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SYNOPSIS

In emulsion polymerization, a limited degree of particle coagulation may occur. Particle
coagulation is caused by a loss of colloidal stabilization when the surface coverage of emul-
sifier on the particles drops below a critical value. It has been demonstrated experimentally
in a previous article that the time scale for particle coagulation is small compared to the
time scale for particle growth by polymerization and absorption of monomer. This indicates
that the coagulation process can probably be described by von Smoluchowski kinetics.
Based on this result, a comprehensive dynamic model for the simulation of limited particle
coagulation in emulsion polymerization has been developed. It has been shown that there
is a reasonable agreement between simulations with the dynamic model and experimental
data (e.g., conversion time history, particle number, and particle size distribution). © 1996

John Wiley & Sons, Inc.

INTRODUCTION

During the batch emulsion polymerization of styrene
with disproportionated rosin acid soap (DRAS) as
emulsifier, the colloidal stability of the growing par-
ticles may be lost in many cases in that stage of the
process in which the particles grow at the expense
of the monomer droplets (interval 2). Meuldijk et
al.! and Mayer et al.2 have shown that the colloidal
stability is lost when the fractional surface coverage
of the growing particles with emulsifier falls below
a critical value (6,;,). It has also been shown that
the time scale for limited particle coagulation is
considerably smaller than the time scale for particle
growth by polymerization and absorption of mono-
mer. It is assumed that the coagulation process can
be described with von Smoluchowski kinetics. In this
article a dynamic model is reported for the simula-
tion of limited particle coagulation in emulsion po-
lymerization. The model simulations are compared
with experimental results.
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DYNAMIC MODELING OF EMULSION
POLYMERIZATION

In the literature, a large number of articles have
dealt with dynamic phenomena occurring during
emulsion polymerization.3"!* More recently, Rawl-
ings and Ray!® presented a dynamic model for
emulsion polymerization in a single continuously
operated stirred tank reactor (CSTR). This dy-
namic model comprises material balances, a radical
population balance, the evolution of a particle size
distribution, and micellar nucleation. The numerical
technique used by Rawlings and Ray for solving the
model equations was orthogonal collocation on finite
elements. Besides the physical and chemiecal phe-
nomena which have already been incorporated into
the model developed by Rawlings and Ray, homo-
geneous particle formation and limited particle co-
agulation may play an important role in emulsion
polymerization.2%'®* However, to the best of our
knowledge, no dynamic model has been presented
that comprises all of the following: micellar and ho-
mogeneous nucleation, the evolution of a particle
size distribution, a radical population balance, and
limited particle coagulation.

To obtain a more general dynamic model for
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(continuous) emulsion polymerization, the model
equations presented by Rawlings and Ray have been
solved by a simple and straightforward first-order
Euler method. This approach provides, besides its
simplicity, the important advantage (beyond more
sophisticated integration methods) that both the
model and solving technique can be extended easily
with other physical and chemical processes that may
be important in emulsion polymerization (e.g., ho-
mogeneous nucleation and limited particle coagula-
tion'?). The set-up of the CSTR model is modular,
so 1t can be applied for the simulation of, for ex-
ample, a batch reactor and a series of CSTRs. The
batch process can be simulated simply by setting
the feed stream and the product stream of the CSTR
to zero. The process in a series of CSTRs can be
simulated by using the product stream of CSTR #J
as a feed stream of CSTR #(j + 1).

SIMULATION OF LIMITED PARTICLE
COAGULATION WITH von
SMOLUCHOWSKI KINETICS

When, as a result of particle growth, the total par-
ticle surface becomes so large that the fractional
surface coverage of emulsifier (8) drops below the
critical value (6, ), the latex particles will coagulate
to such an extent that the critical surface coverage
is reached again. The decrease of the total particle
surface AA, ;, as a result of coagulation is given by

A14}),t4:;t = Ap,tot(a < 0crit)

_ (Cro — Come)asNay

0crit

(1)

where A, (0 < 8cii), Cryy Comcs @5, and Ny, re-
spectively, stand for the particle surface just before
the coagulation step, the overall amount of emul-
sifier in the reactor at time ¢ per volume unit of
water, the critical micelle concentration, the surface
of one emulsifier molecule adsorbed on the particles,
and Avogadro’s number. The second term in Eq. (1)
stands for the critical particle surface below which
coagulation occurs.

Von Smoluchowski?® derived an equation for the
collision frequency of particles from different size
classes:

B(1,j) = f(7) NG) N(J) [dp(0) + dp ()] (2)

where B(i,j) and f(v), respectively, stand for the
number of collisions between particles in size class

{ and size class j and a proportionality constant
which depends on the shear rate. For a stirred tank,
v reflects the shear rate in the impeller zone. For
the number of collisions between particles belonging
to the same size class (B (i, J)), the following relation
can be derived:

B(L,j) = f(Y)NE@(NG) — 1) [2d,()]° (3)

With the assumption that f(y) is independent of
the particle diameter, the total number of collisions
in a latex with N, particle size classes is propor-
tional to

Nigr Neot

K=72 2 [{d(i) +dy(j))’NGIN(j)]

i=1 j=i+1

Nior
Z [(2d,(D))°N () (NG — 1] (4)

MI»—A

The decrease of the particle surface as a result of
coagulation of N, particles in a latex with Ny,
particle size classes is equal to

Nwt
AAp,f.ot = Ncoagﬂ' Z d?;(l)f(l)
i=1
Nwt Nmt Nmt
13 21 Zldz(t NG + - E dif (i, j) || (5)
i=1 j=i+
where

1 [ Nt
5(2[(61 (i)+4d, (]))SN(l)N(J)])

——2-(2dp(i))3N(i)
fQ) = % (6)
F(ij) = (dp(2) + dp(J;)‘"'N(i) N(G) 7
FGid) =(dp(i)de,,(i))‘"*II{V(i) (N(z) ~ 1) (8)

The first term on the right-hand side of Eq. (5) rep-
resents the surface of the coagulating particles. The
second term on the right-hand side of Eq. (5) ac-
counts for the particle surface created by coalescence
of the coagulating particles. The overall number of
particles that coagulates (NN, ) can be obtained by
substitution of Eq. (5) into Eq. (1). The number
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and size of the particles formed by coagulation fol-
lowed by coalescence can be calculated from

.. 1 ..
Ncoalesc("y.]) = ENcoagf(L;]) (9)

6 1/3
dp(i,j):[;(v(i)+v(j))] (10)

where v (i) and v(j), respectively, stand for the vol-
ume of a particle in size class i and in size class j.

With a radical population balance over the dis-
crete particle size distribution, as presented in a
previous article,? the coagulation model, and the
model equations presented by Rawlings and Ray,
the time evolution of a particle size distribution as
a result of particle growth by both absorption of
monomer and limited coagulation can now be sim-
ulated. For this purpose, the model equations in-
volving particle growth by absorption of monomer
and polymerization and coagulation are solved si-
multaneously with small timesteps At. After each
timestep, the discrete particle size distribution is
actualized.

SOLUTION OF THE MODEL EQUATIONS

Figure 1 shows a simplified flow chart of the algo-
rithm for the dynamic simulation of limited particle
coagulation in (continuous) emulsion polymeriza-
tion. Hereafter, each element of the flow chart is
explained.

Element 1: The composition of the reaction mix-
ture at time ¢ = 0 and the operating conditions
are defined.

Element 2: The monomer concentration in the
water phase C,, ,,, the amount of monomer in
the monomer droplets Cyoplets, and the mono-
mer concentration in the particles Cyy, are cal-
culated through a mass balance for the mono-
mer in the reactor and a thermodynamic re-
lation for the equilibrium concentration of
monomer in the particles and in the water
phase.? When the monomer droplets are ab-
sent, the value of Cy,, and Cy, must be cal-
culated iteratively from the monomer balance
and the Morton equation.

Element 3: The size of the monomer swollen par-
ticles in each size class is calculated. The
change of the total particle volume in each size
class (i) during the time interval At follows
directly from the polymerization rate R,(t).

1

start calculate Cu. »
= O Cm, w, Cdmpleu
4 3
calculate pi calculate
dp i swollen

!

5 6a
calculate Qe coagulation
and Cumicelles uniil 0 = 0cris

8
particle radical
nucleation balance
9 10
calculate material
Ry balances
12 11
f= 4+ A actualize
the psd
no 14
end
yes

Figure 1 A simplified flow chart of the algorithm for
the dynamic simulation of limited particle coagulation in
(continuous) emulsion polymerization.

Element 4: Based on the initiator concentration
in the water phase, the rate of radical forma-
tion (p; = 2f k;C;,) is calculated.

Element 5: The micelle concentration (Cceies)
is calculated through a material balance for
the emulsifier in the reactor. If no micelles are
present, the fractional surface coverage of
emulsifier on the particles (#) is calculated.

Element 6: If 6 < 0, then limited particle co-
agulation will occur.

Element 6a: Particle coagulation will occur until
# = 0... The influence of limited particle co-
agulation on the particle size distribution is
calculated through Egs. (1) to (10). Each time
limited particle coagulation occurs, the total
number of particle size classes ( N,y ) increases

as follows:
le Ivtot
N (t + At) = Ny (8) + 2 2 (i-j)  (11)
i=1 j=1

The increase of N, with the process time (t)
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leads to such array sizes that the model equa-
tions can hardly be solved with the present
computer technology. For this reason, a new
grid of particle size classes is defined at each
timestep At. The particle size distribution is
calculated by a redistribution of the particles
over the last defined grid. In this procedure,
either surface- or volume-averaged diameters
can be used, which means that an error in ei-
ther the total particle volume or in the total
particle surface is introduced. Therefore, it is
necessary to track the overall error in the par-
ticle surface or particle volume during the dy-
namic simulation. Since a very large number
of particle size classes (especially those with
the largest particle diameters) contains a neg-
ligible number of particles, regridding can be
avoided in many cases. The simulations pre-
sented in this article have been performed
without the regrid procedure.

Element 7: The radical population balance over
the discrete particle size distribution is solved
iteratively. This is done by estimating the rad-
ical concentration in the water phase and cal-
culating the time-averaged number of growing
chains per particle (n;) for each particle size
class. Subsequently, the overall radical balance
is checked and, if necessary, the value of Cy,
is adjusted. This procedure is repeated until
the radical balance is valid within a desired
accuracy. For the calculation of n;, the radical
population balance is solved using a continuous
fraction approximation.?? In case of particle
nucleation, radical consumption by either mi-
cellar nucleation or homogeneous nucleation
must be involved in the radical population bal-
ance.

Element 8: The rate of particle nucleation is cal-
culated through an extended form of the re-
lation proposed by Harada and Nomura? and
a model for homogeneous nucleation.'® At each
time interval At during which particle nucle-
ation occurs, a new particle size class is gen-
erated.

Element 9: The total rate of polymerization R,, is
calculated.

Element 10: In case of continuous reactor oper-
ation, the mass balances for the monomer, the
emulsifier, the water, and the initiator are ac-
tualized.

Element 11: The particle size distribution is ac-
tualized. The influences of the feed stream and

the product stream on the particle number in
each size class are taken into account.

Element 12: The desired process data, such as the
total particle number, the polymerization rate,
the particle size distribution, and the monomer
conversion, are saved into a file.

Element 13: The process time is increased with
a timestep At.

EXPERIMENTAL

The model calculations have been performed on a
Silicon Graphics Power Challenge (16 150-MHz
processors) supercomputer. For a characteristic ti-
mestep At of 1 s, the total relative integration error
was less than 1%.

RESULTS

The influence of limited particle coagulation on the
course of the particle number and the conversion as
functions of time have been reported earlier for the
batch emulsion polymerization of styrene.** Mayer
et al.%?* have studied two different cases:

e Case 1, in which coagulation occurred as a result
of a loss of electrostatic repulsion between the
particles? (6 < 0,).

e Case 2, in which coagulation was excluded
completely by feeding emulsifier into the re-
action mixture after the nucleation period with
such a rate that neither coagulation nor sec-
ondary nucleation occurred® (0, < < 1).

For both cases, some major results have been sum-
marized in Table I and Figure 2.

Table I Particle Number and Volume-Averaged
Particle Size for a Batch Emulsion
Polymerization of Styrene with

DRAS as Emulsifier at 50°C

N, product dp,vol

Case (107 /3 ater) (nm)
1 4.3 57
2 7.7 47

Cx+ = 0.14 kmol/m? 4., Cgo = 4.04 kmol/m3,,,,, Cro = 0.095
kmol/m3 e, Co = 0.013 kmol/mJg,.. The value of 0. has been
determined at 0.51.2
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Figure2 Particle size distributions of the product latex
for the batch emulsion polymerizations of styrene with
DRAS as emulsifier (a) with limited particle coagulation
and (b) without limited particle coagulation.

To focus on the influence of limited particle co-
agulation on the particle size distribution and to ex-
clude the stage of particle nucleation from the sim-
ulations, the following procedure has been applied
to validate the coagulation model: From the particle
size distribution of the batch experiment which is
representative for case 2 [Table I and Fig 2(b)],
the particle size distribution has been calculated at
the point of time at which 4 just falls below 4., for
the first time. At this time t..,,, the coagulation pro-
cess starts. The particle size distribution at £.,,, has
been calculated by integration of the monomer bal-
ance in opposite direction (i.e., from complete con-
version to the conversion at £,,,). The polymeriza-
tion rate in this balance has been calculated from a
radical population balance over the particle size dis-
tribution.? Subsequently, both the evolution of the
particle size distribution and the conversion time
history have been simulated for t > t.,,, for the sit-
uation that coagulation is not suppressed (see case
1 in Table I).

Figure 3 shows the observed and simulated con-
version time history and the particle number for

batch experiment with coagulation (see Table I).
The physical and chemical parameters used for the
model calculations have been summarized in Table
II. In Figure 3 can be seen that there is a reasonable
agreement between the model calculations and the
experimental data, especially considering the rela-
tively large influence of the experimentally deter-
mined value of §_,;, on the coagulation process. Note
that the simulated conversion time history matches
the experimental data and that there is hardly any
influence of the particle number on the total poly-
merization rate, which is proportional to the slope
of the curve. This is in accordance with the result
that the effect of the decrease of the particle number
on the polymerization rate is compensated for by
the increase of the time-averaged number of growing
chains per particle.? The large influence of 6,,; on
the particle number in the product latex indicates
a large influence of the cation concentration and the
energy dissipation in the impeller region on the par-
ticle number. This has been observed experimen-
tally.? Figure 4 (see Mayer et al.?) shows the influ-
ence of the cation concentration on the particle
number and 8. In this figure two regions can be
distinguished: a region in which the particle number
in the product latex decreases as a function of the
cation concentration in the recipe, and a region in
which the particle number is independent of the
cation concentration. In the first region, an increase
of the cation concentration decreases the electro-
static repulsion between the latex particles. As a
result, f.; increases, leading to a decrease of the

conversion [—]
N [1027/m3, 1ol

O 20 40 o0 80 100

time [min]

Figure 3 Batchemulsion polymerization of styrene with
DRAS as emulsifier at 50°C. Cx+ = 0.14 kmol/m3% e, Caro
= 4.1 kmol/m?2,,, Cg, = 0.095 kmol/m? .., Cio = 0.013. O
conversion time history; A particle number as a function
of conversion. 1,2,3: simulations with 6 = 0.46, 6.,
= 0.51, and 8.;, = 0.56, respectively.
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Table II Physical and Kinetic Parameters for the Emulsion Polymerization of
Styrene with Sodium Persulphate as Initiator at 50°C

pm (kg/m®) 878
pp (kg/m®) 1053
Cup [kmol/m®), X, (-) 5.2, 0.43
k, [m®/(kmol s)] 258

k. [m3/(kmol s)]
p: [kmol/(m® s)] 2fkCy,
f(=) 0.5
k; (1/s8) (50°C)

(3D,,kerrm) /R (m®)
k., [m®/(kmol s)]

6%10718

6.8+107xexp (—19X21)

1.6+107°

11k,,, (for X < X,,)

Weast?®

DeGraff et al.%
Harada et al.®
Rawlings and Ray’®
Hawkett et al.”’
Rawlings and Ray'®
Rawlings and Ray'®
Rawlings and Ray'®
Hawkett et al.?®
Mayer et al.!

particle number in the product latex. In the second
region, electrostatic repulsion between the particles
no longer contributes to the colloidal stability of the
latex. In this situation the colloidal stability of the
particles is completely determined by steric stabi-
lization.

Figures 5(a) and 5(b), respectively, show the
observed and simulated particle size distributions
for a batch experiment with coagulation (see Table
I, case 1). In figure 5 it can be seen that the particle
size distribution of the product latex is simulated
reasonably well by the dynamic model, except for
the smallest particles.

Both simulations with the dynamic model and
batch experiments demonstrate a considerable in-
fluence of 6., (i.e., the cation concentration on the

5 0.8
N
E; 4 07
=~ 3 —
bo) 106 »
= 2 5
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0.0 0.2 0.4 0.6

Ck-

Figure4 The particle number in the product latex and
the value of 6, as a function of the cation concentration
for the batch emulsion polymerization of styrene with
DRAS as emulsifier at 50°C. Cypo = 4.0 kmol/m2,..., Cgo
= 0.07 kmol/m34.;, Cio = 0.0125 kmol/mé,.... ® B Particle
number. A 6.

[kmol/m,,3]

particle number and the particle size distribution of
the product latex). This shows that the dynamic
model can be a useful tool for process optimization
purposes. Using this model for process control will
minimize the influence of small changes in the op-
erating conditions on the product properties and so
provide for constant product specifications.
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Figure 5 The observed (a) and simulated (b) particle
size distributions for the batch experiment listed in Table
I with limited particle coagulation. The coagulation pro-
cess has been simulated with 8., = 0.56. The physical and
chemical parameters are summarized in Table II.
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CRITICAL NOTE

The most important assumptions on which the co-
agulation model is based are as follows:

¢ The values of ., and f(v) [see Eq. (2)] are
independent of the particle size.

¢ The time scale for limited particle coagulation
is considerably smaller than the time scale for
particle growth by polymerization and absorp-
tion of monomer.

For emulsion polymerizations, in which these as-
sumptions are not valid, more detailed modeling of
the coagulation process is necessary.

CONCLUSIONS

e The experimental data on limited particle co-
agulation are predicted reasonably well by the
dynamic model.

e The dynamic model can be a useful tool to pre-
dict the occurence of limited particle coagula-
tion and its influence on the polymerization
process. In addition, it can be used for process
control.

e Solution of the model equations with a simple
first-order Euler integration method (resulting,
among other things, in a discrete particle size
distribution) has the advantage that the dy-
namic model can easily be extended with other
chemical or physical processes that may be im-
portant in emulsion polymerization (e.g., lim-
ited particle coagulation).

The authors wish to thank DSM Research BV, Geleen,
the Netherlands, for the financial support of this study
and the students P. A. Knops, B. Kroes, J. H. A. Schoen-
makers, R. H. G. Smeets, and J. A. M. Wijnen for their
contribution to this work.

NOMENCLATURE

Ap tot Overall particle surface at complete con-
version (m?/m?)

a, Surface that can be covered by one emul-
sifier molecule (m?/molecule)

Number of collisions between particles in
size class [ and size class j per unit of
time (1/m? s)

B(i,j)

CC MC
Cdroplets
Cro

Cuo

dp (i)
()

)
fGJ)
kp

kix
ktrm

Rert

N Av
N, coag

N(i)

n;

R,
t
tcoag

v(i)
X

Critical micelle concentration (kmol/
mj,)

Amount of monomer in the monomer
droplets (kmol/m?2)

Overall amount of emulsifier in the recipe
(kmol/m3)

Overall amount of monomer in the recipe
(kmol/m2)

Monomer concentration in the particles
(kmol /m?)

Monomer concentration in the water
phase (kmol/m?)

Radical concentration in the water phase
(kmol/m3)

Concentration of chain transfer agents
(kmol/m?)

Effective diffusivity of the small radicals
(m?/s)

Particle diameter of size class {(m)

Proportionality constant in Eq. (2) [m3/
(mj s)]

Fraction of particles in size class i that co-
agulates with respect to all coagulating
particles Neoug

Fraction of particles in size class i that co-
agulates with particles in size class j with
respect to all coagulating particles N,

Propagation rate coefficient [m?/(kmol s)]

Effective chain transfer rate coefficient
[m3/(kmol s)]

Chain transfer to monomer coeflicient
[m3/(kmol s)]

Chain transfer to transfer agent coefficient
[m®/(kmol s)]

Avogadro’s constant (1/kmol)

Number of particles that coagulates
(1/m3)

Number of particles in size class i
(1/m})

Average number of growing chains of par-
ticles in size class i(—)

Overall polymerization rate [kmol / (m2, s)]

Reaction time (s)

Reaction time at which 8 < 8., for the first
time

Volume of a particle in size class i (m®)

conversion (—)

Greek Letters

pi Rate of radical formation by initiator decom-

position [kmol/(mg s)]
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Fractional surface coverage of emulsifier on
the particles (—)

Fractional surface coverage of emulsifier on
the particles below which colloidal stability
is lost and limited particle coagulation oc-
curs (—)
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