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A three-phase region consisting of surfactant (D), water (W), and oil (O) phases appeared due to the super-
position of two critical phenomena of D-W and O-D in a nonionic surfactant/water/oil system. Three interfacial

tensions, Yo-w; Yo-p; and yp_w. among the three phases were determined at various temperatures.

The generalized

Antonoff’s rule (yo_w=%0-p+7¥p-w) holds approximately in the three-phase region. yo_p and yp_w disappear
at the respective critical solution temperatures, and ultralow interfacial tensions are attained in the vicinity of

both critical temperatures.

The oil-water interfacial tension, yo.yw, reaches its minimum in the midst of the

temperature range of the three-phase region, and the narrower the temperature range of the three-phase region,

the lower the interfacial tension.
is also discussed.

There exists a three-phase region consisting of
surfactant, water, and oil phases around the transition-
temperature range at which the surfactant changes
from water-soluble to oil-soluble in a nonionic surfactant/
water/oil system.” A similar three-phase region has
been observed in an ionic surfactant system in the
presence of salt and a co-surfactant.2-®  Saito and
Shinoda found very low interfacial tensions in a three-
phase region of a nonionic surfactant system.” Later
Healy et al. found ultralow interfacial tensions hetween
a surfactant phase (they called it a middle-phase
microemulsion) and a water (or oil) phase in a‘petroleum
sulfonate system.%8) On the other hand, ultralow
interfacial tensions in very dilute systems of ionic
surfactants were reported by Wade et al.?-11)

In a previous paper,'® it was clarified that a three-
phase region appears due to the superposition of three
miscibility gaps i.e., surfactant—oil, surfactant-water,
and oil-water phases, at a constant temperature.
Furthermore, it was made clear thac the lower (or upper)
limiting temperature of the three-phase region corre-
sponds to the lower (or upper) critical solution temper-
ature of surfactant-water (or surfactant-oil) phases in a
nonionic surfactant system. Interfacial tensions can be
expected to be very small in the vicinity of the respective
critical solution temperature. Since the emulsion type
changes from O/W to W/O around the three-phase
region,!’ the phase inversion in emulsion may be
directly related to the balance of two interfacial tensions,
i.e., the oil-surfactant and water-surfactant interfaces,
in the three-phase region. In this context, the correla-
tion among the phase behavior, the ultralow interfacial
tensions, and the phase-inversion in emulsions has been
studied.

Experimental

Materials. Pure C;H,,(OCH,CH,),OH was kindly
donated by POLA Chemicals, while pure C,,H,;(OCH,CH,),-
OH was obtained from Nikko Chemicals; the purities (above
989,) were confirmed by gas-chromatographic analysis.
Extra-pure-grade heptane, octane, nonane, dodecane, tetra-
decane, hexadecane, and 2-butoxyethanol were obtained
from the Tokyo Kasei Kogyo Co. and were used without
further purification.

The correlation between the interfacial tensions and the types of emulsions

Procedures. The interfacial tensions were measured by
a sessile-drop method.13:14 After attaining equilibrium, a
drop of a high-density phase was placed on a Teflon film
immersed in a low-density phase. The maximum height of
the sessile drop above the equator, y, was measured by means
of a cathetometer. The interfacial tension was calculated
by a large drop approximation as follows:

v = gr*Apl2,

where y is the interfacial tension; g, the gravitational
acceleration, and Ap, the density difference between two
liquids.’*) In order to reduce error, x/y (x is the radius of the
sessile drop at the equator) has to be at least more than 10.
The density was measured by means of a digital density meter
(Anton Paar DMA 40). The procedures of the determination
of phase volumes and cream volumes has been described
elsewhere.16-17)

Results and Discussion

Phase Behavior of Nonionic Surfactant in Oil-Water.
A schematic ternary phase diagram for a nonionic
surfactant/water/oil system at the temperature range
around the three-phase region is shown in Figs. 1(a)—
(c).1» The water, surfactant and oil phases are indicated
by W, D, and O respectively. The compositions of the
three coexisting liquids at a constant temperature and
pressure are indicated by invariant points, a (D phase),
B (O phase), and y (W phase). There is a plait point
(isothermal critical point), L, in the D+ O region, but
not in the D+4-W region in Figs. 1(b) and (c), because a
lower critical solution temperature on a water-nonionic
surfactant axis is usually lower than this temperature.
Point a shifts toward the water apex with a decrease
in the temperature, and finally Points a and y coincide
with each other at the critical end point K¢ (a=y) and
the three-phase region disappears, as is shown in Fig.
1(a). On the Kc-# line, the critical mixture (a=y)
is in equilibrium with the oil phase, . In this case,
the D+4-W region usually remains in the vicinity of the
water-surfactant axis.!® The boundary between D+O
and O+W regions at this temperature is the Kc-p line,
but we can not draw the boundary at temperatures
below that of the critical end point, Kc. Therefore,
the D(=W)4O notation is used for the two-phase
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Fig. 1.
lower critical end point (Fig. 1(a)), in the midst of two critical end points (Fig. 1(b)), and of a upper

critical end point (Fig. 1(c)).

y are the invariant points forming the three-phase region.
Points a and b correspoind to those in Fig. 2.

and a water phases.

region at lower temperatures (¢f. Fig. 2). D(=W) is
usually called the aqueous micellar solution phase,
which solubilizes oil. On the other hand, Point a shifts
toward the oil apex with an increase in the temperature,
and finally Points a, 8, and L become identical at another
critical end point, Lc (a==f=L), as is shown in Fig.
1(c). Therefore, the three-phase and D+O regions
disappear at this temperature, leaving the D+W and
O-+W regions. The W phase is nearly pure water; its
composition is indicated by y. Since we can not draw
the boundary between the D4+W and O+4W regions
at temperatures above that of the critical end point, Lc,
the D(=O)+W notation is used for the two-phase

D(=0) +W
SO T+ T T T T T T T T T 1
o, hexadecane

oo
.....

Temperature/*C

D(zw)+0
1

Io0 10 20 30 40 50 60
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Fig. 2. Phase diagram of equal weight of water-oil
containing CgH,,(OCH,CH,);OH as a function of
temperature. The compositions correspond to the line
A-B in Fig. 1.

Kc and Lc are the lower and upper critical end points.

Schematic phase diagram for a nonionic surfactant/water/oil system at the temperatures of a

«, B, and
O, D, and W are an oil, a surfactant,

region (¢f. Fig. 2). D(=O) is usually called the nonaque-
ous reversed micellar solution phase, which solubilizes
water.

A phase diagram consisting of equal weights of
hydrocarbon and water as functions of the concentration
of CgH,;,(OCH,CH,),OH and the temperature is shown
in Fig. 2. Point a in the tetradecane system, corre-
sponds to that in Fig. 1(a), so it seems that the meniscus
separating the D and W phases has just disappeared
at Point a. Figure 3 shows the change in the volume
fractions of respective phases as a function of the
temperature in the CgH,;,(OCH,CH;);OH/water/tetra-
decane system. The concentration of the surfactant
changes along with the broken line, a-b, in Fig. 2.
The densities of the respective phases along the same
line are also shown in Fig. 4. The densities of the O and
W phases are almost equal to those of the pure com-
ponents in the three-phase region. Accordingly, it is
considered that the surfactants are singly dispersed in
both phases.” However, the solubility of the surfactant
in the O or W phase seems to increase abruptly in the
vicinity of Points a and b as is shown in Fig. 4. As a
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4 6 8 10 1
1.0 T T T T lz
08 E
€ o D(=0)
2 os M_o’/ 1
v
s
w
o 04 0 J
€
F]
5 //r—v
> 0.2 p(=w) w T
0 1 Il I N | 1 1 1
10 20 30 40 50
Temperature/*C
Water : Tetradecane = 1:1 (w/w)

Fig. 3. The volume fractions of respective phases on the
line a-b in Fig. 2.
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Fig. 4. The densities of respective phases on the line a-b
in Fig. 2.

result, it is obvious that a three-phase region consisting
of the O, W, and D phases appears in the range of two
critical end temperatures, i.e., a lower critical solution
temperature (LCST) of the D and W phases, at which
Kc exists, and an upper critical solution temperature
(UGCST) of the D and O phases, at which Lc exists. A
similar result was obtained in an ionic surfactant
system.%12) In the system, in which the LCST coincides
with the UCST, there is a tricritical point at which the
three coexisting liquids become identical.18:19
Correlation between Critical Solution Phenomena and Ultralow
Interfacial Tensions in a Surfactant System. Since the
interfacial tension becomes zero at a critical point,20,21)
and since the change in the activity of a surfactant with
the concentration is very small,?® the change in the
concentration has scarcely no effect on chemical
potential or interfacial tension, which is a function of the
chemical potential; i.e., ultralow interfacial tensions are
attained in the vicinity of Point a or b in Fig. 2. Inter-
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Fig. 5. The interfacial tensions between O-W, W-D, and
O-D as a function of temperature on the line a-b in
Fig. 2.
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facial tensions between respective phases along the a-b
line in Fig. 2 are shown in Fig. 5. yo-w, y0-p, and yp-w
are the interfacial tensions at the O-W, O-D, and D-W
interfaces in the three-phase regions. yp¢=oy-w and
Yo-pc=w, are the interfacial tensions at the D(=O)-W
and O-D(=W) interfaces at temperatures above and
below the critical temperatures. Naturally, yo-w, Yo-b,
and yo-pc=w, coincide with one another at the LCST
(at Point a), while yo-w, yp-w, and yp(=oy-w coincide
with one another at the UCST (Point b). yo-p decreases
with an increase in the temperature and becomes zero
at Point b. On the other hand, yp-w decreases with a
decrease in the temperature and becomes zero at
Point a. Accordingly, the ultralow interfacial tensions
at surfactant—oil and surfactant-water interfaces are
attained at temperatures in the vicinity of each critical
temperature, i.e., on the Lc-y and Kc-g lines in Fig. 1.
The critical point in a surfactant system usually exists
in a solvent-rich region.4:12:22,23) This is very important
for such a practical purpose as the tertiary oil recovery,®
for the amount of surfactant used to reduce the inter-
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4 CH SOCHZCI-IzOH/quC‘onz 344
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Fig. 6. Correlation between the difference in two critical
end temperatures (AT= TyegrTLosr) and the minima
of O-W interfacial tensions in various nonionic surfac-
tant systems. The interfacial tensions were measured

at (Tycsr+ Tposr)/2-
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facial tension to the ultralow range has to be small.
At each critical temperature, a generalized Antonoff’s

rule, yo-w=Yo0-p+¥p-w, automatically holds on the

Lc-y and Kc-f lines in Fig. 1,2 because:

at LCST, (1

at UCST. (2)

¥p-w = 0, Yo_w = Yo_p
Y0-p = 0, Yo_w = Vp_w

In the three-phase region, Antonoff’s rule holds approxi-
mately, but, strictly speaking, yo-w is slightly smaller
than yo_p-+yp-w as is shown in Fig. 5. A reverse ine-
quality does not hold at true equilibrium.-27

Yo-w < Yo-p *+ ¥p-w
Since a stable lens of the surfactant phase was formed at
the water-oil interface after equilibrium was attained
at 30 °C (50/50 water/tetradecane, CgH,,(OCH,CH,);-
OH 1.5 wt%,/system), the (3) relation surely holds. The
minimum was observed on the yo_w versus-temperature
curve in the three-phase region, as is shown in Fig. 5.
It is obvious from Relations 1—3 that this minimum
becomes ultralow when the two critical end temper-
atures approach each other. If the LCST coincides with
the UCST completely, yo-w becomes zero at the
tricritical point at which three coexisting phases become
identical, as has been described before. The correlation
between the temperature difference at two critical end
points (AT= Tyesr— Trcsr) and the minima of yo_w
in various nonionic surfactant systems is shown in
Fig. 6. The interfacial tensions were measured at
temperatures in the midst of the three-phase region. It
is clear from Fig. 6 that the ultralow interfacial tension
at an oil-water interface is attained in the system in
which the difference in two critical temperatures is
very small, and that the longer the hydrocarbon chain
length of a surfactant, the lower the oil-water interfacial
tension. In this case, both the oil phase and the water
phase contain only a small amount of a surfactant, i.c.,
cmc or so, as is shown in Figs, 1, 2, and 4. Therefore, the
concentration of a surfactant required to reduce the
interfacial tension to the ultralow range is very small.

Correlation between the Emulsion Type and Interfacial
Tension. Since the three-phase region appears in
the temperature range between the two critical points
of the O-D and D-W phases, the interfacial tensions at
the respective interfaces will be directly relevant to the
inversion of the emulsion type. If y, is the interfacial
tension between a water phase and a surfactant mono-
layer adsorbed on the O-W interface, and y, that
between an oil phase and a surfactant monolayer,
Yo-w=%-+72 holds in the three-phase region (¢f. Fig. 7.)
yo-pe=wy=y1+y: and yp=oy-w=y;+7, also hold at

in the three-phase region (3)
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Ty, bbb D
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w

Fig. 7. Schematic O-W, O-D, and D-W interfaces.
y, and p, are the interfacial tensions on the two sides
of surfactant monolayer at O-W interface.
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temperatures below the LCST and above the UCST.
As has been described before, yo-pc=w, is the interfacial
tension between an aqueous micellar solution phase and
an excess oil, and ypc~oy-w+ that between a reversed
micellar solution phase and excess water. Since
Antonoff’s rule holds approximately in the three-phase
region, the O—W interface can be regarded as a thin film
of the D phase. However, strictly,

Yo-p =2 + V1, ¥p_w = V1 + Vb 4)
where y,” and y,” are the correction terms which are not
negative, judging from Eq. 3. Since Antonoff’s rule

holds strictly at each critical temperature, i.e., y,"=y,
=0, the following relations hold:

at LCST, )
at UCST. (6)

n=0,v.w=17

Y2=0,70w=n
Yp-w may be zero or negative at a flat interface below
the LCST, because the D-W interface is not stable at
equilibrium. Therefore, y,<0 and yo-pc=w)< ¥, hold
below the LCST. Similarly, y,<<0 and yp(~0,-w< ¥, hold
above the UCST. These relations are shown schema-
tically in Fig. 8. The interface on the oil side of the
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Fig. 8. Schematic change of the two interfacial tensions
on the two sides of surfactant monolayer, y, on the water
side and y, on the oil side as a function of temperature.
A real curve corresponds to the interfacial tension of
oil-water emulsion system.

surfactant monolayer tends to shrink, while that on the
water side of the surfactant monolayer tends to expand,
at temperatures below the LCST, because y,<<0 and
y,>0, as is shown in Fig. 8. Therefore, in this temper-
ature range, an O/W-type emulsion is formed. The
case is the reverse above the UCST, so that a W/O-
type emulsion is formed. y,=y, holds at the temperature
in the midst of a three-phase region. This temperature
is the Hydrophile-Lipophile-Balanced (HLB) temper-
ature and may correspond to the phase inversion
temperature in emulsion. Since the interfacial tension
curve is almost symmetrical, as is shown in Fig. 5, the
phase inversion temperature (PIT) may be close to
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Fig. 9. The effect of emulsification temperature on the
type of emulsion (a) and the volume fractions of O, W,
and D phases at equilibrium (b) in C;,Hy5(OCH,CH,),-
OH/water/tetradecane system.

the temperature at which yo-p and yp-w become equal.
In order to confirm this reasoning, the effect of the
temperature on the emulsion type was carefully deter-
mined; it is shown in Fig. 9.282® It is obvious that
PIT is in the midst of the three-phase region.
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