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The equilibrium phase behavior of the well-defined system tetraethyleneglycol decyl ether (C10E4)/n-octane/
water (SOW) at variable temperature (T) was revisited by careful analysis of the three bidimensional cuts,
namely, the γ (at constant water-oil ratio), � (at constant surfactant concentration), and ∆ (at constant
temperature) plots. A straightforward methodology is reported to determine the frontiers of the triphasic (Winsor
III) domain on any cut of the SOW-T phase prism. It comes from the systematic analysis of another cut,
here γ at different water-oil ratios and � at different surfactant concentrations from the knowledge of ∆ cuts
at different temperatures. The method has been validated through comparison with experimental results. It
enables one to show, for the first time, the evolution of a SOW system three-phase body contours with (i)
water-oil ratio, (ii) surfactant concentration, and (iii) temperature. It exhibits a strong impact of the surfactant
affinity for the pure oil and water phases on the shape of the phase diagrams. The systematic study of the
effect of the surfactant concentration on the aspect of the � plot sheds light on an unusual shape found at low
surfactant concentration.

1. Introduction

The phase behavior is the state of thermodynamic equilibrium
of a given system. For a ternary surfactant/oil/water (SOW)
system, the study of phase equilibria is of the utmost importance
in applications such as solubilization of organic compounds,
surface cleaning, and emulsification of oils, etc., and depends
on the action of the surfactant on the water-oil incompatibility.1

Moreover nonequilibrium properties such as the morphology
and stability of emulsions have been directly related to the phase
behavior.2-5

The phase behavior depends on formulation and composition
variables. On the one hand, the formulation variables are the
one that can change the relative affinity of the surfactant for
the aqueous and oil phases. Among them, the internal ones are
those factors related to the components of the system such as
surfactant structure, the nature of the oily phase, salinity, pH,
alcohol type, and concentration. Pressure and temperature (T)
are the so-called external formulation variables. On the other
hand, the composition variables are the ones that allow locating
the system in a ternary diagram, e.g., the surfactant concentration
and the water-oil ratio.6

According to the phase rule, a SOW ternary system at
constant pressure and temperature may form a maximum of
three phases at equilibrium. This three-phase occurrence is due
to the superposition of the three binary solubility gaps7,8 and is
generally referred to as a Winsor III case. A Winsor III system
is composed of an oil and water bicontinuous surfactant-rich
microemulsion in equilibrium with oil and aqueous excess
phases. A two-phase system is of the Winsor I (respectively II)
type, when a surfactant-rich aqueous (respectively oil) phase is
at equilibrium with an oil (respectively aqueous) excess phase.9

For a system based on a nonionic polyethoxylated surfactant,
temperature can change the affinity of the surfactant for the
aqueous and oil phases, thus allowing the change from a Winsor-
type to the other. At high surfactant concentration or at very
high or very low water-oil ratio, a monophasic system is found.
This phase is said to be of the Winsor IV type and can exhibit
complex mesophasic structures.

To represent the phase behavior of a SOW system as a
function of two composition variables (water-oil ratio and
surfactant concentration) and a formulation variable (often
temperature for a polyethoxylated surfactant-based system), a
three-dimensional representation is required. As a consequence,
the phase behavior of a SOW system based on a polyethoxylated
surfactant is a triangular prism with the ternary SOW as the
basis and temperature as the vertical axis. Classically, 2-D
representations are preferred for the sake of simplicity, and,
depending on the property to be enlightened, one of the three
cuts of this prism is used: the ∆ (constant temperature), γ
(constant water-oil ratio), � (constant surfactant concentration)
representations (cf. Figure 1).5,10

The ∆ and γ representations (Figures 1 left, 1 center) are
useful to know the minimum amount of surfactant required to
attain a monophasic system. The ∆ cut exhibits the effects of
both the surfactant concentration and water-oil ratio on the
phase behavior but does not show the influence of the formula-
tion variable (temperature). The γ cut presents the combined
effects of the formulation variable (temperature) and the
surfactant concentration and gives access to an important
parameter for applications that is the efficiency of the surfac-
tant.11 The � representation is the most appropriate one to locate
the boundary between the O/W and W/O morphologies of
emulsions, i.e., the so-called “standard inversion line”, since it
simultaneously shows the effects of both formulation (temper-
ature) and water-oil ratio.4,5,12 The position of the triphasic
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(Winsor III) domain is particularly crucial to locate, since, due
to the ultralow interfacial tensions,3,13,14 it is where the emul-
sification is the easiest, but also where the emulsions are the
less stable, and where the phase inversion can take place.4

The phase behavior of simple ternary systems consisting of
water, oil, and a nonionic surfactant of the polyethoxylated
alcohol or phenol type has been the subject of numerous detailed
studies during the past decades.15-17 � representations were first
studied for systems based on mixtures of alkylphenolethoxylates1,18

and from the 1980s, the data started to be implemented with γ
and ∆ representations for systems based on polyethoxylated
alcohols (CiEj).7,8,18-22 This class of amphiphile is particularly
convenient for systematic analysis of phase behavior since by
varying the alkyl chain length (i) and the number of ethylene
oxide groups per molecule (j), the hydrophilic-lipophilic
balance may be continuously tuned and the amphiphilicity can
be changed from weak (i e 8, j e 3) to strong.23-25 Kahlweit
and co-workers have collected numerous data on these systems
and have presented a comprehensive three-dimensional inter-
pretation of the phase behavior.11,20,26-31 Systematic studies have
been usually performed on short-chain CiEj, such as for instance
C4E1 and C4E2

32-34 because the systems based on these weak
amphiphiles exhibit the same features as the ones containing a
surfactant,26 though they are easier to handle particularly because
they do not form mesophases at high concentrations and are
more easily quantified.

In the present work, the phase behavior of a model SOW
based on a oligomerically pure surfactant (C10E4) and a pure
oil (n-octane) has been studied. A γ cut at water-oil ratio ) 1
and a � representation at 15% (w/w) surfactant have already
been published for this system,29,35 whereas the ∆ representation
has been presented with hexadecane as the oil phase.36,37

However, no systematic study has been reported to correlate
the phase equilibrium data with the emulsion properties. This
is the purpose of the present work that will be presented in this
and forthcoming companion papers. The aqueous phase contains
a low amount of electrolyte (10-2 M NaCl) in order to easily
detect the emulsion external phase by conductimetry. In this
work, a methodology is presented to determine the boundary
of the three-phase body on any cut of the phase prism, from
the systematic study of one of the two others. Particularly, this
allows one to follow the evolution of the three-phase body on
the γ cut with the water-oil ratio and on the � cut with the
surfactant concentration.

2. Experimental Section

2.1. Chemicals and General Methods. The pure tetraeth-
yleneglycol monodecyl ether (C10E4) was synthesized according
to a method described elsewhere.38-40 The purity was assessed
by NMR and GC analyses (>99%) and by determining the cloud
point temperature.41 The compound was distilled under reduced
pressure (at least three times consecutively) until obtaining a
cloud point temperature in agreement with the published data
(20.0 °C/2.6% (w/w); lit.,39 20.56 °C/2.6% (w/w)). Deionized
water (1.34 µS/cm at 25 °C), sodium chloride (Aldrich, >99%),
and n-octane (Aldrich, >99%) were used for the preparation of
the aqueous and oil phases. For GC analyses, samples were
prepared in absolute ethanol (Merck) and n-decane (Aldrich,
>99%) was used as an internal standard.

Gas chromatography (GC) analyses were performed on an
Agilent 6890N apparatus, equipped with a HP-1 cross-linked
methyl silicone gum column (60 m × 0.32 mm × 0.25 µm),
with N2 as gas vector and with a flame ionization detector (FID).

2.2. Construction of the Phase Diagrams. All samples were
prepared by weight, and the concentrations given below, unless
otherwise stated, are in weight percent (wt %). The aqueous
phase was a 10-2 M NaCl solution in water. Pure n-octane was
used for the oil phase. The glass vials for the determination of
∆ diagrams and the sealed glass tubes (internal diameter, 5 mm;
total volume, 1.2 mL) for the determination of γ and � diagrams
were prepared by successively adding the 10-2 M NaCl solution,
n-octane, and C10E4. The samples were gently shaken to facilitate
the contact between the phases and placed in a thermostatted
bath at constant temperature ((0.1 °C) until the equilibrium
was reached, i.e., until complete phase separation, which usually
took from several hours to a few weeks.

2.2.1. Delta (∆) Diagram. The triphasic domain on the ∆
diagram was determined by GC quantification at eight temper-
ature values: 22.2, 23.0, 24.0, 25.0, 25.6, 27.0, 28.0, and 28.6
°C. Experiments were performed in duplicate.

The 5 g samples were prepared at fw ) 0.5. fw is the water
weight fraction defined as follows: fw ) W/(W + O), where
W (respectively O) is the weight of the water phase (respectively
oil phase). The total amount of C10E4 was 3%. When the samples
were completely equilibrated, known and precise amounts of
the oil and middle phases were withdrawn carefully by means
of a syringe. Typically, the amount of each phase sample taken
out was in the range of 0.3-1 g.

The whole amount was then diluted with absolute ethanol
containing n-decane as an internal standard (1 mg/mL) to the

Figure 1. Bidimensional cuts of a surfactant/oil/water-temperature prism: (left) at constant temperature (∆ cut), (center) constant water-oil ratio
(γ cut), or (right) constant surfactant concentration (� cut).
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proper concentration for GC quantification. A 1 µL aliquot was
injected in a splitless mode, with an inlet temperature set at
285 °C. The temperature program allowed the simultaneous
quantification of n-octane and C10E4. The oven temperature was
held at 70 °C for 2 min, increased to 100 °C at 5 °C/min, and
then to 285 °C at 20 °C/min. It was maintained at this
temperature for 10 min. This method resulted in the following
retention times: 5.4 min for n-octane, 9.2 min for the internal
standard of n-decane, and 22.0 min for C10E4.

Three injections were performed on the same sample to check
the reproductibility of the quantification. It usually fell within
1% for n-octane and 2% for C10E4. A calibration curve for
n-octane and C10E4 was built beforehand on a 0.12-1.00% range
for the former (R2 ) 0.9998) and 0.05-0.15% for the latter (R2

) 0.9985). Both compounds were quantified in the surfactant-
rich middle phase. The amount of water was obtained from the
two others by difference. Only C10E4 was quantified in the oil
phase, in which the amount of water was assumed to be zero;
hence, the amount of n-octane was obtained by difference to
the surfactant. No quantification was performed in the aqueous
phase.

2.2.2. γ and � Diagrams. The 1 g samples were prepared
and once the equilibrium was reached at the desired temperature,
the phase behavior (WI, WII, WIII, or WIV) was determined
by visual observation. The position of the microemulsion phase
was confirmed by use of a laser pointer (375 nm), which allows
to put in evidence the presence of micelles by Tyndall effect.

3. Results and Discussion

3.1. Methodology To Determine the Frontiers of the
Three-Phase Domain in Two Cuts from the Systematic Study
of the Third One.

3.1.1. Geometrical Relations between γ, �, and ∆ Cuts. The
characterization of the triangular phase prism C10E4/n-octane/
water + 0.01 M NaCl-temperature was performed by simple
analysis of the main characteristics of the triphasic domain of
the ∆ diagram at constant temperature. A low amount of
electrolyte was added to the aqueous phase to ensure the
electrical conductivity needed to follow the morphology of the
emulsified system that will be dealt with in forthcoming papers.
It is worth noting that the presence of this low amount of NaCl

does not affect the equilibrium phase behavior of the system,
as confirmed by the results presented below, which are in
agreement with the published data29,34 on the salt-free system.

The ∆ cuts were determined at eight temperatures by GC
quantification of the surfactant C10E4 (S) and oil n-octane (O)
in the microemulsion and oil phases of the sample at equilib-
rium. The amount of water + NaCl (W) was obtained by
difference. As a reminder here, the so-called triangular phase
prism has the ∆ diagram as the basis and the temperature as
vertical axis (cf. Figure 1).

Figure 2 (center) schematizes the representations of ∆
diagrams at three different temperatures: Tl < T < T*, T ) T*,
and T* < T < Tu, where Tl and Tu define the lower (l) and upper
(u) temperature limits of the range in which the system phase
behavior is of the WIII type.9,11,42 T* is the temperature for which
a minimum amount C* of surfactant is needed to reach the
monophasic WIV system, for equal amounts of aqueous and
oil phases.21 For temperatures lower than Tl and higher than Tu,
the system at equilibrium is biphasic, of the WI type (hydrophilic
surfactant) and WII type (lipophilic surfactant), respectively.9,42

As may be seen on Figure 2, the ∆ diagram includes a
triangular zone, displayed in gray in the figure, where the system
exhibits three phases at equilibrium (WIII type): an oil phase
(O′), an aqueous phase (W′), and a surfactant-rich microemul-
sion (M) of intermediate density, often referred to as middle-
phase.

The γ (Figure 2, left) and � (Figure 2, right) diagrams can
be determined by analysis of the ∆ diagrams.

At constant fw, the plane containing the γ diagram intersects
the W′O′M triangle in the ∆ diagram at the points indicated in
red on Figure 2 (center) on the dotted and dashed (- · -) line
coming vertically from the S vertex. The intersections with W′O′
and W′M or O′M correspond to the minimum and maximum
surfactant concentrations, which result in a WIII system. In the
T vs %S plane, these points define the WIII triphasic zone on
the γ diagram (in gray in Figure 2, left).

In the same way, at constant surfactant concentration, the
plane containing the � diagram intersects the triphasic zone of
the ∆ diagram at the points shown in blue on the horizontal
dashed (--) line (Figure 2, center). In the T vs fw plane, these

Figure 2. Schematic representation of the methodology used to determine the γ cut at constant fw (left) and � cut at constant surfactant concentration
(right) from the ∆ cut diagrams at different temperatures (center).
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points define the triphasic zone of the � diagram (in gray in
Figure 2, right).

In addition to the W′O′M triangle, the sections obtained at
constant fw and surfactant concentration also intersect the
biphasic lobes on the ∆ diagram (Figure 2 center) located above
W′M and O′M. These points (empty squares on Figure 2) define
the frontier of the monophasic WIV zone in the γ and �
diagrams (see Figure 2), which are not reported here.

To determine accurately the frontier of the three-phase domain
on the γ and � diagrams, a systematical study of ∆ diagrams is
required, to obtain the intersection points defined above at
different temperatures.

To determine these points, it is convenient to locate the
coordinates of points W′, O′, and M in a Cartesian system with
fw as the abscissa axis and the surfactant concentration as the
ordinate. In this coordinates system, the W′-M, O′-M, and
W′-O′ segments that define the triphasic zone on ∆ can be
drawn. From the intersection of each segment W′-M, O′-M,
and W′-O′ (at each temperature) with the vertical straight lines
(at constant fw) and horizontal lines (at constant surfactant
concentration), the numerical values of the coordinates of these
points can be determined.

With this methodology it is possible to define the triphasic
zone in γ at any fw and in � at any surfactant concentration,
which provides more information on the system than determin-
ing the ∆ diagrams from the γ cut at various fw.34 More
generally, it may be said that the systematical study of any cut
of the phase prism SOW-temperature allows one to plot the
two others.

3.1.2. Experimental Determination of the Triphasic Domain
at Different Temperatures in the ∆ Cut. The phase behavior
of systems formulated with nonionic surfactants (here C10E4)
is highly temperature-dependent.19 The ∆ diagrams presented
below correspond to the pseudoternary diagrams C10E4/n-octane/
10-2 M NaCl in the temperature range of 22.2-28.6 °C over
which WIII systems are exhibited.

Table 1 gives the composition of the O′ and M phases at
22.2, 23.0, 24.0, 25.0, 25.6, 27.0, 28.0, and 28.6 °C, as obtained
by the analysis of the phases by gas chromatography. The
aqueous excess phase was not analyzed in this study, and the
concentrations of C10E4 and n-octane in this phase were assumed
to be zero. Actually, the concentration of C10E4 is close to its
critical micelle concentration (cmc; 6.1 × 10-4 M in pure water
at 25 °C)43 and the n-octane concentration is close to its
solubility limit (7.5 × 10-6 M in pure water at 25 °C).44 Both
figures are essentially negligible in a weight percent scale
inventory.

The temperature variation of the system induces a change in
the hydrophilic-lipophilic tendency of the surfactant C10E4 that

modifies considerably the composition of the microemulsion
phase and the surfactant concentration in the excess oil phase,23

as first evidenced a few decades ago.45

As a consequence, in the ∆ diagram, the point M which is
representative of the microemulsion phase, is moved from the
water side (W′) to the oil side (O′) when the temperature
increases over only a few degrees span. Point O′ representative
of the oil excess phase is slightly displaced. These evolutions
are represented in Figure 3 that was built from the data presented
in Table 1. The shift of point M from the left to the right-hand
side (positions 1-8) in the figure corresponds to an increase in
temperature from 22.2 to 28.6 °C, a quite limited range, though
wide enough to completely swap the affinity of C10E4 from the
aqueous to the oil phase.

On Figure 3, the slope of the W′-O′ tie-line indicates the
lipophilic tendency of the surfactant (%C10E4 in O′ > %C10E4

in W′) in the studied system, as usual for such nonionic
polyethoxylated surfactant.46

3.1.3. Confrontation of the Deduced Three-Phase Domain
with the Experimental One on the γ and � Representations.
The data presented in Table 1 were used to define the Winsor
III domain on the γ representation at fw ) 0.5 thanks to the
geometrical analysis detailed in section 3.1.1. The obtained
points are represented in Figure 4 by the red squares. To validate
the results deduced from the GC analysis of the phases, the
complete γ diagram at the same fw (0.5) was determined
experimentally by visual observation. The resulting γ plot is
presented in Figure 4. The black marks represent the phase
behavior determined by visual observation, with a precision of
(0.1 °C. The resulting frontier between the different behaviors
(WI, WII, WIII, and WIV) is drawn as a solid black line.

The Winsor III zone (indicated in gray in Figure 4) extends
between Tl ) 22.0 °C and Tu ) 29.2 °C and for C10E4

TABLE 1: Composition of the Phases Represented by the
O′ and M Points in Figure 2 for the C10E4/n-Octane/10-2 M
NaCl Systema

O′ phase M phase

point T (°C) %S %O %S %O

1 22.2 1.5 98.5 4.9 13.5
2 23.0 1.6 98.4 7.1 22.2
3 24.0 1.8 98.2 9.3 31.3
4 25.0 1.8 98.2 10.4 37.5
5 25.6 1.8 98.2 10.8 41.8
6 27.0 2.0 98.0 10.5 56.3
7 28.0 2.1 97.9 8.9 69.4
8 28.6 2.6 97.4 6.0 86.3

a %S and %O are the weight percent of C10E4 and n-octane,
respectively, in each phase.

Figure 3. Evolution of the positions of points O′ and M, representative
of the oil and microemulsion phases at equilibrium on ∆ for the WIII
behavior of the C10E4/n-octane/10-2 M NaCl system when temperature
increases from 22.2 to 28.6 °C.

Figure 4. γ phase diagram of the C10E4/n-octane/10-2 M NaCl system
at fw ) 0.5. The black symbols represent the phase behaviors
experimentally determined that define the 2φ (0), WI (2), WII (s),
WIII (b), and WIV (+) zones. The solid black line indicates the frontier
between these zones. The red squares represent the same frontier
inferred from the geometrical relation between ∆ and γ.
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concentrations comprised between C0 ) 0.9% and C* ) 10.8%.
On both sides of the so-called “fish body”, WI (low tempera-
tures) and WII (high temperatures) zones are found.

Beneath the “fish head”, a biphasic region 2φ (shaded) is
found, where no microemulsion can be formed. For surfactant
concentrations higher than C* in the “fish tail”, a monophasic
WIV domain is found.

On this representation, the definitions of the extent of the
triphasic domain by both methods are in excellent agreement.
Moreover, the described analytical method resolves some
experimental limitations of the visual observation method for
the determination of the WIII frontier near C0. In this region, it
is indeed difficult to formulate samples in a very limited
concentration range around C0.

In the same way, the coordinates of the points that define
the triphasic domain on the � representation can be obtained.
They are represented by the blue squares in Figure 5 for a cut
at 3% surfactant. In the same figure, the complete � diagram
obtained by visual observation is also drawn.

The red and black lines are the surfactant-oil and surfactant-
water solubility curves, respectively.47 The two intersection
points are denoted A (high oil content) and B (high water
content) and define the limits between the triphasic WIII and
the monophasic WIV zones.

The Winsor III zone (in gray in Figure 5) is observed below
the surfactant-oil solubility curve and above the surfactant-water
solubility curve between points A and B. Between the solubility
curves for fw lower than fwA and higher than fwB, two
monophasic Winsor WIV regions extend. Aside the previously
defined WIII and WIV zones, two biphasic regions are observed,
i.e., of the WI type at low temperature and WII type at high
temperature.

Here also, a good correlation between the frontiers defined
by both methods is obtained, except for the points at fw close
to 1, because of the limitation of the aqueous phase composition
approximation. Experimental data with systems containing 1
and 7% surfactant (not shown here) corroborate the good
correlation between both methods. All these results validate the
method to determine the extent of the triphasic zone in γ and

� diagrams from the analysis of a series of ∆ diagrams at
different temperatures. More generally, from the systematic
analysis of any cut of the phase prism, it is possible to map the
phase behavior in the two other cuts.

Next, this method is applied to follow the evolution of the
extent of the three-phase zone in the γ cut with fw changes and
in the � cut when the surfactant concentration is altered.

3.2. Use of the Method To Study the Variation of the
Triphasic Domain in γ and � Cuts and Its Relation with
the Surfactant O/W Partitioning. In this section, the coordi-
nates of point M of the ∆ diagrams are called (CM, TM) in the
γ representation. These coordinates correspond to the point of
minimum surfactant concentration at which a WIV microemul-
sion is obtained for a given fw. For the particular case fw )
0.5, these coordinates were previously called (C*, T*).

Figure 6 shows that as the proportion of water increases, less
surfactant is needed to attain a three-phase system (decrease of
C0 value), since the triphasic zone of the γ diagram gets closer
to the ordinates axis. This effect is correlated with the slanting
of the W′-O’ line in the ∆ diagram shown in Figure 3. The
same effects have been observed in the case of hydrotropes such
as C4E1, which is also quite lipophilic.34

Table 2 shows the concentration and temperature values
corresponding to the characteristic points of the γ phase diagram,
for fw values between 0.1 and 0.9. These values are in good
agreement with the ones reported previously34 (10.7% at fw )
0.5 and for a salt-free water phase). It should be noted that since
fw is expressed in weight fraction, the formulation corresponding
to equal volumes of oil and water corresponds in this case to
fw ∼ 0.6. For this value, CM is found equal to 10.1%, which is
also in fairly good agreement with what is reported in the
literature (9.9% in the case of a pure water phase16).

For equal volumes of oil and water, the triphasic zone shape
in the γ cut (fw ∼ 0.6 in Figure 6) is symmetrical with respect
to the horizontal axis at TM. For high fw, the triphasic zone
extends more toward lower temperatures, which means that an
increase in the proportion of the aqueous phase tends to favor
its solubilization in the microemulsion. Similarly, for low fw,
the solubilization of the oil phase in the microemulsion becomes
more important. These results are in agreement with the upward
or downward slanting of the three-phase region in the γ cut
observed in the case of short-chain CiEj.33,34

The method also enlightens the fact that, for fw higher than
0.5, the coordinates of the limit point (CM, TM) decrease when
fw increases. For fw lower than 0.5, CM increases and TM

decreases when fw increases. Actually, the evolution of CM as
a function of fw exhibits a parabolic shape,48 as already
described for short-chain CiEj.33 For the studied system, the
maximum is obtained for fw ∼ 0.45,48 which corresponds neither
to equal masses nor to equal volumes of oil an water. If CM is
related to the surfactant efficiency as proposed by Kahlweit for
equal amounts of oil and water, these data evidence that the
efficiency of a surfactant depends on the water-oil ratio.29 These
results are of major interest as far as applications are concerned,
since they give the minimum surfactant concentration required
to attain a monophasic WIV system for a given fw.

The evolution of the extent of the triphasic zone in the � diagram
could be determined in the same way as a function of the surfactant
concentration. Figure 7 shows the evolution of the three-phase
domain on � cut at various surfactant concentrations.

This figure shows that when the C10E4 concentration increases
from 0.5 to 2.5%, the triphasic zone progressively extends to
the left, i.e., in the direction of low fw. In this concentration
range the � representations exhibit an unusual shape in which

Figure 5. � phase diagram of the 3% C10E4/n-octane/10-2 M NaCl
system. The black symbols represent the phase behaviors experimentally
determined that define the WI (2), WII (s), WIII (b), and WIV (+)
zones. The solid red and black lines represent the frontiers between
these domains. The blue squares represent the same frontiers inferred
from the geometrical relation between ∆ and �.
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junction point A (see Figure 5) has disappeared. For concentra-
tion higher than 2.5%, the WIII zone progressively shrinks as
the surfactant concentration increases. In this range, the usual
three-phase body is exhibited with both extreme A and B
junction points.

The expansion of the area of the WIII region with the
surfactant concentration in the low concentration range has not
been previously reported in the literature which only describes
the behavior obtained at higher concentrations, i.e., the progres-
sive disappearance of the WIII body.11,17,18,20,29,35,45,49

This unusual behavior may be explained by carefully looking
at the correspondence between the ∆ and � phase diagrams.

Figure 8 shows schematically the relation between these two
diagrams for the C10E4/n-octane/water system. Parts a, b, and d
of Figure 8 illustrate the three possible aspects of the � cut at
high (12%), medium (3%), and low (1%) surfactant concentra-
tions, respectively. In Figure 8c the ∆ diagram at T ) T* is
represented and vertically amplified; i.e., the S apex corre-
sponding to 100% surfactant has been shifted to infinity so that
vertical lines follow a constant fw value, as in other plots.

The main characteristic feature of the ∆ diagram of this
system is the slanting of the bottom tie line O′-W′ of the
triangle that limits the WIII region from below. This inclination
is due to the unequal partitioning of the surfactant between the
oil and water phases, which is accountable for the existence of
the unusual new shape encountered at low surfactant concentra-
tion (Figure 8d).

If a horizontal line is drawn on Figure 8 ∆ diagram at 3%
surfactant, WIV, WI, WIII, WII, and WIV zones are succes-
sively crossed when moving from the oil side to the water side,
i.e., when increasing fw. The correspondence with the �
representation at 3% surfactant indicates the same succession
for T ) T* (Figure 8b). The biphasic regions (WI and WII) in
the � cut correspond to the biphasic lobes in the ∆ cut. For this
surfactant concentration, the two junction points A and B
between the WIII and WIV zones at low and high fw are present.

Figure 6. Evolution of the triphasic zone shape in the γ cut as a function of fw, inferred from the geometrical relation between ∆ and γ cuts. The
red squares are obtained from the experimental points shown in Figure 3. The dashed lines represent the estimated boundaries of the WIII domains.

TABLE 2: Surfactant Concentrations C0 and CM and
Temperatures TM for γ Phase Diagrams at Different fw
Extrapolated from Figure 6

fw C0 (%C10E4) CM (%C10E4) TM (°C)

0.1 1.4 6.2 28.5
0.2 1.3 8.8 28.2
0.3 1.1 9.8 27.5
0.4 1.0 10.6 26.8
0.5 0.9 10.8 25.7
0.6 0.6 10.1 24.8
0.7 0.5 8.4 23.6
0.8 0.3 6.0 22.7
0.9 0.2 3.6 22.1
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These two points are not situated at the same temperature
because of the existence of the two biphasic lobes. This kind
of behavior is encountered for a surfactant concentration in the
CO′ to CM range.

For surfactant concentration higher than CM (for example
12%), a horizontal line crosses successively the WIV, WI, WIV,
WII, and WIV zones, which gives rise to the type of � cut
represented schematically in Figure 8a. This kind of behavior
is observed for concentration between CM and the highest
concentration for which a horizontal line still crosses both
biphasic lobes in ∆. It may be noted that the two junction points
A and B have disappeared and that the polyphasic zones are
separated. At higher concentration, these two polyphasic zones
are farther away and a horizontal line at T ) T* only crosses
the WIV zone.

At low surfactant concentration, for instance 1%, a horizontal
line crosses successively the WIV, 2φ, WIII, WII, and WIV
regions in the ∆ cut. On the � representation the 2φ-zone situated
on the left-hand side corresponds to the zone below the W′-O′
bottom tie line, where the surfactant concentration is too low
to produce a microemulsion. This type of unusual shape in a �
cut is found at concentration below CO′ and evidences the
unequal partitioning of the surfactant in favor of the oil phase.

This unequal partitioning can be corroborated by calculating
the value of the standard free energy of transfer ∆G° of the

Figure 7. Evolution of the extent of the triphasic zone in the � cut as a function of the surfactant concentration, inferred from the geometrical
relation between ∆ and � cuts. The blue squares are obtained from the experimental points shown in Figure 3. The dashed red and black lines
represent the estimated boundaries of the WIII domain.

Figure 8. Schematic representation of the ∆ and � diagrams for a
SOW system as C10E4/n-octane/10-2 M NaCl. The � diagrams are
plotted at three surfactant concentrations 12 (a), 3 (b), and 1% (d)
indicated by horizontal lines in the ∆ diagram (c).
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surfactant from the water phase to the oil phase. The partition
coefficient can easily be obtained from the measurement of the
surfactant concentrations in the excess oil and aqueous phases.
It should be noted that the partition coefficient has to be
measured in diluted solutions to warrant that the surfactant is
in a monomeric state. In Winsor III systems, the presence of
the microemulsion middle phase guarantees that the excess
phases are micelle-free and thus complies with this require-
ment.50

The chemical potentials of C10E4 in the excess oil and water
phases µO′ and µW′, respectively, may be written as follows:

where µW′° and µO′° are the standard chemicals potentials and
aW′ and aO′ are the activities of C10E4 in the excess water and
oil phases (W′ and O′). Because of the low concentrations in
both excess phases, the activity coefficients are often supposed
to be unity and the activities are thus estimated by the
concentrations, which may not be a good approximation in all
cases. At equilibrium, µW′ ) µO′, which leads to

At T ) 25 °C, CO′ ) 1.8 wt % (cf. Table 1) and CW′ ≈ cmc in
water at 25 °C (0.017%),43 and consequently the partition
coefficient KO’W′ is close to 100, and ∆G° ≈ -11.6 kJ/mol,
which confirms a partitioning of C10E4 strongly in favor of the
oil phase. When T increases, CO′ increases and CW′ decreases
as is usually observed for polyethoxylated nonionic surfactants.
These results are in agreement with what is generally obtained
for such systems.46

It is worth remembering here that the strongly biased
partitioning between oil and water at optimum formulation has
been mostly associated to polydistributed nonionic surfactant
mixtures of oligomers. For such commercial systems, the
partitioning of the different oligomers results in an interfacial
mixture which depends on the total surfactant concentration and
water-to-oil ratio.51,52 As a consequence the actual optimum
formulation, which is here determined by the temperature at
the middle of the three-phase behavior region, depends on both
surfactant concentration and water-to-oil ratio. The following
figure exhibits a slight slope for this three-phase behavior center-
line when the water-to-oil ratio varies. Hence, it clearly indicates
that this interfacial formulation shift also occur with isomerically
pure surfactants, although maybe not to the extent it has been
reported for widely distributed mixture. It may be thus concluded
that it is due, not to a selective partitioning or fractionation,
but to the unequal partitioning between oil and water.46,53,54 This
corroborates the fact that anionic surfactants, even very poly-
dispersed ones, exhibit a partitioning coefficient close to unity,55

whereas polyethoxylated nonionics are found in a much higher
concentration in the oil phase at equilibrium, even when they
are significantly hydrophilic, whatever they are commercial
mixtures or isomerically pure substances.

The unusual shape predicted at low surfactant concentration
has been confirmed by the experimental determination of the �
diagram at 1% C10E4 presented in Figure 9. In this diagram

junction point A (see Figure 5) has vanished, and on the left-
hand side there is a 2φ-zone where no microemulsion can be
formed in the 0-0.44 fw range.

4. Conclusions

A systematic study of the phase behavior of a well-defined
SOW-T system based on a pure oil (n-octane) and an
oligomerically pure surfactant (C10E4) allowed to revisit the
correlation between the three usual cuts of the phase prism,
namely, the γ (constant water-oil ratio), � (constant surfactant
concentration), and ∆ (constant temperature) representations.
The systematic analysis of any cut of the phase prism allows
one to generate the two others in a straightforward manner. In
our case, the γ and � cuts were obtained from the study of ∆
diagrams at different temperatures. More generally, this meth-
odology may be applied to any SOW ternary system and any
formulation variable, i.e., a variable that modifies the affinity
of the surfactant for the aqueous and oil phases, such as salinity,
the nature of the oil (ACN), and pH, etc.

This study showed for the first time the evolution of the WIII
zone shapes in γ and � cuts with fw and with the surfactant
concentration, for a true ternary system. The evolution of the
phase behavior in the γ cut evidences that the efficiency of a
surfactant depends on the water-oil ratio, an issue that is of
major relevance as far as applications are concerned. The results
provide the minimum surfactant concentration needed to attain
a monophasic WIV system for a given fw. The WIII zone in
the � cut exhibits an unusual shape at low surfactant concentra-
tion (lower than CO′) that is a direct consequence of the unequal
partitioning of the surfactant between the aqueous and oil phases.
In this low concentration range, the extent of the triphasic
domain increases with the surfactant concentration. For con-
centration between CO′ and CM, the usual shrinking of the WIII
domain is observed as the surfactant concentration increases.
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µW′ ) µW′° + RT ln aW′ (1)

µO′ ) µO′° + RT ln aO′ (2)

∆G◦ ) µO′° - µW′° ) -RT ln
CO′

CW′
) -RT ln KO′W′

(3)

Figure 9. � phase diagram of the 1%C10E4/n-octane/10-2 M NaCl
system. The black symbols represent the phase behaviors experimentally
determined that define the 2φ (0), WI (2), WII (s), WIII (b), and
WIV (+) zones. The solid red and black lines represent the frontiers
between these domains. The blue squares represent the same frontier
inferred from the geometrical relation between ∆ and �.
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