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Abstract – Our aim is to give a short introduction of the use of phase diagrams in order to rationalise general principles of
surfactant self-assembly. These can be rationalised in terms of geometrical constraints: volume, surface and curvature. Binary
(two components: surfactant and water) and ternary systems (surfactants, water, oil) are considered separately. Models for
solubilisation, to be understood within the general principles and not as tabulated data, are presented. Finally, some examples
of application of solubilisation in formulation are given.To cite this article: F. Testard, T. Zemb, C. R. Geoscience 334
(2002) 649–663.  2002 Académie des sciences / Éditions scientifiques et médicales Elsevier SAS
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Résumé – Compréhension de la solubilisation par utilisation des principes d’auto-association des tensioactifs à
partir des contraintes géometriques. Cet article présente une synthèse des principes généraux de l’auto-association des
tensioactifs à partir des contraintes géométriques : surface, volume et courbures des hétérogénéités polaires/apolaires se
formant spontanément. Les tensioactifs permettent de solubiliser dans un milieu des composés a priori insolubles. Les
principes généraux sont présentés dans le but de donner une vue d’ensemble unifiée des diagrammes de phases binaires (deux
composants : tensioactifs et eau ) et ternaires (tensioactifs, eau, huile). Ces mêmes principes généraux de l’auto-association
des tensioactifs permettent d’établir des modèles prédictifs pour la solubilisation de composés dans des systèmes binaires ou
ternaires.Pour citer cet article : F. Testard, T. Zemb, C. R. Geoscience 334 (2002) 649–663.  2002 Académie des sciences /
Éditions scientifiques et médicales Elsevier SAS
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Version abrégée

La solubilisation est le mécanisme général qui per-
met d’obtenir une solution homogène contenant de faibles
concentrations d’une molécule « peu ou pas soluble » dans
un solvant donné. Ainsi, la solubilisation permet de mettre
en solution aqueuse des molécules « hydrophobes », telles
des principes actifs médicamenteux, ou de mettre en so-
lution dans l’huile des additifs « hydrophiles ». Augmen-
ter et contrôler la solubilisation est un problème quotidien
posé au formulateur, aussi bien dans l’industrie pharmaceu-
tique, cosmétique, agroalimentaire que pétrochimique ou

minière. Dans la formulation des peintures, des gels photo-
graphiques, des revêtements routiers ou des détergents li-
quides, le problème est souvent d’augmenter les quantités
de solutés sans risquer l’instabilité de la solution formulée,
qui contient plusieurs solutés peu solubles en coexistence.
Industriellement, il existe trois méthodes générales de so-
lubilisation :
– recourir à une émulsion, en dispersant une phase « huile »
ou « eau » minoritaire qui permet une bonne solubilisation
des solutés ;
– recourir à des molécules dites « hydrotropes » (ces fa-
milles de molécules ne forment pas de systèmes molé-
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culaires auto-organisés et augmentent la solubilité obser-
vée d’une molécule donnée ; on parle alors de « synergie »,
car la théorie des solutions régulières ne s’applique pas
– les mécanismes moléculaires correspondants sont mal
connus –) ;
– recourir à des tensioactifs, qui forment des systèmes
moléculaires organisés (micelles – directes ou inverses –
cristaux liquides ou microémulsions).

L’article présenté ici a pour but de faire le point sur les
compréhensions modernes et quantitatives qui concernent
la troisième méthode, c’est-à-dire sur le recours à des
systèmes moléculaires organisés à base de tensioactifs,
aussi appelés surfactants. Cependant, les principes d’auto-
assemblage s’appliquent à toutes molécules actives de
surface qui forment en elles-mêmes par association un
film (monocouche) de surface et de volume déterminés.
La même méthodologie pourrait être utilisée pour traiter
les surfactants, les lipides naturels ou de synthèse, les
protéines actives de surface, les petits polymères auto-
associatifs.

À l’équilibre thermodynamique – en évitant les pro-
blèmes de sursaturation – une des manières de quanti-
fier la solubilisation est de déterminer la solubilité maxi-
male ; c’est-à-dire la concentration maximale atteinte dans
un fluide complexe homogène lorsque celui-ci est en équi-
libre avec un soluté en excès, solide ou liquide. Considé-
rons, pour fixer les idées, un fluide complexe qui contient
de l’eau, de l’huile et un soluté peu soluble dans l’eau.
Connaissant la solubilité maximale du soluté dans l’huile
et la fraction de volume d’huile dans le système molécu-
laire organisé final, on peut calculer de manière triviale,
par simple proportionnalité, la solubilité maximale atten-
due. Or, expérimentalement, une solubilité supplémentaire
– très importante pour les applications industrielles – est
observée. On parle alors « d’excès de solubilisation ». Cet
excès de solubilisation est exprimé sous forme de rapport
molaire (λ) entre le soluté solubilisé en excès par rapport
aux phases continues et la concentration molaire de ten-
sioactif utilisé dans la formulation. Les molécules de cet
« excès de solubilisation » peuvent être considérées comme
adsorbées sur le film de tensioactif. Il y a ici des analo-
gies profondes entre la solubilisation dans des microémul-
sions et l’adsorption de tensioactifs sur des particules mi-
nérales : on traitera d’adsorption progressive de solutés sur
des films de tensioactifs, comme d’adsorption de tensio-
actifs sur des surfaces de particules d’argile. Le problème
revient à déterminer des « isothermes » d’adsorption d’un
soluté sur une surface d’accueil, qui, dans le cas des ten-
sioactifs, est flexible.

Les surfaces de tensioactifs sont classiquement divisées
en deux catégories :
– les tensioactifs ioniques, dont les têtes polaires sont
dissociables ;
– les tensioactifs non ioniques, dont les têtes polaires ne
portent pas de charges électriques, mais un grand nombre
de molécules d’eau fortement liées aux têtes polaires.

Il est important de considérer la déformabilité du film
pour les études de solubilisation. Les films flexibles, carac-

térisés par des constantes élastiques de l’ordre dek T , peu-
vent être facilement déformés sous l’effet des fluctuations
thermiques. Les films rigides ne peuvent être déformés par
les fluctuations thermiques : la contrainte dominante est la
contrainte de courbure. Dans les deux cas, la notion impor-
tante est la notion de courbure spontanée du film. Mathé-
matiquement, la courbure est facilement exprimable sous
forme de courbure moyenne et gaussienne. Physiquement,
pour un film non déchirable de tensioactifs, il existe une
relation générale et importante, dite « de couverture » entre
courbure gaussienneK0 et courbure moyenneH0 :

P0 = 1−H0�+ 1
3 K0 �

2

où � est l’épaisseur du film. Le paramètre d’empilement
P0, ou paramètre de courbure spontanée, est un scalaire qui
caractérise très généralement un film de tensioactif. Ce pa-
ramètre unifie les notions de courbure spontanée et est à la
base moléculaire des échelles empiriques de type « HLB »
ou dérivées. La différence entre le paramètre d’empile-
ment spontanéP0 et le paramètreP imposé, lorsque le
système moléculaire organisé est formé, est l’énergie libre
de formation de micelles ou de microémulsions. Cette dé-
marche permet d’unifier la compréhension des systèmes à
base de tensioactifs, aussi bien dans les systèmes binaires
tensioactif–eau que ternaires huile–eau–tensioactif.

Pour une composition donnée, tout système moléculaire
organisé à base tensioactif est donc caractérisé par trois
quantités :
– la surface spécifiqueΣ , qui est la somme des surfaces
par tête et par unité de volume ; sa valeur est imposée
par la concentration, car les films de tensioactifs ne sont
pas étirables dans le sens latéral ; la surface par tête peut
aussi être mesurée par diffusion de rayonnement (X ou
neutrons), en considérant le comportement asymptotique
des petits angles vers les grands angles de diffusion (limite
dite de « Porod ») ;
– les fractions de volumes « hydrophiles » et « hydro-
phobes » présents, ces volumes étant imposés par les
volumes molaires ;
– le paramètre d’empilement spontanéP0 et le paramètre
d’empilement effectifP , qui est simplement déduit des
structures présentes en solution.

Nous montrons dans cette revue que des approches mo-
dernes de la solubilisation partent d’une constatation de
base : il existe une relation linéaire entre la courbure spon-
tanéeP0 et l’excès de solubilisationλ. Dans tous les
cas étudiés, cette relation est linéaire. Par exemple, dans
le cas simple de tensioactifs non ioniques et de solutés
non ioniques, en supposant que le soluté apporte son vo-
lume moléculaire dans le film de tensioactif, sans modi-
fier au premier ordre, ni l’épaisseur du film, ni la sur-
face par tête, la relation entre le paramètre d’empilement
intrinsèqueH0 et l’excèsλ de solubilisation mesuré est
bien approchée. Nous donnons les références des travaux
originaux qui ont été établis sur des systèmes modèles
ainsi que des cas importants dans les applications indus-
trielles.
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1. Introduction

In a ‘surfactant’ molecule, a hydrophobic part is
linked to a hydrophilic part. This duality is respon-
sible for the self-organisation capacity of those mole-
cules and induces reduction of surface tension, i.e.,
positive adsorption at the air–water interface. Lipids
as well as detergents, most ‘complexing molecules’ as
well as associative polymers belong to the ‘surfactant’
class of molecules according to this general definition.

The phase diagrams of surfactant in water (binary
system) or in both water and oil (ternary system)
experimentally obtained can be rationalised by the
general principles of surfactant self-assembly. We will
see in the following these general principles by the
use of phase diagrams. In this short review, the phase
diagrams are not included but they can be found
in original references in the form of useful ‘Atlas’
of phase diagrams, a book [8] as useful to physical
chemists than a good map for a geographer.

Surfactant molecule could be used to enhance the
solubility of an insoluble substance in water. Until
now, most uses of solubilisation properties for formu-
lation have to be derived from tabulated values ob-
tained from systematic titration [45]. We will present
in the following how models for solubilisation can
be generalised and unified by linking molar ratio of
solutes to geometrical constraints, using the general
principles of surfactant self-assembly.

2. Binary phase diagrams

Binary phase diagrams are determined when only
surfactant and solvent are present in the sample. When
the surfactant molecule is mixed with water, a tran-
sition from monomers to multi-molecular aggregates
is observed as soon as the chemical potential is high
enough to induce the transition from a molecular solu-
tion to organised molecular systems. This transition is
called the critical micellar concentration (cmc). Even
if it is numerically most of the time equivalent, the
cmc should not be systematically identified to the con-
centration of monomers in dynamic equilibrium with
micelles.

At atmospheric pressure, two thermodynamic vari-
ables define the system, i.e., the concentration of the
surfactant and the temperature, which are the axis of
the commonly found phase diagrams: an exhaustive
‘Atlas’ of binary systems, in the form of behaviour
versus temperature and concentration of one surfac-
tant has been recently critically compiled [29].

2.1. Generalities

Depending on concentration and temperature range,
the aggregates formed by the surfactant present very

different shapes. Assuming a complete segregation
between hydrophobic and hydrophilic domains, the
geometry of the aggregates can be described by the
interface between the domains. The local geometry of
the aggregates is characterised by the interfacial cur-
vature of the surfactant film. The curvature of an in-
terface is defined by using two circles tangent at each
point to a general surface covered by surfactant mono-
layer. On each point, there is a maximal value(r1) and
a minimal value(r2) for radii of circles tangent to the
surface. The curvature (dimension: length−1) is the in-
verse of the radius of the tangent circle. The average
curvatureH is the average of the inverse of the two
radii of curvature. The gaussian curvatureK is the
geometrical mean of the inverse of the two radii of
curvature.

Three cases frequently described in local packing
topologies are: globular (K > 0), cylindrical (K = 0)
and cubic (K < 0). Curvature and Gaussian curvature
are quantitatively lower in the case of lamellar phase,
or locally lamellar structures.

Israelachvili et al. [22] postulated a preferred mole-
cular shape for the molecule embedded in the surfac-
tant film. This shape is described by the surfactant pa-
rameter:

(1)P = V/σ �

Thus reducing the solubility in water and increasing
the solubility of the surfactant in oil, where, at the
microscopic scale, the volumeV is the volume of
apolar part of the surfactant molecule,σ the area
per molecule at the interface and� the average chain
length. This surfactant parameter characterises and
determines the local shape of the interface.

For non-ionic systems, the surfactant parameter
P is primarily varied by using temperature: high
temperature dehydrates the ethoxy polar head-group,
thus reducing the solubility in water and increasing
the solubility in oil of the surfactant. For ionic
surfactants, the situation is more complex, since
the counter-ion density function near the oil/water
interface sets the area per head-group and also the
elastic bending constant of the interface, i.e., the
energetic cost to deviate locally from the spontaneous
curvature.

The coverage relation [21] links this local packing
parameterP of neighbouring surfactant molecules to
macroscopic curvatures imposed by topology:

(2)P = 1− 〈H 〉�+ 1
3 〈K〉�2

If 〈H 〉 is positive, then the film is curved towards the
hydrophobic region.

On a macroscopic scale,〈H 〉 is the average curva-
ture averaged over the whole sample, and〈K〉 is the
gaussian curvature, averaged over the whole sample.
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In the most simple case possible, i.e., the case
of spherical micelles with a radiusR, the average
curvature is given by 1/R and the gaussian curvature
is equal to 1/R2.

Relations (1) and (2) are too crude to be used
directly, but are the basis of any model evaluating
the difference between two samples: they can be used
differentially, considering temperature, concentration
or salinity variations as well as solubilisation of a host
molecule.

The spontaneous curvaturesH0 and K0 are the
curvatures [21, 44] adopted by the surfactant film in
the absence of non-local constraints. It corresponds to
the minimisation of the total bending energy of the
film. When the microstructure is not known a priori,
the self-organisation of surfactant molecules can be
rationalised in terms of chemical potential, primarily
depending on the concept of spontaneous curvature of
any surfactant monolayer.

The competition between the spontaneous curva-
tures, which depends on molecular shape, tempera-
ture, salinity and the curvatures imposed by sterical
constraints such as micellar volume and surface, is
the most general principle of surfactant self-assembly
[21]. The spontaneous curvatures reflect the local
packing constraints at the microscopic scale, while the
curvature characterises the composition. The cost in
the bending energy per unit area due to the difference
between these two quantities is given by the following
expression [17]:

(3)F = 2kc
(〈H 〉 −H0

)2 + kc
(〈K〉 −K0

)

On a macroscopic scale,〈H 〉 is the average curvature
averaged over the whole sample, and〈K〉 is the
gaussian curvature, averaged over the whole sample.

The expression (3) presents serious self-consistency
problems, as shown by Fogden et al. [14] in the case
of non-zero spontaneous curvature. An alternative mi-
croscopic model of the membrane could be used to
express the free bending energy of the surfactant film.
With this model, the energy [20] of deformation of
surfactant film is related to the deviation of the pack-
ing parameter from its preferred valueP0:

(4)F = k∗ (P − P0)
2

wherek∗ is a generalised bending constant, andP0 is
obtained by relation (2) withH0 andK0.

This energyF is an estimation of the cost in en-
ergy needed by the molecule to go from the preferred
shape to the actual shape in the film. This expression
using one variable only gives a simple expression of
chemical potential versus one molecular quantity al-
lowing schematic predictions [21] of phase sequence
in binary phase diagram (surfactant–water).

2.2. Spherical micelles

The simplest case of aggregates for surfactant
in water is obtained for spherical micelles. The
maximum of surfactant per globular micelle, the so-
called Tanford limit [49] for spherical micelle is
obtained with simple geometrical arguments, using
the surface to volume ratio of a sphere:

Nmax
agg = 3× (apolar molecular volume)

[(area per molecule at core/water interface)× R]
whereR is the radius of the apolar core of the micelle;
it must not exceed the chain length of the apolar
part of the surfactant; the numberNmax

agg generally lies
between 20 and 200.

For ionic micelles, the aggregation of amphiphile is
limited by head-group electrostatic repulsion, which
is balanced by the adsorption of counter-ions at the
micellar surface. The dissociation of the counter ions
of the head group can be predicted within the frame
of the ‘Dressed Micelle Model’ [16] from first prin-
ciples and an approximate analytical solution of the
Poisson–Boltzmann equation in spherical geometry.
This model reduces the micellisation of an ionic sur-
factant to a single parameter only: the aggregation
number. Therefore, for a given micelle, the effective
charge, i.e., the net electrical charge taking into ac-
count adsorbed counter-ions and non-linear effects,
can be explicitly calculated from molecular volumes,
ion size and water–oil interfacial tension.

Hayter [16] gives a numerical calculation to ob-
tain the effective charge, once volume and surface are
known. This relation holds for all micelles and pre-
dicts effective charge in all cases where there is no
‘chemical’, i.e., non-electrostatic interaction between
the oil–water interface and the counter-ion. The mi-
celles that have a lower charge than calculated in-
volve highly polarisable counter-ions, such as bro-
mide and iodide, or specific receptors, such as cage
molecule, implying ion head-group specific interac-
tion [3]. A general sequence called the Hofmeister
series seems to describe some ion-binding effect in
a large number of systems. Recently, a general the-
ory for the origin of this Hofmeister effect has been
proposed and the consequences for the surfactant ag-
gregation are described by Underwood and Anacker
[54]. This ion effect is very sensitive, since the
phase diagram of a surfactant–water binary system
could be completely modified by the exchange of the
counter-ions (bromide instead of chloride for exam-
ple [5]).

2.3. Intermolecular interactions

In binary phase diagrams, the phase limits are set
by intermolecular interactions. Therefore, the use of
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the phase boundaries that provide lines of known os-
motic pressure is a powerful tool for determining
molecular forces. When two phases coexist in a re-
gion of a binodal line, there is a competition for wa-
ter. For example, in the case of a lamellar in equilib-
rium with pure water, the total balance of attractive
and repulsive interactions between surfactant aggre-
gates is zero, since the osmotic pressure of the water
phase in excess is zero. Thus, a determination of the
maximum observed periodicity versus any thermody-
namical parameter such as temperature, ionic strength
or composition of solvent is equivalent to a very sen-
sitive molecular force balance [40]. Parsegian and co-
workers [30] have shown that if the attractive and re-
pulsive interactions are algebraically combined as an
approximation, quantitative information about mag-
nitude of interaction between membranes can be ob-
tained.

3. Ternary phase diagrams

3.1. Pseudo-binary systems

The simplest case is the historic case of sodium oc-
tanoate/water/octanoic acid which is a quasi-binary
system studied by Ekwall and co-workers [6, 7],
where the ‘oil’ and ‘surfactant’ are the acidic and
sodium forms of the same molecule. In this sys-
tem, the connected lamellar phase (sponge phase),
i.e., the first non-globular micellar aggregates, as well
as highly swollen lamellar phases have been discov-
ered.

3.2. Two surfactants in water

The catanionic surfactant–water systems – in which
an anionic surfactant is associated to a cationic sur-
factant in water – belong to the class of ternary self-
assembling organised molecular systems. Strong ion
pairing and low critical micellar concentrations char-
acterise these types of solutions [24]. Catanionic mix-
tures provide a general way of producing long range
correlation in microstructures since ion pairing pro-
duces robust lateral packing in mixed films:P0 is
close to one, bilayers are preferred and the resulting
bilayer is stiff (kc > 1).

3.3. Surfactant/water/oil

The most general ternary phase system is obtained
for a mixture of surfactant, water and oil. The ternary
phase diagrams of ionic and non-ionic species demon-
strate the interplay between curvature imposed by vol-
ume and surface constraints and spontaneous curva-
ture, a basic property of a surfactant film. The phase
diagrams are profoundly different for flexible and

rigid surfactant films [4]. The flexible films are films
for which the cost in bending energy of local curva-
ture variations is smaller than thermal energy. The
microstructure of flexible films is dominated by en-
tropy and therefore the fluctuations. The rigid films
can be modelled as molten liquid crystals or a glass
of small crystallites of liquid crystals and therefore
form more homogeneous microstructures. Basically,
flexible films correspond tokc 
 kB T and rigid films
to kc � kB T . The intermediate case wherekc ≈ kB T
and associated microstructure has only be examined
recently [3].

3.3.1. Microemulsion
In general, the mixture of three components (wa-

ter/oil/surfactant) results in a non-homogeneous so-
lution of different phases. However, over a certain
composition range the mixture spontaneously self as-
sembles into a transparent stable liquid phase: a ‘mi-
croemulsion’. The properties and structure of this
microemulsion and the observation of the phase lim-
its depend on the nature of the film (rigid or flexi-
ble case). The microemulsion is a good medium to
solubilise solute, as we will see in the next para-
graph.

The structure of the microemulsion changes con-
tinuously as a function of the composition. Some mi-
croemulsions are like ‘micellar’ or ‘reversed micellar’
phase; however, in some cases, a ‘random bicontinu-
ous dispersion’ is present. Experimentally, one always
observes a broad scattering peak at:

(5)qmax = 2π/D∗ = (2π/5.8)
[
σ Cs/φ (1− φ)

]

with q = 4π/λsinθ andθ , half the scattering angle
with incident wavelengthλ. The Bragg distanceD∗ is
obtained from the maximum of the scattered intensity;
it corresponds to the typical size of dispersion size in
real space.φ is the polar part volume fraction of the
sample,Σ = σ Cs is the oil–water specific interface at
the interfacial film, which can be directly measured by
the Porod asymptotic law of scattering at large angles:

(6)Limq→∞ I (q) q4 = 2π σ Cs�ρ
2

where the scattered intensity is expressed in absolute
units (cm−1) and�ρ is the inside–outside contrast in
scattering length density (cm−2).

Early microemulsion models developed in the liter-
ature are due to Talmon and Prager [48], who predict
monotonic decrease without the presence of a scatter-
ing peak, as well as to de Gennes and Taupin [15] or
to Cates, Roux, Andelman and Safran [2], who give
a peak at twice the observed value, without any shift
versus spontaneous curvature.

For ionic systems in the low salt case, the major
component towards surfactant film rigidity is brought
by distribution of counter-ions, universal expressions
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Figure 1. Three classes of structure
obtained from the Disordered, Open
and Connected model. This model
is based on a generalised connected
structure that locally satisfies three
constraints: the volume fraction, the
specific surface and the curvature.
The microstructure is assimilated to
a pure geometric question, neglect-
ing entropy and curvature fluctuations
effect. The structure is built from a
Voronoi cell tessellation.

Figure 1. Trois classes de structure
obtenues par le modèle Désordonné,
Ouvert et Connecté (DOC). Ce mo-
dèle est construit à partir d’un ré-
seau de cellule de Voronoï et d’une
structure connectée, qui satisfait loca-
lement trois contraintes : la fraction
volumique, la surface spécifique et la
courbure. La microstructure est obte-
nue par des considérations purement
géométriques, en négligeant les effets
de fluctuation dus à l’entropie ou à la
courbure.

having been given for the case of monovalent counter-
ions [13].

3.3.2. Rigid case (kc > kB T )

In this case, fluctuations in curvature are not dom-
inant: this corresponds to double chain ionic surfac-
tants, or ionic surfactants with co-surfactants and in
the absence of salt in the solvent. Rigid ternary sys-
tem is usually made with charged surfactants, the
archetype being the easily hydrolysed and hard to pu-
rify AOT, for which no accepted complete ternary
phase diagram exists yet.

In the case of a rigid interface, an analytic pre-
dictive model allowing explicit calculation of the lo-
cation in phase diagrams of conductivity variation,
associated to transition of microstructures between
droplets, cylinders and locally flat connected bi-layers
is available [55]. This Disordered, Open and Con-
nected model [39] only considers conservation of vol-

ume, surface and curvature and predicts possible mi-
crostructures versus composition, as shown in Fig. 1,
adapted from reference [56].

Particularly, this model predicts the antipercola-
tion threshold in reversed microemulsion of the most
widely studied stiff interface of ternary systems: the
water/oil/DDAB system. The easiest way to obtain
stiff interfaces is to combine electrostatic interaction,
i.e., an ionic surfactant, with more than one chain per
head-group. Electric antipercolation is the observation
of a decreasing conductivity by orders of magnitude
upon the addition of water for a given composition.
The occurrence of antipercolation boundaries is gen-
eral in microemulsions with stiff interfaces, This has
been first discover by Kaler and co-workers [42] and
illustrated in Fig. 2. The decrease of conductivity of
the microemulsion with increasing water content is
due to a microstructural change in the microemulsion.
An abrupt change from interconnected cylinders to-
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Figure 2. a. Pseudo-ternary phase diagram of SDS/NBA-water-toluene at 25◦C. SDS: sodium dodecyl sulphate and NBA: butan-1-ol.b. Variation
of conductivityK/K0 versus toluene volume fraction along paths I through V in the microemulsion domain (reproduced with permission from
reference [42]; copyright 1986, The American Chemical Society).

Figure 2. a. Diagramme de phase pseudo-ternaire SDS/NBA–eau–toluène à 25◦C. SDS : sodium de dodécyl sulfate et NBA : butan-1-ol.
b. Variation de la conductivitéK/K0 en fonction de la fraction volumique de toluène le long des lignes I à V dans le domaine microémulsion
(reproduit avec permission à partir de la référence [42] ; copyright 1986, The American Chemical Society).

wards water in oil separated spherical droplets, quan-
titatively described by the DOC model, is induced by
the coverage relationship without excess bending en-
ergy. Conductivity measurement detects this antiper-
colation threshold, as the microemulsion will conduct
at low water content and will not conduct at high
water content. Hence, when the bending constant is
higher thankB T , solubilisation of a solute in a mi-
croemulsion induces sterical constraints that modify
the microstructure with easily measurable effects. The
most spectacular effect is the variation of the antiper-
colation threshold [51].

3.3.3. Fluid case (bending constant kc < kB T )

The fluid interface archetype is the non-ionic sur-
factant/water/oil ternary system, as studied by Strey
and co-workers [47] for which a temperature cut
through the phase diagram is a convenient experimen-
tal method to establish surfactant efficiency and tem-
perature of zero spontaneous curvature.

4. Solubilisation of solutes

We have illustrated in the previous paragraph how
spontaneous curvature and surfactant layer bending
constants are at the origin of the general layout of
binary or ternary phase diagram. We will see in this
part how those quantities allow us to distinguish
between the different types of solubilisation observed
experimentally.

We use the first definition of solubilisation given by
Mc Bain [36]: solubilisation is the way to increase the
solubility of an insoluble or slightly soluble substance
in a given medium. This phenomenon involves the
presence of surfactant molecules or colloidal particles
in a single phase that incorporates totally the insoluble
substance. We focus in this part on the solubilisation
of a solute by the use of surfactant.

In binary as well as ternary systems, the amount
of added solute dispersed in an organised molecular
system can be analysed as the additive conjunction
of homogenous solubilisation (the solute is soluble
in ‘bulk’ solvents or in one of the ‘bulk’ solvents)
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and surfactant film solubilisation (the solute is located
in the surfactant film). Homogenous solubilisation
of a solute is identical to molecular dispersion in
homogenous bulk solvent. In the case of surfactant
film solubilisation, adsorption isotherms of solutes
in a surfactant film can be derived from scattering
experiment and phase diagram determination. The
basic variable describing surfactant film part of the
solubilisation in surfactant solutions is therefore the
solute excess, expressed as a molar ratioλ:

(7)
λ = [excess solute in the film]/[surfactant in film]

When the solution is in equilibrium with excess
solid soluteλ = λmax. Before this saturation point,
adsorption isotherms of a solute on the surfactant
interface have to be considered. The situation is the
same than adsorption on a dispersed solid, if one
considers that the presence of surfactant produces
a specific area of oil–water contact of valueσ per
molecule.

The maximum amountλmax of solute solubilised
in a given medium and its localisation depend on
the nature of the surfactant and therefore on the
spontaneous curvature and bending energy of the film.
To study solubilisation, three different approaches can
be used:
(a) determining what is the maximum amount of
solute that can be solubilised; the particular case of
maximum of water solubilisation in a given amount of
surfactant in oil demonstrates the relative importance
of the different effects, which induces a limit of
solubilisation and therefore a phase separation; the
reverse case of solute in a given amount of surfactant
in water is a difficult case, since it cannot be treated
independently of the localisation of the solute in the
spontaneously formed aggregate;
(b) the second case is the determination of the local-
isation of a solute; by topological demonstration, the
localisation of a solute can be determined in reverse
micelle of water in oil microemulsions; in direct ionic
micelles, topological arguments alone are not suffi-
cient to determine the localisation of the solute, since
electrostatic interactions between surfactant have to
be evaluated precisely;
(c) the determination of the amount of solute ad-
sorbed in the interfacial film at the water–oil interface
versus composition in microemulsions systems is the
most complete approach, since it includes the deter-
mination of a full adsorption isotherm of the solute on
the surfactant interface.

For the case (a), Shah and co-workers [19, 34,
35] propose a theory based on a phenomenological
and qualitative approach to predict the maximum of
water solubilisation in water in oil microemulsions.
Zana and co-workers have confirmed the useful of

considering two separate causes of instability in water
in oil-reversed systems:
– the emulsification failure [43], where the ‘inside’
water part is expelled by the oil phase; upon titration
with water, a final state of microemulsion coexists
with excess pure water; the driving force for phase
separation is then the violation of curvature constraint
and

〈H 〉 = Σ/(3φ)
 H0

where〈H 〉 is the average curvature imposed by the
molecular volumes and sample composition,Σ is
the area of interface per unit volume andφ is the
inside per volume fraction, andH0 is the spontaneous
curvature controlled by counter-ions in the case of
ionic surfactant;
– the liquid–liquid phase separation, which can be
driven by attractive interactions between droplets; the
final state after phase separation is a thermodynamic
coexistence of a droplet-rich and of a droplet-poor wa-
ter in oil solution, like after a liquid–gas transition.
The driving force is solvent-hydrocarbon chain wet-
ting (penetration) additive with general Van der Waals
attraction between droplets.

Shah and co-workers [34, 35] minimise the total
free energy with the radius or with the volume
fraction of dispersed phase to obtain the maximum
capacity for solubilisation of water. They demonstrate
that solubilisation depends on the two following
parameters:
– the spontaneous curvatureH0 related to the packing
parameter;
– the elasticity constant of the surfactant film related
to the bending energy required to bend the film.

The water capacity depends on both the size and
the stability of the dispersed droplets. Maximum
solubilisation is obtained with the optimal value of
the interfacial curvature and of the elasticity where
the bending stress and the attractive forces between
droplets are minimised.

For rigid interfaces, phase separation occurs at
R = R0 (spontaneous radius) and the solubilisation
capacity depends on the spontaneous curvature. For
fluid interfaces, the phase separation will depends on
the interdroplets free energy.

For small attractive interactions, the microemulsion
demixes with an excess of water because of large
difference between spontaneous and average curva-
ture (emulsification failure: case A). For a sufficiently
strong attractive droplets interaction, the droplets are
stabilised leading to a phase separation of a mi-
croemulsion with smaller droplet, it is a liquid/gas
transition (case B). Therefore, the maximum water ca-
pacity results from a compromise between these two
opposite effects: curvature effect or attractive Van der
Waals-type attraction between droplets.
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Figure 3. Effect of the molecular volume of oil on the capacity
of a w/o microemulsion obtained with AOT at room temperature
(reprinted with permission from [19]; copyright 1987, The American
Chemical Society).

Figure 3. Effet du volume moléculaire de l’huile sur la capacité de
solubilisation maximale de l’eau par une microémulsion inverse eau
dans huile, obtenue avec de l’AOT à température ambiante (reproduit
avec permission à partir de la référence [19] ; copyright 1987, The
American Chemical Society).

Fig. 3 illustrates this theory by presenting the effect
of the molecular volume of oil on the solubilisation
capacity of water in a water–oil–AOT microemulsion
[35]. Oils with small molecular volume or strong
polarity interact strongly with the surfactant chain,
leading to a high interfacial rigidity and a high
spontaneous curvature (small natural radius). The
solubilisation capacity is dominated by the curvature
effect and at the phase separation microemulsions are
in equilibrium with water in excess. From benzene
to heptane, increasing the volume of oil induces
an increase of the maximum of water solubilisation
observed for a given surfactant in oil. But as the
molecular volume increases further, the attractive
interactions among droplets begin to play a major
role. With larger oil molecules, the solubilisation
capacity is decreasing from heptane to hexadecane, as
the attractive interaction is increasing.

In the case (b), the localisation of a solute could
be determined by topological argument in the case
of a solute in reverse micelles. Zemb and co-workers
[41] studied the localisation of a solute in the case of
soft charged interface in AOT–water in oil microemul-
sions. The topology of the microemulsion is domi-
nated by geometrical constraints, as the areaσ per
head group is independent of the composition. The
radiusR is imposed by the composition of the mi-
croemulsion:R = 3φ/Σ if φ is the internal polar
volume andΣ the interfacial area per volume unit of
the monodisperse water in oil droplets. In the general

case, we have to consider that film solubilisation of
a solute induces itself modifications of the interfacial
area or of the polar volume, resulting from a modifi-
cation of the rigidity of the interface as well as of the
spontaneous curvature. The solute localisation could
be obtained from the induced perturbations in a given
water in oil microemulsion:
(a) for a given water volume, the solute may increase
the total interfacial area (it behaves as a surfactant);
in this case the radius of the droplet will decrease and
the density of droplets increase;
(b) the solute may also be localised in the core of the
droplet, i.e., behave as added water; in this case, the
solute increases the polar volume at a constant specific
area; the radius of droplets increases and the number
of droplets decreases;
(c) the solute, especially if it is a large insoluble
molecule, may nucleate the formation of a second
type of aggregate, one of them being a surfactant-
covered solute; it is not possible to derive directly any
information as the solution becomes polydisperse; in
this case, determination of the adsorption isotherm of
the surfactant by the solute in the absence of water is
needed before further processing;
(d) if the solute is apolar and solubilised in the
continuous phase, no variation of the radius or of the
number and density of the droplets will be observed.

Variation of average water droplet size can be de-
duced from small angle X-ray or neutron scattering,
as well as classical light scattering. Maximum wa-
ter content can be obtained by titrations and gives
the evolution of maximum water content at a given
temperature. These elementary geometrical consider-
ations always provide a first approximation about the
localisation of a solute in a reverse microemulsion. In
intermediate cases, when the solute increases both the
interfacial area and the inside volume of droplets, it is
also important to quantify the amount of the solute at
the interface or in the core of the droplets.

Topological arguments are not enough to determine
the localisation of a solute when there are lateral elec-
trostatic interactions between ionic surfactant mole-
cules in direct micelles. Jönsson and co-workers [1,
28] have introduced an explicit model using numer-
ical evaluation of the free energy variation associ-
ated with solubilisation, in order to predict the behav-
iour of uncharged molecules of different polarity in
ionic surfactant aggregate. This model evaluates the
thermodynamic properties of the solution from the
knowledge of the molecular properties of both sur-
factant and solute. This model can predict the local-
isation of a solute in the micelle (core or palisade
layer), but also the extension of different phases in
the three-component phase diagram: ionic surfactant–
water–solute. Self-consistent unambiguous definition
of ‘palisade layer’ as the full thickness of a pure sur-
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factant layer is considered. This definition allows cal-
culation, but is slightly different from a more widely
used definition as the layer where permittivity is dif-
ferent from what it is in oil and in water.

For micelles, the localisation of a solute depends
on both the charge density of the micelle and the
polarity of the solute. When a solute is solubilised
in ionic micelles, there is a competition between
the gain in surface charge density and the reduction
in interfacial energy. The localisation results from
the relative magnitude of these two opposite effects.
The model proposed by Jönsson thus predicts and
quantifies the average curvature change induced by
the presence of solute.

Apolar solutes such as hydrocarbons are solubilised
in the interior of micelles with a low charge den-
sity, because geometrical packing produces a large re-
duction in the interfacial energy in these cases. Such
solutes are solubilised in the Palisade layer of micelles
with a high charge density, because of the favourable
mixing with amphiphiles and of the reduction of the
surface charge density.

Polar solutes are also solubilised in the Palisade
layer of highly charged micelles, whereas in the case
of micelles with a low charged density, most of the
polar solute is located in the interior of the micelles.

In the case (c), solubilisation of solutes in bi-
nary and ternary system can be understood as the
sum of homogenous solubilisation in oil or water do-
main and surfactant film solubilisation. Since differ-
ent environments are available, the interface can be
considered as a pseudo-phase or a surfactant mono-
layer. In this last case, the water/oil interface is sup-
posed to be covered by a monolayer surfactant film
into which the solute can be adsorbed. In this case,
we have to refer back to the basic variable, i.e., the
interfacial composition, expressed in molar ratioλ
= [excess solute in the film]/[surfactant in the film].

When the solution is in equilibrium, with excess
solid solute, the saturation of the solution is obtained
and λ = λmax. At this point, there is an excess of
solubilisation, since the amount of dispersed solute
can be larger than the maximum value of solubility
in the same volume of pure oil or/and pure water.
Before this saturation point, there is an equilibrium of
the solute between the bulk and the surfactant film;
the adsorption curve (isotherms) of a solute on the
surfactant interface can be determined [52].

The interplay between solubilisation expressed by
λ and by the spontaneous curvature of the interface
has been discovered independently and rationalised
by Jönsson [1, 28] for polar and apolar solute in
ionic surfactant–water system and by Leodidis [31–
33] for amino-acid solubilisation in reverse water in
oil microemulsions.

Fletcher [10] and then Leodidis [31, 32] indicate
a general method to determine the amount of solute
solubilised in reverse microemulsions, its localisation
and the radius variation of the droplets induced by
this solute. The phase transfer method is first used
to determine the affinity of the solute towards the
interfacial film. A reverse micellar phase in oil is in
contact with a solution of amino-acids in water. After
equilibrium is obtained, reverse micelles containing
some amino-acid and water are in equilibrium with
the remaining amino-acid in water. The rate transfer
of one species (water or amino acid) is obtained
by t = Nmwp/Naq. in, whereNmwp is the number of
moles of the species in the reverse microemulsion
and Naq. in. is the number of moles in the initial
aqueous phase. Assuming that the water phase in
excess is identical to the water phase composition
within dispersed droplets, the rate transfer of amino-
acid and of water are determined by titration of the
two phases in equilibrium. The rate transfer of amino-
acid is identical to the rate transfer of water when
there is no adsorption of the solute at the interface.
If there is an excess of solubilisation at the interface,
the rate transfer of amino-acid is higher that the one of
water. An excess of solubilisation can be evidenced by
this method and quantified by the molar fraction–base
partition coefficient:

Kx = Xint
a

X
mwp
a

where Xint
a is the molar fraction of amino acid at

the interface (int) or in the water droplet of the
microemulsion (mwp).

For example, it is demonstrated that there is an
excess of solubilisation for phenylalanine, which is
dispersed in the bulk water and in the interfacial
film. Excess of solubilisation are measured as a
function of the nature of the oil, the salinity and
the surfactant concentration. Since all these factors
affect the bending of the interface, the partition
coefficient can therefore be related to the variation of
the curvature of the interface.

Leodidis et al. [32] have demonstrated that a local
equilibrium of solute adsorption at the interface can
be related to the mean curvature of the surfactant film.
The variation ofKx with curvature can be obtained
from the equality of chemical potential of amino-acid
in excess water and in the interface:

(8)lnKx = lnK0
x − 2

kB T

〈
fa C ξ

〉 1

Rw

where K0
x represents the coefficient transfer from

water to interfacial film with a zero curvature,C is
the elastic constant,fi is the partial molar area of
the amino-acid (a) andξ is a dimensionless quantity
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Figure 4. Pseudo-binary phase diagram of
water–oil (cyclohexane+ lindane)–C6E5 for
different initial weight compositionsβ of lin-
dane in the oil: (�) 0%, (×) 4%, (•) 10% and
(�) 15%. The arrow indicates the variation of
the fish tail with the increasing content of lin-
dane in the oil. The temperaturẽT of the zero
spontaneous curvature is given by the ordinate
of the fish tail.

Figure 4. Diagramme de phase pseudo-
binaire : eau–huile (cyclohexane+ lindane)–
C6E5 pour différentes compositions massiques
initiales β de lindane dans l’huile : (�) 0 %,
(×) 4 %, (•) 10 % et (�) 15 %. Les domaines
d’existence de la phase microémulsion seule
(1) ou en coexistence avec de l’eau (2̄), de
l’huile (2), ou les deux (3) sont représentés.
Ces diagrammes prennent habituellement la
forme schématique d’un poisson. La tempéra-
ture T̃ de la courbure spontanée nulle est don-
née par l’ordonnée du point d’intersection des
deux courbes. La flèche indique le sens de va-
riation deT̃ avec l’augmentation de la compo-
sitionβ de lindane dans l’huile.

directly related to the variation of the elastic constant
with the amount of solute located at the interface.

This thermodynamic model describes the ‘squeez-
ing out’ phenomenon experimentally observed: curv-
ing the film squeezes out a part of the adsorbed solute
(or increasing the curvature induces a decrease ofKx).
This model gives also an explanation for the linear de-
pendence ofKx with mean curvature, even if the pre-
dictive slope is not exactly equal to the experimental
value. This work is one of the first predictive general
models for solubilisation.

Using the same general approach, we have investi-
gated [52] the case of the solubilisation of a hydropho-
bic solute (lindane: gamma-hexachlorocyclohexane)
in oil in water microemulsions using non-ionic sur-
factants of the family of polyoxyethyleneglycol. By
varying the temperature, the hydrophilic/hydrophobic
balance (expressed as spontaneous curvature or sur-
factant packing parameter or equivalently the HLB
balance [46]) of the non-ionic surfactant used in this
study can be modified. Therefore, the spontaneous
curvature turns from oil to water as the temperature
is increased. We measure separately the amount of
solute adsorbed in the interfacial film and the aver-
age curvature of the sample in order to establish a link
between these too quantities.

The solute effect on spontaneous [52] curvature
is determined from the phase diagram determination.
A cut at equal water-to-oil ratio in the ‘temperature–
water–oil–CiE′

j phase diagram gives a pseudo-binary
phase diagram: the ‘temperature–CiEj mass fraction’.
This way of establishing a partial phase diagram is a

direct experimental method to obtain the temperature
of zero spontaneous curvature of any given ternary
system [47]. The influence of an added solute on
the curvature of the surfactant film can be obtained
by determining the modification of the pseudo-phase
diagram when pure oil is replaced by an oil+ sol-
ute pseudo-component. We find that increasing the
amount of lindane in the oil induces a decrease of
the zero spontaneous curvature, as it is shown in
Fig. 4. Temperature of zero spontaneous curvature is
decreasing when the surfactant is replaced by a less
hydrophilic surfactant or when the oil is replaced by
a less hydrophobic oil (more penetrating). Therefore,
we conclude that solubilisation of lindane turns the
curvature towards water at constant temperature.

By determining the maximum amount of lindane
that can be solubilised in water–oil–CiEj microemul-
sion, we find explicitly the value of the excess of sol-
ubilisation. Stable microemulsions exist with a larger
amount of lindane relative to the oil than the satura-
tion value in the same oil alone at the same temper-
ature. By titration of both microemulsions and oil in
excess, we determine the interfacial composition ratio
(lindane over surfactant at interface) versus the weight
ratio of lindane in the oil. We obtain here the adsorp-
tion of lindane at the interface of water–oil–C6E5 mi-
croemulsions with a constant mean curvature (equal
to zero).

Then, we deduce from phase diagram determina-
tion and titration a linear relation [50] between the
solute molar ratioλ of lindane adsorbed at the inter-
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Figure 5. Variation of the reduced average curvature〈H 〉 �
versus interfacial molar compositionλ, with � represent-
ing the chain length of the surfactant.�〈H 〉 � = 〈H(λ

�= 0)〉−〈H(λ = 0)〉. The dashed line is calculated with the
wedge model. (•) Experimental points obtained by phase
diagram determination and titration in the Winsor III do-
main. (�) Maximum of solubilisation obtained in micellar
systems. (�) Obtained in a Winsor I microemulsion.

Figure 5. Variation de la courbure réduite moyenne〈H 〉 �
en fonction de la compositionλ interfaciale molaire, avec
� la longueur de chaîne du tensioactif.�〈H 〉 � = 〈H(λ

�= 0)〉 − 〈H(λ = 0)〉. La ligne en pointillés est calculée
à partir du modèle de coin. (•) Points expérimentaux ob-
tenus à partir de la détermination du diagramme de phase
et des dosages dans le domaine Winsor III (microémul-
sion en coexistence avec de l’eau et de l’huile). (�) Maxi-
mum de solubilisation, obtenu expérimentalement dans le
système micellaire. (�) Point expérimental obtenu dans
le domaine Winsor I (microémulsion en équilibre avec de
l’huile en excès).

face and the curvature variation�〈H 〉 induced by the
solute:

(9)�〈H 〉 × �= −0.7λ

To rationalise the experimental results, we use a
geometric interpretation of the observed curvature
variations. We find by SANS experiments that the
solute has no effect on the areaσ per polar head of the
surfactant in the microemulsion. Therefore, the excess
solute increases the effective volume only and hence
the packing constraintP = V/σ � at constantσ and�.
Considering the coverage relation (1) at the first order,
we obtain the linear relation:

(10)�〈H 〉 × �= −0.4λ

Comparison between curvature variation induced
by solubilisation observed in several cases with the
value expected from the sterical constraints as vari-
ation of P is illustrated in Fig. 5. We found in this
case also that the saturation limit corresponding to the
maximum amount of lindane that can be solubilised
depends on the curvature.

In all casesa–c, the link between curvature, area
and volume perturbations induced by the presence of
the solute in the film and the adsorption isotherm of
the solute in the film allow to identify the instability
inducing the presence of a phase boundary. Consider-
ing these general principles allows a quantitative ap-
proach to surfactant formulation in industrial applica-
tions.

5. Solubilisation in practice

A large number of industrial processes are de-
pendent on self-organised molecular aggregates, such

as micelles, reverse micelles, emulsions, microemul-
sions, and adsorbed monolayers. Even more complex
architectures are single or multilayered vesicles, also
called liposomes as well as cubosomes, the archetype
of emulsion of a liquid crystal emulsification. At the
molecular scale, the ‘solubilisation’ itself can occur in
the ‘bulk’ medium, or in the surfactant film itself. The
phenomenon of increasing solubility of apolar molec-
ular in water can also be obtained by an ‘hydrotrope’,
the generic name for small soluble molecules increas-
ing observed solubility of a third component with-
out forming self-assembled molecular structures by
themselves. This subject has not been discussed in
this article but is developed in references [11, 38]. An
overview of these three types of solubilisation in for-
mulations including paints, detergents, lubricants, and
food are critically examined in the Handbook of Sur-
face and Colloid Chemistry [18].

In the case of the pharmaceutical industry, most
drugs are not soluble in isotonic water solutions and
thus, they must be delivered ‘solubilised’ in aqueous
medium. In some cases, the drug is associated to a
w/o or an o/w micellar solution. The effects of the
drug itself on the structures and the stabilities of the
vectoring system must be considered when optimis-
ing formulation. Therefore, knowing the general prin-
ciple linking solubilisation to curvature could be very
useful. For example in a micellar system, solubili-
sation can be limited by coalescence, i.e., a liquid–
liquid phase separation, or by the emulsification fail-
ure, when spontaneous and effective curvatures are
too different from each other. Recognising which type
of phase separation occurs allows efficient formula-
tion rules: an increase of the surfactant/apolar vol-
ume ratio in the first case, and a decrease in the sec-
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ond case. Several examples of phase transitions in-
duced by the drug and stability studies of the car-
rier system are given in reference [37]. For exam-
ple, the effect of an amphiphilic drug on the cur-
vature of surfactant self-assemblies is given by En-
gström et al. [9]. These authors have determined a part
of the phase diagram of monoolein–water–(lidocaine–
base or lidocaine–HCl). The cubic phase formed by
the monoolein–water system transforms into a lamel-
lar liquid crystalline phase on addition of lidocaine–
HCl, whereas it transforms into a reverse hexagonal or
reversed micellar phase on addition of lidocaine–base.
This is directly linked to the effect of the solute on the
curvature of the surfactant film. Lidocaine–HCl is in-
corporated into the lipid layer and, because of the re-
pulsive electrostatic interaction between the charges,
the curvature towards water decreases, whereas addi-
tion of lidocaine–base causes the hydrophibic volume
to increase and conducts to a transition in the other
direction.

Another example of physical chemistry of solubili-
sation directly relevant to drug delivery is given by La
et al. [27]. These authors have studied the solubilisa-
tion of indomethacin, a non steroid anti-inflammatory
agent, in PEO-poly(β-benzyl L-aspartate) (PBLA)
block copolymer micelles in order to reduce irrita-
tion of the gastrointestinal mucosa and central ner-
vous system toxicity. The release of the lindomethacin
at low pH – when the drug is uncharged – is slow,
whereas the rate of the release is increasing with in-
creasing pH above the pKa of the drug. This is di-
rectly linked to the localisation of the drug within the
micellar aggregate. There is a decrease of the prefer-
ential localisation in the hydrophobic core of the mi-
celle, concomitant to an increase of the net electrosta-
tic charge of the drug molecule.

Amphiphilic oil, such as triglycerides, middle or
long chain alcohol or fatty acids, fatty acid ester
and amino-acid-derived oil are very important for
cosmetic, food and so on, because they are compatible
with biological systems. Synthetic perfumes are often
used in industrial products with other materials such
as emulsifiers or solubilisers. Particularly, in cosmetic
and food science, surfactants are used to solubilise
oil synthetic perfumes in water. Hence understanding
how the perfume or oils interact with the surfactant in
an aqueous solution is essential for many industrials
applications [53]. Kunieda et al. [23, 25, 26] studied
the solubilisation of different synthetic perfumes in
surfactant solutions. They have demonstrated that
the hydrophilic properties of the perfume affect its
solubilisation. The nature of the solute has a direct
influence on its localisation in the aggregates and
on the curvature layer of the aggregates; this is
directly linked to the maximum of solubilisation
in the surfactant media. They considered also the

general case of added oil or perfume molecules on
the structure of liquid crystals in poly(ethyleneglycol)
monododecyl ether (C12En)–water system by the
means of phase diagrams and SAXS measurements.
When decane is added to the C12E7–water system,
a transition from normal hexagonal liquid crystal to
water continuous cubic phase is observed, whereas a
transition from lamellar to reverse hexagonal phase
takes place when decane is added to the C12E3–water
system. Adding oil has the opposite effects on the
curvature of the surfactant layer, depending on the
hydrophilic or lipophilic nature of the surfactant. This
is the cause of the drastic effect on the curvature
induced by oil on binary surfactant–water systems.
These effects were explained by a simple model of
localisation of the oil in the aggregates. The oil can
penetrate into the chain layer and therefore tends to
increase the effective area per surfactant molecule
σ , without increasing the volume of the aggregate.
This is the ‘penetration’ effect. On the other hand,
the ‘swelling’ effect means that the oil increases the
volume of the lipophilic part, without expandingσ .
The relation between curvature and the ‘penetration’
or ‘swelling’ power of the oil in the aggregates
allows modelling the phase transition when defining
a formulation.

Detergency, food or cosmetic formulations are
commonly made in the form of an emulsion. A two-
phase emulsion system does not correspond to the
case of solubilisation. However, a number of emul-
sions contain three phases and solubilisation could oc-
cur in the third phase. This is illustrated by Fiberg
et al. [12] in the case of solubilisation of the vitamin
E acetate in the lecithin–water system. The drug used
is not solubilised in the lamellar liquid crystal and is
very soluble in water. In this case, these authors show
that vitamin E acetate droplets could be spontaneously
solubilised in the liquid crystalline phase: the solubil-
isation is caused by the evaporation of the water from
an emulsion made of vitamin E acetate droplets and
liquid crystal particles dispersed in water. This is a
common behaviour with usage of the lotion, since a
fluid remaining on the skin transforms spontaneously
from a liquid crystal layer including a small amount
of vitamin E acetate droplets into a complex fluid thin
layer, in which the vitamin compound is well distrib-
uted. This allows an evenly but still large distribution
of the drug from a small quantity on a large area of
skin.

The common point in all these examples is a direct
impact of modern physical chemistry in formulation:
knowledge of phase diagrams and determination of
the influence of solute on the curvature effect allows
to optimise the formulation as far as needed from
equilibrium phase boundaries before and/or after
‘solubilisation’ of the active ‘insoluble’ component.
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However, in most uses, equilibrium phase diagram
aspects have to be associated with a non-equilibrium
aspect. Wetting phenomena in the case of detergency,
molecular diffusion in controlled release of cosmetics
and hydrodynamic interactions in the case of mineral
flotation or lubricant fluids are classical examples of
crucial industrial importance.

6. Conclusion

Any surfactant solution, whether binary or ternary,
can be characterised by four primary quantities: apo-
lar volume fractionφ, areaΣ = Csσ (in cm−1), spon-
taneousP0 and effective packing parameterP . The
addition of a solute induces a variation of all these
quantities. Volume fractionφ may be increased or not
depending on location of the solute. Solute may act as
a surfactant or not depending whetherΣ is varied by

addition of the solute. Spontaneous and effective sur-
factant parameter, linked to curvature may also vary
upon addition of a solute. Once these quantities are
known, the adsorption isotherm can be established. In
all fully documented cases so far, the phase diagram
variation can be predicted by using the wedge model
approximation when the molar fractionλ of the solute
is present in the surfactant film:

P(λ)= (V + λVs)/
(
σ (λ) �

)

i.e., considering that the primary effect of solute is to
modify the volume of the surfactant film and the area
per molecule for which the curvature variation can be
deduced assuming the robust approximation that� is
independent ofλ. When values of volumes, surface
and curvature after addition of solute are known,
adsorption isotherms can be located in general phase
diagrams.
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