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Abstract

Thermodynamic quantities of La, Gd, Tb, and Dy in liquid bismuth were experimentally determined by electro-
motive force (EMF) measurement using a cell consisting of molten alkaline chloride and liquid bismuth. Excess Gibbs
energy changes and activity coefficients were determined at varying concentrations and temperatures. Through their
temperature dependence, corresponding enthalpy changes and entropy changes were determined. The excess enthalpy
changes of La, Gd, Tb, and Dy in liquid bismuth in a temperature range from 850 to 1100 K were evaluated to be,
—221.54 £2.31, —202.25 £ 1.80, —199.83 + 0.55, and —193.80 & 0.99 kJ/mol, respectively. The systematic variation
of excess enthalpy change of lanthanides along the 4f-series was discussed. As a result, it was found that the
excess enthalpy changes of La, Gd, Tb, Dy, and Er are likely to depend linearly on the 2/3 power of their metallic
volume. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 82.60.Lf; 82.60

1. Introduction

The pyrometallurgical liquid-liquid extraction of
lanthanides and actinides (f-clements, hereafter) be-
tween molten chloride and liquid metal is one of the
alternative techniques for the future group separation
of actinides and lanthanides [1,2]. In this extraction
system, in which molten chloride salt and liquid metal
are used, the solute cations in the molten salt phase are
reduced by metallic Li, and extracted into the liquid
metal phase by forming a liquid alloy. The extraction
and separation performance of lanthanides and acti-
nides by this pyrometallurgical extraction system
mainly depends on the standard Gibbs energy of for-
mation of their chlorides, but it should be remembered
that it is significantly influenced by their activity coef-
ficients in both phases [3].

* 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 the liquid metal phase, the solute metals are con-
sidered to be thermodynamically stabilized by forming
chemical complexes with the solvent metals. This addi-
tional stabilization of f-element metals by the interaction
with the solvent metals, such as zinc and bismuth, results
in deeply negative excess partial molar Gibbs energies of
f-elements in these liquid metals. This is responsible for
the low activity coefficients of f-elements in these metals,
by which the extraction of f-elements to the metal phase
is promoted.

In the previous paper [3], we studied the extraction
behaviors of trivalent f-elements in a liquid-liquid
extraction system of molten alkaline chloride and lig-
uid bismuth, and their thermodynamic properties were
systematized. In that study, for estimating the stan-
dard Gibbs energy changes of formation of the liquid
alloy of various lanthanides with bismuth, we applied
a simplified linear relation of them with the 2/3 power
of the metallic volumes of lanthanides. This linear
relation was determined by the least-squares fitting of
the reported values for some trivalent lanthanides [4—
6]. However, since the number of reported lanthanides
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is limited, this linear relation still has a large uncer-
tainty.

Thus, the purpose of this study is to determine ex-
perimentally some unreported excess partial molar
thermodynamic quantities of lanthanides in liquid bis-
muth, and to systematize them in view of the charac-
teristic pyrochemistry of f-elements. By enhancing our
understanding on the systematic trend of the excess
thermodynamic properties of f-elements in liquid bis-
muth, we will be able to predict the separation behavior
of f-elements in similar pyrometallurgical extraction
systems using bismuth as a metal solvent. For this pur-
pose, four lanthanides (La, Gd, Tb, and Dy) were tested
to determine their excess thermodynamic quantities in
bismuth by electromotive force (EMF) measurement
technique. Tb, and Dy were chosen because they were
expected to fill the vacancy of the linked data of lanth-
anide series. La and Gd were chosen to verify the reli-
ability of our measurement technique by comparing
them with the already reported values [4-6].

2. Thermodynamic basis of the EMF measurement

In this study, the solute metal and solvent metal are
denoted by M and B, respectively. In the following
thermodynamic expressions, M(in B) means solute metal
M dissolved in liquid metal B, M(solid) and M(liquid)
mean the solid and liquid states of pure metal M, re-
spectively. In this paper, M represents trivalent lantha-
nide metal and B represents bismuth as a solvent metal.

In the mixture of two liquid metals, the chemical
potential of solute metal M in solvent metal B, denoted

by fimn By Is given by
Hv(in B) = Mmgiquiay T RT INXMGn B) + HNign By (1)

where fiyiquiq) 18 the chemical potential of pure liquid
M, xmin B) is the mole fraction of M in B, and ,ui}(in B) is
the excess chemical potential of M in B. When py, 5y is
discussed in reference to the chemical potential of solid
M, Eq. (2):

= Auf“s“’“ + RT Inxmn B) + U3y (in B)
2)

is more convenient, and it directly indicates the ther-
modynamic relation of this study. In Eq. (2), Agdusion,
which is defined by Eq. (3), denotes the chemical po-
tential difference between solid M and hypothetical su-
per-cooled state of liquid M at experimental
temperatures lower than melting point.

Hwmin B) — HM(solid)

AH%}SM = MM (liquid)

— HM(solid) - (3)
Insotiay 18 calculated by the published thermodynamical
functions with specific coefficients for relevant solid
phases of M [7]. Hypothetical tyquig) i calculated by

extrapolating the function for the liquid phase to the
temperatures lower than melting point. Thus, uy, 5 in
Eq. (2) is recognized as the excess function associated
with mixing hypothetical super-cooled liquid of M with
liquid metal B. The difference of the chemical potentials
between M(in B) and M(solid) generates EMF (AE)
when the following cell is configured:

M(solid)|molten salt|M(in B).

Since the difference of the chemical potentials equals
—nFAE, Eq. (4):
1

RT
AE — A fuslon _ F lnXM(in B)

1 X
TuF TaF :ui/l(in B) (4)

can be obtained as a function of Auf”““”‘ In xpin B), and
Hin B)- BY adapting experimentally observed AE and
In Xm(in B)s ,uM can be calculated by Eq. (5):

HNin B) = anAE — A — RT In Xpmgin B)- (5)
The activity coefficient In fy, 5y can be calculated by
Eq. (6):

.ueMX(in B) = RTIn fymn B)- (6)

Since a chemical potential of solute metal M is regarded
as a standard Gibbs energy change per mole of M,
K, , and Apdusion in Egs. (5) and (6) can be replaced by
AG®M in B] and AG%[M, liq], respectively, which are
the excess Gibbs energy change of M(in B) and standard
Gibbs energy change of fusion of M, respectively.
AG°[M in B] which is the standard Gibbs energy
change of formation of M(in B) is given by the sum of
AG™[M in B] and AG°[M, liq].

3. Experimental

EMF measurement method was applied to the fol-
lowing electrochemical cell

M(solid)|MCl; in LiCI-KCl| M(in Bi).

The experiments were performed in a vacuum-tight
glove box filled with continuously purified Ar whose
oxygen and humidity content was kept <1 ppm. The
experimental system for the EMF measurement consists
of finely sintered alumina crucible as a container of two
liquids, liquid metal electrode lead by shielded Ta wire,
pure lanthanide electrode, and thermocouple for tem-
perature control. Ta wire was welded at one end of a rod
(3 x 3 x 25 mm®) of 99.9% pure lanthanide metals, and
this was used as a pure lanthanide electrode.

Before starting the experiment, the crucible was
heated up to 773 K for several hours under vacuum in
order to remove the humidity. About 36 g of eutectic
mixture of LiCl and KCl (mole ratio of lithium to po-
tassium = 59/41) and 133 g of pure bismuth were put in
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the crucible with about 1 g of lanthanide metal, and
then the temperature was raised up to desired values.
After the desired temperature was achieved, the pure
lanthanide electrode was immersed into the molten salt
phase, and the EMF between the pure lanthanide elec-
trode and liquid alloy electrode was measured by an
electrometer. After immersing the pure lanthanide elec-
trode, the variation of EMF was monitored for longer
than 10 min, waiting for the stabilization of EMF. In
many cases, the fluctuation of EMF settled into
<+£1 mV within 10 min after starting the measurements,
and in such cases it was recognized that the electro-
chemical equilibrium was achieved. The temperature
was controlled to be within the range of £1°C.

Measurements for La, Gd, Tb, and Dy were per-
formed at three or four different temperatures in a range
from 730 to 1100 K. At each temperature, the concen-
tration of lanthanide in bismuth phase was changed
several times to record the EMF at different concentra-
tions. For increasing the lanthanide concentration, small
pieces of lanthanide metals were added. For decreasing
the concentration, lanthanides were electrodeposited
onto another cathode by using the liquid metal electrode
as an anode. After the addition of lanthanide metals, the
system was allowed to stand for over 5 h to ensure their
perfect dissolution and an achievement of the concen-
tration equilibrium in the two phases. After the removal
of lanthanide by electrodeposition, it was allowed to
stand for about 2 h to wait for the achievement of
equilibrium. The sufficiency of these standing times was
verified by following the variation of EMF over these
periods. At every concentration, after EMF was re-
corded, a small portion of the metallic phase was taken
as a sample. The samples were dissolved with diluted
nitric acid, and the concentration of lanthanide in bis-
muth was analyzed by ICP-AES (ICPS-1000111, Shi-
madzu).

The eutectic mixture of LiCI-KCl was of 99.9%
purity purchased from Anderson Physics Laboratory
Engineered Materials, and it was used without further
treatment. All other reagents used were of analytical
grade purchased from Wako Pure Chemicals. The elec-
tometer used was HG-5100 of Hokutodenko.

4. Experimental results and discussion
4.1. EMF measurements and activity coefficients

For all the elements and temperatures tested, ob-
served EMF (denominated as AE) showed a roughly
linear dependence on logxwn ), suggesting that the
variation of AE approximately obeys Eq. (4). An
example of the observed dependence of AE on log xuin )
is shown in Fig. 1 for the case of Gd. The lines drawn in
Fig. 1 are those of theoretical slopes (R /3F) which were
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Fig. 1. Concentration dependence of the EMF determined for
Gd.

obtained by applying the least-squares fitting method to
the experimental data of every temperature. In spite of
their rough linearities, there were cases where observed
points showed slight deviations from the theoretical
slopes. This suggests that the third term of Eq. (4) is not
thoroughly constant over the tested concentration
range, and that HMi(in B) MY depend on the concentra-
tion. Since this tendency is more explicitly understood in
terms of In fyen B),10g fmin By Were calculated by Egs.
(5) and (6) by using all the pairs of AE and logxwmgin B).
Obtained log fmen B)’s are shown in Figs. 2(a)~(d) as
functions of logxyin B). The errors of log fyin By shown
in the figures involve all the errors associated with the
measurements. Major components of the errors are
those accompanied by: (a) chemical analysis, from 10%
for XM(in B) = 10-° to 2% for XM(in B) = 1072; (b) tem-
perature measurement, constantly +1 K; and (c) EMF
measurement, constantly +2 mV.

In Figs. 2(a)~(d), a slight dependence of log fm(in B)
on logxwmn ) s clearly seen. The magnitude of the de-
pendence is different for each different element. It can
presumably be attributed to such a phenomenon as a
weak interaction among the solute clusters, but it cannot
be identified in this paper without a further accurate
determination and a detailed theoretical consideration.
In the past reports [4-6], log fumn B)S Were regarded as
constant, and thus they were averaged over the tested
concentration range, which should be validated only for
the limited concentration range. On the other hand, for
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Fig. 2. Concentration dependence of the activity coefficients of: (a) La, (b) Gd, (c) Tb, and (d) Dy, in liquid bismuth.

knowing log fmn B) at any desired concentration for a
practical purpose, it is convenient to formulate them as
simple functions of logxwn g). In this study, they were
formulated as linear functions by the least-squares fit-
ting method, and they were expressed in the form of

log fmin ) = alogxmn By + b. (7)

The obtained coefficients for Eq. (7) are listed in Table 1.
The uncertainties listed in Table 1 are the standard de-
viations of the data points around the fitted lines. In the
past, log fmn ) of La and Gd were determined by the
same technique, and these data have been comprehen-
sively summarized by Lebedev et al. [4]. In these past
studies, it should be noted that the main body of the
measurements was performed in the mole fraction range
from ca. 1073 to 5 x 1072, and in the temperature range
from 753 to 953 K. Thus, in order to compare the
present data with the reported ones, mole fraction
XM(in B) = J X 1073 was chosen as the representative
concentration. Table 1 summarizes logfun 5 at
XM(in B) = 9 X 1073 which were calculated by the coeffi-
cients of Table 1. In Table 1, the values of log fumn B) for
La and Gd determined in this study agree well with the
reported values of the literatures within the range of
uncertainties. Thereby, it was concluded that log fumin )
for xmgn ) = 5 x 107* determined by the present study
can be discussed together with the literature values.

4.2. Temperature dependence of 10g fiin 5 and thermo-
dynamic quantities derived

In Fig. 3, calculated AG™[M in B] for x =5 x 1073
are plotted versus Temperature (7/K). It should be
noted that AG®™*[M in B] do not show a thorough lin-
earity on 7 over the temperature range from about 800—
1100 K. If the excess enthalpy change AH**[M in B| and
corresponding excess entropy change AS®™*[M in B] are
kept constant over the tested temperature range,
AG®M in B] should show a linear relation on 7, giving
AS™[M in B] as its slope and AH**[M in B] as its in-
tercept. Therefore, the results shown in Fig. 3 suggest a
possibility of varying AH**[M in B] and/or AS™*[M in B]
in this temperature range. On the other hand, it appears
that three data points sided to higher temperatures show
approximately a linearity, but the data point of the
lowest temperature is likely to deviate from the line to
the higher direction. Accordingly, it can be naturally
considered that both AH®*[M in B] and AS*[M in B]
are kept constant only in the range sided to a higher
temperature, but they possibly change at the tempera-
ture lower than about 850 K. It can presumably be at-
tributed to the changing chemical properties of M(in B)
in a lower temperature region, due to a change of the
composition or structure of the clusters of M in liquid
bismuth.

Since three data points of higher temperatures show
quite a successful linearity, it can be considered that the
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Table 1
Dependence of activity coefficient on the concentration

Temperature (K) log fmein B) = alogxmin B) + b Lebedev This study at
a b error et al. [4] XM(in B) = 5x1073 2
La 766.5 -0.291 -14.30 0.11 -13.51 -13.63+0.11
865.7 —-0.291 -12.59 0.04 -11.88 -11.92+0.04
963.4 -0.291 -11.20 0.05 -10.59 -10.53£0.05
Gd 778.2 —-0.054 —-11.60 0.05 -11.43 —-11.48 £0.05
873.1 —-0.054 -10.29 0.01 -10.06 -10.17+0.01
963.9 —-0.054 -9.17 0.03 -9.00 —-9.04+0.03
1053.3 -0.054 -8.22 0.05 -8.13 -8.10£0.05
Tb 801.3 —-0.092 -10.92 0.21 - -10.70 £0.21
899.9 —0.092 -9.80 0.16 - -9.59£0.16
998.5 —-0.092 —8.66 0.25 - -8.45+0.25
1095.0 -0.092 -7.73 0.10 - -7.52£0.10
Dy 813.8 —-0.164 -11.04 0.04 - —-10.66 £0.04
915.3 -0.164 -9.99 0.08 - -9.62+0.08
993.8 —-0.164 -9.12 0.06 - -8.75+0.06
1088.8 -0.164 -8.23 0.04 - -7.85+0.04

#The errors are the standard deviations of the data points around the fitted lines.
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Fig. 3. Temperature dependence of excess Gibbs energy
changes of La (A), Gd (O), Tb (0) and Dy (@), in liquid bis-
muth.

chemical form or structure of the dissolved species of M
does not change in this temperature region. Thereby, for
determining AH**[M in B] and AS*[M in B] by the
temperature dependence of log fun 8), @ group of data

points showing a good linearity was selected for the
analysis. Because, plotting log fun 8y on 1/T provides
more precise analysis for the determination of
AH*M in B] and AS™[M in B], log fuin B)’s sided to
higher temperature were plotted in Fig. 4 and analyzed.
The lines in the figures show the results of the least-
squares fitting treatment, which gave quite satisfactory
agreements to the data. By writing the linear functions as

log fmin By = al/T + b, (8)

AH®[M in B] and AS®[ M in B] are given by the fol-
lowing equations:

AH%[M in B] (kJ/mol) = 2.303Ra, 9)
and
AS*[M in B] (J/mol) = —2.303Rb. (10)

The determined a and b are given in Table 2, by which
log fmn B) can be calculated for any desired tempera-
tures. Despite the concentration dependence of
log fmn B) Which are given by Eq. (7) and the coefficients
of Table 1, AH*[M in B] and AS**[ M in B] are ex-
pected not to significantly depend on the concentration.
This is responsible for the fact that the slopes of Eq. (7)
are approximately common for all temperatures, as seen
in Table 1, by which even different logxwn 5y give the
same temperature dependence.

Table 3 summarizes the result of AH**[M in B] and
AS**[M in B| in comparison with the literature values.
The literature values of AH**[M in B] and AS*[M in B]
were those calculated from the temperature dependence
coefficients of log fun 8y reported by Lebedev [4].



H. Yamana et al. | Journal of Nuclear Materials 294 (2001) 232-240

-9.0

-10.0

-11.0

log /y M(in B)

120

-13.0

- L N P T L
HA T VR 5 R S W
1T (K (X 1000)

9.0 |-

log fM(mB,

-10.0 |-

-11.0

P B

-12.0 Lt Clui L
0. 1.0 1.1 1.2 1.3

/T (K™ (X 1000)

14

237

Gd]

-10.0 |

110 [

120 et et N
0.9 1.0 1.1 12 13 14
/T (K™ (X 1000)

Pl BN n
1.1 12 13 1.4
1T (K™ (X 1000)

20l
09 10

Fig. 4. Dependence of activity coefficients of La, Gd, Tb, and Dy on 1/T.

Table 2
Temperature dependence of log fumin By for Xmein By = 5 X 103

IngM(m B) = al/T+b

a b
La -11572 1.47
Gd -10564 1.92
Tb -10438 2.01
Dy -10123 1.44

AH®M in B] of La and Gd obtained in the present
study agree with the literature values within the range of
uncertainties.

4.3. Systematic variation of AH®[M in B] along the
lanthanide series

In the liquid alloy, it is presumably considered that
the solute metal forms a chemical complex with the sol-
vent metals, i.e., a cluster, and this is considered to be
responsible for the thermodynamic excess stabilization of
the solute metals [8]. Thus, the excess partial molar
quantities of the solute metals in the solvent metals
should reflect the degree of chemical bonding associated
with the formation of the clusters. Generally, in the

chemistry of lanthanides, it is understood that the 4f-
orbitals of lanthanides do not play a significant role in
forming a bonding with the ligands. Thus, in most cases
of the compounds of lanthanides, their chemical stabili-
ties scarcely depend on the number of 4f-electrons, and
hence they show a monotonic dependence only on their
ionic radii [9]. Thus, the chemical stabilities of lanthanide
compounds tend to show monotonic variations along the
lanthanide series [9]. In contrast to this general under-
standing on the inorganic compounds of lanthanides, the
thermodynamic stabilities of liquid alloy of lanthanides
have not been sufficiently discussed from a similar
viewpoint of the systematic variations along the lantha-
nide series. Determined AH**[M in B] in this study,
together with the reported values, provides a good op-
portunity for discussing the characteristic intermetallic
interactions of lanthanide metals with bismuth.

From Miedema’s semi-empirical model [10,11], the
enthalpy change of solution of metal A into metal B
which is denominated as AH,[A in B] is given by

2P
npy (A)_l/3 —+ ny
R

x [~ (A2 + L am2 -2

AHy[A in B] = V*/° B

(11)
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Table 3
AH*[M in B] and AS**[M in B] determined and reported

v (cm? /mol?’) AH™[M in B] (kJ/mol)

AS™[M in B] (J/mol)

Lebedev et al.* This study Lebedev et al.* This study
La 7.98 -219.15 —221.54+2.31 -22.93 -28.11+£2.71
Ce 7.76 —225.77 —-45.96
Pr 7.56 —237.45 —63.31
Nd 7.51 —220.07 —42.68
Pm 7.43
Sm 7.37
Eu 7.36
Gd 7.34 —-200.89 -202.25+1.80 -30.95 -36.84+1.88
Tb 7.2 —199.83+£0.55 —38.49+£0.56
Dy 7.12 —-193.80+0.99 —27.69 £1.00
Ho 7.06
Er 6.98 —182.46 -32.75
Tm 6.9
Yb 6.86
Lu 6.81

#Derived from [4].

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-
ativities between A and B, and P, Q,R are the specific
constants [10,11]. It should be remembered that R is an
additional negative term necessary to account for the
experimental results of transition-metals and polyvalent
non-transition metals. Thus, R represents the degree of
an additional metallic bonding that is not accounted for
only by the difference of electronegativities and electron
densities of A and B. R/P is recommended to be com-
monly 1.175 for the pair of any lanthanide and bismuth.

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

This number is obtained by multiplying a reduction
factor of 0.73, a correction factor for the liquid alloy, to
the number for the solid alloy [10,11].

By introducing a new factor F which encompasses all
terms other than V%3, Eq. (11) yields

AH[A in B] = V2 F(ny(A), ny(B), A¢,P,0O.R).
(12)
The parameters of lanthanides needed for Miedema’s

calculation, and the resulting F are listed in Table 4 [11].
In the previous study [3], we pointed out that, as long as

23 [10] (cm?/mol*?) ¢ [10] (V) ny/ [10] (du'/3)® F (kJ/mol/cm? mol*?)

La 7.98 3.17 1.18 -30.7
Ce 7.76 3.18 1.19 -30.5
Pr 7.56 3.19 1.20 -30.2
Nd 7.51 3.19 1.20 -30.2
Pm 7.43 3.19 1.21 -30.2
Sm 7.37 3.20 1.21 -29.9
Eu 7.36 3.20 1.21 -29.9
Gd 7.34 3.20 1.21 -29.9
Tb 7.20 3.21 1.22 -29.6
Dy 7.12 3.21 1.22 -29.6
Ho 7.06 3.22 1.22 -29.4
Er 6.98 3.22 1.23 -29.3
Tm 6.90 3.22 1.23 -29.3
Yb 6.86 3.22 1.23 -29.3
Lu 6.81 3.22 1.24 -29.2
Bi 7.20 4.15 1.16

“P =123 (Ref. [10]); O/P =0.944 (Ref. [10]); R/P=1.175 (Ref. [10]), 0.7(Lanthanide ) x 2.3(bismuth) x 0.73(reduction

factor for liquid alloy).
°du = 6 x 102 electrons/cm’.
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P.Q,R are common for all the lanthanides, F is ap-
proximately kept constant over the lanthanide series,
and thus AH,y[M in B] for lanthanides approximately
should show a linear dependency on V%3,

Determined AH®*[M in B] and reported values are
plotted in Fig. 5 as functions of V%3, The lines drawn
in Fig. 5 are those calculated by Eq. (11) with dif-
ferent values of R/P. The dotted line in Fig. 5 is
obtained with R/P =1.175, which was a value rec-
ommended by Alonso et al. [11]. This line clearly lies
lower than the determined AH[A in B]s, and thus
this line should be understood as an estimate which is
too negative. In Fig. 5, the line calculated with
R/P =0.99 appears to be rather suitable for the data
points of La, Gd, Tb, Dy, and Er. On the other hand,
the data points of Ce, Pr, and Nd locate much lower
than this line, and this indicates that these elements
may be singularly apart from the linear trend shown
by La, Gd, Tb, Dy, and Er. Accordingly,
AH*[M in BJof lanthanide appears to be divided into
two groups; one which satisfies Miedema’s semi-em-
pirical rule with the use of R/P =0.99 (La, Gd, Tb,
Dy, and Er), and another which shows additionally
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Fig. 5. Excess enthalpy changes of lanthanides in liquid bis-
muth as a function of V%3,

negative values than the first group (Ce, Pr, and Nd).
For the first group, R/P is constantly 0.99. It is sug-
gested that elements of the first group are controlled
by the metallic volume, electron density, and electro-
negativity difference, and hence they show a mono-
tonic variation. On the contrary, those belonging to
the second group are likely to gain additional stabili-
zation than the first group. Since the good agreement
of determined values of La and Gd with the literature
values convinces us to believe that the measurements
of the first group are quite reliable, the linear relation
of the first group with R/P = 0.99 is likely to validate
the adaptation of Miedema’s rule to the lanthanide
series. Although there is a further need of re-mea-
surements for Ce, Pr, and Nd to confirm their sin-
gularities, it should be noted that the second group
has differently featured phase diagrams from those of
the first group. From the reported phase diagrams of
binary alloys of the second group elements [12], i.e.,
Ce, Pr, and Nd, an intermetallic compound MBI, is
formed. In contrast, none of the first group elements,
ie., La, Gd, Tb, Dy, and Er, forms MBi,, and thus
MBi is the intermetallic compound of the highest
bismuth content. It is likely that this difference of the
compound formation of the second group is incorpo-
rated into their thermodynamic stabilization in the
liquid phase, and thus indicates different systematics
from the first group. Further experimental measure-
ments for the second group elements and other un-
tested elements are strongly desired.

The systematic trend of AS®[M in B] along the
lanthanide series cannot be obviously found in the val-
ues listed in Table 3, but, it would appear that
AS®*[M in B] of the second group elements are slightly
more negative than the first group. This may also be
linked to the singularity in AH**[M in B], and this pos-
sibly suggests the structural difference of the clusters in
the liquid metal.

5. Conclusions

By adapting an EMF measurement to La, Gd, Tb,
and Dy, their AG*[M in B] and log fumn 5 in liquid
bismuth were determined, and their dependences on
the temperature and concentrations were analyzed.
Through the temperature dependence of log fmn B),
AH®[M in B] and AS**[M in B] were determined, and
the systematic variation of AH®[M in B] along the
lanthanide series was discussed. It was found that
AH®[M in B]’s of La, Gd, Tb, Dy, and Er satisfy Mie-
dema’s semi-empirical rule for mixing two liquid metals
with the use of newly determined constant R/P = 0.99.
Ce, Pr, and Nd were found to deviate from this rule, and
their uniqueness was discussed in conjunction with the
characteristics of their intermetallic compound.
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