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Synopsis

Suspension polymerization is used for the production of polymer particles with diameter in
the range of 50-750 um. The particle size distribution of the particles produced in- batch-
suspension polymerization is calculated using a population balance model. Power laws are
derived for the average particle size and the standard deviation of the distribution. It is found
that both quantities scale to the stable droplet mass of the initial dispersion of the organic
phase into the agueous one, which is a function of the agitation rate and the surface tension.

INTRODUCTION

Suspension polymerization utilizes an aqueous phase where the immis-
cible monomer or monomers are dispersed by agitation.! If the agitation
is stopped, the phases are often separated and the less dense phase rises
to the top of the reactor (creaming). The process is also referred to as bead,
pearl, or granular polymerization because of the form of the final product.

The polymerization takes place entirely in the monomer phase.? No mass
transfer occurs between the monomer and the aqueous phase. The initiators
used are soluble in the monomer phase and are the same as those used in
bulk and solution polymerization (i.e., organic peroxides and azo-com-
pounds). The volume ratio of the continuous aqueous phase to the dispersed
organic phase?4 varies from 1:1 to 6:1. Higher ratios are required in rapid
polymerizations, where heat is removed in a short time.

The monomer droplets are prevented from coalescing by the use of sus-
pending agents in the suspending phase. The suspending agents are either
water-soluble organic polymers or inorganic compounds in the form of
water-insoluble powders or precipitates.®* Good suspending agents are
starch, proteinaceous materials, and poly(vinyl alcohol), which are very
weak surfactants. Droplet coalescence may occur when two droplets collide,
because of the drainage of the thin liquid film between them. When an
organic compound is used as a suspending agent, a thin, gel-like, protective
layer is formed, that keeps monomer droplets separated and hinders coa-
lescence. The coalescence frequency is highly temperature dependent and
increases with temperature.

The polymer particles produced in suspension polymerization have ap-
plications in chromatographic separations, ion-exchange chromatography,
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biochemical and biomedical engineering, etc. In chromatographic separa-
tions such as high-pressure liquid chromatography, gel permeation chro-
matography, and so on, swollen porous microparticles of a specific polymer
of (usually) a narrow size distribution are used to exclude certain molecules
of a solution by size separation.5 In this case the particle size, degree of
swelling, pore size, and interparticle space are very important.® In ion-
exchange applications the resins are usually charged with SO, , NH; or
related functional groups to produce anionic or cationic ion-exchange resins.
The charge per area, degree of swelling, and pore size distribution are
important parameters in various applications.’

The solubility of the polymer in its monomer determines the mechanism
of particle formation and growth and its porosity. Of the many types of
polymer microparticles, polystyrene microparticles are probably the most
widely studied owing to their use as chromatographic (e.g., p-Styragel®) or
as ion-exchange resins (e.g., Amberlite®). They are prepared either by the
classical technique of suspension copolymerization-crosslinking of styrene
and divinylbenzene (DVB) or by novel techniques such as Friedel-Crafts
suspension crosslinking of polystyrene using difunctional crosslinking
agents.®-11

Here we present a new reaction engineering model which can be used to
predict the particle size of the microspheres prepared in suspension poly-
merization from monomers that are either good solvents for their polymers
or good swelling agents for their crosslinked polymers (e.g., styrene).

MATHEMATICAL MODELING

A model is presented to account for the dispersion of monomer droplets
and their gradual transformation into polymer particles in a batch-suspen-
sion polymerization reaction. The kinetic model for copolymerization-cross-
linking reactions was developed by Mikos!? and it was used to calculate
the number average molecular weight between crosslinks, M,, the number
average molecular weight, M, and the average number of effective cross-
links per chain, v, as a function of time.

The reaction engineering model developed here accounts for the size
distribution of the particles of polymer during the reaction as a function
of agitation rate, surface tension and initial droplet distribution. In contrast
with emulsion polymerization,’® the agitation rate in suspension polymer-
ization determines the particle size distribution, as it causes the dispersion
of the organic phase in the aqueous one. This dispersion is not stable due
to the existence of droplet breakage and coalescence. Droplet coalescence
is hindered by using suspending agents. The droplet breakage reduces the
size of the droplets down to a stable size.

Shinnar!¢ calculated the stable droplet mass, m,, based on Kolmogoroff’s
theory of local isotropy, when the droplets are larger than the microscale
of turbulence (a few pm), so that the shear forces can be neglected.

m, = K1'rp_4’5cr?’5(N,2D§/3)‘9/5 1)
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Here, K is a constant depending on the vessel geometry, p is the dispersed
phase density, o; is the interfacial tension, N; and D, are the impeller
speed and diameter, respectively. Equation (1) is applicable when the dens-
ities and the viscosities of both phases are approximately equal. The reader
should recall that the size of the particles produced in suspension poly-
merization is hundreds of microns in diameter.

A population balance model is used to calculate the droplet mass distri-
bution of the liquid dispersion. It is assumed that there is no droplet coa-
lescence. The population balance equation is:

©

= f v(phy(WBEpin(p,tid p - v(&n(€,t) 2
£
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Here, n(€,t)d ¢ is the number of droplets with normalized mass between £
and £ + d¢ at time ¢. The reference mass is the stable droplet mass, which
is given in Eq. (1).

g= 3)
mS

Furthermore, v(£) is the average number of daughter droplets upon break-
age of a droplet of mass &; y(§)dt is the breakage probability, that is, the
probability that a droplet of normalized mass £ will break in the time
interval ¢t and ¢ + dt; and B(§,u) is the daughter droplet probability, that
is, the probability that a droplet of mass £ will be formed by breakage of
a droplet of mass p.

The first term of the right hand side of Eq. (2) corresponds to the pro-
duction of droplets of normalized mass £, due to the breakage of larger
droplets. The second term corresponds to the consumption of droplets of
the mass &, due to their breakage.

Population balances!® have been used extensively to study liquid-liquid
dispersions. Amundson and his collaborators'®!” developed a population
balance model to relate the droplet breakage and coalescence in dispersed
phase systems. Referring to the central limit theorem of the probability
theory it was assumed that the daughter droplet probability was a normal
function,

BEp) =

(& - az} @

o @m)\ e"p[' 207

where £ is the average mass of the daughter droplets upon breakage of a
droplet of mass p.

Pk
£= 0 ®)
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The standard deviation, o, is chosen such that the daughter droplet dis-
tribution lies essentially within the range from O to p. It can be assumed
that

o =ct ®
where ¢ is a proportionality constant, which can be regarded as a parameter

=
depending on the operating conditions. The integral f BE,p)d € is equal 18
0
to 0.9876 or approximately equal to 1 using ¢ = 0.4 for binary breakage
(W(p) = 2). Therefore, the value of ¢ equal to 0.4 can be regarded as a
threshold value, such that normalization of the distribution will be required
for higher values. As the parameter ¢ decreases, the distribution becomes
narrower and the probability function is reduced to a delta function for the
limiting value of ¢ equal to zero, which implies a discrete breakage process.
In this work the parameter ¢ is set equal to 0.4.
Narsimhan et al.'* proposed a model for the breakage probability based
on the droplet breakage due to its oscillation resulting from the relative
velocity fluctuations.

o £<1
YO = 13 erfe35E-519) £ > 1 @

where A is the frequency of eddies arriving on the droplet surface, which
is assumed to be constant. Equation (7) is applicable when the droplet is
larger than the microscale of turbulence.

The total number of droplets at time ¢, N(2), is:

]

N® = n(uodp @®)

]

The conservation equation for the total number of droplets is

dN(t)

MO _ [ v — 1yn(uodp ©
1

The fraction of droplets with mass between £ and ¢ + d at time ¢, f(§,£)dE,
is

n&tdé

1
N(@) 10

flgdE =
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The left hand side of Eq. (2) can be written as

an(,t)
at

af(& t) dN(t)

= N@)—— + fl&t) —— an

Then, Eq. (2) becomes:

©
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A simulation time, 7, is defined as follows:
T=1073x¢ (13)

where 1073 is a scaling factor. Then, Eq. (12) becomes:

®©
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where the normalized breakage probability, y(£), is:

& =
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The calculation of the particle size distribution is uncoupled from the
polymerization reaction itself, if the polymerization is initiated once a stable
dispersion is formed. Then, each droplet behaves as a segregated batch
reactor. The droplet mass distribution is controlled by the stable droplet
mass before the polymerization initiation, m,, which is a lumped parameter
of the surface tension, o ;, the impeller speed, N,, and the impeller diameter,
D;. The surface tension, o, refers to the monomer-water interface and it
is not constant during the polymerization. Once the polymerization reaction
has started the viscosity of the dispersed phase is increased, therefore, Eq.
(1) is not valid. The particle size distribution, g(v,t), is:

(16)

s
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where g(v,t)dv is the fraction of particles with volume between v and v +
dv at time ¢. Also, p is the polymer particle density, which changes during
the polymerization.

Finally, the initial distribution of the droplets depends on the medium
used for the dispersion of the organic phase in the aqueous phase. If an
atomizer is used, we can approximate the initial differential mass distri-
bution with a logarithmic normal one.?

1 exp[_(ln& - 1n§m)2} an

f(g:o) = €0'(27T)1/2 20.2

Here, &,, is the median of the distribution and o is the standard deviation®
of Iné.

RESULTS AND DISCUSSION

In order to predict the particle size distribution of the polymer particles
formed in batch-suspension polymerization we postulate that the polymer-
ization reaction is initiated once a stable dispersion is formed. Thus, the
calculation of the droplet mass distribution does not depend on the poly-
merization reaction and the control of the particle size distribution is easier.

The particle size distribution can be evaluated from the droplet mass
distribution, as shown in Eq. (16), assuming that the unreacted monomer
swells the produced polymer. The density of the polymer particles changes
during the polymerization reaction according to Eq. (18).

dp _ (i _ i)
dt [er Pm Pp }p a8

Here, ry is the monomer reaction rate, w is the monomer molecular weight,
p is the density, and the subscripts m and p correspond to monomer and
polymer, respectively. Similar relations have been developed by Mikos'?
for the copolymerization reaction.

If the polymerization is initiated before a stable dispersion is formed, it
is possible that large monomer droplets will be stabilized due to the de-
veloping viscous forces. The heat transfer from such big droplets might be
insufficient, thus causing runaway problems.

The differential droplet mass distribution was calculated by solving nu-
merically the population balance equation. To solve the integral-differential
Eq. (14), a numerical integration and collocation method?? was used. One
hundred collocation points were used to span the interval from 0 to 10 in
¢. The points were equally spaced. Both integrals were approximated using
Simpson’s rule? and the resulting system of 100 ordinary differential equa-
tions was solved along the collocation points using the Adams method. The
convergence of the solution was checked by using different numbers of
collocation points (e.g., 80 points).
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The breakage process was assumed to be binary. Thus, the average num-
ber of daughter droplets, v(uu), upon breakage of a droplet of mass u is equal
to two.

v = 2 9)

The time evolution of the differential droplet mass distribution for dif-
ferent initial distributions is shown in Figures 1 through 3. It is assumed
that the initial distribution is not limited to the interval from O to 1 in &.
In general, the distribution depends on the shape of the initial distribution
at small times, as shown for the values of the simulation time, 7, equal to
0.5 and 1. However, at large times because of the randomness of the break-
age process it becomes independent of the shape of the initial distribution
and it is symmetric and quasinormal. In lean dispersions, where droplet
coalescence is minimal, the equilibrium distribution was a normal func-
tion.#

In all transient distributions there exists an uptake in the region from
0 to 1. This is explained by the accumulation of the droplets with dimen-

1.4
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1.2 r—

g:m/ms

Fig. 1. Effect of the simulation time, 7, on the differential droplet mass distribution, f (£,7)
(the initial distribution is logarithmic normal with £,, = 3 and o = 0.5). Eight different times
were used: 7 = 0.0 (curve 1), 7 = 0.5 (curve 2), 7 = 1.0 (curve 3), 7 = 5.0 (curve 4), 7 = 100
(curve 5), 7 = 50.0 (curve 6), 7 = 100.0 (curve 7), T = 500.0 (curve 8).
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Fig. 2. Effect of the simulation time, 7, on the differential droplet mass distribution, 7(&,1‘)
(the initial distribution is logarithmic normal with £, = 2 and o = 0.5). Seven different times
were used: 7 = 0.0 (curve 1), 7 = 0.5 (curve 2), + = 1.0 (curve 3), 7 = 5.0 (curve 4), r = 10.0
(curve 5), T = 50.0 (curve 6), r = 100.0 (curve 7).

sionless mass, £, in the range of O to 1. These droplets, resulting from the
breakage of larger droplets, are stable and do not break further. In other

£

words, the integral ff'(é,r)d& for 0 € ¢, < &, < 1 increases as the sim-
£

ulation time increases.

The effects of the parameters £,, and o of the initial distribution on the
mean, £, and the standard deviation, o/, of the transient differential dis-
tributions, f (£,7), are shown in Figures 4 and 5, respectively. It is seen that
for simulation times, 7, larger than 10 the values of £ and o/ become
independent of the initial conditions, and the values of £ are approximately
equal to each other, as are the values of o-7. However, the differential droplet
mass distribution is evaluated in terms of the dimensionless mass £ The
particle size distribution, g(v,t), depends on the value of the stable droplet
mass, as shown in Eq. (16). The average particle size, U, and the standard
deviation, o ¢, of the particle size distribution, g(v,t), are:

3

*E (20)

S]]
i

q
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ft
q
N

-ols ©
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(21)
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Fig. 3. Effect of the simulation time, 7, on the differential droplet mass distribution, FED
(the initial distribution is logarithmic normal with £,, = 3 and o = 0.3). Seven different times
were used: 7 = 0.0 (curve 1), 7 = 0.5 (curve 2), 7 = 1.0 (curve 3), 7 = 5.0 (curve 4), r = 100
(curve 5), v = 50.0 (curve 6), = 100.0 (curve 7).

Consequently, the smaller the stable droplet mass, the smaller the average
particle size, and the narrower the particle size distribution.

Thus, according to Eq. (1), high impeller speeds and small surface tensions
give rise to small average particle sizes, a conclusion which is confirmed
by experimental data.? Therefore, the use of a surfactant which reduces
the monomer-water surface tension results essentially in the production
of small sizes of polymer particles of a narrow distribution.

The particle density, p, is constant at the end of the polymerization re-
action (approximately equal to that of the polymer). Therefore, assuming
that the polymerization reaction is initiated once a stable dispersion is
formed, namely when the values of £ and o/ become independent of the
initial droplet mass distribution, Egs. (20) and (21) give the power laws

T~d®~m, (22)

where d? is the average value of the cube of the particle diameter, d, and

o8 ~m, 23)
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Fig. 4. Effect of the parameters £,, and o of the initial distribution on the mean, E, of the
transient differential distributions, f (¢,7). Three different initial conditions were used: ¢, =
3,0 =05 (curve 1); £, = 2, 0 = 0.5 (curve 2); §,, = 3, o = 0.3 (curve 3).
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Fig. 5. Effect of the parameters £, and o of the initial distribution on the standard de-
viation, o’ of the transient differential distributions, f (£,7). Three different initial conditions
were used: £, = 3,0 = 0.5 (curve 1); £,, = 2, 0 = 0.5 (curve 2); £,, = 3, o = 0.3 (curve 3).
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Using Eq. (1) we obtain

T ~d3 ~ g¥5(NDY3)~9/5 (24)
o8 ~ o Y5 (NZDY3) -9/ (25)

The surface tension in the power laws is that before the polymerization is
initiated and not that during the polymerization. Furthermore, one may
write

ogf~T (26)

Thus, it is concluded that the average particle size and the standard de-
viation of the particle size distribution cannot be controlled simultaneously
either by the agitation rate or by the surface tension. Therefore, with the
assumptions of the proposed model, large particles in a narrow range cannot
be produced in batch suspension polymerization.

Finally, the preceding analysis is valid when the stable droplet mass
during the polymerization is larger than that before the polymerization is
initiated. The reader should recall that Eq. (1) is not valid during the poly-
merization because it assumes that the viscosities of both phases are ap-
proximately equal.

CONCLUSIONS

A reaction engineering model was developed for the batch-suspension
polymerization of monomers that are either good solvents for their polymers
or good swelling agents for their crosslinked polymers, so as not to have
phase separation during the polymerization. For example it can be used to
calculate the particle size distribution of crosslinked polystyrene beads pro-
duced in suspension polymerization. However, it is not applicable to poly-
merizations where a separation of phases occurs like that of vinyl chloride.

The effects of the characteristics of agitation, such as the impeller speed
and the impeller diameter, as well as the surface tension of the reacting
medium on the particle size distribution were investigated. It was found
that the average size and the standard deviation of the particle size dis-
tribution scale to the same quantity, which is a lumped parameter of the
monomer density, the impeller speed, the impeller diameter, and the surface
tension of the dispersion before the polymerization reaction is initiated.

We wish to acknowledge significant contributions of Todd E. Wilke in the development of
the numerical solutions of this paper.

NOTATION

Proportionality constant.

Particle diameter.

Third moment about origin of a distribution of the particle
diameter, d.

&.lQ.“
W
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Impeller diameter.

Differential mass distribution of droplets.
Particle size distribution.

Constant depending on the vessel geometry.
Droplet mass.

Stable droplet mass.

Droplet mass distribution.

Total number of droplets.

Impeller speed.

Reaction rate.

Time.

Particle volume.

Average value of a distribution of v.
Molecular weight.

Greek Letters

Daughter droplet probability.

Breakage probability.

Normalized breakage probability.

Frequency of eddies arriving on a droplet surface.
Average number of daughter droplets upon breakage of a drop-
let of mass pu.

Dimensionless mass.

Average value of a distribution of &.

Median value of a distribution of £.

Density.

Standard deviation of a distribution.

Interfacial tension.

Simulation time.

Subscripts
Polymer.
Monomer.
Superscripts
&™)
g,t).
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