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N EMULSION can be defined as one liquid
dispersed in the form of droplets in another
liquid (11). The particle sizes of the dispersed
phase in operationally usable emulsions may lie
within the arbitrary limits of 0.01 and 10 u (11,
92).

For particle sizes above 1 y the mixture may be
considered a coarse dispersion, whereas below
1-10u the mixture is in the region of molecular
dispersions, viz., true solutions.

In general, one phase of the emulsion may be
referred to as the “oil” and is some organic com-
pound. The other phase is most frequently
water. Of primary interest in pharmaceutics and
biological systems is the oil-in-water emulsion
which will be considered in this review. Similar
concepts can be applied to other systems.

An operationally stable emulsion would have
an unchanging amount of oil dispersed in a given
amount of continuous phase when subjected to
expected stresses of temperature, agitation, and
gravitational influences. This does not establish
requirements for the maintenance of particle
size distribution and may not be considered
satisfactorily stable in circumstances where
maintenance of a minimum particle size is neces-
sary. In the case of an emulsion which is to be
intravenously administered, a minimum particle
size must be maintained to prevent embolism
(37, 81, 85,111,112, 135), and changes in physico-
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chemical properties can be correlated with
physiological effects (16).

A perfectly stable emulsion would maintain
the same number and sizes of particles of the
dispersed phase per unit of volume or weight of
the continuous phase. The total interfacial
energy per unit of emulsion volume or weight
must be invariant with time to conform to this
definition.

Emulsion instability may be initiated by ag-
gregation of the droplets of the discontinuous
phase. These aggregates may remain dispersed
or flocculate. Eventually flotation (or sedi-
mentation if the oil is heavier than water) would
result in a clearance of the continuous phase.
This process is referred to as “creaming.” The
aggregates may coalesce to form aggregates of
larger droplets of the dispersed phase, and a
well-defined layer of oil may eventually result,
the ultimate in ‘“‘coalescence.”” An alternative
process that may occur within an emulsion that
by gross measurements is stable is the redistribu-
tion of particle sizes of a dispersed phase by an
aging process, 1.e., an accretion by larger particles
of the molecules of the dispersed phase which may
exis', monomolecularly in the continuous phase,
i.¢., in “solution.” This process may originate
by ‘‘evaporation’” of oil molecules from the
smaller droplets through the droplet interface
into the body of the continuous phase,

Any of these phenomena may occur by the
natural process of aging, ¢.e.,, as a function of
time. The purely physical processes of these
phenomena in a given emulsion could be: (a)
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by collision of particles, maintenance of co-
hesivity by van der Waals or London forces with
sufficient thermal energy available to promote
coalescence and to overcome the energies of
repulsion which may be electrostatic or mechani-
cal; (b) by the inherent vapor pressure of oil
molecules which permits evaporation from drop-
let “‘membrane” into the continuous phase of the
emulsion wherein the energetics favor transfer
into the membranes of larger particles; (c) by
gravitational influences which favor flotation/
sedimentation and creaming with subsequent
greater probability of contact of dispersed
particle. Such flotation may favor graduation
of particle sizes and preferentially place large
particles in contact with large particles which
may he energetically predisposed to coalescence.

Since a dispersing agent is used to lower sur-
face tension and may solubilize the oil in micelles,
the process of chemical deterioration may reduce
the surfactant concentration and thus the micellar
concentration and may change the environment in
the contlinuous phase to favor any ome of the
above physical processes of instabilization. Oxi-
dative, photolytic, or solvolytic degradation of
either the dispersing agent or the oil may reduce
the available surface-active agent and change the
pH or the chemical composition of the dispersed
phase.

Since the repulsion of dispersed particles may
be on the basis of charge and electrostatic energies,
changes in salt and/or hydrogen- and hydroxyl-
ion concentrations of the aqueous phase should
vary the energetics. Considerations of the
Helmholtz double layer (136) and the zeta
potential (22, 42, 136) are undoubtedly as im-
portant as the chemical instabilities of these
systems.

As this introduction demonstrates, the factors
which lead to the thermodynamic inevitability
of emulsion instability are complex and inter-
acting. This review of the literature comsiders
the information that is available to gquantify
these basic models. The reader is also referred
to texts (11, 15, 23, 30, 46, 88, 92,152).

DEFINITIONS AND CHARACTERIZATIONS
OF EMULSION INSTABILITY

Gravitational influences may permit the
separation of the dispersed phase from the body
of the emulsion with maintenance of its
particulate character. This involves a change
in the prepared emulsion and, in this sense, may
be considered as a manifestation of instability.
If the primary characteristic of emulsion stability
is maintenance of particulate character, 7.e., the
lack of coalescence into larger particles or to form
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a distinctly homogeneous sccond phase, then
creaming and instability are not the same thing
(61-63). Creamed emulsions can be recon-
stituted readily by gentle shaking (37, 62, 106).
Coalesced systems where the components were
chemically stable also can be reconstituted as
emulsions by the same methods that were used
in their manufacture in the first place. However,
since these methods are not so readily available
to the laity as gentle shaking, it must obviously
be a more aristocratic order of instability than
mere creaming.

It follows that the changes in the emulsion
properties that may be considered undesirable
depend on the prospective use of the emulsion
and the operational ease of reversibility of these
changes.

Types of instability that may be manifested
are: (g) creaming with or without aggregation
and increase in particle diameter, (b) aggregation
(with or without creaming), (¢) increase in
particle diameter or lowering of interfacial area,
and (d) the ultimate in coalescence, the produc-
tion of a separate and continuous oil phase.

Notwithstanding the fine points made in the
literature as to what does or does not constitute
instability, it is apparent that any observable
change in the emulsion with time is a valid meas-
ure of emulsion transformation. Whether such
changes can serve as quantitative measures for
the comparison of stabilities of dissimilar systems
or whether they can be used as tools to predict
changes in other observable emulsion parameters
are questions of importance.

Emulsion parameters that can be measured as
a function of time include visually observed
rates of creaming which may be postulated to
increase with droplet size (52) or with the extent
of droplet aggregation (24). A modern approach
is to use radioisotopically labelled oil or water
phases (7). This procedure is claimed to be less
time-consuming than the conventional visual
(94), microscopic (62), or analytical methods
(71). The change of radiation with time of
the appropriately soluble radioisotopes can be
measured at various heights in a tube to ascertain
creaming rate (7). If the oil is so labelled, a
linearity exists between the logarithm of the ratio
of counts at the top of the tube to the counts at
the bottom and the logarithm of time (7). Rates
of creaming can be accentuated by the use of
centrifugal stress which can be observed visually
(80) or photographically in the modern analytical
ultracentrifuge (37, 48, 90, 101, 143-146). Rates
of amounts of separation of phases in a given time
can also be used (37, 80, 81, 101, 143-146, 151).
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A method of evaluating emulsion stability is
the determination of a mean particle size or the
number of globules formed from a given quantity
of oil (26, 108, 126, 137, 138) or the rate of change
of particle diameter and particle numbers under
centrifugal stress (26). A classical technique is
the determination of size—frequency distribution
of oil particles and the derived interfacial area
based on volume estimates from measured
particle diameters (14, 36, 47, 57, 59, 61, 62, 64,
86, 87, 99, 108). These measurements are
usually effected through the microscope with the
aid of a hemocytometer, although reflectance
measurements have been used (74). Propylene
glycol has been suggested as a suitable diluent
(62). Mathematical representations of size distri-
bution are, in general, empirical (2, 35, 57, 59, 97,
108).

Arguments have been presented, however,
that it is not the area of the interface that defines
emulsion stability, but the change of this quantity
with time (62, 63).

Increases in particle diameters or decreases in
numbers of particles do not appear to depend on
the coarseness (61) or fineness (26) of particle sizes
in an emulsion. King and Mukherjee (62) have
shown that the rate of decrease of interfacial area
in a given emulsion is reasonably constant with
time. This method has found wide application
in the estimation of emulsion stabilities (47,
61, 62, 64, 86, 87). Its superiority over mean
particle size measurements has been claimed
(47, 86) on the premise that changes in size-
frequency distribution are reflected in the derived
specific interfacial area, whereas a mean particle
size may be relatively invariant. It has been
stated (87) that the rapid deterioration of an
emulsion followed in this manner can be cor-
related with that ultimate in instability, coales-
cence, and separation into two continuous phases
since there is an increased frequency count of
relatively large oil globules. It is of interest that
in several emulsions studied, a discontinuity in
particle sizes was observed above 7.5 u, and free
oil accumulated. It is tempting to conclude that
soap-stabilized (62) and nonionic-stabilized (86)
emulsions are stable only when particles are of
diameters below 7.5 y. The maximum error in
the estimated specific interfacial area is 5% with
an average error of 2-3%, (86). A count of 1000
globules is considered to have a high probability
of characterization in the size—frequency method
of analysis (73, 86), although counts of 4000 (64)
have been made. The large counts are con-
sidered mandatory since large particles, although
few in number, have large effects on the estima-
tion of specific interfacial areas.
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The size-irequency method with its reflected
estimation of specific interfacial area also has
been criticized by Knoechel and Wurster (64),
who observed an increase in specific interfacial
surface prior to the subsequent decrease that was
expected from aging. They attributed this
pbenomenon (which in accordance with the
proponents of the size—frequency analysis would
indicate dncreased emulsion stability) to the
presence of subvisual particles (fe. <0.5 p)
which ultimately coalesced to give visual particles
under microscopic observation. The techno-
logical limitation of this technique thus should re-
sult in erroneous estimates of specific interfacial
area. The method has also been criticized
(143) as being insensitive to small but important
changes occurring in the emulsion.

The advent of modern instrumentation has
introduced the use of the Coulter counter (28) in
the determination of size-frequency relations
(50, 53-55, 69, 70, 149) which can conserve much
of the time and energy expended in microscopic
counts. However, the same criticisms are
applicable. The error is large in the estimation
of large particles. The lower limit of particle
sizes that can be measured are of similar magni-
tude to the microscopic method.

Other properties of emulsions that may be
measured are surface or interfacial tensions
(56), electrophoretic mobility (32, 45, 98), or
interfacial tension (20, 61, 77, 125). The life-
time of drops at an oil/water interface may be
measured (21, 25, 100). Merrill (80) has listed a
great number of methods. Some of the testing
methods applied to emulsions in industrial phar-
macy have been reviewed recently (133).

PHYSICAL FACTORS AFFECTING EMULSION
STABILITY

If a chemically stable emulsion of specified
composition and particle size distribution may be
assumed, several sequences of events may occur
with time, 7.e., with the “‘aging’’ of the emulsion.

(@) The emulsion may cream and the creamed
particles may coalesce. The creaming process
may be reversible with agitation:

emulsion particles = cream — coalescence

(d) A preliminary equilibria may occur to
form aggregates of dispersed particles prior to the
creaming process:

emulsion particles = aggregates — cream —
coalesced internal phase

(¢) A growth process may occur in the emul-
sion due to collision factors: van der Waals and
London forces may overcome the energy barriers
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of the interfacial films so that within the body of
the continuous phase there is a growth process due
to coalescence of drops or the growth of 1 drop at
the expense of another:

aging . .
emulsion particle ——— large emulsion particles

cream cream

coalesced internal phase

Gravitational influences permit the separation
or creaming of the dispersed phase from the body
of the solution. The force, F, on a particle in a
gravitational field is (41)

F=Wp—o)a (Eq. 1)

where V is the volume of the particle, p and p’
are the densities of the particle and medium,
respectively, and ¢ is the acceleration due to the
field (41). When steady-state conditions are
reached, there is a constant particle velocity,
v, and the gravitational force equals that applied
to the particle by Stokes’ law so that

Vip — pa = by (Eq. 2)

where k is the shape constant, and y is the coef-
ficient of viscosity of the fluid medium (41).

In the special case where the droplet is con-
sidered spherical and of radius, », Eq. 2 can be
modified to

v = 2_‘”1(”;”’) (Eq. 8)
n

If the density of the dispersed phase is less
than that of the continuous phase, z.¢., p> p/, the
phenomenon observed is flotation, and the re-
sultant creaming is due to the lessening of the
interparticle distance by the effects of gravita-
tional field. If p’ > p, sedimentation results.

T. Higuchi (49) has criticized the application of
the simplified Stokes equation since it may be
based on the oversimplified assumptions of (a)
spherical particles, (b) similar sizes for all dis-
persed particles, (¢) sufficient distance between
particles so that the movement of one particle is
independent of the other, and (d) that the rate is
governed solely by hydrodynamic factors.

Nevertheless, since it may be anticipated that
rates of coalescence may be dependent on the
ability of dispersed particles to lessen the distance
between them (42), it may follow that factors
that would increase rates of creaming and ag-
gregation would lead to changes in rates of
coalescence and to the ultimate separation into
homogeneous phases. It has been demonstrated
that centrifugal stress does significantly increase
the mean particle diameter (26).

Effect of Density Differences.—It is ap-
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parent from Eqs. 2 and 3 that the velocity of
creaming should be dependent on the differences
in the density of the oil used as the dispersed phase
and the density of the continuous medium.

Small density differences promote ease of
emulsification unless polarities of the oil are
excessive (61). However, the initial specific
interfacial areas of emulsions similarly prepared
are not necessarily inversely proportional to the
magnitude of these density differences (87). It
is interesting to note that changing density dif-
ferences between the oil and water do not have
significant practical effects on emulsion stability
as based on time changes of size-frequency
analysis (47, 62, 87). Although creaming was
inhibited when brominated oils were blended to
equate the specific gravity of dispersed oils and
the external phase, the effects on stability as
measured by the change of specific interfacial area
with time were indeterminate, since these minor
increases on stability could also be attributed to
the nature of the brominated oils used (87).

The application of centrifugal stress to induce
coalescence, the rate of which was considered a
measure of stability, did not correlate coalescence
rate with the differential densities (80). In fact,
castor oil, which possesses a density closest to
that of water of all the oils studied, gave evidence
of the most rapid separation under the stress of
centrifugation. Merrill (80) also asserts that
factors other than density difference must be
considered in comparing different oils in an oil/
water emulsion even for creaming purposes.
This is readily understandable when it is con-
sidered that creaming is also dependent on the
volume, V, of the suspended material and/or the
radius, 7, of the dispersed particle and/or the
viscosity, #, of the medium and/or the shape
constant, 2 (Egs. 2 and 3). It thus follows that
if creaming is implicated in coalescence, other
factors may be of greater significance than phase
density differences. Aggregate formation where
the factor V is increased occurs at higher sur-
factant concentrations (49).

Aggregates are probably not spherical, and
thus the shape constant, %, may be modified
(101). The magnitude of particle size which
is reflected in increased » and the magnitude of
the viscosity, , which is a function of particle size
and oil concentrations may also be of greater
significance than phase density difference (118).

It must be appreciated also that the ultimate
resistance to coalescence arises from the existence
of extremely thin water films between creamed
droplets and the presence of an ionized emulsifier
adsorbed on particle surfaces (101).

Effect of Properties of Dispersed Oil.—If



Vol. 54, No. 11, November 1965

oils of large polarities are excluded so that
specific interactions with surfactants would be
negligible, it appears that the nature and viscosity
of the oil is of negligible practical importance in
all aspects of emulsion stability.

Changes in oil viscosity had no significant
effect on droplet size distribution, although a
slight increase in the number of large droplets was
observed (47). In an attempt to rank emulsifier
efficiency of various soaps, there was no quantita-
tive or qualitative difference in results between
such widely divergent oils as kerosene and olive
oil (62). King (61) has concluded that the
viscosity of the internal phase is of little
importance in determining the viscosity or stabil-
ity of the emulsion it forms. Toms (134) and
Sherman (116) have found no correlation between
emulsion viscosity and the viscosity of the internal
phase. The chemical nature of the oil internal
phase was of greater significance in the specific
case where carbon black was incorporated into
dispersed sorbitol.

In other studies (86) it has been shown that the
viscosity of the internal phase has no influence on
particle size distribution in prepared emulsions.
The same modal value of 0.5 u was obtained for
various oils when prepared by the same method.
No difference among oils was observed when the
emulsions’ ingredients were subjected to various
homogenization pressures. Sherman, in a com-
plete review (118) on the flow properties of emul-
sions, has come to a similar conclusion concerning
the negligible effects of internal phase viscosity.
Any influence exerted by the internal phase was
attributable to its interaction with the emulsifier
film around the particles (120, 134).

Viscosity and Emulsion Stability.—The vis-
cosity of emulsions is linearly related to the
volume concentration of dispersed rigid spherical
particles in dilute emulsions as per Einstein
(33, 34) when no interaction exists among the
particles and the magnitude of particle separation
exceeds the particle diameters., This basic
relation should be modified when the droplets
are deformable and increase in number (76, 83,
118, 122). In the former case, the viscosity of
the emulsion should not increase with an increase
in dispersed volume as much as it would with
rigid spheres since the particles are more elastic
to tangential stress (118). In the latter case the
viscosity of the emulsion should increase more
than the ideal systems of the Einsteinian postu-
lates due to the necessity of shearing aggregates
and bulk interference with slippage. In con-
centrated emulsions, hydrodynamic interference
takes place between particles and is dependent
on particle size (107). Sherman’s (118) recent
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excellent review discusses these models and cites
references so that details are not needed in the
present review.

There are two aspects to the consideration of
the rheological properties of emulsions. The one
is their effects on emulsion stability, and the other
is the effects of changes in the emulsion due to its
deterioration on the rheological properties.

The presence of a viscosity factor in Egs. 2 and
3 is applicable in the consideration of creaming
instability. Entrained air at an interface stabi-
lizes oil particles that would normally readily
cream and coalesce (62). This is attributed to its
effect on the viscosity of the emulsion. However,
Knoechel and Wurster (64), in an experimental
attempt to determine if viscosity played a
decisive role in the gross stability of emulsions,
were unable to conlude that viscosity played
more than a minor part in affecting rates of
coalescence.

It is considered to be generally true that
viscous emulsions are more stable than mobile
ones due to retardation of coalescence. How-
ever, high viscosity may be a symptom rather
than a cause of stability since emulsion viscosity
is usually a function of added stahilizers (61)
and emulsifiers (8, 86, 153). The viscosities of
some studied emulsions (86) were not influenced
by changes in specific interfacial area nor with
constituents of the internal phase. In many
cases little effect of globular size on the viscosity
of oil/water emulsions was observed (8, 72, 121).
Conversely, no significant effects on rates of
coalescence or changes in specific interfacial area
were observed over long periods for wide ranges
of emulsion viscosity, 4.e., 34 to 1800 cps. (64).
However, it has been noted that with emulsions
that exhibit thixotropic plastic flow the yield
value, i.e., the force to be applied before stream-
line flow commences, increases with surfactant
and oil concentrations (8). In addition, the
aggregation—deaggregation equilibria may effect
rheology and thixotropy (52). In the specific
case of insoluble solid emulsifiers at low con-
centrations, the viscosity did decrease with the
aging of the emulsion (60). At higher con-
centrations of these emulsifiers, a slight increase
in viscosity was first noted which then decreased.
The explanation was that there is an initial slow
rate of hydration of the solid prior to the pre-
viously observed aging effects (60).

In Sherman’s recently published review article
(118) on rheological properties of emulsions, the
various factors such as particle size, emulsifying
agent composition and concentration, pH,
electroviscous effects, and stabilizers which may
influence emulsion viscosity are covered in detail.
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In general, the effects on the viscosity of the
continuous phase are reflected in the oil/water
emulsion prepared from the continuous phase so
modified. Such factors as particle size and size
distribution may not have significant effects on
viscosity under the limited conditions of some of
the cited literature, ¢.¢., at low volume concentra-
tion of the dispersed oil phase (72). However,
under conditions of narrow size ranges around a
mean particle size the measured non-Newtonian
viscosity may be shown to be a function of the
mean particle diameter (102, 103).

A major model for emulsion rheology is that
the viscosity of oil/water emulsion decreases with
shear (.e., the system is non-Newtonian) until a
minimum value is reached (118). This may be
attributed to aggregate destruction. At any
rate of shear there is an equilibrium size for the
aggregates.

Surface Tension and Particle Films.—On
the basis of energetics, surface tension lowering
may be considered conducive to emulsification
since it is obviously easier to micronize a liquid
bhounded by such a surface. However, it is not
this property per se but the interfacial adsorption
that accompanies it that is considered to promote
stable emulsions (61). There are several in-
stances of high electrophoretic mobilities due to
surface-active ions under conditions which give
rise to little or no lowering of interfacial tension
(98). Surface-tension measurements have been
used to evaluate the properties of surface-
active substances at a liquid/liquid phase
boundary using coalescence of mercury spheres as
a model (127). Many emulsifying agents are
without appreciable influence on the surface
tension of water, although it is axiomatic that low
surface tension may favor ease of emulsification
to the extent of spontaneity (61). However,
the energy input to form an emulsion is sur-
prisingly small. The energy required to form 1
L. of emulsion of 109, of discontinuous phase
where the interfacial tension is 1 dyne/cm. is 0.7
cal. This value is quite low compared with the
energy mnecessary to heat the emulsion 1° (42).
Electrolytes increase the rigidity of surface films
and thus may increase capillary activity and
lower surface tension (20, 22). However, this
latter may be the very factor that promotes
coalescence.  Oils with interfacial tensions
against water of less than 42 dynes/cm. more
readily form oil/water emulsions, but are not
necessarily of the highest stability (77). Again,
the interfacial film with the proper surfactant is
most important. Alexander (4, 5) has surveyed
the possible methods of measuring changes in the
interfacial tension, viscosity, and potential at oil/
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water interfaces and has considered the structure
of such films (6).

The available evidence does not indicate that
any of the soap films on dispersed particles are
thicker than monomolecular (47). Calculations
of surface areas and total numbers of molecules ad-
sorbed yield an average area per molecule highly
consistent with a monomolecular film (77, 114).
The stability of emulsions with respect to the
presence of adsorbed films at interfaces is attained
by the formation of a coherent, mechanically
strong gel oriented in a unimolecular layer (or
tightly packed solid particles) (1, 6, 61, 62, 96)
which also acts as a barrier to emulsion degra-
dation by molecular diffusion (52). Intermo-
lecular complexes at the oil/water interface
between one component in the oil and one in the
water can stabilize such interfaces (58, 113).

Phares (95) has recently proposed that re-
ductions in water/oil interfacial tensions pro-
duced by hydrophilic and lipophilic surfactants
acting simultaneously can be successfully pre-
dicted from the separate actions using a modified
form of the Langmuir adsorption equation, The
data indicated that the surfactants do not
interact and that all interfacial adsorption sites
behave alike,

The Gibbs adsorption isotherm has also been
applied to obtain concentrations of surfactants at
interfaces on the premise that the interfacial
tension depends on the surfactant concentration
(136, 150).

Optimum salt concentrations exist to stabilize
the Gouy layer (20, 22).

At the critical micelle concentration (CMC)
the maximum emulsifier concentration exists per
unit surface area with the retention of a mono-
layer (101), and the emulsion stability is greatest.
It may be assumed that polymolecular adsorbed
films are formed when the soap concentration
exceeds the CMC, and aggregation then occurs
(24). The increase in CMC values of nonionic
dispersants on urea addition has been attributed
to the increased hydration of the ethylene oxide
chain caused by a reduction of the “ordered”
structure of water about the macromolecule
(110).

Alexander (5) has reviewed the literature for
the experimental methods for determining
changes in the oil/water interfacial tension, inter-
facial viscosity, and interfacial potential. He also
states that the achievement of interfacial tension
equilibrium values at an oil/water interface is
not a time-dependent process (4). Thus aging
of emulsions may not be considered dependent on
a lag time for orientation of dispersants at the
oil/water interface of particles,
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Effects of Preparative Methods.—There
are many methods available for the prepara-
tion of emulsions. In addition to classical phar-
maceutical practices, there are some exotic
techniques. One such is ultrasonics (52, 78, 123)
for which finer emulsions have been claimed
than by more conventional techniques. Re-
producible emulsions have been claimed by using
a series of vibrating rollers in contact (155).
Electrical dispersion may produce emulsions of
more homogeneous particle sizes (89). An
elegant modification was the passing of electrically
charged monodispersed aerosols through a liquid
medium containing an emulsifier (149). The
more classical emulsifying equipment has been
compared by preparing similar emulsions with
varied emulsifiers (124). When the more com-
mon methods of shaking or stirring are varied,
there are only slight changes in median particle
diameters (47). Finer and more stable emulsions
have been claimed from the formation of soaps
in situ, viz., fat in oil, alkali in water, than from
dissolution of soap in the water phase and sub-
sequent shaking with the oil (61, 62).
Specific interfacial area, as based on size—fre-
quency distribution calculations, increased
linearly with homogenization pressure (86, 87).
When equidensity oil emulsions were prepared in
the homogenizer, there was an increased fre-
quency of large oil particles. It is believed that
preparation of emulsions at higher temperatures
will yield smaller particle sizes. However, the
distinction between ease of formation of an
emulsion and its subsequent stability is well
recognized (25, 77), although homogenization
procedures which produce smaller particles more
resistant to coalescence than larger particles are
considered to enhance emulsion stability (59).
Plastic viscosity, thixotropy, and yield values of
emulsions were altered by the temperatures of
emulsification and the rates of cooling (17).
Slow cooling minimized variations among emul-
sions. In contrast to the previous observation
cited (59), the small particles favored by fast
cooling produced emulsions that were more un-
stable (17). There were no significant differences
visually, microscopically, or rheologically, re-
gardless of whether the phase temperatures of the
emulsion preparations were the same (17).

CONCENTRATION AND COMPOSITION
FACTORS AFFECTING EMULSION
STABILITY

The effect of the nature and composition of the
oil phase has been considered previously.

Influence of Emulsifier.—There appeared
to be little appreciable change in the distribu-
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tion of particle size diameters when freshly made
emulsions were prepared from various soap con-
centrations (47). However, larger numbers of
oil particles are claimed to be produced with in-
creased surfactant concentrations (26).

Notwithstanding this minor discrepancy, both
studies noted that dilute soap emulsions tend to
be more unstable on aging than those prepared
with concentrated surfactant solutions. In the
latter case (26), stability was considered increased
when the rate of reduction in numbers of particles
under centrifugal stress is considerably di-
minished. Increasing surfactant concentration
causes decreasing median particle size, and the
logarithm of the emulsified concentration is
linearly related to the mass median diameter
(106). This decrease in particle size and re-
sistance to aging with increased concentrations of
emulsifiers (106) is true even for insoluble solid
emulsifiers (60, 75). Of course, the concomitant
increase of viscosity with increasing emulsifier
concentrations which was observed with high
ratios of oil to water (134, 153) may favor resis-
tance to creaming and the subsequent particle
growth promoted by particle contact.

Increased stability also can be ascribed to the
increased surface barrier to emulsion degradation
by the molecular diffusion route (52).

In general, emulsion stability, as estimated
from correlation with the wvariously proposed
measurements, increases to a maximum with
surfactant concentration and then tends to de-
cline. In many cases the stability appears to be
maximized at a critical concentration of
surfactant (93). In the case of soaps this critical
concentration increases with increasing electro-
lyte concentrations (36, 61).

Rehfeld (101) has demonstrated by ultra-
centrifugal techmiques that increasing the sur-
factant concentration gives maximum stability
at a concentration corresponding to the CMC of
the surfactant. The rate of coalescence of the
dispersed phase increases with decreasing sur-
factant below this CMC value. At the CMC,
the area per adsorbed emulsifier molecule ap-
proaches the actual molecular cross section, and
the mechanical stability of the adsorbed emulsifier
is expected to be at its greatest (101).

In regard to these observations, it should be
noted that the stability of a drop at an oil/water
interphase increases with soap concentration to
a value just slightly greater than the CMC of the
soap (25). These phenomena have been at-
tributed to a minimum in the rate of film drainage
slightly shifted by a rate constant necessary for
film rupture (25). The increase in surfactant
concentration can take a relatively monodis-
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persed system (at <0.19, AOT) and increasingly
aggregate it. The aggregation is reversible on
dilution of the surfactant (53). Increases have
been noted in micellar size of nonionic surfactants
in aqueous solution (by light scattering) above
the CMC (by surface tension) until a critical con-
centration of surfactant is reached where the
micellar size remains constant (9). The
logarithm of the micellar molecular weight may be
proportional to temperature. The defining of
CMC on the basis of lowering of interfacial
tension (88) has been criticized recently (95) on
the basis that the effect of surfactant concentra-
tion can be explained completely without con-
sidering CMC.

The free energy of micelle formation decreases
with increases in the chain length of a nonionic
detergent. The free energy change per
methylene group appears to be constant and is
accompanied by a decrease in AH and an increase
in AS (27). The net result is a tendency to
larger enthalpy and smaller entropy increments
as the chain lengths increase. If the detergent
molecule achieves a configuration to minimize
the surface volume ratio, a decreasing entropy
increase may be expected if the total increase in
entropy which governs the micellization process
arises from the desolvation of the detergent
molecules in the process of aggregation (27).

The effects of kinds of emulsifiers on emulsion
preparation have been replete in the literature,
especially with regard to mixed surfactants and
HLB systems (11, 12, 44, 104, 105) or different
mixtures of oil- and water-soluble surfactants
(128), so there 1is little need to review this here.
Optimum surfactant blends described for emul-
sions (44) cannot be explained by producing a
minimum surface tension between oil and water
(95). However, a brief mention of procedural
methods that have been used to determine
emulsion stability with variations in emulsifiers
may be of interest. No significant difference
on particle size distribution of oil/water emulsions
was observed when the hydrocarbon chain
lengths of several sodium soaps were varied in
one study (47), although the stability ranking was
oleate > stearate > palmitate > rosin in another
(62). The potassium and sodium soaps were
simnilar in stabilization, but the ammonium soaps
were much inferior, as determined by changes in
particle size distribution (62). It was again
observed that ability to disperse is not neces-
sarily related to the maintenance of an emulsion
by this criterion of emulsion stability (63).
Gelatin does not disperse as well as soap, but the
latter deteriorates more readily - (61). Gelat-
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inous alumina also gives coarser dispersions but
more stable ones.

There was no observed difference in stability
under ultracentrifugal stress and as monitored
by particle size and numbers for several emulsi-
fiers (vz., sodium oleate and nonionics) examined
(26). Acacia was poorer than some polysorbates
in the preparation of emulsions with better
specific interfacial areas (86). Beeswax, a
thixotropic emulsifier, was not significantly dif-
ferent than other dispersants in its effects on
decreasing specific interfacial area with time (87).

Influence of Addends.—Growth and coales-
cence of soap-emulsified emulsions may be
accelerated by HCl and CaCl, addition (62).
Salt addition produces coarser and less stable
emulsions. When electrostatic repulsion is in-
volved, electrolytes influence flocculation ac-
cording to the Schulze-Hardy rule (92, 152).
Size-frequency measurements show there is an
initial decrease in the specific interfacial area on
the addition of K,SO,, probably due to the salting
out of soap adsorbed at the interface (61).
This phenomenon is most marked at lower soap

concentrations, Salts lower the soap concentra-
tion necessary to initiate aggregation. This
aggregation appears to be reversible (24). Salts

and alkanols inhibit deaggregation (69, 70). 1In
general, only ionized monolayers are affected by
salts, and only ions of opposite sign to the film
have an appreciable effect. More complete ref-
erences on this subject are available (20).

W. Higuchi has shown that an oil that is miscible
with the major oil that is dispersed, but highly
immiscible with water, diminishes instahility by
the molecular diffusion route (52). The addition
of urea forms complexes with polyoxyethylene
surfactants and inhibits the structural formation
of micelles which may be considered ordered
(110). In this study surface-tension methods
obtained the CMC values which increased with
urea concentration.

The effect of adding aliphatic alcohols on the
CMC was correlated with the aggregation of
particles as measured by the visually observed
rate of creaming (24). The effects of pH on the
electrophoretic mobility of oil/water emulsions
have been studied (32, 45). Hydrocarbon and
alkyl halide oil/water emulsions demonstrated a
small positive charge at low pH and an increasing
negative charge until a constant value is reached
at pH 9 (32).

Influence of Volume Concentration of the
Dispersed Phase.—Increases in the volume
concentration of the dispersed phase yield only
slight increases in viscosity up to a critical con-
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centration. Above this value, there is a sudden
rise to a maximum, instability, and inversion
(8, 18, 19, 66, 82, 115). No significant effects of
phase volume of oil between 10 and 259, were
observed on the rate of visual creaming which was
used to estimate rate of aggregation (24). How-
ever, on theoretical grounds and by experimental
observation, it has heen shown that electrical
charges cannot be expected to stabilize water-in-
oil emulsions of more than extremely low con-
centrations against flocculation (2, 25).

T. Higuchi (49) has argued that when the emul-
sion has a high volume of dispersed phase, the
basic assumptions of the Stokes equation are no
longer applicable. He turned the problem
around for such concentrated systems and did not
consider the suspended particles failing (or rising)
in the continuous medium, but considered the
medium to flow through a bed of solid immovable
internal phase in accordance with the Kozeny
expression. The assumptions for this model
would include no change in the composition of the
dispersed phase due to differential velocities of
small and large particles, i.e., the mass of the
dispersed phase is relatively closely packed.
This model possibly may be modified to include
adjustment of particles in the packed bed with
time to simulate the sweep-out phenomenon
which should be characteristic of the clearance
of a concentrated emulsion. The creaming of the
finer particles of a dilute (about 149%,) oil/water
emulsion follows the Stokes relations (37, 41)
until the cream is closely packed. It is very
possible that the drainage of continuous phase
from the closely packed cream would be closer to
the Kozeny expression and that the creaming of
high ratios of oil/water emulsions would not
follow either the Stokes or Kozeny relationships.

STRESS FACTORS AFFECTING EMULSION
STABILITY: HEAT AND TEMPERATURE

It has been well known that the breaking of
emulsions has been accelerated by thermal stress.
However, sizefrequency and specific interface
methods show that thermal effects are greater
for some systems than for others and that there is
no real basis for comparison (16, 61, 62, 86, 154).
In many cases the physical instability may be
concomitant with chemical instability which is
also thermally activated (16, 37). Low tempera-
tures may precipitate emulsifiers and thereby
change emulsion characteristics (133).

The stability of large drops that collide with an
interface, 7.e., a flat liquid-liquid interface, in-
creases with decreasing temperature (21, 91).
It has been claimed that with such an interface
stability increases with increasing drop size (21},
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although arguments have been presented also
that stability of a drop can either decrease or
increase as the size of the drop changes (91).

There does not yet appear to be any clearly
definable relation between temperature and the
rates of change of quantifiable parameters used to
evaluate emulsion stability (154). Solubilities
of each phase in the other may be complex func-
tions of temperature (133). Nevertheless, Levius
and Drommond (73) suggest that about 30° is the
temperature of maximum stability and that short-
time stability tests performed at elevated tempera-
tures will give some reliable information as to the
comparative behavior of emulsions under normal
storage conditions, and urge further work. Al-
though emulsions stored at higher temperatures
show greater deterioration in specific interfacial
area (16, 86) it is believed that emulsions pre-
pared at higher temperatures give the smaller
particle sizes conducive to higher stability (87).
In many instances there exists a phase-inversion
temperature above which oil/water emulsions
revert to a water/oil type, and this temperature is
lowered by the increased solubility of the sur-
factant in the oil (119). The importance of
hydrophilic emulsifiers in preserving emulsion
stability in preparations that undergo high-
temperature homogenization and sterilization is
readily understandable (13).

AGING AND TIME

It appears indisputable that aging of an
emulsion, wherein such aging includes normal
thermal and gravitational stresses, results in an
increase in mean particle diameter and con-
comitant decreases in specific interfacial area
{16, 47, 60, 62, 64, 67, 86, 87). Sherman (117,
118) claims that if the major change is in the
mean globular size, there should be an ac-
companying decrease in emulsion viscosity which
should permit prediction of mean globular size
with aging. He gives equations for such predic-
tion.

Claims have been made that the logarithm of
an emulsion property which changes on aging
when plotted against the logarithm of time is
sufficiently linear to be used as a predictive
method (154).

This relation has been claimed for phase separa-
tion (79) and for creaming rates (7) as well as
viscosity (154). In some cases, the relationship
between average diameters and specific areas
with time has been found to be approximately
linear (59, 62).

Aging by Molecular Diffusion.—The mean
particle-size enlargement on aging could be
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by molecular diffusion which is applicable in
those instances where the oil has a finite solubility
in the water phase (52). When an aqueous
phase is not saturated with the oil, the smaller
particles dissolve first (50), consistent with the
preferential dissolution of smaller size crystals
(51). W. Higuchi made the interesting proposal
that the incorporation of a small amount of a third
component in the internal phase could stabilize
particle sizes. Such a component should be
highly miscible with the oil but highly immiscible
with water (52). This phenomenon is consistent
with the observation that mutually saturated
phases give longer lifetimes to drop coalescence
with an interface than unsaturated phases (91).

Aging and Aggregation.—The extent of
equilibrium aggregate formation is time depen-
dent, as is the extent of deaggregation under
lessened surfactant concentration (24, 53).

The Couilter counter was used by W. Higuchi
(50, 53) in such studies, whereas rates of creaming
also have been used as a chief criterion of aggrega-
tion (24). Ultracentrifugation can also study
aggregation phenomena (101). Rate-dependent
aggregation also may affect rheology (53), cream-
ing rates (24), and thus coalescence (54). The se-
quence of collision, aggregation and coalescence
can be formulated as based on an initial bimolecu-
lar process for the minimum collision frequency
where Brownian motion is involved (54). It is
interesting to note (54) that the observed dif-
fusion-controlled rate is somewhat less than that
predicted by Smoluchowski (147, 148).

The basis for relations between the numbers of
aggregate and time is founded on the concepts
of Smoluchowski (147, 148), who assumed that
in the rapid coagulation of particles of equal size,
one particle becomes permanently fixed to
another when the two approach within a certain
mintmum distance, R.  Aggregation occurs when
R is less than twice the particle radius, 7, i.e.,
R < 2r. The simplest equation which gives the
rate of disappearance of simple primary particles
by a bimolecular process to obtain doublets when
all collisions are effective is

o

RGO

71 (Eq. 4)

where #¢ is the number of primary particles in a
unit volume at zero time, and #; is the number of
particles at time, ¢, where § is a constant equal to
4D Rny, where D is the diffusion coefficient. The
factor, 8, can include a factor representing the
fraction of collisions that are effective in the slow
aggregation process. The expression appears to
have experimental validity (59). A modern
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review of the experimental verification and
modification of the equation has been given
recently by Banerjee (10}, who has studied the
coagulating effects of electrolytes on colloidal sols,
Gillespie (39) has considered the effect of size
distribution on the rate constants for collisions in
disperse systems and points out that polydis-
persivity increases the rate constant for dif-
fusion-controlled collisions but reduces the rate
constant for shear-induced collisions.

As evidenced by creaming or sedimentation
rates, the addition of electrolytes to emulsions or
suspensions enthances the aggregation tendency of
particles (24, 43, 84) due to a reduction in the zeta
potential. Consistent with this, deaggregation
rates, as measured directly by means of the
Coulter counter, were reduced by and directly
related to the concentrations of various sodium
salts (69). The rates of deaggregation increased
as the temperature was increased, but no ad-
herence to the Arrhenius relation was observed
in the temperature range studied. Lemberger
and Mourad (70) also studied the inhibitory effect
of various alkanols and dioctyl sodium sulfosuc-
cinate on deaggregation rate and concluded that
both reduction in zeta potential and film-film
interactions are important in the enhancement of
aggregation.

The maximum in aggregation occurs with the
maximum in particle-particle sticking and in
many cases occurs at soap concentrations con-
siderably higher than the CMC (24).

Electrical Factors.—Positive and negative
ions distribute themselves between the oil
phase and the water phase to charge the oil
droplets (42, 140). There is an excess of one ionic
type in the oil, and the gradient decreases toward
the center of the oil droplet. The first layer
about the oil droplet, the ‘‘solvation layer,”
consists of strongly bound water molecules and
hydrogen atoms which are oriented with respect
to their charge. This is considered as the Stern
layer and possesses a given potential with respect
to a distant point in the aqueous phase (29, 31,
130, 136). A second diffuse double layer sur-
rounds the solvation layer and is the Gouy layer
(136). The arbitrary sphere that separates
these layers is the surface of shear. A potential
difference exists at this surface (136, 140-142).
The electrostatic interaction between charged oil
globules in water is determined by the potential
drop at the aqueous side of the interface. The
zeta potential is the electrokinetic potential in the
secondary or diffuse layer (152). The calculation
of potential functions has been well outlined hy
Van den Tempel (136), who has calculated the
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potential of the Stern layer which is practically in-
dependent of soap concentration and decreases
nearly linearly with increasing salt concentration.
The zeta potential can be calculated from electro-
phoretic measurements (136) and confirms his
estimated potentials of the Stern layer. The
amount of adsorbed soap ions had been deter-
mined by measuring the dependency of the inter-
facial tension on the soap concentration (136).

In contrast with these expectations of electro-
static interactions, Albers and Overbeek (1) had
not observed any correlation between stability
against flocculation or coalescence and electro-
kinetic potential in rapidly flocculating oil-in-
water emulsions. However, their theoretical
calculations (2, 3) predict a reduction in energy
barrier between charged droplets at higher oil/
water ratios, so that a high concentration in the
sediment (or cream) should promote flocculation,
so that electrical charges cannot be expected to
stabilize water-in-oil emulsions of more than
extremely low concentration. It is also predicted
that such emulsions cannot be protected suf-
ficiently against flocculation by an adsorbed
layer of amphipolar molecules, although they can
be redispersed by moderate rates of shear as
evidenced by viscosity measurements (3).

Aging and Coalescence.—The subsequent
rate-determining step is the rapidity whereby
the particles can overcome the potential barrier
between them (54, 109). This latter may be
considered as two processes analogous to the
case of a drop at an oil/water interface (25, 91),
where the drainage of the continuous phase from
between the drops within an aggregate precedes
the surmounting of an energy barrier, the rupture
of the adsorbed film, and subsequent coalescence
(40, 101, 117) which may be expected to be a
first-order process (137). It may be expected
that coalescence rather than aggregation may be
the rate-determining process for emulsion in-
stability in concentrated emulsions with respect
to dilute emulsions (137, 145). Since most
emulsions are not monodisperse, the size distribu-
tion may become progressively broader (117).
Since coalescence is related to the rate of drainage
of thin films separating globules, the probability
of rupture should be directly related to the thin-
ness of the film (40) and the contact surface area
(54). Thus, the rate of coalescence should be
determined by the average lifetime of the films
separating the droplets (139). The coalescence
of drops occurs on the localized displacement of
stabilizer molecules at the interface and is to be
resisted by the viscosity and elasticity of the film
(38). The more rigid a film about a drop, as im-
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parted by a stabilizer, the more resistant are the
drops to coalescence (22, 91, 132).

Centrifugation.—Although  centrifugation
has been considered in a casual manner in
the evaluation of emulsion stability and prop-
erties, little quantitative study and prediction
has been effected until recently with the use of the
modern analytical ultracentrifuge (37, 90, 101,
143-146).

Centrifugation has been of importance at
relatively low centrifugal rates in the creaming
of emulsions, such as in the dairy industry, but
experimental investigations of emulsions with
this tool have been severely limited (11). To
quote Becher (11): “To be sure, creaming may
be accelerated by centrifugation, indeed the ultra-
centrifuge has been used, albeit rarely, for this
purpose.”

Until 1962, the only application of the
analytical ultracentrifuge by others to emulsion
investigations was a study on the particle-size
distribution of a Nujol emulsion by this technique
(90).

Greenwald (42) considered the application of
the Stokes equation to the creaming of an emul-
sion and the effect of sedimentation velocity as
based on the fundamental equations of sedimenta-
tion.

The use of the low-speed clinical centrifuge up
to 3600 r.p.m. has been applied by Merrill (80).
The results from this applied stress in measure-
ment of the rate of separation of the internal
phase was considered as a quantitative index of
the mechanical stability of emulsions.

Cockton and Wynn (26) have claimed that
spinning of an emulsion at 20,000r.p.m. with time
produced a suitable degree of progressive de-
terioration and stated that the logarithm of the
root mean cube diameter of the particles is
linearly related to the time of centrifuging, i.e.,
the logarithm of the numbers of particles de-
creases linearly with time.

The classical methods of evaluating emulsion
stability included previously mentioned tech-
niques that determined the size of particles and
established frequencies of occurrence in various
size classifications. A major criticism of such a
technique is that in fine emulsions only a small
fraction of total amount of the dispersed phase
can be characterized, and the distribution of the
smaller particles can be estimated only by
mathematical correlation of size and frequency
with subsequent extrapolation. Such counting
techniques are exceedingly tedious.

Methods of measuring the stability of
emulsions in terms of changes in interfacial area
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or drop volume may be very insensitive to small
but important changes occurring in the emulsion
and may be useful only in unstable emulsions
(143, 144). Emulsion stability frequently has
been determined by measuring the formation of
cream and the separate oil phase as a function of
time, but has been largely restricted to normal
gravitational situations (22, 25, 62, 63, 65, 68).
The enormous time lags involved and the un-
certainties of complete phase separation are
definite disadvantages of such methods, and in
general they are only applicable to poor and un-
stable emulsions.

Garrett (37), Vold and Groot (143, 145, 146),
and Rehfeld (101) have demonstrated that the
analytical ultracentrifuge is an excellent tool for
the evaluation of emulsion stability. The
determination of rates of flocculation, flotation, or
creaming of a dispersed oil phase can be correlated
with the Svedberg relations applied to the sector-
shaped cell of the analytical ultracentrifuge
(129, 131).

The clearing rate of not too concentrated
emulsions adheres to the Svedberg equation and
is valid for the prediction of such rates at stresses
approaching that of normal gravity (37). This
rate does not necessarily permit classification as
a “good” or “bad” emulsion, however, since it is
most probable that the clearing of the smallest
particles is what is measured in both emulsion
types. Such definitions of emulsions are pe-
culiarly arbitrary and frequently operationally
defined. In the case studied (37) the operational
definition of a good emulsion was one which
with vigorous shaking for 72 hr. at 5° dem-
onstrated no oil phase appearance and es-
sentially no change in particle size of the dis-
persed phase. However, rates of coalescence
under high centrifugal stress were consistent with
these criteria for good and bad emulsions (37).

It has also been shown that coalescence rates
in ultracentrifugation are relatively independent
of dispersing agent concentration after the
CMC is reached (101, 143, 146) but are propor-
tional until the equilibrium concentration in the
aqueous phase reaches the CMC. This is
postulated to be due to the achievement of the
potential maximum adsorption of the surfactant
at the oil/water interface.

Many emulsions at their time of constitution
cannot be coalesced under gravitational effects
until the phenomenon of aging occurs (37, 143).
At relatively low oil/water ratios (0.14) in one
emulsion system, a good emulsion demonstrated
an induction period at high r.p.m. values of the
ultracentrifuge before a continuous oil phase
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could be observed. This may indicate a ‘‘yield”
value, a definite energy requirement, before the
“skin’’ of the adhered mass of particulate oil, the
cream, is fractured (37). In another and dif-
ferent emulsion system of a high oil/water ratio
(0.5), the induction period was not apparent
(143). The rapid spin-out of a fraction of the
oil from the cream in the latter case agreed with
that observed in the former for bad emulsions.

After the induction period observed with the
emulsion system of the low oil/water ratio (37),
the rate of coalescence accelerated (37), and the
acceleration rate is a function of the r.p.m. (37,
146) and may be considered a measure of the
toughness of particle skin and the ease of coales-
cence of different particle sizes. This is con-
sistent with prior observations (59, 91) that the
greater the force pushing a drop against an inter-
face, the shorter the lifetime of the drop. Also,
the large globules in the emulsion separate from
the bulk more readily than the smaller ones, so
that after a sufficient time interval, the proportion
of smaller globules is higher and the emulsion
has a finer dispersion than fresh emulsion (59).

A consistent model for these phenomena may
be the more ready flotation of large oil particles
so that the cream is a grading of large to small
oil particles from top to bottom in low oil/water
ratios (37). This may not occur in the case of
high oil/water ratios (143) where the phenom-
enon of sweep-out may occur (37). Higher
centrifugal speeds for a given oil/water ratio
may also promote sweep-out phenomenon, and
the cream may not have any stratification (143).
The continuous phase has to drain from the
packed globules which will be deformed by the
centrifugal stress (37, 143). It has been postu-
lated (91) that the more an interface curves away
from a drop, the longer the lifetime of a drop.
It is consistent with this premise that the more
readily deformable large drops should coalesce
first.

Vold and Groot (144, 145) have shown that the
rate of separation of oil from an emulsion under
centrifugal stress decreases linearly with the
increasing logarithm of the concentration of
sodium ion in solution which was essentially the
salt concentration, Concomitantly, the fraction
of saturation adsorption of the surfactant of the
oil/water interface increases linearly with the
logarithm of the salt concentration. The in-
creased stability of these emulsions on addition
of salt under ultracentrifugation is attributed
to increased coverage of the oil surface with
adsorbed surfactant which possibly changes the
rheological characteristics of the film (144, 145).
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This is not consistent with statements by Albers
and Overbeek (1, 2) that the greater the con-
centration of the sediment or the cream, the less
the effect of electrostatic repulsion due to the
zeta potential. Vold and Groot (146) also have
demonstrated that ultracentrifugal stability to
coalescence decreases with decreasing interfacial
area at equal equilibrium concentrations of
surfactant. An interesting anomaly of a higher
stability to coalescence of coarser emulsions
may result if the per cent surfactant is held
constant since the equilibrium concentrations of
surfactant may be greater than in the case of
finer emulsions. The rate of separation of oil is
directly proportional to the strength of the
applied centrifugal field and varies inversely
with the specific interfacial area of the emulsion.
Vold and Groot have hypothesized that the rate
of oil separation is a measure of the rate of
coalescence between the deformed drops in the
cream and the bulk oil phase, and the great
coalescence in general occurs just below the bulk
oil-emulsion interface since water separating the
dispersed oil is thinnest there.

There is little doubt that ultracentrifugal
stress can give insight into the effects of param-
eters on emulsion stability in a short time with
greater quantification and less tedium than the
prior methods described. However, many em-
pirical correlations of the results of such experi-
ments with long-term observations are necessary
to establish whether the results from ultracen-
trifugal stress can be used to predict stability
under gravitational conditions.
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