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Sherril D. Christian (1931-2000)

Dedicated to the memory of Sherril D. Christian, George Lynn Cross Professor
of Chemistry at the University of Oklahoma. Sherril was a solution
thermodynamicist, who spent the last twenty years of his career studying the
fundamentals and applications of surfactants. He had the highest standards
as scientist and educator and was a good friend.






Preface

It has been known for a long time that surfactant mixtures can
exhibit substantially different properties than single surfac-
tants. Papers on this topic have been published in the scientific
literature for at least half a century. Practical applications
utilizing these mixture synergisms are widespread and new
uses continue to be found.

As far as we know, the first book dedicated to surfactant
mixtures was published in 1986 (Scamehorn, J.F. (Editor),
Phenomena in Mixed Surfactant Systems, ACS Symp. Ser.,
Vol. 311). In 1992, a second book appeared (Rubingh, D.N.,
and Holland, P.M. (Editors), Mixed Surfactant Systems,
ACS Symp. Ser., Vol. 501). Finally, in 1993, the first edition
of this book was published as Volume 46 of the Marcel Dekker
Surfactant Science Series (Ogino, K., and Abe, M. (Editors),
Mixed Surfactant Systems, Marcel Dekker, New York).

The current editors organized a session at PACIFICHEM
held in Hawaii in December, 2000 and this second edition of
Mixed Surfactant Systems evolved from that symposium. With
the retirement of Professor Ogino, Professor Abe became senior

v



vi Preface

editor and he asked Professor Scamehorn to become co-editor.
In editing the book, we replaced about two thirds of the
contributors in the first edition, avoided overlap of subjects
with those in the first edition except where progress merited an
updated chapter, and attempted to incorporate the results of
the newest experimental and theoretical investigations on
mixed surfactant systems as much as possible. Thus, the book
contains a variety of topics including monolayers of mixed
surfactants, diffusion of mixed micelles, mixed micelles of
fluorinated surfactants, mixed micelles of conventional surfac-
tants and biosurfactants, sponge-like vesicles of mixed surfac-
tants, admicelles of mixed surfactants, liquid crystals of mixed
surfactants, mixed micelles of stimulus-responsive surfactants,
mixtures of surfactants and polymers, photolysis of mixed
surfactants, and new measurement methods and techniques.

We earnestly hope that this book will help the reader
appreciate the rapid progress made in understanding surfac-
tant mixtures and to help them make unique inventions using
mixed surfactant systems.

Masahiko Abe
John F. Scamehorn
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Miscibility in Binary Mixtures
of Surfactants

MAKOTO ARATONO and TAKANORI TAKIUE
Kyushu University, Hakozaki, Fukuoka, Japan

SYNOPSIS

The miscibility in binary mixtures of surfactants in the
organized assemblies at the interface and in the solution is
summarized on the basis of the phase diagrams of adsorption,
micelle formation, and vesicle formation. In Section II, the
thermodynamic equations to obtain the phase diagrams are
given for some combinations of binary surfactant systems.
Furthermore the criterion of an ideal mixing is proposed. In
Section III, the miscibility in the adsorbed film and micelle
is demonstrated for some representative systems by using the
phase diagrams and the excess Gibbs free energy. In Section IV,

1



2 Aratono and Takiue

the vesicle-micelle transition in the aqueous mixture and the
phase transition in the adsorbed films at the oil/water interface
are shown and examined from the viewpoint of the miscibility
of the surfactants.

I. INTRODUCTION

The adsorption and micelle formation of surfactant mixtures
have been studied extensively, not only by various experimental
techniques, but also by theoretical considerations. In this
decade several experimental techniques have been developed
such as the scattering and reflection of X-rays and neutrons,
electron microscopy, probe microscopy, imaging techniques,
and so on. They and their developments have been introduced
and reviewed in the literature [1,2]. By means of these
techniques, many researchers have inquired deeply into the
structures of interfaces, adsorbed films, micelles, and vesicles
and their dependencies on the composition of surfactants in the
bulk solution. At the same time, theoretical considerations have
been improved from the one-parameter model of Rubingh et al.
[3] and molecular thermodynamics have also been developed
steadily, especially by Blankschtein et al. [4,5]. The theoretical
aspects of micellization of surfactant mixtures have been
reviewed very recently by Hines [6], in which the more rigorous
and refined theoretical developments have been updated.

In our previous reviews on miscibility in binary mixtures
of surfactant [7], the miscibilities of surfactants in the adsorbed
films and micellar states have been considered by developing
the thermodynamic equations for constructing the phase
diagrams of adsorption and micelle formation and then by
examining the phase diagrams closely. During the course,
newly defined compositions of surfactants in the adsorbed film
and micelle were introduced to take a dissociation of ionic
surfactants into account explicitly and could describe the
miscibility very adequately from the thermodynamic viewpoint:
its usefulness was examined and proved in the cases of
nonionic-nonionic, ionic-ionic, and nonionic-ionic surfactant
mixtures.
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Although the review here is basically a further extension
of our previous reviews from a theoretical point of view, the
criterions of an ideal mixing in the adsorbed film and micelle
are newly and definitely proposed for some types of surfactant
mixtures. The nonideal mixing is then expressed quantitatively
either in the activity coefficients or in the excess Gibbs free
energy of adsorption and micelle formation. Furthermore, the
spontaneous vesicle formation of anionic—cationic surfactant
mixtures, and then the vesicle-micelle transition, are intro-
duced on the basis of our thermodynamic strategy [8]. Other
new topics in this review are the phase transition of adsorbed
films of the long chain hydrocarbon and fluorocarbon alcohol
mixtures at the oil/water interface and the relationship
between the miscibility and the phase transition of the
adsorbed films [9,10].

II. THERMODYNAMIC EQUATIONS

To evaluate the composition of surfactants in the adsorbed film
thermodynamically, it is indispensable that the surface tension
of their aqueous solution/air interface is measured as a function
of the two concentrations of the two surfactants at a given
temperature and pressure. Among some combinations of the
two concentration variables, the combination of the total
concentration of the surfactants and the mole fraction of one
surfactant is most useful to evaluate directly the composition of
surfactant in the adsorbed film from the surface tension results
[7,11]. For a nonionic surfactant mixture, the total concentra-
tion and the mole fraction are defined unequivocally. For a
mixture comprising at least one ionic surfactant, however, the
dissociation of ionic surfactants should be taken into account in
their definition and thus there are some different ways to
define them. Therefore, it is convenient to employ the most
suitable concentration variables as the case may be and then
describe the total differential of the surface tension as a
function of them. A thorough derivation of the basic expression
of the total differential of surface tension is given in our
previous studies from this perspective [7]. Then only the very
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key points of the thermodynamic equations are demonstrated
here. Furthermore, although the dependencies of the surface
tension on temperature and pressure afford information on the
entropy and volume changes associated with the adsorption, let
us leave out this topic for want of space.

In the following, thermodynamic equations for a binary
ionic surfactant mixture without common ions (Section II.A)
are summarized from our previous papers [11], because the
equations are most general in their form. The analogues for a
binary ionic surfactant mixture with common ions (Section
II.B) are slightly different from those of the Section II.A, but
essentially the same. For ionic-nonionic (Section II.C) and
nonionic-nonionic (Section II.D) surfactant mixtures, the
analogues are apparently quite the same as the equations of
Section II.A.

A. lonic and lonic Surfactant Mixtures Without
Common lons

Let us first consider the adsorption from an aqueous solution of
a binary ionic surfactant mixture without common ions at their
aqueous solution/air interface. Surfactants 1 and 2 are assumed
to be strong electrolytes and dissociate into v, , @ ions and v, .c
ions, and vy b ions and vy 4d ions, respectively. Then the total
differential of the surface tension y is written as

dy = —Tgdpg — Tedpe — Tpdpp — Tgdpg 1)

at constant temperature and pressure, where the electroneu-
trality conditions of surfactants in the bulk solution are already
taken into account and I'; is the surface excess concentration of
ion ¢ according to the two dividing planes method [12]. By
assuming the aqueous solutions are ideally dilute, the surface
tension y is expressed as a function of the total molality of the
ions m and the mole fraction of the second surfactant in the
bulk solution X, as

d)/ = —(RTF/m) dm — (RT F/Xle)(Yz —Xg) dX2 (2)
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Here m and X, are defined by

m=mqg+me+my+my
= vimi + vamsy (3)
and

Xo = (mp +mg)/m

= v2m2/m (4)

respectively. Here v; and vy are the number of ions dissociated
from surfactants 1 and 2 defined as

V1 = V1g + Vigc ()
and
Vg = Vgp + Vo q (6)

The mole fraction of the second surfactant in the adsorbed film
Y, is analogously defined in terms of the surface excess
concentrations of the ions as

Yo =y +T9)/T (7

where I" is the total surface excess concentration of ions
given by

=T¢+Tc+Tp+Tq €))

The theoretical background of why these definitions are
appropriate is pointed out in our previous studies [7,11].

Then, from Eq. (2), the mole fraction Y, is evaluated by
applying the equation

Yo = Xo — (XaXa/m)(om/dXo)p 9)

to the m vs X, curve at a given surface tension. Plotting the m
vs X, curve together with the m vs Y, curve, we have a diagram
expressing the quantitative relation between the mole fractions
of the two states, that is the bulk solution and the adsorbed
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films. We call this the phase diagram of adsorption (PDA) at the
given surface tension.

To inquire more deeply into the miscibility of surfactant
molecules, it is advantageous to examine the deviation of the Y5
values from the corresponding values of the ideal mixing Y;d
and then evaluate the activity coefficients of the surfactant in
the adsorbed film. For this purpose, we have to derive the
expression for Y2id and then know how to estimate the activity
coefficients. This is performed by deriving the thermodynamic
relations for the equilibrium between the adsorbed film and the
aqueous solution at a given surface tension. In principle, the
equilibrium condition is that the electrochemical potentials of
ions in the bulk solution are equal to those in the adsorbed film.
However, since the concentration of an ion cannot be changed
individually without changing its counter ion concentration, it
is convenient to introduce the mean chemical potential of the
surfactant ¢ in the bulk solution u; and that in the adsorbed
film ¢ of the binary surfactant mixture. For the first sur-
factant, these are defined by

M1 = (Vl,a,aa + Vl,c/zc)/vl (10)

and

¢ = (1,080 + V1,c80)/V1 (11)

respectively. Here fi; and fj are the electrochemical potentials
of ion j. Similarly, introducing the mean chemical potential ,u?
and the molality m? of the pure surfactant i at the given surface
tension, u; can be expressed as [11]

pi = 1) + RT In X;m/m) (12)

Here the solution is assumed to be ideally dilute as shown in
Eq. (1).

Even when the bulk solution is ideally dilute, the
preferential adsorption of counter ions to the pair surfactant
ions, i.e., ['y/vig # [c/vie and Ty/vey # [g/veg, often comes
about and then the ions do not mix ideally in the adsorbed film.



Miscibility in Binary Mixtures of Surfactants 7

From this point of view, the definition of the mean chemical
potentials ¢; is rather complicated. Even in those cases,
however, it has been proved that ¢; is written in a similar
form to Eq. (12) as

¢ = +RT In fAY; (13)

where ¢! is the mean chemical potential of the pure surfactant i
at the given y [11]. Here it should be noted that le is the mean
activity coefficient of the surfactant i and becomes unity
neither when the preferential adsorption takes place nor when
the interaction among species in the mixed-surfactant system is
different from that in the pure surfactant system. Therefore le
can elucidate quantitatively nonideal mixing of surfactants in
the adsorbed film in terms of preferential adsorption and
interaction between ions [11].

Now substituting the mean chemical potentials into the
equilibrium conditions between the bulk solution and the
adsorbed film given by

Wi = ¢ (14)

and using the equilibrium condition for the pure surfactant ; at
the same y given by

nd = (15)

we yield the equation describing the equilibrium relationship
among the bulk concentration, the mole fractions in the bulk
solution and the surface, and the activity coefficient

X;m/m) =Y, (16)

Therefore, fLH is evaluated from the surface tension measure-
ments since the quantities on the left-hand sides of Eq. (16) are
obtained from the y vs m curve at different X5, and Y; is
evaluated by using Eq. (9) at a given surface tension. Once
fH is evaluated, the excess Gibbs free energy of adsorption
per mole of surfactant mixture gHP is calculated according to
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the equation
g"E =RT(Y1Inf{' + Y Inf3) (17)

The nonideal mixing of surfactants in the adsorbed film is
recognized from the shape of the PDA as follows. Since le =1
corresponds to the ideal mixing, Eq. (16) for the first and
second surfactants with f =1 provides the criterion of the
ideal mixing as the straight line connecting the molality values
of the pure surfactants at the given surface tension

m =m? + (m) —mhYy, (18)

Here it should be emphasized again that the dissociation of
surfactants into ions are explicitly taken into account in the
definition of m, m?, and Y as given by Eqs (3) and (7).

Now let us turn to the micelle formation of surfactant
mixtures. We have shown that the micelle formation is
described by the analogous equations to those describing the
adsorption by using the excess molar thermodynamic quanti-
ties of mixed micelle [13,14]. The analogue of Eq. (2) is given by

(RT/C)dC = —(RT /X1 X32)(Zs — X2)dX; (19)

Here C is the total molality of ions at the critical micelle
concentration (CMC) defined by Eq. (3) and Z, is the mole
fraction of the second surfactant in the micelle particles defined
in terms of the excess number of ions N; by

Zy = Ny +Ng)/N (20)
where N is the total excess number of ions given by
N =N, +N.+Ny+ Ny (21)

Then the mole fraction Z5 is estimated from the C vs X,
curves by using the equation

Zy = Xo — (X1 X2/C)(3C/dXs)p ), (22)
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Furthermore the equilibrium relationship among the bulk
monomer concentration C and the mole fractions of the
surfactant z in their monomeric state X; and that in the micelle
particles Z;, and the activity coefficients in the micelle flM at the
CMC are expressed by using the total molality at the CMC of
the pure surfactant i, C?, as

X,C/CY =Mz, (23)

Therefore the excess Gibbs free energy of micelle formation per
mole of surfactant mixture gMF and the criterion of the ideal
mixing in the micelle on the phase diagram of micelle formation
(PDM) are respectively given by

g"® =RT(Zy In ' + Z5 In /") (24)
and
C=CY4(CY—CHZ,y (25)

At the concentrations above the CMC, micelle particles in
solution are in equilibrium with the adsorbed film. Using Eqs
(2) and (19), we have the equation

Y = Zy — (XuXo/RTTO) 0y /X, (26)

Then the relation between the mole fractions of the micelle Z,
and adsorbed film YZQ at the CMC can be examined from the
change of the surface tension at the CMC »° with Xj.

B. lonic and lonic Surfactant Mixtures with
Common lons

Let us consider that ion ¢ is common to the two surfactants:
surfactant 1 dissociates into v ,a ions and v;.c ions and
surfactant 2 into vy ; b ions and vy . ¢ ions, respectively. Taking
account of this dissociation, the total differential of y is given by

dy = —Tadug — Fedue — Tpdup (27)
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The mole fraction of surfactant 2, Y,, in the adsorbed film is
reasonably defined as the ratio of the total excess concentration
of ions originated from surfactant 2 to the total excess
concentration of all the ions I' by

Yy = (vg,pI'2 + v [I'2)/T
= VQFZ/F

(28)
where
F'=T¢+Tc+T =v1al'1 +v1,el'1 +ve I +vg 5102 (29)
In this case, it has been shown that Eq. (2) is transformed into
dy = —(RTT/m)dm — ®(v)(RTT /X1 Xs)(Ys — X2)dXy (30)
where ®(v) are defined by

D) =1 — (v1,¢/v1)(v2,e/v2)/[(V1,e/V1)X1 + (v2,e/v2) Xz ]
(31)

Then the mole fraction Y3 is evaluated by using the equation
Yy = Xy — (X1 Xo/m)(0m/0Xs)p ),/ P(V) (32)

The analogue of Eq. (16) is derived by following the same
process as shown in Section II.A, but the resulting equation is
found to be a rather complicated form [11]. Let us then take up
a special case of vj./vi =vg,./ve, being of most frequent
occurrence. In this case, we have the relation

Xil/vm/m? — ](;Hyvil/v (33)

and then the activity coefficient f/ and the excess Gibbs free
energy of adsorption defined by Eq. (17) are calculated. Now
the ideal mixing in the adsorbed film is obtained by putting
fiH =11in Eq. (33) as

m" = (m})" + [(my)" — (m7)"]Yz (34)
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where we put 1/v=v;./vi = vy ./v2. Comparing Eq. (34) to
Eq. (18), we note the large difference between them: the
criterion of the ideal mixing for a binary mixture with common
ions is not the straight line connecting m9 and m9, but the one
connecting (m?)” and (m9)’ at the given surface tension.

Also for the micelle formation, the mole fraction in the
mixed micelle Z; is evaluated by

Zy =Xy — (X1X2/C)(3C/0X2)p ,/ P(v) (35)

Furthermore the activity coefficient in the micelle is calculated
from the equation

x'c/c? = Mz (36)

The relation between C and Z; for the ideal mixing on PDM is
given by

C' = (C))" +[(CY" — (CD)] 22 (37)
for the mixtures of 1/v = v ./vi = vg /2.

C. lonic and Nonionic Surfactant Mixture

Let us consider a mixture in which surfactant 1 is ionic and
dissociates into v; o ions and v .c ions and surfactant 2 is
nonionic. The total differential of y is written as

dy = —Todug — Tedue — T2due (38)
Introducing m, X5, I', and Y5 defined by

m=mg+m,+my, Xo=mg/m,

39
'=Tg+ T+ Ty, YQZFZ/F ( )

we obtain the same equation as Eq. (2) in its apparent form.
Furthermore, introducing the analogous definitions to Eqs (39)
for N and Z, by

N=N,+N.+ Ny, Zy=Ny/N (40)



12 Aratono and Takiue

for the mixed micelle formation, we also have the same
equation as Eq. (22) in its apparent form. Therefore the
equations derived for Section II.A are also applicable in this
section. However it should be noted that m, X5, ', Y, N, and
Zs are defined differently in each case.

D. Nonionic and Nonionic Surfactant Mixture

The total differential of y is simply written as
dy = —TI'1dpg — Fadpue (41)

Also in this case we obtain the same equation as Eq. (2) in its
apparent form with the following definitions

m=mi+me, Xo=mg/m, TI'=T1+4+Ty, Yo=I9/T
(42)

For the mixed micelle formation, we also have the same
equation as Eq. (22) with the definitions given by

N =N;+Ny, Zy =N2/N (43)

Therefore the equations derived for Section II.A. are again
applicable to this section.

lll. ADSORPTION AND MICELLE FORMATION

A. Nonionic—Nonionic Surfactant Mixtures

The mixtures of analogues of nonionic surfactants often show
ideal mixing in the adsorbed films and micelle when the length
of hydrocarbon chains is not very different from each other
[15-18]. However, even in these cases, the compositions in the
adsorbed film and micelle are different from that in the bulk
solution. Here we show two cases of nonionic surfactant
mixture. The first one is the very typical nonionic surfactant
mixture: the mixture of pentaethyleneglycol monodecyl ether
(C10E5) and pentaethyleneglycol monooctyl ether (C8E5). The
second one is the hydrocarbon and fluorocarbon surfactant
mixture: the mixture of tetraethyleneglycol monodecyl ether
(C10E4) and tetraethyleneglycol mono-1,1,7-trihydrododeca-
fluoroheptyl ether (FC7E4). The former is expected to be
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ideally and the latter nonideally mixed in their adsorbed films
and micelles [19].

1. Pentaethyleneglycol Monodecyl Ether
(C10E5)-Pentaethyleneglycol Monooctyl
Ether (C8E5)

The surface tension y is shown as a function of the total
molality m at constant mole fraction of C8E5 X5 defined by Eq.
(42) (Fig. 1) [20]. The shape of the curves change very regularly
with X, and the molality at the CMC C was determined
unambiguously from the break points of the curves. The mole
fraction of C8E5 in the adsorbed film Y, was evaluated by
applying Eq. (9) to the m vs X, curves at a given surface tension
and plotted as the m vs Y, curves together with the
corresponding m vs X, curves in Fig. 2. Figure 2 gives the
PDA at different surface tensions. The C values are plotted
against X, and the mole fraction of C8E5 in the micelle Zy
calculated by applying Eq. (22) to the C vs X5 curve are also
plotted in Fig. 3. Figure 3 is the PDM at the CMC.

Y /mNm?!

0 2 4 8 10 12 14 16

m / mmol kg™

Figure 1 Surface tension vs total molality curves of the C10E5-
C8E5 system at constant mole fraction: (1) X;=0 (C10E5), (2)
0.1273, (3) 0.2777, (4) 0.4801, (5) 0.6389, (6) 0.8200, (7) 0.9117, (8)
0.9596, (9) 1 (C8E5).
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m [ mmol kg

0 0.2 0.4 0.6 0.8 1
X5

Figure 2 Phase diagram of adsorption of the C10E5-C8E5 system:
(1) y=35mNm™, (2) 40, (3) 45.

The PDAs and PDM manifest that the adsorbed films and
the micelle are richer in C10E5 molecules, being more surface
active and having lower CMC, than the bulk solution.
Furthermore we note the linear m vs Yy and C vs Z, relations.
Thus it is realized that C10E5 and C8E5 molecules are mixed
ideally in the adsorbed film and micelle on the basis of Eqgs (18)
and (25). The C10E5-C8E4 mixture shows the ideal mixing in
the adsorbed film but the positive deviation from the ideal
mixing in the micelle [20].

2. Tetraethyleneglycol Monodecyl Ether
(C10E4)-Tetraethyleneglycol Mono-1,1,7-tri-
hydrododecafluoroheptyl Ether (FC7E4)

It is well known that very weak interactions between
hydrocarbon and fluorocarbon chains of surfactants often
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--- ideal mixing

C / mmol kg

0 1 1 1 1
0 0.2 0.4 0.6 0.8 1
X, Z,

Figure 3 Phase diagram of micelle formation of the C10E5-C8E5
system.

give rise to de-mixing of the surfactants or its tendency in the
adsorbed films and micelle [19,21]. However, there are only a
few studies on the nonionic hydrocarbon and fluorocarbon
surfactant mixtures [22]. Here we demonstrate the miscibility
of fluorinated surfactant FC7E4 in the adsorbed film and
micelle with hydrogenated C10E4 [23]. The latter was chosen
because its surface activity is very similar to that of the former.

The y vs m curves at constant X, are shown in Fig. 4.
Although all the curves appear to sit very closely to each other
at concentrations below the CMC, the m value at a given
surface tension changes very regularly with X, as is shown
clearly by solid lines in Fig. 5. The m values increase with the
other component added and reach a maximum. Applying Eq. (9)
to the solid lines, we evaluated the mole fraction of FC7E4 in
the adsorbed film Y, (broken lines) and constructed the
PDAs in Fig. 5. It is noticeable that the m vs Y, curves
deviate positively from the ideal mixing line given by Eq. (18)
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80

y/mNm’

m [ mmol kg‘1

Figure 4 Surface tension vs total molality curves of the C10E4-
FC7E4 system at constant mole fraction: (1) Xy=0 (C10E4), (2)
0.190, (3) 0.366, (4) 0.500, (5) 0.622, (6) 0.701, (7) 0.750, (8) 0.780, (9)
0.801, (10) 0.900, (11) 1 (FCTE4).

and always sit outside the m vs X, curves with the coincidence
at the maximum point as expected from Eq. (9). Thus the PDA
is azeotropic.

The positively azeotropic miscibility mainly comes from
the weak interaction between the hydrocarbon and fluorocar-
bon chains. This is estimated quantitatively by the activity
coefficients in the adsorbed films fH and then the excess
Gibbs free energy g given by Eqs (16) and (17), respectively.
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(C10E4) X,.Y, (FCTE4)

Figure 5 Phase diagram of adsorption of the C10E4-FC7E4
system: (1) y=27mNm™?, (2) 29, (3) 31, (4) 33, (5) 35; (—)

The gHF values are plotted against the mole fraction in the
adsorbed films at various surface tensions in Fig. 6. The
positive values of g suggest that the interaction between
C10E4 and FC7E4 molecules is less attractive than that
between the same species alone. This is also substantiated by
the positive excess area per adsorbed molecule AHE, which was
evaluated by applying the equation

APE = _(1/N4)(0g™E/ )T, p, Y, (44)

to the dependence of gH'F on the surface tension shown in Fig. 6.
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Figure 6 Excess Gibbs free energy of adsorption vs mole fraction
in the adsorbed film curves of the C10E4-FC7E4 system:
(1) y=29mNm™, (2) 31, (3) 33, (4) 35, (5) 37.

The PDM demonstrates more clearly the less attractive
interaction between C10E4 and FC7E4 molecules. Figure 7 is
the PDM and reveals the positive azeotropy that the addition of
one component to the other increases the CMC with each other.
Furthermore, in Fig. 8 the excess Gibbs free energy of micelle
formation gMF is compared to that of adsorption at the CMC
gHEC. The values of the latter are smaller than those of the
former. The existence of the difference between gME and gHE-C
reveals the nonideal mixing and the large difference is attrib-
utable to the different molecular orientations in the adsorbed
film and the micelle; the hydrophobic chains are expected to be
closer to each other in the micelle than in the adsorbed film.

B. Nonionic-lonic Surfactant Mixtures

Tonic—nonionic surfactant systems have been investigated for
different kinds of surfactant mixtures and exhibit the strong
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Figure 7 Phase diagram of micelle formation of the C10E4-FC7E4
system : (—) Cvs Xo, (-+---- ) C vs Zs.

interaction between different species both in the adsorbed films
and in micelle [24-29]. However, there exist several contro-
versies and uncertainties on the type, magnitude, and
mechanism of the interaction. Here we demonstrate the
strong interaction observed in the anionic-nonionic and
cationic-nonionic mixtures: sodium dodecyl sulfate (SDS)-
tetraethyleneglycol monooctyl ether (C8E4) [29] and dodecy-
lammonium chloride (DAC)-C8E4 systems [27]. From the
results of the two mixtures, we propose a probable physical
picture of these strong interactions on the basis of the
thermodynamic quantities obtained.
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Figure 8 Excess Gibbs free energy of adsorption and micelle
formation vs mole fraction curves of the C10E4-FC7E4 system: (@)
gHEC vs YT, (O) gME vs Z,.

1. Sodium Dodecyl Sulfate (SDS)-Tetraethylene
Glycol Monooctyl Ether (C8E4)

Figure 9 shows the surface tension vs the total molality curves
at different X, values. The m vs X, curves were constructed by
picking up the m values at a given surface tension from Fig. 9
and are then illustrated by solid lines in Fig. 10. The m value
decreases steeply with increasing X, in the composition range
near X; =0 and decreases very slightly in the larger X, range.
Judging from the existence of a minimum, although it is very
shallow, on the m vs X5 curves at the composition range around
X5=0.9, we expect a synergistic action between SDS and C8E4
molecules.

The mole fraction of C8E4 in the adsorbed films Y, was
evaluated by using Eq. (9) and given in the form of m vs Y,
curves by chained lines together with the m vs X, curves
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Figure 9 Surface tension vs total molality curves of the SDS-C8E4
system at constant mole fraction: (1) Xy=0 (SDS), (2) 0.030, (3)
0.050, (4) 0.200, (5) 0.300, (6) 0.500, (7) 0.600, (8) 0.800, (9) 0.875,
(10) 0.9950, (11) 1 (C8E4).

in Fig. 10. Thus Fig. 10 corresponds to the PDA. It should be
noted that the m vs Y5 curves show a negative deviation from
the straight line (dotted lines in Fig. 10), showing the ideal
mixing in the adsorbed film as given by Eq. (18). Thus an
attractive interaction between SDS and C8E4 is undoubtedly
demonstrated. Figure 11 shows the PDM of the SDS-C8E4
mixture and reveals the attractive interaction more clearly; the
C vs X5 and then the C vs Z, curves have a minimum around
X5 =275=0.8 and they deviates negatively from the straight line
showing an ideal mixing. The PDM in this case shows a
negative azeotrope, which is in striking contrast to the positive
one demonstrated for the hydrocarbon—fluorocarbon surfactant
mixture given in Fig. 7.

The estimated gHF values are obviously negative and their
absolute value increases with increasing surface tension as
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Figure 10 Phase diagram of adsorption of the SDS-C8E4 system:
(a) y=45mNm™}, (b) 42.5, (c) 40; (—) m vs Xy, (—-—-) m vs Yy, ()
ideal mixing.

given in Fig. 12. The former indicates that the interaction
between SDS and C8E4 molecules in the adsorbed film is more
attractive than that between SDS molecules alone or between
C8E4 molecules alone. Taking account of Eq. (44), on the other
hand, the latter is related to the packing of the molecules in
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Figure 11 Phase diagram of micelle formation of the SDS-C8E4

system: (—) C vs X5, (—-—-) Cvs Zg, (------ ) ideal mixing.
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Figure 12 Excess Gibbs free energy of adsorption vs mole fraction
in the adsorbed film curves of the SDS-C8E4 system: (1)
y=45mNm™, (2) 42.5, (3) 40.

terms of the excess surface area A™F. It is found that A™F is
positive and thus the adsorbed molecules tend to expand its
area as compared to the ideal mixing, despite the attractive
interaction. If the dispersion forces are mainly responsible for
the negative gH'F values, the opposite situation must be true;
the gHE value changes from the less negative to the more
negative one as the distance between hydrophobic chains
decreases. We are reasoning from these findings that one
of the probable interactions is a kind of anisotropic attrac-
tion between the hydrophilic parts of SDS and C8E4 mole-
cules, which has a large optimal interaction distance as
compared to the van der Waals interaction. Since this
energetically more favorable configuration is expected to be
prevented at least partly in the dense assembly of surfactant
molecules, the absolute values of gHP in the high surface
density region are smaller than those in the low surface density
region.
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Figure 13 Excess Gibbs free energy of adsorption and micelle
formation vs mole fraction curves of the SDS-C8E4 system: (1) gHEC
vs Y, (2) gME vs Zs.

This is also clearly demonstrated in Fig. 13, where gMF and
g"EC are plotted against Z, and Y, at the CMC. The negative
gME value indicates the energetic stabilization accompanied by
the micelle formation. Furthermore, the energetic superiority
of the mixed micelle formation over the mixed adsorption
confirms our idea on the interaction mentioned above: SDS and
C8E4 molecules can take a more favorable conformation for the
attractive interaction, acting at the long optimal interaction
distance in the mixed micelle rather than at that in the mixed
adsorbed film because the hydrophilic portion of the molecules
and counter ions can effectively use a wedge-like space in a
spherical micelle particle in contrast to a cylindrical space in a
plane mixed adsorbed film.

2. Dodecylammonium Chloride (DAC)-
Tetraethyleneglycol Monooctyl Ether (C8E4)

The strong attractive interaction between ionic and non-
ionic surfactant was observed in the cationic—nonionic
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combinations as well as in the anionic-nonionic one of the
previous section.

The surface tension of the DAC-C8E4 mixture was
measured as a function of the total molality m and the mole
fraction of C8E4 Xs. Since the C vs X, curve shows a minimum,
some interaction between DAC and C8E4 molecules are
certainly expected. The resulting PDM and PDA are given in
Figs 14 and 15, respectively. The PDM has an azeotropic point
at X, =0.85 and shows that a micelle particle abounds in C8E4
compared to the bulk solution at the compositions below the
azeotropic point, while in DAC above it. This fact discloses the
attractive interaction between DAC and C8E4 molecules in
the mixed micelle. The negative deviation of the m vs Y, from
the straight line given by Eq. (18) also manifests the attractive
interaction in the adsorbed film.

Now let us consider the attractive interaction more
closely. Our previous studies on the adsorption and micelle
formation of cationic surfactant and alcohol mixtures suggested
that the deviation from the ideal mixing is caused mainly by
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Figure 14 Phase diagram of micelle formation of the DAC-C8E4
system: (—) Cvs X5, (—-—-) Cvs Zg, (------ ) ideal mixing.
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Figure 15 Phase diagram of adsorption of the DAC-C8E4 system:
(1) y=35mNm™, (2) 40, (3) 45, (4) 50; (—) m vs Xy, (—-—-—- )ym
vs Yo, (o0 ) ideal mixing.

two contributions [30], that is, the chemical nature of the
components and the packing of the surfactant molecules in the
aggregates. Considering the chemical nature that DAC dis-
sociates into surfactant ions and counter ions and C8E4 has a
nonionic polar head group, there probably exists some kind of
electrostatic interaction such as an ion-dipole one. With respect
to the packing molecule, on the other hand, the positive excess
surface area evaluated by using Eq. (44) suggests that the
mixing of DAC and C8E4 molecules in the adsorbed film causes
an increase in the area. This may imply that the interaction is
not favorable from the standpoint of the occupied area.
Therefore, it is said that the attractive interaction of this
system comes from the electrostatic interaction.

The influence of the geometry on the interaction is clearly
demonstrated by comparing the excess Gibbs free energy of
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micelle formation gV to that of adsorption at the CMC gHE-C in
Fig. 16. The gMF value is much more negative than that in the
adsorbed film, which suggests that C8E4 molecules have a long
and bulky hydrophilic part and DAC molecules probably can
take a more favorable conformation for the attractive interac-
tion in the mixed micelle than in the adsorbed film because
molecules can share a wedge-like space in a spherical micelle
particle as already described in the previous section.

Taking note that the attractive interactions between the
ionic surfactant and the nonionic one is observed irrespective of
the ionic nature of the ionic surfactants, let us propose the
scheme of the attractive interaction. In our previous paper on
the adsorption and micelle formation of the aqueous solutions
of HCI-C8E4 and NaCl-C8E4 mixtures [27], we have examined
the interaction between H", Na®, and Cl™ ions with C8E4

gHE‘C, gME / kI mol™*

X,

Figure 16 Excess Gibbs free energy of adsorption and micelle
formation vs mole fraction curves of the DAC-C8E4 system: (1) gHE-C
vs Xz, (2) gME vs X,.
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molecules and demonstrated that ether oxygen interacts attrac-
tively with cationic species both in the adsorbed films and in
the micelles from the PDA and PDM [27]. On the basis of this
view, we have concluded that the attractive interaction in the
DAC-C8E4 mixtures originates from the ion—dipole interaction
or hydrogen bonding between the ammonium group and oxygen
atom of the ethylene oxide group because the counter ion does
not play an important role for the attractive interaction.

With respect to the attractive interaction in the
SDS-C8E4 system, on the other hand, an indirect interaction
between DS~ and the ether oxygen through Na* ions seems to
be plausible because of the following findings:

1. The ether oxygens of C8E4 do not interact attractively
with anionic species, but with the cationic species
mentioned above.

2. The excess Gibbs energies of the SDS-C8E4 system are
more negative than those of the DAC-C8E4 system as
demonstrated in Fig. 17. Nevertheless, DA ions are
likely to interact rather directly with the hydrophilic
part of C8E4 as mentioned in (1).

3. The positive excess area suggests that, when DS~ ions
and C8E4 molecules interact in the adsorbed film,
they are at a longer distance compared to an ideal
distance despite a strong attractive interaction
between them.

Summarizing the interaction scheme, the Na® counter
ions contribute to the stabilization in the SDS-C8E4 system,
whereas the DS™ ions interact indirectly with C8E4 through
Na™ ions. On the other hand, the DA" ions interact directly
with C8E4 in the DAC-C8E4 system.

C. lonic-lonic Surfactant Mixtures

1. Decylammonium Chloride
(DeAC)-Dodecylammonium Chloride (DAC)

The mole fractions Y, and Z; were evaluated by applying Eqs
(32) and (35) to the surface tension data [31]. The PDA at
40mNm™' and PDM are given in Fig. 18 [11]. Judging from
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Figure 17 (a) Excess Gibbs free energy of adsorption at 40 mN m~?
vs mole fraction in the adsorbed film curves: (1) DAC-C8E4 system,
(2) SDS-C8E4 system. (b) Excess Gibbs free energy of micelle
formation vs mole fraction in the micelle curves: (1) DAC-C8E4
system, (2) SDS-C8E4 system.

that the surfactants are analogues with each other having the
difference of the carbon number only by two and the same
counter ion and also the shape of the diagram is similar to that
of a cigar, one may expect the ideal mixing of DeAC and DAC
molecules in the adsorbed film and micelle.

However, comparing the m vs Yy curves with the ones
showing the ideal mixing of Eq. (34) with v=2 given by

m® = (m?)” + [(m)? — (m?)*]Ys (45)

we note that the adsorbed film is enriched slightly in the more
surface active DAC molecules than in the less surface active
DeAC molecules compared to the adsorbed film of the ideal
mixing. Taking note of the equation of the ideal mixing in
micelle given by

C? = (C)* + [(C9? = (C)?] 2 (46)
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Figure 18 (a) Phase diagram of adsorption of the DeAC-DAC
system at 40mNm™': (1) m vs Xy, (2) m vs Y5, (3) ideal mixing. (b)
Phase diagram of micelle formation of the DeAC-DAC system: (1) C
vs X, (2) C vs Zs, (3) ideal mixing.

it is noted that the situation in the micelle is very similar to
that in the adsorbed film. This example shows that, even in the
mixture of analogues, nonideal mixing happens and is revealed
only based on the correct criterion of ideal mixing given by
Eqgs (45) and (46).

2. Decylammonium Bromide
(DeAB)-Dodecylammonium Chloride (DAC)

The only difference of this mixture from the DeAC-DAC is that
the counter ion is not common in the DeAB-DAC but common
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in the DeAC-DAC system. However, we realize that this
difference leads to a large nonideal mixing as follows [11].
The mole fractions Y, and Z, were evaluated by applying
Eqgs (9) and (22) to the surface tension data [32]. The PDA at
40mN m~! and PDM are given in Fig. 19 [11]. First it is seen
that the m vs Y5 and C vs Z, curves are convex downward and
then the nonideal mixing in both the adsorbed film and micelle
is expected. Here it should be noted that the ideal mixing is
given by the straight lines of Eqs (18) and (25), in contrast to
the quadratic equations given by Eqs (45) and (46). The excess
Gibbs free energies were calculated from the respective PDAs
and PDM and shown in Fig. 20 together with the corresponding
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Figure 19 (a) Phase diagram of adsorption of the DeAB-DAC
system at 40mNm ™% (1) m vs Xy, (2) m vs Yy, (3) ideal mixing; (b)
Phase diagram of micelle formation of the DeAB-DAC system: (1) C
vs X, (2) C vs Zy, (3) ideal mixing.



Miscibility in Binary Mixtures of Surfactants 33

200 |
3
4
- 0 6
5 5
- -200}
~N
53]
=
%0 -400 |
. .
® _600 | 2
-800 | 1
1 1 1 1
0 0.2 0.4 0.6 0.8 1
Y, Z,

Figure 20 Excess Gibbs free energy of adsorption at 40 mNm™*
and micelle formation vs mole fraction curves: (1) gHF vs Y5 of the
DeAB-DAC system, (2) gME vs Z, of the DeAB-DAC system, (3) gHF
vs Y, of the DeAC-DAC system, (4) gMF vs Z, of the DeAC-DAC
system, (5) gHE vs Y5 of the DeAC-DeAB system, (6) gV vs Z, of the
DeAC-DeAB system.

values of the DeAC-decylammonium bromide (DeAB) system
[33]. Judging from the results of the DeAC-DeAB system where
the surfactant cations are common to each other, chloride and
bromide ions mix ideally in the micelles and very slightly
nonideally in the adsorbed films. Since the activity coefficients
arising from preferential adsorption is less than unity when-
ever the preferential adsorption takes place [11], the negative
g"E comes from the preferential adsorption of bromide ions to
chloride ions and this coincides with the observation that the
mole fraction Yy is shifted to the DeAB side from the ideal
mixing line. This preferential adsorption is more pronounced in
the DeAB-DAC mixtures, of which g is largely negative
compared to that of the DeAC-DeAB system. Taking account of
the finding that the adsorbed film of the DeAC-DAC mixture
abounds more in DA™ than DeA" compared to the ideal mixing,
the results of the DeAB-DAC system clearly indicates that
attractive interaction, and thus negative values of gHF due to
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the preferential adsorption of bromide ions to chloride ions,
overcomes the small positive values of g'* due to nonideal
mixing of hydrophobic chains.

Thus the examination in terms of the excess Gibbs energy
reveals the miscibility of surfactant molecules from the view-
point of not only the surfactant ions but also counter ions such
as the preferential adsorption.

IV. TRANSITION BETWEEN TWO STATES OF
BINARY SURFACTANT MIXTURES

Mixing of surfactants often produces synergetic action, new
functions, and new organized molecular assemblies. In this
section, first the spontaneous vesicle formation followed by
micelle formation is demonstrated with respect to a cationic—
anionic surfactant mixture. The vesicles of cationic-anionic
surfactant mixtures are often called catanionic vesicles, which
were reviewed thoroughly and very recently by Tondre and
Caillet [34]. Here the spontaneous formation of catanionic
vesicles were studied by measuring surface tension and by
constructing the phase diagram of vesicle and micelle formation
by applying the thermodynamic method [8]. Second, the
adsorption of long chain hydrocarbon and fluorocarbon alcohol
mixtures from their oil solution to the oil/water interface will be
demonstrated and their miscibility in the adsorbed film will
be proved to be greatly changed by the phase transition of
the adsorbed film [9,10].

Thus, the transition in the aqueous solution between
micelle and vesicle for the binary water—soluble surfactant
mixture and that in the adsorbed film between the expanded
and condensed states for the binary oil-soluble surfactant
mixture will be shown.

A. Vesicle-Micelle Transition of Sodium Decyl
Sulfate (SDeS)-Decyltrimethylammonium
Bromide (DeTAB) Mixture

The surface tension of the mixture was carefully measured as a
function of the total molality defined by Eq. (3) with vy =v,=1
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at the fixed mole fraction of DeTAB [8]. The molality at the
critical micelle concentration CMC, C™, and that at the critical
vesicle concentration CVC, CV, were determined from the y vs
m curves. Then the phase diagram of aggregate formation was
constructed by using the thermodynamic consideration. First
the simple model of the total molality vs mole fraction diagram
of aggregate formation will be described and then the
experimental results followed by thermodynamic analysis will
be demonstrated.

1. Simple Model of the Molality vs Mole Fraction
Diagram of Aggregate Formation

Micelles and vesicles are not macroscopic phases in the
thermodynamic sense because they never exist separately
from the solution. However, when their thermodynamic
quantities are defined in terms of the excess ones, the
thermodynamic theory of micelle formation, in which micelle
particles are treated as if they are macroscopic ones, has been
successful in understanding micelle formation and properties in
the solution [7,14]. Then we show a very simple way to predict
the coexisting regions of vesicles and micelles in the total
molality vs mole fraction of the surfactant diagram by using our
thermodynamic method and the mass balance equation.

In the SDeS-DeTAB system, each pure surfactant does
not form vesicles but the mixture does in a limited mole
fraction range because the strong electrostatic molecular
interaction between the two surfactant ions results in a kind
of synergism. Thus the concentration of aggregate formation C
is decreased steeply from their respective pure CMC values by
adding the other component. An example of such C vs X,
behavior is illustrated by the three curves connected at two
break points at C* and X§s where the vesicle-micelle transition
is assumed to take place as shown in Fig. 21, where C? and C
are the CMCs of the respective pure surfactants.

The mole fraction of the second component in the micelle
Z) is evaluated by applying [see Eq. (22)]

ZY = X5 — (X1 X5/ CM(CM )Xoy, (47)
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Figure 21 Total molality vs mole fraction diagram predicted: (—)
CMvsXoat 0 <Xp <X{and Xt <Xy < 1, C¥ vs X, at X& < Xp < X
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to the critical micelle concentration CM vs X, curves and
similarly the mole fraction of the second component in the

vesicle ZY is evaluated by applying
ZY = Xs — (X1.X2/CV)(CY /3X2)r,,

to the critical vesicle concentration CV vs X, curves. The CM vs
ZY and CY vs ZY are schematically shown in Fig. 21, where Z}t
and Zy* are the mole fractions in the micelle and vesicle at the
vesicle-micelle transition point.

When vesicles and micelles are in equilibrium with each
other in the solution, the mass balance relations for the total
surfactants and surfactant 2 are respectively given by

(48)

m=C'+mM+mY (49)
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and
mXs = C*X} + mMZYt + mVZ)t (50)

Here we assumed that the monomer concentration is equal to
C" and the mole fractions in vesicle and micelle are equal to Zy*
and Z)*, respectively, and they do not change as the total
concentration is further increased because vesicle and micelle
are assumed to be a kind of macroscopic phase. Let us examine
the right-hand part of the diagram of Fig. 21. At the
composition region Zy* < X, < Z)* < X!, the total molality m'
at which micelle formation starts to take place in the vesicle
solution is obtained by putting m™ =0 as

m! = CY(X% — Z¥Y/(Xo — Z3") (51)

At the composition region Zy' < ZM* < X, < X!, on the other
hand, the total molality m™ at which vesicle disappears is
obtained by putting m¥ =0 as

m! = CY(XS — ZMY (X, — Z3MY) (52)

Therefore the m! vs X, and m" vs X, curves are predictable
once the values of Xt, Z)t, and Z}* are experimentally obtained.
Taking account of the relation

m! — CV = CY(X} — Z3Y/(Xo — Z3%) — CY
> CV(XS —Xo) /(X2 —Z3) > 0 (53)

we note that vesicle formation takes place in preference to
micelle formation in the vesicle-micelle coexistence regions.
By using the diagram given in Fig. 21, the change of y with
m at a given X, can be predicted qualitatively as is
schematically illustrated in Fig. 22 with respect to the right-
hand side of Fig. 21 (X3" < X3), where X3" is the mole fraction at
the minimum of the C vs X, curve. Curve 1 (pure second
surfactant X, =1) has one break point at the CMC and
the surface tension is practically constant above the CMC.
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Figure 22 Surface tension vs total molality curves predicted: (1)
Xo=1, (2) X, <Xy <1, 3) ZM <Xy < X%, (4) ZY' <Xy < ZD, (5)
X <Xy < Z;’t.

Curve 2 (X! <Xy <1) has one break at the CMC and the
surface tension increases with the molality due to the change of
the micelle and monomer compositions. Curve 3
(ZMt < X, < X!) has three break points at C¥, m', and m™. It
is expected that the surface tension at the concentrations
between m' and m' is constant due to the vesicle-micelle
coexistence. The changes of the surface tension before and after
the constant surface tension show the changes of vesicle and
micelle compositions with m. On Curve 4(ZY® < X, < Z}),
vesicles and micelles start to coexist at m® and vesicles never
vanish even at high m' and therefore the surface tension is
constant at concentration above m!. Finally Curve 5
(X2 <Xy <Z3y") has only one break corresponding to the
CVC. The shape of the curves at X3* <Xy is qualitatively
similar to that at Xy < X7". The qualitative behavior predicted
by this simple model will be compared to the one obtained from
the thermodynamic analysis of the experimental results.



Miscibility in Binary Mixtures of Surfactants 39

2. Vesicle Formation and
Vesicle—-Micelle Transition

Figure 23 shows the surface tension vs total molality curves at
the mole fractions of the DeTAB-rich region [8]. We see that the
variation of y with m at low molalities and at X5 below 0.98
looks like that of a usual surfactant mixture: the surface
tension decreases very rapidly as the total molality increases
and is almost constant above a break point. However, the
dynamic light scattering measurement suggested the existence
of much larger aggregates than micelle particles with the
average radius of approximately 500 nm. The vesicle particles
were observed by using the optical microscope at some X5 and
also in the TEM image of freeze-fracture replicas. Thus it is
concluded that the first break points on these y vs m curves are
referred to as the critical vesicle concentration CV.

80

y /mN nr!

0 50 100 150 200 250 300 350 400
m / mmol kg™

Figure 23 Surface tension vs total molality curves of the SDeS-
DeTAB system at constant mole fraction: (1) X, =0.7012, (2) 0.8004,
(3) 0.9000, (4) 0.9700, (5) 0.9800, (6) 0.9990, (7) 0.9996, (8) 0.9997, (9)
0.9999, (10) 1.
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Figure 24 Surface tension vs total molality curves of the SDeS-
DeTAB system at X5 =0.9700: (1) monomer, (2) monomer + vesicle,
(3) monomer + vesicle + micelle, (4) monomer + micelle.

Examining more closely the curves and taking account of
the visual and optical observations, we have concluded that
four regions exist on each curve: the example at X, =0.9700 is
illustrated in Fig. 24. Region 1 corresponds to the monomer
solution and the surface tension decreases steeply within a very
narrow concentration range. In Region 2, the surface tension
increases slightly but definitely with m. The solutions were
turbid and slightly bluish, although the bluish color disap-
peared completely by freezing them followed by thawing and
birefringent at some total molalites. It was expected from the
turbidity that the aggregates have a size of micrometer order
and in fact a donut-like shape with a size of a few micrometers
was observed by differential interference microscope.
Furthermore the aggregates formed in the birefringent solution
may have lamellar structures because a sheet-like structure
was vaguely observed with the differential interference micro-
scope. It should be noted that the surface tension falls on the
same curve despite the changes in the structures. In Region 3,
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the surface tension is constant and solution is observed to be
bluish and transparent. It should be pointed out that the
appearance of the solution and the y values were not changed
by freezing the solution followed by thawing it and the solution
appeared to be bluish and transparent even at the highest total
molality of this region. Judging from the appearance of the
solution and the fact that vesicles were hardly observed by
optical microscopy, the size of vesicles in this region is probably
around 100 nm or less. In Region 4, it is important to note a
new observation, which is not found in the ordinary mixed
micelle systems, that the y value starts to increase again with
m. The solutions become completely clear and colorless. This
suggests the absence of vesicle particles. The curves No. 1 to
No. 5 in Fig. 23 are similar in their shapes.

Comparing the y vs m curves obtained from the experi-
ments to that from the simple theory given in Fig. 22, we note
the fairly good correspondence between them. Thus, in Region
1, the surfactant monomers are dispersed in the solution and
vesicles of the surfactant mixture spontaneously form at CV. In
Region 2, the vesicles and monomers are dispersed in the
solution. The composition of the vesicle is different from that in
monomeric states. In Region 3, micelles of the surfactant
mixture appear at m' and then the vesicles, micelles, and
monomers are dispersed in the solution. Judging from the
experimental finding that the surface tension is constant in this
region, it is probable that the aqueous solution system behaves
as if it has three kinds of macroscopic phases, that is, monomer
solution, micelles, and vesicles. The molality is further
increased up to m', vesicle particles disappear and then micelle
particles and monomer are dispersed in the solution in Region 4.

Let us evaluate the mole fraction of DeTAB Z3 by applying
Eq. (48) to the CV vs X, curve given by the open circles on the
solid line. The results are drawn by chained line in Fig. 25. The
CV vs X, and the CV vs Z3y diagram is called the phase diagram
of vesicle formation. It is very important to note that the Zy
values are close to 0.5 at most of bulk compositions: a vesicle
particle contains almost equal numbers of surfactant cations
and anions irrespective of the bulk compositions even when the
monomer solution being in equilibrium with the vesicle
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Figure 25 Total molality vs mole fraction diagram of the SDeS-
DeTAB system: (1) asymptote of the m! vs X, curve, (2) asymptote of
the m™ vs X, curve.

particles are only 0.01 mol% surfactant anions. The m' and m!
values from the experiments are plotted against X,. Here the
expected CM vs Z)! curve is also shown, which was not obtained
because of its experimental difficulty but is anticipated from
the present results. The broken lines are the asymptotes of the

m! and m" vs X, curves suggested by the simple theory
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mentioned above. We note the good correspondence of the
experimental results given in Fig. 25 to the prediction from
the simple theory illustrated in Fig. 21.

Thus spontaneous vesicle formation and vesicle-micelle
transition are well described by our thermodynamic method
developed for mixed micelle formation: the concentration vs
composition diagram can predict the critical vesicle and micelle
concentrations, the concentration region of the vesicle-micelle
coexistence. Furthermore, the change of surface tension with
total molality with the composition X5 can be predicted by
using the concentration vs composition diagram.

B. Phase Transition and Miscibility in the
Adsorbed Films of 1-lcosanol (C200H) and
1,1,2,2-Tetrahydroheptadecafluorodecanol
(FC100H)

As shown in Section III.A.2, the mutual interaction between
hydrocarbon and fluorocarbon chains is very weak so that some
mixtures of hydrocarbon and fluorocarbon surfactants are
de-mixed or have a tendency of de-mixing in their micelle. At
the aqueous solution/air (or oil) interfaces, however, even these
water-soluble surfactants are miscible with each other at all
proportions. This is at least partly because the water soluble
surfactants have ionic or large size of hydrophilic groups and
then close packing of hydrophobic chains at the interface is
hardly realized due to the electrostatic or steric repulsion of the
hydrophilic groups compared to that in the micelle, where a
rather large distance between hydrophilic head groups is
available. Therefore it is of great interest to investigate the
adsorption of the oil-soluble mixtures of nonionic hydrocarbon
and fluorocarbon compounds at the water/oil solution of the
mixture. From this viewpoint, the adsorption of long chain
hydrocarbon and fluorocarbon alcohols, and also their mixtures
at oil/water interfaces have been studied systematically: the
phase transition in the adsorbed film often is observed and
influenced greatly by temperature, pressure, and also mixing
with other compounds [35]. The phase transition observed in
our studies has been proved and studied much more from the
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viewpoint of the molecular structure at the interface by
synchrotron X-ray reflection and scattering techniques [36].

1. The Phase Transition in the Adsorbed Film
of the Mixture

The interfacial tension y of the hexane solution of FC100H and
C200H mixture/water system was measured as a function of
the total molality m and the mole fraction of FC100H X, at
298.15K under atmospheric pressure [9]. The results at the
mole fractions below 0.275 and above 0.280 are shown together
with those of the respective pure alcohols in Figs 26(a) and (b),
respectively. It is realized that all the curves have a distinct
break point at which the slope of the curve increases greatly.
Furthermore it should be noted that the two break points were
observed on the curves at X5 =0.275 and 0.280 as indicated by
the arrows. The break points on the y vs m curves suggest that
one or two kinds of phase transition occur in the adsorbed film
of the mixture. In the following, we call the break points at the
higher molality at X; =0.275 and 0.280 the second break point
and the others the first one.

In Fig. 27, the interfacial tension y°? and the total molality
m®? at the break points are plotted against X,. It is seen that
the y* vs X5 curve of the first break point has a sharp-pointed
minimum and the corresponding m*®? vs X, curve has a sharp-
pointed maximum. The corresponding curves of the second
break touch the curves of the first break at their extremum.
Thus the three different states shown by A, B, and C are
suggested in the adsorbed films of the FC100H and C200H
mixture.

To identify these three states in the adsorbed films, the
interfacial pressure © and the mean area per adsorbed molecule
A were calculated according to the usual way and demonstrated
as the © vs A curves in Fig. 28. Figure 28(a) and (b) show that
the curves consist of two parts connected by one discontinuous
change in A:the gradual increase and the steep one in © with
decreasing A. It is noted that the A values converge at about
0.2nm? below X,=0250 and at about 0.3nm? above
X5=0.300, respectively. Judging that the cross-sectional area
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Figure 26 Interfacial tension vs total molality curves of the

C200H-FC100H system at constant mole fraction: (1) Xy=0, (2)

0.050, (3) 0.100, (4) 0.125, (5) 0.150, (6) 0.170, (7) 0.200, (8) 0.250, (9)

0.275, (10) 0.280, (11) 0.300, (12) 0.375, (13) 0.500, (14) 0.650, (15)
0.800, (16) 1.
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Figure 27 (a) Equilibrium interfacial tension vs mole fraction
curves of the C200H-FC100H system: (O) first break point, (@)
second break point: (b) Equilibrium total molality vs mole fraction
curves of the C200H-FC100H system: (O) first break point, (@)
second break point.

of hydrocarbon and fluorocarbon chains are very close to these
A values, we have concluded that the phase transition takes
place from the expanded to the condensed state at the first
break points. Furthermore the convergence of A at the two
different values suggests that the condensed film is constructed
of C200H molecules solely at X5 < 0.250 and FC100H solely at
X5 >0.300, respectively. On the other hand, judging the finding
that the A value of the expanded state varies continuously with
the mole fraction X5, the film is probably constructed by these



Miscibility in Binary Mixtures of Surfactants 47

alcohol mixtures. The composition relation between the bulk
solution and the adsorbed film will be clarified by drawing the
phase diagram of adsorption as demonstrated below.

Now let us look closely at the second break points at
X5=0.275 and 0.280. The = vs A curves are given together with
those of the pure alcohols in Fig. 28(c). Examining these curves,
we can say that the first break points correspond to the phase
transition from the expanded state to the condensed film of
FC100H and the second to that from the condensed film of
FC100H to the condensed film of C200H, respectively. Thus it
is concluded that the three regions A, B, and C correspond to
the expanded, C200H condensed, and FC100H condensed
state, respectively. When the different species of these alcohol
molecules are completely immiscible with each other in the
C200H and FC100H condensed states, the thermodynamic
relation can predict that the phase transition should take place
from the condensed film of FC100H to that of C200H and
that its reverse does not take place [9].

20

(@)

15¢

0 05 1 15 2

A4 / nm?
Figure 28 Interfacial pressure vs area per adsorbed molecule
curves of the C200H-FC100H system at constant mole fraction: (1)
X,=0, (2) 0.050, (3) 0.100, (4) 0.125, (5) 0.150, (6) 0.170, (7) 0.200, (8)
0.250, (9) 0.275, (10) 0.280, (11) 0.300, (12) 0.375, (13) 0.500, (14)
0.650, (15) 0.800, (16) 1.
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2. Miscibility in the Adsorbed Film of the Mixture

To make sure the conclusion on the miscibility in the adsorbed
film derived from the nm vs A curves and to get more
quantitative information on the miscibility, let us construct
the phase diagram of adsorption PDA at different interfacial
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Figure 29 Total molality vs mole fraction curves of the C200H-
FC100H system at constant interfacial tension: (1) y=47mNm™},
(2) 45, (3) 43, (4) 42, (5) 41, (6) 40, (7) 39, (8) 37, (9) 35; (----) m*?
VS Xg.

tension values [10]. The mole fraction of FC100H in the
adsorbed film Y, was evaluated by applying Eq. (9) to the total
molality m vs the mole fraction in the hexane solution X,
curves given in Fig. 29, where the broken lines show the phase
transition points as already given in Fig. 27(a). The PDAs are
demonstrated at some selected y values in Fig. 30.

Figure 30(a) shows the PDA at 45mNm ' where the
adsorbed films are all in the expanded states. It is seen that
C200H and FC100H molecules are miscible at all the
proportions and their mixture forms a positive azeotrope at
about X, =0.1: the adsorbed film is richer in C200H molecules
below and in FC100H molecules above the azeotropic point
than the bulk oil solutions. Since the m vs Y, curve deviates
positively from the straight line of the ideal mixing given by
Eq. (18), the molecular interaction between different species is
less attractive compared to that between the same species.
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As the interfacial tension decreases, the azeotropic point
approaches gradually the m®? vs X5 curve and finally touches
it at 42.1 mN m™' as shown in Fig. 30(b). The m vs X, curve at
lower X5 sits in the condensed region (B in Fig. 29) and the Y,
values evaluated are nearly zero or even very slightly negative.



52 Aratono and Takiue

25
! @

20f

-
%)

|
|
|
1
|
I
i
i
|
|
i

m [ mmol kg™

—_
o
T

-0.2 0 0.2 0.4 0.6 0.8 1 1.2
X,, Y,

Figure 30 Continued.

This finding shows clearly that the condensed film in the B
region is constructed only from C200H molecules and thus
FC100H molecules are expelled from the interfacial region,
which forms a striking contrast with the expanded film.

At 39mNm ™! given in Fig. 30(c), the m vs X, curve is
divided into three parts by the two break points on the m®? vs
X, curve. At the larger X5 (region C), the condensed film of
FC100H appears and the mole fraction Y, is almost equal
to unity: the condensed film is composed of only FC100H
molecules and C200H molecules are expelled from the
adsorbed film. This is a totally opposite situation to the one
at the smaller X, (region B). At the intermediate X, (region C),
the adsorbed film is in the expanded state and the Y, value
changes with X,. At the interfacial tensions below 37mNm™!
given in Figs 30(d) and (e), the adsorbed film is in a condensed
state in a whole composition range and the PDA shows the
heteroazeotrope. Thus the adsorbed film is constructed from
only C200H molecules below and from only FC100H molecules
above the bulk mole fraction at the azeotropic point.

Taking note of these PDAs, we draw a conclusion on the
second break points observed on the y vs m curves at X, =0.275
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and 0.280 (curves 9 and 10 in Fig. 26) as follows. Looking at the
PDAs in Figs 30(d) and (e), it is seen that the heteroazeotropic
point sit below X, =0.275 at 37mN m ' and above X, =0.280
at 35 mN m~'. Therefore it is said that the adsorbed films at
these X, at a concentration between the first and second break
points is composed of only FC100H molecules and those above
the second break point is composed of only C200H molecules.
This is totally consistent with our conclusion that the second
break point corresponds to the phase transition from
the FC100H condensed state to the C200H condensed state.
The positive azeotrope and the complete immiscibility of
C200H and FC100H molecules in the adsorbed film come from
the rather weak interaction between hydrocarbon and fluo-
rocarbon chains. The excess Gibbs free energy of adsorption at
different interfacial tensions is given in Fig. 31: the gHF values
are positive at all Ys. Therefore it is said that the mutual
interaction between C200H and FC100H molecules in
the adsorbed film is very weak compared to that between the

3
08r
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g 0.6
y 1
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ﬁco 0.4r
0.2}
0 1
0 0.2 0.4 0.6 0.8 1

Figure 31 Excess Gibbs free energy of adsorption vs mole fraction
in the adsorbed film of the C200H-FC100H system: (1)
y=47mNm™?, (2) 45, (3) 43.
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same type. It should be noted that the gF value is much larger
than that of nonionic fluorocarbon and hydrocarbon surfactant
mixture given in Fig. 6. Furthermore the excess area in the
adsorbed film calculated by using Eq. (44) was positive and its
maximum value is about 0.1nm? [10]. Judging from the fact
that the cross-sectional areas of hydrocarbon and fluorocarbon
chains are about 0.2 and 0.3nm? respectively, and the
maximum value of the corresponding excess area of the
C10E4 and FC7E4 mixture is only about 0.025 nm?, we realize
that the mixing of C200H and FC100H molecules in the
adsorbed film causes a great increase in the mean area per
molecule. This supports strongly the weak mutual interaction
between the hydrocarbon and fluorocarbon alcohols.

V. CONCLUSION

The thermodynamic equations were abstracted from our
systematic studies on binary surfactant mixtures to shed light
on their miscibility in the adsorbed film and micelle. The
representative systems of nonionic—nonionic, ionic-nonionic,
ionic-ionic with and without common ions were examined by
applying the equations. It was clearly shown that the
dissociation of ionic surfactants should be taken into account
in the definition of the concentration variables and then in the
thermodynamic equations and that the resulting equations
were different from each other, depending on the combination
of binary surfactants. Furthermore the criterion of the ideal
mixing in the phase diagram of adsorption and that of micelle
formation were proposed and examined to elucidate the
deviation from the ideal mixing in terms of the activity
coefficients and excess Gibbs free energy.

The methods for ordinary micelles and adsorbed films
were further extended to the spontaneous vesicle formation
of cationic-anionic surfactant mixture and the phase tran-
sition of hydrocarbon and fluorocarbon alcohol mixtures at
the oil/water interface, respectively. In the former, it was
demonstrated that the phase diagram suggested from the
simple model is consistent with that predicted from the surface
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tension measurements and also with the visual and microscope
observations. In the latter, the phase diagram of adsorption
manifested that the miscibility of the alcohols were drastically
changed by the phase transition in the adsorbed film.
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Micro-Phase Separation in
Two-Dimensional Amphiphile Systems
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SYNOPSIS

Micro-phase separation in binary mixed Langmuir monolayers
of immiscible amphiphiles is an interesting phenomenon.
In this chapter, we mainly discuss two subjects in relation to
this phenomenon. The first one is the mechanism of micro-
phase separation in pm size region and control of the size and
shape of two-dimensional condensed phase domains. The
second one is formation of surface micelles in the monolayers
of partially fluorinated long-chain acids and micro-phase
separation in their mixed monolayers in nm size region.
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