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Abstract 
 

This report concerns a pyrochemical process based on liquid-liquid extraction in a molten 

fluoride/liquid aluminium system as a core process for actinide (An)/lanthanide (Ln) group 

separation, studied at CEA. 

 

The basic and demonstrative experiments have established the feasibility of the An/Ln group 

separation in the molten fluoride/liquid aluminium system (U, Pu, Np, Am, Cm traces from Nd, Ce, 

Eu, Sm, Eu, La – An/Ln separation factors over 1000 – An recovery yield over 98 % in one batch).  

 

The main experimental efforts must now be targeted on the recovery of actinides from the Al 

matrix. A thermodynamic and bibliographical survey has been done. It shows that back-extraction 

in a molten chloride melt could be a promising technique for this purpose. 
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I. GENERAL INTRODUCTION 

 

During PYROPEP (FP5 FIKW-CT-2000-00049) and now in EUROPART, WP6 to 9, the 

pyrochemistry is studied as a way to treat HLLW rafinates or concentrates from PUREX process or 

spent fuels from ADS or GenIV reactors (gas fast reactors “GFR” or molten salt reactors “MSR” 

mainly). 

If, in the past, the main part of the job was dedicated to the acquisition of basic data in molten 

chloride or molten fluoride, mainly by electrochemical methods, and to the tests, at small scale, of 

some potential cores of process such as electrodeposition on solid and liquid cathodes in molten 

chloride and liquid-liquid reductive extraction from a fluoride molten salt to a liquid metal, it is now 

time to validate the performances of each core of process. 

This report concerns a pyrochemical process based on liquid-liquid extraction in a molten 

fluoride/liquid aluminium system as a core process for actinide (An)/lanthanide (Ln) group 

separation, studied at CEA. 

Previous basic studies have shown the potentialities of this selected system for Pu and Am selective 

extraction 
1,2
. 

 

In order to confirm its interest, some points had to be assessed: 

- U, Np and Zr distribution ratios, 

- extraction behaviour of actinides and lanthanides in complex solutions (solutes 

present together in the melt and at higher concentrations). It implies the 

implementation of demonstrative experiments, 

- techniques for the actinides recovery from the Al matrix (“back-extraction” step). 

 

The results are described in this report. 
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II. ACTINIDES/FISSION PRODUCTS SEPARATION IN THE MOLTEN LIF-

ALF3 / LIQUID AL(-CU) SYSTEM 

 

II.1 Experimental 
 

Al, Cu and non radioactive fluorides were purchased to Sigma-Aldrich with better than 99.99 % 

purity. The fluorides were packaged by the supplier in ampoules under argon atmosphere with an 

initial water content of less than 100 ppm. UF4 was provided by Comurhex. AmF3 was synthesized 

by precipitating Am(III) in a nitric acid medium using a 2 M hydrofluoric acid solution. The 

precipitate was successively washed with 0.1 M hydrofluoric acid, water, and acetone, then dried in 

flowing air at room temperature, as for PuF3. Pu was in a nitric acid solution as Pu(IV), requiring 

prior reduction to Pu(III). This was achieved using ascorbic acid as a reducing agent and 

hydrazinium nitrate to control the nitrous acid concentration and prevent the oxidation of Pu(III) to 

Pu(IV). Al-Cu alloy (78-22 mol %) was prepared by dissolving the suitable quantity of copper in 

liquid aluminium at 800 °C. This operation was performed under argon sparging in a stainless steel 

reactor using a boron nitride crucible. The argon used to sparge the reactor was supplied by Air 

Liquide with very high purity: N60 grade, H2O < 0.6ppm and O2 < 0.1ppm. 

 

The experiments were carried out using the device (High-Temperature Liquid-Liquid contactor: 

HTLLC) shown in Figure 1. Two similar devices were used: one for the tests with non radioactive 

materials and another—in a glove box—for the tests involving actinides. The HTLLC uses two 

crucibles: the metal is melted in the upper crucible, and then poured through a stoppered orifice into 

the lower crucible. This system has two advantages: it accurately determines the starting time for 

kinetic studies and limits the entrainment of metallic oxides into the extraction crucible. Since all 

the liquid metal is not poured, the Al and Cu oxides in the film formed at the surface of the molten 

metal are not transferred into the lower crucible. This latter is the extraction vessel in which the two 

phases are contacted and stirred. 
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Figure 1. Experimental set-up for liquid-liquid extraction studies. 
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The salt mixture, 15 to 20 g of powder containing the solvent (LiF-AlF3) and the solutes, was 

thoroughly blended and placed in the extraction crucible. The LiF/AlF3 ratio and the initial solute 

concentration are various for each test. About 45 g of solid Al-Cu alloy (78-22 mol %) were loaded 

into the upper crucible. The reactor was then sparged with argon and the temperature increased to 

250 °C for 12 hours to dehydrate the salt. The temperature was then increased to 830 °C to melt the 

two phases. While the melt was stirred at about 60 rpm, 15 to 25 g of alloy were poured by raising 

the stopper. The two phases were maintained in contact for 3 hours, which was amply sufficient to 

reach equilibrium. Salt and liquid metal samples were then taken for analysis using quartz tubes and 

a syringe. The salt samples were dissolved at 90–100 °C in a solution of HNO3 (3 M) and 

Al(NO3)3 (1 M). The metal samples were dissolved in a mixture of HNO3 (4 M) and HF (0.7 M). 

For U and non radioactive materials, the concentrations in solution were determined by ICP-AES or 

MS. Pu, Np and Am were analyzed by α counting and spectrometry 
 

II.2 Distribution coefficients 
 

Uranium distribution coefficients 

 

They have been determined for three AlF3 concentrations 15 % (fluorobasic melt), 25 % (neutral 

melt) and 35 % (fluoroacidic melt). The experimental conditions are the following: [UF4]initial = 5 wt 

% corresponding to 0.6-0.8 mole %, T = 830 °C.  

 

Before contacting with the metal, molten salt samplings are done. The analysis of the U 

concentration (by ICP-MS) shows that U is not totally dissolved in the melt. The rate of U dissolved 

increases with the AlF3 content: respectively 51 %, 62 % and 92 % of U dissolved for 15 mole %, 

25 mole % and 35 mole % of AlF3. This result could not be only explained by a lack of solubility of 

UF4 because both UF4 and AlF3 can be considered as fluoroacidic and the UF4 solubility should 

decrease with increasing AlF3 content. It could be better explained by a partial hydrolysis of UF4 in 

oxide or oxy-fluoride compounds, all the more soluble that AlF3 content is high (by O-F exchange 

reactions)
3
. 

 

For each run, about 14 g of corresponding previous salt was contacted with 15-16 g of Al-Cu alloy. 

After 3h of stirring, samples of both molten salt and liquid metal are taken. Results are summarized 

in Table 1. They show that the observed distribution ratios are high and should allow the recovery 

of more than 99 % of U for a ratio metal/salt = 1. They increase with increasing AlF3 content, which 

is in disagreement with previous results. That could be due to the presence of uranium oxide 

precipitate that complicates the extraction mechanism.  

 

 

Table 1. U concentrations after contacting with the metal. Distribution ratios DU. 

After contact 

[U] (mg/g) Run AlF3 (mole %) 

salt metal 

DU (wt) 

(mg/g) in metal/(mg/g) in salt 

1 15 0.26 ± 25 % 32.3 ± 12 % 124 ± 37 % 

2 25 0.10 ± 4 % 33.1 331 

3 35 0.06 ± 26 % 30.8 ± 6 % 513 ± 32 

 

A complete fading of the salt, which confirms the significant U decontamination, is observed after 

extraction (Figure 2) 
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Figure 2. Salt samplings before (left) and after (right) contacting with the metal. 

 

 

Neptunium distribution coefficients 

 

Np fluoride compounds synthesized in aqueous medium are not stable with temperature (NpF4) or 

too much volatile at 830 °C (NpF5 & NpF6). Thus, in absence of an HF gas facility, the 

determination of the distribution ratios of Np must be envisaged differently. It has been done by 

considering the transfer of Np from the metal into the salt (rather than the inverse). Complementary 

experiments with Ce have been done and have shown the reversibility of the extraction mechanism.  

 

Preparation of the Al-Cu-Np alloy. 

It has been done by contacting NpO2 (1.843 g) with Al-Cu (21.5 g) at 830 °C in the presence of a 

melting of LiF-AlF3 (85-15mole %, 15.0 g). This synthesis route has been used in the past for the 

elaboration of Pu-Al fuels
4
. After 3h of contact between the melting and the metal, samplings of the 

metal are taken and analyzed. They show that 1.522g ( ± 9 %) of Np have been transferred in the 

metal which corresponds to more than 94 % of Np extraction. The final composition of the alloy 

can be estimated to be Al-Cu-Np (55.4-37.6-7.0 wt % or 76.8-22.1-1.1 mole %). The alloy is then 

cut up in three parts of about 7 g for distribution coefficients measurement experiments. 

 

Determination of the distribution ratios of Np as a function of AlF3 content in the melt. 

In the same manner than with U, the Np distribution ratios have been determined for 15, 25 and 

35 mole % of AlF3. For each run, about 15 g of LiF-AlF3 are contacted with one of the three parts 

of the Al-Cu-Np alloy and completed with 1 g of Al-Cu. After 3h of contact, samplings of molten 

salt and liquid metal are done and analyzed. The results are given in Table 2. As for Pu and Am, the 

highest distribution ratio corresponds to the fluorobasic eutectic composition (15 mole %). Anyway, 

on all the AlF3 range and for a ratio metal/salt = 1, they would allow the recovery of 99 % of Np in 

one step. 

 

Table 2. Np concentrations after contacting with the salt. Distribution ratios DNp. 

After contact 

[Np] (mg/g) Run AlF3 (mole %) 

salt metal 

DNp (wt) 

1 15 0.13 ± 14 % 30.2 ± 13 % 232 ± 27 % 

2 25 0.30 ± 6 % 25.1 ± 4 % 84 ± 10 % 

3 35 0.17 ± 5 % 22.8 ± 8 % 133 ± 13 % 
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Zr distribution coefficients 

 

Because the standard Gibbs enthalpy of formation of ZrF4 (-780.1 kJ/mole F2 at 800 °C) is close to 

those of actinides (-847.2 kJ/mole F2 for UF3 at 800 °C), it could be difficult to operate an An/Zr 

separation by reductive extraction in molten fluoride.  

In order to confirm experimentally this thermodynamic prediction, two runs have been done. The 

objective is to study, at 830 °C, the Zr distribution in the following systems:  

- LiF-AlF3 (85-15 mole %)/Al-Cu(78-22 mole %), corresponding to the “fluorobasic” salt 

eutectic (E1); 

- LiF-AlF3 (65-35 mole %)/Al-Cu(78-22 mole %), corresponding to the “fluoroacidic” salt 

eutectic (E2). 

The operating conditions are the same than those previously described previously. The initial ZrF4 

content of the melt is 0.6wt %. About 15g of salt and 20g of metal have been contacted. The results, 

detailed in Table 3, are the following: 

- E1: The (mass) distribution ratio of Zr (DZr) is equal to 1, which corresponds to 55 % of the 

initial Zr transferred in the metal. 

- E2: DZr#35, more than 97 % of the initial Zr has been transferred in the metal. 

 

The higher value obtained for E2 could be explained by the high fluoroacidity of ZrF4, less solvated 

in acidic medium and thus more easily extracted. 

However, it has been demonstrated that Zr would be significantly extracted with the actinides in the 

Al alloy. Thus, a specific management of this element must be envisaged in the process i/ at the 

front-end, by volatilizing ZrF4 (BP1atm = 912 °C) or ii/ at the actinides recovery step (from the Al 

matrix) by treating the metal with HCl(g) (see IV) and distilling AlCl3 and ZrCl4 (BP1atm = 331 °C). 

 

Table 3. Zr concentrations after contacting with the metal. Distribution ratios DZr. 

After contact 

[Zr] (mg/g) Run AlF3 (mole %) 

salt metal 

DZr (wt) 

1 15 1.404 1.333 ± 6 % 0.95 

2 35 0.060 ± 6 % 2.152 35.9 

 

 

II.3 Demonstrative experiment  
 

The objective is to confirm the very promising results obtained previously (i.e experimental 

assessment of distribution ratios of actinides and lanthanides in the LiF-AlF3/Al-Cu system at 830 

°C) in more realistic conditions: 

- all the solutes (Pu, Am, Ce, Sm, Eu, La) together in the salt (≠ unitary transfer), 

- high load concentration (#15 wt %, ≠ very dilute), 

- Pu/Ln mass ratio #3, corresponding to the order of magnitude of a double strata cycle 

scenario. 

 

Two runs have been done, for the following extracting systems at 830 °C: 

- LiF-AlF3 (85-15 mole %)/Al-Cu(78-22 mole %), 

- LiF-AlF3 (85-15 mole %)/Al. 
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The objective of the second test is to check that the absence of Cu in the extracting metal does not 

penalize the extraction, both in term of extractive performances (distribution coefficients, separation 

factors) and in term of implementation of the process (settling of the metal); indeed, in the case 

where Cu would be proved to be a nuisance in the following step of the process (actinides recovery 

from the Al-Cu matrix), the use of non alloyed Al could be necessary. In the test without Cu, the 

AlF3 initial content of the melt has been slightly increased in order to get the same Al distribution 

between the two phases, and thus, the same reductive power of Al. 

For each test, the initial concentrations in the salt are the following (wt %): PuF3 (11), AmF3 (0.2 ), 

CeF3 (2.5 ), SmF3 (0.5 ), EuF3 (0.5) and LaF3 (0.5). 17g of salt and metal have been contacted. 

The results are given in the Table 4. They show that: 

- The distribution ratios of Pu and Am are close, high and in the same order of magnitude than 

those previously measured at low concentration without lanthanides. In the test without 

copper, the distribution coefficient of Cm (trace concentration in Am starting material) has 

been measured ; it’s very close than those of other actinides (U, Np, Pu, Am, Cm); 

- The distribution coefficients of the lanthanides are low and allow high separation factors 

with actinides; 

- The results obtain with Al-Cu and Al are close. In the Al test, a satisfactory settling of the 

metal has been noticed, which confirms the possibility to dispense with Cu in term of 

implementation of the extraction. 

 

Table 4. Mass distribution coefficients (DM=Xmetal/Xsalt) of actinides and lanthanides – Separation factors with Am 

(DAm/DM). 

Al-Cu (78-22 mole %) Al 

M DM SAm/M 

Pu 197  ± 30 0.73  ± 0.21 

Am 144  ± 20 1 

Ce 0.142  ± 0.01 1014  ± 213 

Sm 0.062  ± 0.006 2323  ± 488 

Eu  < 0.013 >11000 

La  < 0.06 >2400  

M DM SAm/M 

Pu 273  ± 126 0.78  ± 0.47 

Am 213  ± 30 1 

Cm 185  ± 31 1.15  ±  0.35 

Ce 0.162  ± 0 .02 1315  ± 289 

Sm 0.044  ± 0.004 4954  ± 1139 

Eu  < 0.03 >7100 

La 0.03 7100  
 

These tests confirm the chemical feasibility of the An/Ln group separation by liquid-liquid 

extraction in molten fluoride with liquid aluminium. 
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III. DEVELOPMENT OF AN EXPERIMENTAL SET-UP FOR HOT TESTS IN 

SHIELDED CELL 

 

With a view to future liquid-liquid extraction hot tests in shielded cell, an experimental set-up has 

been developed. Its conception was mainly governed by two constraints: 

- safety: Surface temperature must not go beyond 60 °C, 

- compatibility with remote manipulators. 

 

Its main components are (Figure 3): 

- a furnace (1500 W, Tmax = 1150 °C), 

- an inconel vessel, 

- a boron nitride crucible. Its shape has been performed in order to facilitate in situ samplings 

of both molten salt and liquid metal, 

- an inconel cover equipped with penetrations for thermocouples and sampling systems, two 

gas inlet and outlet for the scavenging of the vessel (argon) and cooling of the cover (air), 

- a stirring system composed of an inconel rod and a boron nitride paddle. 

 

 

Figure 3. Experimental set-up developed for hot-test in shielded cells. 

 

Qualification tests of the set-up have been implemented in a remote manipulation facility. They 

have allowed to:  

- identify points to improve concerning the remote manipulation ability and to realize 

corrective actions, 

- characterize the temperature profile inside the vessel at the targeted temperature (830 °C), 

- insure that, for safety considerations, the temperature, at any external point of the set-up, 

does not go beyond 60 °C during heating, 

- qualify “chemically” the set-up with an inactive experiment. 
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The last point has been done by contacting 77 g of LiF-AlF3 (85-15 mole %), containing 9 wt % of 

CeF3, with 77 g of Al-Cu (78-22 mole %) alloy. Samplings of both liquid metal and molten salt are 

done after 3 h of contact and analyzed.  

The distribution ratio of Ce is 0.25 and positions itself perfectly on the distribution diagram 

obtained previously with other set-up (Figure 4). 

A picture of the salt/metal system obtained after cooling is given Figure 5. 
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Figure 4. « Chemical » qualification of the hot test set-up. 

 

Figure 5. Picture of the salt/metal after 

contact and cooling. 
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IV. ACTINIDES RECOVERY FROM THE AL MATRIX 

 

Our previous experimental results have demonstrated that actinides can be separated from 

lanthanides in fluoride salts using liquid aluminium as a reducing extracting metallic solvent.  

The following step is their recovery from the aluminium matrix for the fuel refabrication. In this 

purpose, a bibliographic and thermodynamic study has been done. The following techniques have 

been inventoried and surveyed:  

 

IV.1 Physico-chemical techniques 
 

- Precipitation: the U-Al and Pu-Al phase diagrams are well known
5
. Pure U and Pu can not 

be recovered by this technique. Only the intermetallics UAl4 and PuAl4 could be isolated. 

 

- Distillation: The vapour pressures of pure Al and actinides (U->Cm) have been considered 

(Figure 6)
6
. They show that, with a 10

-2 
mbar vacuum, it is necessary to reach the 

temperature of 1200 °C to distillate Al. Furthermore, the main difficulty is the high volatility 

of americium which distillates at 900 °C in the same conditions. Thus, this technique does 

not seem to be suitable for the objective. 
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Figure 6. Vapour pressure of Al, Cu and actinides as a function of temperature. 

 

IV.2 Electrorefining 
It has been envisaged by ANL in the late 90’s for the treatment of U-Al fuels

7
. The potential of U 

and Al are too close in molten chloride to implement their separation by electrorefining. Three steps 

are necessary (Figure 7): i/anode preparation that consists in casting the U-Al alloy and adding 

metallic silicon. This metal complexes with uranium and enhances the separation ii/Electrorefining 

of Al in molten fluoride. 99.9 % of the Al can be recovered with less than 0.016 % of U iii/ 

electrorefining of the anodic residue in molten chloride to recover U. 
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Figure 7. Scheme of the process envisaged by ANL for the recovery of U from U-Al spent fuel. 

 

IV.3 Extraction with an immiscible and distillable metal 
 

Some experiments implemented by Atomic Energy of Canada in 1956 have shown that Pu and Am, 

dissolved in liquid Al, are transferred into liquid Bi when contacting with it at 800 °C
8
. Bi was then 

successfully evaporated under vacuum at 750 °C. Two major drawbacks were noticed: i/ The 

volatility of Am that contaminates the Bi condensate ii/ The solubility of Al in Bi which 

contaminates the final actinide metallic product.  

 

Our thermodynamic calculations, based on the activity coefficients of U, are in agree with these 

experimental results and show that U is not extracted in other Al immiscible metals (In, Pb, Tl). 

 

-6

-5

-4

-3

-2

-1

0

1

2

3

0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2

1000/T°K

lo
gD

U
 o

u 
P

u

U (Al -> Bi)

Pu (Al -> Bi)

U (Al -> In)
U (Al -> Pb)

U (Al -> Tl)

Pu (Al -> In)

 

Figure 8. U and Pu distribution ratios in Al->Bi, In, Pb and Tl systems – Thermodynamic predictions. 
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IV.4 Oxidizing Liquid-liquid extraction in a molten salt 
 

It consists in contacting the liquid An-Al alloy with a molten salt containing an oxidizing agent. The 

actinides are transferred into the salt and their oxide can be precipitated. Thermodynamic 

predictions, based on the study of the equilibrium AlF3 + An � Al + AnF3, (An = U or Pu), taking 

into account the activity coefficients of the solutes in both phases, show that this technique is not 

suitable in molten fluoride. The same study has been done in molten chloride with the equilibrium 

AlCl3 + An � Al + AnCl3, (An = U or Pu). The apparent equilibrium constant of the reaction 

 

                                                            3

3
.

AnCl

AlClAn
app KK

γ
γγ

°=
 

 

has been estimated as a function the temperature a LiCl-KCl melt (Figure 9). The back-extraction 

of both U and Pu seems to be feasible, but in the case of U, an excess of AlCl3 could be necessary at 

the equilibrium to obtain a quantitative back-extraction; from a technological point of view, this 

could be complicated by the high volatility of AlCl3. Nevertheless, this method is interesting. 
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Figure 9. Thermodynamic predictions: apparent equilibrium constants of oxidation of U(Al) and Pu(Al) with AlCl3 in 

molten LiCl-KCl. 

 

IV.5 Oxidation with AlCl3(g) 
 

It has been envisaged in the past for the purification of Al from lanthanides
9
. It consists in bubbling 

AlCl3(g) (AlCl3 completely sublimes at 180 °C) in liquid Al. The lanthanides are oxidized into their 

trichlorides and can be skimmed off at the surface of the liquid Al.  

 

In order to assess if that technique is suitable for the recovery of actinides, thermodynamic 

calculations have be done. They are based on the equilibrium AlCl3(g)+An = AnCl3+Al (with 

An = U or Pu), taking into account the activity coefficients in the liquid metal. For a partial pressure 

of AlCl3, PAlCl3 = 1bar, the residual concentration of Pu in Al would be about 0.01 wt % after 

bubbling. The U decontamination would be much less efficient; its concentration in Al after 

treatment would be about 3.5 wt %. 



EUROPART – Deliverable D 40 Report  

Page 16 / 18 

 

 

IV.6 Volatilization of Al with a chlorinating gaseous reagent 
 

It has been studied, at the pilot scale, on irradiated U-Al fuel, in the 60’s, by the CEA
10
. It consists 

in treating the fuel, at about 400 °C, with an HCl(g) flux in order to convert Al into gaseous AlCl3. 

The actinides are converted into their trichlorides which are solid at this temperature.  

 

The use of Cl2(g), instead of HCl(g), would allow the recycling of the un-reacted chlorinating gas 

(no H2(g) by-product). Nevertheless, the chlorination of U, with Cl2(g), would lead to the formation 

of UCl4, UCl5 and UCl6. The volatility of these compounds will have to be managed, especially for 

UCl6. 

 

IV.7 Conclusions/perspectives 
 

Three techniques could allow recovering pure actinides from an Al matrix:  

• Electrorefining: its main drawback is its complexity (3 steps are necessary), 

• volatilization of the Al matrix by a chlorinating reagent: It is a simple and efficient method. 

Nevertheless, high volume of chlorinating gas has to be managed and an additional step of 

AlCl3->Al conversion should be done in order to recycle Al, 

• oxidizing liquid-liquid extraction in molten chloride:  

 

The last one is still un-investigated. Uranium should be the actinide the less easily back-extracted. 

An experimental study is necessary. 
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V. GENERAL CONCLUSION 

The basic and demonstrative experiments have established the feasibility of the An/Ln group 

separation in the molten fluoride/liquid aluminium system (Figure 10).  

 

The main experimental efforts must now be targeted on the recovery of actinides from the Al 

matrix. A thermodynamic and bibliographical survey has been done. It shows that back-extraction 

in a molten chloride melt could be a promising technique for this purpose. An experimental 

programme will be proposed in this field. Another route, the chlorination, is still under study at ITU 

(see Deliverable D39 of EUROPART). 
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Figure 10. Distribution ratios of actinides and lanthanides in the LiF-AlF3 / Al-Cu (78-22 mole %) – Experimental 

results at 830 °C. 
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