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Abstract

In support of the development of a pyrochemical group-partitioning process of actinides and lanthanides, the
equilibrium distributions of these elements were measured in some binary phase systems of molten salt and
liquid metal. An LiF-BeF, mixture was selected as the salt phase and Bi, Sn, Cd and Zn were examined as
the metal phase. In general, actinides were more easily reduced and extracted from the salt phase into the metal
phase than were lanthanides. Group partitioning is thus feasible.

In different partitioning systems a systematic difference in the separation factor between actinides and lanthanides
was observed. The difference is attributable to the difference in alloying energies in the metal phase. The
thermodynamic quantities of solute elements in the metal phase were evaluated from the present analysis. Some
regularities were inferred from the analysis which are theoretically interesting and helpful to estimate unknown

distribution coefficients.

1. Introduction

Molten salt and liquid metal binary phase systems
are expected to be very useful for future nuclear chemical
processing because of their radiation resistance, com-
pactness and rapid reaction kinetics. Extensive studies
of these systems are thus seen, for example, for the
development of molten salt breeder reactors [1] and
metallic fuel fast breeder reactors [2]. Also, the ap-
plication of some similar systems has been proposed
for the recovery of such useful elements as platinum
group ones from spent fuel [3, 4].

The experiment of Ferris et al. [5, 6] at ORNL is
known for the reductive extraction of actinides and
fission products in an LiF-BeF,/Bi system. They mea-
sured the equilibrium distributions of several elements
to show the technical feasibility of this pyrochemical
method. We also measured the equilibrium distributions
[7-13] and extraction kinetics [14] in the same and
similar systems. The equilibrium distributions were de-
termined as a function of salt phase composition, metal
phase composition and temperature and the mechanism
of the reductive extraction was discussed in some detail.

In these studies it has been shown that actinides are
more easily reduced and extracted from the salt phase

*Present address: Research Reactor Institute, Kyoto University,
Kumatori-cho, Sennan-gun, Osaka 590-04, Japan.

into the metal phase than are lanthanides and that the
reductive extraction may be applied to the group par-
titioning of actinides and lanthanides. For a quantitative
assessment of technical feasibility, however, it is es-
pecially needed to know the separation factors between
actinides and lanthanides. Since some importance of
the selection of the metal phase has been suggested
in our previous study, the separation factors in various
metal phase systems are compared in the present study.
By selecting an LiF-BeF, mixture as the reference salt
phase, Bi, Sn, Cd and Zn are examined as the metal
phase.

2. Experimental details

All the reagents were of reagent grade and obtained
from Nacalai Tesque, Co. An LiF-BeF, mixture with
66.7 mol% LiF was prepared by melting known amounts
of LiF and BeF,. The radioactive tracers of *°Np and
233Pa were produced by thermal neutron irradiation of
U and Th metals and those of lanthanides were similarly
produced by irradiation of the metals.

The experimental apparatus and procedures em-
ployed in the present study were much the same as
in the previous ones [7-14]. In a typical experiment 2
mol of LiF-BeF, mixture, 2 mol of Bi, Sn, Cd or Zn
and small amounts (less than 100 mg each) of radioactive
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solute metals were loaded in a graphite crucible. After
drying at 450 K in vacuum, the system was heated to
a given temperature under an inert gas atmosphere.

The distribution of solute elements was controlled
by the incremental addition of a reductant Li to the
system. The Li was added in the form of its alloy with
each solvent metal in order to ensure the addition to
the metal phase. After the equilibrium distributions
had been attained with gas sparging, samples were
removed from each phase with a stainless steel sampling
tube under a reduced pressure. The concentrations of
radioactive solutes were measured by direct vy spec-
trometry and those of the reductant Li in the metal
phase were determined by atomic absorption spectro-
photometry.

3. Results and discussion

3.1. Mechanism of equilibrium distributions
According to our previous studies [7-13], the equi-
librium distribution of a solute element M is given by

Li,._ ,MF,, +nLi+xA=MA,+mLiF (1)

where Li, ,MF,, and MA, represent complex com-
pounds in the salt phase and intermetallic compounds
in the metal phase respectively. The formation of these
compounds has been inferred from the dependence of
equilibrium distributions on the salt and metal phase
compositions.

By taking reaction (1), the extractability Dy,/D,;* of
each element is represented by

D
log( = “) — —(23RT)'[AGS(MA,)
Li
+mAGS(LiF) - AG,°(Li,,_ ,MF,))]
+x log X, —(m—n)log X; =
—log yma, —m log yuir
+108 Yiin_ome, tn10g yitxlog ya  (2)

where the distribution coefficients Dy and D,; are
defined as

X
D — M(metal) 3
™ XM(salt) ( )
D = i{metal) 4
- XLi(salt) ( )

The terms on the right-hand side of eqn. (2) are constant
at a given temperature and composition and thus the
logarithm of D, is proportional to that of D,; with a
slope of n:

log Dy =n log D, ;+log Ky’ )

where K, is a constant. This relation has been observed
to hold in the present study.

3.2. Systematics of extractability

Tables 1-4 summarize the equilibrium distributions
measured in the LiF-BeF,/Bi. LiF-BeF,/Sn, LiF-BeF,/
Cd and LiF-BeF,/Zn systems respectively. The ex-
tractability of La has been evaluated from the least-
squares fitting of the measured D;, and Dy, values to
eqn. (5). In the present measurement, however, the
uncertainty of the La extractability is rather large,
possibly owing to the difficulty in the measurement of
very dilute Li concentrations. Because of the same
difficulty, large uncertainties also accompany the ex-
tractability of the other elements. The extractability of
these elements has thus been evaluated on a relative
basis by comparing the measured D, values with D, .

Figure 1 shows the dependence of the evaluated
extractability on atomic number. By comparing the
extractability in the various systems, the following ob-
servations can be made.

(1) Actinides are more easily reduced and extracted
from the salt phase into the metal phase than are

TABLE 1. Extractability values in log(Du/Dy") in LiF-BeF,/Bi*

Element (n) 873 K 973 K 1073 K Ref.
La (3) 7.33 5.62 8

6.924 6.362 6
Ce (3) 7.67 5.98 8
Nd (3) 7.66 +0.30 5.75+0.21

7.806 6
Sm (2) 4.65+0.17 3.51+0.01

4.740 6
Eu (2) 4.47+0.21 3.33+0.24

3.861 6
Gd (3) 6.40+0.26 4.73+0.11

6.217 6
Tb (3) 6.49+0.34 4.91+0.34
Dy (3) 6.50+0.01

5.663 6
Er (3) 5.85+0.26 4.29+0.10
Tm (3) 6.68+0.25 4.69+0.17
Yb (2) 4.08+0.34 3.02+0.06
Lu (3) 4.15+0.26 2.93+0.35
Th (4) 10.2 7

9.731 8.702 6
Pa (4) 13.09 10.19 8

13.304 6

U (3) 12.204 6
Np (3) 10.52 8.51 6
Pu (3) 11.265 6
Am (3) 11.44 6
Cm (3) 10.472 6
Cf (3) 11.472 6

*Uncertainties are the relative ones obtained from comparison
of the Dy, values with D;,. See text.
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TABLE 2. Extractability values in log(Dy/Dy") in LiF-BeF,/Sn*

TABLE 4. Extractability values in log(Dy/Dy;") in LiF-BeF,/Zn*

Element (n) 873 K 1073 K Element (n) 873 K 1073 K

La (3) 9.94+0.56 7824106  La (3) 9.75+0.47 7.60+0.62
Ce (3) 10.3+0.15 8294012  Ce (3) 10.0+0.17 8.00+0.18
Nd (3) 10.8 8314010  Nd (3) 10.4+0.23 8234022
Sm (2) 7.55+0.45 5204012  Sm (2) 6.38+0.12 5.65+0.27
Eu (2) 5.24+0.55 3784010  Eu (2) 3.98+0.43 3.63+0.41
Gd (3) 10.0+0.15 7204011  Gd (3) 10.0+0.25 8.03+0.04
Dy (3) 10.4+0.30 7.06+£0.18 Dy (3) 10.3+0.43 8.86+0.06
Er (3) 9.78 +0.36 6264012  Er (3) 10.040.61 7.7840.04
Tm (3) 9.95+0.45 6.124016  Tm (3) 10.210.64 8.78+0.61
Yb (2) 6.43+0.20 3984011  Yb (2) 5.56+0.29 3.63+0.43
Pa (4) 16.0+0.83 14.840.17 Pa (4) 152+ 1.09 12.940.10
Np (3) 12.4+0.68 9.88+1.09  Np (3) 10.5+0.59 9.36+0.11

*Uncertainties for La are obtained from the least-squares fitting
of the Dy, and Dy; values to eqn. (5). Uncertainties for other
elements are the relative ones obtained from comparison of the
Dy values with D;,. See text.

TABLE 3. Extractability values in log(Dy,/D.") in LiF-BeF,/Cd*

Element (n) 773 K 873 K

La (3) 9.45 +0.49 8.58+0.12
Ce (3) 9.93+0.14 8.88+0.01
Nd (3) 9.78 +0.08 8.70+0.06
Sm (2) 5.3740.25 4.96 +0.08
Eu (2) <5.05 4.94+0.06
Gd (3) 8.5940.18 8.051+0.04
Dy (3) <8.15 7.4110.06
Er (3) 7.75+0.12 7.4410.09
Tm (3) <8.03 <17.09

Yb (2) 4.751+0.16 4.86 +0.04
Pa (4) 12.4+0.09 12.1+0.28
Np (3) 8.27+0.13 8.23+0.10

*Uncertainties for La are obtained from the least-squares fitting
of the Dy, and Dy; values to eqn. (5). Uncertainties for other
elements are the relative ones obtained from comparison of the
Dy values with Dy,. See text.

lanthanides. Thus actinides and lanthanides behave as
different groups.

(2) The separation factor between actinides and
lanthanides depends on the selection of the metal phase.
The highest separation factor is achieved in the Bi
system.

These observations are important for the application
of these systems to group partitioning.

3.3. Thermodynamic quantities of intermetallic
compounds

The group behaviour of actinides and lanthanides
can be discussed by evaluating the thermodynamic
quantities of intermetallic compounds in the metal
phase. Because of the variety of the studied elements,
especially actinides, the Bi system is discussed here.
Equation (2) is used to calculate the Gibbs free energy

*Uncertainties for La are obtained from the least-squares fitting
of the Dy, and Dy; values to eqn. (5). Uncertainties for other
elements are the relative ones obtained from comparison of the
Dy values with D;,. See text.

of formation of intermetallic compounds, AG;(MA,).
Also, we can calculate the AHS(MA,) and AS°(MA,)
values from the temperature dependence of the
AG(MA,) values:

AGP(MA,)=AHP(MA,) ~TAS(MA,) (6)

In the systems investigated, each solute is present in
low concentration (less than 1 mol%). Assuming that
Li,,_.MF,, and MA, do not interact with the solvent,
the values of vyya, and y,,_.mgp,. are approximately
estimated to be unity. The vy value is taken from
Ref. 15 and y; in Bi is given by [5]

log Yieiy=0.196— Q-TS—O )
The other thermodynamic data of AG°(MF,) are taken
from refs. 16-19 and, referring to the case of Th [9],
those of AG(Li,MF;) are estimated by

AG¢(Li,MFg) = AG°(MF,) + 2AG¢°(LiF)
—10 kcal mol ™! ®)

Figure 2 shows the evaluated enthalpy of formation of
intermetallic compounds. As mentioned above, the error
bars for La include the uncertainty in the determination
of Li concentration in the metal phase but the others
do not. For comparison, the values from refs. 20-22
are also plotted in the figure.

As pointed out by Brewer [23], the change in electron
configurations should be taken into account to explain
the systematic change in thermodynamic quantities of
actinide and lanthanide compounds. The enthalpy of
solution of gaseous atoms in the metal phase has been
calculated in this way. The heat of sublimation [16,
17, 24} and the energy data of electron configurations
[17, 23] have been taken from the literature. As a
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Fig. 1. Atomic number dependence of measured extractability in (a) LiF-BeF,/Bi, (b) LiF-BeF,/Sn, (c) LiF-BeF,/Cd and (d)
LiF-BeF,/Zn systems at 873 K: circles, present study; squares, ref. 6.

result, Fig. 3 shows the enthalpy of solution of gaseous
atoms in the Bi phase. Brewer has suggested that the
ground state configuration f"s®> of gaseous lanthanide
atoms is changed to f*~'dsp or f"~'ds® in the metal
phase [22] and the same situation seems to hold in
the present case. As shown in Fig. 3, the enthalpy of
solution which is corrected to the electron configuration
dsp or ds® is nearly constant for all the lanthanide
elements. This is well consistent with the homologous
behaviour of lanthanide elements in the present ex-
traction system. In the case of actinide elements from

Th to Np the configuration d?s* may be suggested as
well.

Some regularities of actinides and lanthanides have
been inferred from the present analysis. These are
expected to be helpful for predicting unknown extract-
ability data. However, the fine structures of the reg-
ularities are still unclear and should be studied further.
For example, it may be noted that an interesting reg-
ularity, the so-called tetrad effect or double—double
effect [25, 26], of the extractability of actinides and
lanthanides is found in Fig. 1.
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Fig. 3. Enthalpy of solution of gaseous atoms in the Bi phase.

3.4. Separation factors

The separation factors between actinide and lan-
thanide groups have been found to depend markedly
on the nature of the metal phase, as shown in Fig. 1.
The separation factor is highest in the Bi system and
becomes progressively smaller in the Sn, Zn and Cd
systems. The observed tendency is discussed here on
the basis of the atomistic model of Miedema [22]. Such
an analysis is important for searching the extraction
systems for the highest performance.

Miedema has proposed the following equation for
the enthalpy of formation of alloys [22]:

=f(O)[—P(Ad*)* + OQ(An,,,"?)* —R] )

where AH/N, is the enthalpy of formation per atom,
f(c) includes factors such as the concentration depen-
dence, Ag* is the difference in electronegativity between
atoms, An,. is the difference in electron density and
P, O and R are constants, The electronegativity ¢* has
been determined from the work functions of metals
and the electron density #,,, from the compressibilities
and molar volumes of metals. The concentration de-
pendence factor f(c) has been given by simple equations

and the parameters P, Q and R have been determined
empirically.

Examining the parameters of Miedema, one may find
that the correction factor R, which is attributed to
additional energy contributions such as hybridization
between d- and p-elements, is important for actinides
and lanthanides. According to him, the R value is 2.3,
2.1, 1.4 and 1.4 for Bi, Sn, Cd and Zn respectively.
A higher R value suggests a higher contribution of
hybridization energies, which may give a higher sep-
aration factor between actinides and lanthanides. In
fact, the order is found to be consistent with the observed
tendency of the separation factors. Consequently, it
can be said that a metal phase of higher R value is
preferred for the group partitioning of actinides and
lanthanides. From this point of view, Sb (R=2.3) and
Pb (R=2.1) are also promising as the metal phase.

4. Conclusions

The reductive extraction behaviour of actinides and
lanthanides in molten salt and liquid metal systems
was studied and some conclusions were obtained as
follows.

(1) By selecting LiF-BeF, as the reference salt phase,
Bi, Sn, Cd and Zn have been examined as the metal
phase. Actinides and lanthanides behaved as different
groups and the separation factor between the two groups
depended markedly on the selection of the metal phase.

(2) The thermodynamic guantities of actinides and
lanthanides in the metal phase were evaluated and
some regularities were found. The regularities might
be useful for predicting unknown extractability values.
Their fine structures should be studied further.

(3) With the help of Miedema’s model, the separation
factor between actinides and lanthanides was attributed
to hydridization energies such as those of d- and p-
elements. A metal phase of higher hybridization energy
may be suggested for a higher separation factor.
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