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In relation with the liquid-liquid extraction of uranyl nitrate from 
an acidic aqueous phase to supercritical CO2, we present a series of 
molecular dynamics (MD) simulations on the "interfacial" systems 
involving UO2(NO3)2 species and high concentrations of TBP and 
nitric acid. We compare the distribution of solvent and solutes at the 
interface which forms upon the demixing of "chaotic mixtures" of 
water / CO2 solutions. The simulations highlight the importance of 
interfacial phenomena in uranyl extraction to CO2. In most cases, 
demixing leads to separation of aqueous and CO2 phases which form 
an interface. At low concentrations, TBP and the neutral form HNO3 
of the acid adsorb at the interface, while the uranyl salt and ionic 
species sit in water. Spontaneous complexation of uranyl salts by TBP 
is observed, leading to UO2(NO3)2(TBP)(H2O) and 
UO2(NO3)2(TBP)2 species of 1:1 and 1:2 stoichiometry, respectively, 
which adsorb at the interface. As the TBP concentration is increased, 
the proportion of 1:2 species, more hydrophobic than the 1:1 species, 
increases, following the Le Chatelier principle. Nitric acid competes 
with the uranyl complexation by TBP which forms hydrogen bonds 
with H3O+ or HNO3 species. Thus, at high acid:TBP ratio, the 
concentration of 1:1 and 1:2 complexes decreases. Also noteworthy is 
the evolution of the interface from a well-defined border at low acid 
and TBP concentrations, to a mixed microscopic "third phase" 
containing some 1:2 complexes which can be considered as 
"extracted". We believe that such heterogeneous microphase is 
important for the stabilization and extraction of uranyl complexes by 
TBP and, more generally, in the extraction of highly hydrophilic 
cations (e.g. lanthanides or actinides) to organic media.  
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INTRODUCTION 
 

Supercritical CO2 "SC-CO2" can be used as a promising ecological alternative 
in liquid-liquid extraction systems.(1-6) This is of particular interest in the context 
of nuclear waste partitioning, which is generally initiated from aqueous solutions of 
the metal ions, obtained by dissolution of the irradiated material in concentrated 
nitric acid solutions. Examples of metal extraction to SC-CO2 from solid or liquid 
matrices involve extraction of metallic, lanthanide and actinide cations by β-
diketonate ligands,(7-9) of strontium by crown ethers (8) or of UO22+, Th4+, (10-
15) lanthanides (16, 17) or heavy metals (18) by organophosphorus ligands. 
Reviews can be found in ref. (2, 19). Recently, a new method for dissolving solid 
uranyl dioxide in SC-CO2 with the CO2-philic TBP.HNO3 complexant without 
requiring dissolution by acid in water has been reported.(11) 

In this paper we focus on the uranyl extraction by TBP (tri-n-butylphosphate) in 
acidic conditions, with the aim to investigate the interfacial behavior of the partners 
involved in the extraction process to SC-CO2. As metallic ions are quasi-insoluble 
in SC-CO2 while uncomplexed ligands used in liquid-liquid extraction are not 
soluble in water, it is stressed that the border region ("interface") between the two 
liquids should play a key role in the transfer of the complexed ions to the CO2 
phase. TBP is used in the industrial PUREX process for nuclear waste processing to 
extract uranyl as UO2(NO3)2(TBP)2 complexes (20-24) and also extracts the uranyl 
cation from acidic aqueous solutions to SC-CO2. Owing its amphiphilic character, 
TBP is also surface active and should thus concentrate at the surface of water. 
Similar features are anticipated for the neutral form HNO3 of nitric acid, which, 
according to MD simulations (25, 26) and surface spectroscopy studies,(27) is also 
surface active and accumulates at the water/"oil" interfaces, which display marked 
analogies with the water/air interface.(28) On the other hand, hydrophilic metallic 
ions are "repelled" by the interface, preventing their capture by water insoluble 
extractants.(29) It is thus important to understand at the molecular level what 
happens at the liquid boundaries (30) and we report new microscopic insights into 
this question obtained from molecular dynamics (MD) simulations with explicit 
representation of the solvents and solutes. 

In our first investigations of water "/oil" extraction systems, the "oil" phase 
was modeled by chloroform, focusing on the distribution of ligands (e.g. 
calixarenes, crown ethers, cryptands, podants, CMPO, TBP) and their complexes, 
as well as all kinds of ionic species.(31-33) Recently, we reported the first MD 
investigations on water / SC-CO2 interfaces, either neat, or in the presence of salts 
or extractants molecules.(26, 28, 34) These studies considered pH neutral systems. 
Here, we focus on uranyl extraction in acidic conditions. The simulated systems, 
noted A to J, are described in Table 1 and Figure 1. The water / CO2 interfacial 
system A (no solute) and the acidic systems B and C (corresponding to about 1 and 
2 mol.L-1) have been previously reported (28, 34) and are briefly described as 
references for more complex and concentrated systems. The systems F-J contain 5 
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or 6 UO2(NO3)2 uranyl salts (about 0.05 mol l-1), and increasing amounts of TBP 
(from 30 to 120 molecules) and of nitric acid in the simulation box. The 60 TBP 
solutions E, H and I correspond roughly to the concentration used experimentally 
in the PUREX process. One important issue in modeling studies concerns the 
representation of acidity, as force field methods cannot properly account for proton 
transfer processes, and require an a priori choice of the protonated / deprotonated 
species. As this is not known from experiment for heterogeneous systems, we 
decided to model nitric acid as (HNO3, H3O+ NO3-)m, i.e. an equimolar mixture of 
neutral and ionic forms, which represent the dominant contributions in organic and 
aqueous phases, respectively. Thus, m = 18 in systems F and H (corresponding to 
about 1M aqueous solutions) and m = 36 in systems G and J.  

The MD simulations D - J focus on the demixing of completely mixed water/ 
CO2/TBP/acid systems, which are "chaotic arrangements", also prepared by MD 
simulations (see methods). These systems, "perfectly mixed" at the microscopic 
level (probably more than they are in reality) are highly unstable. We want to 
investigate how they spontaneously evolve and relax, and in particular to which 
extent the aqueous and CO2 phases will separate, and how the acid and uranyl 
nitrate species will distribute once the equilibrium is reached. One critical issue, in 
relation with assisted extraction, is whether and under which conditions uranyl will 
be complexed by TBP and finally extracted to CO2. The pH-neutral D and E 
systems, described in more details in ref. (28) are presented here for a purpose of 
comparison with the acidic ones F - J.  
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Figure 1. The simulated species: TBP and the UO2(NO3)2 salt. 
 
 
 

 



R. Schurhammer and G. Wipff, in Separations and Processes using Supercritical Carbon Dioxide, 
Ed. A. S. Gopalan, C. Wai, and H. Jacobs (ACS, 2003), Vol. 860, Chap. 15, pp. 223-244. 

 

 
METHODS 

 
The simulations were performed with the modified AMBER5.0 software (35) 

where the potential energy is described by a sum of bond, angle and dihedral 
deformation energies, and pairwise additive 1-6-12 (electrostatic + van der Waals) 
interactions between non-bonded atoms.  

 
( ) ( ) ( )

∑

∑∑∑

< 




























+














−+

++−+−=

ji ij

ij
ij

ij

ij
ij

ij

ij

dihedrals
n

angles
eq

bonds
eqr

R
R

R
R

R
q

nVKrrKU

12*6*

22

2

cos1

εε

φθθθ

 

 
The UO2

2+ parameters are from Guilbaud and Wipff. (36) Water was 
represented with the TIP3P model. (37) For SC-CO2, we used the parameters of 
Murthy et al. (38) : charges qC = 0.596, qO = -0.298 e and van der Waals parameters 
R*O = 1.692, R*C = 1.563 Å and εO = 0.165, εC = 0.058 kcal/mol. All O-H, O-H 
bonds and the C=O bonds of CO2 were constrained with SHAKE, using a time step 
of 2 fs. As in ref. (28), the UO2(NO3)2 salts were constrained to remain bound and 
neutral in order to allow for their possible extraction to an hydrophobic medium. 

 
The temperature was monitored by separately coupling the water, CO2 and 

solutes subsystems to a thermal bath at the reference temperature (350 K) with a 
relaxation time of 0.2 ps for the solvents and 0.5 ps for the solutes. Non-bonded 
interactions were calculated with a residue-based twin cutoff of 12/15 Å for all 
systems, excepted for D and E for which we used a 13 Å cutoff with a reaction 
field correction for the electrostatic interactions. 
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Figure 2. The simulation box, with the starting arrangement of system I (6 
UO2(NO3)2 + 60 TBP + 36 (HNO3, NO3

+ H3O+) species (left). Snapshot of the 
mixed system (right). 
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Table 1 
 

Systems  a Box size 
(Å3) b 

NCO2 + Nwater
Time 
(ns) 

[TBP ] 
/ [acid] 

(mol.L-1) c 
A Free interface 28×28×(28+28)  241+726 1.0 - 
B 18 (HNO3, H3O+, NO3

-) 43×36×(23+38) 409+1802 1.0 -/1.0 
C 36 (HNO3, H3O+, NO3

-) 44×56×(31+31) 813+2450 1.0 -/1.6 
D 5 UO2(NO3)2 +   30 TBP 40×40×(43+35) 595+1832 3.0 0.72/- 
E 5 UO2(NO3)2 +   60 TBP 42×39×(43+45) 619+1992 5.6 1.41/- 
F 6 UO2(NO3)2 +   30 TBP + 18 acid 42×42×(47+47) 750+2441 4.0 0.60/0.7 
G 6 UO2(NO3)2 +   30 TBP + 36 acid 42×41×(57+52) 905+2621 4.0 0.51/0.7 
H 6 UO2(NO3)2 +   60 TBP + 18 acid 43×41×(63+56) 957+2980 4.0 0.89/1.2 
I 6 UO2(NO3)2 +   60 TBP + 36 acid 43×41×(63+56) 957+2850 5.0 0.89/1.2 
J 6 UO2(NO3)2 + 120 TBP + 36 acid 44×43×(69+56) 950+2800 7.3 1.52/1.1 

a. acid = HNO3 + NO3
- + H3O+   b. x × y × (zCO2 + zwater) 

c. Concentration of TBP in the organic phase and of nitric acid in the aqueous phase. 
 

The CO2 / water interface has been built as indicated in ref. (39) starting with 
adjacent boxes of CO2 and pure water (Figure 2). The corresponding densities are 
0.80 and 1.0 respectively.  All systems were represented with 3D periodic boundary 
conditions, thus starting with alternating slabs of water and CO2 separated by one 
CO2 / water interface.  

 The solutes were initially placed at the interface, as shown in Figure 2. After 
energy minimization, MD was run at 350K at constant pressure for 50 ps. This was 
followed by a mixing step of 1 to 1.5 ns, during which the system was heated at 
700 K and the electrostatic interactions were scaled down by a factor of 100 in 
order to enhance the mixing of hydrophobic and hydrophilic species. This lead to 
"chaotic mixtures" of water, CO2 and of solutes, as shown in Figure 2. The 
demixing simulation was then initiated be resetting the temperature to 350 K and 
the dielectric constant of the medium to 1.0.  

The results have been analyzed as described in ref. (40).  The interface position 
is instantaneously defined by the intersection of the solvent density curves. The 
percentage of species "near the interface" was calculated from the average number 
of species, which sit within a distance of 7 Å from the interface, which corresponds 
to about half of the interfacial width. 
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RESULTS 
 
In most cases, the "demixing" process was rapid, but its rate and completeness 

diminished with the complexity and concentration of the solutes. For instance, the 
acidic system C (no TBP) evolved to two well separated phases in less than 0.5 ns 
while, for systems like I or J, no full phase separation was achieved after 5 ns. 
Anyway these events remain extremely fast at the extraction experiment time scale, 
and we thus mainly focus on the systems at the end of the simulation. More detailed 
analysis can be found in ref. (41). The main features are illustrated by final 
snapshots, while density curves of the different species provide a statistical 
description during the last 0.2 ns. 

Comparison of the pure neutral water / CO2 system to the acidic one to which 
uranyl salts and increasing amounts of TBP and acids have been added reveals 
important evolutions which are of particular significance in the context of assisted 
extraction of uranyl.  
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Figure 3. The neat water / CO2 interface without nitric acid (A) and with 18 
(HNO3, NO3

-, H3O+) (B) or 36 (HNO3, NO3
-, H3O+) species (C) after 1 ns of MD 

simulation. Final snapshots (with water and CO2 solvents shown side by side, 
instead of superposed, for clarity) and average density curves (right; averages 
during the last 0.2 ns). The surface of water at the interface is shown for the A 
system. 
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1- The pure water / CO2 system in pH neutral versus nitric acidic 

conditions (A - C) 
 

The systems A - C have been simulated with "standard" MD simulations, 
starting from a prebuilt interface (i.e. without mixing / demixing procedures). As 
shown in Figure 3, the pH-neutral neat water / CO2 system A consists of two well 
defined phases, separated by an interface of about 12 Å thick. A few CO2 
molecules diffused to water, while the CO2 phase remains dry, in agreement with 
the corresponding low miscibility of these liquids.  

When nitric acid is added as (HNO3, H3O+ NO3-)m, to form systems B (m = 18) 
or C (m = 36), the two phases remain well separated and no acid is found in the 
CO2 phase. The acid mainly dilutes in water, as expected, but neutral HNO3 
molecules concentrate at the interface, where their concentration increases with the 
total nitric acid concentration (from 26 % in B to 40 % in C). This contrasts with 
the ionic NO3- and H3O+ components, which are not surface active (only 6 % of 
them sit within 7 Å from the interface).  

 
2- Demixing simulations of pH-neutral "chaotic mixtures" of the 5 

UO2(NO3)2 / n TBP / SC-CO2 / water (systems D and E) 
 
During the MD simulations of "chaotic mixtures" of water, CO2, TBP, 

UO2(NO3)2 and 30 TBP (D) or 60 TBP (E), demixing occurred, leading to 
separated aqueous and CO2 phases and (in relation to the imposed 3D periodicity) 
to two interfaces (Figure 4). In both systems, the bulk aqueous phase finally 
contains some CO2 molecules, but neither TBP nor uranyl species.  

Three remarkable features appear. First, TBP's mostly concentrate at the 
interfaces, while some fraction dilutes in CO2. At the lowest concentration (system 
D), only about 10% of the TBPs are in CO2, while at higher concentration (system 
E), about 50% are at the interface and the other 50% in CO2. Most of them are 
hydrogen bonded via the phosphoryl oxygen to one or two H2O molecules. One 
can also notice that the interface becomes more "rough" and perturbed at higher 
concentration of TBP and that, in no case, it is fully covered by the TBPs. 

The second remarkable feature concerns the spontaneous complexation of 
uranyl ions by TBP at the demixing stage, forming 1:1 or 1:2 complexes, namely 
UO2(NO3)2(TBP)(H2O) and UO2(NO3)2(TBP)2 species in which UO22+ is 
hexacoordinated in its equatorial plane by oxygen atoms (Figure 5). The 1:1 
complexes involve one H2O molecule and are therefore more hydrophilic than the 
1:2 complexes which correspond to the stoichiometry of the extracted system. At 
the end of the simulation, all complexes are 1:2 in E, while in D, two are 1:1 are 
two are 1:2 (one remains uncomplexed), thus following trends expected from Le 
Chatelier principle.  
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Third, as a result of complexation by TBP, all uranyl complexes sit at the 
interface, presumably due to two opposite features: the lipophilic character of TBP 
and the attraction by interfacial water molecules. Thus, the 1:1 complexes sit 
somewhat deeper in water than the 1:2 ones that generally sit more on the CO2 side. 
In the absence of TBP, the uranyl salts completely diluted in bulk water, forming 
UO2(NO3)2(H2O)2 species which are too hydrophilic to approach the interfacial 
region, thus preventing their extraction.(29) 

 

D 

  

E 

 
 

Figure 4. Demixing of the pH-neutral water / CO2 mixtures containing  
5 UO2(NO3)2 and 30 TBP (system D) or 60 TBP (system E) at the end of the 
demixing simulations. Water (right) and CO2 (left) solvents shown side by side, 
instead of superposed, for clarity. 

 

   
 
Figure 5. UO2(NO3)2

.TBP.H2O (left) and UO2(NO3)2
.(TBP)2 (right) complexes 

formed at the water / CO2 interface during the demixing simulations of systems D 
or E. 
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3- Demixing simulations of acidic "chaotic mixtures" of 6 UO2(NO3)2 / n 

TBP / m (HNO3, NO3-, H3O+) / SC-CO2 / water containing systems (F-J).  
 
In this section, we consider systems to which nitric acid has been added, at 

different TBP concentrations. They all contain 6 UO2(NO3)2 salt molecules. Final 
snapshots are given in Figure 6 and density curves in Figure 7. 

System F is similar to D, i.e. contains 30 TBPs, and additional 18 (HNO3, NO3-, 
H3O+) species. It also demixes and, at 2.5 ns, the aqueous and CO2 phases are well 
separated. As in the above systems, most TBPs and HNO3 neutral species adsorb 
and spread onto these two interfaces, while five of the six UO2(NO3)2 salts are 
complexed by one or two TBPs and adsorb at the interface. Most ionic NO3- and 
H3O+ species are immersed in water. From 2.5 ns until the end of the simulation (4 
ns), the system F fluctuates without major reorganization. Finally, the two 
interfaces are somewhat different, with different distributions of the adsorbed 
species. The "left interface" (Figure 6) is more flat and less perturbed than the 
"right one", in relation with the lower concentration of adsorbed species. The most 
perturbed interface contains four of the five uranyl complexes (three are 1:1 and 
one is 1:2), and a large concentration of TBP and HNO3 species (see density 
curves). Many of them form hydrogen bonded TBP-HNO3 supermolecules (Figure 
8), three of which moved to the CO2 side of the interface. Thus, increasing the 
acidity with 30 TBPs does not promote the extraction of uranyl to the CO2 phase, 
but induces some water/TBP/HNO3/CO2 mixing at the border between the aqueous 
and CO2 phases. Such mixing should thus decrease the interfacial pressure, thus 
facilitating the extraction of the complexes to the CO2 phase.  

Trends observed in system F are confirmed when the acid concentration is 
doubled (system G). At the end of the demixing simulation, one finds a well 
defined interface ("left" in Figure 6) without complexes and little TBP or acid, 
while the right "interface" is broader, due to significant mixing of 
water/CO2/TBP/acid, which may be viewed as a microscopic "third phase". As far 
as uranyl extraction is concerned, it appears that the latter is less favored in G than 
in systems C - F. Indeed, two uncomplexed uranyl salts finally remain in bulk 
water, as do two 1:1 complexes with TBP, while no 1:2 complexes formed. The 
main reason can be found in the competition of acid vs uranyl interactions with 
TBP. Thus, about 1/3 of the TBPs are hydrogen bonded with H3O+ (Figure 8), thus 
preventing their complexation to uranyl. As a result, the number of neutral TBP-
HNO3 dimers also drops (to about 2 on the average), compared to system F. 
Another difference, compared to neutral system D is the increased water content of 
the CO2 phase: the latter is no longer dry, but contains some hydrogen bonded 
water molecules.  
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Figure 6. Demixing of the acidic water / CO2 mixtures containing 6 UO2(NO3)2, 
TBP and nitric acid (system F to J). Snapshots at the end of the demixing 
simulations. The water (right) and CO2 (left) solvents are shown side by side, 
instead of superposed, for clarity. 

 
System H contains 60 TBP and 18 (HNO3, NO3-, H3O+) species, and thus a 

larger TBP / acid ratio (about two), compared to F or G. After 4 ns, the resulting 
demixed state is similar, as far as the aqueous phase is concerned: it contains 
mainly the ionic components of the acid, plus one uncomplexed uranyl salt, but no 
TBP. Important differences appear, however, as far as the uranyl extraction is 
concerned (Figure 6). Indeed, the CO2 phase contains more TBP (about 20 %) than 
in systems F or G, and most importantly, two 1:2 UO2(NO3)2(TBP)2 complexes, 
which sit beyond the cutoff distance from the interface, and thus may be considered 
as "extracted". Another clear evolution, concerns the disruption of the water / CO2 
interfaces, which are less well defined than at lower TBP concentrations. Interfacial 
TBPs thus adopt "random" instead of "amphiphilic" orientations. This may be 
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related to the formation of TBP-HNO3 dimers near the interface, thus reducing the 
affinity of the polar head of TBP for water. About 1/3 of the HNO3 species are thus 
co-extracted to the CO2 phase by TBP. Increasing the acid concentration with 60 
TBP's (i.e. from system H to I) leads to similar features, as far as the extent of 
phase separation is concerned, but one finally finds two water slabs and two CO2 
slabs in the simulation box (Figure 6), thus leading to four interfaces instead of two 
in the above systems. This arrangement remained when the MD was pushed further 
for one ns (i.e. 5 ns for I), presumably because the cohesive solvent - solvent forces 
are not strong enough, and the cutoff distance is smaller than the width of these 
slabs. As the interfacial area is nearly doubled, compared to systems E - H, most 
TBPs concentrate at the interfaces. As far as uranyl complexation is concerned, one 
finds four 1:2 UO2(NO3)2(TBP)2 complexes at the interface, one 1:1 complex on 
the waterside of the interface, and one uncomplexed uranyl salt. Thus, like at lower 
concentration of TBP or acid, no complex is extracted, which hints at the 
importance of saturation of the interface by extractant and acid molecules to 
promote the extraction process. Again, about eight TBP.HNO3 dimers formed, half 
of which sitting near the interface, and the other half in CO2. Some TBP complexes 
with H3O+ of up to 3:1 stoichiometry (TBP)3

.H3O+ also sit in the interfacial region, 
thus attracting some NO3- anions from the aqueous phase to the interface. 
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Figure 7. Demixing of the acidic water / CO2 mixtures (systems F to I). Averages 
density curves during the last 0.4 ns. 
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1:1 TBP.HNO3 1:1 TBP.H3O+ 3:1 (TBP)3

.H3O+ 
 

Figure 8. Typical TBP-acid complexes found in the CO2 phase at the end of 
demixing simulations. 

 
 

In order to investigate the effect of box shape on the outcome of the demixing 
process, this system I was simulated further, by stepwise modifying the box 
dimensions, in order to make it less elongated at constant volume (Figure 9). After 
7.5 ns of dynamics, the final box was nearly "cubic", and the solvents rearranged to 
form two slabs only and two interfaces. This arrangement remained for two more 
ns. As the final interfacial area was close to the initial one, not surprisingly, the 
distribution of the solutes was similar, i.e. most of them (HNO3 and four 1:2 uranyl 
complexes) adsorbed at the interface, while two 1:1 complexes were on the water 
side of the interface. Thus, no complex was extracted to CO2. 

 

 
5 ns 

  
10 ns 

 
Figure 9. Evolution of system I as the box z-dimension is reduced (total volume is 
conserved). 
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The most concentrated system we simulated is J, which contains 120 TBPs and 
1.1 M acid, i.e. 36 (HNO3, H3O+ NO3-) species. Thus, the TBP concentration 
reaches about 30% of the total volume. During the demixing simulation, the 
separation of the aqueous phase was very slow (about 5 ns) and until the end of the 
simulation (7.3 ns), it contained only NO3- and H3O+ ions. Yet, the final picture is 
quite different from the above ones as far as the CO2 component, the interfaces, and 
uranyl extraction are concerned. The organic phase now consists of a binary 
mixture of TBP and CO2 and surprisingly, the TBP concentration at the water 
boundaries is quite lower (< 15%) than in other simulated systems. More than 85% 
of the TBPs are thus in the supercritical phase, where about 30% of them are 
hydrated. The organic phase now contains neutral and ionic forms of the acid, 
strongly interacting with TBPs. About 50% of H3O+ ions sit in the organic phase 
and form (TBP)3H3O+complexes (Figure 8), without dragging nitrate counterions. 
Also about 40% of HNO3 acid species form 1:1 adducts with TBP. Thus, the 
organic phase is strongly mixed, with a high ion content. Of particular significance 
is that it also contains five of the six uranyl complexes, forming 1:2 
UO2(NO3)2(TBP)2 species which can thus be considered as extracted. A sixth 1:2 
complex sits near the interface, i.e. on the pathway for extraction. Thus, system J is 
the most "efficient one", as far as uranyl extraction is concerned. When compared 
to other systems in which TBP and acid are less concentrated, it allows one to better 
understand at the microscopic level the requirements for assisted extraction to SC-
CO2. 

 
DISCUSSION AND CONCLUSION 

 
We report MD simulations on the extraction of uranyl by TBP to supercritical 

CO2 in acidic conditions. They point to a number of analogies with the water / "oil" 
interfacial systems simulated in standard conditions, where "oil" was modeled by 
chloroform, and with the acid-free systems: the aqueous and organic phases 
generally form distinct phases, separated by a liquid-liquid interface, onto which 
extractant molecules and their complexes adsorb. With CO2 as organic phase, the 
interface is somewhat thicker, in relation with the higher mobility of the CO2 
molecules under supercritical conditions. Simulations of the neat interface under 
several thermodynamic conditions have recently been reported.(42) From the size 
of the simulated systems (less than 80 Å in the z-direction), it cannot be concluded 
whether one is dealing with macroscopic or microscopic interfaces only (e.g. at the 
periphery of microdroplets, microemulsions, or micelles (24, 43-46)). We believe 
however that this interface is an important feature for the mechanism of ion 
extraction. Species adsorbed at the interface (lipophilic anions, extractants and their 
complexes, solvent modifiers like fluorinated additives) reduce the interfacial 
tension, and thus lower the energy required for the complex to migrate to the 
supercritical phase. The local dielectric constant at the interface is also smaller than 
in the source (aqueous) phase, thus enhancing the stability of the cation complexes. 
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As pointed out previously, amphiphilic topologies are not mandatory for interfacial 
activity, as even "quasi-spherical" ions like AsPh4+ or BPh4-,(47) bicylic cryptates 
(48, 49) or even tetracharged tetrahedral tetraammonium cages (50) also 
concentrate at the interface. Acids are also somewhat surface active, as shown here 
for nitric acid, and, a fortiori, for weaker acids used in solvent extraction (e.g. picric 
acid, carboxylic acids). The conjugated bases may also adsorb at the interface, 
therefore creating a negative potential which attracts the hard cations near the 
interface and facilitate their capture by interfacial ligands. Such a "synergistic 
interfacial anion effect" likely operates in the enhanced lanthanide cation extraction 
by CMPO in the presence of picrate anions.(51) In the systems reported here, 
nitrate anions behave differently as they mostly dilute in water instead of 
concentrating near the interface.  

A different process is observed here in the absence of such lipophilic anions. 
We see that large amounts of TBP are necessary to promote the formation and 
extraction of the complexes. TBP indeed acts not only as a complexant and surface 
active molecule, but also as a co-solvent with CO2. Interestingly, in our 
simulations, uranyl complexation takes place during the metastable demixing step, 
i.e. after the aqueous and organic phases were forced to mix. Otherwise, the salts 
would not approach the interface enough to be captured by the interfacial TBP 
molecules. The UO2(NO3)2(TBP)2 complexes form at the border of the two 
forming phases during the demixing process and, as phase separation goes on, 
finally adsorb at the interface, instead of spontaneously migrating to CO2. In our 
simulation, one clearly sees that high concentrations of TBP (about 30% in volume) 
are needed to promote the migration to the CO2 phase. This increases the 
concentration of extractable 1:2 complexes and, more importantly, changes the 
nature of the interface, which becomes a "third phase" region where CO2, TBP, 
some acid and complexes mix. This heterogeneous microenvironment stabilizes the 
complexes, which can be considered as "extracted" from water.  

As far as the effect of acidity is concerned, we generally find that the acid 
competes with the complexation of uranyl, due, to the formation of strong hydrogen 
bonds between TBP and HNO3 or H3O+ species. Protonated TBP.H+ species, not 
considered here, are also likely to form and to be surface active. Thus, a large 
excess of TBP is required (e.g. in system J), to efficiently complex uranyl. This may 
seem in contradiction with experimental data, according to which the uranyl 
distribution ratio D between the aqueous and CO2 phases increases with the 
increased concentration of nitric acid.(52) These data follow the global extraction 
equation (I) which assumes that the uncomplexed uranyl salt is mostly dissociated 
and hydrated in the aqueous phase:  

 
(UO22+)aq + 2 TBPCO2 + 2 (NO3-)aq                  (UO2(NO3)2(TBP)2)CO2  (I) 

 
They also follow expected effects of added ions (e.g. Li+ NO3-) via the reduction of 
the water activity ("salting-out effect"). The apparent discrepancy comes from our 
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choice to model uranyl by its neutral UO2(NO3)2 salt instead of UO22+, in order 
allow for its possible extraction. In fact, it is very difficult to predict the status of 
ion pairs in pure solutions (see e.g. ref (53) for lanthanide salts in acetonitrile) and, 
a fortiori, at liquid-liquid interfaces. The formation of neutral salts may also be too 
slow to occur at the simulated time scales. Thus, this facet cannot be addressed by 
our simulations. In this context, the spontaneous formation of uranyl complexes 
with TBP is remarkable, and points to the importance of (micro)-heterogeneities of 
the systems and metastable conditions to form the complexes and promote their 
extraction to organic or supercritical phases.  
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