
LJournal of Alloys and Compounds 271–273 (1998) 645–649

Modeling and estimating the distribution of trivalent actinides and
lanthanides between molten fluorides and liquid metal

a , a a b*F. Lemort , R. Piccinato , R. Boen , M. Allibert
a ` ˆ `Commissariat a l’Energie Atomique (CEA), Valrho-Marcoule, DRDD/SCD, BP 171, 30207 Bagnols sur Ceze, France

b `LTPCM-ENSEEG, BP75, 38402 Saint Martin d’Heres, France

Abstract

Separation of actinides and lanthanides between a fluorinated phase rich in LiF and a metallic phase showed that the deviation (E)
between the theoretical and experimental results for the trivalent actinides and lanthanides can be described using a relative ionic potential

1 31 31
DPI between Li and the cations An or Ln , such that for each of the two groups E5aDPI1b, where a is temperature-dependent
and b varies with the nature of the system. The results obtained in the MSBR development program were analyzed to determine a at
various temperatures for both series of elements, and to propose expressions for DG8 (AnF ) versus temperature in the liquid phasef 3

(where An represents Np, Am, Cm or Cf). E was measured for U(III) and La(III) in the LiF–CaF /Zn–Mg system at 7208C, and an2

empirical model was developed to simulate the distribution of all the trivalent actinides and lanthanides in the same system.  1998
Elsevier Science S.A.
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1. Introduction At a given temperature, its equilibrium constant K can
be calculated by using thermodynamic data:

Experimental investigations of actinide / lanthanide sepa- x / y
g ? gx R MFration are highly complex as they must be conducted by x

] ]]]log D 5 log D 1 logK 1 log (2)M R x / yy 1 2telemanipulation in shielded cells, which implies very long g ? gRF My
lead times and considerable expense. It is thus advantage-
ous initially to use representative stable isotopes such as in which D are the distribution coefficient of species MM
238 139U for the actinides and La for the lanthanides. The (D 5X /X ). R is the reducing agent. If the activityM M MFx

authors of this work describe how the results obtained for coefficients are constant, the last term corresponds to the
the distribution of these two elements between a fluori- deviation from the ideal situation:
nated salt phase rich in LiF and a metallic phase can be `` ggx MFR xapplied to a deviation estimation method to simulate the ] ]] ]]E 5 log 1 log (3)` `y g gdistribution of all the trivalent actinides and lanthanides. RF My

The method is used here to simulate the distribution
between LiF–CaF and Zn–Mg at 7208C.2 3. Estimating the deviation E

The variation of E for different species M is related to
` `2. Principle the evolution of the log(g /(g ) term, since forMF Mx

elements of the same valence regardless of the species
` `xThe distribution of species M between two immiscible ]considered, the log(g /(g ) term is the same for aR RFy yphases corresponds to the equilibrium: given reducing agent.

Studies of molten salts by Hong and Kleppa [1] and byx x
] ]MF 1 R ↔M 1 RF (1)x(salt) (metal) (metal) y(salt) Ostvold [2] have shown that the enthalpy of the salty y

mixture depends directly on the relative ionic potential
* (DPI) of the two cations. This empirical parameter wasCorresponding author: Tel.: 133 476 826622; fax: 133 476 826745;

e-mail: lemort@cea.fr introduced by Cartledge [3–5] as the difference in the
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ionic potentials of two cations with radii r and r , and1 2

charges z and z :1 2

z z1 2
] ]DPI 5 2 (4)S D S Dr r1 2

The potential value reflects the disturbance of the
Coulomb interactions during the mixture of two salts; the
higher the potential, the more negative the enthalpy of the
mixture. A very dilute fluorinated species in the salt phase
can thus be described by the DPI between the solvent
cation and the compound cation, and by the temperature. If
the behavior of a highly dilute metallic species in the
metallic phase can be described by n independent parame-
ters X and by the temperature, then it follows that E cani

be considered as a function of DPI, of n independent
parameters X and of the temperature. As the variables arei

independent, E can be considered as a state function, and
thus:

Fig. 1. E versus DPI for the trivalent lanthanides (based on experimen-LndE ≠E tal measures by Moriyama et al. in LiF–BeF /Bi–Li and LiF–BeF /Cd–2 2]] ]]S D5 (5)T,Xi(1#i#n) Li).dDPI ≠DPI

Within a single element series (actinides or lanthanides),
we assume that the X values are constant. If the tempera- U and Pu have been sufficiently investigated to proposei

ture is maintained constant for a series of experiments, it is values for DG 8(UF ) and DG 8(PuF ) in the liquid state.f 3 f 3

then interesting to study the evolution of E versus DPI for Only two deviations from ideal conditions (E and E )U pu

a single element series at the same oxidation state in the can thus be calculated from the experimental results giving
9salt phase. logK 5logK 1E . With only two points, plottingAn An An

Experimental investigations of the trivalent actinide / E 5f(DPI) obviously results in a straight line. WeAn

lanthanide distribution in fluorinated media were carried postulate that this is the mean line that would have been
out with saline solvents in which the main component was obtained if all the values for DG 8(AnF ) were available;f 3

LiF. DPI was thus 3/ r 21/r , and the values for each the relevant equation is E 513.7DPI–18.9. HypotheticalM Li An

element were calculated from the ionic radii. Moriyama et E values may thus be calculated for the distribution of allAn

al. [6] investigated the distribution of these elements the trivalent actinides between LiF–BeF (2:1 molar) and2

between Lif–BeF (2:1 molar) and Bi or Cd at 873 K and Bi–Li at 873 K based on the following equilibria:2

1073 K using lithium as the reducing agent.
AnF 1 3Li ↔An 1 3LiF (6)3(salt) (metal) (metal) (salt)The experimental results are shown by plotting logD 5M

9f(logD ), allowing logK 5logK 1E to be measuredLi Ln Ln Ln Each of the K constants can thus be calculated from theAnfor each lanthanide. The standard free enthalpy of forma-
experimental results, allowing us to determine the value of

tion for the fluorinated species [7–9] in the liquid state can
DG 8(AnF ) from the classic relation:f 3then be used to estimate E for each lanthanide. TheLn

graph of E 5f(DPI) plotted in Fig. 1 shows that E mayLn Ln DG 8(AnF ) 5 RT ln K 1 3 DG 8(LiF) (7)f 3 An f
be roughly be considered as an affine function of DPI; the

2 1correlation of only r|0.9 can be attributed to measurement where DG 8(LiF)52527.5 kJ?mol . Table 1 indicatesf

errors, and to the fact that the conditions of Eq. (5) are not the DPI values for the trivalent actinides with respect to
all met (T is constant for a series of points, but the same

Table 1cannot be said of the X variables). Nevertheless, it isi Estimated values of equilibrium constants for liquid-phase reduction of
assumed that an affine relation of the type E 5aDPI1bLn actinide trifluorides by lithium, and standard free enthalpy of formation at
exists for the trivalent lanthanides, where a is temperature- 873 K
dependent and b varies with the solvents and possible with Element DPI E log K DG 8(AnF (I))An An f 3

21the temperature. We measured a |21.5 at 1073 K and kJ?mol
a |22.5 at 873 K; the mean value a |22 was therefore

U 1.04 24.75 16.94 21313.6
assumed at 7208C. Pu 1.14 23.38 14.62 21333.4

Only experimental distribution results between LiF– Np 1.09 24.04 14.56 21339.2
Am 1.16 22.98 14.42 21341.5BeF and Bi–Li at 873 K are available for the trivalent2
Cm 1.19 22.62 13.09 21363.8actinides [6]. We have assumed that E is also an affineAn
Cf 1.30 21.11 12.58 21372.3function of DPI. Thermodynamic tables indicate that only
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DG 8(UF (l)) 5 2 1503115 1 216.5T;f 3

DG 8(PuF (l)) 5 2 1524300 1 218.7Tf 3

DG 8(NpF (l)) 5 2 1529000 1 217T;f 3

DG 8(AmF (l)) 5 2 1534000 1 220Tf 3

DG 8(CmF (l)) 5 2 1557000 1 221T;f 3

DG 8(CfF (l)) 5 2 1567000 1 223Tf 3

Other experimental studies of actinide transfer between
LiF–BeF –ThF (72–16–12 molar%) and Bi–Li at 873 K2 4

have been reported by Ferris et al. [10]. Here again, LiF
was the principal salt component. As above, the ex-

9perimental results can be used to measure logK 5An

logK 1E . The equations of DG 8(AnF (l)) are thenAn an f 3

used to determine logK . Having determined all the EAn An
Fig. 2. E versus DPI for the trivalent actinides (based on experimentalAn values in this way, E 5f(DPI) was then plotted (Fig. 2).Anmeasures by Ferris et al. in LiF–BeF –ThF /Bi–Li at 873 K).2 4 Note the very good correlation among the points for U,

Pu, Am, Cm and Cf, with a slight deviation for Np. The
lithium, as well as E , logK and DG 8(AnF ) at 873 K slope of the line is 13.5 (in good agreement with theAn An f 3

(the values for U and Pu are taken from the literature). The previous result) and the Y-intercept is 220.2 (the differ-
free enthalpy of formation of species i is expressed by the ence with the previous result can be attributed to the fact
classic relation DG 8(T)5DH 82TDS 8. For UF (l) and that the system itself is different: the salt composition isi i i 3

PuF (l), the standard formation entropy values are similar not the same). This very satisfactory result validates the3
21(2216.5 and 2218.7 J?mol , respectively) and it can overall hypotheses, and appears to confirm the affine

easily be assumed that the value increases by one unit per relation between E and DPI for a given element series in
atomic number for the actinides. The values in Table 1 can the same oxidation state. The deviations from the ideal
thus be substituted into Eq. (7) to estimate the standard situation observed for the trivalent actinide and lanthanide
free enthalpy of formation for the actinide trifluorides: distributions between a salt phase rich in LiF and a

Fig. 3. Distribution of various elements between LiF–CaF (4:1 molar) and Zn–Mg at 7208C.2
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Table 2
Measured deviation from ideal conditions for elements M between LiF–CaF and Zn–Mg at 7208C2

MF BaF LaF PrF SmF ZrF UFx 2 3 3 2 2 3

E 5.760.4 5.360.5 5.060.4 5.960.3 24.060.2 20.760.3M

Table 3
Simulated distributions of trivalent lanthanides and actinides between LiF–CaF and Zn–Mg at 7208C2

M La Ce Pr Nd Gd Tb Dy Ho U Pu Np Am Cm Cf

DPI 0.94 1.04 1.08 1.10 1.27 1.33 1.36 1.43 1.04 1.14 1.09 1.16 1.19 1.30
log K 22.3 21.1 21.4 21.4 22.2 22.7 21.9 22.1 5.8 4.8 5.5 4.4 3.2 2.58M

E 5.3 5.1 5.0 4.9 4.5 4.3 4.2 4.1 20.7 0.4 20.1 0.7 1.0 2.2M

9metallic phase at 873K may thus be expressed as E 52 log K 5 2 0.6397 1 11213/T(K) (8)Ln U

2.5DPI1b and E 5213.7DPI1b . The values ofLn An An

b and b can be determined experimentally with oneLn An 9log K 5 2 0.7186 1 10462/T(K) (9)Pu
actinide and one lanthanide to calculate the results that
would be obtained with the other elements. Using the equilibrium constants calculated at 7208C, aAn

can be calculated from these expressions, yielding a 5An

11.3; at 873 K, the slope of a 513.8, comparable to theAn

4. Modeling the deviation E for the distribution of value determined above. Hence E 522DPI1b andLn Ln

trivalent actinides and lanthanides between LiF–CaF E 511.3DPI1b . The values of b and b depend on2 An An An Ln

and Zn–Mg at 7208C the nature of the system, and can be determined by a single
experiment assessing the distribution of a trivalent actinide

9If the reduction of element i is noted logK 5logK 1E , and a trivalent lanthanide. We chose to perform thei i i

which is measured experimentally, Ferris et al. [11] experiment with lanthanum-139 and uranium-238, both of
9 9showed that for U and Pu logK and logK are affine which are stable isotopes and thus do not require tele-U Pu

functions of the reciprocal of the temperature, and obtained manipulation. We measured the distribution of various
the following values for the LiF–BeF (2:1 molar) /Bi–Li elements between LiF–CaF (4:1 molar) and Zn–Mg at2 2

system: 7208C using an experimental technique that has already

Fig. 4. Simulated distributions of trivalent lanthanides and actinides between LiF–CaF and Zn–Mg at 7208C.2
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been described [12], and obtained the results shown in Fig. appears feasible in this system, but will be highly complex
3, showing the graph of log D versus log D . The since the operating zone is very limited. It will be ofM Mg

results show that the experimental points are distributed considerable interest to test other systems in order to
along straight lines with a slope of x /2 (where x is the obtain a larger estimated Cm–Ce separation coefficient and
cation valence in the saline phase). For U and La in open the way to tests with all the actinides and lanthanides.
particular, the slopes are equal to 3 /2, characterizing the
1III valence of both cations. The alignment of the data
points suggests that all the activity coefficients are con-
stant, and that the deviations are constant according to the References
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