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A Few Examples of the Importance of Phase Diagrams for the
Properties and Behavior of Emulsions
Stig E. Friberg

Clarkson University, Potsdam, New York

I. INTRODUCTION
The traditional definition of emulsions (1) as consisting of
two liquids, of which one is dispersed in the other in the
form of macroscopic droplets, was modified by the IUPAC
Commission for Nomenclature (2) to include lyotropic liquid crystals. This change was justified by the fact that a
large number of commercial emulsions within the areas of
foods, pharmaceutics, and personal care contain such structures. Commercial emulsions frequently also contain solid
particles, but such systems are usually not called emulsions,
but rather emulsions-suspensions to avoid having the term
emulsions covering the majority of dispersed systems.
The essential of the emulsion definition is the multiphase
feature distinguishing emulsions from micro-emulsions,
which by definition are single-phase liquids (3). This distinction, although not appreciated immediately (4), is essential. With modern mechanical emulsifiers and a judicial
choice of components, it certainly is possible to produce
liquid dispersions with the dimension of the dispersed
phase less than that of a microemulsion of large dimensions, but such emulsions are not microemulsions. They are
thermodynamically unstable and, hence, emulsions.
With more than two phases present, phase diagrams become a useful tool to describe the emulsion. It is essential
to realize that in an emulsion three compounds may give
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Copyright © 2001 by Marcel Dekker, Inc.

rise to more than three phases; emulsions are not equilibrium systems.
Phase diagrams are not only a useful tool; they are a necessity in other facets of emulsion applications; this is the
case when the application involves evaporation (personalcare formulations, pharmaceutics) or dilution (agricultural
emulsions, foods). Some complex model systems will be
discussed in the sections designated to these areas; in this
introduction only the phase changes in a simple two-phase
emulsion (5) will be reviewed to illustrate this point.
The original emulsion is an oil/water (O/W) emulsion
with a composition (in percentage) of water/oil/ surfactant
(W-O-S) 54-40-6. The surfactant is Tween 80, a water-soluble surfactant, and the oil is soybean oil, a liquid triglyceride. This is the simplest case of an emulsion, and the
evaporation should in principle consist of the amount of
water being reduced causing an inversion from the original
O/W emulsion to a W/O emulsion, followed by a slow reduction of the water droplet size and a final disappearance
of them to leave an oil phase.
The experimental results show a significantly more complex behavior. After the inversion (between 50 and 80% of
the water evaporated) the water droplets (Fig. 1A) appear
black, when viewed between crossed polarizers in an optical microscope, as expected. They are formed from an
isotropic liquid in another isotropic liquid. However, when
82% of the water is evaporated, a thin radiant rim in the
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Figure 1 The optical pattern with sample between crossed polarizers of a simple emulsion during evaporation. (From Colloid & Interface
Science with due permission).

droplet appears. This radiant part grows with continued
evaporation. When 89% of the water has evaporated, the
entire droplet is radiant. Subsequently (93% of water evaporated), a nonradiant rim is observed and when 96% of the
water has evaporated the droplet is completely black and
does not significantly reduce its size thereafter (even after
prolonged evaporation.)
Obviously, the experimentally observed changes during
evaporation of this simple emulsion are at variance with
the two-phase predictions. However, the observations are
obvious from the phase diagram (Fig. 2).
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The composition of the original emulsion is marked by
an ‘X’ in one of the two-phase regions in the diagram. The
tie-line through the total composition (X) ends in the two
phases of the emulsion; the oil and an aqueous solution with
9.6% by weight of the surfactant (Fig. 2a).
The evaporation alters the total composition along the
dashed line emanating from the water corner. The oil phase
does not change, but the aqueous phase becomes more concentrated (arrow) when the water evaporates. After the
evaporation reaches point B (37% of the water removed)
the amount of oil phase is now equal to that of the aqueous
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Figure 2 Phase diagram of the emulsion in Fig. 1 (see text).

phase and subsequent evaporation causes an inversion in
the approximate range B—-C (37—79% of the water removed). The evaporation now takes place from the water
droplets. When the composition of the aqueous phase
reaches point D the isotropie liquid miceilar solution becomes saturated and subsequent evaporation leads to the
appearance of a new phase; a liquid crystal (LC) of hexagonally close-packed amphiphile cylinders (Fig. 3, bottom).
It is easily identified by its characteristic optical pattern
when viewed microscopically between crossed polarizers
(Fig. 3, top).
The experimental results (Fig. 1) show this phase to be
formed and to stay dispersed within the water droplet. In
an equilibrium system, this would be interpreted as proof of
an interfacial-tension relationship:
However, the emulsion is not at equilibrium and no conclusion about the relative size of interfacial energies may be
drawn from such experimental results.
Copyright © 2001 by Marcel Dekker, Inc.

When the evaporation reaches E the droplets consist entirely of the highly viscous liquid crystal and the emulsion
is now transferred to a suspension of almost solid particles
(although by definition it is an LC/O emulsion). Continued
evaporation takes place from the liquid-crystalline particles
to point F, when the surfactant liquid G begins to form inside the liquid-crystalline particles. At G all the liquid crystal is changed to the surfactant liquid and with the last water
removed an emulsion of the surfactant liquid with 16%
triglyceride-in-oil [14% (by weight) surfactant liquid-in84% oil] is the final state. Owing to the extremely low
vapor pressure of the oil, this is the final state for applications.
The results provide an illustration of the need for phase
diagrams to be able reliably to predict the behavior of a personal care or pharmaceutical emulsion after topical application and also serves as a strong memento for the
evaluation of the effects on skin of different types of formulation.
The opposite phenomenon, the behavior under dilution,
is equally important. The following example is from a
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Figure 4 An infinitely dilutable O/W microemulsion (A).

These two systems have demonstrated the impor tance
of phase diagrams for emulsions. The following sections
will provide a more detailed treatment of some systems
from the literature. The discussion will be limited to emulsion stability, and behavior under evaporation.

II. PHASE DIAGRAMS AND EMULSION
STABILITY
Figure 3 The liquid crystal has a structure of close-packed cylinders (top) as demonstrated by its optical pattern between crossed
polarizers (bottom).

water-free emulsion that is diluted to 3% in water during
application. The formulation may be for agricultural application of herbicides or pesticides, but the example is more
general. It gives the condition for obtaining a one-phase
system from an emulsion after dilution. Figure 4 shows a
typical phase diagram.
The condition to retain a one-phase isotropic liquid during “infinite” dilution is given by the limits for the onephase region A: an O/W microemulsion. The water-free
original formulation is limited to compositions along the
“oil”—-surfactant axis, and the limit for original compositions to give “infinite” dilutability is marked α and β on
that axis. Composition α shows the greatest possible
amount of “oil” (63%) in the original composition and β
(47%) the minimum amount. The dilution means a rather
complicated array of phase changes, but the final result is
a one-phase isotropic liquid A.
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Simple emulsions are, of course, two-phase liquid sys terns
with no surfactant present; hydrocarbons or fatty oils do
not mix with water. Addition of a surfactant may, depending
on the system, lead to the formation of a third phase. The
structure of this phase is decisive for the stability of the
emulsions.
When the third phase is a liquid (6—15) the emulsion
becomes extremely unstable, while, if the third phase is a
lamellar liquid crystal, the stability is significantly enhanced (16-18).
In the first case the third phase, a bicontmuous microemulsion, is formed because of temperature-dependent
association structures of ethylene oxide adduct surfactants,
Fig. 5 (19-21). At low temperatures the surfactant forms
micelles in water and the hydrocarbon is solubilized into
these micelles (Fig. 5a).
Increasing temperature changes the hydration of the surfactant polar groups, the area per polar group is reduced,
and the Ninham R value:
(νH= volume occupied by the hydrocarbon chain, ao = area
occupied by the polar group, and ᐉ= the approximate hydrocarbon-chain length) is increased to the range 0.5—1.0,
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Figure 5 At low temperatures (A) a nonionic surfactant (S) forms a micellar solution (black) in water (W); it solubilizes a hydrocarbon
(H). At enhanced temperatures (B) the micellar solution is changed to a bicontinuous microemulsion (black region).

and a bicontinuous phase is formed (Fig. 5B).
This phase has ultralow interfacial tension both to the
oil phase and the aqueous phase and, hence, emulsions at
that temperature are extremely unstable (22). The presence
of this phase has been used by Lin (23) to obtain efficiently
low-energy emulsincation.
The opposite effect, the formation of a liquid crystal as
a third phase, also depends on the Ninham R ratio. It is better discussed using the conditions in water-surfactant systems.
These are of two kinds related to each other by the difference in association structure as illustrated by the temperature variation of surfactant solubility and association.
Figure 6 provides a schematic description of the interdependence. At low temperatures the solubility limit of the
unimers (s, solid line, Fig. 6) is lower than the limit for amphiphilic association (cmc, dashed line, Fig. 6), and, hence,
the latter is not reached and a two-phase equilibrium, aqueous solution of monomers—-hydrated surfactant, is established. At temperatures in excess of the Krafft point, TK
(Fig. 6), the association concentration (cmc, solid line, Fig.
6), is now beneath the solubility limit (s, dashed line, Fig.
6). Association takes place and the total solubility (ts, Fig.
6) is drastically increased. Hence, the water—-surfactant
phase diagram shows a large solubility range for the
isotropic liquid solution (unimers plus micelles, Fig. 6) because the association structure, the micelle, is soluble in
water. This behavior is characteristic of surfactants with
Ninham R values less than 0.5.
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The other group, those with R values in the range 0.5—
1.0, also associate at temperatures in excess of the Krafft
point, but the molecules are now not spherically packed but
rather close to parallel. As a consequence, there is no limit
to the size of the association structure, as in the spherical
micelles, and a phase separation occurs to form a lamellar
liquid crystal. The principle features of the phase diagram
in Fig. 6 remain; the Krafft point marks the intersection of

Figure 6 The temperature-dependent solubility of a micelle-forming surfactant (see text).
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unimer solubility and association concentration, but the
continuous solubility region is not found (Fig. 7).
Surfactants of the latter kind, which are also not significantly soluble in the oil, such as lecithin, give rise to a
lamellar liquid crystal at the smallest addition to the emulsion. The water content of the liquid crystal is approximately 50% and the percentage of liquid crystal in the
emulsion is easily calculated:
in which ps is the percentage of surfactant counted on the
water plus surfactant, and fw is the weight fraction of water
in the emulsion.
With partial solubility of the surfactant in the water and
in oil the expression for the amount of liquid crystal becomes cumbersome, and the importance of the surfactant
concentration is best illustrated by a diagram (Fig. 8). The
rapid increase of the lamellar liquid crystal with the surfactant concentration is conspicuous.
The stabilization mechanism by the liquid crystal depends on the emulsification method. With gentle emulsification the liquid crystal forms a “skin” around the droplets,
as indicated by Davis (24) and demonstrated in numerous
cases (17, 25). Finally, intensive emulsification gives rise to
vesicles, which stabilize the emulsion (18).
A very illustrative example of this stabilization has recently been investigated (26) and will be described because
of the fact that two kinds of stabilization are experienced
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within one system. Emulsions (95% water), numbers 1-6
(Fig. 9), are two-phase emulsions with increased amounts
of surfactant and reduced amounts of oil (phenethyl alcohol). The surfactant is in the oil phase. Emulsions 7-9 are
three-phase emulsions in which the amount of lamellar liquid crystal in the two non-aqueous phases increases with
the higher numbers. Emulsions 10—11 are two-phase systems of water plus lamellar liquid crystal.
The enhanced stability for emulsions 7—9 is expected;
the amount of liquid crystal is increased, but the greater stability of emulsions 3 and 4 among the two-phase ones
needs an explanation. It is due to density matching; the
phenethyl alcohol is more dense than water while the surfactant is less dense and for emulsions 3 and 4 the density
of the oil phase is close to that of the aqueous phase.

Figure 8 The amount of liquid crystal varies strongly with the
amount of emulsifier:

Figure 7 The temperature-dependent solubility of a surfactant not
forming micelles, but for which the primary association is with
lamellar liquid crystals (see text).
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Figure 9 Variation of stability of phenethyl alcohol emulsions
with 95% water and varied emulsifier/oil content:
Figure 10 Phase diagram of a simple fragrance compound system
(phenethyl alcohol) with water and a commercial non-ionic surfactant (Brij 30) (see text).

III. PHASE DIAGRAMS AND EVAPORATION
FROM EMULSIONS
This section will use examples from two areas of emulsion
technology to illustrate the advantages and limitations in
the use of phase diagrams to evaluate the structural changes
during evaporation. As the first example, a system with a
solubilized fragrance compound will be chosen, because of
the relationship between the vapor pressure and the different phases.
The phase diagram (Fig. 10) will first be described in
order to relate the structural changes during evaporation to
the equilibrium structures. The solubility of water in the
phenethyl alcohol was 2% by weight and that of the surfactant was close to zero. The surfactant dissolved up to
12% of water and between 27 and 50% of lamellar liquid
crystal. The phenethyl alcohol solubilized in liquid crystal
was a modest 2% by weight. The two-phase region between
the phenethyl alcohol surfactant solution with solubilized
water and the lamellar liquid crystal ranged from zero for
phenethyl alcohol to a phenethyl alcohol/surfactant ratio of
3/7; also, the point of maximum water content was c 45%.
This composition was in equilibrium both with an aqueous
solution containing 1.3% phenethyl alcohol and with a
lamellar liquid crystal of high water content (49.5%) and a
small amount of phenethyl alcohol (1.1%). A small twophase region existed along the water/surfactant axis between the water and the liquid-crystal region. A second
two-phase region consisted of an aqueous solution of
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phenethyl alcohol dissolved in the range 1.3—2% and a
water-saturated limit for the phenethyl alcohol/surfactant
solution with phenethyl alcohol/surfactant ratios in excess
of 3/7. Up to 7.5% of water dissolved in phenethyl alcohol,
and the phenethyl alcohol and the surfactant are mutually
completely soluble.
The vapor pressure of phenethyl alcohol in these phases
was used to estimate its variation during vaporation (27)
and was evaluated in some detail (28).
The influence of the interaction with water is shown in
Fig. 11. The right-hand part of the figure shows vapor pressure with dissolved water; the values are slightly in excess
of those for an ideal solution. The increase in vapor pressure, with phenethyl alcohol added to water, is extremely
high and of a different magnitude to those for an ideal solution (insert to Fig. 11).
The phenethyl alcohol pressure in the phenethyl alcohol/surfactant solutions (Fig. 12) initially has slightly lower
values than those for an ideal solution (hatched curve),
while in the surfactant-rich part the vapor pressures are
slightly higher. The vapor pressures for compositions at the
limit of water solubility in the phenethyl alcohol/surfactant
region (Fig. 13), follows those for an ideal solution except
in the range of high water content, in which they are significantly in excess.
These values have one feature of interest for application
purposes when combined with the results from stability determinations (see Sec. II). The vapor pressure of phenethyl
alcohol in the liquid crystal with approximately 1 % of it
solubilized is equal to that of the liquid with 16% alcohol.
The consequence is extremely important for formulation

54

Figure 11 Vapor pressure of water—-phenethyl alcohol solutions:
P = partial vapor pressure of the alcohol; po = vapor pressure of
the pure alcohol.
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purposes; a composition with a 10 times lower amount of
alcohol has identical vapor pressure! Relating this information to the fact that the fragrance is the most expensive part
of a personal-care product, the conclusions are obvious.
With this fact established a description of the evaporation path and the concomitant vapor pressure variation is
of interest.
The initial direction of the evaporation path is determined by the vapor pressure of water and fragrance (Fig.
14) and for an emulsion the vapor pressure of the oil is to
a first approximation monitored by the volume ratio of
water to surfactant in the aqueous phase (29). The composition on the water-fragrance axis of the vapor is calculated
as the weight fraction of water F1F in the vapor:
in which Pw and PF are the vapor pressures of water fragrance, respectively, while MF is the molecular weight of
the fragrance compound. Simplifying the expression by
putting Pw = 20 mmHg and MF = 180 one obtains:
The vaporation trajectory is a straight line through points 1
and 2 (Fig. 14):

Figure 12 Vapor pressure of surfactant—-phenethyl alcohol solutions: p = partial vapor pressure of the alcohol; po = vapor pressure of the
pure alcohol.
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Figure 13 Vapor pressure of water—-phenethyl alcohol solutions saturated with water: p = partial vapor pressure of the alcohol; Po = vapor
pressure of the pure alcohol.

in which F0F and F0S are the initial weight fractions of fragrance compound and surfactant, respectively.
Putting FF = 0 gives the weight fractions of surfactant
left when the fragrance is evaporated, assuming a straightline dependence through the entire process. An assumption
that gives too large a value for Fs (30, 31).
Putting FF = αF1F one obtains

demonstrating the influence of α in reducing the amount
of surfactant in the final composition.
After these general evaluations a comparison is of interest between experimental data for vapor pressures during

For α = 1, Fs = ⬁ as expected and, furthermore, to obtain
the pure surfactant directly as the end product:
In addition, Eq. 6 gives the weight fraction of surfactant at
zero water content.
where α = 1 gives, as expected
and the influence by an increase of α beyond 1 is found by
putting α = 1 + δ Now

Copyright © 2001 by Marcel Dekker, Inc.

Figure 14 The direction of the initial path of evaporation for a
sample (0) in the water—-surfactant—-fragrance system is determined by the vapor composition (I) as obtained from the vapor
pressures.
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Figure 15 The vapor pressure of phenethyl alcohol over a complex emulsion ( i ) during evaporation and the values calculated
from phase equilibria (䉭), Fig. 10.

evaporation and those estimated from static measurements
in different areas.
The evaporation path shown in Fig. 10 is very close to a
straight line owing to the low vapor pressure of phenethyl
alcohol. At first the structural changes during evaporation
will be described followed by a comparison between the
measured vapor pressures and those estimated from the
static ones.
The vapor pressure above the fragrance emulsion for different water contents is shown in Fig. 15. During the evaporation process, the vapor pressures of the fragrance varied
only to a small extent. The figure also shows the vapor pressure for corresponding compositions calculated from earlier
measurements (32) of vapor pressure in the entire system in
Fig. 10.
The consequence of these results is a strong indication
that a determination of the vapor pressures of the different
phases in a complex emulsion system is sufficient to give
a reasonable prediction of the variation in vapor pressure
during evaporation of any formulation built on the components of the phase diagram. From an application point of
view, the discrepancy between the data in Fig. 15 is not important; the measured values are lower than the estimated
ones, but not significantly so. Evaporation form more com-
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plex systems has also been investigated (33). Surprisingly,
even for such systems the predictions from static measurements gave a reasonable picture of the evaporation phenomenon.
The phase diagrams are also useful for estimating the
decisive elements in the interaction between skin-care formulations and the skin. It is essential to realize that the initial formulation is not important for the action on the skin;
its influence is limited to the esthetics, the feel, and the fragrance perception at application. These are, of course, decisive for customer selection at the first purchase; repeat
customers depend also on the perceived action on the skin.
This means that there is no justification for analysis of
the entire phase diagram; not least because such diagrams
tend to be rather complicated as demonstrated by Fig. 16,
which shows the complete diagram for a system of water,
an α-hydroxy acid (glucolic acid), a white oil, and a nonionic surfactant (Laureth 4) (34).
For the interaction with the skin the non-aqueous part is
essential and as shown by Fig 16b, the system now becomes a simple two-phase one with glycolic acid dispersed
in the white oil surfactant liquid. Hence, Fig. 16b contains
the essential information; all the complex relations in the
remaining parts of the figure are not directly useful for this
particular aspect.
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Figure 16 The phase diagram of water—glucolic acid—white oil-Laureth 4 is complicated. (From Ref. 34.)

IV. SUMMARY
Some pertinent examples have been given of the importance of phase diagrams for emulsion systems. Their importance in judging the essential structures for stabilization
and for changes during evaporation has been emphasized.
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