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Abstract: Molten salts (MSs) such as fluoride or chloride salts at high temperature
(400-800 °C) are solvents known for their high solvation power and electroactivity range.
Rare earths, lanthanides, actinides, and refractory metals can be dissolved, treated, and puri-
fied in MSs. The properties of these solvents are particularly interesting for nuclear spent-
fuel reprocessing. The pyrochemical separation and extraction of solutes can be performed
using several methods taking into account the effects of redox and/or acidity. This paper is
focused on the reductive extraction method performed by contacting a liquid metal (LM)
containing reductive species and an MS. The analytical model developed to calculate the effi-
ciency of such a method is detailed in this paper. To apply this model, one essential point is
the establishment of a database related to the redox and solvation properties of solutes in
MSs. The approach retained to propose a database based on the analysis of both thermo-
chemical data of pure compounds and experimental measurements reported in the literature
is described in this paper in the case of lanthanides in fluoride MSs. The use of the database
to calculate efficiency as a function of process parameters is given in this paper as well as the
comparison between two reducing agents considered.

Keywords: actinides; inorganic chemistry; lanthanides; molten salts; nuclear energy; redox
properties; reductive extraction.

INTRODUCTION

The reprocessing of spent nuclear fuel consists in separating actinides (including the fissile material)
from fission products (FPs). In most generation IV concepts, actinides are separated from the spent
nuclear fuel and re-introduced into the reactor core while FPs are sent to waste storage. The molten salt
reactor (MSR) is one of the six concepts retained by the generation IV forum in 2001. The particular-
ity of such a concept is the use of a liquid fuel (a molten salt, MS), which is both fuel and coolant. In
this particular case, the use of a pyrochemical treatment of spent fuel is obvious. Concerning future fast
reactors (containing high amounts of actinides) or current nuclear power plants [(reacteur a eau pres-
surisée (REP) or European pressurized reactor (EPR)] containing UOX or mixed-oxide (MOX) fuel, a
pyrochemical treatment of spent fuel can be of interest either to replace Plutonium URanium EXtraction
(PUREX) or to be the continuation of PUREX (after extraction of U and Pu) for the separation of minor
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actinides (especially Am and Cm, which are responsible for the long-term radiotoxicity in the waste
storage [1]) from FPs.

The advantages of MS implementation to perform the nuclear fuel treatment are essentially
related to a safety increase: no fire risk (because no organic solvent is involved in the process), no explo-
sion risk (no hydrogen formation by radiolysis), and no criticality risk (no neutronic moderator).
Another advantage is related to the high power of solvation of MSs, which increases the fuel dissolu-
tion rates. The major drawback of MS is the high working temperature, which contributes to increase
the corrosion of structural materials when the environment is not well controlled [2].

The pyrochemical separation and extraction of actinides and FPs can be realized using several
methods (Table 1) taking into account the effects of redox and/or acidity. Thus, some methods are based
on modifications of oxidation states of the elements considered either by the action of selected oxidiz-
ing or reducing reagents or by the use of an electrical current. The oxidation generally leads to the for-
mation of a gaseous halide compound (e.g., UFg or NpF for fluoride media). This technique has been
developed and successfully tested by the Oak Ridge National Laboratory (ORNL) in the United States
[3]. The reduction reaction leads to the formation of a metal or an alloy. Metals are obtained by electro-
chemical reduction on solid and inert cathodes. Experimental studies have been done to study the fea-
sibility of extracting lanthanides from a fluoride MS by electrolysis on inert and reactive cathodes [4].
Then, metal is in its solid state. Reduction can also be performed on a liquid cathode, so-called liquid
metal (LM) (e.g., Bi, Ga, Sb, Cd, Al...), either by electrochemical reduction or by chemical reaction
using a reducing reagent (such as Li or Th), solvated in the LM solvent. This method was retained for
the reprocessing of the salt in the MSBR (molten salt breeder reactor) concept studied by the ORNL
[5,6]. In this way, the product of the reduction is a metal solvated by the metallic liquid solvent (LM).
Other methods are based on the oxoacido-basic properties (oxide anion exchange power) of the solutes.
The control of the amount of oxide ions in the media can lead to a selective precipitation of an oxide
which can be subsequently separated from the liquid media. The amount of oxide can be controlled by
addition of solid oxide (such as Li,O) or by addition of a gas such as H,O. The advantage of using a
gaseous reagent is the formation of a gaseous product (e.g., HCI) that does not modify the composition
of the MS. The efficiency of this technique has been demonstrated in a chloride media [7].

Table 1 Possible routes to realize selective separation/extraction of solutes from an MS.

Reagent state Used effects Methods Product state
Solute A- Redox A1- Action of an oxidizing agent Gas
(in fluoride (oxidation state F,, Cl, (MF,)
or chloride modification) A2- Action of an oxidizing electrical current
&
media) A3- Action of a reducing agent, e.g., Li |Metal Solid
M) A4- Action of a reducing electrical ™M) Solute
current (in LM solvent)
B- Acido-basicity B1- Action of oxide ions donors (e.g., Li,0) Solid
(oxide precipitation B2- Action of gaseous mixtures H,O/HF/H, (MO,)
solubilization)

As an example, the reprocessing scheme [8,9] proposed to clean the fuel salt in the concept MSFR
(molten salt fast reactor), which has been studied since 2004 in CNRS (France), makes use of most of
these techniques to separate the FPs from the fuel salt. After reprocessing, the cleaned salt containing
only actinides is back-introduced in the reactor core. In this way, the fuel cycle is closed.

To evaluate a reprocessing scheme, we have to consider firstly the efficiency of all the steps
involved in the scheme. In a preliminary step, the efficiency can be calculated theoretically taking into
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account the thermodynamical equilibrium. The kinetics of the reactions will be studied in a second step
through experimental measurements.

This paper is focused on the reductive extraction between MS and LM. The establishment of the
analytical relation of efficiency will be detailed. In this expression, some parameters depend on the
intrinsic properties of the solutes in the MS (solvation and redox properties) and others can be con-
trolled by the process operator. One part of the paper is dedicated to the determination of the intrinsic
properties of solutes in fluoride media, and a database is established by combining and analyzing exper-
imental measurements published by several authors. The knowledge of the intrinsic properties leads to
calculation of the efficiency and the selectivity as a function of the process parameters: the phase vol-
umes, the nature and the concentration of the reducing element.

LIQUID-LIQUID EXTRACTION (REDUCTIVE EXTRACTION)

The aim of this paper is to estimate the feasibility of liquid—liquid extraction technique in a special case:
the separation of lanthanides from actinides in the MSFR concept.
The characteristics of the process are:

. The fuel salt is LiF-ThF, (77.5-22.5 mol %) at 873 K.
. The solvent LM retained for the extraction is Bi.
. The reducing compounds can be either Li or Th.

Principle of the reductive extraction method

The principle of the method is described Fig. 1. The left part of the figure presents the reductive extrac-
tion principle using a solvent metal (LM) in which a reducing element R is introduced. R can be metal-
lic Li or Th. The right part of the figure presents the back-extraction of the element M by an electro-
chemical method, this method being retained in the reprocessing of the MSFR concept. In this way, the
use of two different pools of Bi leads to oxidization of M in the MS at the anode and to a reduction of
the reducing element from the MS to the LM in order to recover the solvent metal composition. It is
obvious that the reducing compound has to be a component of the melt and has to be reducible in the
melt.

EXTRACTION BACK-EXTRACTION
REDUCTIVE ANODIC OXIDATION
EXTRACTION (M SEPARATION AND

LIQUID METAL REGENERATION)

MX, RX, RX, MX,
)‘ ’ K e e '
M ‘gR R a % M
O [©

CATHODE GENERATOR ANODE

Fig. 1 Left: Principle of reductive extraction of an element M from an MS to a solvent LM containing a reducing
compound R. Right: Principle of anodic oxidation of the element M (contained in the LM) and LM regeneration
by reducing the reducing agent from the MS to the LM.
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The particularity of the reprocessing scheme proposed for MSFR treatment, which has already
been described [8,9], is to use the same technique to extract actinides in the first step (step 1) and lan-
thanides in the second one (step 2). During the first step, actinides have to remain with high efficiency
and good selectivity against lanthanides. During the second step, lanthanides have to be extracted with
high efficiency. The nature of the solvent metal chosen for the two steps is Bi. Therefore, the achieve-
ment of the two extraction steps requires an optimization of the process parameters for each step. A
scheme of these steps is given in Fig. 2.

STEP 1

STEP 2
Reductive extraction Reductive extraction
| remaining Actinides remaining Lanthanides
in (Bi-Red); in (Bi-Red),
A %
Bi,Red & { LiF ’—(—
Pu, AM J e ThE,

(Bi-Red), = Anodic oxidation
Recovery (Bi-Red);

Anodic
oxidation of Ln

From core

Recovery of
(Li-Red),

To core
P
<

Fig. 2 Part of the reprocessing scheme with steps 1 and 2 retained for the MSFR fuel salt treatment.

Moreover, the technique retained for the back-extraction of actinides is the anodic oxidation of
the Bi pool containing actinides. This oxidation has to be performed in the cleaned LiF-ThF, MS.
During this step, the MS is reduced and the metallic solvent regenerated. The reduction of LiF-ThF,
media on bismuth electrode leads to the reduction of both Th and Li, the solubility of Th in Bi being
rather low (0.1 mol %) [10-12]. Therefore, the behavior of Li and Th as reducing agent is studied and
described in this paper.

Analytical description: Efficiency equation

The liquid—liquid extraction between a molten fluoride salt and a solvent metal is due to the two fol-
lowing reactions depending on the nature of the reducing element:

ME, (MS) + zLi (LM) — zLiF (MS) + M (LM) (1)
4MF_ (MS) + ZTh (LM) — zThE, (MS) + 4M (LM) )

Li or Th (in their metallic state) are introduced in the LM (Bi) to react with MFZ. This reaction
depends on the redox potential difference between the two redox systems LiF/Li and MF /M and on the
solvation of the elements in the fused salt and in the solvent metal.

The equilibrium constants of reactions 1 and 2 are, respectively,

. a(LiF)*a(M)
K(Li)= a(LiF)° a(MF, ) ®
a(ThE, ) a(M)*
h)= —~——4/ “ )
K(Th) a(Th)* a(MF,)* @
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The terms a(X) are the activities of the different compounds involved in the equilibria 1 and 2. M
(which represents the element M), Li, and Th are in their metallic state, and MFZ, LiF, and ThF, are the
elements in their oxidation states, respectively, (+z), (+I), and (+IV) dissolved in the fluoride MS. The
fluorides are dissolved in the MS and the metals in the metallic phase of Bi.

Efficiency definition

Efficiency and selectivity are the most important parameters to estimate the feasibility of an extraction
process. The efficiency (M) can be defined as the ratio of the mole of M in the metallic phase over the
total number of mole of M in the two phases:

_ n(M)
'u(M)_n(M)+n(MFZ) ®
or
1 =n(M)+n(MFZ)= +n(MFZ) ©)
(M) n(M) n(M)
Then
~ 1 R . . n(MF)
u(M)= 1+n(MFZ)/n(M) =T with (M) = log (M) @)

The potential of the LM pool at equilibrium Ej ,; is given both by two redox systems LiF/Lig; or
ThF,/Thg; and by the redox system of the element M, MF /Mg;. Nernst relations are used to express
the potential relations as follows:

When the reducing element is Li:

a(LiF)" _ o, m, gx(LiF)Z L, Y(LE) )
a(Li)*

L x(LiF  z © y(Lif

ELM = EOLi +ﬁ10g
Z

When the reducing element is metallic Th:

m . a(ThFy) m__ x(ThE;) m__ y(ThF,)
Eyy = Eopp + —log——— = Eory + —log——— 4 " Jog -—— 2/ 9
LM = 5T 08T (Th) TR T (Th) 4 8 4 (Th) 2

and for the element M

ELM=E°M+ﬂloga(MFZ)=E°M+ﬂlogx(MFZ) Ul Y(MFZ)

2 2TaM) 2 2 B (10

Then, the efficiency can be expressed as a function of the redox potential and of the solvation proper-
ties in the two phases. The final expressions are given below.
When the reducing agent is Li, by combining the relations 7, 8, and 10:

1

H (ML) =7y

with (11)
M LiF M

VM) g X g 2(MS)

y(Li)* x(Li) n(LM)

in this relation, n(MS) and n(LM) are, respectively, the number of moles of MS and of LM.

The term Iy ; represents the solvation in the MS. The expression of I,y ; in the case of Li as
reducing element is

A(MILi) = < (E°p; — E°y) - log Ty + log (12)
m
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7(MF,)

13
v (LiF)* (1)

log '\ = log

When the reducing agent is Th, the following relations are established by combining relations 7,
9, and 10:

Wi 14
1 (M/Th) oA with (14)
M) z, x(ThF,) n(MS)
A(MITh) = 2 (Eop — E°y)—log Py +log— ) 2 +1 15
( ) m( h = E°M) = log Mvimn Og'y(Th)ZM 402 +(Th) Ogn(LM) 15)
with
Y (MFE
10g1"Mm1:10g7( ZZ)/4 (16)
v (ThE, )

In relations 12 and 15 giving the efficiency of extraction, two kinds of parameters have to be dis-
tinguished.

. The parameters that are constants depending on redox and solvation properties: the standard
potential and the activity coefficients in the two phases: E° and 7.
. The parameters that can be used to control and adjust the extraction process are the mole fraction

of Li (or Th) in the LM, the volumes (or the number of moles) of the two phases, Ny and nps):

One remark concerning the mole fractions of LiF and ThF, has to be done. These parameters are
involved in relations 12 and 15 and depend on the choice of the MS composition. As it will be demon-
strated below, the activity coefficients of all the elements depends on the composition of the MS.
Therefore, the activity coefficients in the metallic phase depend on the nature of the solvent metal.

The calculations of efficiency given below have been realized for the system LiF-ThF,/Bi using
estimations of activity coefficients given in the literature. For different melt composition and for the use
of another LM, new calculations would have to be done.

Database establishment (lanthanides and actinides)

The calculations of the theoretical efficiency of extraction need the knowledge of the parameters involv-
ing in relations 12 and 15. Some of these parameters are redox standard potentials, and others are activ-
ity coefficients. This paper will present the database established to calculate the extraction efficiencies
for two kinds of elements: lanthanides and actinides.

Analysis of bibliographic measurements
Extraction experiments have been performed by several authors using a BeF,-based fluoride MS and
different LM (especially Bi, Zn, and Cd). Distribution coefficients have been measured for several ele-
ments, several LMs, and various MS composition.

The only common points between these papers are the temperature of 873 K and the reducing ele-
ment, which is always metallic Li.

The first part of this paper is the estimation of solvation data based on the combination of stan-
dard potentials—given in some thermodynamical database—activity coefficients in solvent metal
experimentally measured and experimental distribution coefficients.

Distribution coefficient equations
The authors report in their paper the ratio of experimental distribution coefficients. The distribution
coefficient is defined by the following relation:

© 2012, IUPAC Pure Appl. Chem., Vol. 85, No. 1, pp. 71-87, 2013
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D(M) e x(M)/x(MF,)

A7)
D(Li)* x(Li)* / x(LiF)*

A relation can be established combining relations 8 and 10 between the experimental measure-
ments and a conditional potential £°*, which depends on the activities of the elements in the MS.
The expression of E°* is

MF
E°*M =E°y +ﬁ10gy(—.zz) =E°; +Zlog D(M)Z +log V(M)Z (18)
y (LiF) z D(Li) y (Li)

In these relations, E°* depends on the activities of the elements in the metallic phase through the
terms Y(M) and y(Li) [y(M) and y(Li) being, respectively, the activity coefficients of M and Li in the
metallic phase]. The potential E°* is expected to be not dependent on the nature of the metallic phase.
To validate this calculation, E°* has been calculated combining experimental measurements performed
using various LMs and activity coefficients reported in the literature for these LMs. Table 2 gathers the
data available used to realize this comparison.

Table 2 Comparison of conditional potentials calculated for various solvent metals.

La Ce Nd Sm Er Li Ref.
log(D(M)/D(Li)*) (Zn) 9.75+047 10.0x0.17 104+023 638+0.12 10.0+0.61 [13]
log(D(M)/D(Li)*) (Cd) 9.45+049 993+0.14 9.78+0.08 537025 7.75+0.12 [13]
log(D(M)/D(Li)*) (Bi) 7.13+0.20 7.67 7.66 030 4.65+0.17 585+0.26 [13]
log ¥(M) (Zn) -9.24 -8.93 -8.97 -10.46 -6.85 -1.91 [14]
log y(M) (Cd) -6.99 -6.61 NA NA NA -2.30 [14]
log ¥(M) (Bi) -11.77 -11.03 -10.78 -11.73 -8.61 -4.08 [14]
z (valence) 3 3 3 2 3
E°* (Zn) -5.15+0.03 -5.12+0.01 -5.10x0.01 -554+0.01 —-4.94+0.04
E°* (Cd) 498 +0.03 —493+0.01 - - -
E°* (Bi) -5.08 £0.01 -5.0 -4.99+0.02 -542+0.01 -497+0.02

NA: not available. Several values of activity coefficients are reported in the literature but measured at a temperature lower than
873 K.

The distribution coefficients are measured for the system LiF-BeF,/Bi-Li at 873 K.

The conditional potential values E°* are calculated using E°} ; = -5.52 V/F,.

The value of E°[; is calculated from the Gibbs enthalpy of the following reaction:

LiF > Li+1/2F,(g) 19)
The Gibbs enthalpy is given by
AG® = 1/2 * G°(F,) + G°(Li) — G° (LiF) = -nFAE® = nF (E°g, — E°}) (20)

where E°g, and E°| ; represent, respectively, the standard potentials of the redox systems F,(g)/F~ and
LiF/Li. Considering the redox system F,/F~ as the reference, the Gibbs enthalpy of the chemical reac-
tion is given by

AG® = —nFE°|; @2y

Therefore, standard potential values (given against fluorine reference) can be calculated from the
database of pure compounds.
The value of E°|; calculated by this way using HSC Chemistry 5.0 database [15] is —5.52 V/F,.
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Conditional potentials E°* have been calculated for several elements from experimental meas-
urements obtained in the three systems LiF-BeF,/Zn-Li, Cd-Li, and Bi-Li at 873 K (Table 2). The
comparison of these values shows good agreement especially for Cd and Bi solvents. The conclusion is
that the method proposed for the determination of conditional potentials from the experimental meas-
urements in metallic solvents reported by Lebedev [14] leads to potential values with good accuracy.

Solvation properties in molten salts

Now the database establishment will be focused on systems using Bi solvent. Some experimental data
[13,16,17] have been obtained for various MS compositions of LiF-BeF, and LiF-BeF,-ThF,. From
the calculation of E°*,, (relation 18), it is possible to deduce the term log I M/Liv which characterizes
the solvation of MF_ in a given solvent. The relation is

y(ME) 7, .
log Myyp =log——===(E° —E° (22)
M/Li 7 (LiFY: m( M M)

By combining relations 18 and 22, values of log I'y;, ; have been calculated from experimental
measurements reported in the literature as a function of the mole fraction of LiF in the MS. The values
of E°; are calculated in the same way as E°; considering the Gibbs enthalpy of the following reac-
tion:

ME, — M + 2/2 Fy(g) (23)

The standard potential is calculated using the Gibbs enthalpy of pure compounds of the database
HSC Chemistry 5.0, and the values are given against the reference system F,(g)/F.

AG® = 2/2 # G°(F,) + G°(M) — G°(MF,) = —zFAE® = zF (E°g, — E°))) (24)
AG®

Eo — 25

M ZF ( )

All the data used for the calculations of log Iy ; (by combining relations 18 and 22) are given
in Table 3. Experimental results reported for some elements such as Eu, Np, Cm, Ra, and Cf are not
considered because either activity coefficients in Bi or redox potential values are not available.
Concerning Am, the activity coefficient in Bi is chosen equal to the activity coefficient of Pu in Bi.
Indeed, a similar behavior have already been observed for Pu and Am in a metallic solvent of Al [18].

The variation of log I'y; ; as a function of x(LiF) is reported in Figs. 3a and b. A linear variation
is observed whatever the element considered. The slope measured depends on the valence of the ele-
ment considered, and the following general relation can be deduced from the analysis of the straight
lines of Fig. 3:

log Ty = oy — 3-5 * z % x(LiF) (26)

The term ay,; is deduced from the fit of the straight lines given in Fig. 3 for the elements consid-
ered in the Table 3. For the other elements, an extrapolation was done using one experimental data {one
point [x(LiF) - log I'};;:1} and the characteristics of the straight line (eq. 26) can be deduced for sev-
eral elements.

Table 4 reports all the terms a); calculated, either by linear regression of the straight lines of Fig. 3
or by extrapolation using one point. The experimental measurements performed by Moriyama [13] in
LiF-BeF, (66.7-33.3 mol %) was used for the values extrapolation of Gd, Tb, Dy, Sm, and Er.

Table 4 reports also the value of log I'y;; ; calculated using relation 26 for the melt composition
LiF-ThF, (77.5-22.5 mol %) corresponding to the MSFR concept, the activity coefficients of the ele-
ments M in Bi [14,19], and the redox potentials calculated from eq. 25. These data will be used to cal-
culate the extraction efficiencies.
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[16] and Moriyama [17]. (a) For valence 4 elements; (b) For valence 3 elements.

To calculate the efficiencies p(M/Li) and u(M/Th) (respectively, from relations 11 and 14) as a
function of the process parameters, the term log Iy, has to be defined. Considering relations 13 and
16, the following relation is established:

log I'vyrh = log vy —ilogl" Th/Li @7
with
Y(ThF44) (28)
v (LiF)

Table 4 reports the values calculated for log I'yy, for x(LiF) = 0.775.

log 'ty = log

Extraction efficiency calculations

Table 4 gathers all the data needed to calculate the efficiency of the reductive extraction in the systems
LiF-ThF,/Bi-Li and LiF-ThF,/Bi-Th using relations 11 and 14. The values considered for the redox
potential £° ; and the activity coefficient log YLi)g; are, respectively, =5.52 V/F, [15] and —4.08 [14].
The mole fractions of LiF and ThF, are, respectively, 77.5 and 22.5 mol %.

Influence of the mole fraction of the reducing agent in Bi and of the ratio of liquid phase
mole number

The influence of the concentration of the reducing agent in the solvent metal (expressed in mole frac-
tion) is studied considering that the ratio of the number of mole n(MS)/n(LM) is equal to 1.

Case of the reducing agent is Li

Figure 4 shows the extraction efficiency as a function of the mole fraction of Li in Bi for a phase mole
ratio equal to 1. This figure shows a selectivity between the extraction of actinides and lanthanides for
a mole fraction of Li in Bi close to 10~3. We observe also that for high concentrations of Li in Bi (typ-
ically 10 mol %), the extraction will be efficient for all the elements, and therefore the selectivity
required during the first extraction stage (actinides extraction) will not be achieved.
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Fig. 4 Extraction efficiency calculated for various elements between LiF-ThF, and the metallic solvent Bi-Li as a
function of log x(Li)g;.

Consequently, using these curves, it will be possible to define, in agreement with the neutronic
constraints, some optimized process parameters to perform both the two successive extractions: low
amounts of Li in Bi to achieve the first step and high amounts of Li in Bi to achieve the second step.

The selectivity is defined by

log Syom = log D(M,) — log D(M,) (29)

By combining relations 8, 10, 13, and 17, it can be observed that the selectivity of extraction
between two elements M; and M, (with valence, respectively, equal to z1 and z2) is not dependent on
the process parameters. The following relation can be established:

2o o \_22(po o Iy ,
log Syii/maz = —(E°M1 — E°Li ) - = (E°Mp — E°; )+ log —MUEL 4 (21— 22) *logy (Li) +
m m I'viosii 30)
M LiF
logy( 2)+(z2—zl)*logx( 1,)
7(M;) x(Li)

Obviously, and considering relation 27, the expression of selectivity when the reducing agent is
Th is the following one:

b4 W o 22, o o r z1-22
log Sviimz = —(E°m1 = E°mh ) == (E°mp — E°qn ) + log —MID +( )*10g7(Th)+
m m I'vosth 1)
M - ThE
logV( 2), (22 21)*10gx( 4)
y(M;) 4 x(Th)

If the valence of the two elements M, and M, is the same, the selectivity does not depend on the
mole fraction of the reducing agent in the metallic phase. On the contrary, when the valence is differ-
ent, the selectivity will vary with the composition of the metallic phase.
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As an example, the logarithm of selectivity calculated using relation 30 for Pu and Nd is equal to
3, which is characteristic of a high selectivity.

The selectivity is the same whatever the value of x(Li)g;. But for x(Li) equal to 1073, 85 % of Pu
is extracted for only 0.37 % of Nd. For x(Li) = 107, 99.97 % of Nd is extracted and 100 % of Pu. So,
in this case, Nd and Pu are both extracted even if the selectivity is high. Therefore, in the case of sepa-
ration of elements with the same valence, the one selectivity calculation is not a good criterion to define
the process parameters, and it is necessary to calculate the extraction efficiency.

The influence of phase mole number ratio (equivalent to phases volume ratio) is shown in Fig. 5
for two different concentrations of Li in Bi [log x(Li)g; = —1 and —4]. The influence of the mole frac-
tion of reducing agent on the selectivity of extraction between the two elements Sm and Pa (respec-
tively, of valences 2 and 4) is clearly shown on these curves. For a mole fraction of Li in Bi of 10! and
a mole ratio higher than 1, a high separation factor is observed between Sm and Pa (Fig. 5a). On the
contrary, for a mole fraction of Li in Bi of 1074, the two elements are extracted with the same efficiency
(Fig. 5b).

CAhbAALAALLAREARAAR LidAihssbastatsanine g 1 ‘ , \ T ®
A ‘ , % .

r(M/L) ; Xe U, | (Am nM/L) T MS = LiF-ThF, (77.5-22.5 mol%)

" [Pa LM =Bi-Li

T=873K

08 08 log x(Li)g; = -4
® Dy © Pa
Er O U
06 - 06 ¢ Th W Py
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MS = Lif-ThF, (77.5-22.5 mol%)
04 H M=Bi-Li

T=873K

log x(Li)g; =-1

02H @ (2 4 Sm ® Dy © Pa 0,2
© Cce ® Gd N Er O U
v Nd O T Th W pu
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log [n(MS)/n(LM)] log [n(MS)/n(LM)]

Fig. 5 Extraction efficiency calculated for various elements between LiF-ThF, and the metallic solvent Bi-Li as a
function of log n(MS)/n(LM). (a) x(Li)g; = 1071; (b) x(Li)g; = 107+,

The selectivity S(Pa/Sm) has been calculated as a function of the mole fraction of reducing agent
(Li or Th) in the metallic phase (Fig. 6). The selectivity increases with the mole fraction of reducing
agent in Bi. That is in agreement with relations 30 and 31. The highest selectivity is obtained with Th
for the highest concentration of reducing agent in Bi.
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Fig. 6 Selectivity (Pa/Sm) as a function of the mole fraction of reducing element (Li or Th) in Bi.

Case of the reducing agent is Th

Figure 7 presents the efficiency calculated for various elements as a function of the mole fraction of Th
in Bi for a ratio n(MS)/n(LM) equal to 1. It clearly appears that, because of the low solubility of Th in
Bi, the extraction of lanthanides cannot be achieved in these conditions.

1 T T T ,
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log x(Th)g;

Fig. 7 Extraction efficiency calculated for various elements between LiF-ThF, and the metallic solvent Bi-Th as
a function of log x(Th)g; for a ratio n(MS)/n(LM) equal to 1.
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To perform this extraction using Th as the reducing agent, it is necessary to drive the extraction
from the MS to the metallic solvent by increasing the volume of the metallic phase. The calculation of
efficiency as a function of the phase mole ratio is given in Fig. 8.

\

MS = LiF-ThF, (77.5-22.5 mol%)
LM =Bi-Th

T=873K

log x(Th)g =-3
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O Ce ® Gd b Er u
Nd O To = L m Py
A Am

log [n(MS)/n(LM)]

Fig. 8 Extraction efficiency calculated for various elements between LiF-ThF, and the metallic solvent Bi-Th as
a function of n(MS)/n(LM) for x(Th)g; equal to 1073, the solubility limit.

The first step of extraction (corresponding to a selective and efficient actinide extraction) can be
performed at the solubility of Th in Bi and for a phase mole ratio of 1. The second step (efficient lan-
thanide extraction) can be achieved by increasing the volume of LM. In this case, the efficiency of lan-
thanide extraction increases and an optimization of the process parameters can be proposed. In several
cases, the efficiency is not very high and it is necessary to do several stages of the extraction to remove
all the elements from the MS.

DISCUSSION AND CONCLUSION

This study has shown that the knowledge of selectivity and distribution coefficient is not enough to opti-
mize the parameters of successive reductive extractions to achieve firstly selective and efficient actinide
extraction and secondly, efficient lanthanide extraction. The calculation of efficiency leads to a best
understanding of the role of the parameters involved in the process.

The relations established combined with the analysis of the experimental results lead to the cal-
culation of the extraction efficiencies for various elements in the systems LiF-ThF,/Bi-Li and Bi-Th.
Using these relations, it is possible to optimize the extraction process parameters as a function of the
neutronic constraints of the reactor, which assess the level of fuel salt cleaning. Indeed, due to the fast
neutron spectrum, the formation of lanthanides in the reactor core is not a major problem (compared to
the MSBR concept, which works with a thermal neutron spectrum [5]) for the neutronic point of view,
but if the concentration becomes too high, lanthanides will precipitate because of their low solubility in
the fuel fluoride melt. Then it is necessary to remove them regularly.
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When the reducing agent is Li, it is possible to perform the two extraction steps (actinides and
lanthanides) by changing the concentration of Li in Bi in the two steps. The calculations have shown
that the extraction is not really improved by changing the ratio of phase volumes.

On the contrary, the use of Th as reducing agent requires one to vary the ratio of phase volume to
achieve the extractions because of the low solubility of Th in Bi. The limitation in the concentration of
reducing agent is characterized by the impossibility of extracting lanthanides with an optimized effi-
ciency. Therefore, the only possibility is to increase the volume of the metallic phase in order to force
the extraction reaction from the salt to the metallic solvent.

Therefore, the extraction parameters for the two extraction steps can be adjusted, whatever the
reducing agent considered, by changing the mole fraction of reducing agent in the case of Li and the
phase mole ratio in the case of Th.

The extraction efficiency curves calculated and presented in this paper show that it is difficult in
only one stage to remove all the actinides and/or all the lanthanides from the MS. To improve the effi-
ciency and to achieve a full extraction will require several extraction stages. It means that the LM after
one extraction is cleaned and put back in contact with the MS. Then, after each contact, the concentra-
tion of the extracted elements decreases in the MS. The objective is to remove the elements with an effi-
ciency higher than 99.99 % and with a high selectivity (in the case of actinide removal).

The total amount of moles of the element M extracted is given by the following relation:

Mext = Migie * {1 = [1 = p(M)]") (32)

in which Moyt and i ATe, respectively, the extracted and the initial number of moles of the element M
and “nbs” represents the number of extraction stages.
The number of moles that are not extracted during the process is given by the relation:

MNext = Minit #[1- ‘u(M)]nbs (33)

Combining the relations of efficiency and relation 32, the optimization of the extraction process
parameters, nature and concentration of the reducing agent, and number of moles in each phase can be
achieved. That can be done taking into account the neutronic constraints of the reactor, which assess the
level of fuel salt cleaning.

LIST OF NOMENCLATURE

aM) activity of the compound M with a(M) = x(M)* UM)

M) activity coefficient of the compound M (in LM or MS)

x(M) mole fraction of M in LM or MS

nM) number of moles of element M in solvent metal

n(MF) number of moles of MF_ in the MS

uM) extraction efficiency of M

E°y standard potential of the element X

Z valence of the element M

m 2.3RT/F with R the ideal gas constant, T the temperature, and F the Faraday constant
n(MS) number of mole of the MS phase (LiF-ThF,)

n(LM) number of moles of the LM phase (Bi)

E°*y conditional potential

nbs number of extraction stages

i number of moles initially in the MS before the first extraction stage
Moyt number of moles extracted

MNext number of moles not extracted
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