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ABSTRACT: Miniemulsion droplets were stabilized
with a mixed emulsifier system consisting of an anionic
surfactant such as sodium dodecyl sulfate and a costabil-
izer, which is typically a low-water-soluble, long-chain
alkane or alcohol such as hexadecane or hexadecanol.
The surfactant, anionic in nature, provided an electro-
static barrier against coagulation, and the costabilizer re-
tarded molecular diffusion of the monomer or Ostwald
ripening. The coagulation mechanism operative for the

stabilization of the miniemulsion droplets is theoretically
considered here. The understanding provides insight into
the role of the surfactant. The fate of the miniemulsion
droplets during the course of polymerization is also dis-
cussed. � 2008 Wiley Periodicals, Inc. J Appl Polym Sci 109:
1262–1270, 2008
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INTRODUCTION

Emulsion polymerization (macroemulsion, miniemul-
sion, or microemulsion) is essentially a process in
which an aqueous dispersion of a monomer or a
mixture of monomers is converted by free-radical
polymerization superimposed over segregated poly-
merization loci into a stable dispersion of polymer
particles. In a typical reactor environment, the mono-
mer droplets, the monomer-swollen micelles, the
monomer dissolved in the aqueous phase, and the
monomer-swollen particles compete for the aqueous-
phase free radicals. In conventional emulsion poly-
merization, the monomer droplets, because of their
large size (1000–10,000 nm) and consequently small
total surface area, do not compete favorably with
other loci of particle nucleation and are not consid-
ered to contribute significantly to particle nucleation.
They serve primarily as reservoirs that supply mono-
mer to the growing particles that are formed pre-
dominantly through nucleation in monomer-swollen
micelles and the aqueous phase. In miniemulsion
polymerization, the monomer droplets, because of
their small size (50–500 nm), become the predominant
loci of particle nucleation and subsequent polymer-
ization. In this size range, the total surface area of the
droplets is such that the surfactant amount typically
used is adsorbed predominantly on the droplets,
which results in their unavailability to form micelles
or to stabilize precipitated and growing oligomers in

the aqueous phase. This was experimentally demon-
strated for the first time in 1972 at Lehigh University.1

The stability to these systems is usually achieved by
the use of an anionic surfactant, for example, sodium
dodecyl sulfate (SDS), and a costabilizer (also known
as a cosurfactant in earlier literature) that is only
soluble in the oil phase. The only difference between
miniemulsion polymerization recipes and a typical
emulsion polymerization recipe is the presence of the
costabilizer. Costabilizers should be water-insoluble
and have a low molecular weight. The small size of
the droplets is the result of the homogenization of the
monomer–water mixture to high shear, which breaks
the droplets into nanosizes, and these droplets are
stabilized against coalescence and diffusional degra-
dation for a long time by the appropriate surfactant/
costabilizer combination. Coalescence may be pre-
cluded by the addition of an appropriate surfactant.
Diffusional degradation or Ostwald ripening can be
eliminated by the addition of a small amount of cos-
tabilizer. The term miniemulsion itself was created
later by Chou et al.2 Key factors contributing to the
formation of miniemulsions or small, stabilized
monomer droplets are the shear-induced creation of
submicrometer or nanosize droplets and the addi-
tion of the costabilizer for their stability. The other
ingredients, besides the costabilizer, required for the
polymerization of miniemulsions are the same as in
emulsion polymerization and include the surfactant,
initiator, monomer, and water. It is agreed that that
the nucleation mainly starts in the monomer droplets.
The characteristics of miniemulsions can be summar-
ized as follows:

1. The creation of a miniemulsion requires high
mechanical agitation or intense shear for the
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reaction to reach a steady state given by a rate
equilibrium of droplet fission and fusion.

2. The osmotic stability of the miniemulsion drop-
lets results from osmotic pressure in the drop-
lets, which balances the Laplace pressure and,
thus, prevents monomer diffusion. The osmotic
pressure results from the addition of the costabil-
izer, which has an extremely low water solubil-
ity. It is expected that miniemulsions undergo
structural changes to establish a situation of zero
effective pressure.

3. The colloidal stability of miniemulsion droplets
is achieved by the addition of a surfactant. The
surface coverage of the miniemulsion droplets
by surfactant molecules is not complete. The
amount of surfactant required to form a poly-
merizable miniemulsion is small, usually be-
tween 0.5 and 25% with respect to the monomer
phase.

Miniemulsions are also referred to as nano-
emulsions, ultrafine emulsions, and submicrometer
emulsions.3 The formation and stabilization of the
droplets in the nanosize range involve pre-emulsifi-
cation and emulsification steps.4 Pre-emulsification
refers to the preparation of the homogeneous mix-
ture of the monomer, surfactant, cosurfactant, and
water, which is then, under high shear, broken into
droplets during the emulsification step. Tang et al.5

conducted a comparative study of preparative varia-
bles in miniemulsion polymerization. These varia-
bles included (1) surfactant amount and type, (2)
costabilizer amount and type, (3) monomer type(s),
(4) temperature of preparation and polymerization,
(5) means and conditions of homogenization, and
(6) degree of aging of the emulsion. It was found
that variations in the conditions used to prepare
miniemulsions of monomers in water resulted in
substantial differences in the polymerization kinetics
and final particle sizes and distributions. The finest
droplet size miniemulsions were obtained by (1) use
of a costabilizer, (2) homogenization at an elevated
temperature, (3) homogenization with a uniform
high-shear device (microfluidizer), and (4) the limit-
ing of the aging time before polymerization. Ander-
son et al.6 reported the preparation of small-diame-
ter (� 50 nm) polystyrene particles by miniemulsion
polymerization. Bechthold et al.7 found that when
the amount of the surfactant was varied, the particle
size could be varied over a wide range. The surface
coverage with SDS molecules of this state depended
strongly on the particle size and could be deter-
mined by surfactant titrations and surface tension
measurements. The smaller the droplets were and
the more collisions they underwent, the more dense
the coverage of the particles with surfactant had to
be to keep the miniemulsion stable. In this way, it

was possible to determine the maximum surface
area per SDS molecule in the dependence of particle
size and latex concentration. Miller and coworkers8,9

reported the measurement of the average size of the
miniemulsion droplet size distribution with the cap-
illary hydrodynamic flow fractionation method.
Landfester et al.10 used a combination of the small-
angle neutron scattering method, conductivity, and
surface tension measurements to measure the aver-
age size of the miniemulsion droplets and reported
that a 1 : 1 copy between the initial droplet size dis-
tribution and the final particle size distribution was
obtained due to miniemulsion polymerization. Do
Amaral et al.11 described the use of the scanning
transmission electron microscopy technique for the
direct measurement of droplet size and droplet size
distribution in miniemulsion polymerization. Sood
and Awasthi12,13 developed and validated a mathe-
matical model for the miniemulsion polymerization
of styrene, incorporating the full droplet size distri-
bution and the particle size distribution. Reviews of
miniemulsion polymerization can be found else-
where.14–17

Miniemulsions are not thermodynamically stable;
they will eventually separate into their components.
The initial droplet distribution can alter itself as a
result of two phenomena: coalescence and molecular
diffusion. Coalescence is the process of the formation
of a droplet from two or more smaller droplets, with
the significant step occurring when the two droplets
get close enough to allow contact of the droplet
phases. An insufficient barrier (e.g., electrostatic or
viscoelastic) against contact may cause coalescence.
SDS, an anionic surfactant, provides an electrostatic
barrier against contact. In such cases, coalescence is
normally called coagulation. In the molecular diffu-
sion process, popularly known as Ostwald ripen-
ing, the two droplets can form a single droplet
without coming into contact if the conditions are
such that one droplet is allowed to grow while the
other dissolves. The costabilizer, hexadecane (HD),
or cetyl alcohol (CA; hexadecanol), relatively low-
molecular-weight, less water-soluble compounds
compared to the monomer retards molecular diffu-
sion. It has been suggested that CA forms an
interfacial film with the surfactant that resists rup-
ture on contact and, hence, also provides a visco-
elastic barrier against contact. Molecular diffusion
(Ostwald ripening) is the more commonly used cri-
terion for analyzing the stability of a miniemulsion
system. In our earlier study,18 we analyzed the
role played by the molecular diffusion phenom-
enon (Ostwald ripening) in providing stability to
the miniemulsion systems. In this study, I consid-
ered the role of electrostatic stabilization provided
by the surfactant in providing stability against
coagulation.
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EXPERIMENTAL STUDY OF THE STABILITY
OF THE MINIEMULSION DROPLETS

Miller and coworkers8,9 monitored the effects of
changes in the pre-emulsification and emulsification
steps on the resulting average size of the droplet
size distribution with the capillary hydrodynamic
flow fractionation method. The measured average
size of the droplet did not change with time with
HD as a costabilizer; whereas with hexadecanol as a
costabilizer, the average droplet size increased with
time up to 1.5 h and leveled off after that (Fig. 1).

The effects of several variables on the rearrange-
ment behavior were studied. These variables
included the amount of CA (10 to 140 mM), the ini-

tial location of hexadecanol (in the gel phase or dis-
solved in the styrene monomer), the agitation rate
(no agitation or agitation at 210 rpm), and the nature
of the homogenization device (microfluidizer or
sonifier), with the microfludizer giving narrower
distributions. This behavior was affected by the con-
centration of hexadecanol, and an increase in its con-
centration resulted in a decrease in the final average
droplet size (Fig. 2). At much higher concentrations
of hexadecanol (120 and 140 mM), the rearrange-
ment in droplet size was negligible (Fig. 3). Also the
rearrangement behavior was same for the cases
when hexadecanol was dissolved in the toluene and
when it was present in the gel phase (Fig. 4).

Figure 1 Variation of the droplet diameters with time for
CA and HD for the sonifier and microfluidizer. (Reprinted,
by permission of the publisher, from Miller et al.9 Copy-
right 1994 Elsevier Ltd.)

Figure 2 Variation of the diameters of CA containing
droplets with time at low CA concentrations. (Reprinted,
by permission of the publisher, from Miller et al.9 Copy-
right 1994 Elsevier Ltd.)

Figure 3 Variation of the diameters of CA containing
droplets at high CA concentrations. (Reprinted, by permis-
sion of the publisher, from Miller et al.9 Copyright 1994
Elsevier Ltd.)

Figure 4 Variation in the droplet diameter with time for
different initial locations of CA. (Reprinted, by permission
of the publisher, from Miller et al.9 Copyright 1994 Elsev-
ier Ltd.)
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Any or both of the two phenomena, molecular dif-
fusion (Ostwald ripening) and coalescence, could be
responsible for the aforementioned instability seen in
the miniemulsion droplets. These phenomena are
discussed in detail later.

OSTWALD RIPENING

When an oil-in-water emulsion is created by the
application of shear force to a heterogeneous fluid
containing surfactants, a distribution of droplet sizes
results. Interdroplet mass transfer (Ostwald ripening)
determines the fate of this distribution because of
their higher Laplace pressure. If the small droplets
are not stabilized against diffusional degradation,
they will disappear, which increases the average
droplet size. It was shown by Mishchuk et al.19 that
this disappearance can be very fast for small droplets.

The quantitative aspects of the rate of growth of
large particles and the rate of dissolution of small
particles in emulsions were theoretically examined
by Higuchi and Misra20 in 1962 for the case in which
the process was diffusion-controlled in the continu-
ous phase. It was shown that emulsion stability was
proportional to particle volume. It was proposed in
1962 that unstable emulsions may be stabilized with
respect to the Ostwald ripening process by the addi-
tion of small amounts of a third component, which
must distribute preferentially in the dispersed phase.

Kabalnov et al.21 demonstrated by statistically ana-
lyzing experimental data that the changes in the parti-
cle size distribution function were in accordance with
the predictions of Lifshitz–Slyozov theory (Ostwald
ripening).22 An extension with respect to fluorocarbon
emulsions was achieved later.23 Because of the low
solubility in water, fluorocarbon emulsions exhibit a
higher stability and can, therefore, also be used for
medical applications, for example, artificial blood.

This stabilization effect was theoretically described
by Webster and Cates.24 They considered an emul-
sion whose droplets contained a trapped species (in-
soluble in the continuous phase) and studied the
emulsion’s stability via Lifshitz–Slyozov dynamics
(Ostwald ripening). They extended the work of
Kabalnov et al.21 and derived general conditions
regarding the mean initial droplet volume, which
ensures stability in both the size and composition of
the initial droplets even when arbitrary polydisper-
sity is present. They distinguished nucleated coars-
ening, which requires either fluctuations in the
mean-field equations or a tail in the initial droplet
size distributions, from spinodal coarsening, in
which a typical droplet is locally unstable. A weaker
condition for stability, previously suggested by
Kabalnov et al.,21 is sufficient only to prevent spino-
dal coarsening and is best viewed as a condition for
metastability. The coarsening of unstable emulsions

after long times was considered and was shown to
resemble that of ordinary emulsions with no trapped
species but with a reduced volume fraction of the
dispersed phase. The evolution of the emulsion is
driven by the competition between the osmotic pres-
sure of the trapped species and the Laplace pressure
of the droplets. This is of high importance for the
production of stable emulsions. Increased stability is
desired for anesthetic/analgesic emulsions, the sta-
bility of which is provided by white mineral or other
ripening inhibitors.25

The rate of Ostwald ripening depends on the size,
polydispersity, and solubility of the dispersed phase
in the continuous phase. This means an already
ultrahydrophobic oil dispersed in small droplets of
low polydispersity shows low diffusion. However,
by the addition a costabilizer, the stability can be
increased by an additional increase in osmotic pres-
sure. This was shown for fluorocarbon emulsions
based on perfluorodecaline droplets and stabilized
with lecithin. Through the addition of a hydrophobic
component, for example, perfluorodimorphinopro-
pane, the droplets’ stability was increased, and they
could be introduced as stable blood substitutes, as
shown by Postel et al.26 and Lowe.27

Davis et al.28 described that the added material
reduced the total vapor pressure, as defined by Raoult’s
law. Hexane and HD demonstrated a slight negative
deviation from ideality, and HD/fluorochemicals dem-
onstrated a slight positive deviation from ideality. As in
the case of a pure oil system, smaller droplets had a
slightly higher vapor pressure (or solubility) than larger
ones. To reach the equilibrium state, hexane left the
small droplets and passed to larger ones. This loss of
hexane caused an increase in the molar fraction of the
third component in the small droplets and a decrease
in the large droplets. Thus, the small droplets had a
more reduced vapor pressure compared to the larger
ones than was originally the case.

Sood and Awasthi18,29 showed that it is the molec-
ular diffusion phenomenon or Ostwald ripening that
causes the reported8,9 instability for the hexadecanol
system. As shown in their articles, there exists a
minimum stable droplet size: the droplets below this
size undergo molecular diffusion or Ostwald ripen-
ing and lose their monomer. Sood and Awasthi18,29

stated that in the presence of a costabilizer, compen-
sation of the swelling effect by the mixing effect
takes place. In the absence of costabilizer, the chemi-
cal potential of a small droplet is always larger than
the chemical potential of the large droplet. In the
presence of a costabilizer, the equality of chemical
potential will require that the chemical potential of
the small droplet should decrease and the chemical
potential of the large droplet should increase as their
sizes change due to molecular diffusion. Mathemati-
cally, this criterion requires that the chemical poten-
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tial should be an increasing function of size. The
minimum stable diameter was arrived at with this
criterion, which was provided by Kabalnov et al.21

The minimum stable droplet diameter is related to
the contribution to the chemical potential due to the
free energy of the mixing term; the lower this contri-
bution to the chemical potential is, the higher the
critical droplet size and the greater the extent of
rearrangement will be. Higher costabilizer volume
fraction and temperatures, a lower interfacial ten-
sion, and a monomer–costabilizer system with lower
values of the molar volume of monomer, ratio of
equivalent number of molecular segments, and inter-
action parameter should be used to create stable
miniemulsion droplets. The experimental observa-
tions,8,9 namely, the rearrangement of droplet size
distribution only for the hexadecanol system and not
for the HD system, and the retardation of the rear-
rangement with increasing hexadecanol amount was
reconciled in terms of the aforementioned theoretical
analysis. This unstable behavior would require that
the initial droplet size distribution contains a signifi-
cant proportion of small-diameter droplets, which is
true for a broad distribution. Furthermore, this
unstable behavior will lead to bimodal distributions.
Durbin et al.30 were the first to report that broad
and sometimes bimodal particle size distributions
were obtained in some commercial processes where
the reactants were pre-emulsified before they were
charged into a reaction vessel. Fitch31 discussed the
phenomenon of diffusion degradation and how it
leads to bimodal size distributions in the presence of
water-insoluble components in the organic droplets.
Since then, a number of workers32–38 have reported
bimodal particle size distributions formed as a result
of miniemulsion polymerization. I29 showed theo-
retically that these bimodal particle size distri-
butions can give latexes of high solid content and
low viscosity, which has also been experimentally
demonstrated.39

COLLISION AND COALESCENCE

In addition to the molecular diffusion of the dis-
persed phase, the destabilization of an emulsion can
also occur by collision and coalescence processes.
Mishchuk et al.19 found that in the case of rapid
Brownian coagulation in dilute oil-in-water emul-
sions, the deformation influence on droplet deforma-
tion and drainage was negligible. When the weak
influence of droplet deformation on rapid coagula-
tion was observed and the Borwanker–Ivanov
theory,31 which states that the transition to charged
droplets and lower electrolyte concentrations de-
creases droplet deformation, was taken into account,
it was concluded that both slow and reversible coag-

ulation cannot be influenced by droplet deformation
in miniemulsions. A droplet surface is homogeneous,
in contrast to solid particles.

ELECTROSTATIC STABILIZATION OF
MINIEMULSION DROPLETS

The framework for electrostatic stabilization is
provided by Deryaguin–Landau–Verwey–Overbeek
(DLVO) theory,40 according to which the electrostatic
stabilization of colloidal particles is explained by the
combination of the attractive van der Waals disper-
sion forces with the repulsive electrostatic forces. In
DLVO theory, it is customary to represent the inter-
actions by the free energy or potential of interaction
rather than by forces exerted on the particles. The
approximations involved in the calculation of the
electrostatic repulsive potential (VR) renders this
treatment more suitable for low potentials (or low
surface charge densities). The problem of analyzing
the electrostatic stabilization behavior of the droplets
is posed in such a way so that these approximations
are valid. The minimum surface charge density (q; or
surfactant surface coverage) necessary to fulfill the
requirements of electrostatic stabilization is calcu-
lated. In the following paragraphs, the reduced but
physically relevant and more amenable forms of the
attractive and repulsive potentials are initially pre-
sented followed by brief discussions about the
approximations involved in the derivation of the
VR’s and stability criteria. The outcome of this analy-
sis is summarized in Table I. Then, the calculation of
the actual surfactant coverage on the droplets is
provided.

The van der Waals attractive potential (VA)
between two spheres of radius (a1 and a2) with
Hamaker’s theory is given by

VA ¼ �A

6

2a1a2
H2 þ 2a1H þ 2a2H

�

þ 2a1a2
H2 þ 2a1H þ 2a2H þ 4a1a2

þ ln
H2 þ 2a1H þ 2a2H

H2 þ 2a1H þ 2a2H þ 4a1a2

8>>: 9>>;�
ð1Þ

where A is Hamaker’s constant and H is the inter-
particle separation. When H � a1 and a2, the equa-
tion reduces to

VA ¼ � Aah
12H

(2)

ah ¼ 2a1a2
a1 þ a2

(3)

ah is the hypergeometric radius.
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VR between two dissimilar particles under condi-
tions of constant charge41 is given by

VR ¼ pe0e1ah
2

�
w2
01 þ w2

02

�" 2w01xw02

w2
01 þ w2

02

x ln
1þ e�kH

1� e�kH

� ln
�
1� e�2kH

�#
ð4Þ

where w01 and w02 are the surface potentials of the
two particles, j is the inverse double-layer thickness,
e0 is the permittivity of the vacuum, and er is the
dielectric constant of the dispersion medium. Under
the conditions when the surface potentials on the
two particles are the same (w01 5 w02 5 w0, where
w0 is the electrostatic potential), the previous equa-
tion reduces to

VR ¼ �2pe0erahw
2
0 ln

�
1� e�jH

�
(5)

w0 on the surface of a spherical particle of radius a
with surface charge (Q) under the conditions when
the Debye–Huckle approximation is valid (w0� 25mV)
is given by

w0 ¼
Q

4pe0erað1þ jaÞ (6)

When ja� 1, the equation reduces to

w0 ¼
q

4pe0erj
(7)

where q � Q
4pa2 is the surface charge density.

The thickness of a double layer is normally charac-
terized by the Debye length 1/j. The square of j is
given by

j2 ¼ 2peLNAIe
e0erkBT

(8)

where eL is the electronic charge and NA is Avoga-
dro’s number. The double-layer thickness is a sensi-
tive function of the concentrations and valancies of
the ions of the medium, which is expressed in terms
of ionic strength of the dispersion medium (Ie). Ie is
given as

Ie ¼ 1

2

Xn
j¼1

�
CþjZ

2
þj þ C�jZ

2
�j

�
(9)

where C is the concentration of ions and Z is the
valency.

The subscripts 1j and 2j stand for the positive
ion of component j and the negative ion of compo-

nent j, respectively, in the dispersion medium. For
aqueous solutions at a temperature (T) of 300 K, the
equation for j2 is given by

j2 ¼ 10:822 Ie
�
nm�2; Ie in M

�
(10)

Two approximations are made to calculate the mag-
nitude of the electrostatic repulsive force between
two charged particles. The first approximation is to
use the linearized forms of the Poisson–Boltzmann
equation, that is, the Debye–Huckel approximation,
which is valid when the surface potentials on the
two particle surfaces are less than 25 mV. The sec-
ond approximation assumes that the interaction
between double layers on spherical particles is made
up of contributions from infinitesimally small paral-
lel rings, each of which can be considered as a flat
plate, that is, the Deryaguin approximation, which is
valid provided that the thickness of the double layer
is small compared to the particle size. Hogg et al.41

evaluated the effect of the aforementioned approxi-
mations on the magnitude of the repulsive potential
calculated with the comprehensive equation for VR

as given before. According to them, the previous
expression is a good approximation for surface
potentials less than 50–60 mV and with ja > 5.

The relative magnitude of the van der Waals
attractive force and the electrostatic repulsive force
determine the stability of the colloidal system. If the
value of Hamaker’s constant of polystyrene spheres
is considered to be about 6.5 3 10221 J,42 the attrac-
tive potentials between spheres with hypergeometric
mean radii of 200 and 20 nm at a distance of closest
approach of about 1 nm are of the order of 30kBT
and 3kBT, respectively, where kB is Boltzmann’s con-
stant and T is the temperature (300 K). Both values
will be sufficiently high in the absence of any repul-
sion to induce significant coagulation because their
absolute magnitudes exceed the thermal energy
available to the particle (� kBT). In the presence of
electrostatic repulsive forces, only a fraction of
Brownian interactions would result in coagulation
because only those particles with sufficient kinetic
energy to overcome the electrostatic repulsive force
would undergo coagulation. The ratio of the rates of
Brownion interactions in the absence and presence
of repulsive forces is given by the stability ratio (W),
which can be calculated from the following relation-
ship:

W ¼ 1

kah
eVTmax=kBT (11)

where VTmax is the height of the energy barrier to
coagulation. Physically, this indicates that a Brown-
ian encounter between particles having VTmax is
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obtained as the maximum relative to H of the total
potential (VT), which is the sum of VA and VR. The
stability criteria requires that the height of the pri-
mary maxima should be sufficiently large (�25kBT)

The minimum surface potential (or q) necessary
for the colloidal system to meet this stability criteria
can be calculated by with the following two equa-
tions for the H distance, corresponding to VTmax and
the surface potential w0, for a given value of ah and
j (or Ie):

@VA

@H
þ @VR

@H
¼ 0 (12)

VA þ VR ¼ 25kBT (13)

The values of q can be obtained from the values of
w0 and j with q ¼ Q

4pr2. The values of ja, surface
potential w0, and surface change density Q corre-
sponding to various values of the hypergeometric
mean radius are summarized in Table I. The value
of the ionic strength used for these calculations is 10
mM (8 mM arising from 2.66 mM initiator potassium
persulfate, whereas the surfactant dissolved in the
aqueous phase contributes the remaining 2 mM).
This value represents the maximum ionic strength in
the reactor for a typical recipe considered for poly-
merization, with 2.66 mM as the highest initiator
concentration used. Also given is the value of surfac-
tant surface coverage on the droplets (ysd), which
will provide the minimum q.

The basic principle behind the electrostatic stabili-
zation of a latex system is the acquisition of charges
on the surfaces of the particles. The minimum q (and
surfactant coverage area) required for electrostatic
stability is shown in Table I. The aim now is to cal-
culate the q (and surfactant coverage area) on the
droplets under the conditions existing in the reactor.
The various ways through which a particle can ac-
quire charge include adsorption of ionized emulsi-
fier, surface grouping from the initiator radical, and
adsorption of ions from the medium.

The surface charge density arising from the surfac-
tant coverage (qs) is given by

qs ¼ ZeL
asd

usd (14)

where Z is the valency of the surfactant coverage
anion (Z 5 1 for sulfate groups from SDS) and asd is
the area occupied by a surfactant molecule on the
droplet surface. ysd can be obtained by the assump-
tion that the adsorption of the surfactant follows the
Langmuir isotherm:

usd ¼ bsdCsw

1þ bsdCsw
(15)

where bsd is a constant and is the one used in the
previous work.42 The surfactant concentration in the
aqueous phase (Csw) can be obtained from the mass
balance for the surfactant:

CswVw ¼ CstVt � Adusd
asdNA

(16)

where Cst is the total concentration of the surfactant
in the reactor, Vt is the total volume of the reaction
mixture. Ad is the total surface area of the droplets,
and Vw is the volume of the aqueous phase.

The value of ysd calculated through the solution of
the previous two equations for a typical recipe
involving 20 wt % monomer and 10 mM SDS and
with the assumption that the initial surface area of
the droplets corresponds to a surface average dia-
meter of 100–150 nm varies between 18 and 22%.
Landfester et al.,43 through surfactant titrations and
surface tension measurements, experimentally deter-
mined the surfactant coverage of SDS on miniemul-
sion droplets with an average size of 138 nm to be
28%. Paunaov et al.44 theoretically estimated the sur-
factant coverage of SDS on miniemulsion droplets
for the conditions used in the experiments of Land-
fester et al.43 to be 25.8%. On the basis of these theo-
retical calculations and experimental measurements,
one can conclude that the actual value of surfactant
coverage is an order of magnitude greater than the
minimum value required for stability; thus, the ini-
tial droplet size distribution is electrostatically stable.
During polymerization, ysd would change due to the
creation of the particle surface and would depend
on the affinity of the surfactant molecule for the
droplets and the particles. The droplets would only
become electrostatically unstable during polymeriza-
tion if their surface coverage fell from about an ini-
tial 20% to about 2%. A corollary of the previous
result is that practitioners can formulate a miniemul-
sion recipe with lesser amounts of surfactant. As
stated, a surfactant concentration of 10 mM (based
on water) is used in a typical miniemulsion recipe,
which results in a surfactant coverage of 18–20%,

TABLE I
Minimum Values of the Parameters for Electrostatic

Stability

ah (nm) ja w0 (mV) Q ysd (%)

5 1.7 57 0.0123 4.6
10 3.5 44 0.0095 3.6
15 5.2 38 0.0082 3.0
20 6.9 34 0.0074 2.8
25 8.6 32 0.0068 2.6
30 10.4 30 0.0064 2.4
40 13.8 27 0.0059 2.2
60 20.8 24 0.0053 2.0
80 27.7 22 0.0047 1.8
100 34.6 20 0.0044 1.6
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whereas for coagulative stability, the required surfac-
tant coverage is 1–5%. This would not only provide
cost effectiveness, as surfactant is a costly recipe
component, but it would also reduce the deleterious
effects of surfactant on certain specific properties,
such as optical clarity, adhesion to substrates, and
weather durability, of bulk polymers produced by
emulsion polymerization.

Experimental studies on miniemulsion polymer-
ization have revealed that the fraction of droplets
nucleated is not 100%. Choi et al.45 described that
only 20% of their droplets were nucleated (with sty-
rene as the monomer and CA as the costabilizer).
Chern et al.46 determined that 55% (with styrene as
the monomer and blue dye as the costabilizer) to
60% (with styrene as the monomer and DMA as the
costabilizer)47 of their droplets were nucleated.
Reimers and Schork48 reported a droplet nucleation
of 95% (with polymer as the costabilizer). These ex-
perimental results led to an important question
regarding the fate of the remaining droplets. The
models for miniemulsion polymerization that incor-
porated the thermodynamic partitioning of the
monomer among the different phases predicted that
the remaining miniemulsion droplets continue to
transfer their monomer to the growing particles but
do not disappear completely, as in conventional
emulsion polymerization; but can exist until the end
of the polymerization.12,13,49–52 The existence of
monomer droplets until the end of polymerization
was questioned in the work by Rodriguez,52 where
droplets were considered to disappear as a result of
collision and coalescence. In another study,42 it was
found that the predictions of the model improved
when coagulation of miniemulsion droplets with the
particles was incorporated. The model of Sood and
Awasthi12,13 revealed that participation of the minie-
mulsion droplets in particle nucleation during the
later stages of polymerization, although small, con-
tributed significantly to increasing the standard devi-
ation of the particle size distribution; therefore, the
existence of stable monomer droplets until the end
of polymerization is necessary to predict the large
standard deviations of the particle size distributions
that were reported experimentally by Miller and
coworkers.8,53 In this article, I have revealed that
droplets would only become electrostatically unsta-
ble during polymerization if their surface coverage
fell from about an initial 20% to about 2%. In the
light of the aforementioned results, this seems highly
unlikely.

CONCLUSIONS

In this article, I theoretically analyze the coagulative
stability mechanism of minimulsion droplets. I have
shown that there is a sufficient electrostatic barrier

provided by the surfactant against contact, and
hence, coagulation is not responsible for the previ-
ously experimentally reported instability of minie-
mulsion droplets. The minimum surfactant coverage
required for stability is 1–5% on the basis of the
framework provided by DLVO theory, whereas the
actual value of surfactant coverage for a typical rec-
ipe found with the Langmuir isotherm varies
between 18 and 22%. Thus, the actual surfactant cov-
erage is an order of magnitude greater than the min-
imum required for electrostatic stabilization. There-
fore, I concluded that the initial droplet size is stable
against coagulation. It can be reasoned further that
the amount and nature of the surfactant in the ex-
perimental study are same whether HD or CA is
used as a costabilizer, and so if insufficient stabiliza-
tion provided by the surfactant is the cause of insta-
bility, this would result in the rearrangement of the
droplet size distribution for both these costabilizers,
but only rearrangement with CA as the costabilizer
was seen. A corollary of the previous result is that
the practitioners can formulate a miniemulsion rec-
ipe with lesser amounts of surfactant. This would
not only provide cost effectiveness, as surfactant is a
costly recipe component, but it would also reduce
the deleterious effects of surfactant on certain spe-
cific properties, such as optical clarity, adhesion to
substrates, and weather durability, of bulk polymers
produced by emulsion polymerization.

I further discussed that the existence of stable
droplets until the end of polymerization and their
participation in particle nucleation is necessary to
explain the large standard deviations of the final parti-
cle size distributions inminiemulsion polymerization.

NOMENCLATURE

Symbols

a, a1, a2 radius of spheres
ah hypergeometric radius
asd area occupied by a surfactant molecule on

the droplet surface
A Hamaker’s constant
Ad total surface area of the droplets
bsd constant used in Langmuir’s isotherm
C concentration of ions
Csw surfactant concentration in the aqueous

phase
Cst total surfactant concentration in the reac-

tor
eL electronic charge
H interparticle separation
Ie ionic strength of the dispersion medium
kB Boltzmann’s constant
NA Avogadro’s number
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q surface charge density
Q surface charge
T absolute temperature
VA van der Waals attractive potential
VR electrostatic repulsive potential
VTmax height of the energy barrier to coagulation
Vt total volume of the reaction mixture
Vw volume of the aqueous phase
Z valency of the ions

Greek letters

e0 permittivity of the vacuum
er dielectric constant of the dispersion me-

dium
ysd surfactant surface coverage on the drop-

lets
j inverse double-layer thickness
w01, w02 surface potentials of the particles
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