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ABSTRACT: Commercial emulsion polymerization processes are often done with high-
solids recipes (e.g., about 50 wt % monomer), resulting in relatively viscous, pseudo-
plastic reaction mixtures. The change in rheological behavior during high-solids emul-
sion polymerization complicates the operation in terms of imperfect mixing, increasing
heat transfer resistance and reactor fouling. In this article, we report the influence of
solids content on the colloidal stability of polystyrene (PS) and polyvinyl acetate (PVAc)
latex systems. For the systems investigated, solids content up to 50 wt % had no
influence on the colloidal stability of the latex. The influence of recipe on colloidal
stability is more pronounced than the influence of operating conditions. Brownian
coagulation dominates over shear coagulation for both low- and high-solids systems,
although in some cases the operating conditions appear to have some effect on the
course and outcome of high-solids emulsion polymerization. © 1999 John Wiley & Sons, Inc.
J Appl Polym Sci 74: 1780–1791, 1999
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INTRODUCTION

Industrial emulsion polymerization is usually
performed with high-solids recipes. One advan-
tage of producing high-solids latices is that there
is little or no need to remove water after polymer-
ization1 when the latices are applied as such.
However, the production of high-solids latices is
more complicated than low-solids latices in terms
of the rheology and flow of the reaction mixture.2

Even though coagulation phenomena have been
studied extensively, little attention has been paid
to coagulation in complex high-solids latex sys-
tems in stirred tanks under reaction conditions.3

Building on an earlier article on the coagulation

behavior of 25 wt % latex systems,4 this article
reports the results of an experimental study on
the colloidal stability of high-solids polystyrene
(PS) and polyvinyl acetate (PVAc) latices.

Colloidal Stability

In emulsion polymerization with ionic surfac-
tants, colloidal stability of the polymer particles
in the latex system is governed mainly by electro-
static repulsion. If the surface charge density falls
below a critical value, then the colloidal stability
of the system is lost, leading to coagulation of the
latex particles. Previous work performed in our
laboratory4 revealed that physicochemical factors
related to the emulsifier and electrolyte concen-
tration completely govern the colloidal stability
of electrostatically stabilized latex systems in
stirred tanks. No influence was observed on pro-
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cess conditions in terms of scale, tank configura-
tion, impeller speed and type, and energy dissi-
pation. The results point to Brownian coagulation
as the dominating mechanism for coagulation. In
this article we report the differences in colloidal
stability of high-solids PS and PVAc latices. The
experimental results are discussed in terms of
adsorption of emulsifier onto polymer particles, as
well as steric stabilization.

Adsorption of Emulsifier on Latex Particle Surfaces

The adsorption of emulsifier on the surface of
polymer particles often governs the stability of
the latex system.5 The area occupied by one emul-
sifier molecule, AE [m2/(mol emulsifier)], is af-
fected by the emulsifier used, temperature, elec-
trolyte concentration, particle size, and nature of
the polymer surface.6 According to Gu et al.,7,8

surfactant adsorption differs for low and high
surface concentrations of emulsifier. At low sur-
face concentrations, the emulsifier is adsorbed
through emulsifier particle surface interactions.
Single emulsifier molecules adsorb on the particle
surface.9 At higher surface concentrations, hydro-
phobic interactions of the adsorbed surfactant
molecules come into play.8 The emulsifier mole-
cules adsorb cooperatively,9 favoring so-called
surface micellization.7 The adsorption isotherm of
emulsifier on the surface of latex particles can
take various forms, including Langmuir (L type),
S-shaped (S type), and LS type.7 The adsorption
of sodium dodecyl sulfate on PS particles obeys
Langmuirian behavior,5 whereas the adsorption
isotherm for PVAc latices is of the S type, char-
acteristic of adsorption on a porous substrate or
absorption of emulsifier by the substrate.5,10 For
polymerization of polar monomers, the polar
groups of macromolecules near the particle
surfaces tend to orient toward the aqueous
phase,10,11 and so they also act as stabilizers.

The AE value of a particular surfactant in a
latex system depends strongly on the nature of
the polymer particle surface.12,13 AE increases
with increasing polarity of the particle sur-
face.12–15 As polarity of the polymer surface in-
creases, the density of the adsorbed emulsifier on
the particle surface decreases, resulting in de-
creased colloidal stability.16 The higher the polar-
ity of the polymer particle surface, the stronger
the mutual affinity between the emulsifier mole-
cules themselves as compared to the affinity be-
tween the surfactant and the particle surface.6

Despite the diminished stabilization by the sur-
factant, polar polymer particles may exhibit self-
stabilization due to the orientation of the polar
groups of the polymer at the particle surface.13

Steric Stabilization

In addition to electrostatic stabilization originat-
ing from the anionic emulsifier used, PVAc parti-
cles may also exhibit steric stabilization. At the
surface of the PVAc particles, partial hydrolysis of
acetate groups into hydroxyl groups may occur, as
shown in Figure 1. The partially hydrolyzed PVAc
at the particle surface shows some resemblance to
the PVAc (anchor polymer) used in combination
with polyvinyl alcohol (stabilizing moiety) to pro-
vide steric stabilization in aqueous dispersions, as
discussed by, for example, Napper17 and Black-
ley.18

Steric stabilization of colloidal particles is gov-
erned by macromolecules that are chemically or
physically attached to the particle surfaces.17,19

Steric stabilization has both entropic and enthal-
pic (osmotic) origins.20 The steric interaction en-
ergy can be regarded as the sum of the volume
restriction interaction, caused by the loss of con-
figurational freedom of the attached chains, Vfr,
and the osmotic interaction, which results from
an increase in the local concentration of attached
chains close to the particle surface, Vos.

21,22 The
combination of electrostatic and steric stabiliza-
tion is often referred to as electrosteric stabiliza-
tion.19,21 The overall potential energy is assumed
to be the sum of all attractive and repulsive con-
tributions21:

Vtot 5 VVDW 1 VE 1 VS 5 VVDW 1 VE 1 Vfr 1 Vos

(1)

where VVDW is Van der Waals attraction, VE, is
electrostatic repulsion, and VS is steric repulsion.

Steric stabilization requires that the attached
stabilizing molecules (e.g., macromolecular chains)
have certain characteristics:

Figure 1 Schematic view of the hydrolysis of vinyl
acetate groups into vinyl alcohol groups and acetic acid.
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● The macromolecules should form a layer
thickness d, for which the distance 2d is suf-
ficient to substantially reduce the effect of
the Van der Waals attraction.23

● The macromolecular layer should have suffi-
cient density to provide steric interference.18

● One end of the macromolecules must stay
firmly attached to the surface.23

● The macromolecular chains should be suffi-
ciently solvated by the dispersing medium18

for emulsion polymerization mixtures, the
water molecules of the continuous phase.

The various types of steric stabilizers include
nonionic surfactants, random coil polymers, lin-
ear block copolymers, brush copolymers, grafted
polymer chains, and globular molecules.23 For
steric stabilization, the orientation as well as the
degree of surface coverage of the attached chains
are both important.20,21 In the case of vinyl alco-
hol segments on PVAc particles, the polymer
chains are irreversibly bound to the surface. For
terminally attached isolated chains, two limiting
cases are considered: the “mushroom” structure
and the “pancake” structure, where the chain re-
visits the surface.24 When the average chain den-
sity on the surface increases and chain overlap
occurs, the structure becomes stretched into a
brush.19,24 Romero-Cano et al.21 studied the col-
loidal stability of PS particles with polyethylene
oxide chains on the surface as steric stabilizers.
Their results point to a conformational change
resulting in an extension of the chains when the
chain length of the surfactant molecules in-
creases. This conformational change gives im-
proved colloidal stability due to the greater dis-
tance between the chain end and the particle sur-
face. Romero-Cano et al.21 also found that a more
hydrophobic surface provides a more extended
conformation, resulting in better colloidal stabil-
ity. According to Walker and Grant,20 both chain
length and flexibility affect the conformation of
the macromolecules at the particle surface and
thus the colloidal stability of the system. Liu et
al.25 studied the colloidal stability of PS particles
synthesized with macromonomer polyethylene
oxide as a polymerizable stabilizer and found that
only a small fraction of the particle surface need
be covered with macromolecules to provide suffi-
cient steric stability of the latex system.

Steric stabilization also depends on the relative
size of the PVAc particles as compared to the size

of the stabilizing vinyl alcohol segments.20,23

Only if the particle size is considerably larger
than the radius of gyration of the macromolecules
will steric stabilization occur.

Electrostatic and steric stabilization differ in
several ways:

● Sterically stabilized dispersions are rela-
tively insensitive to the presence of electro-
lyte as compared to electrostatically stabi-
lized systems.17 Steric stabilizers can be ef-
fective at high electrolyte concentrations
where electrical double layers are shielded to
such an extent that they are almost unable to
provide colloidal stability.18 However, when
the polymer chain is charged and/or the par-
ticle surface carries a charge, both electrolyte
and pH become important for the electros-
teric stability (both electrostatic and steric
interactions) of the colloidal system.20,24

● Steric stabilization is more sensitive than
electrostatic stabilization to temperature.18

● Steric stabilization is usually equally effec-
tive at either high or low solids content.17,26

Due to the interactions between the charge
clouds of the electrical double layers sur-
rounding the particles, increasing the solids
content leads to a considerably more pro-
nounced increase in viscosity for electrostat-
ically stabilized latex systems than for steri-
cally stabilized latex sytems.

● When the interparticle distance decreases
(by an increase in solids content), steric re-
pulsion begins quite suddenly, whereas elec-
trostatic repulsion operates over rather long
distances.23 There is little steric repulsion
between the attached chains on different
particles when they are far apart; but once
the layers approach each other, a sudden
increase in the repulsion force occurs.

High-Solids Emulsion Polymerization

Typical recipes for commercial emulsion polymer-
ization processes contain 50 wt % of monomer,
resulting in a high-solids latex product. In con-
trast with low-solids emulsion polymerization,
the apparent viscosity of the reaction mixture
increases significantly with conversion during
high-solids emulsion polymerization in a batch
process. The product is a viscous pseudoplastic
latex.2 The difference between high- and low-sol-
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ids polymerization is due to the higher final solids
content (50 wt % versus, e.g., 15wt % of polymer),
as well as a greater increase in solids content
during ab initio emulsion polymerization.

Considering the colloidal stability of high-sol-
ids latices, the average interparticle distance be-
comes an important factor in the interaction be-
tween two particles.27 At high solids content, the
classical DLVO (Deejaguin, Landau, Verwey,
Overbeek) theory is no longer applicable,28 and
multiparticle interactions must be taken into ac-
count.29 The presence of particles surrounding
two interacting particles reduces the total inter-
action energy between the latter and thus in-
creases the probability of coagulation.28

Reactor Fouling

Reactor fouling often occurs during high-solids
emulsion polymerization at about 60–70% con-
version.2 Two types of fouling can be distin-
guished: coagulum formation in the latex, and
polymer buildup on the reactor wall, impeller,
and baffles.30 Reactor fouling causes several prob-
lems in the production of latices3 It decreases the
yield of the latex produced,30 increases the heat
transfer resistance to the reactor wall, and affects
the quality and properties of the final latex prod-
uct.31 Reactor fouling also increases the fre-
quency of reactor shutdowns for cleaning.27

Formation of microscopic and/or macroscopic
coagulum in the latex results from the loss of
particle colloidal stability.30 Once a floc is formed,
it quickly aggregates with polymer particles to
form more coagulum.32 Coagulum can also result
from entry of radicals into separate layers of
monomer, causing bulk polymerization.30 A few
very large particles, incidentally formed by drop-
let polymerization, may act as nuclei for coagu-
lum formation.33 Coagulum is formed relatively
easily at low surface coverage, as well as at high
electrolyte and particle concentrations.34 Hydro-
phobicity of the monomer/polymer in the reacting
system may also play a role in coagulum forma-
tion.31 A significant segment of the particle sur-
face may have a hydrophobic, “nonwettable” char-
acter for particles with a low density of the
surface ionic groups.35 Particles with such hydro-
phobic areas may associate with each other, thus
minimizing their contact surface with water.35

Coagulum formation increases considerably
above 40 wt % solids content.27 According to
Chern et al.,27 the impeller speed has no signifi-

cant influence. Kusters36 studied the influence of
the hydrodynamics on the turbulent aggregation
of 1 mm PS particles in baffled turbine agitated
vessels. Interest focused on the dependence of
aggregate size on stirrer speed, solids concentra-
tion, destabilizer concentration, and vessel size.
The results showed that a dynamic equilibrium
exists between aggregate growth in zones of low
turbulent shear stress (i.e., circulation zone) and
break-up of aggregates in zones of high shear
stress (i.e., impeller region). The question is how
important the break-up mechanism is for the
formed coagulum during emulsion polymeriza-
tion. Kemoun et al.37 studied the influence of hy-
drodynamics on the aggregation of clay in agi-
tated vessels. In contrast with the findings of
Chern et al.,27 their results point to a dynamic
equilibrium between aggregate size and local hy-
drodynamic conditions. A high stirrer speed cor-
responds with large average floc sizes. Consider-
ably smaller floc sizes were measured at the im-
peller discharge flow locations than elsewhere in
the vessel. Extrapolation of these results to emul-
sion polymerization systems suggests that the en-
ergy dissipation distribution influences the for-
mation of coagulum. Because the energy dissipa-
tion distribution appears to be independent of
vessel size at constant power input,39 coagulum
formation is expected to be scale independent.
Large radial-flow impellers, which produce a rel-
atively uniform power input,38 are probably more
suitable for preventing coagulum formation than
small axial-flow impellers.

The polymer on the reactor wall, impeller, and
baffles results from surface polymerization30

and/or deposition of polymer particles.40 Polymer
buildup depends on the characteristics of the ves-
sel surface, among other factors. Glass-lined re-
actors are less sensitive to polymer deposition
than stainless steel reactors.30

Surface polymerization is related to the smooth-
ness of the reactor surfaces, because scratches
provide prime locations for the fixation of polymer
or radical carrying oligomeric species.30 Wetting
of the reactor surface by the monomer/polymer
phase is facilitated by surface roughness.30 Be-
cause scale-up with geometric similarity de-
creases the ratio of surface area and reactor vol-
ume, the effect of polymer buildup on the yield
and properties of the latex product becomes less
important on a larger scale, although in indus-
trial emulsion polymerization, the inevitable
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cleaning of reactor surfaces is still a significant
problem.

Concerning the deposition of particles on the
reactor surface, three phenomena are involved:
deposition, blocking (i.e., collisions between free
particles and deposited particles resulting in a
particle flux away from the surface), and detach-
ment.40 The mechanism of particle deposition is
governed by the physicochemical properties of the
latex and surface of the equipment used, as well
as the hydrodynamic conditions in the stirred la-
tex.40 Van der Waals, electrostatic, and hydropho-
bic interactions play a role in the deposition of
colloidal particles onto equipment surfaces.40

To minimize reactor fouling during high-solids
emulsion polymerization, good temperature con-
trol and proper latex stability are essential. In
addition, smooth reactor surfaces and proper pro-
cedures when adding ingredients are necessary.

EXPERIMENTAL

The experimental setup of the equipment and
coagulation experiments were as described in de-
tail in an earlier article.4 The colloidal stability of
PS latices was studied during seeded emulsion
polymerization. The stability of PVAc latices was
studied with swelling experiments4 as well as
with ab initio emulsion polymerization experi-
ments. Reaction calorimetric studies revealed
that the nucleation period of vinyl acetate emul-
sion polymerization is independent of the stirrer
speed,41 provided that the stirrer speed is equal to
or higher than the lowest impeller speed for suf-
ficient emulsification. In that case, it is relevant
to study the aspects of colloidal stability of PVAc
particles in the later stages of polymerization by
ab initio emulsion polymerization. Note that in
seeded emulsion polymerization of vinyl acetate,

it is very difficult to avoid homogeneous second-
ary nucleation. Secondary nucleation can hardly
be controlled and would seriously hamper inter-
pretation of the experimental results of a study on
colloidal stability. Therefore, in our experiments
ab initio emulsion polymerization was performed
to study the colloidal stability of PVAc latices
during reaction.

The recipes and characteristics of the seed la-
tices used in this study are given in Tables I and
II. On the 1.85 dm3 scale, the torque exerted on
the impeller shaft was measured by a Staiger
Mohilo torque meter, installed between the motor
and the impeller shaft. The power (P) transferred
into the reaction mixture by the impeller is di-
rectly related to the torque on the impeller shaft.
P can also be estimated from the dimensionless
power number, the impeller speed and diameter,
and the density of the liquid in the tank.2,42 The
power number of each impeller was determined
from torque measurements in glycerol water
mixtures. Although in principle the power num-
ber is a function of the Reynolds number,42 the
variations in power number with Reynolds num-
ber during high-solids emulsion polymerization
have been shown to be rather limited.2 Therefore,
the power number is assumed to be constant dur-
ing the polymerizations.

RESULTS AND DISCUSSION

Colloidal Stability of PS Latices

An overview of the seeded emulsion polymeriza-
tion experiments of styrene is given in Table III.
Concerning the influence of recipe on the colloidal
stability of PS latices, two parameters were inves-
tigated: electrolyte concentration and solids con-
tent. Figure 2 shows that electrolyte concentra-
tion had a considerable influence on the colloidal
stability of the seeded 35 wt % solids content

Table I Polystyrene and Polyvinyl Acetate
Seed Latices

Seed Latex PS I PS II PVAc I PVAc II

Xfinal [2] 0.97 0.84 0.92 0.97
dp,v [nm] 38.0 57.7 130 150
N [1021 l/mw

3 ] 10.8 2.66 0.250 0.170
CNa1 [kmol/mw

3 ] 0.12 0.12 0.074 0.078
CE [kmol/mw

3 ] 0.12 0.12 0.017 0.020
u [2] 0.72 0.81 0.25 0.34

Table II Overview of the Recipes Used for the
Emulsion Polymerization Experiments

Component S 1 S 2 S 3 VAc 1

f [2] 0.25 0.35 0.50 0.25
CE [kmol/mw

3 ] 0.013 0.02 0.081 0.020
CI [kmol/mw

3 ] 0.010 0.010 0.010 0.020
CB [kmol/mw

3 ] 0.0090 0.0090 0.0090 0.0090
CNa1 [kmol/mw

3 ] 0.18 0.18/0.25 0.18 0.078
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emulsion polymerization. Reactor fouling and a
significant broadening of the particle size distri-
bution were observed for polymerizations with

CNa1 5 0.25 kmol/mw
3 and conversions higher

than 60%. This reactor fouling and the broaden-
ing of the particle size distribution may be caused
by some limited coagulum formation. Compared
to the influence of electrolyte concentration on the
seeded 25 wt % solids content emulsion polymer-
ization of styrene, reported earlier,4 emulsion po-
lymerizations with higher solids content have
shown to be more sensitive to electrolyte in terms
of reactor fouling. High-solids emulsion polymer-
ization of styrene needs a robust recipe (i.e., a low
electrolyte concentration) to guarantee colloidal
stability during reaction.

To study the colloidal stability of PS latices
during emulsion polymerization without the con-
fusing effects of reactor fouling, the overall elec-
trolyte concentration in the recipe was set to 0.18
kmol/mw3. Figure 3 shows that the influence of
solids content on colloidal stability is not signifi-
cant, within the limits of experimental error. Par-
ticle growth and development of particle size dis-
tribution were approximately the same for the
three polymerization experiments. Note that in
the later stages of the 50 wt % solids content
emulsion polymerization, some scattering in the
data points was observed. This scattering proba-
bly resulted from the more complicated sampling
necessitated when relatively viscous, pseudoplas-
tic reaction mixtures are involved. It can be con-
cluded that in the cases where recipes were cho-
sen with low or moderate (up to 0.18 kmol/mw3)
electrolyte concentrations, the colloidal stability
of the PS latex was not affected by the solids
content.

Table III Overview of the Seeded Emulsion Polymerization Experiments of Styrene

Experiment Seed Recipe Reactor (dm3) Stirrer Ni (rpm) «av,power
a (W/kg) «av,torque

b (W/kg)

1 PS I S2 0.935 1/3T 500 0.17 —
2 PS I S2 0.935 1/3T 500 0.17 —
3 PS I S1 0.935 1/3T 500 0.17 —
4 PS I S3 0.935 1/3T 500 0.17 —
5 PSII S3 0.935 1/3T 500 0.17 —
6 PSII S3 0.935 1/3T 700 0.47 —
7 PSII S3 0.935 1/3T 900 1.0 —
8 PSII S3 1.85 1/3T 796 0.96 0.93
9 PSII S3 1.85 1/2T 396 0.85 0.80

10 PSII S3 1.85 1/3P 1314 2.2 1.9
11 PSII S3 1.85 1/2P 653 1.6 1.5

a Calculated with «av,power 5 P/Mrm with P 5 Np rrm Ni
3 d5; Np (0.935 dm3): 1/3 T 5 5.0; Np (1.85 dm3): 1/3 T 5 5.2, 1/2 T 5 4.9,

1/3 P 5 2.6, 1/2 P 5 2.1.
b Calculated with «av,torque 5 P/Mrm with P 5 2p Ni T.

Figure 2. Influence of electrolyte concentration on
the colloidal stability of PS latices during seeded emul-
sion polymerization of styrene. (a) Conversion time his-
tory; (b) particle number as a function of conversion. f:
seed latex PS I; L: exp 1, CNa1 5 0.18 kmol/mw

3 ; ‚: exp
2, CNa1 5 0.25 kmol/mw

3 .
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Figures 4 and 5 illustrate the effects of operat-
ing conditions (impeller speed, type, and diame-
ter) on the colloidal stability of 50 wt % solids
content emulsion polymerizations. The results
shown in Figure 4 indicate that impeller speed
has no significant influence on the colloidal sta-
bility of high-solids latices. No differences in de-
velopment of particle size distribution between
the three experiments were observed until 50–
60% conversion. At the end of the polymerization,
however, the amount of reactor fouling increased
with stirrer speed. Thus, impeller speed may have
a slight affect on the particle size (distribution)
for high-solids emulsion polymerization. The sud-
den increase in polymerization rate at the end of
experiment 5 may point to the gel effect.

Figures 5(a) and (b) show that the colloidal
stability of high-solids PS latices is not affected by
the impeller type and diameter. During the poly-
merization experiments shown in Figures 5(a)
and (b), the torque on the impeller shaft was also
measured. Figure 5(c) shows the mean energy

dissipation «av,torque calculated from the torque
exerted on the impeller shaft. In the beginning of
the polymerization «av,torque agrees reasonably
well with the mean energy dissipation calculated
from the power number, «av,power; see Table III.
Figure 5(c) shows that at about 60% conversion,
«av,torque starts to deviate from «av,power. The in-
crease in «av,torque indicates the extent of reactor
fouling. From these results, it follows that the
impeller type and diameter significantly affect
the extent of reactor fouling. Note that the impel-
ler speeds for the different impeller types were
chosen such that the mean energy dissipation is
not constant for the four experiments; see Table
III. The pitched-blade impeller with the smallest
diameter induced the largest amount of reactor
fouling, whereas the large Rushton turbine impel-
ler caused the least amount of fouling. These re-
sults confirm the expectation mentioned earlier
that at constant mean energy dissipation, large

Figure 4 Influence of impeller speed on the colloidal
stability of PS latices during seeded emulsion polymer-
ization of styrene, stirred with a Rushton turbine im-
peller. (a) Conversion time history; (b) particle size as a
function of conversion. f: seed latex PS II; L: exp 5, Ni

5 500 rpm; ‚: exp 6, Ni 5 700 rpm; E: exp 7, Ni 5 900
rpm.

Figure 3 Influence of solids content on the colloidal
stability of PS latices during seeded emulsion polymer-
ization of styrene. (a) Conversion time history; (b) par-
ticle size as a function of conversion. f: seed latex PS I;
L: exp 3, f 5 0.25; ‚: exp 1, f 5 0.35; E: exp 4, f
5 0.50.
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radial-flow impellers, which generate relatively
uniform power input, are most suitable for avoid-
ing reactor fouling. In contrast to the small poly-
mer particles formed by emulsion polymerization
eventually followed by limited coagulation, flocs
formed by coagulum formation may become sig-
nificantly larger than the Kolmogorov microscale
of isotropic turbulence. For particles or aggre-
gates larger than the Kolmogorov microscale,

shear coagulation may become more dominant.
Because shear coagulation is affected by the en-
ergy dissipation (distribution) in the vessel,4 it is
very likely that variations in energy dissipation
distribution induced by different impeller speeds,
type, or diameter will influence the extent of re-
actor fouling.

Colloidal Stability of PVAc Latices

To investigate the colloidal stability of PVAc
latices, both swelling experiments4 and ab ini-
tio emulsion polymerization experiments were
performed. Table IV gives an overview of the
PVAc experiments. Note that the solids content
of the swelling experiments (experiments
12 21) was calculated based on the mass frac-
tion of monomer-swollen polymer particles in
the dispersion.

The influence of recipe during swelling experi-
ments was studied by variation of emulsifier
concentration (Fig. 6) and solids content (Fig. 7).
Figure 6 shows that emulsifier concentration
strongly affects the colloidal stability of PVAc la-
tices. For increasing electrolyte concentrations,
the latex with the higher emulsifier concentration
is able to maintain a higher particle number, un-
til the electrostatic stabilization is lost at about
CNa1 5 0.30 kmol/mw

3 . For CNa1 $ 0.30 kmol/mw
3 ,

steric stabilization is dominant in stabilizing the
particles. Because the same seed latex was used
for both experiments, the effect of steric stabili-
zation appeared to be the same and, conse-
quently, the particle size and number become ap-
proximately equal for high electrolyte concentra-
tions.

Apart from a different starting point due to the
variation in solids content, Figure 7(a) does not
show any influence of solids content on the colloi-
dal stability. At high electrolyte concentration
where only steric stabilization is operative, all
three experiments shown in Figure 7(b) reach the
same stable particle number.

Figure 8 illustrates the influence of operating
conditions, in terms of impeller speed and reactor
scale, on the colloidal stability of high-solids PVAc
latices. A different seed latex was used for the
experiment on a 7.48 dm3 scale. This experiment
(experiment 21; see Table IV) started, of course,
with a different particle number. The final parti-
cle number of a stable latex due to steric stabili-
zation was also different, because the amount and
characteristics of the vinyl alcohol blocks on the

Figure 5 Influence of impeller type and diameter on
the colloidal stability of PS latices during seeded emul-
sion polymerization of styrene. (a) Conversion time his-
tory; (b) particle size as a function of conversion (c)
Energy dissipation as a function of conversion. f: seed
latex PS II; L: exp 8, 1/3 T; ‚: exp 9, 1/2 T; M: exp 10,
1/3 P; E: exp 11, 1/2 P (see list of nomenclature).
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surface of the PVAc particles was not the same as
in the experiments performed with seed latex
PVAc II. Figure 8 clearly shows that impeller
speed and reactor scale did not influence the col-
loidal stability of PVAc latices.

Figure 9 presents several ab initio 25 wt %
solids content emulsion polymerization experi-
ments of vinyl acetate with varying impeller
speeds and degrees of reactor scale. Despite con-
siderable experimental error in the emulsion
polymerizations of vinyl acetate collected in Fig-
ure 9, the results of the polymerization experi-
ments agree with the results of the swelling ex-

Table IV Overview of the Experiments with Vinyl Acetate

Experiment Seed/Recipe Reactor (dm3) Stirrer Ni (rpm) Solids (%) «av,power (W/kg)

12 PVAc I 0.935 1/3T 500 25 0.17
13 PVAc I 0.935 1/3T 500 25 0.17
14 PVAc I 0.935 1/3T 500 35 0.17
15 PVAc I 0.935 1/3T 500 50 0.17
16 PVAc II 0.935 1/3T 500 50 0.17
17 PVAc II 0.935 1/3T 700 50 0.47
18 PVAc II 0.935 1/3T 900 50 1.0
19 PVAc II 1.85 1/3T 467 50 0.19
20 PVAc II 1.85 1/3T 841 50 1.1
21 PVAc I 7.48 1/3T 500 50 0.62
22 VAc 1 0.935 1/3T 500 25 0.17
23 VAc 1 0.935 1/3T 900 25 1.0
24 VAc 1 1.85 1/3T 429 25 0.15
25 VAc 1 1.85 1/3T 771 25 0.87
26 VAc 1 7.48 1/3T 477 25 0.54

Figure 6 Influence of emulsifier concentration on the
colloidal stability of PVAc latices during swelling ex-
periments. Particle number as a function of electrolyte
concentration. f: seed latex PVAc I; L: exp 12, CE

5 0.0060 kmol/mw
3 ; ‚: exp 13, CE 5 0.021 kmol/mw

3 .

Figure 7 Influence of solids content on the colloidal
stability of PVAc latices during swelling experiments.
(a) Particle size as a function of electrolyte concentra-
tion; (b) particle number as a function of electrolyte
concentration. f: seed latex PVAc I; L: exp 13, f
5 0.25; ‚: exp 14, f 5 0.35; E: exp 15, f 5 0.50.
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periments reported by Kemmere et al.4 In both
swelling experiments4 and polymerizations, the
colloidal stability of 25 wt % PVAc latices was not
significantly affected by impeller speed and scale
of operation.

CONCLUSIONS

In line with the earlier study on colloidal stability
of 25 wt % PS and PVAc latices,4 this study on the
colloidal stability of 50 wt % latices shows that
recipe has more influence than operating condi-
tions on colloidal stability. Brownian coagulation
dominates over shear coagulation even for sys-
tems of up to 50 wt % solids content. The following
conclusions can be drawn:

● High-solids (i.e., 50 wt %) emulsion polymer-
ization of styrene appears to be more sensi-
tive to electrolyte in terms of reactor fouling
than low solids (i.e., 25 wt %) emulsion poly-
merization.

● At moderate electrolyte concentrations, the
colloidal stability of PS latices is not affected
by the solids content up to 50 wt %.

● The operating conditions in terms of impeller
speed, type, and diameter does not affect the
colloidal stability of PS latices during high-
solids emulsion polymerization.

● The operating conditions appear to have
some influence on the extent of reactor foul-
ing. Turbine impellers appear to be more
suitable for clean operation than pitched-
blade impellers.

● Concerning PVAc latices during swelling ex-
periments, the emulsifier and electrolyte con-
centration have considerable influence on the
colloidal stability in the electrostatic stabili-
zation regime, whereas solids content and
operating conditions have no influence.

● In line with the swelling experiments, the ab
initio emulsion polymerization experiments
of vinyl acetate showed no clear dependency
of colloidal stability on operating conditions.

The authors thank the Foundation of Emulsion Poly-
merization (SEP) for their financial support for this
study and E.J.M. Beulens and F.J. Ulkeman for their

Figure 9 Influence of impeller speed and reactor
scale on the colloidal stability of PVAc latices during ab
initio emulsion polymerization of vinyl acetate. (a) Con-
version time history; (b) particle size as a function of
conversion. l: exp 22, Ni 5 500 rpm, Vr 5 0.935 dm3;
Œ: exp 23, Ni 5 900 rpm, Vr 5 0.935 dm3; L: exp 24, Ni

5 429 rpm, Vr 5 1.85 dm3; ‚: exp 25, Ni 5 771 rpm, Vr

5 1.85 dm3; M: exp 26, Ni 5 477 rpm, Vr 5 7.48 dm3.

Figure 8 Influence of impeller speed and reactor
scale on the colloidal stability of PVAc latices during
swelling experiments. Particle number as a function of
electrolyte concentration. f: seed latex PVAc I; Œ: seed
latex PVAc II; L: exp 16, Ni 5 500 rpm, Vr 5 0.935
dm3; ‚: exp 17, Ni 5 700 rpm, Vr 5 0.935 dm3; E: exp
18, Ni 5 900 rpm, Vr 5 0.935 dm3; l: exp 19, Ni 5 467
rpm, Vr 5 1.85 dm3; F: exp 20, Ni 5 841 rpm, Vr 5 1.85
dm3; M: exp 21, Ni 5 500 rpm, Vr 5 7.48 dm3.
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contribution to this work, and also acknowledge the
useful comments provided by Prof. D. Thoenes.

NOMENCLATURE

f Mass fraction monomer in the recipe
(2)

u Fractional surface coverage (2)
rrm density of reaction mixture (kg/m3)
«av,power mean energy dissipation based on

power number (W/kg)
«av,torque mean energy dissipation based on

torque measurement (W/kg)
[1⁄2]P 45° pitched six-blade impeller with d

5 [1⁄2]D
[1⁄2]T Rushton turbine impeller with d 5 [1⁄2]D
[1⁄3]P 45° pitched six-blade impeller with d

5 [1⁄3]D
[1⁄3]T Rushton turbine impeller with d 5 [1⁄3]D
AE area occupied by one emulsifier mole-

cule (m2/mol)
CB buffer concentration (kmol/mw

3 )
CE overall emulsifier concentration (kmol/

mw
3 )

CI initiator concentration (kmol/mw
3 )

CNa1 overall electrolyte concentration (kmol/
mw

3 )
d impeller diameter (m)
D vessel diameter (m)
dp,v volume average particle size (m)
Mrm mass of reaction mixture (kg)
N particle number (1/mw

3 )
Ni impeller speed (1/s)
Np power number (-)
P power input (W)
T torque (N m)
t time (sec)
VE electrostatic repulsion energy (J)
Vos osmotic interaction energy (J)
Vr reactor volume (m3)
VS steric repulsion energy (J)
Vtot overall potential energy (J)
VVDW Van der Waals attraction energy (J)
Vvr volume restriction interaction energy

(J)
X conversion (-)
Xfinal conversion of product latex (-)
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