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Introduction
“Solvent extraction” is the general term referring to the distribution of a solute between two
immiscible liquid phases in contact, usually water and oil also called diluents in
hydrometallurgy. When coexisting solutes have different distribution coefficients separation
of these solutes can be obtained. Solvent extraction has many applications in various
industrial

processes

ranging

from

metal

recovery,

pharmacy,

perfumery,

waste

management… Violent stirring of the two liquid phases is usually employed to increase
surface contact between oil and water so as to reach rapid distribution of the solute. This
emulsification process is then followed by the settling of the two liquid phases which has to
be fast and efficient for industrial applications. The extraction process is operated in the
presence of extractant molecules that aim to perform the solute transfer from one phase to the
other. For example ion extraction refers to the transfer of ions from an aqueous to an organic
phase in which a hydrophobic extractant, constituted by a polar complexing part and a
hydrophobic part, is dissolved, see Fig.1.

Fig.1: Scheme of an ion extraction system in the water/oil interface region. Ions in the
aqueous phase are transferred in extractant reverse micelles present in the organic phase.
The self-assembly property of extractant molecules in the organic phase was revealed in the
90’s. Extractants form spontaneously small reverse micelles having low aggregation numbers
less than ten molecules, see Fig. 1. The core of the aggregate is less than 0.5 nm, therefore
complexing agents are always in first or second coordination spheres of the extracted ions. It
is now suspected that the equilibrium distribution of a hydrophilic solute (Mz+) between an
aqueous phase and an organic phase depends on the reverse micelles considered in

thermodynamics as a pseudo-phase, at equilibrium of chemical potential for all species
present.
In surfactant science, mixtures of oil and water are also concerned but are usually investigated
in terms of solubilisation, i.e. oil in water or water in oil, surfactants playing the role of the
solubilisation agent. The solubilisation mechanism is here based on the ability of surfactants
to self assemble in solution which originates from their amphiphilic character i.e having a
polar and an apolar parts. Indeed surfactants can spontaneously form micelles in water by
regrouping their apolar parts and by pointing out their polar parts toward water. The micellar
core, being in this case apolar, enables the solubilisation of apolar solutes or oils
(hydrophobic solute) resulting in the formation of “swollen” direct micelles. The opposite
situation corresponds to water solubilisation in reverse micelles (in oil) formed by
hydrophobic surfactants pointing out their hydrophobic chains towards the oil and by
regrouping their polar parts. The term “micellar solubilisation” is used to refer to these two
general solubilisation processes. Micellar solubilisation with one surfactant species is most of
the time not sufficient to reach high solubilisation of oil in water, and vice versa. In this case
a so called “co-surfactant” must be added to fulfil this goal. A co-surfactant is a highly
hydrophobic amphiphile which aims at loosening the surfactant film constituting the micelles.
The middle chain n-alcohols with n from 4 to 8 are by far the most studied co-surfactants in
the literature. A substantial increase in the solubilisation, i.e. large incorporation of solute
inside the micelles, results from the addition of a co-surfactant to a surfactant system. When
large amounts of solute (oil or water) are solubilised in micelles, the term microemulsion is
preferred to define such systems. Microemulsions form spontaneously and are
thermodynamically stable dispersions of one liquid in another separated by a continuous film
without any long-range order. On the contrary emulsions are not thermodynamically stable,
i.e. they phase separate after a certain time, and show large droplets size, usually well above
100nm in size.
In order to pave the route between the aggregation states and ion separation, droplets of
controlled size containing ions must be prepared. This represents the main aim of this thesis.
To fulfil this goal it is proposed to use microemulsions formulated with an extractant
molecule, the water droplet size being controlled by the surfactant as illustrated as in Fig.2.

Fig. 2: On the left typical extractant reverse micelle in oil, solubilisation of water is very low.
Addition of a surfactant enable the solubilisation of large quantity of water by forming a
reverse microemulsion, on the right, the water/oil interface is in this case covered by an
extractant/surfactant mixed film.
Under given conditions bicontinuous microemulsions, i.e with the organic and aqueous
phases being continuous media, are formed in equilibrium with water and oil excess phases,
the so-called Winsor III system. This microemulsion structure can be obtained around the
phase inversion when the system changes from an oil-in-water microemulsion with excess oil
phase (Winsor I) to a water-in-oil microemulsion with an excess aqueous phase (Winsor II).
Depending on the type of surfactant these transitions are driven either by increasing
temperature or by adding a hydrophobic co-surfactant which is incorporated in the interfacial
surfactant film. Both procedures increase the spontaneous curvature of the surfactant film
covering the oil/water interface toward the oil phase. Extractants and co-surfactants show
therefore evident similarities in their structures and their physico-chemical behaviours: they
are highly hydrophobic amphiphiles, they decrease the water/oil interfacial tension and
solubilise only small amounts of water in oil. The aim of this thesis is to highlight the cosurfactant behaviour of tributylphosphate (TBP), a widely used ion extractant e.g. in the
PUREX process for the uranium/plutonium extraction, in the formation of microemulsions
that can be seen as “nano solvent extraction systems” as they show well defined aqueous and
oil micro-domains. The n-octyl- -glucoside (C8G1), a well known hydrophilic sugar based
surfactant used for membrane protein extraction, was chosen to counterbalance the
hydrophobic character of TBP. A special interest is given to salt effects (lithium, neodymium
and uranyl nitrates) in order to investigate the influence of ions on the microstructures of TBP
containing microemulsions. As C8G1 is non-ionic and non-complexing, perturbing
electrostatic interactions between the added salts and the surfactant are supposed to be

avoided. As small micro-domains of oil and water coexist in microemulsions, they show very
high specific surfaces. Surface effects at the water/oil interface are known to strongly
influence the ion transfer, hence the extraction kinetics. Nevertheless little is known about the
physical chemical effects at interface in extraction systems because of technical difficulties to
probe the interface between liquids. In that sense microemulsions appear to be a good model
system to study oil/water interface covered by extractants and non-complexing surfactants.
In the first chapter a review on extraction systems and surfactants is made by focussing on
their similarities in terms of surface active properties as well as supramolecular organisation.
Modern concepts in surfactant science, based on geometrical molecular considerations or on
the topology of phase diagrams, are used to describe extractant systems. A thermodynamical
approach of extractant micelles is proposed to model the free energy of the extractant film,
constituting the micelles. This model considers only the geometrical constraints of the film
estimated from the extractant molecular structure.
In the second chapter the interactions between C8G1 and salts are investigated in order to
make sure that salts have a negligible effect on C8G1. On one hand the environment of metal
cations in the presence of C8G1 was probed by UV-Vis spectroscopy which is a sensitive
technique to study complexation. On the other hand the effect of adding salts on the
size/shape of C8G1 micelles in water was determined by small angle X ray scattering
(SAXS). As SAXS is probing the electron density difference in solutions it is a suitable
technique to study ion adsorption on micelle surface which would be a direct consequence of
attractive interactions between ions and the glucose moiety of C8G1.
In the third chapter the co-surfactant character of TBP is investigated by forming
microemulsions containing water/oil/C8G1/TBP with controlled curvature. We focus here on
Winsor III type microemulsions because the bicontinuous structure provides large accessible
oil-water interface that could promote both ion adsorption/depletion and ion transfer from the
aqueous- to the oil-phase. The evaluation of the co-surfactant behavior of TBP is done by
comparison to the more standard co-surfactant n-alcohol systems. A structural description of
the microemulsions at the molecular and sub-molecular scales, i.e. in the surfactant film and
in the oil/water micro-domains, is obtained by combining small angle neutron scattering
(SANS) and chemical analysis. The results are discussed, with the help of the useful concepts
described in the first chapter, in terms of solubilisation efficiency, salt effects, interface
rigidity, packing of the surfactant/co-surfactant at the interface and micro-domains
connectivity. An attempt to compare the extraction kinetics of uranyl nitrate in Winsor III
microemulsions with classical solvent extraction systems was made.
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I.1 Liquid-liquid extraction systems

I.1.1 General Considerations
In the following we will focus on fundamental considerations in liquid-liquid extraction.
Solvent extraction, also known as partitioning, is a method to separate compounds based on
their relative solubility in two different immiscible liquids, usually water and an organic
solvent. The ultimate aim is a selective transfer of a substance from one liquid phase, into
another liquid phase1. It is a widely used principle in nuclear reprocessing, ore processing, the
production of fine organic compounds, the processing of perfumes, the production of
vegetable oils or fuel from renewable resources, and many other industries.
Under smooth conditions (room temperature and atmospheric pressure) oil and water are
mutually nearly immiscible and form two phase systems. In contact they will arrange
according to their densities from highest to lowest. The solubility of water in oil decreases
drastically with increasing hydrocarbon number. Therefore for a given solute the polarity will
be determined by its solubility in one phase. The more polar solutes dissolve preferentially in
the more polar solvent, and the less polar solutes in the less polar solvent. A distribution ratio
D can be defined as the ratio between the solute concentration in the organic phase and its
concentration in the aqueous phase. D depends on thermodynamic properties of the system,
like temperature, concentration, pressure, etc. In metal ion extraction DM can be expressed as:

DM

[ M ] t ,org
[ M ] t , aq

equation I-1

With DM being the distribution ratio of a metal species between two phases, Mt in brackets
gives the sum of the concentrations of the metal species in its aqueous medium or in its
complexed organic form (denoted with horizontal bar).

DM is related to the Gibbs free energy of the extraction process:
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G

RT ln DM
equation I-2i

The poor solubility of inorganic ions in oils makes it difficult to transfer them from an
aqueous phase. Therefore the extraction process requires the use of an extractant molecule
dissolved in the organic phase. In addition extractants are designed to improve selectivity in
terms of the ion separation. They have a wide impact in the field of metal ion separation. In
many applications high degrees of purification of metal ions from various solid or liquid
matrices are needed. Isolation of metals from natural ore, recovering of one metal from
undesired ones and liquid waste management are practical applications, to cite only some of
them. There are different types of ion extractant available and they could be classified as
follows2:

Classification of extractant molecules by their extraction process:

a) extraction by cation exchange
e.g. with acidic function like in HDEHP (bis (ethylhexyl) phosphoric acid)
b) extraction by solvation
e.g. with a neutral function like in TBP (tri-n-butyl phosphate), TOPO (trioctyl
phosphineoxide)
c) extraction by formation of ion pairs
e.g. amine salts like TOA (tri-n-octylamine)
d) extraction by complex synergistic effects
e.g. enhanced U(IV) extraction by coupling of an acidic extractant with a neutral one
(HDEHP-TOPO)

The chemical behaviour of these four classes of extractant molecules in solution gives its
mechanism of transfer of the ion into the organic phase: a) and c) are based more on the
ionisability of the molecule and though roughly on the electrostatic interaction with the metal
ion whereas b) is based on the competition of the extractant with the first solvation shell of
the metal ion which once replaced facilitates the transfer of the so hydrophobic ion complex
into an organic phase; d) combines both mechanisms.
i

Note that the core of the scientific problem is that G involved in ion transfer goes far beyond of direct ion
complexation only, that implies reorganisation of complex fluids.
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The choice of a good extractant requires selectivity for the desired metal ion(s) as well as
chemically resistant to the extraction conditions in order to proceed several process cycles.
Another issue in extraction process arise from the redox chemistry of the metal ions which for
actinides or lanthanides for example is rather diverse. There are often predominant oxidation
states that induce similar cation radii that make them all equal to the extractant molecule.
Here a fine tuning of the extractant molecule by introducing subtle changes in the complex
molecular geometry could improve the selectivity. Moreover physico-chemical factors like
solubility of the ion-extractant complex in the organic solvent, interfacial activity or
aggregation properties may play a major role in the extraction efficiency3,

4, 5

. Extraction

mechanisms and their kinetics at a molecular scale are still poorly understood even if attempts
have been made. Chiarizia et al. reviewed in 19802 all types of extraction and kinetic
mechanism. For example with non-ionic extractants like Tri-n-butylphosphate (TBP) it was
proposed that the kinetics of the reaction depends on (i) the diffusion of the aqueous metal ion
and oil soluble extractant to the water-oil interface and then (ii) on the complexation step
where the metal-extractant species forms. We now are going to focus exactly on two
important issues for the extraction: solubility and interfacial properties of extractant. So far no
predictive model for kinetics has been developed1.
It is known that interfacial effects contribute significantly to extraction kinetics6. Nevertheless
these considerations are difficult to take into account in the kinetic models2. Following these
considerations a deeper description of the liquid/liquid interface of extraction system at the
molecular level is then required.
In the following a general approach based on the description of phase diagrams and inspired
by surfactant science is proposed to describe extraction systems. Then the role of interfacial
activity and its implication in the self-aggregation of extractant is exposed. Finally a
geometrical model considering the chemical structure of the extractant is investigated to
enable the prediction of phase diagram.
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I.1.2 Macroscopical aspects of extractant systems: an approach towards
phase diagrams

I.1.2.1 Phase diagrams of liquid-liquid systems: The Gibbs phase rule
When it comes to liquid mixtures phase diagrams are useful representations and are studied
intensively for various types of compounds7, 8. It could be seen as a kind of maps to identify
complex phase transitions. Phase diagram informs at a molecular and supramolecular scale7.
Pioneering work has been done by McBain and coworkers in 1938 who for the first time
reported that the phase rule could be applied to thermodynamically stable colloidal systems in
equilibrium

9, 10

. The phase rule has its origin in the thermodynamic considerations. J.W.

Gibbs derived therefore an equation that predicts the number of phases that can coexist in a
given system selected for the purpose of investigation: this equation is called the “Gibbs
Phase Rule”:

P F

C 2

equation I-3
P is the number of phases coexisting in a given system.
C is the number of components in the system
F is the degree of freedom.

Here a phase may be a pure substance or a homogenous mixture of two more than two
substances. For a two compound system (C=2), water and oil for example, this equation can
be reduced to P=F-4 and gives the number of phases in equilibrium. The degree of freedom, F
is in this case, at constant atmospheric pressure, temperature and weight fraction. There are
classical phase transitions that are related to the chemical nature of one compound. Each
compound has unique molecular properties but nevertheless groups can be defined according
to densities, polarity, intermolecular interactions, etc.
A possible and useful representation of the phase diagram of ternary mixtures is by drawing
an equilateral triangle with the pure compounds located at each corner, the binary mixtures
represented on the three sides and the ternary mixtures represented inside the triangle, see a
representation for a ternary system composed of three pure compounds A, B, C Figure I-1.
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A

B

C

Figure I-1 Triangular representation of a ternary system composed of three pure compounds: A, B and C

For a basic solvent extraction system composed of water, oil and extractant the phase diagram
can be drawn using this representation in Figure I-1. Each axis informs about mutual
solubility of two compounds: (i) on the left side water and medium to long-chain alkanes
(oils) are immiscible and leads to the demixing of two liquid phases, (ii) on the right side
lipophilic extractant should be soluble in oil forming one liquid phase and finally (iii).on the
bottom side water and hydrophobic extractant are nearly immiscible or weakly soluble
(mutual solubility data for TBP and water are given in table below11)

Solubility of TBP in water

(25°C)

0.40 g/L ±0.05

Solubility of TBP in water

(4°C)

1.01 g/L

Solubility of TBP in HNO3 1M

(25°C)

0.33 g/L ±0.03

Solubility of water in TBP

(25°C)

64 g/L ±5

Water in TBP molar ratio

(25°C)

1.05

(c (TBP, pur )= 3.673 M, c(H20, at sat) = 3.59M)
Table I-1 Mutual miscibility data of TBP and water (from reference [11])

For many systems a theoretical phase diagram can be predicted from the solubility data of the
binary mixtures:
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oil

2Φ
1Φ
water

extractant

Figure I-2 Expected phase diagram of the water-oil-TBP system with the monophasic (1Φ, see the
representation as a test tube on the right) and biphasic regions (2Φ) are delimited by the dark squares.
The dashed line corresponds to mixtures with fixed water to oil ratio 1/1, the blue dot corresponds to a
typical extraction composition containing 30% of TBP and equal amount of water and oil (see the tube
representation on the left with oil phase in yellow and aqueous phase in blue), full lines corresponds to tie
lines in the biphasic region the two limits of these lines giving the composition of the two phases in
equilibrium.

Oil-extractant mixtures solubilise, depending on the extractant concentration, a certain
amount of water in oil (see Table I-1) up to a phase separation limit i.e. resulting into the
coexistence of two phases. The mixture of water-TBP is monophasic up to 6.4±0.5 %(w/w) of
water in pure TBP (Table I-1). The one phase (phase represented as Φ) region, in Figure I-2,
represents a mixture of extractant in oil with water. Above saturation of water in extractant/oil
mixtures the system demixes because water could not be accommodated anymore. At
equilibrium the system demixes into a nearly pure water phase and an extractant-water-oil
phase corresponding to 2Φ region in the above representation. The limit is given between the
monophasic and biphasic region. Straight lines inside the phase diagram are called tie lines.
Tie lines are defined by the compositions of the two phases that are in equilibrium. A typical
composition, for example in a PUREX process, is with equal amounts of water and oil and at
about 30 %(w/w) of TBP in the oil, this composition is marked as a dot in the phase diagram
and the corresponding tie line is highlighted. This is a schematic representation and of course
the aqueous phase contains electrolytes and acids in a classical PUREX process.
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I.1.2.2 Comparison of the phase behaviour of two ionic amphiphiles: the
extractant HDEHP and the surfactant AOT
To the best of our knowledge diethylhexylphosphoric acid (HDEHP) is the only metal ion
extractant that has been studied in terms of its phase diagram representation12. Comparison is
made here to the classical lipophilic surfactant systems: the sodium docusate (NaAOT).

Hexane

Composition
L2
H2O

H 3C

-

Na

CH3

+

S
O

O

H2O

O

O

O
O

Na+-AOT

CH3

O

CH3

Figure I-3 Water/hexane/NaAOT ternary phase diagram. L2 denotes the oil-rich one phase region, F
represents a surfactant rich hexagonal phase and D stands for the lamellar phase

AOT/water/alkane ternary systems have been extensively studied in the literature13, 14. AOT is
composed of a hydrophilic succinate part with a sulfonate group and two ethylhexyl chains as
hydrophobic part. This molecule is considered as highly hydrophobic as it is the case for most
extractant molecules. The double chain and their bulkiness induce a strong hydrophobic
volume. Hence this surfactant has a higher affinity towards oil and is preferentially
solubilised in the oil phase. When we look at the water/hexane/AOT ternary phase diagram
(Figure I-3), this tendency is clearly represented by the large one phase region in the oil rich
part of the diagram. This phase region is usually called L2 phase and is made of reverse
micelles, see section below on aggregation. Other phases shown in the diagram, i.e.
hexagonal (F) and lamellar (D) phases in Figure I-3 are called lyotropic and are usually
observed in the surfactant rich corner of the phase diagram. These phases are very viscous
and monophasic highly ordered surfactant phases and will not be further discussed here. In
the L2 phase region large amounts of water can be solubilised in hexane, up to 40 %(w/w) of
water. In comparison to TBP only small amounts of water can be solubilised (Figure I-2 and
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Table I-1). This effect is due to the higher hydrophobicity of TBP compared to AOT and is
reflected in their different phase boundary of the L2 region (or 1 in Figure I-2). As for TBP a
biphasic region can be seen the water/oil rich side of the diagram, see the tie lines in Figure
I-3. It is interesting to note that for this ionic surfactant three phase systems can be formed
upon addition of salt15, 16. Effects of salinity and temperature have been extensively studied
for surfactant ternary systems17. What are the differences and similarities between AOT and
HDEHP on the shape of the phase diagram? First of all AOT and HDEHP have the same
hydrophobic part. The polar head of AOT is the organic sulfo-succinate part with a charged
sulfonate group whereas HDEHP has a phosphoric acid part. Interestingly HDEHPii can be
charged or neutral, depending on the pH and the presence of salt which influences strongly
the polarity (or hydrophilicity) of its polar head18 - 21. Depending on these external conditions
it can be soluble in both, water or oil, which makes it an interesting candidate for the
examination of phase behaviours because it shows a surfactant-like property that can be
tuned. Phase diagram have been studied for the sodium salt of HDEHP (NaDEHP) in the
presence of sodium chloride, see Figure I-4 reproduced from reference [12].

ii

It must be noted that HDEHP is a special case of extractant molecules (extraction by a cation exchange process) as its phase behavior
shows strong dependence on acidity and electrolyte. In comparison to non ionisable extractants such as TBP (extraction by solvation) that do
not show such a variety in the phase behaviour. In that sense HDEHP and the typical surfactant AOT are more comparable. This effect will
be further discussed in the section I.2.2 describing the parameters influencing the packing parameter.
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Figure I-4 Phase diagrams for the NaDEHP/water/n-heptane/NaCl at 25°C, with S, NaDEHP; O nheptane; W, aqueous phase containing NaCl at a concentration C N ; dashed lines, tie lines, solid curve,
phase boundary. (Reproduced from reference [12])

One can observe in Figure I-4 classical “surfactant” phase behaviour as it was first described
by Kahlweit et al for ionic surfactants17. As shown in the six diagrams above, upon addition
of salt (here NaCl) phase transitions appear, mono-phasic to bi-phasic and bi-phasic to triphasic. Additionally the behaviour of the HDEHP extractant type has been studied by several
groups under various conditions: counterion nature and concentration, nature of the oil, water
concentration in the oil and aggregation behaviour under “dry” conditions21-26.
It is shown here that an ionic surfactant such as AOT and an ionisable extractant such as
HDEHP have strong similarities in their phase behaviour. The phase diagram topology results
from a complex interplay of molecular interactions between the amphiphile (surfactant or
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extractant), oil and water. A major feature of surfactants is their strong surface activity which
also results from intermolecular forces. Therefore this property must be considered also for
extractants.

I.1.3 Surface properties of extractants
First the chemical structure of extractants and surfactants can be compared. A surfactant is
composed of a hydrophilic (polar) head group and hydrophobic aliphatic chain(s). This gives
to the surfactants their so called amphiphilic property (etym: Greek αμφις, amphis: both and
φιλíα, philia: love, friendship)).

Figure I-5 Classical surfactant molecule exhibits a hydrophilic head group (blue) and hydrophobic
chain(s) (yellow).

The molecules are often also called surfactants which is an abbreviation for “surface active
agent” that describes one of their physico-chemical properties:
When surfactant is added either to oil, for liposoluble surfactant, or to water, for hydrosoluble ones, these molecules are adsorbed at the liquid surface to minimize their free energy.
As an example this can be monitored directly by measuring (i) the surface tension at the
liquid/air interface or (ii) the interfacial tension in liquid/liquid systems. For liquid/air
interface, a decrease in the surface tension of the solvent is observed when the concentration
of the surfactant increases, typically from relatively high values (72mN/m for water and ~50
mN/m for oils) to lower values (20-25mN/m). For water/oil interface a similar evolution is
observed nevertheless the interfacial tensions are lower, e.g. for water/dodecane at 54mN/m
to around 10-15mN/m when surfactant is added. Surface tension reaches a nearly constant
value at higher surfactant concentrations indicating the saturation of the interface by the
surfactant. This is a direct consequence of their molecular architecture making them capable
of being soluble partly in oil and partly in water.
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Surface tension
or interfacial
tension

Critical micelle
concentration (cmc)

Surfactant concentration

Figure I-6 Typical evolution of the surface tension with increasing surfactant concentration in water. An
abrupt change in the slope indicates the surface saturation and the onset of the formation of micelles at the
surfactant concentration called cmc (critical micellar concentration). denotes the surface pressure.

Extractants have, as surfactants, an amphiphilic structure with the polar head (blue)
constituted by the complexing group (e.g. phosphate or amide groups) and with a
hydrophobic part (yellow) which is much bulkier compared to water soluble surfactant.
Schematically extractantsiii are represented as surfactants, see Figure I-7.

Figure I-7 Extractant molecules having a highly hydrophobic part (yellow) composed of several alkyl
chains and a small hydrophilic head (blue)

For example with non-ionic extractant molecules, such as TBP, the extractant chemical
structure results in poor amphiphilic behaviour, TBP being highly hydrophobic. For TBP the
interfacial tension at the water/dodecane interface has been measured by Nave et al. and has
iii

In the following the term extractant will refer to metal ion extractant used in solvent extraction where higher
valent metal ions are selectively transfers from an aqueous phase to an organic phase via a hydrophobic metalextractant complex.
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been reproduced from [27] in Figure I-8. Compared to surfactants important differences in the
interfacial tension curve can be noticed:
(i)

the curve is shifted to higher concentrations giving higher cmc, i.e meaning
that the amphiphile has a higher solvophilicity, and

(ii)

the break in the curve is much less pronounced i.e. the difference in the
slopes before and after the cmc is lower than with surfactants. Above the
cmc surface tension decreases further, compared to surfactant for which
surface tension levels down in agreement with the Gibbs isotherm28. This
reflects an increase in the lateral surface pressure of extractant 2D film at
the interface.

Figure I-8 Interfacial tensions at the n-dodecane/water interface vs. TBP concentrations at 25°C.
(Reproduced from reference [27])

The amphiphilic character of metal ion extractant has been studied and discussed by
interfacial tension isotherms29. In this article more than 70 extractants have been summarized
in terms of their interfacial behaviour at the water oil interface. Their interfacial activity, e.g.
amphiphilic character, is determined by the chemical nature of the extractant and is more or
less sensitive to i) the acidity of the aqueous phase, including electrolyte concentration and ii)
the composition of the organic solvent. This is of outstanding interest for the study of the
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mechanism of extraction: the thermodynamics and kinetics of the reaction (see Chapter III on
kinetics).
It is well known that the break in the surface tension curve is related to the formation of
aggregates in the solution30. Hence surface activity and aggregation are interconnected. The
shape of the aggregates results from the complex interplay of intermolecular forces and
packing of the amphiphiles

31

. In the next sections the bulk aggregation of amphiphilic

moleculesiv is presented.

I.1.4 Extractant aggregates in solution
The colloidal approach in liquid/liquid extraction is now well established and an increasing
number of studies related to this topic come up for all kind of extractant systems

27, 33, 34

. The

first study which went beyond the conventional view based entirely on the formation of
stoichiometrical metal-extractant complexes was conducted by Osseo-Assare in 19914. The
amphiphilic nature of TBP complexes has been pointed out in a far-reaching publication
which is based on a vast review of data published in the literature. A major conclusion has
been that the transfer of surfactant science in non-polar oils to solvent extraction offers a
more complete understanding of reverse hydrated extractant complexes.
As already mentioned in the discussion above extractants have a strong hydrophobic tendency
because of their several alkyl chains of varying carbon number Cn (with n>4). From their
chemical structures it can therefore be deduced that extractants are i) highly soluble in oil and
only little in water, ii) form mostly reverse aggregates and iii) have low aggregation numbers
due to the bulkiness of the hydrophobic part. In surfactant science it was remarked that
reverse micelles are considered to be spherical and are normally rather small, their
aggregation numbers seldom reaches values above 20

35

. “Gluing” effect of water in reverse

micelles is necessary for micellization (see reference [26]) meaning that water is prerequisite
for micellation in apolar media (Eicke et al.) and that the size of the reversed micelles is
proportional to the amount of water solubilised.
Aggregation in TBP-dodecane-water system have observed: the aggregates present in
dodecane are hydrated dimers to tetramers (TBP·2H20)2-4.4 The average aggregation number,
i.e. number of extractants forming a micelle, of extractant micelles usually increases with

iv

Remark that the term “amphiphile” or “amphiphilic molecule” is used for either surfactants or extractants as it
is related to its dual polar/apolar structure.
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concentration, see for example DMDOHEMA in the Figure I-11 5. More generally the same
feature holds for surfactant systems, e.g. the “short” chain surfactant sodium octanoate show
small aggregation number in oil 36.
Extractant aggregates also change when acid is added to the system. For TBP-dodecaneacidic aqueous phase it has been proven from various techniques that two types of water are
present in the organic phase. Water is transferred via association to the TBP (hydration water)
and water that is associated to the TBP-Acid complex (less strongly bound to TBP).
A dramatic increase in viscosity of the TBP-oil phase is observed when contacted to water or
acid. Therefore it is in good accordance and interpreted through the presence of extractant
aggregates. A molecular solution of extractant in oil would have a linear effect on the
viscosity4. In order to approach the non-ideal behaviour of these mixtures a molecular and
sub-molecular description of the solutions is needed. As it was postulated by Ninham et al.
surfactants reverse micelles results from the “solvophobic effect” and the shape arise from the
packing constraints 37. In the next section such a concept is revisited for extractants.

I.2 Extractants revisited from literature: their surfactant nature
interpreted in terms of the packing parameter
The macroscopic oil/water/extractant (or surfactant) phase diagrams exposed above have
shown dramatic changes in their topology following external influences such as salt addition,
solvent type, pH or temperature variations… This strong effect results from a change in the
microstructures i.e. shape/size of the aggregates, that can be described by the packing
parameter. The goal of this section is to develop a model based on thermodynamics
considerations in order to predict phase behaviour.

I.2.1 Geometric considerations for the description of amphiphiles
aggregation
Self assembly of surfactants results from the minimization of the free energy of the system.
The geometry of the amphiphiles influences significantly their close packing and therefore
determines the aggregates shape. These geometric constraints are best described by the
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Ninham packing parameter that will be introduced in the following31. In this concept
aggregation is considered from the molecular level and the so-called surfactant parameter p:

p

V
a lc

equation I-4

with V the volume of the hydrophobic chain(s), lc the chain length (which is usually 80% of
the extended chain length) and a the area per head group. These parameters, especially a,
depend not only on the geometry, given by the van der Waals radii of the atoms, but are
sensitive to the experimental conditions (salts, electrostatic interactions, nature of oil used
when present, temperature, pH…), the term “effective” packing parameter is then more
suitable. Depending on the packing parameter value of a surfactant the following aggregate
shape can be formed in solution:
-

v/alc <1/3 spherical direct micelles

-

1/3 < v/alc < 1/2 elliptical, rod shaped or cylindrical micelles

-

1/2 < v/alc < 1 bilayered structures (as lamellar phase, liposomes or vesicles)

-

v/alc > 1 reverse aggregates globular micelles, rods…

Figure I-9 Sketch representing the relation between the surfactant packing parameter (p=v/al) and the
expected aggregate shape in solution.

So for a given hydrophobic volume, chain length and headgroup area, distinct phases are
formed. For ionic surfactants the head area can be finely tuned by addition of salt,
temperature or pH as electrostatic repulsion of the polar heads is an important issue. Salt
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effectively lowers the head area due to electrostatic screening of the charged polar head and
so leads to an increase p. This is well known for cetyl pyridinium chloride (CPC), a cationic
surfactant that goes from direct micelles to cylindrical micelles upon addition of salt

38

. For

nonionic surfactant electrostatic repulsions of the head is much less important. The strongly
bound water in the hydration shell, of the hydrophilic headgroup, is sensitive to temperature
changes. For example alkyl poly(ethylene oxide) surfactant, denoted CiEj, are prominent for
their cloud points. Upon heating these surfactants become so insoluble in water and forms
two liquid phase. Increase in the thermal energy makes the hydration water more and more
mobile which lead to a decrease of the effective head group area (dehydration). Consequently
the polar head area is significantly influenced by external physical and chemical parameters.
On the contrary the chain length, l, is fixed and does not depend significantly on external
conditions. Concerning the volume of the hydrophobic part the situation is different as it can
change in the presence of oil e.g. v increases with penetrating oils (short chains alkanes for
example) and an effective volume (veff.) must be defined (veff. > v). This leads to an increase in
the surfactant parameter which does not result from the molecule solely itself. It is the
principle that “likes dissolves likes”, meaning here that oils similar to those of the
hydrophobic chains interact more effectively through attractive van-der-Waals interactions by
chain packing and therefore penetrate more effectively than oils that are structurally different
39.

.

From geometric considerations it could be resumed that these three parameters, the volume of
the hydrophobic part, head group area and chain length, control the mean curvature H of the
aggregate. Instead of considering the shape of the aggregate, Helfrich introduced the concept
of spontaneous curvature to describe surfactant films40. Strongest non-zero curvature would
be observed for the spherical objects, zero-curvature for planar structures like bilayers
(lamella). For three dimensional membrane structures, constituted by a surfactant film
separating an aqueous and an organic phase, the mean curvature H, defined by the average of
the inverse radii Ri and Rii, can be uses to describe the surfactant film, see the representation
in Figure I-10. Nevertheless this concept presents some evident contradictions for the
description of fluid films 41, 42.
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Ri

Rii

Figure I-10 Sketch to represent the curvature C1 and C2 of a surface by the respective radii Ri and Rii

All these considerations embrace the oldest hydrophilic-lipophilic balance (HLB) described
by Griffin et al in 1949 and is reviewed in reference [43]. In the HLB concept surfactants are
classified by their ratio of the hydrophilic molecular volumes to hydrophobic molecular
volumes. It was initially proposed for practical use. Hence highly hydrophobic molecules
have low HLB values and hydrophilic ones high values. Extractants figure on this scale in the
lower region, mainly <8.

The general Gibbs free energy of a surfactant in the film can be described by the sum of
different contributions:

Gmic = Gsurface + Gpacking + G(chains)hydrophobe + G(head)electrostatic + Gsolvation
equation I-5

with:
Gsurface, the surface contribution that tends to minimize surface contact between oil and
water
Gpacking represents the energy required to change curvature, i.e. tearing or bending, of a film
Ghydrophobe represents attractive van-der-Waals interactions between hydrophobic chains
Gelectrostatic accounts for the presence of electrostatic interactions between of charged heads
in vicinity
Gsolvation represents the repulsive interaction due to the first solvation shell of the polar head
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Packing constraints, including solvation, are directly related to the free energy of the system.
Dispersions of amphiphilic molecules in oil cost free energy because of entropic effect and
aggregation decreases free energy through minimizing the contact area between immiscible
phases (Gsurface, here water in oil). So a minimum in the free energy through optimal packing
may result from these two competing contributions energetically favourable.
When the above equation becomes zero or negative aggregation would be a favourable
process. For extractant systems such a thermodynamic approach of the extractant systems will
be used in combination with geometrical constraints estimated from the molecular structure.

I.2.2 Parameters influencing the packing parameter
For reverse aggregates the packing parameter is above 1 which is due to a combination of a
large hydrophobic volume (v) and a small polar head (a). The packing parameter, so the
aggregate shape, can only be influenced by a change in v and in a, l being fixed by the alkyl
chain length.
For example with NaDEHP, the change in v is strongly influenced by the nature of organic
solvent. Solvents with larger molecular volume hardly penetrated into the surfactant film
which leads to aggregates with small spontaneous curvature (v = veff.), hence small spherical
aggregates. On the other hand penetrating oils increase the effective hydrophobic volume (veff.
> v) which enables the growth of the reverse micelles into one direction, resulting in rodlike
micelles 44, 45
Steytler et al.22 studied reverse micelles formed by the metal complex of DEHP+. The metal
ion influences the hydrophilic part, a, due to the electrostatic interactions between the metal
and the charge head. The organic Mn+(DEHP)n aggregation shape depends then strongly on
the metal ion nature and its charge. For divalent metal ions Mn2+, Ca2+, Co2+, rod shaped
reverse micelles are formed whereas Cu2+, Ni2+ can be present as rod shaped or spherical
micelles depending on the presence or absence of water. For trivalent metal ion Al3+ only
exists within spherical micelles.
The example of HDEHP shows then, those ionic extractant molecules react under external
constraints according to the Ninham packing parameter. For classical neutral extractants, such
as TBP or diamide extractants, it must be noted that the effect of salt or acid influences much
less the shape/size of the aggregates. Hence electrostatic contribution to the free energy due to
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the extractant can be neglected (Gelectrostatics in equation I-5). We will concentrate on this type
of extractants in the next section in order to design a simple thermodynamic model by
considering only the free energy with the packing constraints.

I.2.3 Design of a thermodynamic model describing aggregation in
water/oil/extractant systems

I.2.3.1 Overview: recently studied extractants and their reverse aggregates
A selected group of extractants and their molecular structures that are explored for application
in French nuclear waste reprocessing are represented in Figure I-11. The possible practical
application of some of these molecules still depends on the one hand on engineering aspects
of the process cycles and on the other hand is historically dependant on political choices v.
Extractant research and development are therefore most important when recycling of selected
radionuclides is chosen e.g. for the use of mixed uranium and plutonium oxides as fuel. For
the past four decades the first step in the extraction cycle was the PUREX process that
selectively extracts Uranium and plutonium from the acid spent fuel. Furthermore other
cycles are under investigation for the isolation of fission products, minor actinides, impurities
and activating radio nuclides. The selectivity on the desired metal ion(s), the water uptake
into organic solution, co-extraction of acid and other metal ions and the unwanted
phenomenon of the so-called “third phase formation” are parameters that must be investigated
for new extractants. The results of these studies are not going to be discussed and can be
found in literature

5, 46 - 51

. We are interested in the extractants’ supramolecular organisation

which was of growing interest in numerous publications because of its implication in the
extractant process and in the third phase formation. Moreover it is important to understand
physical chemical behaviour of extractants in solution e.g. the form of the complex in organic
solution, and at the liquid/liquid interface which influences extraction kinetics. For the
extractant considered here the structure, size and average aggregation number have been
determined by osmometry, neutron and x-ray scattering techniques.

v

.“Bataille law” in 1991, reconducted in 2006, in France privileges to continue solvent extraction which was not
the choice of other countries which are exploring for example precipitation techniques.
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DMDOHEMA

DEHIBA

TBP

DMDBTDMA
TODGA
Figure I-11 Chemical structure of selected extractant molecules: TBP (tri-n-butylphosphate),
DMDBTDMA
(N,N’-dibutyl-N,N’-dimethyl-2-tetradecyl-propanediamide),
DMDOHEMA
(N,N’dimethyl-N,N’-dioctylhexylethoxy propanediamide), TODGA (N,N,N’,N’-tetraoctyldiglycolamide),
DEHIBA (Di(ethylhexyl)-iso-butylamide)

Table I-2 resumes the major molecular geometrical characteristics of these molecules like the
molecular volume, the volume of the polar and apolar parts, the length of the aliphatic chains.
In the following these geometrical parameters are of high importance for the determination of
their packing parameters.
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Extractant

chemical
group

M

d

Vmolec

g/mol

g/cm3

Å3

#
chains

nc

lc

Vapolar

Vpolar

Å

Å3

Å3

DMDBTDMA

Diamide

424

0.91

774

1
2

14
4

17.8
6.5

674

130

DMDBPMA

Diamide

312

0.93

562

1
2

5
4

7.8
6.5

432

130

DMDOHEMA

Diamide

482

0.92

872

1
2

6
8

9
11.5

674

298

TODGA

Diglycolamide

581

0.91

1060

4

8

11.5

970

90

TBP

Phosphate

266

0.98

450

4

4

6.5

405

45

HDEHP

Phosphoric
acid

322

0.98

544

2

6

9

486

58

DEHIBA

Monoamide

312

0.86

605

2

6

9

486

119

Table I-2 Geometrical parameters of the selected metal ion extractants: M, the molar mass, d the density,
Vmolec the molecular volume, # stands for the number of alkyl chains, n c the number of carbon atoms per
alkyl chain, lc the length of the alkyl chain, and Vapolar and Vpolar the calculated volumes of the apolar and
polar part of the extractant molecule from equation I-7 and equation I-10, respectively.

The optimal chain length, lc, is usually 80% of the fully extended chain length and is
calculated from the number of carbon atoms, nc.52
lc= 1.5 + 1.26nc
equation I-6

Volumes of the apolar part have been calculated by
a) the Tanford formula for linear alkyl chains52

Valkyl chain = 27.4 + 26.9 nc
equation I-7
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b) the Fedors table for branched alkyl chains53

Valkyl chain = nCH3V(CH3)+nCH2V(CH2)+nCHV(CH)+nCV(C)
equation I-8

with ni and Vi the number of group i in the alkyl chain and its molecular volume respectively.
If more than one alkyl chain is present the volume could be calculated for each chain, the sum
of each chain volume will give the total apolar volume Vapolar.
The molecular volume of the extractant is calculated with the density of the pure compound
and its molar mass (equation I-9)

V molec

Mw
d N Avogadro
equation I-9

Then the volume of the polar head is simply the difference between the total molecule volume
and the volume of the apolar part

Vpolar head = Vmolec – Vapolar
equation I-10

For the selected extractants aggregation number of reverse micelles is rather low and lies
between 4 to 10. The aggregation shape of these extractants is postulated to be spherical or
sometimes slightly elongated 49, 54.
Studies on these aggregates could be found in literature since 1997 and are listed in the
following:
Erlinger et al. and Nave et al. studied the TBP/oil/water/acid system50, 27 with regard to the
aggregation number and shape using scattering techniques.
Chiarizia et al. studied with the same technique the organisation of the metal complex of TBP
in octane and in dodecane to approach third phase formation at high extractant
concentration55.
Berthon et al. studied the influence on the chain length on third phase formation56. For
aggregates of same size and shape the interactions between aggregates increase with
increasing chain length of the solvent. The less penetrating, the more the attractive interaction
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becomes important. Long chain extractants therefore are more protected from third phase
formation compared to short chain.
Nave et al studied the aggregation properties of TODGA in n-Dodecane, their shape and size
from the diluted to the concentrated regime57.
Gannaz et al. studied the aggregation of DMDOHEMA/dodecane and HDEHP/dodecane and
mixture of both extractants47. The couple of the two extractants exhibits interesting extraction
behaviour having a synergistic effect on the separation of trivalent actinides from lanthanides.
The SAXS/SANS pattern of each extractant and their mixtures in organic solution, contacted
to metal ions have been investigated and fitted to the appropriate models.
Meridiano et al focussed in parallel to the work of Gannaz et al. on the supramolecular
speciation of DMDOHEMA/heptane system33. Both studies deal with detailed neutron and xray scattering in order to probe the presence of formed aggregates. Furthermore osmotic
pressure measurements were performed that gave the closest insight into supramolecular
speciation and so the aggregation number distribution as a function of the extractant
concentration. Both, aggregation number and aggregate radii are of high interest for the
determination of the packing parameter.
Bauduin et al.

58 - 60

and Martinet et al.

51, 59

studied DMDBTDMA in diluted and

concentrated extractant organic phases. Moreover Bauduin et al. focused on the influence of
the extractant chain length on the third phase formation.
The results of the above mentioned liquid-liquid extractant systems, regarding the size/shape
and aggregation number of the aggregates, have been collected from literature, see in Table
I-3.
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Author

extractant

Erlinger et al.
[50]
Nave et al.

TODGA ()

[57]
Chiarizia et al.
[54]
Nave et al.
[27]
Gannaz

et

al.

[47]
Meridiano et al.
[5]
Bauduin et al.
[58]

DMDBTDMA

Solvent

dodecane

dodecane

Nitrate salt
(cation)
H+
Nd

3+

Nagg

3-7

Aggregate

Radius

shape

[Å]

sphere

9-10

5-7

H+

4

sphere

10

H+

2-5

sphere

5-7

UO2

2-4

sphere

5-8

TBP (2.2M)

dodecane

TBP (0.6 - 1.5M)

dodecane

H+

2-5

sphere

6-10

DMDBTDMA (0.7M)

dodecane

H+

HDEHP (0.3M)

dodecane

2+

4

sphere

11

H

+

2-4

sphere

7

H

+

3-7

sphere

10

DMDOHEMA (0.7M)

heptane

DMDBTDMA

dodecane

/

sphere

DMDBPMA (>0.04M)

dodecane

/

cylinder

Li

+

10

Table I-3 Metal ion extractants studied recently for their aggregation behaviour in the organic phase, in
the table is given the solvent, salt nature, the estimated aggregation number N agg, the aggregation shape,
and the total aggregate radius.

These studies interpret the scattering spectra using models based on spherical scatterer with a
sticky hard sphere interaction model (BAXTER model). The interaction of these reverse
micelles having a polar core inside increases under various conditions to finally lead to the
well known third phase formation. We could resume from these results that the demixing is a
result of the increasing interaction between small micelles of low aggregation numbers. The
total aggregate radius, i.e. including the polar core and the apolar shell composed of the
extractant alkyl chains, only little depends on the composition of the polar part (presence of
salt). Nevertheless it observed experimentally for extractant that the size is limited and does
not exceed 2nm in the low concentration regime.
As mentioned above the apolar volume of the extractant is influenced by the type of solvent,
see above the concept of effective volume of the hydrophobic part (veff). Therefore only
similar diluents should be compared as the penetration power and its contribution to the
hydrophobic volume of the extractant is difficult to estimate, especially for short chain
solvent. It is generally accepted that dodecane is a less penetrating oil. Hence there is no
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effect of dodecane on the effective hydrophobic volume of the chains (v=veff). Bauduin et al
showed experimentally that the hydrophobic chain volume influences the effective packing
parameter. For short chain extractant DMDBPMA transition from spheres to cylinders is
observed with increasing extractant concentration whereas long chain extractant
DMDBTDMA forms spherical aggregates. The transition from spherical aggregates to
cylindrical is due a diminution of the packing parameter p and hence a sphere could be
elongated to cylinders. Such a change in the aggregate shape has a dramatic effect on the
formation of the third phase as cylinders of DMDBPMA collapse when they are loaded with
water. Another example already discussed above is the case of HDEHP. For this system a
transition from closed packed small spheres to elongated cylinders was also observed for
when salt was added. This phase transition can be interpreted by a decrease in the packing
parameter due to complexation of the metal with the polar head leading to an increase in the
polar head area. Consequently it is successful to adapt the principles that are well established
in surfactant chemistry to extractant systems.

I.2.3.2 Thermodynamic model based on the extractant packing parameter
Micelles tend to minimize their free energy which can only be achieved through self
assembly. We postulate here that this principle holds for the selected extractants in the
organic phase. For neutral reverse aggregates of low aggregation number (2 to 10), volume
and packing constraints, which are connected to curvature, are determining the free energy of
the system, as defined in equation I-5, and can be considered by the following equation 30, 40.

G packing

1
K *(p
2

p0 ) 2

equation I-11

Where Gpacking is the contribution to the free energy due to packing constraints, K* is the
elastic constant of the extractant film, p is the effective packing parameter and p0 the
spontaneous packing parameter of the molecule without any external constraints. K* is
dimensionless constant and express in kT units. It is related to the elasticity of the interfacial
film and rises when the film becomes more rigid 42.
Other contributions to the free energy of micellation are neglected in the following for neutral
extractants. The free energy is only dependant on the difference (p-p0) i.e. the change in
43

Chapter I Phase diagrams and packing parameter of extractants

curvature compared to a reference state, and the elastic constant (K*). This equation
expresses the cost or gain in energy by changing the extractant film curvature.
We assume furthermore perfect spheres having a radius R1 of the polar core (head groups and
water) and a second radius R2 being the polar core radius plus the extractant hydrophobic
chains defining the so-called hydrophobic shell. The packing parameter could then be
expressed only by these radii:

p

Vshell
a core l shell

core

shell

equation I-12

p

4 / 3 ( R23

R13 )

2
1

R1 )

4 R ( R2

R2

R1

equation I-13

And simplified to:
p

1 ( R2
3R12

R1 )( R12
( R2

R22

R1 R2 )

R1 )

equation I-14

Figure I-12 Scheme of an extractant micelle used
for the thermodynamic model, with R1 the radius
of the polar core containing solubilised water
and the extractant polar head, R2 the micelle
radius

p 1/ 3 1

R2
R1

R22
R12

equation I-15

So the packing parameter is expressed only geometrically by the radii given from i) the
molecular structures of the amphiphile and ii) the amount of water inside the polar core. In
order to minimize the free energy of aggregation equation I-11 has to become 0. This is the
case only when (p-p0) becomes zero.
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Minimum
hydrophilic
head core

shell
R2
Rt

Rt

x

Figure I-13 Scheme of an extractant micelle without solubilised water, this situation represents the
optimal packing p0 without any external constraints.

The first difficulty is to evaluate p0 for the case of extractant molecules. The hypothetical
packing of a restraint number of extractant molecules without any solute inside the polar core
is assumed to be the optimal packing without any external constraints. This situation is
considered to reflect the packing parameter p0. The polar core only exists of a restricted
number of polar heads of the extractant. The closest packing of four polar heads is in a
tetrahedral conformation in order to have equal optimum distances between each head. Two
polar heads are then in most dense and closest distance without overlapping. The distance
between polar heads in the micelle polar core, x, is with this assumption twice the radius of
one head; i.e x=2·Rpolar head. We calculate the head radius, by assuming a spherical shape for
the polar head and with the help of volume of the polar head which is obtain using equation
I-10vi.

vi

Note: The radius obtained from the polar volume has been verified for the TBP molecule by the covalence and
van der Waals radii. The geometrically obtain radius is within 10% of this molecular radius. It could be
considered as a reliable method to calculate the radius of the phosphate unit.
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1

R polarhead

3V polarhead

3

4

equation I-16

The circumsphere that surrounds the regular tetrahedron has a radius Rt expressed as:

Rt

3/8 x

equation I-17

The equation could be simplified to:

Rt

3 / 2 R Polarhead
equation I-18

R2 being the total aggregate radius is obtained from the polar volume and the apolar volume.

R2

3

3V apolar

Rt

4

3

equation I-19

with the apolar volume Vapolar defined as:

V apolar

4 / 3 ( R2

3

3

Rt )

equation I-20

We focalise in the following on the TBP because of its particular interest for our study (see
the following chapters). The polar head is uncharged phosphate unit with a geometry assumed
to be spherical; its volume is listed in Table I-2vii. The total aggregate radius R2 of four TBP
molecules is then 4.8 Ǻ with a hypothetical polar core radius Rt of 2.7 Ǻ. From the two radii
we obtain p0, under closest packing of TBP. This situation corresponds to the hypothetical
packing of the extractant claiming that the head groups cannot overlap.

vii

. The closest packing of spheres in a given volume is of course 0.74 [61] and here we consider that the
remaining rest volume is empty which could not exist in real reverse aggregates!).
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For TBP p0 is calculated to be 2.0 when no solute or complexation is present. Note that Eicke
et al. tried to observe “dry” reverse aggregates for AOT with the help of photon correlation
spectroscopy26. The authors concluded that water could not be completely removed from
these aggregates: the remaining water is highly bonded inside the reverse micelles. Therefore
AOT micelles disassemble into single monomers in the absence of water. In order to selfassemble, polar solute has to be present inside the polar core.

From geometry of extractants

From experiment (in dodecane)

Extractant

R2
Ǻ

Rt
Ǻ

Rpolar head
Ǻ

p0
1.58
1.38
1.37

R2
Ǻ
10.5
13.6
7.27

R1
Ǻ
6.2
8.9
6.55

DMDBTDMA
DMDOHEMA
DMDBPMA

5.77
5.94
5.11

3.85
4.43
3.84

3.14
3.62
3.14

TODGA
TBP

6.32
4.81

3.4
2.7

HDEHP
DEHIBA

5.06
5.25

2.94
3.73

peff
1.85
1.62
1.18

2.78
2.21

2.10
1.99

10.1
6.1

5.8
4.2

1.92
1.68

2.4
3.05

1.89
1.46

n.d.
n.d.

n.d.
n.d.

n.d.
n.d.

Table I-4 Comparison of the packing parameter, p0, obtained from geometry of the extractant and by
postulating that the aggregation number is 4 and the effective packing parameter, peff, of the extractants
determined from R2 and R1 obtained from experimental results in references mentioned above in Table
I-3.

The spontaneous packing parameter values, p0, are shown in Table I-4 for the above
mentioned extractants. The calculated values of p0 range above 1 which reflects their
tendency to form reverse aggregates. Highest p0 values, corresponding to higher
hydrophobicity, are obtained for TODGA and TBP. Diamide extractants (DMDBTDMA,
DMDOHEMA and DMDBPMA) have lower p0 values. For diamides and diglycolamides the
spherical approximation is maybe not valid as the polar heads (diamide) have more an
ellipsoid shape (prolate) for which the volume would be

V = 4/3 (a·b·c)
equation I-21
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with a being the (long) main axis and b, c the two semi-axis. For simplicity reasons the
calculation of p0 we consider a spherical geometry of the polar head. The values of p0 might
deviate for these types of extractants due to the fact that closest packing of ellipsoids is
geometrically more difficult to evaluate. For equivalent branched aliphatic chains, like
HDEHP and DEHIBA, p0 depends also strongly on the nature of the head group, i.e. neutral
or ionised form, as discussed above.
Interestingly R2 and R1 can be determined experimentally respectively from small angle Xray and neutron scattering measurements (SAXS and SANS), as SAXS is sensitive to the
electronic contrast between the polar head and the organic part (including of the alkyl chains
from the extractant and from the solvent) and SANS is sensitive to the contrast between
hydrogen (hydrogenated extractant) and deuterium (deuterated organic solvent). Effective
values of the packing parameter, noted peff. or p, can then be determined from these two radii
using data from the literature. (Table I-4). peff. values are given for comparison to the p0
values. The experimental radii values in Table I-4 were taken for systems in comparable
conditions i.e. with dodecane as the organic phase contacted with water.
Consequently the film free energy can be determined from the p0 values, calculated above,
and from experimental results. In other words increasing the polar core of reverse aggregate
is, from a strictly geometric point of view, possible and the free energy variation associated to
this swelling depends on the volume of the hydrophilic extractant polar part and hydrophobic
shell part describing the extractant film. A simulation of the extractant film free energy as a
function of the reverse micelles size will be performed in the next section in order to describe
the water uptake by reverse micelles extractant.

I.2.3.3 Application of the model to the case TBP/dodecane/water system
We are now going to focus on TBP because it is systematically studied in the literature and it
is directly the direct relation with our study. Aggregation of TBP in dodecane as a function of
nitric acid content has been studied by Nave et al. in 2004 27 .
The data obtained in this paper are reproduced in Table I-5 and are used here to determine the
effective packing parameter. It can be calculated from the radius of the hydrophilic core
obtained by SAXS (and fitting of the scattering pattern by suitable models) and from the total
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aggregate radius determined as well by SANS measurements. In that case R1 and R2 are
known and p could be calculated from equation I-15.
The radii of the extractant micelles were determined in dependence of i) the extractant
concentration and ii) the acidity of the aqueous phase. After contacting aqueous phase to the
organic phase, the water content in the organic phase as well as the acid uptake at equilibrium
has been determined by adequate techniques.

c(TBP)

cmc

H+aq

H2Oorg

H+org

rtot (R2)

rcore (R1)

mol/L

mol/L

mol/L

mol/L

mol/L

Ǻ

Ǻ

w
(H+,H2O)

peff

0.6

0.28

0

0.18

0

6.1

4.2

0.56

1.69

0.8

0.28

0

0.27

0

7.0

4.8

0.52

1.68

1.1

0.28

0

0.48

0

7.7

5.3

0.59

1.65

1.5

0.28

0

0.8

0

8.3

5.7

0.66

1.65

1.1

0.28

0

0.48

0

7.7

5.3

0.59

1.65

1.1

0.36

2

0.53

0.32

7.9

5.7

1.15

1.55

1.1

0.45

4

0.36

0.63

7.4

5.5

1.52

1.50

1.1

0.5

6

0.21

0.66

8.1

6.1

1.45

1.46

1.1

0.535

8

0.13

0.87

7.5

5.8

1.77

1.42

1.1

0.57

10

0.13

1.03

8.4

6.6

2.19

1.38

Table I-5 Fitting parameters for TBP reverse micelles obtained by SAXS (reproduced from ref [27]). The
table was extended by w (H+,H2O) being the ratio of the solute concentration over the extractant
concentration (equation I-25); peff the effective packing parameter were calculated here using equation
I-15.

Generally the packing parameter of an amphiphile is accessed by evaluation of its volume,
headgroup area and length of the aliphatic chain. Volume and chain length are easy to
determine and are not much sensitive to the environment (temperature, acidity…). The head
group area is most difficult to determine since it is sensitive to slight changes in i) hydration
of the head and ii) electrostatic repulsion or attraction between ionic heads. Head group areas
are usually measured by surface tension measurements by using Gibbs isotherm equation.
Nevertheless head group areas, determined this way, do not represent the actual head group
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area adopted in micelles but at the liquid/liquid interface and are then overestimated since the
curvature of the macroscopic liquid-liquid interface is much lower.
A precise method for the determination of the polar head area is from the specific surface area
of an aggregate solution determined by scattering techniques. The so-called Porod region in
the scattering spectra informs about the specific surface of the scatterers in solution.
Combining the specific surface and the extractant concentration participating to the aggregate
the area per head group can be determined58. Another way of accessing effective polar head
areas for finite aggregates, as extractant aggregates, is from the shape/size and aggregation
number obtained by fitting the scattering curves using form factor (and structure factor). This
method is used in Chapter II SAXS measurement for the calculation of the effective packing
parameter of the surfactant C8G1 in water.
With scattering techniques signals from reverse micelles are often low due to weak contrast,
small aggregate size and limitation of the technical set up. Consequently head group areas in
a reverse aggregate is hard to access experimentally, therefore thermodynamic models are
useful tools to understand the formation of reverse micelles in organic solvent.
A starting point of our model is to postulate that the demixing of an organic phase by loading
it with water into two phases (organic phase and excess water) corresponds to the limit of the
bending elasticity extractant film.
The total free energy of the system is determined by the energy cost of the transfer of the
hydrophilic molecules into the organic phase. The system compensates this energy costs and
therefore minimize the contact of the two immiscible phases by the amphiphilic extractant
film. We consider here that the limits of the solubility of polar solute (water) are given by the
bending energy of the film, meaning that the film could not be torn or compressed infinitely.
When the stress of the film becomes too important water is expelled from the organic phase
(this effect is also known as the “emulsification failure” in surfactant science, see reference
[62]). From geometric considerations we propose here a model based on the estimation of the
contribution to the free energy due to packing constraints in order to probe the limits of TBP
film around a polar solute (water). Other contributions to the free energy due to surface
(oil/water contact), electrostatics or hydration are not considered.
The free energy is calculated according to equation I-15 through iteration using a
computational routine written in FORTRAN by J.F. Dufrêche (ICSM). This model takes into
account geometrical constraints as described by the equation I-11. The script of this routine
can be found in the Annex B. The polar volume Vpolar is calculated
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V polar

N water Vwater

N agg Vhead

equation I-22

with the volume of water Vwater is 30Å3 and the volume of the polar head determined from
equation I-10.
The radius of the polar core R1 is calculated using

3

R1

3 V polar
4

equation I-23

The aggregate radius is then

R2

3

N agg

3
4

R13

equation I-24

When p0 and the bending constant K*viii are known (see the section above) free energy can be
calculated as a function of number of polar solute, i.e. added stepwise inside the polar core. In
this model the penetration of oil is assumed to be negligible, meaning ν = νeff.. This
approximation is valid for example for TBP in dodecane, as dodecane is much longer than the
(three) butyl chain(s) of TBP. The resulted free energy profile as a function of the number of
water molecules incorporated in the reverse micelle is presented in Figure I-14, for this
simulation an aggregation number of four is postulated. The energy needed to tear or to
compress the extractant film is high when there is no water inside the core or when there is
too much inside the core. Hence a minimum in the energy profile is observed that
corresponds to the state where the film is at equilibrium, the film free energy contribution due
to packing constraints is zero.

viii

K* is taken to be 2.5kT, this represents the typical intermolecular energy usually encountered in liquids.
Moreover we know that K* is low as small highly curved aggregates are formed in solution, so it must be in the
order of thermal energy. Remark that K* value does not influence the position of the minimum in free energy.
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Figure I-14 Simulation of the film free energy of a TBP micelle due to packing constraints as a function
of the number of water molecules incorporated in the micellar core. The input parameters of the model
are the micelle aggregation number Nagg, K* and p0, respectively 4, 2.5kT and 2.0

In a similar way the free energy can be expressed as a function of the radius of the polar core,
which is composed of the volume of the polar solutes and the volume of the polar part of the
extractant molecules, see Figure I-15.
A minimum in the free energy is also obtained for a certain radius value. Using this
representation the influence of the aggregation number from 4 to 10 can be represented.
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Figure I-15 The energy of the packing as a function of the polar core radius R1. The radius increases as
the aggregation number Nagg increases: Nagg is 4 (crosses), 5 (rhombi), 6 (rectangles), 8 (rhombi) and 10
(triangles)

In surfactant science the molar ratio of water concentration, or more generally the polar,
solutes concentration, over surfactant concentration, w, is a useful parameter36, 37. For TBP
this ratio is then simply expressed as

w

solute
TBP

cmc (TBP )

equation I-25

where solutes refer to all polar compounds solubilised in the micellar core, e.g. for extraction
of HNO3 by TBP micelles [solutes] = [H2O] + [HNO3]. We consider here that water is only
soluble in the TBP micelles and that the solubilisation by TBP under its monomeric form is
negligible5. The w values for the TBP/dodecane/water/HNO3-system were calculated from
published results obtained by Nave et al. (see Table I-5). When the organic phase is contacted
with water, i.e. at saturation of the organic phase with water, the w values are rather low and
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range from 0.56 to 0.66 for TBP concentration ranging from 0.6 to 1.5M in dodecane. For
TBP concentration from 0.5 to 1M the aggregation number is in average four54. Our model
predicts the minimum in free energy at 5 water molecules, hence w=1.25, which is in the
same order as the experiments. This difference with the experiment can be explained:
-

(i) by the fact that the aggregation number obtained experimentally is an average
value and that our model only consider micelles with an aggregation number of four
and

-

(ii) by the way the number of water molecule is calculated in our model. It is
considered that all the space between the TBP (spherical) polar head is accessible to
water molecules, which is of course not the case. Hence our model overestimates the
number of water molecules solubilised.

Nevertheless we can see here that the agreement between our model prediction and the
experiment is fairly good in terms of prediction of the water solubilisation in TBP reverse
micelles in dodecane. Adjustments of the geometrical parameters and consideration of the
repartition in the aggregation numbers should give better coherence between the model and
experiment.
For higher TBP concentrations the solubilisation power increases only slightly until a w value
of 0.66 for 1.5M TBP. It is known that the aggregation number of TBP micelles increases
from around 4 to 10 when TBP concentration increases from the cmc to 1.5M. It results in an
increase in the radius of the polar core, obtained by SAXS experiment (see Table I-5), from
4.2 to 5.7 Ǻ. This increase in the micellar core radius is then predicted by our model from 4.2
to 5.9 Ǻ (Figure I-15) considering aggregation numbers ranging from 4 to 10. Moreover the
absolute values of the predicted radii are in good agreement with the results from the SAXS
experiments in the studied concentration range. It is interesting to note that the increase in the
micellar size is linked to a slight decrease in the packing parameter from 1.69 to 1.65
confirming a decrease in the extractant film curvature.
For this system the situation in terms of the film free energy may be resumed, see in Figure
I-16. Three regimes depending on the packing parameter describe the following cases:
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-1- p < peff. : the system is not at equilibrium and water must be expelled to reach p = peff. It
results in phase demixing, i.e. corresponding to the biphasic region in Figure I-2.
-2- p0 > p > peff. : the system is at equilibrium with water inside the micelle polar core, this
corresponds to the one phase region in the TBP/dodecane/water ternary phase diagram (see
Figure I-2)
-3- p0 < p: this situation is practically not possible it would lead to overlapping of the
phosphate polar heads.

2

1
Reverse aggregates could
not accommodate more
water due to a too important
tearing of the film  no
more water uptake

3

Water
solubilisation
inside the small
aggregate
possible

Packing under dry
condition
 impossible
geometrically
without overlapping
of the phosphate
head

Film free energy > 0

Film free energy ~ 0

wmax= 0.5

0 > w > wmax

peff=1.65-1.69

Film free energy >> 0
w=0

p0=2.0

Packing parameter p

Figure I-16 Resume of the system TBP/dodecane system contacted with water in terms of packing
parameter, film free energy and water content

For the systems containing nitric acid, the molar ratio w increases significantly when acid
concentration increases, see Table I-5. TBP is known to extract HNO3 from an aqueous
solution and forms in organic media species composed of (TBP-HNO3)x (x=1-4) 54. It is then
interesting to see that the calculated packing parameter of the reverse aggregates in dodecane
from the experimental data decreases when TBP-acid complexes are present in solution. p
decreases significantly from 1.65 down to 1.38 and in parallel w increases from 0.59 to 2.19.
By assuming with good confidence that the hydrophobic chain volume and the chain length
are constant only the hydrophilic head group area could have increased. The complex
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formation influences then the head group area and leads to (i) the “micelle dehydration” i.e.
the water content decreases with increasing acidity (see the values of [H2O]org. and [H+]org. in
Table I-5, and to (ii) an increase in electrostatic repulsion between the phosphate units. As a
result the reverse micelles grow in size. The polar character of TBP increases indeed when
protons are bounded to its phosphoryl group, the polar head area increases by increasing the
acid concentration27. We are dealing here with small aggregation numbers and swelling of the
reverse micelles may limited and correlated to stoichiometry of the complex. The growth in
size of this type of aggregates cannot then exceed a limited concentration even at highest acid
concentrations. Complex formation limits the achievable acid extraction and therefore further
solubilisation inside the polar core is impossible due to the poor amphiphilc properties of the
extractant. A further decrease of the packing parameter could be energetically unfavourable.
Unfortunately the model described here does not take into account electrostatic contribution,
hence simulation of the free energy was not possible to investigate the influence of nitric acid.
Concerning salt extraction with TBP no experimental data combining SAXS and SANS
measurement where metal ion is present in solution could be found in literature. It would be
interesting to see the influence of the interaction of for example uranyl inside the complex
bound to the polar head on the packing parameter. Chiarizia et al interpreted SANS data of
the system HNO3-UO2(NO3)2-TBP-dodecane using a ellipsoidal particle model for the
reverse micelles54. Elongating spherical particles in one direction decreases the packing
parameter.

I.3 Three phase region in amphiphiles phase diagrams
I.3.1 “Third phase formation” in extactant systems: a phase diagram
approach
The “third” phase formation, as described in section I.2.3.1, is a macroscopic consequence of
an increase in the loading by acid and/or salt of extractant reverses micelles. It leads to an
increase in the attraction potential (“sticky potential”) between the micelles above thermal
energy and to a collapse of the micelles. Visually a splitting of the organic phase is observed
meaning that no, or very few, water is incorporated in the rich extractant and the rich oil
phases. Indeed we have just shown in the section above that the extractant film (in the
micelles) is not much flexible and that the swelling of the micelles are forbidden because of
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strong packing constraints (see the section on the packing parameter). The third phase
formation results then in the coexistence of two organic phases (and the aqueous phase) i.e. a
rich extractant phase loaded by acid (and/or salt) in equilibrium with a light oil rich phase
containing extractant monomers. This phase separation is comparable to a liquid-gas phase
transitions.
With the same approach we used in section I.1.2 this three phase system can be represented in
a triangular phase diagram. For the TBP/dodecane/water system we know that the third phase
formation is observed for initial nitric acid concentration above 14.5M. A 2D triangular
representation is then possible by considering the aqueous phase (H2O/HNO3) as a pseudocomponentix, see Figure I-17.

oil
Toil
Text

Toil
2Φ
2Φ

Text

3Φ

1Φ
2Φ

water/HNO3

extractant

Figure I-17 Scheme of a phase diagram for an extraction system composed of (water/HNO 3)/oil/extractant
for the case where the acid concentration is high and leads to the “third phase” formation, e.g.
[HNO3]>14.5M for TBP/dodecane system. The blue dot corresponds, as in Figure I-2 for the TBP system
with pure water, to a typical extraction composition containing 30% and equal amounts of water and oil
(see the tube representation on the left with an oil rich phase in light yellow, an extractant rich phase in
dark yellow and an aqueous phase in blue). Text. and Toil correspond to the demixing third phase and to the
excess oil in three-phasic region.

ix

By saying so we make the approximation that the acid concentration in water is not significantly changed after
the extraction process ([HNO3]initial ~ [HNO3]after equilibrium of the phases). This approximation holds only for high acid
concentrations where we can neglect the amount of extracted acid.
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The topology of the phase diagram is changed dramatically compared to the system with pure
water, see Figure I-2. We still can find the small monophasic region on the extractant oil rich
side of the phase triangle, but a large triangle expanding from the pure water corner to the one
phase region is now visible. This corresponds to the three phase region. Any sample
formulated in this triangle leads to three liquid phases, with the compositions of each phase
being fixed and represented by the three corners. Text. and Toil correspond to the demixing
third phase and to the excess oil in the three-phasic region, this notation is helpful in the
following when other representations of third phase system are used. For the sample
represented by the blue point the volumetric ratios of the phases is determined by the ratios
between the lengths of the straight lines from the blue point to each corner of the triangle, i.e.
this is the lever rule for three demixing phases. It can be noted that transition from one phase
to three phases is forbidden by the “Gibbs phase rule” so a two phase region is present
between the reverse micelle region, denoted here 1 , and the three phase region in Figure I-17
(on the right of the three phase region). Demixing along tie lines in this region leads to a rich
and a poor extractant organic phases.
In literature the third phase formation of extractant systems is extensively studied63, 64. Many
studies investigate the phase behaviour of extractant as a function of aqueous acidity, nature
of the diluent, metal concentration and valency, the effect of modifier like alcohols or the
change in the temperature etc. As the formation of a third phase is a major drawback in
extraction processes these studies mostly report the critical 3-phases boundary. A limiting
organic metal concentration (LOC) was defined to classify the effect of the different physical
and chemical parameters influencing third phase formation. For TBP Rao et al. reviewed this
topic in 1996 for the extraction of actinides by organophosphorus extractants65. The
extraction process requires high acidic conditions in order to achieve selective PUREX
separation. Spent nuclear fuel is usually dissolved in 3-5M nitric acid and U(VI) and Pu(VI)
are then separated from other elements within a neutral metal-nitrate-TBP complex. High
acidity and metal ion concentration are reported to be the limiting factors that favour third
phase formation.
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Figure I-18 3D representation of a phase diagram for an extraction system composed of
water/HNO3/oil/extractant

In our phase triangle representation a new dimension can be introduced in order to take into
account the influence of the acidity for example, see Figure I-18. The grey triangle inside the
tetrahedron representation corresponds to the Figure I-17, for the sake of clarity tie lines were
not plotted and only the three phase region (in red) and the one phase (micellar) region can be
seen. 3D representation is more complex but it can help to give a more complete
understanding of the phase behaviour of extractant systems compared to the classical 2D
LOC representations.
Different representations of the LOC have been proposed in the literature:
- (a) acid or metal concentration in the organic phase as a function of acid concentration in the
aqueous phase, the TBP concentration in the organic phase is usually fixed (see Figure I-19a).
This representation was used for example by Rao and Kolarik in their review on the TBP65.
- (b) extractant concentration in the organic phase as a function of the acid concentration in
the aqueous phase, see Figure I-19b. This representation was used for example by Nave et al.
for the investigation of the three phase region in water/HNO3/dodecane/TBP system27
- (c) acid or metal concentration in the organic phase as a function of extractant concentration
in the organic phase, see Figure I-19c. This representation was used for example by Martinet
et al.
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Cuts inside the phase tetrahedron showing these representations can be found, see

Figure I-20 a-c, where the phase limits show the transition from the biphasic to the triphasic
systems.
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(a)

(b)

TExt.

Toil

(c)

TExt
.

Toil
Figure I-19 Example of classical 2D representations of the LOC: (a) acid or metal concentration in the
organic phase as a function of acid concentration in the aqueous phase (reproduced from Kolarik et al.
[65], (b) extractant concentration in the organic phase as a function of the acid concentration in the
aqueous phase (reproduced from Nave et al. [27], here tie lines were added) and (c) acid or metal
concentration in the organic phase as a function of extractant concentration in the organic phase from
Martinet et al. [51]. Text.. and Toil correspond to the demixing third phase and to the excess oil in three
phasic region as in Figure I-17.
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Figure I-20 Classical cuts in the 3D representation of extraction system corresponding to the classical 2D
LOC representations: a, b and c shown in Figure I-19. o, w, e and H+A- stand for oil, water, extractant and
acid
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I.3.2 Mixing surfactant and co-surfactant (extractant): Three phasic
microemulsion systems
We are now going to focus our interest on microemulsions that are one phase
thermodynamical mixtures of large amounts of oil and water. In the last section it has been
shown that the high packing parameter of extractants (v/al > 1.4) is the critical parameter that
constraints the film. This leads to a limited swelling of the reverse micelles by water due to
the sterically hindered extractants film forming the reverse micelles. Water solubilisation
limit may be overcome by adding a surfactant, i.e. by forming the so called microemulsions.
In the literature the most studied amphiphiles are the ubiquitous surfactants i.e. hydrophilic
amphiphiles forming spherical or elongated micelles in water (1/3 > peff > 1/2, see section
I.2.1)7,

30

. To name a few sodium dodecyl sulphate or dodecyl trimethyl ammonium are

typical examples of (ionic) hydrophicilic surfactants. For direct micelles the solubilisation of
hydrophobic solutes, e.g. oils, inside the apolar core is of interest and is, as for extractant
systems, limited by the packing constraint of the surfactant. The solubilisation of oils leads to
increase the radius of the micelles and therefore to decrease the curvature of the film.
Consequently p increases up to a limit where the cost in the film free energy becomes larger
than thermal energy. This happens when the solubilisation limit is reached. The addition of a
molecule that loosens the packing restriction of direct micelles leads to increase the flexibility
of the surfactant film66. Such a molecule is called a “co-surfactant”. The middle chain nalcohols with n from 4 to 8 are by far the most studied co-surfactants in the literature (see
Chapter III). Co-surfactants are hydrophobic amphiphiles, usually not soluble in water, that
have therefore high p values. Addition of co-surfactants in hydrophilic surfactant systems
enables to increase the solubilisation limit of hydrophobic solute by increasing p value of the
surfactant film67, 68. In this case the surfactant film is a mixed film composed of surfactant and
co-surfactant molecules and the system is usually called “direct microemulsions” or “direct
swollen micelles”.
A clear parallel between extractantsx and co-surfactants is then evident as they both solubilise
only small amounts of water in oil

69

and they show high p values (see section I.2.3). With

similar considerations as exposed just above for surfactants, a way to incorporate more water
in reverse extractant micelles would be to add an amphiphilic molecule showing a reversed
x

By the term extractant we refer here only to neutral extractants and not to, what is for us, the special case of
ionic extractants, such as HDEHP, that may incorporate large amounts of water by adding salt that has a strong
influence on p values as described in section I.1.2 and I.2.2.
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geometry compared to extractants molecules i.e. a molecule with a low p value below 1. A
perfect candidate to fulfil this task is a hydrophilic surfactant.
It must be noted here that it is now generally accepted in the surfactant science community
that the term “reverse micelle” refers to the case where the ratio of the volume of the micelle
shell (surfactant alkyl chains) over the volume of the core (polar head+water) is above 470.
For values below this limit i.e. when large amounts of water are solubilised, the term “reverse
microemulsion” is preferred.
The context of this thesis is the investigation of the mixtures of TBP and a hydrophilic sugar
based surfactant, n-octyl- -glucoside (C8G1). Consequently the system studied here is a four
components systemxi: water, oil (dodecane), TBP and C8G1. The phase diagram of such a
system, i.e. water/oil/surfactant/co-surfactant, can be represented schematically in a triangle
representation by fixing the C8G1/TBP ratio, C8G1/TBP at this ratio being considered as a
pseudo component (lower corner on the right in the triangle phase diagram), see. The five
triangle phase diagrams represent the typical evolution as a function the surfactant/cosurfactant ratioxii 17
a- This diagram represents the TBP/water/dodecane system and was already discussed
in section I.1.2, there is no C8G1 in the system.
b- For small C8G1/TBP ratios, addition of C8G1 enables the incorporation of water in
the reverse TBP micelles leading to the formation of large water droplets up to some tenths of
nm. In this case water and (C8G1/TBP) are co-miscible. In the low (C8G1/TBP)
concentrations, the region of the two liquid phases corresponds to a phase demixion between
nearly pure water and an oil phase containing swollen reverse micelles (reverse
microemulsions usually denoted L2). This type of microemulsion system is called Winsor II
(WII).
c- For medium C8G1/TBP ratios, large amounts of oil and water can be cosolubilised. In the low (C8G1/TBP) concentrations, three phase systems can be observed: two
excess phases (nearly pure oil and water) and a middle phase microemulsion containing the
C8G1, TBP and around equal amounts of oil and water. The microstructures formed in those
microemulsions are bicontinuous and are studied in Chapter III. This type of microemulsion
system is called Winsor III (WIII).

xi

The effect of adding salts to these systems is addressed in Chapter 3.
For the most studied non-ionic surfactants: the polyethyleneoxy-alcanes, so called CiEj, this typical evolution
is reached by increasing temperature in ternary systems (CiEj/H2O/oil), see the work of Kahlweit and Strey in
[17]. For those systems no co-surfactant is needed to form microemulsions.
xii
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d- For high C8G1/TBP ratios, the region of the two liquid phases corresponds to a
phase demixion between nearly pure oil and an aqueous phase containing swollen direct
micelles (direct microemulsions usually denoted L1). This type of microemulsion system is
called Winsor I (WI). Remark that compared to the case (b) the topology of the phase
diagram looks very similar but the tie lines are reverted.
e- This is the case where no TBP is present. It represents the C8G1/water/dodecane
system. It shows a small one phase region composed of direct C8G1 micelles swollen by oil.
Remark that in the high C8G1 concentrations lyotropic phases, i.e. one liquid phase highly
viscous and birefringent) are present but are omitted here for the sake of clarity. This phase
diagram has no interest in the present work.
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Figure I-21 Overview on the triangular phase diagram representation showing the existence of multiphasic
and monophasic regions for C8G1, TBP and mixtures of C8G1/TBP (lyotropic phases such as lamellar
phases are omitted).

Some general remarks can be made when changing the surfactant/co-surfactant ratio i.e. from
systems (b) to (d):
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-

the surfactant increases its affinity (and partitioning) from the oil towards the aqueous
phase

-

the curvature of the surfactant film decreases and then increases showing a minimum
value close to zero for WIII systems.

-

The maximum co-solubility of oil and water is reached for the WIII type system
where the surfactant/co-surfactant mixture has it highest affinity for both the oil and
the aqueous phase.

Consequently by varying only one parameter, the C8G1/TBP ratio, the curvature of the
surfactant film and the affinity of the surfactant towards oil or the aqueous phase can be tuned
efficiently. It is noteworthy here to mention the distinction between WIII systems and the
three phase systems obtained in solvent extraction. The main difference between these two
systems can be seen visually, see Figure I-22. Indeed as we already stated extractants are
highly hydrophobic and enables therefore only molecular solubilisation of water whereas in
WIII system large amounts of water and oil can be co-solubilised. Moreover many physicochemical properties differs, WIII show extremely low interfacial tensions that is of practical
interest for the recovery of oil (petrol) in porous rocks, this process is called enhanced oil
recovery71. This property is directly linked to the high affinity of the surfactant for oil and
water i.e. it goes preferentially at the oil/water interface. The third phase in solvent extraction
is highly viscous whereas in WIII it has low viscosity.
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Figure I-22 Winsor III vs. “Third phase formation”, considering equal volumes of aqueous and organic
phase
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From WI to WII to WII systems the curvature of the film is continuously changed from direct
to planar to reverse aggregates. For this reason geometrical considerations as we did in the
latter sections may be useful to describe Winsor system. Geometric features for C8G1, TBP
and n-hexanol (a classical co-surfactant) are reviewed in Table I-6. The packing parameter
values listed here corresponds to spontaneous packing parameters p. For TBP the calculation
was done in section I.2.3 by considering TBP micelles in dodecane. For hexanol p was
calculated by using a classical value of the cross sectional area of an alkyl chain (a), the
volume and the length of a hexyl chain. The effective packing parameter of C8G1 is precisely
determined from the micellar shape determined by small angle x ray scattering in Chapter II.
As stated above mixing C8G1 and co-surfactant results in the formation of mixed film
meaning that surfactant and co-surfactant have complementary shapes in terms of their
packing parameter. The oldest model and most used model in the litterature to evaluate the
spontaneous packing parameter of the surfactant/co-surfactant mixed film is the “wedge”
model, assuming that volumes, areas and film thickness (l in the expression of the packing
parameters) are all additive67, 68:

p

film
0

xV co
xa 0co

surfac tan t

(1

surfac tan t

(1

x )V surfac tan t

x ) a 0surfac tan t xl co

surfac tan t

(1

x )l surfac tan t

equation I-26

where x is the co-surfactant molar fration in the film, when x

0 the film is only composed

of surfactant. This simple relation implies an ideal mixing of the co-surfactant and the
surfactant in the film corresponding to a 2D ideal mixture of two liquids. In other words this
means that the lateral interactions in the film are similar between co-surfactants and between
surfactants. The application of the « wedge » model predicts that zero curvature film
composition would be at x =0.58 and 0.83 for TBP and hexanol, as can be seen by the dashed
line in the diagram showing the film spontaneous curvature versus film composition ( x ), see
Figure I-23.
A second approach would be to assume the additivity of the surfactant and co-surfactant
packing parameters meaning that the curvature of the mixed film is the simple average of film
curvatures of the surfactant and co-surfactant (solid lines in Figure I-23):
p 0film

xp 0co

surfac tan t

(1 x ) p 0surfac

tan t

equation I-27
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Another popular assumption made, mainly by people using NMR in biomembranes, is that
the film thickness is set by the “longest” molecule, here it would be the surfactant.72 This is
only valid at vanishing co-surfactant concentration in the film. Up to x=0.3 this model is
overlapping the “wedge” model and for this reason it is not shown in Figure I-23.
We know for example that mixtures of surfactant and co-surfactant of opposite charge show
highly non-ideal behaviour. For TBP/C8G1 or hexanol/C8G1 mixtures, we can expect an
ideal mixing behaviour as they are both neutral and as they share apparently similar types and
strength of interactions.

C8G1

TBP

Hexanol

Apolar volume V (Ǻ3)

242.6

405

188.8

Extended chain length l (Ǻ)

11.6

6.54

9.1

31

xiii

15
1.4

2

Headgroup area a0 (Ǻ )

40

Packing parameter p0

0.45

2.0xiii

19.1

300

(in H2O)

(in dodecane)

CMC (mM)

n.d.xiv

Table I-6 Geometrical parameters of TBP, hexanol and C8G1 at 25°C

xiii

Determined in section I.2.3, a0 for TBP was determined from p0,VTBP and lTBP.
Alcohols in oils do not form well defined micelles but self-assemble with a step-wise mechanism in
multimers (linear or cyclic) through the formation of intermolecular hydrogen bonds, a discussion on this topic
can be found in [69]
xiv
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Figure I-23 Ideal evolution of the packing parameter as a function of the surfactant film molar ratio for
mixtures C8G1/TBP and C8G1/hexanol. The square, rhombi and triangle correspond to the spontaneous
packing parameter of C8G1, TBP and hexanol. Solid lines and dashed lines represent the predictions of
respectively the additivity of the packing parameters and the “wedge” model.

These models can help to predict the zones of existence of the different microemulsion
systems (WI, WIII and WII) as we have shown above that the curvature of the film, expressed
here with the packing parameter, is related to the type of microemulsions formed i.e. direct,
reverse or bicontinuous. These considerations are resumed for C8G1/TBP and C8G1/hexanol
film in which shows the ideal evolution of the spontaneous packing parameter as a function of
the surfactant film composition. The realms of existence of Winsor systems are expected as
follows: WI for p<1, WIII for p~1 and WII for p>1. One of the aims of chapter III is to
validate

this

model

by

water/dodecane/TBP/C8G1

the
and

experiments

for

microemulsions,

water/dodecane/hexanol/C8G1,

by

composed
determining

of
the

supramolecular structure as well as the surfactant film composition. The influence of salt on
these systems is also investigated. Nevertheless before studying these complex five
component systems the aqueous (water/C8G1/salt) and the organic (dodecane/TBP/salt)
phases must be first investigated with a particular interest to salt effect. This issue is
addressed in the next chapter.
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Abstract
A prerequisite for studying microemulsion equililbria containing concentrated multivalent
ions is to understand ion-amphiphile interaction in aqueous and organic media.This part of
the thesis deals with the characterisation of metal ions, uranyl and neodymium, in solution.
These ions have been chosen because they are of special interest in the nuclear field when
TBP is concerned and additionally there are not many studies on lanthanide and actinide
(multivalent) ions in combination with surfactants. The aqueous and organic solutions studied
here are not regular due to the presence of amphiphilic molecules, either the extractant tri-nbutylphosphate (TBP) or the surfactant n-octyl-beta-glucoside (C8G1). The metal salts of
interest are coloured in solution. Therefore UV-Vis spectroscopy was chosen to probe the
local metal ion environment. Furthermore we focussed on the investigation of the effect of
salt (LiNO3, Nd(NO3)3 and LiNO3/Nd(NO3)3) on the surfactant C8G1 in water. The choice
was made to investigate the evolution of the shape and size of C8G1 micelles by SAXS and
DLS. In this way the interaction between ions and the glucose moieties of the surfactant could
be probed. Salt effect is discussed in terms of hydration of the micelles and ion adsorption on
glucose moieties as this technique is sensitive to the local electron density difference at the
micellar size. Finally flotation experiments were performed to probe the chelating power of
C8G1

on

the

aforementioned

ions

under

various

conditions.

Chapter II Metal ion effects in aqueous and organic phases

II.1 Spectroscopic analysis
II.1.1 General description of UV measurements

Ultraviolet-visible spectroscopy or ultraviolet-visible spectrophotometry (UV-Vis) refers to
absorption spectroscopy in the ultraviolet-visible spectral region. This means it uses light in
the visible and adjacent (near-UV and near-infrared (NIR)) ranges1, 2. In this region of the
electromagnetic spectrum, molecules undergo electronic transitions. This technique is
complementary to fluorescence spectroscopy, in that fluorescence deals with transitions from
the excited state to the ground state, while absorption measures transitions from the ground
state to the excited state2. The absorbance is generally plotted against the wavelength in the
spectrum. A band in the spectrum corresponds to the Gaussian distribution function of the
sum of energy absorption due to different possible electronic transitions. If the electronic
transitions of the interacting matter changes, due to a change in the local permittivity, this
becomes detectable in the adsorption spectrum. Technically a commercial UV-Vis
spectrophotometer with a wavelength ranging between 200 to 800 nm is suitable for a large
variety of liquid solution systems. The absorption spectrum gives qualitative information and
is an often used technique for biological and chemical probes.

Figure II-1 Visible light is part of a continuum of electromagnetic waves. This continuum is known as the
electromagnetic spectrum. The energy is inversely related to the wavelength.
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As an example from biological systems, the concentration, composition and structure of DNA
are often determined from its ultraviolet spectrum. It can be observed that the UV absorbance
increases as DNA structure changes from the ordered helical form to a random coil. The
effect can be explained by the fact that the purine and pyrimidine bases present in DNA
strongly absorb ultraviolet light in their single stranded and so unstacked form whereas
double-stranded DNA absorbs less due to the stacking interactions of these bases3.
In inorganic chemistry the absorption band intensities of transition metal ions depends on the
ligand concentration and is commonly used to study the chemical equilibrium of coordination
compounds. The impact of the ligand coordination on the electronic transitions of the metal
depends on the ligand strength. The latter influences the optical properties of the metal ion,
this becomes visible evident by changes in the color4.
These are only two examples among many different where this technique is useful to probe
photochemical effects. Characteristic changes in UV-Vis spectra are displacements of bands
and/or changes of the intensity of a spectral band and are termed in photochemistry as
follows:
Bathochromic effect:

bands are displaced to longer wavelength (red shift)

Hypsochromic effect:

bands are displaced to shorter wavelength (blue shift)

Hypochromic effect:

the intensity of the absorbance band decreases

Hyperchromic effect:

the absorbance of the band increases

UV-Vis spectroscopy is routinely used in analytical chemistry for the quantitative
determination of different analytes, such as transition metal ions, highly conjugated organic
compounds, and biological macromolecules. Determination is usually carried out in solutions.
For quantitative analysis the dependence of the absorbance on the concentration of UV active
substance is used. The direct linear relation is expressed by the Beer-Lambert law (equation
II-1):

A

ln

I0
I

l c

equation II-1
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with the dimensionless absorption A resulting from the ratio I0 and I, being the intensities of
the incident and residual light beam, respectively,

is the molar extinction coefficient in

L∙mol-1cm-1, the path length l of the light and c the concentration in mol/L.

is related to the

chemical composition and can be obtained for one substance when the concentration is
known. The validity of the Beer Lambert law hinges upon several assumptions: the incident
radiation must be monochromatic, the decrease in the intensity is only due to absorption and
each absorbing centre is independent of all others regardless of their kind and concentration.

In our study we use neodymium and uranyl salts in solution. In solution the metal ions have
characteristic bands in the UV-Vis range of the spectrum. We take advantage of this property
to investigate the interaction of these salts with organic species present in solution even if the
organic compounds itself have no characteristic bands in the UV-Vis range. Metal ions in
solution can be dissolved under various forms depending on the solvating environment. This
is an important aspect for the spectroscopic study and is going to be discussed in the
following.

II.1.2 Metal ion speciation in solution
The speciation is defined as the distribution of an element or compound amongst defined
chemical species in a system. Therefore it is of outstanding interest for example in extraction
chemistry to identify the species which helps to achieve better models for their extraction
from aqueous solution. Metal ion speciation is of high interest in i) natural systems with
regard to its mining or for decontamination5 as well as ii) for the industrial processes like the
extraction of spent fuel recycling where the metal ion has to be analysed in-line to optimise
processing6. Many factors influence uranium speciation and so its coordination chemistry:
actinides can be present in aqueous solution as solid, colloid or solvated species. The
presence of these species is regulated by thermodynamic and kinetic laws and is sensitive to
parameters such as the presence of complexing or background salts, ionic strength,
temperature, gas–liquid–solid phase equilibrium and oxidation–reduction potentials7.
The actual state of the art is the use of critically selected thermodynamic data (complexation
constants, solubility constants, etc) that feeds a regularly updated database. Adapted software
crosslinks thermodynamical data and computes the speciation for system of different
composition, here the software JChess® was used with the Bassyst database developed at
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CEA. For a fixed metal ion concentration the distribution of each species present in solution
is then calculated as a function of the pH. For a pH value around 5 (pH value of deionised
water) we find that uranium is dissolved mainly in its hexavalent hydrated form i.e. the uranyl
form: UO22+. At high nitrate concentrations (LiNO3 1M) this species is still predominant. The
uranyl ion is generally hydrated by 5 water molecules in the equatorial plane. At very high
nitrate concentrations association with nitrate ions can be observed, a water molecule is
replaced by a nitrate ion, preserving the five-fold coordination and planar symmetry8. For
neodymium ions the trivalent ionic form is predominant in acid and neutral medium. With
increasing pH the formation of insoluble neodymium hydroxides is observed for pH values
above around 5.
The data bases available collect only information in aqueous ionic solution and but there is a
growing need also for the speciation of metal ion in the presence of complexing agents in non
aqueous solution. Thermodynamic data of ions in non-aqueous solutions depend on various
factors (complexant nature, mass balances of all coextracted ions, etc.) and are much more
complicated to obtain than in aqueous solutions. Experimentally metal-ligand distances of the
complexes in organic solution is usually obtained by different methods like EXAFS
(Extended X-Ray Adsorption Fine Structure) which is a sophisticated and precise method in
complexation chemistry that needs synchrotron radiation facilities. Combined with quantum
chemical modelling, theory and experiments it provides a good understanding of ligand-metal
interaction.9
In surfactant science the influence of metal ions (salts) on colloidal aqueous solutions has
historically been of interest and largely studied from a fundamental point of view. It is of
interest for various practical applications in paintings, coatings, emulsions, cosmetics, etc.10
Influence of salts on amphiphiles often becomes noticeable by their impacts on the
supramolecular organisation in solution or their stability. In the presence of surfactant the
speciation of metal ions is then more difficult to approach.

II.1.3 UV study of the uranyl solutions

II.1.3.1 The uranyl (UO22+) ion
The spectroscopic behaviour of the uranyl ion has been investigated by several groups in the
early 30’s but the interpretation of the spectra was a difficult task because of the unknown
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electronic structure. This has been settled only in 1992 13. Typically the UV visible spectrum
of uranyl has a characteristic large adsorption band appearing as a multiplet around 414 nm.
The absorption band has a characteristic fine structure that is a sensitive indicator of changes
in the solution i.e presence of other solutes interacting with uranyl. The uranyl (VI) entity is
described as linear with the O-U-O bond angle close to 180° and with U-O bond length of
about 180 pm 12. Coordination is always located in the plane perpendicular to the O-U-O axis
by four to six ligands. The uranyl ion is a so-called “hard” acid, according to the HSAB
principle developed by Pearson et al.12, meaning that coordination preferentially takes place
with so called hard donors like water, carbonate or phosphate14. The typical UV-Vis signature
at 414 nm, with a absorption maximum at 8.9 L mol-1 cm-1, comes from the coupling of the
electronic transitions with the stretching vibration of the uncoordinated uranyl(VI) entity12.
The particularity of uranyl ion is its electronic structure that is not homogeneously distributed
around the uranium nucleus. This configuration induces a potential coming from the field of
the axial oxygen atoms. Modifications that originate from equatorial ligands are compared to
the latter are always weak. Therefore major shifts in the absorption spectra could not be
expected. Introduction of equatorial ligands would only be reflected by changes in the
intensity or modifications of the fine structure 12. Hence, the absorption maximum of the band
is going to be used to determine the extinction coefficient of uranyl under various conditions.

II.1.3.2 Aqueous Uranyl in LiNO3 1M
Experimental
Aqueous samples uranyl nitrate in lithium nitrate 1M have been prepared at different
concentrations by dissolving the appropriate amounts of uranyl nitrate hexahydrate crystals
in LiNO3 1M stock solution. The UV-Vis spectra (apparatus details see Annex) were collected
by subtracting a background spectrum corresponding to solutions without uranyl nitrate
(blank).

The UV Visible spectrum of Uranyl nitrate in aqueous LiNO3 (1M) is shown in Figure II-2. A
broad peak is observed with a maximum at around 414nm with a barely pronounced fine
structure, i.e. oscillations are not much pronounced. This is generally observed for uranyl(VI)
in water forming hydrated species.
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From the concentration of UO22+ in solution the molar extinction coefficient

has been

calculated using the Beer-Lambert equation. The maximum of the absorbance has been
plotted against the metal ion concentration. The slope of the linear regression gives .
The obtained value is 8.9 ± 0.1 Lmol-1cm-1 and in good accordance to literature values for the
ionic non-hydrolysed species in water12.
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Figure II-2 On the left side the UV spectra of (UO2)(NO3)2 in aqueous LiNO3 at various concentration: 5mM
(rhombi), 10mM (triangle), 15mM (circles) and 30mM (rectangles). On the right side is plotted the maximum
absorbance of the uranyl ion in dependence of the concentration. Linear regression gives the molar extinction
coefficient for the metal ion in LiNO3 1M at 8.9 Lmol-1cm-1.

II.1.3.3 UV spectroscopy of uranyl nitrate dissolved in organic solution
Experimental
Mixtures of TBP in dodecane ranging between 10 to 30 (w/w)% have been prepared and
contacted to LiNO3 1M under constant shaking over night. After demixing from the aqueous
phase, the upper TBP/dodecane phase has been separated. In this way the organic
TBP/dodecane solutions were pre-saturated with lithium nitrate. The so prepared organic
phase has been used to dissolve the appropriate amounts of uranyl nitrate hexahydrate
crystals. The solutions have been used immediately after preparation to perform UV
measurements in 10mm disposal PMMA cuvettes. The UV-Vis spectra were collected by
subtracting a background spectrum corresponding to solutions without uranyl nitrate (blank).

The spectra of aqueous (LiNO3 1M) and organic (30wt% TBP in dodecane) solutions of
uranyl nitrate at 30mM are represented in Figure II-3. The large band with a maximum at 414
nm is not shifted. The difference between the two spectra reveals an increase in the
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adsorption and a more pronounced oscillating signature of the adsorption band in the organic
solvent.
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Figure II-3 Uranyl nitrate (30mM) dissolved in either aqueous LiNO 3 1M (triangles) or in TBP-oil
mixture (30wt%, pre-equilibrated with LiNO3 1M; square). The positions of the characteristic
oscillations of the absorption band are summarized on the left

The absorbance of the oscillations increases for the ion in its organic medium. This effect is
due to a difference in the speciation of the metal ion in water and in TBP/dodecane mixture.
The following uranyl species have been reported in literature to be present in solution:

In water:
The predominant species is the ionic hydrated U(VI) UO2(H2O)x2+ with x between 6 to 9.
In TBP/oil mixtures:
1) the uranyl nitrate di-solvate, UO2 (TBP)2(NO3)2, exists in the organic phase mainly in the
dilute regime (less than 10% of TBP)15. In the presence of high nitrate concentration the disolvate could react and the 2) trinitrato complex [UO2(NO3)3] - can be stabilized which is
possible through ion pair formation [UO2NO3(TBP)3] + [UO2(NO3)3] -17. Under given
conditions the 3) hydrated uranyl (TBP)m …[UO2(H2O)nNO3] + has been evidenced meaning
that TBP is not bound directly but coordinated around the complex through water molecules
15

.
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Finally under neutral conditions hydrolysis is the most fundamental reaction of the metal ion
to (UO2)2(OH)22+ for example. The hydroxo species have a strong tendency to polymerise
which is indicated in the electronic spectra by a strong increase in the molar extinction
coefficient (> 100 L/mol cm)12. Furthermore coordination by dissolved carbonate could
provoke the formation of insoluble (UO2)CO3 12 that residues in precipitates.
The solutions have been pre-equilibrated using concentrated (1M) aqueous LiNO3. The aim
of using high nitrate concentrations was to force the chemical equilibrium to the nitrato
complexxv but under neutral conditions. In Figure II-4 the UV spectra at five different uranyl
concentrations from 1 to 30 mM and for 15% of TBP in dodecane are represented. From such
UV-Vis spectra the uranyl molar extinction coefficients have been determined for different
TBP concentrations (from 15 to 30 %(w/w).
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Figure II-4 UV spectra of UO22+ dissolved as nitrate salt in TBP/dodecane mixtures of 15 wt% (pre
equilibrated with LiNO3 1M) at different salt concentrations: 30 mM (rhombi), 15mM (rectangles), 10
mM (triangles), 5 mM (circles) and 1 mM (crosses); the maximum of the absorbance is located at 414 nm;

Visually the solutions exhibited a colour gradient depending on the uranyl concentration, pale
yellow for low concentration to bright yellow for the highest concentrations. All solutions
were transparent. The linear dependencies of the maximum absorbance at 414 nm for
different concentrations of TBP are presented in Figure II-5. The molar extinction coefficients
xv

The same effect could be achieved when high concentration of nitric acid is used. In the following this reveals
to be useless for extraction experiments because the HNO 3 is coextrated by TBP and so the concentration could
not be held constant in the organic phase; LiNO3 is employed as a salting out agent or background salt to
enhance the extraction but itself Li+ is not extractable17
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increases from 10.3 to 11.8 Lmol-1cm-1 when the concentration of TBP raises from 0.3 mol/L
to 0.9 mol/L (15 to 30 wt%). The coefficients obtained are higher compared to the hydrated
uranyl ion in water. An increase in

generally is related to a different complex composition

or changes in the solvent composition.
We interpret the slight changes in the

value by the changes in the solvent composition. The

obtained values have been plotted against the TBP wt% in dodecane in Figure II-6. A linear
dependence of

is observed as a function of TBP content in dodecane in the studied

concentration range. In open literature

values of neutral uranyl solutions in TBP-dodecane

mixtures pre equilibrated with LiNO 1M are, to the best of our knowledge, not reported. The
values have been determined with the aim to dose more accurately the uranium concentration
in organic media in the presence of complexing TBP.
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Figure II-5 Linear dependency of the maximum absorbance as a function of the uranyl concentration for
different wt% of TBP in dodecane; 15 (circles), 20 (rectangles), 25 (rhombi) and 30 (triangles) wt%; the
slope of the linear regression increases with increasing TBP content in solution;
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Figure II-6 Molar extinction coefficient of uranyl with increasing TBP content in dodecane.
Values are slightly higher compared to the of uranyl in water.
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II.1.3.4 Uranyl nitrate extracted from aqueous solution to TBP/dodecane
mixtures
Experimental:
Aqueous phases of uranyl nitrate at different concentrations (5 to 30 mM) have been
prepared in LiNO3 1M. Then equal volumes of the different aqueous phase and
TBP/dodecane mixtures ranging between 10 to 30 %(w/w) (0.28 to 0.9 M) have been
contacted by shaking for several hours. After centrifugation the solutions have been left over
night. The two phases were separated afterwards and the uranyl concentration determined in
each phase by ICP-AES technique after appropriate dilution in 2% HNO3. For equal initial
volumes the concentration in the organic phase is the difference between the initial
concentration and the residual concentration after extraction. The concentration of organic
uranyl is therefore determined and related to the UV measurements performed on the organic
phases. The UV-Vis spectra were collected by subtracting a background spectrum
corresponding to solutions without uranyl nitrate (blank).

When the organic TBP-dodecane phase has been contacted with equal volumes of an aqueous
phase containing uranyl nitrate and LiNO3 1M, optical properties of the solution are different
compared to the organic phases where uranyl nitrate was dissolved in TBP-dodecane presaturated with LiNO3 1M (see the section above). As represented in Figure II-7 a broad
shoulder becomes visible between 340 and 380 nm.
This was an unexpected result and further tests therefore on the speciation of the uranyl
complex became necessary. In the prior literature a broad shoulder has been reported at
400nm for the insoluble UO2(CO3)2 complex with molar extinction coefficients above 38
Lmol-1cm-1. In speciation diagrams this species can not be neglected and should be taken into
account when samples are prepared under atmospheric conditions. The samples have been
centrifuged for 10 minutes at least 3500 rpm, a precipitate never has been observed. We
exclude therefore that this compound causes the shoulder present in the spectra. The same
holds for the hydrolysed species that would show a significant increase in absorbance at 414
nm according to the vast literature on this topic18 but does not refer to a shoulder.

84

Chapter II Metal ion effects in aqueous and organic phases

1
0,9
0,8
0,7

Abs

0,6
0,5
0,4
0,3
0,2
0,1
0
300

320

340

360

380

400

420

440

460

480

500

wavelength [nm]

Figure II-7 UV Vis spectra of the TBP-dodecane phase (15wt%) after extraction of uranyl from
aqueous LiNO3 1M of various metal salt concentartion: 30mM (rhombi), 15mM (rectangles), 10mM
(triangles) and 5mM (circles). A shoulder around 360nm becomes visible that grows as the uranyl
concentration increases.

Consequently we examine the extraction mechanism, which has already been discussed in
literature, under the experimental conditions described here:

The extraction of uranyl nitrate has been described by Moore et al. through the following
chemical equilibrium19:
UO22+ (aq) + 2NO3- (aq) + 2 TBP (org) ↔ [UO2(NO3)2](TBP]2 (org)

The organic concentration of uranium is determined analytically by the difference of the
concentration of the salt in the initial aqueous phase and the concentration after extraction (at
equilibrium). The so called extraction rate is defined by the percentage of the ratio of
unextracted uranium over the initial uranium. Dependent on the TBP content in the organic
phase the percentage of extraction increases from 65% to 95% from low to high TBP
concentrations (from 10 to 30 %(w/w), see Figure II-8. This is nearly independent of the
initial uranium concentration in the aqueous phase.
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Figure II-8 Extraction rate of uranium nitrate (%extraction) from an aqueous phase (LiNO3
1M) to TBP/dodecane mixtures as a function of TBP content in %(w/w). Four different aqueous
initial uranium concentrations, determined using analytical techniques (ICP-AES), were tested:
30 mM (triangles), 15 mM (rectangles), 10 mM (rhombi) and 5 mM (circles), respectively.

Another way to discuss extraction rates of a compound from one phase to another is to use the
distribution coefficient D. The distribution ratio is defined in equation II-2 for the above
defined chemical equilibrium equation:
D = [UO22+]org / [UO22+]aq
equation II-2

The distribution coefficient is influenced positively when nitrate at higher concentration is
present, meaning that it acts as a salting out reagent on the uranyl extraction process. Nitric
acid favours the formation of the ionic metal species in solution but changes the distribution
coefficient because H+ ion competes with UO22+ ion for extraction. The portioning between
both species is most important for low metal concentration ( < 0.1M). Therefore as described
above a salting out reagent, LiNO3, which is not extractable by TBP has to be used to discuss
the distribution coefficients of UO22+ ions.
D increases only when the ligand concentration in the organic phase increases and is
independent of the metal concentration20, 21.

Under the given conditions here the uranyl ion complex species, extracted by TBP, can be
determined if the distribution coefficient is known. D has been plotted against the TBP
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concentration in the organic phase in a double logarithmic scale, see Figure II-9. The slope of
the linear regression reflects the dependency of the metal ion extraction to the complexant
concentration in oil. The slope equals to 2 which corresponds, according to Fedorov and
Zilberman 15, to a complex stoichiometry of 2:1 i.e. UO2(TBP)2(NO3)2.

D

100

10

slope 2

1
1

10

100

% TBP

Figure II-9 Distribution coefficient of uranyl nitrate as a function of TBP content between 10 to 30
wt% in the organic phase. The slope obtained in double logarithmic scale informs on the complex
stoichiometry under the given chemical conditions, here the stoichiometry of the complex is two TBP
for one uranyl ion.

We consider the extracted complex stoichiometry as settled for this complexant concentration
rangexvi.
We present the results obtained for the determination of the extinction coefficient

by

varying uranyl concentrations as a function of the TBP concentrations (10 to 30 %(w/w)), see
Figure II-10. The

values range from 13.1 to 18.8 Lmol-1cm-1 from low to high TBP

concentrations. The changes in

are more significant compared to the changes in

observed

when uranyl is dissolved in organic solvent.

xvi

Three different “numbers” have to be distinguished: (1) “complexation” number i.e. the number of direct electron cloud shared between
an ion and the ligand present in the first coordination shell: this is the number derived from chemical analysis and mass action law;
(2) The coordination number of an atom in a chemical species is the number of other atoms directly linked to that specified atom and is
determined by crystallography; (3) the aggregation number is defined as the number of molecules forming an aggregate i.e. bound by weak
interactions at the cost of reduction of entropy;
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Figure II-10 Linear dependency of the maximum absorbance at 414nm after extraction as a
function of the uranyl concentration for different TBP content in dodecane (%w/w): 10
(crosses), 15 (circles), 20 (rectangles), 25 (rhombi) and 30 (triangles) wt%; the slope of the
linear regression increases with increasing TBP content in solution;
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Figure II-11 Molar extinction coefficient of uranyl ion after extraction for increasing TBP content in
dodecane. The values are significantly higher compared to the of uranyl dissolved in the organic
phase.

The increase in

as a function of TBP content in %(w/w) shows a linear increase, see in

Figure II-11, following relation the equation II-3
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UO 22
org

0.26 ( wt %TBP ) 10.8
equation II-3

Bosnick et al. determined the molar extinction coefficient in dependence of the co-extracted
nitrate concentration6. The aim was to follow in-line the extraction of uranyl to an organic
phase at fixed TBP concentration using a spectroscopic technique in an industrial process.
Here we control the nitrate concentration and keep it constant but vary the TBP
concentrations in the organic phase.

In chapter I we discussed the complex formation of TBP from a supramolecular point of
view. We argued that cooperative effects are involved when TBP concentrations in dodecane
goes beyond the critical micellar concentration. The presence of colloids in solution may lead
to scattering effects of the incident beam. This effect is described by Mie for large spherical
or isotropic particles and by Rayleigh for small particles22. These theories introduce relations
between the turbidity of a solution, e.g. the visible evidence that part of the light is scattered,
and the presence of particles in solution. These phenomena could become visible in the UVVis spectra and depend on the particle size and the difference in the refractive index between
the particle and the solvent.
Consequently the UV-Vis spectrum of a structured solution is different compared to
molecular (regular) solutions since part of the incident light beam might be scattered by the
presence of colloids. This may give deviations from the Beer-Lambert law which assumes
that the decrease in the intensity of the incident light beam is only due to electron transition
effect.
In the present case the use of TBP, having cooperative effects beyond the critical micellar
concentration, may induce such scattering effects. Nevertheless this is more complicated as
this effect is only seen in the UV-Vis spectrum for solution where uranyl is extracted, see
Figure II-7, i.e. presence of a large shoulder in the low wavelengths. Indeed no shoulder was
observed when uranyl was solubilised in TBP/dodecane mixtures presaturated with LiNO3
1M. This difference in the experimental procedure for the sample preparation may lead to
different water contents that can cause different local refractive index and/or different size of
the aggregates. No further conclusion can be drawn from the present results. The exact
influence of the experimental procedure on the size/shape of TBP micelles will be
investigated in the future by using SAXS and light scattering experiments in the LIIC group
at the ICSM.
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II.1.3.5 Water/C8G1/UO2(NO3)2 for various surfactant concentration
Experimental
Aqueous samples uranyl nitrate in lithium nitrate 1M have been prepared at different
concentrations of the sugar surfactant C8G1 by dissolving the appropriate amounts of uranyl
nitrate hexahydrate crystals and D-n-octyl- -glucoside powder in LiNO3 1M stock solution.
The UV-Vis spectra were collected by subtracting a background spectrum corresponding to
solutions without uranyl nitrate (blank).

The molar extinction coefficient for uranyl in aqueous lithium nitrate solution was determined
in the presence of the sugar surfactant. The concentration of the sugar surfactant varied from
0 to 0.5M for three different uranyl concentrations (5mM, 10mM and 30mM), see Figure
II-12.
The coefficient is found to be constant at 9.6 L∙mol-1cm-1±0.2 for different concentrations of
C8G1. This value is comparable to the value obtained without surfactant (see II.1.3.2). This
result is important for the interpretation of the kinetics measurements in aqueous phase
reported in Chapter III.
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Figure II-12 Linear dependency of the maximum absorbance of UO22+ at 414nm as a function of the
uranyl concentration for different concentration of C8G1 in water (LiNO3 1M): 0 (circles), 0.06 M
(triangles), 0.125 M (crosses), 0.25 M (circles) and 0.5M (rectangles); the so obtained molar extinction
coefficient does not vary and is determined to be 9.6 L∙mol -1cm-1

By plotting the absorbance of a 10 mM uranyl nitrate solution at 414 nm as a function of
surfactant concentration no linear dependence was observed, see Figure II-13. An increase in
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the absorbance is observed at low surfactant concentrations below 0.3 M and the absorbance
becomes constant above this concentration. This is due to an increase in the baseline, this can
seen around 365 nm on the spectra. As the background contribution due to the absorption of
the solution without uranyl nitrate is subtracted on all the spectra, it is likely that this increase
in the baseline is due to a scattering contribution. This assumption is further confirmed by the
fact that , determined from the slope of the absorbance vs. uranyl concentration curves, is
constant by increasing surfactant concentrations.
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Figure II-13 Left: UV spectra of uranyl nitrate (10 mmol/L) in aqueous LiNO3 1M for various C8G1
concentrations in solution: 0 (bars), 0.03 (stars), 0.06 (crosses), 0.13 (triangles, 0.25 (circles), 0.5 (rhombi)
and 1 (rectangles) mol/L. Right: The maximum absorbance increases slightly with increasing surfactant
concentration

In the following we are going to focus on the UV spectra of aqueous solutions containing the
neodymium nitrate and sugar surfactant C8G1 in the presence of micelles. In the second part
of this chapter detailed description will be given for the supramolecular organisation of the
sugar surfactant in aqueous solution. For UV-Vis spectroscopy we state that the presence of
micelles in solution influences the optical spectra.
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II.1.4 UV study of Neodymium in solution
The interaction of neodymium salts and non-ionic sugar surfactant C8G1 has been studied by
Maria Helminger and is part of her master thesis (in progress) under my supervision.
Studies were performed under a range of conditions to probe the influence of aggregates
present in solution on the metal ion UV spectra. Therefore the system has been split up into
three sets. First the interaction of the surfactant with neodymium ion has been investigated.
Compared to TBP, this surfactant is hydrophilic and has a strong amphiphilic behaviour has a
rather low cmc (20 mM compared to 0.28 M for TBP in dodecane). It has a glucose moiety as
hydrophilic part that is reported to be nucleophile

23-26

. The interaction of neodymium with

micelles of this surfactant was probed and compared to glucose. The effect of a salting out
agent LiNO3 was investigated as well.

II.1.4.1 The sugar moiety – chemical description
The sugar surfactants C8G1 is compose of a glucose unit that is represented in its typical
forms in Figure II-14:
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Figure II-14 -D-Glucose (C6H12O6) and its three structural representations: a) open-chain Fischer
representation b) Haworth formula and c) Chair representation.

In aqueous solution glucose exists as a six-membered ring (pyranose) (>99%). The openchain form is limited to about 0.25%27. The ring arises from the open-chain form by a
reaction between the aldehyde group at C-1 and the hydroxyl group C-5, yielding a hemiacetal group. The reaction between C-1 and C-5 creates a molecule with a six-membered ring,
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called pyranose. This reaction can take place in two distinct ways around C-1 that are
denominated with the prefixes 'α-' and 'β-'. When a glucopyranose molecule is drawn in the
Haworth projection, the designation 'α-' means that the hydroxyl group attached to C-1 and
the group at C-5 lies on opposite sides of the ring's plane (a trans arrangement), while 'β-'
means that they are on the same side of the plane (a cis arrangement). The chair
representation informs about the orientation of the OH-groups with respect to the chain
conformation.
In -D-glucose the OH groups alternate left and right. This is the perfect alignment to have all
of the OH groups in an equatorial arrangement with respect to the lowest energy of the given
ring conformation.

II.1.4.2 UV spectroscopy of neodymium (III) nitrate
The absorption spectrum of aqueous neodymium solution exhibits several characteristic
bands in the UV visible region. This is due to the rich electron structure, which basically
results from the 4f electrons. A large variety of electron transitions are possible when the
material interacts with the incoming photons. The absorption spectrum of neodymium nitrate
for increasing concentrations in water is shown in Figure II-15.

has been determined as 6.9

L∙mol-1cm-1 (at 578 nm).
These electron transitions are sensitive towards the immediate coordination environment of
neodymium that makes it possible to investigate the coordination in aqueous media by UV
spectroscopy. For lanthanides we have to distinguish different levels of the coordination
environment: the inner ligand sphere is strongly bound whereas a second sphere is less
effective bound to the metal. This is an important point when it comes to complexation by
weakly interacting ligands24.
The detailed theory of spectroscopic data analysis including the energies of complex electron
transition between metal and ligand is not aim of this chapter and could be found in detail
elsewhere28. Certain transitions are more sensitive to the slightest environment change of the
lanthanide ion and these transitions are termed hypersensitive29. For neodymium the
hypersensitive transition has been identified at 578 nm, we are going to focus on this
absorption band for the discussion.
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y=6.86x-0.002

Figure II-15 UV spectra of aqueous neodymium salt solution for different concentration between 0.01
and 0.3 M. has been determined to be at 6.9 L mol-1cm-1

In water lanthanide ions are surrounded by eight to nine water molecules which are strongly
bound. This results from the high affinity to oxygen which is typical for the rare earth metals
which are classified as hard acids in the HSAB principle. In order to strip off the hydration
water strong electron donor groups should be used. The changes in the coordination sphere
will then have an effect on the electron transitions and this will be most specific for the
hypersensitive transition.

II.1.4.3 UV study of the water/C8G1/Nd(NO3)3 system
The concentration of the surfactant was chosen so that there are micelles present in solution at
concentrations above the cmc or only monomeric surfactant molecules at low concentrations
(<cmc). Monomers or aggregates of the surfactant do not show any absorption bands or
shoulders in the region of the hypersensitive band of neodymium and so do not perturb the
neodymium spectra. The aim was to probe the interaction of neodymium salts with the
glucose unit in aqueous media. We know that glucose is under mild conditions (pH 3-7,
moderate salt concentration) in its cyclic ring conformation and that provides the three
hydroxyl groups. The hydroxyl groups, being electron donors, might than interact with the
metal ion in aqueous solution. The coordination chemistry of lanthanides with
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monosaccharides have been of high interest in the literature but studies focussed on the
crystal structure of the isolated solid compounds30.
Nevertheless in aqueous medium sugar moieties play a major role in many biochemical
processes and are able to coordinate higher-valent metal ions through formation of metalcarbohydrate complex23. The stability and composition depends strongly on the
conformational or configurational isomerisation which are particularly rich for carbohydrates.
The bibliography of Angyal et al. has to be pointed out as it is specifically helpful to identify
the optimum configuration of sugar for numerous metal ions24-26. Furthermore a review by
Gyurscik et al summarises the coordination and structure of metal complexes with
carbohydrates as ligands23. In our study we examine the complexing properties of beta-Dglucose and combine it with the amphiphilic properties of surfactant. C8G1 has an
amphiphilic structure characteristic of surfactants as it is formed by an aliphatic octyl group
chain combined with the beta-glucoside unit.

II.1.4.4 Effects of the glucose and C8G1 micelles on the neodymium optical
spectra
Experimental:
Samples were prepared at the appropriate concentrations using volumetric flasks. Salt and
C8G1 were weighted and solubilised in water, slightly acidic water or with a background
salt.

By UV measurement we aimed to probe the effect of the presence of micelles on the
absorption spectra of neodymium. In Figure II-16 the UV spectra of neodymium nitrate in the
presence of C8G1 at various concentrations are plotted.
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Figure II-16 UV spectra of neodymium (50 mM) with varying concentration of C8G1 in solution from
3mM to 1M; the baseline (grey) is the spectrum of the surfactant solution (1M) without the metal salt.

The optical spectra are reported for a constant neodymium concentration at 50 mM and for
varying C8G1 concentrations. The bands’ position is not shifted from their initial position
when C8G1 is added. A significant decrease in the maximum absorbance for nearly all bands
present in the spectrum is observed when C8G1 concentration is increased. This is the so
called hypochromic effect that can be defined as a decrease in the extinction coefficient in the
absence of strong interactions.
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Figure II-17 Zoom on the hypersensitive peak at 578 nm in Figure II-16. The arrows indicate the effect
of increasing concentration of surfactant on the UV spectra of neodymium.
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The hypochromic effect can be quantified best by normalisation. For a constant neodymium
concentration Amax is then defined as the absorbance at 578 nm of the aqueous salt solution
without organic substance. The ratio A/Amax equals 1 when the absorption band is not affected
by the presence of the organic compound and decreases as the measured absorbance A
decreases. It has been calculated for the hypersensitive band at 578 nm and is shown for three
different sample compositions in Figure II-18.

Figure II-18 Plot of the maximum absorbance (left) and the relative absorbance A/Amax (right) as a
function of the concentration of organic compound in solution for i) C8G1 with increasing concentration
(dots) ii) beta-D-glucose (rectangles) and iii) with background salt (LiNO3) at high concentrations in
combination to the surfactant C8G1 (triangles).

We were interested by three major parameters to probe the interaction between glucose
moiety-neodymium: i) the effect of the C8G1 concentration under its monomeric form.
Therefore beta-D-glucose was used as reference. ii) The effect of the aggregation (of C8G1)
in the form of micelles and finally iii) the effect of a background salt (LiNO3) at high
concentrations aiming to dehydrate strongly bound hydration water.

It can be observed in Figure II-18 that A/Amax depends on the experimental conditions. For all
studied systems no effect on the hypersensitive peak could be observed at low C8G1 (or
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glucose) concentrations (<100 mM). As the cmc of C8G1 is around 20 mM we can conclude
that no effect related to the micellisation of C8G1 is detected here. With increasing
concentration the absorbance decreases, reflecting the hypochromic effect. This could be
observed in the presence of both, glucose and C8G1. It seems that the absorbance ratio
decreases to slightly lower values for C8G1 micellar solutions compared to the monomeric
glucose solution.
It has been reported in literature that the interpretation of optical spectroscopy with
macromolecules in solution deviates from the linear relationship of the absorbance and
concentration31-33. The size of the molecules produces differences which are due primarily to
the combined effect of absorption and scattering. It was observed with macromolecules that
the close proximity between the functional groups affects the electron mobility and
intermolecular motions. This could result in intensity losses as we observe here for the optical
spectrum of neodymium in the presence of C8G1 and glucose above 100 mM. Even when
these glucose groups come in close contact at a micellar surface the absorption spectrum of
neodymium does not change. Consequently it is likely that no ion adsorption occurs in
solution under the studied chemical compositions otherwise it would be detected in the
spectra.
Adding a salting-out species, LiNO3, as background salt at 1M leads to reinforce the
hypochromic effect Figure II-18, i.e. A/Amax values are lower than without LiNO3. As LiNO3
has itself no influence on the scattering losses, this increased hypochromic effect can be
attributed to the change in the permittivity. So it is likely that the hypochromic effect
observed without LiNO3, has a similar origin.
No direct interaction, such as complexation, between the aggregates nor glucose and the
lanthanide ion is detected in solution. Hence the low electron density of the oxygen donor
groups in glucose is not strong enough to substitute water strongly bonded in the first
coordination sphere of neodymium.
All these considerations make it difficult to conclude on the exact contributions to the
observed hypochromic effect with C8G1: whether (i) a certain part of neodymium that is
adsorbed at the micelle surface or simply due to (ii) a change in the optical properties of the
colloidal solution. We used therefore other techniques: small angle x-ray and light scattering
more adapted to probe the aggregates and the effect of neodymium on the aggregate shape
and structure.
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II.2 Supramolecular aggregation of C8G1 with salts
II.2.1 Aggregation of C8G1 in water and salt effects: a review
Sugar based surfactants, mainly alkyl (poly)-glucosides (APGs), have been extensively
studied the two last decades because of their increasing importance in the detergent industry
as they are biodegradable and produced from natural and renewable resources34. Moreover
they are the main surfactants used to extract membrane proteins because they prevent the
protein denaturation and they can be easily separated from the protein by dialysis owing to
their high hydrophilicity35, 36. An review on APGs aggregation and surface activity dealing
with many physical properties can be found in [34]. Basic features of micelle formation by
surfactants in water and some specific aspects concerning the size/shape of the micelle and
salt effects that are pertinent for the present work will be shortly discussed.
The determination of the basic structural parameters of micelles is necessary for
understanding the physical mechanisms that drive the formation of their molecular assemblies
in solution (e.g. when they are used to form microemulsions as it will be shown in Chapter
III). Micelles are non-rigid dynamic structures with a liquid-like core and their shape can only
be determined in time average58. Nevertheless above the micelle life time, typically in the
microsecond range, it is reasonable and useful to consider an average micellar shape. Micelles
consist of a limited number of surfactants, typically between 50 and 150, forming a closed
structure in order to minimize the contact between the surfactant hydrophobic part and the
water37. This effect is known as the “hydrophobic effect” 38. On the other hand the head group
(or polar head) of the surfactant, which is for APGs composed of sugar moieties, forms an
outer hydrophilic layer towards the water phase. The size, shape and polydispersity of the
micelles are dependant on the surfactant structure (typically an alkyl chain with at least 7
carbon atoms is required to form micelles), concentration, temperature and composition of the
surrounding aqueous phase e.g. presence of salt. In water the size/shape of a surfactant
micelle results then from a compromise between the hydration of the head groups, which
tends to promote spherical aggregates, and the minimization of the hydrophobic contact
between the alkyl chain and water, which drives the system towards a bilayer structure i.e.
where the area per surfactant in the aggregate is minimum. The geometrical concept of the
packing parameter, P, defined in Chapter I, picks up very well the aggregation of surfactant in
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water. Moreover, free energy of micelle formation, i.e. values of cmc, is related to the
packing parameter and can be expressed from the explicit expression of chemical potential. 59
C8G1 is the most studied APG by diverse methods. Because of its relatively high
hydrophilicity resulting from the strong hydration of the glucose moiety and its relative short
alkyl chain, C8G1 shows a rather high critical micellar concentration (cmc) in water, between
19 and 25mM depending on the references and on the technique used 39-41. Many studies have
shown by different techniques (SAXS, SANS, DLS, NMR…) that C8G1 do not form
spherical micelles42 but more biaxial ellipsoid micelles that grow in size with increasing
concentration43. For dodecyl maltoside (C12G2) the reasons for forming elliptical shaped
micelles was proposed to be due to steric constraints in the bulky hydrated sugar head.60
SANS and SAXS confirmed the concentration-dependant change in C8G1 micelle size,
which is restricted to changes in the micelle length and not diameter. The SAXS data analysis
gave also a proof of a short-ranged interaction between the C8G1 micelles. This short-ranged
hydration force sets in at a distance of a few water layers suggesting that C8G1 are strongly
hydrated with six water molecules per head group44.
Some papers in the literature focused on the influence of salts on micelle size. Ericsson et al.
have investigated the effects of cations and anions on the micelle size of C9G1 using dynamic
light scattering45. The evolution of the micelle size as a function of salt concentration shows a
pronounced difference for sodium salts when the nature of the anion is varied. Anions follow
the salting-in (chaotrope) and salting-out (kosmotrope) effects of the Hofmeister seriesxvii
SO42- > Cl- > NO3- > I- > SCN-. I- and SCN- are salting-in anions, which give rise to a
moderate decrease in the micelle size as compared to the system without salt whereas the
salting-out anions SO42- and Cl- increases the micelle size. These effects were interpreted in
terms of hydration of the polar head with the salting-out salts reducing hydration and with the
opposite effect for salting-in salts which promote hydration. For salting-out salts, it is
suggested that a decrease in the polar head hydration leads to a decrease in the apparent polar
head area, a in the packing parameter (P=v/al), which means in a reduction of the curvature,
i.e. a tendency towards a more planar arrangement. A micellar growth is the consequence of
this effect.

xvii

The reader may refer to the discussion in Chap.III concerning the effect of salt on the microemulsion
structure.
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A similar investigation was performed for alkali metal cations (Li+, Na+, K+ and Cs+), by
varying the nature of the anions45. At constant salt concentration, the size of the micelles was
found to be larger for chloride salts of heavier alkali metals, following then the Hofmeister
series of cations (Li+ > Na+ > K+ > Cs+). This effect was linked to an increase in polarizability
of the cation by increasing the ionic radius. Pastor et al. studied the effect of CaCl2 content
on the aggregation number of C8G1 micelles46. These authors suggested, from their speed of
sound and fluorescence measurements, that the increase in the micelle size (salting-out effect)
leads to a contraction of the surfactant hydration shell. This interpretation of the salting-out
effect is then in agreement with the discussion made by Ericsson et al. for C9G1.

Radius of sugar surfactant micelles
Figure II-19 Hofmeister series of anions and cations [taken from Chaplin et al.] and the dependency of the
size of sugar surfactant micelles (C8G1, C9G1…) according to these ions.

Hofmeister effects are discussed in many recent studies in terms of the ability of ions to
adsorb at an interface (salting-in effect) or to deplete from an interface (salting-out effect)47.
Noteworthy is that the polarizability was proposed by Ninham et al. to be a key parameter of
in the fundamental explanation of Hofmeister effects, the more polarizable the ion the
stronger the propensity to adsorb48. Nevertheless many other effects such as ion pairingxviii or
ion complexation are not considered in the theory of Ninham et al. and probably for this
reason it fails in predicting universally salt effects in terms of Hofmeister effects.
It is remarkable that any of the studies dealing with salt effects on sugar based surfactants
have evoked the possibility of an ion adsorption on the micelles. This is probably because ion
adsorption is usually much more studied for ionic surfactants for which electrostatic
interactions is believed to be stronger than any other interactions usually encountered in
liquids49. Aside from considerations on salt effects on the APG, the interactions between
xviii

For a good discussion on ion pairing effect and Hofmeister effect the reader may refer the works of
mentioned in [47]
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sugars and cations have attracted much attention in the literature in biology for example
lanthanide-sugar complexes were investigated50, see section II.1.
The goal in this chapter is then to answer the following question: what are the effects of
addition of salts on C8G1 micelles? This leads to a more general problem which aims at
understanding the influence of ions at oil/water interface in microemulsion systems. This
problem is addressed in Chapter III.
Here the choice was made to investigate the evolution of the shape and size of C8G1 micelles
in the presence of salts by SAXS. Information about the electron density in the micellar shell
can be obtained by this technique as it is sensitive to the local electron density difference at
the micellar size. The electron density in the micellar shell depends directly on the two effects
of interests here: ion adsorption on glucose moieties and hydration of the micelles. In order to
confirm the evolution in the size of the micelles due to salt addition observed by SAXS
dynamic light scattering (DLS) experiments were performed. To the best of our knowledge
this problem was not yet investigated in the literature.

II.2.2 Experimental
(i) Samples:
The samples were prepared simply by mixing the components with water. The effect of
surfactant concentration and the type and concentration of salt added were studied. Stock
solutions containing different salts (LiNO3, Nd(NO3)3 and LiNO3/Nd(NO3)3) at different
concentrations (LiNO3: 0.15; 1.3; 1M, Nd(NO3)3: 10; 50; 150; 300 and 500mM) were
prepared first. C8G1 was then added to reach concentrations of 45mM and 150mM. The
samples compositions are listed in Table II-1. The stock solutions without surfactant, in the
first part of the table, are useful to perform the background subtraction in the SAXS spectra
of the samples containing the surfactant.
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Components

mM
[C8G1]

M
[LiNO3]

0
0
0
0
0

0
0
0
0
0

LiNO3

0

1

C8G1

45
45
45
45
45
45
45
45
45
45
45

0
0
0
0
0
0
0.15
0.3
1
1
1

Nd(NO3)3

C8G1+
Nd(NO3)3

C8G1+ LiNO3
C8G1+ LiNO3+
Nd(NO3)3

mM
[Nd(NO3)3]

M
IS

10 0.06
50 0.3
100 0.6
150 0.9
300 1.8
0

+2

+2

.10
.10
Φ C8G1 Φ LiNO3
-

-

+2

.10

Φ Nd(NO3)3

Φ H20

Φ H2O+LiNO3

0.065
0.323
0.646
0.969
1.939

0.999
0.997
0.994
0.990
0.981

-

1

0

1.883

0

0.981

1.000

0
0
10 0.06
100 0.6
150 0.9
300 1.8
500
3
0 0.15
0 0.3
0
1
150 1.9
300 2.8

0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78

0.282
0.565
1.883
1.883
1.883

0
0.065
0.646
0.969
1.939
3.231
0.969
1.939

0.992
0.992
0.986
0.982
0.973
0.960
0.989
0.987
0.973
0.964
0.954

0.992
0.992
0.992
0.982
0.973

Φ aqueous phase
ΦH2O+Nd(NO3)3 ΦH2O+LiNO3+Nd(NO3)3
1.000
1.000
1.000
1.000
1.000
-

-

-

0.992
0.992
0.992
0.992
0.992
0.992

0.973
0.973

mm-1
aLiNO3[LiNO3]

0.000621
0.992

0.992
0.992

0.000093
0.000186
0.000621
0.000621
0.000621

C8G1

150
0
0
0
2.97
0 0.970
150
0
10 0.06
2.96
0.065 0.970
0.970
150
0
50 0.3
2.93
0.323 0.968
0.971
C8G1+
150
0
100 0.6
2.88
0.646 0.965
0.971
Nd(NO3)3
150
0
150 0.9
2.84
0.969 0.962
0.972
150
0
300 1.8
2.72
1.939 0.953
0.973
150
0.15
0 0.15
2.96 0.282
0.968
0.970
0.000093
C8G1+ LiNO3
150
0.3
0 0.3
2.96 0.565
0.965
0.970
0.000186
150
1
0
1
2.93 1.883
0.952
0.971
0.000621
150
1
150
1.9
2.81
1.883
0.969
0.943
0.962
0.953
0.972
0.000621
C8G1+ LiNO3+
Nd(NO3)3
150
1
300 2.8
2.69 1.883
1.939 0.935
0.954
0.954
0.973
0.000621
Table II-1 Compositions of the samples studied by SAXS and DLS. Volume fractions of the different components are given as they are used for the background
intensity subtraction
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(ii) Methods
- DLS measurement
DLS experiments were performed on the samples in order to determine the size of the C8G1
micelles. DLS measures the fluctuation of the electric field of light scattered from the sample
in order to determine the diffusion coefficient of the scattering objects, here micelles. The size
of the micelles can be calculated from the diffusion coefficient using a spherical shape
approximation. The size obtained from DLS is expressed as hydrodynamic diameter (DH) that
includes the micelles and its solvent shell, hence sizes obtained by DLS are usually higher
than the sizes determined by other techniques such as SAXS or SANS. For C8G1 the situation
is different as it forms elliptical micelles (see the SAXS results), consequently only a rough
estimation of the micellar size is accessible from DLS. Nevertheless it gives useful
information concerning the relative change in the micellar size that can be used to validate
the size parameter, a, obtained from the fitting of the SAXS spectra. More details on the DLS
technique can be found in Annex A.
- SAXS method and background subtraction procedure
SAXS spectra were collected at the European Synchrotron Research Facility (ESRF) in
Grenoble (France) on the beamline ID02. The energy of the incident beam was selected at
12keV and the distance sample-detector was kept constant at 1m to access a q-range from 0.1
to 4.87nm-1 that corresponds in real space (2π/q) to a range from 1.3 to 62.8nm. Standard
procedures were applied at the ESRF to calibrate the q-range and to obtain the scattered
intensity in absolute scale, I(q) expressed in mm-1.
Afterwards the subtraction of the background intensity was performed to obtain the absolute
scattered intensity of the micelles only (I(q) C8G1micelles). The background intensity comes from
the medium surrounding the micelles i.e. the aqueous solutions containing water and salt of
different types and concentrations. The presence of monomers, i.e. surfactants molecules
dispersed in the surrounding medium that do no participate to the formation of micelles, in
the aqueous solution is neglected. To subtract the background contribution the following
procedure was used:
-

For samples containing water and C8G1, the absolute intensity of the sample

(I(q)sample ) was subtracted from the contribution of water in the following way:
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I(q) C8G1micelles = I(q)sample –

H2O IH20

equation II-4

where

H2O

is the volume fraction of water in the sample (

H2O

=1 -

C8G1)

and IH20 is the

absolute scattered intensity of pure water which is constant over the whole q-range studied
(IH20 = 1.6 10-3 mm-1).
-

For samples containing water, Nd(NO3)3 and C8G1, the contribution of the

surrounding Nd(NO3)3 aqueous solution was subtracted from the absolute intensity of the
sample in the following way:

I(q) C8G1micelles = I(q)sample –

H2O, Nd(NO3)3 IH20, Nd(NO3)3(q)

equation II-5

where

H2O, Nd(NO3)3

sample (

is the volume fraction of surrounding Nd(NO3)3 aqueous solution in the

H2O, Nd(NO3)3

=1-

C8G1)

and IH20, Nd(NO3)3(q) is the absolute scattered intensity of an

Nd(NO3)3 aqueous solution which is dependant on q. The scattering spectra are given in
Figure II-20 they show the presence of a large scattering peak that is due to Nd3+/Nd3+ pair
correlation as Nd3+ atom produces a strong electron density contrast with the solvent
compared to NO3-.xixThe maximum of this peak at qmax is related to the average distance
between Nd3+ ions by DNd-Nd=2π/qmax. As expected the peak is shifted to higher q values, i.e.
to smaller DNd-Nd values, by increasing Nd(NO3)3 concentration.

xix

Note that in the literature this effect is hardly studied using small angle scattering techniques51 For SAXS
measurement this is mainly due to the fact that electronic contrast is often not sufficient, and the experimental
set-up not sensitive enough, to obtain measure correlations between ions. The modelisation of the scattering
curves in Figure II-20 is under investigation in the LIIC group at ICSM and is over the scope of this thesis.
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Figure II-20 SAXS spectra of Nd(NO3)3 in water, at concentration 0.01; 0.05, 0.1; 0.15; 0.3, 1M from
below to top. A broad interaction peak, which is due to Nd/Nd correlation, is observed. The contribution
of water was subtracted.

By performing this subtraction procedure the interactions between the ions and the micelles
are then neglected. This is a good approximation because of the difference in size between
ions (e.g. the radius of Nd3+= 0.98Ǻ) and micelles (one to some nanometers) is large.
-

For samples containing water, LiNO3 and C8G1, the contribution of the surrounding

LiNO3 aqueous solution was subtracted from the absolute intensity of the sample in the
following way:
I(q) C8G1micelles = I(q)sample –

H2O IH20 –

[LiNO3] aLiNO3

equation II-6

where

H2O, Nd(NO3)3

sample (

H2O, LiNO3 =

is the volume fraction of surrounding LiNO3 aqueous solution in the
1-

C8G1),

[LiNO3] is the molar concentration of LiNO3, aH2O,LiNO3 is the

absolute scattered intensity of LiNO3 in a LiNO3 aqueous solution of 1M. The scattered
intensity is indeed constant over the whole q-range at a given LiNO3 concentration.
-

For samples containing water, LiNO3, Nd(NO3)3 and C8G1, the contribution of the

surrounding aqueous solution was subtracted from the absolute intensity of the sample in the
following way:

106

Chapter II Metal ion effects in aqueous and organic phases

I(q) C8G1micelles = I(q)sample –

H2O, Nd(NO3)3 IH20, Nd(NO3)3(q) –

[LiNO3] aLiNO3

equation II-7

All volume fractions and [LiNO3] aLiNO3 values used in the latter equations are listed in Table
II-1. For the sake of clarity I(q)C8G1micelles will be called I(q) in the following.

II.2.3 Modeling of the SAXS spectra
The SAXS data were analyzed using form-factor/structure-factor modeling. The SAXS
intensity I(q) (cm-1 or mm-1) for scattering particles can be approximated and is usually
expressed as:

I(q )

n P VP2

2

P (q )S(q )

Ib

equation II-8

where nP is the particle concentration, VP is the volume of an individual scattering particle
(for example here a micelle), P(q) and S(q) are the form and structure factors that accounts
respectively for the size/shape of the particles and the interactions between the particles, Ib is
the background scattering intensity. The particle concentration can be expressed as a
function of the volume fraction of the particles, Φ, by nP = Φ/VP. The scattering length density
difference Δρ (cm-2) represents the contrast between the scattering particles and the solvent.
In SAXS experiments Δρ is directly related to the difference in the electron density between
the scattering particle and the solvent, Δρ = ρparticle – ρsolvent. Δρ can be usually estimated from
the chemical composition of the particles and of the solvent (see the section “Estimation of
the scattering length density”).
The surfactant C8G1 is known to form small micelles in water (see below in the results
section). From the literature it was found that a biaxial ellipse shape or an end-capped
cylinder shape are suitable to describe C8G1 micelles in water. As the electron density in the
polar part of the surfactant, made of glucose moiety, differs from the electron densities in the
surrounding aqueous phase and in the micellar core, made of n-C8 alkyl chains, a shell
model must be considered. The sketch of a C8G1 biaxial elliptical micelle, with a the main
axis and b and c the two semi-axis, is given Figure II-21. The shell of the micelle is composed
of glucose moieties (in blue) and the core is composed of C8G1 alkyl chains (in purple). For
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C8G1 prolate micelles are formed, i.e. with b~c and a>b describing a rugby ball shape. The
electron density profile along the main micelle axis (a) is given in Figure II-22, the shell
thickness is denoted t in the following. This electron density profile shows a higher electron
density in the shell compared to the micellar core and to the aqueous phase, this is due to the
strong hydration of the glucose moiety.

Figure II-21 3D representation of C8G1 micelle composed of a core (in purple), made of the alkyl chains
of the surfactants, surrounded by a shell composed of glucose moieties (in blue). C8G1 forms biaxial
elliptical micelles with the main axis a larger than the two other semi axis b and c (prolate), and with b~c.

ρAqueous phase
ρshell
ρcore

a

b

t

c

Electron density (e-/nm-3)
or Scattering length
density (ρ in cm-2)
Surrounding
Micellar core
Shell
aqueous phase
(alkyl chains)
0

Distance from the micelle centre

a
axis

Figure II-22 Sketch of a C8G1 micelle together with its electron density profile. a, b, c denote respectively
the main axis and the two semi-axis and t is the shell thickness
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For C8G1 micellar system the SAXS intensity I(q) is then expressed with an ellipse form
factor as:
I (q)

nP

2
dxdyKshell
(q, R, Rt ) S (q)

Ib

equation II-9

In comparison to the general equation Z of the scattered intensity the contrast and the volume
of the particles are here included in the P(q) expression because two contrasts and two
volumes have to be taken into account: Δρcore-shell = ρshell – ρcore and Δρaqu.-shell = ρshell – ρaqu.
and Vcore and Vshell. In equation Y the double integral is an analytical expression of the form
factor, P(q), for triaxial elliptical objectsxx. The function Kshell(qR) is expressed as:

K (qR)

3

sin( qR)

qR cos( qR)
(qR) 3

equation II-10xxi

K shell (q, R, Rt )

core shell

K (qR)

aqu . shell

K (qRt )

equation II-11

R2

[ a 2 cos 2 ( x / 2)

b 2 sin 2 ( x / 2)](1

y2)

c2 y2

equation II-12

Rt2

[(a t ) 2 cos 2 ( x / 2) (b t ) 2 sin 2 ( x / 2)](1 y 2 ) (c t ) 2 y 2
equation II-13

Note that the volume of the micelle core, Vcore, and the volume of the micelle, Vmicelle,, are
simply expressed as:
Vcore

4
abc
3

equation II-14

xx

Here a triaxial model is used to model biaxial ellipsoids, two of the semi-axis being equal.
Note that K2(qR) is the classical expression of the form factor of a sphere, P sphere(q).

xxi
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Vmicelle

4
(a
3

t )(b

t )(c

t)

equation II-15

The structure factor, S(q), is based on a hard sphere model (Percus Yevick approximation)
accounting for steric repulsions between the micelles52. A spherical approximation was
used, then S(q) depends on two parameters (i) a hard sphere radius (RHS), which is for a
ellipse ranging from b (or c) to a, and (ii) the surfactant volume fraction, ΦC8G1. As the
surfactant concentration is rather low (45 and 150mM i.e. volume fraction of 0.78 and 2.97
%v/v) the influence of S(q) has only a small effect on the total scattered intensity. Moreover
it influences the scattered intensity only in the low q-range.

Estimation of the scattering length density
In SAXS the scattering length density of a pure compound C, ρC in cm-2, is related to the
electron density:
bi
i
C

V

lT hom son

equation II-16

where bi is the number of electron of the ith element in the compound C and V the molecular
volume of C, hence Σ(bi)/V is the electron density of C, and lThomson is the Thomson length
(lThomson = 2.82 10-13m).
The scattering length density for a mixture M is expressed as
M

C

C

C

equation II-17

where ρC and ΦC are the scattering length density and the volume fraction of each
components of the mixture.
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For C8G1 micelles the scattering length densities were calculated in the following way:
-

ρcore: It is considered to be equal to the scattering length density of octane, as the
core of the micelle is composed of the surfactant alkyl chains i.e. n-octyl chains. ρcore
is fixed for all experiments independent of the composition of the sample.

-

ρAqu.: As the composition of the aqueous phase is known for all the samples ρAqu. can
be easily estimated with equation II-17 and the scattering length densities of the pure
components (see Table II-2).

-

ρshell: As the shell of the micelles is composed of glucose moieties, ρshell is considered
to be equal to the scattering length density of glucose for the samples containing only
C8G1 and water. For samples containing salt(s) ρshell is used as a fitting parameter.

-2

-10

cm .10
Components
H2 O
LiNO3

ρ

3

cm /mol

Σ(bi)

V
9.398

18.07

10

33.06

17.47

a

34

a

213

Nd(NO3)3, 6H2O

57.02

63.45

Octane

6.898

162.49

66

Glucose

13.52

113.06

90

Table II-2 P Physical data of the components: scattering length density, ρ, molecular volume, V, and
number of electrons Σ(bi). a Molecular volumes for the salts were determined from density measurement
of aqueous solutions at 0.5M and 1M respectively for Nd(NO3)3 and LiNO3.

Fitting procedure
The fitting of the SAXS spectra was performed by separating the parameters in two classes:
(i) Fixed parameters: ΦC8G1, ρcore and ρAqu. are determined experimentally from
chemical composition, t is the length of a glucose moiety 0.5 ± 0.02 nm, b and c were kept
constant and equal to 1.19 ± 0.03 nm which corresponds to the length of the n-octyl chain of
the surfactant in an extended conformation.
(ii) Fitting parameters: a, ρshell (only for samples containing salt), Ib, a prefactor
(which is related to nP), and RHS.
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Parameter ranges, corresponding to the accuracy, were used for the fixed parameters in
order to give some degrees of freedom to the fit. The fits were performed from 0.13 to 3 nm-1.
This q-range is sufficiently large to take into account the whole shape of the micelle. To
perform the fit at higher q values it would be necessary to include a fluctuation model related
to the dynamics of the assemblies in the fitting model as it was done in53. This is not of
concern in the present investigation.

II.2.4 Results: fitting of the Scattering pattern of C8G1 micelles
The results of the fitting procedure for the samples are collected in Table II-3. The pertinent
parameters of the fit are: a the main axis of the micelles which characterizes the size of the
micelles, in other words the anisotropy of the micelles, and ρshell which represents the electron
density in the shell and changes according to the hydration of the glucoside moieties and ion
adsorption. The size of the micelles determined by DLS, expressed as the hydrodynamic
radius (RH), was used to validate the size evolution of the micelles determined by the fitting of
the SAXS spectra, mainly expressed by the parameter a.
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Components
C8G1

mM
M
mM
[C8G1] [LiNO3] [Nd(NO3)3]

nm
c

nm
t

Form and structure factors parameters (SAXS)
-2
-10
-2
-10
-2
-10
2
cm .10
cm .10
cm .10
nm
.10
ρcore
ρshell
ρaqu.
RHS
C8G1

Prefactor

Ib

13.85
13.90
13.94
13.99

9.400
9.429
9.708
9.863

3.8
2
2
2

0.78
0.78
0.78
0.78

7.4E-27
6.4E-27
7.4E-27
6.8E-27

4.1 1.19 1.18
3.8 1.21 1.19
4.2 1.2 1.19
4.6 1.22 1.2

0.48
0.48
0.48
0.48

6.90
6.90
6.90
6.90

13.85
13.90
14.30
11.59

9.466
9.533
9.847
10.31

1
1
1
1

0.78
0.78
0.78
0.78

6.7E-27
7.1E-27
7.5E-27 0.000115
8.8E-27 0.000085

150
0
0
0
8.0 7.1 1.21 1.19
150
0
10 0.06
7.8 6.92 1.21 1.19
150
0
50 0.3
7.9 6.96 1.22 1.19
C8G1+ Nd(NO3)3
150
0
100 0.6
7.8 6.87 1.2 1.19
150
0
150 0.9
7.8 6.92 1.22 1.19
150
0
300 1.8
8.0 7.07 1.21 1.19
150
0.15
0 0.15
8.0 7.07 1.2 1.19
C8G1+ LiNO3
150
0.3
0 0.3
8.1 7.18 1.19 1.19
150
1
0
1
8.3 7.37 1.16 1.16
150
1
150 1.9
8.6 7.58 1.55 1.19
C8G1 + LiNO3+
Nd(NO3)3
150
1
300 2.8
9.0
Table II-3 Results of the fit of the SAXS spectra for C8G1 and salt mixtures

0.515
0.515
0.515
0.515
0.515
0.515
0.515
0.515
0.515
0.515

6.90
6.90
6.90
6.90
6.90
6.90
6.90
6.90
6.90
6.90

13.85
13.80
13.90
13.93
14.06
14.20
13.85
13.85
13.98
14.60

9.400
9.429
9.552
9.706
9.860
10.32
9.465
9.532
9.844
10.330

6
6
6
4.5
4.5
5
5.5
4
4.5
4

2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97

2.3E-26
2.3E-26
2.2E-26
2.2E-26
2.2E-26
2.1E-26
2.3E-26
2.3E-26
2.3E-26
2.1E-26

C8G1

6.2
5.4
5.8
5.6
5.6
5.8
5.9
5.7
6.1
6.3
6.1

nm
b

6.90
6.90
6.90
6.90

C8G1 + LiNO3+
Nd(NO3)3

0
0
10 0.06
100 0.6
150 0.9
300 1.8
500
3
0 0.15
0 0.3
0
1
150 1.9
300 2.8

nm
a

0.48
0.48
0.48
0.48

C8G1+ LiNO3

0
0
0
0
0
0
0.15
0.3
1
1
1

DLS
nm
DH

4.2 1.21 1.18
3.6 1.24 1.18
3.8 1.2 1.18
3.8 1.17 1.18

C8G1+ Nd(NO3)3

45
45
45
45
45
45
45
45
45
45
45

M
IS

113

0.0001
0.00006
0.00007
0.00006

0.00007
0.0007
0.0007
0.0007
0.0007
0.00007
0.0007
0.0007
0.00007
0.00055
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(i) C8G1 micelles without salt
The shape of C8G1 has been in the late 90’s the subject of extensive studies because of the
important implication of C8G1 in the extraction process of membrane proteins43, 44, 46, 53. It
was concluded by Thiyagarajan et al. that the most pertinent representation for C8G1
micelles is a biaxial ellipse shape or an end-capped cylinder shape.xxii These representations
have been later used for modeling C8G1 micelles 54
The experimental spectra for C8G1 at 45 and 150 mM in Figure II-23 show the typical
scattering pattern of shell structures having an electron density in the shell higher than in the
core and in the surrounding medium i.e a level off of the scattered intensity in the low q
regime and a large oscillation in the medium q regime. The spectra are well fitted by the
fitting procedure exposed above (solid line in Figure II-23). Values for the main axis radius a
of 4.2 and 7.1 nm are obtained respectively for 45 and 150 mM. These values are in very good
agreement with the literature data: a = 3.4 – 4.5 nm by SAXS and SANS53, a = 3.9 – 4.2 nm
at 50mM by SAXS54, a = 6.0 and a = 8.0 nm for 50 and 150 mM by SANS43. As for many
other surfactants an increase in concentration leads to an increase in the micelle size due to
steric reasons55. Consequently the effective packing parameter P, as defined in Chapter I,
increases as the surfactant concentration increases.xxiii

xxii

When the object anisotropy is not too high, which is the case for C8G1 micelles, a biaxial ellipse is very
similar to an end-capped cylinder. In this situation both shapes give a comparable X-ray or neutron scattering
pattern.
xxiii
It is noteworthy to remark that in some publications from the 90’s e.g. in [44], the approximation that the
micellar size (and shape) remains constant with surfactant concentration was made. This led to wrong
interpretations of their data, mainly the micelle diffusion coefficients obtained by dynamic light scattering or
pulse-gradient spin echo NMR (PGSE-NMR)
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0.1
1.00

0.10

10.00

Fit C8G1 0.15M
C8G1 0.15M
Fit C8G1 0.045M
0.01

I (mm -1)

C8G1 0.045M

0.001

0.0001
q (nm -1)

Figure II-23 SAXS spectra for C8G1 micelles (0.045 and 0.15 M) fitted by a model of biaxial ellipse with a
shell

From the micelle geometrical parameters, obtained from the fit of the SAXS spectra, the
packing parameter of C8G1, PC8G1([C8G1]) in water can be estimated. By considering the
core of the micelle, the surface (Acore) is defined as the surface of a prolate ellipse:
Acore

2 (c 2

a2

tan( )

)

equation II-18

with

c
arccos( )
a

The aggregation number (Nagg.) can be simply expressed from the volume of the core
(equation II-14) and the volume of an alkyl chain (VC8 = 242.6Ǻ3) as:
N Agg .

Vcore / VC 8

equation II-19

Then by combining the two latter equations the area per glucose polar head in the micelle,
which is here defined at the frontier between the n-octyl chain and the glucose moiety, is:
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aC 8 G1

Acore / N Agg .

equation II-20

Following these considerations the packing parameter is then defined as:

P

VC 8
aC 8G1lC 8

equation II-21

mM

nm2

nm3

nm2

[C8G1]

Acore

VCore

Nagg.

aC8G1

P

45

50.5

25.1

103.5

0.49

0.42

150

84.4

42.8

176.5

0.48

0.43

Table II-4 Geometrical parameters of C8G1 micelles

The calculated packing parameters are given in Table II-4 for 45 and 150 mM C8G1. The
packing parameters lie between 1/3 (sphere) and 1/2 (infinitely long cylinders), as expected
from the elliptical or (cylindrical) shape of the micelle. As discussed above P increases with
concentration, nevertheless this effect is very small in the concentration range considered
here.
(ii) C8G1 with salt
- Effect of adding LiNO3 or Nd(NO3)3 on C8G1 micelles
The addition of LiNO3 or Nd(NO3)3xxiv leads to two visible changes in the SAXS spectra at 45
and 150 mM C8G1, see Figure II-24:
(i)

A decrease in the scattered intensity in the low q regime is observed.

xxiv

Remark that it was not possible to obtain the spectra of C8G1 at 45 mM for concentration in Nd(NO3)3 above
0.15 M because the scattered intensity of the neodymium salt exceeds the scattering of C8G1 micelles.
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(ii)

The position of the oscillation shifts to lower q when salt concentration increases,
this effect is very small for LiNO3 (except for [C8G1] = 45 mM with 1 M LiNO3)
and more pronounced for Nd(NO3)3.

The results of the fitting procedure give a direct explanation for these two effects on the
spectra. These effects are simply explained by the change in ρaqu., which is calculated from
the concentration of LiNO3 or Nd(NO3)3 in the aqueous phase (see Table II-2). Indeed no
significant change neither in the size, a, of the micelle nor in the ρshell values are observed.
The slight effects of LiNO3 and Nd(NO3)3 on the micelle size were confirmed by DLS
measurement. Only a small increase in ρshell is noticeable when the concentration of LiNO3 or
Nd(NO3)3 are high respectively 1 M and above 0.15 M. This slight effect, appearing for ionic
strength above 1 M (ionic strength values, IS, are listed in Table II-1 for information), is likely
to be due to a change in the hydration sphere of glucose.
In terms of the Hofmeister series, NO3- is considered as a slight salting-in cation whereas Li+
is considered as a strong salting-out anion. Nevertheless LiNO3 shows here a rather neutral
Hofmeister effect. For comparison NaNO3 has been also shown to have a neutral behavior
(until 1.6 M) on the size of C9G1 micelles45. Concerning Nd3+, and more generally heavy
metal cations, they are hardly considered regarding to the Hofmeister series. Nevertheless it
can be remarked that the increase in the atomic size of the cation, i.e. increasing the number
of electrons, leads to higher polarizability reinforcing the salting-in tendency of the cation. On
the other hand increasing the valency of the cations usually leads to strengthen its hydration
i.e. its salting-out behavior.
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0.10

1.00E-01
1.00

[LiNO3] =
0M
0.15
0.3
1

10.00
C8G1 0.15M LiNO3 1M

C8G1 0.15M

1.00E-02

C8G1 0.15M LiNO3 0.15M
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C8G1 0.15M LiNO3 0.3M

1.00E-03

1.00E-04
q (nm-1)

0.10

1.00E-02
1.00

C8G1 0.045M-LiNO3 1M

[LiNO3] =
0M
0.15
0.3
1
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10.00

C8G1 0.045M
C8G1 0.045M LiNO3 0.15M
C8G1 0.045M LiNO3 0.3M

1.00E-03

1.00E-04
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Figure II-24 SAXS spectra for C8G1 micelles 0.045M (bottom) and 0.15 M (top) in the presence of LiNO3
at 0; 0.15; 0.3 and 1M.
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1.00
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C8G1 0.15M

[Nd(NO3)3] =
0M
0.01
0.05
0.1
0.15

C8G1 0.15M Nd 0.15M
C8G1 0.15M Nd 0.01M
C8G1 0.15M NdNO3 0.05M

1.00E-02
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0.10
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1.00
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Figure II-25 SAXS spectra for C8G1 micelles 0.045 M (bottom) and 0.15 M (top) in the presence of
Nd(NO3)3 at 0; 0.01; 0.05; 0.1; 0.15 and 0.3 M.
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- Effect of adding LiNO3 and Nd(NO3)3 on C8G1 micelles
The effect of adding both LiNO3 and Nd(NO3)3 was investigated at C8G1 concentrations of
45 and 150 mM. For [C8G1] = 150 mM with 1 M LiNO3, adding Nd(NO3)3 leads to
substantial effects in the spectra. These effects are comparable to what was observed with one
salt only for ionic strengths above 1 M i.e. a decrease in the scattered intensity at low q and a
shift of the oscillation towards lower q are observed. Here these effects are much more
pronounced, probably due to the increase in IS (see Table II-1), as the oscillation in the SAXS
spectrum is smoothed. The main explanation for that is also here due to an increase in ρAqu.
Concerning the fit results for [Nd(NO3)3] = 0.15 M: (i) the fit is not as good as previously
nevertheless the order of magnitude of the fitting parameters are reliable (ii) the size of the
micelle, a, and ρshell slightly increase due to either a stronger hydration of the polar head or to
an ion adsorption in the shell. The latter supposition is not likely to happen because it would
lead to a more important increase of ρshell . In order to test this hypothesis we can try to
quantify how many Nd3+ cations would be required in the micellar shell to lead to the
observed increase in ρshell between the system without and with salt. For [C8G1] = 150 mM,
ρshell

increases from 13.85 to 14.6.1010 cm-2 for the system without and with [LiNO3] = 1 M

and [Nd(NO3)3] = 0.15 M. If it is assumed that this increase in ρshell (Δρshell-Nd) is only due to
the presence of Nd3+ cations in the shell, Δρshell-Nd could be expressed as:

shell Nd

nNd bNd
lT hom son
Vshell

equation II-22

with nNd the number of Nd3+ in the shell, bNd the number of electron of Nd3+ cation (60-3),
lThomson the Thomson length and Vshell the volume of the shell here defined as:

Vshell

4
(a
3

t )(b t )(c

t)

4
abc
3

equation II-23
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By doing this calculation it is found that 24 Nd3+ would be needed in the shell. This
corresponds to around 7 C8G1 molecules per Nd3+ cation in the shell i.e. Nagg. the aggregation
number (defined above in equation II-19) divided by nNd. This value is rather small and is a
minimal value. Indeed we know that the change in the ρshell is not only due to ion adsorption
at the micellar (if it takes place), salting-in effect is also involved, i.e. reinforcement of the
glucose moiety hydration due to the presence of a salt. Moreover a value of 7 C8G1
molecules per Nd3+ would correspond to a very weak ion adsorption.
For [Nd(NO3)3] = 0.3 M and for both surfactant concentrations, the fitting routine could not
converge to accommodate the experimental curve. This may have two origins: (i) the
contribution of the background intensity (due to salts) becomes too high and comparable to
the scattered intensity of the micelles leading to a low signal over noise ratio and hence to a
bad background subtraction (ii) the shape of the micelle change dramatically and the biaxial
shell model cannot describe C8G1 micelles in these conditions, another form factor should be
used. For these samples a significant increase in the average hydrodynamic diameter (DH), see
Table II-1, was measured by DLS: from DH = 8.0 nm for [C8G1] = 150 mM without salt to
DH = 9.1 nm for [C8G1] = 0.15 M with [Nd(NO3)3] = 0.3 M and [LiNO3] = 1 M. This
confirms a significant change in the size/shape for high Nd(NO3)3 concentration in the
presence of 1 M LiNO3.
For [C8G1] = 45 mM with 1 M LiNO3, adding Nd(NO3)3 at 0.15 M has a dramatic effect on
the SAXS spectrum compared to the spectrum obtained without Nd(NO3)3 and with [LiNO3]
= 1 M (see Figure II-26). No oscillation is observed. This can only be explained by the
disappearance of the shell structure in terms of electron density profile as described in Figure
II-26. This can only happen by considering ρshell ~ ρAqu., then ρshell has to decrease
dramatically compared to the system without salt (see the results of the fit in Table II-3). The
only explanation for this effect is that a strong dehydration takes place. For the systems
without salt, the strong hydration of the glucose moiety is responsible for the shell structure,
i.e. electronic density excess in the shell (see the electronic density profile of the micelle in
Figure II-22). Hence we can conclude that no ion adsorption takes place, adsorption of Nd3+ at
the micellar surface would lead to a substantial increase in ρshell in the shell. We can note that
the micellar size is only weakly affected by the glucose polar head dehydration, comparing a
(and DH) between samples with [LiNO3]=1 M and with [LiNO3]=1M/Nd(NO3)3=0.15 M. An
increase in the micellar size can be understood in terms of the packing parameter as
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dehydration decreases the area per head group and then increases the packing parameter
which is consistent with an increase in the length of ellipse (or cylinders).
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Figure II-26 SAXS spectra for C8G1 micelles 0.045M (red/orange) and 0.15M (blue) in the presence of
LiNO3 (0 and 1M) and Nd(NO3)3 (0; 0.15 and 0.3M)

II.2.5 Conclusion on the SAXS experiments
The effects of salt addition on C8G1 micelles can be distinguished in three regimes according
to the ionic strength and to the addition of one or two salts:
-

For IS<1M the addition of salt (LiNO3 or Nd(NO3)3) do not lead to any detectable
effect neither on the size nor on the electronic density in the micellar shell.

-

For 0.9<IS<1.8M with addition of LiNO3 or Nd(NO3)3, only a slight increase in the
micellar shell electronic density and a slight decrease in the size of the micelles are
observed when LiNO3 or Nd(NO3)3 is present. These changes can be interpreted as a
salting-in effect that strengthens hydration of the glucose polar head in the micelle
rather than by an ion adsorption in the micellar shell. This interpretation is consistent
with a decrease in the packing parameter that leads to smaller micelles.
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-

For IS>1.8M with mixtures of LiNO3 and Nd(NO3)3, the effect of salt is different
for surfactant concentrations of 45 and 150 mM. For 45 mM the electronic density in
the shell drops compared to the system without salt. This is interpreted as a strong
salting-out effect i.e. strong dehydration of the polar head and increase in the micelle
size. For 150 mM a salting-in effect is observed, similar to the one obtained for
0.9<IS<1.8M with addition of LiNO3 or Nd(NO3)3
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II.3 Flotation experiments to probe interfacial adsorption of metal
ion on non ionic 2D-surfactant film
In ion flotation, surfactants are used to remove metal from an aqueous solution56. Therefore
surfactants are chosen according to their interactions with the metal to be removed. Air is
bubbled through the solution and the surfactant is transferred from the solution to the so
multiplied air-water interface, see Figure II-27. The so formed dispersion of surfactant in the
gas, called foam, enriched by the couple surfactant-metal could be isolated from the solution.
By doing so we take advantage of the good interfacial activity of surfactants and so of the
high specific surface of foams that is used as host for the metal. Often the foam is wet because
of the water adhering to the bubbles and locates inside the interstitial film. The foam film then
may drain in order to obtain foam films that are dry and the drained liquid return through
gravity to the bottom solution61.

Figure II-27 Schematic representation of the flotation setup; Gas bubbles are formed in solution with the
constant gas flow through the porous material and rise to the surface. The so built foam on top dries out
due to gravitation. The dry foam appears to be polyhedral at the top of the column. The foam is then
collected and collapses with time.
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Foamability is related to the hydrophilic-lipophilic balance of the surfactant (see Chapter I)
and has to be checked in advance in order to obtain good flotation properties. Surfactants,
having good foaming property, have HLB values (see Chapter I) above 10

57

. C8G1 is

reported to have a HLB value of 13 and has good foaming properties 63.

Experimental
Sample preparation for flotation

Samples were prepared at the appropriate concentration using volumetric flasks. Salt and
surfactants were weighted and solubilised in water or with an aqueous solution containing a
background salt (LiNO3). The compositions of the presented samples are summarized in Table
II-5.
Flotation experiments were carried out in a flotation column with a porous glass frit through
which argon gas is passed. The so generated air bubbles raise through the solution, collects
the surfactant, through fast diffusion of surfactant to the air-liquid interface, together with
ions that are associated to the surfactant. The foam is accumulated on top and is then
separated by overflowing into a recipient. The initial volume of the solution is 40mL, the gas
flow rate 10 mL/min. The gas flow is adapted to obtain a dry polyhedric film just before the
overflow of the foam. A typical flotation experiment took between 20 to 45 hours. At the end of
the flotation experiment the optical appearance of the foam changes. The bubble size
distribution increases, big holes inside the foams become visible. This indicates that the major
part of the surfactant has been consumed. With this procedure the collapse of the foam in the
collecting recipient represent less than 3% of the initial solution. The temperature of the
column was kept constant at room temperature (21°C) with the help of a water bath.
Chemical analysis was performed on the initial and final solutions and on the decanted foam
of all experiments. The metal ion concentration was determined by ICP-AES and its
concentration determined using internal standard. Matrix effect due to the presence of
surfactant in solution leads to a high error on the ion concentration (±10%). The transfer of
the surfactant from the solution to the foam has been assumed to be complete at the end of the
flotation experiment.
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We want to study the possible adsorption of ions at a plane interface, which is here the
water/air interface covered by surfactant, with near zero curvature as it is at the oil-water
interface in the micro-domains of the WIII microemulsions. Hence the presence of micelles in
solution could interfere. Consequently flotation experiments were carried out at 15mM below
the cmc of the non ionic sugar surfactant C8G1. We investigated ion flotation of neodymium
and uranyl nitrate with C8G1 with and without background salt (LiNO3 1-3M). For uranyl
nitrate the addition of TBP until its solubility limit in the C8G1 solution was also studied.
With TBP the concentration of C8G1 had to be raised up to 30mM to achieve sufficient
foamability during at least two hours. The results are presented in Table II-5. The extraction
efficiencyxxv was expressed as:

%extraction

[metal]initial - [metal]final
[metal]initial

100

equation II-24

We can remark that no significant ion extraction was achieved within the experimental
precision. It confirms that neodymium (or uranyl) and C8G1 do not interact sufficiently to
induce an ion adsorption and ion extraction. Introducing far more sugar surfactant compared
to metal ion salt does not influence the extraction results.
Pioneering fundamental studies on ion flotation were published by Warr et al. involving ionic
surfactants at the air-water interface.62 In this case the complexation constants are high and
ion adsorption is led by the electrostatic interactions between the ionic polar head of the
surfactant and the ions. Concerning the glucose polar head no complexation takes place in
solution and at the air-water interface even in the presence of a background salt.
It should be mentioned that new family of surfactant compounds derived from the C8G1 have
been designed with metal complexing properties. These molecules have shown extraction
property of iron metal ion by flotation technique.63 In our case even when TBP, a strong
complexant for uranyl ion in solution, was added we could not observe ion extraction by
flotation.

xxv

“Negative” extraction values can be interpreted as a depletion effect meaning that the metal ion is depleted
from the air-interface leading to a lower metal concentration in the aqueous lamela in the foam.
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Flotation
time
[h]

C8G1

Nd(NO3)3

UO2(NO3)2

LiNO3

%extraction

[mM]

[mM]
ICP-AES

[mM]
ICP-AES

[M]
ICP-AES

15
n. d.

15.4
16.7

0
0

3
3

0
100

-8

15
n. d.

16.2
16.0

0
0

1
1

0
47

1

15
n. d.

2.1
2.2

0
0

0
0

0
120

-4

15
n. d.

18.0
16.3

0
0

0
0

0
48

10

15
n. d.

0
0

15.0
15.0

0
0

0
41

0

30 + TBPsat (2 mM)
n. d.

0
0

9.0
9.5

1
1

0
2.5

-6

%
±10

Table II-5 Sample composition of the flotation experiments containing the surfactant C8G1 and salts at
various compositions. The initial experimental conditions are given at time t=0, the experiment has been
stopped after several hours or days when the foaming properties of the solution decreased. The % of
extraction is the ratio between the initial metal ion concentration and the final concentration in solution.
The quite high experimental error (±10%) results from the incertitude from the ICP analysis.

II.4 Conclusion of Chapter II
From the combination of the different experiments resumed here: UV-Vis, SAXS and ion
flotation process, it can be claimed that no strong attractive interaction takes place in aqueous
solution between the glucose moiety of C8G1 and uranyl or neodymium metal ions, even at
high salt concentrations and/or ionic strengths. The investigation of salt effects in
microemulsion formed by mixed C8G1/TBP film can be then safely discussed (in Chapter III)
in terms of the consequence of ion-TBP interactions.
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Abstract

In the previous chapters the aqueous medium, C8G1-salt-water (aqueous phase), and TBPsalt-dodecane (organic phase), were investigated. Macroscopically these systems are in the
monophasic region and it was shown that ion-C8G1 interaction was low.
In the present chapter we show for the first time by mixing these aqueous and organic phases
that tributylphosphate (TBP) acts efficiently as co-surfactant in the formation of three phase
microemulsions. The system is therefore composed of five components: water, dodecane,
TBP, the surfactant, n-octyl- -glucoside and salt. It has been already discussed in the first
chapter that these systems may form monophasic and multiphasic systems in equilibrium. The
investigation of the three phase microemulsion region (Winsor III), with the so-called “fishcut” diagrams, revealed that TBP has a co-surfactant behaviorxxvi and is compared to the
classical co-surfactants n-pentanol and n-hexanol. In the first chapter the implication of
geometrical molecular parameters in supramolecular structure has been highlighted. In this
context TBP, with its three alkyl chains, is more hydrophobic compared to those n-alcohols
that only have one. This property affects the surfactant/co-surfactant interfacial film
composition, determined by chemical analysis. The film composition is in good agreement
with the prediction made in chapter I for WIII microemulsions, where the spontaneous film
curvature is near zero, by assuming the additivity of the packing parameters of the surfactant
and the co-surfactant.
Moreover the local microstructure of the microemulsions in the presence of salt was obtained
by small angle neutron scattering (SANS) giving access to the two length scales
characterizing any fluid dispersions. In the microemulsions these two length scales are the
typical fluid “domain” size, D* and the persistence length, ξ . The specific brine-oil contact
area, also called specific surface,

was accessed. The film composition of the

microemulsion was obtained by chemical analysis and discussed in terms of curvature of the
film.

xxvi

The term co- surfactant is defined in Chapter I.
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III.1 Winsor type microemulsions with TBP

III.1.1 General introduction
An effective strategy to co-solubilize water and oil is the addition of amphiphilic molecules,
see Chapter I. The use of a hydrophilic surfactant in combination with a hydrophobic cosurfactant, typically n-alcohols with 3<n<8, permits to create microemulsions (μE) that are
clear, isotropical and thermodynamically stable dispersions of water and oil separated by a
mixed surfactant/co-surfactant film.1,2 Therefore this makes them interesting systems for longlife solubilization and their particular small structural size provides a remarkable high specific
surface. In recent years microemulsions were designed more complex in terms of their
composition, e.g. carrying polymers,3 biomolecules,4 complexing surfactant,5 nanoparticles6
and more recently ionic liquids.7 Small-angle scattering techniques remain the most suitable
technique to probe the micro-structure of microemulsions over a large scale from interface up
to the size of the water and oil domains.8 Under certain conditions bicontinuous µE are
formed in equilibrium with water and oil excess phases, so-called Winsor III systems. This
can be obtained around the phase inversion when the system changes from an oil-in-water µE
with excess oil phase (Winsor I) to a water-in-oil µE with an excess aqueous phase (Winsor
II). Depending on the type of surfactant these transitions are driven either by increasing
temperature9,10 or by adding a hydrophobic co-surfactant which is incorporated in the
interfacial monolayer.11,12 Both procedures increase the spontaneous curvature of the interface
toward the oil phase.
In the nuclear industry for instance tributyl phosphate (TBP) is the benchmark extractant
used in the so-called PUREX process (Plutonium and Uranium Refining by EXtraction)
where uranium and plutonium are selectively extracted from an acidic aqueous solution .13 We
have seen in Chapter I that TBP and other extractants are hydrophobic, nearly insoluble in
water and have an amphiphilic structure composed of a complexing polar part and one or
more alkyl chain(s) as apolar part. Hence extractants have all the properties required to play
the role of a co-surfactant.12 Incorporating extractants in µEs might permit to artificially
functionalize the interfacial film by a complexing group. In a similar approach it has been
proposed to use lamellar phases, i.e. concentrated phases of surfactant forming bilayers, as
model systems to study repartition of extractants between the surface and the bulk of the
lamellar structure.14
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Very few fundamental studies investigate “exotic” co-surfactants2,15-17 as most studies are
based on n-alcohol co-surfactants.6,18 The main goal of the chapter is to show that TBP acts as
an efficient co-surfactant to form microemulsions with controlled curvature through film
composition. This has been done by comparison to the more standard n-alcohols systems. noctyl- -glucoside was chosen because of its high hydrophilicity that enables to
counterbalance the hydrophobicity of TBP or chosen n-alcohols.
First phase behavior was studied by establishing the so-called “fish-cuts” that shows the
realms of existence of Winsor type systems. In addition the microstructure was investigated
by Small Angle Neutron Scattering (SANS) that gives access to the characteristic length
scales and specific area. Consequently a structural description of the microemulsions at the
molecular and sub-molecular scales is obtained in the bulk microemulsions and at the
water/oil interface. Finally the film composition has been determined for Winsor III
microemulsions. The procedure used here for the preparation and characterisation of the
Winsor III microemulsions is summarised in Figure III-1.

Figure III-1 Sketch of the preparation and characterisation of the WIII bicontinuous microemulsions
studied here. The micro-structure as well as the specific surface, at the water/oil interface, was determined
by SANS and the film composition by chemical analysis of the excess aqueous and organic phases.

136

Chapter III Liquid surfactant-extractant interfaces and WIII microemulsions

III.1.2 Experimental
Sample preparations and phase diagram determination.
To study phase behavior samples were prepared by contacting 2 mL of aqueous solution,
containing C8G1 and salt, and 2 mL of dodecane into sealed tubes. Aliquots of co-surfactant,
25 µL to 50 µL of either n-alcohols or TBP, were added stepwise to reach a given molar ratio
of co-surfactant/surfactant (see Table III-1):
n co

surf

n surf
equation III-1

The samples were shaken using a vortex for 2 minutes, centrifuged to enhance phase
separation and thermostated in a water bath at 25.0°C ±0.1°C for 24 hours. Visual
observation enables the determination of the phase diagram by determining the phase
transition from Winsor I to Winsor III to Winsor II systems. The phase diagrams studied show
the regions of existence of the Winsor type systems. The so-called “fish-cut” phase diagram,
see Figure 2 and 3, were realized for different co-surfactants: pentanol, hexanol, octanol and
TBP.
For neutron scattering experiments and chemical analysis water was replaced by D2O. The
molar ratio

of co-surfactant/surfactant was fixed at around 1.1; 1.9 and 2.6 in order to be

located inside the three-phase region for hexanol and TBP. The compositions of the samples
used for the SANS experiments are listed in Table III-1. Once the phase equilibrium was
reached the three phases were separated with a micro-syringe and stored in glass vials.
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System

C8G1/hexanol
C8G1/hexanol/LiNO3
A3
7.8
9.0
0.3
1.15

sample
name

nC8G1

nCo-surfactant

csalt

[mol].104

[mol].104

[mol/L]

A1

7.9

9.0

0.0

1.14

C8 A2 7.9 9.0 0.3 1.1
G1/
4
hex
ano
l/Li
Cl

C8G1/hexanol/Nd(NO3)3
A4
7.5
9.0
0.3
1.20

C8G1/hexanol
B1

8.2

15.1

0.0

1.84

C8G1/hexanol/LiCl

B2

8.1

15.1

0.3

1.86

C8G1/hexanol/LiNO3

B3

8.1

15.1

0.3

1.86

C8G1/hexanol/Nd(NO3)3

B4

7.8

15.1

0.3

1.94

C8G1/hexanol

C1

8.1

21.0

0.0

2.59

C8G1/hexanol/LiCl

C2

8.1

21.0

0.3

2.59

C8G1/hexanol/LiNO3

C3

8.0

21.0

0.3

2.62

C8G1/hexanol/Nd(NO3)3

C4

7.6

21.0

0.3

2.76

C8G1/TBP

D1

6.4

12.0

0.0

1.89

C8G1/TBP/LiCl

D2

6.1

12.0

0.3

1.97
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C8G1/TBP/LiNO3

D3

6.4

12.0

0.3

1.88

C8G1/TBP/Nd(NO3)3

D4

6.0

12.0

0.3

2.00

Analysis of the phases
The µE phase has been investigated by neutron scattering to study the microstructure. A small
volum of a sample prepared using D2O instead of H2O. The water content of the
microemulsion has been determined using the Karl-Fischer coulometric technique. For the
film composition could be determined by density measurements of the excess organic phase
and total organic carbon analysis of the excess aqueous phase of WIII systems.

The density measurements
Since the three macrophases are in thermodynamic equilibrium, the distribution of cosurfactant between the microemulsion and the excess oil phase can be investigated. The
determination of the co-surfactant concentration in dodecane excess phase is made by density
measurement. Only co-surfactant is dissolved in the excess oil phase. The residual cosurfactant in the excess oil phase is determined using a calibration curve, see Figure 1. By
doing so it is assumed that the monomer concentrations of (i) alcohol in the oil and of (ii)
surfactant in the aqueous phase inside the micro domains of water and oil of the
microemulsion are equal to the concentrations in the excess phases, once the thermodynamic
equilibrium is reached.

Table III-1 Composition of the Winsor III systems prepared for neutron scattering experiments and for
chemical analysis. denotes the co-surfactant/surfactant molar ratio.
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Figure III-2 Density of co-surfactant/dodecane mixtures as a function of the co-surfactant-mass fraction:
hexanol (circles) and TBP (squares). Calibration curves are used for the determination of the hexanol and
TBP mole fraction in the oil excess phase

III.1.3 Phase diagrams – «Fish cuts»
The system studied contains five components: water or salty solution, oil, hydrophilic
surfactant and hydrophobic co-surfactant. A tetrahedral representation20,

21

of the phase

diagram of such a system is schematized in Figure III-3. Note that in the presence of salt the
water/salt mixture is considered as a pseudo-component. This simplifies the system to an
apparent pseudo-four component system. By progressively adding co-surfactant stepwise to a
surfactant-water-oil mixture two phases are observed at first. A surfactant rich phase,
identified as an oil-in-water microemulsion, is then in equilibrium with an excess oil phase
(Winsor I, 2 ). By increasing the co-surfactant content the well-known three phase body
occurs. A microemulsion coexists then with excess water and oil (Winsor III, 3). At higher
co-surfactant content the system is driven into a two-phase region where a water-in-oil
microemulsion and excess water phase coexists (Winsor II, 2 ). At sufficiently high surfactant
concentrations a one-phase microemulsion can be obtained (Winsor IV, 1). By fixing the
water-to-oil volume ratio to 1:1 the schematic phase boundaries in the resulting twodimensional section of the tetrahedron have the shape of a fish. This representation is called
“fish cut” phase diagram and is shown as an orange triangle in Figure III-3. The “head” of this
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fish represents the 2 -3- 2 phase transitions whereas the tail situated at high surfactant
concentrations corresponds to the 2 -1- 2 phase transitions. Principally the shape of the fish
head and the position of the intersection of the two critical lines (see Figure III-3) are of
interest, since it is directly related to the solubilisation power of the system. The fish cut
representation allows easy determination of the conditions where the spontaneous curvature is
zero and then has then many advantages over the representation used in Chapter 1 that is
sketched for comparison in Figure III-3 with a light blue triangle for a C8G1/co-surfactant
ratio of 1:1 in the realm of existence of the three phase microemulsions. More precisely this
cut corresponds to the phase diagram (c) in Figure I-19 in Chapter I.
For classical ternary systems composed of oil, water and polyethoxylated surfactants
temperature is used to tune the spontaneous curvature of the surfactant film in order to
determine the fish cuts.21 Here as neither the surfactant nor the co-surfactant present
pronounced temperature dependence22-24 the co-surfactant to surfactant ratio is varied. Hence
the co-surfactant is used to increase the curvature of the surfactant film from direct to reverse
systems.

Figure III-3 Schematic phase tetrahedron of a quaternary water (or brine)/surfactant/co-surfactant/oil
system. 2 , 2 , 3 and 1, corresponds to the regions of existence of respectively Winsor I, II, III and IV
microemulsion systems. The light orange and blue triangles corresponds respectively to (i) a cut at
constant water/oil volume fraction = 0.5 that shows phase boundaries describing the shape of a fish, the
called “fish cut”, and to (ii) the phase diagram representation used in Figure I-19(c) with surfactant/cosurfactant ratio of 1:1.

The aim here is to study the co-surfactant behavior of a highly hydrophobic extractant
molecule, here tri-n-butylphosphate (TBP), in comparison to classical n-alcohol co-
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surfactants. Therefore fish-cuts were realized with C8G1, water and dodecane by varying the
co-surfactant: n-pentanol, n-hexanol, n-octanol and TBP, see Figure III-4. For the sake of
clarity the fish diagrams were only partly plotted (whole diagrams are given in Annex C). For
the n-alcohol series, by increasing the chain length the fish is shifted both to (i) lower
surfactant concentrations and to (ii) lower co-surfactant to surfactant ratios. This can be
interpreted respectively as (i) an increase in the solubilisation efficiency25 i.e. less surfactant is
needed to co-solubilize water and dodecane, and as (ii) an increase in the hydrophobicity of
the co-surfactant, i.e. less co-surfactant is required to invert the system from direct to reverse
microemulsions. Such an evolution as a function of the alcohol chain length is usually
observed in microemulsions.25 Note also that the head of the fish becomes thinner as the
length of the n-alcohol increases. This is usually interpreted by an increase in the interfacial
film rigidity26-28 which becomes too stiff to accommodate water and oil i.e. to form a
bicontinuous structure usually observed in Winsor III microemulsions. When rigidity
diverges, phase diagrams become temperature insensitive and phase limits are then imposed
by local packing constraints.29
In the case of TBP the fish diagram is comparable to the one obtained with n-pentanol but
only very slightly shifted to higher surfactant concentrations. Hence TBP is identified as an
efficient co-surfactant to form microemulsions and is just a little less efficient in terms of
solubilization power compared to n-pentanol.
It is interesting to note that the fish diagrams in Figure III-4A are represented as usual with
the mass fraction of co-surfactant and surfactant on the y and x-axis. If a mole representation
is used, for example by plotting

versus the mass fraction of surfactant, the fish determined

for TBP is shifted far below the “fishes” corresponding to the n-alcohol series, see Figure
III-4B. Therefore TBP is far more efficient in mole compared to n-alcohols, e.g. three times
more efficient than n-pentanol, in changing the microemulsion curvature. Since TBP has three
saturated hydrocarbon chains, this shows that it forms a mixed film with C8G1.
The influence of the presence of salt on the fish cut was also studied for TBP by using
Nd(NO3)3 0.3M instead of pure water, see Figure III-4A. Neodymium salt was chosen
because it is supposed to have the greatest effect due to (i) its three charges and (ii) its strong
interaction with TBP i.e. which is known to form a complex with Nd3+ 30,31.A slight shift in
the solubilization power to lower surfactant concentration is observed in presence of Nd3+.
Moreover the phase transition appears slightly at higher co-surfactant to surfactant ratios. This
is likely to be related to a salting-in effect, subsequent to ion adsorption at the TBP
functionalized interface. This leads to an increase of the hydrophilicity of organic molecules
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i.e. it increases the film curvature towards water. Nevertheless addition of salt on the studied
system affects only slightly the phase transitions. This is not surprising because salt addition
is well known to have large effects on Winsor type system based on ionic surfactants and only
slight effects on non-ionic ones.32 Hence this observation is here confirmed with TBP, a nonionic extractant, as co-surfactant and with a non-ionic surfactant. Using TBP in the presence
Nd3+ does not affect much the phase transitions. We will now go further by studying the
microemulsion structure for alcohols and TBP.
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Figure III-4 Fish cuts for the different co-surfactants, pentanol (squares), hexanol (triangles), octanol
(rhombi), TBP (arrows) and TBP with addition of Nd(NO 3)3 (0.3M) (stars) as a function of the total
surfactant mass fraction, wSURF. The classical mass representation is given in A) whereas B) shows the
mole representation, with the co-surfactant/surfactant molar ratio on the y-axis

III.1.4 Microemulsion structure and effect of salt

III.1.4.1 Determination of the water volume fraction in the microemulsion
Volume fraction of the aqueous phase in the microemulsion (

W)

gives important information

on the microstructure. The system structure tends to oil-in-water and water-in-oil systems
when

W

is above and below 0.5 respectively, whereas bicontinuous structure appears at

W

around 0.5. The water content was determined by the method of Karl-Fischer. By using the
densities of the microemulsions and the corresponding aqueous phases, containing salts at a
concentration of 0.3M, the water content (in g H2O/g microemulsion) was converted into
volume fractions of the aqueous phase in the microemulsion (
The values of

W

W)

with an accuracy of 1%.

decreases systematically by increasing , see Figure III-5. This reflects the

evolution from direct water rich swollen micelles (oil in water) to the oil rich reverse micelles
(water in oil) via the bicontinuous microemulsion. The water content of the microemulsion
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varies slightly with the different salts. At = 2.0 the water content,

W,

in microemulsion is

always higher for hexanol than for TBP as co-surfactant, e.g. by comparing B1/D1 or B2/D2
samples (see Table III-1). This has to be related to the larger curvature towards the aqueous
phase for the hexanol E compared to the TBP E. This result confirms that TBP is far more
efficient than hexanol in changing the microemulsion curvature.

Figure III-5 Volume fraction of water in the microemulsions ( W) versus the co-surfactant/surfactant
molar ratio for hexanol microemulsions (full symbols) and for TBP microemulsions (empty symbols):
without salt (stars), LiCl (squares), LiNO3 (circles), Nd(NO3)3 (triangles)

III.1.4.2 SANS - The scattering peak.
In order to study the microstructure of the microemulsions and to access to their length scales
SANS experiments were carried out. The goal here is to highlight (i) the effect of TBP and
hexanol as co-surfactant and (ii) the effect of the nature of salt on the bicontinuous structure
of microemulsions at a given composition. To do so the Winsor III samples B and D were
compared. Figure III-6 shows then the bulk contrast scattering curves for TBP and hexanol
microemulsions at

1.9 in the presence of 0.3M LiCl, LiNO3 or Nd(NO3)3 plotted in a log-

log representation.
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Figure III-6 Neutron scattering intensity in absolute scale, I(q), as a function of wave vector, q, for
samples B and D at = 1.9 containing either hexanol or TBP as co-surfactant and different salts or no salt;
for clarity reasons the curves were displaced by a factor of 2 for hexanol microemulsion and ½ for TBP
microemulsions. The solid lines correspond to the best fit obtained with the Teubner Strey model

As it is usually observed with bicontinuous microemulsions the scattering curves show a
characteristic interaction peak. Interestingly a structure peak is obtained with TBP as cosurfactant indicating that it forms microemulsions as it is the case with hexanol. The spectra
can be adjusted with the Teubner-Strey model33 see Figure III-6, which can be used to derive
three scalars a, b and c without reference to any microstructure:

I (q)

1
a bq² cq 4

I incoh

equation III-2

where I(q) is the neutron scattering intensity in absolute scale in cm-1, q is the wave vector,
defined as q = 4π/λ.sin(θ/2) with θ the scattering angle and λ the wave length of the incident
beam, and Iincoh is the incoherent background.
If the correlation function of the microstructure can be represented as wavelet42, the scalars a,
b and c can express the characteristic length scales, i.e. the persistence length ξTS and the
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domain size D*TS of the bicountinuous structure, which are defined by equation III-3 and
equation III-4. The resulting fits of the scattering curves are represented in Figure III-6.
0 .5

a
0 .5
c

b
0.25
c

equation III-3
0 .5

D

*

2

a
b
0 .5
0.25
c
c

equation III-4

where a, b and c are fitting parameters. The accuracy on ξTS and D*TS values is around 0.1nm.
Moreover the so-called amphiphilic factor fa can also be determined according to equation
5.34, 35
fa

b
(4ac)

1

2

equation III-5

The factor fa amounts to 1 for the disorder line, where the solution loses its quasiperiodical
order.36 The liquid crystalline lamellar phase corresponds to fa= -1.35 These values delimit the
region, where microemulsions may be found.37 The factor fa ranges between -0.9 and -0.7 for
well-structured

bicontinuous

microemulsions.34,

35

The

values

obtained

here

for

microemulsions containing hexanol as co-surfactant range between -0.6 and -0.7 (see Table
III-2) which is close to values obtained for well structured microemulsions. Moreover
microemulsions for which the alcohol is replaced by the more bulky TBP slightly decrease the
amphiphilic factor, here between -0.4 to -0.6. This can be explained by the decrease of the
stiffness of the interfacial film for the case of TBP.
The values of fa, D* as well as ξTS are listed in Table III-2. The persistence length is around
one third of the domain size, ξTS / D* ~ 1/3. This ratio appears to be slightly lower for TBP
than for hexanol systems. This is mainly due to a lower persistence length of the interface for
TBP- compared to hexanol-microemulsions whereas the domain size is less affected. The
persistence length informs about the stiffness of the surfactant/co-surfactant film, the shorter
the persistence length the softer the monolayer. The persistence length can be related to the
bending constant (

c)

of the film by equation III-6
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t . exp

2 .K c
k bT

equation III-6

where t is the film thickness and kbT the thermal energy.26 For our systems the persistence
length for microemulsions without salt (samples B1 and D1) differs significantly, from about
one nm, from hexanol to TBP at exactly the same sample composition. It can be therefore
concluded qualitatively that mixed surfactant films containing hexanol as co-surfactant are
less fluid than those containing TBP. This simplistic argument ignoring any local
microstructure is in good agreement with the discussion on the fish cut diagrams. Indeed the
conclusion that the stiffness of the film is highly dominated by the chain length and the
number of chains of the co-surfactant used to form the three phase microemulsions.
According to Schulman et al.17 and De Gennes et al.26 co-surfactants increase the disorder of
the interfacial film that consequently makes the film more fluid. This seems to be even more
pronounced for bulky co-surfactant like TBP compared to single chain alcohols.
For TBP and hexanol microemulsions at the same composition but with salt in the aqueous
phase, differences in the length scales of the microemulsions are observed. Microemulsions
formed with hexanol and containing salt (LiCl, LiNO3 and Nd(NO3)3 at 0.3M, sample B2, B3
and B4, respectively), show an increase in both the persistence length and the domain size,
resulting in a constant ξTS / D* value. In the case of TBP microemulsions (sample D2, D3 and
D4) a different behavior is observed. As the persistence length increases by varying the type
of salt the domain size of aqueous phase or organic phase remains unchanged. As it was
already discussed above this might be a consequence of the decreased stiffness of the
interfacial film. Softer interface does not necessarily force the system to enlarge the domain
size whereas more rigid interface tends to form larger domain sizes.
We can compare our findings to SANS measurements performed by Wellert et al. on three
phase microemulsions composed of alkyloligoglucoside surfactant, pentanol and biodiesel
oil.38 In this study the persistence lengths are about 4.5nm and the domain sizes are also
slightly higher than in our case, about 13nm. As for our microemulsions with hexanol ξ TS / D*
values are about 1/3. This means (i) that the microemulsion structure observed in reference
[38] is comparable to the hexanol microemulsions studied here and (ii) that TBP induces a
change in the microemulsion structure that is sensitive to addition of salts. This is due to the
presence of the three alkyl chains and the chelating polar part of TBP.
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III.1.4.3 SANS: The Porod region and the invariant.
At large q values the scattering cross section decreases as q-4, known as Porod decay, until the
incoherent background scattering Iincoh is reached. The internal interface or specific surface
(S/V or ) can be determined from the large q part of the spectrum after background (IIncoh)
subtraction.41 In our case, the Porod regime is observed even without subtraction of the
background (Figure III-6).
lim I (q)q 4

2

2

q

equation III-7

equation III-7 describes the Porod’s limit where Δρ is the scattering length density differences
between the polar deuterated and the apolar hydrogenated part.39, 40 Δρ values (see Table III-2)
were estimated from the composition of the aqueous and oil phases (see Annex). The
accuracy of the Δρ and

values are estimated to be around ±0.1 1010 cm-2 and ±0.05 10-6cm-1,

respectively. The Porod regime is only obtained, if a sharp interface separates two media of
different scattering length densities.39 This hypothesis is verified by evaluating the so-called
experimental invariant (Qexp, equation III-8), which is a general property of scattering spectra
and is calculated from the scattering intensity. 41
I ( q ) q 2 dq

Qexp
0

equation III-8

Qexp is then calculated after background subtraction in the whole accessible q-range. The
invariant can also be calculated theoretically (Qtheo, equation III-9) from the volume fraction
of the polar phase

W

and the scattering length density contrast Δρ. When both invariants are

known with good confidence Qtheo /Qexp represents the accuracy of the calibration. Qexp and
Qtheo are indeed comparable (see Table III-2).

Qtheo

2

2

(1

)

2

equation III-9
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Sample

Φw

Δρ

Iincoh

1010cm-2 106cm-1

name

Qtheo/Qexp

fa

cm-1

ξ

D*

nm

nm

ξ/D*

B1

0.36

6.6

2.58

0.43

1.18

-0.69

3.7

10.8

0.35

B2

0.37

6.6

2.21

0.42

1.26

-0.69

3.8

10.9

0.35

B3

0.35

6.7

2.05

0.41

1.18

-0.65

3.9

11.3

0.35

B4

0.34

6.8

2.08

0.40

1.25

-0.66

4.3

12.5

0.35

D1

0.22

6.5

2.02

0.58

1.02

-0.50

2.8

10.4

0.27

D2

0.24

6.5

2.80

0.51

1.12

-0.44

2.7

9.7

0.28

D3

0.25

6.6

2.63

0.44

1.20

-0.48

2.9

9.8

0.29

D4

0.26

6.7

2.24

0.50

1.29

-0.58

3.3

10.2

0.32

Table III-2 Results of the Karl-Fischer measurements and of the SANS data treatment of the system
D2O/C8G1/dodecane/salt/co-surfactant: water volume fraction of the microemulsion, Φ W, difference in the
scattering length density between the aqueous phase (water/salt) and organic phase
(dodecane/cosurfacatnt), Δρ, specific surface, Σ, incoherent scattering, Iincoh, theoretical and experimental
invariant, Qtheo and Qexp, amphiphilic factor fa, correlation length ξ and domain size D*

III.1.4.4 Determination of the microstructure: dilution plot.
Another approach to describe microemulsion structures is to treat the problem purely
geometrically by assuming that the cost of deviations from the optimal volume fractions,
interfacial area, and curvature is sufficient to justify treating these as constraints. 18,

29

The

practical method to study microemulsions structures is to draw a dilution plot of the
dimensionless quantity

versus

W

and to compare the experimental values to theoretical

predictions that describe different topologies (see Figure III-7). A critical description of
existing models for microemulsions is given in reference [29]. It is known for a long time that
different types of microstructures, isolated droplets, flexible random films, connected
cylinders have similar scattered pattern showing a broad scattering peak which can always be
fitted by the Teubner-Strey model.
The most pertinent models for the description of microemulsions are exposed here. The cubic
random cell (CRC) model assumes a set of cubes filled randomly with aqueous and organic
phases and gives this simple analytical expression:

=6

W(1- W).

This model holds for
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bicontinuous structures and gives usually good approximation for flexible interfaces. If
curvature constraints come into play gradual transformation from droplets to locally
connected cylinders and finally to disordered lamella (sponge or vesicles) is more relevant.
This consideration is taken into account in the disordered connected models (DOC) for
cylinder and lamella that are valid whenever fluctuations are not domain. A set of DOC
models of different local microstructures can be constructed on a Voronoї cell tessellation of
space, yielding a complete set of microstructures ranging from isolated spheres via connected
cylinders to disordered lamellae. The input values are

W

and

Karl-Fischer measurement and Porod’s tre

8G1)

chain length in an extended conformation (11.6 Å). For the DOC lamella model the
asymmetry parameter Ψ was fixed at 0.3 corresponding to the case of an asymmetric sponge
structure. For the DOC cylinder model the connectivity Z was varied from 2, 3 to 5
corresponding respectively to cylinders, connected cylinders and network of cylinders. For the
case of repulsive spheres the analytical relation is

= 4.326

2/3 42
W .

The dilution plots corresponding to all these models are plotted in Figure III-7 compared to
the experimental data for the hexanol and TBP microemulsions with or without added salts.
For the hexanol microemulsions it can be noted (i) that the

D* values are close to the

prediction of the DOC cylinder model with a connectivity of 2 and (ii) that the effect of
adding salt, as well as the type of salt added, does not influence significantly the D* values.
On the contrary TBP microemulsions show large differences in their D* values according to
the nature of the salt added. The experimental

D* values range from the DOC cylinder

model with a connectivity from 2 to 5 to the DOC lamella model, respectively, for
microemulsions containing Nd(NO3)3, no salt or LiNO3 and LiCl. Consequently the addition
of LiNO3 has nearly no effect on the microstructure whereas Nd(NO3)3 and LiCl decreases the
connectivity of the cylinders and leads to the formation of connected lamella. The DOC
cylinder model describes locally cylinder structures that do not show q-1 dependence in the
SANS or SAXS pattern. The sketched in Figure III-1 is a representation obtained for
connected cylinders with a volume fraction of 25% and a bending constant of 2kT
(reproduced from L. Arleth et al 29b).
The specific salt effect observed here can be discussed in terms of the Hofmeister series of
ions.43-45 In these series anions or cations can be classified according to their relative
effectiveness on a wide range of phenomena: colloid stability, ion binding to interfaces, 46
protein activity,47 or crystallization, etc. Ions with a strong propensity to adsorb at interface or
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to deplete from interface are usually referred as chaotrope (structure breaking such as NO3-)
and kosmotrope (structure making, such as Li+ and Nd3+). Chloride ions are usually
considered as neutral in terms of these two denominations. Consequently LiCl has a
kosmotropic effect and can lead to depletion at the water/oil interface that induces transition
from connected cylinder to locally lamellar structure by decreasing curvature. LiNO3 is
composed of a chaotropic anion and a kosmotropic cation and then has a rather neutral
Hofmeister effect that does not influence the microemulsion structure i.e.

D* remains

constant. Concerning the effect of Nd(NO3)3 it is known that TBP strongly interacts with
Nd3+,30, 31, hence the resulting salt effect is based more on complexation effect rather than
second order Hofmeister effect. The influence of Nd(NO3)3 on the microstructure is then
coherent with an adsorption of Nd3+ leading to a decrease in the cylinder connectivity. We
have shown in Chapter II that no detectable interaction takes place in water between the
studied ions and C8G1 i.e. no ion adsorption was observed at the C8G1 micellar surface.
Consequently all specific salt effects observed here are related to interaction between ions
with TBP at the oil/water surface in the microemulsion. This is confirmed here as the
microemulsion formulated with the non complexing co-surfactant (n-hexanol) does not show
any significant salt specificity.

Figure III-7 Dilution plot, D* versus W, the experimental values are given for the hexanol
microemulsions (empty symbols) and for the TBP microemulsions (full symbols): without salt (triangles),
LiCl (circles), LiNO3 (rhombis) and Nd(NO3)3 (squares). Theoretical predictions that describe different
microemulsion topologies are given in lines: CRC model (full lines), repulsive spheres (dashed lines), DOC
cylinder model (dotted lines) with a connectivity Z = 2, 3 and 5 and DOC lamellae model (dash-dot lines).
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III.1.5 Determination of the film composition
The film composition which consists only of surfactant and co-surfactant was determined by
chemical analysis of the excess phases since surfactant and co-surfactant are distributed
between excess and microemulsion phases.
The description of the interfacial film at the molecular level was investigated by performing
quantitative analysis in order to determine the composition of the mixed surfactant/cosurfactant film of the microemulsion. Basically in three phase Winsor type microemulsions
excess
the co-surfactant is distributed between the excess oil ( mcos
urf , oil ), the oil micro phase inside
µE
µE
the microemulsion ( mcos
) and the interfacial film ( mcos
). Therefore a mass action law
urf , oil
urf , film

can be expressed, see equation III-10.

mcos urf ,total

excess
mcos
urf ,oil

µE
mcos
urf ,oil

µE
mcos
urf , film

equation III-10
excess
with m cos urf ,total the total mass of the co-surfactant in the sample, mcos urf ,oil the mass of the coµE
surfactant in the excess oil, mcos urf ,oil the mass of the co-surfactant in the oil of the

µE
microemulsion and mcos urf , film the mass of the co-surfactant in the microemulsion surfactant

film.
Through density measurements of the excess oil phase and via a calibration curve (see
experimental part) the residual co-surfactant concentration was obtained. It is assumed with
good confidence that the composition of the bulk oil microphase inside the microemulsion is
the same as the composition of the excess oil phase.
The amount of co-surfactant implied in the formation of the surfactant film, in the
microemulsion, is then calculated from the difference between the total co-surfactant mass
fraction in dodecane (wcosurf, total) and the co-surfactant mass fraction in the oil excess phase
(wcosurf, excess), see equation III-11.

wcos urf ,total

wcos urf , excess

wcos urf , film

ncos urf , film M cos urf
m oil ,total

equation III-11
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with ncosurf,,film the mole number of the co-surfactant in the surfactant film, Mcosurf. The molar
mass of the co-surfactant and moil,total the total mass of oil in the sample.
In the same way a mass action law for the surfactant can be expressed, see equation III-12.
excess
The surfactant is distributed between excess water ( msurf
), the water micro domains inside
, water

µE
µE
the microemulsion ( msurf
) and the surfactant film ( msurf
).
, water
, film

msurf ,total

excess
msurf
, water

µE
msurf
, water

µE
msurf
, film

equation III-12

The main feature of three phase microemulsions is that the surfactant has a very strong
affinity for the interface. When equal quantity of oil and water are co-solubilized those
systems are called “balanced” or at “optimal formulation”. It appears when the surfactant has
exactly the same affinity for the oil as for the aqueous phase.48 Therefore in Winsor III
systems the surfactant is mainly present at the interface and is supposed to be in negligible
µE
excess
concentration in the water phase, meaning that msurf
and msurf
could be neglected over
, water
, water
µE
m surf

, film

. This was checked by measuring the total organic carbon (TOC) in the water excess

phase, see the results Table III-3. TOC is a sensitive method to detect quantitatively the
presence of carbon coming from residual surfactant and co-surfactant in water. It was found
that the carbon residual concentration ranges from 2.5 to 3.5 g of C per liter (g C/L) that is
less than the critical micellar concentration (CMC) of C8G1 in water (CMC ~ 22.10-2M i.e.
6.3g C8G1/L or 3.7g C/L). This means that only few monomers stay in the bulk water. This is
coherent with values found in the literature for other Winsor III systems.49 Hence nearly all of
the surfactant is located at the water/oil interface. Furthermore it is assumed that the
composition of the excess water phase and the water micro domains in the µE are the same.
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ncosurf
sample
name

TOC
[g/L]

ncosurf

ncosurf

excess oil interface
initial

[mmol]

[mmol]

total
[mmol]

Xinterface

interface

B1

3.56

1.8

0.863

0.707

1.570

0.48

0.928

B2

3.28

1.9

0.807

0.743

1.550

0.50

0.982

B3

3.71

1.9

0.819

0.767

1.585

0.50

1.020

B4

3.22

1.9

0.862

0.712

1.574

0.49

0.980

D1

n.d.

1.9

1.029

0.190

1.220

0.25

0.325

D2

2.79

2.0

1.100

0.215

1.219

0.27

0.373

D3

2.59

1.9

0.997

0.231

1.228

0.28

0.383

D4

2.49

2.0

1.020

0.180

1.200

0.24

0.314

initial

Table III-3 Comparison of the initial co-surfactant/surfactant molar ratio,
, and the molar ratio in
the interfacial film, interface, for the case of hexanol and TBP taking into account the co-surfacant or
surfactant concentrations in the bulk excess phases. The total organic carbon (TOC) of the excess aqueous
phases is expressed in g of Carbon per liter

From mass balance, the composition of the interfacial film expressed as the molar ratio of cosurfactant over surfactant at the interface,

interface

= ncosurf,,film / nsurf,,film with ncosurf,,film

calculated from equation III- and nsurf,,film = nsurf, total, is calculated and compared to the initial
co-surfactant/surfactant molar ratio values,
prepared with hexanol or TBP as co-surfactant

initial

, see Table III-3. For microemulsions

interface

values between 0.92 - 1 and 0.32 -

0.37 are obtained, respectively. Microemulsions containing TBP have three times less cosurfactant per mole at the water/oil interface than microemulsions containing hexanol. The
comparison between the two systems can be made since they show a similar phase behavior
and the initial conditions, as the surfactant, nature of the oil, salinity are identical. Tentatively
this difference can be explained (i) in terms of size of the co-surfactant since TBP has a cross
sectional area three times larger than hexanol and (ii) in terms of the affinity of the cosurfactant for the oil. TBP and hexanol are both highly soluble in the oil.
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In chapter I, we used three models in order to predict the composition of a mixed cosurfactant/surfactant film with zero spontanous curvature (i) the first based on the additivity of
the volume, area and length of the co-surfactant and surfactant in the film (Wedge model)
giving a similar prediction that (ii) a model used by biologists in the low co-surfactant content
in the film and (iii) a third model based on the additivity of the packing parameters in the
surfactant film, see Figure I-23 and Equation I-26 and Equation I-27.
A main feature of WIII microemulsions is their bicountinuous structure showing a near zero
spontaneous curvature i.e. packing parameter values around 1. In Figure I-23 for packing
parameters values around 1 the film compositions predicted by assuming the additivity of the
packing parameters are 0.33 and 0.53 in molar fraction (xinterface). The experimental molar
ratios

interface

expressed as molar fraction, see xinterface = 0.25 and 0.5 for TBP and hexanol

without salt in Table III-3, are then in good agreement with the prediction based on additivity
of packing parameters (Equation I-27). It is interesting to see that this model works well,
while the most used models for co-surfacatnt solubilisation do not work at all in the case of
TBP-C8G1. The reason for the failure of two popular models of surfactant films and the
success of simple linear additivity of packing parameters is a general open scientific question.
There are two competing mechanisms in the phase equilibrium: the incorporation of TBP at
the surfactant interface and the solubilization in the oil. This effect can be visualized in the
fish cut. In the low surfactant concentration regime the fish cut diagrams are distorted towards
lower co-surfactant/surfactant molar ratios. This means that a higher fraction of co-surfactant
is needed to obtain a balanced interfacial film. Indeed we can observe that

initial

>

interface

meaning that a certain amount of co-surfactant is solubilized in the oil. A horizontal fish could
therefore be obtained by pre saturation of the oil phase with the co-surfactant.50
Stubenrauch et al. studied microemulsion systems containing water, C8G1, cyclohexane and
geraniol, the latter being a doubly unsaturated monoterpenoid alcohol.49 They studied the
properties of geraniol as co-surfactant and co-solvent in 1:1 oil-to-water volume fraction
microemulsions. They found a mole ratio of geraniol in the interfacial film of around 0.28
corresponding to a geraniol to C8G1 ratio of about 2:5. Penders et al. reported for the system
water/n-octane/C8E5/1-octanol a ratio of alcohol to surfactant of 2:3.51 We find for hexanol
typically a mole ratio of one corresponding to a ratio of hexanol molecules to C 8G1 of 1:1
whereas for TBP the ratio is 1:3. Note however that comparisons to other data in the literature
should be made only for comparable systems since the nature of the oil or surfactant affects
spontaneous curvature. An illustration of the molecular organization of C8G1 with TBP in
balanced interfacial layers is proposed in Figure III-8. This is compared to a film of similar

156

Chapter III Liquid surfactant-extractant interfaces and WIII microemulsions

curvature containing n-hexanol, with an orientation of the hydrophilic phosphate groups
towards the water domains and the three n-butyl chains towards the oil domains.

Figure III-8 Scheme of the possible molecular organization of C 8G1/TBP (a) and C8G1/n-hexanol (b) in the
interfacial layer of balanced microemulsions.

III.2 Kinetics of liquid-liquid extraction – the effect of the presence
of microemulsion on the transfer of uranyl

III.2.1 General Introduction
Interfacial kinetics is an increasingly important subject for diverse fields such as nuclear
engineering, hydrometallurgy, biotechnology, etc. There is a need to better understand
interfacial mass transfer and several authors have proposed general reaction schemes or
models52. There is still no general agreement on the mechanism and so the rate determining
role of reactions that are placed at the interfacial region. Metal ion transfer is the most typical
example of an “interfacial reaction system”. The solute, here the metal is only soluble in the
aqueous phase and the transfer to the oil phase is accomplished by the oil soluble complexing
agent (extractant). This is represented schematically in Figure III-9.
Complex formation;
Diffusion from the interface

oil
EnMXz

nE +
MXz
Diffusion to the interface;
Chelating and water substitution;

iinntteerrffaaccee
water

Figure III-9 Scheme representation of the metal ion transfer (M metal ion and zX- counterion) with n
neutral ligand molecules (E) forming the hydrophobic complex EnMXz 52
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Besides the interfacial kinetics, the total mass transfer rate is also determined by the diffusion
of the reactant to the interface and diffusion of the products away from the interface.
Complications to study these systems arise when the transport rate is affected by both,
diffusional regime and the kinetic regime. Measurement techniques have been developed that
operate either in the kinetical regime or allow calculations of the diffusional component of the
mass transfer. These techniques have been constantly improved in performance, and advances
and studies are still in progress54-56. The aim is to improve the apparatus to obtain
homogenous phases by controlled stirring of each phase (control of diffusion), reduction of
the probe volumes by flow loops (which is achieved in the ARMOLLEX cell for example57)
and a quiescent interface (control of the interface areas). Mathematical modelling of the
experimental data is currently not available and strongly depends on the chosen liquid-liquid
system. Nevertheless the literature on this topic points out the importance of the interfacial
rate constant for the phase transfer.
Under this aspect it is well known from a technical point of view that the interface has to be
maintained in constant contact to yield good or sufficient separation. The interface can be
multiplied through vigorous stirring that emulsifies the immiscible phases. The phases have to
be carefully separated again when the extraction is finished. These are time and energy
consuming step in industrial process. To overcome this technically a patent by Bauer et al.
claims the benefits of thermodynamically stable microemulsions (Winsor III) on the process
of liquid liquid extraction58,

59

. The authors of the patent propose microemulsions that are

formed with an ionic or non ionic surfactant and n-alcohol as co-surfactant. The oil soluble
extractant is added to the oil. It has been shown for the stated experimental setup the
extraction time with a middle phase microemulsion for various extractants could be reduced
to a tenth of the extraction time in conventional liquid liquid extraction.
The specific surface

of WIII microemulsions, i.e. the total oil/water interface, is much

higher than for emulsions, as the water/oil domain size is decreased at least by a factor of
hundred from the micrometer to the nanometer range2. As the extraction kinetics rates are
proportional to the accessible water/oil surface, this makes WIII microemulsions, and more
generally microemulsions, very attractive for improving ion transfer from the water to the oil
phase.
In the following the extraction kinetics of uranyl nitrate in the WIII microemulsions systems
studied above, i.e. composed of water+LiNO3 1M/dodecane/TBP/C8G1, has been
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investigated. The kinetics was studied in “static” conditions, i.e. without stirring, and
compared to the kinetics obtained for the same systems but without surfactant i.e. classical
liquid/liquid extraction systems composed of water+LiNO3 1M/dodecane/TBP. The decrease
of uranyl concentration in the aqueous phase was followed with time directly by UV
spectroscopy and only the diffusional regime has been studied.

III.2.2 Experimental: Uranyl extraction kinetics
Aqueous stock solutions have been prepared to work in the following under exactly the same
compositions. The first stock solution (A) contained 10mM of UO2(NO3)2 in aqueous LiNO3
(1M). The appropriate amount of the crystal UO2(NO3)2*6H2O has been weighed in
volumetric flask and diluted in LiNO3 1M. A second stock solution (B) contained 10mM of
UO2(NO3)2 and 0.15 M of C8G1. The solids were weighed into volumetric flasks and diluted
with LiNO3 (1M).
The organic phases are composed of a mixture of TBP in dodecane at a certain concentration
and were pre-saturated with LiNO3 (1M). The calculated volumes of TBP and dodecane were
mixed, contacted to the equal volume of LiNO3 (1M). After saturation through shaking and
phase separation, the organic phases were employed for the extraction kinetics
measurements.
x
concentration
%(w/w) in phase

(Weight fraction

[mol/L]

in the mixture)

C8G1

LiNO3 (1M)

6.6%

0.15

0.025

TBP

dodecane

15%

0.54

0.082

molar ratio

3.6

Table III-4 Overall composition of the microemulsions employed for kinetics measurements. The
composition is also represented in the fish cut diagram in Figure III-11.
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Extraction kinetics without stirring (static)
The extraction of uranyl nitrate from the above described aqueous phases to the organic
phases has been followed by UV spectroscopy of the aqueous phase. 1.5 mL of the aqueous
phase has been placed into the UV spectrometer in a glass cuvette so that the light beam of a
fixed wavelength (414 nm) passes centrally through the bulk aqueous phase. 1.5mL of the
organic phase was then carefully added into the glass cuvette avoiding as much as possible
turbulences into the aqueous phase. Data acquisition, here the absorbance at 414 nm, was
started immediately and the background intensity (due to LiNO3 1 M) was subtracted. The
measurements were carried out in regular time intervals using the adapted software (CARY
UV SCAN Kinetics). When C8G1 was present in the aqueous solution the contact procedure
as described above was the same. After addition of the organic phase that contains TBP, the
middle phase forms spontaneously within 30 min.

Figure III-10 Picture of the UV quartz cuvette containing the samples probed in the kinetics
experiment. Left and middle: three phase system used for kinetics measurement with a water (lower)
phase, a microemulsion (middle) phase and the organic (upper) phase. The differences in the volume of
the microemulsion between the left and the middle one arise from different surfactant concentration.
Here kinetic tests were performed with a small volume of microemulsion (left) Right: For comparison
the biphasic liquid-liquid extraction sample with the lower water phase and the upper organic phase.
The picture was taken after the measurements and so represents the end of the kinetic experiment
(after two days). The yellow shade comes from the uranyl salt.

Extraction kinetics with vigorous stirring (dynamic)
For dynamic extraction kinetics the experimental setup was different. Aqueous stock solution
A and B (composition described above) were used. In two different Eppendorf tubes 0.7mL of
either A or B were placed. Simultaneously the aqueous phases were contacted to the same
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organic phase composed of TBP/dodecane (15%). The two tubes were mixed in parallel in a
vortex mixer at highest level (5) for 5, 10, 15, 30 or 300s, respectively. The tubes were placed
in an Eppendorf centrifuge for one 1min at 14000 rpm. The aqueous and organic phases were
separated immediately after centrifugation. Their metal ion analysis by ICP-AES gave the
percentage of extraction. This assures that exactly the same experimental procedure is used
for liquid/liquid extraction system and WIII microemulsion.

III.2.3 Influence of uranyl nitrate on the microemulsion phase diagram
and microstructure

Before performing the kinetics measurement we have to be sure that addition of uranyl nitrate
do not induce changes in the phase diagram and microstructure of the microemulsions. The
phase diagram is represented under its simplified form by fish cuts for fixed oil/water ratio
(1/1), in Figure III-11. It represents a zoom on the WIII region in the low C8G1 concentration
regime. It is observed that macroscopically the phase transitions from WI to WIII to WII do
not change significantly in the presence of salt (uranyl nitrate 10mM or neodymium nitrate
300mM).
The influence of adding uranyl nitrate at 10mM on the microstructure of TBP microemulsions
was investigated by small angle neutron scattering (SANS). D2O was used instead of H2O to
produce contrast in SANS, the experimental procedure was the same as the one described in
section III.1.2. Three compositions in the WIII regions were tested at different cosurfactant/surfactant molar ratio (

and

and at C8G1 mass fraction of 0.05, see

in Figure III-11. It is clearly seen that the presence of uranyl nitrate do not no affect the
scattering pattern hence the microstructure is the same determined above.
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0,16
0,14
0,12
0,1

w(TBP)

0,08
0,06
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0,02
0
0
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0,03

0,04
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0,08

0,09

w(C8G1)

Figure III-11 Zoom in the fish cut diagram for C8G1/TBP from 1 to 10 % of C8G1 (w(C8G1)). The
empty symbols represent the phase transitions from WI to WIII (lower limit) and WIII to WII
(upper limit) for microemulsions containing no salt (empty circles), neodymium 300 mM (empty
rhombi), uranyl 10 mM (empty rectangles); The triangle represents inside the diagram the three
phasic composition of the microemulsions used for kinetic measurements; the filled dots are
composition of the samples used for the microstructure determination by SANS.
1000,0

10,0

-1

I(Q) [cm]

100,0

1,0

0,1

0,0
0

1

10

Q [nm-1 ]

Figure III-12 SANS spectra of TBP-C8G1 microemulsions with (symbols) and without (solid lines)
uranyl 10mM; For = 1.2 (circles) =1.7 (rectangles) and = 2.1 (triangles). The microstructure is
not affected by the presence of the metal ion
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III.2.4 Kinetics of uranyl nitrate extraction in Winsor III systems under
static conditions
The extraction kinetics of uranyl nitrate in WIII microemulsions systems composed of
water+LiNO3

1M/dodecane/TBP/C8G1

has

been

concentrations (10mM, 15mM and 30mM) and with

investigated

at

different

uranyl

=3.6, 15%(w/w) TBP in dodecane and

surfactant mass fraction 6.7%(w/w) in LiNO3 1M, Table III-4. The formulation of the
microemulsions was chosen so to have low surfactant concentration in the system and to be
situated in realistic extraction conditions (>10% of TBP). Therefore the volume of
microemulsion between the organic phase and the aqueous phase is held small, it represents
around 5% of the total system (see photograph Figure III-10). The kinetics in WIII systems
are compared to the same systems but without surfactant i.e. corresponding to classical
liquid/liquid extraction systems composed of water+LiNO3 1M/dodecane/TBP.
The extraction kinetics was investigated under static conditions, without stirring, by the
decrease of uranyl concentration in the aqueous phase using UV spectroscopy. The
absorbance of uranyl at 414 nm, the maximum absorbance of uranyl in LiNO3 aqueous
solution (see chapter II), was monitored as function of time, see Figure III-13. The whole
graphs in it normalised and not normalised form are given in Annex C. A decrease in the
absorbance is directly related to a decrease in the uranyl concentration in the aqueous
solution, see Chapter II. At time t=0 (initial conditions) the metal ion concentration is the
highest, A0 is defined as the absorbance at time t=0 and is the maximum absorbance value.
The decrease in the uranyl aqueous concentration is expressed by the ratio At/A0 where At
corresponds to the absorbance at time t.
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A/A0 @414nm

1,05

µE U 30mM tbp 15%

1

liq liq U 30mM TBP
15%

0,95

liq liq U 15mM TBP
15%
µE U 15mM TBP 15%

0,9
liq liq U 10mM TBP
15%
0,85

µE U 10mM TBP 15%

0,8

0,75
0

200

400

600
t (minute)

800

1000

Figure III-13 The normalized absorbance, A/A0 for different uranyl concentration (10mM, 15mM and
30mM) as a function of time for microemulsions and classical solvent extraction systems (see legend
inside graph).

The curves in Figure III-13 show a similar shape for the three uranyl concentrations, for
liquid/liquid extraction systems and microemulsions:
A) a plateau region at the beginning of the reaction where no significant changes in the
uranyl concentration can be observed A/A0 ~ 1= const.
B) onset of the bulk absorbance decrease nearly linearly between 100 to 300 minutes; the
linear decrease is typical for steady state so it can be used to determine the
characteristic dimensionless extraction rate

which is defined by equation III-13

A/A0 =

· t + const

equation III-13

If the molar extinction coefficient of uranyl is known the equation III-14 can be
written
c(t) =

c

· t + c(0)

equation III-14

with

c

-1

-1

[molL min ] related to the change in the concentration per time unit

C) for longer times the extraction rate diminishes constantly to lower values
D) the maximum uptake of uranyl with 15% of TBP in dodecane is not achieved within
two days (~3000 minutes). At the thermodynamic equilibrium (after violent stirring
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with a vortex for 3 minutes) the A/A0 is for example around 0.25 for a uranyl
concentration of 10 mM.
The rate of extraction varies in a complex manner both with the rate constants for the
corresponding complex formation and their stability constants. For this reason, studies on the
mechanism of the reactions determining the rate of extraction in which no account was taken
of complex formation in general give erroneous results60. Here we describe kinetics curves
that are monitored without stirring or agitation of the immiscible phases. Hence the interfacial
area does not change in this case and the extraction rate is only diffusional controlled. By
following the absorbance of the extractable salt at one fixed region in the bulk, we indirectly
probe the diffusion of uranyl to the macroscopical interface water-oil or water-microemulsion.
Some tests were done in dynamic conditions (see Experimental and Figure III-14) by stirring
but in that case the extraction was too fast, the thermodynamic equilibrium with an extraction
of 75% of uranyl by TBP was reached even after short mixing time (5s). With the
experimental procedure we applied it was not reasonable to decrease the stirring time below
5s, it would lead to large uncertainty on the measures. Hence we cannot conclude here on the
influence of the presence of a microemulsion in the system as the extraction kinetics is far too
rapid in dynamic conditions.
[UO22+]0

[C8G1]0

mmol/L

mol/L

ME

10

0.15

15

-0.85

1.02

L/L

10

0

15

-0.74

1.05

ME

15

0.15

15

-0.75

1.04

L/L

15

0

15

-0.43

1.05

ME

30

0.15

15

-0.65

1.05

L/L

30

0

15

-0.36

1.04

System type

%TBP

A0
min

Table III-5 Results of the kinetics measurements of the extraction of uranyl by TBP without mixing using
a middle phase microemulsion (ME) or classical liquid liquid extraction setup (L/L). The extraction rate
is calculated using equation III-3.

The calculated

values, obtained from the linear part of the extraction curves, are listed in

Table III-5. The extraction kinetics are improved by a factor of around 2 for 15 and 30mM
uranyl nitrate, this is clearly seen in Figure III-13. Consequently the presence of a small
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amount a microemulsion between the aqueous and the organic phases contributes to
accelerate the ion transfer. The large oil/water interface in microemulsion, expressed as
specific surface

determined by small angle neutron scattering in section III.1.4.3, is likely

to be involved in the improved extraction kinetics. For microemulsion the surface of contact
between the aqueous and the organic phases can be evaluate from the specific surface (around
106cm-1 or 100m2/g see in section III.1.4.3) and the volume of the microemulsion (around
0.15mL). This gives a total surface of around 105cm2 whereas for liquid/liquid extraction
systems the surface of contact between the aqueous and the organic phases are equal to the
cross section of the quartz cuvettes used i.e. 1cm2.

85

% extraction UO2 2+

80
75
70
65
60
55
50
0

50

100

150

200

250

300

350

time (s)

Figure III-14 Extraction of uranyl as a function of the stirring time after contacting the organic phase
composed of 15% TBP in dodecane to the aqueous stock solution A (rectangles) or to the aqueous stock
solution B (circles)

III.3 Conclusion of Chapter III

It was proved here that TBP, a benchmark ion extractant used in liquid/liquid extraction
process, can play efficiently the role of a co-surfactant in the formation of balanced
microemulsions. The phase diagram of TBP microemulsions in the three phase region is
comparable to the ones formulated with the more classical co-surfactants: n-pentanol and nhexanol. However TBP appears to be three times more efficient per mole than hexanol in the
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formation of three phase microemulsions. This effect is reflected in the interfacial film
composition with a co-surfactant to surfactant mole ratio of 1:3 for TBP and 1:1 for nhexanol. This is directly related to the difference in the packing of TBP and hexanol, TBP
having three alkyl chains compared to one for n-hexanol. The film composition was indeed
predicted in Chapter I by considering ideal surfactant/co-surfactant packing in the interfacial
film. It is interesting to note that the film composition is “adjusted” in order to obtain a near
zero curvature of the interfacial film, a condition necessary for the formation of three phase
microemulsions. Moreover it was observed that replacing hexanol by TBP also induces a salt
dependence on the microemulsion structure. A subtle change in the microemuslion structure
according to the type of salt added is highlighted in the

vs.

W

dilution plot. This effect

was rationalized in terms of Hofmeister series and the complexant property of TBP.
In static conditions, microemulsions formulated with TBP have shown an improved uranyl
extraction kinetics compared to the liquid/liquid extraction systems. The large accessible
oil/water interface in microemulsions is proposed to be involved in the increase in the uranyl
extraction rate.
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Conclusion
Since the pioneering work of Osseo-Assare in the early 90’s, showing the presence of
extractant aggregate in organic phases, the investigation of the amphiphilic behaviour of
extractants has found a growing interest in the literature, as it gives explanations to the
changes in physical properties of extraction systems. The first achievement of using a
colloidal approach to investigate solvent extraction was probably the elucidation of the
mechanism of the third phase formation which is a major limitation for the process. The third
phase results from a collapse of extractant reverse micelles subsequent to an increase in the
attraction potential between the micelles caused by their loading in acid and/or salt.
Surfactant systems also form in given experimental conditions (chemical and physical) three
liquid phase systems, called Winsor III, but their formation has a different origin. It is
obtained in water/oil/surfactant mixture either by changing temperature or by adding a cosurfactant which aims at tuning the surfactant film flexibility to incorporate (solubilise) more
aqueous or organic phase.

This thesis takes part in filling the gap between solvent extraction and surfactant science
communities by mixing surfactant and extractant that is investigated as co-surfactant in the
formation of Winsor III microemulsions.

Many concepts used in surfactant science were reviewed in Chapter 1 with a constant effort to
draw up the comparisons between extractants and surfactants in terms of their amphiphilic
behaviours. Hence the description of phase diagrams was proposed for extraction systems. A
thermodynamic model was developed based on molecular geometric constraints in the
extractant film, forming the reverse micelles. It enabled the prediction of water solubility in
the extractant reverse micelles as well as their polar core radius usually determined
experimentally by fitting procedure of the SAXS pattern. The next step is the extension of this
model by taking into account electrostatic effects and ion polarizability, which is known to be
at the origin of ion specific effects in aqueous solution (Hofmeister effect). It should enable in
the future to predict salt solubility in reverse extractant micelles as well as the ion competition
taking place in ion separation processes.

In the second chapter it was shown, from the combination of UV-Vis, SAXS and ion flotation
process that no strong attractive interaction takes place in aqueous solution between the
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glucose moiety of C8G1 and uranyl or neodymium ions, even at high salt concentrations (and
ionic strengths). Then, the investigation of salt effects in microemulsion formed by mixed
C8G1/TBP film has been safely discussed in terms of the consequence of ion-TBP
interactions. Nevertheless sugars show a great variety in terms of their conformation, their
oligomers and some of them show promising property toward ion complexation. For example
galactose is reported to strongly interact with lanthanides due to the suitable spatial
arrangements of its three hydroxyl groups, axial-equatorial-axial. Therefore galactose based
surfactants make good candidates for “green” ion extraction by flotation technique.
In the last chapter the role of TBP as co-surfactant in the formation of Winsor type
microemulsions was highlighted by the fish cut phase diagrams of TBP microemulsions and
compared to the systems formulated with the more classical co-surfactants: n-pentanol and nhexanol. TBP appeared to be three times more efficient in mole than hexanol in the formation
of three phase microemulsions. This effect was reflected in the interfacial film composition
with a co-surfactant to surfactant mole ratio of 1:1 for n-hexanol and 1:3 for TBP. This was
directly related to the difference in the packing of TBP and hexanol, TBP having three alkyl
chains compared to one for n-hexanol. Interestingly the film compositions obtained for TBP
and hexanol were predicted in Chapter I by considering ideal surfactant/co-surfactant packing
in the interfacial film. Moreover it was observed that replacing n-hexanol by TBP also
induces a salt dependence on the microemulsion structure. A subtle change in the connectivity
of the microemulsion structure according to the type of salt added was highlighted. This effect
was rationalized in terms of Hofmeister series and the complexant property of TBP.
The Winsor III microemulsion systems containing TBP have shown, in static conditions,
improved uranyl extraction kinetics compared to the liquid/liquid extraction systems. The
large accessible oil/water interface in microemulsions is proposed to be involved in the
increase in the uranyl extraction rate. Only a small amount of non-complexing surfactant (less
than 3.5% in C8G1) was enough to increase significantly the extraction kinetics.
It is interesting to note that the procedure we used in the present work to study the cosurfactant or amphiphilic behavior of TBP can be extended for the study of other extractants.
Hence

it

should

enable

a

classification

of

extractants

in

terms

of

their

hydrophobic/amphiphilic character. As the extraction kinetics of uranyl with TBP is too fast
under dynamic conditions, it should also be interesting to investigate, with a similar
procedure, extraction systems showing slow extraction kinetics such as systems containing
bis-triazinyl pyridines (BTPs) or bis-triazinyl bipyridines (BTBP) as extractants.
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Annex A - Technical

Materials
The surfactant n-octyl- -glucopyranoside (C8G1, C14H28O6, purity >97%) was purchased from
Anatrace (Ohio, USA). The hydrocarbon dodecane (C12H26, purity 99+%) was provides by
Fluka, the alcohols n-pentanol (C5H12O, purity 99+%), n-hexanol (C6H15O purity +98%), noctanol (C8H18O, purity +99%) were purchased from Sigma Aldrich. Tributylphosphate
((C4H9O)3PO, TBP, purity +98%) was purchased from Prolabo. Salts were dissolved in
destilled water (MilliQ) or in D2O obtained from Sigma Aldrich with a degree of deuteration
> 99.9% for small angle neutron scattering, respectively.
The following salts were used: Lithium chloride (LiCl), Lithium nitrate (LiNO3) and
Neodymium (III) nitrate hexahydrate (Nd(NO3)3*6H2O),. The purity of these salts which were
provided by Sigma-Aldrich was >99%. UO2(NO3)2*6(H2O) was obtained from Atalante
facility, CEA Marcoule, France in its crystal form with a purity of >98%.
All chemicals were used as delivered.

UV Spectroscopy
UV spectra were recorded using the single beam Cary 50 UV-Visible Spectrophotometer
(Varian) with a scan wavelength range of 190-1100 nm. Samples were filled in either plastic
cuvettes or in Quartz cuvettes. After measurement data treatment was performed using the
Cary WinUV software.

Induced Coupled Plasma – Absorption Emission Spectroscopy
(ICP-AES) measurements
The Inductive-Coupled Plasma Optical Emission Spectroscopy (ICP-OES) is a measurement
technique, which allows quantitatively determine the content of elements (metals, metalloids,
halogens) in a liquid or solid multi-element sample. It bases on the atomic emission
spectroscopy (AES) which uses the principle that elements radiate at characteristic
wavelengths upon excitation. Here, the excitation of the elements is achieved by introducing
them in an Argon-Plasma.
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The sample is introduced in the plasma in which most of the elements are efficiently atomised
and ionised. A transfer optics feeds the radiation from the atoms and ions into the optical
system. The intensity of optical emission lines is proportional to the concentration of the
element and is measured by a semiconductor (CCD) area detector. In order to obtain
quantitative results, the device has to be calibrated with standard element solutions of known
concentration prior to each measurement.
The experimental setup used for this study is a Spectro ARCOS ICP-OES device (shown in
figure–A.11), which is equipped with a circular detector consisting of 32 linearly aligned
CCD’s each having a resolution of 3648 pixels covering wave lengths from 130 to 770 nm.
The resolution of the detector is 8.5 pm from 130 – 340 nm and 15 pm from 340 – 770 nm
with a dynamic range of eight orders. The CCD’s are read out simultaneously and a complete
spectrum is generated under two seconds. The circular polychromator (Paschen-Runge
design, optical components: MgF2, Zerodur structure) has a focal distance of 750 mm. The
radio frequency generator works at a frequency of 27.12 MHz and has a power output of 0.7
to 1.7 kW with an efficiency of 70 % and a stability of 0.1 %.
The sample analysis was carried out as follows: The samples were diluted to the appropriate
concentration range between 5 to 15mg/L with 2 % HNO3. Before each run a calibration was
performed with metal standards of known concentration (1.000 g/L) which have been diluted
to obtain standards at 0, 1, 5 and 15 mg/L. Each sample was measured three times for
statistical reasons and after the measurement the system was purged with 2 % HNO3. For
evaluation of the data, the peak positions have been corrected with respect to the peak
maximum in case of deviation. In this case the regression curve was recalculated and
subsequently also the element concentration in the sample.

Spectral emission lines of each element used for quantitative analyses
element

spectral lines (nm)

U

385.958

409.014

367.007

Nd

420.505

381.967

393.048
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Scattering techniques

Dynamic light scattering
Theory
Dynamic light scattering (DLS) is used to determine the average size of objects in a solution
with their corresponding size distribution. Therefore, the sample is positioned in a light beam
coming from a monochromatic light source, i.e. a laser beam at a fixed wavelength. Every
photon has to be in the same phase and frequency (coherence) in order to see if the
fluctuations of the scattering intensity come from sample. The particles in the sample scatter a
part of this light, but due to Brownian motion, their position varies with time leading to
speckles in the recorded scattering intensity as the constructive and destructive interferences
do not remain at fixed positions but move with particles. This temporal variation in the
scattering intensity is correlated with the particle movement. A schematic overview of a
general scattering set-up is given in Figure–A.3.

Figure–A.3: Schematic overview of a scattering setup. The incident beam of energy
Ei( i) and wave vector ki from a monochromatic laser light source is scattered at a
sample particle at angle resulting in a scattered beam of energy E ( ), k which is
recorded by a detector at distance L from the sample.



The wave vector of the incident beam k i has a magnitude of ki = 2 ·n0 /

i,

with

i

standing for the wavelength of the incident radiation and n for the refractive index of the
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material. The wave vector of the scattered radiation ks is related to ki by the scattering vector
   
Q k i k s . Q is defined as

Q

4 n0

sin

0

2

.

(Equation–A.4)

As mentioned above, changes in the frequency of incident light to scattered light are very
small in dynamic light scattering, the scattering process is quasi-elastic, we can thus set


k s k i . As the particles are moving constantly due to Brownian motion, they change their
position with time and the scattering (speckle) pattern will change from one configuration to
another. When comparing the scattering of one sample configuration at a certain time t with
the scattering at the next configuration at t+ t, one can establish a correlation between the
two signals by the correlation function written as

g

2

I Q, t I Q, t

Q, t

I Q

.

2

(Equation–A.5)

Equation (A-5) can be related to the normalised correlation function of the scattered light
g(1)(Q,t) by the Siegert relationship as:

g

2

Q, t

1

g

2

Q, t

2

.

(Equation–A.6)

where β is a spatial coherence factor depending on the geometry of the detection system. In a
monodisperse solution of spherical particles the decay of the correlation function with time
follows the relationship

g

1

Q, t

exp

where the decay rate

Q2D .

t

(Equation–A.7)

is defined as

(Equation–A.8)
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In the latter equation, D stands for the diffusion coefficient which is, in turn, linked to the
hydrodynamic radius rL by the Stokes-Einstein equation

D

k BT
6

rL

(Equation–A.9)

SQ

where kB means the Boltzmann constant, T the absolute temperature in Kelvin,

the sample

viscosity and rL the hydrodynamic radius of the diffusing particle. S(Q) is the structure factor
and accounts for the influence of interactions between the particles on D. In the case of dilute
surfactant solutions with sufficiently high concentration of background salt, interactions are
screened out and we can consider S(Q) = 1. It is thus possible to determine the particle size by
accurately performed light scattering measurements. Furthermore, the polydispersity index
(PDI) can be deduced from the scattering experiment. One approach which was also used in
this work consists in a cumulant analysis by expanding the correlation function as follows:

g 1 Q, t

exp

in which the cumulants

2

t

1

=

3,

2

2!

t2

3

3!

t3



(Equation–A.10)

are obtained by least square techniques. The first cumulant

provides the apparent hydrodynamic radius as explained above while the second cumulant
2/

2

contains information about the polydispersity of the sample. This type of analysis can

be applied in case of a narrow size distribution of objects in solution; for more concentrated
and polydisperse sample, inverse Laplace transformation and related methods (CONTIN
analysis) or the maximum entropy method are better suited for evaluation. In general, the
polydispersity index can be classified as shown in table–A.1.

Table–A.1: Classification of polydispersity indices
PDI < 0.05:

monodisperse distribution of particles

0.1 < PDI < 0.2:

narrow distribution of particle sizes

0.2 < PDI < 0.5:

Large size distribution

0.5 < PDI < 0.7:

very large size distribution

PDI > 0.7:

polydispersity too high to deduce reliable information
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The outcome of this data treatment procedure is plotted in form of a graph of scattering
intensity as a function of the size classes from 0.4 to 104 nm. The light scattering apparatus
used disposes a back-scattering detector optics fixed at 173°, schematised in figure–A.4.

Figure–A.4: Scheme of a back-scatter configuration at
a classical set-up with a detector position at 90°.

= 173° compared to

This configuration possesses some advantages as the light has not to travel through the entire
sample before arriving at the detector making it easier to analyse concentrated samples. Thus,
the influence of multiple scattering is efficiently avoided because its minimum is situated at
180°. Furthermore, large particles like dust contamination which present a major source of
error, scatter in forward direction which is why their contribution to scattering is reduced
significantly by using back-scatterer optics.

Experimental
Dynamic light scattering measurements have been carried out using a Malvern ZEN3600
Zetasizer Nano ZS apparatus at a fixed angle (173°, backscatterer). The wavelength of the 4
mW HeNe laser was 633 nm. The device allows conducting DLS and SLS measurements one
after another while keeping the sample at the same position. The detectable particle sizes
range from 0.6 nm to 6 µm and the molecular weight from 103 – 107 Daltons.
The prepared samples have been transferred into Quartz cell (Hellma) and sealed with a
Teflon cap. All measurements have been carried out at 21°C. Each measurement was repeated
twice.
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The data analysis was done by the DTS (Nano) software (V. 5.10) furnished with the
apparatus. The Smoluchowski algorithm was used to extrapolate the diffusion coefficient of
the aggregates and determine the intensity-weighted size distribution.
The result comprised one distribution of aggregate sizes and the calculated mean size of the
aggregates (z-average) is the size calculated for the first population.

Small angle x-ray and neutron scattering (SAXS, SANS)
Theory
Detecting smaller particle sizes consists in reducing the wavelength of the laser source, which
is done by using X-ray (or neutron) radiation. When measuring at low scattering angles
between 0.1 and 10°, we speak of Small Angle X-ray Scattering (SAXS or SANS for
neutron). Depending on the set-up and the wavelengths used, one is able to determine
structural features from 1 to several 100 nm making this technique ideal for analysing samples
containing small particles in nanometre scale. In X-ray scattering, the fluctuation in electron
density of a sample compared to the solvent is responsible for creating the scattering contrast
(Thomson scattering), which is nearly independent of the wavelength. Furthermore, the
scattering at small angles is completely elastic because the energy of the radiation is very high
compared to the samples’ excitation states. Hence, the same assumption holds as in the light
scattering section before, the scattering vector of the incident beam and the scattered beam are
equal and ks = ki = 2

. A scheme of a standard scattering set-up is given in figure–A.6.

Figure–A.7: schema of a SAXS or SANS set-up with the incident,
scattered and transmitted beams, the sample of thickness d in distance L
from the 2-D detector and the scattering vector Q.
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The typical Q-range obtained can cover three orders of magnitude in the reciprocal space,
ranging from 0.01 – 6 nm-1 when using a synchrotron (or a neutron) radiation source, which
corresponds to real space dimensions of 600 nm down to 1 nm. We can write the sample
scattering intensity as

I(Q)=

where

Vp

S(Q)P(Q)

(Equation–A.15)

denotes the volume fraction of the scatterer, Vp its volume,

the scattering contrast

between the sample and the solvent and with the scattering vector Q defined as Q =
4

·sin( /2). , the scattering length density (SLD) can be calculated for a given species as

ne d M N A
re ,
MW

(Equation–A.16)

where ne is the number of electrons an MW the molecular mass of the molecule, dM the
density, NA the Avogadro constant and re the electron radius.
I(Q) is usually measured in absolute units (cm-1).

SAXS measurements
Experimental
SAXS spectra were collected at the European Synchrotron Research Facility (ESRF) in
Grenoble (France) on the beamline ID02. The energy of the incident beam was selected at
12keV and the distance sample-detector was kept constant at 1m to access a q-range from 0.1
to 4.87nm-1 that corresponds in real space (2π/q) to a range from 1.3 to 62.8nm. Standard
procedures were applied at the ESRF to calibrate the q-range and to obtain the scattered
intensity in absolute scale, I(q) expressed in mm-1.
Subtraction of the background intensity was performed to obtain the absolute scattered
intensity of the micelles only (I(q)

C8G1micelles).

The background intensity comes from the

medium surrounding the micelles i.e. the aqueous solutions containing water and salt of
different types and concentrations. The presence of monomers, i.e. surfactants molecules
dispersed in the surrounding medium that do no participate to the formation of micelles, in the
aqueous solution is neglected.
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SANS Measurements
Theory
Neutron radiation is scattered by the nuclei of atoms. In the latter technique one benefits from
the different interaction of the neutron with a nucleus which is expressed by the scattering
length density (SLD). Consequently, each isotope has its SLD value. The most important
feature is the big difference of the SLD value between hydrogen and deuterium. Therefore all
samples have been prepared exclusively in deuterated solvents, which have been prepared
from Deuterium oxide (99.5 atom % D pure)

Experimental
Neutron scattering experiments were carried out at the Helmholtz Zentrum Berlin (HZB) in
Berlin, Germany on the instrument V4.19 Two wavelengths were selected, 4.5 Ǻ and 6 Ǻ. To
access a q-range of 0.03 – 4 nm-1 the sample to detector distances of 1, 2, 4, 8, and 16 m were
applied. Data were registered on a 64 x 64 two-dimensional detector, radially averaged and
converted into absolute units according to a standard procedure. The data treatment was done
by the software BerSANS available at HZB.
Some of the SANS experiments were also carried out at the Laboratoire Léon Brillouin (LLB,
Saclay, France) using the PAXE instrument.

Chemical-analytical techniques
Karl-Fischer Measurements
Determination of the water content of the µEs was carried out by a Coulometer, Metrohm KF
764 with a detection limit between 10 µg and 10 mg water per measurement. The coulometric
detection measures the generated iodine, during the reaction with water, which is related to
the initial water content. All titrations were carried out 3 times to minimize experimental
error. The µE probe was taken by a microliter syringe and rapidly injected via a septum into
the Karl-Fischer solution.
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Total organic carbon analysis (TOC)

Total organic carbon measurements were carried out by a TOC-V CPH from Shimadzu on the
excess aqueous phases. This measurement is based on an interference free method of
detecting CO2 down to 1µg/L (ppb). The diluted sample is injected onto a platinum catalyst at
680o C in an oxygen rich atmosphere. The carbon dioxide generated is carried by a carbon
free gas and measured with a non-dispersive infrared (NDIR) detector. The integration of the
peak area related to the region of adsorption of infrared light specific to CO2 (around
2350 cm−1) gives after background subtraction the concentration of the organic carbon
concentration. All measurements were repeated 3 times. The calibration of the apparatus
between 0 and 100 mg/L was done with the help of potassium hydrogen phthalate.

Density measurements of the excess oil phases
Microemulsion excess oil phase was measured at 25°C using a highly precise vibrating tube
densitometer, DSA 5000 (Anton Paar). A small amount of the sample (1mL) is injected into
the glass tube, where the temperature of the sample is stabilized by a Peltier element. All
density measurements are repeated 3 times and then averaged. The calibration of the
apparatus is done before each measurement using MilliQ water.
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Annex B - Computational

Script (written in FORTRAN) used to calculate the free energy of packing
(Gpacking)

of

extractant

molecules

using

the

molecular

geometrical

parameters.(Chapter I):
PROGRAM ELECSIMPLE
IMPLICIT NONE
DOUBLE PRECISION c,K,y,T,kB,celementaire,epsilon0,epsilonr,NA,
&nu1,nu2,z1,z2,pi,s1,s2,s3,G,LB,Ka,ctot,c1,c2,c3,D10,D20,alpha,
&kappa,eta,x3,
&p0,kstar,Veau,Vsel,Vtete, Vchaine,Nsel,Neau,Nagg,Vpolaire,R1,R2,
&x,p,kstartot,Gchaine,epsrcoeur,sigpeuhyd,Vcoeur,LBc,kappac,Gc,
&lng1c,lng2c,lngHS,GMSA,eps1,eps2,E1,E2,Gimages,Gdisp,alpha1,
&alpha2
c

=== Initialisation des constantes physiques et de l'electrolyte
T = 298.15D0
nu1 = 1D0
nu2 = 3D0
z1 = 3D0
z2 = -1D0
epsilonr = 78.3D0
eta = 0.89D-3
kB = 1.380658D-23
celementaire = 1.60217733D-19
epsilon0 = 8.85418781761D-12
NA = 6.0221367D23
pi = 3.141592653589D0
LB = celementaire**2/(4D0*pi*epsilon0*epsilonr*kB*T)

c

=== nombre de "molecules de sel" dans la micelle
Nsel = -0D0
Neau = -1D0
Nagg = 8D0
open(20,file='resultat.txt')
DO WHILE (Neau.LT.50D0)
Neau = Neau +1D0

c

=== Terme d'empilement des chaines
p0 = 2.0D0
kstar = 2.5
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c

c

c

c

=== volumes particulaires
Veau = 3D-29
Veau = (18*1D-3/NA)/1D3
Vsel = 1D-29
Vtete = 45D-30
Vchaine = 405D-30
=== calcul de p parametre d'empilement
Vpolaire = Neau*Veau + Nagg*Vtete +Nsel*Vsel
R1 = (3D0/4D0/pi*Vpolaire)**(1D0/3D0)
R2 = (3D0*Nagg*Vchaine/4D0/pi+R1**3)**(1D0/3D0)
x = R2/R1
p = 1D0/3D0*(x**2D0+x+1D0)
=== enthalpie libre associee
kstartot = Nagg*kstar
Gchaine = 0.5D0*kstartot*(p-p0)**2
print*,R1,R2,x
print*,Neau,p,Gchaine
write(20,*) Neau,p,Gchaine
ENDDO
close(20)

END
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Annex C - Supplement materials
1.) Complete “fish cuts” for different cosurfactants forming threephasic
microemulsions with the surfactant C8G1.

Figure-C.1: Fish cuts for the different co-surfactants used to form poly-phasic microemulsions:
pentanol (a), hexanol (b), octanol (c) and TBP (d). The points delimit the Winsor III region determined
visually after step by step addition of aliquots of C8G1 in the samples. Below and above this Winsor III
region corresponds respectively the Winsor I and Winsor II regions.
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2.) Complete kinetics curves recorded for different uranyl concentrations before
normalisation. The maximum absorbance (414 nm) and the normalized
absorbance is plotted against time.
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Figure-C.2: Kinetic curves of the extraction of Uranyl nitrate by TBP from an aqueous phase to the
organic phase (here dodecane) without a microemulsion phase (liq-liq) and with a microemulsion
phase (µE). For more detail on the phase composition see legend inside the diagrams.
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Resumé francais
de la thèse portant sur le sujet de l’

Extractant d’ion métallique en microémulsion:
de l’extraction par solvant à la science
colloïdale
Le but du travail est d’étudier la structure supramoléculaire de mélanges de
tensioactif hydrophile, n-octyl-beta-glucoside (C8G1), et d’un extractant
d’ions métalliques hydrophobe, le tributyl-n-phosphate (TBP), en présence
d’eau, d’huile et de sels.
Les systèmes classiques d’extraction ionique (composés d’une phase aqueuse,
d’huile et d’extractant dont le but est d’extraire un soluté de la phase polaire)
sont passés en revue. L’aspect colloïdal et les transitions de phases que l’on
retrouve dans ces systèmes sont souvent décrits singulièrement. Nous avons
transposé l’approche « diagramme de phases » issue de la physico-chimie des
systèmes moléculaires organisés à ces systèmes d’extractant afin d’orienter
globalement l’analyse de ces systèmes complexes. La discussion est basée sur
des considérations géométriques. Un modèle thermodynamique a été
développé en considérant les contraintes d’empilement des ces extractants
dans le film moléculaire formant les micelles inverses d’extractant dans
l’huile. Ce modèle a permis de prédire la solubilité de l’eau au sein de ces
micelles inverses ainsi que leurs tailles obtenues expérimentalement. Dans
une deuxième partie, le comportement physico-chimique des phases aqueuses
et organiques composées respectivement d’eau/C8G1 et de TBP/huile/eau ont
été étudiées, en s’intéressant particulièrement aux effets de sels, par des
techniques de diffusion de rayons X aux petits angles, diffusion dynamique de
la lumière et de spectroscopie UV-visible. Dans la dernière partie la
description complète de la microémulsion en faisant varier la balance
hydrophile-hydrophobe du mélange C8G1 et TBP a été obtenue en combinant
des mesures de diffusion de neutrons aux petits angles et d’analyse chimique
(Karl-Fischer, Carbone Organique Total, ICP-OES…). Le comportement cosurfactant du TBP a été déterminé par comparaison aux co-surfactants
classiques que sont les n-alcools (4<n<8). Les compositions de films
moléculaires mixtes de C8G1/TBP et de C8G1/n-hexanol, obtenues
expérimentalement, ont été confirmées par un modèle basé sur des paramètres
géométriques moléculaires. Nous avons tenté d’exploiter les propriétés
interfaciales de ces molécules pour le contrôle des cinétiques d’extraction
liquide-liquide d’ion et la séparation d’ion « sans solvant » par flottation.
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Introduction
L'extraction par solvant est le terme général faisant référence à la distribution d'un soluté entre
deux phases liquides non miscibles en contact, généralement de l'eau et l'huile ou diluants
également appelé dans l'hydrométallurgie. Lorsque les solutés en solution ont différents
coefficients de distribution une séparation de ces solutés peut être obtenue. L'extraction par
solvant a de nombreuses applications dans divers procédés industriels allant de la récupération
des métaux, de la pharmacie, la parfumerie, la gestion des déchets etc. L’agitation violente
des deux phases liquides est habituellement utilisée pour augmenter la surface de contact entre
l’huile et l'eau afin d'atteindre une distribution rapide du soluté. Ce processus d'émulsification
est alors suivi par une démixtion des deux phases liquides qui doit être rapide et efficace pour
les applications industrielles. Le processus d'extraction est utilisé en présence de molécules
d'extraction visant à effectuer le transfert de soluté d'une phase à l'autre. Par exemple
l'extraction d'ions désigne le transfert d'ions à partir d'une solution aqueuse à une phase
organique dans laquelle un agent d'extraction hydrophobe est dissous, constituée d’une partie
polaire complexant et une partie hydrophobe, voir Fig.1.

Fig 1:. Schéma d'un système d'extraction des ions dans l'eau ou de la région d'interface
hydrocarbures. Les ions dans la phase aqueuse sont transférés par des micelles d’extractant
inverses présents dans la phase organique.
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La propriété d'auto-assemblage de molécules d'extraction dans la phase organique a été
révélée dans les années 1990. Extractants forment spontanément des petites micelles inverse
dont le nombre d'agrégation est faible et de moins de dix molécules, voir Fig. 1.
Le cœur de cet agrégat est inférieur à 0,5 nm, par conséquent, des agents complexants sont
toujours dans la première ou la deuxième sphère de coordination des ions extraits. Il est
maintenant soupçonné que la distribution d'équilibre d'un soluté hydrophile (Mz+) entre une
phase aqueuse et une phase organique dépend de ces micelles inverses et doit être pris en
compte dans la thermodynamique comme une pseudo-phase, à l'équilibre de potentiel
chimique pour toutes les espèces présentes.
Dans la science des colloïdes, les mélanges d'huile et l'eau sont également concernées, mais
sont généralement évaluées en termes de solubilisation, c’est-à-dire de l’huile dans l'eau ou
eau dans huile, avec les tensioactifs jouant le rôle de l'agent de solubilisation. Le mécanisme
de solubilisation est ici basé sur la capacité des agents de surface à s'auto-assembler en
solution qui provient de leur caractère amphiphile i.e. ayant une polaire et une partie apolaire.
En effet tensio-actifs peuvent former spontanément des micelles dans l'eau par le
regroupement de leurs parties apolaire et en exposant les parties polaires vers l'eau. Le cœur
micellaire, étant dans ce cas apolaire, permet la solubilisation des solutés apolaires ou des
huiles (hydrophobe soluté) conduisant au gonflement de ces micelles directes. La situation
inverse correspond à la solubilisation de l'eau dans des micelles inverses (dans l'huile) formé
par tensio-actifs hydrophobes en exposant leurs chaînes hydrophobes vers l'huile et en
regroupant les parties polaires. La «solubilisation micellaire» est utilisée pour faire référence à
ces deux processus de la solubilisation générale. La solubilisation micellaire avec une espèce
tensio-active est la plupart du temps insuffisante pour atteindre une solubilisation élevée
d’une huile dans l'eau, et vice versa. Dans ce cas, ce qu'on appelle un «co-tensio-actif" doit
être ajouté pour atteindre cet objectif. Un co-tensioactif est un amphiphile hautement
hydrophobe qui vise à assouplir le film tensioactif constituant les micelles. Pour cela des nalcools dont la longueur des chaines n’excède pas n=4 à 8 sont les plus étudiés comme cotensio-actifs dans la littérature. Une augmentation substantielle de la solubilisation, c'est à dire
l'incorporation importante de soluté à l'intérieur des micelles, résulte de l'addition d'un cotensio-actif pour un système tensioactif. Lorsque des grandes quantités de soluté (huile ou
eau) sont solubilisés dans les micelles, le terme microémulsion est préféré à définir de tels
systèmes.

Microémulsions

se

forment

spontanément

et

sont

des

dispersions

thermodynamiquement stables d'un liquide dans un autre séparées par un film sans ordre à
longue distance. Contrairement les émulsions ne sont pas thermodynamiquement stables, c'est
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à dire que les phases se séparent après un certain temps, et ils montrent une plus grande taille
des gouttelettes, le plus souvent bien au-dessus de 100 nanomètres. Afin de consolider le lien
entre les états d'agrégation et de séparation des ions, des gouttelettes de taille contrôlée
contenant des ions doit être préparé. Cela représente l'objectif principal de cette thèse. Pour
remplir cet objectif, il est proposé d'utiliser des micro-émulsions formulées avec une molécule
d'extraction, ou la taille des gouttelettes d'eau est contrôlée par l'agent de surface, comme
illustré dans la figure 2.

Fig. 2:Une micelle inverse typique (à gauche) d'extraction dans l'huile, la solubilisation de
l'eau est très faible. Ajout d'un tensio-actif permettant la solubilisation d'une grande quantité
d'eau en formant une microémulsion inverse (à droite) l'interface eau / huile est dans ce cas
l'objet d'un film mélangé d’extractant/ surfactant.

En vertu des conditions données une microémulsion bicontinue, c'est à dire avec les phases
organique et aqueuse étant des milieux continus, sont formés en équilibre avec les phases
excès d'eau et d'huile, appelé Winsor III système. Cette structure microémulsion peut être
obtenue autour de l'inversion de phase, lorsqu’on change d'une micro-émulsion huile-danseau avec une phase huile en excès (Winsor I) à une micro-émulsion eau-dans-huile avec une
phase aqueuse en excès (Winsor II). Selon le type de tensioactif ces transitions sont obtenues
par augmentation de la température ou en ajoutant un co-tensioactif hydrophobe qui est
incorporé dans le film interfacial. Les deux procédures augmenter la courbure spontanée du
film de tensioactif couvrant l'interface eau / huile vers la phase huileuse. Les extractants et les
co-tensioactifs montrent donc des similitudes évidentes dans leurs structures et leurs
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comportements physico-chimiques: ils sont amphiphiles, très hydrophobes et ils diminuent la
tension de l'eau / huile interfaciale et solubiliser seulement de petites quantités d'eau dans
l'huile. L'objectif de cette thèse est de mettre en évidence le comportement co-tensioactif
tributylphosphate (TBP), un exemple d’extractant d'ions largement utilisé dans le procédé
PUREX (uranium/plutonium extraction). La formation de microémulsions peut être
considérée comme des «nano systèmes d'extraction par solvant» car ils montrent, bien défini,
des microdomaines aqueuse et huileuse. Le n-octyl -glucoside (C8G1), un agent tensioactif
hydrophiles à base des sucres bien connu et utilisés pour l'extraction des protéines
membranaires, a été choisi pour contrebalancer le caractère hydrophobe du TBP. Un intérêt
particulier est donné à des effets de sel (le lithium, le néodyme et l’uranyle) afin d'étudier
l'influence des ions sur les microstructures de microémulsions contenant TBP. Comme C8G1
est non-ionique et non complexant, les interactions électrostatiques entre les sels ajoutés et le
tensioactif probablement perturbant, sont ainsi évitée. Comme les micro-domaines d’huile et
de l'eau dans la microémulsion coexistent, elle montre une surface spécifique très élevées. Les
effets de surface à l'interface eau / huile sont connus pour influencer fortement le transfert
d'ions, donc la cinétique d'extraction. Néanmoins on connaît mal les effets physiques et
chimiques à l'interface dans les systèmes d'extraction en raison de difficultés techniques pour
sonder l'interface entre les liquides. Dans ce sens microémulsions semblent être un bon
modèle pour étudier l'interface huile / eau couverts par l’extractant et de tensio-actifs non
complexant.
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Résultats par chapitre
Chapitre I

Dans le premier chapitre une étude sur les systèmes d'extraction et de tensioactifs est faite en
mettant l'accent sur leurs similitudes en termes de propriétés tensioactif ainsi que
l'organisation supramoléculaire.
Macroscopiques, les digrammes de phase informent sur la présence des différentes phases en
équilibre à différents composition du système huile/eau/extractants. Un exemple est donné,
voir Fig. 3.

oil

2Φ
1Φ
water

extractant

Fig. 3 Diagramme de phase estimée du système eau-huile-TBP avec la région monophasiques
(1Φ, voir la représentation comme un tube à essai sur la droite) et les régions biphasique
(2Φ) sont délimitées par les cases noires. La ligne pointillée correspond à des mélanges
d'huile avec de l'eau fixée à un ratio 1 / 1, le point bleu correspond à une composition typique
d'extraction contenant 30% de TBP et quantité égale d'eau et d'huile (voir la représentation
du tube sur la gauche avec la phase huileuse en jaune et la phase aqueuse en bleu), des lignes
complètes correspond à des binodales dans la région biphasique les deux limites de ces lignes
donnant la composition des deux phases en équilibre.
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Microscopique, les concepts de la science colloïdale, fondée sur des considérations
géométriques moléculaire ou de la topologie des diagrammes de phase, sont utilisés pour
décrire les systèmes d'extraction. Une approche thermodynamique des micelles d'extraction
est proposée pour modéliser l'énergie libre du film d'extraction, constituant des micelles. Ce
modèle ne considère que les contraintes géométriques du film estimée à partir de la structure
moléculaire d'extraction (voir Fig. 4).

Coeur

Coquille

R2
R1

Fig. 4 Schéma d'une micelle d'extraction utilisée pour le modèle thermodynamique, avec R1
le rayon de la base polaire contenant de l'eau solubilisé et la tête d'extraction polaire, R2 le
rayon micelle.

Il a été constate que pour ce système, la situation en termes d'énergie libre du film peut être
décrite par la suite, voir la Fig. 5. Trois régimes en fonction du paramètre d'empilement de
décrire les cas suivants:
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2

1
Reverse aggregates could
not accommodate more
water due to a too important
tearing of the film  no
more water uptake

3

Water
solubilisation
inside the small
aggregate
possible

Packing under dry
condition
 not possible
geometrically
without overlapping
of the phosphate
head

Film free energy > 0

Film free energy ~ 0

wmax= 0.5

0 > w > wmax

peff=1.65-1.69

Film free energy >> 0
w=0

p0=2.0

Packing parameter p

Fig. 5 Résumé du système de TBP / système dodécane en contact avec l'eau en termes de
paramètres d'emballage, de l'énergie film libre et la teneur en eau

-1 - Peff <p. : le système n'est pas à l'équilibre et de l'eau doit être expulsé pour atteindre p =
Peff. Il en résulte démixtion de phase, c'est à dire correspondant à la région biphasique dans la
figure 5
-2 - p0> p> Peff. : le système est en équilibre avec l'eau à l'intérieur du cœur polaire de la
micelle, ce qui correspond à la région une phase dans le TBP / dodécane / diagramme de
phase ternaire eau (voir Figure 3)
-3 - p0 <p: cette situation n'est pratiquement pas possible, il conduirait à des enchevêtrements
de la tête phosphate polaires.
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Chapitre II
Dans le deuxième chapitre les interactions entre C8G1 et les sels sont étudiés afin de s'assurer
que les sels ont un effet négligeable sur C8G1. D'une part l'environnement de cations
métalliques en présence d'C8G1 a été sondé par spectroscopie UV-Vis, qui est une technique
sensible à la complexation.
Les résultats sur cette études ne permettaient pas d’identifier avec exactitude une interaction
metal-amphiphile (soit tensioactif C8G1 ou extractant TBP), car la spectroscopie en solution
revele uniquement des effets faible dans les spectres.
D'autre part l'effet de l'ajout de sels sur la taille et forme des micelles dans l'eau C8G1 a été
déterminée par diffraction de rayons X aux petits angles (SAXS) plus en détail. Comme
SAXS sonde la différence de densité d'électrons dans les solutions, il est une technique
appropriée pour étudier l'adsorption d'ions à la surface de micelles qui serait une conséquence
directe des interactions attractives entre les ions et le glucose de C8G1.
Un spectre SAXS, qui donne l’intensité de diffuson en fonction de l’inverse d’angle, est
démontré dans la figure 6.
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Fig. 6 Spectres SAXS pour C8G1 micelles (0,045 et 0,15 M) fitté par un modèle d'ellipse
biaxiale avec une coquille
A partir de ces spectres on peut postuler que les micelles ne sont pas parfaitement spherique
mais demontre plutôt une forme ellipsoide (voir Fig. 7 et 8)

Fig.7 Représentation en 3D micelle de C8G1 composé d'un noyau (en violet), fait des chaînes
alkyles du tensioactif, entouré d'une coque composée de fragments de glucose (en bleu) et
l’eau d’hydratation. C8G1 forme des micelles elliptiques biaxiale, avec l'axe principal a d'un
plus grand que les deux autres demi-axes b et c (prolate), et avec b ~ c.
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ρAqueous phase
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t
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Electron density (e-/nm-3)
or Scattering length
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a
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Fig.8 Schéma d'une micelle C8G1 avec son profil de densité d'électrons. a, b, c désignent
respectivement l'axe principal et les deux demi-axe et t est l'épaisseur de la coquille

Les principaux résultats sont résumés par la suite :

Les effets de l'addition du sel sur les micelles C8G1 peuvent être distinguées dans trois
régimes en fonction de la force ionique (IS) et à l'ajout d'un ou de deux sels:
- Pour IS <1M l'ajout de sel (LiNO3 ou Nd(NO3)3) ne conduisent pas à un effet détectable ni
sur la taille ni sur la densité électronique dans la coquille micellaire.
- Pour 0,9 <IS <1,8 à plus de LiNO3 ou Nd(NO3)3, seule une légère augmentation de la
densité de coquille micellaire électronique et une légère diminution de la taille des micelles
sont observés lorsque LiNO3 ou Nd(NO3)3 est présente. Ces changements peuvent être
interprétés comme un « salting out » effet, que renforce l'hydratation de la tête polaire du
glucose dans la micelle plutôt que par une adsorption des ions dans la coque micellaire. Cette
interprétation est compatible avec une diminution dans le paramètre d'empilement qui mène à
de plus petits micelles.
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- Pour IS >1,8M avec des mélanges de LiNO3 et Nd(NO3)3, l'effet du sel est différente pour
les concentrations de tensioactif de 45 et 150 mM. Pour 45 mM, la densité électronique dans
la coquille sera en baisse par rapport au système sans sel. Cela est interprété comme une forte
déshydratation de la tête polaire et augmentation de la taille des micelles (salting-out). Pour
150 mM un salting-in effet est observé, similaire à celui obtenu pour 0,9 <IS <1,8 à plus de
LiNO3 ou Nd(NO3)3.
Une autre méthode utilisée est la flottation d'ions. Pour cela, les tensioactifs sont utilisés pour
enlever de métal à partir d'une solution aqueuse. Par conséquent des tensioactifs sont choisis
en fonction de leurs interactions avec le métal à enlever. L'air est fait bullé dans la solution et
donc le surfactant est transférée de la solution à l’interface air-eau si multipliées, voir Figure
9. La dispersion ainsi formée de tensio-actif dans le gaz, appelé mousse, enrichie par le couple
tensioactif-métal pourrait être isolé de la solution. En agissant ainsi nous profitons de la bonne
activité interfaciale des tensioactifs et donc de la surface spécifique élevée des mousses qui
est utilisée comme hôte pour le métal. Le film de mousse peut ensuite égoutter afin d'obtenir
des films en mousse qui sont secs, le retour de liquide draine par gravité vers le bas.

Fig. 9 Représentation schématique de l'installation de flottation; bulles de gaz sont formés en
solution avec le flux de gaz constant à travers le matériau poreux. La mousse ainsi construite
s’assèche à la sortie par le haut à cause de la gravitation. La mousse sèche semble être
polyédriques au sommet de la colonne. La mousse est ensuite recueilli et s'effondre avec le
temps.
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Dans des conditions experimentales choisises (15mM C8G1 et ≤15mM Nd3+ ou UO22+ ) on
peut remarquer que pas d'extraction d'ions significatifs ont été réalisés au sein de la précision
expérimentale. Il confirme que néodyme (ou uranyle) et C8G1 n'interagissent pas
suffisamment pour provoquer une adsorption des ions et donc l'extraction d'ions. Une
augmentation de présence de tensioactif de sucre par rapport au sel d'ions métalliques
n'influence pas le résultat d'extraction.
Concernant la tête du glucose polaires aucune complexation a lieu en solution et à l'interface
air-eau, même en présence d'un sel de fond. Il convient de mentionner que dans la literature
une nouvelle famille de composés tensioactifs issus de l'C8G1 ont été conçus avec les
propriétés du métal complexant. Ces molécules ont montré ce propriété d'extraction d'ions
métalliques de fer par la technique de flottation. Dans notre cas, même lorsque le TBP, un
complexant fort pour l’ion uranyle en solution a été ajouté, nous n'avons pas pu observer
l'extraction d'ions par flottation.
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Chapitre III
Dans le troisième chapitre le caractère co-tensioactif du TBP est étudié par la formation des
microémulsions contenant water/oil/C8G1/TBP à courbure contrôlée. Nous nous sommes
concentrés ici sur les microémulsions Winsor type III. Cette structure dispose d’une grande
interface accessible d’huile-eau qui pourrait favoriser l'adsorption d'ions et à la fois le
transfert d'ions de la phase aqueuse à la phase huileuse. L'évaluation du comportement cotensioactif du TBP est faite par rapport aux co-tensioactifs n-alcool. Une description
structurale des microémulsions à l'échelle moléculaire et sub-moléculaire, c'est à dire dans le
film de tensioactif et de l'huile / eau micro-domaines, est obtenue en combinant la diffusion
des neutrons aux petits angles (SANS) et l'analyse chimique (voir Fig. 10).

Fig. 10 Resumé de la préparation et la caractérisation des microémulsions WIII bicontinue
étudiés ici. La micro-structure ainsi que la surface spécifique, à l'interface huile / eau, a été
déterminée par DNPA et la composition du film par une analyse chimique des phases
aqueuses et organiques en excès.

Il a été prouvé que TBP, un agent d'extraction d'ions de référence utilisé dans le procédé
d’extraction liquid/liquide, peut jouer efficacement le rôle d'un co-tensio-actif dans la
formation de microémulsions équilibrée. Le diagramme de phase de microémulsions TBP
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dans la région en trois phases est comparable à celles formulées avec la plus classique cotensio-actifs: n-pentanol et le n-hexanol. Cependant TBP semble être trois fois plus efficace
en mole de hexanol dans la formation de trois microémulsions phase comme reflètent les
coupes dans le diagramme de phase type « fish cut » (Fig. 11).

Fig. 11 Gauche : Tétraédrique diagramme de phase (schématique) d'eau (ou de la saumure) /
tensioactif / co-tensioactif / huile, 2, 2, 3 et 1, correspond aux régions de l'existence de
respectivement Winsor I, II, III et IV systèmes de microémulsion. Le triangle orange et le
triangles bleu correspondent respectivement à (i) une coupe à l'eau constant / huile de la
fraction volumique = 0.5 qui montre les limites de phase décrivant la forme d'un poisson,
appelé le "fish cut", et (ii) le diagramme de phase représentation avec un agent tensioactif /
co-tensioactif ratio de 1:1.
Droite : « Fish cuts » pour les différents co-tensioactifs, pentanol (carrés), hexanol
(triangles), l'octanol (losanges), TBP (flèches) et TBP avec addition de Nd (NO3) 3 (0,3)
(étoiles) en fonction de la fraction de la masse totale de tensioactif, wSURF. La représentation
montre le ratio versus wsurf en mol , avec le rapport molaire co-surfactant/surfactant.

Cet effet se reflète dans la composition du film interfacial avec un co-tensio-actif pour un
rapport molaire de 1:3 pour TBP :C8G1 et 1:1 pour le couple n-hexanol :C8G1. Cela est
directement lié à la différence de empilement de TBP et hexanol, TBP possède trois chaînes
alkyle, comparativement à une pour les n-hexanol. La composition du film était en effet
prévue au chapitre I en considérant un mélange parfait de surfactant/ co-tensioactif dans le
film interfacial. Il est intéressant de noter que la composition du film est «ajustée» dans le but
d'obtenir un proche de courbure zéro du film interfacial, une condition nécessaire pour la
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formation d’une microémulsion triphasic. En outre, il a été observé que le remplacement
hexanol par le TBP induit aussi une dépendance à l'égard du sel sur la structure de microémulsion. Un changement subtil dans la structure microemulsion selon le type de sel ajouté
est souligné dans le plot D*

versus

w.

Cet effet a été rationalisé en termes de série de

Hofmeister et la propriété complexant de TBP.
Les résultats sont discutés à l'aide des concepts utiles décrites dans le premier chapitre, en
termes d'efficacité solubilisation, effets de sel, la rigidité d'interface, empilement de l'agent
tensioactif / co-tensioactif à l'interface et la connectivité de micro-domaines.
Il est intéressant d’observer (Fig. 12) que les effets de sels sont plus important pour des
microemulsion contenant du TBP par rapport au microemulsion contenant l’hexanol comme
cotensioactif.

Fig. 12 Plot de dilution, D* versus W, les valeurs expérimentales sont donnés pour les
microémulsions hexanol (symboles vides) et pour les microémulsions TBP (symboles pleins):
sans sel (triangles), LiCl (cercles), LiNO3 (Rhombis) et Nd (NO3) 3 (carrés). Les prédictions
théoriques qui décrivent topologies microémulsion différentes sont indiquées dans les lignes:
modèle de CRC (trait plein), les sphères de répulsion (lignes en pointillés), DOC modèle
cylindre (lignes en pointillés) avec une connectivité Z = 2, 3 et 5 et le modèle de lamelles
DOC (lignes et pointillés).
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Une tentative de comparer les cinétiques d'extraction de nitrate d'uranyle dans les
microémulsions Winsor III aux systèmes classiques d'extraction par solvant a été faite.
Il se révèle que une petite quantité de tensioactif influence la cinétique d’extraction de nitrate
d’uranyle si les phases sont en contacte mais pas agitées.
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Fig. 13 L'absorbance normalisée, A/A0 pour des concentrations d'uranyle différentes (10 mM,
15mm et 30mm) en fonction du temps pour microémulsions (µE) et systèmes classique
d'extraction par solvant (liq-liq) (voir légende à l'intérieur le graphique).

La cinétique a été mesurée en utilisant une technique simple : la spectroscpoie UV-Visible.
L’absorbance à 414nm, ce qui est une bande characteristique de l’uranyle, est enregistré en
fonction du temps et normalisé par l’absorbance initiale ce qui est demontré dans la Fig. 13.
On observe que la cinétique d'extraction est améliorée par un facteur d'environ 2 pour 15 et 30
mM de nitrate d'uranyle.
La grande interface eau / huile en microémulsion, exprimée en surface spécifique
déterminé par diffusion de neutrons aux petits angles, est susceptible d'être impliqué dans la
cinétique d'extraction améliorées. Pour microémulsion la surface de contact entre la phase
aqueuse et la phase organique peut être évalué à partir de la surface spécifique (environ 106
cm-1 ou 100m2 / g) et le volume de la microémulsion (environ 0,15 ml). Cela donne une
surface totale d'environ 105cm2 alors que pour les systèmes d'extraction liquide-liquide à la
surface de contact entre la phase aqueuse et les phases organiques sont égaux à la section
transversale du quartz utilisé cuvettes 1cm2.
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Conclusion
Depuis les travaux pionniers de Osseo-Assare dans le début des années 90, montrant la
présence d'agrégats d'extraction dans les phases organiques, l'étude du comportement
amphiphile des extractants a constaté un intérêt croissant dans la littérature, car il donne des
explications à l'évolution des propriétés physiques du systèmes d'extraction. Le premier
approche colloïdale en extraction par solvant a probablement été l'élucidation du mécanisme
de la formation la troisième phase qui est une limitation majeure pour le processus. La
troisième phase est un « collapse » des micelles inverse d'extraction micelles à la suite d'une
augmentation du potentiel d'attraction entre les micelles et causés par un chargement de
l'acide et / ou de sel.
Les tensioactifs également forment dans des conditions physico-chimique et expérimentales
données des systèmes triphasic liquide, appelé Winsor III, mais leur formation a une origine
différente. Il est obtenu d’un mélange d’eau / huile / tensioactif, soit par changement de
température ou en ajoutant un co-tensio-actif qui vise à la souplesse de réglage film de
tensioactif à incorporer (solubiliser) phase plus aqueux ou organiques.
Cette thèse participe à combler l’espace entre l'extraction par solvant et les communautés
scientifiques tensioactif en mélangeant extractant et tensio-actif et qui est étudié en tant que
co-tensio-actif dans la formation de microémulsions Winsor III.
De concepts utilisés dans les sciences de tensioactifs ont été examinés dans le chapitre I avec
un effort constant pour établir des comparaisons entre les extractants et les tensioactifs en
fonction de leurs comportements amphiphiles. C'est pourquoi la description des diagrammes
de phases a été proposée pour les systèmes d'extraction. Un modèle thermodynamique a été
développée sur la base moléculaire et des contraintes géométriques dans le film d'extractants,
formant les micelles inverse. Ce modèle a permis la prédiction de la solubilité de l'eau dans
les micelles inverses d'extraction ainsi que leur rayon polaire habituellement déterminée
expérimentalement par procédure de fitting des courbes SAXS. La prochaine étape est
l'extension de ce modèle en prenant en compte les effets électrostatiques et polarisabilité
ionique, qui est connu pour être à l'origine d'effets d'ions spécifiques en solution aqueuse
(effet Hofmeister). Il devrait permettre dans l'avenir à prédire la solubilité du sel dans les
micelles inverse d'extractant ainsi que la compétition d'ions dans les processus de séparation
des ions.
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Dans le deuxième chapitre il a été montré, à partir de la combinaison du rayonnement UVVis, SAXS et procédé de flottation ionique qu'aucune interaction forte attractive a eu lieu en
solution aqueuse entre le glucose de C8G1 et d'uranyle ou des ions de néodyme, même à des
concentrations élevées de sel (et donc à forte forces ioniques). Ensuite, l'étude des effets du
sel en microémulsion formé par C8G1/TBP film mixte a été en toute sécurité discutée en
termes comme une conséquence des interactions ion-TBP. Néanmoins, les sucres présentent
une grande variété en termes de leur conformation, leur oligomères et certains d'entre eux
montrent prometteurs propriété vers complexation d'ions. Pour la galactose par exemple est
rapporté une plus forte interaction avec les lanthanides en raison des arrangements appropriés
spatiale de ses trois groupes hydroxyles, axial-équatorial-axial. Par conséquent des
tensioactifs à base de galactose sont des bons candidats pour l'extraction d'ions "vert" par la
technique de flottation.
Dans le dernier chapitre le rôle de TBP en tant que co-tensio-actif dans la formation de
microémulsions de type Winsor III a été mis en évidence par les coupe type « fish-cuts » dans
le diagramme de phase des microémulsions contenant du TBP et comparé aux systèmes
formulé avec le plus classique co-tensio-actifs: n-pentanol et le n- hexanol. TBP qui semblait
être trois fois plus efficace en mole que hexanol dans la formation de la phase
microémulsions. Cet effet a été reflété dans la composition du film interfacial : avec un cotensioactif on obtient un rapport molaire de 1:1 n-hexanol-tensioactif et 1:3 pour le TBPtensioactif. Cela est directement lié à la différence d’empilement de TBP et hexanol, TBP a
trois chaînes alkyles et donc est plus efficace qu’une chaine pour le n-hexanol. Fait
intéressant, les compositions film obtenu pour TBP et hexanol ont été prédites dans le
chapitre I en considérant tensioactif/ co-tensioactif dans le film interfacial. En outre, il a été
observé que le remplacement de n-hexanol par le TBP induit aussi une dépendance à l'égard
du sel sur la structure de la microémulsion. Un changement subtil dans la connectivité de la
structure de microémulsion en fonction du type de sel ajouté a été souligné. Cet effet a été
rationalisé en termes de série de Hofmeister et de la propriété complexant de TBP. Les
systèmes de microémulsion Winsor III contenant du TBP ont montré, dans des conditions
statiques, l'amélioration de la cinétique d'extraction d'uranyle par rapport aux systèmes
d'extraction liquide / liquide. La grande interface accessible de l'huile et de l’eau dans les
microémulsions est proposée à causer cette augmentation du taux d'extraction d'uranyle. Seule
une petite quantité d'agent tensioactif non-complexant (moins de 3,5% en C8G1) a suffi à
augmenter significativement la cinétique d'extraction. Il est intéressant de noter que cette
procédure, nous avons utilisé dans le présent travail pour étudier le comportement co-
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tensioactif ou amphiphiles de TBP, peut être reconduite pour l'étude d’autre l'extractants. Par
conséquent, il devrait permettre une classification des extractants en fonction de leur
hydrophobie et leur caractère amphiphile. Comme la cinétique d'extraction de l'uranyle avec
TBP est trop rapide dans des conditions dynamiques, il devrait également être intéressant
d'étudier, avec une procédure similaire, les systèmes d'extraction montrant une cinétique
d'extraction lente tels que les systèmes contenant des pyridines bis-triazinyle (BTP) ou
bipyridines bis-triazinyle (BTBP).
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