number of emulsifier molecules dissolved in water, N, the number of solvent
molecules, and Ny, the total number of emulsifier molecules present in the
aqueous solution (excluding those adsorbed on polymer particles). Equations
(27) represent the equilibrium condition, i.e., that the system free energy is
minimum, and eq. (28) is simply the material balance of the free emulsifier in
the aqueous solution. The term A, represents the standard free energy change
in transferring an emulsifier molecule from the dilute aqueous phase to the hy-
drocarbon phase of the micellar core. According to Tanford,? it can be evaluated
as follows:

Apes _ S +J(ne = 1)
kT RT

(29)

where the parameter S, which depends on the specificity of the head group, is
assumed equal to —2000 cal/mol; the term J/, which depends on the head group
character, is assumed equal to —420 cal/mol; n. is the number of carbon atoms
in the hydrocarbon tail of the emulsifier. The quantity u, is the contribution
to the standard free energy of formation of micelles which includes the attractive
hydrophobic bonding between hydrocarbon tails of emulsifier and the repulsive
interaction between their hydrophilic head groups. It can be evaluated as fol-
lows?20:

g _ 25(A — 21)g + og
kT RT ART

(30)

where A (= 47ri/g) is the surface area per emulsifier molecule in an aggregate
of size g and radius ro and « is a parameter relative to the repulsive interaction
between the emulsifier head groups.

In eq. (30) two contributions are taken into account: the interaction energy
between the micellar hydrophobic core and water, which tends to decrease the
aggregate size; the interaction energy between the head groups of the emulsifier
molecules present in the aggregate, which tends to increase its size.

The conflict between these two effects determines the equilibrium volume
of the micellar aggregates.
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As above mentioned, all the parameters appearing in the model can be eval-
uated on the basis of semiempirical correlation,?? with the only exception of the
interaction parameter «. A naive way to evaluate it is to consider the work
necessary to locate an electrical charge on a spherical surface, equal to the area
occupied by an emulsifier molecule on the micelle, a,,,. The calculation of «
is then performed by using the charging process of the Debye-Hiickel theory.
This simplified approach is unfortunately not valid, since the high charge density
generated by the head groups leads to substantial charge neutralization by
counterions.?! Therefore, in the present work, the parameter « has been ad-
justed in order to force the model to reproduce the experimental values of cmc
for various emulsifiers.

The use of egs. (27) and (28) allows to evaluate, for a given amount of emulsifier
(Ntot) and solvent (IV;), the entire micellar distribution (i.e., Ng forg =2,3, ...,
) and the amount of emulsifier dissolved in water in a molecular form, N,. The
micellar distribution exhibits an inflection point at a specific value of the free
emulsifier concentration C,, which constitutes a close lower bound of the cme.
It is worthwhile pointing out that, since the interaction parameter o depends
on the emulsifier head group type and on the solution ionic strength I its cali-
bration must be repeated for each emulsifier and for each value of I.

The above described model can now be used for the evaluation of a,,, which
through eqs. (9) and (13) affects the nucleation rate via micelles. As an illus-
trative example, sodium lauryl sulphate (SLS) will be considered.

First, the micellar distribution function has been evaluated for increasing
values of the free emulsifier concentration C.. From this, the average micellar
volume v,, and the total micellar surface S,, can be derived. The obtained re-
sults are shown in Figure 2 for the case of solution ionic strength equal to 0.0028
mol/L. It appears that, while the value of v,, tends to reach a constant value

12
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Fig. 2. Calculated values of total micellar surface S, and micellar volume v,, as a function of
emulsifier (SLS) concentration. 7' = 60°C;1 = 2.8 X 10=3 mol/L; cmc = 3.1 X 10~3 mol/L.
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Fig. 3. Experimental values of cmc as a function of the solution ionic strength. Data sources:
(0) Elworthy et al.8; (@) Brodnyan and Lloyd Kelley!!; (A) Piirma and Chen.3®

at large C,, the value of S, increases almost linearly. This finding is due to the
influence of the micellar distribution function. From eq. (13) it follows that the
value of a,,, can be assumed approximately constant, as is usually done in ali
previous treatments. Note also that, for the case under consideration (SLS,
styrene) a, = 13.4 A2/molecule, while asp = 35 + 50 A2/molecule, as reported
in the literature.11:22,23 Therefore, these two quantities must be kept separate
in emulsion polymerization models.

The influence of the solution ionic strength at constant free emulsifier con-

emulsifier : SLS

agm (AY MOLECULE )

0 00T 002 083 064 005
IONIC STRENGTH (MOL/L)

Fig. 4. Calculated values of a,n, as a function of the solution ionic strength. T = 60°C.
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centration has been also investigated. The values of the interaction parameter,
as a function of I, has been calculated through calibration of the model on the
correspondent experimental values of eme, shown in Figure 3. Note that the
experimental data of Figure 3 have been obtained at T' = 20 + 25°C. In the
following part of this work, the dependence of cme on temperature has been
neglected. Through the same procedure previously outlined, the values of a,,
as a function of 7, shown in Figure 4, have been calculated. As expected, the
effect of the solution ionic strength on the micellar surface is quite significant
and for a given amount of emulsifier, it decreases for increasing values of I. The
role of this phenomenon in emulsion polymerization will be examined in detail
in the next section.

COMPARISON WITH EXPERIMENTAL DATA

The previously developed model has been used to simulate two different
emulsion polymerization processes: polystyrene and polybutadiene. The aim
is to verify the model reliability with respect to three aspects of the emulsion
polymerization process:

(1) effect of the emulsifier concentration on reaction and nucleation
rates;

(2) effect of the emulsifier type on the polymerization rate;

(3) influence of the aqueous solution ionic strength on the conversion and
the particle number.

In all the above-mentioned points the micellar equilibria model is expected to
play an important role. Suitable experimental data are taken from the literature
for comparison with the model results.

All the parameters appearing in the model have been evaluated from experi-
ments reported in the literature, which do not involve emulsion polymerization
kinetics. A summary of the numerical values of each parameter and their source
is reported in Tables II and III for styrene and butadiene, respectively. The only
exceptions are the mass transfer rate constant of radicals in micelles &,, and the
homogeneous nucleation rate constant k,, for styrene polymerization. For the
butadiene polymerization, again two parameters are not defined in the literature:
k. and the termination rate constant in polymer particle, k;. The evaluation
of such parameters has been performed in both cases through a fitting procedure
with the experimental values relative to one batch emulsion polymerization
experiment. In particular, the data reported by Harada et al.22 and Kolthoff
et al.2¢ have been used for styrene and butadiene, respectively.

It is worthwhile pointing out that the effect of particle coalescence has been
neglected (i.e., 8 = 0), due to the low stirring speed and the large emulsifier
concentration; this has been experimentally verified by Nomura et al.2> for the
styrene polymerization. In the case of butadiene polymerization the emulsifier
concentration was large in all the examined runs, so that also the homogeneous
nucleation mechanism can be neglected (i.e., k,, = 0).

The gel effect has been accounted for the styrene case, using the following
expression for the termination rate constant k; as a function of the monomer
conversion X26

k: = kY exp [-2(BX + CX2 + DX?3)]
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TABLE I

Parameter Values Employed in Simulation of Emulsion Polymerization of Styrene

(Figs. 5and 7)

Parameter Source Numerical value
T
Keq 39 { 1.18 X 10* in Fig. 7
151 X 10¢ in Fig. 5
X 0.43
Y (dyn/cm)} 15,22 ~30
T'.. (mol/cm?) 22 4,74 X 1010
b, (cm3/mol) 23 8 X 106
AP
cme (ne = 12) (cm3/mol) 22,30 {9'0 X 10 in Fig. 7
1.7X10°% inFig.5
asm (AZ/molecule) Calculated through

kp

k? (cm3/mol-s)

B

C [T (°K)]
D

kps (cm3/mol-s)
ks (cm3/mol-s)
kmp (cm/s)

k, (cm/s)

km (cm/s)

ky (1/s)

micellar equilibrium
model

33

26

34
34

By fitting

By fitting

{29.0 in Fig. 7
9.2 inFig 5

= kps
{ 5.0 X 1010 in Fig. 7

2.9 X 1019 in Fig. 5
3.57-5.06 X 10-3 T
‘ 9.56-1.76 X 102 T
—3.03+7.85 X 1073 T
2.12 X 10° exp(—5900/RT)
2.61 X 101! exp(—524/RT)
=k
=k,
{1.5 X 1075 inFig.7

50X 10°% inFig. 5
{ 00 inFig. 7

20X 1072 inFig. 5

where the values of the parameters k?, B, C, and D have been reported in Table
II.  On the other hand, the gel effect has been neglected for butadiene, since the

TABLE 1II
Parameter Values Employed in the Simulation of Emulsion Polymerization of Butadiene
(Fig. 6)
Parameter Source Numerical value
Keq 35 1.80 X 102
K 35 1.56 X 108
T. (mol/cmz)} 29 6.20 X 1010
b, (cm3/mol) 2.33 X 108
cme (mol/cm3) 35 ~1 X 10~7
asm (AZ/molecule) Calculated through 24.7
micellar equilibrium
model
Ep — = kps
k; (cm3/mol-s) By fitting 1.25 X 108
kps (cm3/mol-s) 36 1.20 X 10'1 exp(—9300/RT)
ks (em3/mol-s) 36 1.0 x 1011
ki (1/s) 37 5.61 X 1016 exp(—33500/RT)
Rmp (cm/s) — =kny
k, (cm/s) — =k
km (cm/s) By fitting 1.5 X 1077

Ry, (1/8)

0
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available experimental data were not sufficient for its evaluation. An average
constant value of k; will then be estimated in the following.

The adsorption isotherm of the emulsifier on particles have been evaluated
through limited experimental data. For adsorption of sodium lauryl sulphate
(SLS) on styrene, we have considered the value provided by Nomura et al.23 (a;p,
~ 35 A2/molecule at C, = cmc); b, was calculated assuming I ~ I, evaluated
at the cmc. There is a very poor agreement between the isotherm so obtained
and experimental isotherms reported in literature for the same system.11:27 Due
to the scattering in the experimental data themselves, the isotherm reported by
Harada et al. was used. For adsorption of potassium laurate (PL) on butadiene,
it was assumed I'. = (1/Na,p) with a,p obtained from the literature.?82° No
other experimental data were found; b, was calculated through the empirical
rule I'; at the eme = 0.71 ...

Finally, the parameter values needed in eq. (15) have been found in literature
only in the styrene case. So, for butadiene, the oversimplified linear equilibrium
relation

¢ = KM%
Pm
has been used.

In Figures 5 and 6 are shown the calculated and experimental values of con-
version vs. time, for various emulsifier concentrations, in the case of styrene and
butadiene polymerization, respectively. The two adjustable parameters have
been calibrated in both cases using the conversion-time experimental values
relative to the intermediate emulsifier concentration. Subsequently, the other
curves have been obtained using the model with the same parameter values. In
Table IV the experimental and calculated values of particle number, relative
to the styrene polymerization runs shown in Figure 5, are reported. As men-
tioned abcve, both the homogeneous and the micellar nucleation mechanism

100

CONVERSION (%)

1 [l 1 J 1

0 20 40 60 80 100 120
TIME (MIN)

Fig. 5. Conversion-time curves for styrene polymerization at various emulsifier concentrations.
Amount of water: 1000 cm3; amount of monomer: 572 cm3; initial concentration of initiator
(K2S520g): 4.6 X 1076 mol/cm3; initial concentration of emulsifier (SLS) (g/L): (0) 25.00, (a) 12.50,
(D) 6.25, (@) 3.13, (A) 1.88; T = 50°C.
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100
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CONVERSION ( %)

40

TIME (HRS}

Fig. 6. Conversion-time curves for butadiene polymerization at various emulsifier concentrations.
Amount of water: 182.2 em3; amount of monomer: 171.9 cm3; initial concentration of initiator
(K2S208): 6.09 X 10~ mol/cm3; initial concentration of emulsifier (PL) (g/L): (0Q) 53.40, (A) 26.70,
(O) 13.40, (@) 6.68, (a) 3.34; T = 50°C.

are active in this case. So, with illustrative purposes, in Table IV are reported
also the particle number values which are obtained from the model neglecting
the homogeneous nucleation mechanism (i.e., k, = 0). It appears that the effect
of homogeneous nucleation is significant at low emulsifier concentration (C,;
~ cmc), while it vanishes at large emulsifier concentration, where the particle
number produced by the micellar mechanism is large. This is the case of all the
examined runs relative to butadiene polymerization, where the homogeneous
nucleation has then been neglected.

The effect of the emulsifier type has been investigated through the micellar
equilibria model. Experimental data of Al-Shahib and Dunn,3°® about styrene
emulsion polymerization, have been used. Three sodium alkyl sulphates, with
an hydrocarbon tail of n, = 12, 14, and 18 respectively, have been considered.
The value of the parameter «, which is independent of the hydrocarbon tail
Iength, has been tuned on the experimental cmc values of SLS (n, = 12).30 In
Figure 7 the total micellar surface S,, as a function of the total free emulsifier
concentration C, is shown for the three emulsifiers under consideration. It

TABLE 1V
Comparison between Experimental and Calculated Values of Particle Number (Styrene
Polymerization; Fig. 5)

Emulsifier Particle number X 10724 (1/cm3)
concn Experimental Calculated
(g/L) values k,=0 n = 0.02
25.00 10.0 10.18 10.20
12.50 "6.0 6.20 6.30
6.25 4.0 3.50 3.70
3.13 2.2 1.80 2.30

1.88 1.6 1.00 1.80
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Fig. 7. Calculated values of micellar surface as a function of emulsifier concentration.

appears that three straight lines with the same slope are obtained. As expected,?®
it can be concluded that the same value of a,,, can be used for the three emulsi-
fiers. The cmc values of the Cy4 and C;g emulsifiers, predicted by the model are
compared with the experimental ones®® in Figure 8. In the same figure the
conversion vs. time curves are also shown together with the experimental values.
On the whole it can be concluded that the effect of hydrocarbon tail length, in

100

60

CONVERSION ( %)

1 Il

o LY 20 30
TIME (MIN)

Fig. 8. Conversion-time curves for styrene polymerization with various surfactants (alkyl sulphates
with different chain lengths). Amount of water: 212.0 cm? amount of aonomer: 80.0 cm3; initial
concentration of initiator (K2S;0g): 7.4 X 10~ mol/cm3; initial concentration of the various
emulsifiers: 60 X 1073 mol/cm3; T = 60°C. cmc X 103 (mol/L):

Caled Exptl
(0) C12 8.94 9.00
(o) Cl4 2.50 2.40
(a)C18 | 0.20 0.16
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NUMBER OF PARTICLES 107°(1/cM®)

1.0
0

1 L
0.01 002
IONIC STRENGTH (MOL/L)

Fig. 9. Polymer particle number as a function of the solution ionic strength for styrene polymer-
ization. Amount of water: 212.0 cm3; amount of monomer: 80.0 cm3; initial concentration of ini-
tiator (K2S20g): 7.4 X 106 mol/cm3,; initial concentration of emulsifier (SLS): 5.0 X 10~5 mol/cm3;
T = 60°C.

linear emulsifiers, is reasonably well predicted by the model. It is worthwhile
pointing out that in the calculations above reported all the emulsifiers have been
assumed to follow the same adsorption isotherm on polymer particles. In par-
ticular, the isotherm relative to SLS (n. = 12) was considered. Although this
assumption has not been verified experimentally, data reported in literature2®
relatively to n. = 12 and n, = 14 confirm it.

Finally the effect of the solution ionic strength on the process has been in-
vestigated. As shown in Figures 3 and 4, the ionic strength I affects both the
cmc and the emulsifier molecular surface in micelle a,,,,. The aim here is to show
how this affects the final number of polymer particles, N. In Figure 9 the cal-
culated values of N as a function of I are shown for the recipe specified in the
caption of the figure. Two different situations have been considered: (a) the
only variation of cmce with I has been considered, while a,,,, has been kept con-
stant; (b) the influence of I on both emc and ag,, has been taken into account.
From the data shown in Figure 9 it appears that in case (a) the polymer particle
number increases for increasing values of I. This is due to the cmc decrease,
shown in Figure 3, which increases the amount of free emulsifier available for
particle nucleation via micelles. However, in case (b) increasing values of I lead
also to smaller values of a,,,. Therefore, although the total amount of emulsifier
available for micelles formation increases, the total micellar surface S,,, decreases.
This justifies the decrease of the polymer particle number with increasing values
of the ionic strength.

It is worthwhile pointing out that the effect of the ionic strength on the
emulsifier adsorption of polymer particles and on the particle coalescence rate
has been neglected in the above-illustrated calculations. This assumption can
be quite significant specifically at low emulsifier concentration, where the co-
alescence rate (i.e., 3) increases rapidly with increasing values of the ionic
strength. However, experimental data have been reported by Al-Shabib and
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Dunn,3! which qualitatively confirm the trend of curve (b) in Figure 9 for the
batch emulsion polymerization of methylmethacrylate. Since in this case, due
to the large amount of emulsifier used, the coalescence effect, as observed by the
authors,3! was negligible, the variation of the micellar size can be regarded as
the principle cause of this trend.

The financial support of the Italian Consiglio Nazionale delle Ricerche (Progetto Finalizzato
Chimica Fine e Secondaria) is gratefully acknowledged.

APPENDIX: NOMENCLATURE

Asm molecular surface of emulsifier in a micelle

asp molecular surface of emulsifier adsorbed on a polymer particle

ba adsorption equilibrium constant

C. total emulsifier concentration in the aqueous phase, (Ces + Cem)
Cot total emulsifier concentration per unit volume of aqueous solution
Cea emulsifier concentration adsorbed on polymer particles

Cem emulsifier concentration in micellar aggregates

Ces emulsifier concentration dissolved in water

cmce critical micelle concentration

f efficiency of initiator decomposition (= 0.5)

f(v,t)  particle volume distribution function

number of emulsifier molecules in a micelle

particle volume growth rate

aqueous solution ionic strength

initiator concentration per unit volume of aqueous solution
Boltzman’s constant

decomposition rate constant of the initiator

mass transfer rate constant of radicals in micelles

mass transfer rate constant of radicals in particles
homogeneous nucleation rate constant

polymerization rate constant in particle

polymerization rate constant in aqueous solution
termination rate constant in particle

termination rate constant in aqueous solution

mass transfer rate constant of polymer chains in particles

<

3

SRR

w"k“k"k‘k"a‘s?c‘k“m“a“"""*“%
]

[~

K equilibrium constant between monomer in particle and monomer dissolved in water
Keq equilibrium constant between monomer in droplets and monomer dissolved in water
M monomer concentration per unit volume of aqueous solution

M* monomer concentration per unit volume of aqueous solution at saturation

ne number of carbon atoms in the emulsifier alkyl chain

number of particles per unit volume of aqueous solution

Avogadro number

total concentration of dead polymer chains per unit volume of aqueous solution
total concentration of growing polymer chains per unit volume of aqueous solution
concentration of dead polymer chains constituted by » monomeric units
concentration of growing polymer chains constituted by n monomeric units
monomer molecular weight

average number of radicals per particle

particle radius

nucleation rate via micelles

homogeneous nucleation rate

radical concentration per unit volume of aqueous solution

ideal gas constant

total surface of micelles per unit volume of aqueous solution

total surface of polymer particles per unit volume of aqueous solution

time

~g:§n:ow;‘; *@wlgu;uwmgz
3
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temperature
v particle volume
Ve total volume of monomer droplets
Um micellar volume
Up volume of a precipitated nucleus
| total volume of aqueous solution
Xm monomer mole fraction in droplets
X monomer conversion
Greek Letters
8 coalescence effectiveness
I, surface concentration of emulsifier on the polymer particles
Is surface concentration of emulsifier on the polymer particle at saturation
I'(x) gamma function
¥ interfacial tension between particles and solution
Hn distribution moment of n-th order
Om monomer density
Pp polimer density
Pw molar density of water
Pa rate of radical absorption in polymer particles
¢ monomer volume fraction in polymer
X Flory-Huggins constant
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