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Abstract

We show that liquideliquid extraction can be described as the equilibrium between two pseudophases of ions: the hydrated state
in the water phase and the solvation state when the ions are adsorbed on an organized interface. The extractant is considered as
a potential surface where the ions can adsorb. Unlike phenomenological binding ‘‘constants’’, ion extraction/stripping can be
seen as the sum of Langmuir isotherms. The number of aggregated extractants in one reverse micelle in the solvent is at least equal
to or higher than the number of extracting molecules complexed at a given instant to the ion to be extracted. Considering extraction
equilibrium as a sum of isotherms corresponding to the different states of aggregation of extractant molecule in the solvent, the
resulting constant is representative of both the efficiency of the extraction and the structure of the solution. This is a first step toward
the development of predictive models for the apparent distribution coefficients. To cite this article: F. Testard et al., C. R. Chimie
10 (2007).
� 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Nous montrons que l’extraction liquideeliquide peut être décrite comme un équilibre entre deux pseudophases d’ions : les ions
hydratés dans la phase aqueuse et les ions « solvatés », qui sont dispersés dans les cœurs polaires des micelles inverses. Les ions sont
alors considérés comme adsorbés sur une interface eauehuile dispersée. Le nombre d’agrégation d’une micelle donnée est supér-
ieur ou égal au nombre de liaisons complexantes impliquant un ion extrait. Considérant l’équilibre d’extraction comme une somme
d’isothermes correspondant aux différents états d’agrégation dans le solvant, les constantes obtenues permettent de quantifier l’ef-
ficacité de l’extraction en relation avec la structure de la solution. Ceci est un premier pas vers le développement de modèles
prédictifs des coefficients de distribution apparents. Pour citer cet article : F. Testard et al., C. R. Chimie 10 (2007).
� 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

In recent years similarities have been suspected
between surfactant molecules and extractants. Asare
was the first to review all the experimental evidence
of the presence of aggregates in TBP extracts used in
the PUREX process [1]. Several publications evidence
the supramolecular organization of extractants in or-
ganic solvent [2e6] (referred to as the ‘‘diluent’’ in
the liquideliquid extraction field). The similarities be-
tween surfactant and extractant range from the molecu-
lar to the macroscopic level [1,2]. At the molecular
scale, all efficient extractants show amphiphilicity in
the chemical formula [1]: a polar chelating part linked
to long alkyl chains to increase the solubility in the dil-
uent. At the macroscopic scale, the presence of extrac-
tants decreases the watereoil surface tension [3].
Moreover, application of the Gibbs equation is consis-
tent with values around 0.4 nm2 per hydrophobic chain
in the extractant, the same order of magnitude as surfac-
tants and lipids. In the last 10 years, progress in the sen-
sitivity of small-angle X-ray scattering has opened the
possibility of direct measurement of the average ‘‘aggre-
gation number’’ of the reverse micelles, host of the ex-
tracted ions [4]. Since the number of molecules weakly
bound by long-range interactions in one ‘‘reverse mi-
celle’’ is usually less than 10, the intensity of the pro-
duced X-ray scattering is slightly higher than the one
produced by pure alkane (a signal related to the com-
pressibility). However, SANS [5] or coupled SAXS
and SANS [6] experiments can determine the exact mi-
crostructure of any reverse aggregate made by extracting
molecules: polar core volume, attraction between cores,
micelle volume, average distance between micelles.

In a similar way to more classical amphiphilic mol-
ecules [7], when the concentration of extractant mole-
cules is increased, several states of aggregation are
encountered with the extractant in organic solvent [8]:

(1) When the chemical potential is beyond a certain
threshold, the molecules are present mainly as
monomers.

(2) Above a certain threshold known as the critical
micellar concentration (CMC)deven if there is
nothing ‘‘critical’’ in this transitiondprogressive
aggregation occurs in distinct aggregates containing
an average number N (the aggregation number) of
extractants. The geometrical centre of these aggre-
gates contains all the polar species present: ex-
tracted salt and co-extracted water (Fig. 1-B1). In
the nuclear field, the most used extractant agent is
a triple-chain phosphate, tributyl phosphate (TBP).
(3) When co-surfactants or few ‘‘modifiers’’ are pres-
ent in the diluent, the reverse micellar aggregates
are mixed aggregates. Each aggregate involves
a number N of complexing agents around a polar
core, but also a number N0 of another type of am-
phiphilic molecule. Fatty acids or alcohol are often
used in industrial processes (Fig. 1-B2).

(4) Hydrotropes or solvo-surfactants (‘‘modifiers’’)
can also structure the solvent. The microstructure
is then a three-dimensional network of hydrogen
bonds connecting polar parts of the extractant mol-
ecules. This three-dimensional network gives
a very characteristic peak in the small-angle scat-
tering spectrum. This peak may be conserved
even in the presence of extractant agents [9]. No
distinct ‘‘reverse micelles’’ are formed (Fig. 1-C).
Structural investigation is necessary for predictive

B1 B2

C D

Fig. 1. Schematic representation of the four organized microstruc-

tures detected for extractant solutions in solvents (black: extractant

molecule, grey: co-surfactant or co-solvent); (B1) Watereoil micelles

or reverse aggregates of surfactant molecules; (B2) watereoil micelles

with another solute acting like a co-surfactant; (C) random dynamic

networks in organized solvent, acting like adsorption sites for solubi-

lized complexing molecules; (D) microphase separation containing

‘‘tactoids’’ i.e. co-existence of locally condensed structures such as

a hexagonal phase.
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modeling of phase instability in this aggregation
state.

(5) When both extractant and solute concentration are
increased, a ‘‘gel’’ can be obtained [3a] and broad
X-ray scattering peaks are detected. The micro-
structure can be seen either as a microemulsion,
with locally connected cylinders or bilayer, or as a
‘‘molten’’ liquid-crystal state: a hexagonal, cubic, or
smectic phasewith very small domain size (Fig. 1-D).
These small domains are referred to as ‘‘tactoids’’ in
classical colloidal-state textbooks [10].

These four microstructural states of extracting mole-
cules apart from molecular dispersion are compared in
Fig. 1. The extraction is usually less efficient at low ex-
tractant concentrations in a monomer state. In the pure
or mixed reverse micellar state, extraction is more effi-
cient because the number of extractant molecules linked
to a given ion can increase up to the aggregation num-
ber. In the molten liquid crystalline state, the extracting
power continues to increase, since the aggregation num-
ber diverges while the coordination number must remain
constant. The coordination number is relative to the
extracted ions and is limited, while the aggregation
number is related to the amphiphilicity of both the
extractant and the complexes. In this state, there is
a possible instability and a certain increase in viscos-
ity. Progresses in the understanding of liquideliquid
extraction will be obtained when it will be possible
to quantify the coordination number and the aggrega-
tion number separately.

In most cases known today, the number of surfactants/
extractants in one reverse micelledi.e. the aggregation
numberdis larger than (or at least equal to) the stoichio-
metric coefficient of the extractant in the extracted com-
plexes derived from approximating liquideliquid
extraction as a stoichiometric equilibrium. In Appendix,
the classical procedure used for deriving apparent reac-
tion ‘‘constants’’ as well as the stoichiometry of the com-
plexes is precisely described. The number of equilibria
involved in the complexation and aggregation phenom-
ena is quite important and difficult to solve. The aggre-
gation state of the extractant must be determined to
obtain the speciation of the extractant, but the supramo-
lecular state is often given independently of the nature of
the complexes present in the diluent. There is a need for
a complete description of both the structural organiza-
tion and the nature of the complexes in the diluent.

In this paper, we extend the pseudophase concept
developed for micelles and microemulsions to the ex-
traction process [11]. The basis of the pseudophase
model is the conceptual separation in solution between
all the molecules dispersed in an aggregate of aggrega-
tion number N and all monomers present. The aggregate
is treated as a pseudophase in which surfactants and
solubilized substances reside, the other phase being
the so-called monomer phase. Since rapid equilibrium
occurs for a given molecule that is exchanged between
these two ‘‘pseudophases’’, the chemical potential must
be the same in both pseudophases. The measurement of
the number of monomers isolated in the solvent thus
gives access to the chemical potential, since monomers
can be considered as an ideal solution.

Thirty years ago, Evans and co-workers used the
concept of pseudophases to develop the chemical poten-
tial of a surfactant molecule as a function of the radius
of curvature of the aggregate, hence the aggregation
number [12]. For ionic surfactants, counterions seen
as decorating the surface have led to the first predictive
model of counterion exchange in micelles [13]. In the
systems implemented industrially in the nuclear indus-
try, extraction is used to separate cations (actinides)
from the dissolution liquor arising from spent nuclear
fuel. Liquideliquid extraction systems are classified
into four types [14]: (a) extraction through cation ex-
change, (b) solvation, (c) ion-pair formation, and (d)
formation of complexes with synergistic extraction.
Extractants are chosen to extract certain cations specif-
ically. However, micellar systems based on cationic sur-
factant can be used for separating actinides as anionic
complexes [15]. These systems could not be understood
in terms of ‘‘binding constants’’ since these micellar
systems were extracting ions without direct complexa-
tion and have not been implemented industrially to
our knowledge.

Considering the use of solvation for extraction, we
want to apply the adsorption isotherm approach to treat
the liquideliquid extraction. This approach is used in the
micellar field to quantify the solubilization of a neutral
solute in direct block co-polymer micelles [16]. Consid-
ering ion extraction as a sum of extraction isotherms in
pseudophase equilibrium would allow us to consistently
describe all types of self-organized extracting systems.
This paper offers a new approach for investigating
liquideliquid extraction considering both the extraction
efficiency and the supramolecular organization.

2. Adsorption isotherm: definition

Let us consider the ion equilibrium as an adsorption
isotherm. The system is an extractant organic solution
in contact with an aqueous solution containing solute. Af-
ter equilibrium, the solute is extracted in the organic
phase. The receiving ‘‘surface’’ for the extracted ion is



1037F. Testard et al. / C. R. Chimie 10 (2007) 1034e1041
offered by each extractant present in the organic phase. To
be self-consistent, the surface area per molecule must be
considered. This is defined thermodynamically and can
be determined experimentally. However, the surface
area per molecule may have different affinities, depend-
ing on the pseudophase considered: monomers, micelles,
bicontinuous networks, and nuclei of liquid crystals.

Rather than referring to a constant corresponding to
a unique identified equilibrium implying different
stoichiometric coefficients and neglecting water co-
extraction, an isotherm of adsorption is considered.
The ions are considered to adsorb on a surface S, which
is related to the area per extractant molecule s simply
by: S¼ cexts, where cext is the extractant concentration
in the solvent, excluding the macroscopic solvente
water interface in the case of emulsified systems. If it
is assumed that no more than one ion can be extracted
by one extractant molecule, the saturation limit of the
ion isotherm is given simply by the 1/1 molar ratio.
This limit cannot generally be obtained experimentally
because phase instabilities, due, for example, to the
weak ‘‘long-range’’ Van der Waals interaction between
micelles, induce a phase separation in the fluid (the
so-called ‘‘third phase’’). However, this saturation limit
has a well-defined thermodynamic meaning.

If ‘‘lateral’’ interactions between adsorbed ions can
be disregarded, the general isotherm is then given in
the Langmuir form by Eq. (1):

q¼ KadM

1þKadM
ð1Þ

where q is the relative occupancy of ‘‘sites’’, each site
being the polar side of the extractant seen as a single
site molecule; q is thus defined by the molar ratio of
ion over extractant in the organic phase. The numerical
value of the constant Kad depends on whether molar
fraction or concentration units are used for the variable
M characterizing the ions in the water solution at equi-
librium. The water in excess imposes a chemical poten-
tial for the salt.

The same approach of a long-range interaction-driven
binding isotherm of ions on organized weak natural
ligandsdin this case, common phospholipidsdhas led
to a quantitative explanation of the long-lasting mystery
of electrophoretic mobility and swelling of lipids
observed in the presence of chaotropic salts [17].

3. Application to uranyl nitrate extraction
by diamideehexane solution

A typical example is shown in Fig. 2 for the extraction
of uranyl nitrate from a 1 M LiNO3 water solution to
an organic solution of diamide in hexane. The diamide
is N,N0-dimethyl-N,N0-dibutyl tetradecylmalonamide
DMDBTDMA. The uranyl concentration in the solvent
phase is determined by titration (X-ray fluorescence).
Thevertical line represents the formation of a third phase,
a practical limit above which titration is impossible. Be-
fore this limit of three-phase instability, the adsorption
isotherm follows a Langmuir behavior that allows phe-
nomenological description in terms of binding constants.

However, if we now consider the same extraction
isotherm for different concentrations of extractant mol-
ecules, we obtain the results shown in Fig. 3.
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Fig. 2. Isotherm of extraction of uranyl nitrate by diamide (noted

‘‘E’’) in hexane. The organic phase (DMDBTDMAehexane) is con-

tacted and equilibrated by watereLiNO3 (1 M)eUO2(NO3)2 with an
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Fig. 3. Effect of the extractant concentration on the extraction iso-

therm for uranyl extraction by a solution of diamide (noted ‘‘E’’)
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tacted and equilibrated by watereLiNO3 (1 M)eUO2(NO3)2) with

initial 1/1 volume ratio. K is the constant ‘‘Kad’’ defined in the text.



1038 F. Testard et al. / C. R. Chimie 10 (2007) 1034e1041
Taking into account that the extractants can exist in
four different states of aggregation, the adsorption iso-
therm has now to be written as the simultaneity of
four adsorption isotherms (Eq. (2)):

q¼ 1

E½ �tot

X

pp

pp E½ �
ppKadMpp

1þ ppKadMpp

ð2Þ

where ‘‘pp’’ stands for the sum of the contributions of
the four pseudophases: monomers, micelles, networks
and tactoids, seen as nuclei of liquid-crystal precursors.

When only an average organization is considered,
the adsorption isotherm is defined by an average
adsorption constant (Eq. (3)):

q¼ Kadh iMpp

1þ Kadh iMpp

ð3Þ

The four constants ppKad represent the affinities of
the four different interfaces for the ions to be extracted.

These constants can be converted to a free energy
DG as given by Eq. (4):

DG¼�RTln ppKad ð4Þ

where DG represents the free energy associated with the
transfer of ions from water to the organic phase and its
adsorption on the polar ligand ‘‘surface’’ s in the aggre-
gation state of one given pseudophase (pp).

Expressed in L mol�1, the binding constant ppKad

can be converted [18] to a binding energy given by
Eq. (5), which is valid if the entropy variation associ-
ated with the micelle reorganization due to the presence
of a given ion in a given site can be neglected.

ppKad ¼ sdexp �U=RTð Þ ð5Þ

The product sd decomposes the binding volume into
an area s and a layer thickness d. The ion potential U is
a step function with a width d. In the case of micelles,
d is typically the radius of the polar core. The attractive
potential U can be considered as the combination of one
short-range and one long-range term. The short-range
term would be the energy of complexation between
the ion and the complexing ‘‘site’’ of the ligand (amide,
phosphate) and the long-range term would itself be the
combination of the Van der Waals (dispersion) interac-
tion and the dehydration mechanism active between the
ion and the microscopic polareapolar interface. These
three mechanisms are combined in a typical aggregate
which is in this sense an active interface.

As indicated in Fig. 3, the affinity of the same
DMDBTDMA molecule depends on the supramolecular
speciation of the extractant in the solvent. For example,
in the monomeric state, i.e. below the CMC, for
an extractant concentration in the solvent of 0.15 M,
monoKad w 3 L mol�1. All other parameters being
equal, and using the extractant mainly in the micellar
state (0.65 M), micKad w 90 L mol�1, i.e. the concentra-
tion at which half the target ions are complexed varies
by two orders of magnitude depending on the supramo-
lecular organization state of the extraction. Taking into
account the molecular equilibrium of complexation
without the aggregation state of the extractant will
thus never be sufficient to develop predictive models.

4. Maximum of solubilization

The concentration range indicated in the preceding
paragraph does not permit the exploration of high ex-
tractant concentrations. For this we can use the known
values of the maximum of solubilization (LOC) used
by chemical engineers designing extractant plants.
The LOC represent the Limiting Organic Concentration:
maximum of solubilization of a solute limited by phase
separation or a solubility limit (asymptotic behavior).
For the uranyl extraction limit, the LOC is given by
the limit of third phase apparition. The same coordinates
can be used to replot these values, as in Fig. 4 for the
extraction of uranyl nitrate by diamide in dodecane.
One point is obtained on each isotherm; hence only an
order of magnitude of an average adsorption constant
is determined by this way. This average association con-
stant is defined only as a rough practical approximation.
It assumes that the adsorption isotherm, disregarding the
affinity differences of monomers, micelles, bicontinous
networks and tactoids, is expressed by Eq. (3).
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Table 1 summarizes the values of this average con-
stant at various concentrations. Typically, half the inter-
face available for ion adsorption is in the form of
monomers at the lowest concentration, and only 10%
at the highest concentration [3a]. At the highest concen-
tration, it is likely that association in the form of
tactoids intervene for a non-negligible fraction.

5. Discussion in the case of neodymium nitrate

Adopting the same approach in the case of a lantha-
nide salt (neodymium nitrate) gives the result indicated
in Table 2 using one average Langmuir constant.

For a given diamide concentration (0.7 M), the aver-
age binding of the lanthanides is much weaker than in
the case of uranyl: 0.18 L mol�1 for neodymium and
120 L mol�1 for uranyl. This propertydwhich can
also be immediately detected by measuring partition
coefficients or preparing a system with mixed uranyl
and lanthanidedis of course necessary to use a micellar
fluid for ion separation. Considering only the complex-
ation part (Uc), and water-soluble ligands, a stronger af-
finity of diamides is already detectable since the
partition coefficients differ by roughly two orders of
magnitude [19].

Depending on the nature of the ions to be extracted,
the shape of the isotherm can change. In that case,
a Langmuir isotherm will not describe the adsorption
isotherm. This will be particularly true if a large varia-
tion of supramolecular organization is observed over
the salt concentration range in determining the iso-
therm. A complete description with a precise identifica-
tion of the pseudophases in the solution and very precise
in the titrations will therefore be necessary to decom-
pose the data as a sum of adsorption isotherms.

6. Conclusion

We have shown that a description of ion extraction
equilibria can be rationalized using the adsorption iso-
therm approach. All ions present in the two-phase sys-
tems equilibrate between their hydrated state and
‘‘adsorbed’’ states. The ‘‘adsorbed’’ states are the sum

Table 1

Constants associated with the Langmuir adsorption isotherm for

variable ligand concentrations

[C14] M 0.4 0.7 1 1.5

hKadi (L mol�1) 65 120 145 210

Experimental conditions: DMDBTDMAedodecane contacted and

equilibrated by watereLiNO3 (1 M)eUO2(NO3)2) with initial 1/1

volume ratio.
of all ions adsorbed on ‘‘interfaces’’ formed by the
self-assembly of extractants in the oil. This situation
is shown schematically in Fig. 5. The simplest general
method for characterizing the association of extractants
uses the concept of pseudophases, initially developed
for water-soluble surfactants. One of the consequences
of pseudophase approximation is to formalize and give
a theoretical background to the co-existence of several
pseudophases in a given sample. For instance, above
the CMC, a concentration of monomers equivalent to
the CMC is always in equilibrium with aggregated spe-
cies. Another advance introduced by this view is to
make a clear distinction between the coordination num-
ber, i.e. the number of extractants bound to a given
extracted ion at any given instant, and the aggregation
number, which is the number of extractants bound by
weak interactions at a given instant in a given aggregate.
The aggregation number is always larger than or equal
to the number of extractant linked to a given ion.

With the adsorption isotherm approach, surprising
variations are obtained for the average binding con-
stants for the different aggregation states. The different
isotherms are driven as well by short-range nearest
neighbor interactions and by long-range terms, such as
the dispersion [20] or hydration [21] interaction. Since
all these interactions, as well as the ligand self-assembly
itself, are driven by curvature of the polareapolar

Table 2

Average Langmuir constants hKadi in the case of neodymium nitrate

(DMDBTDMAedodecane contacted with watereLiNO3 (1 M)e

Nd(NO3)3)

[C14] M 0.12 0.4 0.7 1 1.5

hKadi (L mol�1) <10�3 M 0.045 0.18 0.17 0.28

Fig. 5. Schematic view at nanometric scale of the oilewater inter-

face covered by an active monolayer of ligands, considered as surfac-

tants, and hence assembling as represented in a ternary phase

diagram. Several organizations, in the form of pseudophase equilib-

rium, co-exist in the oil. Ion extraction is represented quantitatively

by the superposition of four extraction isotherms (drawn by S.

Lassiaz).
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interface, we can expect that this description will evi-
dence the efficiency of the extraction related to the
structure of the organic phase.

This approach in terms of isotherms could also be
important for solvent formulation. The transient ‘‘reser-
voir’’ of ions that are adsorbed at the macroscopic oile
water interface at a given instant could give some
insight into the kinetics of the extraction process.
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Appendix. Ion extraction seen as a stoichiometric
complexation equilibrium

To illustrate the classical ion extraction approach in
liquideliquid extraction, we present here the extraction
equilibrium according to a solvation mechanism. Other
mechanisms such as ion exchange, i.e. extraction of
metal ion by dialkyl phosphoric acid, exist but are not
presented here. The overall way is the same. In the
case of liquideliquid extraction by a solvation mecha-
nism, solutes are extracted according to the equilibrium:

xMaþ þ yXb� þ zE#MxXyEz

where overlines indicate organic species, E is the ex-
tractant, M the cation of the solute (Hþ, UO2

2þ, .)
and X the counterion; x, y and z are the stoichiometric
coefficients of the extracted complex. Several species
can be present in solution as a function of the experi-
mental conditions; in this case parallel equilibria must
be written. The extraction equilibrium is characterized
by the constant K:

K ¼
aMxXyEz

az
E
ax

Maþay

Xb�
ðA1Þ

where aA is the activity coefficients of species A, which
can be expressed in molarity:

K ¼
MxXyEz

� �
gMxXyEz

E
�
�zgz

E
Maþ½ �xgx

Maþ Xb�½ �ygy

Xb�

ðA2Þ

where gA is the activity coefficient of species A and [A]
is the molar concentration of species A.

It is important to note that the number of ligands
complexing a given extracted ion does not have to be
identified systematically with an aggregation number
when the extractant is in a micelle. This is particularly
true for high aggregation states (high aggregation
numbers).

The activity of the species in the aqueous and or-
ganic phases must be known in order to calculate the
constant K. The basic difficulty in this approach is
that any real situation implies ions extracted at high
concentration. The mean stoichiometric activity coeffi-
cient of a constituent mixture in aqueous phase can be
calculated from the physicochemical data of the binary
electrolyte solutions it contains [22,23]. In general, the
ratio of the activity coefficients in the organic phase
gMxXyEz

=gE
z is assumed to be constant. The apparent

constant K0 is thus:

K0 ¼
MxXyEz

� �

E
� �z

Maþ½ �xgx
Maþ Xb�½ �ygy

Xb�

ðA3Þ

Moreover, in practical applications, the solute trans-
fer between the two phases is characterized by the
distribution ratios DM:

DM ¼
P

M
� �

P
M½ � ðA4Þ

where
P

M
� �

is the sum of all ions present in the
solvent, whatever their form, and

P
M½ � the sum of

ions present in the water phase, including possible com-
plexation with ions in the aqueous phase.

From the extraction equilibrium, the distribution
ratio can be expressed by:

DM ¼
x MxXyEz

� �

Maþ½ � ðA5Þ

The distribution ratio is then linked to the apparent
constant K0 by the general relation:

DM ¼ xK0 Maþ½ �x�1
E
� �z

Xb�� �y
gx

Maþg
y

Xb� ðA6Þ

The first step of the data analysis is to determine
the complex stoichiometry. Two complementary
methods are currently used: ‘‘organic phase satura-
tion’’ or the ‘‘slope analysis method’’. The slope anal-
ysis method assumes that only one species is
extracted, that the extractant concentration in the or-
ganic phase and aggregation state (monomer, aggre-
gate, protonated, etc.) are known for all species.
Distribution ratios are measured as a function of
one parameter (ionic strength, solute concentration,
extractant concentration, etc.), keeping all other
parameters constant. The stoichiometric coefficients
(x, y and z) are then determined by measuring the
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distribution ratio, as shown in the following equation,
where k is a constant:

log DMð Þ ¼ kþ x� 1ð Þlog Maþ½ �ð Þ þ z log E
� �� �

þ y log Xb�� �� �
þ x log gMaþÞ þ y log gXb�ð Þð

The extraction of uranyl nitrate by malonamide
diluted in alkane has been investigated by this method
[24]. First, the aggregation of the malonamide was stud-
ied without uranyl nitrate: small aggregates are formed
with an aggregation number of about four [25]. The as-
sociated constant determined as K¼ 3.7� 103 (mol/
L)�3. From these data, the speciation diagram of the
extractant was calculated (determination of the mono-
mer and aggregate concentration). The slope analysis
method was applied (Fig. A1). The slope indicates an
average number of ligands around the uranyl nitrate
is equal to nine molecules. Assuming that, without
ions, molecules that are present in the solvent mainly
as tetramers yield the following equilibrium:

2:25E4þUO2þ
2 þ 2NO3

�#E9UO2 NO3ð Þ2

From the slopes determined and within the approxi-
mations used, the binding constant K0 appears as shown
in Table A1 [26].

0,1

1

10

100

1000

0,001 0,01 0,1 1
[E

4
] (mol/L)

D
U

Fig. A1. Distribution coefficient of uranyl nitrate as a function of

aggregate concentration of DMDBTDMA. Organic phase:

DMDBTDMA diluted in TPH, aqueous phase: uranyl nitrate in 2 M

of LiNO3.

Table A1

Apparent constant of formation of E9UO2 NO3ð Þ2 in industrial solvent

(TPH)

Aqueous phase

LiNO3 2 mol/L LiNO3 4 mol/L

K0 (mol�4.25 L4.25) 1.3� 104 1.4� 103

Organic phase: DMDBTDMA in TPH. Aqueous phase seeded in with

uranyl nitrate in 2 M of lithium nitrate.
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