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Abstract

In order to strengthen the comprehensive understanding of the mechanism of extraction of f-elements in a pyro-
metallurgical liquid-liquid extraction system, excess thermodynamic quantities of lanthanide and actinide in liquid
bismuth are discussed. Excess enthalpy changes of some lanthanides and actinides in liquid bismuth were experi-
mentally determined or estimated, and their systematic variation along the lanthanide and actinide series is examined by
using a semi-empirical calculation method. Characteristic features of the thermodynamic stabilities of lanthanides and
actinides in liquid bismuth are discussed. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 82.60.Lf; 82.60

1. Introduction

The reductive liquid-liquid extraction of f-elements
between molten chloride and liquid bismuth deserves an
examination as a possible technique for the group sep-
aration of actinides and lanthanides [1,2]. In a pyro-
metallurgical liquid-liquid extraction system, the
separation performance of elements mainly depends on
the standard Gibbs energy of formation of their chlo-
rides. However, the activity coefficients of the elements
in the metallic and molten salt phases also influence the
separation efficiency to a great extent. Therefore, in or-
der to evaluate the effectiveness of the separation of
lanthanides and actinides by this technique, their ther-
modynamic activities in the two phases are of great
technological interest. From a chemical viewpoint, the
thermodynamic properties of the metallic states of f-el-
ements in a liquid metal phase are quite an interesting
subject because we can expect an appearance of the
characteristic behavior of f-orbitals in their intermetallic
bonding with the solvent metals.

* Corresponding author. Tel.: +81-724 51 2442; fax: +81-
724-51-2634.
E-mail address: yamana@hl.rri.kyoto-u.ac.jp (H. Yamana).

In this context, this paper discusses the systematic
variation of the thermodynamic stabilities of lanthanide
and actinide metals in liquid bismuth. In order to sys-
tematize their trend along the 4f and 5f-series, our ex-
perimental results about the thermodynamic activity of
lanthanides and actinides in liquid bismuth [3] are dis-
cussed in conjunction with the reported data [4-8].

2. Experimental

Two different experiments, liquid-liquid extraction
and electromotive force measurement were performed.
For both experiments, 99.9% pure eutectic mixtures of
LiCl and KCl, mole ratio of lithium to potassium =51/
49 purchased from Anderson Physics Laboratory En-
gineered Materials Inc. was used as molten salt phase.
Hereafter the notation LiClI-KCl will be used to repre-
sent this eutectic mixture. All the extraction experiments
were performed in a vacuum-tight glove box filled with
purified Ar of which the humidity and oxygen levels
were continuously kept below 1 ppm. In this paper, M
represents trivalent actinides or lanthanides. Salts and
metal phases are denoted by S and B, respectively, but
they actually mean LiCI-KCl eutectic mixture and liquid
bismuth, respectively. Bracket (in S or B) attached to M
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or chlorides (MCl; or LiCl) specifies that it is a dissolved
species in the phases.

2.1. Electromotive force determination of lanthanides

To obtain the excess Gibbs energy of lanthanides in
liquid bismuth that is not available in the literature, the
electromotive force (EMF) measurement method was
applied to the galvanic cell below. La and Gd were
tested to compare with the literature values, and Tb and
Dy were investigated as the first measurements.

M (solid) | MCl; in LiCI-KCl | M (in B)
M: La, Gd, Tb and Dy B: Bi.

About 36 g of LiCI-KCl and 133 g of pure Bi were put in
a crucible with about 1 g of one of the lanthanide metals;
then the temperature was raised to selected values in an
electric furnace. After the desired temperature was
achieved, the bottom tip of the pure lanthanide electrode
was immersed into the molten salt phase, and then the
difference of the electric potentials between the pure
lanthanide electrode and liquid alloy electrode was
measured by an electrometer. Measurements were per-
formed in a range from 720 to 1100 K. At each temper-
ature, the concentration of lanthanide in Bi phase was
changed several times, and the lanthanide mole fraction
in bismuth was analyzed by ICP-AES (Shimazu ICPS-
1000I11). 99.9% pure metallic rods of La, Gd, Tb and Dy
were purchased from Rare Metallic, and were used after
polishing the surface. 99.999% pure metallic Bi and all
other reagents of analytical grade used for his study were
purchased from Wako Pure Chemicals Industries.

2.2. Liquid-liquid extraction experiments of actinides

The experimental procedures to determine the dis-
tribution ratios of actinides in a reductive liquid-liquid
extraction system have been reported elsewhere [1,2].
Distribution ratios of actinides (**Np,’*'Am, and
22Cm) were radiochemically determined at 873-1073 K
in a two-phase system of LiClI-KCI and liquid Bi. By
changing the concentration of metallic Li as reductant,
the distribution ratios of actinides (denoted Dy; hereaf-
ter) were determined as functions of those of Li (denoted
Dy; hereafter).

3. Results and discussion
3.1. Excess thermodynamic quantities of lanthanides in
liquid Bi determined by the electromotive force measure-

ments

The electromotive force between M(solid) and
M(in B) can be given by Eq. (1), where Mt B) is the

excess chemical potential of M in B and Aul¥o" is the
change of chemical potential over the fusion of M which
equals the standard Gibbs energy change of fusion of
M (AGRsion),
1 . RT 1

AE = — A =i oy~ e (1)
i n By actually equals the excess Gibbs energy change
of M in B (AG**[M in B]). Eq. (1) yields Egs. (2) and (3)
where fu n ) is the activity coefficient of M in B. AE
was measured in the range of xy (n ) from 1075 to 1072.
For every case of measurement, observed AE approxi-
mately showed a linear dependence on In xy ¢, ) With
slopes which were not exactly equal to the theoretical
slopes of Eq. (1) corresponding to n = 3 but were close
to it. This indicates that the solutes are in trivalent states
and that the last term of Eq. (1) may slightly vary with
the concentration. By applying the observed AE and
Inxy o gy to Eq. (2) with n=3, logfu (3 and
AG*™[M in B] for La, Gd, Tb and Dy were calculated for
each temperature. Since a slight concentration depen-
dence was observed, those at xu (in B) = 5 X 103 were
selected as representative values. They are listed in
Table 1 together with those calculated from the reported
activity coefficient data [4].

AG™[M in B] = —nFAE — AG*" — RTInxy (in 3), (2)
AGCX[M in B} = RThlfM (in B)- (3)

From the observed temperature dependence of log
/M (n ), the corresponding excess enthalpy change
AH®[M in B] was determined and is summarized in
Table 2. In Table 2, the values calculated from the
temperature dependence reported by Lebedev [4] are
listed for comparison. The AH**[M in B] data summa-
rized in the literature [4] were determined by the same
method as this study [4-8].

3.2. Excess thermodynamic quantities of actinides esti-
mated from the distribution results of liquid-liquid
extraction

The excess thermodynamic quantities of Np, Am,
and Cm in liquid Bi have not been precisely reported
in the literature, which is considered to be due to
experimental difficulties. Thus, in this paper, the
excess thermodynamic quantities of Np, Am, and Cm
were estimated from the distribution results of the
liquid-liquid extraction experiments. The reductive
liquid-liquid extraction of trivalent actinide is given
by

MCls(in S) + 3Li(in B) < M(in B) + 3LiCl(in S). (4)

The standard Gibbs energy changes of formation of four
species of reaction (4) are denoted by AG;[MCl; in ],
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Activity coefficients and excess Gribbs energy of lanthanides in liquid Bi

Temperature (K) log fim in B) AG4[M in B]
Lebedev et al. This study at Lebedev et al. This study at
XM (in B) = 5x1073 XM (in B) = 5x 1073
La 766.5 -13.51 -13.63+0.11 -198.3 -1999+1.7
865.7 —-11.88 -11.92+0.04 -196.8 -197.5+£0.6
963.4 -10.59 —-10.53+£0.05 -195.4 -1943+1.0
Gd 778.2 -11.43 —11.48£0.05 -170.4 -171.0+0.7
873.1 -10.06 —-10.17£0.01 -168.1 —-170.0+£0.2
963.9 -9.00 -9.04+0.03 -166.0 -166.8+£0.5
1053.3 -8.13 -8.10+£0.05 -163.9 -163.3+£1.0
Tb 801.3 - —-10.70£0.21 - -164.2+£3.2
899.9 - -9.59+0.16 - -165.1+£2.8
998.5 - -8.45+£0.25 - -161.6£4.8
1095.0 - -7.52+0.10 - -157.6+£2.2
Dy 813.8 - —10.66+£0.04 - -166.1£0.6
915.3 - -9.62+£0.08 - -168.5+1.4
993.8 - -8.75+0.06 - -166.4+1.2
1088.8 - -7.85+0.04 - -163.7+0.8
Table 2
AH®[M in B] determined in this study and reported in the literature
203 (sz/m012/3) AH**[M in B] (kJ/mol)
Lebedev et al.® This study
La 7.98 -219.15 —221.54 +2.31
Ce 7.76 —225.77
Pr 7.56 —237.45
Nd 7.51 —-220.07
Pm 7.43
Sm 7.37
Eu 7.36
Gd 7.34 —-200.89 —202.25+1.80
Tb 7.20 —199.83 £0.55
Dy 7.12 —193.80 +0.99
Ho 7.06
Er 6.98 —182.46
Tm 6.90
Yb 6.86
Lu 6.81
U 5.36 -90.40
Np 5.57 —101.75 £ 25.00
Pu 5.94 —-167.24
Am 6.83 —196.36 £+ 25.00
Cm 6.94 —199.85 £+ 25.00

4 Derived from the temperature dependence data of literature [4].

AG;[Li in B], AG;{[M in B], and AG;[LiCl in S], which
are given by the sum of the standard Gibbs energy
changes of formation of their pure liquids (AG[X, liq],
and their excess Gibbs energy changes (AG**[M in BJ, or

(AG*[MCI, in §] at various concentrations. From the tively.

relation between the equilibrium constant K and the
Gibbs energy change of reaction (4), Eq. (5) is obtained
as a function of the distribution ratios Dy; and D;; which
are defined by XM (in B)/xMC13(in S) and XLiCl(in B), I€SpeC-
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Table 3
Thermodynamic quantities of actinides adapted
log(Dm/D3,) AG*[MC; in S| AG{[MCl, liq]
(kJ/mol) (kJ/mol)
873 K Np 8.282 +0.200 -37.9 -697.4
Am 9.485 £ 0.202 -46.8 =7717.4
Cm 9.113£0.150 -50.9 =777.4
1073 K Np 6.468 £+ 0.200 -31.9 -664.8
Am 8.056 +0.139 -40.9 =735.6
Cm 7.690 £ 0.109 -44.9 -735.6
1 - ex i = _ .
log(Dy /D?.,) = — {AG;‘}S“’“JrAG“[MinB]} AG*MCI; in S],05 251.3-1/r 4 216.8 kJ/mol,
! 2.3RT (7)
1 o
——{AG;[MCl;,li . .. . . .
+2.3RT { l »lig] where r is the ionic radius of the ions for coordination
+AG*[MCl3in S} number 6 [10]. By these procedures, AG**[M in B] was
3 o S estimated. Some major thermodynamic quantities used
+W{AGt‘[LHhQ] +AG*[Liin B} are listed in Table 3. From the difference of
3 o o AG®M in B] at two different temperatures, AH*[M in
*W{AG&UCLHQPFAGCX [LiClinS]}. B| values were estimated and listed in Table 2. Due to

(5)

About 10-20 pairs of logDy and log Dy; for Np, Am,
and Cm were measured at 873 and 1073 K, and rep-
resentative (logDy/D;;) values were obtained as the
intercept of the third-powered linear dependence of
logDy on logDy; [1,2]. Because terms other than
AG*MCI; in S] and AG™[M in B] are available from
the literature, by knowing the value of
AG*MCI; in S],AG*[M in B] can be calculated by
using experimentally obtained log(Dy/D3.). Self-con-
sistent values of AG*[MCl; in S] of Np**,Am*", and
Cm®" for different temperatures are not available, and
thus in this paper, estimated values of AG*[MCl; in S]
were used. Since AG™[MCI; in S] is the result of an
electrostatic interaction with the component ions of the
salt, it can be assumed that AG®[MCI, in S| has a
linear dependence on the reciprocal of the ionic radius
of M>**, and this has been observed for lanthanides [3]
in our previous study. For the trivalent actinides, this
linear relation obtained for trivalent lanthanide was
applied by standardizing it to the point of
AG*[UCl; in S] which was obtained from the reported
formal potentials of U(0)-U(III) in eutectic mixture of
LiCl and KCI. For this purpose, temperature-depen-
dent formal potential data of U(0)-U(III) reported in
the literature [9] was used since +1.5% of this reported
value covers the scattered data by the other reports.
Consequently, the following equations were derived for
acinides:

AG*[MCL; in S)g;; « = —251.3 - 1/r+210.9 kJ/mol,
(6)

Table 4
Parameters for Miedema’s semi-empirical model"*®

a3 oV) af R/P¢

(cm?/mol*?) (du'’?)e
La 7.98 3.17 1.18 0.99
Ce 7.76 3.18 1.19 0.99
Pr 7.56 3.19 1.20 0.99
Nd 7.51 3.19 1.20 0.99
Pm 7.43 3.19 1.21 0.99
Sm 7.37 3.20 1.21 0.99
Eu 7.36 3.20 1.21 0.99
Gd 7.34 3.20 1.21 0.99
Tb 7.20 3.21 1.22 0.99
Dy 7.12 3.21 1.22 0.99
Ho 7.06 3.22 1.22 0.99
Er 6.98 3.22 1.23 0.99
Tm 6.90 3.22 1.23 0.99
Yb 6.86 3.22 1.23 0.99
Lu 6.81 3.22 1.24 0.99
U 5.36¢ 3.90 1.44F 1.90
Np 5.57¢ 3.80" 1.33f 1.90
Pu 5.941 3.80 1.27F 1.90
Am 6.83¢ 3.80" 1.23f 1.90
Cm 6.94¢ 3.80" 1.23f 1.90
Bi 7.20 4.15 1.16

#Number without notes: from References [11,12].
bp=123 Q/P = 0.944 were commonly used.
®du = 6 x 102 electrons/cm?.

4 Given by this study.

¢ a-phase.

'Given by this study.

€ y-phase.

" Assumed to be equal to Pu.

fe-phase.
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Fig. 1. Dependence of the excess enthalpy change of lantha-
nides and actinides in liquid bismuth on the 2/3 power of molar
volume.

the uncertainty of Egs. (6) and (7) and other experi-
mental errors of distribution experiment, the values of
the derived AH®*[M in B] have large errors.

3.3. Systematic analysis of AH* [ M in Bi] of lanthanides
and actinides

In the liquid alloy, it is considered that the solute
metal forms a chemical complex with the solvent metals,
i.e. a cluster, and this is considered to be responsible for
the thermodynamic stabilization of the solute metals in
the solvent [11]. From Miedema’s semi-empirical model
[12,13], the enthalpy change of solution of metal A in
metal B which is denoted as AH,,[A in B] is given by

2P
ny(A) " 4 ny(B) 2

x {_ a0y +2 (A"’ —g}, (8)

AH,[A in B] = V3

where V is the molar volume of metal A, n,(A) and
ny(B) are the electron densities at the boundary of
Wigner—Seitz cell, A® is the difference of electroneg-
ativity between A and B, and P, Q,R are specific con-
stants. R is an additional negative term necessary to
account for the experimental results of transition-metals
and polyvalent non-transition metals. All the parameters
applied are listed in Table 4.

The values of AH*[M in B] obtained by the meth-
ods described above and reported values in the litera-
ture are plotted in Fig. 1 vs. V>3, The solid line drawn
in Fig. 1 represents those of lanthanides calculated by
Eq. (8) with R/P=0.99. La, Gd, Tb, Dy, and Er,
obviously fit the line, and thus R/P = 0.99 correctly
represents these lanthanides. On the other hand, those
of Ce, Pr, and Nd show more negative values than this
line, and this indicates that these elements may be more
stable than the group of La, Gd, Tb, Dy, and Er. In
Fig. 1, values of AH*[M in B] for the actinides show
different systematic features than those for the lantha-
nides.

In order to evaluate the characteristic features of
actinides, Miedema’s calculation was performed for U,
Np, Pu, Am, and Cm with the parameters listed in Table
4. The electronegativity @ of Np, Am, and Cm was as-
sumed to be equal to that for Pu which is given in the
literature [12]. The electron densities at the boundary of
Wigner—Seits cell for actinides, n,IJ/ 3, were calculated by
Eq. (9) by using their molar volumes ¥ and bulk moduli
B [14-18],

n=C-B/V, 9)

where C is a minor correction factor which was deter-
mined from the values of lanthanides [13]. For the molar
volumes of actinides, their values for metallic phases in
the temperature range 600-800 K were adapted [18].
Note that e-phase for Pu and y-phase for Np were ap-
plied, and this is different from Miedema’s treatment
which may have assumed o-phase for Pu. Table 5
summarizes the parameters used for estimating nllj/ 3. For
Pu, Am, and Cm, it was found that calculations with

Table 5
Related parameters for né/ * of actinides
Element Phase Molar volume (V) 23 Bulk modulus References n/® (du'/3)
(cm? /mol) (cm?/mol*?) (Gpa)
U o 12.4 5.36 113 [13,14] 1.44
Np Y 13.1 5.57 73.5 [13,15] 1.33
Pu e 14.5 5.94 47 [13,16] 1.27
Am o 17.9 6.83 36.1 [17p 1.23
Cm o 18.3 6.94 36.1 b 1.23

@ Derived from compressibility data.
® Assumed to be equal to Am.
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R/P =1.90, with the use of newly given V and nllj/ ’

agreed well with the experimentally estimated data
which are shown as open diamonds and dotted line in
Fig. 1. This is similar to the case of lanthanides which
showed linearity for common R/P. The presence of a
common R/P for a group of lanthanides or actinides
indicates that the constituents of the group show less
individuality. The larger R/P (1.90) of the actinide group
(Pu, Am, and Cm) than the lanthanide group (0.99),
which corresponds to a deeper stabilization of the acti-
nides by 20 kJ/mol, suggests that the actinides metals
form more stable bonding with bismuth than the
lanthanides.

In contrast, there are elements which show different
systematics from the above elements. In the case of
lanthanides, Ce, Pr, and Nd showed uniquely deeper
stabilization than the others, which suggests that these
elements form clusters with different features. Note that
these three elements have intermetallic compounds of
MBI, type while the other elements only have MBI type.
It is reasonable to consider that this structural unique-
ness of the intermetallic compounds is reflected in the
liquid phase. The uniqueness of U and Np suggest to-
tally different characteristics. U and Np which are dense
metals are understood to have more de-localized 5f-
electrons [13] and behave like tetravalent metals rather
than trivalent metals. This could explain the different
systematic features of U and Np compared to Pu, Am,
and Cm.

4. Conclusions

Excess enthalpy changes of lanthanide and actinide
metals in liquid bismuth were determined and estimated
from the results of electromotive force measurements
and liquid-liquid extraction experiments. Systematic
trends for the 4f- and Sf-series were discussed. It is
concluded that lanthanides other than Ce, Pr, and Nd
behave as a group which is characterized by a constant
value of R/P for Miedema’s semi-empirical calculation.
Pu, Am, and Cm also have a group feature that is
characterized by a larger R/P than that for the lantha-
nides. The uniqueness of U and Np in the systematics of
the formation of liquid alloy with bismuth was pointed
out.
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