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Abstract 

We consider a structural and thermodynamic analysis of uranium solvent extraction by 

tertiary amines for which the alkyl chain configuration has been modified. The first part of 

this work revealed that tertiary amines with longer or branched alkyl chains allow tuning the 

phase stability and uranium extraction by modifying the volume of the polar species extracted 

in the organic phase. A complete fit of SANS data confirms in this second part that this 

phenomenon is related to the supramolecular self-assembly of the tertiary amines into smaller 

reverse micelle like aggregates for longer or branched alkyl chains. It moreover shows that 

these smaller aggregates quench third phase formation thanks to reduced attractive 

interactions between them. A thermodynamic analysis based on the “ienaic” approach further 

rationalizes this effect by showing that alkyl chains have a significant effect on the 

aggregate’s curvature free energy. The latter becomes a predominant inhibitor of uranium 

free energy of transfer due to the high entropic contribution originated by the extractants 

branching and packing. 

 

  

Introduction 

Solvent extraction is the method of choice applied in many industrial processes dedicated to 

metal recovery.[1] First studied empirically for historical applications, the knowledge of the 

mechanisms underlying solvent extraction processes are nowadays considered mandatory for 

their optimization.[2] 

Traditionally, the so-called “slope method” is applied to determine an apparent stoichiometry 

of the metallic species extracted in the organic solvent. Based on the mass action law, i.e., 

ignoring any volume effect in the polar cores-, the “slope method” used in chemical 

engineering leads to determination of the coordination number determination by the log-log 

plots of the extracted metal distribution coefficient vs the log of extractant concentration. The 

coordination number is defined as the number of extractants directly coordinated to each 
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extracted cation, and is distinct from the aggregation number, that is the number of molecules 

par aggregate.[3] However, it has been noticed on several examples that the complex 

extraction mechanisms cannot be summarized with equilibria with well-defined 

stoichiometry.[4–6] For instance, deriving such complex stoichiometry from the variation of 

a distribution coefficient cannot account for the real structure of the organic phase.  

Indeed, in addition to the strict extractant complexes necessary to chelate the cation to extract, 

it has been shown that the organic phase is composed of large amount of extractants in 

monomeric form, and weakly bounded extractant forming supramolecular aggregates that are 

comparable to reverse micelles.[3] The pseudo-phase approach introduced by Charles 

Tanford [7] applies here: monomers of extractant that are in the “bulk” pseudo-phase” are in 

dynamic equilibrium with aggregated extractants. Using the misleading “slope method” 

cannot account for all these effects.   

 

As already mentioned in Part I, mechanisms underlying various features as acid and diluent 

effect,[8–10] third phase formation[11–13] or synergistic mixtures of extractants[14,15] 

could be rationalized by taking into account complexation associated to extractant 

aggregation effects. It is not simple to disentangle chelation and aggregation mechanisms as 

they are usually coupled.[16,17] Experimentally, one strategy is to modify parameters as 

extractant or diluent alkyl chains and measure all distribution coefficients to clearly isolate 

effect of aggregation from the extraction free energy. Studying lanthanide extraction by 

diglycolamides, Stamberga et al.[18]  demonstrated with such a structure-performance 

relationship approach, that subtle steric changes markedly affect extraction and selectivity 

trends in lanthanides separation through electrostatic interactions occurring beyond the first 

coordination sphere of the metals extracted. This strategy was also followed in our study with 

tertiary amines extractants for uranium extraction, showing that alkyl chain length and 

branching significantly modify the extraction of polar species and the organic phase stability. 

This pure aggregation effect needs to be rationalized.  

With a thermodynamic analysis Zemb et al., showed that considering the “motor” of 

complexation only is much too strong to explain the typical values of distribution coefficient 

obtained in solvent extraction.[3,19,20] In the colloidal approach called “ienaics”,[21] it was 

shown that a more general view going beyond molecular complexation considerations is 

necessary to account for the ion transfer from aqueous phase to organic phase. The Gibbs 

energy of ion transfer is decomposed in four terms, which take into account complexation as 

well as long range interactions in order to give insights on the origin of ion transfer.  
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The complexation with the first neighbors is a strong term of typically 50 kJ/mol per 

extracted species that allows the transfer to the oil phase.[20] This term is counter balanced 

by three weaker quenching terms: 

- The “bulk” term or “droplet” term, corresponds to the free energy of a droplet of confined 

aqueous electrolyte solution in the core of the aggregates. This term models the entropic cost 

to pack the hydrophilic electrolytes inside the polar core of the aggregates. It can be 

calculated by considering the measured concentrations of water, acid and metals extracted in 

the organic phases.  

- The “chain” term, is the sum of the curvature energy and of the micellisation energy of the 

aggregates:  

- curvature energy represents the free energy of the extractants arrangement in the 

aggregates. It is associated with the variation of the shape and size of the reverse micelles 

which can be calculated from X-ray or neutrons scattering (aggregate and core radii), or from 

molecular mesoscopic simulations to provide the bending constant κ* and the spontaneous 

and effective packing parameters.[17] 

- micellisation free energy of the aggregates, can be calculated with the critical 

aggregation concentration (CAC) that can be derived from SAXS and SANS fitting or from 

surface tension measurements.  

Based on these assumptions, Špadina et al. developed a theoretical model which allows 

quantitative estimation of free energies of ion transfer.[17,22,23] Successful application of 

“ienaic” approach have also been reported for neutral solvating extractant system,[22] for 

acidic extractant system,[17] as well as for synergistic extractants system.[24] 

We propose here to apply such a thermodynamic analysis on the tertiary amines used in the 

AMEX process for uranium production in the front-end nuclear fuel cycle. As in the first part 

of this work, extraction of two principal types of tertiary amines are considered to provide a 

complete description of the effect of alkyl chain length and branching on aggregation and 

extraction:  

- a first group of 5 molecules with linear alkyl chains but different chains length: 

Trihexylamine (C6 THA), Tri-heptylamine (C7 THA), Tri-octylamine (C8 TOA), Tri-

nonylamine (C9 TNA) and Tri-decylamine (C10 TDA); 

- a second group of 3 molecules with the same carbon number on the alkyl chains but 

different branching situation: Tri-octylamine (C8 TOA), Tri-isooctylamine (C8 TIOA) and 

Tris(2-ethylhexyl)amine (C8 TEHA). 

The two series of amines are presented in Figure 1. 



4 

 

(a)

 

(b) 

 

 

Figure 1. Molecular structures of tertiary amines (a) with different carbon number on the linear alkyl chains 

and (b) with 8 carbons but different branched groups on the alkyl chains. 

We showed in the first part of this study that tertiary amines with longer or more branched 

alkyl chains allow improving the phase stability and decrease uranium extraction when 

cumbersome branching are applied. These effects appeared to be related to smaller volume of 

the polar species extracted in the organic phase, as well as aggregates. To provide a deeper 

understanding on the alkyl chains configuration effect on extraction and aggregation and to 

decorrelate the thermodynamic motors responsible for such properties, we apply in this 

second part a complete thermodynamic analysis based on the “ienaic” approach and on the 

modeling of the scattering data.  

 

Methods 

In this article, the experimental results collected in Part I are analyzed with a SANS 

modelling to interpret quantitatively the aggregation properties of the various tertiary amines 

tested, and further interpreted with a thermodynamic model. Details of the applied models are 

described in the following. 

SANS modelling 

SANS data were fitted with a model considering a form factor of spherical particles with a 

core-shell form factor and a Baxter’s sticky hard sphere structure factor.[12,25] In this model, 

a polar core containing the extracted solutes and the polar heads of the tertiary amines, is 

distinguished from the apolar shell composed of the alkyl chains of the tertiary amines and 

the penetrated octanol molecules. Concentrations of extracted solutes were used to estimate 
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the scattering length densities of the core of the aggregates and the volume fraction of the 

scattered objects. As they are constant in this Q range, contributions of the solvent and of the 

incoherent have been added as a constant term in the calculated spectra. 

We use in this work the model of sticky hard monodisperse sphere of Baxter in order to 

calculate scattering and to estimate order of magnitude of effective hard sphere and effective 

short range interaction potential. 

It must be noticed that there are three different difficulties inherent to the Baxter model: 

 a-the reverse aggregates are not hard spheres, since they are produced by dynamical 

exchange: there is no contact and bouncing, but fast exchange of molecules. Introducing hard 

steric walls introduces artefacts. 

b- the water in oil aggregates is very polydisperse. This polydispersity makes those 

oscillations of the form factor not apparent, and uncontrolled errors are induced in 

adjustments. 

c- the stickiness is an effective value, with range less than 10% of the core radius. This is not 

the case since two attractive phenomena come in: dispersion forces as well as coalescence of 

droplets becoming infinite connected networks.[26] The numerical values of the stickiness 

parameter is not representative of an interaction only, but of a shape morphology. 

Despite these problems, the Baxter model remains a simple procedure to fit scattering in 

terms of P(q) and S(q), and we used it in this work. The two other analytical models: Debye-

Anderson-Brumberger,[27] in the absence of steric repulsion and the fluctuation Ornstein-

Zernike models.[28] In the absence of analytical model, the only remaining method is to 

calculate the expected SAXS directly from the MD snapshots using any of the standard 

routines available in libraries. However, boxes large enough to contain a representative 

coalescing curved interfacial layers are difficult to make. 

A polydispersity was introduced on the polar core size and on the shell thickness to obtain an 

optimal fit. The polydispersity ratio, PD, defined by the ratio between the standard deviation 

and the radius/thickness was fitted for each sample. Signal of the pure deuterated solvent was 

measured and considered constant to be added according to its volume fraction in each 

sample.  

The principal parameters determined from the fit are the polar core radius ����� ; the 

aggregates shell thickness ∆��	�

; and the stickiness parameter τ-1, which value characterizes 

the strength of the sticky hard sphere attractive forces at short distances. Considering that 

polar cores contain all the extracted solutes and the polar parts of the extractant molecules 

and by estimating the average volume of extracted solutes per extractant, the average number 
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of extractant molecules per aggregate ��

 was derived from the obtained �����. Equations 

used for the fit are detailed in Supporting Information.  

The parameters including ��

, ����� and ∆��	�

 are crucial to determine the thermodynamic 

motors responsible for the uranium transfer.  

 

Thermodynamic motors responsible for the uranium transfer 

The “ienaic” approach.[3] estimates the main driving forces responsible for the transfer of 

metallic ions from aqueous phase to organic phase, by taking into account the aggregation of 

extractant molecules. A thermodynamic balance expresses the total free energy of transfer ΔG�������� as a function of several “driving forces” that control the partition of electrolytes 

between the organic and the aqueous phase.[19,20]  

In this work, we consider that the free energy of transfer of one cation is the combination of 

three driving forces taking into account entropic and enthalpic effects of complexation and of 

supramolecular aggregation of extractants: 

ΔG�������� =  ΔG������������ + ΔG!������ + ΔG�"���  
Where  ΔG�"��� = ΔG������������� + ΔG�#�$��#�� 

Equation 1 

Among these three terms, complexation between the extracted ions and the extractant is a 

strong term of approximately 30-50 kBT per extracted species that favors the transfer to the 

oil phase.[20] This term is counterbalanced by weaker quenching terms due to the formation 

of aggregates in the organic solution, the packing of extractants chains, and the packing of the 

solutes confined in the polar part of the aggregates. 

 

- Transfer energy 

The uranium apparent Gibbs free energy of transfer, denoted ΔG��������%UO(()* is defined as 

follows: ΔG��������%UO(()* = −k-T. lnD3  
Equation 2 

With k-T the thermal energy, DU the distribution ratio of uranium, and considering one UO(() 

per aggregate. 

- Complexation term 

The value of ∆G������������/�55 is here expressed per aggregate and per extracted uranyl ion. 

The complexation energy of extractant molecules toward actinides in apolar diluents is 

difficult to determine using classical approaches because it is commonly determined in polar 
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diluents (for example with UV/vis measurements). In this work, an estimation is proposed by 

considering the values of literature.   

- Droplet term 

The second term denoted “droplet term” is due to aggregation. It is related to the confinement 

of ions in the very small polar volumes in the oil phase. It is the entropic energy associated 

with the packing of hydrophilic species inside the polar core of the aggregates. In this work, 

the hydrophilic species include the extracted metallic ions, co-extracted water and salts, and 

the extractant polar heads.  

As the concentration of extracted uranyl in the organic phase is low compared to the 

concentration of ligand, all the aggregates formed in the organic phase do not contain uranyl. 

Therefore, two types of aggregates with and without uranyl (noted 67789:	 ;<==>  and 

677?� ;<==> respectively) can be distinguished. Only the aggregation terms of the aggregates 

containing uranyl cations were therefore considered for the thermodynamic calculation of the 

transfer of these uranyl cations. 

Considering that all the extracted acid molecules participate to the protonation of amines 

molecules, the droplet term relies on the following chemical equilibrium: %@A(()*�B + C%D(EAF*�B + G%D(A*�B + HIJJ%KL�*��
↔ %HIJJ − NC*%KL�*��
 + C%KL�D)*(%EAF(O*��
 + %@A(()*��
+ G%%D(A*��
 

Equation 3 

Where C and G stand for the stoichiometric coefficient of H2SO4 and H2O in the aggregates 

containing 1 uranyl.  

According to the equations proposed by Dufreche and Zemb [20] and Rey et al.,[24] the 

droplet term can be expressed as follows: 

∆PQ��R
�:%@A(()* = C ln STUVW=XYZ[ \UVW=XYZ[
TUVW=X]^ \UVW=X]^ _ + ln `TaV==>YZ[ \aV==>YZ[

TaV==>]^,c \aV==>]^ d + Cefghijkl>m=
��
 nhijkl>m=

��
 +
%NC + o*%Φ��
 − Φ�B*  

Equation 4 

Where g9 is the molality in mol/kg of solvent of the species under equilibrium conditions in 

either organic phase (superscript org), or aqueous phase (superscript aq), g;<==>�B,q  is a 

reference concentration with an activity of 1, Φ��
 − Φ�B  is the difference between the 

osmotic coefficient in the organic phase and in the aqueous phase (approximately equals to 

0.2), n9 represents the activity coefficient of the various species. 
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The contribution of extracted water is represented here by the deviation of osmotic 

coefficient from the ideality in the solvents. 

 

The third term denoted “chain term” contains interfacial effects: these are a free energy of 

micellization, measured via the CAC (ΔG�������������), as well as a packing frustration term 

due to the bending of the interface (ΔG�#�$��#��). 

- Micellisation term 

The “micellization term” defines the entropic cost of packing monomeric extractant into 

reverse micelles in the organic phase. To evaluate this term, CAC derived from the SANS 

measurements are converted into free energy of micellisation thanks to the following 

equation: ΔG������������� = −N�55ln%CAC* 

Equation 5 

The droplet and the micellization terms are not sufficient to explain the huge gap between the 

complexation energy and the energy of transfer. Another term related to the aggregation, 

called the curvature energy has also to be taken into account. 

 
- Curvature energy 

Curvature energy is associated to the extractant organization around the extracted and co-

extracted species.[29,30] It is associated to the variation of shape and size of the reverse 

aggregates, and is sensitive to standard and effective packing parameter of the extractant 

when the aggregates are filled orswollen with polar species.  

In other words, curvature energy describes the bending energy of the interface between the 

hydrophilic core of the aggregates and their hydrophobic shell. The hydrophilic cores contain 

the solubilized water, acid and metallic cations, as well as the polar headgroups of the 

extractant molecules. The hydrophobic parts of the aggregates consist of the nonpolar alkyl 

chains of the extractants. 

The bending energy of this interface is proportional to the square of the difference between 

the effective packing parameter of an aggregate u�, and the spontaneous packing parameter u� of this one aggregate without any external constraints. The chain term of a reverse micellar 

aggregate is therefore given by: 

∆P�v�w�:v�� = x∗2 ��

%u� − u�*( 

Equation 6 
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Where x∗, the generalized bending constant, is expressed in kBT. It describes the energetic 

contribution per extractant molecule to a certain interface. 

 

Results and discussion 

SANS spectra were measured for various tertiary amines diluted deuterated dodecane, after 

being contacted with aqueous solutions containing 2500 ppm UO2(NO3)2 (10.5 mmol/L), 1 

mol/L (NH4)2SO4 and 0.1 mol/L H2SO4 (pH = 1).  

 

(a) 
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Figure 2. SANS spectra (experiment and fit) of different tertiary amines with linear alkyl chains (a) or with 

branched alkyl chains (b) (0.2 mol/L) diluted in n-dodecane modified with 5 %vol 1-octanol and contacted with 

the aqueous phase containing 2500 ppm U(VI), 0.1 mol/L H2SO4 and 1 mol/L (NH4)2SO4. Each data set is 

multiplied by 10n where n runs from 0 to 4 for (a) and from 0 to 2 for (b) starting from the lowermost spectrum. 

 

The absolute scattering spectra and corresponding fitted curves, expressed in cm-1, are plotted 

as a function of the wave vector Q for the various tertiary amines in Figure 2. It must be 

noticed that the samples were prepared with deuterated octanol and deuterated dodecane. The 

contrast being mainly due the hydrogenated/non hydrogenated parts of the samples, scattering 

signal is then due to the extractant aggregation and does not include the contribution of the 

octanol molecules that are deuterated and present no contrast with the main solvent. [31] 

As mentioned in the first part of this study, the strong increase of intensity at low Q values 

indicates that tertiary amines form reverse micelle like aggregates. Variations observed 
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between longer or branched amines suggest moreover that the aggregates have different size 

distributions or that they present a significant variation of inter-aggregates attraction or both. 

To complete this interpretation, data were fitted with a model considering a form factor of 

spherical particles with a core-shell form factor and a Baxter’s sticky hard sphere structure 

factor.  

Fitted parameters obtained for tertiary amines with linear and branched alkyl chains are 

summarized in Table 1 and Table 2. 

 

Table 1. Fitting parameters of SANS spectra of tertiary amines with linear alkyl chains. (Initial organic phases: 

0.2 mol/L of tertiary amine diluted in deuterated dodecane modified by 5 %vol. octanol; Initial aqueous phase: 

2500 ppm U(VI), 0.1 mol/L H2SO4 and 1 mol/L (NH4)2SO4.) 

N° C 6 7 8 9 10 

����� (Å) 6.1±0.2 5.9±0.1 5.8±0.1 5.6±0.2 5.5±0.2 

��

 4.3±0.4 4.2±0.1 4.0±0.2 3.7±0.3 3.4±0.3 

∆��	�

,k|  (Å) 4.0±0.1 4.2±0.2 4.2±0.2 4.3±0.1 4.5±0.2 

∆��	�

,|  (Å) 2.8±0.1 3.2±0.1 3.4±0.1 3.6±0.2 3.7±0.2 

τ
-1 (kBT) 10.0±0.5 9.1±0.4 8.3±0.3 7.3±0.3 5.0±0.3 

 

Table 2. Fitting parameters of SANS spectra of tertiary amines with branched alkyl chains.  

Branched alkyl chains with 8C C8 TOA C8 TIOA C8 TEHA 

����� (Å) 5.8±0.1 5.5±0.1 1.2±0.5 

��

 4.0±0.2 4.2±0.1 0.2±0.3 

∆��	�

,k|  (Å) 4.2±0.2 3.9±0.2 6.5±0.2 

∆��	�

,|  (Å) 3.4±0.1 3.2±0.1 6.3±0.1 

τ
-1 (kBT) 8.3±0.3 5.1±0.3 NA 

 

Table 1 shows that the polar core radius �����, decreases with the alkyl chains length of the 

tertiary amines. As mentioned in part I, it follows the same trend as the concentrations of 

extracted water and acid, which are assumed to occupy most of the core volume in the core 
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shell model. The number of extractant per aggregate ��

 also follows this trend, but with a 

slighter variation (from 4.3 to 3.4).  

It can also be observed that the thickness of the apolar shell ∆��	�

 increases with increasing 

alkyl chains length, which is also confirming the core-shell model.  

Besides, the stickiness parameter τ-1 decreases with the alkyl chain carbon number, which 

indicates that the aggregates formed by amines with longer chains produce weaker attractive 

interactions between the aggregates. The evolution of this parameter is consistent with the 

observation described in paper I: the third phase formation is repelled for extractant having 

longer alkyl chains. It is also consistent with the evolution of SANS spectra at small angles: 

scattering intensity decreases, and the plateau appears flatter when the alkyl chains become 

longer. 

It must be noticed here that the stickiness parameters τ-1 are high compared to the percolation 

threshold of ca. 2kBT, estimated for such systems. The use of the Baxter model might be 

discussed as in previous studies,[32–35] but we considered it is sufficiently efficient to 

estimate the relative trend of attractive interactions when the extractant chains length are 

modified. 

For amines with branched chains, we can notice from Table 2 that TIOA has a slightly 

smaller polar core than TOA, and a similar ∆��	�

. In comparison, TEHA which ramification 

is larger, is only present in the form of monomers and dimers with very small �����  and 

thicker ∆��	�

. The slightly branched molecule, TIOA forms smaller aggregates than TOA 

(with ����� values 5.5 and 5.8 Å), while no aggregation is observed for TEHA. SANS fitting 

also allows estimating the stickiness parameter for the branched molecules: τ-1 is smaller for 

TIOA than for TOA, suggesting that the amines with branched alkyl chains form aggregates 

with less attractive interactions. As the core-shell model reaches its limits for monomeric 

species, this parameter could not be estimated for TEHA. Comparison between TOA and 

TIOA confirms however quantitatively the observation commonly noticed in literature that 

branched alkyl chains quenches the formation of the third phase. 

 

Thermodynamic balance 

As described in the previous section, the thermodynamic balance is established according to 

Equation 1, which consists in expressing the transfer energy of uranium as a function of the 

complexation energy, the droplet term and of the micellisation and curvature free energies. 

Evaluation of these terms is described in the following.  
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- Uranium Gibbs free energy of transfer }P:��?�~�� is evaluated per ion from Equation 2 as a function of the distribution ratio. 

Figure 3(a) presents the values of ΔG��������%UO(()* for tertiary amines with different chains 

length (filled circles) and branching (open circles). The transfer energy of uranium per 

aggregate ΔG��������%UO(()* exhibits a quasi-constant shape with alkyl chain carbon number, 

which is consistent with the trend observed for D3. 
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Figure 3. (a) Uranium free energy of transfer; (b) Droplet free Gibbs energy related to the confinement of the 

electrolyte in the polar core of reverse micelles plotted as a function of alkyl chains length of tertiary amines; (c) 

Free energy related to the entropy of monomeric extractant in the organic phase which hinders micellization. 

The values of tertiary amines with C8-based branched chains are also plotted in the same figures. 

 }P:��?�~�� of TOA and TIOA are found to be close to -4 kBT/agg. TEHA has a positive 

}P:��?�~�� value as it does not extract any uranyl. 

 

Inhibitors due to aggregation 

- Droplet term 

The droplet term is calculated from Equation 4, for which the stoichiometric coefficient C 

and G of H2SO4 and H2O in the aggregates containing 1 uranyl must be evaluated.  For this, it 

was considered that the aggregates with and without uranyl have the same volume and 

aggregation number N�55. Considering the molecular volumes of UO2SO4, H2SO4 and H2O 

(185 Å3, 89 Å3 and 30 Å3 respectively), it was therefore estimated that the volume occupied 

by one uranyl in the aggregates containing one uranyl (67789:	 ;<==>) is replaced by 3 water 

and 1 acid molecules in the aggregates with no uranyl (677?� ;<==>*. The stoichiometry of the 

polar species in the aggregates was therefore taken as follows: In 67789:	 ;<==>, there are 1 

UO2SO4, i H2SO4 and j H2O; while in 677?� ;<==>, there are 0 UO2SO4, (i + 1) H2SO4 and (j 

+ 3) H2O. 
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The stoichiometric coefficients i and j in aggregates with uranyl were calculated from the 

average stoichiometric coefficient of UO2SO4, H2SO4 and H2O in all the aggregates (noted �;<==>, ��=��W and ��=�). Assuming α the proportion of the aggregates being 67789:	 ;<==>, 

and 1- α the proportion of 677?� ;<==>, we have: 

�;<==> = � × 1 + %1 − �* × 0 

��=��W = � × C + %1 − �* × %C + o* 

��=� = � × G + %1 − �* × %G + �* 

Equation 7 

Where �;<==> , ��=��W  and ��=�  can be calculated from the experimental data with the 

following equation: 

�;<==> , ��=��W  ��=� = ��

�����6��6f�� − ��� × ��u��������
  
Equation 8 

The molalities and stoichiometric coefficients results are presented in Supporting Information 

in Table S3 and S4.  

Another parameter to determine to evaluate the droplet term from Equation 4 is the activity 

coefficient of the tertiary amines, nhijkl>m=
��
 . It is a difficult parameter to evaluate as activity 

coefficient are rarely available for organic species.[36,37] We could however find that nhijkl>m=
��
 /%nijk��
*( remains constant for wide concentration range of amine and acid.[38] For 

sake of simplicity, we considered that all the amines are fully protonated and that nhijkl>m=
��
 equals to 1. 

Equation 4 becomes therefore: ∆P�v
�%@A(()*
= C ln `g�<W=X��
 n�<W=X��


g�<W=X�B n�<W=X�B d + ln �g;<==>��
 n;<==>��

g;<==>�B,q n;<==>�B � + Cefghijkl>m=

��
 + %NC + o*%Φ��


− Φ�B* 

Equation 9 

Based on these results, the droplet term was estimated and plotted in Figure 3(b). 

Results show that the droplet term acts as a strong inhibitor on the transfer energy of uranyl. 

A slight decrease of the droplet term free energy is observed for higher alkyl chains length, 

varying from 16 to 13 kBT/agg, which is consistent with less entropic cost when less polar 

species are confined in the polar cores. A slight minimization is also observed at C8 TOA. 
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For branched molecules, ∆PQ��R
�: is slightly decreased. ∆PQ��R
�:  of C8 TIOA is 12.3 

kBT/agg, while for C8 TEHA, the value is close to zero, since the polar core of this amine is 

too small to solubilize any polar species inside.  

 

- Micellisation term 

The micellization term is calculated from Equation 5 thanks to the CAC determination 

presented in the first part of this paper. Results are plotted in Figure 3(c). Due to the entropy 

cost to form aggregates with the monomeric extractants, it is another predominant inhibitor of 

extraction. Results show that C8 TOA has a slightly larger micellization free energy (11.2 

kBT/agg) while the values of the other linear amines show a gradual and slight decrease from 

10.3 to 8.6 kBT/agg. 

C8 TIOA, the amine with relatively small branched groups, shows a smaller micellization 

free energy of 9.6 kBT/agg than C8 TOA. ΔG������������� of C8 TEHA is negligeable since it 

does not form micelles in dodecane. 

 

- Curvature & Complexation energy 

Gathering all the information, two remaining parameters need to be estimated: the 

complexation energy and the curvature energy which depends both on effective and standard 

packing parameter and on the bending constant κ∗ (Equation 6). Order of magnitude of these 

parameters are accessible in literature,[39–43] but they have never been estimated for tertiary 

amines systems.  

As the chelation site of the tertiary amines remains constant, we considered here a constant 

complexation energy of -35 kB T/ion, which is consistent with the values estimated for 

similar systems.[19,20] 
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Figure 4. Considering a constant }P��TR
���:9�?  the chain free energy }P�	�9?  is plotted as a function of alkyl 

chains length. The values of tertiary amines with branched chains are also compared in the same figures.  
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With this asumption an estimation of the curvature free energy was deduced and is plotted in 

Figure 4. It shows an increase from 4.3 to 8.1 kBT/aggregate when the alkyl chain length is 

increased, and from 6.6 to 9.1 kBT/agg from TOA to the slightly branched TIOA. For the 

bulkier branching (TEHA), a significant increase of }P�v�w�:v��  reaching 37.9 kBT/agg is 

estimated. This result shows that for TEHA, the curvature energy almost counter balanced by 

itself the complexation free energy. 

 

Sum of all contributions 

To better illustrate the influence of each contribution on the transfer energy, a sum of the 

main driving forces is plotted in Figure 5. 
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Figure 5. The main contributions are summed to illustrate their influence on the uranium transfer energy of 

tertiary amines and plotted as a function of alkyl chains length a) and branching b). 

 

Effect of alkyl chains length: 

- The droplet term }PQ��R
�:  and the micellization energy }PT9��

9��:9�?  are 

responsible for respectively 40 % and 20 % of the complexation energy loss.  They 

appear almost constant over the whole range of alkyl chains length. 

- Curvature energy is secondary inhibitors of the complexation, which is more sensitive 

to the alkyl chain configuration. The tertiary amine with the shortest alkyl chains (C6 

THA) present the lowest curvature energy. The higher curvature energy obtained for 

the longer alkyl chains is associated to lower water and acid extraction. Long chain 

configurations being less favorable, the aggregates can hardly swell and extract polar 

species. 
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- The resulting transfer energy }P:��?�~��  is quasi-constant, with a value of 

approximately -4 kBT/ion. After counter balancing all the inhibitor terms, it appears 

that only 11 % of the complexation energy is necessary to induce the transfer of 

uranyl from aqueous phase to organic phase, which is in agreement with the study 

previously published on DMDOHEMA and HDEHP systems.[20,24] 

Effect of chains branching: 

When the branched groups become larger and closer to the polar head (from TOA to 

TIOA and TEHA), the inhibitors }P�v
� and }PT9��

9��:9�? become less important. 

In opposition, the significance of }P�	�9?  increases and becomes large enough to 

counterbalance }P��TR
���:9�?. Consequently, the extraction efficiency of the TEHA 

amine vanishes to zero. 

Overall, this thermodynamic approach shows that the driving forces based on the tertiary 

amines aggregation are significantly responsible for the extraction efficiency of water and 

acid. In return, uranium extraction is mainly controlled by the amine’s complexation. The 

free energy of transfer depends only weakly on the linear alkyl chain lengths: variations of 

curvature term is compensated by variation of the cost of micellisation. 

For different alkyl chain branching the situation is different. For moderate branching located 

far from the chelation site, effect is small and comparable to the entropy of configuration of 

branched chains.[44,45] However, for  stronger branching located closer to the chelation site, 

the spontaneous curvature of the aggregates is much lower than the polar core and the 

frustration energy of bending increases so much that free energy of extraction changes sign.  

 

 

Conclusion 

SANS analysis confirmed that longer or branched alkyl chains markedly affects the 

supramolecular self-assembly of the tertiary amines into smaller reverse micelle like 

aggregates. It primarily induces a decrease of the water and acid extracted, and secondarily 

induces a decrease of uranium extraction. SANS fitting also shows that longer of branched 

alkyl chains leads to less third phase formation thanks to reduced attractive interactions 

between the aggregates. 

The “ienaic” approach was further applied to establish a thermodynamic balance of the 

driving and inhibiting forces responsible for the transfer of uranium by the various tertiary 

amines. Considering both the complexation and aggregation abilities of the extractants, this 
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approach showed that the two most important inhibitors of the uranium transfer are the 

droplet and micellization free energies, which are due to the extractant aggregation. 

Assuming a constant complexation energy, the chain free energy was shown to be a 

secondary inhibitor to uranium transfer and to increase slightly with the alkyl chains length.  

The global thermodynamic balance indicates moreover that uranium extraction remains 

globally constant for the various alkyl chain lengths because it is mostly controlled by the 

complexation ability of the extractant molecules and poorly affected by extractant 

aggregation. In comparison, extraction of water and acid is strongly influenced by the 

aggregation of tertiary amines and significantly reduced when longer alkyl chains are 

employed, because of a larger curvature energy.  

The situation is slightly different for bulky branched alkyl chains which significantly 

influence the transfer energy of uranium. When the branched group of alkyl chains is large 

and close to the polar head, the chain free energy becomes such an important inhibitor that no 

complexation nor aggregation can be achieved. This huge constraint almost counterbalances 

the complexation free energy and results in a huge drop of extraction efficiency towards 

water, acid and uranium. If branching induces high enough spontaneous packing (typically 

above 4), the aggregation cannot take place for steric reasons (frustration energy too high) 

and the extraction is completely quenched.  

This combined colloidal approach and “ienaic” thermodynamic analysis does not only allow 

understanding the effects of alkyl chains configuration on uranium extraction, but it also 

provides promising direction to optimize selective uranium extraction towards competitors as 

Zr, Th, and Pu etc. It has been reported that, tuning the elongation of alkyl chains or 

introducing branching groups can optimize the selective extraction of U/Th by trialkyl 

phosphates,[46,47] or increase the selectivity U/Zr of carbamide extractants.[48,49] However, 

these properties have never been studied with a colloidal approach and related to aggregation 

mechanisms. Since the polar cores volume is strongly influenced by the alkyl chain’s 

structure, extraction of competing elements by solubilization can be monitored by tuning the 

alkyl chain configuration. This effect could be exploited to control the selectivity, and in the 

peculiar case of uranium with tertiary amines, it could also provide new options to improve 

the degradation problem of tertiary amines encountered in the AMEX process, as a higher 

selectivity toward vanadium is expected to reduce amines degradation problems. 
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