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Abstract

Experimental studies on the extraction of actinides and other elements from a fluorinated salt into a liquid metal

phase containing a reducing agent such as magnesium or aluminium have been performed using two different systems.

The rate of transfer is very rapid and could, depending on the way stirring is carried out, vary with the stirring rate.

Three different types of stirring have been tested and observations are explained both in terms of hydrodynamics

and chemistry. The role of interfacial agitation is discussed and the assumption that the limiting factor is related to

the chemical reaction and not mass transfer is confirmed by a measured activation energy of 180kJmol�1. Thermal

effects are observed with different magnitudes depending on the reduced species. Chemical control of the kinetics com-

bined with thermal effects account for the rapid transfer. These results can be used to develop a high-temperature pro-

cess for separating actinides and lanthanides. More work is required to determine the reaction mechanisms, which may

not be limited to the interface.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Studies of high-temperature material transfer kinetics

involving chemical reactions in two-phase liquid systems

have shown that they are generally controlled by diffu-

sion in the transfer boundary layer [1]. Stirring of the

system is thus a major factor in controlling the reaction

rate. This is the case, for example, in metallurgical

applications.
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The present paper focuses on the kinetics of the

transfer of an element M from a fluorinated phase into

a metallic phase. MFx is reduced by a reducing agent

R. This process is shown in Fig. 1 and corresponds to

the oxygen–reduction reaction, expressed for one mole

of F2 as

2

x
MFx þ

2

y
R$ 2

x
Mþ 2

y
RFy : ð1Þ

The transfer coefficient kj is determined by measuring

the concentration of R or M in the saline or metallic

phase.
ed.
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Fig. 1. Sketch of the mass transfer of species by an oxygen–

reduction reaction between a metallic alloy and a mixture

containing fluorinated salt.
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In order to compare results from various experi-

ments, we assume that the concentration Cj(t) of a com-

pound j in the corresponding phase varies with time

according to the following relationship:

dCj

dt
ðtÞ ¼ kj

A
V j

ðCi
j � CjðtÞÞ; ð2Þ

where A, Vj, and C
i
j are respectively the area of the inter-

face, the volume of the phase in which the compound j is

present and the concentration of this compound at the

interface.

Eq. (2) introduces the capacity time Tca,j characteris-

tic of the transfer of one element j in its phase and is de-

fined as

T ca;j ¼
V j

kjA
: ð3Þ

Assuming that the concentration of an element is always

equal to its equilibrium concentration, the integration of

Eq. (2) leads to the conventional equation:

Ln
Cj � Cej
C0j � Cej

 !
¼ �kj

A
V j

t ¼ � t
T ca;j

; ð4Þ

where Cej is the equilibrium concentration taken as the

concentration at the end of the test and C0j is the concen-
tration at the starting time. Within the framework of the

film theory, the plot of Ln((C(t) � Ce)/(C0 � Ce)) versus

time must give a line with a slope proportional to the

transfer coefficient.

It appears that in the case of the transfer of actinides

from a fluoride mixture, characterized by a rather com-
Table 1

Characteristics of the tests carried out using the two systems

System 1

Metal/salt Zn–Mg/LiF–CaF2
Transferred element Sm–La–Zr–Cr–U

Crucible diameter (mm) 40

Stirring technology Mechanic paddle

Heating technique Furnace

Sampling Metal or salt
plex transfer mechanism, the variation of the concentra-

tion of the species with time is probably not as simple as

that which is described by Eq. (2). Nevertheless, the ki-

netic study presented in this paper will use the concept of

capacity time to describe the transfer kinetics of zirco-

nium and uranium (a surrogate of the actinides) from

the fluorinated salt towards a metal. Details on the use

of Eq. (4) are provided in Appendix A.

When transfer is controlled by the chemical reaction,

kj represents the kinetic constant of the chemical reac-

tion involving species j. This constant is temperature-

dependent according to an Arrhenius law. When the

transfer is controlled by diffusion, kj corresponds to

the mass-transfer coefficient for species j (often written

as hj).

We investigated the transfer kinetics of the actinides

and lanthanides from a fluorinated salt phase into a

metal phase including a reducing agent. By monitor-

ing the concentrations in one of the phases during the

exchange and interpreting the results based on Eq. (4),

we are able to demonstrate that:

• stirring plays an important role,

• material transfer at the interface does not appear to

be the only limiting factor.

The latter observation is rare in literature related to

this type of process. For instance, some previous studies

[5] have shown that the reduction of neptunium by lith-

ium dissolved in liquid bismuth is very long, leading to

the assumption that the kinetics are limited by diffusion

phenomena.
2. Principle and experimental method

To obtain kinetic data, experiments were performed

on two complementary systems. The tests carried out

respectively with the first and second systems are sum-

marized in Table 1.

The first system was used to study the kinetics of

reduction and transfer for LaF3, SmF3, UF4, ZrF4,

and CrF3. Each compound was first dissolved at a con-

centration of 4mol% in the LiF–CaF2 eutectic at 720 �C.
System 2

Al–Cu/LiF–CaF2–MgF2
Zr

90

Two-frequency magnetic field

Induction

Metal



metal  

salt  

furnace  

Ø=40 mm  

Fig. 2. Sketch of the first experimental system.
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Zn–Mg metal alloy containing 1wt% magnesium was

then poured into the molten salt at time t = 0. The exper-

imental system was previously described in a thermody-

namic study of two-phase equilibrium [2,3] and is

sketched in Fig. 2 and summarized in Table 1. It is

important to recall that the experimental environment

has to be very clean and weak in oxygen in order to

avoid the formation of an interfacial layer that could

disturb the chemical transfer. The two phases were stir-

red with a paddle (dimensions: 15 · 40mm2) at different
rates between 2rpm and 50rpm. Samples of a few hun-

dred milligrams of salt were taken at timed intervals by

solidification on the cold tip of a stainless steel rod. This

rod was very quickly dipped into the melt above the

interface and then rapidly removed from the reactor.

The stirring is stopped during the sampling that lasts a

few seconds. Assuming that no material buildup exists

at the interface, the kinetics of removal of the elements

from the salt was identical to those of the appearance

of the same elements in the metallic phase. The salt sam-

ples were then dissolved in perchloric or sulfuric acid for

optical ICP analysis.

The second experimental system was used to study

the kinetics of reduction and transfer of ZrF4. It was

based on the same chemical principle but with different

geometry and type of stirring. The experimental set-up

is sketched in Fig. 3 and summarized in Table 1. Heating

and stirring were carried out by induction using a two-

frequency electric current defined by the following

relation:
Fig. 3. Experimental device using two-frequency magnetic field

for heating and stirring.
I ¼ I0 cosx1tð1þ a cosx2tÞ; ð5Þ

where t is time, x1 the high angular frequency needed for
heating and bulk stirring and x2 the low angular fre-

quency used to agitate the interface. For this purpose,

x2 must be approximately equal to one of the natural
frequencies or half one of the natural frequencies of

the interface. The entire experimental system and the

stirring method have been described elsewhere [4].

ZrF4 was dissolved at a concentration of 11wt% in the

eutectic LiF–CaF2–MgF2. A metal alloy, Al–Cu con-

taining 70wt% aluminium, was poured into the molten

salt at time t = 0. In this system, aluminium is used as

both a reducing agent and a metal solvent.

Depending on the experiment, the temperature varied

between 800 �C and 900 �C. The electromagnetic stirring
of the metallic phase produced a velocity of around

2cms�1. Three grams of metallic samples were

taken from the bulk at regular intervals. The samples

were then dissolved and analysed by optical ICP

analysis.

The salts were prepared the same way for both

systems. The fluorides were dehydrated in a suitable

oven using a fluorinating chemical agent (ammo-

nium difluoride: NH4FHF). The over-saturated

salt + NH4FHF mixture was introduced into a vitre-

ous carbon crucible and placed in an airtight oven.

A 3-h residence time at 180 �C was sufficient to melt

the ammonium difluoride and to form complexes with

the fluorides to be dehydrated. The water was released

as steam and re-condensed in the cold zone. A second

treatment for 6h at 480 �C under flowing argon

further modified the complexes, leaving a very dry

fluoride. The ammonium fluoride evaporated and re-

condensed in the cold zone. After cooling to room

temperature, the salt was stored in a dry argon atmo-

sphere in a glove box.
3. Experimental results

3.1. Results without stirring

Initial experiments carried out with both experimen-

tal systems and without significant stirring produced a

two-phase ingot in which the saline phase contained a

black layer as shown in Fig. 4 – left. This phenomenon,

already observed by other authors [5] and not clearly ex-

plained, is probably related to remote reduction of a spe-

cies directly in the salt. A chemical investigation carried

out by electronic scan microscopy and electronic

microsounder (EDS-WSD) does not show significant

difference between the composition of the white area

and the composition of the black layer, except the pres-

ence of pure metallic particles in the black layer as

shown in Fig. 10.



Fig. 4. Qualitative results of equilibrium obtained without agitation or with agitation tangential (left) and with agitation normal to the

free surface (right).
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3.2. Results with stirring

Three kinds of stirring were used.

(1) In the first experimental system, the entire system

is agitated by the paddle, even the interface. The

main direction of stirring is tangential to the

interface.

(2) For the second experimental system, with a single-

frequency induction current, only the bulk of the

metallic phase is agitated. Near the interface, the

low velocity of around 2cms�1 is mainly tangential

to the interface. By continuity of the tangential

velocity component, the liquid salt can also be

slightly agitated.

(3) For the second experimental system, with a two-fre-

quency induction current, x2 being adjusted, both
the metallic phase and the interface are agitated.

In that case, the main velocity at the interface is nor-

mal to the interface.

Quantitative results were obtained for the different

types of stirring.

For case 1, the agitation of the whole system leads to

the total disappearance of the black layer at the end of

the 150min of testing.

For case 2, the agitation of the metallic phase de-

creases the thickness of the black layer. In Fig. 5, the
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Fig. 5. Evolution of the thickness of the black layer versus time

when the metallic phase is agitated only.
measured thickness of this layer is plotted versus the test

duration. We note that the thickness of the black layer

first increases from 2 to 6mm and then decreases to

2mm, never disappearing. The tests never lasted more

than 60min.

For case 3, the agitation of the interface at its natural

frequency leads to the total disappearance of the layer as

shown in Fig. 4 – right.

The observation of the changes in the black layer lead

to the following conclusions. Whatever the type of stir-

ring, the thickness of the black layer decreases. It can

even disappear for mixing of sufficient duration or high

effectiveness. As soon as the velocity field exhibits a non-

zero component normal to the interface, the level of agi-

tation influences the rate of transfer. The kinetics are

increased by a factor of 5. This is due to the fact that

a fresh mass-transfer interface is generated permanently

by this type of agitation which also produces an increase

in this surface-area.

Results obtained using system 1 are shown in Fig. 6

for the transfer of uranium (a surrogate for the actini-

des) and lanthanum (a surrogate for the lanthanides).

In both cases, the reducing agent disappears from the

salt phase at the same rate as the MgF2 appears due

to oxidation of magnesium. The reduction of lanthanum

(normally stable with regard to magnesium) is related to

the very strong interactions with the zinc, as its activity

coefficients are extremely low (around 10�8) [2]. The

reduction of uranium is extremely rapid (just a few min-

utes) and inconsistent with the several hours generally

required for actinide transfer studies under the same

conditions [5].

According to Eq. (4), we plot Ln((C(t) � Ce)/

(C0 � Ce)) versus time for each element for the first

few minutes (explanations concerning this choice are

provided in Appendix A) as shown in Fig. 7. The slope

of each straight line (maybe not for chromium) shown in

Fig. 7 gives the value of kj Æ (A/Vj). The experimental

error and the error on the determination of the A/Vj

ratio were estimated at 15%; the resulting measurements

were therefore assigned an error of about 20%. The



Fig. 6. Mass concentration of the salt phase during transfer of

U (a) and La (b) from LiF–CaF2 toward Zn at 720�C and

50rpm – system 1.

Fig. 7. Graphic plots of Ln((C(t)�Ce)/(C0�Ce)) for various

elements from LiF–CaF2 into Zn–Mg at 720�C and 50rpm –

system 1.

F. Lemort et al. / Journal of Nuclear Materials 336 (2005) 163–172 167
series of tests conducted at 50rpm were supplemented by

other tests at different stirring speeds. The kj values mea-

sured using this method are shown in Table 2.

These results lead to two conclusions

• The measured kj values are independent of the

stirring speed. This is an unusual result for a pyro-

chemical process, generally dependent on the hydro-

dynamic conditions. The transfer kinetics in the test

systems thus appears to be controlled by the chemical

reaction. kj will be considered as a kinetic constant

related to the temperature by an Arrhenius law (see

Section 4).

• The kinetics of Sm and La (surrogates of lanthanides)

are lower than the kinetics of Cr, Zr, and U (surro-

gates of actinides). The value of kLa for a stirring rate

of 30rpm is around double than the values obtained

for all other stirring rate. We do not have any expla-

nation of this anomaly that can be connected with an

error of analysis or an error of sampling. The most

important is that the order of magnitude remains

stable.

The experiments carried out regarding the transfer of

zirconium towards an aluminium copper alloy using

electromagnetic stirring (system 2) give complementary

results. Table 3 shows the values of kZr versus different

surface agitation rates represented by the values of the

surface velocity x2g0 where x2 and g0 are respectively
the low angular frequency of the electrical induction cur-

rent and the characteristic height of the fluctuation of

the interface. The measurement of the characteristic

height was previously described [11] and consists of a

pin placed above the surface of the liquid metal. The

study of the deformation is made through this pin that

is connected to a recording system.

In Table 3, the first two lines correspond to type 2

stirring (cf. Fig. 8). The third line corresponds to a

two-frequency type induction current with x2 not tuned
to the natural or half of the natural frequency of the

interface, leading to a small amplitude of the time

dependent deformation of the free surface that is diffi-

cult to qualify. The remaining three lines corresponds

to type 3 stirring.

When only the metallic phase is stirred, the measured

value is about kZr = 10
�4ms�1, highly consistent with

the value of kZr in Table 2.

Considering the four lasted lines of Table 3, also rep-

resented in Fig. 8, we see that the mass transfer (includ-

ing the error on k) increases with the agitation of the

interface according to

kZr / ðx2g0Þ
0:3
: ð6Þ

Therefore, depending on the way agitation is

performed



Table 2

Experimental kj coefficients (ms
�1) for Sm, La, U, Zr and Cr transfers from LiF–CaF2 into Zn at 720�C for various stirring rates –

system 1

rpm 2 10 30 50

kSm (1.5 ± 0.3) · 10�5 – – (1.4 ± 0.3) · 10�5

kLa (2.1 ± 0.4) · 10�5 (2.4 ± 0.5) · 10�5 (4.7 ± 0.9) · 10�5 (2.0 ± 0.4) · 10 �5

kU (1.0 ± 0.2) · 10�4 (1.1 ± 0.2) · 10�4 – (8.0 ± 1.6) · 10�5

kZr – (1.1 ± 0.2) · 10�4 – (1.0 ± 0.2) · 10�4

kCr (2.1 ± 0.4) · 10�4 – – (2.3 ± 0.5) · 10�4

Table 3

Experimental kZr coefficient for Zr transfer from LiF–CaF2–

MgF2 into Al–Cu at various surface agitation rates depending

on x2g0 – system 2

xg0 T (�C) kZr (ms
�1)

<10�2 800 (1.6 ± 0.2) · 10�4

<10�2 780 (1.0 ± 0.5) · 10�4

�10�2 807 (2.5 ± 1.0) · 10�4

0.028 860 (4.3 ± 1.3) · 10�4

0.150 910 (7.8 ± 4.5) · 10�4

0.451 855 (8.1 ± 3.4) · 10�4

Fig. 8. Evolution of the kinetic of mass transfer of Zr versus the

agitation of the free surface.

Fig. 9. Recording of the temperature in the furnace and in the

crucible during the reduction of a mixture of fluoride by

magnesium – system 1.
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• the level of bulk agitation has only a slight effect on

the rate of transfer when the direction of the velocity

near the interface is mainly tangential to this

interface,

• the level of the agitation significantly influences the

rate of the transfer as soon as the velocity field exhib-

its a non-zero component normal to the interface.

3.3. Temperature variations

Using system 1, we carried out an experiment to

check the variation of the temperature with time. Reduc-

tion was achieved according to test 1 (cf. Table 1), using
a mixture (representing 40wt% of the total) of BaF2–

LaF3–ZrF4–CrF3–ZnF2 (5.1–23.8–18.1–2.8–50.2%) dis-

solved in the LiF–CaF2 solvent (53–47%) with an alloy

of Zn containing 4.6wt% of Mg. The temperature in

the furnace and in the system was recorded and is plot-

ted in Fig. 9. Overheating clearly occurs in this system,

with the temperature of the crucible reaching 820 �C.
This value is in accordance with the discussion presented

in Section 4.

For system 2, temperature was recorded in all exper-

iments; the maximum measured variation was 20 �C.
These results are not contradictory given that the

experiments performed using Al as solvent are much less

exothermal than experiments performed using Mg.
4. Discussion

4.1. Black layer and mass-transfer mechanism

For the case without stirring, a black layer appears on

the salt side of the system. The appearance of this black

layer is always correlated with the existence of pure



Fig. 10. Particles of pure zirconium in the bulk of the saline phase.
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Fig. 11. Mechanism of the reduction through a semi-permeable skin of oxide explaining the presence of pure metallic particles in the

saline phase.
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metallic precipitates in the saline phase as shown in Fig.

10 where particles of metallic zirconium are seen in the

bulk of the saline phase. Similar results are found what-

ever the element reduced (uranium, chromium, lantha-

num, etc.). For cases with stirring, the metallic particles

in the saline phase disappear but, as already pointed

out, the black layer fully disappears only for long-dura-

tion or type 3 stirring. The following mechanism is pro-

posed for the mass transfer of M, as illustrated in Fig. 11.

Because some oxygen remains in the system, a very

thin semi-permeable skin of oxide (MgO or Al2O3
depending on the reactive system) forms around the

metallic phase. This skin could also be made of peroxide

and superoxide ions that can aggregate to the interface

to form a barrier to the transfer of Mg (or Al). When

the system is agitated with a sufficient speed, the barrier

is locally broken and the reaction occurs at the interface

(this is not the case with a single-frequency induction

current that induces a tangential velocity of a few
centimetre per second). All the elements that can be re-

duced are transferred toward the metallic phase. The

Mg++ ions and two electrons (respectively Al3+ + 3e�)

cross the interface and allow the mechanisms described

in Fig. 11 to occur, leading to the precipitation of micro-

particles of metal (Zr, U, etc.). These particles fall freely

in the liquid salt, crossing the interface and generating

intermetallic compounds in the metallic phase.

When the system is not agitated, the reaction cannot

occur at the interface. In this case either the Mg++ ions

and two electrons (respectively or the Al3+ ions and

three electrons) diffuse through barrier as shown in

Fig. 11.

4.2. Activation energy

For type 1 or type 2 stirring, the experimental trans-

fer coefficients are given in Tables 2 and 3 and lead to

four main conclusions:



Fig. 12. k versus DH0 for ki measured at 720�C and 50rpm.
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• The transfer kinetics are very high for all reduced ele-

ments. This is unusual for a pyrochemical process.

• The kinetics depend on the transferred element. For

instance, the rate of transfer is higher for uranium

(of the order of 10�4) than for lanthanum (of the

order of 10�5). These elements can therefore be

separated.

• The transfer kinetics are unaffected by the rate of

type 1 stirring. This suggests that the limiting factor

is the chemical reaction and not mass transfer.

• The transfer kinetics are increased when the interface

is agitated with a vertical component (type 3 stirring)

and depend on the level of this agitation.

The three first points may be interrelated. Below, we

propose an explanation regarding all reactions of reduc-

tion by magnesium.

DH 0
M and DHs being respectively the quantity of heat

exchanged during the reaction and the quantity of heat

received by the �metal + salt� system and assuming an

adiabatic heat exchange during the experiment (i.e.

DH 0
M ¼ �DH s), we may write:

DH 0
M ¼ �nCsp DT ; ð7Þ

where Csp, n and T are respectively the apparent molar

heat capacity of the overall system, the quantity of sol-

vent material (see Appendix B) and the temperature dif-

ference T2 � T1 between the initial and final states.

Now, considering that the initial kM,1 and final kM,2
kinetics are related by an Arrhenius law, we may write:

kM;1 ¼ kM;2 exp
EA;M
RT 1T 2

ðT 2 � T 1Þ
� �

; ð8Þ

where EA,M and R are respectively the activation energy

of the reaction (1) and the perfect gas constant.

Introducing Eq. (7) in Eq. (8) leads to the following

relation between the kinetic constants and the reaction

enthalpy:

kM;1 ¼ kM;2 exp � EA;M
nCspRT 1T 2

DH 0
M

 !
: ð9Þ

Eq. (7) and the thermodynamic data available in the lit-

erature [6–10] can be used to calculate DH 0
M for each

reaction (see Appendix B). The measured kM values

are plotted against the calculated DH 0
M values in Fig.

12. An exponential curve has been fitted to the data.

The best-fit curve presents an exponential regression

coefficient equal to 0.99.

kM ¼ 3	 10�5 expð�7	 10�6 
 DH 0
MÞ: ð10Þ

Theoretical Eq. (9) and experimental Eq. (10) lead to the

following values whatever the compound M:

kM;2 ¼ 3	 10�5 ms�1 and
EA;M

nCspRT 1T 2
¼ 7	 10�6:

ð11Þ
Note that k2 is of the same order of magnitude as the

kinetics reported in Tables 2 and 3. Both kinetics k2
and the activation energy EA are irrespective of M, indi-

cating that, at any given temperature, the kinetic con-

stants are equivalent regardless of the element reduced

and the activation energies are of the same order of mag-

nitude. This may be attributed to the fact that the reac-

tion mechanisms are similar for each reduction process,

with the same chemical balance given by Eq. (1) in iden-

tical solvents.

Eq. (11) now allows us to calculate EA considering

that

• T1 corresponds to the temperature at the beginning

of the reaction (720�C).
• T2 is the temperature rise due to enthalpy transfer

(Eq. (7)). It is unknown, but greater than 1000K

and less than 1180K, the boiling point of zinc. This

uncertainty concerning the temperature induces an

error in the calculated EA value.

• The molar heat capacities of the phases are available

in the literature [12] (see Appendix B) and are used to

determine the mean heat capacity of the metal-salt

systems used, which contain 1mol of LiF, 0.2mol

of CaF2 and 1.2mol of Zn. Therefore

n 
 Cp � 115JK�1:

• nMg is the number of moles of the reduced species and

the quantity of material reduced during each experi-

ment was nMg = 4 · 10�2mol.

EA is then expressed as follows:

EA ¼ 7	 10�6
nCspRT iniT fin

nMg
;

EA ¼ 182� 15 kJmol�1:
ð12Þ

The value is too high for to be the activation energy of

diffusion-limited kinetics, but presents the right order
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of magnitude for transfer kinetics limited by the chemi-

cal reaction. This is consistent with the results observed

for stirring, i.e. no effect on the kinetics but an effect on

the dissipation of heat produced by the chemical

reaction corresponding to the mechanisms described

above.
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Fig. A.1. Mass concentration of zirconium in the metal versus

the time. Experiments are performed in system 2 at 850�C
without modulation. The typical magnetic field is 7.8mT.
5. Conclusion

The kinetics of the transfer of various elements be-

tween a fluorinated salt phase and a liquid metal phase

mixture have been studied using two complementary

experimental systems. Different kinds of stirring were

tested.

In the absence of stirring, no transfer takes place. The

reason may be related to the existence of an oxide layer

at the interface. With stirring, the layer disappears and

the transfer takes place. It has been shown that the

kinetics is increased when the interface is agitated with

a vertical component of the velocity and depends on

the level of this agitation. Furthermore, a black layer

containing pure particle of metal is observed in the sal-

ine phase with a weak stirring. Two types of explana-

tions are proposed to understand our results: the first

involves the hydrodynamics of the baths and the second

the thermochemistry of the system.

Depending on the way agitation is performed, the

stirring rate affects or does not affect the kinetics. When

the velocity near the interface is mainly tangential to the

interface, the level of agitation is sufficient to break

oxide layer, but has only a limited effect on the rate of

transfer. As soon as the velocity field increased and in-

cludes a non-zero component normal to the interface,

the level of agitation increases the mass-transferring sur-

face and influences the kinetics.

A simple model based on first-order kinetics provides

a relation between the kinetic constants and the reduc-

tion enthalpy values. The resulting law is fully validated

by our experimental findings and has been used to deter-

mine a reaction activation energy of about 182kJmol�1.

This very high value probably corresponds to kinetics

limited by the chemical reaction what is rather unusual

for a pyrochemical process, suggesting a relatively com-

plex reaction mechanism that will require more thor-

ough analysis.

Indeed, this study has shown that in two-phase liquid

systems, some elements such as uranium and zirconium

are reduced directly in the salt, forming metal

precipitates in the salt phase and suggesting possible

electron transfers from the metal phase into the salt

phase. More work is required to better understand the

reaction mechanism and determine how the black layer

is formed and what can be its influence on the separation

process.
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Appendix A. Analysis of the data

To compare different experimental results, we use the

following equation:

Ln
Cj � Cej
C0j � Cej

 !
¼ �kj

A
V j

t ¼ � t
T ca;j

: ðA:1Þ

Fig. A.1 shows a typical plot of the concentration

of zirconium in the metal in system 2 versus time.

After a certain time, the Zr-composition reaches CendZr
which is close to the expected final value. The curve

LnððCZrðtÞ � CendZr Þ=CendZr Þ plotted over the full duration
of the test (Fig. A.2) shows a linear zone in the first

few minutes (maybe not for the chromium), followed

by a significant deviation from this line. This can be

attributed to the increasing error in slope as the concen-

trations approach equilibrium. The slope of the linear

regression of the first points gives the kinetics of the

mass transfer for the experiment.



Table B.1

Standard enthalpy of formation of compound i

Compound i MgF2 [7] AlF3 [7] CrF3 [6] ZrF4 [7] UF4 [8] LaF3 [10] SmF3 [10]

DfH0
i (kJmol

�1) �1083 �1506 �1168 �1911 �1897 �1698 �1633

Table B.2

Number of moles and molar heat capacity of solvent com-

pound i

Solvent compound i LiF CaF2 Zn

ni (mol
�1) 1.0 0.2 1.2

Cp(i) (Jmol
�1K�1) 59.6 90.1 31.4
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If the second term of Eq. (A.1) is designated by a, the

uncertainty (da) is then:

da ¼ 1

C0 � Ce
dC0 � dCe � C0 � Ce

CðtÞ � Ce
ðdCðtÞ � dCeÞ

� �
:

ðA:2Þ

For both systems, C0� Ce in the salty phase.

Assuming that dC0� dCe, the error on k can be esti-

mated over short and long periods: short periods

CðtÞ � C0 and
da
a

� dC0

C0
1� ea

a

� �
� dC0

C0
;

long periods

CðtÞ � Ce and
da
a

� 1

C0
dC0

a
� 2e

adCe

a

� �
! 1:

The uncertainty in C0 is about 5% and therefore the

error in k is initially of the same order of magnitude. For

this reason, we limited the interpretation of the graphs

to the first few minutes of each test. Beyond this dura-

tion, the uncertainty tends toward infinity and the

graphs no longer provide meaningful information.
Appendix B. Determination of DH0
M and C s

p

We will now calculate the quantity of heat exchanged

DH 0
M during reduction by reducing agent R (magnesium

or aluminium) and the molar heat capacity Csp of the
overall system.

Consider reduction by reducing agent R for one mole

of F2 exchanged

2

x
MFx þ

2

y
R$ 2

y
RFy þ

2

x
M: ðB:1Þ

We may write:

DH 0
M ¼ 2

y
DfH 0

RFy
� 2

x
DfH 0

MFx
; ðB:2Þ

where DfH 0
i is the standard enthalpy of formation of

compound i, available in the literature [6–10] and given

in Table B.1.

The molar heat capacity Csp of the overall system is

expressed as follows:

Csp ¼
X

niCpðiÞ; ðB:3Þ
where ni is the number of moles of the solvent com-

pound i and Cp(i) is the molar heat capacity of the sol-

vent compound i, available in the literature [6–10] and

given in Table B.2.
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