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Abstract

For the development of a pyrochemical group-partitioning process of actinides and lanthanides, the equilibrium distributions of these
elements were measured in some typical binary phase systems of molten salt and liquid metal. A LiCl-KCl mixture was selected as the
salt phase, and Zn and Bi were examined as the metal phase. Generally speaking, actinides were more reducible and extractable from the
salt phase into the metal phase than lanthanides, and the group partitioning of these elements was feasible in these systems. However, the
separation factors which were the ratios in the distribution coefficient between actinides and lanthanides were found to be different in
different systems due to different alloying energies. The thermodynamic quantities of actinides and lanthanides were evaluated from the
equilibrium distributions and discussed in some detail.  1998 Elsevier Science S.A.
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1. Introduction [12] in such systems as the LiF-BeF /Bi. In these studies,2

the equilibrium distributions of actinides and lanthanides
Pyrochemical processing of nuclear materials using were determined as a function of salt phase composition,

molten salt and liquid metal as solvents is expected to be metal phase composition and temperature, and the mecha-
very useful for advanced nuclear chemical processing. For nism of the reductive extraction was studied in some detail.
example, such a processing is indispensable for the re- As a result, it has been shown that actinides are more
cycling of nuclear fuels of molten salt breeder reactors [1] reducible and extractable into the metal phase than lanth-
and of metallic fuel fast breeder reactors [2], and extensive anides, but that different solvent metals give quite different
studies have been performed in the development programs. separation factors between actinides and lanthanides [11].
Also, because of its high radiation resistance, compactness The present study is an extension of our previous studies
and less waste generation, it gets much attention for its use to systems using molten LiCl-KCl and, following a
in place of aqueous processing. In fact, some applications preliminary measurement [13], the reductive extraction
have been proposed for the recovery of nuclear materials behaviors of actinides and lanthanides have been studied in
and useful elements from spent fuels [3,4]. the LiCl-KCl /Zn and LiCl-KCl /Bi systems. Thermody-

The experiments by Ferris et al. at ORNL are well namic quantities of the solute elements have been de-
known as a typical study on pyrochemical processing. termined from the experimental results and are discussed.
They investigated the reductive extraction of actinides and
fission products in a LiF-BeF /Bi system [5,6] and, in2

their experiments, they measured the equilibrium distribu- 2. Experimental
tions of several elements to show the technical feasibility
of its application. The present authors also measured the The eutectic mixture of LiCl and KCl (mole ratio of
equilibrium distributions [7–11] and extraction kinetics lithium to potassium551/49) was obtained from Anderson

Physics Laboratory Engineered Materials Inc. and all other
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were produced by thermal neutron irradiation of U and Th
metals (10 mg each), and those of lanthanides were
produced by irradiation of the metals (less than 100 mg

239 241 242each). In some runs, Pu, Am and Cm coprecipitated
with LaF (5 mg) were also used.3

Experiments were performed in an argon glove box of
,1 ppm H O, and the experimental apparatus and pro-2

cedures employed in the present study were much the same
as in the previous ones [7–13]. In a typical experiment for
the LiCl-KCl /Zn system, 2 mol of LiCl-KCl mixture, 2
mol of Zn, and radioactive solutes were loaded in an
alumina crucible. After drying at 450 K in vacuum, the
system was heated to a given temperature under an inert
gas atmosphere. The distribution of the solute elements
was controlled by adding a Li-Zn alloy as a reductant.
After every addition of the reductant, the system was
gas-sparged for a few hours to attain the equilibrium, and
then small portions of both phases were sucked into a
stainless steel tube as samples. All the samples were
weighed and their radioactivities were determined by g-

239 241 242 Fig. 1. Distribution coefficient of La as a function of that of Li inspectrometry. The radioactivity of Pu, Am and Cm
LiCl-KCl /Zn system.

was measured by a-spectrometry. The Li concentration in
the metal phase sample was determined by atomic absorp-
tion spectrophotometry.

(A: Zn or Bi) system is given by

3. Results and discussion Li MCl 1 nLi 1 xA 5 MA 1 mLiCl (1)m2n m x

3.1. Mechanism of equilibrium distributions where Li MCl and MA represent complex com-m2n m x

pounds in the salt phase and intermetallic compounds in
According to our previous studies [7–11], the equilib- the metal phase, respectively.

nrium distribution of a solute element M in the LiCl-KCl /A By taking reaction (1), the D /D value which isM Li

Table 1
nExtractability values in log(D /D ) of lanthanides and actinides in the LiCl-KCl /Zn and LiCl-KCl /Bi systemsM Li

n nElement n m log(D /D ) in LiCl-KCl /Zn at: log(D /D ) in LiCl-KCl /Bi at:M Li M Li

873 K 1073 K 873 K 1073 K

La 3 3 10.87960.065 8.90360.061 6.60560.063 5.32860.111
Ce 3 3 11.19760.119 9.22660.072 6.71360.099 5.66860.111
Pr 3 3 11.57860.030 9.55860.056 6.91160.067 5.66460.114
Nd 3 3 10.93560.165 8.92060.243 6.64860.250 5.60860.111
Pm
Sm 2 2 6.66560.112 5.20860.080 3.49260.322 3.13660.080
Eu 2 2 5.11060.100 3.55560.109 2.61760.099 1.87360.128
Gd 3 3 10.63860.351 8.66760.118 6.47860.111 5.20660.125
Tb 3 3 11.19560.103 9.35260.044 6.38960.123 5.07160.125
Dy 3 3 9.69360.085
Ho 3 3 11.01060.175 9.29860.091
Er 3 3 10.82960.197 9.38660.111
Tm 3 3 10.55860.074 8.77660.053 5.70860.102 5.01160.114
Yb 2 2 6.47460.196 4.92960.088 2.56860.093 1.81560.095
Lu 3 3 10.35660.080 8.89960.040
Pa 4 6 17.82760.293 13.26260.351
U 3 3
Np 3 3 11.22260.174 9.08960.138 8.28260.080 6.46860.167
Pu 3 3 11.67460.184 9.66660.597 7.56460.200

a aAm 3 3 12.35360.205 10.30960.159 9.48560.202 8.05660.139
Cm 3 3 11.98460.208 10.04060.170 9.11360.150 7.69060.109
aAssumed. Divalent species may also be present in the LiCl-KCl /Bi system.
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9defined as the extractability value of each element [9] is where K is a constant under the above defined con-M

represented by ditions.

n 21log(D /D ) 5 2 (2.3RT ) [DG 8(MA ) 1 mDG 8(LiCl)M Li f x f 3.2. Observed distribution behaviors of solutes
2 DG 8(Li MCl )]f m2n m

As a typical example, the observed distribution co-
1 xlogX 2 (m 2 n)logX 2 loggA LiCl MAx efficients of La are plotted as a function of those of Li in

Fig. 1. Curves represent the least squares fitting of the data2 mloggLiCl

to Eq. (3) in which the slope of 3 is assumed. The
1 logg 1 nlogg 1 xlogg (2)Li MCl Li Am2n m agreements are satisfactorily good and this means that La

is present as trivalent species in the salt phase, as already
where the distribution coefficients D and D are definedM Li observed in the preliminary measurement [13]. The scat-
as D 5X /X and D 5X /X .M M(metal) M(salt) Li Li(metal) Li(salt) ters of the data were much improved in the present study,

nThe terms in the right hand side in Eq. (2) are constant at a and the extractability values in log (D /D ) were de-M Ligiven temperature and composition, and then the logarithm termined for La. Similarly, the distribution data of all other
of D is proportional to that of D with a slope of n.M Li elements were analyzed by using Eq. (3) and the extract-

ability values were obtained as summarized in Table 1.
9logD 5 nlogD 1 logK (3)M Li M Fig. 2 shows the atomic number dependence of the

obtained extractability values in the LiCl-KCl /Zn and
LiCl-KCl /Bi systems at 873 K. It can be seen that
actinides Pa, Np, Pu, Am and Cm are more extractable
than lanthanides in both systems. This is important since
such differences may be applied to the group partitioning
of actinides and lanthanides. However, the separation
factors which are the ratios in the distribution coefficient
between actinides and lanthanides are different in different
systems, and the separation factors in the Bi system are
higher than those in the Zn system. The observed trend is
the same as that in our previous study [11] in which the
separation factors have been studied in the systems of
LiF-BeF /Bi, LiF-BeF /Sn, LiF-BeF /Cd and LiF-BeF /2 2 2 2

Zn. No apparent difference in the separation factors is
observed due to different salt phases, and the importance
of the alloying energies in the metal phase on the sepa-
ration factors is confirmed.

4. Thermodynamic considerations

The thermodynamic quantities in the metal phase are
evaluated from the obtained extractability data. Eq. (2) is
used to calculate the standard Gibbs free energy of
formation of intermetallic compounds, DG 8(MA ), and thef x

DH 8(MA ) and DS 8(MA ) values can be calculated fromf x f x

the temperature dependence of the DG 8(MA ) by usingf x

the equation: DG 8(MA )5DH 8(MA )2TDS 8(MA ). Inf x f x f x

the present system, each solute is present in low con-
centration (less than 1 mol.%) and, by assuming that
Li MCl and MA do not interact with the solvent, them2n m x

values g and g are approximately estimated toMA Li MClx m2n m

be unity. The g is taken from the literature [14] and theLiCl

g in Zn [15] and Bi [6] is given by log g 50.782Li Li(Zn)

2346/T and log g 50.195823780/T, respectively.Li(Bi)

The other thermodynamic data of DG 8(MCl ) are takenf n

from the literature [16–18] and, referring to the case of ThFig. 2. Atomic number dependence of measured extractability in (a)
LiCl-KCl /Zn system and (b) LiCl-KCl /Bi system. [7], the DG 8(Li MCl ) value of Pa is estimated byf 2 6
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DG 8(Li MCl )5DG 8(MCl )12DG 8(LiCl)210 (kcal / systems, however, it is found that the group of trivalentf 2 6 f 4 f

actinides is positioned at more negative values than that ofmol). Table 2 summarizes the evaluated enthalpy and
lanthanides, and that the observed gap between bothentropy of formation of intermetallic compounds MZnx

groups is larger in the Bi system than in the Zn system.and MBi together with the literature values of lanthanidesx

This means the interactions of actinides with the solvent[19] and actinides [20].
metals are stronger than those of lanthanides and theFig. 3 shows the correlation of the DH 8(MA ) valuesf x

interactions of actinides with Bi are stronger than thosewith the normalized standard enthalpy change
with Zn. As for the difference between the Bi and ZnDH 8(MCl ) /n of the chloride compounds. Thef n

systems, the separation factors of actinides and lanthanidesDH 8(MCl ) /n values directly reflect the ionic bondingf n

have already been observed to be larger in the LiF-BeF /strength between the metal cation and chloride anion in the 2

Bi system than in the LiF-BeF /Zn system in our previoussalt phase and, by comparing both values, some infor- 2

study [9] and, referring to the atomistic model of Miedemamation may be obtained on the nature of the intermetallic
for the alloying energies [21], it has been attributed to thecompounds MA in the metal phase. As shown in Fig. 3a,x

difference in additional energy contributions such asa good correlation has been observed between both values
hybridization between d- and p-elements. The presentlyfor trivalent lanthanides in the Zn system. This indicates
observed differences in the DH 8(MA ) values betweenthat the intermetallic interaction between the lanthanides f x

actinides and lanthanides are also attributed to differentand zinc is of similar type of bonding as of the cation-
hybridization energies. A larger gap comes from a higheranion bonding, i.e. ionic bonding in the salt phase. Similar
hybridization energy, and a higher separation factor iscorrelations are expected to hold for divalent lanthanides
attained by selecting a metal phase of a higher hybridiza-such as Sm, Eu and Yb, for trivalent actinides such as U
tion energy.through Cm, and possibly for tetravalent actinides such as

The observed correlations are important not only toTh and Pa, and the same situation may be drawn for each
discuss the nature of the intermetallic interactions but alsogroup.
to predict the unknown DH 8(MA ) values and then theAs shown in Fig. 3b for the Bi system, similar correla- f x

extractability data. Once the DH 8(MA ) value of antions of the DH 8(MA ) values are also observed to those f xf x

element is given, the DS 8(MA ) value can also befor the Zn system. By comparing the correlations in both f x

Table 2
Thermodymanic quantities of intermetallic compounds of lanthanides and actinides in liquid Zn and Bi

21 21 21 21 21 21Element DH 8(MZn ) (kcal mol ) DS 8(MZn ) (cal K mol ) DH 8(MBi ) (kcal mol ) DS 8(MBi ) (cal K mol ) Notef x f x f x f x

La 247.9061.91 223.5062.21 252.6162.73 217.8963.14
252.54 219.27 [19]

Ce 244.1662.97 222.5663.45 244.0163.19 212.3563.68
256.11 224.27 [19]

Pr 245.3561.36 221.3861.56 248.4762.82 215.7563.24
254.19 222.13 [19]

Nd 242.0666.28 224.1167.24 240.8465.85 211.7866.80
Pm
Sm 260.4762.95 222.1863.41 250.0267.09 24.3668.25
Eu 266.5463.16 231.8663.65 262.2963.47 218.0364.00
Gd 233.6167.93 225.0669.22 238.3263.57 218.9464.12
Tb 224.3162.39 215.1662.78 232.7663.76 216.2764.34
Dy
Ho 226.7964.22 217.6964.90
Er 219.2464.84 211.8565.62
Tm 225.3561.94 221.1662.25 221.8063.28 28.7363.79
Yb 257.7764.60 223.6165.34 253.9362.85 216.7163.29
Lu 221.2361.91 217.4362.22
Th 243.550 221.86 237.035 29.278 [20]
Pa 228.1169.79 267.53611.29

248.825 225.37 [20]
U 23.907 22.832 218.64 24.20 [20]
Np 214.6764.92 225.5665.69 227.4863.97 223.1564.56
Pu 248.44613.47 225.36615.66

243.452 223.1 238.250 26.82 [20]
Am 231.8365.55 218.8666.42 238.3465.25 28.8966.09
Cm 228.7965.75 226.2766.65 237.2863.97 218.6264.60
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